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Geological Setting
The eastern block of the North China Craton (NCC) is located east of the Trans-North-China Orogen, between the Xing'an-Mongolian orogenic belt in the north and the Dabie-Sulu ultrahigh-pressure collisional belt in the south. Cratonization of the NCC is estimated to have occurred at 1.85 Ga1. Lithospheric destruction and thinning mainly occurred in the eastern part of the NCC during the Mesozoic, corresponding to extensive magmatic activity and a thin (~80 km) lithosphere2. The Fuxian kimberlites from the Liaodong Peninsula of the northeast NCC formed at ~465 Ma3, representing a thick (~200 km) cratonic lithosphere and showing that the lithospheric mantle of the eastern NCC was modified at approximately 500 Ma.

The Saima alkaline complex is located in the Paleoproterozoic Liao-Ji orogenic belt (LJOB) and the central part of the Mesozoic tectonic magmatic belt in the Liaodong Peninsula. The exposed area is approximately 280 km2 and comprises eastern quartz-bearing syenites, central trachytes, and western nepheline syenites with small bodies of phonolite, mafic dikes, and carbonatitic veins4,5. While the size of the metasomatized lithospheric mantle roots (MLMRs) of the Saima alkaline rocks is set as 0.5 km (height) × 0.5 km (width) × 1 km (length), the density of the MLMR is 3300 kg/m3, and 20 cm/year is adopted for the convective velocity6. We report data for 25 fresh nepheline syenite samples from the Saima alkaline rocks on the northeastern margin of the NCC. The apatite U–Pb ages of the samples were determined using laser ablation–inductively coupled plasma–mass spectrometry (LA–ICP–MS). The results showed that the syenites formed at 236 Ma (Table S-1 and Fig. S-1).


Diffusion model
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]In the numerical simulation, diffusion coefficients were calculated using experimental data from Behrens and Hahn7 with a mantle potential temperature of 1280 °C for Sr and Nd, assuming that the temporal lithospheric thickness is 80 km and diffusion coefficient of K is three times that of Sr based on the compilations of Zhang8. The calculation yields DK = 3.53 × 10–10 m2/s, DSr = 1.17 × 10–10 m2/s and DNd = 1.62 × 10–11 m2/s (Other parameters, see Table S-4). Diffusion models of K-Sr-Nd were calculated based on Fick's second law and conservation of mass in a convection system9. For the Sr-Nd radioactive decay system, the radioactive decay law was also considered. The interstitial melts in these two interacting reservoirs were chemically equilibrated with peridotites. We only considered the isotopic evolution of the MLMR as a result of chemical diffusion or radioactive decay with the asthenosphere and neglected the variations in element concentrations caused by diffusion. In addition, the MLMR is more volatile-rich than the asthenosphere, and the diffusion of K, Sr, and Nd in the MLMR is much faster than in the asthenosphere. Thus, the diffusive isotopic flux from the asthenosphere can be homogeneous via diffusion over a finite time interval, i.e., the MLMR can be treated as an isotopically uniform system.

[bookmark: OLE_LINK2][bookmark: OLE_LINK5][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK6][bookmark: OLE_LINK7]Based on the above discussion, there are interactions between the interstitial melts, from reservoirs MLMR and the asthenosphere, caused by chemical diffusion. The chemical evolution of the MLMR as a result of chemical diffusion with the asthenosphere can be described using the following equation: 
	
	 
	(1)


where C is the element concentration, t is time, x is distance, D is diffusivity of element in the interstitial melt, and υ is plate velocity or convective velocity of the asthenosphere. We neglected the variations in element concentrations caused by diffusion and only considered the evolution of the isotope ratios. According to isotope exchange experiments10-12, the evolution of the isotopic ratio of the MLMR can be calculated using equation (1)9; thus, the isotopic evolution of the system can be expressed as:
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[bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK15][bookmark: OLE_LINK16]where R is the isotopic ratio or isotope per mil variation δ, and the third term I on the right-hand side of equation (2) represents the isotopic variation owing to radioactive decay. For 147Sm-143Nd systems, the 143Nd/144Nd variation due to 147Sm decay to 143Nd after time t can be calculated using equation (3):
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where 143Nd/144Nd is the present isotopic ratio, (143Nd/144Nd)0 is the initial isotopic ratio, 147Sm/144Nd is the parent-daughter ratio at time t, and λ is the decay constant. The isotopic evolution of the MLMR and solutions of equation (2) can be calculated using numerical methods. However, if we neglect the diffusive flux between the metasomatized and unmetasomatised lithospheric mantle, the isotopic flux J from the asthenosphere can be approximately expressed by equation (4)13,
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where ρa is the density of the asthenosphere, and X is the characteristic length of the metasomatized lithospheric mantle root. Ra and Rm are the isotopic ratios of the asthenosphere and the MLMR, respectively. Note that Ra and Rm vary with time for radioactive decay systems such as the 147Sm-143Nd and 87Rb-87Sr systems. For a nonradioactive system, such as the K isotope, Ra is a constant, while Rm also varies with time owing to the flux from the convective asthenosphere. As mentioned in the text, the MLMR was more volatile-rich than the asthenosphere, and the diffusions of K, Sr, and Nd in the MLMR were much faster than those in the asthenosphere; thus, the diffusive isotopic flux from the asthenosphere can be homogeneous by diffusion in a finite time interval, ∆t; hence, Rm can be considered a constant within ∆t.

