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The 1959 summit eruption of Kīlauea Volcano exhibited high lava fountains of gas-rich, primitive magma, con-
taining olivine + chromian spinel in highly vesicular brown glass. Microprobe analysis of these samples shows
that euhedral rims onolivine phenocrysts, in direct contactwith glass, vary significantly in forsterite (Fo) content,
at constantmajor-elementmelt composition, as do unzoned groundmass olivine crystals. Ferric/total iron (Fe+3/
FeT)ratios for matrix and interstitial glasses, plus olivine-hosted glass inclusions in eight 1959 scoria samples
have been determined by micro X-ray absorption near-edge structure spectroscopy (μ-XANES). These data
show thatmuch of the variation in Fo content reflects variation in oxidation state of iron in themelt, which varies
with sulfur concentration in the glass and (locally) with proximity to scoria edges in contact with air. Data for 24
olivine-melt pairs in the better-equilibrated samples from later in the eruption show KD averaging 0.280 ± 0.03
for the exchange of Fe andMg between olivine andmelt, somewhat displaced from the value of 0.30±0.03 given
by Roeder and Emslie (1970). Thismay reflect the low SiO2 content of the 1959magmas,which is lower than that
in most Kīlauea tholeiites. More broadly, we show the potential of μ-XANES and electron microprobe to revisit
and refine the value of KD in natural systems.
The observed variations of Fe+3/FeT ratios in the glasses reflect two distinct processes. The main process, sulfur
degassing, produces steady decrease of the Fe+3/FeT ratio. Melt inclusions in olivine are high in sulfur (1060–
1500 ppm S), with Fe+3/FeT = 0.160–0.175. Matrix glasses are degassed (mostly S b 200 ppm) with generally
lower Fe+3/FeT (0.114–0.135). Interstitial glasses within clumps of olivine crystals locally show intermediate
levels of sulfur and Fe+3/FeT ratio. The correlation suggests that (1) the 1959 magma was significantly reduced
by sulfur degassing during the eruption and (2) themelts originally had Fe+3/FeT ≥ 0.175, consistentwith oxygen
fugacity (fO2) at least 0.4 log units above the fayalite-magnetite-quartz (FMQ) buffer at 1 atm andmagmatic tem-
perature of 1200 °C.
The second process is interaction between the melts and atmospheric oxygen, which results in higher Fe+3/FeT

ratios. Detailed μ-XANES traverses show gradients in Fe+3/FeT of 0.145 to 0.628 over distances of 100–150 μm in
thin, visibly reddened matrix glass bordering some scoriae, presumably caused by contact with air. This process
was extremely rapid, giving insight into how fast the Fe+3/FeT ratio can change in response to changes in external
conditions.

© 2016 Published by Elsevier B.V.
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1. Introduction

The 1959 summit eruption is unique in Kīlauea's historic record for
its highly magnesian, olivine-rich lavas (Murata and Richter, 1966)
and very high fountain heights (up to 580 m, Richter et al., 1970).
Most 1959 scoria samples contain only olivine + chromite + glass.
Microprobe analysis of the glasses in these scoriae show that their
MgO contents range from 6.4 to 10.2 wt%, with the bulk of them having
MgO=8.0–9.0wt% (Helz, 1987, 2009a; Helz et al., 2014a). These values
ine-melt relationships and sy
es. (2017), http://dx.doi.org/1
correspond to quenching temperatures of 1143 to 1220 °C, with most
scoria falling between 1170 and 1220 °C (Helz and Thornber, 1987). It
might be supposed that such high-temperature samples would be
well-equilibrated, but Helz (1987) documented extensive textural and
chemical disequilibrium in the scoria. The present study was undertak-
en to constrain the ferric/total iron (=Fe+3/FeT) ratio of the 1959 scoria
glasses in situ, in order to calculate KD values for Mg-Fe exchange be-
tween coexisting olivine-melt pairs directly.We use these data to assess
the degree of internal equilibration in the 1959 lavas, and to evaluate
the extent of redox heterogeneity present in the 1959 scoria and the
processes responsible for observed variations over a range of spatial
and temporal scales.
neruptive redox variations in the 1959 eruption of Kīlauea Volcano as
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1.1. Background and context for this study

The 1959 summit eruption of Kīlauea Volcano involved 17 distinct
phases of high lava fountaining, extending over a period of 5 weeks;
Richter et al. (1970) provide a detailed log of the observed activity.
The eruption was also monitored seismicallyby Eaton and Murata
(1960), who tracked earthquakes as they ascended frommantle depths
of 40–60 km to the summit reservoir, in theweeks prior to the eruption.
Their arrival coincided with the onset of the eruption in Kīlauea Iki pit
crater. Whole-rock chemistry by Murata and Richter (1966) allowed
Wright (1973) to recognize two distinct chemical batches, distinguish-
able especially by differences in CaO content at constant MgO content.
Wright (1973) described each sample as consisting of a mixture of the
high-CaO component, represented in the calculations by the composi-
tion of S-1 (sample Iki-58, from the east end of the initial eruptive fis-
sure) plus the low-CaO component S-2 (sample Iki-1, from the west
end of the initialfissure), plus variable amounts of olivine and chromite.
Subsequent work (Helz, 1987, 2009a) showed that all glasses in the
1959 scoria were more magnesian than samples S-1 and S-2; because
of this, Helz (1987) suggested that the two components be renamed
1959E (the high-CaO component) and 1959 W (the low-CaO compo-
nent), and that convention is followed below.

The variation of MgO in 1959 scoria glasses over the course of the
eruption is shown in Fig. 1. The glasses fall into three categories, based
on the mixing ratios of Wright (1973): those with 31–70% of the juve-
nile (1959E) component in the groundmass, those almost entirely
made up of the stored (1959W) component, and later hybrids, which
have intermediate mixing ratios (mostly near 20% juvenile, 80% stored
component). Analyses of glasses in samples high in the 1959E compo-
nent generally have higher MgO contents than other samples, during
the early and middle stages of the eruption. Because all 1959 glasses
contain olivine, and the MgO content of olivine-saturated glasses varies
linearly with temperature (Helz and Thornber, 1987), the 1959E-rich
glasses are therefore mostly hotter than the 1959W-rich glasses. This
is consistent with the 1959E component being the new component
injected into the magma chamber, the arrival of which destabilized
Kīlauea's summit reservoir and triggered the eruption (Eaton and
Murata, 1960; Helz, 1987; Eaton et al., 1987; Helz et al., 2014a).

Olivine compositions have been analyzed previously in most of
these samples. Fig. 2a shows how compositions of euhedral rims for ol-
ivine phenocrysts (Helz, 1987, 2009b) vary over the course of the
new = 31-70%

Fig. 1.MgO content of glasses in scoria samples from the 1959 Kīlauea eruption. The samples a
below. Longer pauses in the eruption (see Richter and others, 1970) aremarkedbyblankpositio
are previously unpublished. In some samples, there is a range of glass MgO contents. Using the
thosewith 31–70% of the 1959E component (red circles), those with 88–100% of the 1959W co
with ~20% of the 1959E component. (For interpretation of the references to color in this figure
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eruption. There is a marked lack of correlation between glass MgO con-
tent (Fig. 1) and olivine rim compositions. For example, in samples from
phases 1 and 2 (positions 1–13 in Figs. 1–2) the maximum forsterite
content of olivine phenocryst rims is near ~Fo88 even though glass
MgO content is notably lower in the 1959W-rich samples. Also, in sev-
eral of the latest samples (fromphases 10–16), olivine rim compositions
are ~Fo86 or less, while their coexisting glasses have the samemaximum
and range of MgO contents as samples erupted from as early as phase 6
(positions 17–22 in Figs. 1 and 2a). Inspection of these data show that
the euhedral olivine rims, though apparently in textural equilibrium
with the enclosing melt, cannot all be in chemical equilibrium with
the melts they touch, if Fe+3/FeT is constant in the melt.

Compositional data for the population of smaller (microphenocrystic
to groundmass, b1 mm in length) euhedral olivines found in these
same samples is shown in Fig. 2b. These vary widely in composition,
often by more than phenocryst rims, and they extend to lower Fo con-
tents. Like the phenocrysts, they cannot all be in equilibrium with the
glasses in which they are found, if melt Fe+3/FeT is constant within a
given scoria. However, in some of the latest samples (from phases 10–
16), the range of composition of the smaller olivines is similar to the
range in phenocryst rims, suggesting that by the latter part of the erup-
tion, olivine and melt were approaching equilibrium with each other, as
was noted by Helz (1987, 2009b).

