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ABSTRACT 6 

Olivine in Hawaiian tholeiitic lavas have high NiO at given forsterite (Fo) contents (e.g. 7 

0.25-0.60 wt % at Fo88) compared to MORB (e.g. 0.10-0.28 wt% at Fo88). This difference is 8 

commonly related to source variables such as depth and temperature of melting, and/or lithology. 9 

Hawaiian olivine NiO contents are also highly variable and can range from 0.25-0.60 wt% at a 10 

given Fo. Here we examine the effects of crustal processes (fractional crystallization, magma 11 

mixing, diffusive re-equilibration) on the Ni content in olivine from Hawaiian basalts. Olivine 12 

compositions for five major Hawaiian volcanoes can be subdivided at ≥ Fo88 into high-Ni (0.25-13 

0.60 wt% NiO; Ko‘olau, Mauna Loa, and Mauna Kea) and low-Ni (0.25-0.45 wt% NiO; Kīlauea 14 

and Lō‘ihi), groups that are unrelated to major isotopic trends (e.g. Loa and Kea). Within each 15 

group, individual volcanoes show up to 2.5x variation in olivine NiO contents at a given Fo. 16 

Whole-rock Ni contents from Ko‘olau, Mauna Loa, Mauna Kea, and Kīlauea lavas overlap 17 

significantly and do not correlate with differences in olivine NiO contents. However, inter-18 

volcano variations in parental melt polymerization (NBO/T) and nickel partition coefficients 19 

(DNi
ol/melt), caused by variable melt SiO2, correlate with observed differences in olivine NiO at Fo90, 20 

indicating that an olivine-free source lithology does not produce the inter-volcano groups. 21 

Additionally, large intra-volcano variations in olivine NiO can occur with minimal variation in 22 

lava SiO2 and NBO/T. Minor variations in parental melt NiO contents (0.09-0.11 wt%) account 23 
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for the observed range of NiO in ≥ Fo88 olivine. High precision electron microprobe analyses of 24 

olivine from Kīlauea eruptions (1500-2010 C.E.) show that the primary controls on < Fo88 25 

olivine NiO contents are fractional crystallization, magma mixing, and diffusive re-equilibration. 26 

Core-rim transects of normally zoned olivine crystals reveal marked differences in Fo and NiO 27 

zoning patterns that cannot be related solely to fractional crystallization. These Fo-NiO profiles 28 

usually occur in olivine with < Fo88 and are common in mixed magmas, although they are not 29 

restricted to lavas with obvious petrographic signs of mixing. 3D numerical diffusion models 30 

show that diffusive re-equilibration decouples the growth zoning signatures of faster diffusing 31 

Fe-Mg (Fo) from the somewhat slower Ni. This diffusive ‘decoupling’ overprints the chemical 32 

relationships of Fe-Mg, Ni, and Mn inherited from crystal growth and influences the calculated 33 

fraction of pyroxenite-derived melt (Xpx). Sections of numerical olivine that have been affected 34 

by diffusive re-equilibration indicate that larger phenocrysts (800 μm along c-axis) are > 50% 35 

more likely to preserve original Xpx compared to smaller phenocrysts (400 μm along c-axis) 36 

which rarely (6%) recover original Xpx. Sections that are parallel or sub-parallel to the c-axis 37 

and/or pass near the core of the crystal best preserve growth signatures. Thus, diffusive re-38 

equilibration, crystal size, and sectioning effects can strongly influence the characterization of 39 

mantle source lithologies for Hawaiian volcanoes. 40 

Keywords: Olivine, nickel, Kīlauea, Hawai‘i, magma mixing, diffusion, pyroxenite 41 

 42 

INTRODUCTION 43 

Hawaiian olivine from tholeiitic basalts are enriched in Ni compared to those from mid-ocean 44 

ridge basalts (MORB) at a given forsterite content (Fig. 1). This enrichment is a feature that has 45 

received much attention, with diverse interpretations (source and crustal) regarding its origin 46 
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(e.g. Hart and Davis 1978; Sobolev et al. 2005; Wang and Gaetani 2008; Herzberg et al. 2013). 47 

One hypothesis advocates that high-Ni parental liquids are produced from olivine-free 48 

pyroxenite (i.e. secondary pyroxenite, formed from the reaction of partial melts of eclogite with 49 

peridotite; Sobolev et al. 2005; Herzberg 2006; Sobolev et al. 2007). Alternatively, somewhat 50 

more siliceous magmas can influence olivine compositions because they cause higher partition 51 

coefficients for nickel in olivine (e.g. DNi
ol/melt=12.5-22.5 for eclogite melt compared to 7.5-12.5 for 52 

basaltic melts; Wang and Gaetani 2008), alleviating the need for a multi-stage process to form an 53 

olivine-free pyroxenite hybrid source component. Differences in melting and crystallization 54 

temperatures can also strongly influence DNi
ol/melt (Hart and Davis 1978; Kinzler et al. 1990; 55 

Matzen et al. 2013) but are unlikely to affect Hawaiian olivine Ni variability because:  (1) the 56 

age of the oceanic crust under the Hawaiian Islands is 85-95 Myr so decreasing plate age would 57 

have a minimal effect on the plate thickness (i.e. melting T) for this relatively old oceanic crust 58 

(Parsons and Sclater 1977; Müller et al. 2008), (2) the difference in melting temperature between 59 

major Hawaiian volcanoes is small (<60 °C; Putirka et al. 2011), and (3) variations in 60 

crystallization temperature between Hawaiian volcanoes probably do not produce resolvable 61 

variations in olivine Ni content (Matzen et al. 2013). 62 

Crustal magmatic processes can also have a significant influence on olivine compositions 63 

(e.g. Herzberg et al. 2014, 2016). Fractional crystallization has been shown to strongly affect 64 

DNi
ol/melt as a result of changing melt composition, producing steep olivine Fo-NiO trends at high 65 

Fo that are distinct from shallower trends associated with batch or equilibrium crystallization 66 

(Hart and Davis 1978; Beattie et al. 1991; Wang and Gaetani 2008). Magma mixing and 67 

diffusive re-equilibration, important processes in Hawaiian magmas, control the composition of 68 

erupted magma and element zoning in olivine (e.g. Wright and Fiske 1971; Yang et al. 1999). 69 
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Diffusive re-equilibration occurs relatively rapidly at basaltic temperatures (Chakraborty 2010 70 

and references therein) and produces shallow linear trends that broaden the NiO variability at a 71 

given Fo (Wang and Gaetani 2008). Determining the contributions of these processes to the 72 

overall NiO variability in Hawaiian olivine is essential for distinguishing the influence of crustal 73 

and mantle processes on the degree of olivine NiO enrichment. 74 

Hawai‘i is the ideal location to study the relative effects of mantle and crustal processes 75 

on the NiO content in olivine because: (1) there are good constraints on the lithosphere and 76 

crustal thickness (e.g. Parsons and Sclater 1977; Li et al. 2004), (2) the generation and magmatic 77 

evolution of mafic magmas has been extensively examined (e.g. Yoder and Tilley 1962; Green 78 

and Ringwood 1967; Wright and Fiske 1971; Eggins 1992; Takahashi and Nakajima 2002) and 79 

(3) most Hawaiian tholeiites are mineralogically simple with only olivine as a phenocrystic 80 

phase (e.g. Wright 1971; Garcia et al. 1989). Thus, the complications of multi-phase 81 

crystallization can generally be avoided (e.g. Shorttle and Maclennan 2011). There is also a 82 

wealth of published data on olivine and host lavas for many of the major Hawaiian volcanoes 83 

(Fig. 2) allowing comparisons of lava and mineral chemistry (e.g. Garcia et al. 1995; Sobolev et 84 

al. 2007; Putirka et al. 2011). 85 

The Ni contents of Hawaiian olivine are examined here from two perspectives: variations 86 

between major volcanoes (Fig. 2) and variations observed for individual volcanoes. First, the 87 

parental melt and olivine compositions from five Hawaiian shield volcanoes (Ko‘olau, Mauna 88 

