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Abstract  16 

Although olivine-hosted melt inclusions from mid ocean ridge basalts (MORB) are 17 

commonly used as a proxy for mantle composition, these melt inclusions generally show 18 

larger elemental and isotopic compositional variation than their host lavas and the origin of 19 

these heterogeneities remains disputed. Here we present oxygen isotope data from melt 20 

inclusions hosted in olivine from two samples from the Mid-Atlantic ridge. Melt inclusions 21 

from different crystals within the same sample show more than 2.5‰ δ18O variation within 22 
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 2 

each sample, which is nearly eight times the analytical error of 0.3‰ (2 standard deviations) 23 

and five times the δ18O range in unaltered MORB. Measured δ18O in melt inclusions do not 24 

correlate with common magmatic tracers, and δ18O measured in the host olivines suggest a 25 

maximum of 1‰ δ18O source heterogeneity. Less than half of the melt inclusions from each 26 

sample are in equilibrium with their host crystals; the remaining melt inclusions have either 27 

lower or higher olivine-melt oxygen isotope partition coefficients compared to the theoretical 28 

equilibrium values. Here we discuss several potential processes that could contribute to these 29 

observations, but none satisfactorily explain the olivine-melt inclusion oxygen disequilibrium 30 

that we observe in these samples. Nevertheless, it seems clear that the variability of δ18O in 31 

melt inclusion from two MORB samples do not record only common magmatic process(es), 32 

but rather a localized grain scale process. Any δ18O variation in melt inclusions should thus be 33 

interpreted with caution.  34 
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 39 

Introduction  40 

Olivine-hosted melt inclusions are often used to study the origin and evolution of mantle-41 

derived magmas (for a review, see Kent, 2008; Schiano, 2003 and references therein). Melt 42 

inclusions are physically isolated from their host magma, which undergoes different processes 43 

during magmatic evolution after the entrapment of melt inclusions (for example, magma 44 

mixing, assimilation, degassing). An important observation is that larger elemental and 45 
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isotopic compositional variations are generally observed in melt inclusions when compared to 46 

whole-rock or glass compositions. A widespread interpretation is that variations measured in 47 

melt inclusions reflect magmatic diversity that is not recorded in whole rock compositions 48 

due to obscuration during later processes (e.g., Kent, 2008). In some cases, variations could 49 

also be related to small-scale reactions in the melt in which the olivine is growing 50 

(Danyushevsky et al., 2004).  51 

In mid-oceanic ridge basalts (MORB), most melt inclusions have trace-element compositions 52 

in the range of MORB lavas, but there are also some clear exceptions to this general 53 

observation (see Schiano, 2003 for a review). These ‘anomalous’ trace-element compositions 54 

have usually been interpreted to reflect near-fractional melting of a depleted mantle and/or 55 

spinel lherzolite, or of hydrothermally altered peridotite (e.g., Gurenko and Chaussidon, 1995; 56 

Nielsen et al., 2000; Sobolev and Shimizu, 1993). The anomalous trace-element compositions 57 

are not found in MORB rocks, as MORBs represent aggregates of different melt fractions 58 

(e.g., Jin et al., 1994; McKenzie, 1984; Sobolev and Shimizu, 1993). Melt reaction within the 59 

crust, i.e. within a crystal mush, may also explain the larger compositional variations 60 

observed in some MORB melt inclusions compared to lavas (e.g., Danyushevsky et al., 2004; 61 

Kamenetsky and Gurenko, 2007). 62 

Major and trace element variability in melt inclusions from MORB samples are also 63 

sometimes observed within a single phenocryst (Shimizu, 1998), which indicates that melt 64 

inclusions are not necessarily in equilibrium with their hosts. Such small-scale diversity could 65 

be generated by trace element diffusion within the melt during melt inclusion formation by 66 

host dissolution-reprecipitation, or by boundary layer entrapment during fast, diffusion-67 

controlled growth or melt transport (e.g., Baker, 2008; Cottrell et al., 2002; Faure and 68 

Schiano, 2005; Manzini et al., 2017; Van Orman et al., 2002). Other processes, such as 69 

diffusion of some elements (e.g., H, Fe) toward the host olivine or the host melt are 70 
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responsible, in some cases, for elemental variation in melt inclusions (e.g., Danyushevsky et 71 

al., 2000a; Gaetani et al., 2012).  72 

To date, no stable isotope data from melt inclusions within olivine from typical MORB 73 

samples have been published. Although δ11B and δ18O were reported in some olivine-hosted 74 

melt inclusions from Iceland, the petrogenetic history of these samples is fundamentally 75 

different from typical MORB settings (Gurenko and Chaussidon, 1997, 2002; Hartley et al., 76 

2013). In this study, we focus on δ18O values from melt inclusions within MORB samples, as 77 

the systematics of this stable isotope system are well constrained. Based on a compilation of 78 

δ18O data in Neogene volcanic rocks, Harmond and Hoefs (1995) concluded that bulk MORB 79 

rocks have δ18O compositions of 5.7‰ ± 0.2‰. Because the variation reported is similar to 80 

the typical analytical uncertainty reported in the literature for individual δ18O measurements 81 

of silicate rocks at that time, the authors concluded that MORB have a uniform δ18O 82 

signature. More recently, fresh MORB glasses from the Mid-Atlantic Ridge, Indian Ocean 83 

and east Pacific Ridge were analyzed by laser fluorination and show a narrow range of 84 

oxygen isotope ratios from 5.37 ± 0.01 to 5.81 ± 0.04 ‰ (1σ), with an average of +5.50 ‰ 85 

(Eiler et al., 2000). In addition, δ18O is thought to not fractionate during melting (e.g., Eiler, 86 