The data in Figs. 1 and2were used to evaluate olivine-melt relations,
using the experimental results of Roeder and Emslie (1970) for the ex-
change of Mg and Fe+2 between olivine and melt (Helz, 2009a, 2009b).
Results, based solely on microprobe analyses, included (1) KD appeared
to vary with grainsize, suggesting that Fe+3/FeT varied during progres-
sive nucleation of olivine, (2) the pattern suggested reduction of the
melt during eruption and (3) Fe+3/FeT ratios were higher than usually
reported for Kīlauea basalts. These findings motivated the present
study and provided the basis for sample selection.

2. Selection and description of samples for μ-XANES analysis

Based on preliminary investigations described above, we selected he
eight samples, all of known bulk composition, for further analysis:

(1) Two samples are hybrids from from late in the eruption (Iki-26
and Iki-32).

(2) Three are phase 1 samples rich in the 1959E component (Iki-2,
)

re plotted in chronological sequence, each with the number of its eruptive phase indicated
ns. Data for 22 scoria samples are inHelz (1987, 2009a); data for two samples (Iki-5, Iki-25)
endmember proportions calculated byWright (1973), the samples fall into three groups:
mponent (blue triangles) and later hybrids (phases 5–16, green inverted triangles), mostly
legend, the reader is referred to the web version of this article.)
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Fig. 2. a. Composition of euhedral rims on olivine phenocrysts for 19 scoria samples from the 1959 summit eruption of Kīlauea, with the samples plotted in chronological sequence as in
Fig. 1 (Helz, 1987, 2009b) and unpublished data. Phenocrysts are defined here as crystals ≥1 mm in length. Three samples (Iki-1, Iki-58, Iki-9) have no phenocrysts, so are not included
here. Vertical dashed lines connect compositions within individual scoria samples. The maximum Fo rim composition found at different stages of the eruption, marked by heavy lines,
shows an irregularly step-wise decline with time. b. Composition of microphenocrystic and groundmass olivines from most of the scoria samples included in Fig. 2a, plus Iki-1, Iki-58
(phase 1, position 1) and Iki-9 (phase 3, position 15). The latter three samples contain only smaller (b1 mm) olivine crystals. Compositions are from Helz (1987, 2009b) plus some
unpublished data. The vertical dashed lines emphasize the sizeable range in composition found within many scoria samples for the smaller olivines.
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Iki-22 and Iki-3). These cover most of the range of bulk and glass
MgO contents within this group.

(3) Three are samples rich in the 1959W component (Iki-44 and Iki-
5 fromphase 1 of the eruption and Iki-10 [with 100% 1959W; see
Wright, 1973] from phase 3 of the eruption). Again, these cover
the range of bulk and glass MgO contents within this group.

These samples are labeled in Fig. 1 and data on the time of their
eruption and height of associated fountaining are given in Table 1.
These and all other scoria were collected from the periphery of the
area of deposition of scoria, at known times, during the eruption.
There has been little opportunity for post-eruptive re-equilibration or
alteration of either glass or olivine.

The samples consist of highly vesicular brown glass with varying
amounts of olivine. The olivine crystals range in size from several milli-
meters to a few micrometers in length; larger crystals often occur in
Please cite this article as: Helz, R.T., et al., Olivine-melt relationships and sy
revealed by XANES, J. Volcanol. Geotherm. Res. (2017), http://dx.doi.org/1
clusters (as reported in Schwindinger and Anderson, 1989). Inclusions
in olivine are chromite,melt (nowglass), and rarely, blebs of immiscible
sulfide. Representative views of analyzed areas for three samples are
shown in Figs. 3a,b, and c. The bulk olivine content of these samples
varies from 28 wt% in Iki-26 to 7% in Iki-5, as calculated from the bulk
compositions in Murata and Richter (1966).

3. Analytical methods for microprobe analyses and glass
compositions

The glass analyses reported here were obtained using the electron
microprobe at the USGS, Reston, VA. Standards used included
Makaopuhi glass A99 for most major elements, with Na, K, P, Mn, Cr,
and S referred to other standards. Operating conditions were 15 keV,
beam current 20 nanoamps, with a spot size of 10 μm. Counting times
were 20 s (peak) and 10 s (background) except for P (40 s, 20 s) and sul-
fur (60 s, 30 s). Because of the long count times used, the reproducibility
neruptive redox variations in the 1959 eruption of Kīlauea Volcano as
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Table 1
Time of eruption and fountain heights for 1959 scoria samples used in the present study, as reported by Murata and Richter (1966) and Richter and others (1970).

Sample number Date erupted Time erupted Phase of eruption Fountain height (m)

Iki-2 17 November 1959 1500 1 80–100
Iki-22 18 November 1959 1700 1 320
Iki-3 19 November 1959 800 1 320–350
Iki-44 20 November 1959 700 1 240–300
Iki-5 21 November 1959 710 1 240
Iki-10 29 November 1959 2100 3 180
Iki-26 14 December 1959 1400 10 180–330
Iki-32 17 December 1959 1445 15 580
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of sulfur is ±60 ppm, both at 1400 ppm and 142 ppm. This is based on
the dispersion in sulfur values observed for two standard glasses (VG-2
and A99) as reported in Helz et al. (2014b, Appendix Table A2, page 3).

Olivine analyses were also obtained at the USGS, Reston, VA, using
appropriate natural and synthetic standards. Operating conditions
were 15 keV, beam current 20 nA, but with a spot size of ~2 μm.
Counting times were 20 s (peak) and 10 s (background). Grains
analyzed varied from 1 to 3 mm long (phenocrysts) down to b10 μm.
Rim compositions on phenocrysts were taken within 1–3 μm of the
edge of the grain. The compositions of the San Carlos andMarjahlati ol-
ivines were monitored to verify that analytical results were consistent
from one EPMA session to the next.

For melt inclusions, glass embayments, and areas of interstitial glass,
the μ-XANES determinationsweremade first, and themicroprobe anal-
yses later. In a few cases, glass analyses are given for additional inclu-
sions or interstitial areas, but for which μ-XANES determinations
either were not made or were not possible. These are included in
Appendix A to show the prevalence of elevated sulfur in such glasses.

Inclusion glasses, glass embayments, and interstitial glasses in Iki-22
and Iki-3were reconstructed by adding enough olivine to the glass com-
position to bring the MgO in the glass up to the average MgO content
seen in the glasses away from olivine crystals and clusters. The olivine
composition used was that immediately adjacent to the inclusion, em-
bayment or interstitial area. The amounts of olivine needed were
Fig. 3. a. Small (b1mm) olivines in vesicular glass in sample Iki-3, area 1. Note darker glass in em
glass in sample Iki-5, area 1, with inclusion, zoned interstitial glass. c. Cluster of euhedral olivin
sulfide bleb, vapor bubble.

Please cite this article as: Helz, R.T., et al., Olivine-melt relationships and sy
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modest, ranging from 0.8 to 2.5 wt% olivine. Inclusion and semi-
enclosed glasses in samples Iki-2, Iki-44, Iki-5, Iki-26, and Iki-32 have
MgO contents that match the average glasses away from olivine, so
appeared to involve little or no late overgrowth of olivine.

The average matrix glass compositions for areas analyzed in this
study are shown in Table 2; the complete set of glass analyses is in
Appendix A. The glasses investigated here have average MgO contents
ranging from 10.14 to 7.48% MgO, corresponding to quenching
temperatures of 1220° to 1164 °C (Helz and Thornber, 1987).

3.1. Method of determination of oxidation state of the glasses

From previous work on the 1959 scoria, it was apparent that direct
determination of the oxidation state of the 1959 glasses would be
essential to understanding the observed olivine-melt relations (Helz,
2009b). Synchrotron-basedmicro X-ray absorption near-edge structure
(μ-XANES) spectroscopy provides Fe3+/FeT ratios in situ (in thin section
with an Fe-free slide)with high spatial resolution (e.g. Berry et al., 2003;
Wilke et al., 2005; Cottrell et al., 2009). All sampleswere analyzed in situ
for Fe3+/FeT ratios following the XANES methods and techniques of
Cottrell et al. (2009) at beamline X26A, National Synchrotron Light
Source, Brookhaven National Laboratory. Spectra were collected in fluo-
rescence mode from 7020 eV to 7220 eV using a Si [311] monochroma-
tor and a spot size of ~5 × 9 microns. All spectra were collected, using
bayed olivine (upper left of photomicrograph). b. Cluster of euhderal olivines in vesicular
es in vesicular glass in sample Iki-32, area 1. Melt inclusion in the largest olivine contains

neruptive redox variations in the 1959 eruption of Kīlauea Volcano as
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Table 2
Average matrix glass compositions in areas of 1959 Kilauea scoria samples chosen for XANES analysis.