If the initial K isotopic composition of the MLMR, R0m, is set as a random value between −1.55 ‰ and +0.2 ‰ (the range of K isotopic compositions of orogenic high-potassic rocks and island arc lavas), R1m of the MLMR after the first-time step ∆t can be calculated by
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[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK46]where V is the volume of the MLMR expressed as V=Mm/ρm, and Mm and ρm are the mass and density of the MLMR, respectively.
[bookmark: OLE_LINK106][bookmark: OLE_LINK107]
At the next time step, R1m is reset as the initial isotopic composition, and then R2m can be calculated by
	
	 
	(6)


By repeating the calculations using equation (5)-(6), the whole K isotopic evolution of the MLMR can be evaluated.

[bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK108][bookmark: OLE_LINK109]If the metasomatism of the MLMR was tm years ago for the 147Sm-143Nd systems, then the 143Nd/144Nd ratios of the MLMR and asthenosphere at tm are the initial compositions, denoted as R0m and R0a, respectively, and can be calculated using equation (3). Thus, the R1m of the MLMR after the first time step ∆t can be calculated as follows:
	
	 
	(7)


where (147Sm/144Nd)m is the parent-daughter ratio of the MLMR, and I1 is the ingrowth due to radioactive decay after ∆t.
At the next time step, R1a can be calculated by
	
	 
	(8)


where (147Sm/144Nd)a is the parent-daughter ratio of the asthenosphere. R1m is reset as the initial isotopic composition, and R2m can be calculated as
	
	 
	(9)


The calculations were repeated using equation (7)-(9), the whole Nd isotopic evolution of the MLMR can be evaluated. 

Similarly, other radioactive isotopic systems of MLMRs, such as Sr, can also be evaluated.




Supplementary Tables

	Sample Spot
	Th
	Pb
	U
	207Pb/206Pb
	207Pb/235U
	206Pb/238U
	Ages (Ma)
	f206

	
	
	
	
	Ratio
	1 σ
	Ratio
	1 σ
	Ratio
	1 σ
	207Pb-corr
	1 σ
	

	16GJ11, average age: 236 ± 55 Ma, MSWD = 1.07

	1
	740
	105
	49
	0.9098
	0.0103
	182.1
	5.9410
	1.444
	0.0372
	108.6
	150.5
	0.99

	2
	420
	107
	12
	0.9192
	0.0165
	758.1
	10.752
	5.967
	0.0624
	35.1
	844.9
	1.00

	3
	980
	162
	68
	0.9131
	0.0100
	203.0
	2.0334
	1.609
	0.0171
	81.2
	165.6
	0.99

	4
	673
	115
	20
	0.9005
	0.0095
	509.9
	9.8926
	4.091
	0.0407
	571.1
	388.4
	0.98

	5
	456
	111
	17
	0.9186
	0.0112
	568.0
	6.3597
	4.482
	0.0494
	44.8
	494.4
	1.00

	6
	980
	105
	45
	0.9218
	0.0103
	217.6
	5.2322
	1.717
	0.0456
	-23.3
	182.7
	1.00

	7
	1760
	147
	52
	0.9079
	0.0046
	229.4
	3.0132
	1.827
	0.0205
	161.5
	144.0
	0.99

	8
	811
	116
	32
	0.8981
	0.0094
	318.0
	5.9000
	2.550
	0.0270
	403.2
	244.7
	0.98

	9
	2110
	159
	95
	0.9025
	0.0093
	140.8
	1.4224
	1.130
	0.0120
	145.0
	110.5
	0.98

	10
	1740
	153
	69
	0.9029
	0.0050
	196.7
	3.2444
	1.575
	0.0262
	196.9
	125.0
	0.98