Loa, Mauna Kea, Kīlauea, and Lō‘ihi) are compared. Calculations of melt polymerization 89 

(Mysen et al. 1985) and DNi
ol/melt (e.g. Wang and Gaetani 2008) are used to divide these volcanoes 90 

into high- and low-Ni groups that are dominantly controlled by parental melt compositions. 91 

Second, variations in melt and olivine compositions within one volcano (Kīlauea) are examined 92 
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in samples for which magmatic conditions can be well constrained. Minor variations in parental 93 

melt NiO contents (0.09-0.11 wt%) account for the range of NiO contents for ≥ Fo88 olivine 94 

crystals. Much of the Ni variation for <Fo88 olivine in Kīlauea lavas can be explained by shallow 95 

magmatic processes (principally storage, crystallization, and mixing), wherein diffusive re-96 

equilibration can have a significant impact on the chemical relationships inherited by growth. 97 

 98 

SAMPLES AND METHODS 99 

Modal mineralogy for 14 samples from the long lived, ongoing Pu‘u ‘Ō‘ō eruption (Fig. 100 

2), upper east rift zone (ERZ; not including Pu‘u ‘Ō‘ō), and summit eruptions were determined 101 

using 300 counts per sample (excluding vesicles) for phenocrysts (> 0.5 mm), microphenocrysts 102 

(0.1-0.5 mm), and matrix (glass and small crystals < 0.1 mm). The Kīlauea lavas and tephra used 103 

for this study are glassy and weakly to moderately olivine-phyric, with 1-7 vol. % phenocrysts 104 

and/or microphenocrysts (Table 1). Olivine is almost always the only phenocryst in these 105 

samples, usually with rare equant spinel inclusions < 0.1 mm in diameter. Pu‘u ‘Ō‘ō lavas 106 

erupted between 1990 and 2010 are less olivine-phyric than those erupted earlier. Clinopyroxene 107 

and plagioclase phenocrysts are absent or rare (< 1.5 vol. %; Table 1) in Pu‘u ‘Ō‘ō lavas. When 108 

present, they occur as microlites (< 0.1 mm) or rarely as microphenocrysts in lavas erupted from 109 

2006-2010. The groundmass of all samples is typically light brown glass or black 110 

cryptocrystalline matrix. Most Kīlauea samples were collected in a molten state and quenched 111 

with water to minimize post-eruption crystallization. Sample numbers (e.g. 4-Aug-00) refer to 112 

the date it was collected in a molten state. Episodes (Ep.) 1-12 from the Pu‘u ‘Ō‘ō eruption were 113 

selected for detailed olivine analyses because magma mixing was documented as a dominant 114 

process throughout that time period (e.g. Garcia et al. 1992). 115 
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High precision olivine analyses were made using a five spectrometer JEOL Hyperprobe 116 

JXA-8500F at the University of Hawai‘i. Compositions were determined for 519 olivine crystals 117 

(Table 2 and Supplementary Data File 2) from Kīlauea lavas that span a wide compositional 118 

range (whole-rock MgO 7.0-10.1 wt%). Olivine spot analyses were done using a 20 kV 119 

accelerating voltage and a 200 nA beam current with a diameter of 10 μm. Peak counting times 120 

for analyses that included Mn (used for calculating percent pyroxenite in the melt) were 100 s for 121 

Si, Mg, Ca and Ni, 60 s for Mn, and 30 s for Fe. A more efficient routine without Mn and with 122 

shorter peak counting times (40-60 s for Si, Fe, Ni, Mg and Ca) was used for core-rim traverses. 123 

Backgrounds for all analyses were measured on both sides of the peak for half the peak counting 124 

times. Traverses in olivine were made using a 2 μm beam diameter and a 5 μm spacing and were 125 

oriented perpendicular to well-formed crystal faces away from corner locations to reduce 126 

sectioning effects on zoning patterns (Pearce 1984; Shea et al. 2015). Standards were San Carlos 127 

olivine (USNM 111312/444; Jarosewich et al. 1980) for Si, Fe and Mg, a synthetic nickel-oxide 128 

for Ni, Verma garnet for Mn and Kakanui Augite (USNM 122142; Jarosewich et al. 1980) for 129 

Ca. Two sigma relative precision for analyses, based on repeated analysis of San Carlos olivine, 130 

are 0.68 wt% for SiO2, 0.38 wt% for MgO, 0.15 wt% for FeO, 0.008 wt% for NiO, 0.004 wt% 131 

for MnO, and 0.006 wt% for CaO (for analyses that included Mn) and 0.78 wt% for SiO2, 0.44 132 

wt% for MgO, 0.13 wt% for FeO, and 0.02 wt% for NiO and CaO (for analyses that did not 133 

include Mn). X-ray intensities were converted to concentrations using standard ZAF corrections 134 

(Armstrong 1988). Analyses with totals < 99.0 wt% or > 100.5 wt% were rejected. Each olivine 135 

data point represents an average (reported in Table 2 and Supplementary Data File 2) of two to 136 

three analyses at the center of the crystal determined by observation of geometry and intensity of 137 

zoning in BSE images. Olivine datasets for shield stage tholeiitic basalts from the literature 138 
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(Garcia 2002; Sobolev et al. 2007) were filtered for analysis quality (e.g. >99.0 wt% and <100.5 139 

wt%). 140 

 141 

RESULTS 142 

 Kīlauea olivine cores have a wide range in NiO at a given Fo (e.g. 0.29-0.42 wt% at Fo87; 143 

Fig. 3). Olivine from Pu‘u ‘Ō‘ō samples can be divided into two groups: higher Ni for Ep. 1-12 144 

and lower Ni for Ep. 48-58 olivine. Most Pu‘u ‘Ō‘ō Ep. 1-12 olivine crystals have core forsterite 145 

compositions that are too high to be in equilibrium with their host-rock Mg-number (Mg# = 146 

[Mg/(Mg+Fe2+) x 100]; Fig. 4). Some lavas with an Mg# of 59-60 have olivine compositions that 147 

plot both above and below the equilibrium field (e.g. Ep. 1-12; Fig. 4). These lavas have bimodal 148 

olivine Fo populations with both normally and reversely zoned crystals, consistent with the 149 

inferred history of magma mixing for these episodes (e.g. Garcia et al. 1992). Olivine crystals 150 

from Ep. 48-58, a period when the lavas have no obvious petrographic signs of mixing (except 151 

Ep. 54, not shown here; Garcia et al. 2000; Thornber et al. 2003) are either in equilibrium with 152 

their whole-rock Mg# or are more magnesian than their host whole-rock would suggest at 153 

equilibrium (dashed black lines; Fig. 4). These olivine crystals are normally zoned and may 154 

reflect delayed fractionation (Maaløe et al. 1988) indicating a simpler magmatic history 155 

compared to Ep. 1-12 samples. 156 

Core-rim transects of Kīlauea olivine crystals reveal two distinct Fo and NiO zoning 157 

patterns. Typically, olivine in equilibrium with their whole-rock Mg# have simple normal zoning 158 

profiles (e.g. Pearce 1984), where Fo and NiO co-vary and have similar concentration plateaus 159 

followed by similar decreases toward the rim (‘coupled’ profile, Fig. 5). Some Kīlauea olivine 160 

crystals have distinctly different Fo and NiO zoning morphologies with a wider NiO plateau in 161 
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their core compared to Fo (‘decoupled’ profile, Fig. 5), similar to those observed by Nakamura 162 

(1995). Decoupled crystals are found throughout the Pu‘u ‘Ō‘ō eruption and always have Fo 163 

compositions above the equilibrium field with respect to their whole-rock Mg# (Fig. 4), 164 

suggesting that decoupling is a feature of olivine crystals that are from mixed magmas. 165 

