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Abstract

Synthesis of published and new data from Govorov and Kocebu guyots provides geochemical and
chronostratigraphic constraints on hydrogenetic cobalt-rich Fe-Mn crusts from the Western Pacific
Magellan Seamount Trail (MST). The history of the crusts began about 65-60 Myr ago, when the relict
layer R was deposited in the Campanian—Maastrichtian and Late Paleocene along the shores of
guyots. The growth of the old-generation crusts continued in the Late Paleocene—Early Eocene (Layer
I-1) and in the Middle-Late Eocene (Layer I-2) in a shallow-water shelf environment. The younger
layers of crusts formed in the Late Oligocene-Early Miocene (Layer I-2b), Miocene (Layer II), and
Pliocene-Pleistocene (Layer III) at depths about the present sealevel. The precipitation of Fe and Mn
oxyhydroxides from seawater was interrupted by several episodes of dissolution, the longest one
between the old and young layers of Fe-Mn crusts (from 38 to 26.5 Ma). Fe and Mn oxyhydroxides in
the crusts were affected by two global events of phosphogenesis in the Pacific: Late Eocene—Early
Oligocene, from 43 to 39 Ma (Layers R, I-1, I-2) and Late Oligocene—Early Miocene, from 27 to 21 Ma
(Layer I-2b). The trace element patterns in different layers of the Fe-Mn crusts are grouped using
factor analysis of principal components (varimax raw) into four factors: (1) + (all REEs except Ce and
La); (2) +(Ce, La, Ba, Mo, Sr, Pb); (3) +(Zr, Hf, Nb, Rb, As)/-Pb; (4) +(U, Th, Co, As, Sb, W)/-Y. The
factor score diagrams highlight fields which are especially contrasting for Layers I-1, I-2 and II+II
according to factors 2 and 4. Consistent REE and Y variations in Layers I-2b—II —III of the crust from
Pallada Guyot correlate with gradual ocean deepening between the Late Oligocene-Early Miocene
and Present when the MST guyots were submerging. Large variations in trace element contents
across coeval layers may be due to hydrodynamics of currents on the guyot surfaces. Furthermore,
the geochemistry of the crusts bears effects from repeated episodes of Cenozoic volcanism in the MST
region of the Pacific Plate. Higher contents of Nb, Zr, As, Sb, and W in the younger layers II and II
may result from large-scale volcanism, including Miocene eruptions of petit-spot volcanoes.

Keywords: Cobalt-rich Fe-Mn crusts; geochemistry; chronostratigraphy; biostratigraphy; calcareous
nannofossils; Govorov; Kocebu and Pallada guyots; Magellan Seamount Trail

1. Introduction

Cobalt-rich ferromanganese crusts on guyots and seamounts are attractive exploration targets
having significant mineral potential, including critical metals and other valuable elements (Co, Ni,
Cu, Mn, Zr, Mo, W, REEs and Y, etc.) [1-8]. The Magellan Seamount Trail in the Pacific Ocean, one of
best documented exploration regions, comprises seventeen flat-topped guyots and several relatively
small seamounts with peak-like summits. The names of the MST guyots were approved by the IHO-
I0C GEBCO Gazetteer of Undersea Feature Names (available online
at http://www.ngdc.noaa.gov/gazetteer/) and are recommended for use in all relevant publications.
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Many of the guyots were named after Russian scientists who contributed a lot into the research of
oceans as a whole and Fe-Mn crusts or nodules in particular (I.N. Govorov, N.S. Skornyakova, V.M.
Gordin, V.I. II'ichev, K.N. Fedorov, L.S. Gramberg, L.K. Zatonsky, M.E. Melnikov, and E.L. Shkolnik),
and sea explorers LI. Butakov and O.E. Kocebu. The names of four guyots refer to Russian ships:
frigate Pallada, most noted for studies of the Far East, as well as modern research vessels Pegas,
Vulkanolog, and Gelendzhik used in numerous cruises over the MST region.

Main results, including geological and geophysical maps of the region, lithology, mineralogy,
and chemistry of volcanic rocks and Fe-Mn crusts are available at http://guyot.ocean.ru, in technical
reports of JSC Yuzhmorgeologiya, and in a number of publications [9-21]. Cobalt-rich Fe-Mn crusts
(Fe-Mn crusts or crusts hereafter) in many MST guyots have been largely documented in terms of
occurrence, stratigraphy, zoning, mineralogy, and chemistry in the course of cruises by teams from
Russia, China, South Korea, Japan, and other countries. Exploration for crusts in Govorov, Kocebu,
Alba, and Vulkanolog guyots (scale 1:50 000) has been carried out by JSC Yuzhmorgeologiya surveys
since 2015 on contract with the International Seabed Authority, https://isa.org.jm/exploration-
contracts/cobalt-rich-ferromanganese-crusts/.

The ~1200 km long Magellan Seamount Trail (MST) comprises Govorov, Skornyakova, Gordin,
Vulkanolog, Kocebu, Alba, Il'ichev, Shkolnik, Pegas, Pallada, and Melnikov guyots in the
northwestern flank and Fedorov, Ita Mai Tai, Gelendzhik, Gramberg, Zatonsky, Butakov, and
Arirang guyots in the southeast (Figure 1). The bases of the volcanic edifices lie at sea depths from
5100-5300 m in the northwest to 5500-5900 m in the southeast of MST. Many guyots are extended
with small satellite edifices and numerous offshoots. Their flat summit plateaus reach depths from
1400-1600 m to 2000-2600 m below the sealevel. The guyots are composed of Cretaceous alkali-
basaltic and volcaniclastic rocks [9-11]. Events of Cenozoic volcanic activity in the Pacific Plate
produced multiple volcanic cones and domes rising above the summit plateaus of Govorov, Alba,
Kocebu and other guyots [12,13,18,19]. For example, Cenozoic eruption products found on Alba
Guyot include basanites and tuffs of Miocene petit-spot volcanoes [14,20,21]. The guyot summit
plateaus occurred at shallow sea depths till the latest Eocene and submerged to about the present
bathymetric level in Oligocene-Miocene—Pliocene time [9-12]. Co-rich Fe-Mn crusts precipitated on
hard rock substrates along the periphery of the summit plateaus and slopes till the 3000-3500 m sea
depths but are absent from sediment-covered low-angle slopes deeper than 3500 m. The thickness of
the crusts varies from 14-15 cm in the northwestern MST guyots to 20-25 cm in the southeastern
guyots. The thickest crusts (up to 40 cm) were reported from Ita Mai Tai Guyot [22].
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Figure 1. Magellan Seamounts in the Pacific (a) and guyots in the northwestern MST flank (b) from
https://maps.ngdc.noaa.gov/viewers/bathymetry/.
1.1. Morphology and Mineralogy of Fe-Mn Crusts

The structure, texture, and mineralogy features of the MST hydrogenetic Co-rich Fe-Mn crusts
were detailed in multiple Russian publications [9-12,22-32].
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Few crust samples (23%) contain fragments of the mosaic laminated relict layer (R) containing
numerous microinclusions and round inclusions of carbonate fluorapatite (CFA) near the top. The
layer is crosscut by 5-8 mm veinlets with phosphate or argillic fill (Figure 2).
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Figure 2. Generalized section of MST Co-rich Fe-Mn crusts, after [9,23,24] and an example of a full section of
crust from the Butakov Guyot (sample 37D87-1).

The complete sections of most crusts begin with a dense black laminated layer (I-1) of 90 to 220
quasi-parallel laminas per 1 cm. The ore material is bluish black on the cleavage plane, with diamond
luster, conchoidal fracture, and occasionally with flaky jointing. The space between laminas, as well
as numerous 0.01-0.3 mm (rarely up to 1-2 mm) thick crosscutting veinlets, are filled with whitish or
yellowish CFA aggregate bearing phosphatized nannofossils and foraminifers.

The basal layer is overlain by Layer I-2, which is similar to Layer I-1 in the degree of ore alteration
but is poorer in CFA. The layer looks mottled due to a combination of black columns, Fe-Mn globules,
and CFA inclusions. Locally, some 1-3 cm fragments show blind jointing. The boundary with Layer
I-1 below is commonly smooth but is sometimes sharp. Layers I-1 and I-2 are discordant in some
sections.

Layer II has a radiated-columnar structure, with roughly parallel columns of Fe and Mn
oxyhydroxides perpendicular to the layer boundaries, branching in the upper part, and argillic
material in the interstitial space. Porous zones bear a gravel mixture of small rock and mineral grain
clasts, foraminifers, and calcareous nannoplankton. The layer encloses carbonate-clayey and
carbonate-phosphate lenses in the bottom part. Layers II-1 and II-2 are sometimes clearly
distinguishable. The boundary with the underlying Layer I-2 is sharp, often with an angular
unconformity.

The uppermost Layer III has a heterogeneous general appearance, a massive structure, and a
variable thickness. Its brownish-black color is due to fine ochreous particles disseminated among the
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black ore material. The boundary between Layers III and II may be either very sharp or smooth. Fe
and Mn oxyhydroxides in Layers II and III bear no evident signatures of postdepositional alteration.

Thus, the complete section of Fe-Mn crusts from the MST guyots comprises five units: R (rarely
found) — I-1 — I-2 — II — III. However, most of the sections are reduced to fewer layers (I-1 — II —
II; I-2 — II — III; II — III), and often to single Layer III few cm thick (more than 50% of all related
crust fields on the guyot surfaces).

The mineralogy of the crusts is rather uniform [9-11,22,30-33] and consists of two dominant ore-
forming components and various phases occurring in minor amounts. The main phases are poorly
crystalline Fe-vernadite (6-MnO2) and X-ray amorphous Mn-bearing iron oxyhydroxide with a
feroxyhyte (0-FeOOH) structure in all layers. Other phases include buserite, asbolane-buserite,
todorokite (10A phase), birnessite (7A phase), pyrolusite, romanechite, iron hydroxides (goethite,
akaganeite, lepidocrocite, hematite), lithiophorite, Ca-psilomelane (rancieite), and other rarer phases.

The mineralogy of the oldest relict layer R differs markedly from that of the younger layers in
the presence of asbolane (or asbolane-buserite with abundant asbolane wads), disseminated goethite,
as well as lesser percentages of Fe-vernadite, feroxyhyte, ferrihydrite, and ubiquitous todorokite.

Non-metallic phases are unevenly distributed across the crusts: mainly CFA enclosing <1 um
sized cerianite, parisite, monazite, bastnaesite, barite, and other phases in Layers I-1, I-2, while Layer
IT contains inclusions or aggregates of montmorillonite-illite, chlorite, zeolites (phillipsite or rarely
heulandite and analcime), detrital plagioclase, K-Na feldspar, clinopyroxene (diopside-
hedenbergite), and amphibole (hastingsite, tremolite). Different layers bear inclusions of biogenic
calcite, veinlets or inclusions of abiogenic calcite and rarely aragonite, siderite, and dolomite, as well
as abundant quartz in Layer III.

1.2. Formation History of Fe-Mn Crusts

The history and ages of layers in the complete section of MST Fe-Mn crusts (Figure 2) were
reconstructed from index species of calcareous nannoplankton, as well as identified foraminifers,
radiolarians, and macrofossils (molluscs and corals) with reference to the stratigraphy of guyots and
main paleogeographic events in the ocean from the Late Cretaceous to the Cenozoic [9-12,23-29].

The oldest relict Layer R was deposited in the Campanian-Maastrichtian (sublayer Ra) and
Paleocene (sublayer Rb), in shallow water near the shore, probably within the photic zone. The
precipitation continued in the Late Paleocene-Early Eocene, in a relatively shallow shelf environment,
at sea depths <500-600 m (Layer I-1), and in the Middle-Late Eocene (Layer I-2). Layer II was
deposited in the Late Oligocene—Miocene at sea depths of 1200-3000 m, close to the present sealevel,
while Layer III formed in Pliocene—Pleistocene time.

