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Abstract: In this study, the He and Ar isotope compositions were measured for the Fe-Mn polymetallic
crusts and nodules from the South China Sea (SCS), using the high temperature bulk melting method
and noble gases isotope mass spectrometry. The He and Ar of the SCS crusts/nodules exist mainly
in the Fe-Mn mineral crystal lattice and terrigenous clastic mineral particles. The results show that
the *He concentrations and R/Rp values of the SCS crusts are generally higher than those of the
SCS nodules, while *He and ° Ar concentrations of the SCS crusts are lower than those of the SCS
nodules. Comparison with the Pacific crusts and nodules, the SCS Fe-Mn crusts/nodules have
lower *He concentrations and *He/*He ratios (R/Rp, 0.19 to 1.08) than those of the Pacific Fe-Mn
crusts/nodules, while the 4°Ar /3 Ar ratios of the SCS samples are significantly higher than those of
the Pacific counterparts. The relatively low 3He/*He ratios and high *°Ar concentrations in the SCS
samples are likely caused by terrigenous detrital input with high radiogenic *He and *’Ar contents.
The SCS crusts and nodules have shorter growth periods, implying that in situ post-formation
radiogenic *He, *He and 4°Ar produced by decay of U, Th and K have no effect on their isotope
compositions. Thus, the SCS crusts/nodules inherited the noble gases characteristics of their sources.
Helium and Ar isotope compositions in the SCS Fe-Mn crusts and nodules reflect the product of
an equilibrium mixture between air-saturated seawater and radiogenic components during their
growth, while the partial *He excess in some SCS samples may represent a little mantle-derived
origin. The different He and Ar isotope compositions of the Fe-Mn crusts and nodules between
the South China Sea and the Pacific Ocean are due to their different sources and genetic processes.
The characteristics of He and Ar isotope compositions in the SCS polymetallic crusts and nodules are
similar to the properties of hydrogenetic Fe-Mn oxide/hydroxide precipitates, which reflects mainly
the product of an equilibrium mixture between air-saturated seawater and radiogenic components.

Keywords: Fe-Mn polymetallic crusts and nodules; helium and argon; isotope composition; genetic
origin; South China Sea

1. Introduction

Noble gases are widely used in the studies of basic properties of geological systems and dynamics
mechanism and have a unique advantage in marine science research. Because the different carrier
phases of noble gases imported into the ocean have different isotopic compositions, noble gas
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isotopes provide important geological information for the research of modern ocean circulation,
paleoceanography, seafloor hydrothermal and cold brine system and ocean/atmosphere gas exchange.

Early studies of marine noble gases are mainly concentrated in solving geochemical problems,
such as tracing the excess He in the seawater, which is likely produced by U-Th series radioactive decay
in the marine sediments [1,2]. After the discovery of mantle-originated helium [3] and 3He originated
near the sediment surface (via >H decay in the sea) [4], people began to use noble gases to trace the
source of submarine hydrothermal fluids, crust/mantle material cycle, constrain the formation process
and thermodynamic mechanism of seamount systems [5-11] and to explore the formation and cycle of
the ocean currents (e.g., [12-14]).

Some studies have explored potential application of He isotopes in paleoceanography and these
studies are built on the findings of extraterrestrial He in deep-sea sediments [15]. Merrihue [15] first
recognized that the *He/“He ratios of deep-sea sediments are about two orders of magnitude higher
than that of the atmosphere and attributed that to the addition of the cosmic material. Systematic
studies of He [16-23], Ne [24-27] and Ar [28-30] isotopes in the deep-sea sediments have also
been conducted.

Widely distributed in the deep oceans, ferromanganese (Fe-Mn) crusts and nodules are important
submarine mineral resources and contain abundant useful metals, such as Co, Ni, Cu, rare earth
elements (REEs) and platinum group elements (PGEs) [31-37]. The Fe-Mn crusts and nodules also
preserve long-term records of the chemical composition of seawater, which reveals changes in the
delivery of material to the oceans and climate over tens of millions of years [38—40]. Helium and Ar
are occurred in minerals as: (1) trapped in crystal gap or structural defects when mineral crystallized
and occurred in mineral lattice or inclusions; (2) adsorbed on the mineral surfaces and occurred in the
mineral surfaces and fractures; (3) produced by radioactive decay (e.g., of U, Th and K) and occurred
in the mineral lattice or solid inclusions. After the mineral formation, the original nuclide contents
and isotope compositions of the noble gases in the minerals could be changed by the accumulation
of the radiogenic or cosmogenic noble gases and metasomatic fluid diffusion. Sano et al. [41] first
studied the He and Ar isotopes of the deep-sea nodules from the Ogasawara Islands and Mariana
Trough and suggested that extremely high 3He/*He ratios are caused by the input of extraterrestrial
material. Subsequently, the He isotopes of the deep-sea nodules from the Pacific Clarion-Clipperton
Fracture Zone (CCFZ) were studied [42—-45]. These researches founded that the deep-sea nodules have
high 3He contents and 3He/*He ratios (5-54 R [42,45]) and that the sediments around the deep-sea
nodules also have the high 3He/*He ratios [44]. Thus, these authors considered that the deep-sea
nodules and sediments may have mixed with the interplanetary dust particles (IDPs) and mantle
source [42-45]. Previous research on the noble gases compositions of the seamount Fe-Mn crusts
from the Pacific Ocean yielded different ideas with respect to the sources of the noble gases [46-50].
Some studies suggested that He isotopes in the Fe-Mn crusts from the central and western Pacific Ocean
are a mixture of cosmic He in extraterrestrial grains and radiogenic He in wind-borne dust [46,47,50].
Yet some studies indicated that the noble gases in the Fe-Mn crusts also from the central and western
Pacific Ocean originate primarily from the mantle [48,49]. Shallow water Fe-Mn crusts and nodules
occur in a number of places throughout the global ocean at water depths of <2000 m, these crusts
and nodules accrete relatively rapidly and do not sequester large amounts of minor elements from
seawater [37]. However, there are few systematic studies on the noble gases in shallow water Fe-Mn
crusts and nodules. In this paper, we presented the He and Ar isotopes of the marginal-sea shallow
water Fe-Mn polymetallic crusts/nodules from the South China Sea to determine the mixing sources of
He and Ar components in the deposits with their geochemical environment of formation. Additionally,
we collected the data of previous studies aimed at understanding the He and Ar isotope characteristics
in the Fe-Mn crusts and nodules from the oceans in order to compare with each other.
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2. Geological Setting

