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From the 56 samples that were identified as HMAD lavas based on whole-rock geochemistry 

(Conway et al., 2016; Fig. DR1), 14 were selected for this micro-analytical investigation to 

represent the ranges in eruption age, composition, distribution and cooling rate (Table DR2). 

Mineral and glass major element data were collected from thin sections of the samples using 

a JEOL JXA8230 SuperProbe electron probe microanalyzer (EPMA) at the National Museum 

of Nature and Science, Japan. The EPMA was calibrated using natural mineral standards, and 

synthetic standards for elements with relatively low concentrations in samples. The probe 

voltage and current were adjusted according to the phase: olivine and spinel (20 kV, 20 nA); 

clinopyroxene and orthopyroxene (15kV, 20 nA); plagioclase and hornblende (15 kV, 12 

nA). A focused beam diameter was used for olivine, pyroxene, plagioclase and hornblende, 

and was spread to 3 µm for spinel. Secondary standards were analyzed to monitor precision 

and accuracy of the results. Sample and standard analytical data are available in Table DR3.  

Reverse-zoned orthopyroxenes within Ruapehu HMAD lavas justify the criterion for 

accurate Fe-Mg interdiffusion timescale modelling recommended by Krimer and Costa 

(2017). Backscattered electron (BSE) images were collected based on the strong negative 

linear relationship between values of BSE image greyscale intensity and Mg# of 

orthopyroxene that has been demonstrated in previous studies (e.g. Allan et al., 2013). The 

relationship validates that zoning patterns observed in BSE images of orthopyroxene crystals 

reflect their Fe-Mg contents and can thus be used to examine compositional gradients at a 

higher spatial resolution than can be obtained from spot analyses (Allan et al., 2013). BSE 

images were collected for crystal zone boundaries suitable for diffusion modelling using a 

Fine 2 scanning mode at a magnification of x1,500. Following the methodology of Allan et 

al. (2013), we used the Image-J processing program (https://imagej.nih.gov/ij/) to rotate 

images so that profiles of the averaged BSE greyscale intensity were extracted perpendicular 

to the zoning boundary for the selected areas. These boundaries were extracted away from 

https://imagej.nih.gov/ij/
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crystal corners, as close to perpendicular to the c-axis as possible, and have concentration 

plateaux at either end (see Krimer and Costa, 2017). An initial condition of a step function 

was assumed for all profiles. The formula of Allan et al. (2013), based on the experimental 

calibration of Ganguly and Tazzoli (1994) was modified to remove an oxygen fugacity 

component (after Dohmen et al., 2016) and correct for a numerical error (Allan et al., 2017) 

to calculate DFe-Mg in orthopyroxene (cf. Cooper et al., 2017): 

𝑙𝑜𝑔10𝐷𝐹𝑒−𝑀𝑔 =  −5.54 + 2.6𝑋𝐹𝑒 −  
12,530

𝑇
, 

where XFe is the molar proportion of the Fe end member (ferrosilite) and T is temperature in 

Kelvins. To use this equation to yield a modelled timescale, finite difference methods were 

used, as detailed in Allan et al. (2013). All extracted profiles were tested to show statistical 

significance. The statistical significance of profiles was established by accounting for 

uncertainty of BSE images – related to random thermal noise of the BSE detector – scaling to  

1

√𝑛
 – where n is the number of pixels being averaged together over the profile. This yields a 

standard error (SE) on BSE greyscale intensities. If diffusion is the cause of the concentration 

profile, the plateaux at the ends of the profiles should be flat. From the 54 crystal boundaries 

that were modeled, we did not find any profiles that had a variation in the plateaux that 

exceeded 2 SE.  

The orientations of crystallographic axes for 34 of the modeled orthopyroxene 

crystals were determined using a HITACHI SU-3500 scanning electron microscope (SEM) 

equipped with an Oxford Instruments HKL NordlysNano electron backscatter diffraction 

(EBSD) system and AZtec Software at the Geological Survey of Japan. Before SEM analysis, 

surface damage was removed from the thin sections by polishing them for several minutes 

with a Buehler VibroMet2 vibratory polisher using Syton fluid. The SEM was operated at an 

accelerating voltage of 15 kV in low-vacuum mode, with specimens set at a working distance 

of ~20 mm and tilt angle of 70. All EBSD data were obtained using automatic indexing with 

a step size of 1.5-10 µm. All index data represent points with a mean angular deviation 