	11
	1430
	147
	65
	0.9192
	0.0071
	197.1
	2.4479
	1.549
	0.0188
	9.0
	139.8
	1.00

	12
	475
	107
	13
	0.9137
	0.0059
	742.6
	7.9801
	5.885
	0.0709
	271.2
	487.6
	0.99

	13
	990
	122
	28
	0.9104
	0.0065
	375.3
	3.5359
	2.977
	0.0304
	208.4
	254.5
	0.99

	14
	144
	91
	6
	0.9207
	0.0043
	1336.6
	27.781
	10.494
	0.1997
	-57.5
	849.2
	1.00

	15
	1150
	119
	78
	0.8963
	0.0072
	132.9
	1.4610
	1.071
	0.0129
	185.7
	93.9
	0.97

	16
	463
	115
	16
	0.9151
	0.0061
	655.3
	8.1485
	5.160
	0.0536
	183.9
	435.0
	0.99

	17
	836
	111
	21
	0.9151
	0.0081
	459.7
	7.2843
	3.631
	0.0585
	131.4
	339.4
	0.99

	18
	305
	114
	19
	0.9134
	0.0087
	532.4
	6.0686
	4.210
	0.0547
	202.4
	400.3
	0.99

	19
	855
	119
	18
	0.9111
	0.0063
	585.8
	9.4177
	4.640
	0.0765
	301.4
	389.1
	0.99

	20
	997
	123
	62
	0.8903
	0.0035
	167.4
	3.0916
	1.354
	0.0154
	292.4
	99.5
	0.97

	21
	1300
	146
	91
	0.8853
	0.0114
	134.3
	1.8052
	1.093
	0.0140
	275.7
	116.7
	0.96

	22
	0
	152
	107
	0.8734
	0.0116
	102.3
	1.3230
	0.844
	0.0098
	285.7
	90.4
	0.95

	23
	308
	100
	10
	0.9173
	0.0039
	902.1
	15.016
	7.084
	0.0856
	142.1
	550.3
	1.00

	24
	0
	96
	60
	0.8863
	0.0112
	109.4
	1.5181
	0.890
	0.0112
	218.4
	94.6
	0.96

	25
	966
	125
	17
	0.9136
	0.0037
	642.9
	11.770
	5.077
	0.0824
	235.9
	387.0
	0.99

	26
	483
	101
	15
	0.9247
	0.0071
	580.6
	8.2438
	4.532
	0.0670
	-159.6
	418.6
	1.01

	27
	1080
	144
	66
	0.9007
	0.0034
	191.2
	3.2023
	1.533
	0.0257
	216.0
	114.4
	0.98

	28
	1040
	122
	77
	0.8936
	0.0064
	132.0
	1.5179
	1.066
	0.0129
	205.4
	89.3
	0.97

	29
	1700
	112
	50
	0.8943
	0.0105
	180.9
	3.5104
	1.461
	0.0160
	272.7
	149.6
	0.97

	30
	901
	115
	22
	0.9233
	0.0064
	448.4
	7.6838
	3.505
	0.0640
	-85.2
	310.7
	1.00


[bookmark: _Hlk98703436]
Table S-1. U–Pb isotopic data of apatites for Saima alkaline rocks in northeastern China.


	Sample
	SM01
	SM02
	SM03
	SM04
	SM05
	SM06
	SM07
	SM08
	SM09
	SM10
	SM11
	SM12

	wt.%

	SiO2
	55.34
	55.96
	55.08
	55
	54.62
	54.64
	54.75
	55.69
	54.44
	55.24
	55.47
	56.48

	TiO2
	0.64
	0.43
	0.56
	0.38
	0.57
	0.51
	0.57
	0.73
	0.39
	0.54
	0.67
	0.51

	Al2O3
	19.86
	19.86
	20.13
	20.3
	20.47
	19.34
	20.43
	20.36
	20
	19.54
	19.91
	19.16