 166 

DISCUSSION 167 

 The origin of Ni-rich olivine in Hawaiian lavas is controversial. An olivine-free 168 

pyroxenite and/or eclogite source has been invoked to explain the high Ni contents (e.g. Sobolev 169 

et al. 2007; Wang and Gaetani 2008). Previous studies focused primarily on mantle processes for 170 

generating the Ni-enriched, Makapu‘u (Ko‘olau) olivine (e.g. 0.60 wt% NiO at >Fo88; Fig. 1). 171 

The goal here is to examine other potential causes for the observed NiO differences in olivine 172 

between five Hawaiian volcanoes (inter-volcano variability) and at individual volcanoes (intra-173 

volcano variability) in order to evaluate the relative contributions of mantle and crustal 174 

processes. First, inter-volcano variability is explored through investigations of parental melt 175 

composition, DNi
ol/melt, and the NiO contents of primitive olivine. Intra-volcano variations are 176 

examined using high precision analyses of olivine to assess the influence of crustal processes 177 

such as crystallization, magma mixing, and diffusive re-equilibration on interpretations of mantle 178 

source lithology. 179 

 180 

Inter-volcano Ni variability 181 

The wide range of Hawaiian olivine composition can be subdivided into two groups based on the 182 

average NiO at a given Fo (Fig. 1, regression lines). Olivine in lavas from Ko‘olau, Mauna Kea, 183 

and Mauna Loa form a broad, crescent shaped Fo-NiO field (upper insert; Fig 1) with a 0.25-184 
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0.60 wt% range in Ni at Fo88 (high-Ni group). Olivine from Kīlauea and Lō‘ihi lavas form flatter 185 

Fo-NiO trends (lower insert, Fig. 1) with a narrower range in NiO (0.27-0.43 wt% at Fo88; low-186 

Ni group). The division of the high- and low-Ni volcano groups is likely unrelated to parental 187 

liquid Ni content, as there is no systematic difference in whole-rock Ni between lavas from 188 

different Hawaiian volcanoes for a large range of MgO (Fig. 6a). Evolved lavas (<7.0 wt% 189 

MgO) were not considered in this study to avoid the complicating effects of multi-phase 190 

fractionation (e.g. Shorttle and Maclennan 2011). Lavas with MgO >10.5 wt% are likely affected 191 

by olivine accumulation (e.g. Hart and Davis 1978; Garcia 1996; Rhodes et al. 2012), although 192 

are similar to parental melt compositions (e.g. Putirka et al. 2011).  193 

Ko‘olau, Mauna Loa, and Mauna Kea lavas have whole-rock Ni that lie on both sides of 194 

the Hart and Davis (1978) line and overlap considerably with 20th and 21st century Kīlauea 195 

samples (Fig. 6a). However, olivine from these volcanoes display significant differences in 196 

maximum NiO contents (e.g. up to 0.22 wt%) at Fo88 (Fig. 1). This issue was highlighted by 197 

Rhodes et al. (2012), who showed that there is no relationship between the olivine NiO contents 198 

and the SiO2 contents of lavas from Mauna Loa and Mauna Kea (even for lavas with 30 wt% 199 

MgO), contrary to what would be expected if the source for the parental melts were an olivine-200 

free pyroxenite hybrid. Furthermore, there is considerable Ni variation at a given MgO content 201 

for peridotites (e.g. 1200-3200 ppm Ni at 40% MgO; Rhodes et al. 2012), and when coupled 202 

with current uncertainties in estimating the partitioning of Ni between olivine and melt, melting 203 

of peridotite could account for Ni and SiO2 variability observed in Hawaiian basalts (Putirka et 204 

al. 2011; Rhodes et al. 2012).  205 

 206 
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Influence of parental melt composition on DNi
ol/melt. Lavas from the low-Ni group volcanoes 207 

(Kīlauea and Lō‘ihi) have 1-5 wt% lower SiO2 than those from the high-Ni group at the same 208 

MgO contents (Ko‘olau, Mauna Loa, and Mauna Kea; e.g. Garcia et al. 1989; Rhodes et al. 209 

1989; Frey et al. 1994). Variations in SiO2 in Hawaiian basalts have been explained by variable 210 

degrees of melting of eclogite and/or peridotite (e.g. Takahashi and Nakajima 2002; Putirka et al. 211 

2011; Rhodes et al. 2012). Experimental studies have also shown that Ni partitioning increases 212 

significantly with increasing melt polymerization (higher SiO2), yielding high NiO olivine in 213 

more siliceous melts (e.g. Hart and Davis 1978; Wang and Gaetani 2008). The increase in DNi
ol/melt 214 

with increasing SiO2 is hyperbolic (Wang and Gaetani 2008). Thus, the small observed 215 

differences in parental melt SiO2 (1-5 wt%) may potentially affect DNi
ol/melt significantly. The 216 

magnitude of this effect is evaluated below. 217 

Parental melt compositions (Table 3) for each volcano were calculated by incremental 218 

addition of olivine in equilibrium with the melt until added olivine reached Fo91 (the maximum 219 

Fo measured in Hawaiian lavas; Garcia et al. 1995), an approach that was used by Putirka et al. 220 

(2011) to estimate Hawaiian parental magma compositions. Parental melt NiO values of 0.09 221 

wt% and 0.11 wt% NiO (i.e. 707-864 ppm Ni, expressed as elemental concentration) were used, 222 

similar to the parental Ni contents suggested by Sobolev et al. (2005) and Putirka et al. (2011). A 223 

pressure of 1 GPa and a starting temperature of 1450 °C were determined with MELTS (Ghiorso 224 

and Sack 1995; Asimow and Ghiorso 1998) and used in the model runs. The ratio of non-225 

bridging oxygen to tetrahedrally-coordinated cations (NBO/T; Mysen et al. 1985) was calculated 226 

to approximate the degree of polymerization for each parental melt composition along its 227 

fractional crystallization trend. These ratios were used to calculate the Ni partition coefficient of 228 
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Wang and Gaetani (2008), which is sensitive to variations in SiO2, a major component of 229 

NBO/T. 230 

The Ko‘olau parental magma had the lowest calculated NBO/T for Fo91 olivine (1.36), 231 

the Mauna Loa and high-SiO2 Mauna Kea parental magmas are intermediate (1.45), and Kīlauea 232 

and low-SiO2 Mauna Kea (1.61) and Lō‘ihi (1.66; Fig. 7a) are the highest. These NBO/T values 233 

equate to DNi
ol/melt values (using the equation of Wang and Gaetani 2008) of 4.3 (Ko‘olau), 4.25 234 

(Mauna Loa and high-SiO2 Mauna Kea), 4.0 (low-SiO2 Mauna Kea, Kīlauea) and 3.8 (Lō‘ihi; 235 

Fig. 7b) for the crystallization of primitive olivine (e.g. Fo90).  Olivine compositions were 236 

calculated along a liquid line of descent from each volcano’s parental magma using both the 237 

DNi
ol/melt and KdFe-Mg

ol/melt of Wang and Gaetani (2008; Fig. 8a). The resulting olivine crystallization 238 

paths were also compared to crystallization models that used the DNi
ol/melt from Matzen et al. (2013) 239 

with DMgol/melt calculated from Putirka (2008) and a constant KdFe-Mg
ol/melt of 0.32 (Fig. 8b). Previous 240 

partitioning approaches (e.g. Hart and Davis 1978; Kinzler et al. 1990; Beattie et al. 1991; Toplis 241 

2005; Li and Ripley 2010; Putirka et al. 2011) have been thoroughly compared and discussed in 242 

both Wang and Gaetani (2008) and Matzen et al. (2013). Incorporation of the melt composition 243 

dependent KdFe-Mg
ol/melt expression of Toplis (2005) showed no difference in olivine compositions > 244 

