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Main Text

The Emperor-Hawaiian volcanic chain consists of ~130 volcanoes and stretches for more than 6000 km across the Pacific plate. It played a key role in supporting the theory of plate tectonics and the plume hypothesis that suggested the Hawaiian-Emperor chains formed by a moving Pacific plate coupled with a stationary mantle plume [1,2]. The famous bend between the Emperor and the Hawaiian chains has been attributed to a major change in the drifting direction of the Pacific plate [1][2][3][4]. This has been challenged by paleomagnetic results, however, which suggest that the Detroit seamount (76-82 Myr) erupted at a paleolatitude of ~36°N. The surface expression of the plume then moved southward towards the current latitude (19°N) [5,6]. Consequently, it has been proposed that the Emperor Seamount trend formed by the rapid migration of the Hawaiian plume between 81 to 47.5 Myr ago, instead of changes in the direction of the Pacific plate [5], although this conclusion is by no means universally accepted [3,7]. Any explanation for the tracking of the Emperor Seamounts prior to the bend must take into account the clear correlation between distance and age revealed by dating of the volcanoes of the Hawaiian chain. One of the features of this relationship, however, is that between about 80 and 55 Myr, the linear relationship breaks down (Figure 1e) with offsets from the linear trend of as much as 300 km relative to the stationary Louisville seamount chain [8]. The offset has previously been explained by a combination of hotspot and plate motion changes driven by plate/mantle reorganization [8]. Others have proposed that the misfit between different reconstructions related to the Hawaiian-Emperor chains was due to intraplate deformation [9], whereas the paleomagnetic data were partially due to true polar wander [4].

Here we show that the volcanic migration rate of the Emperor seamounts calculated from ages [3] and distance between corresponding seamounts differ from the drifting rate of the Pacific plate obtained through plate reconstruction based on magnetic anomalies using GPlates [10] (Figure 1). This discrepancy seems to require first a northward (Detroit to Suiko) and then a southward (Suiko to Koko) movement of the Hawaiian plume. When these movements are viewed in the context of the changes in the volume of the Emperor Seamount chain with time, and the variations in the geochemistry of the erupted volcanic rocks, they suggest that interaction of the plume with the spreading center that were in the north Pacific at that time may be the cause of the age-distance disparities (Figure 1a-e).

High precision ages together with relative distances for volcanoes of the Emperor Seamount chain can be used to calculate the changes in migration rate between ~ 76 to 50 Myr ago [3]. Based on isotopic dating results [3], the fast migration of the volcanos from Suiko to Nintoku (8.9 ± 1.4 cm/year) and then to Koko (17 ± 5.4 cm/year) occurred between 60.9 ± 0.3 and 52.6 ± 0.8 Myr. In contrast, according to plate reconstruction, the Pacific plate drifted slowly (~ 2.9 to 5.4 cm/year) during this period. This misfit requires rapid southward migration of the surface expression of the hot spot by 670 ± 280 km. In contrast, at older times the migration rate of the Hawaiian plume based on volcano ages is smaller than the drifting rate of the Pacific plate between ~76 and 60.9 Myr, obtained using the same methods, which requires northward migration of the plume by 610 ± 230 km, consistent with the distance of the southward migration within error (Figure 1d).

During these time periods, the volume of the Emperor Seamount chain also changed progressively. This is readily apparent from the map view of the seamount chain (Figure 1c), but surface volumes are quantified in Figure 1a. The volumes are the greatest for the oldest parts of the seamount chain, Detroit and Meiji seamounts. They decrease and then stabilize at about half the maximum volume, until they decrease to low values between Nintoku and Ojin (See the map in Fig. 1c).

