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Abstract 16 

Oceanic Large Igneous Provinces (LIPs) usually have abnormally thickened 17 

oceanic crusts and complex magma plumbing systems. Investigating the magma 18 

plumbing systems of LIPs is crucial for understanding the dynamic evolution of our 19 

Earth. The submarine Shatsky Rise oceanic plateau is the third largest oceanic plateau 20 

on Earth and reaches a maximum crustal thickness of 30 km at Tamu Massif, the oldest 21 

and largest volcanic edifice at the southwest of Shatsky Rise. Here, we present major-22 
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trace elements of clinopyroxene (Cpx) and plagioclase (Pl) from Site 1213 of Ocean 23 

Drilling Program (ODP) Leg 198 at Tamu Massif. Based on the mineral chemistry and 24 

P-T calculations, we identified two types of Cpx and two groups of Pl. Type 1 Cpxs 25 

have higher Al2O3 (~3 wt.%), CaO (17~19 wt.%) and Na2O (0.3~0.4 wt.%), and 26 

crystallized at greater depth and prior to the onset of plagioclase crystallization, whereas 27 

Type 2 Cpxs have relatively lower Al2O3 (~1.5 wt.%), CaO (14~16 wt.%) and Na2O 28 

(0.2~0.3 wt.%), and crystallized at shallower depth and after significant plagioclases 29 

crystallization. The Pls can also be divided into two groups: Group 1 are the core of 30 

phenocrysts with high crystallization pressure (727 to 733 MPa) and An values (~85), 31 

whereas Group 2 are the rim of phenocrysts and groundmass with low crystallization 32 

pressure (< 204 MPa) and An values (< 75). Based on our new results, we propose a 33 

two-stage petrologic model to reveal the magmatic evolution at Tamu Massif. Stage 1 34 

occurs at the Environment A, located within the lower crust (~ 25 km depth) with high 35 

crystal crystallization temperature (> 1220 ℃) and Stage 2 occurs at the Environment 36 

B, located within the shallow crust (~ 7 km depth) with low crystal crystallization 37 

temperature (~ 1140 ℃). Our MELTS modeling suggests the crystallization sequence 38 

is Ol-Cpx-Pl at Tamu Massif and Pl gradually replaced Cpx as the dominant 39 

fractionating phase at Environment B. The final transport time from Environment B to 40 

eruption on the seafloor is usually within a few days (6.27–93.9 hours), which is 41 

indistinguishable from the ascent rates of fast spreading ridge systems, but slower than 42 

those of volatile-rich magmas in explosive arc volcanos and kimberlites. This study 43 

improves our understanding of the formation and evolution of oceanic plateaus around 44 
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the world. 45 

 46 

Key words: Shatsky Rise; MELTS modeling; Thermobarometer; Magma plumbing 47 

system; Diffusion chronometry 48 

 49 

1. Introduction 50 

As exceptional intraplate igneous events throughout the Earth’s history, Large 51 

Igneous Provinces (LIPs) are characterized by huge volumes of magma intruded and 52 

erupted within a short period (Bryan and Ernst, 2008; Coffin and Eldholm, 1994). They 53 

have played a significant role in the ore deposit genesis and hydrocarbon resource 54 

formation (Bergman et al., 2021; Ernst and Jowitt, 2013; Nixon et al., 2022; Zhang et 55 

al., 2008), global environmental changes and mass extinction (Courtillot and Renne, 56 

2003; Ernst et al., 2021; Jiang et al., 2023; Wignall, 2001), and dynamic evolution of 57 

the Earth (Black et al., 2021; Campbell, 2005; Coffin and Eldholm, 1992; Peace et al., 58 

2020). Therefore, LIPs have attracted great attention from geologists, geophysicists and 59 

paleontologists. The earliest studied LIPs were in the continental areas known as the 60 

continental flood basalts (CFBs) (e.g., the Permian-Triassic Siberian Traps, Russia) and 61 

were widely thought to be formed by massive eruptions due to an upwelling mantle 62 

plume head (Carlson et al., 1981; Hooper, 1990; Richards et al., 1989). With the similar 63 

formation mechanism as the continental flood basalts, oceanic plateaus, submarine 64 

ridges, seamount groups and ocean basin flood basalts constitute the essential types of 65 

large igneous provinces in the ocean, representing an immense transfer of magma from 66 
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mantle to crust (Bryan and Ernst, 2008; Coffin and Eldholm, 1992; Coffin and Eldholm, 67 

1994; Neal et al., 2019).  68 

Recent research has shown that oceanic LIPs with abnormally thickened oceanic 69 

crusts usually have complex magma plumbing systems. For example, oceanic LIPs 70 

usually have multi-level storage and complex crystallization conditions, e.g., Hawaii 71 

(Tucker et al., 2019), Ontong Java (Kinman and Neal, 2006), Iceland (Neave and 72 

Putirka, 2017; Neave et al., 2013; Winpenny and Maclennan, 2011), and Azores 73 

(Métrich et al., 2014). Interestingly, basalts from oceanic LIPs are often geochemically 74 

similar to mid-ocean ridge basalts (MORB), based on the published major, trace 75 

elements and Sr-Nd-Pb-Hf isotopes of whole-rock and fresh glass samples (Chen et al., 76 

2021; Heydolph et al., 2014; Sano et al., 2012). However, erupted liquids only provide 77 

a snapshot of the magmatic system's final state. In contrast, minerals that crystallize in 78 

the deep magma chamber provide valuable insights into the processes and conditions 79 

of transcrustal magma transport, storage and differentiation (Molendijk et al., 2022; 80 

Petrone et al., 2022; Ubide et al., 2021; van Gerve et al., 2020). 81 

Clinopyroxene (Cpx) and plagioclase (Pl) phenocrysts are common in the oceanic 82 

plateau basalts, providing important tools to study the magmatic processes in the deep 83 

magma chamber (Hellevang and Pedersen, 2008; Holness et al., 2007; Lange et al., 84 

2013; Li et al., 2020; Molendijk et al., 2022; Wei et al., 2022; Winpenny and Maclennan, 85 

2011). For example, the compositional zoning of Cpx and Pl can record their 86 

crystallization and storage conditions at the scale of entire magma plumbing systems 87 

(Bennett et al., 2019; Petrone et al., 2022; Shcherbakov et al., 2011; Tapu et al., 2023; 88 

https://scholar.google.fr/scholar_url?url=https://www.lyellcollection.org/doi/abs/10.1144/GSL.SP.1989.042.01.14&hl=en&sa=X&ei=7-tdZMMdi4aaAdfcmxg&scisig=AGlGAw8xSassGrflv4SrS6qMHzfm&oi=scholarr
https://scholar.google.fr/scholar_url?url=https://www.lyellcollection.org/doi/abs/10.1144/GSL.SP.1989.042.01.14&hl=en&sa=X&ei=7-tdZMMdi4aaAdfcmxg&scisig=AGlGAw8xSassGrflv4SrS6qMHzfm&oi=scholarr
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van Gerve et al., 2020; Wei et al., 2022). During their long-crystallized history, the 89 

composition of the Pl (such as trace element trends) can be affected by the co-90 

crystallization of Cpx. Furthermore, insights into the timescales of magmatic processes 91 

can be derived by measuring the compositional profiles (Costa et al., 2020; Druitt et al., 92 