Fo88 (see Supplementary Material).  245 

Both models reproduce the relative NiO enrichment of primitive olivine compositions 246 

between volcanoes, with Ko‘olau olivine having the highest NiO and Lō‘ihi olivine the lowest. 247 

The Wang and Gaetani (2008) model reproduces the steep Fo-NiO trends for >Fo88 olivine 248 

compositions better than Matzen et al. (2013), although the NiO contents of Fo90 olivine are 249 

better matched by the Matzen et al. (2013) approach. Regardless of the partitioning models used, 250 

the relative inter-volcano differences are reproduced independent of variations in parental melt 251 
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Ni content (Fig. 8). This is consistent with the interpretations of Rhodes et al. (2012) who also 252 

compared the partitioning models of Beattie et al. (1991) and Putirka et al. (2011). Models from 253 

parental magmas with 0.11 wt% NiO provide a good match the highest compositions observed 254 

for each volcano, whereas parental magmas with 0.09 wt% NiO reproduce the lower Ni trends 255 

(Fig. 8). Thus, minor variations in parental melt Ni contents account for the range of NiO 256 

contents for ≥ Fo88 olivine. 257 

 258 

Intra-volcano Ni variability 259 

Variations in olivine composition within Kīlauea volcano and its long lived (33-year) 260 

Pu‘u ‘Ō‘ō eruption provide additional insight into the mantle and crustal processes that control 261 

Ni concentrations in Hawaiian basalts. There is substantial variation in whole-rock Ni among 262 

weakly olivine phyric Kīlauea basalts at a given MgO concentration (e.g., 75 ppm variability at 263 

9.5 wt% MgO; Fig. 6b). A wide range is also observed for lavas from a single eruption (e.g. Pu‘u 264 

‘Ō‘ō, 60 ppm or 20% relative to median at 9.0 wt% MgO; Fig. 6b). Lavas erupted at the summit 265 

and east rift zone (including Ep. 1-30 of the Pu‘u ‘Ō‘ō eruption) almost always lie above the Hart 266 

and Davis (1978) line with higher whole-rock Ni compared to lavas erupted from 1988-2010 267 

(Pu‘u ‘Ō‘ō  Ep. 31-60; Fig. 6b). Despite the differences in whole-rock Ni, olivine from Ep. 48-58 268 

lavas overlap with summit and east rift zone compositions (Fig. 3). Olivine compositions from 269 

Ep. 1-12 are somewhat elevated in Ni at < Fo85 but also overlap with summit and east rift zone 270 

analyses (Fig. 3). These observations show that melt Ni contents do not correlate with olivine 271 

compositions, suggesting that other processes are affecting the NiO content of < Fo88 olivine in 272 

Kīlauea magmas. Below, the effects of fractional crystallization, magma mixing, and diffusive 273 

re-equilibration on olivine Ni contents in Kīlauea lavas are examined. 274 
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 275 

Crystallization. The olivine Fo-NiO trends for Kīlauea lavas (Fig. 3) can be partly explained by 276 

fractional crystallization (Hart and Davis 1978; Wang and Gaetani 2008), which rapidly depletes 277 

Ni from the melt and produces steep, positive Fo-NiO trends for early crystallizing olivine from 278 

parental liquids (e.g. Kīlauea summit and ERZ olivine; Fig. 3). These observations are consistent 279 

with many studies that have identified olivine fractionation as a dominant crustal process at 280 

Kīlauea and other Hawaiian volcanoes (e.g. Powers 1955; Wright 1971; Garcia 2002). Delayed 281 

fractionation, where magmas undergo extensive cooling and crystallization before fractionation 282 

takes place (Maaløe et al. 1988), may account for the range of Fo contents exhibited by many 283 

Kīlauea lavas and the presence of olivine with more primitive compositions than predicted (Fig. 284 

4).  285 

The high- and low-Ni volcano groups can also be reproduced via fractional crystallization 286 

models from parental magmas with the same NiO contents (Fig. 8). The changing DNi
ol/melt during 287 

fractional crystallization (as a function of changing melt composition) creates Fo-NiO trends that 288 

are shallower than those observed for < Fo88 olivine at all volcanoes, suggesting that other 289 

processes control the compositions of these more evolved olivine. Mauna Kea compositions span 290 

the two Ni groups with the high-Si parental melt producing olivine similar to the highest NiO 291 

observed, and the low-Si parental melt forming lower NiO olivine (Fig. 8). This accounts for 292 

some of the wide range of olivine NiO contents observed for Mauna Kea at Fo90. As discussed 293 

above, slight variations in the parental melt Ni contents (e.g. 0.09-0.11 wt% NiO) can 294 

additionally explain the observed range of olivine NiO contents at ≥ Fo88 for each volcano (Fig. 295 

8). 296 

 297 
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Magma mixing. The high-NiO olivine from the mixed Ep.1-12 of the Pu‘u ‘Ō‘ō eruption define 298 

a somewhat shallower Fo-NiO trend compared to Ep. 48-58 (Fig. 3). If the compositions of these 299 

olivine were controlled by the higher whole-rock Ni of their host lavas and subsequent fractional 300 

crystallization, the trend should be parallel to and elevated above the later Ep. 48-58 olivine. This 301 

divergence in observed Fo-NiO trends requires that some other process is involved. Many of the 302 

Ep. 1-12 olivine are out of equilibrium with their whole-rock Mg#, have decoupled Fo-NiO 303 

profiles, and are from lavas that contain both normally and reversely zoned olivine crystals (Fig. 304 

4 and 5). These features are indicative of magma mixing, which agrees with previous 305 

interpretations based on whole-rock geochemistry (e.g. Garcia et al. 1989, 1992). The Ep. 1-12 306 

mixing trend is generated as olivine crystallizes from and diffusively re-equilibrates with the 307 

mixed magmas (Wang and Gaetani 2008). Olivine crystals that have undergone protracted 308 

diffusive re-equilibration have higher Ni at a given Fo compared to olivine compositions 309 

produced by fractional crystallization (e.g. Ep. 1-12 vs. 48-58 of Pu‘u ‘Ō‘ō; Fig. 3). The effect of 310 

this relative Ni enrichment is more pronounced for evolved compositions (e.g. Fo80-85, Fig. 3). 311 

The fractional crystallization models (Fig. 8) generated <Fo85 olivine with lower Ni than 312 

is observed in the natural dataset. The natural olivine compositions are probably affected by 313 

magma mixing (Fig. 3) and/or other processes, which causes the Fo-NiO trend to become 314 

shallower than the fractional crystallization only trends produced by the models (Fig. 8). Mixing 315 

of relatively more primitive and more evolved melts produced by fractional crystallization with 316 

variable DNi
ol/melt contributes to a broad crescent-shaped Fo-NiO field for Ko‘olau, Mauna Loa, and 317 

Mauna Kea (upper insert; Fig. 1) due to the relatively high NiO in primitive olivine equilibrating 318 

with more evolved compositions. A lower NiO content for ≥ Fo88 olivine at Kīlauea and Lō‘ihi 319 
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leads to a narrower range of compositions that mix and produce the more limited Ni array (lower 320 

insert, Fig. 1). 321 

 322 

Diffusive re-equilibration. The extent of diffusive re-equilibration of individual chemical 323 

species is largely dependent on (1) the relative diffusivities of the cations (e.g. DFe-324 

Mg≈DMn>DNi>DCa; Chakraborty 2010 and references therein) and (2) the contrast in element 325 

concentration between the olivine and the surrounding melt. To quantify the development of 326 

elemental decoupling by diffusion, numerical models were used to simulate diffusive re-327 

equilibration of Fo and Ni in olivine. A concentration dependent, 3D diffusion equation (three 328 

spatial dimensions x, y, and z in addition to time t) was implemented following the methods 329 

described in Shea et al. (2015) to allow Fe-Mg and Ni to diffuse simultaneously. The 330 

olivine+melt model had dimensions of 221 x 221 x 221 voxels with each voxel being 4 x 4 x 4 331 