	TFe2O3
	3.72
	3.53
	3.53
	3.92
	3.16
	4.49
	3.37
	3.2
	3.76
	4.54
	3.52
	3.36

	MnO
	0.09
	0.08
	0.08
	0.08
	0.07
	0.11
	0.07
	0.07
	0.09
	0.11
	0.09
	0.09

	MgO
	0.55
	0.48
	0.46
	0.44
	0.41
	0.7
	0.48
	0.4
	0.53
	0.7
	0.53
	0.57

	CaO
	1.35
	1.27
	1.15
	0.99
	1.34
	1.06
	1.2
	1.46
	1.04
	1.11
	1.48
	1.3

	Na2O
	3
	3.01
	3.25
	5.25
	5.03
	4.55
	3.37
	3.59
	5.15
	4.1
	3.49
	2.32

	K2O
	11.55
	11.8
	11.3
	11.7
	11.5
	11.45
	11.3
	11.2
	11.25
	11.6
	11.25
	12.4

	P2O3
	0.07
	0.08
	0.07
	0.07
	0.06
	0.17
	0.08
	0.05
	0.09
	0.17
	0.08
	0.13

	LOI
	3.38
	3.03
	3.12
	1.77
	2.35
	1.99
	3.73
	3.12
	2.2
	2.24
	3.09
	2.79

	Total
	99.55
	99.53
	98.73
	99.9
	99.58
	99.01
	99.35
	99.87
	98.94
	99.89
	99.58
	99.11

	Mg#
	23
	21
	21
	18
	21
	24
	22
	20
	22
	24
	23
	25

	ppm

	Li
	147
	115
	119
	33.7
	30.1
	53.6
	94.2
	38.3
	43.9
	88
	46.2
	105

	Be
	20.01
	11.16
	11.33
	8.51
	19.55
	15.8
	12.39
	22.96
	59.22
	24.89
	36.6
	7.62

	Sc
	5.25
	4.81
	4.47
	5.77
	4.94
	5.82
	4.37
	4.4
	5.35
	5.3
	4.55
	4.28

	V
	64.71
	65.94
	64.77
	68.84
	50.7
	81.73
	60.03
	58.19
	61.86
	83.45
	56.66
	54.68

	Cr
	0.1
	3.9
	0.34
	0.37
	1.47
	0.46
	bdl
	bdl
	0.85
	0.44
	0.67
	bdl

	Co
	4.57
	3.83
	4.09
	4.19
	3.64
	5.18
	4.68
	3.71
	4.61
	5.18
	4.91
	4.8

	Ni
	0.44
	1.77
	2.65
	0.41
	1.39
	0.63
	0.37
	0.69
	0.63
	0.5
	0.59
	0.19

	Cu
	21.3
	19.6
	16.7
	14.3
	18.5
	22.8
	15.2
	19.6
	20
	25
	12.9
	28.7

	Zn
	73.3
	138
	72.6
	72
	58.4
	107
	124
	67.8
	64.3
	107
	89.8
	124

	Ga
	29.1
	30.7
	29
	28.8
	29
	29.7
	28.4
	25.2
	28.9
	29.6
	27
	28.8

	Ge
	1.21
	1.12
	1.07
	0.995
	0.93
	1.16
	0.993
	1.14
	0.861
	1.18
	1.16
	1.09

	As
	8.62
	8.42
	6.47
	3.83
	6.97
	6.67
	24.73
	8.09
	5.17
	5.46
	7.57
	7.94

	Rb
	296
	292
	289
	291
	306
	283
	285
	277
	310
	284
	293
	304

	Sr
	2190
	2160
	2210
	1990
	2320
	2210
	2330
	2490
	2150
	2440
	2320
	2300

	Y
	31.5
	48.7
	30
	10.3
	16.1
	31.9
	21.2
	24.9
	10.4
	20.5
	47.7
	36.3

	Zr
	777
	228
	361
	560
	561
	541
	806
	520
	553
	452
	746
	405

	Nb
	48.20
	55.38
	44.03
	26.00
	38.07
	41.95
	39.86
	47.41
	24.21
	32.25
	52.00
	48.48

	Mo
	0.95
	1.78
	0.67
	0.93
	0.87
	0.97
	0.46
	0.98
	0.89
	0.90
	1.20
	0.58

	Ag
	0.672
	0.712
	0.56
	0.373
	0.507
	0.631
	0.568
	0.588
	0.328
	0.517
	0.707
	0.694