The South China Sea (SCS) is one of the largest marginal seas in the western Pacific and comprises
a continental shelf, a continental slope and a central deep-sea basin, which the submarine topography
is ladder-like from the continental margin to the center basin (Figure 1) [51]. The western and northern
slope of the SCS is a passive continental margin, whereas the center is the deep-sea basin with dozens
of seamounts. The complex submarine topography of the SCS, featured by its widely dispersed island
reefs, platforms, plateaus, trough valleys and abyssal plain provides many locations for the growth of
Fe-Mn nodules and crusts.

The SCS is located near the focus of the convergence between the Eurasian, Pacific-Philippine
Sea and Indo-Australian plates along two regional convergent zones (the circum-Pacific and Tethyan
zones) [52]. The South China Sea has developed faults in the diverse basement rocks, which mainly
consist of Paleozoic to Mesozoic basement in the edge and Cenozoic metamorphic rocks in the center.
Submarine volcanoes are widespread in the South China Sea (Figure 1) and mafic-intermediate volcanic
activities were common from the Cretaceous to early Miocene (and continued locally after the early
Miocene) [53-55]. The seismic tomography models clearly show a continuous low velocity channel
originated from the mantle in the northern South China Sea, which is a tilted rising mantle plume [56].

The South China Sea is surrounded by numerous straits that communicate with the neighboring
oceans. The northeastern South China Sea connects to the East China Sea and the northwestern Pacific
Ocean through the Taiwan Strait and the Luzon Strait, respectively. The southeastern part connects
with the Sulu Sea through the Mindulo Strait and the Barabak Strait and the southern part connects
to the Java Sea through the Karimata Strait and Banga Strait. The southwestern part connects to the
Indian Ocean through the Malacca Strait. The waters of the South China Sea mainly communicate
with the Pacific Ocean through the Bashi Channel. In addition to the oceanic waters, the waters in
the South China Sea are also obviously affected by the input of the surrounding terrestrial rivers.
The main rivers flowing into the South China Sea are the Pearl River and the Red River in the north
and the Mekong River and Chao Phraya River in the west. These rivers are the main source of the
terrigenous materials in the South China Sea, of which the average water inflow to the South China Sea
from the Pearl River over the years was 3.49 x 10'! m3/year and the average sediment inflow carried
was 8.3 x 107 t/ year [57]. The total volume of sediments imported into the South China Sea since the
Eocene is 7.01 & 1.48 x 10° km?, the average deposition rate in the South China Sea is 62.2 m/Ma,
which is much higher than that in the deep ocean (1 cm/ka [58]) and the average accumulation rate is
12.8 g/(cm?-ka) [59].
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Figure 1. Map of the South China Sea basement and the sample locations (revised after Yang et al. [60]).
Yellow dash-square on the top-left inset shows the location of the South China Sea.

3. Materials and Methods

3.1. Samples

The Fe-Mn crust/nodule samples investigated in this study were recovered from different sites in
the South China Sea and were selected from dredge collected on the vessel “Haiyangsihao” during
the SCS regional surveys. The range of sampling water depths is from 815 m to 2237 m (coordinates
shown in Table 1). All samples analyzed were preserved in the sealed bags after dried, then placed
in a drying cabinet. Samples ZJ86 were collected from the Zhongjian Islands, HYD66-1 and HYD104
from the Huangyan Islands, ST1 and STD275 from the northeastern SCS margin and ZSQD253A and
ZSQD251A-1 were from the Zhongsha Islands (the sampling locations are shown in Figure 1). Samples
Z]86, STD275 and HYD104 are nodules, whereas samples HYD66-1, ST1, ZSQD253A and ZSQD251A-1
are crusts (Figure 2). More detailed morphological descriptions were given in Guan et al. [61].
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Table 1. Sample descriptions and mineralogy of the Fe-Mn polymetallic crusts and nodules from the South China Sea.

Sample Type Sampling Location Water Depth (m) Nucleus or Substrate XRD Mineral Compositions
2186 Nodule 112°31.4679' E 15°20.5275' N 1945 Nucleus of .Clay containing some 5-MnQO,, todorokite, buserite, .goethlte,
micro-nodules feroxyhyte, quartz and plagioclase
STD275 Nodule 118°16.7459' E 21°41.4902' N 1548 Nucleus‘of den§e rusty red 5—-MnO,, todorokite, goethlte, feroxyhyte,
iron oxide quartz and plagioclase
HYD104 Nodule 116°10.9080' E 15°33.8074' N 815 Nucleus of plodetrltus and some 5-MnO,, todorokite, bugerlte, goethite,
micro-nodules quartz and plagioclase
117°54'37.5” E 20°28/26.7” N 8-MnO,, goethite, feroxyhyte, quartz,
ST1 Crust 117°54'364” E 20°28'39.2” N 1600 Substrate of altered basalt plagioclase and calcite
ZSQD251A-1 Crust 118°50.8666' E 17°13.1088' N 1950 Substrate of altered basalt 5-MnO;, goethite, quartz, plagioclase
7SQD253A  Crust 1189363659 E  16°45.9867' N 1150 Substrate of reef limestone 5-MnO;, goethite, feroxyhyte, quartz,
plagioclase and calcite
HYD66-1 Crust 115°163729'E 13°40.7307' N 1378 Substrate of amygdaloidal basalt 0 Mn©2 todorokite, goethite, feroxyhyte,

quartz and plagioclase
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Figure 2. Sample photos of the SCS crusts and nodules analyzed.