2012; Mutch et al., 2019). According to the complex plumbing systems of LIPs (Buchan 93 

and Ernst, 2021; Ernst et al., 2019; Mittal et al., 2021), the combination of 94 

clinopyroxene-based and plagioclase-based studies may shed new lights on the magma 95 

plumbing systems in LIPs. 96 

The submarine Shatsky Rise oceanic plateau, located ~1500 km east of Japan in 97 

the northwest Pacific Ocean (Fig. 1), is the third largest oceanic plateau on Earth 98 

covering an area of ~4.8×105 km2 (Sager et al., 1999). From southwest to northeast, 99 

Shatsky Rise comprises three main volcanic edifices: Tamu, Ori and Shirshov Massifs. 100 

Tamu Massif is the oldest and largest edifice and reaches a maximum crustal thickness 101 

of 30 km that is 2-4 times thicker than those of the world ocean abyssal basins (~ 7 km) 102 

(Korenaga and Sager, 2012; Sager et al., 2013; White et al., 1992; Zhang et al., 2016), 103 

implying extensive magma supply from the mantle. To explain this issue, hotspot–ridge 104 

interaction was commonly assumed (Li et al., 2016; Zhang and Chen, 2017; Zhang et 105 

al., 2023). However, details of magmatic evolution and timescales of magmatic 106 

processes still remain unclear (Huang et al., 2018; Sager et al., 2016; van Gerve et al., 107 

2020). 108 

In this study, we focused on Site 1213 by Ocean Drilling Program (ODP) Leg 198, 109 

which is located at Tamu Massif, the southwest end of the Shatsky Rise. To investigate 110 
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the magma plumbing system and track timescales of magmatic processes here, we 111 

present an integrated study of petrography, mineral chemistry, MELTS modeling and 112 

diffusion chronometry. We aim to constrain Cpx and Pl crystallization conditions, as 113 

well as magma residence and ascent timescales at Tamu Massif to understand the 114 

processes and conditions of magma transport, storage and differentiation in oceanic 115 

plateaus. 116 

 117 

2. Geological setting and samples 118 

Volcanic eruptions of Shatsky Rise oceanic plateau started 147 Ma (polarity chron 119 

M20) at Tamu Massif and continued to 139 Ma (M13) with successive emplacement of 120 

the Ori and Shirshov Massifs (Nakanishi et al., 1999). Unlike mid-Cretaceous plateaus 121 

(e.g., Ontong Java–Manihiki–Hikurangi and Kerguelen), Shatsky Rise was formed at 122 

the Jurassic-Cretaceous boundary, when magnetic reversals were occurring (Nakanishi 123 

et al., 1999; Nakanishi et al., 2015; Sager et al., 1988). The elongated shape and 124 

magnetic lineations of Shatsky Rise suggest that melting was controlled by spreading-125 

ridge tectonics (Sager et al., 2019). The oldest and largest Tamu Massif (~144.6 Ma, 126 

2.5×106 km3) was followed by younger and smaller Ori (~138 Ma, 0.7×106 km3) and 127 

Shirshov Massifs (~137Ma, 0.5× 106 km3) (Mahoney et al., 2005; Nakanishi et al., 128 

2015). This temporal succession is in line with a plume model for the generation of 129 

Shatsky Rise, in which Tamu Massif marks the arrival of the plume head and the 130 

decreased magma production in the younger massifs represents the transition to the 131 

plume tail (Sager et al., 1999; van Gerve et al., 2020; Zhang et al., 2023). 132 
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Ocean Drilling Program Leg 198, which sailed in 2001, was the first expedition to 133 

penetrate into igneous basement of Shatsky Rise at Site 1213 on the southwest flank of 134 

Tamu Massif (Fig. 1). Drilling extracted 46.6 m of basaltic rock at a high recovery of 135 

72.3% (Bralower et al., 2002) and our samples are from the igneous basement unit (IV) 136 

of Site 1213 (Fig. 2). In thin sections, Tamu Massif volcanic samples at Site 1213 are 137 

featured by relatively high crystallinity, exhibiting a porphyritic texture with 138 

phenocrysts of mainly clinopyroxene (30%-35%) and plagioclase (55%-60%) (Fig. 3). 139 

Clinopyroxene phenocrysts range from small euhedral crystals to somewhat larger 140 

grains (0.5–1 mm) and clinopyroxene in this study shows no obvious sector zoning (Fig. 141 

3a). Lots of fine clinopyroxene groundmass (< 0.2 mm) show anhedral shapes filling 142 

the gap of the plagioclases. Plagioclase phenocrysts occur as intact needle-like (0.5–1 143 

mm) and relatively large (>3 mm) crystals (Figs. 3b and 3c). Some of the large grains 144 

have external overgrowths with rims of normal zoning and plagioclase groundmass are 145 

prismatic and generally 0.5 mm or shorter in length. The thin sections show 146 

typical poikilitic texture with small clinopyroxene crystals enclosed within large 147 

plagioclase crystals (Fig. 3d) and needle-like plagioclase enclosed within 148 

clinopyroxene phenocrysts (Figs. 3e and 3f). Skeletal and dendritic titanomagnetite (< 149 

2 %) also exists in some samples. Note that we do not observe olivine in any of the thin 150 

sections at Site 1213 because they are completely replaced by dull greenish brown clays. 151 

 152 

3. Analytical methods 153 

After careful examination under a microscope, twenty plagioclase crystals from 154 
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twelve different core sections and thirty clinopyroxene crystals from twelve different 155 

core sections were selected for major and trace element analyses at Site 1213 (Fig. 2). 156 

Table S1 and S2 list the detailed information of the investigated samples. 157 

3.1 Mineral major element chemistry: EPMA 158 

Chemical compositions of plagioclase and clinopyroxene phenocrysts were 159 

measured on polished thin sections by a four-spectrometer Jeol JXA 8100 electron 160 

probe microanalyzer (EPMA) in the Key Laboratory of Submarine Geoscience, State 161 

Oceanic Administration, Second Institute of Oceanography (Hangzhou, China). Back-162 

scattered electron images were utilized to check the homogeneity of the phenocrysts 163 

and the crystal zoning. We used an accelerating potential of 15 kV, a beam current of 164 

20 nA and a spot size of 5 um in most analyses, whereas small minerals were analyzed 165 

using a 1~3 um spot. Jadeite (Si and Na), olivine (Mg), almandine garnet (Fe and Al), 166 

diopside (Ca), sanidine (K), rutile (Ti), and rhodonite (Mn) were used for calibration 167 

standards. Element peaks and backgrounds were measured for all elements with 168 

counting times of 10 s and 5 s, respectively (except for Fe, Mn, that were 30 s and 15 s, 169 

respectively). Each sample was analyzed 10 times in different locations, with the mean 170 

compositions being reported in Table S1. The precision (1σ) is <3% for Si, Al, Fe, Mg, 171 

and Ca, 15% for Ti, Na, and K. 172 

3.2 Mineral trace element chemistry: LA-ICP-MS 173 

Trace element analyses of clinopyroxenes were conducted at the laser ablation-174 

induced coupled plasma-mass spectrometry (LA-ICP-MS) laboratory in the School of 175 

