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Fig. S1.
[bookmark: OLE_LINK4]Bathymetry and magnetic surveys not presented in the main text: Ultra-slow spreading. In map U1 (Southwest Indian Ridge), we identified the boundary based on magnetic survey data; because the southern flank has been complicated by detachment fault evolution and has been specifically addressed elsewhere, our spectral analysis of topographic relief here focuses on the northern flank. In map U3 (Southwest Indian Ridge), the neovolcanic zone (NVZ) is unclear and hard to identify and only a small portion of the southern flank has detailed terrain data, so the spectral analysis focused on the northern flank. Map U4 (Reykjanes Ridge) shows magnetic profile distribution, where the amplitude of magnetic anomalies is indicated in Gray-Red color scale, from which the NVZ and magnetic stripe boundaries are marked. Besides, only continuous and complete profiles in U4 were selected for spectral analysis.
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Fig. S2.
Bathymetry and magnetic surveys not presented in the main text: Fast spreading. Each map (from the East Pacific Rise) shows magnetic profile distribution, where the amplitude of magnetic anomalies is indicated in Gray-Red color scale, from which the NVZ and magnetic stripe boundaries are marked. The zigzagging track line in F1 is projected on a linear profile.



[bookmark: OLE_LINK2][image: ]
Fig. S3.
Bathymetry and magnetic surveys not presented in the main text: Intermediate spreading. Each map (from the Southeast Indian Ridge) shows magnetic profile distribution, where the amplitude of magnetic anomalies is indicated in Gray-Red color scale, from which the NVZ and magnetic stripe boundaries are marked.
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Fig. S4.
Bathymetry and magnetic surveys not presented in the main text: Slow spreading. Each map (from the Juan de Fuca, Chile, Pacific-Antarctic and Southern Mid-Atlantic ridges) shows magnetic profile distribution, where the amplitude of magnetic anomalies is indicated in Gray-Red color scale, from which the NVZ and magnetic stripe boundaries are marked.
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[bookmark: OLE_LINK55]Fig. S5. 
Spectral characteristics of bathymetry for fast-, intermediate-, and slow-spreading ridges using the profiles listed in Table S1, with the spectral analysis performed after detrending the data using a 40 kyr moving‑window average. The 100-kyr short eccentricity cycle envelope is composed of the combined 124-kyr and 95-kyr periods. Ticks on the right side correspond to each spectrum for the spreading rate averaged between the two conjugate flanks. Profile F2‑1 was excluded from the final analysis due to anomalously high values and the scattered distribution of fast‑spreading profiles.
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Fig. S6.
[bookmark: OLE_LINK3][bookmark: OLE_LINK5][bookmark: OLE_LINK1]Qualitative analysis of solar gravitational regulation and sea level change on topographic relief along MORs over eccentricity cycles. (A) Modulated topographic relief mainly under eccentricity regulation versus under eccentricity and sea level regulation together; (B) topographic relief modulated primarily or exclusively by sea level change , with the sea-level contribution qualitatively computed at 0.1 times the sea-level variation amplitude1; and (C) corresponding spectral characteristics for all cases, which show that short‑eccentricity‑period attenuation increases with the growing contribution of sea‑level change. The eccentricity contribution to ridge relief is assumed to be directly proportional to eccentricity forcing, with maximum intensities sequentially set to 2×, 1×, and 0.5× that of the maximum sea-level contribution for the three scenarios shown, respectively.
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Fig. S7.
[bookmark: OLE_LINK61]Age constraint and spectral analysis method for topographic relief. We present profile F3-8 as an example. (A) The age boundaries are determined from the identification of magnetic anomaly peaks, with the red asterisks marking the location of the anomaly peak points. (B) These boundaries are then projected onto the corresponding topographic profile. (C) The bathymetric profile is converted from distance to time using the dated points. We show both the original bathymetry and the band‑pass‑filtered version, where the 400‑kyr moving‑window average is subtracted from the data and then added back to the overall background value; the 40 kyr window result is also included for comparison. (D) The spectral characteristics are obtained by Fourier transform and are normalized to quantify the relative amplitude variations.