The SCS nodules occurred in silty-clayey sediments and their nuclei include clay, silt and Fe
oxides. The nodules show different morphological features, the nodule HYD104 shows conglomeratic
and nodules STD275 and Z]86 are ellipsoidal, spherical, polynucleate and irregular. The crusts show
distinct laminated layers and accumulated onto rock substrates such as altered basalts, carbonate rocks
and (bio)reef-limestone. The surfaces of the SCS crusts and nodules range from dark-brown to black
and vary from being smooth to rough, warty or with cauliflower-like protrusions.

3.2. Mineralogy and Chemistry

X-ray powder diffraction (XRD) analysis was conducted at the State Key Laboratory for Mineral
Deposits Research, Nanjing University. The results show that all samples have a composition typical
of hydrogenetic precipitates with 5-MnO, and amorphous FeO(OH) as the main mineral phases.
The samples also contain considerable amounts of quartz and plagioclase, as well as minor todorokite,
buserite, goethite, feroxyhyte and calcite (Table 1).

The SCS samples were studied in detail with mineralogical, age, geochemical and isotopic
analyses [61,62]. Analyses of major elements were analyzed using X-ray fluorescence spectrometer
(XRF). Minor elements were determined by Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The Mn/Fe
ratios (less than 2.5) of the SCS samples analyzed are typical of hydrogenetic Fe-Mn precipitates [61],
which are supported by the REY (REEs and yttrium) discrimination [63]. The growth rates of the SCS
crusts and nodules were calculated using the empirical chronometer derived from formula where
growth rate (GR) = 13.8 x (Mn/ Fe)? + 0.75, with metals in wt.% [64]. This formula is considered
a minimum age estimate and is not possible to exclude changes in growth rate within a bulk sample.
The average growth rate of our samples analyzed is 21.54 mm /Ma [61]. The SCS polymetallic crusts and
nodules were formed in epicontinental sea and have high growth rates and only the uppermost 1 cm
of the nodules and crusts were analyzed to minimize the differences of the noble gases characteristics
caused by the age differences.
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3.3. Noble Gases Analysis

Helium and argon isotopes were analyzed on seven SCS polymetallic crusts and nodules.
Noble gases nuclide concentration and their isotope compositions were determined at the Beijing
Research Institute of Uranium Geology, China National Nuclear Corporation, using the Thermo Fisher
Scientific (Waltham, MA, USA) Helix SFT noble gas mass spectrometer. The sample processing and
testing processes were similar to those described in References [46,49], which include: (1) separate the
Fe-Mn encrusts from their substrates or nuclei, then crush and sieve the samples. Collect the 40 to
60 mesh fraction, clean in acetone and then rinse in deionized water, in order to remove the secondary
impurities; (2) after drying, weight and place the samples into aluminum foil packets; (3) the samples
were step heated at 130 °C for 24 h to drive off the surface adsorbed gases, then melted at 1600 °C in
a double-vacuum furnace of an ultra-high vacuum pressure system; (4) purify the mixed gases (which
contain the He and Ar released by liquation) by removing the contained reactive gases via exposure
under a hot Zr-Al pump, then the Ar is equilibrated with the liquid nitrogen-cooled activated charcoal
finger. Helium content and isotope compositions are measured by the isotope mass spectrometer;
(5) after measuring the He isotope compositions, remove the liquid nitrogen-cooled charcoal finger
and heated. Argon content and isotope compositions were determined using the mass spectrometer.

The instrument blank background of 4°Ar is below 1.0 x 107! mol at room temperature and
below 1.0 x 10~!* mol at 1300 °C. The faraday cup of instrument resolution is over 400 and ion
multiplier is over 700; the sensitivity is better than that of 2 x 10~* A/Torr when He is in the 800 pA
of trap current, while the sensitivity is better than that of 7 x 10~* A /Torr when Ar is in the 200 nA
of trap current. The measurements were normalized to the measurement standards of atmospheric
He and Ar isotope compositions, which the ratio of He and “He is (1.399 4 0.013) x 10~°, the ratio
of ¥ Ar and 3°Ar is 295.6 and that of 3 Ar and 3 Ar is 0.187. The isotopic data are reported where the
analytical error is below 10%.

4. Results

4.1. Helium and Ar Isotope Compositions of the SCS Crusts and Nodules

The He and Ar isotope compositions and the related parameters of the SCS crusts and nodules are
listed in Table 2. The 3He concentrations and R/R, values of the SCS crusts are generally higher than
those of the SCS nodules, while *He and 4°Ar concentrations of the SCS crusts are lower than those of
the SCS nodules. The *He contents (cm?®-STP-g~!, same below) of the SCS crusts analyzed range from
0.37 x 1077 t0 2.58 x 10~ (average 1.03 x 10~7) and 3He contents range from 3.48 X 107 t0 10.91
x 10714 (average 7.16 x 10~14). The 3He/*He ratios of the SCS crusts range from 4.23 & 0.14 x 10~/
to 15.10 & 0.28 x 1077 (average 9.17 £ 0.25 x 10~7) and their atmosphere-normalized values (R/Rp)
range from 0.30 + 0.01 to 1.09 + 0.02 (average 0.65 =+ 0.02). The *°Ar of the SCS crusts and nodules
range from 0.18 x 107° t0 0.84 x 107° (average 0.49 x 107%) and the *°Ar/3°Ar ratios range from
467.6 £ 0.65 to 873.9 + 1.01 (average 688.3 £ 0.82).
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Table 2. Helium and Ar isotope compositions (cm3-STP-g~1) and ratios of the Fe-Mn crusts and nodules from this study and other literatures.
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4He