µm. The olivine has a dimension of 201 voxels along the c-axis, 123 voxels along the b-axis, and 332 

94 voxels along the a-axis (Fig. 9). The resulting olivine is ~800 x 500 x 375 µm, comparable to 333 

the size of larger olivine in Kīlauea lavas (e.g. Vinet and Higgins 2011). The volume of melt 334 

around the crystal, although limited in the model, was an infinite reservoir for diffusing species 335 

and as such an infinite boundary condition. Magmatic conditions appropriate for Kīlauea were 336 

used, including a pressure of 85 MPa (within the depth range for Kīlauea’s summit reservoir, 2-5 337 

km; Cervelli and Miklius 2003; Poland et al. 2014) assuming a crustal density of 2.9 kg/km3. The 338 

oxygen fugacity was set at ∆QFM -1 (Rhodes and Vollinger 2005) and temperature was held 339 

constant at 1200 °C, which is appropriate for a Kīlauea magma with 9.25 wt% MgO based on the 340 

experimental work of Helz and Thornber (1987). Model runs simulated diffusive re-equilibration 341 

for 1 and 2 years, which are within the 0.5-8 years magma residence time estimate for historical 342 
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Kīlauea lavas (Pietruszka et al. 2015). Diffusivities for Fe-Mg and Ni were taken from Dohmen 343 

and Chakraborty (2007) and Chakraborty (2010) respectively. Olivine models were sectioned 344 

perpendicular to the c-axis through the core of the crystal, and core-rim profiles were sampled 345 

along the b-axis (Fig. 9).  346 

Variations in the extent of diffusion between chemical species are described by % re-347 

equilibration (req), which is used to normalize the absolute concentration change of each element 348 

and allow their direct comparison (Eq. 1), 349 

 350 %  *100        (1) 351 

 352 

where Cinitial is the composition of olivine inherited from crystal growth before the onset of 353 

diffusion, Cmeasured is the measured composition of the olivine after diffusion, and Cequilibrium is the 354 

composition of the surrounding melt (expressed as the Fo content of an olivine in Fe-Mg 355 

equilibrium with the melt; Fig. 10a). NiO and Fo contents were chosen based on natural 356 

compositions from the high-Fo end of the Hawaiian olivine dataset (Fig. 1). The numerical 357 

olivine had Cinitial of Fo90 and 0.60 wt% NiO and Cequilibrium of Fo85 and 0.35 wt% NiO (Fig. 9). 358 

The model results show that the decoupled Fo-NiO profiles associated with magma 359 

mixing at Kīlauea are produced by diffusion (Fig. 10a). The decoupling is caused by the slower 360 

diffusion of Ni compared to Fe-Mg, as shown by Dohmen and Chakraborty (2007) and Petry et 361 

al. (2004). The faster diffusion of Fe-Mg in olivine produces shorter core plateau lengths for Fo 362 

than NiO in the same crystal (e.g. Fig. 5 and 10a). Although Ni diffusivity can vary with melt 363 

SiO2 (Zhukova et al. 2014), this effect is negligible for Hawaiian lavas given their small observed 364 

ranges in melt SiO2 (1-5 wt%; see Supplementary Data File 3 for diffusivity calculations). High-365 



Revision 1 

17 
 

Fo olivine mixed with fractionated basaltic melt produces olivine with normal zoning, in which 366 

olivine crystals re-equilibrate to more Fe rich, Mg poor (e.g. lower Fo) and Ni poor compositions 367 

(Fig. 5 and 10a). With time, olivine crystals develop lower Fo at a faster rate than the decrease of 368 

Ni, resulting in compositions that would not be expected from fractional crystallization alone 369 

(e.g. Nakamura 1995). The penetration distance and degree of diffusive re-equilibration in the 370 

olivine increases with time (Fig. 10b). Thus, olivine compositions that have been affected by 371 

diffusive re-equilibration probably do not preserve chemical relationships inherited from crystal 372 

growth.  373 

 374 

Characterizing source lithology using olivine composition. 375 

Olivine major and minor elements have been used to calculate the weight fraction of 376 

pyroxenite derived melt in the source (Xpx; Sobolev et al. 2005, 2007; Gurenko et al. 2010). A 377 

potential flaw in this method is the use of element ratios (e.g. Li and Ripley 2010) which can be 378 

affected by crustal processes. To more fully characterize the extent to which crustal processes 379 

affect estimates of source lithology, we examined the influence of diffusive re-equilibration on 380 

the calculated pyroxenite content in both natural olivine and numerical model olivine crystals. 381 

Decoupling of Fo and NiO in olivine (Fig. 10b) may modify the recorded fraction of 382 

pyroxenite derived melt (Xpx) because concentration of Ni, Mn, FeO, and MgO are used to 383 

make these calculations (e.g. Sobolev et al. 2005) as in this example (Gurenko et al. 2010; Eq. 384 

2):  385 

 386 6.70 04 1.332 02 1.524    (2) 387 

 388 
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As a high-Fo olivine becomes normally zoned, FeO increases as MgO decreases, 389 

resulting in an increase in the FeO/MgO ratio (Eq. 2). This increase has a larger impact on 390 

calculated pyroxenite than the decrease of Ni during diffusion due to (1) the slower diffusivity of 391 

Ni and (2) the amplifying effect of increasing FeO while simultaneously decreasing MgO. 392 

Olivine from Kīlauea can be strongly zoned in Fo (e.g. 78-86.5 %; Fig. 11a) with complex 393 

growth and diffusion histories. From the core of the example olivine to its rim, diffusive re-394 

equilibration of Fe-Mg, Ni, and Mn increased the calculated pyroxenite fraction from ~50% to 395 

100% (Fig. 11b) and then decreased again to ~67%. This natural example suggests that diffusive 396 

re-equilibration can significantly raise and/or lower the measured pyroxenite component (by at 397 

least 50%), creating significant spread in the inferred lithology of the mantle source region. 398 

To determine whether diffusive re-equilibration strongly affects olivine core 399 

compositions, we compared numerical olivine models of different sizes (along their c-axis): 800 400 

μm (“large”, consistent with antecryst sizes in Kīlauea lavas; e.g. Vinet and Higgens 2011) and 401 

400 μm (“small”, a size that is common in many Kīlauea lavas, especially those from Pu‘u ‘Ō‘ō; 402 

Table 1). Models simulated two years of diffusion at 1200 °C for Fe-Mg (Fo), NiO, and MnO. 403 

Crystal (Cinitial) and melt (Cequilibrium) compositions of Foinitial=90, NiOinitial=0.60 wt%, 404 

MnOinitial=0.13 wt% , Foequilibrium=82, NiOequilibrium=0.25 wt%, and MnOequilibrium=0.23 wt% were 405 

used. Numerical olivine crystals from both models were randomly sliced 250 times, the Ni and 406 

Mn (ppm) and FeO and MgO (wt%) core compositions in each crystal section were “measured” 407 

(see Supplementary Material and Data File 4), and the results were used to calculate the weight 408 

fraction of pyroxenite-derived melt using Eq. 2 (Gurekno et al. 2010). 409 

 The model sections of the large olivine had an average composition of Fo88.8 compared to 410 

the original Fo90. About 60% of the sections returned original Xpx within ±1% of the original 411 
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value (e.g. 76-78% Xpx). The section types most likely to retain original compositions were 412 

oriented parallel or sub-parallel to the c-axis and/or near to the core of the crystal (Fig. 12). In 413 

contrast, the small model thin section had an average of Fo86 and only 6% recovered the original 414 

