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Abstract 17 

Almost two-thirds of the Earth’s magmatic budget is concentrated at mid-ocean ridges, with 85% of this 18 

being emplaced as intrusive rocks. In these systems, now understood to consist mostly of a crystal-19 

dominated igneous medium (mush), melt differentiation at depth is predominantly governed by melt-20 

mush reactions. These reactions have been well described for primitive lithologies (ranging from troctolite 21 

to gabbro) and are characterized by disequilibrium processes between a reactive melt and the crystal 22 

framework through which it percolates. This leads to mineral assimilation and crystallization reactions. 23 

Although thermodynamic and geochemical models (assimilation and fractional crystallization) consistently 24 

indicate the need for clinopyroxene assimilation in the case of a gabbroic mush, petrographic observations 25 

have only revealed poikilitic and late interstitial clinopyroxene interpreted as a late crystallizing phase. 26 

Here, we present chromium and titanium chemical maps of an apparently interstitial poikilitic 27 

clinopyroxene from ODP Hole 735B, Southwest Indian Ridge. We present key evidence for Cr-rich 28 

amoeboidal clinopyroxene relicts preserved within the larger poikilitic grains. In this reactive context, 29 

these primitive relicts are remnants of earlier clinopyroxene assimilation. Accordingly, clinopyroxene may 30 

be present early in oceanic plutonic crystallization, at least at slow- and ultraslow-spreading ridges, and it 31 

must participate in assimilation reactions occurring during the reactive porous flow differentiation 32 

process. 33 

 34 

  35 
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Introduction 36 

The generation of oceanic crust at mid-ocean ridges represents almost two-thirds of the Earth’s magmatic 37 

budget. Melts erupted along spreading ridge axes (mid-ocean ridge basalts, MORBs) result from the 38 

adiabatic melting of the mantle and subsequent differentiation processes during crustal accretion. 39 

Therefore, they are key to accessing the composition of the mantle and constraining magma reservoir 40 

dynamics. Nonetheless, the precise petrogenesis of MORBs remains only partially quantified. 41 

Although geophysical surveys have highlighted the presence of localized melt-rich lenses, igneous 42 

reservoirs are dominantly characterized by crystal mush—a magmatic medium in which interconnected 43 

crystals form a rigid framework (Sinton and Detrick, 1992; Canales et al., 2009; Jian et al.; 2017, Dunn et 44 

al., 2005). Therefore, fractional crystallization and crystal settling, though commonly invoked, are unlikely 45 

to be the sole processes involved in magmatic differentiation. The occurrence of melt-mush reactions via 46 

reactive porous flow is likely widespread (Dick and Natland, 1996; Coogan et al., 2002; Lissenberg and 47 

MacLeod, 2016; Lissenberg et al., 2019; Boulanger et al., 2020;  Sanfilippo et al., 2020; Ferrando et al., 48 

2021a; Boulanger & France, 2023). While fractional crystallization defines the liquid line of descent, its 49 

chemical disruption (Sanfilippo et al., 2015; Leuthold et al., 2018; Zhang et al., 2020; Boulanger et al., 2021) 50 

along with petrographic disequilibrium textures (Lissenberg and Dick, 2008; Lissenberg and MacLeod, 51 

2016; Boulanger et al., 2020) can be used to constrain assimilation/crystallization reactions between the 52 

crystal framework and the buoyant reactive melt. The main characteristics of these reactions are, 53 

petrographically, textural evidence for the assimilation of olivine and plagioclase and the late 54 

crystallization of clinopyroxene, and chemically, the decoupling of major and minor or trace elements in 55 

plagioclases (An-La) and clinopyroxenes (Mg#-Ti) (Lissenberg and MacLeod, 2016; Sanfilippo et al., 2020; 56 