These observations then suggest an explanation for the time-distance relationships of the Emperor seamounts that were influenced by plume-ridge interaction. Interactions between spreading ridges and mantle plumes are common in the Earth's history [11][12][13][14][15][16] and have previously been proposed as an explanation for the Hawaii-Emperor bend (7). As shown by numerical modeling (Figure 2 and Supplementary Information), as a spreading ridge moves, the interacting mantle plume may be deflected/carried along for millions of years through entrainment of plume flow by the ridge [17][18][19][20]. The interaction may also change the migration rate of the ridge [11], e.g., leading to ridge jump towards the plume, forming asymmetric sea-floor spreading [21,22]. Jellinek et al point out that plume is attracted towards an approaching ridge and eventually captured by it, leading to a surface manifestation of volcanism that is offset relative to the deep plume stem [23].

Our numerical modeling suggests that as the moving ridge approaches the plume, the plume is attracted towards the ridge, leading to an apparent offset in the plume position (Figure 2). Deeply rooted plume magmas can then be preferentially channeled to and erupted at the ridge-axis with increased melt production. As the ridge subsequently moves away from the plume, the plume is no longer deflected and volcanism moves rapidly back to be positioned over the deeply rooted plume stem (Figure 2).

Schilling identified this tendency long ago by adopting the term "plume source-ridge sink", when he showed that plumes far off-axis could be focusing some of their material to ridges several hundred kilometer distant [24]. Jellinek et al point out that faster spreading ridges can be particularly effective in entraining plume flow [23]. Previous numerical modeling consistently suggests that the plume may be offset by several hundred kilometers [20]. Wessel and Kroenke discussed the potential effects of plume-ridge interaction in the Emperor chain to explain the relative motion of Hawaii and Louisville plumes. They, however, thought "it remains a speculative scenario that is difficult to test" [4]. Our modeling clearly indicates that plume-ridge interaction may plausibly explain the offsets obtained by comparing the migration of the Emperor seamounts and the drifting of the Pacific plate.

These various considerations of volume, geochemistry, observations of plume capture by spreading centers elsewhere and theoretical models raise the possibility that plume-ridge interaction influenced the ancient plume that formed the Emperor Seamounts. At the time of formation of the oldest part of the chain, the Hawaiian plume first encountered the approaching ridge, leading to a slight southward movement of the shallow part of the plume to feed the ridge. This led to increases in volume and a depleted chemical signature of basalts as the ridge approached the plume. As the ridge moved northwards away from the plume, plume flow remained entrained by the ridge, distorting the age-distance relationships. Once the ridge was far enough away, plume flow would become vertical once again, causing a rapid migration of surface volcanism. The rapid migration would lead to low volumes at the surface until the surface volcanism was once again stably aligned over the deep plume center. This would account for the low volumes of the Emperor chain, apparent in the map and volume data, between Nintoku and Ojin seamounts (Figure 1 a-c).

The geochemical signatures of basalts from the Emperor Seamount chain also change systematically with time from depleted (similar to mid-ocean ridge basalt, MORB like) to enriched (ocean island basalt, OIB, affinities) [25,26], with significant correlations between ages (or distance) and isotope and element ratios (Figure 3). For example, the average 87 Sr/ 86 Sr increases from a MORB value of 0.70275 in Detroit volcanic rocks up to an OIB value of 0.70357 in Mauna Kea basalts (Figure 3a). The change in average Nd isotope composition is less striking. It drops from 143 Nd/ 144 Nd = 0.51312 (in the range of MORB values) to 143 Nd/ 144 Nd = 0.513029 in Ojin basalts (similar to those of Mauna Kea) (Figure 3b). The average 3 He/ 4 He ratio increases with decreasing ages, from 10.6 ± 1.95 (close to MORB values) in Detroit volcano to typical OIB values of 21.35 ± 1.90 in Koko samples (Figure 3c) [26]. Trace element ratios sensitive to MORB and OIB components also correlate with age. The average La/Yb ratios increase from MORB values of 0.96 ± 0.01 in Detroit volcano to typical OIB values of 13.75 ± 9.16 in Koko samples (Figure 3d). The average Zr/Y ratios increase from 2.49 ± 0.03 in Detroit to 9.66 ± 2.61 in Koko (Figure 3e). These geochemical characteristics can be plausibly explained by mixing of enriched and depleted components (Supplementary Figure S6 and Dataset S2).