Table S1.
Survey characteristicsa, data quality, and spreading rates for the 122 profiles in 22 regions of the World's oceans used in this study.
	Area and Line Num.
	Ridge
	Half-spreading rate (cm/y)
	Data Qualityb
	Cruise designation, Year

	
	Lon. 
(°E)
	Lat.
(°N)
	S/ W Flank
	N/ E Flank
	Mean
	
	

	F 1-1
	-105.33 
	16.66 
	3.91
	4.00
	3.92
	★★
	PANR01MV, 1997

	F 2-1
	-104.04 
	13.15 
	5.09
	4.72
	4.91
	★★★
	PPTU01WT, 1985

	F 3-1
	-113.64 
	-19.86 
	6.87
	8.23
	7.55
	★★★
	SOJN01MV,1997

	F 3-2
	-113.63 
	-19.76 
	6.85
	8.22
	7.53
	★★★
	

	F 3-3
	-113.61 
	-19.67 
	6.74
	8.24
	7.49
	★★★
	

	F 3-4
	-113.59 
	-19.58 
	6.75
	8.15
	7.45
	★★★
	

	F 3-5
	-113.56 
	-19.48 
	6.75
	8.17
	7.46
	★★★
	

	F 3-6
	-113.55 
	-19.39 
	6.69
	8.18
	7.43
	★★★
	

	F 3-7
	-113.52 
	-19.30 
	6.80
	8.22
	7.51
	★★★
	

	F 3-8
	-113.51 
	-19.21 
	6.75
	7.94
	7.35
	★★★
	

	F 3-9
	-113.46 
	-19.12 
	6.94
	7.63
	7.28
	★★★
	

	F 4-1
	-113.52 
	-49.06 
	4.44
	4.24
	4.34
	★★
	NBP9707, 1997

	IS 1-1
	127.28 
	-48.77 
	3.60
	3.56
	3.58
	★
	BMRG05MV, 1996

	IS 1-2
	127.14 
	-48.77 
	3.47
	3.65
	3.56
	★★
	

	IS 1-3
	127.00 
	-48.75 
	3.51
	3.61
	3.56
	★★★
	

	IS 1-4
	126.85 
	-48.77 
	3.41
	3.80
	3.61
	★★★
	

	IS 1-6
	126.57 
	-48.74 
	3.71
	3.67
	3.69
	★★★
	

	IS 1-7
	126.43 
	-48.71 
	3.70
	3.61
	3.65
	★★★
	

	IS 2-5
	115.03 
	-49.97 
	3.43
	4.21
	3.82
	★★★
	WEST09MVa, 1994

	IS 2-6
	114.91 
	-49.93 
	3.41
	3.97
	3.69
	★★★
	

	IS 2-7
	114.78 
	-49.91 
	3.23
	4.29
	3.76
	★★★
	

	IS 2-8
	114.66 
	-49.90 
	3.09
	4.39
	3.74
	★★★
	

	IS 2-9
	114.54 
	-49.87 
	3.00
	4.44
	3.72
	★★★
	

	IS 3-1
	113.74 
	-50.39 
	3.64
	3.19
	3.42
	★★★
	WEST09MVb, 1994

	IS 3-2
	113.63 
	-50.34 
	3.67
	3.42
	3.54
	★★★
	

	IS 3-3
	113.50 
	-50.31 
	3.90
	3.37
	3.64
	★★★
	

	IS 3-4
	113.37 
	-50.31 
	3.58
	3.80
	3.69
	★★★
	

	IS 3-5
	113.25 
	-50.27 
	3.84
	3.63
	3.73
	★★★
	

	IS 3-6
	113.13 
	-50.23 
	3.84
	3.70
	3.77
	★★★
	

	IS 3-7
	113.01 
	-50.20 
	3.90
	3.55
	3.72
	★★★
	

	IS 4-1
	110.45 
	-49.83 
	3.40
	3.98
	3.69
	★★★
	WEST09MVc, 1994

	IS 4-2
	110.32 
	-49.82 
	3.38
	3.98
	3.68
	★★★
	

	IS 4-3
	110.21 
	-49.75 
	3.75
	3.54
	3.64
	★★★
	

	IS 4-4
	110.09 
	-49.72 
	3.85
	3.49
	3.67
	★★★
	

	IS 4-5
	109.97 
	-49.68 
	3.85
	3.65
	3.75
	★★★
	

	IS 4-6
	109.86 
	-49.63 
	4.09
	3.42
	3.75
	★★★
	

	IS 4-7
	109.74 
	-49.59 
	4.03
	3.48
	3.76
	★★★
	

	IS 4-8
	109.62 
	-49.55 
	4.00
	3.41
	3.70
	★★★
	

	IS 4-9
	109.50 
	-49.51 
	3.95
	3.37
	3.66
	★★★
	

	IS 4-10
	109.37 
	-49.50 
	3.94
	3.38
	3.66
	★★★
	

	IS 4-11
	109.25 
	-49.46 