Boulanger et al., 2020; Ferrando et al., 2021a). Isotopic constraints also support the existence of such 57 

open-system processes (McCoy-West et al., 2020). 58 
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Thermodynamic and geochemical models of these reactions refine our understanding of reactive 59 

porous flow (Boulanger and France, 2023; Gleeson et al., 2023). However, these models have also 60 

produced paradoxical findings. Although models in gabbros require clinopyroxene assimilation to 61 

reproduce melt and mush-forming minerals trace element composition or to make the process 62 

thermodynamically feasible, petrological evidence suggests the late crystallization of this mineral, which 63 

is apparently interstitial and lacks any relicts.  Early, Cr-rich clinopyroxene cores have been described in 64 

plutonic series at various localities (Leuthold et al., 2018; Boulanger et al., 2020); however, their relict 65 

nature and potential link with differentiation via reactive porous flow remain difficult to demonstrate 66 

directly. Recent work by Ubide et al. (2025) provides evidence supporting the interpretation of such cores 67 

as inherited relicts formed in the deep crustal reservoirs. 68 

Here, we report amoeboid clinopyroxene core relicts hidden within large poikilitic grains in 69 

gabbros from the Atlantis Bank Oceanic Core Complex (OCC). These relicts record striking evidence of early 70 

clinopyroxene assimilation during the formation of oceanic plutonic series. 71 

 72 

Geological setting 73 

Poikilitic clinopyroxene hosting plagioclase and olivine chadacrysts are common in oceanic plutonic series 74 

(Coogan et al., 2000; Koepke et al., 2011; Gillis et al., 2014; Lissenberg and MacLeod, 2016; Leuthold et al., 75 

2018; Boulanger et al., 2020, 2021; France et al., 2021; Akizawa et al., 2023; Basch et al., 2024). Here, we 76 

focus on a typical olivine gabbro from an ultraslow-spreading ridge that was sampled at Atlantis Bank, 77 

Southwest Indian Ridge. This gabbro contains large poikilitic clinopyroxenes. Atlantis Bank is an OCC 78 

formed by a detachment fault on the eastern flank of the Atlantis II transform fault of the Southwest Indian 79 

Ridge (SWIR) (Dick et al., 1991; Ildefonse et al., 2007; Lagabrielle et al., 2015) (Fig. 1). The OCC is the result 80 

of a 3 -km uplift of the lower oceanic crust and is therefore predominantly composed of gabbroic 81 
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lithologies (Dick et al., 1991; MacLeod et al., 2017). ODP Hole 735B (1,508 m below the sea floor) was 82 

drilled into Atlantis Bank in 1980s and 1990s (Legs 118 and 176) (Dick et al., 2000) and is composed of 76% 83 

olivine gabbros (Natland et al., 2002). The igneous crust there consists of 200–500-meter-thick 84 

tectonomagmatic units that likely represent partial to entire sections of magmatic reservoirs (Dick et al., 85 

2000; Boulanger et al., 2020). At this site, differentiation from olivine-rich troctolite to differentiated oxide 86 

gabbros and localized felsic veins is mainly governed by reactive porous flow (Robinson et al., 2000; Dick 87 

et al., 2000; Nguyen et al., 2018; H. J. B. Dick et al., 2019; Sanfilippo et al., 2020; Zhang et al., 2020; 88 

Boulanger et al., 2020, 2021; Ferrando et al., 2021a; Dhar et al., 2022; Ferrando et al., 2022; Pieterek et 89 

al., 2022; Zhang and Liu, 2023). Here, we focus on an olivine gabbro from 74–78 cm depth in section 91R1 90 

(518.15mbsf), from the lower part of the igneous reservoir identified by Boulanger et al. (2020) as having 91 

formed by sill stacking. This reservoir was formed by the accumulation of dozens of sills in its lower part 92 

(~125 m), through which reactive melt percolated, enabling reactive porous flow. This melt accumulated 93 

at the top of these sills to form the upper part of the reservoir (~125 m) (Boulanger et al., 2020). In the 94 

relatively primitive lithologies (troctolite and gabbro), the study of textural and geochemical 95 

characteristics of olivine, plagioclase, and clinopyroxene has revealed assimilation/crystallization reactions 96 

(e.g., Ol1 + Pl1 + melt1 = Ol2 + Pl2 + Cpx + melt2 and Ol + Pl1 + Cpx1 + melt1 = Pl2 + Cpx2 + melt2) (Sanfilippo et 97 

al., 2020; Zhang et al., 2020; Boulanger et al.,  2020, 2021; C. Ferrando et al., 2021a; Zhang and Liu, 2023). 98 

 99 

Methods 100 

We combined major, minor, and trace element maps with in situ quantitative measurements, all acquired 101 

using a JEOL JXA 8230 electron microprobe at the CRPG (Nancy, France). X-ray maps of major and minor 102 

element concentrations in clinopyroxene were acquired using a high-current electron beam operating at 103 