Earth Science, Zhejiang University, China. The analytical instrument includes an iCAP-176 
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RQ single-collector quadrupole ICP-MS (Thermo Fisher Scientific, Waltham, USA) 177 

coupled to an Analyte G2 ArF excimer laser ablation (LA) system equipped with HelEx 178 

2 volume sample chamber (Teledyne Cetac Technologies, Omaha, USA). The spot size 179 

and frequency of the laser were set to 60 μm and 5 Hz respectively, and we did not 180 

analyze the mineral zones. The fluence of the laser analyse was 18 J/cm2. Each analysis 181 

incorporated a background acquisition of approximately 20–30 s followed by 50 s of 182 

data acquisition from the sample. Two geochemically distinct reference glasses (BCR-183 

2G, BHVO-2G) were used to cover the possible geochemical spectrum. Every 8 sample 184 

analyses were followed by two analyses of NIST SRM 610 to correct the time-185 

dependent drift of sensitivity and mass discrimination. We employed a multi-external-186 

standard without internal-standard approach, processing our data using the 187 

ICPMSDataCal software (Liu et al., 2008). The software was used to perform off-line 188 

selection and integration of background and analytic signals, as well as time-drift 189 

correction and quantitative calibration for trace element analysis. Relative standard 190 

deviations (% RSD) of LA-ICP-MS analyses are less than 10% for all trace elements. 191 

The trace elements of clinopyroxenes and plagioclases are presented in Table S2. The 192 

trace element values of standard samples during the mineral analyzing process are also 193 

presented in Table S2. 194 

 195 

4. Results 196 

4.1 Zoning texture of clinopyroxene and plagioclase 197 

Inferred from backscatter electron images and compositional characteristics, only 198 
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a few clinopyroxenes at Site 1213 display normal zoning. However, the results of 199 

electron probe analysis demonstrate that their geochemical compositions vary from the 200 

core to the rim. The clinopyroxene phenocryst shows the highest CaO (up to 20.10 201 

wt.%), Mg# (> 80) contents in the core, and the values of CaO and Mg# gradually 202 

decrease from the core to the rim (CaO = 11.25 wt.%; Mg# = 62) (Fig. 4). 203 

Clinopyroxenes show no obvious sector zoning. Numerous plagioclase phenocrysts are 204 

optically zoned (Figs. 3 and 4). As shown in Figs.4f and 4g, the Ca-rich plagioclase 205 

phenocryst has the highest Al2O3 (up to 33.94 wt.%), An (up to 87.5) contents in the 206 

core, but the lowest Al2O3 (~30.08 wt.%), An (~71) in the rim. The details about the 207 

normal zoning texture of clinopyroxene and plagioclase can be found in Table S1. 208 

 209 

4.2 Major and trace element compositions of clinopyroxene 210 

Clinopyroxene is one of the major phases in our samples. The major- and trace-211 

element compositions of clinopyroxene can be used to calculate crystal chemistry, 212 

crystallization temperature, pressure, and the composition of equilibrium melts (Neave 213 

and Putirka, 2017; Putirka, 2008; Sun and Liang, 2012). Based on the classification of 214 

pyroxene proposed by Morimoto (1988), most of pyroxenes at Site 1213 are augites 215 

with compositions of Wo23-44En36-53Fs9-31 (Wo = 100 × Ca/(Mg + Fe + Ca); En =216 

100 × Mg/(Mg + Fe + Ca); Fs = 100 × Fe/(Mg + Fe + Ca))  (Fig. 5). 217 

Clinopyroxene phenocrysts range in composition from Wo33-44En44-53Fs9-19, whereas 218 

Cpx groundmass crystals are more ferrosilitic: Wo23-40En36-49Fs17-31. Clinopyroxene 219 

compositions in this study are similar to Cpx crystals from Site U1347(Husen et al., 220 
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2013; van Gerve et al., 2020), which was another core at Tamu Massif and drilled during 221 

Expedition 324 of the Integrated Ocean Drilling Program (Sager et al., 2010). 222 

Clinopyroxene phenocrysts have higher Al2O3 (1.50-4.72 wt.%), CaO (16.43-223 

20.90 wt.%), and Mg# values ( Mg# = 100 × Mg/(Mg + Fe) , where Mg and Fe 224 

represent molar proportions and the iron in Cpx is Fe2+) (70.9–84.5) and lower Na2O 225 

(0.16–0.32 wt.%), FeOt (5.53–11.85 wt.%), and TiO2 (0.35–0.87 wt.%) contents than 226 

those of Cpx in groundmass (Al2O3 = 1.12-3.29 wt.%; CaO = 11.25-18.75 wt.%; Mg# 227 

= 53.7–71.8; Na2O = 0.15–0.36 wt.%; FeOt = 10.87–18.56 wt.%; TiO2 = 0.60-1.23 228 

wt.%; Table S1). Clinopyroxenes at Site 1213 display positive correlations between 229 

CaO, Cr, Ni and Mg# values, weak positive correlation between Al2O3 and Mg# values 230 

with lots of scatter compared to the other diagrams, negative correlations between Na2O, 231 

FeOt, TiO2, Yb, Y and Mg#, and no correlation between Sr and Mg# (Figs. 6 and S1). 232 

Note that there is no straightforward negative correlation for Na2O when Mg# > 80, 233 

because the variation in melt compositions which the Cpx crystallized from could result 234 

in Na2O heterogeneity in Cpx. Clinopyroxene phenocrysts have much higher Cr (28.8-235 

6911.0 ppm), Ni (115.3-199.3 ppm), and much lower Yb (0.74–1.78 ppm) contents than 236 

those of Cpx in groundmass (Cr = 1.2-119.5 ppm; Ni = 25.6-126.7 ppm; Yb = 1.29–237 

3.48 ppm).  238 

All Site 1213 clinopyroxenes generally exhibit the depletion of light REEs 239 

(LREEs; LaN = 0.69–5.35 ppm) and the enrichment of heavy REE (HREEs; YbN = 240 

4.37–20.49 ppm; Table S2) relative to chondrite. In the chondrite-normalized rare earth 241 

element (REE) plots, all Cpx crystals display parallel and left-inclined REE patterns 242 
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and almost identical trace element distribution patterns (Fig. 7a). Cpx in groundmass 243 

have higher REEs (LaN = 0.83–5.35 ppm; YbN = 6.67–20.49 ppm; ∑REEs = 13.30-244 

35.91 ppm) than Cpx phenocrysts (LaN = 0.69–2.63 ppm; YbN = 4.37–10.50 ppm; 245 

∑REEs = 9.54-30.49ppm), whereas there is no significant difference in LaN/YbN and 246 

SmN/YbN ratios between Cpx phenocrysts and groundmass (Fig. S1f). In the primitive 247 

mantle-normalized multielement spectra, Site 1213 clinopyroxenes exhibit significant 248 

Th enrichment and Ba, Nb, Sr, Zr and Y depletion (Fig. 7b). It should be noted that Cpx 249 

in groundmass have subtle depletion in Sr and Eu than Cpx phenocrysts (Figs. S1c and 250 

7). Following the model by Sun and Liang (2012) and assuming the temperature of 251 

1200℃ and 1140℃ for Cpx phenocrysts and groundmass, we calculate the partition 252 

coefficients (KD(Fe-Mg) Cpx-melt) between coexisting Cpx and melt and then model the 253 