	4.13
	3.37
	3.75
	★★★
	

	IS 4-12
	109.14 
	-49.42 
	4.24
	3.16
	3.70
	★★★
	

	IS 4-13
	109.01 
	-49.41 
	3.78
	3.75
	3.76
	★★★
	

	IS 4-14
	108.89 
	-49.38 
	3.88
	3.73
	3.80
	★★★
	

	IS 4-15
	108.77 
	-49.34 
	3.81
	3.75
	3.78
	★★★
	

	IS 5-1
	108.44 
	-48.78 
	4.50
	3.65
	4.08
	★
	WEST09MVd, 1994

	IS 5-2
	108.32 
	-48.75 
	3.79
	3.64
	3.72
	★★★
	

	IS 5-3
	108.20 
	-48.70 
	3.83
	3.70
	3.77
	★★★
	

	IS 5-4
	108.08 
	-48.66 
	3.92
	3.79
	3.85
	★★
	

	IS 5-5
	107.97 
	-48.60 
	4.04
	3.52
	3.78
	★★
	

	IS 5-6
	107.86 
	-48.56 
	4.18
	3.18
	3.68
	★★
	

	IS 5-7
	107.74 
	-48.52 
	4.19
	3.35
	3.77
	★★★
	

	IS 5-8
	107.61 
	-48.47 
	4.32
	3.13
	3.73
	★★★
	

	IS 5-9
	107.51 
	-48.41 
	4.45
	2.95
	3.70
	★★★
	

	IS 5-10
	107.39 
	-48.39 
	4.10
	2.86
	3.48
	★★★
	

	IS 5-11
	107.26 
	-48.38 
	3.71
	3.53
	3.62
	★★★
	

	IS 5-12
	107.15 
	-48.34 
	3.82
	3.29
	3.56
	★★★
	

	IS 6-1
	103.75 
	-48.03 
	3.28
	3.72
	3.50
	★★
	WEST09MVe, 1994

	IS 6-2
	103.64 
	-47.99 
	3.34
	3.76
	3.55
	★★★
	

	IS 6-3
	103.53 
	-47.96 
	3.20
	4.02
	3.61
	★★
	

	IS 6-4
	103.43 
	-47.92 
	3.93
	3.88
	3.90
	★★★
	

	IS 7-1
	102.31 
	-47.90 
	3.80
	3.44
	3.62
	★★
	WEST09MV f, 1994

	IS 7-2
	102.17 
	-47.90 
	3.55
	3.76
	3.65
	★★★
	

	IS 7-3
	102.07 
	-47.85 
	3.56
	3.73
	3.65
	★★★
	

	IS 7-4
	101.96 
	-47.81 
	3.66
	3.53
	3.59
	★★
	

	IS 7-5
	101.86 
	-47.77 
	3.53
	3.58
	3.56
	★★★
	

	IS 8-1
	79.64 
	-41.60 
	3.13
	3.41
	3.27
	★★★
	BMRG06MV, 1996

	IS 8-2
	79.41 
	-41.52 
	3.03
	3.51
	3.27
	★★★
	

	IS 8-3
	79.27 
	-41.37 
	3.09
	3.40
	3.25
	★★★
	

	IS 8-4
	79.11 
	-41.24 
	3.14
	3.46
	3.30
	★★★
	

	S 1-1
	-130.33 
	44.74 
	2.62
	2.84
	2.73
	★★★
	WEST15MV, 1995

	S 1-2
	-130.29 
	44.85 
	2.62
	2.83
	2.73
	★★★
	

	S 2-1
	-91.52 
	-40.20 
	2.87
	2.80
	2.84
	★★
	PANR04MV, 1998

	S 2-2
	-91.58 
	-40.12
	2.86
	2.70
	2.78
	★★
	

	S 2-3
	-91.58 
	-40.03
	2.45
	2.83
	2.64
	★★
	

	S 2-4
	-91.55 
	-39.95
	2.78
	2.67
	2.72
	★★
	

	S 2-10
	-91.53 
	-39.45
	2.48
	2.96
	2.72
	★★★
	

	S 2-13
	-91.57 
	-39.20
	2.45
	3.00
	2.72
	★★★
	

	S 2-14
	-91.56 
	-39.12
	2.77
	2.71
	2.74
	★★★
	

	S 2-15
	-91.57 
	-39.03
	2.69
	2.76
	2.72
	★★★
	

	S 3-1
	-169.94 
	-64.79
	2.65
	2.96
	2.80
	★★★
	EW9201, 1992

	S 3-2
	-169.88 
	-64.77 
	2.68
	2.91
	2.80
	★★★
	

	S 3-3
	-169.82 
	-64.74 
	2.64
	2.93
	2.78
	★★★
	

	S 3-4
	-169.74 
	-64.72 
	2.69
	2.88
	2.79
	★★★
	

	S 3-5
	-169.69 
	-64.68 
	2.64
	2.92
	2.78
	★★★
	

	S 3-6
	-169.66 
	-64.64 
	2.55
	3.07
	2.81
	★★
	

	S 4-1
	30.65 
	-41.80 
	1.75
	2.06
	1.90
	★★★
	EW9210, 1992

	S 4-3
	30.75 