2001). As such, if melt inclusions are representative of the MORB source, they should show 87 

similar values within a relatively restricted range; however, as melt inclusions generally show 88 

larger chemical variations than those recorded by the bulk rock, δ18O in melt inclusions from 89 

MORB samples might also display larger isotopic variabilities than MORB glasses. 90 

Constraining the variability of oxygen isotopes in melt inclusions from MORB samples is 91 

important, as δ18O variations within these melt inclusions serve to assess the importance of 92 

fluid interaction, magma mixing and/or assimilation of oceanic crust (Gurenko and 93 

Chaussidon, 2002; Hartley et al., 2013). In this study we report δ18O data from melt inclusions 94 

within two different MORB samples from the northern Mid-Atlantic Ridge. We observe a 95 
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never before reported large range of δ18O compositions within these melt inclusions, up to 96 

2.5‰, and discuss the reported data in term of magmatic processes, olivine dissolution-97 

precipitation and diffusion.   98 

 99 

Sample description and geological context  100 

The studied olivine-hosted melt inclusions are from two dredged basalts from the North 101 

Atlantic ridge. Sample ARP73-10-03 is a picrite from the FAMOUS zone (36°8372’N, 102 

33°2482’W) that contains a little more than 20% olivine phenocrysts (Fo87.2-91.3), rare 103 

clinopyroxene, and plagioclase xenocrysts. The crystals are surrounded by a hyalocrystalline 104 

groundmass composed of glass, plagioclase (An75-80) and olivine microlites (Fo86) (Laubier et 105 

al., 2007). Laubier et al. (2007) suggest that the variable major and trace element 106 

compositions of ARP73-10-03 melt inclusions reflect polybaric partial melting of a 107 

homogeneous mantle, followed by mixing in various proportions at either different degrees of 108 

melting or in different parts of the melting system. 109 

CH77-DR6-203 is a dredged basalt from the 14° MAR triple junction (14.12°N, 45°W). This 110 

fresh sample is highly enriched in volatiles, with CO2 in vesicles and water in the glass, 111 

(popping rock; Javoy and Pineau, 1991) and shows a compositional anomaly with enriched 112 

(Nb/Zr)N, (Ta/Hf)N and (La/Sm)N compared to adjacent segments which may result from 113 

mantle heterogeneity (Bougault et al., 1988). The mantle heterogeneity hypothesis is also 114 

supported by Sr and Nd isotopes in MORB rocks from different segments of the triple 115 

junction (Dosso and Bougault, 1986). The melt inclusions studied here are hosted in 1-5 mm, 116 

polyhedral olivines containing one or several melt inclusions. They are glassy, sub-spherical, 117 

and have a radius of 40-350 μm. They contain no daughter minerals. Rare shrinkage bubbles 118 

are present, but represent only a small fraction of the total volume. 119 
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 120 

Methods 121 

 122 

Sample preparation 123 

Polished olivines containing exposed melt inclusions were pressed into 1-inch indium mounts, 124 

along with the glass standards (BHVO-2G, BCR-2G and BIR-1G) and San Carlos olivine. 125 

Care was taken to mount them within 8 mm of the center of the mount. A separate mount was 126 

made for each sample. SEM images were acquired at the University of Lausanne using a 127 

Tescan Mira LMU field-emission scanning electron microscope operated at 20 kV and 0.2-0.4 128 

nA probe current to ensure that the melt inclusions were totally glassy. Melt inclusions with 129 

cracks or crystals were discarded. Topography of each mount was measured using a Brucker 130 

GTA-K white light interferometer. 131 

 132 

Electron microprobe  133 

Major element compositions and X-ray distribution maps of melt inclusions and olivines were 134 

acquired using a JEOL 8200 Superprobe electron microprobe analyzer. Analytical conditions 135 

for the quantitative measurement of olivine were 15kV at 20nA and a 5 μm beam diameter. 136 

Counting times were 30 s for Si, Mg, Mn and Fe and 40 s for Al, Ca, Ni and Cr. Analytical 137 

conditions for analyses of melt inclusions were 15kV, 10 nA and a 10 μm beam diameter. 138 

Counting times were 30 s for all elements except for K (20 s) and Na (16 s). A glass standard 139 

(KL2-G) was used for SiO2 and Al2O3. All other elements were calibrated on minerals. A 140 

grain of ML3B-G was used as an internal standard to check the calibration.  141 

 142 
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Secondary ion mass spectrometer 143 

Oxygen isotope ratios, volatiles (H2O, CO2, Cl, F) and trace-element (Ti, V, Sr, Y, Nb, Ba, 144 

La, Ce, Nd, Sm, Eu, Yb) concentrations were determined using the CAMECA ims1280-HR at 145 

the SwissSIMS laboratory. 146 

Oxygen isotopes 147 

Analytical conditions were similar to those described by Seitz et al. (2017): Throughout 148 

18O/16O measurements of melt inclusions and olivines, the sample was sputtered with a Cs+ 149 

primary beam of 2 nA, which was raster over 15 μm. An electron gun was utilized in order to 150 

compensate for sample charging. Samples were pre-sputtered for 30 s, followed by 80 s of 151 

analysis (20 cycles of 4 s). Automatic centering of secondary ions on field and contrast 152 

apertures were performed before each analysis. Measurements of 16O and 18O were performed 153 

simultaneously via two Faraday cups, using 1010 and 1011 resistors, respectively. The intensity 154 

of 16O was typically ~ 2.2x109 counts per second for glasses and ~1.7x109 counts per second 155 

for olivine. Internal error (2 standard error), reflecting the counting statistics of one analysis, 156 

was usually better than 0.3‰ for melt inclusions and olivines. 157 

For melt inclusions, instrumental mass fractionation (IMF) was corrected using a set of 9 158 

international glass standards with compositions ranging from basaltic to rhyolitic (NKT-1G, 159 

