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ABSTRACT

Erupted absarokitic-shoshonitic volcanics in subduction zones make up arelatively small
proportion of the total erupted volcanic material. However, they are a critica component for
guantifying subduction metasomatism and mantle source heterogeneity. This study examines the
geochemistry of anomalous olivine within a forearc absarokite lava and associated tephra, a
compositional end-member of the Cascadia subduction zone magmatism, to infer mantle
heterogeneity and magma petrogenesis. Ni concentrations from the young (42 ka) Quartzville
absarokitic basalt lava flow and tephrain the Cascade forearc are up to ~6400 ppm Ni with
correspondingly low Ca, averaging ~850 ppm Cain Fog; olivine cores. Decreasing of Ni and Ca
toward the olivine rims cannot be accounted for by simple fractional crystallization and instead
necessitates magma mixing = diffusive re-equilibration between the high-Ni, low-Caolivine
cores and low-Ni, high-Carims. §'%0 of olivine phenocrysts (5.64 %o) are elevated compared to
other Cascade compositional components and outside of range typically associated with
peridotitic olivine, or olivine crystallizing from peridotite-derived basaltic magmas. Trace
element contents of whole rock, melt inclusions, and scoria glass have high Sr, high Dy/Yb and
low Y, characteristic of adakitic slab melts, however major element compositions are of an alkali-
rich basalt. In addition, similar trace element compositions between all analyzed glasses,
indicates arelated petrogenesis between al components. We propose that a slab partial melt has
reacted with depleted harzburgite in the mantle wedge, underlying the older Western Cascades
(~40-10 Ma). Reaction of the siliceous slab-derived melt with depleted harzburgite could
produce a metasomatized, zoned pyroxenite-harzburgite mantle source. High-Ni, low-Ca olivine
crystallize from melts of the subarc mantle reaction-pyroxenite. Later melting of the

metasomatized harzburgite produces the absarokitic bulk composition, with olivine compositions
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recording diffusive re-equilibration following incorporation of pyroxenite-derived olivinein a
peridotitic magma. Importantly, then, the observed olivine chemistry reflects mineral ogical
variations in the subarc mantle while melt trace element variations record melts/fluids derived
from the subducting plate. High-Fo olivine rims (up to ~Fog) appear to be the result of |ate stage
oxidation in the lavaflow resulting from SO, degassing and are unrelated to the otherwise

complex magma petrogenesis.

INTRODUCTION

Shoshonitic magmas, including the more primitive absarokites, are found in volcanic arcs
around the world, typically associated with low degree partial melts of highly fluid-
metasomatized mantle (e.g., Kamenetsky et al., 1995; Luhr, 1997; Hesse and Gove, 2003; Rowe
et a., 2009). Given their normally small erupted volumes, and formation as low degree partial
melts, shoshonites may preserve evidence of small-scale heterogeneity lost during
homogenization of larger melt fractions. In the Cascade volcanic arc, agloba endmember for
“hot” subduction (Syracuse et al., 2010), absarokites and shoshonites are rare. However,
shoshonitic magmas comprise one of a number of distinct magmatic compositions, each
providing insight into subduction zone magma genesis in the Cascadia system (Borg et al., 1997;
Conrey et a., 1997; Reiners et a., 2000; Leeman et a., 2005; Schmidt et al., 2008; Rowe et al.,
2009; Schmidt et al., 2013). This study focuses on the petrogenesis of the most primitive
absarokite identified to date in the Cascade arc. In particular, prior research has identified the
presence of anomalous olivine compositions, characterized by high Ni (>6000 ppm Ni) and low
Ca (< 900 ppm Ca) contents in olivine ranging from ~Fogg 94 (Conrey et al., 1997; Rowe et al.,

2006; 2009). Prior petrogenic models have not taken into account the significance of these
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anomalous olivine grains. Here we utilize the unique mineral chemistry to create aholistic
petrogenic model related to subduction zone processes in this global endmember of “hot”
subduction.
SAMPLESAND ANALYTICAL METHODS

Samples

The herein named Quartzville basalt is located in the Quartzville mining district in the
western forearc margin of the Oregon Cascades (Lat. 44° 36.047'N, Long, 122° 20.146' W)(Fig.
1; Rowe et a., 2006, 2009). Field relations of the scoria cone and lava flow indicate the
Quartzville volcanism is much younger than the surrounding Western Cascades (~40-10 Ma),
with the cinder cone preserved on a peak and lavafilling the incised valley below (Fig. 1). Field
observations are consistent with ayoung Ar-Ar age of 42 ka (Supplemental Table S1). The flow
and cone represent arelatively small volume and isolated eruptive event. The flow thickness
averages ~10m, thinning to 2m near the southern tip, with atotal estimated eruptive volume of
~4.5* 10" km®. Bulk samples were collected both from the lava flow interior (exposed at an old
quarry site) and from the scoria cone. Whole rock characterization results in classification of the
Quartzville basalt as an absarokite (Supplemental Table S2; Conrey et al., 1997) with high K,O
(3.11 wt. %) and Na,O (2.88 wt. %) (Rowe et al., 2006; 2009). Although recent convention is to
generalize the classification of these alkali rich mafic magmas as shoshonites, here we maintain
the more formal definition based on whole rock geochemistry and mineralogy. Despite
differences in major element composition between the scoria glass and lava whole rock, identical
trace element signatures indicate the two share a common petrogenesis (Rowe et al., 2006).
Whole rock Sr, Nd, Pb, Re, and Os isotopes are reported by Schmidt et a. (2008, 2013). Of

particular note, Re concentrations from the Quartzville absarokite are relatively low compared to
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other Cascade arc basalts with a concentration of 0.007 ppb (Schmidit et al., 2013) and a®'Sr/%°Sr
of 0.70382 that is more radiogenic than other Cascade basalts and basaltic andesites (Schmidt et

al., 2008).

Analytical M ethods

Mineral analyses. Mineral major and minor element compositions were determined by
electron microprobe analysis (EMPA) on a Cameca SX 100 at Oregon State University, using a
15KV, 30 nA electron beam focused to a 1 um spot. Transects were carried out from core to rim
on 6 olivine grains from the lava flow and an additional 4 grains from the scoria. Olivine core-
rim analyses compliment olivine spot analyses taken adjacent to melt inclusions from the lava
(Rowe et al., 2006) and scoria (Rowe et al., 2009). Multiple analyses of San Carlos alivine (Fog)
analyzed as a secondary standard indicate Ni and Mn analyses have a precision of 10 % while Ca
analyses have a precision of 14 %. Olivine X-ray maps were produced on a JEOL 8500F
Hyperprobe at Washington State University and on the Oregon State University CAMECA SX-
100. Clinopyroxene transects were made on several grains using the same beam conditions
utilized for olivine analyses.