Thin layers and pores in the ore component of old layers R, I-1, and I-2 are filled with
phosphatized biogenic carbonate partly replaced by CFA. The crusts became enriched with
phosphorus and crystallized CFA after the deposition of old layers during the Late Eocene-Early
Oligocene (43-39, with a peak at 37 Ma) and Late Oligocene-Early Miocene (27-21 Ma) global events
of phosphogenesis in the Pacific [34]. The phosphogenic reactions mobilized and redistributed minor
and trace elements between Fe-Mn oxyhydroxides and phosphate matter and induced crystallization
of CFA, REE carriers, asbolane-buserite, and other phases [11,35-38]).

The stages of precipitation and growth in the history of the Fe-Mn crusts were interrupted by
local paleoceanographic events: (1) partial dissolution of previously deposited layers under global
and regional changes in the compositions, redox conditions, and physical parameters of seawater; (2)
hydrodynamic changes in currents on the guyot surfaces; (3) sediment deposition; (4) volcaniclastic
deposition during episodes of volcanic activity. The longest gap (up to 12-14 Myr) separated the old
(R, I-1, I-2) and young (1L, III) generations of the crust layers (Figure 2).

Many MST guyots and seamounts in the Pacific tropical latitudes share the features of
morphology, mineralogy, and formation history of hydrogenetic Fe-Mn crusts [26-29], which is
evidence of extensive Late Cretaceous—Cenozoic precipitation of Fe and Mn oxyhydroxides from
seawater over a large territory of the equatorial Pacific for at least 60-65 Myr. As an example, Figure
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3 shows identified index species of calcareous nannofossils in two crusts from Butakov and Lomilik
(Marshall Islands) guyots, after [29]. Unlike the section of Figure 2, these sections include Late
Oligocene—Early Miocene Layer I-2b.
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Figure 3. Cross sections of Fe-Mn crusts from Butakov and Lomilik guyots, with identified index species of

calcareous nannoplankton [39-42] modified after a conference presentation [29].

1.3. Geochemistry of Minor and Trace Element of Hydrogenetic Fe-Mn Crusts: Main Features

The most often invoked model explains the formation of Fe-Mn crusts by precipitation of Fe and
Mn oxyhydroxides incorporating Co, Ni, Cu, Mo, W, REE, Y, and other elements directly from
seawater [1-11,33]. The distribution of Mn and Fe in seawater is controlled by its major-ion chemistry,
pH, and contents of dissolved oxygen, organic matter, and carbon dioxide. Phytoplankton and
skeletal organic material accumulate Co, Mn, Ni, and other metals till depths of 500 m [4,43]. The
consumption of oxygen by organic matter produces an oxygen minimum zone (OMZ) at bathymetric
levels of 500-800 m, below which the concentration of dissolved oxygen gradually increases.
Decomposition of organic matter in the OMZ sub-reducing environment elevates dissolved Mn,
whereas the greater depths beneath the OMZ provide favorable conditions for precipitation of Fe and
Mn oxyhydroxides onto exposed rock surfaces of seamounts [43-45]. Mn phases interacting with
bottom waters sorb positively charged dissolved metals and complexes, whereas negatively and/or
zero charged ions are sorbed onto Fe phases [6,46]. Comparison of trace element patterns of different
phases in hydrogenetic Co-rich Fe-Mn crusts from the central Pacific and Atlantic regions shows that
Co, Ni, Zn, Ba, Li, and T1l are mainly sequestered by the Mn component, while the Fe component
accumulates Cu, Pb, Hg, Be, Sc, Ti, Zr, Hf, Nb, Ta, Bi, In, Sn, Te, Th, Cr, As, Se, Mo, and W; the residual
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aluminosilicate component in phosphatized layers containing abundant CFA is enriched in Y, Bi, Pb,
and Se [46].

Much of the previous work on the Co-rich Fe-Mn crusts focused on their bulk chemistry,
especially the patterns of main valuable metals (Mn, Fe, Co, Ni, Cu) and associated trace elements.
The geochemistry of crusts as a whole is controlled by the relative contributions of the constituent
layers that contain, in varying proportions, Fe and Mn oxyhydroxides (Fe-vernadite, feroxyhyte, etc.),
CFA, aluminosilicates, and a residual biogenic carbonate phase. The Fe-Mn ore matrix and accessory
phases partition elements selectively [33,46]: Fe and Mn oxyhydroxides sequester REEs, Y, Cu, Zn,
and V; Fe-vernadite accumulates Co, Zn, Ni, Mg, Ba, and TL; feroxyhyte hosts As, Bi, Cu, Cr, Mo, Nb,
Pb, Te, Ti, Th, W, and Zr; aluminosilicates bear Si, Al, K, Ti, Cr, Mg, Fe, Na, Sc, and Rb; CFA is a
carrier of P, Ca, CO,, Sr, and Y; and biogenic carbonate contains Ba, Sr, Ce, Cu, V, Ca, and Mg. The
most comprehensive datasets on the chemical compositions of Fe-Mn crusts and nodules from
different oceanic regions were presented in [3-5,44]. They include mean concentrations of major and
trace elements and metals in hydrogenetic Co-rich Fe-Mn crusts from three Pacific regions (North
Pacific Prime Zone, including the Magellan Seamounts, Non-Prime North Pacific, and South Pacific)
determined from sets of 70 to 362 analyses [5,44].

The concentrations of trace elements in the bulk samples of MST Fe-Mn crusts estimated
previously by the team of JSC Yuzhmorgeologiya [22] are: <1 ppm for Ta, Cs, Ag, Pt; 1-10 ppm for
YREE, Rb, Be, Sc, Se, Cd, Sn, Hf; 10-100 ppm for LREE, Nb, Sb, W, U, Th, Cr, Ga, Te, Bi; 100-1000
ppm for Ce, La, Nd, Y, Zn, Mo, Zr, As, TL; and >1000 ppm for Ce, Pb, Sr, and Ba. Other data represent
the average bulk composition of Fe-Mn crusts [47]: the mean contents of Mn, Fe, Co, Ni, Cu, REE,
and Y in crusts from Govorov, II'ichev, Kocebu, Pegas, Alba, Pallada, Fedorov, Gramberg, Ita Mai
Tai, Gelendzhik, and Butakov guyots, as well as the mean contents of Fe, Mn, Co, Ni, Cu, P,Os, Mo,
TiO,, Zn, Cu, REE, and Y in layers I-1, I-2, II, and III of the crusts.

The Fe-Mn crusts from Pallada, Gramberg, Ita Mai Tai, Gelendzhik, and Butakov guyots were
reported to share some geochemical features [22]. The relict layer R is highly heterogeneous due to
abundant carbonate-phosphate material and often shows abnormally high Cu, Ni, Ba, Sr, Cr, Sc, L,
Zn, Hf, and Th concentrations. Layer I has the highest enrichment in Ce, Pb, Sr, Ba, Mo, Te, and Bi,
as well as La, Zn, and Th on some guyots. Layer I-2 has the lowest overall trace element contents but
is characterized by high Y, Cr, Sc, and Zr. The trace element distribution in Layer II is poorly
consistent, with elevated Rb, Cs, Li, Zr, Sb, Nb, and Zn but low Sr and Bi. Layer III is enriched in As,
T1, and W while being depleted in Ba and Zn.

The geochemistry and mineralogy of separate layers of the crusts sampled on Ita Mai Tai,
Gelendzhik [48,49], Govorov, Vulkanolog, Kocebu [50-52], Gordin, Pegas [53], Pallada [54,55], and
Shkolnik [56] guyots have been studied in more or less detail.

In this review we synthesize dispersed data on the geochemistry and chronostratigraphy of MST
Co-rich Fe-Mn crusts. The compositions of several crust samples from Govorov and Kocebu guyots
are detailed and compared with a crust sample from Pallada Guyot [55], as well as, analytical results
from earlier publications and technical reports of JSC Yuzhmorgeologiya on contents of minor and trace
elements in the MST crusts. The review addresses geochemical features, element correlations, Co-
chronometry, growth rates, ages, and the history of crust layers precipitated on the MST guyots.

2. Geological Background of Govorov and Kocebu Guyots

Govorov Guyot is the largest in the MST, with its 190x180 km base lying along the 4700 m isobath,
a trapezium-shaped main body with 70-90 km sides, and a 79x53 km flat top [12,18,19,50,51] (Figure
4a).
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Figure 4. Bathymetry maps of Govorov (a) and Kocebu (b) guyots. Bold lines in panels (c) and (d) are isobaths
at 500 m intervals. Triangles mark location of dredging sites.

The main edifice is extended with two satellites oriented in the southwestern and southeastern
directions and large offshoots in the south and northeast. The slopes of the main edifice dip at 4-8°
to 25°; the northern and northeast slopes are shallower (10-15°) than the western and eastern slopes
until the 4500 m depth. The northeastern edge and flat top are delineated by a chain of volcanic cones
up to 100 m high with 0.6-2.5 km base diameters [13]. The main guyot edifice and its satellites are
composed mostly of volcanic rocks. The rocks exposed on slopes are fine to boulder-size lava and tuff
clasts, hyaloclastics, pillow lavas, or lava flows with columnar jointing. Eroded volcanic and
sedimentary rocks affected by seawater alteration are cemented with calcareous coccolith-
foraminiferal material and form so-called edaphogenic breccias. The volcanic rocks reach thicknesses
of ~1700-1800 m on the southwestern slope and up to 2900 m on the northeastern slope. The summit
platform and low-angle slopes of the guyot are locally covered by Aptian to Pliocene carbonate
sediments [9,12,19]. The surfaces swept from unconsolidated sediments, mainly along the top edge
to sea depths of 2200-2400 m, are paved with Co-rich Fe-Mn crusts, from 0.7 to 14.5 cm thick, with
occasional occurrences of Fe-Mn nodules.

Kocebu Guyot consists of two (western and eastern) flat-topped edifices of 115x95 km and ~10000
km? total size (Figure 4b). The two summit platforms are separated by a saddle at 3500-3700 m below
the sealevel, while the pedestals of the main edifices reach water depths of 5100-5500 m [9,12,52]. The
eastern edifice sits upon a 42x41 km (~ 1000 km?) triangular base and has a 20x16.5 km (~180 km?)
summit platform 1200-1400 m under the water. The western edifice is larger (5552 km or ~1400 km?)
and has several offshoots. Both edifices have convex-concave transversal profiles and steep slopes
(20-25°) till water depths of 2300-3000 m. Volcanic eruptions produced more than 200 small cones
and domes (0.5-1.5 km across and 50-100 m high) upon the slopes and offshoots of the guyot while
carbonate deposition left remnants of a lagoonal coral reef with lenses of stratified sediments on the
tops.

The Co-rich Fe-Mn crusts of Govorov and Kocebu guyots precipitated upon Late Cretaceous
and Early Paleogene bioclastic limestones, edaphogenic breccias, volcanic, and volcaniclastic rocks.
All crusts bear Fe-vernadite and Mn-feroxyhyte as main minerals in all layers. Layers I-1 and I-2, and
less often layer II, contain asbolane-buserite and CFA. The distribution, textures, structures, and
mineralogy of the Govorov and Kocebu Fe-Mn crusts (including those from dredging sites 08D106,
08D115, 14MTP01 and 14D77, Figure 4), were described in detail previously [50-52].
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3. Materials and Methods

3.1. Sampling

Cobalt-rich Fe-Mn crusts were retrieved by dredging and coring of shallow boreholes in the
course of cruises by JSC Yuzhmorgeologiya. The most representative samples of crusts were separated
from the volcanic, volcaniclastic, and sedimentary substrate, in bulky pieces of >10 kg. Samples of
layers were cut out from the thickest crusts with a diamond saw. Note, however, that thus obtained
samples may bear fragments of transition zones between layers rather than being representative of a
single layer. The samples were kept in muffle furnaces at 105°C at least 24 hours and then crushed,
quartered, and ground.

