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Figure S1. Location of the ferromanganese crust samples (0327 - this study & 0346 - Lee et al. 2019) around Magellan seamounts in the north-west Pacific Ocean. Background image courtesy of international seabed authority.
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Figure S2. The images of the studied ferromanganese crust samples (No. 0327): (A) the surface of the Fe-Mn crust and (B) the inner part and substrate (smectite; altered basalt).
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Figure S3. The XRD pattern of fluorapatite and goethite phases from the middle part (reddish white area) of the ferromanganese crust from the Magellan seamount.
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Figure S4. TEM images of vernadite nanophases with the SAED patterns. High-resolution TEM images of vernadite showing the lattice fringes of 7.2 Å and 9.6 Å, and an interstratified phase (modified from Lee et al. 2019).
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Figure S5. SEM-EDS spectra (point analysis) of the Fe-rich layer and Mn-rich layer from the HFMC sample shown in Figure 10.
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Figure S6. (A) The images of a ferromanganese crust (No. 0346) collected from Magellan seamounts in the north-west Pacific Ocean (Figure S1 of Supporting information) (Lee et al., 2019). (B) its BSE image of outer part showing the sub micro-sized layers with different bright along the growth direction. 
















Table S1. Major elements analysis (wt. %) from the outer part of HFMC (No. 0327). 
	Element
	Mn 
	Fe
	Ca
	Na 
	Si
	Mg 
	Ti
	Al
	K
	Co
	Ni 
	Zn
	Ba
	Cu
	P
	Cl
	Total

	1
	22.35
	14.87
	2.26
	1.80
	1.98
	1.12
	0.86
	0.53
	0.38
	0.74
	0.40
	0.06
	0.06
	0.09
	0.44
	0.92
	48.89

	2
	21.43
	14.83
	2.10
	1.61
	1.95
	1.03
	1.25
	0.57
	0.31
	0.61
	0.30
	0.07
	0.15
	0.16
	0.32
	1.01
	47.72

	3
	23.28
	14.12
	2.33
	1.91
	1.65
	1.08
	0.98
	0.39
	0.34
	0.45
	0.45
	0.04
	0.18
	0.20
	0.36
	1.00
	48.77

	4
	27.74
	13.23
	2.31
	1.78
	1.64
	1.19
	0.68
	0.40
	0.37
	0.97
	0.68
	0.07
	0.04
	0.05
	0.39
	1.23
	52.78

	5
	25.63
	14.13
	2.51
	2.06
	1.72
	1.24
	0.86
	0.33
	0.38
	0.78
	0.50
	0.03
	0.01
	0.08
	0.39
	1.31
	51.96

	6
	26.76
	13.76
	2.46
	2.33
	1.54
	1.24
	0.88
	0.36
	0.38
	1.00
	0.55
	0.05
	0.20
	0.08
	0.36
	1.40
	53.38

	7
	23.96
	13.73
	2.28
	1.84
	1.64
	1.10
	0.97
	0.41
	0.36
	0.79
	0.44
	0.07
	0.12
	0.11
	0.32
	0.82
	48.95

	8
	26.31
	11.03
	2.39
	1.99
	1.24
	1.13
	1.08
	0.48
	0.37
	0.75
	0.65
	0.07
	0.23
	0.21
	0.32
	0.88
	49.12

	9
	28.42
	12.04
	2.47
	2.25
	1.21
	1.30
	0.69
	0.24
	0.42
	0.79
	0.67
	0.01
	0.16
	0.14
	0.37
	1.29
	52.48

	10
	29.39
	11.24
	2.55
	2.42
	1.11
	1.35
	0.76
	0.29
	0.48
	0.93
	0.79
	0.08
	0.19
	0.10
	0.30
	1.32
	53.27

	11
	28.85
	13.07
	2.71
	2.51
	1.35
	1.27
	1.22
	0.34
	0.42
	0.80
	0.64
	0.03
	0.07
	0.16
	0.37
	1.36
	55.16

	12
	30.44
	10.73
	2.46
	2.29
	1.02
	1.45
	0.73
	0.28
	0.47
	0.94
	0.93
	0.11
	0.05
	0.13
	0.29
	1.22
	53.55

	13
	30.87
	10.44
	2.42
	2.29
	1.03
	1.43
	0.79
	0.30
	0.47
	1.28
	0.91
	0.11
	0.16
	0.13
	0.30
	1.22
	54.16

	14
	31.35
	9.23
	2.37
	2.34
	0.88
	1.46
	0.78
	0.34
	0.52
	1.16
	0.99
	0.06
	0.07
	0.15
	0.27
	1.01
	52.98