15 keV, 500 nA, with a 4 µm probe diameter and a dwell time of 200 ms. The following crystals were used 104 
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for trace element acquisition: PETJ for Ti, PETL for Cr, and three PETH crystals for P. Na, Mg, Al, Fe, Si, S, 105 

Ca, and Cl were simultaneously analyzed by energy-dispersive X-ray spectroscopy (EDS). Higher-resolution 106 

zoomed-in maps were obtained for specific areas (Fig. 2C). The settings were adjusted to optimize the 107 

signal for the elements of interest in each mineral. Zoomed-in areas of the clinopyroxenes were analyzed 108 

at 15 keV, 500 nA, with a 2 µm probe diameter and a dwell time of 100 ms; in those cases, we used a TAP 109 

crystal for Al, PETL for Cr, PETH for Ca, PETH for Ti, and PETH for P, with Mg, Fe, Si, and S analyzed by EDS. 110 

High-resolution maps of olivine were obtained using a high-current electron beam operating at 15 keV, 111 

500 nA, with a 2 µm probe diameter and a dwell time of 200 ms; for these maps, we used a TAP crystal for 112 

Al, one PETL and two PETH crystals for P, and PETH for Ca, with Mg, Fe, Si, and S were analyzed by EDS. All 113 

the maps are semi-quantitative; peak positions were adjusted for each of them using natural and synthetic 114 

minerals. 115 

Quantitative in situ analyses were performed using an electron beam operating at 15 keV, 15 nA, 116 

and with a 1 µm probe diameter. The on-peak and background counting times were respectively: 10 and 117 

5 s for Na, K, and P; 20 and 10 s for Si, Al, Mg, and Fe; 20 and 20 s for Ti; 40 and 20 s for Ca, Cr, and Mn; 118 

and 60 and 30 s for Ni. Five crystals were used: TAPH for Na and Mg; LIFH for Fe, Ni, and Mn; PETH for K 119 

and Ti; TAP for Si and Al; and PETL for P, Ca and Cr (Table S1). The calibration standards were as follows: 120 

MongOLSh11-2 olivine (Batanova et al., 2019) for Si and Mg, Al2O3 from Micro-analysis consultants, LTD 121 

(MAC) for Al, Cr-diopside (MAC) for Ca, chromite from the Smithsonian (SM; Jarosewich et al., 1980) for 122 

Cr, anorthoclase (SM) for Na, fayalite (SM) for Fe, NiO (MAC) for Ni, rhodonite (MAC) for Mn, orthoclase 123 

Berlin provided by ETH Zurich for K, apatite (MAC) for P, and rutile (MAC) for Ti. These standards were also 124 

analyzed regularly throughout the analytical sessions (Table S3). The standard error obtained for these 125 

analyses ranges from 0.013 to 0.014 wt.% for Cr, 0.012 to 0.019 wt.% for Ti, and 0.21 to 0.22 for Mg#. 126 

 127 
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Results 128 

Following extensive detailed studies of the Atlantis Bank OCC plutonic series by our group (Nguyen et al., 129 

2018; Dick et al., 2019; Boulanger et al., 2020, 2021; Ferrando et al., 2021a; Ferrando et al., 2021b; Dhar 130 

et al., 2022, 2025; Pieterek et al., 2022; Boulanger and France, 2023) and others (Dick et al., 2000; Natland 131 

and Dick, 2001; Robinson et al., 2000; Sanfilippo et al., 2020; Zhang et al., 2020; Zhang and Liu, 2023), we 132 

selected a texturally representative poikilitic olivine gabbro for high-resolution chemical mapping (other 133 

examples are presented in Supplementary data Fig. S2 as well as dataset Table S4 of all the maps from 134 

Fig.2 and 3 and the quantitative data Table S2). Here, we focus on a single poikilitic clinopyroxene crystal 135 

enclosing rounded olivines and partially resorbed plagioclases (Fig. 2A, B & S1). We identified 3 136 

compositionally distinct domains within optically continuous clinopyroxene oikocrysts based on Cr2O3, 137 

TiO2, and Mg#. The “Cr-domain” is enriched in Cr2O3 (0.88–1.00 wt.%) and relatively depleted in TiO2 (0.42–138 