The Fe-Mn crusts used for this study were dredged from Govorov and Kocebu guyots during
the cruises of R/V Gelendzhik (JSC Yuzhmorgeologiya) in 20162017 (Figure 4, coordinates of dredging
sites and 30 crust layer sample numbers are provided in Table 1 for 9 crust sections). Samples of
Govorov crusts were selected in the eastern part of the main edifice (08D106, 08D108), as well as on
the summit plateau and slopes of its satellite southeast of the main edifice (08D115, 08D114), and
08D118-3. The Kocebu crusts were collected on the slopes of the western edifice (14D53, 14MTP01,
14MTP02) and near the edge of the eastern edifice (14D77-2).

Table 1. Location of dredging sites at Govorov and Kocebu guyots.

Sampling Deposit Type Latitude Longitude Sea depth, m
sites (Crust layer samples) N) (E)
Govorov
08D106 Crust (I-1, I-2, 1I-1, 1I-2, III) 17°55.416' 151°14.111' 1780
08D108 Crust (1I-1, 1I-2, IIT) 17°53.903' 151°14.488' 2037
08D115 Crust (I-1, II, IIT) 17°37.201' 151°29.888' 1900
08D114 Crust (I-1, II, IIT) 17°39.611' 151°28.809' 2249
08D118-3 Crust (I-1, II, IIT) 17°33.101' 151°27.571' 2832
Kocebu
14D53 Crust (I-2, II, IIT) 17°22.431' 152°33.218' 1794
14MTPO01 Crust (I-1) 17°22.346' 152°33.056' 1958
14MTP02 Crust (I-1, II, IIT) 17°27.555' 152°51.043' 2695
14D77-2 Crust (I-1, I-2, 1I-1, 1I-2, III) 17°29.877' 153°13.693' 1538

Dredging was performed within a 600 m long interval; coordinates and sea depths are given for the starting

point of dredging.

3.2. XRF and ICP-MS Chemistry of Fe-Mn Crusts

The samples of hydrogenetic Co-rich Fe-Mn crusts from Govorov and Kocebu guyots were
analyzed for bulk chemistry at the Center for Isotope-Geochemical Studies of the Vinogradov
Institute of Geochemistry, Siberian Branch of the Russian Academy of Sciences (IGC SB RAS, Irkutsk)
by several methods: XRF on a Bruker AXS 5S4 Pioneer wavelength dispersive X-ray fluorescence
spectrometer using glass fusion discs (for SiOz, TiO2, MgO, Fe20stot, MnO tot, CaO, K20, Na:z0, P20s,
LO], Ba, Sr, Zr, V, Co, Ni, Cu, and Zn). Minor and trace elements (Co, Ni, V, Cu, Sb, W, Mo, Zn, Be,
Rb, Ba, Th, U, Nb, Ta, Pb, Ga, As, REE and Y) were determined by mass spectrometry with
inductively coupled plasma (ICP-MS) after acid digestion of samples, on an Agilent NexION 300D
quadrupole mass spectrometer. The quality of XRF and ICP-MS analyses was checked against local
standards CDO-4, CDO-5, CDO-6 [57] and USGS international standard AGV-2.

The data were processed statistically using the Statistica 10 software (StatSoft). The correlation
coefficients were used to calculate matrices for the chemical data to measure the strength of linear
relationship between pairs of variables. Statistical significance is quoted at the 95% confidence level.
Element relationships were constrained by factor analysis of principal components (varimax raw) to
identify groups of major and trace elements. REE and Y plots were normalized to the respective
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contents in the Post-Archean Australian Shale (PAAS) [58]. The Ce anomaly was calculated as Ce* =
2Ce/(La + Pr) for PAAS-normalized values.

4. Results

The XRF data revealed major and minor element patterns of Co-rich Fe-Mn crusts from nine
sampled sections in Govorov and Kocebu guyots (Figure 5, Tables Al and A2 in Appendix A), which
were compared with data on a crust from Pallada Guyot [55].
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Figure 5. Summary of XRF data for layers of crusts from Kocebu and Govorov guyots (Tables Al and A2 in
Appendix A), as well as layers of the crust (from EPMA and XRF data) from Pallada Guyot, after [55]).

Samples from all layers show relatively high LOI of 12-15 wt.% (presumably due to atmospheric
moisture adsorbed on the ground ore material) and quite large ranges of major oxides: 12-29 wt%
Fe20s tot, 22-35 wt% MnO tot, 3.4-20 wt% CaO, 1-9.4 wt% P20s, at modest amounts of TiOz (1-2 wt%),
MgO (1.3-2 wt%), Na20 (1.6-2.5 wt%), and K20 (0.3-1.2 wt%). The highest concentrations of Ca and P
were measured in phosphatized layers (I-1 and I-2). The excess of Fe over Mn increases from layer I-
1 to layer III, while the Mn/Fe ratio decreases from 3-2.5 to 1.5-0.8. Layers I and III in all crusts show
SiOz and Al:0s enrichment due to the presence of silicate phases (quartz, feldspars, etc.). The crust
from Pallada Guyot contains 1.5-3.2 wt% SiO2 and displays minor variations of the Mn/Fe ratio (1.7-
1.9) in the average compositions of layers I-2, I-2b, II and III (Figure 5).

4.1. Contributions of Layers to the Bulk Composition

Evaluating the mineral potential of Co-rich Fe-Mn crusts and their viability as commercial
resources of metals requires data on chemistry of the crusts as a whole and their individual layers.
Sampling during the cruises of JSC Yuzhmorgeologiya commonly includes several procedures:
measuring the average thicknesses of crusts and their layers, estimating physical parameters (density,
moisture content, porosity, etc.), and analyzing major, minor and trace elements in bulk crust or less
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often layer samples. The contribution (weigth fractions, wt%) of layers to the bulk crust composition
is hard to estimate from their linear sizes. Such calculations are made with regard to the density of
layers varying from ~2.1 g/cm? in Layer I-1 to ~1.9 g/cm?® in Layer III [9] and can yield only
approximate estimates because the crusts have complex cross-sectional structure even within single
large samples (Figure 6). The problem was solved using mass-balance calculations of major oxide
contents (Table 2), for each layer relative to the bulk composition of crusts from Govorov (08D106,
08D115) and Kocebu (14D77-2, 14D53) guyots and statistical data.

Table 2. Contributions of layers (weight fraction) to the bulk Fe-Mn crusts composition.

08D106 AX Layer wt% 08D115 AX Layer wt%
SiO: 13.10 0.082 111 47.02 SiO: 9.95 0.176 111 53.13
TiO2 1.99 0.098 II-2 21.93 TiO2 1.85 -0.001 II 13.45
AlLOs 3.08 -0.122 II-1 18.41 AlLOs 2.13 -0.272 I-1 29.16
Fe203 25.00 -0.118 I-2 12.25 Fe203 22.20 0.003 Total 95.73
MgO 2.05 0.178 I-1 0.04 MgO 1.87 0.208
MnO 2742 -0.205 Total 99.64 MnO 26.94 0.033
CaO 4.49 -0.114 CaO 7.03 -0.296
Na:0 2.48 0.209 Na20 2.36
K20 0.82 -0.075 K20 0.71 -0.034
P20s 1.52 0.065 P20s 3.14 0.184
LOI 15.40 LOI 15.84
Total 97.35 Total 94.03
FAX2 0.185 FAX? 0.271

14D77-2 AX Layer wt% 14D53 AX Layer wt%
SiOz2 10.13 0.197 111 27.98 SiO:2 11.38 0.229 111 2.35
TiO2 1.73 0.101 II-2 28.99 TiO2 1.82 -0.146 1I 94.10
AlLOs 221 -0.237 II-1 22.32 ALOs 2.94 -0.371 I-2 0.00
Fe203 22.80 -0.192 I-2 13.24 Fe203 23.33 -0.231 Total 96.45
MgO 2.06 I-1 7.89 MgO 2.02 0.115
MnO 29.73 0.090 Total 100.42 MnO 27.00 0.272
CaO 6.96 -0.233 CaO 4.74 -0.457
Na20 2.46 Na20 2.39
K20 0.76 0.112 K20 0.80
P05 3.05 0.163 P20s 1.43 -0.420
LOI 16.35 LOI 16.57
Total 98.23 Total 94.40
YAX? 0.243 FAX? 0.739

Note. AX is the difference between the initial and calculated oxide contents.

The calculations were performed with the minimum values of the statistical parameter Y} AX?
(sum of square residuals of the initial and calculated oxide contents using the least squares method)
for different sets of major oxides (SiOz, TiO2, Al20s, Fe203, MgO, MnO, CaO, Na20, K:0, and P:20s,
Tables Al and A2 in Appendix A). The mass-balance estimates showed that Layer III contributed 47
and 53 wt% into the bulk crust composition of samples 08D106 and 08D115, respectively, at ), AX? =
0.19 and 0.27 (Table 2). These contributions are 2.3 and 1.3 times higher than the estimates based on
the average thickness of layer III: 20% for 08D106 and 42% for 08D115. The large discrepancy may
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result from variability of layer thicknesses, as in samples 08D106 and 14D77-2 (Figure 6). Note also
that the layer compositions can be estimated from small crust fragments selected in laboratory, which
allows relating metals to specific layers more precisely.

14D77-2

Figure 6. Sections of Co-rich Fe-Mn crusts sampled from Govorov (08D106, 08D118-3) and Kocebu (14D77-2,
14MTP02) guyots.

4.2. Minor and Trace Element Chemistry

4.2.1. High-Tech Metals (Co, Ni and Cu), Ba, Sr, Pb, Zn, V, Mo, Zr, Nb, W, Sb, and As

The concentrations of Co and Ni vary from 4000 to 7200 ppm and from 3000 to 8700 ppm,
respectively, across the crusts from Kocebu, Govorov and Pallada guyots (Figure 7; Tables A3 and
A4 in Appendix A). There is no evident correlation between the two elements: the amount of Co is
the highest (8694 ppm) in Layer III from sample 08D118-3 but is the lowest (as well as Ni) in the same
layer of other crust samples where it mostly occurs in Layers II or I-2. The crust from Pallada Guyot
contains the lowest amount of Co and Ni in Layers I-2b and 1I, while Layers I-2 and III show the
greatest enrichment in both elements. The Cu contents range from 700 to 2500 ppm being the highest
in Layer II and lower in Layer III of the Govorov and Kocebu samples, and decrease progressively in
the series I-2 — I-2b — II — III in the crust from Pallada Guyot. In all sections, Layer I-1 typically
shows the highest enrichment in Ba and Sr and sometimes in Zn and Mo. Layer III bears As in most
of the samples while Layer II (II-1 and II-2) is enriched in Zr, Nb, and Sb, and occasionally W.
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Figure 7. Patterns of trace elements (ppm) in different layers of crusts from Govorov and Kocebu guyots, this
study (Tables A3 and A4 in Appendix A), and in crust from Pallada Guyot, after [52].

422 .REEand Y

The abundances of REE and Y in the Co-rich Fe-Mn crusts from Kocebu and Govorov guyots
vary in large ranges and show consistent variations in separate layers (Figures 8 and 9; Tables A3 and
A4 in Appendix A). The sum REE and Y decreases from 3546-2360 ppm in Layers I-1 and I-2 to 2188—
1312 ppm in II, while Ce accounts for <60% of this sum. Cerium is especially high in Layer I-1 (1354
ppm to 2177 ppm in samples 14D77-2 and 14MTP01, respectively) where it contributes 50-61% to
REE+Y, but its concentration and contribution in Layer III are much lower: 535-612 ppm and 48-38%,
respectively. The abundances of Y, La, and Gd likewise decrease from I-1 to III but less markedly

than for Ce (Figure 8).
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Figure 8. REE and Y patterns (ppm) in different layers of Co-rich Fe-Mn crusts from Govorov and Kocebu guyots,
this study (Tables A3, A4 in Appendix A), and Pallada Guyot, after [55].
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Figure 9. PAAS-normalized REE and Y patterns in different layers of Co-rich Fe-Mn crusts from Govorov and
Kocebu guyots.

Other REEs (Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb, and Lu) have irregular patterns, either
decreasing (08D115, 08D106, 08D118-3, 14D77-2, 14D53) or increasing (08D114, 14MTP02) within
small intervals. The crust from Pallada Guyot shows a decreasing trend of Ce and REE+Y from early
to younger layers, while other REEs and Y become progressively higher in the series I-2b — II — III
(Figure 8).