REE patterns of the parental melts in equilibrium with Cpx. The grey and purple shaded 254 

areas in Fig. 7a show REE patterns for hypothetical melts in equilibrium with Cpx 255 

phenocrysts and groundmass respectively, which are similar to those of the host-rocks 256 

(the purple line in Fig. 7a). 257 

4.3 Major and trace element compositions of plagioclase 258 

Numerous plagioclase phenocrysts are observed in volcanic samples at Site 1213. 259 

Most of feldspar minerals at Site 1213 are Ca-rich plagioclases (labradorite, bytownite) 260 

with variable compositions of Ab12–46An53–88Or0-1 (Ab = 100 × Na/(K + Na +261 

Ca);  An = 100 × Ca/(K + Na + Ca);  Or = 100 × K/(K + Na + Ca)) (Table S1; Fig. 262 

8). At Site U1347, Husen et al. (2013) found some of plagioclase groundmass are 263 

andesine (An < 50), which are not found in this study. The results show that the 264 



13 

compositions of the plagioclase phenocrysts range in composition from 72 to 88 mol% 265 

An, whereas the rims of plagioclase and groundmass crystals are more albitic: 53–81 266 

mol % An. 267 

The plagioclases at Site 1213 display positive correlations between Al2O3, CaO 268 

and An values, and negative correlations between Na2O, K2O, FeOt, TiO2, La, Eu and 269 

An values (Fig. 9). It is important to note that FeOt and Eu contents have not been 270 

obviously increased with the decrease of An values (An > 70), nevertheless, they have 271 

a sudden increase when An < 70 (Figs. 9c and 9e). When An < 58, the slightly 272 

decreasing FeOt and TiO2 contents with decreasing An values likely indicate 273 

crystallization of titanomagnetite (Fig. 9c). Due to clinopyroxene preferentially 274 

incorporating Y over La (Vannucci et al., 1998) whereas plagioclase does not (Aigner-275 

Torres et al., 2007), the obvious increasing La/Y ratios with decreasing An values likely 276 

indicates crystallization of clinopyroxene when An > 70 (Fig. 9f). The La and La/Y 277 

ratios do not correlate with An values when An < 70 (Figs. 9d and 9f). Some plagioclase 278 

trace element compositions in Fig. 9 are from literature data (Husen et al., 2013; van 279 

Gerve et al., 2020). 280 

 281 

5. Discussion 282 

5.1 Mineral-melt equilibrium and P-T constraints  283 

Previous studies have suggested that volcanoes situated on thick oceanic crust 284 

usually have at least two vertically separated storage regions and multi-level 285 

differentiation (Baxter et al., 2023; Caracciolo et al., 2023; Husen et al., 2013; Neave 286 
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and Putirka, 2017; van Gerve et al., 2020). For example, deep magma reservoirs are 287 

presumably located near the Moho and solidified shallow magma reservoirs are thought 288 

to form gabbro in the lower oceanic crust (Sager et al., 2016). Therefore, it is important 289 

to estimate the depth of magma reservoirs. Previous studies suggested that 290 

clinopyroxene and plagioclase crystals that are transported through the crust and stored 291 

at different depths would develop textural zonation and record the magma condition 292 

(Ginibre et al., 2007; Petrone et al., 2022; Streck, 2008; Tapu et al., 2022). Thus, the 293 

depth of magma reservoirs can be estimated through calculating the crystallization 294 

pressure of mineral crystals by using thermobarometers (Neave and Putirka, 2017; 295 

Putirka, 2008). However, to use Cpx-melt and Pl-melt thermobarometer, the 296 

composition of the melt must be in equilibrium with the crystalized Cpx and Pl. In this 297 

study, pressures and temperatures from Cpx-melt and Pl-melt equilibria were calculated 298 

by using the open-source Python3 package Thermobar v. 1.0.41 (Wieser et al., 2022). 299 

Details of the methods are shown in the Supplementary Text S1 and S2. Equilibrium 300 

was assessed between all mineral-liquid pairs by using reference values from Putirka 301 

(2008) with liquids composition from the literature (Husen et al., 2013; Sano et al., 302 

2012; Shimizu et al., 2013; van Gerve et al., 2020). In this study, most of the Cpx 303 

phenocrysts are unzoned crystals. For zoned Cpx, no liquids could be found in 304 

equilibrium with the rim composition (Table S4). 305 

Here, we estimated the pre-eruptive temperatures and pressures by using 306 

thermobarometers from Cpx-melt thermometer presented in eq. 33 of Putirka (2008) 307 

and Cpx-melt barometer presented in Neave and Putirka (2017). The calculated 308 
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crystallization temperature and pressure of Cpx phenocrysts are from 1142.3 ℃ to 309 

1202.1 ℃ and less than 371 MPa (N=92), whereas those of Cpx groundmass are from 310 

1140.4 ℃ to 1159.8 ℃, and from 154 to 269 MPa (N=5), respectively. According to 311 

the calibration errors of Cpx-melt thermometer and barometer (SEE = ± 42°C and SEE 312 

= ± 140 MPa, respectively) (Neave and Putirka, 2017; Putirka, 2008), P-T conditions 313 

are similar between Cpx phenocrysts and groundmass (Fig. 10). However, the wide 314 

range of crystallized pressure of Cpx phenocrysts may indicate that they have may 315 

crystallized during ascent of the host melts. Site U1347 is on the eastern flank of Tamu 316 

Massif and located northeast to Site 1213 (Koppers et al., 2010). We collect the 317 

literature data (Table S3) (Husen et al., 2013; van Gerve et al., 2020) and use the same 318 

thermometer and barometer (Putirka, 2008) to calculate P-T conditions (see 319 

Supplementary Text S1 for details) for comparison. The calculation results (1114.5 ℃ 320 

to 1225.1 ℃ and less than 790 MPa; N=1081) match well with our results from Site 321 

1213 (Fig. 10). 322 

According to the REE-in-plagioclase–clinopyroxene geothermometer (see 323 

Supplementary Text S2 for details; Sun and Liang, 2017), REE equilibration 324 

temperatures of plagioclase in this study range from 1230 ℃ to 1130 ℃. A total of 135 325 

plagioclases were in equilibrium with melt composition in this study and were used to 326 

calculate crystallization pressure by the eq. 25a of Putirka (2008) (see Supplementary 327 

Text S2 for details). The results can be divided into two groups: Group 1 Pls have 328 

crystallization pressure from 727 to 733 MPa (N=38), whereas those of Group 2 Pls are 329 

less than 204 MPa (N=97). The Group 1 data are calculated from the cores of Pl 330 
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phenocrysts, whereas Group 2 data are from the rims of Pl phenocrysts and Pl 331 

groundmass (see Table S4 for details). This finding is consistent with the crystallization 332 

pressure calculated by plagioclase at Site U1347 (Husen et al., 2013; van Gerve et al., 333 

2020) by the eq. 25a of Putirka (2008). Previous studies also showed two distinct 334 

pressure groups (Ⅰ: 727 to 745 MPa, N=125; Ⅱ: less than 207 MPa, N=2844)(Husen et 335 

al., 2013; van Gerve et al., 2020), which are almost the same to ours, suggesting that 336 

there are at least two magmatic environments at Tamu Massif. 337 

 338 

5.2 Magmatic processes within different magmatic environments revealed by 339 

mineral chemistry 340 

Based on the discussion above, we identified two different magmatic 341 

environments (Figs. 10 and S5): Environment A is located within the lower crust (~ 25 342 

km depth with magma temperature over 1220 ℃; assuming an average crustal density 343 

of 2980 kg/m3 following Zhang et al. (2016)) and Environment B is located within the 344 

upper crust (~ 7 km depth with magma temperature  ~ 1140 ℃). As shown in Figs. 4e-345 