GOR132-2G, BIR-2G, BHVO-2G, ML3B-2G, BCR-2G, StHs6/80G, UoE-Lipari, ATHO-G; 160 

Hartley et al., 2012; Jochum et al., 2006). The matrix effect was corrected using a linear 161 

regression of IMF with SiO2 (Figure DR1-A). Two to three standards (BHVO, BIR and BCR), 162 

with compositions closely bracketing the melt inclusion compositions, were added on each 163 

mount to monitor and correct for potential instrumental drift. For olivines, IMF was corrected 164 

using an in-house San Carlos olivine standard (Fo 90.1), as well as three in-house olivine 165 

reference materials (Fo 99.6, Fo 91.9 and Fo 37.5; Fig DR1-B).  166 
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At the outset of each session, we performed at least eight measurements of a running standard 167 

(i.e., measured repeatedly during the session; BHVO for melt inclusions sessions and San 168 

Carlos for olivine sessions), in order to determine standard reproducibility (noted hereafter in 169 

2 standard deviation, 2SD). The 2 SDs were better than 0.3‰ for melt inclusions sessions, 170 

and 0.4‰ for olivines sessions. To monitor the instrument stability, running standards were 171 

measured every 8 to 12 unknowns and gave a reproducibility of 0.3‰ 2SD, similar to the 172 

eight measurements at the outset of each session. Accuracy was checked using one of the two 173 

to three standards inserted in each mounts and was similar to reproducibility (0.3‰ 2SD and 174 

0.4‰ 2SD for melt inclusions and olivines, respectively).  175 

 176 

Trace elements 177 

Phosphorous concentrations within melt inclusions were measured using the same analytical 178 

conditions described by Manzini et al. (2017): Trace-element compositions of melt inclusions 179 

and olivine were analyzed using a 5-6 nA O- primary ion beam, resulting in an analysis spot 180 

of about 20 μm. A mass resolution of 5000 was used. Samples were pre-sputtered for 90 s, 181 

using a 25 μm raster. Trace elements were quantified by measuring the signal from the 182 

following isotopes: 48Ti, 51V, 88Sr, 89Y, 93Nb, 138Ba, 139La, 140Ce, 142Nd, 152Sm, 153Eu, 172Yb. 183 

These measurements were performed in mono-collection mode by peak switching throughout 184 

one analytical run on an electron multiplier (EM) collector. 40Ca was measured on a FC 185 

collector in the same analytical run as the other trace elements and was used as reference 186 

element. Using 40Ca instead of 30Si (or 28Si) during melt inclusion analyses allowed us to 187 

check for possible contamination by olivine throughout the analyses. A waiting time was used 188 

to obtain a steady state sputtering condition, and each analysis consisted of six cycles. 189 

Waiting and counting time, typical standard reproducibility and typical internal error are 190 
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given in Table DR1. BHVO-2G was used as standard for melt inclusions, using the USGS 191 

certified values for the trace elements.   192 

 193 

Volatile elements 194 

A Cs+ primary ion beam with a current of 1.5 nA was used to measure volatile elements 195 

(H2O, CO2, Cl, F, S); throughout these analyses an electron gun was used to compensate the 196 

charges and to avoid charging of the sample surface. The secondary beam was accelerated at 197 

10 kV, and the sample was pre-sputtered applying a 15 μm raster for 210 s. Elements were 198 

measured in mono-collection mode, with a 10 μm raster during 12 cycles. Total analysis time, 199 

including pre-sputtering, was approximately 14 minutes. The field aperture was set to 3000 200 

μm, entrance slit to 60 μm and exit slit to 240 μm. This configuration allowed a mass 201 

resolution of 5000, sufficient to fully discriminate the interferences. BHVO-2G, BCR-2G, 202 

BIR-1G, ALL, NS and ALV (Helo et al., 2011) were used as standards. BHVO-2G was then 203 

used as a running standard to check instrument stability. Background was determined by 204 

analysis of a synthetic anhydrous olivine. Additional information is given in Table DR1. 205 

 206 

Results  207 

A total of 34 melt inclusions within 30 olivines were measured from sample CH77-DR6-203, 208 

as were 17 melt inclusions within 13 olivines from sample ARP73-10-03. The results of these 209 

analyses are summarized in Table DR2. Oxygen isotope ratios in olivines are reported in 210 

Table DR3. 211 

Analyzed olivines are characterized by a high forsterite content (Fo = Mg/Fe+Mg) ranging 212 

from 88.8 to 91.4 for ARP73-10-03 and from 84.0 to 90.9 for CH77-DR6-203. Major-element 213 

compositions of melt inclusions were corrected for the effect of post-entrapment 214 
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crystallization (PEC) of olivine at the wall of melt inclusion, using the Petrolog software 215 

package (Danyushevsky and Plechov, 2011). Parameters used for Petrolog calculations are 216 

summarized in the footnote of Table DR2. Our calculated PEC indicates that between 5.9 and 217 

18.1% of olivine crystallized after melt inclusion trapping. Major elements are less variable 218 

after PEC correction (e.g., SiO2 variation of 2.8 wt. % before and 1.6 wt. % after correction; 219 

Table DR2), and all major-element compositions mentioned hereafter are corrected for PEC. 220 

Melt inclusions from ARP73-10-03 have a narrow range of major-element compositions, with 221 

SiO2 ranging from 50.0-50.4 wt. %, MgO from 11.2-12.8 wt. % and K2O from 0.10-0.15 wt. 222 