Oxygen isotopes. Olivine oxygen isotope (§'0) compositions were determined for a
suite of primitive Cascade arc, forearc, and backarc basalts, including the forearc Quartzville
basalt. Whole rock compositions corresponding to sample names/numbers are reported by Rowe
et a. (2009). Following picking, olivine grains for oxygen isotope analysis were rinsed in a sonic
bath of ethanol. Olivine grains selected for analysis were free from alteration as well as obvious
melt inclusions and/or abundant spinel (oxide) inclusions. Oxygen isotopes of olivine grains

were measured by CO; laser fluorination at California Institute of Technology on four
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consecutive days following the method described by Eiler et al. (2000). San Carlos olivine grains
were analyzed repeatedly over the four analytical sessions with areproducibility of +0.11%o
(10). Oxygen isotope measurements were corrected based on daily analysis of GMG-2 garnet
standard (5.8%0 accepted lab value), analyzed 3-4 times a day (Supplemental Table S3).
Unknown samples were analyzed 2-3 times, with sample weights from 1.8-3 mg. Several
samples have isotopic ranges greater than that predicted by reproducibility of the olivine
standards with up to 0.45%o. variation.
RESULTS

Petrography

Within the lava, olivine is the major phenocryst phase with microphenocrysts of
clinopyroxene (grading into groundmass). Olivine are predominantly euhedral to subhedral,
however many of the largest grains (up to ~500 um) are also broken, with only a portion of the
grain preserved in the thin section (Fig. 2). Jagged and embayed edges, and crystallized melt
inclusions are also associated with euhedral grains. X-ray mapping indicates an increase in Mg
toward the rim of olivine grains, consistent with mineral transects (Fig. 3). Abundant oxide
mineral inclusions (Cr-spinel and magnetite) occur in olivine-hosted melt inclusions and within
olivine grains (Cr-spinel). The abundance of magnetite and spinel inclusionsin olivineis highly
variable, although olivine crystals absent of inclusions are rare. Oxide inclusions are often
concentrated within particular zones in olivine crystals (Fig. 2). In addition, a small proportion of
olivine have an unusua symplectic texture, with magnetite apparently exsolving out of the
olivine, roughly perpendicular to crystal margins. This texture becomesincreasingly developed
towards the interior of the olivine and is absent at grain boundaries (Fig. 2).

Clinopyroxene microphenocrysts have a maximum grain size of ~400 um, however,
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crystals are predominantly smaller than 200 um. Clinopyroxene are euhedral with distinctive
zoning evident petrographically and in back-scatter imaging (Fig. 4).

The lava groundmass is composed predominantly of plagioclase and clinopyroxene with
lesser magnetite and apatite. Groundmass X-ray mapping indicates abundant sulfur-bearing
apatite with decreasing sulfur towards the rims.

Olivineisthe only phenocryst phase observed in the Quartzville scoria with grain sizes
comparable to those observed in the lava. Scoria groundmass phases proportionally are
dominated by olivine > clinopyroxene > micro-apatite (Fig. 5). Notable differences of the scoria
petrography to the petrography of the lava are the absence of magnetite inclusionsin the olivine,
and the absence of magnetite and plagioclase as groundmass phases. Petrographic characteristics
of the lava and scoria are summarized in Table 1 along with the characteristic mineral
geochemical variations.

Mineral chemistry

Olivine. Olivine from within the lava, ranging from Fog3 g.s3.6 (average Fog 7), have
significantly more variability than olivine observed within the scoriawhich have relatively
restricted compositions (FOgos-ss.2; average Fogg 4) (Fig. 4; Table 1, 2). Groundmass olivine in the
scoria sample has an average composition of Fogy. Table 2 reports average and representative
olivine analyses while the complete dataset is available as Supplemental Table $A4.

Nickel concentrationsin olivine phenocrysts are exceptionally high, varying from 6400-
800 ppm Ni in the lava to 5500-1100 ppm Ni in the scoria (Fig. 6). Nickel concentrations do not
vary linearly with olivine major element composition. Instead, the maximum Ni concentration
coincides with a~Fog; olivine (Fig. 6). Nickel concentrations decrease significantly from Fog; to

Foss.4. However, while more variable, above Fog; olivine Ni concentrations al so decrease with
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increasing forsterite content up to Fog g.

Below Fog;, olivine Ca concentrations are inversely correlated to Ni in olivine, with a
minimum concentration of ~860 ppm Ca at Fog;, increasing to 1785 ppm toward both lower and
high Fo content (Fig. 6, 7). However, although correlated the relationship is non-linear. As Ni
decreases from a maximum of 6380 to ~4500 ppm Ni, Ca contents in olivine have no consistent
co-variation and remain relatively constant at 930 +/- 110 ppm Ca (Fig. 7). Below ~4500 ppm
Ni, Ca concentrations linearly increase. Manganese concentrations decrease from 2320 to 680
ppm Mn as olivine Fo content decreases from Fog3 gt0 Fog;. Below Fog;, Mn is significantly
more variable but generally increases toward 1500 ppm as Fo content decreases. Olivine Mn and
Ca contents are broadly correlated, and Mn shares the same relationship as Ca with decreasing
Ni contents.

Although groundmass olivine are less common, analysis of a
groundmass/microphenocryst olivine from the scoria sample indicates the olivine is more
evolved with an average composition of Fogg (Fig. 5). The groundmass olivine core to rim has
decreasing Ni, from 1860 to 1310 ppm, and increasing Ca, from 1605 to 1940 ppm, respectively,
similar to olivine phenocryst rim compositions from both the lava and the scoria.

Olivine transects. Olivine from the lava have both normal and reverse grading toward
grain rims (Table 1). Reverse Fe-Mg grading is generally only observed in the outermost 50 um
of the olivine, with Fo content increasing to ~Fogs. Prior to the increase in Fo content at the rim,
there is a decrease to ~Fogg 5. Normally zoned olivine have rim compositions that match the
minimum (Fogg5) observed in reversely zoned crystals (Fig. 8). Transects of olivine from the
scoria sample are al normally zoned and show no evidence for the increase in Fo content in the

grain boundaries with arim composition varying from Fogg 7 to FOsg 4 (Fig. 8). Regardless of
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olivine rim composition (Fo content), Ni concentrations systematically and significantly decrease
over the outer 100-200 um of the grains, from ~6000-5000 ppm Ni in the core to 2000-1000 ppm
Ni intherims (Fig. 8). The same pattern is observed in olivine from the scoria athough
maximum Ni concentrations in the grain cores are substantially lower, generally < 4000 ppm Ni
(Fig. 8). Caconcentrations in olivine are again independent of olivine rim variation (Fo content)
and vary from 800-1000 ppm Ca throughout most of the olivine but increase to as high as 1750
ppm Ca at the grain margin, the mirror image of Ni variation in olivine in the outer 100-200 um
of the olivine. Manganese variations in olivine transects are less discernable (Fig. 3).

Clinopyroxene. Clinopyroxene phenocryst transects all have irregular Fe-Mg oscillatory
zoning. The same Fe-Mg zoning is evident both in larger microphenocrysts and in groundmass
clinopyroxene, with high-Fe rimsindicated from X-ray mapping. The full chemical analysis of
clinopyroxene is available in Supplemental Table S5. The Mg# of clinopyroxene phenocrysts
ranges from 82 to 89. Groundmass clinopyroxene have an average core Mg# of 86.2 + 1.5,
compositionally similar to larger phenocrysts. Despite the elevated Ni concentrationsin olivine,
Ni in clinopyroxene is below detection limit (~450 ppm). Fe;Os in clinopyroxene is calculated
stoichiometrically. Although clinopyroxene compositions are variable, nearly all transects
indicate an increase in Fe,O3/Fe0O at the grain rims (Fig. 4).