4h, the cores of Pl phenocrysts (An > 85) with high crystallization pressure (> 700 MPa) 346 

are crystallized in the Environment A, whereas the rims (An < 80) with low 347 

crystallization pressure (< 204 MPa) are crystallized in the Environment B. Many Pl 348 

phenocrysts show normal zoning (Figs. 3b and 4e), suggesting the progressively 349 

evolving composition of the melt during the solidification processes in a closed system 350 

(Ginibre et al., 2007; Streck, 2008). Previous study has shown that magmatic recharge 351 

was frequent and produced various dissolution textures in plagioclase from Site U1347 352 
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at Tamu Massif (van Gerve et al., 2020). Moreover, groundmass plagioclase from Site 353 

U1347 had skeletal growth habits, indicative of growth at high degrees of undercooling 354 

(> 40 ℃). However, in this study, Pl phenocrysts at Site 1213 do not have oscillatory 355 

textures or cellular textures (Fig. 3), which could be attributed to magma recharge or 356 

mixing. In thin sections, we do not find obvious skeletal growth features in either the 357 

rims of plagioclase phenocrysts or in groundmass (Fig. 3),  which suggests relatively 358 

low cooling rates, and our finding is consistent with the previous study at Site 1213 359 

(Koppers et al., 2010). According to the low crystallization pressure of the rims of Pl 360 

phenocrysts (< 204 MPa; Fig. 4h), they probably formed in the Environment B and 361 

during the final ascent from Environment B to the surface. They crystallized in 362 

equilibrium with the final erupted liquids, but the cores of Pl phenocrysts crystallized 363 

from a more primitive melt. Consequently, we propose that the zoning patterns of Pl 364 

phenocryst are attributed to the magma differentiation across a range of pressure and 365 

temperature conditions in a closed system. Unlike plagioclase, however, Cpx crystals 366 

show a continuous and wide range of crystallization temperature and pressure (Fig. 10), 367 

indicating that they may crystallize during ascent from Environment A to B.  368 

van Gerve, T.D. et al (2020) used lava samples drilled from Site 1347A at Tamu 369 

Massif and concluded that the three environments represent three vertically distinct 370 

crystal storage regions (A: 800 MPa; B: 500 MPa; C: 70±120 MPa). However, in this 371 

study we do not recognize the storage region with crystallization pressure of 500 MPa. 372 

Actually, the exact storage pressures of magmatic environments located within the 373 

lower crust (≥500 MPa) should be interpreted with caution because the pressures from 374 
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van Gerve, T.D. et al (2020) were derived from models by using the Haleyjabunga-type 375 

lava composition from Iceland (Neave et al., 2019), which might not be perfectly 376 

representative of the true melts at Tamu Massif. Despite this fact, another reasonable 377 

explanation is that Tamu Massif might have different storage region distributions at 378 

different ocean drilling coring sites, suggesting a complex magmatic system beneath 379 

Tamu Massif. However, more work are required to confirm this in the future. Regarding 380 

the shallow magmatic environment, our results are in agreement with the previous 381 

studies using plagioclase (van Gerve et al., 2020) and volcanic glass (Husen et al., 2013; 382 

Husen et al., 2016). In summary, we consider that two different magmatic environments 383 

are reasonable for us to illuminate the magma plumbing system processes of Tamu 384 

Massif. 385 

Deciphering the crystal fractionation history within different magmatic 386 

environments is critical for us to investigate magma plumbing system (Kahl et al., 2015; 387 

Lee and Bachmann, 2014). By using chemical composition of erupting lava, we can 388 

constrain the crystal fractionation history and the composition of primary magma 389 

(Herzberg and Asimow, 2008; Lee et al., 2009; Yang and Zhou, 2013). In recent years, 390 

many attempts have already been made at Shatsky Rise (Husen et al., 2013; Husen et 391 

al., 2016; Sano et al., 2012). Compared with whole-rock geochemistry, in-situ 392 

composition of minerals can also shed light on the crystal fractionation history within 393 

different magmatic environments. 394 

In this study, the slightly positive correlation between Al2O3 and CaO versus 395 

Mg#Cpx values and the strong negative correlation between FeO and Na2O versus 396 



19 

Mg#Cpx values suggest fractionation of Pl and Cpx (Fig. 6). When Mg#Cpx values ≤ 397 

~80, interestingly, the correlation between Na2O, Al2O3 and CaO contents versus 398 

Mg#Cpx separates into two trend lines. The Cpxs that plot on the green trend line 399 

(hereafter defined as Type 1) have higher Na2O, Al2O3 and CaO contents than those of 400 

the Cpxs plotted on the grey trend line (hereafter defined as Type 2), suggesting that 401 

these Cpxs may have different crystallization history. The relatively low Na2O, Al2O3 402 

and CaO contents suggest that Type 2 Cpxs probably crystallized after significant 403 

amounts of plagioclase had already been crystallized from the melt or the crystallization 404 

pressure of Type 2 Cpxs is relatively lower than Type 1 Cpxs (Neave and Maclennan, 405 

2020).  406 

To further elucidate the destiny of crystals along the evolutionary path of lavas, 407 

we need firstly to constrain the fractional crystallization sequence (Molendijk et al., 408 

2022; Valer et al., 2017; Wang et al., 2021). According to the high-pressure 409 

crystallization experiments from synthetic analogues of naturally quenched basaltic 410 

glasses recovered at Shatsky Rise (Husen et al., 2016), we find that at high pressure 411 

(700 MPa) or under low-H2O conditions (~0.4 wt.% H2O), the sequence of crystal 412 

fractionation is Ol-Cpx-Pl. The geological setting of Shatsky Rise matches well with 413 

the above two conditions: the thickened oceanic crust of Tamus Massif provides high 414 

crystallization pressure (Korenaga and Sager, 2012; Zhang et al., 2016). Compared with 415 

normal MORB (N-MORB), basalts from oceanic plateau (e.g. Kerguelen, Ontong Java, 416 

and Shatsky Rise) are typically abyssal tholeiites with lower H2O contents (Husen et 417 

al., 2013; Husen et al., 2016; Roberge et al., 2004; Sano et al., 2012; Shimizu et al., 418 
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2013; Wallace, 2002). Therefore, it is most likely that Cpx is one of the dominant 419 

fractionating phases at the early stage of magma evolution (e.g., Environment A in this 420 

study) and Pl did not become a dominant fractionating phase until Mg#Cpx value is 421 

lower than ~80 (Fig.6). In this study, we define the dominant fractionating phase as the 422 

most massive mineral phase during the crystallization processes or could make notable 423 

influence on the liquid line of descent. When the ascending magma transports to the 424 

shallow magmatic environment B, the Pl gradually replaced Cpx as the dominant 425 

fractionating phase. When Mg#Cpx value is lower than ~ 70, the hypothetical melts in 426 

equilibrium with groundmass from Site 1213B display negative Eu anomalies (Fig. 7), 427 

which also suggests that Pl is the dominated phase at the late stage. Based on the 428 

discussion above, we suggest that Type 1 Cpx crystallized at greater depth (e.g., 429 