	Cd
	0.00
	0.02
	0.01
	0.04
	0.06
	0.07
	0.07
	0.03
	0.06
	0.02
	0.03
	0.07

	In
	0.02
	0.03
	0.03
	0.02
	0.02
	0.04
	0.03
	0.02
	0.03
	0.02
	0.02
	0.04

	Sn
	1.88
	0.65
	2.47
	1.91
	4.31
	3.74
	3.58
	2.44
	4.10
	1.31
	1.94
	3.01

	Sb
	0.07
	0.02
	0.06
	0.04
	0.09
	0.08
	0.13
	0.08
	0.04
	0.09
	0.10
	0.01

	Cs
	2.30
	2.32
	2.47
	2.50
	3.02
	2.71
	2.50
	2.60
	2.74
	2.70
	2.93
	2.84

	Ba
	2810
	2930
	3160
	2830
	3110
	2640
	2560
	2210
	2610
	2710
	2060
	2740

	La
	208
	502
	210
	110
	189
	335
	89.2
	204
	151
	177
	528
	205

	Ce
	601
	819
	604
	133
	230
	683
	171
	545
	174
	496
	822
	596

	Pr
	30.9
	41.4
	30.3
	11.4
	21.3
	35.1
	18.2
	29.6
	13.6
	26.4
	41.2
	31.9

	Nd
	103
	137
	96.9
	35.8
	65.9
	119
	62.7
	95.6
	39.9
	84.5
	140
	101

	Sm
	14.6
	19.8
	14.2
	5.13
	9.01
	14.9
	9.33
	13.6
	5.09
	11.1
	21.6
	15.1

	Eu
	4.29
	5.68
	3.98
	1.38
	2.57
	4.26
	3.05
	3.78
	1.21
	2.84
	6.27
	4.28

	Gd
	10.76
	15.25
	9.67
	3.76
	6.43
	10.79
	7.23
	8.54
	3.54
	7.60
	15.21
	11.82

	Tb
	1.3
	1.9
	1.25
	0.452
	0.737
	1.32
	0.989
	1.15
	0.43
	0.864
	1.99
	1.43

	Dy
	5.99
	8.59
	5.36
	1.94
	3.31
	5.73
	4.54
	4.81
	1.77
	3.67
	8.69
	6.25

	Ho
	1.07
	1.45
	0.949
	0.344
	0.509
	1.04
	0.775
	0.824
	0.309
	0.583
	1.64
	1.11

	Er
	2.81
	4.51
	2.7
	1.06
	1.69
	3.05
	2.11
	2.38
	1
	1.96
	4.43
	3.08

	Tm
	0.35
	0.56
	0.36
	0.13
	0.20
	0.38
	0.25
	0.32
	0.13
	0.23
	0.60
	0.39

	Yb
	2.35
	3.35
	2.19
	0.962
	1.15
	2.4
	1.59
	2.06
	1.05
	1.45
	3.75
	2.47

	Lu
	0.33
	0.48
	0.31
	0.12
	0.15
	0.32
	0.19
	0.27
	0.14
	0.21
	0.49
	0.35

	Hf
	19.7
	5.37
	8.95
	14.6
	14.5
	13
	21.8
	12.8
	13.6
	11.6
	18.6
	9.58

	Ta
	2.56
	1.63
	2.13
	1.21
	2.30
	1.60
	2.15
	3.20
	1.11
	1.62
	2.98
	1.77

	W
	1.63
	1.47
	1.76
	1.68
	1.66
	1.86
	1.18
	2.23
	1.92
	1.76
	2.26
	1.12

	Tl
	1.27
	2.09
	2.54
	1.08
	1.18
	1.24
	1.01
	1.43
	1.32
	1.27
	1.28
	1.24

	Pb
	111.88
	70.33
	80.61
	143.38
	84.56
	111.54
	136.60
	127.57
	82.87
	142.25
	77.33
	102.40

	Bi
	0.07
	0.04
	0.06
	0.09
	0.07
	0.06
	0.07
	0.07
	0.05
	0.06
	0.05
	0.07

	Th
	73.1
	108
	77.1
	34
	36.5
	95.6
	29.7
	55.8
	44.3
	62.9
	93.1
	82

	U
	20.3
	20.4
	15.1
	7.21
	11.8
	21.7
	8.08
	13.1
	11.1
	13.9
	20.1
	18.6



	Sample
	SM20
	SM21
	SM22
	SM23
	SM24
	SM25
	SM26
	SM27
	SM28
	SM29
	17SM21
	17SM22

	wt.%

	SiO2
	54.53
	55.57
	55.85
	55.12
	54.7
	55.1
	54.5
	56.29
	55.41
	55.26
	55.87
	57.39

	TiO2
	0.48
	0.46
	0.56
	0.44
	0.59
	2.36
	0.58
	0.52
	0.46
	0.55
	0.62
	0.37

	Al2O3
	18.9
	19.19
	18.85
	19.48
	18.4
	17.86
	19.9
	19
	19.89
	19.04
	19.48
	19.58