	-41.67 
	1.90
	2.08
	1.99
	★★★
	

	S 4-5
	30.86 
	-41.56 
	1.64
	2.00
	1.82
	★★★
	

	S 4-7
	30.96 
	-41.45 
	1.82
	1.70
	1.76
	★★★
	

	S 4-9
	31.09 
	-41.42 
	1.73
	2.33
	2.03
	★★★
	

	S 4-11
	31.19 
	-41.20 
	1.83
	2.00
	1.91
	★★★
	

	S 4-13
	31.31 
	-41.09 
	2.14
	1.98
	2.06
	★★★
	

	S 4-15
	31.42 
	-41.00 
	1.82
	1.97
	1.90
	★★★
	

	S 5-1
	-31.82 
	-13.34 
	1.72
	1.70
	1.71
	★★★
	PLUM05WT

	S 5-2
	-31.76 
	-13.37 
	1.68
	1.59
	1.63
	★★★
	

	S 5-3
	-31.71 
	-13.37 
	1.69
	1.57
	1.63
	★★
	

	S 5-4
	-31.60 
	-13.43 
	1.83
	1.53
	1.68
	★★★
	

	S 5-5
	-31.52 
	-13.47 
	1.71
	1.60
	1.65
	★★★
	

	S 6-1
	-52.15 
	-5.36 
	1.51
	1.69
	1.60
	★★
	EW9309

	S 6-2
	-51.99 
	-5.47 
	1.40
	1.64
	1.52
	★★★
	

	S 6-3
	-51.72 
	-5.60 
	1.54
	1.51
	1.52
	★★★
	

	S 6-4
	-51.62 
	-5.63 
	1.59
	1.46
	1.52
	★★★
	

	S 6-5
	-51.42 
	-5.76 
	1.82
	1.52
	1.67
	★★
	

	S 6-6
	-51.34 
	-5.80 
	1.38
	1.42
	1.40
	★★★
	

	U 1-1
	49.85 
	-37.74 
	——c
	0.75
	——
	★★★
	DY20V, 2009

	U 1-2
	49.79 
	-37.72 
	——
	0.68
	——
	★★★
	

	U 1-3
	49.72 
	-37.73 
	——
	0.70
	——
	★★★
	

	U 2-1
	50.50 
	-37.66 
	0.78
	0.59
	0.68
	★★★
	R/V Marion Dufresne, 2001

	U 2-2
	50.47 
	-37.66 
	0.80
	0.61
	0.71
	★★★
	

	U 2-3
	50.43 
	-37.65 
	0.83
	0.59
	0.71
	★★★
	

	U 3-1
	55.31
	-34.38
	——
	0.65
	——
	★★★
	R/V Marion Dufresne, 2001

	U 3-2
	55.23
	-34.39
	——
	0.58
	——
	★★★
	

	U 3-3
	55.15
	-34.40
	——
	0.64
	——
	★★★
	

	U 4-5
	57.92 
	-32.50 
	0.86
	1.10
	0.98
	★★★
	EW9008, 1990

	U 4-6
	57.94 
	-32.43 
	0.92
	0.99
	0.95
	★★★
	

	U 4-7
	57.97 
	-32.41 
	0.87
	1.01
	0.94
	★★★
	

	U 4-8
	57.98 
	-32.35 
	0.95
	1.05
	1.00
	★★★
	

	U 4-9
	58.01 
	-32.31 
	1.05
	0.98
	1.02
	★★★
	

	U 4-10
	58.03 
	-32.26 
	1.07
	1.00
	1.03
	★★
	

	U 4-11
	58.07 
	-32.24 
	0.99
	0.99
	0.99
	★★★
	

	U 4-13
	58.10 
	-32.13 
	0.88
	1.09
	0.99
	★★★
	

	U 4-14
	58.13 
	-32.10 
	1.12
	0.89
	1.00
	★★★
	

	Note: The relevant spreading rates at this location corresponds to the theoretical value derived from the finite rotation of magnetic stripe, rather than the empirically measured value obtained from data interpretation which incorporates asymmetric components.


a. Data for the Mid-Atlantic Ridge were downloaded from NCEI (National Centers for Environmental Information) of NOAA, while data for the Southwest Indian Ridge were primarily collected by Chinese investigators. Remaining data are from Ref.2 (though most were also downloaded from NCEI).
b. Data quality is represented by the number of stars: 3 stars indicate good quality, 2 stars indicate average quality, and 1 star indicates poor quality preventing the use of these data for this study.