%. CH77-DR6-203 shows a slightly larger compositional range in major elements, with SiO2 223 

content from 49.2-50.8 wt. %, MgO from 7.8-10.0 wt. %, and K2O from 0.20-0.55 wt % 224 

(Figure 1A). Major-, volatile- (Cl, F, S) and trace-element concentrations measured in 225 

ARP73-10-03 fall within the same range as those reported by Laubier et al. (2012) for melt 226 

inclusions within the same sample and are consistent with glass N-MORB compositions 227 

(Jambon et al., 1995; Naumov et al., 2014; Wallace and Carmichael, 1992). Water and CO2 228 

concentrations are also in the typical range of MORB glass values (Danyushevsky et al., 229 

2000b; Magenheim et al., 1995; Wallace and Carmichael, 1992). The melt inclusions from 230 

CH77-DR6-203 are enriched in volatiles (to a lower extent for CO2) when compared with 231 

MORB glass values, and have trace-element compositions similar to typical E-MORB glasses 232 

(e.g., Figure 1B modified from Gale et al., 2013).  233 
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 234 

Figure 1: Oxygen isotope values for MI plotted against the K2O concentration (A) and the La/Sm 235 

chondrite-normalized ratio (McDonough and Sun, 1995) (B). Line separating D-, N- and E-MORB are 236 

from Gale et al., 2013a. Fresh MORB glasses studied represented by white triangles in the figure, are 237 

plotted for comparison (Eiler et al., 2000).  238 

 239 

Oxygen isotopes from melt inclusions show > 2.3‰ variation within each sample (δ18O = 240 

+5.0 ± 0.17 to+7.2 ± 0.16‰, with an average of +6.2‰ for CH77-DR6-203; and δ18O = +4.5 241 

± 0.3 to +7.1 ± 0.6‰, average +5.7‰ for ARP73-10-03). These variations are about eight 242 

times larger than the analytical uncertainty (0.3‰, 2SD) and about five times larger than the 243 

variations observed for bulk δ18O of unaltered MORB glasses (<0.5‰; Figure 2). Before IMF 244 

correction, data show similar δ18O variations (2.2‰). This is explained by the relatively 245 

narrow range of SiO2 of the melt inclusions within a sample, which indicates that the applied 246 

IMFs are relatively similar (± 0.13‰) for all melt inclusions from the same sample. ARP73-247 

10-03 is the closest to MORB glass composition in term of major, trace elements and oxygen 248 

isotopes. Nevertheless, 8 melt inclusions out of 21 have ‘anomalous’ δ18O composition (i.e., 249 

statistically – 2 SD – outside the range of MORB glass bulk values). Within a single olivine, 250 

δ18O from different melt inclusions are statistically different in the ARP73-10-03 sample (3 251 

pairs, variation up to 2.2‰), whereas in the CH77-DR6-203 sample, melt inclusions hosted in 252 
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a single olivine have values within analytical uncertainty δ18O (3 pairs, variation less than 253 

0.4‰; Figure 3). In both samples, olivines show smaller variability than their hosted melt 254 

inclusions: the ARP73-10-03 olivine have δ18O values of +4.9 to +5.7‰ and olivines from 255 

CH77-DR6-203 have δ18O ranging from +5.0 to +6.5‰ (Table DR3, Figure 2).  256 

 257 

Figure 2: Comparison of oxygen isotope variations in MORB glasses from Mid-Atlantic Ridge, 258 

Indian ocean and east-Pacific Ridge (n = 28) (Eiler et al., 2000) and melt inclusions (MIs) from the 259 

two studied MORB samples (ARP73-10-03 and CH77-DR6-203). For a comparison, range of δ18O 260 

composition measured in the olivines hosting the melt inclusions are also plotted (dashed line 261 

contoured fields). Melt inclusions show larger variability compare to MORB glasses and to their host 262 

olivines. 263 
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 264 

Figure 3: Oxygen isotope ratio of melt inclusions, compared to the δ18O of their host olivine crystals. 265 

Melt-olivine equilibrium fractionation (Δ18O; black line) is from Matthews et al. (1998). Only 42 and 266 

46% of melt inclusions from ARP_73-10-03 and CH77-203-DR6 are in equilibrium with their host, 267 

within analytical error.  268 

 269 

Discussion 270 

To date, no oxygen isotope data have been reported for olivine-hosted melt inclusions from 271 

MORB samples. Only two studies (Gurenko and Chaussidon, 2002; Hartley et al., 2013) 272 

reported δ18O in olivine-hosted melt inclusions, and these data are from 7 samples taken from 273 

Iceland. These studies found δ18O variation reaching a maximum of 1.2 ‰ (+4.0 to +5.2‰, 274 

sample 14161G, n = 3 melt inclusions; Gurenko and Chaussidon, 2002) and 0.95 ‰ (+3.05 to 275 

+4.0‰, sample N18, n = 9 melt inclusions; Hartley et al., 2013), respectively. These 276 

variations were interpreted to reflect either mixing of the ascending magma with melt lenses 277 

that had previously interacted with the low-δ18O Icelandic crust (Hartley et al., 2013), or 278 

heterogeneity in the Icelandic mantle or mixing of two end-members (Gurenko and 279 
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Chaussidon, 2002). Melt inclusions from the two MORB samples measured in our study both 280 

show more than 2.3‰ variation in δ18O, a larger variation than that reported for olivine-281 

hosted melt inclusions from Iceland. Hereafter, the δ18O variability is discussed in term of 282 

analytical versus magmatic processes. 283 

 284 

Analytical artefacts 285 

Oxygen isotope analyses via SIMS are very sensitive to the sample geometry, i.e. the 286 

placement of the analyzed grains in the mount and the topography of the analyzed material 287 