Environment A) and prior to the onset of plagioclase crystallization, whereas Type 2 430 

Cpx crystallized at shallower depth (e.g., Environment B) and after significant 431 

plagioclase crystallization.  Note that the similarities of Mg# between Type 1 and 2 Cpx 432 

suggest that we have similar ranges of melt evolution in both environments, which may 433 

indicate different source melt compositions have input in the system. 434 

Clinopyroxene crystals trapped by growing Pl crystals provide distinct records of 435 

magmatic evolution to track pre- and syn-eruptive pathways of magma movement 436 

towards the surface (Ubide et al., 2021). In Fig. S6, Cpxs are present as inclusions in 437 

the Pl crystal, which suggests that these Cpxs crystallized earlier than the host Pl. Based 438 

on the Mg#, An, and pressure, we propose that the ascending magma crystallized the 439 

Cpxs (P = 240 and 244 MPa in Fig. S6) during ascent from Environment A to B. When 440 
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the magma cooled and decompressed to low pressures within Environment B, the Pl 441 

crystal (P = 50 MPa in Fig. S6) crystallized from the residual melt and then the Cpx 442 

trapped in the Pl crystal. 443 

 444 

5.3 A two-stage model for Shatsky Rise confirmed by MELTS modelling 445 

Since errors for geothermobarometer are inevitable (Putirka, 2008; Wieser et al., 446 

2023) and in order to further clarify the magma plumbing system of Shatsky Rise, we 447 

also applied MELTS_EXCEL (Gualda and Ghiorso, 2015) to constrain the 448 

crystallization history of the study area. As the starting materials, the best sample for 449 

MELTS modelling requires primitive magma composition that had only experienced 450 

olivine crystallization. These relatively primary rocks should have high MgO content 451 

and olivines with high forsterite content (Fo: 100 × Mg/(Mg+Fe2+) > 90). However, no 452 

such fresh rocks have been recovered from Shatsky Rise (Sager et al., 2016). Thus, 453 

previous studies took high-Mg Kroenke type basalts from the Ontong Java Plateau 454 

(Husen et al., 2013) and MORB-like Haleyjabunga lavas (MgO > 10 wt.%) from 455 

Iceland (van Gerve et al., 2020) as the starting materials to model the liquid line of 456 

descent at Shatsky Rise. However, these two samples obviously have no genetic 457 

relationship with those of Shatsky Rise and will bring large uncertainty in the modeling 458 

results. Therefore, in this study, we use the sample of Site U1349-12R-4 basalts from 459 

Ori Massif with the highest value of MgO (12.3 wt.%) (CHEN Jing et al., 2023) to 460 

represent the parental magma. The studied samples are also characterized by relatively 461 

high Cr (554 ppm) and Ni (269 ppm) contents, suggesting that they may have 462 
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undergone limited mineral fractional crystallization. 463 

We set the starting temperature to be 1370 ℃ which is the TP of the Shatsky Rise 464 

magma based on the numerical trace element mass balance model considering a 465 

pyroxenite-bearing peridotite source mantle (Kimura and Kawabata, 2015) and under 466 

the quartz-fayalite-magnetite (QFM) buffer (Carmichael and Ghiorso, 1986). The 467 

modeling was carried out at pressures of 400 MPa and 300 MPa, and the temperature 468 

ranged from 1370 °C to 1130 °C in steps of 5 °C. For each pressure, we modeled three 469 

sets of experiments with different water contents of basalt melts. The water contents 470 

were set to be 0 wt.%, 0.1 wt.% and 0.2 wt.% after normalization to unity, based on the 471 

estimates of water contents from previous studies (Husen et al., 2013; Husen et al., 472 

2016; Shimizu et al., 2013). As shown in Fig. 11, most of the glass data from previous 473 

studies (Table S3) are consistent with the MELTS modeling results. The detailed 474 

modeling processes and compositions of the residual melt are shown in Table S5. 475 

For all the runs, the olivine was the first phase to crystallize (Fig. S7). The trends 476 

of the liquid line of descent for Al2O3, TiO2, Na2O and K2O change dramatically at MgO 477 

= ~9.6 wt.% (Fig. 11). When MgO values ≥ ~9.6 wt.%, the slightly increasing TiO2 478 

and FeOT (not shown) contents and significantly increasing Al2O3 contents with 479 

decreasing MgO indicate crystallization of olivine and clinopyroxene rather than 480 

plagioclase (van Gerve et al., 2020). When MgO values ≤ ~ 9.6 wt.%, the positive 481 

correlation between Al2O3 and MgO contents and significantly increasing TiO2 contents 482 

with decreasing MgO (Figs. 11a and 11c) suggest fractional crystallization of 483 

plagioclase (Chen et al., 2021). The increasing Na2O and K2O contents with decreasing 484 
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MgO suggest the fractional crystallization of olivine and clinopyroxene is still 485 

significant (Figs. 11b and 11d). In other mafic magmatic systems with thickened 486 

oceanic crust (e.g., Iceland), previous study has also suggested that clinopyroxene 487 

replaced plagioclase as the third liquidus phase at the early stage of magma evolution 488 

(Mutch et al., 2019) and the phenomenon observed experimentally at pressures greater 489 

than 600 MPa (Bender et al., 1978; Scott Weaver and Langmuir, 1990). With the 490 

increasing water contents and the crystallization pressure, the Al2O3 increased and TiO2 491 

contents decreased, indicating that anhydrous and low-pressure conditions seem to 492 

favor the crystallization of more plagioclase (Fig. 11). With the increasing water 493 

contents, the cotectic proportion of Pl surpasses this of Cpx at lower temperatures 494 

(Fig.S7), also suggesting anhydrous conditions seem to favor the crystallization of more 495 

plagioclase. Furthermore, MELTS modeling offers the opportunity to not only track 496 

melt compositions, but also the compositions of the minerals being formed (Gualda et 497 

al., 2012). We compare the MELTS-derived Cpx compositions with our measured ones 498 

(Fig. S8) and find most of the measured Cpxs are consistent with the MELTS modeling 499 

results. In conclusion, we suggest that Cpx is one of the dominant fractionating phases 500 

at magmatic environment A and Pl gradually replaced Cpx as the dominant 501 

fractionating phase at the shallow magmatic environment B.  502 

Based on the discussion above, most of Cpxs from Tamu Massif should record 503 

deep crystallization depth, however, we find fewer Cpxs that record deep crystallization 504 

depth (>17 km) relative to Pls (Fig.5). These may be due to the errors for 505 

geothermobarometer, or most of Cpxs which crystallized over 17 km are just not 506 
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recovered. Based on the crystal density from MELTS modeling, the clinopyroxene with 507 

relatively high density (3.22 g/cm3) compared with plagioclase (2.69 g/cm3) may be 508 

accumulated in the deep crust. The plagioclase that crystallized from Environment A 509 

have relatively low density and could float on the top of ascending magma (Lange et 510 

al., 2013), resulting in recovering them at the Tamu Massif. Our findings are supported 511 

by the recent studies of Husen et al. (2016) and van Gerve et al. (2020) in the area. 512 