The MORB affinities of the Emperor volcanos increased from Meiji at ~ 85 Myr and peaked at Detroit at 76-82 Myr and then declined continuously (Figure 3). The MORB affinities of the Meiji basalt suggest the commencement of the ridge-plume interaction with southward migration at ~85 Myr, which may also have been responsible for the gap between Bowers and Shirshov Ridges. In addition, the Meiji and Detroit seamounts are similar to oceanic plateaus in size, much larger than other Emperor Seamounts. There is also a relationship between the estimated volumes of the individual Emperor Seamounts and the proportions of depleted components in the sampled basalts (Figure 3f). Plume magmas form through decompression partial melting of hot mantle materials. The thickness of oceanic lithosphere decreases towards the spreading ridge. When a plume is beneath the ridge, the upwelling distance of plume materials is considerably increased, and the plume is diluted by normal asthenospheric mantle, as well as undergoing larger degrees of partial melting.

Consequently, in addition to enriched components (OIB affinities), depleted (MORB-like) components that are refractory under normal oceanic lithosphere, are also melted [25].

Viewed from this perspective, both the volume and geochemical data suggest that the ancient Hawaiian plume was interacting with a spreading center. At ~85 Myr, the plume was attracted southward to a spreading center (to 19° N, Supplementary Figure S7), leading to large eruptive volumes and more depleted compositions. This is consistent with plate reconstructions using GPlates and previous results [4,11,[START_REF] Steinberger | Plate-tectonic reconstructions predict part of the hawaiian hotspot track to be preserved in the bering sea[END_REF], which suggest that the Hawaiian plume was near the northern Pacific spreading centers at ~85 Myr.

The Detroit volcano has ages ranging from 82-76 Myr, with large fluctuations in paleolatitude (~26-40°N) [5]. This cannot be explained by migration of the plume, because Meiji is right next to Detroit. Note, Meiji was erupted at ~19°N 82-85 Myr ago, the same as current Hawaii (Supplementary Figure S7) [START_REF] Marshall | The magnetic properties of some dsdp basalts from the north pacific and inferences for pacific plate tectonics[END_REF], which is consistent with the stationary mantle plume model [2].

Our results show that the upper part of the Hawaiian plume was carried northward between Detroit and Suiko, with an offset of ~ 600 km (Figure 1d and2). This can plausibly explain the paleolatitudes of Detroit within error. In addition, there might be a true polar wander during this period [4].

In this case Meiji seamounts were erupted when the plume was drawn southward into the ridge. The southward movement of the plume may have started at the Bowers Ridges in the Bering Sea [START_REF] Steinberger | Plate-tectonic reconstructions predict part of the hawaiian hotspot track to be preserved in the bering sea[END_REF], which explains the gap between the Bowers and the Shirshov Ridges. As the spreading ridge moved to the north, plume volcanism was shifted towards it, forming Detroit, Suiko etc. As the ridge moved further, it lost contact with the Hawaiian plume, leading to the exceptionally rapid southern migration as plume magmatism returned to the top of the plume stem (Figure 4). Ridge-plume interaction at Detroit has long been identified by geochemists [25]. Previous studies have proposed that the Hawaiian plume may have been captured by a moving ridge [6].

However, the authors then argued that the plume was further carried by sub-Pacific mantle flow [6], and that "the Hawaiian-Emperor chain bend morphology was caused by hotspot motion, not plate motion" [START_REF] Bono | Hotspot motion caused the hawaiian-emperor bend and llsvps are not fixed[END_REF]. The plume-mantle interaction model was taken as "a speculative scenario that is difficult to test" [4].