(e.g., Kita et al., 2009). All grains and reference material have been placed within 8 mm of the 288 

center of the mount, in order to avoid X-Y effects due to deformation of the electrostatic field 289 

close to the edge of the sample holder (Peres et al., 2013) (see methods section for more 290 

details). Reproducibility of the measurements of a homogeneous reference material for 291 

oxygen isotope is typically <0.3‰ (2 SD) when the surface relief is 1 µm, whereas it 292 

increases up to 3‰ (2SD) when topography is on the order of 10-40 µm (Kita et al., 2009). 293 

Our mounts show < 4 µm topography both between the indium and grains, and between 294 

olivine and melt inclusions. Two different cases are presented in Figure 4: First, Figure 4-A 295 

shows olivine CH77-DR6-203_37 hosting 2 melt inclusions with similar δ18O (within the 296 

0.3‰ 2SD calculated for a session, +6.37±0.21‰ and +5.97±0.16‰) and a topography of 297 

1µm. Olivine ARP73-10-03_16, shown in Figure 4-B, has δ18O in melt inclusions which vary 298 

from +5.15 ± 0.21‰ to +6.42 ± 0.26‰. This olivine has a topographical variation of up to 4 299 

µm, with a difference in topography of 1.5 µm between melt inclusions A, C and D 300 

(maximum 1.3‰ difference in δ18O), and 2.5 µm between melt inclusions A and B (similar 301 

δ18O). Melt inclusions are less than 1 µm lower compared to the olivine, which should not 302 

affect the analyses: 17 analyses made following 2 profiles along perpendicular axes from wall 303 
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to wall in melt inclusion A, and 7 in melt inclusion B yield a reproducibility better than 0.3‰ 304 

(2SD) (Table DR2). Also, multiple measurements (n = 75) located at the edge or in the center 305 

of the olivine grain ARP73-10-03_16, which shows the largest topographical variation, yield 306 

data clustering within 0.45‰ (2SD; Table DR3), comparable to the reproducibility obtained 307 

during the same session for San Carlos reference material that has negligible topography 308 

(0.40‰, 2SD). Moreover, δ18O from melt inclusions within ARP73-10-03_16 A and B were 309 

measured twice, in two different sessions and similar values were obtained. As the mount was 310 

placed in the sample holder with a different orientation, this confirms that measured δ18O 311 

variation cannot be due to sample topography or orientation. Based on these observation, we 312 

find it highly unlikely that topography of the grains is responsible for the large variation of 313 

δ18O in the melt inclusions analyzed in this study. As the calibration of the SIMS analyses 314 

reported here were made using several reference materials covering the range of melt 315 

inclusions major elements (Fig. DR2). Hence we conclude that the observed δ18O variations 316 

are real in melt inclusions and do not represent analytical artefacts.  317 
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 318 

Figure 4: Example of profilometer images of the studied samples. A – ARP73-10-03_16 olivine; B – 319 

CH77-DR6-203_37 olivine. The number of points is specified when more than one analyses was 320 

obtained in the same inclusion, and the error (2SD) represents the reproducibility on the repeated 321 

measurements. 322 

 323 

Effects of different magmatic processes 324 

Partial melting causes large variations in the major- and trace- element concentrations of 325 

MORBs (e.g., Frey et al., 1993; Schilling et al., 1983; Zindler et al., 1979), but is not expected 326 

to largely fractionate oxygen isotopes. Indeed, Bindeman et al. (2012) estimate that extraction 327 

of 15% of the melt, assuming equilibrium is maintained throughout the melting, will change 328 

δ18O by only 0.05‰. Even high degrees of partial melting (up to 42%) of a mantle source will 329 
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create less than 0.2 ‰ δ18O variations (e.g. Eiler, 2001). Variation in the degree of partial 330 

melting will thus not be resolvable by SIMS, given the typical precision of ~0.3‰ 2SD. 331 

Hence, the lack of correlation between δ18O and the abundance of incompatible elements such 332 

as [La/Sm]N for example (Figure 1), which are sensitive to degree of melting, indicates that 333 

variable extents of partial melting cannot explain the large δ18O scatter measured in this study. 334 

Interestingly, ARP73-10-03 has a composition similar to that of typical MORB glass (N-335 

MORB) in terms of [La/Sm]N, K2O and volatile contents, and average δ18O composition (e.g., 336 

Eiler et al., 2000; Gale et al., 2013), whereas CH77-DR6-203 has higher (La/Sm)N, volatiles, 337 

K2O contents, and δ18O than that of N-MORB glass (Figure 1). Differences in (La/Sm)N, 338 

volatiles and K2O contents between the two samples could reflect different degrees of 339 

melting, but the different average δ18O rather suggests melting of an enriched mantle source 340 

for CH77-DR6-203. Despite the melting of different mantle sources for the two samples, 341 

resulting in different δ18O for their respective melt inclusions, a similar variation of δ18O 342 

(~2.5‰) is observed in melt inclusions for both samples.  343 

The lack of correlation between δ18O of the melt inclusions and the forsterite content of their 344 

host olivines do not support large fractionation of oxygen isotopes during magmatic evolution 345 

of the studied samples (Figure 5). This observation is consistent with an experimental study 346 

examining crystallization of a MORB melt dominated by olivine and plagioclase fractionation 347 

(Tormey et al., 1987), which shows that the oxygen isotopic composition of the melt should 348 

not vary by more than 0.1 ‰ for a MgO content between 3 to 8 wt% (Eiler, 2001). Recently, 349 