3He

3He/*He

40AI‘

40Ar/30Ar

40 Ar*

. g . 40 * (O, 40 * 14
Type Sample Description Region (x10~7) (x10-14) (x10~7) R/Ry (£10) (x10-5) (+10) (x10-7) Ar* (%) Ar*/*He
Shallow- 7J86 axiolitic 133 4.68 3524 0.14 0.25 + 0.01 0.79 664.0 & 0.96 439 55.5 33
water Fe-Mn STD275 globular 3.61 9.64 2,67 +0.28 0.19 & 0.02 1.04 588.4 + 0.66 5.17 49.78 143
nodules HYD104 psephitic the South China 0.31 2.68 8.65 + 0.28 0.62 % 0.02 15 329.0 + 0.39 1.52 10.18 4.89
Shall ST1 platy Sea (this stduy) 2.58 10.91 423 40.14 0.30 = 0.01 0.84 873.9 + 1.01 5.55 66.19 2.15
a FO“{\;[ HYD66-1 platy 0.69 10.36 15.10 = 0.28 1.09 = 0.02 0.56 664.8 & 0.82 3.11 55.55 453
waterFe-Mn — 75Hho534 strumae 0.49 3.89 7.94 +0.28 0.57 + 0.02 0.39 467.6 £ 0.65 1.44 36.81 2.95
crusts ZSQD251A-1 platy 0.37 3.48 9.41 +0.28 0.67 £ 0.02 0.18 746.8 £ 0.78 1.06 60.43 2.84
1 137 130 0.95 0.07
Shallow- 2 164 130 0.82 0.06
water Fe-Mn 3 the Baltic Sea [65] 117 450 3.80 0.27
nodules 4 130 130 1.00 0.07
5 156 137 0.88 0.06
CLO1 421 31.40 2.25 10.98 457.0
CX07 Low 3He/4He 0.43 40.90 2.92 0.77 543.0
MD53 crusts the central and 2.16 39.00 2.79 6.97 447.0
MH&68 western Pacific 0.85 28.50 2.04 1.60 481.0
MP2-09 s Ocean [46] 0.10 1450 10.30 5.78 2980
MP3-20 High “He/"He 0.08 168.0 12,0 535 293.0
MP5-17 crusts 0.17 146.0 10.40 9.05 299.0
CA06 0.75 8.89 1.39 355.6
) CA09 Bulk 0.18 4.60 5.85 305.1
Oceanic M18D110 " 0.45 5.69 4.43 299.2
crusts Pacific Magellan
M19D111 Outer encrusts seamounts [49] 1.13 4.64 65.41 298.0
M19D112 Intermediate 0.90 15.600 17.47 290.3
encrusts
M19D113 Inner crusts 1.64 5.49 78.40 296.0
M19D121 Substrate rock 5.06 1.56 7.97 311.9
MHD?79-1 0.06 260.8 18.63 263.9
I 0.02 121.7 8.69 249.8
m Profile (from old The central 0.05 1352 9.66 295.5
v ° ts neow) ° Pacific MH 0.03 4299 307.1 291.4
\Y% seamount [50] 0.03 3149 2249 292.2
VI 0.15 51121 3651 270.4
VI 0.03 7041 503.0 288.7
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Table 2. Cont.
A . ‘He 3He 3He/*He 40Ar AOArPoAr A0Ar* 40 A % (0 40 A /d
Type Sample Description Region (x10~7) (x10-14) (x10~7) R/Ry (£10) (x10-5) (+10) (x10-7) Ar* (%) Ar*/*He
0303W Outer encrusts 0.85 26.58 1.90 8.11 345 11.63 14.35
0303S Porous encrusts 0.77 394.5 28.20 5.47 310.1 2.57 4.71
Compact encruts
0303L (Phosphatization) 15.59 0.77 0.06 12.77 305.1 4.02 3.15
0321W Outer encrusts the western 020 31.34 224 0.858 349.5 1.33 15.45
03215 Porous encrusts ~ Pacific Ocean [47] 0.95 134.0 9.58 18.08 300.9 3.24 1.79
0321L Compact encrusts 1.63 60.3 431 1.07 3495 1.65 15.45
(Phosphatization)
0346W Outer encrust 0.23 40.01 2.86 1.43 324.6 1.28 8.97
0346S Porous encrusts 0.20 85.48 6.11 13.24 302 2.85 2.15
Compact encruts
0346L (Phosphatization) 4.08 0.49 0.04 78.62 299.2 9.72 1.24
VA13/2(0-1)a 237.7
Ocean VA13/2(0-1)b 1852
Ceart“C VA13/2(0-1)c 312
crusts VA13/2(0-1)d 983
VA13/2(1-2) 106
VA13/2(2-3) 84
VA13/2(3-4) 110.6
VA13/2(4-5) 66.7
VA13/2(5-6)a 297.5
VA13/2(5-6)b 262
VA13/2(5-6)c . 296
VA13/2(5-6)d the g;:il[zglclﬁc 326
VA13/2(6-7) 2518
VA13/2(7-8) 159.6
VA13/2(8-9) 240
VA13/2(9-10) 18.5
CD29-2(4-5) 14.9
CD29-2(10-11) 14.6
CD29-2(12-13) 239
CD29-2(15-16) 17.9
CD29-2(17-18) 9.2
CD29-2(19-20) 83
CD29-2(21-22) 8.4
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Table 2. Cont.
4 3 3 4 40 40 36 40 &
Type Sample Description Region (x 11357) (x 11(—)1514) (l:if)ge; R/Ry (£10) (X13f6) (A:tr/lo-;-\r (x 1‘:27) 40Ar* (%)  “OAr*/*He

CD29-2(23-24) 9.7
CD29-2(25-26) 4
CD29-2(27-28) 103
CD29-2(29-30) 5.3
CD29-2(31-32) 75
CD29-2(43-44) 6.2
CD29-2(45-46) 14
CD29-2(47-48) 29
CD29-2(49-50) 0.87
CD29-2(51-52) 0.21