The PAAS-normalized REE+Y patterns of crusts from Govorov and Kocebu guyots are marked
by a positive Ce anomaly, with its magnitude (Ce*) decreasing gradually toward younger layers
(Figure 9; Tables A3 and A4 in Appendix A). The Y anomaly is positive in Layers I-1 and I-2 but
negative in II and III.

5. Discussion

5.1. Average Chemistry of Bulk Crusts and Individual Layers

The bulk chemistry of Co-rich Fe-Mn crusts from the MST guyots was characterized using 309
to 803 XRF, mass spectrometry, and ICP-MS analyzes obtained before 2009 [47], as well as statistical
data (mean, median, minimum and maximum values and variance) for 276 ICP-MS analyses for
minor and trace elements complied from technical reports of JSC Yuzhmorgeologiya before 2017 and
our nonpublished data on Govorov and Kocebu guyots (Table A5 in Appendix A). The mean contents
of elements estimated by different methods and in different time intervals are generally consistent,
with discrepancy of < 20-25%. The concentrations of main valuable elements vary in large ranges
(percentages in brackets are variance): 2700-9000 ppm Co (19%), 1200-6700 ppm Ni (19%), 520-2113
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ppm Cu (21%), 140-600 ppm Mo (19%), 320-801 ppm Zn (19%), 352-1700 ppm Pb (21%), 92-260 ppm
As (17%), and 1006-3228 ppm REE+Y (21%). Most of elements show quasi-normal distribution
patterns at variance from 9 to 40%. The concentrations of Cr, Li, Be, Cs, Ta, Zr, and Hf have the highest
variance and lognormal distribution. The discrepancy between the mean and median values is the
most prominent for Cr (16.5 and 11 ppm, 277%), Zr (231 and 120 ppm, 106%) and Hf (3 and 1.8 ppm,
94%) (Table A5 in Appendix A).

The chemistry of crusts as a whole depends on the contributions (weight fractions) of the
constituent layers (Table 2) which may have different geochemical characteristics. This inference
agrees with poor correlations among elements revealed by the factor analysis of principal
components (varimax raw) for 276 ICP-MS analyses. Only REE and several pairs of trace elements
have high correlation coefficients with r > 0.7 at 95% confidence level: Zr-Hf (r =0.92), Zr-Ta (r=0.78),
Rb-Cs (r=0.78), Zn-Sr (r=0.77), Sb-Sn (r=0.73), Nb-5Sb (r=0.72), and W-TI (r=0.72) (Supplementary
Table S1). The correlation between these elements is obviously independent of the relative
contributions of layer compositions to the whole-crust chemistry.

The data used to characterize the minor- and trace element compositions of the Fe-Mn crusts in
this study included 118 ICP-MS analyses for Layers III, II, I-2, and I-1 in the crusts from Govorov and
Kocebu guyots (Tables A3 and A4 in Appendix A) complemented with analyses from earlier
publications [47,48,50-52] and technical reports of JSC Yuzhmorgeologiya. The data were processed
statistically to estimate mean concentrations and variance for major elements and mean, median,
maximum, minimum, and variance values for minor and trace elements (Tables A6 and A7,
Appendix A). High variance (>50 %) at nearly lognormal distribution was observed for Cr, Li, Cs, Rb,
Ta, Pb, Zr, Hf and Ga in Layer III (31 analyses); Cr, Li, Be, Cs, Rb, Ta, Zr, Hf and Ga in Layer II (33
analyses); Cr, Sb, Cs, Rb, Th, Nb, Ta, Zr and Hf in Layer I-2 (25 analyses); Cr, Sc, Li, Be, Rb, Cs, Ta, Zr
and Hf in Layer I-1 (29 analyses). The mean ratio Mn/Fe decreases slightly from 1.85-1.68 in the old
unit (Layers I-1, I-2) to 1.35-1.34 in the younger units (II, III). Layers I-1 and I-2 contain the highest
concentrations of P but are depleted in Ti. The values of mean, median, maximum and minimum
contents, REE+Y, L/HREE, and positive Ce anomaly (Ce*) vary markedly from layer to layer.

The variations of mean REE, Y, minor and trace elements in separate layers of the analyzed Fe-
Mn crusts were plotted in a diagram of element contents normalized to the average composition of
crusts from the Non-Prime North Pacific Zone, N-PNPZ [5,44]. Layers I-1 and I-2 are enriched in Ba,
Sr, Pb, Mo, Bi, Te and depleted in Co, Cr, Sb, W, Li, Cs, Zr, Hf, Ga, As and Cd (Figure 10a,b), while
Layer II stores the highest concentrations of Ni, Cu, Sn, Sb, W, T}, Li, Cs, Rb, Nb, Zr, and Hf. Layer
III contains more As, Ni, Ga and less Cu, Zn, and Te compared to other layers. The contents of Y are
the highest in Layers I-1 and I-2, while Ce is the highest in Layer I-1 and the lowest in Layer III. Layer
I-2 is depleted in Pr, Nd, Sm and Eu, while Layer II shows the lowest total of Ho, Er, Tm, Yb and Lu
REEs.

The PAAS-normalized REE and Y patterns of separate layers are typical of hydrogenetic crusts,
with a positive Ce anomaly (Ce*) decreasing from I-1 to III (Figure 10c).
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Figure 10. Mean contents of minor, trace elements, REE, Y, and Ce* normalized to N-PNPZ (Non-Prime North
Pacific Zone, after [5,44] (a), (b), and PAAS, after [58] (c).

The (Ni+Co+Cu)-Mn-Fe and (Zr+Y+Ce)—(Fe+Mn)/4-(Co+Ni)x15 and Ce*-(Y/Ho)sn diagrams
used for classification of Fe-Mn crusts confirm the hydrogenetic origin of the analyzed layers (Figure
11a,b). The phosphatized layers (I-1, I-2) are enriched in Y and plot isolated fields in the Ce*—~(Y/Ho)sn
and Ce*-Nd diagrams (Figure 11c,d).
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Figure 11. Ternary discrimination diagrams for Fe-Mn crusts and nodules: (Ni+Co+Cu)-Mn-Fe, after [59,60] (a);
(Zr+Y+Ce)—(Fe+Mn)/4—(Co+Ni)x15, after [61] (b); and classification diagrams based on REE and Y, modified after
[62] (c) and (d).

The complex geochemical characteristics of crust layers were grouped using the factor analysis
of principal components (varimax raw) applied to a statistical sample of 118 analyses for 34 elements
(Co, Ni, Cu, Sb, W, Mo, Zn, Be, Rb, Ba, Sr, Th, U, Nb, Pb, Zr, Hf, Ga, As, REE and Y), as well as the
values of Ce¥, the sums of LREE, HREE, REE+Y and the L/HREE ratio. The concentrations of Cr, V,
Sc, Sn, Tl, Li, Bi, Cd and Te were not included because they remain non determined in many analyses.
The strongest factor (1) which accounts for 34.7 % of total variance encompasses all REEs except Ce
and La (Figure 12). Other second to fourth strongest factors with loadings >0.5-0.6 outline three more
groups of elements: +(Ce, La, Ba, Mo, Sr, Pb), 16.6% of variance (factor 2); +(Zr, Hf, Nb, Rb, As)/-Pb,
13.9% of variance (factor 3), and +(U, Th, Co, As, Sb, W)/-Y, 7.5% of variance (factor 4).

According to factor 1 scores, the layers are compositionally similar, with close ranges of all REEs
(Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb, and Lu) except Ce and La. Factor 2 scores define the field of
Layer I-1 with well pronounced correlations of Ce, Ce*, La, LREE, L/HREE, Ba, Mo, Sr, and Pb. Factor
3 corresponds to slightly elevated concentrations of Zr, Hf, Nb, Rb, As and high correlation between
these elements in some compositions of Layers II and III. The lowest factor 4 scores are assigned to
Layer I-2, with strong negative correlation between Y and the group U, Th, Co, As, Sb, W. Thus, the
factor scores highlight composition fields, which are especially distinctive for Layers I-1, I-2 and II+]II
according to factors 2 and 4 (Figure 12).
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Figure 12. Grouping of elements by factor analysis of principal components (varimax raw) for layers in MST
Fe-Mn crusts (see text for explanation). The plots show relationships based on factor loadings for elements and
factor scores for layer compositions. .

5.2. Correlations Among Elements

Pairwise correlations of some elements and oxides demonstrate main features of difference
between the old (I-1, I-2) and young (II, III) layers of the sampled Fe-Mn crusts (Figures 13-15).
Correlation is the strongest in the pairs CaO and P20s (r = 0.99), Zr and Hf (r = 0.96), Rb and Cs (r =
0.97), and is quite high for Rb-Li (r = 0.84) and Li—Cs (r = 0.85), both in bulk crust compositions and
in data for separate layers; most of REEs correlate at r = 0.6-0.8. Among other trace elements, only Ba,
Nb, and Bi show high correlations (r > 0.7) with Ce, La, LREE, REE+Y, Zr, Hf, and As: Ba-La (r=0.84),
Ba-LREE (r = 0.85), Ba-Ce (r = 0.73), Nb-Sb (r = 0.81), Nb-Hf (r = 0.73), Nb-Zr (r = 0.70); Nb-As (r =
0.67); Bi—Ce (r = 0.85), Bi-LREE (r = 0.80), and Bi—~(REE+Y) (r = 0.80) (Supplementary Table S2).
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Figure 13. Concentrations of Nb, Zr, Hf, W, Sb, As and Zr/Hf and Nb/Ta ratios in layers of MST Fe-Mn crusts.
Grey fields in panels (a) and (b) are bulk crust compositions.

The strongest correlation relationships for the compositions of crusts as a whole and their
separate layers are detailed below.
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Figure 14. Concentrations of Co, Ni, Ce, La, Bi, and As in layers of MST Fe-Mn crusts.

5.2.1. CaO and P20s

Variations of CaO and P:0s5 were studied in Fe-Mn crusts from four guyots: Govorov and
Kocebu, this study (Tables Al and A2 in Appendix A), Ita Mai Tai [63] and Pallada [55]. The
concentrations of CaO and P20s lack any significant correlation in Layers III and II which contain <4
wt% CaO and <1 wt% P20s (inset in Figure 15) but show almost perfect linear relationship in Layers
I-2 and I-1, apparently due to the presence of carbonate fluorapatite (CFA). The highest possible CaO
vs. P20s correlation (r ~ 1) is observed in all bulk crust, layer, and EPMA data for phosphatized
samples (Figure 15).

The composition of CFA in phosphatized crusts from the Pacific Ocean is relatively uniform [64],
with 30.15 wt% P20s and 53.17 wt% CaO on average (P205/CaO = 0.57). The average CFA composition
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was used to obtain empirical equations for estimating the wt% contents of CaO and CFA in crust
samples where CaO >4 wt% and P20s5 > 1 wt%: CaO = 2.3133 + 1.66867xP20s and CFA = 3.4305x(P20s
—1). The contents of CFA reach 50 wt% in the most phosphatized Layer I-2 in the crust from Kocebu

Guyot (Figure 15).
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Figure 15. Variations of P20s and CaO in MST Fe-Mn crusts. See text for explanation.

5.2.2. High Field Strength Elements (Nb, Ta, Zr, Hf), Metalloids (Sb, As), W, and Alkali Metals (Rb,
Cs, Li)

Correlation is the strongest (r = 0.92-0.96) between Zr and Hf in all bulk and layer compositions,
but the distributions of the two elements differ in crust layers. Their concentrations vary in very large
ranges both in crusts as a whole and in separate layers: from 15-22 ppm to 1100-1200 ppm Zr and
0.4-0.5 ppm to 17 ppm Hf (Figure 13b). The Zr and Hf enrichment is high in Layer II from most of
the Govorov and Kocebu crust samples (Figure 7); some zones of high Zr (1100-1400 ppm) and Hf
(20-35 ppm) also exist in Layer II of the crust from Pallada Guyot. The Zr/Hf ratio ranges from 32 to
259 over the whole crusts and from 31 to 184 within layers.