Olivine oxygen isotopes. Duplicate analyses of oxygen isotopes from olivine crystals
recovered from the Quartzville lava flow give identical 520 values of 5.64%.. Other basalt types
identified by Rowe et al. (2009), including calc-alkaline, low-K tholeiite, and enriched-intraplate
basalts (or OIB-like), have §'20 ranging from 5.5 to 5.2%. in Central Oregon with an average of
5.34%o, significantly lower than the Quartzville basalt (Fig. 9). The variability observed within

the other Central Oregon basalts is dominantly within the range for upper mantle olivine (5.2 +
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0.2; Mattey et al., 1994; Eiler et a., 2000), and does not correlate to basalt major element
composition (Fig. 9). Oxygen isotope analyses of Central Oregon Cascade forearc, arc, and
backarc basalts are available in Supplemental Table S3.

Melt compositions. Supplemental Table S2 summarizes the whole rock/melt
compositions from melt inclusions, scoria glass, and lava samples including new analyses of
scoria glass and compositions reported by Rowe et al. (2006, 2009). Scoriaglassis
compositionally variable, with MgO and CaO decreasing with increasing SiO,, as a result of
varying amounts of fractional crystallization of clinopyroxene + olivine during eruption. Scoria
glass MgO wt. % ranges from 4.3 to 4.8 wt. % compared to 6.7 wt. % in olivine-hosted
inclusions calculated to be in equilibrium with their host olivine (Rowe et al., 2009) and 9.86 wt.
% MgO in the whole rock lava (Rowe et al., 2006). Olivine compositions adjacent to melt
inclusionsin olivine from the lava range from Fogg 4922 and from Fogg 1-90.2 from the scoria
(Rowe et al., 2006). No groundmass glass was evident in the lava sample. High MgO in the
whole rock has previously been ascribed to olivine accumulation (Rowe et al., 2006). FeO* (total
Fe) from the lava whole rock and scoria glass is uniformly low, with alimited rangein
concentrations from 6.3 to 6.5 wt. % FeO* and olivine-hosted melt inclusions from the scoria
with 6.7 wt. % FeO*. Importantly, all four materials (lava, scoria, and olivine-hosted melt
inclusions in the lava and scorid), have the same relative trace element variability (Fig. 10). All
samples are extremely enriched in large ion lithophile elements (LILE’s) and light rare earth
elements (LREE’s) and comparably depleted in high field strength elements (HFSE; especially
Nb and Ta) and heavy rare earth elements (HREE's). The whole rock Ni concentration is 256
ppm compared to 13.9 ppm in the scoria glass. Trace element characteristics of the lavaare

adakite-like (Defant and Drummond, 1990), with normalized Dy/Yb and La/Y b of 3 and 53.5,
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respectively, and a Sr/Nd of 31.2 with a Sr/Y of 151.

DISCUSSION
Mantle Xenocrystic Olivine?

The anomalous olivine compositions in the Quartzville basalt and scoria have the
potential to provide important constraints on the origin and petrogenesis of the magma. First,
however, non-magmatic origins (i.e. mantle xenocrysts) for the olivine must be ruled out.

Although most of the alivine grains have euhedral textures (Fig. 2), this does not
necessitate a magmatic origin, as euhedral rims can mantle xenocrystic olivine (e.g. Kamenetsky
et a., 2008; Arndt et al., 2010; Pilbeam et a., 2013). The unique magnetite exsolution texture
identified in asmall proportion of grains may suggest a xenocrystic origin for this population of
grains- note that the grain margin is free from magnetite exsolution and may reflect olivine rim
crystalization (Fig. 2). However, the mineral composition isidentical between these particular
grains with exsolution textures and cores of other olivine grains, which lack this texture, and
would suggest a common origin for the cores of most of the olivine grains despite the presence
or absence of this texture. The observed exsolution texture could result from a change to more
oxidizing magmatic conditions, resulting in areduction of the olivine stability field (Muan and
Oshorn, 1956), and a subsolidus exsolution of magnetite. This interpretation is consistent with
the high oxidation state (> FMQ + 1.5) of the erupted magma (Rowe et a., 2009). In contrast, the
presence of melt embayments and silicate melt inclusions supports a magmatic origin for these
olivine. Olivine-hosted melt inclusion trace element compositions from both the lava and scoria
match that of their respective host rocks that not only suggests a magmatic origin but that the

melts are related (Rowe et al., 2006; 2009). As stated above, melt inclusions are found in up to
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Fog, olivine from the lava, implying a magmatic origin for most olivine grains.

Although mantle xenoliths are rare in the Cascades, Ni contents from harzburgite and
websterite xenoliths from Simcoe Vol cano, in the Washington Cascades, range from ~1885 —
3380 ppm Ni (Brandon & Draper, 1996). Olivine Ni contents from Quartzville are significantly
greater than observed in peridotitic olivine, with cores typically ranging from 4500 — 6380 ppm
Ni. These concentrations are well above typical mantle-derived olivine (generaly below 3800
ppm Ni), also strongly favoring a magmatic origin for these olivine (Fig. 7; e.g. Kamenetsky et
al., 2006; Elburg et a., 2006; Sobolev et al., 2007; Straub et ., 2008).

Early studies of low-Ca olivine suggested that many of these olivine were derived from
mantle peridotites (e.g., Simkin and Smith, 1970). However, more recent examination into low-
Caolivine has identified numerous occurrences of magmatic low-Caolivine (e.g., Kamenetsky
et a., 2006). When compared to mantle peridotite olivine, where Ca contents are generally below
700 ppm, Ca concentrations in Quartzville olivine are enriched (Fig. 7). In these examples of
magmatic occurrences, low-Ca (< 1070 ppm Ca) olivine are often associated with high-Ni (up to
3930 ppm Ni) contents in high-Fo olivine.

Consistent with an inferred magmatic origin of olivine from textural and trace element
data, '°0 of the high-Ni olivine (5.64 + 0.1%o) are greater than the values attributed to mantle
peridotite which range from 4.8 — 5.5%o. (average of 5.18 + 0.28%0; Mattey et a., 1994). It could
be argued that if the olivine cores are of mantle origin (xenocrystic), with magmatic rims, bulk
olivine isotopic analysis would reflect a mixture of the two components. Oxygen isotopic
analysis of other primitive basalts in the Oregon Cascades, however, are all within error of
“mantle olivine” (Mattey et a., 1994). If rim olivine growth was altering the isotopic

composition of the Quartzville olivine, we would predict that the measured 50 would be a
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minimum value and thus the original olivine core isotopic value would be even further removed
from the previously defined mantle olivine compositional range.

Overdl, multiple lines of evidence, textural and compositional, support the conclusion
that high-Fo, high-Ni, low-Caolivine are not simply transported mantle xenocrysts. Therefore,
understanding the origin of these anomalous olivine will provide constraints on the magma
petrogenesis for this unusual forearc magmatism.