Based on our new results above, we present a two-stage petrologic model to reveal the 513 

evolutionary path of lavas and magma plumbing system processes at Tamu Massif (Fig. 514 

12).  515 

 516 

5.4 Diffusion timescales and ascent rate at Tamu Massif and the implication 517 

Diffusion modeling of Mg in compositionally zoned plagioclase phenocrysts was 518 

carried out to calculate diffusion timescales at Tamu Massif. The diffusion of Mg was 519 

modelled using the method of Fabbro et al. (2017) and Costa et al. (2003), the diffusion 520 

coefficient of Van Orman et al. (2014), and the partition coefficients of Mutch et al. 521 

(2022). One-dimensional models were run as a single step at 1140 °C assuming that the 522 

Mg contents of the overgrowths were initially the same as those of the rims. Further 523 

details of the modelling are included in Supplementary Text S3. 524 

In this study, out of seven potential plagioclase crystals (Fig. S9), only 3 showed 525 

sufficient compositional zoning to allow for diffusion modelling (Fig. 13). Our model 526 

assumes that diffusion started only after the entire crystal had grown and calculates the 527 

average residence time for the crystal (Costa et al., 2003; Druitt et al., 2012). 528 
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Equilibrium profiles were calculated assuming that the outermost analysis was in 529 

equilibrium with the melt, then working inward assuming that each successive analysis 530 

was in equilibrium with the analysis before. For the diffusion modelling crystals (Fig. 531 

13), we assumed that the high-An rims (An > 70) were in equilibrium with the cores, 532 

and the low-An rims (An < 70) initially had the same Mg content as the high-An rims. 533 

Thus, by assuming a step function, we can constrain the maximum time that the rims 534 

could have survived at high temperature (Costa et al., 2003).  535 

Element diffusion is likely to have been associated with the cooling of the resident 536 

melt in Environment B following disaggregation of slightly cooler mushes from the 537 

chamber margins (Mutch et al., 2019) or during the final ascent from Environment B 538 

to the surface. The best-fitting models yield maximum residence times of 6.27 ~ 93.9 539 

hours at 1140 °C (Fig. 13) and according to our analysis, the shorter timescales (6.27 h) 540 

is more likely to represent the final transport time from the shallow magmatic 541 

environment B to eruption on the seafloor. Combined with the depth estimates from 542 

geobarometry (approximately 2~7 km for Environment B), the calculated pre-eruptive 543 

magma ascent rates of Tamu Massif range from ~0.08 to 0.31 m/s (Fig. 14). It should 544 

be noted that the magma ascent rates of Tamu Massif are indistinguishable with the 545 

ascent rates of fast spreading ridge systems (Chavrit et al., 2012; Gardner et al., 2016; 546 

Soule et al., 2012), but faster than those of southwest Indian ridge (Ma et al., 2024).  547 

Mutch, E., et al. (2019) combined diffusion modelling timescales with the depth 548 

estimates from geobarometry to obtain Moho-to-surface transport rates of 0.02 to 0.1 549 

m/s in Iceland, which seems to be slower than Tamu Massif.  550 
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Although the methods for obtaining magma ascent rates are different, for 551 

comparison, magma ascent rate of Tamu Massif is about an order of magnitude slower 552 

than those estimated for volatile-rich magmas in explosive arc volcanos (Lloyd et al., 553 

2014). Furthermore, magma ascent rates of ocean island settings (such as 554 

Hawaii(Peslier et al., 2015) and kimberlites (Peslier et al., 2008) with more enriched 555 

magma suites and deeper depth of origin were much faster than those estimated for 556 

Tamu Massif, indicating that enriched magma suites and volatiles play the importance 557 

roles in controlling magma dynamics. Geophysical data from Tamu Massif 558 

demonstrated that large volumes of material rose from the mantle to the lithosphere in 559 

short periods of time to build this great volcanic edifice (Sager et al., 2013), suggesting 560 

a relatively high magma production rate at Tamu Massif. Thus, we propose that the 561 

relatively high magma production rate, which controls magma chamber overpressure 562 

(Cassidy et al., 2018), does not produce a high magma ascent rate to some extent, at 563 

least at Tamu Massif. One reasonable explanation is that the mantle-derived magmas 564 

at Tamu Massif would not travel from their upper mantle sources to erupt at the Earth's 565 

surface directly like oceanic intraplate explosive eruptions (DeVitre et al., 2023) and 566 

kimberlites (Casetta et al., 2023; Peslier et al., 2008), on the contrary they would 567 

stagnate within the deep magmatic environment (i.e., Environment A in Fig. 12) 568 

exceeded several thousand years (van Gerve et al., 2020). Altogether, our study 569 

provides constraints on crystal storage timescales within the shallow Environment B 570 

ranging from a few hours to a few days and a magma ascent rate of ~0.08 to 0.31 m/s 571 

at Tamu Massif (Fig. 14).  572 
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 573 

6. Conclusions   574 

In this study, we present the major and trace element data for clinopyroxene and 575 

plagioclase at Site 1213 to elucidate the magmatic ascent processes of Tamu Massif. 576 

Combined with modeling and previous studies, our results lead to the following 577 

conclusions:  578 

(1) Based on the mineral chemistry and P-T calculations, we can identify two 579 

types of Cpx and two groups of Pl. Type 1 Cpxs with higher Al2O3 (~3 wt.%), CaO 580 

(17~19 wt.%) and Na2O (0.3~0.4 wt.%) crystallized at greater depth and prior to the 581 

onset of plagioclase crystallization, whereas Type 2 Cpxs with relatively lower Al2O3 582 

(~1.5 wt.%), CaO (14~16 wt.%) and Na2O (0.2~0.3 wt.%) crystallized at shallower 583 

depth and after significant plagioclase crystallization. The Pl can be divided into two 584 

groups: Group 1 are from the core of the Pl phenocrysts with high crystallization 585 

pressure (727 to 733 MPa) and An value (~ 85), whereas Group 2 are from the rim of 586 

the Pl phenocrysts and Pl groundmass with low crystallization pressure (< 204 MPa) 587 

and An value (< 75).  588 

(2) According to the MELTS modeling, we propose that the sequence of crystal 589 

fractionation is Ol-Cpx-Pl at Tamu Massif and suggest Pl gradually replaced Cpx as the 590 

dominant fractionating phase at the shallow magmatic environment B. The magma 591 

ascent rates of Tamu Massif are indistinguishable with the ascent rates of fast spreading 592 

ridge systems, but slower than those of volatile-rich magmas in arc volcanoes and 593 

kimberlites.  594 
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(3) Combined with mineral chemistry and modeling, we propose a two-stage 595 

petrologic model to reveal the evolutionary path of lavas and magma plumbing system 596 

processes at Tamu Massif. Environment A is located within the lower crust (~ 25 km 597 

depth) with high crystal crystallization temperature (> 1220 ℃) and Environment B is 598 

located within the upper crust (~ 7 km depth) with low crystal crystallization 599 

temperature (~ 1140 ℃). The final transport time from Environment B to eruption on 600 

the seafloor is usually within a few days (6.27–93.9 hours). Overall, this study helps us 601 

improve our understanding of the formation and evolution of other oceanic plateaus 602 

associated with thickened oceanic crust around the world. 603 
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894 