Bucholz et al. (2017) modelled change in δ18O in tholeiite during fractional crystallization and 350 

also found minor change in δ18O (up to 0.35‰ for composition comparable to ARP73-10-03 351 

and CH77-203-DR3 melt inclusions). 352 
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 353 

Figure 5: Plot of oxygen isotopes of olivine and of melt inclusions plotted against the Fo content of 354 

the host olivines. Full symbols are for melt inclusions, empty symbols represent olivines. 355 

 356 

Considering the low volatile concentrations in MORB lavas, the effect of magma degassing 357 

on oxygen isotopes should be negligible. In fact, the total devolatilization of MORB magmas 358 

will change the δ18O by less than 0.1 ‰ (Eiler, 2001). Similarly, oxygen fugacity changes in 359 

the magmatic system should not create any oxygen isotope ratio variations as the fractionation 360 

of oxygen isotopes in the melt is not controlled by fO2 (Lester et al., 2013).  361 

Assimilation of altered oceanic (AOC) crust with variable δ18O (1-6‰ for lower AOC and 7-362 

15‰ for upper AOC; e.g. Alt, 2003; Alt and Bach, 2006) may also affect the δ18O variability 363 

observed in melts (e.g., Genske et al., 2013). The assimilation process can be modeled by 364 

simple mixing, because MORB melts and AOC have very similar oxygen concentrations. If 365 

we consider a typical mantle composition of δ18O=5.5 ‰ (Eiler, 2001; Mattey et al., 1994) 366 

and mix it with an altered upper oceanic crust with δ18O=15 ‰ (e.g., Alt, 2003), a minimum 367 

of 17% assimilation of upper AOC is required to explain the highest δ18O measured in melt 368 

inclusions (7.1‰) from ARP73-10-03. This amount of upper AOC assimilation (>17%) 369 

would, for example, result in Ba content of >62 ppm, assuming an average Ba content of the 370 
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upper AOC of 300 ppm (e.g., Kelley et al., 2003) and 13.9 ppm for uncontaminated MORB 371 

(Hofmann, 1988). As melt inclusions from ARP73-10-03 (N-MORB sample), have Ba 372 

contents typical of N-MORB (around 20 ppm; maximum 34 ppm Ba), we find that 373 

assimilation of upper crustal material is not likely to be responsible for the high δ18O values 374 

measured in these melt inclusions. Similarly, a minimum of 22% assimilation of the upper 375 

AOC is required to obtain the lowest δ18O (4.5‰) of the melt inclusions, assuming an 376 

extreme lower AOC composition of δ18O=1‰ (as in hydrothermal amphibolite veins; e.g., 377 

Alt and Bach, 2006). Assimilation of serpentinites that have δ18O values of 2.0 to 6.7‰, with 378 

most of the values <5‰ (Barnes et al., 2014; Boschi et al., 2008) would require a larger 379 

amount of assimilation compared to AOC, and could not account for the δ18O up to 7.1 ‰ or 380 

down to 4.5 ‰.  381 

The absence of correlation between elements that are similarly incompatible in the dissolution 382 

reactions of pyroxene, plagioclase and spinel (e.g., S and Ce; Danyushevsky et al., 2004) 383 

suggests that local grain-scale dissolution-reaction mixing processes (Danyushevsky et al., 384 

2004) is an unlikely process to explain the δ18O variations in melt inclusions. In fact, open 385 

system local dissolution of minerals formed in equilibrium with a basaltic melt will not 386 

change the δ18O composition of the ascending basaltic melt.  387 

The δ18O variability of 1.1 and 1.4 ‰ in the olivine crystals (δ18O(Ol)) from ARP73-10-03 and 388 

CH77-DR6-203 (Table DR3), respectively, is an indicator that these olivine crystals record 389 

crystallization in a heterogeneous environment, or record a heterogeneous crystallization 390 

history. Considering the typical reproducibility of olivine measurements of 0.4‰, these 391 

variations are not likely to reflect analytical artefacts and should therefore represent real 392 

heterogeneities. In fact, individual crystals are homogeneous within measurement uncertainty 393 

of ca. 0.4 ‰, while different crystals from the same sample are more variable. In terms of 394 

major elements, each crystal is homogeneous (with the exception of P heterogeneities in some 395 
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olivines; Manzini et al., 2017), but all olivines have different Fo contents (Table DR3). 396 

Within each sample, no clear trend is observed between Fo content and average δ18O(Ol) (Fig. 397 

5). At a given Fo content, δ18O(Ol) varies up to 0.9‰. This observation suggests that these 398 

olivine crystals from both samples grew in slightly heterogeneous environments (~0.9-1‰ 399 

variation). 400 

 401 

Olivine-melt inclusion isotopic disequilibrium 402 

Equilibrium fractionation between olivine and melt (Δ18Ool-melt) at 1250°C is -0.6 ‰, based on 403 

Matthews et al. (1998), which is equivalent to twice the uncertainty of the measured 404 

compositions. As mentioned above, Δ18O variability in the studied melt inclusions is larger 405 

than the heterogeneity of their host olivines. Only 42 and 46% of melt inclusions from 406 

ARP_73-10-03 and CH77-203-DR6 are in equilibrium with their host (Figure 3). The 407 

remaining melt inclusions have either lower or higher Δ18Ool-melt compared to the theoretical 408 

equilibrium value at 1250°C. While the proportion of melt inclusions in equilibrium with their 409 

host olivine is similar for both samples, the proportion of melt inclusions with higher versus 410 

lower Δ18Ool-melt is different for each sample. In detail, within an olivine containing several 411 

exposed melt inclusions, Δ18Ool-melt can vary significantly. No correlation is observed between 412 

olivine-melt isotopic disequilibrium and Fo content of the host olivine, which indicates that 413 

disequilibrium conditions could have prevailed at any time during the samples’ magmatic 414 

history. An important observation is that melt inclusions in equilibrium with their host 415 

olivines do not show significant δ18O variation (5.7±0.3‰ for ARP73-10-03 and 6.3±0.5‰ 416 

for CH77-203-DR6). Assuming equilibrium between olivine and melt, variations in 417 

temperature throughout crystal growth could affect Δ18Ool-melt. However, the large variation of 418 