Niobium and tantalum correlate rather poorly in both bulk crust and layer compositions, at the
concentration ranges of 7.6 ppm to 91 ppm (Nb) and 0.1 to 1.7 ppm (Ta). The Nb enrichment is higher
in the young layers relative to the old units of the Fe-Mn crusts (Figure 13d—f), while the Ta variations
are moderate. Correspondingly, the Nb/Ta ratio increases from 43-60 in Layers I-1 and I-2 to 60-240
in II and IIT (Figure 13c). The crust from Pallada Guyot shares similarity with the Govorov and
Kocebu samples in the contents of Nb and Ta and in the patterns of Nb and Nb/Ta in the respective
layers.

The concentrations of Sb, As, and W are commonly higher in younger layers (11, III) and correlate
with Nb contents in the crusts from Govorov and Kocebu guyots (Figure 13d—f), but this trend is
uncommon for the Pallada sample, where Sb enrichment is restricted to a few zones in Layer IL

Among alkali metals, only Rb concentrations reach high levels of 18-34 ppm and correlate at as
high as r > 0.9 with Cs, in all bulk crust and layer compositions (Figure 13a). The crust from Pallada
Guyot contains up to 230 ppm Rb, 28 ppm Cs, and 60 ppm Li in a single point from Layer III, which
may be due to a K-feldspar grain that fell within the local spot of the LA-ICP-MS analysis.
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The iron and carbonate components of the hydrogenetic Fe-Mn crusts mainly sequester Rb and
Cs [46], while Li, Zr, Hf, NDb, Ta, Sb and As are mostly incorporated into the iron component. These
elements migrated into the crusts from seawater containing the Zr(OH)s« > Zr(OH)s, Hf(OH)s >
Hf(OH)+, Nb(OH)s > Nb(OH)s°, Ta(OH)s > Ta(OH)s°, and HAsO4* complexes.

5.2.3.REE, Y, Ba, Sr, and Bi

AllPAAS-normalized REE patterns of hydrogenetic Fe-Mn crusts differ in a positive Ce anomaly
and slight HREE enrichment over LREE (Figures 9 and 10c). The REE and Y patterns for MST crusts,
including those from Govorov and Kocebu guyots, display decreasing Ce, Y, REE+Y, and Ce* trends
from phosphatized old Layers I-1 and I-2 to younger Layers II and III, while the behavior of other
REEs is less consistent (Figure 8). However, the REE and Y trends in the Pallada crust are more
regular, especially upwards from Layers I-2b to III: Ce and Ce* decrease while other REEs and Y
increase gradually (Figure 16).
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Figure 16. Variations of Ce, La, Pr, Nd, Y and Ce* in the layers (mm) of the crust from Pallada Guyot, after [55].

Experiments show that hydrogenetic Fe-Mn crusts from different oceanic regions, among which
the Central Pacific, can sorb REEs from seawater into both iron and manganese components [65].
Cerium becomes oxidized and sorbed preferably on suspended matter (where it produces a positive
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anomaly) leaving the seawater depleted (negative Ce anomaly), and is thus inherited by hydrogenetic
Fe-Mn crusts. In the global oceanic water depth profiles of REEs, Ce decreases gradually down from
the maximum at 100-250 m below the sealevel while the concentrations of other REEs increase [57].
In this respect, the consistent variations of REE and Y (Figure 16) in the successively deposited Layers
I-2b, II and III of the Pallada crust can be expected to correlate with seawater depth given that the
guyot has been submerging ever deeper since the Late Oligocene.

The compositions of layers display strong correlations among Ce, La, LREE, Bi, and Ba (Figure
14) as a result of phosphatization in the CFA-enriched older layers. The apatite structure can
incorporate multiple impurities by isomorphic substitutions of COs?*, F- (as in CFA), SOs*, Cl- for
PO#- and Sc?, Y3+, Bi* for Ca? [46]. According to LA-ICP-MS data, CFA veinlets with microinclusions
of monazite, barite, and other phases in Fe-Mn crusts collected from Western and Central Pacific
seamounts contain up to 3 wt% SOs, 0.8 wt% REE (with dominant La), and minor contents of Y, Sr
and Ba [64]. Cerium in CFA is much lower than other REEs, and its respective PAAS-normalized
patterns typically have a negative Ce anomaly, as in the seawater [63].

There is no correlation among the highest concentrations of P, Ca, Ce, Bi, Ba, and Y in the most
phosphatized Layer I-2 of the crust from Pallada Guyot, possibly because a mixture of CFA and
mineral inclusions of monazite, cerianite, parisite, barite, and other carriers of P, REE, Ba, and Y fell
into the 50 um spot of the LA-ICP-MS analysis. Some of these phases, of <1 pm grain sizes, were
identified earlier by microdiffraction XRD on the surfaces of crystalline CFA aggregates in
phosphatized layers of Fe-Mn crusts [32]. Thus, high correlation between Ce, Ba and Bi at r > 0.8
(Figure 14b,d,f) may be due to the presence of these elements in Fe and Mn oxyhydroxides or to
inclusions of REE carriers or phases of other trace elements (e.g., Bi) in CFA.

5.3. Co-Chronometry, Growth Rates, and Deposition History of Fe-Mn Crusts

The growth rates of Co-rich Fe-Mn crusts have multiple controls: gradual subsidence of
seamounts during motions of oceanic plates, the productivity of surface waters, the pole-to-equator
temperature gradient, as well as latitudinal and longitudinal mixing in the oceanic water column
[43,45]. The growth rates of Fe-Mn crusts and nodules are estimated from isotopes of Th (up to 1 Myr)
and Be (up to 10 Myr) [66,67]. Os-isotope stratigraphy is also used to determine the age of Fe-Mn
crusts, taking into account hiatuses in their deposition, by comparing Os isotope data with the
1870s/1880s curve of seawater [67-69]. For the MST, 187Os/1880s isotope ratio was used to obtain a high-
resolution isotopic record of a hydrogenetic Fe-Mn crust sampled on the southeastern slope of
II'ichev Guyot [70] and on Ita Mai Tai Guyot [71]. U-Pb CFA dating using LA-ICP-MS also clarifies
the age and different stages of phosphatization of Fe-Mn crust layers [67,71].

Isotopic data (¥*Thex and 2Thex/?*Th methods and '"Be/*Be chronology) were used to obtain
an empirical relationship between the crust growth rate and Co contents as a basis for Co-
chronometry: GR (mm per Myr) = 1.28/(Co - 0.24) [72]. This approach assumes that the Co flux to the
Fe and Mn oxyhydroxides remains consistent over both time and space, but this assumption is only
applicable to hydrogenetic crusts [73]. The influence of diagenetic processes on the growth rate of Fe-
Mn nodules is included into an alternative Co-chronometer using Co, Fe, and Mn content [74].
Growth-rate calculations based on this Co-chronometer often yield unrealistic ages for Fe-Mn crusts,
as in the case of the crust from Pallada Guyot [54], which exceed the 60 to 65 Ma biostratigraphic ages
of the oldest relict layer R (Figures 2 and 3).

A shortcoming in the existing Co-chronometry approaches is that they neglect hiatuses between
layers in Fe-Mn crusts, which were identified reliably from the biostratigraphy of calcareous
nannoplankton, foraminifera, radiolarians, and macrofaunas (Figures 2 and 3). The available
biostratigraphic constraints were used for chronostratigraphic correlations among several sections of
Fe-Mn crusts from the near-equatorial Pacific [26-29,45], illustrated by a fragment in Figure 17
displaying main breaks in ore deposition for the guyots of Butakov, Alba, Fedorov, Gramberg, and
Lomelik. The phosphatized Layer I-2b, well pronounced at the base of Layer II, formed during the
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Late Oligocene-Early Miocene time span (26.5 to 18 Ma) between the older and younger crust layers
after a prolonged gap from 38 to 26.5 Ma in the Early to Middle Oligocene.
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Figure 17. Chronostratigraphy of Co-rich Fe-Mn crusts from Lomilik (Marshall Islands), Butakov, Alba, Fedorov,
and Gramberg guyots, modified after [29].

The principal gaps in ore deposition from the chronostratigraphic model of Figure 16 (~2 Myr in
the early Pliocene between Layers II and III, ~3 Myr in the Miocene between Layers II and I-2b, and
~12 Myr in the Late Oligocene to Early Miocene between Layers I-2b and I-2) were incorporated into
a new age profile for the 94 mm thick crust collected on Pallada Guyot [55]. The updated age model
is presented in Figure 18a, together with growth rates from Co-chronometry [69] based on 184 EPMA
analyses and the patterns of P20s and Co (Figure 18b-d). The recalculated age of the Pallada Fe-Mn
crust is ~17 Myr older than that estimated by Co-chronometry (24.5 Ma, after [55] against 41.5 Ma,
Figure 18a).

Layer I-2 (12 mm thick), the most phosphatized old unit in this crust, grew at about 10 mm per
Myr in the Late Eocene from 41.5 to 40 Ma (Figure 18a). Its formation falls within the main Late
Eocene-Early Oligocene episode of phosphogenesis in Pacific sediments, from 43 to 39 Ma [34]. The
following subunit, 15 mm I-2b, formed rapidly for about 1 Myr in the Late Oligocene from 28 to 27
Ma at 10 to 70 mm per Myr, after a ~12 Myr gap. Moderate P enrichment in this layer (Figure 17c)
may reflect the second phosphatization event in the Late Oligocene—Early Miocene, from 27 to 21 Ma
[34]. The deposition of Layer II (32 mm) followed a ~3 Myr break and occurred in the Late Oligocene—
Early Miocene, from 24 to 16 Ma, at a variable rate of 2 to 30 mm per Myr. The uppermost unit, 32
mm Layer III, was deposited after a ~2 Myr gap at a slow rate of 2 to 3 mm per Myr, from ~14 Ma to
the Present and gained high Co concentrations up to 8000-10000 ppm (Figure 18d).
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Figure 18. Age profile of the Co-rich Fe-Mn crust from Pallada Guyot (a), layer growth rates from Co-
chronometry (b), and patterns of P20s (c) and Co (d).

Therefore, the Co chronometer [72] is applicable to dating layers in Co-rich Fe-Mn crusts with
due regard for hiatuses revealed by chronostratigraphic correlations (Figure 17). Reliable timing on
the growth history of hydrogenetic crusts requires checks against biostratigraphic data, especially
identifying index species of calcareous nannoplankton. Note, however, that three to five
determinations of mean Co contents for different layers of crusts from Govorov and Kocebu guyots
obtained in this study (Tables A4 and A5 in Appendix A) are unsuitable for estimating the growth
rates and ages of the crusts.

6. Conclusions

The precipitation history of old and young layers in Co-rich Fe-Mn crusts was inferred to
correlate with global Late Cretaceous—Cenozoic climate events [6,12,26-29,43,45]. The main growth
periods of Fe-Mn crusts were associated with Pacific polytaxic conditions, including warm water,
increased bioproductivity, expanded OMZ, significant biogenic carbonate production, and high
carbonate dissolution rates, which may have increased the Fe and Mn components in the oceanic
water column. The hiatuses in the crust profiles coincide with oligotaxic ocean characterized by cool
water, low bioproductivity, low planktonic calcium carbonate dissolution rates, and low Fe-Mn
oxyhydroxide fluxes to the water column. In addition, regional and local factors, including geological
events, hydrodynamic processes, and the morphology of guyot surfaces, created favorable conditions
for accretion of Fe and Mn oxyhydroxides.