Oceanic CD29-2(53-54)  Phosphatization  the central Pacific 0.18
crusts CD29-2(55-56)  Phosphatization Ocean [46] 0.14

CD29-2(57-58) Phosphatization 0.064
CD29-2(61-62) Phosphatization 0.038
CD29-2(67-68) Phosphatization 0.12
CD29-2(71-72) Phosphatization 0.15

CD29-2(18-19B) 0.033

CD29-2(16-17B) 0.062

CD29-2(14-15B) 0.046

CD29-2(12-13B)

CD29-2(10-11B) 0.034
CD29-2(6-7B) 34
CD29-2(2-3B)

CD29-2(0-1B)

KH-84-1-16-001 1300 44 3.15 1.2 835
KH-84-1-19-A Mariana Trough 1300 151 10.79 1.2 807
KH-84-1-19-B [41] & 940 43 3.07 1 316
KH-84-1-19-C 15 333

KH-84-1-25 490 225 16.08 1.2 324

KH-84-1-2-124 260 15 1.07 1.1 311

X KH-84-1-3-606 o 98 593 42.39 2.6 384
Oceanic 38413607 gasawara 580 59 422 290
nodules k1841533 region [41] 1200 102 7.29 47 313
KH-84-1-27-017 120 60 4.29 23 432

NDO06 Cauliflower-like 1.52 709.5 466.8 33.34 249 298.6
ND105-4 Cauliflower-like 0.93 370.8 399.1 28.51 21.8 299

NDO05 Living body-like Pacific CCFZ 30.5 554.2 18.17 1.298 15.1 308.4

NDO02 Living body-like nodules [33] 1.14 4749 417.3 29.81 171 300.4

ND105-8 Cauliflower-like 1.25 371.0 296.1 21.15 12.71 307.8

ND105-0 Cauliflower-like 1.03 848.1 821.8 58.7 16.2 301.3
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Table 2. Cont.

4 3 3 4 40 40 36 40 &
Type Sample Description Region (x 11357) (x 11(—)1514) (l:if)ge; R/Ry (£10) (X13f6) (A:tr/lo-;-\r (x 1‘:27) 40Ar* (%)  “OAr*/‘He
8251 21.17 1620 76.53 547
8202 Pacific CCFZ 3.55 744 209.9 15
8096 nodules [45] 3.01 649 215.5 154
8001 0.71 239 338.6 242
5234 2.02 349 173 12.37
5234 1.55 2055 1326 94.78
5420 2.44 566 232 16.58
5420 3.24 3366 1039 74.27
5314 3.1 1082 349 24.95
. 5314 1.63 1214 745 53.25
Oceanic 5302 1.73 907 524 37.46
nodules 5302 1.34 59 445 31.81
5459 Pacific CCFZ 1.82 803 441 31.52
5459 nodules [43] 1.75 1005 574 41.03
1 1.92 1448 754 53.90
1 2.17 846 390 27.88
2 1.98 786 397 28.38
2 1.72 351 183 13.08
3 127 352 277 19.80
3 321 607 189 1351
4 5.28 1030 195 13.94
5 34 357 105 7,51

R = 3He/*He ratio of the sample; Ry = Atmospheric *He/*He ratio (1.399 x 107° [58]); °Ar" = (40Ar)sample x (1 — (Ar/30Ar),i /(2Ar /% Ar); PVAr* % = ((40Ar/36Ar)sample —
295.5)/(*0 Ar /30 Ar)sample % 100.
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The “He contents of the SCS nodules analyzed range from 0.31 x 10~7 to 3.61 x 1077 (average
1.75 x 10~7) and 3He contents range from 2.68 x 107!* to 9.64 x 1074 (average 5.67 x 10~4).
The *He/*He ratios of the SCS crusts range from 2.67 + 0.28 x 107 to 8.65 + 0.28 x 1077 (average
495+ 0.23 x 1077) and their R/Ry range from 0.19 £ 0.02 to 0.62 + 0.02 (average 0.35 = 0.02).
The *°Ar of the SCS crusts and nodules range from 0.79 x 107 to 1.50 x 107° (average 1.11 x 10~°)
and the #0Ar /% Ar ratios range from 329.0 =+ 0.39 to 664.0 + 0.96 (average 527.1 + 0.67).

4.2. Spatial Differences of He and Ar in the SCS Crusts and Nodules

The crust ST1 from the northern SCS margin has the highest 4He (2.58 x 1077) and 3He
(10.91 x 10~ %) contents among all the SCS crust samples. The crusts ZSQD253A and ZSQD251A-1
from the Zhongsha Islands have lower *He, He and 4°Ar contents than the other SCS crusts.
The nodule STD275 from the same area as the crust ST1 has higher 4He (3.61 x 1077) and 3He
(9.64 x 10~14) contents than the other SCS nodules. In addition, the crust HYD66-1 and the nodule
HYD104, both from near the Huangyan Islands, have the highest *He /4He ratios (15.10 x 107 and
8.65 x 107, respectively) among the SCS crusts and nodules analyzed.

5. Discussion

5.1. Comparison of the He and Ar Isotope Characteristics with Deep-Sea Samples

For comparison, the Table 2 also shows the data of the Fe-Mn crusts and nodules from the Pacific
Ocean and the Baltic Sea, respectively, The He and Ar of the SCS Fe-Mn crusts/nodules are different
from those of the Fe-Mn crusts [46,47,49] and nodules [33,41,65] from the other regions, respectively.
Generally, the “He contents of the SCS crusts are similar to those of the Pacific non-phosphatized crusts.
But the R/Rp values of the SCS crusts are significantly lower than those of the Pacific crusts [46-50],
while similar to those of the Pacific phosphatized crusts [46,47]. This may be likely that the high He
concentration in the Pacific phosphatized crusts reflects better retention of radiogenic helium resulted
from phosphatization [46]. In addition, the 4°Ar contents of the SCS crusts are lower than those of the
Pacific crusts but the 4°Ar/3¢Ar of the former are much higher than those of the later [47-50].