	15
	28.54
	12.03
	2.51
	2.03
	1.23
	1.17
	1.00
	0.33
	0.41
	0.98
	0.61
	0.06
	0.24
	0.14
	0.33
	0.89
	52.49

	16
	30.56
	9.35
	2.42
	2.11
	0.99
	1.41
	0.89
	0.41
	0.51
	1.14
	0.93
	0.10
	0.09
	0.16
	0.21
	0.88
	52.14

	17
	29.50
	9.81
	2.48
	2.07
	1.03
	1.29
	0.93
	0.35
	0.48
	0.96
	0.82
	0.06
	0.05
	0.18
	0.27
	1.10
	51.38

	18
	27.30
	12.13
	2.42
	2.08
	1.35
	1.17
	1.04
	0.45
	0.42
	0.88
	0.64
	0.08
	0.16
	0.14
	0.32
	1.13
	51.72

	19
	29.76
	10.29
	2.42
	2.10
	1.06
	1.22
	1.07
	0.38
	0.44
	0.94
	0.81
	0.06
	0.22
	0.16
	0.26
	1.03
	52.21

	20
	30.52
	9.36
	2.36
	1.99
	0.95
	1.33
	0.95
	0.29
	0.45
	0.86
	0.91
	0.05
	0.08
	0.25
	0.23
	0.87
	51.49

	21
	26.59
	9.53
	2.39
	1.79
	1.43
	1.17
	1.14
	0.64
	0.41
	0.86
	0.84
	0.04
	0.08
	0.22
	0.25
	0.85
	48.27

	22
	30.36
	11.72
	2.54
	2.34
	1.06
	1.37
	0.63
	0.25
	0.45
	0.90
	0.81
	0.04
	0.18
	0.10
	0.33
	1.35
	54.43



	Table S2. The REE concentration (ppm) of from the outer part of HFMC (No. 0327) (data from Xue 2007; Zhang et al. 2009).

	
	La
	Ce
	Pr
	Nd
	Sm
	Eu
	Gd
	Tb
	Dy
	Ho
	Er
	Tm
	Yb
	Lu
	∑REE
	P

	1
	294.9
	582.8
	56.0
	246.6
	52.3
	13.1
	53.3
	8.2
	48.8
	9.7
	26.3
	3.9
	26.9
	3.8
	1426.5
	4996.4

	2
	428.5
	1126.2
	83.8
	376.8
	80.9
	20.6
	85.1
	12.4
	73.1
	14.7
	38.5
	5.3
	37.3
	5.4
	2388.6
	7660.4

	3
	309.2
	732.4
	60.4
	261.1
	52.6
	13.6
	54.8
	8.4
	48.9
	10.1
	26.7
	4.1
	27.4
	3.9
	1613.4
	4759.7

	4
	440.0
	1000.6
	82.7
	365.4
	75.0
	20.6
	83.6
	12.2
	73.4
	14.5
	37.7
	5.6
	38.3
	5.6
	2255.2
	7000.0

	5
	253.2
	565.5
	46.5
	196.0
	41.7
	10.8
	43.5
	6.7
	42.4
	9.1
	24.6
	3.6
	26.4
	3.7
	1273.7
	3596.3

	6
	264.1
	601.2
	47.7
	206.5
	42.4
	11.1
	47.1
	6.9
	43.3
	9.3
	25.5
	3.8
	26.7
	3.7
	1339.5
	4054.3

	7
	243.4
	714.7
	46.0
	204.0
	42.6
	12.5
	52.0
	7.7
	47.7
	10.4
	28.9
	3.9
	29.8
	4.3
	1447.8
	4235.7

	8
	287.7
	637.9
	47.4
	210.7
	42.2
	10.9
	46.5
	7.2
	46.4
	9.7
	27.3
	3.9
	26.7
	4.0
	1408.3
	3787.5

	9
	368.6
	946.2
	57.8
	262.3
	53.8
	13.9
	61.7
	9.3
	59.6
	13.1
	35.2
	5.0
	36.0
	5.3
	1927.8
	6013.7

	10
	260.2
	621.0
	42.3
	178.2
	35.8
	9.8
	43.3
	6.3
	40.8
	8.7
	23.8
	3.7
	26.4
	3.7
	1303.9
	4079.1

	11
	326.7
	873.5
	52.4
	235.0
	46.3
	12.5
	57.5
	8.5
	52.8
	11.9
	32.1
	4.7
	34.1
	5.1
	1753.0
	5151.0

	12
	229.0
	593.2
	34.3
	152.2
	30.5
	8.2
	36.0
	5.5
	35.5
	7.8
	22.0
	3.4
	23.3
	3.4
	1184.3
	3710.0