	TFe2O3
	4.92
	3.7
	4.25
	4.01
	4.74
	3.87
	3.85
	3.97
	4.12
	4.19
	3.73
	2.82

	MnO
	0.14
	0.09
	0.11
	0.14
	0.12
	0.09
	0.1
	0.11
	0.1
	0.1
	0.1
	0.05

	MgO
	0.73
	0.56
	0.66
	0.62
	0.8
	0.57
	0.58
	0.61
	0.6
	0.6
	0.73
	0.37

	CaO
	1.32
	1.1
	1.28
	1.49
	1.93
	2.39
	1.12
	1.24
	0.99
	1.2
	0.7
	0.93

	Na2O
	4.88
	3.55
	3.22
	4.67
	4.07
	3.79
	4.82
	3.56
	5.05
	4.48
	3.68
	2.5

	K2O
	11.45
	12.55
	12.7
	11.9
	11.55
	11.9
	11.9
	12.6
	11.85
	11.8
	11.75
	12.6

	P2O3
	0.2
	0.14
	0.2
	0.17
	0.17
	0.15
	0.15
	0.16
	0.15
	0.18
	0.14
	0.09

	LOI
	1.65
	1.57
	1.67
	1.43
	2.07
	1.12
	1.47
	1.6
	1.49
	1.87
	2.08
	2.22

	Total
	99.2
	98.48
	99.35
	99.47
	99.14
	99.2
	98.97
	99.66
	100.11
	99.27
	98.88
	98.92

	Mg#
	23
	23
	24
	24
	25
	23
	23
	24
	23
	22
	28
	21

	ppm

	Li
	60.9
	56.4
	69.5
	48.6
	58.1
	42.2
	43.4
	49.6
	47.1
	45.4
	58.4
	76.1

	Be
	17.96
	18.07
	93.32
	18.30
	15.23
	17.85
	58.88
	10.48
	73.09
	25.35
	11.48
	8.75

	Sc
	6.27
	4.31
	5.23
	6.04
	6.06
	5.47
	6.09
	5.67
	6.23
	6.41
	5.25
	4.22

	V
	92.78
	59.1
	59
	75.11
	81.41
	101.24
	67.98
	69.39
	72.87
	81.41
	59.22
	53.27

	Cr
	bdl
	1.77
	bdl
	3.6
	2.24
	0.04
	0.84
	1.7
	0.37
	0.56
	1.86
	3.9

	Co
	5.44
	7.75
	13.8
	5.72
	5.61
	4.03
	3.79
	7.63
	4.55
	3.94
	5.17
	4.96

	Ni
	1
	2.01
	1.41
	2.17
	2.02
	0.8
	0.51
	1.25
	0.34
	1.42
	1.76
	9.34

	Cu
	22.4
	28.1
	48.1
	23
	27.5
	31.7
	22.2
	27.1
	16.9
	22.8
	22.5
	22

	Zn
	122
	72.3
	89.2
	123
	89.3
	124
	67.8
	79.6
	112
	116
	72.9
	145

	Ga
	27.9
	28.1
	29.3
	36
	28.7
	32.2
	27.9
	32.1
	32
	27.7
	26
	26.8

	Ge
	0.79
	1.11
	1.34
	1.28
	1.11
	1.97
	0.97
	1.34
	1.06
	1.07
	1.12
	0.973

	As
	6.35
	7.71
	10.19
	13.37
	6.46
	7.68
	4.05
	10.43
	4.91
	4.83
	6.1
	18.74

	Rb
	338
	274
	302
	321
	298
	258
	292
	310
	302
	307
	302
	261

	Sr
	1990
	2380
	2610
	2240
	5120
	2660
	4830
	2540
	1830
	5030
	1900
	2260

	Y
	25.2
	47.9
	46.2
	40.2
	30.6
	58.5
	21.1
	62.8
	25.3
	27.6
	35.5
	24.8

	Zr
	361
	330
	423
	406
	387
	998
	315
	437
	400
	373
	597
	265

	Nb
	44.39
	37.71
	42.31
	72.55
	45.18
	111.33
	34.05
	49.92
	35.99
	39.00
	42.88
	30.02

	Mo
	0.82
	1.26
	1.44
	0.71
	0.79
	0.89
	1.05
	1.41
	0.89
	0.99
	0.99
	0.61

	Ag
	0.607
	0.569
	0.686
	0.964
	0.672
	1.44
	0.481
	0.59
	0.536
	0.541
	0.661
	0.368