0.97 wt.% )(Fig. 2C) compared to the rest of the crystal, which is Ti-rich (1.10–1.44 wt.%) (Fig. 3C, D). The 139 

primitive Cr domains are dispersed within the larger Ti-rich late-stage oikocryst and appear similar to 140 

inherited cores (Fig. 2A, B).  141 

High-resolution chemical maps of these areas reveal two chemically distinct domains within the 142 

surrounding Ti-rich part of the crystal (Fig. 3C, D). The “Ti-domain” is quantitatively the main part enriched 143 

in TiO2 (1.10–1.44 wt.%) and depleted in Cr2O3 (0.72–0.89 wt.%). It surrounds the primitive Cr domains and 144 

has a xenomorphic shape. The “Cr-Ti domain” is the second Ti-rich domain enriched in TiO2 (1.15–1.54 145 

wt.%) and in Cr2O3 (0.82–0.96 wt.%) (Fig. 3C, D). When present, it occurs near grain boundaries. The 146 

studied clinopyroxene has high Mg# values (molar ratio [Mg/(Mg + Fetot)] × 100) ranging from 85.6 to 89.6, 147 

which increase overall from the core to the rim. The Mg# of Cr domains ranges from 85.6 to 88.3, while it 148 

ranges from 88.5 to 89.1 for Ti domains, and from 88.4 to 89.6 for Cr-Ti domains. The highest Mg# values 149 

occur in the TiO2-enriched zones, regardless of Cr content (i.e., for both Ti and Cr-Ti domains; Fig. 3C, D). 150 

Similar observations were made in other samples (Fig. S2). 151 
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Olivine chadacrysts are rounded and in contact with all three chemical domains identified in 152 

clinopyroxene (Fig. 2C); some are locally enclosed within the early Cr domains (Fig. 2C). Since the 153 

incorporation of phosphorus into olivine is enhanced during fast crystal growth (e.g., Milman-Barris et al., 154 

2008; Welsch et al., 2014; Shea et al., 2019), and because the low diffusion rate of phosphorus in olivine 155 

allows the preservation of early chemical heterogeneities (Nelson et al., 2024), initially skeletal and 156 

dendritic olivine morphologies can be tracked by quantifying phosphorus zonation (Milman-Barris et al., 157 

2008; Welsch et al., 2013; Xing et al., 2017; Lang et al., 2021; Mourey et al., 2023a; , 2023b). Here, although 158 

the olivine grains are rounded to subhedral, phosphorus chemical maps highlight localized enrichments 159 

which mimic repetitive crystal growth fronts. These enriched zones are truncated by less enriched areas, 160 

resembling the rims of the olivines. The grains themselves display rounded morphologies.  161 

 162 

Discussion 163 

Solidification of an oceanic poikilitic olivine gabbro: Snapshot of a reactive mush 164 

The igneous texture studied here is typical of gabbros found at slow-spreading ridges, with clinopyroxene 165 

mainly present as oikocrysts enclosing olivine and plagioclase chadacrysts (Lissenberg and Dick, 2008; 166 

Leuthold et al., 2018; Boulanger et al., 2021; Ferrando et al., 2021a). Such assemblages have been 167 

extensively described and interpreted to document a crystallization sequence in which olivine and 168 

plagioclase form and react with an ascending melt, leading to the formation of late interstitial 169 

clinopyroxene (e.g., Boulanger et al., 2020). The preserved domains highlighted by chemical maps allow 170 

us to track the various stages of crystallization, from the early phases’ precipitation to the later stage melt-171 

mush reactions. Early skeletal olivine morphologies, as seen in phosphorus zonation indicate an early 172 

episode of rapid growth (Fig. 3A, B & Fig. 4 step 1) (Welsch et al., 2014). P-poor overgrowths on complex 173 

olivine cores are observed in most olivine chadacrysts, highlighting that the initial skeletal textures ripened 174 
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once crystallization conditions were closer to equilibrium. The localized truncation of several skeletal 175 

growth faces also highlights that dissolution/assimilation occurred first after the initial growth and ripening 176 

stage (Fig. 3A; step 2), whereas their rounded final shapes indicate subsequent crystallization, followed by 177 

a second step of partial assimilation (Figs. 2C, 3A; step 3+4). Since these olivine grains are included within 178 

the large clinopyroxene oikocryst, even within the earliest formed Cr domains (Fig. 2C), this multistep 179 

history of olivine grains must have occurred early, before clinopyroxene crystallization. Rounded olivines 180 

are also found within plagioclase grains. The mush may thus have passed through a troctolitic stage before 181 

reaching its current gabbroic state (Fig. 2C). The observed assimilation of olivine and the crystallization of 182 

plagioclase and clinopyroxene are consistent with the reservoir model of Boulanger et al. (2020) at Atlantis 183 