4He contents of the SCS nodules are similar to those of the Pacific CCFZ nodules [33,43,45] but
lower than those of the nodules from Mariana Trough and Ogasawara region [41]. The R/Ry values of
the SCS nodules are also obviously lower than those of the nodules from the Pacific Ocean [33,41,43,45].
The *°Ar concentrations of the SCS nodules are lower than those of the Pacific CCFZ nodules but
similar to nodules from the Mariana Trough and Ogasawara region [41]. As the shallow-water nodules,
“He and ®He concentrations of the SCS nodules are significantly lower than those of the nodules from
the Baltic Sea, while the R/R4 values of the former are higher than the later [65]. These characteristics
suggest significant noble gases source differences (of the Fe-Mn crusts/nodules) between the South
China Sea and the other regions.

5.2. Forms of He and Ar Occurrence in the SCS Crusts and Nodules

The SCS polymetallic crusts and nodules were deposited on over 800 m deep-seafloor. In this
study, we adopted the high-temperature melting method to analyze the noble gases compositions,
thus minimizing adsorbed noble gases (on mineral surface). Terrigenous dust/clastics formed by
continental erosion were carried into the ocean by wind and rivers and their influence on crust/nodule
chemical and mineral compositions are stronger for those formed in the marginal sea environment
(e.g., SCS). Silica is enriched relative to Al in the continental margin crusts and nodules compared to
open-ocean crusts and nodules [37,61]. Bulk rock Si contents of the SCS crusts and nodules analyzed
range from 7.03% to 18.45% [61], while bulk rock Si contents of the Pacific Prime Zone crusts and Peru
Basin nodules are 4.05% and 4.82%, respectively [37]. This indicates that there is a mass of terrigenous
dust/clastics in the SCS crusts and nodules. The high contents of radiogenic He in the terrigenous
dust/clastics (R/Ra: ~0.05) would influence the 3He/4He ratios and He concentrations of the SCS
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crusts and nodules. Therefore, the carrier phases of He and Ar in the SCS crusts/nodules are mainly
the Fe-Mn mineral crystal and terrigenous clastic mineral particles.

5.3. Sources of He and Ar in the SCS Crusts and Nodules

The He and Ar concentrations and their isotope compositions can be changed by the accumulation
of radiogenic *He and *°Ar, which is controlled mainly by the U, Th and K contents and the formation
time. Nucleogenic *He can be generated via the reaction on °Li (n, &) °H (B) *He, where the neutrons
originate from (&, n) reactions on light elements [46]. The nucleogenic *He can change the He isotope
composition of the system. The empirical formula method has yielded an average growth rate of
21.54 mm/Ma for the SCS crusts/nodules, which is much higher than that of most of hydrogenetic
Fe-Mn crusts and nodules (1-5 mm/Ma [37]). The SCS Fe-Mn polymetallic crusts/nodules grow
much faster than those formed in open oceans, thus their ore-forming periods are relatively short [61].
The radioactive half-lives of 4°K, 238U, 235U and 2%2Th producing in situ 4He and Y Ar are 1250 Ma [66],
4,470 Ma, 704 Ma and 14,050 Ma [67] and the « particles which the ®Li radioactive decay required
come from the decay reaction of U and Th [68]. The influence of 3He which is produced by radioactive
genetic “He, °Ar and nuclear reactions on the noble gases isotope compositions of the SCS crusts and
nodules is very limited, implying that in situ post-formation radiogenic >He, “He and “° Ar produced
are not quantitatively retained by the minerals [46]. Thus, the SCS crusts/nodules inherited the noble
gases characteristics of their sources. It is pertinent here to discuss the main possible sources of He and
Ar in the SCS Fe-Mn crusts and nodules.

5.3.1. Extraterrestrial Source

Previous studies on deep-sea sediments [15-19] and nodules [41,43,44] and seamount crusts [46,
47,50,69] in the open oceans suggested that the extremely high 3He/#He ratio reflects extraterrestrial
inputs, such as IDPs. Helium isotope characteristics of individual IDPs collected in the stratosphere
were analyzed, yielded 3He/*He ratios of mainly 2.4 X 10~* (172R,) and the 3He content of
1.9 x 107° cm3~STP-g_1 [70]. Nevertheless, the IDP 3He/*He ratios can be up to 2221 £ 68 Ry [71]
and those of meteorite particles can be up to 1543 & 357 Ry [72]. Therefore, the 3He contents of IDPs
are approximately eight orders of magnitude higher than those of terrigenous materials and even
mixing small amounts of extraterrestrial materials into deep-sea sediments can affect the 3He /4He
ratios and *He contents of the latter. The 1 cm thickness Fe-Mn encrusts using the average growth rate
of 21.54 mm/Ma should cover the growth period of 0.46 Ma. Takayanagi and Ozima [17] estimated
the relatively constant flux of 3He extraterrestrial input (in the past 40 Myr) to be (1.5 & 1.0) x 1012
cm?.STP-g~1.Ka~!. If the SCS samples incorporated some amount of IDPs over 0.46 Ma, their 3He
concentration should accumulate to (6.9 & 4.6) x 10719 ¢cm3.STP- g’l. However, the 3He concentrations
of the SCS crusts and nodules (2.65 x 10714 to 10.91 x 10714 cm3-STP-g’1) are about four orders
of magnitude lower than estimated value and nine orders of magnitude lower than those of typical
IDPs. This suggests that significant extraterrestrial-derived He contributions to the SCS crusts/nodules
were unlikely.