Sample number Iki-2 Iki-2 Iki-22 Iki-22 Iki-3 Iki-3 Iki-44 Iki-44 Iki-44 Iki-5 Iki-5 Iki-10 Iki-26 Iki-26 Iki-26 Iki-32 Iki-32

Eruptive phase 1 1 1 1 1 1 1 1 1 1 1 3 10 10 10 15 15
Area analyzed #1 #2 #1 #2 #1 #2 #1 #2 #3 #1 #2 #1 #2 #3 #1 #2
Points in average 5 6 8 8 6 5 3 3 3 9 5 3 7 10 5 4 6
SiO2 49.91 49.93 49.30 49.41 49.37 49.41 49.70 49.66 49.76 49.71 49.65 50.13 50.15 49.90 50.12 49.76 49.70
TiO2 2.63 2.58 2.40 2.51 2.54 2.50 2.70 2.56 2.70 2.75 2.63 2.81 2.76 2.65 2.63 2.69 2.67
Al2O3 12.85 12.87 12.30 12.35 12.28 12.36 13.07 12.95 12.97 13.18 13.29 13.54 13.34 13.04 13.06 13.01 12.91
Cr2O3 0.08 0.06 0.09 0.08 0.09 0.08 0.06 0.06 0.06 0.04 0.06 0.03 0.05 0.06 0.05 0.08 0.07
FeO 11.32 11.14 11.31 11.28 11.27 11.39 11.30 11.37 11.37 11.39 11.10 11.05 10.72 11.27 11.19 10.88 11.16
MnO 0.19 0.17 0.19 0.17 0.18 0.17 0.18 0.17 0.18 0.17 0.17 0.19 0.16 0.16 0.15 0.18 0.18
MgO 8.61 8.51 10.15 10.14 10.08 10.05 8.64 8.59 8.69 7.71 7.73 7.48 8.20 8.61 8.71 8.78 8.89
CaO 11.79 11.59 11.35 11.30 11.29 11.29 11.30 11.31 11.37 11.52 11.39 11.60 11.63 11.55 11.50 11.46 11.39
Na2O 2.07 2.11 1.97 1.97 1.98 1.99 2.04 2.17 2.08 2.18 2.16 2.16 2.07 2.08 2.08 2.10 2.10
K2O 0.54 0.51 0.49 0.49 0.50 0.50 0.50 0.49 0.50 0.57 0.55 0.58 0.54 0.52 0.53 0.55 0.54
P2O5 0.24 0.25 0.22 0.23 0.23 0.24 0.24 0.24 0.23 0.25 0.26 0.25 0.24 0.25 0.24 0.23 0.25
Sum 100.23 99.72 99.77 99.93 99.80 99.98 99.71 99.56 99.91 99.47 98.99 99.82 99.86 100.09 100.37 99.73 99.98
Sulfur (ppm) 135 122 118 151 130 86 132 83 159 104 94 84 34 73 30 23 75
T (MgO), °Ca 1188 1185 1217 1220 1218 1217 1191 1188 1187 1169 1169 1164 1177 1188 1195 1191 1194
S-1 / (S-1 + S-2)b 0.63 0.63 0.68 0.68 ~0.70 ~0.70 0.06 0.06 0.06 0.12 0.12 0.0 0.21 0.21 0.21 0.40 0.40
NMNH ID 116,111–2 116,111–22 116,111–3 116,111–44 116,111–5 116,111–10 116,111–26 116,111–32

a Glass quenching temperatures estimated from Helz and Thornber (1987).
b Mixing ratios of S-1 and S-2 are for sample bulk compositions, as given in Wright (1973).

Table 3
Initial XANES determinations of Fe+3/FeT ratios for matrix glasses in four 1959 scoria
samples.

Sample Date of analysis Fe+3/FeT values Range of Fe+3/FeT

Iki-22 August 2011 0.121 ± 0.007 (3 pts) 0.014
Iki-3 August 2011 0.116, 0.112, 0.120 0.008
Iki-26 March 2012 0.210, 0.178, 0.310 0.132
Iki-32 March 2012 0.138, 0.138, 0.135 0.003
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both a single 4-element Vortex ME-4 silicon drift diode detector and
two single element Vortex-Ex detectors (Hitachi) coupled to an XMap
digital spectrometer system (XIA). The monochromator energy at
X26Awas calibrated so that the first derivative peak for Fe K-edge spec-
tra for Fe foil was 7112.0 eV (Ruffoni and Pettifer, 2006). Incident beam
flux at X26A for these experiments was ~3 × 109 photons/s. Reference
glass LW-0 (Cottrell et al., 2009) was monitored continuously during
each experimental session to correct for instrumental drift and data
were normalized to a pre-edge centroid value of LW_0 = 7112.3 eV.
Further details of this analytical procedure and the drift correction can
be found in Cottrell et al. (2009).

We calibrated the XANES spectra using a suite of 13 basaltic glass
standards, which were calibrated originally by Cottrell et al. (2009)
using room temperature Mossbauer spectroscopy. New cryogenic
(10 K) Mossbauer spectra of these same glasses suggests a correction
factor, C, of 1.1, where [Fe3+/FeT(corrected)] = [Fe3+/FeT (RT)]/
([Fe3+/FeT (RT)] + C(1− [Fe3+/FeT (RT)]), owing to recoilless fraction
effects (Hirschmann et al., 2015). In light of this, we have elected here to
correct our measured Fe+3/FeT ratios by −0.01 (absolute) relative to
the original calibration of Cottrell et al. (2009). Note that if a correction
of −0.01 (absolute) is applied, the median Fe+3/FeT ratio of MORB
glasses is ~0.15. This approach yields a precise determination of the
Fe+3/FeT ratio in basaltic glasses, with a 1-sigma precision of ±0.005
absolute, and an estimated accuracy of ±0.01 absolute. We emphasize
that the key results of the present work relate to the relative, within-
and between-sample variations in Fe+3/FeT ratios; these are clearly re-
solved by the high precision of XANES analysis and are independent of
the accuracy of the method.

A key requirement for a successful XANES measurement is that the
glass be the only iron-bearing phase in the path of the beam during
analysis. For instance, olivine contains several weight percent of Fe2+

and even a small amount of olivine in the beam path will influence
the shape of pre-edge structure in Fe- μ-XANES spectra, and bias the cal-
culated Fe+3/FeT ratio to more reduced values (Kelley and Cottrell,
2012; Brounce et al., 2014). Accordingly, all samples were mounted on
1-inch circular slides of iron-free silica glass and polished for micro-
probe and XANES analysis. Transmitted and reflected light photomicro-
graphs were used to select areas of clear glass, which was possible even
in highly vesicular samples, and also to analyze glass in embayments
and inclusions in olivine crystals, some of which are illustrated in
Fig. 3. Spectra were scrutinized for evidence of any influence from
host olivines, phenocrysts, or microphenocrysts. If crystal interference
was found, these spectra were eliminated from further study.
Please cite this article as: Helz, R.T., et al., Olivine-melt relationships and sy
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4. XANES results for 1959 scoria glasses

Analysis of Iki-22, Iki-3, Iki-26, and Iki-32 revealed ranges in Fe+3/
FeT ratios larger than those observed on MORB sections (Table 3). Ini-
tially, three points were taken on each sample, because previous expe-
rience in analyzing Fe+3/FeT ratios suggested that this ratio would be
nearly constant (1 σ b 0.008 absolute) in basaltic glasses within a thin
section or melt inclusion (Cottrell and Kelley, 2011; Kelley and
Cottrell, 2012; Brounce et al., 2014). Given the larger-than-expected
ranges in Fe+3/FeT ratio, we selected additional areas and additional
samples for detailed analysis. We took care to obtain XANES spectra
on glass adjacent to particular olivine grains co-located with the elec-
tron microprobe analyses Fig. 3a, b and c show three such areas. The
co-located microprobe and XANES data are in Appendix A, while Ap-
pendix B includes complete, fully annotated photomicrographs of the
areas analyzed.

All of the XANES determinations of Fe+3/FeT made in this study,
plotted in eruption sequence are shown in Fig. 4; the size of the symbols
used is comparable to the estimated accuracy of Mossbauer (±0.01 ab-
solute). These values have the −1% correction applied, so differ from
the values reported earlier (Helz et al., 2014c, 2015). There are a total
of 78 determinations, including some on glass inclusions, plus intersti-
tial and embayment glasses in olivine crystals and crystal clusters.