Such ridge-plume interactions are supported by plate reconstructions. The spreading ridge between the Izanagi and the Pacific plates moved northward at least since 125 Ma and passed over the Hawaiian plume. Plate reconstruction shows that the Hawaiian plume may have started to interact with the Pacific-Izanagi spreading ridge at ~ 90 Myr ago [11]. Our results suggest that the stem of the Hawaiian plume likely had a stable location from 47.5 to 85 Myr. The discrepancies with the linear age-distance trends were caused by the interaction of the plume with the spreading ridge during this period. This would resolve the problem of very fast migration rates, and the discrepancies between the Hawaiian and Louisville hot spot tracks, and account for the marked changes in eruption volumes and chemical compositions during this time period. Emperor seamounts. Note there is no seamount between Nintoku and Ojin. Base map is from NOAA (https://www.ngdc.noaa.gov/). d, The northward migration rate of the Emperor seamounts based on high precision ages [3] and the northward migration rate of the Pacific plate calculated from plate reconstruction using GPlates [10] (averaged between seamounts). The different migration rates suggest that the Hawaiian plume moved northward relative to the mantle framework before ~ 61 Myr (Suiko), and then changed to southward absolute motions. e, Age-distance diagram modified after reference [8], showing two major offsets, which corresponds to a northward migration near Detroit seamount and a rapid southward migration between Nintoku and Ojin. All these support plume-ride interaction: the plume was captured by a northward migrating ridge and migrated northward; it then migrated southward rapidly once the ridge lost control on the plume. Note:The 40 Ar/ 39 Ar age is measured using step heating technique.

Numerical modeling

Plume-ridge interaction numerical modeling is conducted using the code StagYY (11). This code employs a finite-volume multigrid method to solve for inertia-free flow in a fluid with variable viscosity.

The model domain is a rectangular box 400 km deep (the z-direction), 2400 km long (the x-direction), and 800 km wide (the y-direction). It is divided into 288 × 96 × 48 elementary volumes with horizontal dimensions dx = dy = 8.33 km and variable vertical dimension (the grid is refined near the top of the box).
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 2 Figure 2. Typical evolution of plume-ridge interaction predicted by the numerical model. The plume has radius a = 55 km and excess temperature ∆T = 250 K, and the half-spreading rate and migration rate of the ridge are U = Um = 3.2 cm/yr. The mantle plume is attracted towards the ridge at a distance of ~ 580 kilometers, and then carried by the moving ridge. The melting is intensified dramatically during this process. The ridge lost control on the plume when it is ~ 620 kilometers away from the original position of the plume stem. Please refer to the Supplementary materials for more detailed information.
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 3 Figure 3. Changes of the geochemical characteristics of basalts from the Hawaiian-Emperor chain with age. a. 87 Sr/ 86 Sr; b. 143 Nd/ 144 Nd; c. 3 He/ 4 He; d. La/Yb; e. Zr/Y. f. The volumes of the Emperor Seamounts are positively correlated with proportions of MORB components. The volumes of Meiji and Detroit are very large, comparable to oceanic plateaus with large proportions of MORB components, supporting plume-ridge interactions. The declining MORB components southward may best be explained by the southward migration of the Hawaiian plume and increasing age (and thus thickness) of the oceanic crust. Data are listed in the Supplementary materials.
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 4 Figure 4. a-f. Cartoon showing ridge-plume interactions when the northward migrating spreading ridge passed the originally stationary Hawaiian mantle plume. a. The Hawaiian plume was originally located to the north of the spreading ridge between Pacific and Izanagi plates. b. Plume is attracted southward, intensified with increasing proportion of MORB component as the spreading ridge approaches (Meiji), because of decreasing thickness of the overriding plate. c, d.Plume is channeled to the ridge, and is further intensified, with more MORB component as the ridge moves further north, carrying the plume with it. Meanwhile migration of the ridge is probably slowed down due to plume-ridge interaction. e. As the ridge moves further to the north, it lost
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Volume calculation

The volumes of the Emperor seamounts have been calculated in two different ways using ArcGIS: First, along track volume of every 0.5 degrees; Second, volumes of individual seamounts.