Xpx within ±1%. The small olivine had sections with core compositions that were on average 415 

more re-equilibrated (e.g. 50% re-equilibration) compared the large crystal (13% re-416 

equilibration). In both models, the calculated Xpx ranged up to 87-89%, more than 10% higher 417 

than the 77% Xpx from the original composition. The small crystal also had a considerable range 418 

of Xpx below the original value (minimum was 67%), indicating that these highly re-equilibrated 419 

sections reflect the Xpx of the more evolved surrounding melt, not the initial crystal 420 

composition. Strikingly, sections from the small crystal taken near to the core and parallel or 421 

sub-parallel to the c-axis rarely recovered initial Xpx These example models indicate that at least 422 

a 20% range in Xpx is recoverable if the olivine have been affected by diffusive re-equilibration, 423 

and the natural example (Fig. 11b) suggests even greater variability is possible if the 424 

compositional difference between the phenocryst and surround melt is more significant. 425 

Regardless of crystal size, sectioning a natural olivine phenocryst parallel or sub-parallel 426 

to the c-axis is statistically rare due to its relatively elongate geometry (Fig. 9). Crystals are more 427 

likely to be sectioned in some manner sub-perpendicular to the c-axis (Fig. 12, see also 428 

Supplementary Fig. S2). Larger crystals should generally be more reliable for using olivine 429 

compositions to infer characteristics about source componentry. The core compositions of these 430 

larger crystals are, however, decoupled and compromised after ~6 years of diffusive re-431 

equilibration based on model conditions described above. These storage timescales are not 432 

unreasonable, considering recent estimates of magma storage within Kilauea range from 0.5-8 433 
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years (Pietruszka et al. 2015). Thus, some knowledge of the storage histories of olivine cargo is 434 

required if using their compositions to investigate mantle processes. 435 

 436 

IMPLICATIONS 437 

This study highlights the complexities associated with the modifying effects of crustal 438 

processes and inferring characteristics about mantle source lithologies. In light of the numerous 439 

hypotheses regarding the origin of Hawaiian basalts, our study clearly illustrates that crustal 440 

processes are a significant factor in contributing to these diverse interpretations. Even parental 441 

melt characteristics (e.g. SiO2), which are inherited during melt generation, can strongly control 442 

DNi
ol/melt and the compositions of primitive olivine. New modeling investigations presented here 443 

provide evidence that subsequent diffusive re-equilibration of Fe-Mg, Mn, and Ni in olivine can 444 

rapidly overprint the chemical relationships inherited during growth, thereby strongly affecting 445 

the calculated pyroxenite component and inducing 20-50% (or more) variability. The numerical 446 

olivine may provide minimum constraints, as the mixing end member compositions could vary 447 

substantially and greater differences in melt Mg# would induce greater extents of diffusive re-448 

equilibration and elemental decoupling.  449 

The effects of diffusion on olivine composition are further complicated by random 450 

sectioning of crystals. In natural samples, ideal sections are rare (e.g. Pearce 1984; Fig. 12). The 451 

vast majority of olivine in a typical thin section are cut off center and oblique to principle axes 452 

(Shea et al. 2015). Diffusive re-equilibration will substantially modify the FeO/MgO, Ni, and 453 

Mn/FeO in these sections due to the different diffusivities of these elements. Thus, olivine 454 

crystals of moderate size that grow and are stored in the crust for a few years are unlikely to 455 

preserve their original crystallization history. These effects are significant for smaller crystals 456 
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(e.g. < 0.5 mm along c-axis), which should be avoided in estimating the composition of the 457 

source components. Large, high Fo (≥ 88) olivine crystals are likely less affected by a few years 458 

of diffusive re-equilibration if sectioned near or through the crystal core and are more 459 

appropriate for analyses that will be used to characterize mantle processes if there are good 460 

constraints on magma storage and transport histories. Furthermore, large crystals like those 461 

found in picrites are more likely to retain growth compositions after a few years of diffusive re-462 

equilibration and are potentially more reliable indicators of source lithology in Hawaiian lavas 463 

(although some sense of their storage histories are required). Our results raise concerns regarding 464 

the use of olivine major and minor elements to characterize source lithologies for Hawaiian 465 

volcanoes and suggest that their olivine compositions can be unreliable records of mantle source. 466 

This work emphasizes how rapidly olivine compositions are compromised in relatively high 467 

temperature basaltic systems, particularly when the inherent complexities of natural samples are 468 

considered. Due to numerous variables (e.g. diffusion duration, crystal size, heterogeneous vs. 469 

homogeneous populations) these numerical examples represent a simple case scenario, and 470 

suggest that diffusion could have a significant influence on interpretations drawn from olivine 471 

major and minor element compositions.  472 
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Table 1. Representative modes for Kīlauea lavas (volume %), based on 300 (vesicle-free) 691 
counts/sample. Phenocrysts (ph, >0.5 mm), microphenocrysts (mph, 0.1-0.5 mm), matrix (<0.1 692 
mm). 693 
 694 
Locationa 

 
Eruption 

Date 
Whole-rock 

MgO (wt%)b 
Olivine 

ph     mph 
Cpx 

ph     mph 
Plag 

ph     mph Matrix 

U 13-Jun-69 9.43 - 2.3 - - - - 97.7 
S Aug 1971 10.01 - 0.3 - - - - 99.7 
Pc 16-Aug-83 7.77 2.7 1.0 - 0.7 - *d 95.6 
Pc 7-Sep-83 7.94 3.0 0.3 - - - - 96.7 
Pc 18-Oct-87 8.11 1.0 3.0 - - - - 96.0 
P 20-July-90 9.04 5.7 - - - - - 94.3 
P 5-Oct-92 7.93 - 4.7 - - - - 95.3 
P 18-May-94 7.61 0.3 2.7 - 0.3 - - 96.7 
P 22-Aug-96 8.23 0.7 2.7 - - - - 96.7 
P 13-Feb-99 7.41 - 1.7 - - - - 98.3 
P 4-Aug-00 8.29 0.3 4.3 - - - - 95.3 
P 12-Mar-03 7.62 1.3 5.0 - 0.3 - - 93.3 
P 17-Jun-07 8.53 - 2.0 - * - - 98.0 
P 6-Mar-10 7.18 - 0.7 - 0.7 - 0.7 97.9 

Note(s): aLocations – S: Summit, 1971A-2 from Garcia et al. (2003), U: Upper East Rift Zone (rift zoned eruptions 695 
not including Pu‘u ‘Ō‘ō), this sample is from Mauna Ulu, P: Pu‘u ‘Ō‘ō eruption; b for bulk compositions see Greene 696 
et al. (2013) and Garcia et al. (2003); c indicates samples with textural evidence of mixing (e.g. normal and reverse 697 
zoning of olivine) d * denotes phases that were observed but not counted. 698 
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Table 2. Representative microprobe analyses for olivine from historical Kīlauea lavas. Oxides are in wt%. Full dataset can be found in 699 
Supplementary Material. 700 
Sample SiO2 FeOa NiO MnO MgO CaO Total Fob Sample SiO2 FeOa NiO MnO MgO CaO Total Fob

13-Jun 40.05 13.55 0.32 - 45.65 0.20 99.8 85.7 18-Oct 39.47 16.25 0.21 0.228 43.76 0.22 100.1 82.8 
1969c 39.86 13.49 0.32 - 45.56 0.20 99.4 85.8 1987 39.64 15.70 0.23 0.22 44.35 0.22 100.4 83.4 

39.71 13.95 0.30 - 45.28 0.21 99.4 85.3 39.42 17.10 0.20 0.24 43.14 0.23 100.3 81.8 
39.80 13.70 0.32 - 45.43 0.22 99.5 85.5 39.33 17.07 0.20 0.24 43.12 0.25 100.2 81.8 
39.77 13.60 0.32 - 45.56 0.22 99.5 85.7 39.28 17.22 0.20 0.24 43.12 0.25 100.3 81.7 
39.80 13.61 0.32 - 45.48 0.22 99.4 85.6 39.32 17.13 0.20 0.24 43.27 0.24 100.4 81.8 