	13
	330.6
	826.1
	51.0
	235.9
	45.9
	12.3
	58.1
	8.2
	55.2
	11.6
	31.6
	4.6
	33.3
	4.7
	1709.1
	5593.3

	14
	306.5
	939.4
	47.8
	215.7
	40.2
	10.8
	49.0
	7.4
	48.2
	10.6
	29.4
	4.3
	30.4
	4.5
	1744.2
	4040.4

	15
	352.4
	865.3
	57.0
	260.5
	50.7
	13.4
	60.9
	9.1
	58.3
	12.6
	35.5
	5.1
	36.2
	5.2
	1822.3
	4670.2

	16
	235.3
	789.0
	40.2
	175.4
	35.5
	8.9
	38.7
	5.9
	37.2
	7.8
	22.5
	3.4
	23.8
	3.5
	1427.0
	2560.7

	17
	313.9
	946.4
	55.3
	246.2
	51.7
	13.1
	52.1
	8.0
	49.7
	10.5
	28.6
	4.3
	29.4
	4.6
	1813.7
	4420.8

	18
	274.5
	990.0
	49.6
	212.7
	44.7
	11.8
	44.5
	7.0
	41.9
	8.6
	24.0
	3.6
	26.0
	3.7
	1742.5
	3907.2

	19
	273.4
	909.2
	50.3
	216.0
	45.2
	11.2
	45.6
	6.9
	41.8
	8.8
	23.7
	3.6
	26.2
	3.7
	1665.4
	3903.8

	20
	293.6
	950.0
	54.8
	228.8
	47.7
	12.4
	48.6
	7.3
	44.0
	9.2
	25.5
	3.7
	26.2
	3.9
	1755.6
	3901.0

	21
	308.4
	1139.6
	56.8
	238.2
	51.9
	12.6
	48.7
	7.6
	45.9
	9.4
	25.0
	3.9
	27.1
	4.0
	1979.1
	5035.7

	22
	207.9
	856.9
	39.3
	163.7
	34.6
	8.3
	34.6
	5.1
	31.5
	6.5
	18.9
	2.8
	19.1
	2.9
	1432.2
	4116.3

	23
	221.2
	926.4
	40.9
	170.3
	37.0
	9.4
	36.4
	5.5
	34.7
	6.9
	19.3
	2.9
	22.9
	3.1
	1537.0
	4184.8

	24
	200.6
	855.9
	37.8
	157.6
	34.5
	8.5
	33.8
	5.4
	33.3
	7.1
	18.9
	3.0
	21.8
	3.2
	1421.4
	3638.0

	25
	216.9
	865.1
	39.3
	168.9
	34.7
	8.6
	35.2
	5.3
	33.0
	7.1
	19.5
	3.1
	21.8
	3.2
	1461.3
	3333.4

	26
	188.1
	839.2
	34.6
	144.3
	31.5
	7.9
	31.7
	4.9
	29.6
	6.3
	17.5
	2.8
	20.4
	2.7
	1361.5
	3636.1

	27
	211.3
	687.3
	36.6
	154.0
	31.8
	8.1
	31.0
	5.1
	28.9
	6.6
	17.6
	2.7
	20.2
	2.9
	1244.1
	3833.4

	28
	289.8
	966.5
	50.6
	213.9
	43.2
	11.1
	44.2
	7.0
	40.2
	8.3
	23.3
	3.6
	25.9
	3.6
	1731.2
	5246.6

	29
	286.0
	811.2
	45.5
	192.0
	38.6
	10.3
	42.5
	6.1
	36.3
	7.7
	21.0
	3.3
	24.3
	3.6
	1528.3
	4018.6

	30
	209.6
	712.1
	36.1
	148.4
	30.2
	8.0
	31.4
	5.1
	28.3
	5.9
	18.3
	2.7
	20.5
	2.6
	1259.0
	3385.4

	Avg
	280.9
	829.0
	49.4
	214.6
	44.2
	11.5
	47.7
	7.2
	44.3
	9.4
	25.6
	3.8
	27.2
	3.9
	1623.7
	4415.7

	Table S3. Average Pt, Ni and Cu concentration from HFMC Magellan seamounts combined data from Xue et al. 2005 and Sun et al. 2006. 

	
	Pt
	ΣPGE
	Ni
	Cu

	 
	(ppb)
	(ppb)
	(ppm)
	(ppm)

	Outer 
(No. 75) 
	79.56
	111.39
	2838.33
	855.35

	Middle
(No. 87)
	386.60
	439.25
	5185.87
	2063.48

	Inner
(No. 70)
	408.40
	451.14
	3836.89
	2072.87

	ΣPGE include Os, Ir, Ru, Rh, Pt, and Rd. 
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