Biostratigraphic constraints place the deposition onset of Fe-Mn crusts at ~65-60 Ma. The oldest
relict layer R was deposited in the Campanian-Maastrichtian and Late Paleocene near the shore,
probably in the photic zone. The growth of Fe-Mn crusts continued in the Late Paleocene—Early
Eocene (Layer I-1) and Middle-Late Eocene (Layer I-2) shallow-water shelf no deeper than 500-600

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202510.1578.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 October 2025

25 of 39

m below the sealevel. The oldest unit of the crusts originated in the highly bioproductive equatorial
zone. Layers II (Miocene) and III (Pliocene-Pleistocene) precipitated at larger sea depths of 1200-3000
m. The detailed stratigraphy of phosphatized sublayer I-2b, which was dated as the Late Oligocene-
Early Miocene (26.5-18 Ma) and attributed to the base of Layer II, is to be further constrained. The
deposition of Fe and Mn phases was interrupted several times, with the longest gap from 38 to 26.5
Ma between the old (R, I-1, and I-2) and young (I-2b, II, and III) layers of the crusts (Figures 2 and
17). The ore material of the crusts was considerably altered during the Late Eocene—Early Oligocene
(43 to 39 Ma) and Late Oligocene-Early Miocene (27 to 21 Ma) global events of phosphogenesis in the
Pacific sediments which left record in layers R, I-1, I-2 and sublayer I-2b, respectively. Further
chronostratigrphic correlation of the Pacific Fe-Mn crusts requires support from data on index species
of calcareous nannofossils at layer boundaries (Figures 3 and 17), geochemical profiles determined
by localized analyses (EPMA, SEM-EDS, and LA-ICP-MS), as well as growth rates and ages of layers
constrained by Co-chronometry and isotopic studies.

A major part of this study focuses on characterizing the chemistry of the Co-rich Fe-Mn crusts
and their separate layers. The composition of crusts as a whole depends on the relative contributions
(weight fractions) of the geochemically different constituent layers, which can be estimated using
mass-balance calculations (Table 2). The amassed geochemical data for the crust layers were
systematized by means of factor analysis of principal components (varimax raw) that revealed four
factor groups of trace elements: (1) + (all REEs except Ce and La); (2) +(Ce, La, Ba, Mo, Sr, Pb); (3)
+(Zr, Hf, Nb, Rb, As)/-Pb; (4) +(U, Th, Co, As, Sb, W)/-Y. The factor score diagrams highlight fields of
elements which are especially distinctive for Layers I-1, I-2, and II+III according to factors 2 and 4
(Figure 12).

The chemistry of the Fe-Mn crusts confirms the hydrogenetic origin of Layers II and III, in which
Fe and Mn oxyhydroxides precipitated directly from seawater. The older layers (R, I-1, I-2 and I-2b)
most likely originated by the same mechanism but their chemistry and mineralogy were affected by
later phosphatization. The contents of CFA in the phosphatized layers were estimated using the
empirically found relationship between CaO and P:0s (Figure 15).

The lower unit of the crusts (Layers I-1 and I-2) is enriched in Co, Y, and Ce, and its data points
plot isolated fields in the Ce*-Nd and Ce*—(Y/Ho)sn diagrams (Figures 9c,d). All PAAS-normalized
REE+Y patterns of hydrogenetic Fe-Mn crusts show a positive Ce anomaly and slight LREE depletion
relative to HREE (Figures 9 and 10c). The consistent changes in REE and Y concentrations (decreasing
Ce contents and Ce* anomaly at increasing other REEs and Y, Figure 16) toward layers I-2b — II —
III in the crust from Pallada Guyot correlate with the trend of progressive ocean deepening from the
Late Oligocene—Early Miocene to Present and the respective submergence of the Pacific Plate with
the guyots to greater water depths. This inference has important paleogeographic implications and
can be confirmed in the course of further studies on other samples of Co-rich Fe-Mn crusts.

The patterns of minor and trace elements in different layers of the crusts vary markedly between
and within Govorov, Kocebu, and Pallada guyots (Figures 7, 8, 13 and 14). The heterogeneous
distribution of elements in individual layers may be due to hydrodynamics of submarine currents
controlled by the surface topography of guyots and the position of the Magellan Seamounts relative
to the global paleoclimatic zones in the Pacific Ocean. On the other hand, the geochemistry of the Fe-
Mn crusts was strongly affected by repeated episodes of Cenozoic volcanic activity in the MST area
of the Pacific Plate. Specifically, voluminous eruptions of Miocene petit-spot volcanoes on the guyots
[20,21], may be responsible for elevated concentrations of Nb, Zr, As, Sb and W in Layers II and III
(Figures 13 and 14).
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Appendix A

Table Al. XRF analyses (wt% concentrations) of Co-rich Fe-Mn crust layers from Govorov Guyot.

08D106 08D108 08D114 08D115 08D118

I 12 111 I-2 I-1 I -2 II-1 I 1II I-1 1T 1II I-1 I II I-1

SiO2 | 1867 9.88 7.84 514 1.87 |18.81 14.05 7.39 [10.33 935 2.78 |14.03 10.88 294 | 9.19 757 555
TiO2 | 169 218 222 172 126|149 180 219|210 229 177|207 225 154|239 233 1.80
AlOs| 439 231 219 186 081 | 455 342 201|188 269 083|324 302 094|237 211 156
Fe20s|28.51 2595 2249 15.34 13.22(27.97 27.24 23.40(29.33 21.37 18.68|27.25 24.10 15.36|23.95 22.58 19.97
MgO| 176 1.84 208 210 165|171 177 198|172 222 140|179 193 155|190 202 1.23
MnO | 22.34 30.50 33.32 35.01 31.42 (2225 26.57 33.44|29.40 35.47 31.07|25.98 30.54 30.86|32.36 34.20 24.19
CaO | 349 394 470 10.01 1878| 3.79 3,53 434 |3.80 4.68 1442|387 398 1624|398 4.12 16.96
NaO| 255 214 187 211 173|218 173 212|201 196 147|183 188 156|217 176 1.36
KO | 123 069 045 067 027|101 099 056|054 058 032104 075 031|061 048 037
P:0s | 1.06 096 122 423 942 |1.05 098 103 |1.03 107 670|097 098 792|082 0.79 870
LOI [12.38 14.77 1530 1451 14.62|11.70 13.67 15.02|13.81 15.18 14.15|13.73 13.85 15.12|14.95 15.57 13.59
H0- | 970 11.26 1070 9.70 7.76 | 950 9.84 10.86|11.89 11.33 10.01|10.18 11.65 8.08 |11.54 11.66 8.08
Ba |0.130 0.150 0.170 0.220 0.240{0.110 0.130 0.170|0.150 0.190 0.260|0.130 0.160 0.230 | 0.170 0.210 0.280,
Sr 0120 0.150 0.150 0.140 0.180|0.130 0.130 0.150 |0.160 0.150 0.190 | 0.130 0.140 0.170 | 0.140 0.140 0.180|
Zr |0.064 0.065 0.067 0.051 0.036|0.054 0.064 0.066|0.063 0.074 0.048|0.065 0.066 0.056 |0.053 0.066 0.063]
V 10.056 0.058 0.056 0.046 0.060|0.052 0.060 0.059 |0.065 0.058 0.071|0.048 0.057 0.056 |0.062 0.064 0.059
Co |0.400 0590 0.670 0.590 0.440 | 0.350 0.490 0.590|0.580 0.690 0.350|0.610 0.660 0.500|0.840 0.650 0.240
Ni [0.300 0.470 0.600 0.840 0.600|0.280 0.390 0.590 [ 0.380 0.710 0.380 [ 0.360 0.540 0.570 | 0.530 0.640 0.290
Cu |0.085 0.119 0.156 0.188 0.106 | 0.059 0.107 0.178|0.066 0.236 0.123|0.088 0.159 0.162|0.205 0.208 0.133
Zn |0.047 0.055 0.068 0.088 0.086 |0.048 0.055 0.067 |0.060 0.079 0.068|0.050 0.064 0.077|0.071 0.085 0.075
Total | 99.27 96.82 95.62 94.86 96.80 |97.59 97.18 95.35|97.47 99.05 95.08|97.28 96.01 96.16 | 96.76 95.59 96.60)

Fe 20 18 16 11 9 20 19 16 21 15 13 19 17 11 17 16 14
Mn 17 24 26 27 24 17 21 26 23 27 24 20 24 24 25 26 19

Mn/Fe| 0.87 130 1.64 253 263|088 108 158 | 111 184 184|106 140 222|150 1.68 134

Table A2. XRF analyses (wt% concentrations) of Co-rich Fe-Mn crust layers from Kocebu Guyot.

14D77-2 14D53 14MTP02 14MTPO01

I 112 II-1 1-2 I-1 III 1II I-2 1 II I-1 I-1

Si02 17.67 7.70 10.44 2.14 1.82 20.49 11.36 4.75 14.96 11.26 4.89 2.76
TiOz2 1.36 1.86 2.06 1.28 1.02 1.56 2.05 1.72 1.94 2.19 1.75 1.49

AlLOs 3.93 1.70 297 091 0.90 5.15 3.39 1.75 2.96 3.44 1.65 1.12
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FexOs | 27.36 25.36 24.64 11.71 11.86 27.94 24.31 16.92 29.53 22.10 20.60 17.77
MgO 1.74 1.91 2.05 1.68 1.76 1.78 1.98 1.82 1.62 1.97 1.37 1.28
MnO 23.53 33.75 30.51 29.32 32.72 21.29 27.87 29.54 25.23 30.71 25.79 28.58
CaO 342 4.12 424 20.26 17.90 3.73 543 14.20 3.51 4.14 14.04 17.70
Na20 2.33 1.70 1.88 2.02 1.68 1.97 1.82 1.72 1.87 1.82 1.49 1.61
K0 0.89 0.48 0.79 0.39 0.40 1.12 0.93 0.46 0.90 0.88 0.42 0.28
P20s 1.07 1.02 1.20 10.02 8.84 1.04 1.94 6.86 0.98 0.97 6.86 8.81
LOI 13.15 15.31 14.18 14.21 14.09 11.81 14.46 14.33 13.02 15.10 16.89 13.81
H0 9.95 12.32 11.62 8.15 8.58 10.23 9.83 8.39 9.68 9.42 7.37 9.69
Ba 0.110 0.150 0.170 0.190 0.260 0.110 0.150 0.170 0.140 0.210 0.310 0.300
Sr 0.130 0.160 0.150 0.170 0.170 0.120 0.140 0.150 0.140 0.140 0.170 0.200
Zr 0.054 0.056 0.062 0.043 0.037 0.061 0.063 0.062 0.063 0.075 0.069 0.037
\% 0.058 0.071 0.058 0.046 0.064 0.052 0.052 0.050 0.060 0.053 0.058 0.071
Co 0.420 0.670 0.570 0.430 0.460 0.380 0.530 0.450 0.420 0.520 0.260 0.290
Ni 0.350 0.570 0.530 0.690 0.700 0.310 0.480 0.650 0.290 0.570 0.390 0.320
Cu 0.064 0.089 0.121 0.161 0.101 0.073 0.114 0.165 0.100 0.246 0.199 0.068
Zn 0.047  0.062 0.060 0.094 0.121 0.048 0.059 0.075 0.063 0.075 0.077 0.077
Total 97.68  96.74 96.68 95.76 94.90 99.03 97.13 95.84 97.80 96.47 97.28 96.57

Fe 19 18 17 8 8 20 17 12 21 15 14 12
Mn 18 26 24 23 25 17 22 23 20 24 20 22
Mn/Fe 0.95 1.47 1.37 277 3.05 0.84 1.27 1.93 0.95 1.54 1.39 1.78

Table A3. ICP-MS analyses (ppm concentrations) of Co-rich Fe-Mn crust layers from Govorov Guyot.