Olivine-melt equilibrium and partitioning

Fe-Mg olivine-melt equilibrium. Major element compositions of re-homogenized
olivine-hosted melt inclusions for the Quartzville lava were previously deemed to be unreliable
(Rowe et al., 2006). However, from melt inclusion trace elements (Rowe et al., 2006; Rowe et
a., 2009) and field relations, we can conclude that scoria and lava samples are genetically
related. From this relationship, we can reassess the olivine-melt Fe-Mg equilibrium. A ferrous-
ferric ratio (Fe*'/ZFe of ~0.32) is calculated using the algorithm of Sack et al. (1980) from the
calculated fO, (fO, of ~AFMQ +1.5-1.9; Rowe et a., 2009; Jugo et al., 2010), the scoria glass
composition, and an assumed temperature of 1115°C (Rowe et a., 2006). With an olivine-melt
Kd™M9 of 0.30 + 0.03 after Roedder and Emslie (1970) and the same Fe**/ZFe between the
scoria and lava, we can make the assumption that the average melt inclusion composition from
the scoria, trapped in olivine with an average Fogg 4 Olivine composition, is equivalent to the melt
composition that isin equilibrium with Fogg 4 olivine from the lava. This olivine composition
matches the minimum Fo content in the olivine profiles prior to the spike in Fo content to FOgs g
at the olivinerims (Fig. 8).

This new assessment of Fe-Mg equilibrium suggests that the high MgO wt. % of the lava

(9.8 wt. % MgO) isthe result of approximately ~7.8 wt. % olivine accumulation, consistent with
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prior estimates of olivine accumulation (Rowe et al., 2006). Two important conclusions come
from these observations. First, if the olivine core to near-rim variation in olivine forsterite
content is the result of fractional crystallization, this would imply a minimal amount of
fractionation to get from ~Fog; to ~Fogy. Second, the presence of accumulated olivine must be
taken into account for any petrogenetic model. The question must then become what is the
origin for the accumulated olivine. This question, and the high Fo content olivine rims (> Fog;)
are discussed further below.

Ni and Ca olivine-melt partitioning. Nickel and Ca partitioning in olivine provides an
opportunity to assess the evolution of olivine crystalsin the melt on the basis of afractional
crystallization model. Assuming afinal melt composition similar to that of the scoria olivine-
hosted melt inclusions with equilibrium Fogg 4 olivine and an Fe**/Ferya of 0.32, only 3 wt. % of
equilibrium olivine needs to be added back to the melt for an Fog; olivine to be the equilibrium
olivine composition. Note we do not use the scoria glass composition here because of the slight
disequilibria between scoria glass and rim olivine discussed above. Overall, this model suggests
aminimal amount of olivine fractionation is recorded in the Fe-Mg variation of the crystals and
forms the basis for the following discussion.

Prior studies have documented that the abundance of Cain olivineisafunction of olivine
Fo content, pressure, and melt composition (e.g., Stormer, 1973; Libourel, 1999; Jurewicz and
Watson, 1988). Experimental absarokitic run products suggest a slight decrease in Cain olivine
partitioning with increasing magmatic water content, from ~0.029 to 0.024 (Hesse and Grove,
2003). However, partition coefficients calculated from experimental run products are higher than
used in our modeling. Calculated olivine trace element compositions using these partition

coefficients would be even further removed from observed low-Ca variations. Using average
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inclusion and olivine compositions for the scoria we can define a partition coefficient D2 ™" of

0.017. Given the minimal olivine fractionation and thus little change to a theoretical melt
composition, we can assume a nearly constant partition coefficient for Cain olivine. This
calculated value is similar to that predicted by Jurewicz and Watson (1988) for high-Fo basalts
(e.g., 0.016). In an olivine-dominated crystallizing assemblage, CaO in the melt will remain
nearly unchanged (< 0.5 wt. % CaO increase) for the small amount of olivine crystallization we
predict. The effect is even more pronounced with the addition of clinopyroxene fractionation
which will reduce the abundance of CaO available in the melt with continued crystallization.
Given the incompatible behavior of Cain olivine and its dependence on CaO in the melt (e.g.
Jurewicz and Watson, 1988), we cannot explain the ~ 1000 ppm increase in Cain olivine from
core to rim with asimple fractionation mode! (Fig. 7a).

Experimental studies have long identified that Ni olivine-melt partition coefficients are
strongly dependent on melt composition (both as a function of MgO content and melt
polymerization) and temperature (e.g., Hart and Davis, 1978; Leeman and Lindstrom; 1978;
Kinzler et a., 1990; Besttie et al., 1991; Wang and Gaetani, 2008; Li and Ripley, 2010).
However, these two parameters have proven difficult to deconvolve, given the interdependence
of temperature and melt composition (Hart and Davis, 1978; Li and Ripley, 2010). For the scoria
melt, with a Ni melt concentration of ~14 ppm, and olivine rim compositions we obtain
reasonably good agreement between MgO-dependent algorithms (D% ™" of 25.6-30.6; Hart and
Davis, 1978; Kinzler et a., 1990) and more compositional and temperature dependent algorithms
(Dni® ™" of 26.3; Li and Ripley, 2010) for Ni in olivine partitioning. Since this represents the
most evolved melt composition, following the MgO-dependent partitioning behavior, these

calculated D’s are maximum values. Unlike Ca, the highly compatible nature of Ni in olivine
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means that fractionation of olivine will have a significant effect on Ni melt contents and
subsequent olivine crystallization.

Using the same methodology described for Ca above, Ni contents in olivine can drop by
~2500 ppm, even with the minimal anticipated olivine fractionation. As stated, this would
represent a maximum change in Ni since the more primitive (by ~1 wt. % MgO) theoretical
starting melt composition would result in alower Ni in olivine partition coefficient (e.g. Hart and
Davis, 1978; Leeman and Lindstrom 1978). However, while this model can explain much of the
variation in Ni in olivine, it does not account for Ni concentrations as low as 1000 ppm observed
near grain boundaries (Fig. 6, 7). From this modeling, it is apparent that the co-variation in
olivine Ni and Ca concentrations cannot be reasonably explained using a fractional
crystallization model with olivine evolving from ~Fog; to ~Fogg compositions (Fig. 7).

Par adoxical compositions

Modeling of olivine compositions, particularly for Ni and Cain olivine, indicates olivine
core compositions cannot be generated from the melt in which they are transported by simple
fractional crystallization. The variations we observe in olivine profiles are instead more
consistent with diffusive re-equilibration following incorporation of olivine grains into a more
Carrich, Ni-poor melt, as similarly observed by Kamenetsky et al. (2006). The presence of low-
Camagmatic olivine are typically attributed to crystallization from alow-Camelt (e.g.,
Kamenetsky et al., 2006; Elburg et al., 2006). Although the re-homogenized major element
compositions of olivine-hosted melt inclusions from the lava are compromised due to Fe-
dilution, elements not strongly controlled by olivine crystallization/dissolution have far greater
variability than predicted from heating experiments (Rowe et al., 2006). Thisis especially true

of CaO, with 5 wt. % variation (from ~ 8 — 13 wt. % CaO) reported in inclusions minimally
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effected by Fe-dilution (rehomogenized between 1125-1150°C; Rowe et al., 2006). Taken
qualitatively, re-homogenized olivine-hosted melt inclusion compositions from the lavamay, in
fact, provide evidence of alow-CaO, high-SiO, (up to 54 wt. % SIO,) melt component not
observed in either scoria glass or olivine-hosted inclusions from the scoria.