When one compares the 1959 glasses with the range of Fe+3/FeT ra-
tios observed in MORBs (from Cottrell and Kelley, 2011, see their Fig. 4
and apply a shift of−0.01 to all data), it is clear (1) that most of the in-
dividual Kīlauea scoriae have a range of Fe+3/FeT values equal to or larg-
er than seen in the N100 MORB glass analyses from three ocean basins
analyzed to date, and (2) there is no systematic shift in oxidation state
of the glasses with time over the fiveweeks of the eruption. As reported
below, detailed μ-XANES traverses show gradients in Fe+3/FeT ratios of
0.145 to 0.628 over distances of 100–150 μm in thin, visibly reddened
matrix glass bordering some scoriae. These values are remarkable
neruptive redox variations in the 1959 eruption of Kīlauea Volcano as
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Fig. 4. Fe+3/FeT ratios, as determined using μ-XANES, observed in the 1959 scoria glasses.
The calibration used is the revision of Hirschmann et al. (2015), which also gives the
average MORB value as 0.15 ± 0.01. The samples are plotted in chronological sequence,
as in Figs. 1 and 2. Black diamonds = matrix glasses; green squares = interstitial/
embayment glasses; red circles = inclusion glasses. These data, co-located with olivine
and glass analyses, are in Appendix A; locations are shown in Appendix B. Open circles
are additional Fe+3/FeT determinations on matrix glasses, given Table 3. One
determination on the oxidized rim of sample Iki-26 plots off-scale, as indicated. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 5. Frequency distribution of KD values for coexisting olivine-glass pairs in Iki-26 (three
areas, see Table 1) and Iki-32 (two areas, see Table 1). Phenocryst rim pairs and the one
inclusion pair are shown in gray; microphenocryst and groundmass olivine-melt pairs
are shown in green. The values cluster at KD = 0.27–0.28, and the distributions for the
two populations largely overlap. See text for further discussion. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 6. Calculated olivine-melt KD values from the histogram in Fig. 5, plotted against Fe+3/
FeT contents as determined by μ-XANES for samples Iki-26 (3 areas) and Iki-32 (2 areas).
Size of symbols matches precision of the data (±0.005). Shaded area covers KD values of
0.280 ± 0.010 and encompasses 60% of the data.
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both because of the large gradient and because we have not previously
seen Fe+3/FeT ratios N0.35 in basalt from any tectonic setting. The re-
sults suggest that some of the disequilibrium inferred by comparing
data in Figs. 1 and 2 may indeed result from analytically significant var-
iations in oxidation state of iron within individual 1959 scoria samples.

4.1. Evaluation of the exchange of Mg and Fe between olivine and melt

Olivine and basaltic melts equilibrate with each other by the ex-
change of magnesium and ferrous (Fe+2) ions, according to the equa-
tion.

Feþ2ðmeltÞ þ Mgþ2ðolivineÞ↔Mgþ2ðmeltÞ þ Feþ2ðolivineÞ ð1Þ
The equilibrium distribution coefficient (KD) for this equation is

written

KD ¼ Feþ2=Mg
h i

olivine
= Feþ2=Mg
h i

melt
ð2Þ

The exchange of Fe+2 andMg betweenolivine and silicatemeltswas
first studied by Roeder and Emslie (1970). They performed 1-atmo-
sphere melting experiments under known temperature and controlled
oxygen fugacity conditions. They equilibrated three natural basaltic
samples, and reported that KD = 0.30 ± 0.03, if they combined the re-
sults from all three samples together. Ferric iron does not participate
in this exchange reaction, as the amount of Fe+3 that can be accommo-
dated in olivine is negligible. Therefore it was necessary to determine
the oxidation state of iron in the 1959 samples directly, in order to be
able to calculate Fe+2 content, and then to evaluate the state of
olivine-melt equilibration in the samples.

4.1.1. KD results for the late scoria samples
The present study combines XANES data with microprobe analyses

of coexisting olivine and melt immediately adjacent to individual
XANES determinations. Fe+3/FeT ratios allow direct calculation of
Fe+2 contents in the melt, and hence direct calculation of the distribu-
tion coefficient (KD), for the exchange of Fe+2 and Mg between olivine
in these samples, assuming all Fe in olivine is Fe+2. Fig. 5 shows the
Please cite this article as: Helz, R.T., et al., Olivine-melt relationships and sy
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results for five areas in Iki-26 and Iki-32, samples that from previous
work appeared to be relatively well-equilibrated. The KD values from
24 olivine-melt pairs in these two samples fall between values of
0.260–0.290; the arithmetic average value is KD = 0.280 for all values
in Appendix A.

There are two overlapping distributions, one ofmelts in contactwith
olivine phenocryst rims plus olivine rimming a melt inclusion (in gray),
and a separate distribution for melts in contact with microphenocrystic
and groundmass olivine crystals, in agreement with earlier results
(Helz, 2009b). That study assumed that KD = 0.30, however, and led
to an estimated Fe+3/FeT for the late samples of 20–25%, higher than
most of the XANES determinations reported here.

The range of Fe+3/FeT ratios observed in glasses coexistingwith oliv-
ine is substantial, varying from 0.127 to 0.233. A plot of KD vs. Fe+3/FeT

(Fig. 6) shows that the KD for Fe+2-Mg exchange in these samples varies
little as Fe+3/FeT increases over a factor of two, and that 60% of the data
fall within ±0.01 of 0.280. The lack of dependence of KD on Fe+3/FeT is
in agreement with the results of Roeder and Emslie (1970), who found
no dependence of KD over a wide range of oxygen fugacity.
neruptive redox variations in the 1959 eruption of Kīlauea Volcano as
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Fig. 7. Frequency distribution of KD for coexisting olivine-glass pairs in Iki-2 (two areas, see
Table 1), Iki-22 (two areas), and Iki-3 (two areas). Pairs fromphenocryst rim compositions
and an inclusion are shown in gray: microphenocryst and groundmass olivine-melt pairs
are shown in red. The distributions overlap except for points on the right, which are
associated with the Fe-rich embayed olivine shown in Fig. 3a. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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4.1.2. Results for scoria from phase 1 of the 1959 eruption
The range of KD values observed for coexisting olivine-melt pairs in

the phase 1 samples rich in the 1959E (juvenile) component are
shown in Fig. 7 and samples rich in the 1959W (stored) component in
Fig. 8. As noted earlier, all phenocryst pairs included here are class 2
euhedral crystals (Helz, 1987) that are either N1 mm in length or are
part of a cluster of olivine crystals, some of which are N1 mm in length;
an example is shown in Fig. 3b. Prior study (Helz, 1987) has shown that
attached olivines within a cluster are all similar in composition, regard-
less of the size of the individual crystal. Pairs involving independent
microphenocryst or groundmass olivine crystals are again shown sepa-
rately, as the composition of those olivines can vary independently of
that of the phenocrysts (Fig. 2b, and Helz, 2009b).

Results for the 1959E-rich samples are similar to those for the late
scoria samples, in that they fall into two overlapping distributions.
This is in contrast to earlier results (Helz, 2009b), in which there ap-
peared to be significant offset in either KD or in estimated Fe+3/FeT be-
tween the large and small olivines. Thus some of the heterogeneity in
the 1959 scoria is indeed related to shifts in Fe+3/FeT of the melt as
the olivines crystallized. The overall range of KD values is wider, and
Fig. 8. Frequency distribution of KD for coexisting olivine-glass pairs in Iki-44 (three areas,
see Table 1) and Iki-5 (two areas). Pairs from phenocryst rims and two inclusions are
shown in gray; microphenocryst and groundmass olivine-melt pairs are shown in blue.
Both distributions are skewed toward low values, compared with the ranges seen in
Figs. 5 and 7. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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the median value (~0.26) somewhat lower than in the late samples
(Iki-26, Iki-32). The olivine-melt pairs associated with the embayed
microphenocryst shown in Fig. 3a have KD = 0.30–0.31, making that
crystal an anomaly in this set of samples. It appears to be cognate to
the 1959 W component rather than the 1959E melts.

In contrast to the histograms in Figs. 5 and 7, the distribution of KD

values seen in the 1959W samples (Fig. 8) is irregular, with few oliv-
ine-melt pairs falling in the 0.25–0.31 range that encompasses most of
the pairs in the late and 1959E samples. In fact most of the pairs fall be-
tween 0.19 and 0.23, a range sparsely represented in the 1959E–rich
samples and absent in the late samples. Thus the data on Iki-44 and
Iki-5 show that most olivine-melt pairs in those samples are far from
being in equilibriumwith each other, even with known Fe+3/FeT ratios.
The simplest interpretation is that the olivine phenocrysts in these sam-
ples did not originate in the storedmagmatic component that nowhosts
them. Glass analyses of melt inclusions in olivines (Table 4) show all
four to be rich in the high-CaO 1959E component, regardless of the af-
finity of the matrix glasses (Table 2). This includes the examples found
in Iki-44 and Iki-5, and is consistent with earlier results of Anderson
and Brown (1993) on a larger population of melt inclusions in olivines
of the 1959 eruption.