(MAD) of <1°. We performed EBSD data analyses using the AZtecHKL Channel5 Tango for 

mapping data and MATLAB® toolbox MTEX Version 4.5.2 (Mainprice et al., 2014) for 

calculating the orientations of the crystallographic axes.  
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Figure DR1. Bivariate whole-rock major element diagrams for lavas from Ruapehu volcano 

(data from Conway et al., 2018) and HMAD volcanic rocks of the Taupo Volcanic Zone: 

Pukeonake, Ohakune (Graham and Hackett, 1987); Hauhungatahi (Cameron et al., 2010); and 

White Island (Heyworth et al., 2007). Approximate trends for accumulation of olivine (ol), 

orthopyroxene (opx), clinopyroxene (cpx), plagioclase (plg) and spinel (sp) are shown by the 

arrows. 

 

 

 

 

 

 

 



4 

 

Table DR2. Summary of data for Ruapehu HMAD lava samples used in this study. 

 

Notes. Geochemistry and geochronology data are from Conway et al. (2016) and Ingham et 

al. (2017). Mineral diffusion timescales have been modeled for samples marked by (*). 

Eruption age for samples marked by (#) is taken from sample CC414 from the same lava 

flow. Type displays whether a sample has a holocrystalline (h) or glassy (g) groundmass 

texture; the former is produced by relatively prolonged cooling of the lava after its 

emplacement and the latter results from relatively rapid quenching. Vent displays the distance 

to the inferred eruptive vent location from the sample collection point. Whole-rock major 

oxide values are in weight %, normalized to anhydrous totals of 100 %. Cr and Ni contents 

are in ppm. Whole-rock Mg# values (100xMg/(Mg+Fe)) and olivine contents (%) show a 

general positive correlation.  

 

 

 

 

 

Table DR3. EPMA mineral chemistry dataset (link to Excel file) 

 

 

 

Sample Type Vent Age (ka) 2σ SiO2 MgO Al2O3 Cr Ni Mg# ol (%)

CC125 h <2 km 56.80 8.61 14.25 470 148 69 5

*CC089 h <2 km 46.3 2.0 58.69 6.86 14.80 327 101 66 3

*CC174 g >2 km 58.84 6.55 14.83 303 87 65 3

CC540 g >5 km 59.01 6.32 15.05 277 91 64 3

CC069 g <2 km 59.32 6.42 14.73 300 87 65 3

CC077 g <2 km 60.08 6.14 14.79 297 88 65 3

*CC140 h <2 km 42.7 1.8 60.22 5.87 14.89 287 81 64 2

*CC154 g >2 km 60.86 5.71 14.71 288 83 64 3

CC119 h <2 km 44.2 1.6 61.28 5.42 15.06 270 75 63 2

*CC127 h <2 km 43.7 1.0 61.77 5.05 15.00 235 69 62 2
#CC451 h <2 km 39.9 1.4 63.89 3.39 15.25 110 36 56 1
#CC415 g <2 km 39.9 1.4 64.19 3.18 15.19 119 35 55 1

CC479 g <2 km 64.86 2.89 15.25 103 26 54 1

CC483 g <2 km 64.87 2.99 15.11 103 30 54 1
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Figure DR4. Geochemistry data for Type 4 olivine and spinel crystals in Ruapehu high-Mg 

andesites and dacites. (A) Ni vs. Fo (100xMg(Mg+Fe)) plot for olivines. Shaded fields are 

from Sobolev et al. (2005) and Straub et al. (2011). (B) TiO2 vs. Al2O3 plot for spinels. Fields 

are from Kamenetsky et al. (2001). (C) Cr# of spinel vs. Fo of olivine for Type 4 olivines 

with spinel inclusions. Paired crystal analyses are compared with the olivine-spinel mantle 

array (OSMA) defined by Arai (1994). The arrow points towards increasing mantle depletion. 

Together, these data indicate that Type 4 olivines were sourced from depleted arc peridotite 

beneath Ruapehu.  
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Figure DR5. Geochemistry and geothermometry data for Type 1 pyroxene crystals from 

Ruapehu high-Mg andesites and dacites. (A) Mg# values for core and rim analyses of Type 1 

orthopyroxene (opx) and clinopyroxene (cpx) crystals. (B) Results from application of the 

two-pyroxene geothermometer of Putirka (2008) to pairs of rims for Type 1 orthopyroxene 

and clinopyroxene. The measured range (Meas.) for values of Kd is compared with the 

recommended range (Rec.) provided by Putirka (2008). 
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