Bank (SWIR) (Fig. 2C), and other crustal sections of slow-spreading ridges (Robinson et al., 2000; Lissenberg 184 

and Dick, 2008; Sanfilippo et al., 2015). 185 

High Mg# values in clinopyroxene, as measured in the studied grain, can be explained by its early 186 

appearance in the high-pressure crystallization sequence expected from fractional crystallization (Morse, 187 

1980; Grove et al., 1992; Villiger et al., 2007; Ubide et al., 2025). However, this cannot be invoked here 188 

because, texturally, clinopyroxene cannot have crystallized before olivine. Indeed, the olivine included in 189 

the Cr domain had already undergone several stages of evolution prior to their entrapment in 190 

clinopyroxene: fast growth, ripening, and assimilation (Fig.2C, 3B & 4 step 1+2). Thus, the first formed 191 

olivine grains certainly contributed to a partial decrease in MgO in the melt before clinopyroxene 192 

crystallization, while an Mg increase likely resulted from subsequent olivine partial assimilation (rounded 193 

olivines). The Cr domains of clinopyroxene thus crystallized from a relatively primitive melt (Cr-rich) that 194 

had likely gained magnesium through olivine assimilation (Figs. 2C, 3C & 4 step 2+3). Although related to 195 

large poikilitic clinopyroxene grains that seems to form late in the solidification history, those 196 

clinopyroxene Cr domains clearly highlight that clinopyroxene crystallization initiates early in the 197 

solidification sequence. The subsequent Ti and Mg increase towards Ti and Cr-Ti domains cannot be 198 
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reconciled by further olivine and clinopyroxene crystallization. Alternatively, this could be achieved if a 199 

differentiating melt, enriched in incompatible elements (e.g., Ti) mainly through the crystallization of 200 

plagioclase and clinopyroxene (Fig. 3C&D), partially react via reactive porous flow with the Mg-rich crystal 201 

mush cumulus phases (e.g., olivine and clinopyroxene). This model explains why both Ti content and Mg# 202 

increase simultaneously in the Ti and Cr-Ti domains of clinopyroxene (Fig. 3C & 4 step 4’). Such a 203 

decoupling between compatible and incompatible elements is typical of reactive systems (Lissenberg and 204 

Dick, 2008; Sanfilippo et al., 2015; Lissenberg and MacLeod, 2016; Boulanger et al., 2020). The most 205 

external parts of the clinopyroxene also locally contain interstitial zones that are enriched in both Ti and 206 

Cr (Cr-Ti domains), which likely formed late, from interstitial melts (Fig. 4 step 5). In oceanic gabbros, late 207 

interstitial melts are commonly depleted in Mg and Cr, and strongly enriched in Ti, thus crystallizing Fe-Ti 208 

oxides and amphibole (e.g., Koepke et al., 2018). Here, the concomitant enrichment of Ti, Cr, and Mg in 209 

late interstitial clinopyroxenes highlights the ultimate involvement and recharge of relatively primitive 210 

melts (Mg- and Cr-rich) that likely percolated interstitially and interacted with either evolved (Ti-rich) 211 

interstitial melts or Fe-Ti oxides (Fig. 4 step 5). Alternatively, the percolation of Ti-rich interstitial melt 212 

through primitive, Mg- and Cr-rich cumulus phases, like olivine and clinopyroxene, could explain such joint 213 

Cr-Ti-Mg enrichments (e.g., Lissenberg and MacLeod, 2016; Ubide et al., 2025). In any case, the signatures 214 

of clinopyroxene rims clearly document extensive melt-mush interactions in a reactive porous flow. 215 

 216 

Amoeboid-shaped clinopyroxene core: Evidence for early assimilation in an oceanic plutonic series 217 

Accretion and differentiation models of the lower oceanic plutonic crust involve reactive porous flow (Dick 218 

and Natland, 1996; Coogan et al., 2002; Lissenberg et al., 2019; Sanfilippo et al., 2020; Boulanger et al., 219 