	Cd
	0.10
	0.11
	0.02
	0.04
	0.08
	0.21
	0.00
	0.00
	0.02
	0.11
	0.07
	0.09

	In
	0.03
	0.03
	0.01
	0.03
	0.04
	0.05
	0.02
	0.02
	0.03
	0.04
	0.02
	0.02

	Sn
	0.98
	5.89
	-1.91
	5.70
	2.88
	11.09
	0.94
	1.08
	3.72
	5.35
	2.19
	1.46

	Sb
	0.02
	0.09
	0.08
	0.15
	0.04
	0.06
	0.08
	0.04
	0.06
	0.05
	0.15
	0.06

	Cs
	3.89
	2.27
	2.98
	4.02
	3.73
	2.28
	2.62
	2.60
	3.17
	2.67
	2.08
	2.60

	Ba
	2590
	3170
	3290
	3060
	2400
	3290
	2810
	3120
	2300
	3000
	2860
	3230

	La
	203
	675
	706
	760
	492
	639
	161
	820
	173
	194
	102
	94.3

	Ce
	627
	1210
	1220
	1230
	751
	1380
	486
	1540
	536
	601
	181
	184

	Pr
	31.4
	57.8
	57.5
	56.3
	35.7
	78
	26.4
	72.5
	28.6
	31.8
	21.1
	19.8

	Nd
	95.3
	176
	173
	167
	106
	306
	83.5
	214
	86.1
	102
	72.9
	66.7

	Sm
	11.5
	21.7
	20.7
	18.3
	13.4
	44.7
	11.2
	26.4
	10.9
	13.6
	11.8
	10.4

	Eu
	2.90
	5.14
	4.94
	4.76
	3.82
	12.61
	3.03
	6.65
	2.93
	3.65
	3.47
	2.88

	Gd
	7.25
	13.91
	13.47
	12.21
	9.92
	29.62
	7.60
	17.31
	6.99
	9.19
	8.90
	7.51

	Tb
	0.973
	1.88
	1.77
	1.48
	1.18
	3.44
	0.875
	2.25
	0.884
	1.15
	1.24
	1.01

	Dy
	4.57
	7.95
	7.39
	6.04
	5.23
	13
	3.75
	9.28
	3.85
	4.82
	6
	4.71

	Ho
	0.792
	1.38
	1.33
	1.07
	0.928
	2
	0.647
	1.69
	0.698
	0.825
	1.13
	0.803

	Er
	2.29
	4.16
	4.25
	3.37
	2.86
	5.52
	1.86
	5.12
	2.14
	2.39
	3.09
	2.43

	Tm
	0.30
	0.54
	0.47
	0.38
	0.32
	0.56
	0.22
	0.60
	0.29
	0.31
	0.40
	0.30

	Yb
	2.01
	3.2
	3.2
	2.63
	2.21
	3.37
	1.47
	3.8
	1.85
	1.82
	2.44
	1.85

	Lu
	0.31
	0.43
	0.45
	0.35
	0.31
	0.41
	0.21
	0.54
	0.26
	0.27
	0.30
	0.24

	Hf
	8.45
	8.31
	11.3
	9.17
	8.91
	29.3
	7.65
	11.2
	9.15
	8.72
	15.3
	6.49

	Ta
	1.40
	1.60
	1.62
	1.24
	1.53
	9.58
	1.85
	1.78
	1.21
	1.74
	2.11
	1.30

	W
	1.38
	2.5
	2.26
	1.36
	1.26
	1.23
	1.66
	2.74
	1.65
	1.72
	1.89
	1.6

	Tl
	1.25
	0.983
	1.13
	2.36
	1.24
	0.679
	0.893
	1.03
	1.14
	0.824
	1.35
	1.58

	Pb
	137.73
	120.80
	104.20
	101.72
	128.70
	101.94
	73.27
	143.38
	99.57
	109.51
	120.80
	137.73

	Bi
	0.06
	0.07
	0.08
	0.06
	0.05
	0.04
	0.05
	0.06
	0.05
	0.05
	0.08
	0.08

	Th
	75.5
	151
	152
	171
	68.7
	127
	61.7
	198
	101
	77.8
	69.9
	39.4

	U
	22.3
	24.7
	25.3
	49.6
	19.5
	27.1
	12.5
	33
	20.3
	15.5
	7.83
	8.78


Table S-2. Major and trace elements for the Saima Nephelite syenites in northeastern China. “bdl” indicates the concentration of elements below detection limit.