5. Discussion of results on olivine-melt relations

The original impetus for this study was to resolve some of the com-
plications found in Helz (2009b), including an apparent dependence of
the Fe+3/FeT ratio on grainsize of olivine. All three histograms (Figs. 5, 7,
and 8) show that knowledge of Fe+3/FeT values eliminates this peculiar-
ity, as the groundmass olivine compositions do reflect a measurable de-
crease in the redox state in the matrix glasses. The extent of Fe+2-Mg
exchange disequilibrium between olivine and melt, which is higher in
the phase 1 samples than in the late samples, is related to recent
magma mixing between the 1959E and 1959W components, and will
be explored in a later paper.

There is one remaining problem: As noted in the discussion of Fig. 5,
KD values in the late samples cluster very tightly around an average
value of 0.280, for 24 olivine-melt pairs, with Fe+3/FeT ranging from
0.127–0.233. It is also observed for pairs in other samples, especially
those with groundmass olivine, though not as consistently. The value
appears to be fairly robust, but is somewhat lower than the original
value of KD=0.30±0.03 given byRoeder andEmslie (1970). The ques-
tion arises: why are the KD values obtained here different?

Recent re-evaluation of Roeder and Emslie's work by Matzen et al.
(2011 and electronic supplement) suggests that KD did vary somewhat
with basalt composition in these pioneering experiments. Roeder and
Emslie (1970) included five experiments on two relatively low-silica,
high-CaO samples in their data set. For the five runs on these composi-
tions, the re-evaluated results have KD= 0.28 on average, the value ob-
served for the olivine-melt pairs in the late 1959 samples (Fig. 5). By
contrast, their olivine tholeiite by itself has KD = 0.31–0.32 (Matzen et
al., 2011).

The 1959 Kīlauea magmas, though broadly tholeiitic, have relatively
low silica contents, as indicated by the persistence of groundmass oliv-
ine in the subsolidus assemblages from Kīlauea Iki lava lake (Helz et al.,
2014a), in contrast to most other Kīlauea lavas, which have no ground-
mass olivine (as in the prehistoric Makaopuhi lava lake; see Moore and
Evans, 1967; Evans andMoore, 1968). The KD results presented here are
consistent with those of Roeder and Emslie (1970) for compositions
with lower silica and higher CaO content.

Sample KP-20 from the 1960 Puna eruption (listed as F-12 in Table 2
of Murata and Richter, 1966), was the Kīlauea tholeiite used by Roeder
and Emslie (1970). It is not a typical Kīlauea tholeiite, as it has a CaO/
MgOweight ratio of one atMgO=10wt%. This ismuch lower than usu-
ally seen in Kīlauea basalts, as can be seen by looking at plots of CaO vs.
MgO for lavas from the ongoing east rift eruption of Kīlauea (Thornber
et al., 2015). In fact this ratio is like that of Mauna Loa basalts (Wright,
neruptive redox variations in the 1959 eruption of Kīlauea Volcano as
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Fig. 9. Sulfur contents of glasses from the eight samples of 1959 scoria included in this
study. Each point corresponds to an individual microprobe analysis. The samples are
plotted in chronological sequence as in Figs. 1, 2 and 4 Glasses in four inclusions and
four interstitial areas that were successfully analyzed by μ-XANES are circled in black.
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1971). The phase relations observed by Roeder and Emslie (1970) are
similar to those found in Montierth et al.’s (1995) study of the melting
relations of Mauna Loa basalts, and the olivine-melt KD value obtained
for the Mauna Loa samples is 0.31, consistent with values Roeder and
Emslie (1970) obtained on sample KP-20.

What of the vast bulk of Kīlauea compositions that fall between the
1959 and KP-20 in terms of their SiO2 content and CaO/MgO ratios?
Extensive work on samples from the ongoing east rift eruption at
Kīlauea show them as having KD values of 0.29–0.30, as might be ex-
pected (Thornber, 2001; Thornber et al., 2015), from their intermediate
compositions.

Given that the difference between KD = 0.28 and 0.31 is (barely)
encompassed in the error brackets of ±0.03 originally assigned by
Roeder and Emslie (1970), the question of the significance of the differ-
ence remains. This can be addressed by considering howmuch of an in-
crease in the Fe+3/FeT ratio would be required to shift the KD in the
olivine-melt pairs shown in Fig. 5 to KD = 0.30. The answer is that it
would require an increase of 0.06 (from 0.14 to 0.20, for example),
which is much larger than the analytical uncertainty in the Fe+3/FeT

ratio. Thus we conclude that the original 0.30 value is incompatible
with the 1959 compositions, and that the value of 0.28 is to be preferred
for them.

Nevertheless, it is very clear from the original study of Roeder and
Emslie (1970), in which the phase relations of KP-20 were investigated
over many orders of magnitude of oxygen fugacity, that KD is not sensi-
tive to Fe+3/FeT variations. The data in Fig. 6 are in basic agreementwith
Fig. 10. Back-scattered electron images of matrix glasses (gray), plus vesicles (black) and immi
Cu-Fe sulfide bleb (10 μm across) in Iki-2, (b) Cu-Ni-Fe bleb (20 μm across) in Iki-22. The blebs
nor decreases in the vicinity of the blebs.
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that result. Consequently whatever the melt compositional control on
KD may be, it is not sensitive to the Fe+3/FeT ratio, and the offset in KD

observed here cannot be attributed to varying methods in determining
Fe+3/FeT (or to second-order difficulties in determining Fe+3/FeT) in
these or other studies.

6. Controls on the redox state of the 1959 scoria: the role of sulfur

Sulfur contents have been determined for all glasses chosen for μ-
XANES analysis, plus other glasses of interest in the same thin sections.
The results (Fig. 9), show observed sulfur values for all individual points
obtained for glasses in the eight scoria samples. Individual points are
used here because the variation in sulfur in the embayment and intersti-
tial glasses correlates strongly with the color of the glass (see color
gradients in Fig. 3a and b.), and is analytically significant. Within each
sample, melt inclusions in olivine have the highest sulfur contents,
matrix glasses are generally lowest in sulfur, while interstitial and em-
bayment glasses fall at intermediate levels. The available thin sections
contain more examples of inclusion glasses and embayment or intersti-
tial glasses than could be analyzed by μ-XANES, due to spatial limita-
tions imposed by the samples. Their sulfur contents are included here
to show that the sulfur contents of inclusions and interstitial areas
that were accessible to the beam are representative of larger
populations.

There is no overall trend toward decreasing sulfur contents in
glasses over the course of the 1959 eruption. The maximum sulfur con-
tent of the matrix glasses in Iki-2 is a bit higher than that in Iki-22 and
Iki-3, perhaps reflecting the relatively low fountain heights at this
stage of phase 1 (Table 4). Also early samples Iki-2 and Iki-22 contain
rare blebs of immiscible sulfide liquid (Fig. 10), suggesting that the
1959E component was close to sulfide saturation at depth. It was no
longer saturated by the time the samples were erupted, however, as
the glasses surrounding these blebs have S b 300 ppm, far below the
level of saturation for basaltic liquids (Haughton et al., 1974; Jugo,
2009). Similar relict (metastable) sulfide blebs occur in other Kīlauea
glasses (Helz and Wright, 1992), especially in the early stages of an
eruption, presumably because degassing is less efficient prior to
opening of the vent.

There is no other trend within each of the subsets of glasses distin-
guished in Fig. 9; it is as if each high-fountaining phasewas a new erup-
tion with a fresh supply of dissolved sulfur and other gases. This is
consistent with the lava fountain heights observed by Richter et al.
(1970), which remained high through phase 17 of the eruption. The
fountain heights observed for the individual samples studied here
(Table 1) show no falling off with time: the latest sample in the series
(Iki-32) was erupted during the highest fountaining of the entire erup-
tion (Richter et al., 1970). The lack of evolution in glass sulfur contents
scible sulfide blebs (bright) found in glass in two early phase 1 samples of 1959 scoria. (a)
appear to be relict: sulfur content of thematrix glasses is b300 ppm, and neither increases

neruptive redox variations in the 1959 eruption of Kīlauea Volcano as
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Fig. 11. Ferric/total iron (Fe+3/FeT) ratios of glasses, determined byXANES, plotted against
the sulfur content of the glasses. Melts included in olivine are enclosed by the dashed line.
Matrix glasses fall below 300 ppm sulfur. Red circles = Iki-2, Iki-22 and Iki-3; the lower
(red) line is the least-squares fit for data from Iki-22 and Iki-3 only. Blue triangles = Iki-
44, Iki-5 and Iki-10; the upper (blue) line shows the least-squares fit for those from Iki-
44 and Iki-5 only. Green inverted triangles = Iki-26, Iki-32. Two processes influence the
trends seen: loss of sulfur from the melt before and during eruption, seen in the phase 1
samples, and interaction of the melt with oxygen in the atmosphere during fountaining,
seen especially in Iki-26. See text for further discussion. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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and fountain heights contrasts with the trend in olivine rim composi-
tions (Fig. 2), which does show a progressive shift toward lower Fo con-
tents and greater equilibration over the course of the eruption.