Melt inclusion, groundmass scoria glass, and lavawhole rock trace elements all have the
same overall distribution patterns (Rowe et a, 2006; 2009), and indicate a related petrogenesis.
Thisisinconsistent with the inferred disequilibrium and melt heterogeneity indicated by mineral
chemistry and re-homogenized melt inclusion major element compositions. Hesse and Grove
(2003), propose that for Mexican volcanic belt absarokites, trace elements record a deeper,
“original” source, while major elements instead record later re-equilibration between the original
melt and shallower hot mantle. In order to explain two melts with different major element
characteristics but similar trace element signatures, we propose a similar model whereby
incompatible trace elements record the original slab-derived fluid-rich melt but subsequent
metasomatism and re-equilibration impart this trace element signature on a mineralogically
variable (veined?) subarc mantle.

Nature of sources

The origin or cause of enriched Ni concentrationsin olivineis variably ascribed to
different mantle sources (including eclogitic and pyroxenitic domains) and/or magmatic
compositions and oxidation states and therefore is of great interest as a potential constraint on
intrinsic magma properties and/or mantle source domains (e.g., Davis and Smith, 1993; Sobolev
et a., 2007; Straub et al., 2008; Wang and Gaetani, 2008). High-Ni olivine have been identified
in several volcanic arcsin addition to the Cascades, including Japan, Kamchatka, and the

Mexican volcanic belt (Straub et al., 2008; Tatsumi et al., 2006; Ishimaru and Arai, 2008).

17

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5651

410 However, to date no single model readily explains al of the observed occurrences of high-Ni
411  magmatic olivine. Given the compositional variability of the host lavas and the widespread and
412 diverselocalities at which anomalous olivine are observed it is perhaps not surprising that the
413  origins of these olivine are debated.

414 Prior efforts at understanding the genesis of high-Ni magmatic olivine have focused on two
415 main processes altering Ni partitioning behavior. All models require modification of the mantle
416 peridotite source or primitive basalts through addition of a silicic component (e.g. an eclogitic
417  melt or siliceous subduction component). It is proposed that addition of a siliceous component to
418 the mantle source resultsin the conversion of olivine to pyroxene (e.g., SO, + Mg,SIO4 =

419 M@g.Si,O¢; Sobolev et al., 2005, 2007; Straub et al., 2008). Sobolev et al. (2005, 2007) argue that
420 conversion to a pyroxene-dominant source lithology changes the buffering of trace elements (e.g.
421  thebulk partition coefficient for Ni in pyroxene islower than for Ni in olivine), alowing primary
422  basatic meltsto have higher Ni contents, reflected then in subsequent olivine crystallization.
423  However, the partition coefficient of Ni in olivine has been demonstrated to strongly increase
424 with melt polymerization and decreasing MgO content (Leeman and Scheidegger, 1977; Hart
425  and Davis, 1978; Leeman and Lindstrom, 1978; Kinzler et al., 1990; Li and Ripley, 2010).

426  Although starting from a similar reacted mantle source, Straub et al. (2008) argues that a melt
427  generated from a pyroxenite source, with higher SiO, and lower MgO, will therefore result in
428  higher Ni in the crystallizing olivine because of the increase in Ni in olivine partitioning (i.e.
429  without asignificant change to the primary melt Ni content). Alternatively, Wang and Gaetani
430 (2008) suggest that because of the effect of melt polymerization on Ni in olivine partitioning,
431  you do not need areaction-pyroxene dominant lithology and that simply adding eclogitic partial

432 meltsto tholeiitic basalts promotes crystallization of relatively high-Ni olivine. Despite
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variations, all models require fundamental changes to either primitive basalt compositions or
mantle source lithologies and thus the origin of these chemically anomalous high-Ni olivine can
provide significant constraints on magma petrogenesis and evolution.

A mineralogically distinctive source (i.e. non-peridotitic) is consistent with olivine §*0
(5.64 = 0.1 %0), greater than that typically observed in mantle peridotite olivine or peridotite-
derived magmatic olivine. Given the primitive nature of the olivine phenocrysts, it is unlikely
that these isotopically heavy §'20 values are the result of crystallization or crustal contamination,
both of which may slightly increase §'®0 in basalts (Bindeman et a., 2004; Harmon and Hoefs,
1995). In the following discussion we propose two possible sources of pyroxene-dominated
lithologies.

Glass trace element signatures with very low Yb (1.2 ppm) and Y (20 ppm), and high
[Dy/Yb]n (3), are consistent with aresidual garnet phase in the source region (Fig. 10). One
obvious potential source for garnet is in ecologitized subducted oceanic crust at depths greater
than 45 km in the down-going Juan de Fuca Plate (Bostock et a., 2002). Given the young (~8
Ma) and hot nature of the subducting plate (Stein and Stein, 1996; Syracuse et a., 2010), alow
degree partial melt of ecologitic crust is not unreasonable. Heavy 80 isotopic signaturesin
olivine, similar to the Quartzville olivine, are found in many arc settings worldwide, and are
often attributed to a number of different processes including melting of de-serpentinized mantle
and slab melting (e.g., Bindeman et al., 2005; Eiler et a., 2005; Johnson et al., 2009; Auer et al.,
2009). Quartzville olivine oxygen isotopic signatures are also similar to high-Mg andesites from
the Cascades (820 5.49 — 5.78%o), suspected of containing a slab melt component (Bindeman et
al. 2005). If the high §'%0 isotopic signature of the olivine were inherited from the subducting

plate, this may indicate that the fluid came from the upper part of the oceanic crust, altered by
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seawater at low temperature (Muehlenbachs, 1986; Auer et al., 2009). However, Bindeman et al.
(2005) compiled oxygen isotopic analyses from world-wide adakites thought to be related to slab
melting, and this study suggests that isotopic exchange between slab melts and the mantle wedge
may buffer the variability observed in olivine such that the location within the subducting plate
where melting istaking place is more difficult to reconcile.

High-Mg dacitic magmas, thought to be derived from partial melting of the subducting
plate (adakites), have characteristic trace element signatures with high Sr concentrations and
La/Yb ratios (e.g., Kay, 1978). Despite melt trace element similarities, the major element
composition of the lava, glasses and melt inclusions, including the qualitative higher SIO,, lower
CaO re-homogenized inclusions, are not evolved enough to resemble atypical adakitic slab melt.
However, similar to the two-stage model of Hesse and Grove (2003), the subducting plate could
represent the original source of the trace element signature.

Following the generation of a siliceous subduction component, ascent and metasomatism
of the overlying peridotitic mantle could result in a pyroxene-dominated lithology as olivineis
converted to orthopyroxene (e.g., Straub et al., 2008). As previously introduced, from various
models it has been proposed that melts generated from this reaction-pyroxene dominant source
lithology could produce melts with fundamentally higher Ni contents (Sobolev et al., 2005,
2007) or have higher SIO, and lower MgO (Straub et al., 2008). The resultant olivine
crystallization from reaction-pyroxene dominant source lithologiesin either case would be
relatively high in Ni compared to those crystallizing from peridotite-derived magmas. This
change in Ni behavior could occur because of both lower Ni partition coefficientsin pyroxene
compared to olivine (Sobolev et al., 2005, 2007) and increasing Ni in olivine partitioning with

melt polymerization and decreasing MgO (Straub et al., 2008). While our results cannot
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necessarily distinguish between these two mechanisms of Ni enrichment, both may be impacting
observed olivine compositions. The correlation between high-Ni and low-Cain olivineis
consistent with a change in source mineral buffering, while the qualitatively higher melt SO, at
low MgO contents in rehomogenized inclusions favors a melt polymerization control on Ni
partitioning.