		


	Sample
	Rock type
	Rb
(ppm)
	Sr
(ppm)
	87Rb/86Sr
	87Sr/86Sr
	2σ
	(87Sr/86Sr)i
	Sm
(ppm)
	Nd
(ppm)
	147Sm/144Nd
	143Nd/144Nd
	2σ
	εNd(t)
	TDM
(Ma)
	fSm/Nd

	SM05
	nepheline syenite
	306
	2320
	0.381689
	0.709889
	0.000007
	0.708640
	9.01
	65.9
	0.082657
	0.511834
	0.0000074
	-12.34
	1531
	- 0.6

	SM10
	nepheline syenite
	284
	2440
	0.336819
	0.709705
	0.000006
	0.708603
	11.1
	84.5
	0.079416
	0.51183
	0.0000053
	-12.32
	1498
	- 0.6

	SM22
	nepheline syenite
	302
	2610
	0.334835
	0.709595
	0.000006
	0.708500
	20.7
	173
	0.072338
	0.511823
	0.0000061
	-12.25
	1430
	- 0.6

	SM25
	nepheline syenite
	258
	2660
	0.280670
	0.709454
	0.000006
	0.708536
	44.7
	306
	0.088313
	0.511851
	0.0000056
	-12.18
	1578
	- 0.6


[bookmark: _Hlk98927046]Table S-3. Whole-rock Sr and Nd isotope compositions for the Saima Nephelite syenites in northeastern China. The initial ratios of Sr and Nd isotopes were obtained with age of 230 Ma. The 147Sm/144Nd and 143Nd/144Nd ratios at the present time are 0.1967 and 0.512638 for chondrite14,15. λ(87Rb) =1.42×10-11 a-1), λ(147Sm) = 6.54 × 10-12 a-1 16.



[bookmark: _Toc501718896][bookmark: _Toc501714533]
	
	Asthenosphere
	MLMR

	
	0 Ma
	500 Ma
	0 Ma
	500 Ma

	147Sm/144Nd
	0.248542
	
	0.091688
	

	143Nd/144Nd
	0.51313
	0.512315
	0.511787(a)
	0.511487

	87Rb/86Sr
	0.018878
	
	0.333503
	

	87Sr/86Sr
	0.70263
	0.702495
	0.709661
	0.707285

	δ41K, ‰
	–0.42
	–0.42
	–0.42
	b


Table S-4. Parameters used for simulations. MLMR represent metasomatized lithospheric mantle roots. a. Nd isotope data of MLMR (Saima alkaline complex) at present from this study, Zhu et al. (2016) and Yang et al. (2005)5,17; b. δ41K of the MLMR is arbitrarily set as –1.55 ‰, –1.2 ‰, –0.8 ‰ and +0.2 ‰ at 500 Ma, respectively, within data ranges from 18-21.



Supplementary Figures
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Figure S-1. (a) Cathodoluminescence (CL) images of representative apatite grains that were dated. (b) Apatite U–Pb Tera and Wasserburg plots for the nepheline syenites in northeastern China. Thirty analyses in sample GJ11 yield a weighted mean 206Pb/238U age of 236 ± 55 Ma (MSWD = 1.07).
[image: ]

[bookmark: _Hlk98706067]Figure S-2. εNd(230 Ma) versus ISr(230 Ma) of the Saima alkaline complex in northeastern China. The data of depleted mantle (DMM) from 22. The upper continental crust (UCC) and lower/middle continental crust (LCC/MCC) values of eastern NCC are from 23,24. 
[image: ]
Figure S-3. Chondrite normalized rare earth element (REE) diagrams (a) and primitive mantle normalized trace element spidergrams25 (b) for the Saima nephelite syenites in northeastern China. The depleted mid-ocean ridge basalt (N-MORB), enriched mid-ocean ridge basalt (E-MORB) and oceanic island basalt (OIB) compositions are from 25. The upper continental crust (UCC) and lower continental crust (LCC) values are from 26. The subcontinental lithospheric mantle (SCLM) compositions are from 27. All samples of the Saima nephelite syenites are highly enriched in light rare earth elements (LREEs) and large ion lithophile elements (LILEs) compared to OIB and E-MORB25, showing a distribution pattern similar to that of UCC, which indicates the involvement of crustal material.
[image: ]

Figure S-4. 10000/Sr versus ISr (a) and MgO vs ISr (b) for Saima nephelite syenites in northeastern China. There are no significant correlations between 1/Sr, MgO and ISr, indicating that crustal contamination is indistinctive during the ascent of the magma.



[image: ]
Figure S-5. Plots of δ41K versus (a) K2O (wt.%), (b) MgO (wt.%), (c) SiO2 (wt.%), and (d) LOI (wt.%) for the Saima alkaline rocks in northeastern China.
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