5.3.2. Crustal Source

The He isotope compositions of the SCS crusts and nodules are among the field of the crustal,
atmospheric and the mantle He. Therefore, He was trapped during formation of the SCS Fe-Mn crusts
and nodules reflecting likely the mixture between radiogenic crustal, air-saturated seawater and/or
mantle-derived He during their growth. In addition, in the °Ar/3¢Ar versus R/R, diagram (Figure 3),
the SCS crusts/nodules are also plotted in the field between the crustal and mantle sources and the
data points trend towards the atmospheric saturated seawater.
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Figure 3. %0Ar/3¢Ar vs. R/R, diagram of the SCS Fe-Mn crusts and nodules (revised after
Burnard et al. [73]; green triangles and circles of SCS crusts and nodules data from this study;
grey circles of Pacific nodules data from [33]; yellow and blue triangles of Pacific crusts data from [47,48],
respectively).

The SCS crusts/nodules contain abundant terrigenous detrital quartz and feldspar compared to
the Pacific Fe-Mn crusts/nodules [37,62]. The *He contents of the SCS crusts range from 0.37 x 1077
to 3.61 x 10~7 cm?-STP-g~!, which are similar to the Pacific non-phosphatized crusts (Table 2) [47-49].
The *He contents of the SCS crusts are not very different from their Pacific counterparts. *He contents
of the SCS nodules are much lower than those of the nodules from the Mariana Trough, Ogasawara
region [41] and the Baltic sea [65], while are similar to the Pacific CCFZ nodules. The relatively low
3He/*He ratios in the SCS samples are likely caused by terrigenous detrital input with high radiogenic
“He contents. This suggests that the radiogenic *He in the terrigenous detrital minerals influence on
the He of the SCS sample set will be significant.

Furthermore, “He concentrations of the nodules are much higher than those of the crusts (Table 2).
According to the principle of mass conservation, Suess and Wanke [1] speculated that U and Th
in the pelagic sediments would decay to produce *He-rich sediment pore-water and there would
be significant radioactive *He flux from the deep-sea sediments into the ambient seawater [74].
The nodules are directly grown or buried under the surface of sediments, whose *He may be influenced
by the combined effects of terrestrial substances and the *He-rich sediment pore-water, which are
featured by their high “He abundances. Thus, the nodules have higher *He concentration than
the crusts.

5.3.3. Atmospheric/Seawater Source

Solubility of noble gases in seawater increases with increasing atomic weight, thus the solubility of
He is the lowest (e.g., He content in Pacific deep seawater: 1.2 x 10~!2 atoms- g’l [75]). This is because
the varying concentrations of noble gases are controlled by their respective solubility equilibrated with
the air [76]. The *He concentration in the air (and hence in atmospheric saturated water) at 20 °C is
46 x 1078 cc~STP-g’l [77] but helium will be some 20% less soluble in seawater than in fresh water
due to the salting out effect [75,78]. The He/*He ratios of the SCS crusts/nodules (except HYD66-1)
range from 0.25 to 0.67 Rp where the He in these samples represents a mixture between radiogenic
crustal He (0.01-0.05 Rp) and air-saturated seawater (<1 Rp). Although atmospheric He contribution
to deep-sea sediments may be negligible [19,74], the He trapped in the Fe-Mn crusts and nodules
cannot be neglected because the Mn-Fe oxide/hydroxide colloid are formed directly in the ambient
seawater. However, Ar is more soluble in seawater than He, hence seawater has the same Ar isotope
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compositions as the atmosphere and deep-sea sediments often inherit the Ar isotopes of seawater [47].
Figure 3 shows that the SCS crusts/nodules contain seawater-like Ar isotope compositions. Radiogenic
40 Ar* contents in geological samples can be determined by the following equation [79]:

OAr*(%) = (PAr/*° Ar)gampte — 295.5)/ (**Ar /> Ar)gampre x 100 (1)

The results show that the SCS crust/nodule °Ar* contents are of 10.18 to 66.19% (average 44.78%),
indicating that there were partial seawater-derived *°Ar contributions. Therefore, the Ar sources of the
SCS crusts/nodules include mainly seawater and radiogenic components.

5.3.4. Mantle Source

The 3He/*He ratios of the SCS crust HYD66-1 is 1.08 R and the 3He concentrations of the SCS
sample HYD66-1, ST1 and STD275 range from 9.64 x 10~ t0 10.91 x 10~!* (cm?-STP-g~!), which are
distinctly higher than those of the radiogenic crust and air-saturated seawater. The isotopic ratio
of helium dissolved in seawater gradually increase with water depth in the Pacific and adjacent
seas of Southwest Japan, which contains excess >He in the deep water derived from the mantle
source [5,8,76,77,80-83]. This reflects that the excess 3He in the SCS sample HYD66-1, ST1 and STD275
may have trapped the He released into seawater by the mantle degassing from the underlying
seamounts and/or seawater-rock alteration of submarine basalt. In the mantle, noble gases and
volatiles are commonly trapped in the mantle minerals, such as pyroxene, olivine and basaltic
glass. If there is no mantle-derived magmatic activity, it would be difficult for the noble gases
to diffuse to the seafloor [84]. The mantle He mainly inputs to seawater through volcanic activity [85]
and through hydrothermal fluid upwelling associated with regional/local tectonic activity [86,87].
In addition, the weathering of seamount also provides materials for the formation of Fe-Mn crusts.
The emplacement of the seamounts may have provided a channel of mantle degassing into seawater
for the excess *He with mantle-derived characteristics [7], which may have trapped by the Fe-Mn
oxide/hydroxide colloids formed in the ambient seawater. Thus, the excess 3He in the crust HYD66-1
may represent minor mantle-derived origin.