08D106 08D108 08D114 08D115 08D118

m m2 I-1  I2 I-1 m 1I2 11 III II 1-1 1 II 1-1 1 I I1

Co  [4400 6506 7100 5994 4779 | 3988 5683 6514 | 6270 7014 4041 | 6359 7176 5337 | 8694 6765 2568
Ni 2962 4739 6010 7932 5586 | 2746 3813 5828 | 3563 6607 3864 | 3621 5332 5658 | 5400 6049 2908
Cr 43 14 4.3 12 35 27 22 13 12 13 32 5.8 32 22 1.9 30 25
\% 555 636 634 481 658 | 597 606 626 | 661 613 799 | 558 599 626 | 681 643 688
Cu 873 1315 1777 1935 1110 | 743 2089 1993 | 766 2466 2533 | 960 1800 1690 | 2357 3275 1517
Sb 48 52 55 49 34 39 49 52 48 52 47 70 58 46 46 49 53
W 72 90 95 96 65 61 89 103 83 89 50 71 95 85 80 90 71
Mo 352 539 590 564 767 | 385 443 598 | 505 588 770 | 393 516 690 | 507 549 520
Zn 691 629 757 928 756 | 516 653 706 | 590 943 629 | 554 759 762 | 745 817 621
Be 60 43 62 47 55 | 36 22 68 | 56 65 27 3.1 6.6 438 4.6 23 15
Rb 18 14 9.4 26 1.3 16 31 31 8.9 33 1.8 12 33 12 67 89 12
Ba 1451 1797 2159 3119 3039 | 1400 2044 2186 | 1763 3126 3529 | 1580 2827 3097 | 1988 2619 3934
Th 14 14 14 68 8.6 17 10 16 17 9.0 96 15 17 10 20 14 96

c

11 14 13 9.1 11 11 13 15 14 11 14 12 13 11 13 11 1
Nb 64 75 79 62 42 46 69 74 59 75 45 84 79 54 67 78 52
Ta 033 031 044 - - 005 033 047 | 049 0.83 - 0.66 0.05 - 075 075 -
Pb 146 367 1180 1483 1702 | 99 158 763 | 507 281 1343 | 327 547 1350 | 555 1440 1587
Sr 1309 1572 1649 1483 1818 | 1325 1310 1689 | 1558 1529 1996 | 1344 1520 1787 | 1519 1504 1810

Zr 627 752 728 544 391 | 570 664 858 | 588 794 494 | 609 738 601 | 529 675 637
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Hf 9.7 13 12 92 38 7.3 11 15 8.5 15 6.3 11 13 8.2 8.3 12 91
Ga 88 39 17 1.0 0.03 | 10 21 5.6 11 14 1.3 43 003 83 29 37 8.0
As 258 259 246 165 161 | 263 282 241 | 268 228 202 | 309 257 195 | 203 186 180
La 233 267 263 2890 336 | 226 209 278 | 311 254 399 | 245 277 413 | 265 265 481
Ce 612 967 1205 1676 1726 | 568 622 1194 | 924 1297 1997 | 866 1130 1729 | 1153 1613 1771
Pr 50 61 61 59 55 52 46 66 74 61 72 52 58 73 67 65 84
Nd 221 259 252 255 230 | 225 197 274 | 309 262 297 | 219 249 320 | 278 272 351
Sm 46 53 54 52 43 48 41 57 63 53 52 47 50 56 56 57 61
Eu 11 13 13 12 10 12 9.8 13 17 13 12 11 12 14 15 13 15
Gd 48 56 54 59 57 49 42 57 66 59 60 50 53 71 59 57 72
Tb 68 79 7.2 75 70 73 63 79 |98 75 78 | 69 72 92 82 77 91
Dy 41 45 43 47 44 44 38 44 55 43 46 41 44 59 46 43 59
Ho 88 93 92 10 10 87 80 92 11 9.0 10 88 91 14 92 87 13
Er 25 27 26 31 31 24 22 27 31 26 30 25 27 42 25 25 38
Tm 37 40 36 44 45 | 36 34 38 | 45 38 43 | 37 40 57 | 39 35 55
Yb 25 25 24 29 29 23 22 25 28 24 29 23 27 37 25 23 37
Lu 40 38 37 45 46 | 37 33 39 | 42 38 42 | 38 42 6.0 35 35 58
Y 204 189 199 393 458 | 201 173 215 | 224 244 278 | 197 230 560 | 174 190 523

LREE |1174 1620 1848 2343 2400 | 1131 1124 1882 | 1698 1940 2829 | 1439 1776 2605 | 1834 2285 2763
HREE | 366 367 371 585 646 | 364 318 392 | 433 421 469 | 360 406 803 | 354 361 763
Ce* 1.3 18 22 30 29 1.2 15 20 14 24 27 | 18 21 23 20 28 20
L/HREE| 32 44 50 40 37 | 31 35 48 | 39 46 60 | 40 44 32 52 63 36
REY |1540 1987 2218 2928 3045 | 1496 1442 2274 | 2131 2361 3298 | 1799 2181 3408 | 2189 2646 3526

Table A4. ICP-MS analyses (ppm concentrations) of Co-rich Fe-Mn crust layers from Kocebu Guyot.

14D77-2 14D53 14MTP02 14MTPO1

I 1I-2 II-1 I-2 I-1 III II I-2 I II I-1 I-1

Co 4608 6910 6419 4512 4889 4127 6085 5086 5062 5266 3102 3203
Ni 3258 5413 5200 6599 6999 3072 4903 6746 3036 5234 4034 3222

Cr 17 45 33 13 52 38 46 27 60 15 23 39
\% 605 703 664 512 740 528 607 544 667 537 691 745
Cu 674 1003 1372 1826 1110 755 1316 1788 1171 2479 2120 760
Sb 42 49 54 34 31 46 56 49 46 48 53 47
W 68 107 86 66 40 60 83 108 65 78 93 42

Mo 431 671 563 556 804 326 477 519 399 479 563 707
Zn 498 749 784 805 1005 488 773 826 657 851 701 623
Be 54 34 5.6 8.3 1.9 4.5 6.0 53 6.2 7.1 8.8 51
Rb 16 24 44 3.7 8.9 21 46 21 11 40 7.8 1.9
Ba 1356 2285 2867 2159 3240 1340 2665 2818 1823 3071 4396 3963

Th 13 13 15 3.3 8.0 13 14 54 16 9.9 9.2 7.0
u 11 15 14 10 12 10 13 13 13 10 10 13
Nb 55 65 79 37 35 68 83 64 59 71 52 39
Ta 0.14 0.05 0.42 - - 1.1 0.52 - 0.45 0.89 - -
Pb 72 848 149 1172 1900 120 130 765 428 228 1098 2029
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Sr 1346 1720 1660 1603 1726 1202 1578 1595 1497 1346 1838 2071
Zrx 537 643 758 437 388 561 749 674 630 834 691 391
Hf 8.0 9.6 13 59 4.1 9.5 13 12 9.6 16 9.3 4.4
Ga 11 17 54 0.03 24 56 17 2.6 11 11 15 5.7
As 271 305 297 136 160 257 271 207 292 222 191 209
La 213 276 283 338 252 187 239 254 310 228 421 418
Ce 535 842 978 1258 1355 583 981 1333 969 1212 1625 2177
Pr 43 61 62 58 43 37 50 53 73 55 75 56
Nd 195 259 263 263 185 160 215 227 311 230 314 229
Sm 37 53 56 49 33 33 42 44 64 48 59 38
Eu 9.8 13 13 12 8.1 8.3 11 11 16 11 14 9.1
Gd 41 52 57 59 43 36 49 52 66 48 66 53
Tb 6.0 77 7.8 77 5.6 53 6.4 6.6 9.4 6.5 8.0 6.5
Dy 37 47 46 49 35 32 37 39 55 38 51 42
Ho 7.7 94 9.6 12 8.6 7.1 8.5 8.8 11 7.7 11 9.9
Er 23 27 28 34 26 21 24 25 30 22 34 31
Tm 3.4 3.9 41 5.0 3.9 3.1 3.7 3.7 4.5 3.2 4.8 43
Yb 22 26 26 32 25 20 24 23 28 20 31 28
Lu 3.4 4.0 4.0 5.0 43 3.4 3.9 3.9 44 3.3 47 4.5
Y 189 186 235 536 333 176 247 321 230 195 434 439
LREE 1032 1504 1654 1977 1876 1008 1537 1922 1742 1783 2507 2927
HREE 332 362 417 740 485 304 403 483 439 344 644 619
Ce* 1.3 1.5 1.7 2.1 3.0 1.6 2.1 2.7 15 2.5 2.1 3.2
L/HREE| 3.1 4.1 4.0 2.7 39 33 3.8 4.0 4.0 52 3.9 47
REY 1364 1866 2072 2717 2361 1312 1941 2405 2181 2127 3151 3546

Table A5. Bulk chemistry of MST Co-rich Fe-Mn crusts.

Mean Var,% n Mean Mediana Min Max Var,% n
Mn 21.13 13 803
Fe 16.28 13 794
P05 2.75 71 631
Mn/Fe 1.31 17 793
Co 5800 23 803 5498 5400 2700 9000 19 276
Ni 4400 18 803 4307 4300 1200 6700 19 276
Cr 17 107 309 17 11 2.4 720 277 248
v 529 13 247 500 500 260 625 9.4 146
Cu 1200 26 803 1220 1200 520 2113 21 276
Sc 10.4 37 309 10 10 1.0 25 31 270
Sn 8.5 38 309 8.3 8.3 29 15 22 274
Sb 39 23 309 36 36 9.2 60 21 276
W 62 29 309 71 71 14 120 24 276
Mo 383 20 309 378 370 140 600 19 276
Tl 124 25 309 122 122 44 190 22 274
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Zn 555 16 309 550 560 320 801 19 276
Li 4.7 56 305 5.2 45 1.5 16.7 48 274
Be 5.8 38 309 54 4.9 2.2 15 42 276
Cs 0.50 48 309 0.54 0.50 0.09 15 46 274
Rb 9.2 44 309 8.9 8.4 3 34 38 276
Ba 1528 21 309 1377 1400 740 4700 27 276
Th 13 29 309 14 13 49 27 33 276
U 11 23 309 12 12 5.9 21 19 276
Nb 40 53 309 41 42 7.3 94 37 276
Ta 0.60 69 309 0.47 0.38 0.09 1.9 61 275
Pb 1166 20 309 1121 1100 352 1700 21 276
Sr 1278 14 309 1252 1300 686 1714 13 276
Zr 321 93 309 231 120 14 1200 106 276
Hf 4.2 96 309 3.0 1.8 0.40 17 94 276
Bi 35 30 309 41 40 16 82 26 274
Ga 14 66 309 13 13 0.03 25 30 276
As 193 59 309 162 160 92 260 17 276
Cd 3.9 47 309 4.1 4.1 1.6 6.3 17 274
Te 57 35 309 51 49 14 98 26 274
La 272 19 309 242 240 124 410 22 276
Ce 972 25 309 849 820 390 1700 26 276
Pr 52 20 309 46 45 27 75 21 276
Nd 212 21 309 203 200 130 280 16 276
Sm 43 21 309 43 42 28 64 17 276
Eu 11 19 309 11 11 6.9 16 16 276
Gd 55 21 309 54 54 28 78 16 276
Tb 7.7 18 309 7.8 7.7 4.3 11 15 276
Dy 46 21 309 46 46 21 65 14 276
Ho 9.6 19 309 9.5 9.4 43 13 14 276
Er 28 20 309 27 27 12 40 14 276
Tm 4.0 18 309 4.0 3.9 1.8 5.6 14 276
Yb 26 20 309 25 25 12 36 14 276
Lu 4.1 20 309 4.1 4.0 1.8 6.2 14 276
Y 230 32 309 216 200 86 450 32 276
LREE 1562 309 1394 1365 743 2525 22 276
HREE 180 309 178 176 85 254 14 276
Ce* 1.9 309 1.8 1.8 1.0 2.7 15 276
L/HREE | g7 309 7.8 7.7 5.1 12 18 276
REY 1972 309 1788 1760 1007 3229 21 276

Notes. Mn, Fe, and P20s are in wt%, trace elements are in ppm. Italicized colored values refer to statistical
parameters for bulk crusts chemistry from Govorov, Kocebu, Il'ichev, Pegas, Alba, Pallada, Fedorov, Gramberg,
Ita Mai Tai, Gelendzhik, and Butakova guyots, after [47]; other data are explained in text, statistical parameters

for bulk crusts chemistry from Govorov, Kocebu, Vulkanolog, Skornyakova, Pegas, Ilichev, Pallada,
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Gelendzhik, Butakov, and several guyots east of MST (Zatonsky, Nazimov, Zubov, Marova, and Rykachev), see
guyots sites on https://www.ngdc.noaa.gov/gazetteer/. Var,% = variance; Min and Max = minimum and

maximum element concentrations; n = number of analyses in the dataset.