Aug 40.44 11.70 0.38 - 47.67 0.19 100.4 87.9 39.27 17.53 0.19 0.25 42.75 0.25 100.2 81.3 
1971d 40.40 10.93 0.41 - 48.54 0.18 100.5 88.1 39.31 17.14 0.19 0.24 42.73 0.24 99.8 81.6 

40.45 11.53 0.40 - 47.97 0.18 100.5 88.8 40.06 13.63 0.29 0.19 45.62 0.21 100.0 85.6 
40.21 12.95 0.34 - 46.57 0.19 100.2 86.5 20-Jul 39.27 17.09 0.21 0.24 43.02 0.23 100.1 81.8 
40.29 11.96 0.40 - 46.57 0.19 100.2 86.5 1990 39.16 17.22 0.21 0.24 43.00 0.22 100.1 81.7 
40.12 13.20 0.31 - 46.08 0.20 99.9 86.2 39.15 17.23 0.20 0.24 43.03 0.22 100.1 81.7 
39.84 14.01 0.26 - 45.44 0.21 99.8 85.3 39.01 17.10 0.21 0.24 42.89 0.23 99.7 81.7 
40.02 13.32 0.30 - 45.94 0.21 99.8 86.0 39.08 17.15 0.20 0.24 42.79 0.24 99.7 81.7 
40.07 13.29 0.31 - 46.09 0.20 100.0 86.1 39.21 17.14 0.20 0.24 42.70 0.31 99.8 81.6 
40.01 13.66 0.30 - 45.58 0.21 99.8 85.6 39.17 17.25 0.21 0.24 43.02 0.21 100.1 81.6 
40.18 10.80 0.41 - 48.31 0.18 99.9 88.9 39.15 17.27 0.20 0.24 42.79 0.24 99.9 81.5 
40.22 10.79 0.41 - 48.43 0.19 100.0 88.9 4-Aug 39.14 17.17 0.19 0.23 43.33 0.23 100.3 81.8 

7-Sep 39.42 13.69 0.33 0.19 45.55 0.21 99.4 85.6 2000 39.32 17.23 0.18 0.23 43.22 0.23 100.4 81.7 
1983 39.61 14.43 0.29 0.19 45.54 0.23 100.3 84.9 39.29 17.39 0.18 0.24 43.14 0.24 100.5 81.6 

39.20 14.56 0.28 0.20 44.83 0.24 99.3 84.6 39.13 17.40 0.18 0.24 42.87 0.23 100.1 81.5 
39.45 15.24 0.32 0.20 44.84 0.24 100.3 84.0 39.07 17.41 0.17 0.24 42.75 0.24 99.9 81.4 
39.41 15.37 0.28 0.20 44.69 0.24 100.2 83.8 39.15 17.55 0.17 0.24 42.91 0.24 100.3 81.3 
39.31 15.52 0.30 0.20 44.43 0.23 100.0 83.6 39.16 17.58 0.18 0.24 42.89 0.24 100.3 81.3 
39.39 15.72 0.29 0.21 44.44 0.24 100.3 83.5 39.23 17.68 0.17 0.24 42.65 0.24 100.2 81.1 
39.08 16.19 0.27 0.22 43.64 0.22 99.7 82.8 38.64 18.75 0.16 0.25 41.87 0.26 99.9 79.9 
38.97 16.53 0.28 0.22 43.36 0.23 99.6 82.4 6-Mar 39.45 17.94 0.19 0.23 41.41 0.21 99.4 80.5 
39.18 16.94 0.25 0.22 43.35 0.25 100.2 82.0 2010 39.74 17.90 0.18 0.23 41.44 0.25 99.7 80.5 
39.09 17.27 0.26 0.22 43.25 0.24 100.3 81.7 39.68 18.04 0.17 0.23 41.40 0.27 99.8 80.4 
38.95 17.27 0.24 0.23 42.89 0.24 99.8 81.6 39.74 18.03 0.18 0.23 41.59 0.25 100.0 80.4 
39.19 17.34 0.25 0.22 43.19 0.23 100.4 81.6 39.56 18.02 0.17 0.23 41.34 0.25 99.6 80.4 
38.89 17.33 0.24 0.23 42.68 0.22 99.6 81.5 39.71 18.14 0.18 0.23 41.47 0.25 100.0 80.3 
38.83 17.72 0.23 0.24 42.35 0.21 99.6 81.0 39.72 18.25 0.17 0.24 41.26 0.26 99.9 80.1 
38.93 17.94 0.25 0.23 42.59 0.23 100.2 80.9 39.48 18.39 0.17 0.24 41.11 0.26 99.7 80.0 
38.81 17.93 0.23 0.24 42.16 0.22 99.6 80.7 39.34 19.27 0.15 0.25 39.97 0.30 99.3 78.7 

Note(s): aFeO reported as total iron; bFo (forsterite) = [Mg/(Mg+Fe) x 100]; cMauna Ulu; d1971A-2 from Garcia et al. (2003).701 
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Table 3. Parental melt compositions, calculated to be in equilibrium with Fo91 olivine, used in 702 
fractional crystallization models. NBO/T and DNi

ol/melt are reported for Fo91 olivine compositions. 703 

Oxide 
(wt%) Lō‘ihia Kilaueab Mauna Keac

(Low-Si) 
Mauna Keac

(High-Si) 
Mauna 

Load Ko‘olaue 

SiO2 46.62 47.54 46.42 48.68 48.3 50.18 
TiO2 1.88 1.64 1.88 1.84 1.55 1.59 
Al2O3 9.96 9.24 9.96 10.15 9.91 9.98 
Cr2O3 0.20 0.20 0.20 0.20 0.20 0.05 
FeO 11.50 11.43 11.50 10.50 10.92 10.87 
MnO 0.16 0.16 0.16 0.16 0.17 0.13 
MgO 19.21 19.73 19.14 17.25 18.01 17.60 
CaO 8.66 7.64 8.16 8.52 7.47 6.23 
Na2O 1.69 1.57 1.71 1.67 1.55 1.97 
K2O 0.34 0.30 0.27 0.29 0.25 0.43 
P2O5 0.14 0.16 0.15 0.15 0.16 0.20 
NiOf 0.11 or 0.09 0.11 or 0.09 0.11 or 0.09 0.11 or 0.09 0.11 or 0.09 0.11 or 0.09 

% ol. add. 9.7 - 5.6 4.0 1.9 6.7 
NBO/T 1.66 1.61 1.61 1.45 1.45 1.36 
DNi

ol/melt 4.3 4.25 4.25 4.0 4.0 3.8 
Note(s): aGarcia et al. 1993; bMatzen et al. 2011, no olivine addition because parental composition as already in 704 
equilibrium with Fo91; cStolper et al. 2004; dRhodes 2015; eNorman and Garcia 1999; fImposed NiO concentration 705 
for all parental compositions (similar to Sobolev et al. 2005, Putirka et al. 2011). 706 
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 708 

 709 
Figure 1. Forsterite (%) vs. NiO (wt%) for olivine from Ko‘olau, Mauna Loa, Mauna Kea, 710 
Lō‘ihi, and Kīlauea lavas. The data can be separated into high-Ni (warm colors) and low-Ni 711 
volcano groups (cool colors). Linear regressions for High- (solid line) and Low-Ni (dashed line) 712 
groups with R2 values. Olivine from the high-Ni volcanoes have a wider range in NiO at a given 713 
Fo compared to the low-Ni volcanoes (inset figures). Ko‘olau olivine are from Garcia (2002) and 714 
Sobolev et al. (2007), Mauna Loa, Mauna Kea, and Lō‘ihi are from Sobolev et al. (2007). 715 
Kīlauea data are from this study and Sobolev et al. (2007). MORB field (purple) from Sobolev et 716 
al. (2007). 717 
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 719 