5.4. Petrogenetic Significance for the SCS Crusts and Nodules

The He isotope compositions of the marine Fe-Mn crusts can be significantly altered by
phosphatization [46,47]. Basu et al. [46] shows that the 3He/*He ratios of the Pacific seamount
phosphatized crusts are significantly different from those of the non-phosphatized crusts and the
former shows relatively low 3He/*He ratio similar to the SCS crusts and nodules. Sun et al. [47]
analyzed the He and Ar isotope compositions of the seamount crusts and the phosphate substrate
rocks formed by phosphatization from the Pacific Ocean, which showed the characteristics of high 4He
abundance and low *He/*He ratio (0.087 Rp) and the Ar isotope compositions of the phosphatized
crusts did not change significantly relative to that of the non—phosphatized crusts. For the oceanic
seamount crusts, the old layers of the crusts are often seen as the effect of phosphatization. This
reflects that large number of *He-rich fluorocarbon apatite (CFA) may have directly filled in the pores
of the crusts or replaced the original calcareous microfossils [34,46], yet the phosphatization did not
significantly alter the 3He contents of the crusts [50]. Therefore, the effect of phosphatization on
the He and Ar compositions in the seamount crusts just changes their *He abundances, while “°Ar
abundances do not alter significantly. The SCS crusts and nodules are not affected by the effect of
the phosphatization and hydrothermal process during their growth processes [61,62], the He and Ar
isotope features of the SCS crusts/nodules were more likely the effect of their material sources.

The mineral composition, metallogenic elemental geochemistry and genetic mechanism of the
oceanic Fe-Mn crusts and nodules have been studied in detail [31,34-37,88-93]. The genetic types of
Fe-Mn crusts and nodules are traditionally distinguished using the ternary Mn-Fe-10(Cu + Co + Ni)
discrimination diagram [94] and this method has been widely used. Essentially discrimination
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diagrams that are also in use for marine Fe-Mn oxide/hydroxide precipitates are based on the REY
signature [63]. Fe-Mn crusts precipitate directly from low-temperature ambient seawater (hydrogenetic)
onto rock substrates. Fe-Mn nodules form by hydrogenetic and diagenetic precipitation on the surface
of sediment. Diagenetic precipitation occurs from sediment pore fluids that consist of seawater
modified by chemical reaction within the sediment column. Hydrothermal manganese and iron
deposits occur near hydrothermal field [37]. Thus, these classifications are in three main categories:
hydrogenetic, diagenetic and hydrothermal. The terminology is based on where the type of aqueous
fluid from which the Fe-Mn oxides/hydroxides precipitate [63]. Noble gases provide new information
for the studies of the material source and genesis of Fe-Mn crusts and nodules, because the noble gas
isotope signature is well known for their different sources in natural environments. The He and Ar
isotope composition of each type of aqueous fluid has distinct characteristics. Hence, we collected and
screened a database (published data [33,43,45,47-50,65] and this paper) and eventually focused on
75 analyses of noble gas compositions in marine Fe-Mn crusts and nodules. In the He/*He versus
40Ar/36Ar and *He versus R/Ry bivariate diagrams (Figure 4), the different types of marine Fe-Mn
precipitates differ significantly from each other, which is caused by the differences of the noble gases
source and genetic mechanism of the crusts and nodules. In the metallogenetic processes of the Fe
and Mn crusts and nodules, the 3He/*He ratio reveals decoupling of the *He and *He abundances,
which “He abundance increases with the formation from hydrogenetic origin to diagenetic origin
due to the effect of the radiogenic *He-rich sedimentary porewater or terrestrial sources and *He
abundance increases with the input of IDPs or mantle sources. The diagenetic Fe-Mn nodules show
the characteristics of high 3He and *He abundances and high *He/*He ratio. Compared with the
Fe-Mn nodules, the seamount Fe-Mn crusts are mainly hydrogenetic origin [37], which makes the
noble gases compositions of the crusts has the characteristics of multiple sources, showing a large
range of *Ar /3¢ Ar ratio and a relative low 3He/*He ratio. Therefore, according to the genetic origin
of the marine Fe-Mn precipitates, the formation of the SCS crusts/nodules were influenced by the
growth conditions and the supply of metallogenic sources [62]. Thus, the characteristics of He and
Ar isotope compositions of the SCS crusts/nodules resemble the properties of hydrogenetic Fe-Mn
oxide/hydroxide precipitates, which reflects mainly the product of an equilibrium mixture between
air-saturated seawater and radiogenic components.
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Figure 4. Plots of 3He/*He vs. ¥ Ar/3Ar (A) and *He concentration vs R/Rp (B) of Fe-Mn crusts
and nodules from the South China Sea and Pacific Ocean (SCS crusts and nodules data from this
study; Baltic Sea nodules data from [65]; Pacific nodules data from [33,43,45]; Pacific crusts data
from [43,47-50]).

6. Conclusions

The *He concentrations and R/R values of the SCS crusts are generally higher than those of
the SCS nodules, while *He and #°Ar concentrations of the SCS crusts are lower than those of the
SCS nodules. Both the SCS Fe-Mn crusts and nodules have lower *He contents and *He/*He ratios
than those of the Pacific Fe-Mn crusts and nodules, while the 4’ Ar /3 Ar ratios of the SCS samples are
significantly higher than those of the Pacific crusts and nodules. The relatively low >He/*He ratios and
high “°Ar concentrations in the SCS samples were likely caused by the input of terrigenous detritus
with high radiogenic “He and “°Ar contents. The He and Ar were likely extracted from the SCS Fe-Mn
crusts and nodules that their selves are the product of an equilibrium mixture between air-saturated
seawater and radiogenic components during their growth history, while the excess *He in some SCS
samples may represent minor mantle-derived origin.

Helium and Ar isotope compositions of Fe-Mn crusts and nodules show that there are different
characteristics between the South China Sea and the Pacific Ocean due to their different sources and
genetic processes. The characteristics of He and Ar isotope compositions of the SCS shallow-water
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crusts and nodules are similar to the properties of hydrogenetic Fe-Mn oxide/hydroxide precipitates,
which reflects mainly the product of an equilibrium mixture between air-saturated seawater and
radiogenic components.
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