Figure Captions 895 

896 

Fig. 1 Bathymetric map of Shatsky Rise with location of ODP and IODP drill sites 897 

(Nakanishi et al., 1999). Inset shows the current location of Shatsky Rise in the NW 898 

Pacific. Figures are modified after Husen et al. (2013) and Heydolph, K (2014). 899 

900 

Fig. 2 Lithology of Site 1213 at Tamu Massif, showing both basal sediment and igneous 901 

sections (Koppers, 2010; Sager et al., 2010). Site 1213 is the first hole to penetrate into 902 

igneous basement of Shatsky Rise, on the southwest flank of Tamu Massif. Three 903 

igneous units (IVa–IVc) are interpreted as massive flows 8–15 m thick. Roman numbers 904 

indicate lithologic units, which are described in Koppers (2010) and Sager et al. (2010). 905 

The diamond and triangle represent the clinopyroxene and plagioclase in the thin 906 
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sections for EPMA and LA-ICP-MS in this study. Mbsf, meters below sea-floor. 907 

908 

Fig. 3 Cross-polarized light images of Tamu Massif volcanic rocks from Site 1213-29R-909 

1(a), Site 1213-31R-2 (b, c, e), Site 1213-33R-4 (d), Site 1213-31R-4 (f). Cpx, 910 

clinopyroxene; Pl, plagioclase. 911 

912 

Fig. 4 Representative BSE images of zoned Cpx and Pl from volcanic rocks at Tamu 913 

Massif. (a-d) are from Site 1213B-32R-2 and (e-h) are from Site 1213B-31R-2. The 914 

yellow line in (a) and (d) represent the location of the electron microprobe traverses 915 

across the zoning. The analysis results at each point are present below and the distance 916 

between any two adjacent points is fixed. The blue dashed line in (a) and (e) represent 917 

the zoning of Cpx and Pl. Cpx = clinopyroxene, Pl = plagioclase, Mt = magnetite. 918 

919 

Fig. 5 Compositions of clinopyroxene phenocrysts and groundmass from the basaltic 920 

lavas cored at Site U1213, Shatsky Rise oceanic plateau. The data points are individual 921 

measurements obtained for each crystal, plotted in the enstatite-ferrosilite-wollastonite 922 

(En-Fs-Wo) ternary diagrams (Morimoto et al., 1988). The data of Cpx crystals at Site 923 

U1347 are from Husen, A., et al. (2013) and van Gerve, T.D., et al. (2020).  This figure 924 

is based on the ternary plot python package (Harper et al., 2015; Wieser et al., 2022). 925 

926 

Fig. 6 Plots of Al2O3 (a), CaO (b), Na2O (c), and FeOt (d) versus Mg# in clinopyroxene. 927 

The green and grey trend lines represent the fractionation history of different types Cpx 928 
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that experienced different magma plumbing system processes (see text for details). 929 

Vertical dashed lines in (a-c) represent the trend lines start to bifurcate significantly 930 

when Mg# Cpx value reached ~80. All the data used here were acquired by EPMA. The 931 

data of Cpx crystals at Site U1347 are from Husen, A., et al. (2013) and van Gerve, 932 

T.D., et al. (2020).933 

934 

Fig. 7 Chondrites-normalized REE diagrams and Primitive mantle-normalized trace 935 

element abundances diagrams for Cpx in this study. The grey and purple areas in (a) 936 

show REE patterns for hypothetical melts in equilibrium with Cpx phenocryst and 937 

groundmass, calculated using partition coefficients (KD(Fe-Mg) Cpx-melt) from Sun and 938 

Liang (2012). Whole-rock data is from Mahoney et al. (2005). Chondrite and primitive 939 

mantle normalization values are from McDonough and Sun (1995). This figure is based 940 

on the REE plot python package (Williams et al., 2020). 941 

942 

Fig. 8 Compositions of plagioclase phenocrysts and groundmass from the basaltic lavas 943 

cored at Site 1213B and U1347 (Husen 2013), Shatsky Rise oceanic plateau. The data 944 

points are individual measurements obtained for each crystal, plotted in the anorthite-945 

albite-orthoclase (An-Ab-Or) ternary diagrams. This figure is based on the ternary plot 946 

python package (Harper et al., 2015; Wieser et al., 2022). 947 

948 

Fig. 9 Plots of Al2O3 (a), CaO (b), FeOT (c), La (d), Eu (e), and La/Y (f) versus An (%) 949 

in plagioclases. The purple, red and blue areas circled in (a-c) represent the range of 950 
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different types of plagioclase compositions from Site U1347 at Tamu Massif (van Gerve 951 

et al., 2020).  952 

953 

Fig. 10 Plots of crystallization pressure versus temperature of Cpx phenocryst and 954 

groundmass. The red and blue stars represent Environment A and B from Site 1213 at 955 

Tamu Massif. The green areas show crystallization pressure of two groups Pl, calculated 956 

using the eq. 25a of Putirka (2008). The data of Cpx crystals at Site U1347 are from 957 

Husen, A., et al. (2013) and van Gerve, T.D., et al. (2020). 958 

959 

Fig. 11 The plots of MgO vs. major elements for volcanic rocks from the Shatsky Rise. 960 

The data of Shatsky Rise glass samples are cited from Sano, T., et al. (2012), Shimizu, 961 

K., et al. (2013), Husen, A., et al. (2013) and van Gerve, T.D., et al. (2020). The different 962 

colored lines are the models calculated by MELTS with different starting H2O contents. 963 

The dashed and solid lines in these diagrams are the modeled differentiation trends with 964 

different crystallization pressure. Note that the purple star represents the modelled 965 

composition of U1349-12R-4 basalts (CHEN Jing et al., 2023). 966 

967 

Fig. 12 A two-stage model for the magma plumbing system of Tamu Massif according 968 

to in situ major-trace elements of clinopyroxene (Cpx) and plagioclase (Pl) from Site 969 

1213 in this study. Environment A is located within the lower crust (~ 25 km depth) 970 

with high crystal crystallization temperature (> 1220 ℃) and Environment B is located 971 

within the upper crust (~ 7 km depth) with low crystal crystallization temperature (~ 972 
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1140 ℃). Environment B magma is fed by the deeper reservoir Environment A. The 973 

OBS reflection Moho is according to Korenaga, J. and W.W. Sager (2012). 974 

975 

Fig. 13 Representative diagrams showing the zoning of plagioclase crystals and 976 

corresponding diffusion timescales. The rim-to-core compositional profile is drawn on 977 

the plagioclase microscope images (red line). Dashed lines represent the initial 978 

compositional distribution profile and green lines represent the best modelling fit Mg 979 

profile matching the measured Mg profile. 980 

981 

Fig. 14 Magma ascent rates and literature comparison with other magma in different 982 

tectonic settings. The different colors of the ascent rate represent different research 983 

methods. The blue represents the numerical modeling of Fe-Mg, Ni, and Mn elements 984 

in olivine and plagioclase, the red represents vesicle size distribution and volatile 985 

measurements (CO2 and H2O), the green is decompression experiment and CO2 986 

modeling, the purple represents modeling of diffusion-controlled bubble growth, the 987 

brown represents modeling the dissolution of clinopyroxene crystals, and the orange 988 

represents the modeling of diffusive volatile loss. Figure is modified after Ma, B., et al. 989 

(2024). 990 