2020; Ferrando et al., 2021a). Although most thermodynamic and AFC models require some clinopyroxene 220 

assimilation (e.g., Boulanger and France, 2023; Gleeson et al., 2023), demonstrating this reaction in natural 221 
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samples remains challenging. Poikilitic clinopyroxenes are usually interpreted as representing one of the 222 

latest crystallized phases to form, usually after the cumulus minerals (olivine and plagioclase) in the 223 

oceanic igneous series. Here, however, although the studied poikilitic clinopyroxene appears, based on 224 

textural relationships, to be a late phase at first glance (Fig. 2A, B), it contains several apparently isolated 225 

Cr-rich and Ti-poor domains (Cr domains) that we interpret as having formed early from a relatively 226 

primitive mafic melt (Fig. 2C). Since these domains are in optical continuity with the larger oikocryst, and 227 

are thus part of the same single crystal, it is unlikely that they crystallized independently and became 228 

perfectly aligned during the progressive crystallization of a more evolved, Cr-depleted, and Ti-enriched 229 

melt. Instead, our results imply that these Cr-rich domains represent a single, early clinopyroxene grain, 230 

and the domains are connected in 3D. This, in turn, implies that the 3D morphology of this early Cr-rich 231 

clinopyroxene is amoeboidal, with the various domains being only apparently isolated by sectioning (Fig. 232 

4 step 4). 233 

The origin of such an amoeboidal grain must clearly be related to the dissolution (or assimilation) 234 

of an earlier, larger Cr-rich grain whose initial morphology is no longer preserved. This early Cr-rich 235 

clinopyroxene assimilation is potentially associated with partial olivine and plagioclase assimilation by a 236 

reactive melt. It preceded the crystallization of Cr-poor and Ti-rich clinopyroxene mantles/rims that likely 237 

partially fill the intragrain space formerly occupied by interstitial melt (Fig. 4 steps 4 & 4’). These rims also 238 

have a high Mg#, strongly suggesting that they formed from a melt that had reacted with a mafic mush. 239 

Such simultaneous Ti-Mg enrichments in clinopyroxenes are commonly observed in lithologies affected by 240 

reactive processes (Lissenberg and Dick, 2008; Yang et al., 2019). Subsequent crystallization was likely 241 

dominated by Cr-poor and Ti-rich clinopyroxene growth (Ti domains), which, along with progressive 242 

differentiation, eventually produced the observed poikilitic texture (Fig. 4). Locally, an additional stage of 243 

relatively primitive melt infiltration into a melt-poor mushy domain likely formed the interstitial Cr-, Mg-, 244 

and Ti-rich external rims (Cr-Ti domains) (Fig.4 step 5). Therefore, our results strongly support the presence 245 
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of Cr-rich, Ti-poor clinopyroxene early in the crystallization sequence of oceanic mafic mushes, as well as 246 

their participation as reactants (along with olivine and plagioclase) in the reactions involved in reactive 247 

porous flow, the main differentiation process in such igneous series. Those Cr-rich clinopyroxene being 248 

themselves formed after a reactive stage that partially dissolved early olivine grains, we eventually 249 

highlight herein that the entire solidification sequence is interrupted by several successive stages of crystal 250 

partial dissolution (Fig.3, 4; steps 2, 4, 5) in relation with melt recharges (i.e. reactive porous flow). In the 251 

present case, although clinopyroxene is not the first cumulus mineral to form (Fig.4 steps 1-3), its early 252 

crystallization in the solidification sequence may partially explain the pyroxene paradox. The latter concept 253 

relies on the identification that MORB signatures reflect early clinopyroxene fractionation, although their 254 

phenocryst load is dominated by plagioclase and olivine (Francis, 1986), and despite the texture of plutonic 255 

oceanic rocks points to the late crystallization of interstitial clinopyroxenes (Ubide et al., 2025). Here Cr-256 

rich clinopyroxene domains support the early formation of such minerals. 257 

 258 

Conclusions 259 

Our study of a representative poikilitic olivine gabbro from the Atlantis Bank oceanic core complex 260 

(Southwest Indian Ridge), based on unique chemical maps, reveals a striking feature: a co-enrichment of 261 