Sobolev et a. (2007) further investigated the mineralogical response to pyroxenite versus
peridotite melting, indicating that pyroxenite melts characteristically have high Ni/Mg
(100*Ni/Mg of ~1.5-2.5) and low CalFe (100* Ca/Fe of ~2-2.5) at low Mn/Fe (100* Mn/Fe of
~1.1-1.3). While Mn/Fe ratios are not as well constrained in the present study, for the range of
F0o1-30.5 (excluding high-Fo and low-Fo rim growth), we observe olivine compositions near the
pyroxenite-melt field with average 100* Ni/Mg, 100* Ca/lFe, and 100* Mn/Fe of 1.39, 1.39 and
1.34, respectively (Fig. 7b).

Although olivine cores are thought to record crystallization from a melt of a pyroxenite-
dominated source lithology, diffusive re-equilibration on the olivine rims (higher Caand lower
Ni), coupled with a change in major element melt composition recorded by the host lava and
glasses, suggests olivine grains record a mixing event. Prior trace element modeling has
suggested the Quartzville basalt could be generated by high significant fluid fluxing (up to 6 wt.
% of a hydrous subduction component) of a highly depleted mantle peridotite which had
previously undergone ~25 % melting (Rowe et al., 2009). A mixing based model to explain the
core-rim variation in olivine is also consistent with observations of magma production from the
Mexican Volcanic Belt (Straub et al., 2008, 2011).

The change in source mineralogy, from a pyroxenite-dominated to a depleted harzburgitic

peridotite, can be produced following the model of Straub et a. (2008) whereby the addition of a
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SiO,-rich subduction component to the mantle wedge will result in vertical zones of pyroxenite,
surrounded by depleted mantle. However, as discussed above, trace elements derived from the
subducted plate would reflect the origina garnet-bearing source and may rapidly re-equilibrate
as aresult of their high abundances relative to the surrounding mantle (Hesse and Grove, 2003;
Straub et al., 2008; Straub et al., 2014). The result would be a mantle source containing both
reaction-pyroxenite and highly fluid-fluxed, depleted peridotitic mantle (Fig. 11). Initial melt
production in the pyroxenite zone, and subsequent olivine crystallization, would result in olivine
with high Ni and low Ca. Later melts of the fluid-fluxed, depleted mantle incorporating early
pyroxenite-derived olivine would explain the similarity in incompatible trace element
abundances in the melt inclusions as well as host lava and scoria, despite the disequilibriumin
olivine composition resulting from olivine overgrowth and diffusive re-equilibration with the
peridotite-derived melt.

The magma mixing scenario of Wang and Gaetani (2008) could be proposed as an
alternative model to that proposed above. However, a magma mixing model with no fundamental
change to the source lithology could explain the olivine compositional variations, but not the
nearly identical melt trace element compositions between melt inclusions, lava, and scoria. For
all of our observationsto be true, we need to have a mineralogically variable source that has been
overprinted with the same incompatible trace element signature. Importantly, thisimplies that
the source of the unique olivine chemistry isin the subarc mantle wedge, while the origin of the
enriched trace element signature is the subducting plate.

Olivinerim growth
The last aspect of the anomalous olivine compositions to be explained are the very high

forsterite rim compositions (F0g;-94). TWo main mechanisms may provide an explanation for the
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very high forsterite (>Fog;) olivine near the rims of the olivine grainsin the lava. First, the
mixing event discussed above may result in equilibrium crystallization of the very high Fo
olivine rims. However, Fe-Mg equilibrium cal cul ations suggest Fogs olivine should bein
equilibrium with the host melt (consistent with the lowest recorded Fo content prior to the high
Fo olivine rim). In addition, despite the similar glass/'whole rock trace element signatures and
identical Ni-Cain olivine rim co-variation, high Fo rims are not observed on olivine from the
scoria. The highest Ni concentrations are not observed in the high-Fo olivine, and Ni
concentrations systematically, and nearly linearly, decrease toward the olivine rim regardless of
the switch from normal to reverse Fe-Mg zoning in olivine from the lava. Olivine grains from the
scoria, where no reverse zoning is observed, display the same trend in Ni decreasing steadily
toward the rim (Fig. 3). Similarly, Ca concentrations increase towards the rimin olivine crystals
of both the lava and scoria, irrespective of the normal or reverse Fe-Mg zoning. The high olivine
Fo contents (> Fog,), therefore, are unique to the lava flow, despite a similar petrogenic history
between the lava and scoria. This suggests the high-Fo rims may be related to eruptive processes.

A second potential mechanism for causing the high Fo contents and reversed Fe-Mg
zoning in the outer 25-50 um is an increase in the oxidation state during slow cooling of the lava.
Assuming melt composition remains unchanged, in order to crystallize an Fogs g olivine from the
average scoria M| composition (Supplemental Table S2), Fe*/Ferqw would need to increase to
0.62, corresponding to an oxidation state of approximately +4.6 log fO, (AFMQ). While this
oxidation state is high relative to other basalts in the Cascades which are generally at or below
FMQ (Rowe et al., 2009), it corresponds well with estimated oxidation states for minettes from
the western Mexico Volcanic Belt which vary from +3.4 to +7 log fO, (AFMQ; Wallace and

Carmichael, 1989).
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As previously mentioned, spinel composition in the lava ranges from a high-Cr to high-
Fe end member (compositional data presented by Rowe et al. (2006) are provided in
Supplemental Table S6). As calculated temperature and M g# decreases, the Fe component, and
calculated oxidation state also increase (Ballhaus et al., 1991). Calculated oxidation statesin the
lowest temperature spinels are up to +4.1 log fO, (AFMQ), similar to the predicted +4.6 log fO,
(AFMQ) from olivine compositions required to produce the high Fo olivine rims. The low-T,
high-Fe spinelslikely reflect low-T re-equilibration (Kamenetsky et al., 2001). However, thisre-
equilibration may also be afunction of increasing oxidation state of the lava upon cooling and
degassing.

Interestingly, Wallace and Carmichael (1989) also argue that oxidation of the western
Mexico Volcanic Belt minettesis arapid, late process and that pre-eruptive fO, was
approximately +3.2-3.7 log fO, (AFM Q). A late oxidation model fits well with our mineral ogical
observation of high Fo olivine rims only observed on olivine in the dense, more crystalline lava
but not on olivine from the rapidly quenched scoria. Additionally, the observed increase in
Fe**/Fe’* calculated for clinopyroxene rims compositions from the lavais consistent with alate
oxidation event (Fig. 4). Wallace and Carmichael (1989) propose that oxidation is related to
volatile degassing, specifically the loss of H, derived from H,0O, based on observations and
similar arguments from pillow lavas where pillow interiors have a higher Fe*/Ferqw versus
exterior glassy rinds (Christie et al., 1986). Alternatively, Metrich et al. (2009) argue that the
reduction of sulfur ininitially oxidized systems will result in further oxidation of the melt during
degassing. In this case SO, (may (S™) reduces to SO, (gag (S*) such that 1 mol of sulfate may
oxidize 2 mol Fe*".