Δ18Ool-melt would require a large and unrealistic temperature range, from 700°C for the lowest 419 

Δ18Ool-melt to >2500 °C for the positive Δ18Ool-melt. 420 
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We propose that the measured Δ18Ool-melt variations instead indicate disequilibrium. Lower or 421 

higher Δ18Ool-melt compared to theoretical equilibrium require either a process able to shift the 422 

equilibrium toward both higher and lower values, or a combination of different processes. 423 

Oxygen diffusion along the moving interface between melt and crystal during crystal growth 424 

or after melt inclusion entrapment is a process capable of generating isotopic disequilibrium 425 

between melt inclusions and their host olivine. Rapid crystal growth can lead to a local 426 

disequilibrium in the growth media, creating boundary layers in which elements with the 427 

lowest diffusivity in the melt and/or lowest partition coefficients (e.g., S, Cl, P, Al) will 428 

concentrate. It has been demonstrated that this process can create melt inclusion compositions 429 

with different major elements (Faure and Schiano, 2005; Watson and Müller, 2009), volatiles 430 

(S, Cl) and/or P content (Baker, 2008) compared to the bulk melt composition. Oxygen is also 431 

a slow diffusing element in relatively dry melts, with 16O diffusing faster than 18O (e.g., 432 

Lesher, 2010); therefore, such a boundary layer should have a higher δ18O composition than 433 

the melt in which the crystal in growing. Melt inclusions from ARP-73-10-03 have major, 434 

trace and volatile elements compositions similar to MORB, with no enrichment in Al, S, Cl or 435 

Ca; however, some melt inclusions within this sample do have higher P contents due to 436 

olivine dissolution near P-rich (fast growing) domains (Manzini et al., 2017). No significant 437 

difference in δ18O(Ol) between P-rich and P-poor domains within each olivine are observed 438 

(Figure DR2). Moreover, δ18O(Ol) compositions of the recrystallized olivine (P-depleted halo) 439 

are similar to those of the primary olivine (Figure 6A). Figure 6B shows the δ18O of melt 440 

inclusions from both samples, as a function of their location (in primary olivine, or in 441 

recrystallized domains), based on phosphorus maps of the host olivines. No systematic shift in 442 

δ18O as a function of the olivine domain in which the melt inclusion is trapped can be 443 

resolved. Also, isotopic disequilibrium can be found in melt inclusions trapped in olivine with 444 

or without P zoning (Table DR2), suggesting that the MI-Olivine δ18O disequilibrium and 445 
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large δ18O variations in melt inclusions are not related to initial rapid crystal growth creating 446 

P-rich domains, nor to the dissolution of P-rich olivine domains.  447 

 448 

Figure 6: A: Comparison of δ18O measured in the ARP73-10-03_16 olivine (P-enriched and P-normal 449 

zones), in the re-precipitated part (P-depleted zone around melt inclusion) and in the 2 melt inclusions 450 

situated in the P-zoned olivine part. No differences in oxygen isotope can be seen between the 451 

different parts of the olivine.  B: Comparison of δ18O measured in melt inclusions located in 452 

recrystallized olivine (i.e. close to a P-zoned region of the olivine) and in unzoned olivine parts, 453 

probably in initial olivine, that did not suffer from dissolution and re-precipitation. No differences can 454 

be observed between the two populations, but in general CH77-DR6-203 has higher δ18O values than 455 

ARP73-10-03.   456 

 457 

As argued above, olivine-hosted melt inclusions within the samples studied here suffered 458 

from PEC of olivine. Manzini et al. (2017) have shown that this thin (< 1 µm) layer 459 

crystallizes a few hours before eruption. This fast crystallization results in a strong P 460 

enrichment of the late-crystallized olivine. Post-entrapment crystallization could thus generate 461 

a thin boundary layer with a distinct (high) δ18O(Ol) composition and lower the initial δ18O of 462 

the melt inclusions. Given the small volume of the PEC (1 µm layer compared to melt 463 

inclusion diameters of > 50 µm), it should not largely influence the melt inclusion 464 
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composition. This assumption is verified by the absence of a correlation between amount of 465 

PEC or P with δ18O of the melt inclusions or Δ18O ol-melt.  466 

Diffusion of O in and out of the melt inclusions could in theory produce higher or lower 467 

Δ18Ool-melt. Oxygen can diffuse as mono or multi-species. Indeed, O is present in CO2 and 468 

H2O molecules. It is known that water can diffuse in or out of melt inclusions (e.g., Chen et 469 

al., 2013; Gaetani et al., 2012; Portnyagin et al., 2008), but mostly in the form of H+. Given 470 

the low water content involved in MORB systems, this should not produce large δ18O 471 

variations in melt inclusions (Zhang and Ni, 2010). It is possible that CO2 could largely degas 472 

in melt inclusion shrinkage bubbles (e.g., Moore et al., 2015); migration of CO2 in the bubble 473 

may fractionate δ18O, but as 16O is diffusing faster this could only generate higher δ18O. Melt 474 

inclusions with the lowest Δ18Ool-melt do not necessarily contain shrinkage bubbles, which 475 

indicates that fractionation of O isotopes is not related to shrinkage bubble formation.  476 