c. ‘--’ means that the corresponding spreading rates were not calculated.
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Table S2.
Analysis of Earth's rotational parameters, including precession, spin rate, and its orbital elements such as eccentricity, inclination, and longitude of the ascending node, in relation to the orbital trajectories and gravitational influences of the Sun, Moon, and Jupiter3.
	Parameters 
to Earth
Heavenly 
Body (mass)
	Min. distance to Earth
	Max. distance to Earth
	Milankovitch period
(kyr)
	Gravity (mGal)
	Notes

	
	Distance
(min.-max.)
(m×106)
	Gravity
(min.-max.)
(mGal)
	Distance
(min.-max.)
(m×106)
	Gravity
(min.-max.)
(mGal)
	
	Difference (dg)
	Modulation
(rough estimated)
	1 mGal =1 m/s-2×10-5

	Earth (Radius)
(5.965e+24 kg)
	6.378
	984600
	6.356
	978000
	--
	6600
	--
	Variations in Earth's rotation may influence magmatic processes, eruption, crustal structure and seafloor topography.

	Moon
(7.196e+22 kg)
	364.4
(356.4 – 370.4)
	3.615
(3.779 – 3.498)
	406.7
	2.901
	23
	0.713
	0.597~0.878
	Solid tidal oscillations caused by Moon are observed4, but change with high frequency.

	[bookmark: _Hlk212405559]Jupiter
(1.897e+027 kg)
	588000
(586000 - 591000)
	0.03659
(0.03684 - 0.03622)
	968000
	0.01350
	400
	0.02309
	0.0227~
0.0233
	[bookmark: OLE_LINK70][bookmark: _Hlk207739994]Though Jupiter's tidal forcing on Earth is only a few percent of the Moon's, its tidal periods are dozens of times longer than those of the Moon. Thus, the momentum difference they generate in geological processes could be comparable, sufficient to at least modulate Earth's orbital motion.

	Venus
(4.870e+24 kg)
	38000
(37900 - 38100)
	0.02249
(0.02261 - 0.02238)
	261000
	0.0004768
	100
	0.02202
	0.0219~
0.0221
	

	Sun
(1.989e+30 kg)
	147100
(140500 - 149500)
	613.1
(671.9 - 593.4)
	152100
(149600 - 158900)
	573.5
(592.5 - 525.2)
	400, 100
	39.6
	0.9~146.7
	The Sun exerts the strongest gravity on Earth except its own; periodic changes in Earth's axial tilt and orbital plane influence thermal radiation distribution and gravitational effects respectively.

	Io is located only 420,000 km from Jupiter, a distance comparable to that between Earth and the Moon. Jupiter's mass being three orders of magnitude greater than Earth's, Io experiences a gravitational pull exceeding 70,000 mGal with fluctuations of more than 1,000 mGal.
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