Using the variably degassed melt inclusions from the scoria as a proxy for degassing
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behavior in the lava we can evaluate the effect of degassing on the oxidation state of the magma
(note that Rowe et al., 2006 report similarly high S melt contents for melt inclusions). Melt
inclusions from the scoria have a maximum concentration of ~0.6 wt. % S (~87 % S°*/Srota)
while the scoria has a minimum concentration of 0.26 wt. % S (Rowe et a., 2009). Rowe et a.
(2007) demonstrated that for this scoria composition as degassing progresses (decreasing sulfur
concentration) the proportion of sulfate decreases linearly and the amount of sulfur, as sulfide in
the melt, stays relatively constant. This reduction of sulfate equates to aloss of 0.011 mol S°* for
every 100 g of magma, allowing for the oxidation of ~0.022 mol Fe** per 100 g of melt. Based
on the average inclusion composition described above, for every 100 g of magmathereis
approximately 0.064 mol Fe** (assuming the same Fe*'/Ferqm of 0.32). In order to generate the
highest Fo rim olivine from the same melt composition, we require Fe**/Ferq of 0.62 or the
oxidation of an additional 0.028 mol Fe** per 100 g of magma. Therefore nearly al of the
oxidation of the Fe needed to explain the dramatic increase in olivine rim compositions can be
accommodated by reduction and degassing of oxidized sulfur (S**) and subsequent Fe oxidation
(Fe** > Fe*). If we assume that melt inclusions from the scoria represent an initial sulfur
content for the scoria and lava melt compositions, then we can explain the lacking of high-Fo
rims on olivine from the scoria simply reflecting faster cooling of the scoria upon eruption
compared to the slowly cooled lava. Thiswould imply, based on observations at Quartzville, that
degassing of extremely high concentrations of oxidized sulfur must be coupled with slow cooling
of the mafic magmato produce the high-Fo olivine rims.
IMPLICATIONS
Understanding the petrogenesis of the compositionally anomalous olivine from the

Quartzville absarokite has significant implications for Cascade arc magma genesis, and more
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broadly, subduction zone processes. Our results imply that an end-member of Cascade arc
magmatism is derived from slab melting and the re-equilibration of that melt with the mantle
wedge. Significant to subduction zone processesin general, our results suggest that siliceous slab
melts may re-equilibrate with the sub-arc mantle, resulting in amineralogical change while
imprinting a more widespread trace element signature to the mantle wedge. |mportant to magma
genesis, these results suggest that the mineralogical reactions (i.e. conversion of olivine to
pyroxene) occurring in the mantle wedge may be decoupled from more classical trace element
subduction signatures derived from the subducting plate. A similar process has been suggested in
other volcanic arcs (e.g., Hesse and Grove, 2003; Straub et al., 2008; 2011; 2014) and may
therefore imply a more widespread subduction zone process, often over-looked because of the
relatively small volume of this magmatic composition.
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Figure Captions

Figure 1. Location map for the Quartzville basalt within the Oregon Cascades. The older
Western Cascades (dark grey; ~ 40-10 Ma) are distinguished from the younger High Cascades
(light grey; ~10 Ma— present). Major volcanic centers in the High Cascades are indicated with

triangles. The position of the Quartzville basalt (QV; 42 ka) is indicated within the older Western
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847  Cascades.

848

849  Figure 2. Olivine thin section petrographic images indicating the range of textures and

850 morphologies observed. Predominantly euhedral grains (a; ¢) are most common, however,

851 skeletal or partial grains are sometimes observed (b). Magnetite and/or spinel inclusionsin

852  olivine may be zoned (a), or randomly distributed. Chains of oxide phases (+/- asilicate phase),
853 increasein sizeinto the grain, perpendicular to grain boundary (c, d).

854

855  Figure 3. X-ray mapping of Mg (a, c), Mn (b), and Ni (d), variationsin an olivine grain from the
856 lavaflow. Note that Mg intensity increases (indicated by warm colors) around the olivine rim,
857 characteristic of the high-Fo rim compositions. Additionally, Mn X-ray intensities increase

858 towardsthe rim while Ni decreases, consistent with quantitative transect measurements.

859

860 Figure 4. Representative backscatter electron images (BSE) of clinopyroxene sector (a) and
861 oscillatory (b) zonation and textures and corresponding calculated Fe,Os/FeO along analytical
862 transects(c, d). Oscillatory zoning is evident in some grains (b), with grain rims having high Fe
863  concentrations.

864

865 Figureb5. Backscatter electron image (BSE) of the scoria glass in contact with an olivine

866 phenocryst. Groundmass is dominated by clinopyroxene and olivine with microapatite. Olivine
867  compositions are indicated for the phenocryst and groundmass grains.

868

869 Figure6. (@) Ni and (b) Ca concentrations (ppm) versus olivine Fo# for Quartzville olivine
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grains from both the scoria (open) and lava (closed).

Figure 7. Caversus Ni variationsin olivine. (a) Quartzville Caand Ni olivine concentrations
overlain on a 2D smoothed histogram of a compilation of mantle olivine (FO89-93; N= 4444)
from the georoc database (http://georem.mpch-mainz.gwdg.de/). Also indicated are the starting
(green square) and ending (red star) compositions assuming Ni and Ca partitioning and olivine
fractionation (from Fog; to Fogg) as described in the text. The black lineisalinear regression of
olivine chemical variation based on olivine with less than 4500 ppm Ni, showing the offset at
higher Ni concentrations. (b) Normalized Ca and Ni variations after Sobolev et al. (2007),
compared to olivine compositions from other Cascade arc end-member magmas which generally
are higher Caand lower Ni (datafrom Rowe et al., 2009). Also plotted (dashed ellipses) are the
fields olivine derived from pyroxenite and peridotite sources from Sobolev et a. (2007). Same

symbolsasin figure 6.

Figure 8. Representative core-rim transects across olivine grains from the lava (a-d) and scoria

(e-h) for Fo# (a, €), Ni (b, f), Ca(c, g), and Mn (d, h).

Figure 9. Oxygen isotope (8*°0) variation of olivine phenocrysts from Cascades basalts, versus
whole rock MgO wt. %. Upper mantle olivine field from Mattey et al. (1994). Quartzvilleis
indicated as the black square. Arc lavas and backarc lavas (shoshonite, calc-alkaline basalts,

enriched intraplate basalt, and low-K tholeiites) are classified after Rowe et al. (2009).

Figure 10. Lava, scoria and melt inclusion trace element compositions normalized to primitive
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mantle (McDonough and Sun, 1995). Note significant heavy rare earth element depletion and
consistency between lava, scoria, and average melt inclusions. Modified from Rowe et al. (2006,

2009).

Figure 11. Schematic model of mantle processes in the generation of the Quartzville basalt.
Depth of ecologitized crust from Bostock et al. (2002). (1) Slab partial melting of ecolgitic crust
resulting in a siliceous melt with an adakite-like trace signature (e.g., high Sr/Y, La/Yb). Box
shows enlargement of proposed re-equilibration model where the high-SiO, melt reacts with the
olivine in the depleted harzburgite to generate reaction-pyroxenite (red). Trace element re-
equilibration extends (grey) beyond the silica + olivine = orthopyroxene reaction such that
melting of both zones will have a similar trace element signature. High Ni, low Caolivine
crystallizes from a melt of reaction-pyroxenite, while lower Ni, high Ca olivine rims crystalize

from melt derived from slab fluid-fluxed depleted harzburgite at (2).
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Table 1. Summary of the petrography for scoria and lava, and olivine compositional details.