The variation of μ-XANES determinations with sulfur contents of
their corresponding glasses is shown in Fig. 11. There is a clear butmod-
est dependence of the Fe+3/FeT ratio on glass sulfur content, with
glasses becoming more reduced as their sulfur content decreases. The
melt inclusions in olivine have the highest Fe+3/FeT values and the
highest sulfur contents, while the embayment and interstitial glasses
define the arrays at intermediate levels of both variables. The depen-
dence is essentially the same in both the new (1959E) and stored
(1959 W) glasses. This contrasts with the olivine KD results (Figs. 7
Fig. 12. Sulfur contents of glasses for which XANES determinations are available plotted
against their MgO contents.Data for Iki-2, Iki-22 and Iki-3 are shown by red symbols;
data for Iki-44, Iki-5 and Iki-10 shown by blue symbols; data for Iki-26 and Iki-32 shown
by green symbols. The dashed line enclosing the MgO contents of unreconstructed
glasses from samples Iki-22 and Iki-3 (Appendix A) leans toward lower MgO contents,
suggesting that there has been some overgrowth of adjacent olivine during the air
quench. Other red circles are glasses from Iki-2. They and glasses from Iki-5 (see
outline) show little lean, suggesting that overgrowths of olivine during the air quench is
not resolvable in the less magnesian glasses. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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and 8), where there is a conspicuous difference between results for
the 1959E- and 1959W-dominated samples.

Do the correlations between Fe+3/FeT and glass sulfur content seen
in Fig. 11 result purely from degassing, or have they been affected by
rapid growth of olivine during quenching of the scoria?When the sulfur
content of these glasses is plotted against their MgO contents (MgO
being the oxide most sensitive to olivine precipitation) we see in
Fig. 12 that MgO does not vary as sulfur content increases in most sam-
ples. The arrays of points are parallel to the vertical axis, as shown for
glasses from Iki-5. The inclusion and interstitial glasses in Iki-22 and
Iki-3, however, do lean toward slightly lower MgO contents than the
matrix glasses in the same samples, consistent with minor overgrowth
on adjacent olivine during the air quench. The amount of olivine re-
quired to increase theMgO of these confined glasses to match the aver-
age MgO content of the matrix glasses ranges from 0.76–2.46 wt% (see
example in Table 3). The Iki-22 and Iki-3 glass compositions used in
Figs. 7 and 11 are the corrected glasses.
6.1. Other influences on the redox state of the 1959 scoria

As indicated in Fig. 11, there is a second process that affects the
redox state of the 1959 scoria glasses studied here, possibly stemming
from cumulative interaction with magma that has drained back down
the conduit at the end of each eruptive phase (Richter et al., 1970).
This has been discussed, especially its effects on water content of the
melts, by Wallace and Anderson (1998) and Sides et al. (2014). Here
we see the effects on the Fe+3/FeT ratios in the 1959 melts. These start
out at high levels, and gradually decrease as sulfur is lost. However,
the lowest values of Fe+3/FeT are seen in matrix glasses from Iki-22
and Iki-3, with both averaging 0.122. Matrix glasses in other samples
are slightly more oxidized, with average Fe+3/FeT ratios for matrix
glasses of 0.148 in Iki-10, 0.144 in Iki-26, and 0.137 in Iki-32, from
phases 3, 10, and 15 respectively. This may reflect progressive dehydra-
tion of themagma, with some loss of H2 relative to H2O, as discussed by
Sato (1978).

In addition to this pervasive but mild oxidation seen in S-degassed
matrix glasses, there is evidence for very late-stage interaction between
the rims of scoria and the earth's atmosphere. Reddish, oxidized rims
are seen on several of the XANES samples, but they are particularly con-
spicuous on sample Iki-26. A photomicrograph of area 2 in Iki-26, with
the locations of all glass and olivine analyses, plus the μ-XANES determi-
nations, is shown in Fig. 13. The upper edge of the glass has a darkened,
reddish rim. This rim is strongly oxidized (Fe+3/FeT = 0.628) and fol-
lows the shape of the scoria; it seems reasonable to suggest that this sur-
face was exposed to air while the melt was still very hot and the thin
oxidized rim is the result of that exposure.

This secondary oxidation does not extend through thewhole body of
the glass. Fig. 14 showshow the Fe+3/FeT ratio varieswithdistance from
the edge of the glass for the two traverses shown in Fig. 13 plus some
data from area 1 on Iki-26. Ferric iron decreases very rapidly from 30
to 40 μm from the edge, declines slowly until a depth of ~100 μm in
all three traverses, after which it appears to flatten out.

How common are oxidized rims like that in Fig. 13? Of the samples
investigated in this study, four (Iki-44, Iki-5, Iki-26 and Iki-32) have at
least partial oxidized rims. Examination of 96 individual scoriae in avail-
able polished thin sections from 24 samples of the 1959 eruption shows
thatfifteen (including four in theXANESmounts) show at least local ox-
idation along glass rims similar to that illustrated here. Hence the pro-
cess by which they formed is neither an automatic result of eruption
nor extremely rare. These oxidized rims occur only on original, undulat-
ing glass exterior surfaces; where a piece of scoria has been broken, and
the vesicular interior forms the edge in the thin section, no oxidation
zone is observed. By contrast higher average Fe+3/FeT contents in the
matrix glasses in later samples, whichmay reflect gradual incorporation
of air in the magma column as a result of lava drainback at the end of
neruptive redox variations in the 1959 eruption of Kīlauea Volcano as
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Fig. 13. Photomicrograph of area 2 in Iki-26, showing groundmass olivine crystals in amatrix of vesicular brown glass. Locations ofmicroprobe analyses of olivine (red) and glass (yellow)
plusXANES (orange circles and letters) determinations are shown, as is the oxidized rimon the scoria. TheXANES traverses are from two different sessions,with data fromNovember 2012
on the left and from March 2013 on the right. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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each high-fountaining episode (Richter et al., 1970), is not confined to
scoria rims, but has affected the body of the glass in the samples.
6.2. Time constraints on processes affecting the redox state of the 1959
scoria

The 1959 eruption was very closely observed, and the resulting ex-
tensive field observations (Richter et al., 1970) provide constraints on
the timing of the processes discussed above. The sulfur degassing and
concomitant reduction observed in Fig. 11 must have occurred during
ascent and eruption of the samples. Loss of sulfur as SO2 from most
Kīlauea lavas begins only when magma ascends to pressures ≤100
bars or 400 m depth (Dixon et al., 1991). However, studies of dissolved
gases in inclusions from the1959 scoria show that they recordpressures
between 0.5 and 2.0 kb (Anderson and Brown, 1993) and a recent study
Fig. 14. Ferric/total iron (Fe+3/FeT) ratios as determined by μ-XANES for various traverses
(Fig. 13) in sample Iki-26 plotted against distance from the edge of the glass. Points from
three separate traverses in two beam sessions define a single gradient for Fe+3/FeT in the
glass.
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by Ferguson et al. (2013) suggests that degassing began at a depth of
~3 km (or about 800 bars pressure) in this eruption.

The fact that the semi-enclosed glasses have intermediate Fe+3/FeT

levels and sulfur contents implies that both variables were changing in
parallel during the final stages of ascent of magma in the conduit,
whichwas followed by fountaining, ejection and quenching of the sam-
ples. The successive phase 1 samples were ejected about 24 h apart
(Table 4), so it appears that the entire process of magma ascent,
degassing and melt reduction documented here took place in no more
than days and perhaps only a few hours. This is consistent with the ear-
lier work of Wallace and Carmichael (1992), who inferred sulfur loss to
be late in Kīlauea eruptions.

The interaction of certain scoria with air, though not confined to
later samples, is a very late process in thehistory of the individual scoria,
and is evenmore tightly constrained in time. This process can only have
Table 4
Composition ofmelt inclusions in 1959 scoria for which μ-XANES data were obtained. The
inclusion in Iki-3 has been adjusted for olivine overgrowth so that its correctedMgO con-
tent matches that of the host glass.

Sample Iki-3
Iki-3 plus 1.55%
olivine Iki-44 Iki-5 Iki-32

NMNH
sample
ID

116,111–3 116,111–3 116,111–44 116,111–5 116,111–32

No. points 2 2 2 2 2
SiO2 48.38 48.25 49.37 49.19 49.48
TiO2 2.60 2.56 2.32 2.46 2.70
Al2O3 12.04 11.84 12.03 12.54 13.05
Cr2O3 0.10 0.10 0.12 0.06 0.06
FeO 12.04 12.08 11.64 11.46 10.00
MnO 0.20 0.20 0.18 0.18 0.15
MgO 9.48 10.06 8.73 7.70 8.86
CaO 11.23 11.06 12.44 12.43 12.05
Na2O 1.82 1.82 1.67 1.82 2.08
K2O 0.47 0.47 0.40 0.48 0.54
P2O5 0.25 0.25 0.22 0.24 0.27
Sum 98.61 98.69 99.12 98.56 99.24
Sulfur
(ppm)

1344 1324 1322 1255 1164

Fe+3/FeT 0.175 0.174 0.168,
0.172

0.170,
0.174

0.157,
0.161
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occurred after fragmentation of the magma, as the occasional piece of
scoria escaped from the sheath of magmatic gas that dominated within
the fountain. The period from escape to quenching and deposition of the
scoria could be nomore thanminutes to seconds. The absence of oxida-
tion rinds on broken scoria surfaces implies that this process took place
while the scoriae were in flight, before they were deposited on the
ground.