Mg and Ti from the core to the rim. This pattern cannot be explained by classical crystallization processes 262 

or magma mixing. Using Cr-Ti-Mg systematics, in a single large poikilitic clinopyroxene grain, we identified 263 

both the presence of a primitive Cr-rich, Ti-poor amoeboidal, partially resorbed clinopyroxene core and 264 

subsequent clinopyroxene overgrowths that formed via reactive porous flow. The morphology of the 265 

clinopyroxene core attests for the first time to its involvement as a reactant in assimilation reactions, 266 

consistent with previous thermodynamic and geochemical models requiring clinopyroxene as an early 267 

phase, whereas most petrological observations have relegated clinopyroxene crystallization to later stages 268 
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in such settings. Early Cr-rich clinopyroxenes are therefore present in the initial mushy assemblages of 269 

oceanic crust and participate as reactants (with olivine and plagioclase) in melt-mush reactions that govern 270 

magmatic differentiation at slow-spreading ridges. This study highlights the added value of using high-271 

resolution chemical maps to reveal cryptic mineral histories and study complex petrological processes. 272 

Beyond this specific case, our approach reveals multiple stages of melt-mush reactions during oceanic 273 

plutonic series solidification. This provides more detailed insights into the evolution of magmatic reservoirs 274 

and the interpretation of geochemical signatures in both plutonic and volcanic sections of the oceanic 275 

crust. 276 

 277 
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Fig. 1. (A) The location of the Atlantis II transform fault. (B) 3D bathymetric image of the Atlantis II 471 

transform fault, indicating the location of the Atlantis Bank Core Complex (MacLeod et al., 2017) . (C) 472 

Cross-axis schematic view of the magmatic system and crustal architecture at slow-spreading ridges 473 

(France et al., 2025). 474 
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Fig. 2. Single poikilitic clinopyroxene characteristics. (A) Plane-polarized light and (B) cross-polarized 477 

light microphotographs of a single poikilitic clinopyroxene engulfing rounded olivines and partially 478 

resorbed plagioclases. (C) Ti-Cr map of the clinopyroxene obtained using the Ti/Cr signal ratio, revealing 479 

primitive cores, and a modal map of olivine (purple), plagioclase (orange), amphibole and Fe-Ti oxide 480 

(red), and sulfide (gray). Dark green (clinopyroxene) and dark purple rectangles (olivine) indicate the 481 

locations of enlarged maps presented in Fig. 3. White dashed lines and arrows highlight evidence of 482 

assimilation, black dashed line highlights olivine entrapped in the primitive Cr-rich zone (Cr domain). 483 
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Fig. 3. (A) P maps of olivine chadacrysts within the clinopyroxene oikocryst. Color variations reflect 487 

differences in signal intensity, which are given in counts on the scale revealing skeletal relicts indicating 488 

initial rapid growth, and (B) an interpretative sketch of the olivine growth process. White dashed lines 489 

and arrows highlight evidence of assimilation. All “Steps” refer to those described in Figure 4. The Step 490 

2 box corresponds to the stage occurring between Steps 1 and 3 but not represented in Figure 4. (C) Ti 491 

and Cr maps of selected domains of the studied clinopyroxene oikocryst, which show primitive Cr-rich 492 

cores (Cr domains) and late Ti-rich rims that are divided in 2 subunits: one internal Cr-poor (Ti domain) 493 

and the external Cr-rich (Cr-Ti domain). (D) Point analysis of different locations in each domain of the 494 

clinopyroxene (see map locations in Fig. 2C and Fig. S3) compared to data from Boulanger et al. (2020) 495 

and to clinopyroxene obtain by fractional crystallization of a primitive melt (Falloon and Green, 1987) 496 

through thermodynamic modelling (method in Supplementary Material). 497 
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Fig. 4. 3D sketch of the evolution of the main minerals in the studied system (Ol, Pl, Cpx) and some late 501 

minerals (amphibole and Fe-Ti oxides), including the olivine fast growth (step 1), the formation of an 502 

early Cr-rich clinopyroxene core (step 3), its subsequent partial dissolution to form a residual 503 

amoeboidal clinopyroxene (step 4), and later Ti-rich clinopyroxene overgrowths (step 4’ and 5), 504 

ultimately producing the observed poikilitic texture. ‘Prim. melt rich.’ denotes a recharge of primitive 505 

melt at step 4 and 5. Step 2 corresponds to olivine ripening and partial assimilation (see Fig. 3B). Sections 506 

a and b are 2D views of the system along the pink and blue planes, respectively. 507 
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