Figure 2. Map of the Hawaiian Islands showing the summit locations of the high-Ni (Ko‘olau 720 
Shield, Mauna Loa, and Mauna Kea) and low-Ni (Kīlauea and Lō‘ihi) volcanoes. Stars indicate 721 
the location of volcano summits, color coordinated to match Figure 1. The Pu‘u ‘Ō‘ō eruption 722 
(black dot) is located 20 km southeast of Kīlauea’s summit along its East Rift Zone (curved line).  723 

  724 
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 725 
Figure 3. Forsterite (Fo%) vs. NiO (wt%) for Kīlauea olivine core compositions. Episode (Ep.) 726 
1-12 (n=8 samples) Pu‘u ‘Ō‘ō olivine cover a period of magma mixing. Later Pu‘u ‘Ō‘ō Ep. 48-727 
58 (n=31) olivine are from lavas that lack obvious petrographic signs of mixing. See 728 
Supplementary Data for specific samples and episodes. Vectors denote the evolution of olivine 729 
compositions during progressive crystallization and magma mixing (after Wang and Gaetani 730 
2008). Upper ERZ includes historical rift zone eruptions (n=4), not including Pu‘u ‘Ō‘ō. Summit 731 
eruptions are from 1500-1971 (n=6). Light blue squares are data from Sobolev et al. 2007.732 
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 733 
Figure 4. Representative whole-rock Mg-numbers [Mg/(Mg+Fe2+) x 100] plotted against olivine 734 
core forsterite contents for Kīlauea lavas. The Mg-number is calculated assuming 90% of the 735 
total iron is Fe2+, based on iron titration measurements of Kīlauea lavas (e.g. Moore and Ault 736 
1965; Byers et al. 1985; Rhodes and Vollinger 2005). The dashed lines denote the shallow 737 
pressure (1 atm) equilibrium field for basaltic magma (Kd Fe/Mg =0.345±0.018 at 2σ; Matzen et al. 738 
2011). Higher Mg# samples (e.g. 62.0-62.5) that dominantly plot below the equilibrium field 739 
have probably experienced olivine accumulation, whereas samples above the field represent non-740 
equilibrium olivines from mixed magmas or delayed fractionation. Stars indicate examples of 741 
olivine with decoupled Fo-NiO zoning profiles, whereas squares with black outlined boxes 742 
indicate core compositions of reversely zoned crystals. For each sample, 5-12 olivine crystals 743 
were analyzed (similar Fo contents appear stacked; see Supplementary Material for analyses). 744 
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 746 
Figure 5. Examples of two Fo (%) and NiO (wt%) profiles from the same sample (28-Oct-89) 747 
that are similar in size and composition. Plateaus are regions where the composition (e.g. Fo or 748 
NiO) does not vary outside the analytical error. The sample name corresponds to the date it was 749 
collected during the Pu‘u ‘Ō‘ō eruption. Spot analyses with low totals due to cracks or spinel 750 
inclusions were removed and appear as gaps in otherwise regularly spaced analyses. Errors for 751 
all analyses are smaller than the symbol size. 752 
  753 
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 754 
Figure 6. (a) Whole-rock MgO vs. Ni for Hawaiian volcanoes. All samples were analyzed in the 755 
same facility (University of Massachusetts) to avoid inter-laboratory differences. (b) Pu‘u ‘Ō‘ō 756 
samples are subdivided into early, mixed lavas from episodes (Ep.) 1-30 (Shamberger and Garcia 757 
2007), and later unmixed samples (Ep. 31-60; minus Ep. 54). Dashed line (H+D) represents 758 
Kīlauea trend from Hart and Davis (1978). The line separates most early, mixed Ep. 1-30 Pu‘u 759 
‘Ō‘ō  lavas from later unmixed Ep. 31-60 lavas. Symbols with dark outlines indicate Kīlauea 760 
samples used for olivine analyses in this study. Data are from Pietruszka and Garcia 1999, 761 
Marske et al. 2007, Garcia et al. 2003, Greene et al. 2013, Marske et al. unpublished, and this 762 
study (Supplementary Data File 1) for Kīlauea, Rhodes 1995, Rhodes and Hart 1995 for Mauna 763 
Loa, Rhodes et al. 2012 for Mauna Kea, and Frey et al. 1994, Jackson et al. 1999, and Haskins 764 
and Garcia 2004 for Ko‘olau. 765 
 766 
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 767 

Figure 7. (a) NBO/T in standard fractional crystallization models of parental melt compositions 768 
for Ko‘olau, Mauna Loa, Mauna Kea (high- and low- SiO2), Kīlauea, and Lō‘ihi starting at 1450 769 
°C until ~35 vol.% olivine is crystallized (producing variable final % forsterite due to small 770 
variations in parental composition and DMg

ol/melt). (b) The changing DNi
ol/melt from Wang and Gaetani 771 

2008, which is sensitive to variations in NBO/T, along fractional crystallization trends for 772 
primitive olivine at each volcano. 773 
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 775 

Figure 8: Olivine forsterite (%) vs. NiO (wt%) for fractional crystallization models at 1 GPa 776 
using (a) Wang and Gaetani (2008) and (b) Matzen et al. (2013) using parental melt 777 
compositions from Table 3. High- (grey) and low-Ni (black) volcano groups as in Fig. 1. Solid 778 
lines represent models run for parental melts with 0.11 wt% NiO; dashed lines for parental melts 779 
with 0.09 wt% NiO. 780 

 781 
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 783 

Figure 9: (a) 3D numerical olivine model showing 2D section (dashed white line) taken 784 
perpendicular to the c-axis [001]. (b and c) Initial crystal (black text) and melt (white text) 785 
compositions used in models. Melt forsterite is equivalent to a melt Mg# in equilibrium with Fo85 786 
olivine. Melt and olivine NiO concentrations reported as wt%. Rim-to-rim concentration profile 787 
(bottom red lines) indicates sharp boundary between crystal and melt before diffusion has 788 
occurred. Black dashed line marks location of profile selection along [010] (b-axis) after 789 
diffusive re-equilibration with the surrounding melt. 790 

 791 
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 793 

Figure 10: Results from numerical olivine diffusion models. (a) Forsterite (blue) and NiO (red) 794 
profiles along the b-axis in the olivine section. Solid line is one year of diffusion and dashed line 795 
is two years of diffusion. Cinitial and Cequilibrium values labeled for starting crystal and surrounding 796 
melt compositions as in Fig. 8. (b) Results of % re-equilibration calculation (Eq. 1) using Cinitial, 797 
Cequilibrium, and Cmeasured (zoning profiles from a). In this ideal section through the crystal’s center, 798 
the core retains Cinitial

 after diffusion has occurred. 799 
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 801 

 802 

Figure 11. (a) Normally zoned and decoupled Kīlauea olivine (1670 C.E. summit lava flow) 803 
with complex rim zoning influenced by growth and diffusion (evident in multiple changes in 804 
slope for Fo; see Supplementary Data File 2 for analyses) and (b) calculated pyroxenite 805 
(Gurenko et al. 2010) of the profile from the core plateau to the rim. Scatter in the % Xpx 806 
calculated for the core region is due to analytical variability in minor elements (panel a). 807 
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 809 

 810 
 811 
Figure 12. Examples of numerical “thin sections” for large (800 μm; left) and small (400 μm; 812 
right) olivine diffusion models (full dataset can be found in Supplementary Material). The small 813 
model was scaled up 2x to provide direct comparison with the large model. Thin white line 814 
marks the crystal margins within the melt (blue background). Yellow stars next to sections from 815 
the large model indicate preservation of initial compositions and recovery of original % Xpx 816 
values. Each section is either (1) near the crystal’s core and/or (2) sectioned parallel or sub-817 
parallel to the c-axis. 818 