The extreme time constraints on this process suggest that the zona-
tion in the Fe+3/FeT ratio seen is the result of diffusion of protons, rather
than diffusion of oxygen, consistent with the findings of Gaillard et al.
(2002). Another relatively fast process, differential H2 loss (see Sato,
1978), should have produced rims on most scoriae, as all will have
undergone loss of H2O and H2. The fact that only 10–15% of the scoria
fragments have such rims makes direct oxidation by contact with O2,
via a mechanism of proton diffusion , a more likely process.
D
Ti
7. Discussion of redox variations observed

7.1. Sulfur degassing at Kīlauea

The most important process controlling the observed redox varia-
tion in the 1959 scoria is the extent of sulfur degassing, which these
data show leads to reduction of Fe+3/FeT ratios in the basaltic melts.
Many previous studies at Kīlauea have hypothesized that sulfur loss
has caused reduction of ferric iron in melts. The earliest of these
(Anderson and Wright, 1972) was based on zoning of Fe-Ti oxide phe-
nocrysts in the 1955 lavas. Subsequent studies (Carmichael and
Ghiorso, 1986: Roeder et al., 2003, 2004) noted the contrast in oxidation
state of submarine Kīlauea samples (~NNO conditions) vs. subaerial
glasses (below QFM conditions, especially for samples from Kīlauea's
east rift), and suggested that sulfur loss was responsible for the ob-
served reduction. Gerlach (1993, 2004) argued on the basis of calculated
oxygen fugacity of summit gas samples (Type A, presumably derived
from reservoir-equilibrated magmas) vs. the estimated redox state of
typical summit lavas (also equilibrated at upper-reservoir conditions,
as discussed in Helz et al., 2014a) that degassing did not produce
much change in the oxidation state of basaltic melts.

The present study contributes a detailed look at the effect of very
local sulfur degassing on in situ Fe+3/FeT ratios. It is reasonably clear
from Fig. 11 that sulfur loss does result in reduction, from Fe+3/FeT

~0.17 in the melt inclusions (1060–1360 ppm S) to Fe+3/FeT ~0.120–
0.140 inmostmatrix glasses (mostly 200 ppmor less S). The plain infer-
ence is that Kīlauea lavas and glasses with extremely low Fe+3/FeT

ratios are not the most pristine material, but are instead the most thor-
oughly degassed. Thus it makes sense that the Pu′u O′o samples of
Roeder et al. (2003, 2004) are consistently more reduced than the
broader data set of Carmichael and Ghiorso (1986), which contain
lavas from Kīlauea's summit as well as east rift lavas (see e.g. Gerlach
(1993) model for degassing at Kīlauea). Our data suggest that the
melts originally had an Fe+3/FeT ratio ≥ 0.175, corresponding to an ox-
ygen fugacity 0.4 log units about the fayalite-magnetite-fayalite (FMQ)
buffer (Frost, 1991) at 1 atm and 1200 °C, similar to to that seen by
Gerlach (1993) in his Type A gases.

There are many possible sulfur species that may be lost to the vapor
phase, and a great many different reactions can be written to describe
them (see e.g., Gerlach, 1993; Jugo et al., 2010; de Moor et al., 2013;
Moussallam et al., 2016). However we observe a reduction correlated
with decrease in dissolved sulfur, so the relevant reaction is one by
which sulfur degassing causes reduction of Fe+3 in the melt. This can
be written:

ðFeSÞmelt þ ðFe2O3Þmelt þ ðO2Þmelt→3ðFeOÞmelt þ ðSO2Þgas ð3Þ
In order for the reaction tomove consistently to the right, it is neces-

sary (1) that themelt contain sulfur as sulfide (S−2) and (2) that the SO2

so produced partition into a vapor phase and escape from the system.
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For the 1959 lavas, the presence of immiscible sulfide liquid, rarely in
thematrix glasses (Fig. 10) butmore commonly inmelt inclusions in ol-
ivine (Helz, 1987) suggests that a significant fraction of the sulfur pres-
ent in the 1959 melts is sulfide. The sporadic occurrence of sulfide
droplets in other Kīlauea lavas (Helz and Wright, 1992) suggests that
this is generally true at Kīlauea. The overall pattern of sulfur loss and re-
duction (Fig. 11) is consistent with the process occurring at low pres-
sures, as the magma began to vesiculate.

An important question is: are the amounts of sulfur lost and the ex-
tent of reduction observed compatiblewith each other?Using data from
inclusion glasses vs. adjacentmatrix glasses in Appendix A, we calculate
as follows:
n
0

eruptive redox variations in the 1
.1016/j.jvolgeores.2016.12.006
Iki-3
959 erupt
Iki-44
ion of Kīl
Iki-5
auea Volc
Iki-32
ecrease in S in glass (moles/100 g)
 0.0038
 0.0037
 0.0033
 0.0033

mes 6 electrons per S ion
 0.023
 0.023
 0.020
 0.020

ecrease in Fe+3 (moles/100 g)
 0.009
 0.008
 0.005
 0.002
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From this it appears that the maximum number of electrons available
for reduction of Fe+3 is more than needed. This in turn suggests that
some of the sulfur lost (for it has been lost extensively from the matrix
glasses) was not lost by the reaction shown above.

Modeling by Gaillard, Scaillet and co-workers shows that sulfur spe-
cies partitioning is extremely sensitive to pressure; specifically, as pres-
sure increases, more of the sulfur will be lost as H2S rather than SO2,
with H2S strongly dominant by pressures of 1000 bars (e.g. Scaillet et
al., 1998; Gaillard and Scaillet, 2009). Exsolution of H2S from a melt in
which S−2 is the dominant species should not affect the redox state of
the melt. If the degassing of the 1959 melts begins at higher pressures
than in most Kīlauea eruptions as has been suggested by Anderson
and Brown (1993), Ferguson et al. (2013) and Tuohy et al. (2016), it
seems likely that early sulfur degassing of these melts would have
been by H2S partitioning into a CO2-rich vapor phase, with no change
in redox state. This in turn implies that the reduction signal seen has
been produced by degassing at higher levels (Wallace and Carmichael,
1992), withmuch of it post-fragmentation as suggested by the relative-
ly high S contents retained in quenched interstitial glasses.

However, if we use the data of Carroll and Rutherford (1988) and
Jugo et al. (2010) on sulfur speciation in the melt, we estimate that
about 15% of the sulfur is present as sulfate (S+6) in the inclusions but
that there is b5% sulfate in the matrix glasses. The sulfur in the melt is
dominantly sulfide (S−2) in both cases. The shift in S+6/S−2 is also a
redox reaction and can be written as follows:

ðSO3Þmelt þ 2ðFeOÞmelt ¼ ðSO2Þgas þ ðFe2O3Þmelt ð4Þ
As SO2 is generated inmoving to the right, this reactionmust also be

restricted to fairly low pressures and run in tandemwith Eq. (3). For the
six Fe+3 ions that can be reduced by Eq. (3), this second reaction causes
two Fe + 2 ions to be oxidized. The net effect will still be reduction, as
seen in Fig. 11. Also there is some excess S loss beyond that needed to
produce the observed reduction, so some deeper loss of H2S is still
indicated.

A recent μ-XANES study of matrix glasses and inclusions in olivines
found in summit spatter from Kīlauea (Moussallam et al., 2016) shows
a similar mild reduction trend, covering much the same range of sulfur
contents and Fe+3/FeT ratios. These samples have differentiated bulk,
melt (MgO=7.5–6.2%) and fayalitic olivine (Fo82.5− 77.6) compositions,
so are characteristic of material from the shallowest part of Kīlauea's
magma reservoir (Helz et al., 2014a). This is a magma body determined
by microgravity studies to lie at ~1 km depth (Johnson et al., 2010),
which corresponds to a pressure of 200–300 bars. The reduction trends,
compared in Fig. 15, are remarkably similar. Thus thedegassingprocess-
es should be similar, in spite of the substantial differences in phase com-
positions between the summit spatter and the 1959 scoria.