Phases Characteristics Compositions Transect details
Scoria
normally zoned
rim compositions
euhedral, up to Fo FoOgg.7-80.4
olivine 500 um; Ni 9‘%‘?‘8804_5500 opm Ni decreases from
Phenocrysts no magnetite Ca 658-1746 ppm 5000-6000 ppm in
inclusions in Mn 730-1617 ppm cores to 1000-2000
olivine ppm in rims
Ca varies inversely
with Ni
olivine > Fogg
clinopyroxene > Ni 1310-1860 ppm
Groundmass  gpatite Ca 1605-1940 ppm
Lava
both normal
(predominant; rim
composition ~Fogg)
cuhedral- and reverse (minor;
subhedral, some only in outer 50 m;
broken, some Foss sasc. Ave. Fosr up to ~Fog4) zoning
olivine 3??032_;38 lelcriges, Ni 800-6400 ppm Ni does not vary
Ca 860-1785 ppm linearly with Fo
Phenocrysts abundant Mn 680-2320 ppm content; _Max Ni at
magnetite-spinel ~Foq1; Ni decreases
inclusions to higher and lower
Ca varies inversely
with Ni
Mn varies inversely
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, withNi
clinopyroxene euhedral, up to increase in
nopy 400 um, most Mg# 82-89 Fe,03/FeO toward
microphenocrysts .
<200 um rim
Plagioclase-
Groundmass clinopyr_oxene > d_ecreasing S at Cpx Mg# ~86
magnetite > rims of apatite

apatite




Table 2: Representative and average olivine compositions from the lava and scoria samples.

Oxide (wt%) SiO, Al,O4 MnO FeO NiO MgO CaO TiO, Cr,04 Total Fo#
Scoria
Average 40.17 0.03 0.14 10.24 0.40 48.49 0.17 0.01 0.04 99.68 89.4
s.d. 0.56 0.05 0.03 0.63 0.13 0.49 0.03 0.01 0.02 0.58 0.6
04-053-5.1 40.37 0.02 0.14 11.00 0.22 48,51 0.24 0.00 0.03 100.54 88.7
04-036_4.12  40.76 0.01 0.12 10.09 0.42 48.40 0.15 0.01 0.06 100.02 89.5
04-036_1.1 40.90 0.01 0.13 9.25 0.64 48.80 0.13 0.01 0.08 99.96 90.4
g.m. rim 40.47 0.04 0.17 10.59 0.14 47.49 0.28 0.04 0.02 99.26 88.9
g.m. core 40.24 0.05 0.18 10.32 0.26 47.76 0.23 0.01 0.04 99.10 89.2
Lava
Average 40.42 0.03 0.13 8.97 0.55 49.06 0.15 0.01 0.05 99.37 90.7
s.d. 0.34 0.07 0.04 0.84 0.14 0.82 0.04 0.01 0.03 0.57 0.9
04-044-5.1 39.54 0.00 0.14 10.79 0.31 48.35 0.16 0.01 0.01 99.30 88.9
03-050-7.1 40.14 0.03 0.12 9.53 0.51 48.36 0.13 0.00 0.03 98.85 90.0
04-047-22.1 40.40 0.01 0.09 8.62 0.76 48.76 0.12 0.00 0.07 98.83 91.0
03-1 1.1 40.81 0.02 0.17 7.65 0.49 49.89 0.14 0.01 0.03 99.25 92.1
03-1 3.26 41.01 0.00 0.30 6.06 0.10 51.64 0.23 0.02 0.02 99.39 93.8

Note: "g.m." denotes groundmass olivine.



Ni, ppm Ca, ppm Mn, ppm

3011 1212 1091
949 242 206

1723 1723 1107
3306 1107 896
5003 926 1025
1093 1995 1280
2031 1612 1399

4284 1038 992
1065 268 274

2431 1126 1056
4031 933 918
5963 861 681
3879 1015 1322
789 1647 2320




Wash.
B 12

I)

ortlands

) . A
-I-Uclﬂ de Salemy MH B
Fuca : !
“orvallis 47 ka
Plate Cory il (1. ) s
PaCIﬁC LFugene, :"é} 24 .I‘;uud e
Ocean c‘:’f 2 N
. (] NV
N Pacific N
Plate _ . )
A |Age Relationships
O 40-10 Ma
0 150 Gorda Medford » O 10 Ma-present
I T — Plate 1
KM - (u'-s ' 122 ' .

Figure 1









cpx-2

Fe,0./FeO (Calculated)

- (c)

0 - ' i "/1l T T 1
0 200 40 60 80 100 120

Distance from core (um)

SLed

12

~08-

.

~ 044

o .

|
0 10 20 30 40 50 60 70 8
Distance from core (1m)

Figure 4



&
oFoy;2367 ppm Ni
Fo

90.42

®Fo,,,, 1670 ppm Ni

88.97
.

200.om BSE 15.kV

Figure 5



7000

6000

5000

1800

1400

1000

600

200

88 89 90 91 92 93 94

95



3000

&0

2500

=
=
=
o]

1500

1000

500

1.4

1.2

0.6 08

0.4

0.2

1000 2000 3000 4000 5000 6000 7000

0



93.5 - 93.5

| Qvo3-1 (#5) (Lava) o 04-036 (#7) (Scoria) |

925 - - 925
915 - - 91.5

90.5 - - 90.5

< :

5000 ; - 5000
4000 - - 4000
&

3000 -3000

~ 2000 - - 2000

1000 - - 1000
(b) (f)

- /—-Aw_w—/ - 1400
~ 1000 - 1000
=
B '
=600 - - 600

200 - © () - 200

2000 - ~ 2000
1500 - 1500
fa'l
=
= 1000 - 1000

500 - - 500
d) (h)
0 L L Ll L] L) L] 0
0 200 400 600 50 100 150 200

Figure 8

Distance from Core (pum)

Distance from Core (pm)

(wdd) 1N

(wdd) &)



(%0)

olivine

)

5.9 1

B Quartzville Aarc LKT
58 4 DOarc shoshonite Obackarc CAB

Oarc CAB Obackarc EIB
571 Oarc EIB Abackarc LKT
5.6 9
554
5.4 1

upper-mantle
53 ] olivine
R Al L LN -- N Ll S
5.1
5.0 4
49 - v
5 6 7 8 9 10
MgO wt%

Figure 9



1000

100

10

— Lava WR
Ol-hosted MI (Lava)
Scoria Glass
Ol-hosted MI (Scoria)

Rb Th K Ta Ce Sr Sm_ Hf Y
Ba U Nb La Pb Nd Zr Ti Yb



Depth (km)
NN
(=]

0]
T

silica + olivine = opx
~

4%

Moho

X

NN N

NSNS

~

depleted harzburglte
N \ \ \

Sy -
0/091},'2 1

Cfus“ L
| | ! /|
123 e : . >
Longitude (degrees) t.e. re-equilibration

Figure 11



	Article File
	Table 1
	Table 2
	Figure 1
	Figure 2
	Figure 3
	FIgure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11