Diffusion of O after melt inclusion entrapment would imply that melt inclusions were initially 477 

not in equilibrium with their host at the time of entrapment and thus cannot explain the origin 478 

of the large variation of δ18O in the studied melt inclusions. If O isotopic diffusion occurred 479 

after melt inclusion entrapment, it should be limited based on the following observations: 480 

First, based on P profiles made from melt inclusions in olivines, melt inclusions were trapped 481 

for a few hours to a few days before quenching (Manzini et al., 2017). Using the diffusion 482 

data of Dohmen et al. (2002) (this dataset yields a diffusion coefficient of ~9.3x1012 in olivine 483 

at 1250°C), this amount of time would result in a small amount of O diffusing from melt 484 

inclusion to olivine over a profile no longer than 10 microns, which is not resolvable using the 485 

techniques employed in this study. This is confirmed by δ18O profiles obtained from three 486 

different olivines, in which melt inclusions are either in disequilibrium (Figures 7A and DR2) 487 

or equilibrium (Figure 7B), starting at ~15-30µm from the inclusion wall, do not show any 488 

significant increase or decrease of δ18O values toward the MI. Second, δ18O profiles measured 489 
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within a single melt inclusion, from olivine wall to MI center, give similar values (Figure 8). 490 

Lastly, there is no correlation between the melt inclusion size and the δ18O value of the melt 491 

inclusion.  492 

 493 

Figure 7: Oxygen isotopes profiles in olivines, starting from melt inclusion. A: oxygen isotopes 494 

profile in olivine ARP73-10-03_12, for which melt inclusion “a” is not in equilibrium. Profile starts 495 

from the melt inclusion. B: different δ18O profiles done around the melt inclusion (in equilibrium) 496 

entrapped in olivine ARP-10-03_7. The 3 profiles start from 3 different locations around the melt 497 

inclusion and all are made in different directions. No clear diffusion profile from the melt inclusion 498 

toward the olivine can be observed. Black lines represent the average composition of olivine and 499 

dashed lines the 2 SD variations of the data along the profiles. 500 

 501 
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 502 

Figure 8: Oxygen isotopes profiles in melt inclusion APR-73-10-03_16A, from wall to wall. Two 503 

profiles were performed in this melt inclusion, perpendicular to one other. 504 

 505 

In theory, oxygen diffusion could occur in response to a thermal gradient (Soret diffusion). 506 

Indeed, Kyser (1998) and Bindeman et al. (2013) reported significant isotopic fractionation of 507 

oxygen isotopes (up to 5.0‰) in anhydrous basaltic melt due to thermal diffusion, with 508 

migration of 18O towards the colder regions. However, such a process has never convincingly 509 

been demonstrated in natural samples. Kyser (1998) pointed out that, even if thermally 510 

induced diffusion can lead to large δ18O fractionation, the rapid decay of thermal gradient (< 511 

10 days for 100° gradient at 1 cm from contact) makes it an unlikely process to happen in 512 

natural samples. Given the short timescale associated with the olivine residence time and melt 513 

inclusion formation in our samples (Manzini et al., 2017), a locally large thermal gradient (> 514 

250°C) between migrating magma and conduit walls might be sustained before melt inclusion 515 

trapping. Assuming such a scenario, melt inclusions with δ18O lower might form in olivine 516 
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located in the center of a conduit, whereas melt inclusions with higher δ18O would form close 517 

to the walls of the conduit; however, olivine crystallizing around the melt inclusions should 518 

also have variable δ18O, which is not observed. This observation indicates that O diffusion in 519 

response to a thermal gradient is not responsible for the δ18O variation in melt inclusions. 520 

 521 

Concluding remarks 522 

The large variations (up to 2.5‰) observed in oxygen isotope ratios within melt inclusions 523 

from 2 different Atlantic MORB samples (N-MORB and E-MORB) are not correlated with 524 

major, trace or volatile elements. Oxygen isotope compositions of host olivines suggest a 525 

small (<1‰) source heterogeneity for each sample. Less than half of the melt inclusions from 526 

each sample are in isotopic equilibrium with their host olivines. The remaining melt 527 

inclusions have either lower or higher isotopic fractionation compare to theoretical 528 

equilibrium values. Boundary layer entrapment will only shift δ18O toward higher values, and 529 

the present dataset does not support this hypothesis. Fractionation diffusion of O during CO2 530 

migration into the shrinkage bubble will shift δ18O toward lower values, but no evidence of 531 

this process has been found. Another process capable of generating δ18O fractionation both 532 

higher and lower than equilibrium values is O diffusion in due to the presence of a thermal 533 

gradient before melt inclusion entrapment (i.e. Soret diffusion). Although this process could 534 

explain the large δ18O variation measured, it would imply that a large, unrealistic, thermal 535 

gradient (> 250°C) is sustained during the formation of melt inclusions. In addition, the 536 

olivine directly surrounding the melt inclusion should also have a different δ18O in this 537 

scenario, which we do not observe.  538 

Despite the marked disequilibrium in a majority of melt inclusions, our data do not show any 539 

significant O diffusion in or out the melt inclusions. This is due to the short residence time at 540 
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high temperature after melt inclusion entrapment and the relatively large spatial resolution of 541 

the SIMS (10-15 microns). The exact process responsible for the melt inclusion-host δ18O 542 

disequilibrium is thus not yet fully understood. Nonetheless, we argue that this dataset clearly 543 

shows that melt inclusions do not necessarily record the δ18O composition of the magma in 544 

which their host grew. Caution should thus be taken before interpreting δ18O variation as 545 

source process, especially when not related to any other tracer of common magmatic 546 

processes. 547 
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