One important difference between Moussallam et al. (2016) and
the present study is that the documented S loss and decrease in the
ano as
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Fig. 15. Ferric/total iron (Fe+3/FeT) ratios of glasses, determined byXANES, plotted against
the sulfur content of the glasses. Data and least-squares fit lines for Iki-22 and Iki-3 (red)
and for Iki-44 and Iki-5 (blue) as shown in Fig. 11. Gray squares are data fromMoussallam
et al. (2016), which have been corrected using the modified calibration of Hirschmann et
al. (2015). Those shown are melt inclusions in olivine, plus two matrix glasses. Melt
inclusions in 1959 scoria are enclosed by the dashed line. Matrix glasses have
S b 300 ppm, for all data sets. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fe+3/FeT ratio in the summit spatter is observed for glasses included in
olivine, showing that the magma body was undergoing SO2 loss in situ,
prior to eruption. In the 1959 scoria, by contrast, melt inclusions in oliv-
ine show relatively little shift in S content and Fe+3/FeT ratio, consistent
with their having formed at depths too great for significant SO2 loss. In
the samples studied here, the shifts are observed largely in the intersti-
tial and embayment glasses, suggesting that the changes occurred in the
rising magma column, and mostly after fragmentation of the magma.

7.2. Sulfur degassing in other systems

The development of the μ-XANES technique, which allows in situ de-
termination of Fe+3/FeT ratios, has resulted in an increasing number of
studies examining the effect of degassing on their redox state. Kelley
and Cottrell (2012), who studied melt inclusions in olivines from
Agrigan volcano in the Marianas, were able to track changes in melt
compositions, and found a correlation between magmatic differentia-
tion, lower sulfur contents and decreasing Fe+3/FeT ratios. The sulfur
and Fe+3/FeT levels in the Agrigan glasses are both higher than seen in
the 1959 scoria, but the overall trend of those data is similar to that in
Fig. 11.

Another study by Moussallam et al. (2014) used XANES to evaluate
both the Fe+3/FeT ratio in glass inclusions in olivine from Mt. Erebus
that ranged in composition from basanite to phonolite. Their results
showed that the melts are consistently oxidized (Fe+3/FeT = 0.30–
0.40) at higher pressures, but become more reduced (0.15–0.25) and
have lower sulfur contents at lower pressures.

AtMt. Erebus the pressures calculated for the inclusions suggest that
there was a CO2-rich vapor phase present, as would be expected from
the extremely alkalic melt compositions observed. This vapor phase
presumably made it possible for sulfur degassing to begin at pressures
up to 1000 bars (Fig. 5a in Moussallam et al., 2014), similar to the pres-
sures suggested for the 1959 Kīlauea eruption, as discussed above
(Anderson and Brown, 1993; Ferguson et al., 2013; Tuohy et al., 2016).
Overall, evidence from XANES studies to date suggests that sulfur
degassing can change the redox state of lavas. However, suites of melt
inclusions from three additional Mariana volcanoes (Brounce et al.,
2014) as well as Erta Ale (Ethiopia) and Masaya (Nicaragua) (de Moor
et al., 2013) showed no correlation between melt sulfur concentration
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and Fe+3/FeT levels, indicating that the relationship observed at Kīlauea,
Agrigan, and Erebus is not universal. As deMoor et al. (2013) points out
the strong pressure dependence of sulfur speciation suggests that vari-
able depth of origin for the various volcanic suites may explain why the
effect of sulfur degassing on melt redox state is so variable.

Other volatiles besides sulfur could also have an effect. Carmichael
and Ghiorso (1986) have already suggested that Kīlauea lavas may
start out more reduced than Fe+3/FeT levels of 0.175 seen in the 1959
inclusions, based on wet chemical analyses of samples of lavas (not
glasses) from the deepest part of Kīlauea's submarine east rift (data
from Moore, 1965). This is not definitive, however, as those deepest
samples have traces of carbonaceous material of uncertain origin
(Carmichael and Ghiorso, 1986), but it does emphasize the need to be
able to reconstruct all stages of degassing, in order to reconstruct the
redox history of magma at depth and estimate redox conditions in the
mantle.

8. Summary

This paper presents new data on eight scoria samples (five from
phase 1 and 3 from later phases) from the 1959 summit eruption of
Kīlauea Volcano, including 78 μ-XANES analyses of individual glass
points, together with electron microprobe analyses of those glasses
and the nearest adjacent olivines. The suite of locations analyzed in-
cludes four melt glass inclusions, plus four areas of interstitial and em-
bayment glasses in olivine crystals and crystal clusters. These data
allow direct calculation of KD values for the exchange of Mg and Fe+2

between olivine and melt. Results show that:

(1) The olivine-melt KD values in the two best equilibrated samples
(Iki-26, Iki-32 from late in the eruption) cluster around
0.280 ± 0.03, offset from the 0.30 ± 0.03 reported by Roeder
and Emslie (1970). This may reflect the low SiO2 content in the
1959 lavas, as similar KD values were observed for low-SiO2

bulk compositions in that original study, as discussed by
Matzen et al. (2011).

(2) Olivine-melt KD's for phase 1 samples rich in the 1959E (juve-
nile) component of the eruption show a broader distribution,
centering around 0.26–0.27, suggesting that these samples are
less well-equilibrated than the late samples (Iki-26, Iki-32). KD

values for phase 1 samples rich in the 1959 W (stored) compo-
nent show pervasive lack of equilibration, consistent with most
of the olivine originating from the 1959E magmatic component
of the eruption.

(3) Sulfur levels in scoria glasses investigated in this study do not
change over the course of the eruption, with glasses in late sam-
ples having ranges in sulfur for inclusions, interstitial areas and
matrix glasses similar to those in the phase 1 samples. However,
sulfur degassing is progressive within samples, as sulfur de-
creases from 1060 to 1400 ppm for melt included in olivine, to
b300 ppm in matrix glasses.

(4) Sulfur loss within the scoriae is linearly correlated with a de-
crease in the Fe+3/FeT ratio in the melt; this is most clearly doc-
umented in the phase 1 samples (Fig. 11). The slopes of the lines
are parallel for the 1959E and 1959W samples, showing that
degassing behavior was independent of the identity of the mag-
matic component.

(5) The 1959 Kīlauea melts originally had an Fe+3/FeT ratio ≥ 0.175,
corresponding to an oxygen fugacity 0.4 log units about the
fayalite-magnetite-quartz (FMQ) buffer (Frost, 1991) at 1 atm
and 1200 °C.

(6) Oxidized rims having gradients in Fe+3/FeT ratios of 0.145 to
0.628 over distances of 100–150 μm occur in visibly reddened
glass bordering some scoria. Such rims, present on 10–15% of
scoria examined to date, appear to be produced by very late in-
teraction between hot melt and oxygen in the surrounding air.
neruptive redox variations in the 1959 eruption of Kīlauea Volcano as
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(7) Field observations on the 1959 eruption constrain the time avail-
able for these processes to occur. Sulfur degassing (and the
resulting Fe+3/FeT reduction) took place over hours to days,
while the oxidized rims on scoria must have been produced
over minutes to seconds.

The results of this study demonstrate that changes in Fe+3/FeT ratios,
as tracked by μ-XANES, can be extremely fast. By contrast olivine-melt
re-equilibration is somewhat slower; thus under conditions of changing
Fe+3/FeT, olivine best tracks redox changes where olivine and melt are
already close to equilibrium. Examples here include olivine-melt pairs
in the later samples and for olivine indigenous to the 1959E melts. Sig-
nificant re-equilibration over the course of the five week-long eruption
suggests that disequilibrium in early samples is syneruptive, i.e., is the
result of very recent mixing during staging of the magmatic
components.

9. Conclusions

Several broad conclusions can be drawn from this study. The first is
that degassing can affect the Fe+3/FeT ratio in volcanic melts, so that
deciphering the redox history of magmas will require understanding
all stages of degassing that themagmashave undergonebefore anddur-
ing eruption. A related conclusion is that the 1959 magmas probably
had Fe+3/FeT ≥ 0.175 at depth (relative to a global average for MORB
of 0.15± 0.01.Whether this is true for Hawaiianmagmas in general re-
mains to be established.

We also show the potential for spatially coupled XANES and electron
microprobe analyses to refine estimates of KD in natural systems. At Ki-
lauea Iki, the olivine-melt KD values cluster around0.280±0.03. Finally,
this study shows that μ-XANES can provide detailed insight into very
rapid processes that occur in melts during ascent of magma prior to
eruption, during fountaining and during subsequent ejection and
quenching. Other geothermometers and oxybarometers may not re-
equilibrate as quickly as the Fe+3/FeT ratio can, so that applying multi-
ple systems to subaerially erupted lavasmay appear to give inconsistent
results, owing to varying rates of re-equilibration in the various systems.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2016.12.006.
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