Table A6. Minor and trace element chemistry of MST Co-rich Fe-Mn crust layers III and II.

111 1I

Mean Mediana Min Max  Var,% n Mean Mediana Min  Max  Var,% n
Fe 17.69 10 139 17.10 14 131
Mn 23.67 13 140 22.35 13 140
P20s 1.21 65 128 1.60 74 123
TiOz 1.77 18 64 1.82 17 60
Mn/Fe | .34 19 139 1.35 25 130
Co 5654 5600 3200 9200 28 31 5535 5683 3200 7176 22 33
6500 24 140 5200 24 131

Ni 4023 4000 2559 5800 25 31 4838 4900 3270 6607 19 33
4700 22 140 5000 22 131

Cr 20 20 1.9 60 78 18 21 22 42 46 59 20
Vv 602 597 510 690 11 17 607 607 508 703 8 20
Cu 869 810 340 2357 46 31 1547 1500 700 3275 34 33
1030 45 140 1680 27 131

Sc 8.0 7.3 43 13 35 20 8.4 7.8 43 13 25 22
Sn 7.8 7.9 5.5 10 18 23 11 12 6.8 15 18 22
Sb 41 39 31 70 19 31 44 44 26 61 19 33
W 90 90 53 124 21 31 91 91 57 142 20 33
Mo 459 440 320 640 20 31 484 479 270 671 20 33
500 20 59 460 21 43

Tl 136 127 80 230 31 23 152 146 65 230 29 22
Zn 566 580 370 745 15 31 701 730 460 943 16 33
630 25 38 710 13 37

Li 2.9 2.0 0.97 8.8 69 23 5.1 4.7 1.6 10 53 22
Be 4.8 43 3.1 8.2 29 31 6.8 6.0 3.4 23 63 33
Cs 0.38 0.27 0.07 1.2 84 23 0.59 0.65 0.11 1.5 63 22
Rb 8.5 7.4 3.1 21 58 31 15 10 32 46 83 33
Ba 1351 1300 863 1988 20 31 1843 1797 994 3126 33 33
Th 14 14 6.6 22 32 31 10 10 2.6 17 45 33
8) 13 14 10 19 14 31 12 13 9.4 16 14 33
Nb 55 53 32 88 26 31 59 61 17 91 31 33
Ta 0.50 0.41 0.05 1.2 62 31 0.49 0.40 0.05 1.7 70 33
Pb 1051 1127 72 1682 49 31 887 966 130 1530 44 33
1500 16 38 1220 16 37

Sr 1419 1458 1100 1731 12 31 1463 1500 1000 1769 12 33
Zr 329 230 45 877 78 31 430 380 35 1100 83 33
Hf 5.0 29 0.7 11 74 31 6.9 5.3 0.77 17 82 33
Bi 32 31 20 54 28 23 36 37 20 69 33 22
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Ga 16 11 5.4 88 107 31 13 11 003 39 61 33
As 232 230 130 343 24 31 207 212 72 305 26 33
Cd 4.0 4.1 2.9 5.1 16 23 4.0 4.0 2.7 5.4 19 22
Te 43 43 26 68 26 23 55 53 30 95 26 22
La 231 226 146 320 20 31 221 220 130 300 23 33

290 17 22 257 17 24

Ce 696 690 400 1153 27 31 860 770 420 1613 33 33
881 29 22 903 22 24

Pr 50 50 34 74 22 31 49 50 29 66 22 33
60 22 22 50 16 24

Nd 218 219 148 311 20 31 212 215 120 274 21 33
237 21 22 202 16 24

Sm 45 46 30 64 21 31 44 46 24 57 23 33
52 23 22 43 16 24

Eu 12 11 7.0 17 21 31 11 11 6.4 15 20 33
12 22 22 10 14 24

Gd 56 54 35 80 20 31 51 51 31 79 19 33
65 21 22 57 16 24

Tb 8.0 7.7 53 12 20 31 72 7.3 4.6 10 19 33
9.0 21 22 8.0 17 24

Dy 48 46 32 67 18 31 42 43 27 59 17 33
55 25 22 46 20 24

Ho 9.6 9.2 6.7 14 16 31 8.5 8.6 5.6 11 15 33
12 29 22 10 23 24

Er 28 27 19 40 16 31 25 25 16 33 15 33
33 31 22 30 24 24

Tm 4.1 3.9 2.9 5.9 15 31 3.5 3.6 24 45 15 33
5.0 29 22 4.0 23 24

Yb 26 26 20 36 13 31 23 24 16 28 14 33
32 39 22 29 26 24

Lu 4.1 4.1 3.1 5.6 13 31 3.6 3.7 26 44 13 33
5.0 40 22 5.0 27 24

Y 167 170 94 230 18 31 167 170 92 247 26 33
189 20 22 231 - - - 35 24

LREE | 1252 1174 808 1834 22 31 1396 1297 743 2285 27 33
1532 22 1465 24

HREE | 183 177 123 257 17 31 164 167 105 229 16 33
216 22 189 24

Ce* 1.5 1.4 1.1 2.0 19 31 1.9 1.8 14 28 21 33
1.5 22 1.8 24

L/HREE| 6.9 6.9 4.8 10 20 31 8.5 7.7 6.2 13 23 33
7.1 22 7.8 24

REY | 1602 1506 1111 2189 19 31 1727 1593 958 2646 24 33
1937 22 1775 24
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Notes. Mn, Fe, TiOz, and P20s are in wt%, trace elements are in ppm. Italicized colored values refer to statistical
parameters of chemistry for crust layers IIl and II from Govorov, Kocebu, Ilichev, Pegas, Alba, Pallada, Fedorov,
Gramberg, Ita Mai Tai, Gelendzhik, and Butakov guyots, after [47]; other data are explained in text, statistical
parameters for chemistry for crust layers IIl and II from Govorov, Kocebu, Vulkanolog, Gelendzhik, and Butakov
guyots. Var,% = variance; Min and Max = minimum and maximum element concentrations; n = number of

analyses in the dataset.

Table A7. Minor and trace element chemistry of MST Co-rich Fe-Mn crust layers I-2 and I-1.

I-2 I-1
Mean Mediana Min Max Var,% n Mean Mediana Min Max Var,% n
Fe 11.17 26 106 12.40 22 89
Mn 17.96 20 107 21.95 15 89
POs | 9.74 47 97 6.93 38 84
TiO2 0.72 56 51 0.79 66 37
Mn/Fe | 1.68 25 106 1.85 26 89
Co 3066 2949 1000 5994 41 25 3914 4000 2400 5337 21 29
3200 31 107 4100 23 89
Ni 4597 4092 2300 7932 38 25 4132 3864 1800 7600 35 29
4500 31 107 4200 29 89
Cr 13 13 3.0 27 63 22 18 22 1.5 52 80 26
v 445 456 293 549 19 12 673 688 440 880 15 15
Cu 1377 1300 890 2400 27 25 1106 981 400 2533 45 29
1430 27 107 1170 31 88
Sc 10 10 6.4 17 28 22 7.1 59 3.2 23 59 22
Sn 9.3 9.5 4.1 15 31 22 7.8 8.0 3.8 13 29 22
Sb 23 18 9.7 49 55 25 30 29 13 53 39 29
W 61 58 23 108 41 25 44 41 20 93 43 29
Mo 383 384 180 642 32 25 580 580 320 840 26 29
460 26 21 650 16 18

Tl 122 110 46 217 42 22 125 119 77 195 29 22
Zn 624 590 350 1034 32 25 724 701 370 1435 33 29
640 23 21 730 22 22
Li 3.5 3.1 2.0 6.7 37 22 2.1 1.6 0.84 6.8 76 22
Be 4.8 44 2.0 8.3 30 25 6.3 5.1 1.9 27 74 29

Cs 0.39 0.41 0.10 0.84 51 22 0.16 0.14 0.06 0.47 63 22
Rb 6.9 54 3.2 26 76 25 4.7 4.0 1.3 12 55 29
Ba 1535 1300 950 3119 37 25 2528 2318 1266 4396 35 29
Th 5.3 3.9 2.2 24 87 25 11 11 3.1 19 34 29
U 10 10 7.4 13 14 25 12 12 8.9 17 15 29
Nb 27 20 5.3 66 68 25 29 22 9.3 54 48 29

Ta 0.50 0.44 0.13 1.2 66 22 0.49 0.42 0.10 1.1 60 22
Pb 879 810 550 1483 30 25 1596 1638 788 2300 25 29
1050 36 21 1840 22 22
Sr 1525 1595 1100 1800 11 25 1764 1779 1300 2252 12 29
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Zr 275 190 55 674 75 25 250 155 10 691 85 29
Hf 4.7 32 08 12 78 25 35 25 044 11 83 29
Bi 45 42 25 81 34 22 77 81 45 109 21 22
Ga 8.9 9.3 0.03 16 47 25 11 12 003 21 45 29
As 133 130 72 207 22 25 163 161 110 225 18 29
Cd 3.3 32 1.4 6.3 37 22 3.4 33 1.9 5.2 28 22
Te 49 49 26 81 30 22 59 57 37 88 23 22
La 224 200 146 433 30 25 290 272 130 481 31 29
294 23 27 345 17 17

Ce 854 758 440 1676 37 25 1455 1483 849 2177 23 29
953 24 27 1634 18 17

Pr 42 41 26 63 25 25 50 45 29 84 29 29
51 36 27 56 18 17

Nd 185 179 110 306 26 25 215 210 117 351 27 29
209 39 27 219 19 17

Sm 35 34 21 52 25 25 39 37 22 61 27 29
43 44 27 42 20 17

Eu 9.2 8.9 5.8 13 22 25 10 9.7 6.2 15 24 29
11 42 27 10 15 17

Gd 49 47 35 71 21 25 55 53 29 89 25 29
61 37 27 63 14 17

Tb 6.7 6.6 4.3 9.9 20 25 7.1 7.0 4.5 11 20 29
8.0 49 27 7.0 21 17

Dy 42 42 28 63 20 25 44 42 28 69 21 29
53 53 27 49 25 17

Ho 9.2 9.0 6.3 15 19 25 9.5 8.7 6.2 15 21 29
12 51 27 11 27 17

Er 28 28 19 44 19 25 29 27 18 47 21 29
38 50 27 34 30 17

Tm 3.9 3.9 2.8 6.2 18 25 4.1 3.9 2.7 6.5 20 29
5.0 48 27 5.0 26 17

Yb 26 25 18 41 18 25 27 26 18 41 19 29
36 53 27 33 30 17

Lu 4.2 4.1 3.0 6.7 18 25 4.3 4.2 3.0 7.0 20 29
6.0 51 27 5.0 34 17

Y 306 272 170 718 38 25 272 210 130 560 49 29
393 32 27 308 31 17

LREE | 1350 1224 821 2343 32 25 2059 2020 1316 2927 22 29
1561 27 | 2306 17

HREE | 168 167 117 256 19 25 179 173 109 268 20 29
219 27 207 17

Ce* 2.0 1.9 1.4 3.0 17 25 2.9 29 1.5 45 22 29
1.8 27 2.7 17

L/HREE| 7.9 7.4 5.7 12 21 25 12 12 5.6 16 20 29
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7.1 27 11 17
REY 1825 1620 1201 3183 30 25 2510 2403 1648 3546 22 29
2173 27 2821 17

Notes. Mn, Fe, TiOz, and P20s are in wt%, trace elements are in ppm. Italicized colored values refer to statistical
parameters of chemistry for crust layers I-2 and I-1 from Govorov, Kocebu, Il'ichev, Pegas, Alba, Pallada,
Fedorov, Gramberg, Ita Mai Tai, Gelendzhik, and Butakov guyots, after [47]; other data are explained in text,
statistical parameters for chemistry of crust layers I-2 and I-1 from Govorov, Kocebu, Vulkanolog, Gelendzhik,
and Butakov guyots. Var,% = variance; Min and Max = minimum and maximum element concentrations; n =

number of analyses in the dataset.
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