ArcGIS is a GIS (Geographic Information System) software, developed by ESRI (Environmental Systems Research Institute, US). It has powerful spatial analysis ability.

We use the 3D Analyst module in Arc Toolbox to calculate volume based on bathymetry data. Bathymetry data, a 15 arc-second grid, is from the General Bathymetric Chart of the Oceans, GEBCO (https://www.gebco.net/), which is the latest global bathymetric product. First, we define the projected coordinate system of the bathymetric data as
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Robinson. Then, each slice or seamount is clipped out from the projected bathymetry data using Raster Processing module in Arc Toolbox. Each slice or seamount chooses an altitude as the reference plane based on the height variations of seabed around the slice or seamount, and the volume above the plane is calculated. For the along track volume calculation, the seamount chain was first sliced every 0.5 degrees (Figure S2).

The volume of each slice has been calculated, and the result is listed in Table S1. The Hawaiian-Emperor seamounts are either as isolated or as clustered volcanic shields. We divided the chain into individual seamounts based upon the change of the seamount elevation and the relationship with adjacent seamounts (Figure S3). The volume has been calculated for each seamount. In this study, we mainly focus on the volume of eight seamounts, namely Meiji, Detroit, Suiko, Ojin, Koko, Kimmei, Yuryaku and Daikakuji, the calculated results are summarized in Table S2. 
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Table S1 Along Emperor track volumes from Meiji for every 0.5 degrees where D/Dt is the convective time derivative that follows the motion of a material particle. The units of Γ are s -1 , or m 3 of melt per m 3 of source material per second.
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Finally, the total rate of melt production beneath a point (x, y) at the surface z = 0 is

where d = 400 km. The 'max' in the integrand means that q accounts only for melting (Γ > 0), and does not include any negative contributions due to freezing (Γ < 0). This is because melt is assumed to be extracted before it refreezes. The quantity q(x, y) is equal to the flux of melt at (x, y) only if all melt is extracted vertically, which is not in general the case. However, the spatial resolution of our large-scale numerical models is not adequate for calculating reliable melt trajectories. We therefore use q as a measure of the amount of melt produced beneath a given point.

To define a reference plume-ridge interaction model we use a number of geophysical constraints. First, the rates of northward drift of the Pacific and Izanagi plates at the time of interaction of the ridge with the plume were ≈ 10 cm/yr and 20 cm/yr, respectively (13). Those values imply U = 5 cm/yr and Um = 15 cm/yr. Second, the duration of eruption of the ridge-influenced seamounts Detroit and Meiji was ≈ 9 Ma

(1-4). Third, the length of the Meiji volcanic edifice along the ridge was ≈ 300 km.

Finally, the total volume of Detroit and Meiji before erosion was ≈ 6.5 × 10 5 km 3 .

To satisfy the constraint on the volume of Detroit and Meiji, we adjusted the strength of the plume by varying its radius a while the excess temperature T = 225 K was held fixed. The volumetric melt flux to the ridge at each time step was calculated by collecting the melt formed within 50 km to either side of the ridge and over an alongstrike distance of 300 km. The total volume of erupted melt was then calculated by
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integrating the volumetric flux with respect to time over 9 Ma starting when plumeridge interaction was just beginning (between the times of Figure S4a andS4b). The iterative process just described yields a = 62 km for a total melt volume 6.7 × 10 5 km 3 .

The buoyancy flux of the plume varies by about 33% as the ridge moves over it, but the maximum value is 1500 kg/s. This can be compared with the estimate of ≈ 2800 kg/s for the present-day Hawaiian plume (14).

It is also possible to estimate how much of the total melt flux q is derived from the plume source as opposed to the MORB source. To do this, we assumed that melting occurring at a temperature T > 1.01T0 1616 K involves the plume source, whereas melting at lower temperatures involves the MORB source. We then used (Ⅶ) to calculate separately the flux q1 from the plume source and the flux q2 from the MORB source. 

Two-component mixing

The two-component mixing model is widely used in geochemistry. The mixing can be described using the following Equation: