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ABSTRACT

Olivine compositions and zoning patterns have been widely used to investigate the
evolution of magmas from their source to
compositional zoning in olivine csyals has been used to retrieve timescales of magma
residence, mixing, and transit. This dissertation is composed of three projects that apply
diffusion chronometry principles to investigate how zoned olivine phenocrysts record
magmatic processes at Havwvam v ol canoes. Ol ivine phenocrtr
active and thoroughly studied volcano in
understanding of how Hawaiian olivine crystals record magmatic histories. This work
begins by examining how crustal pesses such as magma mixing and diffusive re
equilibration can modify olivine compositions inherited from growth in parental magmas
(Chapter 2). Diffusive requilibration of FeMg, Mn, and Ni in olivine crystals

overprints the chemical relationships iniedli during growth, which strongly impacts
interpretations about mantle processes and source components. These issues are further
complicated by sectioning effects, where small (400 um along-&xé&s) olivine crystals

are more susceptible to overprintiogmpared to large (800 um) crystals. Olivine
compositions and zoning patterns are then
expl osi ve Keanak Uk-2823 C.El everehmixad apdestoredoirdcrugtal 5 0 O
reservoirs for weeks to months prior toigtion (Chapter 3). F&Ig disequilibrium

between olivine rims and their surrounding glasses show thatstdafe mixing event

likely occurred hours to days prior to eruption, but the exact timescale is difficult to

qguantify using FeMg and Ni diffusion Lithium, a rapidly diffusing trace element in

olivine, is modeled for the first time in a natural volcanic system to quantify this late
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stage, shortluration mixing event (Chapter 4). Lithium zoning in olivine records both
growth and diffusion processdsat are affected by charge balancing requirements with
growth zoning of P. Timescales from modeling diffuse Li zoning range from a few hours
to three weeks, but most record short storage durations of four days or less. These
timescales correspond to shstorage periods after mixing. Thus, Li probably records the

final perturbation of a magmatic system prior to eruption.
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CHAPTER 1

INTRODUCTION

1.1. Dissertation Overview

This dissertation seeks to improve our understanding of the compositional zoning

recordedn olivine crystals to investigate the magmatic histories of poorly understood
Hawaiian eruptions. Chapter 1 presents a b
Kol auea Vol Kdgnaueadscrirugpd i ve behavior, an
eruptiondeposits that are a main focus of this work. This is followed by an overview of

the methods including: diffusion theory, relevant equations for diffusion models,
experimentally determined element diffusivities, and how diffusion chronometry is

applied in wlcanic systems. Chapters 2, 3, and 4 were written for publication i peer

reviewed journals. Thus, there is some overlap between the background information
presented here in Chapter 1 and individual chapter introductions. This section concludes

with an owerview of the research presented in Chapters 2, 3, and 4, and summarizes

future research considerations presented in Chapter 5.

1.2. Hawaiian Volcanism

As the number of peoplerzing on ornearE a r tadtiv@@ solcanoesicreasesour

understanding of voamic events and their associated hazards is of growing importance
(e.g. Wright and Pierson 1992; Trusdel!/l 19
most active and best studied volcanoes in the world, serving as a natural laboratory in
whichscient st s seek to better und(egT Blinpgamdd Eart ho
Dvorak 1993; Tilling et al. 2014; Garcia 201%he HawaiiarEmperor seamount chain

represents ~81 million years of volcanism (Keller et al. 1995) generated by a relatively
low-dersity upwelling mantle plume that is geochemically heterogengiasp 1990;

Pietruszka and Garcia 1999; Wolfe et al. 2009; Weis et al. 2011; Greene et al. 2013;
Pietruszka et al. 2013; Ballmer et al. 2DTHe seamounts and islands produced by the
plumeextend nearly 6,000 km across the northern Pacific Ocean (Figuteldgle and

Dalrymple 1987)a testament to its loAged productivity.
1



Ni‘ih
L Moloka‘i

Lanai®© %Maui

P’
Kaho‘olawe

Island of
Hawai‘i

HawaiiarEmperorseamounthainandsubaeriaHawaiianlslands(inset). Triangleonthelsland
of H a w amarksthe summitof KdaueaVolcano.Basemapis from the NationalOceanicand
AtmosphericAdministrationETOPO2v2databas€NationalGeophysicaDataCenter,2006).

Studies of Hawaiian volcanoes and their eruptions have resulted in fundamental
discoveries of magmatic and other geologic processes (see overview in Garcia 2015).
They have also served as analogue systems for other basaltic oceanéstahds
Reéunion,Peltier et al. 2015) as well as extraterrestrial bodies (e.g. Markow et al.

2008; Chemtob et al. 2010; Seelos et al. 20I0Icanic eruptions in Hawaii are

monitored for seismic activitfOkamura et al. 1988; Koyanagi et al. 198&ubo 1995;
Wright and Klein 2008)deformation(Dvorak and Dzurisin 1993; Linde and Sacks 1995;
Decker et al. 2008; Poland et al. 2012; Anderson et al. 2015), and the composition of
erupted lavas (Garcia and Wolfe 1988; Neal et al. 1988; Garcia et al. 1992; Garcia et al.
1996) and emitted gaséSreenland 1988; Gerlaat al. 2002; Edmonds et al. 2013).

These measurements have led to a basic understanding of shallow plumbing
systems in basaltic volcangéargely due to the accessibility of frequent effusive
eruptions in tlk past ~100 years (Tilling and Dvorak 1993; Wright and Klein 2014).

2



However, many questions remain about how and why Hawaiian volcanoes erupt (Poland
2015). Despite the abundance of effusive lava flow producing eruptions in past two

centuries, manyasheposi ts cover parts of the Isl and
volcanoes can also erupt explosivédpwers 1916; Powers 1948; Easton and Garcia

1980; Macdonald et al. 1983)hese deposits have been linked to many volcanoes
including Mauna Kea, Maan Loa, and KQ§l auea (Powers 1916
have rarely occurred in modern times (e.g. 1924; Macdonald et al. 1983). No geophysical

or observational records exist to describe this type of behavior, and many aspects of

explosive eruptionsin®dlwa i 6 i remain poorly understood.

13. K@l auea Vol cano
K auea is the youngest, most active subaer
1.2). It is one of the best studied volcanoes in the wetlyl [illing and Dvorak 1993,

Garcia 2015) with an eésnsive geophysical monitoring program (Decker et al. 2008) that

155°15' 155°00
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. ® MK Ocean
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Figure 1.2.(a) Thelslandof H a w awitl dirglesmarkingthe summitsof the subaerial
volcanoesKohala(KO), Hu a | (B)| MainaKea(MK), MaunaLoa (ML), andK § | aK).e a
Thesummitof submarine. @ 6 (IL)hisimarkedwith a star.(b) Simplified cartoonof Ko | aue a 6 s
majorstructuralfeaturedncludingthe summitcalderayift zonesandmajorfault systems

modified afterHolcomb(1987).



has been in place for more than 100 years (Kauhikaa Poland 2012). Current models
suggest that eruptions are sourced from a shallow magmatic plumbing system with at
least two geophysically and isotopically distinct magma storage regimresat least
1959: the Hal emadumaodu (Fguweael3PeuuszkaeCah | der a r
2015). Volcanic eruptions occur at the summit, along the Southwest or East Rift Zones
(ERZz), or, rarely, south of the summit cal
Holcomb 1987). Sustained eruptions on the ERZ (e§.0Pu 6 &6 @J; 1983 t o pr
thought to be supplied by a conduit connected to the summit reservoir system (Figure
1.3). Ascending magmas may partially bypass the deeper South Caldera reservoir
(Pietruszka et al. 2015) before being transported to erwpnéd along the rift zone
(Figure 1.3).

The geochemical evolution of Hawaiian tholeiitic magmas is primarily controlled
by fractional crystallization of only olivine for >100°C below the liquidus (Wright 1971;
Montierth et al. 1995). Secondary processeshfs the mixing of magmas in the summit
and riftreservoirs, strongly influence the compositions of erupted olivinghaidiavas.
(e.g. Garcia eal. 1989; Wright and Helz 1996; Shamberger and Garcia 2DWaL
summit eruptions havieeen olivine poor (e.g. as low as 0.2 vol%; Garcia et al. 2003)
compared to the weakly to modewltGarciyet ol i vi
al. 1989; 1992; 1996; 2000; Marske et al. 2008) or rarely strongly olivine phyric (e.g.

SUMMIT RIFT ZONE
w Lava Lake Pu‘u ‘O E
(2008-2017) (1983-2017)
P -

Halema‘uma‘u Reservoir

= el ir
Z 2| Stored intrusions
£ South Caldera
g 37 Reservoir
4 —

Sustained conduit

Figure 1.3 Schematicrosssectionof the modernmagmaticplumbingsystematK 0 | gnoe a
horizontalscale) It featureswo summitmagmabodies( Ha | e maabhdBouthGaldera
Reservoirsihathaveexistedsinceatleast1959(Pietruszkaetal. 2015).Thedike thattransports
magmafrom the summitreservoirsystero theP u @ @e @rdptionon the ERZ maybefed from
or partially bypasghe SouthCalderareservoir(Garciaet al. 1996).Modified after Polandetal.
(2014)andPietruszkaetal. (2015).




1840ERZ 14-30 vol%;Norman and Garcia 1998)uptions on the rift zones. The
presence of olivine in most of KQlaueads e
investigating magmatic processes to gain insights into the storage and transport histories

of ascenthg magmas.

1.4. Eruptive Cycles

Since the founding of the Hawaiian Volcano Observatory by Thomas Jagger in 1912,
observations and geophysical measurementsjoffKku e ads er upti ons have
better understand the behavior of Hawaiian volcanoesréidueded historical period at

Kdauea began with the arrival of the first western visitors in 1823 (Ellis 1827). Since that

time, Kdauea has been dominated by effusive activity characterized by a sustained

summit lava lake and/or lava flows, fissures, high fountains (Macdonald et al. 1983).

The frequency and duration of eruptions, and the inferred magma suppjgited has

increased dramatically since around 1950 (see Wright and Klein 2014 for overview). An

~2x increase in magma supplyinthee2l9 006s ( Pol and et al . 201
sustained eruptions on both the ERZ and at the summit (beginning in 2008; Wilson et al.
2008) which are ongoing at the time of this writin®017(Figure 1.3).

Kol aueads erupti ve be thraughoatthe Holbcenev ar i e d
despite the dominantly effusive eruptions that have occurred since 1823. Tephra deposits
near the summit caldera record five centuttesy periods of either dominantly explosive
or effusive eruptions in the past 2,500 yd&igurel.4; Swanson et al. 201.40Ider
deposits suggest that explosive periods may extend back to ~70 ka (Easton and Garcia
1980; Easton 1987). Two episodes of caldera formation in the recent period were
followed by longlived explosive activity (Figure 1.4The Powers Calder@200 C.E.;

Powers 1948; Holcomb 198Wjas followed byth&# wUk ahuna Tephra (ca.
1000 C.E.; Powers 191Bzurisin etal. 1995; Fiske et al. 2009Jhe modern summit

caldera formed around 1424®%10 C.E. and was followediyh e Keanak Uko6i Te
(15001823 C.E.; Swanson et al. 2012ayplosive behaviohas occurredor ~60% of

this recent period (Figure 1.4), associated with substantial hazards including pyroclastic
density currents, tephra falls, and ballistic showerskBeand Christiansen 1984;

Dzurisin et al. 1995; Fiske et al. 2009; Swanson et al. 2012a, 2012b).
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in thepast2,500yearsatK ¢ | aMelw stars indicat caldera collapse events (Holcomb 1987;
Swanson et al. 2012a). Modified after Swanson et al. (2014).

No records exist to decipher magma storage and transport histories during explosive
periods because prolonged explosive activity has not been observed 823.

This dssertation investigates the petrology and geochemistry of the most recent
explosive deposit® better understand the magmatic processes operating during the
KeanakUkoo6i Tep hi823CiEe Swiarsah et(@lk2D12a). MBeXT was
producedby numerous eruptions spanning ~300 years (Figure 1.5). Most of the units are
nearsummitproductsof phreatomagmatic eruptions, in which ascending magmas
interacted with ground or surface water that drove explosive fragmentation of primarily
recycled lithic material (McPhie et dl990; Mastin 1997; Mastin et al. 2004). Some units
are fallout from high lava fountains or sphbnian eruptions dominated by juvenile
material, and are marker unitsthin the tephra’C ages from Swanson et al.12;

Figure 1.5). These include the Basal Reticulite (1500 C.E.), Layer 6 (1650 C.E.), and
Golden and Eastern Pumices (171823 C.E.; the Eastern Pumice has only recently been
recognized to overlie the Gol den wkRl67i c e ;
1700 C.E.) has been documented within the KT periatupted SW of the summit

caldera. Most studies of these deposits have focused on the physical aspects of eruption
and deposition (McPhie et al. 1990; Mastin 1997; Mastin et al. 2004; Swarelon e
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2012a, 2012b; May et al. 2015), with limited petrologic and geochemical characterization
(Mucek 2012; Sides et al. 2014; Helz et al. 2015; Ferguson et al. 2016).

Lava flows and tephra from
19" and 20™ centuries

O =" A Eastern pumice

Ca. 1820 — (__ Golden pumice

17904 LV

Ca. 1670-1700=— \

\5 / | Lithic blocks to ash, some with
Qs - accretionary lapilli. Falls and PDCs.
Capped by ballistic deposits

\ 71— Kilauea lava flow
Lithic-vitric ash, thickly bedded,
some ballistic blocks

Lithic-bearing vitric ash, thinly bedded
capped by incipient soll

Ca. 1650 — <350 S350 <1 Layer 6 scoria fall

Lithic-bearing vitric ash,
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pumice lapilli. Falls and
fine surges

Keanakako‘i Tephra

_=.=.=.=.™| Housing Area blockfall
Early 1500s and ash

... .- Gray-pink lithic ash

Pre-Keanakako‘i Tephra
lava flows

Figure 1.5.Simplified stratigraphiccolumnfor theK e a n a KT€pkra(rioito scale;modified
afterSwansoretal. 2012a).0nly the largest erosional unconformity is shoknd(| auea Lava
Flow) although many smaller ones occur throughout!i#@lages are in C.E. (common era).

1.5. Method Overview

Petrologic and geochemical methods are often used to investigate enigmatic prehistoric
periods in Hawaiian volcanism (e.g. Hammer et al. 2015). A key component to the
success of geochemical studies is a clear understanding of how lavas and their
phenocryst record magmatic processes from their source to the sgefgcéhomson

and Maclennan 2018ouvet de Maisonneuve et al. 201Bhis dissertation seeks to
provide insights on: (1) the distribution of major, minor, and trace elements in olivine

crystalsduring growth and diffusive requilibration, (2how these distributions record
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magmatic histories, and (3) how chemical zoning in olivine can be used to investigate
magma mi xing and storage histories for KqglI
sectiors introduce the theory of diffusion in magmatic minerals, present the 1D and 3D
diffusion equations used in this dissertation, review experimentally determined element
diffusivities, and provide an example of how diffusion chronometry in olivine is applied

in volcanic systems.

1.5.1. Diffusion Equations
Chemical diffusion in minerals can be broadly defined as the movement of atoms within
a crystal lattice. This movement occurs by random fluxes of ions at all temperatures, and

can be associated with gradieim chemical potential throughout the diffusion medium

(Zhang 2010). It is analogous to Fourieros

is typically expressed by Fickodés first | aw
&

J By (1.1)

wherel is the diffusive mass flu) is the diffusion coefficient (i.e. the rate of diffusion,

or diffusivity), C is the concentration of the chemical species of interestx anithe

distance. The flux of atoms (Equatibri) through a volume can induce changes in the
concentrationgradien as a function of time, taking ¢t}

continuity equation (Crank 1975):

(1.2)

018
218

Qo

whereD is the diffusivity,C is concentration, andis the distance as a function of titne
Equation 1.2 is applieth Chapter 4 to model 1D gradients of Li, for which the
diffusivity is expressed as a simple Arrhenius relation (Dohmen et al. 2010).

However, the diffusivities of some elements (e.gMge Ni, and Mn) in olivine
are dependent on the concentration ofentical species in the mineral phase. As

diffusion changes the concentration gradient eMgin the mineral, the relative



diffusivity of each of these species will also change as a function of time. This can be
incorporatedn the 1D diffusion equation (ftiation1.2)to account for changes ihas

the concentration evolves

- 2&, % (1.3)

018

Volume diffusion in three dimensions (expanded from)d&ipn1.3 is written (Crank
1975):

33: 90—C+ Ifg—g + C"DGC+ &2: + C"DGC+ &2: (1.4)

a & o8 & o e o

wherex, y, andz refer to principal directions in Cartesian coordinates.

To apply the 1D or 3@iffusion equations (Equatioris3 or 1.4) and model the
progressive change of a compositional gradient, we replace the partial derivatives by
finite differences, which approximate changes using a fortvare, centered space
expression. The finite difference forwhthe second derivative of Equati@r8 for

diffusion in 1D is:
$ad
G, Fz2 D «Bi G «& +Di G 112G +Gia (1.5)

wherei is distance along andj is time. Equation 1.5 is the form used in the program
DIPRA (Girona and Costa 2013) and numerical diffusion simulations in Chapter 3.

The drawback of using finitdifference derivatives for the tinrgependent
diffusion equation is that both the time and space intervals over which the model is
applied are coupled and limited by each other. For example, higher spatial resolution
models (ag. smallerx) require a smaller increment of time to be used in forward
iterations, thus increasing the total iterations needed to achieve good model fit. The
balance between distancg &nd the size of the time stepié expressed bihe stability
criterion R:



whereD is diffusivity (as above)pis the time increment for each iteration, apads the
spacing between two points in the model. The stability critdRi{faquationl.6) must be

< 0.5 for 1D applications, and this condition must be satisfied for all diffusing species
when multiple elements with differeBtare modeledThe same finitalifference

concepts apply for diffusion in 3D:

$adt
G, Fzz Di+1Bix G +1Gix %D Gi +1-26 FCix, j , x (1.7)

+ D| + Il:,)ly, )ﬁ:l + I(;Iy, tDI ,9' + 1',2pi, yYTC,i'Sf, J Y
+ D +1Diz, £ +1Ciz ¥Di | Gi +1-2C ACiy | 2

where the stability criterioR (Equationl.6) must be < 0.168Chapter 2 uses Equation
1.7 for 3D numerical models of #édg, Ni, and Mn diffusion modified after the methods
outlined in Shea et al. (2015a).

1.5.2. Diffusivity Equations

This dissertation focuses on olivine, an orthorhombic mineral with varying rates
of diffusion for many elments along the three crystallographic axds andc
(Chakraborty 1997). This anisotropy is described by the diffusivity tensor (Zhang 2010):

D, 0 O
D =0 D, O (1.8)
0 0 D,

which corresponds to Cartesian direction®as Da, Dy= Dy, andD;= D..

Diffusion anisotropy occurs begse the M1 octahedral polyhednalthe crystal
structure form a continuous chain along [001] (i.e.ctagis), wheeas the M2 octahedral
polyhedralare not organized in any direction (Chakraborty 2010). For commonly used

major and minor elements in olivine (e.g. Fe, Mg, Ni, Mn; Dohmen and Chakraborty
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2007a, 2007b; Petry et al. 2004; Holzapfel et al. 2007), diffusion alorggatkis occurs
approximately six times faster than #reor b-axes (e.g. Chakraborty 1997):

Da =Dy = :D; (1.9)

The relative contributions from each of the axes along any 1D analytical traverse can be
modeled if the axis orientations within a 2D olivine section are known (Costa and
Chakraborty 2004). A diffusivity factor is required to acdofion the relative rate

differences in different directions:

Dt rfaav&Pa( ¢ @5 DL( chois Dy( cods (1.10)

whereii s the el ement of interest and U, b, an
and thea-, b-, andc-axes of the olivine, respectively (Costa and Chakraborty 2004). Axis
orientations are determined using electron backscatter diffraction (EBSD; see Prior et al.
1999 for detailed methods) and the angl es
hemisphere pregtions inStereonet® (Cardozo and Allmendinger 2013).

1.5.3. Experimentally determined diffusivities

Using diffusive reequilibration to study magmatic processes requires good constraints on
elemental diffusivities. Early experimental determinationifftigivities in olivine
[(MgFe)SiO4] focused on the exchange reaction betweéti del Mg+ (Buening and

Busek 1973; Misener 1974; Chakraborty 1997; Dohmen and Chakraborty 2007a, 2007b;
Table 1.1). Advances in analytical and experimental technitppegdout the past few
decades have allowed the additional determination of minor element diffusivities (Mn,

Ni, and Ca; Table 1.1). The diffusivities of Fe, Mg, Ni, and Mn are applied in the models
presented in Chapter 2, and Fe, Mg, and Ni are used in CBajtee diffusivities of

some trace elements in olivine have only recently been charact@ige@&e, Li, Ti, H;
Dohmen et al. 2010; Cherniak and Liang 2014; Jollands et al. 2016a, 2016b, 2016c).
Lithium diffuses up to an order of magnitude faster theuMig (Table 1.1.), providing a

new opportunity to investigate rapidly occurring volcanic processes. The diffusivity of Li

11



along thec-axis in olivine is represented by a simple Arrhenius equation and is used in

models presented in Chapter 4.

Table. 1.1. Currentlyacceptedexperimentallydeterminediffusivities for commonlyusedmajorand
minor elementsn olivine.

Element Diffusivity Expression (n¥/s) Reference
1 Dohmen and Chakraborty
Feﬁnwg D1 g 2402 °) prew gy 2010808 720 2007a, 2007b
10 RT Holzapfel et al. 2007
1
. f, .25 2200008740
Ni - 9 D . n Petry et al. 2004
D03.84XI%) 10 ek p =T
1 -
Ca D16 . 5_§2le@§03 DV ;'(I)' ON11000 Coogan et al. 2005

1
f.,32 201000RKR10000
- 2
= . p—
Dp=3 4 e%sz%o e x =T

1
f.,3.2 207000RKR8000
-H2 2
= .
D=9 5 49xf180 e X p—mT—

Li D=1 G- ®a -10. 2 8%@7 X Dohmen et al. 2010

Note(s): Expressions for Fe, Mg, Mn, and Ni are concentration dependent and folkisibteopic
relationship in Equatiot.9. Ca is anisotropic with different diffusivities along each dsisis oxygen
fugacity (pascals)k is pressure (pascald)js temperature (Kelvin), aridis the gas constant (8.314
J/mol/K). The effects of P arfd, on Li diffusivity have not yet been determined.

1.5.4. Diffusion chronometry in volcanic systems

Diffusion chronometry is an increasingly popular technique that is significantly
advancing our understanding of volcasystems and magmatic processes (R@E.6).
Compositional gradients in olivine develop due to the diffusiveguglibration between
an overgrowth rim of different composition compared to the olivine core (Figure 1.6) or
re-equilibration of the olivine with a surrounding magma of contrgstomposition
(Figure 1.7).The formation of the compositional gradient is directly related to the
duration at which the crystal was held at a given temperature, pressure, and oxygen
fugacity (Costa et al. 2008).

At K Q| &uTeaadfor condigons are thought to be well understood (Helz
and Thornber 1987; Poland et al. 2014; Moussalam et al. 2016; Helz et al. 2017).
Petrologic constraints are usedriter initial concentration distributions (Figure 1.7b)
used in diffusion modeldf the above properties are wadhown for a magmatic system,

timescales of storage after mixing events can be calculated with confidence using the

12
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Figure 1.6. Schematicshowingthe procesf diffusionin the caseof anolivine overgrowthrim
(modifiedafterRosen2016).(a) An initially Mg-rich olivine core is homogeneous in
composition(b) After magma mixing, an outer rim of comparativelyreh olivine grows

around the homogeneous Mgh core.(c) The olivine is stored at magmatic temperatures for
somelength of time over which atomic exchange of Fe and Mg relax the boundary between the

initial core and overgrowth rim, creating smoothed compositional profiles.

experimentally determined diffusivities for different chemical species in olivine crystals
(Table 1.1)Recent studies have also highlighted how the random orientaterpstédls
in natural samples usually results in-oénter and oblique 2D olivine sections (Shea et
al. 2015a). These section types usually exhibit merging diffusion frontsathatrongly
influence thdimescales retrieved from diffusion models (Shea et al. 2015a). Thus,
sections taken near tlkere and perpendicular to a crystallographic axis (Figure 1.7a) are
most likely to show symmetrical concentration gradients thatustieg$e for modeling.
Diffusion models are run using intrinsic propertiBsT, foo), the orientation of
the crystallographic axes (determined by EBSD), known diffusivitiedenfients of
interest (Table 1.1) and the 1D or 3D diffusion equationsgseion 1.5.1). The
progressive evolution of trmncentration profile from the initial boundary conditions

13



(Figure 1.7b) is tracked until@ofile is obtained that matches the measured analytical
traverse in the natural sample (see Costa et al. 20@@faited methods; Figure 1.7¢).
The exercise should be repeated for many elenme@ésured along the analytical
traverse (Fevig with Ni, Mn, Ca) to retrieve robust timescales associated mahmatic
processes (e.g. Costa and Dungan 2005; Cooper and &etjt 2rystal residence times
in magmatic reservoirs (e.g. Kahl et al. 2011, 2013), and even magma ascent rates
(Ruprecht and Plank 2013).

Mixing (t=0) Post-mixing (t=x)

Figure 1.7.Schematidllustration of the procesof diffusion aftermixing. (a) Threedimensional
schematic of euhedral olivine crystal with crystallographic orientation and crystal faces. Dashed
white line marks the location of the tvddmensional section perpendicular to thaxis.(b) An

initially homogeneous Fkeolivine is mixad with a magma in F#g equilibrium with Fgs.
Compositional profile across the middle of the crystal (red line) shows initially sharp boundaries
between the olivine and surrounding méd). The same olivine section pesiixing after timex

has passed. Dusive reequilibration of the olivine with its surrounding melt has resulted in a
smoothed compositional gradient from the olivine rim toward its core.

1.6. Structure of the Dissertation

The research presented in this dissertation begins by invegjijpativm crustal magmatic
processes (e.g. fractional crystallization, magma mixing, diffusregjudibration)

influence the compositions of Hawaiian olivine phenocrysts inherited from growth.
Chapter 2 resolves inteaind intravolcano variations in Hawaimolivine Ni content

through investigations of (1) variations in parental magma composition (specifically SiO

and Ni) and subsequent fractional crystallization paths, (2) shalleMi®drends created
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by magma mixing, and (3) diffusive-sgjuilibration, vihich can overprint compositions
inherited from growth and strongly influence estimates of mantle source composition.
In Chapters 3 and 4, growth vs. diffusion insights from Chapter 2 are used to
investigate magma storage and transport histories of pretiekplosive eruptions at
Kol auea Volcano. Olivine from -1883%C.EQaran ak Uk
used to investigate whether magmas ascended rapidly from depth, bypassing storage in
crustal reservoirs (Sides et al. 2014). Most olivine pdjuula are derived from mixing of
mantlederived recharge and up to three stored reservoir components. We model the
diffusive reequilibration of FeMg and Ni in olivine to show that KT magmas
experienced at least two mixing events and were stored for wegkars before
eruption, contrary to previous interpretations of rapid ascent (Sides et al. 2014).-Thin (5
20 pm) rims with minor Fég zoning (<1 %) suggests that a laséage mixing event
may have occurred shortly before eruption.
Chapter 4 presentsrew method for quantifying the timing of the lstiage
mixing suggested by Felg zoning in KT olivine rims. High precision measurements (
0.08 ppm) of Li concentrations in a subset of the olivine crystals are used with other trace
elements (Na, Al, P,ral Cr) to: (1)explorehow Li recordggrowthanddiffusion, (2)
examine the potential anisotropic naturd.ibfliffusion, and(3) quantify the timing of
late-stage mixing irKT eruptions.The timescales of storage are then used to revise the
model for crus a | magmatic priKipeaigdses i n K@l aueads
Finally, Chapter 5 summarizes the conclusions of this dissertation, weaving them
into a broader context linked to beneficial future work that focuses on eolbgic

applicationsand eperimentalonstraints orolivine.

15



CHAPTER 2

NICKEL VARIABILITY IN HAWAIIAN OLIVINE: EVALUATING THE
RELATIVE CONTR IBUTIONS FROM MANTLE AND CRUSTAL PROCESSES

Published as:
Lynn, K.J., Shea, T., and Garcia, M.Q017), Nickel variability in Hawaiian olivine:
Evaluating the relative contributions from mantle and crustal processes. American
Mineralogist 102,507-518 doi: 10.2138/anR01 75763

2.1.Abstract

Olivine in Hawaiian tholeiitic lavakave high NiO at given forsterite (Fo) contents (e.qg.

0.250.60 wt % at Fes) compared to MORB (e.g. 0.4D28 wt% at Fgg). This difference

is commonly related to source variables such as depth and temperature of melting, and/or
lithology. Hawaiian olivire NiO contents are also highly variable and can range from

0.250.60 wt% at a given Fo. Here we examine the effects of crustal processes (fractional
crystallization, magma mixing, diffusive-ezuilibration) on the Ni content in olivine

from Hawaiian bas#. Olivine compositions for five major Hawaiian volcanoes can be
subdi vi dggndo hightNi (@256 06 0 wt % Ni O; Ko6ol au, Mau
Kea) and lowNi (0.250 . 45 wt % Ni O; Kol auea and L@6i hi)
major isotopic trensl (e.g. Loa and Kea). Within each group, individual volcanoes show

up to 2.5x variation in olivine NiO contents at a given Fo. WHnotk Ni contents from

Kodol au, Mauna Loa, Mauna Kea, and K@l auea
correlate with diférences in olivine NiO contents. However, intefcano variations in

parental melt polymerization (NBO/T) and nickel partition coefficieBfs ( ¥,°cdused

by variable melt Si@ correlate with observed differences in olivine NiO aioFo

indicatingthat an olivinefree source lithology does not produce the wig@cano groups.
Additionally, large intravolcano variations in olivine NiO can occur with minimal

variation in lava Si@and NBO/T. Minor variations in parental melt NiO contents (0.09

0.11wt %) account for the g@gdignerHgteplecisioange of N
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el ectron microprobe anal yses-2010C.B)Ishowi ne fr
that the primary controls on < ggmlivine NiO contents are fractional crystallization,
magmamixing, and diffusive reequilibration. Coreaim transects of normally zoned

olivine crystals reveal marked differences in Fo and NiO zoning patterns that cannot be
related solely to fractional crystallization. TheseNH@® profiles usually occur in olivie

with < Fag and are common in mixed magmas, although they are not restricted to lavas

with obvious petrographic signs of mixing. 3D numerical diffusion models show that

diffusive reequilibration decouples the growth zoning signatures of faster diffésen

Mg (Fo) from the somewhat sl ower Ni. This
chemical relationships of Rdg, Ni, and Mn inherited from crystal growth and

influences the calculated fraction of pyroxerdtrived melt (Xpx). Sections of

numerical avine that have been affected by diffusiveequilibration indicate that larger
phenocryst s cé&xB)a@ > 500 mare likkatydgo preserve original Xpx
compared to small er cphspwhzlcrarglyf6%grecoro 0 e m al
original Xpx.Sections that are parallel or spbrallel to thec-axis and/or pass near the

core of the crystal best preserve growth signatures. Thus, diffusagiiération,

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

source lithologies for Hawaiian volcanoes.

Keywords: Ol i vi ne, nickel, KOl auea, Hawai 6i , m

2.2.Introduction

Hawaiian olivine from tholeiitic basalts are enriched in Ni compared to those from mid
ocean ridge basalts (MORRBLt a given forsterite conteriiQure2.1). This enrichment is

a feature that has received much attention, with diverse interpretations (source and
crustal) regarding its origin (e.g. Hart and Davis 1978; Sobolev et al. 2005; Wang and
Gaetani 2008; Herzberg et al. 2013). One hypothesis advdlcatdsghNi parental

liquids are produced from olivirieee pyroxenite (i.e. secondary pyroxenite, formed

from the reaction of partial melts of eclogite with peridotite; Sobolev et al. 2005;
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Figure 2.1 Forsterite(%) vs. NiO (wt%) for olivine from Ko6é o | Maunaloa, MaunaKea,

L @6 andK g | davas.Bhe data can be separated into Highwarm colors) and lovNi

volcano groups (coolators). Linear regressions for higfsolid line) and dw-Ni (dashed line)

groups with Rvalues. Olivine from thaigh-Ni volcanoes have a wider range in NiO at a given
FocomparedtotheloMi vol canoes (inset figures). Kodbol a
Sobolev et al. (2007), Naaruen af rLoona ,S oMaoul neav Keeta ,a la
data ardrom this study and Sobolev et al. (2007). MORB field (p)rfrom Sobolev et al.

(2007).

Herzberg 2006; Sobolev et al. 2007). Alternatively, somewhat more siliceous magmas
can influence olivine compositions because they cause higher partition coefficients for
nickel in olivine (e.gD?} ' 212!522.5 foreclogite melt compared to 712.5 br basaltic
melts; Wang and Gaetani 2008), alleviating the need for a-stafje process to form an
olivine-free pyroxenite hybrid soura@mponent. Differences in melting and
crystallization temperatures can also strongly influédte’ {Hart and Rwis 1978;

Kinzler et al. 1990Matzen et al. 2013) but are unlikely to affect Hawaiian olivine Ni
variability because: (1) the age of the oceanic crust under the Hawaiian Islan@bis 85

Myr so decreasing plate age would have a minimal effect on tteetplakness (i.e.
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melting T) for this relatively old oceanic crust (Parsons and Sclater 1977; Muller et al.
2008), (2) the difference in melting temperature between major Hawaiian volcanoes is
small (<60 °C; Putirka et al. 2011), and (3) variations iystallization temperature

between Hawaiian volcanoes probably do not produce resolvable variations in olivine Ni
content (Matzen et al. 2013).

Crustal magmatic processes can also have a significant influence on olivine
compositions (e.g. Herzberg et al. 2014, 2016). Fractional crystallization has been shown
to strongly affecD?,| ' s & result of changing melt composition, producing steéeipe|
Fo-NiO trends at high Fo that are distinct from shallower trends associated with batch or
equilibrium crystallization (Hart and Davis 1978; Beattie et al. 1991; Wang and Gaetani
2008). Magma mixing and diffusive-eguilibration, important processigsHawaiian
magmas, control the composition of erupted magma and element zoning in olivine (e.qg.
Wright and Fiske 1971; Yang et al. 1999). Diffusivestpiilibration occurs relatively
rapidly at basaltic temperatures (Chakraborty 2010 and references laetiproduces
shallow linear trends that broaden the NiO variability at a given Fo (Wang and Gaetani
2008). Determining the contributions of these processes to the overall NiO variability in
Hawaiian olivine is essential for distinguishing the influeaterustal and mantle
processes on the degree of olivine NiO enrichment.

Hawai 0i is the i deal |l ocation to study
processes on the NiO content in olivine because: (1) there are good constraints on the
lithosphere ad crustal thickness (e.g. Parsons and Sclater 1977; Li et al. 2004), (2) the
generation and evolution of mafic magmas has been extensively examined (e.g. Yoder
and Tilley 1962; Green and Ringwood 1967; Wright and Fiske 1971; Eggins 1992;
Takahashi and Nalena 2002) and (3) most Hawaiian tholeiites are mineralogically
simple with only olivine as a phenocrystic phase (e.g. Wright 1971; Garcia et al. 1989).
Thus, the complications of mufphase crystallization can generally be avoided (e.g.
Shorttle and Maennan 2011). There is also a wealth of published data on olivine and
host lavas for many of the major Hawaiian volcanéégufre2.2) allowing comparisons
of lava and mineral chemistry (e.g. Garcia et al. 1995; Sobolev et al. 2007; Putirka et al.
2011).

19



The Ni contents of Hawaiian olivine are examined here from two perspectives:
variations between major volcano&sgure2.2) and variations observed for individual
volcanoes. First, the parental melt and olivine compositions from five Hawaiian shield
volcanes ( Kod6éol au, Mauna Loa, Mauna Kea, Kol a
Calculations of melt polymerization (Mysen et al. 1985) Bt "(&!d. Wang and
Gaetani 2008) are used to divide these volcanoes inte daighow-Ni groups that are
dominantlycontrolledby parental melt compositions. Second, variatiomselt and
olivine compositions within one volcano (K
magmatic conditions can be well constrained. Minor variations in parental melt NiO
contents (0.0D. 11 wt %) account for t hggolvmenge of Ni
crystals. Much of the Ni variation forkogso | i vi ne i n K@l auea | avas
shallow magmatic processes (principally storage, crystallization, and mixing), wherein
diffusive reequilibration can have a significant impact on the chemical relationships
inherited by growth.

1568°W 165°W
I |

@/ Ko‘olau Shield
21°N- %
DS
-t

Kilauea

20°N —
Mauna Kea
Mauna Loa
‘(-)‘6
19°N—{—100km | Lo‘ihi ¥

Figure 2.2. Map of the Hawaiianlslandsshowingthe summitlocationsof thehigh-Ni ( Ko 6 o | a u
Shield,MaunalLoa,andMaunaKea)andlow-Ni ( K ¢ | amdieZed votcanpesStars indicate

the location of volcano summits, color coordinated to match FRyire The Puodu 06&6 0 e
(bl ack dot) is | ocat esdmnit@longite EastdRift Zdne (ausved liref Kol a
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2.3.Samples and Methods

Modal mineralgy for 14 samples fromthe lodigi ved, ongoing Pudu 06 &
(Figure22 ) , upper east rift zone (ERZ; not 1 nc
were determined using 300 counts per sample (excluding vesicles) for phenocrysts (> 0.5
mm), microphenocrysts (0:2.5 mm), and matrix (glass and small crystals < 0.1 mm).

The K@l auea | avas and tephra used for this
olivine-phyric, with 7 vol. % phenocrysts and/or microphenocrysts (Taldlg Olivine

is almost always the only phenocryst in theamples, usually with rare equant spinel
inclusions < 0.1 mm Eeroptedbetveee 1980rand 200 aeu 06 &6 O
less olivinephyric than those erupted earlier. Clinopyroxand plagioclase phenocrysts

are absentorrare (<1.5vol. %;TaBle) i n Puou O60&6J | avas. Whe
as microlites (< 0.1 mm) or rarely as microphenocrysts in lavas erupted fror2Q006

The groundmass of all samples is typically ligiraven glass or blackryptocrystalline

matri x. Most Kol auea samples were collecte

Table 2.1. Representativenodesfor K § | dawas(aolume%), basedon 300 (vesiclefree) counts/sample.
Phenocryst§ph, > 0.5 mm), microphenocrystémph,0.1-0.5 mm), matrix (< 0.1 mm).

Location®*  Eruption Whole-rock Olivine Cpx Plag

Date MgO (Wt%)® ph mph ph mph ph mph Matrix
u 13-Jun69 9.43 - 23 - - - - 97.7
S Aug 1971 10.01 - 03 - - - - 99.7
Pe 16-Aug-83 7.77 27 10 - 0.7 - *d 95.6
Pe 7-Sep83 7.94 30 03 - - - - 96.7
Pe 18-Oct-87 8.11 10 30 - - - - 96.0
P 20-July-90 9.04 5.7 - - - - - 94.3
P 5-Oct92 7.93 - 47 - - - - 95.3
P 18-May-94 7.61 03 27 - 0.3 - - 96.7
P 22-Aug-96 8.23 07 27 - - - - 96.7
P 13-Feb99 7.41 - 1.7 - - - - 98.3
P 4-Aug-00 8.29 03 43 - - - - 95.3
P 12-Mar-03 7.62 13 50 - 0.3 - - 93.3
P 17-Jun07 8.53 - 20 - * - - 98.0
P 6-Mar-10 7.18 - 0.7 - 0.7 - 0.7 97.9
Note(s):@ocationsi S: Summit, 19714 from Garcia et al. (2003), Wpper East Rift Zone (rift
zoneer uptions not including Pubu 06&6@), tPhis samp

for bulk compositions see Greene et al. (2013) and Garcia et al. (2D@B¢ates samples with
textural evidence of mixing (e.g. normal and reverse zoning of olifihdgnotes phases that
were observed but not counted.
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to minimize poseruption crystallization. Sample numbers (e-4ub-00) refer to the
date it was cilected in a molten state. Episodes (Ep) 2 f r om t he Pudu 06 &6
were selected for detailed olivine analyses because magma mixing was documented as a
dominant process throughout that time period (e.g. Garcia et al. 1992).

High precision olivineanalyses were made using a five spectrometer JEOL
Hyperprobe JXAB500F at the University of Hawai 0i
519 olivine crystals (Tab$2.2andA2 ) fr om KQ | spanewidel avas t hat
compositional rangévholerock MgO7.0-10.1wt%). Olivine spot analyses were done
using a 20 kV acceleratingo |l t age and a 200 nA beam curr e
Peak counting time®r analyses that included Mn (used for calculating percent
pyroxenite in the melt) were 100 s for Si, Mg, @a &li, 60 s for Mn, and 30 s for Fe. A
more efficient routine without Mn and with shorter peak counting timesM®for Si,
Fe, Ni, Mg and Ca) was used for comm traverses. Backgrounds for all analyses were
measured on both sides of the peak for thefpeak counting times. Traverses in olivine
were made using a 2 e€m beam diameter and a
perpendicular to wellormed crystal faces away from corner locations to reduce
sectioning effects on zoning patterns (Pearce 1984 &hal. 2018).

Standards were San Carlos olivine (USNM 111312/444; Jarosewich et al. 1980)
for Si, Fe and Mg, a synthetic nickexide for Ni, Verma garnet for Mn and Kakanui
Augite (USNM 122142; Jarosewich et al. 1980) for Ca. Two sigma relative ipretis
analyses, based on repeated analysis of San Carlos olivine, are 0.68 wt%,for3&O
wt% for MgO, 0.15 wt% for FeO, 0.008 wt% for NiO, 0.004 wt% for MnO, and 0.006
wt% for CaO (for analyses that included Mn) and 0.78 wt% fop,3)@4 wt% for MO,
0.13 wt% for FeO, and 0.02 wt% for NiO and CaO (for analyses that did not include
Mn). X-ray intensities were converted to concentrations using standard ZAF corrections
(Armstrong 1988). Analyses with totals < 99.0 wt% or > 100.5 wt% were rejectdd. Eac
olivine data point represents an average (reported in PabsndAppendix Table A3
of two to three analyses at the center of the crystal determined by observation of
geometry and intensity of zoning in BSE images. Olivine datasets for shield stage
tholeiitic basalts from the literature (Garcia 2002; Sobolev et al. 2007) were filtered for

analysis quality (e.g. 99.0 wt% and <€.00.5 wt%).
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2.4.Results

Kol auea olivine cores have a -0d2dteoatrFesnge i n

Figure23and Table2p. Ol i vine from Pubéu 6&6Q sampl e:
groups: higher Ni for Ep.-12 and lower NiforEp. 48 8 ol i vi ne. EMbst Puao
12 olivine crystals haveore forsterite compositions that are too high to be in equilibrium

with their hostrock Mg-number (Mg# = [Mg/(Mg+F&) x 100]; Figure2.4). Some lavas

with an Mg# of 5960 have olivinecompositions that plot both above drelow the

= Pu‘u ‘O‘0 Ep. 1-12

® Pu‘u ‘O‘0 Ep. 48-58

[ @ Summit

® Upper East Rift Zone

0.40F

87 89

Forsterite (%)

Figure 2.3.Forsterite(Fo%)vs. NiO (wt%) for K § | aolivieescorecompositionsEpisode (Ep.)

1112 (n=8 samples) Pudu 6&6@ olivine cover a pe
58 (n=31) olivine are from lavas that lack obvious petrographic signs of mixind\@eadix A

for specific samples and episodes. Vectors denoteviblation of olivine compositions during

progressive crystallization and magma mixing (after Wang and Gaetani 2008). Upper ERZ
includes historical rift zone eruptions (n=4),
15001971 (n=6). Light blue seares are data from Sobolev et al. 2007.
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Table 2.2. Representativenicroprobeanalysedor olivine from historicalK ¢ | dawas.@xidesarein wt%. Full datasetanbefoundin AppendixA.2.

Sample Si0; FeO* NiO MnO MgO CaO Total Fo° Sample SiO; Fe®* NiO MnO MgO CaO Total Fo°

13Jun 40.05 13.55 0.32 - 45.65 0.20 99.8 85.7 180ct 39.47 16.25 0.21 0.228 43.76 0.22 100.1 82.8
1969 39.86 13.49 0.32 - 4556 0.20 994 85.8 1987 39.64 15.70 0.23 0.22 4435 0.22 1004 834
39.71 13.95 0.30 - 4528 0.21 994 853 39.42 17.10 0.20 0.24 43.14 0.23 100.3 81.8
39.80 13.70 0.32 - 4543 0.22 99.5 855 39.33 17.07 0.20 0.24 43.12 0.25 100.2 81.8
39.77 13.60 0.32 - 4556 0.22 995 857 39.28 17.22 0.20 0.24 43.12 0.25 100.3 81.7
39.80 13.61 0.32 - 4548 0.22 994 85.6 39.32 17.13 0.20 0.24 43.27 0.24 1004 81.8
Aug 40.44 11.70 0.38 - 47.67 0.19 1004 879 39.27 1753 0.19 0.25 4275 0.25 100.2 81.3
197¢ 40.40 10.93 0.41 - 48.54 0.18 100.5 88.1 39.31 17.14 0.19 0.24 4273 024 99.8 81.6
40.45 11.53 0.40 - 4797 0.18 1005 88.8 40.06 13.63 0.29 0.19 45.62 0.21 100.0 85.6
40.21 1295 0.34 - 46.57 0.19 100.2 86.5 20-Jul 39.27 17.09 0.21 0.24 43.02 0.23 100.1 81.8
40.29 11.96 0.40 - 46.57 0.19 100.2 86.5 1990 39.16 17.22 0.21 0.24 43.00 0.22 100.1 81.7
40.12 13.20 0.31 - 46.08 0.20 99.9 86.2 39.15 17.23 0.20 0.24 43.03 0.22 100.1 81.7
39.84 14.01 0.26 - 4544 0.21 99.8 853 39.01 17.10 0.21 0.24 4289 0.23 99.7 817
40.02 13.32 0.30 - 4594 0.21 99.8 86.0 39.08 17.15 0.20 0.24 4279 0.24 99.7 817
40.07 13.29 0.31 - 46.09 0.20 100.0 86.1 39.21 17.14 020 0.24 4270 031 998 816
40.01 13.66 0.30 - 4558 0.21 99.8 85.6 39.17 17.25 0.21 0.24 43.02 0.21 100.1 81.6
40.18 10.80 0.41 - 48.31 0.18 99.9 889 39.15 17.27 0.20 0.24 4279 0.24 999 815
40.22 10.79 0.41 - 48.43 0.19 100.0 88.9 4-Aug 39.14 17.17 0.19 0.23 43.33 0.23 100.3 81.8
7-Sep 39.42 13.69 033 0.19 4555 021 994 856 2000 39.32 17.23 0.18 0.23 4322 0.23 1004 81.7
1983 39.61 1443 0.29 0.19 4554 0.23 100.3 84.9 39.29 17.39 0.18 0.24 43.14 0.24 1005 81.6
39.20 1456 0.28 0.20 44.83 0.24 099.3 84.6 39.13 17.40 0.18 0.24 4287 0.23 100.1 815
39.45 1524 032 0.20 44.84 0.24 100.3 84.0 39.07 17.41 0.17 0.24 4275 024 999 814
39.41 1537 0.28 0.20 44.69 0.24 100.2 83.8 39.15 1755 0.17 0.24 4291 0.24 1003 81.3
39.31 1552 0.30 0.20 44.43 0.23 100.0 83.6 39.16 17.58 0.18 0.24 4289 0.24 1003 81.3
39.39 1572 0.29 0.21 44.44 0.24 100.3 83.5 39.23 17.68 0.17 0.24 4265 0.24 100.2 811
39.08 16.19 0.27 0.22 43.64 0.22 99.7 82.8 38.64 18.75 0.16 0.25 4187 0.26 99.9 79.9

38.97 16.53 0.28 0.22 43.36 0.23 99.6 824 6-Mar 3945 1794 0.19 0.23 4141 0.21 994 80.5
39.18 16.94 0.25 0.22 43.35 0.25 100.2 82.0 2010 39.74 1790 0.18 0.23 4144 0.25 99.7 80.5

39.09 17.27 0.26 0.22 43.25 0.24 100.3 81.7 39.68 18.04 0.17 0.23 4140 0.27 99.8 80.4
38.95 17.27 0.24 0.23 42.89 0.24 99.8 81.6 39.74 18.03 0.18 0.23 4159 0.25 100.0 80.4
39.19 17.34 0.25 0.22 43.19 0.23 1004 81.6 39.56 18.02 0.17 0.23 4134 025 996 804
38.89 17.33 0.24 0.23 42.68 0.22 99.6 815 39.71 18.14 0.18 0.23 4147 0.25 100.0 80.3
38.83 17.72 0.23 0.24 4235 0.21 996 81.0 39.72 1825 0.17 0.24 4126 026 999 801
38.93 17.94 0.25 0.23 4259 0.23 100.2 80.9 39.48 18.39 0.17 0.24 4111 0.26 99.7 80.0
38.81 17.93 0.23 0.24 4216 0.22 99.6 80.7 39.34 19.27 0.15 0.25 3997 030 993 787

Note(s):*FeO reported as total irotFo (forsterite) = [Mg/(Mg+Fe) x 100fMauna Ulu;°1971A-2 from Garcia et al. (2003)
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equilibrium field (e.g. Ep.12; Figure2.4). Thesdavas have bimodal olivinéo
populations with both normally and reversely zoned crystals, consigtarthe

inferred history of magma mixing for these episodes (e.g. Garcia et al. 1992). Olivine
crystalsfrom Ep. 4858, a period when the lavas have no obvious petrographic signs of
mixing (exceptEp. 54, not shown here; Garcia et al. 2000; Thornber et al. 2003) are
either in equilibrium withtheir wholerock Mg# or are more magnesian than their host
wholerock would suggest at equilibrium (dashed black likégtre2.4). These olivine
crystals are normally zoned and may reflect deldsaationation (Maalge et al988)

indicating a simpler magmatic history compared to Ep2 samples.
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Figure 2.4.Representativevhole-rock Mg-numberdMg/(Mg+Fe2+)x 100] plottedagainst

olivine coreforsteritecontentdor K ¢ | dawas.@he Mgt is calculated assuming 90% of the
total iron is Fé', based on iron titration
1965; Byers et al. 1985; Rhodes and Vollinger 2005). The dashed lines denote the shallow
pressure (1 atm) equilitum field for basaltic magmak( @ 'GM’grEeb' !'345KN0.018 at
al. 2011). Higher Mg# samples (e.g. 6825) that dominantly plot below the equilibrium field

measur ements

20 ;

have probably experienced olivine accumulation, whereas samples above the field represent non

equilibrium olivines from mixed magas or delayed fractionation. Stars indicate examples of
olivine with decoupled FdNIO zoning profiles, whereas squares with black outlined boxes
indicate core compositions of reversely zoned crystals. For each sartigleliBine crystals
were analyzed {silar Fo contents appear stacked; Appendix Afor analyses).
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Coreri m transects of K@glauea olivine crystal
patterns. Typically, olivine in equilibrium with their wheleck Mg# have simple normal

zoning profiles é.g. Pearce 1984), where Fo and NiGvaoy and have similar

concentration plateadso | | owed by simil ar decreases tow
Figure25). Some&K ol auea ol ivine crystals have dist.i
morphologieswith awider NiO plateauin hei r core compared to Fo
Figure2.5), similar to those observed by Nakam(ir@95). Decoupled crystals are found

t hroughout etuptienamwldays hda BoZompositions above the

equilibrium field withrespect to their wholeock Mg# (igure2.4), suggesting that

decoupling is a feature of olivine crystals that are from mixed magmas.
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Figure 2.5. Examplesof two Fo (%) andNiO (wt%) profilesfrom the samesample(28-Oct-89)
thataresimilarin sizeandcomposition Plateaus are regions where the composition (e.g. Fo or
NiO) does not vary outside the analytical error. The sample name corresponds to the date it was
collected during the PuobOu 6&00 eruptnebn. Spot

inclusions were removed and appear as gaps in otherwise regularly spaced analyses. Errors for all
analyses & smaller than the symbol size.
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2.5.Discussion

The origin of Ntrich olivine in Hawaiian lavas is controversial. An olivifree
pyroxeniteand/or eclogite source has been invoked to explain the high Ni contents (e.g.
Sobolev et al. 2007; Wang and Gaetani 2008). Previous studies focused primarily on
mantle processes for generatingtheeNn r i c he d, Makapuou (Kodol al
wt% NiO at >Fogg; Figure2.1). The goal here is to examine other potential causes for the
observed NiO differences in olivine between five Hawaiian volcanoes-{iatesno
variability) and at individual volcanoes (irtv@lcano variability) in order to evaluatiee
relative contributions of mantle and crustal processes. First\valegino variability is
explored through investigations of parental melt composibdh, "ahd the NiO

contents of primitive olivine. Intraolcano variations are examined uskrigh precision
analyses of olivine to assess the influence of crustal processes such as crystallization,
magma mixing, and diffusive +equilibration on interpretations of mantle source

lithology.

2.5.1.Inter-volcano Ni variability
The wide range dflawaiian olivine composition can be subdivided into two groups
based on the average NiO at a givenHguyre2.1, regression lines). Olivine in lavas
from Koodol au, Mauna Kea, and Maw«NOdieldioa f or
(upper insert; Fig 1) ith a 0.250.60 wt% range in Ni at ke (high-Ni group). Olivine
from Kol auea and L @80 tiends (lowevimserEigureXlywitid at t er
narrower range in NiO (0.20.43 wt% at Fes; low-Ni group).The division of the high
and lowNi volcano groups is likely unrelated to parental liquid Ni content, as there is no
systematic difference in wheleck Ni between lavas from different Hawaiian volcanoes
for a large range of MgQr(gure2.6a). Evolved lavas (%.0 wt% MgO) were not
consideredn this study to avoid the complicating effects of mpltiase fractionation
(e.g. Shorttle and Maclennan 2011). Lavas with MgO >10.5 wt% are likely affected by
olivine accumulation (e.g. Hart and Davis 1978; Garcia 1996; Rhodes et al. 2012),
although aresimilar to parental melt compositions (e.g. Putirka et al. 2011).
Koool au, Mauna Loa, an drockdithatbe oikKbotha | avas
sides of the Hart and Davis (1978) line and overlap considerably witarD2 £
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Figure 2.6.(a) Wholerock MgO vs. Ni for HawaiianvolcanoesAll samples were analyzed in

the same facility (University of Massachusetts) to avoid -laieoratory differencegb) P u 6 u
6260 samples are subdivided i n-80oShansmdrand mi x
Garcia 2007), and later unmixed samples (Ep5@1Iminus Ep. 54). Dashed line (H+D)
represents K@Qglauea trend from Hart and -Davi
30 Pubu 6&060 | a v a s-60flavas. iBynibastwedark eutlines indieate E p .
Kol auea samples used for olivine analyses i
1999, Marske et al. 2007, Garcia et al. 2003, Greene et al. 2013, Marske et al. unpublished, and
this study Appendix A Table Al f @uea, Rijptles 1995, Rhodes and Hart 1995 for Mauna
Loa, Rhodes et al. 2012 for Mauna Kea, and Frey et al. 1994, Jackson et al. 1999, and Haskins
and Garcia 2004 for Kod6ol au.
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century Ko lFaywe28a). siavever| obvine flom these volcanoes digpla
significant differences in maximum NiO contents (e.g. up to 0.22 wt%)sa{Fgure

2.1). This issue was highlighted by Rhodes et al. (2012), who showed that there is no
relationship between the olivine NiO contents and the &@tents of lavas frorilauna
Loa and Mauna Kea (even for lavas with 30 wt% MgO), contrary to what would be
expected if the source for tiparental melts were an olivifieee pyroxenite hybrid.
Furthermore, there is considerable Ni variation at a given MgO content for peridotites
(e.g. 12063200 ppm Ni at 40% MgO; Rhodes et al. 2012), and when coupled with
current uncertainties in estimating the partitioning of Ni between olivine and melt,
melting of peridotite could account for Ni and S¥ariability observed in Hawaiian
basalts (Putirka et al. 2011; Rhodes et al. 2012).

2.5.1.1.Influence of parental melt composition oBY; ' "Eavas from the lowNi group
volcanoes (Kol aumew¥% lawerdSiQlthdnitioseifrgm the digNe 1
group at the same MgO contents (Kodbol au, M
1989; Rhodes et al. 1989; Frey et al. 1994). Variations iaiSiBawaiian basalts have
been explained by variable degrees of melting of eclogite and/or per{@ogte

Takahashi and Nakajima 2002; Putirka et al. 2011; Rhodes et al. 2012). Experimental
studies have also shown that Ni partitioning increases significantly with increasing melt
polymerization (higher Sig), yielding high NiO olivine in more siliceous te(e.g.

Hart and Davis 1978; Wang and Gaetani 2008). The incre&d in§itH increasing

SiOz is hyperbolic (Wang and Gaetani 2008). Thus, the small observed differences in
parental melt Sig(1-5 wt%) may potentially affedd?! ' "Significanty. The magnitude

of this effect is evaluated below.

Parental melt compositions (Tal#e) for each volcano were calculated by
incremental addition of olivine in equilibrium with the melt until added olivine reached
Fog1 (themaximum Fo measured in Hawam lavas; Garcia et al. 1995), an approach that
was used byPutirka et al. (2011) to estimate Hawaiian parental magma compositions.
Parental melt NiGvalues of 0.09 wt% and 0.11 wt% NiO (i.e. 7834 ppm Ni,
expressed as elementaincentration) were used, similar to the parental Ni contents
suggested by Sobolev et al. (2005) and Putirka et al. (2011). A pressure of 1 GPa and a
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starting temperature of 1450 °C were determined with MELTS (Ghiorso and Sack 1995;
Asimow and Ghiorso 199&nd used in the model runs. The ratio of-badging

oxygen to tetrahedrallgoordinated cations (NBO/T; Mysen et al. 1985) was calculated

to approximate the degree of polymerization for each parental melt composition along its
fractional crystallizatia trend. These ratios wensed to calculate the Ni partition
coefficientof Wang and Gaetani (2008), which is sensitive to variations ip, @i@ajor

component of NBO/T.

Table 2.3. Parentamelt compositionscalculatedo bein equilibriumwith Foe; olivine, usedin fractional
crystallizationmodels NBO/T andD! ' "frefeportedfor Foo; olivine compositions.

gy LBOT b Kueg Maunakes MawaKed o Mawa -y, 6 g
SiO, 46.62 47.54 46.42 48.68 48.3 50.18
TiO, 1.88 1.64 1.88 1.84 1.55 1.59
Al,O3 9.96 9.24 9.96 10.15 9.91 9.98
Cr03 0.20 0.20 0.20 0.20 0.20 0.05
FeO 11.50 11.43 11.50 10.50 10.92 10.87
MnO 0.16 0.16 0.16 0.16 0.17 0.13
MgO 19.21 19.73 19.14 17.25 18.01 17.60
CaO 8.66 7.64 8.16 8.52 7.47 6.23
NaO 1.69 1.57 1.71 1.67 1.55 1.97
K20 0.34 0.30 0.27 0.29 0.25 0.43
P.Os 0.14 0.16 0.15 0.15 0.16 0.20
NiOf 0.110r0.09 0.110r0.09 0.110r0.09 0.110r0.09 0.110r0.09 0.11 or 0.09
% ol. add. 9.7 - 5.6 4.0 1.9 6.7
NBO/T 1.66 1.61 1.61 1.45 1.45 1.36
D‘;‘: [tme | 4.3 4.25 4.25 4.0 4.0 3.8

Note(s):*Garcia et al. 199FMatzen et al. 2011, no olivine addition because parental composition as
already in equilibrium with Fg; °Stolper et al. 2004Rhodes 2015Norman and Garcia 1999mposed
NiO concentration for all parental compositions (similar to Sobolev et al. 2005, Putirka et al. 2011).

The Kodéol au parental magma hadlvitehe | owe
(1.36), the Mauna Loa and hi$iO, Mauna Kea parental magmas are intermediat
(1.45), and-SikpMawrea Keaa (I 1o.w6 1Pigure2tva) aré 36 i h i (
the highest. These NBO/T values equatBo’ Vdlles (using the equation of Wang and
Gaetani 2008) of 4.3 ( Ko-8ic:MaungKea),40®E% ( Maun
Si:Mauna Kea, Ko | a urewe2.7bd fordhe @ystallizatidn @6 i h i ;

primitive olivine (e.g. Fep). Olivine compositions werealculated along a liquid line of
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Figure 2.7.(a) NBO/T in standardractionalcrystallizaton modelsof parentaimelt compositions
for K 0 6 o Maainal,oa, MaunaKea (high- andlow- SiO2),K § | aamdi &,6 staktingat
1450°C until ~35vol.% olivine is crystallized(producingvariablefinal % forsteritedueto small
variationsin parentakconpositionandDy,;, ' Y1{b) The changingy| ' "tfdrh Wang and Gaetani
(2008, which is sensitive to variations in NBO/T, along fractional crystallization trends for
primitive olivine at each volcano.
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descent from each vol can ®p s Hdkag, W Wang magma
and Gaetani (200&igure2.8a). The resulting olivine crystallization paths were also

compared to crystallization models that useddfig’ "tfdrh Matzen eal. (2013) with

Dy, taldulated from Putirka (2008) and a constardt ., 0f'0.32 Figure2.8b).

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

et al. 1991; Toplis 2005; Li and Ripley 2010; Putigtal. 2011) have been thoroughly

compared and discussed in both Wang and Gaetani (2008) and Matzen et al. (2013).
Incorporation of the melt compositialependenk @ 4,,¥Xpression of Toplis (2005)

showed no difference in olivine compositions »dgeeAppendix A).

Both models reproduce the relative NiO enrichment of primitive olivine
compositions between volcanoes, with Kodol
olivine the lowest. The Wang and Gaetani (2008) model reproduces the stsép Fo
trends for >Fogg olivine compositions better than Matzen et al. (2013), although the NiO
contents of Fe olivine arebetter matched by the Matzen et al. (2013) approach.
Regardless of the partitioning models used, the relativevoteanodifferences are
reproduced independent of variations in parental melt Ni corffenire2.8). This is
consistent with the interpretationfRhodes et al. (2012) who alsompared the
partitioning models of Beattie et al. (1991) and Putirka et al. (20ddels from
parental magmas with 0.11 wt% NiO provide a good match the highest compositions
observed for each volcano, whereas parental magmas with 0.09 wt% NiO reproduce the
lower Ni trends [Figure2.8). Thus, minor variations in parental melt Ni consestcount
for the range ofgolNineO contents for O Fo

2.5.2. Intravolcano Ni variability

Variations in olivine composition withn K Q| auea v olivedd3year)and it s
Pubu 6&60Q eruption provide additional insi
control Ni concentrations in Hawaiian basalts. There is substantial variation in-whole

rock Ni among weakl y olagiwvanMgO cpnodyation (¢.g. Ko | aue
75 ppm variability at 9.5 wt% MgFigure2.6b). A wide range is also observed for

|l avas from a single eruption (e.g. Pudu o0e&

wt% MgO; Figure2.6b). Lavas erupted at tlsemmit and east rift zor(@cluding Ep. 1
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30 of the Puodbu 6&6Q0 eruption) almost al way
with higher wholerock Ni compared to lavas erupted from 1988 10 ( Pudu 06 &6 @
31-60; Figure2.6b). Despite the differences in whaleck Ni, olivinefrom Ep. 4858

lavas overlap with summit and east rift zone compositibiggife2.3). Olivine

compositions from Ep.-12 are somewhat elevated in Ni at sfaut also overlap with

summit and east rift zone analységy(re2.3). These observations showat melt Ni

contents do not correlate with olivine compositions, suggesting that other processes are
affecting the NiO contentof<kpo | i vi ne i n K@l auea magmas. B
fractional crystallization, magma mixing, and diffusiveaigilibration on olivine Ni

contents in KJglauea | avas are examined.

2.5.2.1. CrystallizationThe olivine FeNi O t r ends f &igureK3) taaheea | av
partly explained by fractional crystallization (Hart and Davis 1978; Wang and Gaetani
2008), which rapidly dpletes Ni from the melt and produces steep, positiviiEo
trends for early crystallizing olivine fro
olivine; Figure2.3). These observations are consistent with many studies that have
identified olivinefact i onati on as a dominant <crust al [
Hawaiian volcanoes (e.g. Powers 1955; Wright 1971; Garcia 2002). Delayed
fractionation, where magmas undergo extensive cooling and crystallization before
fractionation takes place (Maalge etE88), may account for the range of Fo contents
exhibited by many Kol auea | avas and the pr
compositions than predicteBigure2.4).

The high and lowNi volcano groups can also be reproduced via fractional
crystallzation models from parental magmas with the same NiO contagte€2.8).
The changind?| ' turing fractional crystallization (as a function of changing melt
composition) creates AdIO trends that are shallower than those observed fogs Fo
olivine at all volcanoes, suggesting that other processes control the compositions of these
more evolved olivine. Mauna Kea compositions span the two Ni groups with th&ihigh
parental melt producing olivine similar to the highest NiO observed, andwhsil
parental melt forming lower NiO olivind-{gure2.8). This accounts for some of the wide

range of olivine NiO contents observed for Mauna Kea & Bs discussed above,
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Figure 2.8.0livine forsterite(%) vs. NiO (wt%) for fractionalcrystallizationmodelsat 1 GPa
using(a) WangandGaetani2008)and(b) Matzenetal. (2013)usingparentaimelt compositions
from Table2.3.High- (grey) and lowNi (black) volcano groups as Figure2.1. Solid lines
represent models run for parental melts Withl wt% NiO; dashed lines for parental melts with
0.09 wt% NiO.
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slight variations in the parental melt Ni contents (e.g.-0.09 wt% NiO) can
additionally explain the obsesggforeach range of

volcano Figure2.8).

2.5.2.2. Magma mixingThe highNiO olivine from the mixedEp-1 2 of t he Puodu
eruption define a somewhat shallowerW® trend compared to Ep. 4B (Figure2.3).
If the compositions of these olivine were controlled by the higher wioale Ni of their
host lavas and subsequent fractional crystallization, the trend should be parallel to and
elevated above the later Ep.-88 olivine. This divergence in observed-R trends
requires that some other process is involved. Many of the-Ep.alivine ae out of
equilibrium with their wholerock Mg#, have decoupled F¢iO profiles, and are from
lavas that contain both normally and reversely zoned olivine cry5igisré2.4 and2.5).
These features are indicative of magma mixing, which agrees witlopsevi
interpretations based on whaleck geochemistry (e.g. Garcia et al. 1989, 1992). The Ep.
1-12 mixing trend is generated as olivine crystallizes from and diffusivedgudibrates
with the mixed magmas (Wang and Gaetani 2008). Olivine crystalsahatimdergone
protracted diffusive requilibration have higher Ni at a given Fo compared to olivine
compositions produced by fractional crystallization (e.g. Ef2 ¥s.485 8 of Pudu 0 &
Figure2.3). The effect of this relative Ni enrichment is morerpunced for evolved
compositions (e.g. kess, Figure2.3).
The fractional crystallization modelBi§ure2.8) generated €ass olivine with
lower Ni than is observed in the natural dataset. The natural olivine compositions are
probably affected by magamixing Figure2.3) and/or other processes, which causes
the FGNIO trend to become shallower than the fractional crystallization only trends
produced by the model&igure2.8). Mixing of relatively more primitive and more
evolved melts produced by ftamnal crystallization with variabl®y,; ' ontributes to a
broad crescerdhaped FlNi O f i el d for Kodol au, Mauna Loa
insert;Figure2.1) due to the relatively high NiO in primitive olivine equilibrating with
moreevolved omposi ti ons. A | ogaelri Wii rOe caotnt kqlta U ea
leads to a narrower range of compositions that mix and produce the more limited Ni array

(lower insertFigure2.1).
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2.5.2.3 Diffusive re-equilibration. The extent of diffusive requilibration of individual
chemical species is largely dependent on (1) the relative diffusivities of the cations (e.g.
Dremg & Dun > Dni > Dcgy Chakraborty 2010 and references therein) and (2) the contrast
in element concentration between the olivind #re surrounding melt. To quantify the
development of elemental decoupling by diffusion, numerical models were used to
simulate diffusive reequilibration of Fo and Ni in olivine. A concentration dependent,

3D diffusion equation (three spatial dimensiang, andzin addition to time) was
implemented following the methods described in Shea et al. §2€1&llow FeMg and

Ni to diffuse simultaneously. The olivine+melt model had dimensions of 221 x 221 x 221
voxels with each voxel being 4 x 4 x 4 um. The olivine has a dimension of 201 voxels
along thec-axis, 123 voxels along theaxis, and 94 voxels ahg thea-axis Figure2.9).

The resulting olivine is ~800 x 500 x 375 um, comparabléne size of larger olivine in

Kol auea | avas (e.g. Vinet and Higgins 2011

(a)

(001)

elt=0.35

Figure 2.9.(a) 3D numericalolivine modelshowing2D section(dashedvhite line) taken
perpendiculato the c-axis[001]. (b and c) Initial crystal(blacktext) andmelt (white text)
compositiongisedin models Melt forsterite is equivalent to a melt Mg# in equilibriwith Foss
olivine. Melt and olivine NiO concentrations reported as wt%.-Rimm concentration profile
(bottom red lines) indicates sharp boundary between crystal and melt before diffusion has
occurred. Black dashed line marks location of profile sele@long [010] b-axis) after diffusive
re-equilibration with the surrounding melt.
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although limited in the model, was an infinite reservoir for diffusipgcies and as such
an infinite boundary conditioMagmaticconditionsa p pr opr i at e udsedf Kol au
including a pressure of 85 MRaithint he dept h range for Kol aue.
5 km; Cervelli and Miklius 2003; Poland et al. 2014) assuming a crustal density of 2.9
kg/kkm . The oxygen f ug alqRhodesanddvsllingee2005)aand & QF M
temperature was held constant at 1200 AC,
with 9.25 wt% MgO based on the experimental work of Helz and Thornber (1987).
Model runs simulatediffusive re-equilibration for 1 and 2 years, which are within the
058 years magma residence time estimate for
2015). Diffusivities for FeMg and Ni were taken from Dohmen and Chakraborty (2007)
and Chakraborty2010) respectively. Olivine models were sectioned perpendicular to the
c-axis through the core of the crystal, and eane profiles were sampled along the
axis (Figure2.9).

Variations in the extent of diffusion between chemical species are dedayiBéd
re-equilibration (req), which is used to normalize the absolute concentration change of
each element andla their direct comparison (Equati@nl),

%or Q(gr:ﬁl n“i'_ém;dislh)&:rf(ijem (1)
whereCinitial IS the composition of olivine inherited from crystal growth before the onset
of diffusion, CmeasuredS the measured composition of the olivine after diffusion, and
Cequilibrium IS the composition of the surrounding melt (expressed as the Fo content of an
olivine in FeMg equilibrium with the meltFigure2.10a). NiO and Fo contents were
chosen based on natural compositions from the-Raggend of the Hawaiian olivine
datasetfigure2.1). The numerical olivine hadifga of Fao and 0.60 wt% NiO and
Cequilibrium Of Fags and 0.35 wit% NiO (Figurg.9).

The model results show that the decoupled\NiFD profiles associated with
magma mi xing at K@l aueFgure2d(a). The decbupkngid by di
caused by the slower diffusion of Ni compared teM@ as shown by Dohmen and
Chakraborty (2007) and Petry et al. (2004). The faster diffusion-Md-m olivine
produces shorter core plateau lengths for Fo than NiO in the sgsta ¢e.gFigure2.5
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and2.10a). Although Ni diffusivity can vary with melt SiQZhukova et al. 2013}, this
effect is negligible for Hawaiian lavas given their small observed ranges in mellSiO
5 wt%; seéAppendix A). High-Fo olivinemixed with fractionated basaltic melt produces
olivine with normal zoning, in which olivine crystalsequilibrate to more Fe rich, Mg
poor (e.g. lower Fo) and Ni poor compositiorgg(re2.5 and2.10a). With time, olivine
crystals develop lower Fo at a faster rasntthe decrease of Ni, resulting in
compositions that would not be expected from fractional crystallization alone (e.g.
Nakamura 1995). The penetration distance and degree of diffusagilédration in the
olivine increases with timd={gure2.10b). Thus, olivine compositions that have been
affected by diffusive requilibration probably do not preserve chemical relationships

inherited from crystal growth.

2.5.3. Characterizing source lithology using olivine composition
Olivine major and minor elementsve been used to calculate the weight fraction of
pyroxenite derived melt in the source (Xpx; Sobolev et al. 2005, 2007; Gurenko et al.
2010). A potential flaw in this method is the use of element ratios (e.g. Li and Ripley
2010) which can be affectdxy crustal processes. To more fully characterize the extent to
which crustal processes affect estimates of source lithology, we examined the influence
of diffusive reequilibration on the calculated pyroxenite content in both natural olivine
and numericamodel olivine crystals.

Decoupling of Fo and NiO in olivind-{gure2.10b) may modify the recorded
fraction of pyroxenite derived melt (Xpx) because concentratbii, Mn, FeO, and
MgO are used to make these calculations (e.g. Sobolev et al. 200%hiasskample
(Gurenko et al. 2010; Equati@®):

_ % 5 FeO 3 n
Xp =6 . TOENT 251 39AE-+1. 524 (2.2)
As a highFo olivine becomes normally zoned, FeO increases as MgO decreases,
resulting in an iarease in the FeO/MgO ratio (Equat®@8). This increase has a larger

impact on calculated pyroxenite than the decrease of Ni during diffusion due to (1) the

38



©
o

-—0.60

0]
[¢]

(00]
o

oW

(00}
~

Forsterite (%)

oo
(92}

measured

initial

1200 °C e}

] =z

— 1 year
==+ 2 years

0o
1

yaw

A3V
w Fo=28%

% re-equilibration
()]
o

oof¢ """~~~ N

— Forsterite
— NiO

2 years
" Ni0=23% 12y
('

Fo=16%
*Y. NiO=11%

0 50

11 year
_> 4
Core

100
Distance (um)

Figure 2.10. Resultsfrom numericalolivine diffusion models.(a) Forsterite(blue)andNiO (red)
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ideal section through

t hifa after diffgsiormhasboscureed nt er |,

slower diffusivity of Ni and (2) the amplifying effeof increasing FeO while

simultaneouslgl e cr easi ng

Mg O. Ol i vi

ne

78-86.5%;Figure2.11a) with complex growth and diffusion histories. From the core of

the exampl®livine to its rim, diffusive reequilibration & Fe-Mg, Ni, and Mn increased
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slopefor Fo; seeAppendixA for analysespand(b) calculatedpyroxenite(Gurenkoet al. 2010) of
theprofile from the coreplateauto therim. Scatter in the % Xpx calculated for the core region is
due to analytical variability in minor elements (panel a).

the calculated pyroxenite fraction from ~50% to 106%re2.11b) and then decreased
again to ~67%. This natural example suggests that diffusigguiiibration can
significantly raise and/or lower the measured pyroxenite component (by at least 50%),
creating significant spread in the inferred lithology of the mantle source region.

To deermine whether diffusive requilibration strongly affects olivine core

compositions, we compared numerical olivine models of different sizes (along-their

axis): 800 em (dAal argeo, consistent with
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Higgens®11) and 400 em (Asmall o, a size that
especially t hos e?2l). Modals simulated twh geargaf difflisiob at e

1200 °C for FeMg (Fo), NiO, and MnO. Crystal (&ia) and melt (Gquiibrium)

compositions oFGnitial = 90, NiQnitias = 0.60 Wt%, MnGhitia = 0.13 wt% , Fequilibrium= 82,

NiOequilibrium= 0.25 Wt%, and MnQyuiibrium= 0.23 wt% were usedNumerical olivine

crystals from both models were randorsliged 250 times, the Ni and Mppm) and

FeEOamd MgO (wt %) core compositions in each ¢
Appendix A), and the results were used to calculate the weight fraction of pyroxenite
derivedmelt using Equatio.2 (Gurekno et al. 2010).

The model sections of the large olivinad an average composition ofske
compared to the original k® About 60% of the sections returned original Xpx within
+1% of the original value (e.g. 788% XpXx). The section types most likely to retain
original compositions were oriented parallebabparallel to thec-axis and/or near to
the core of the crystaF{gure2.12). In contrast, the small model thin section had an
average of Fg and only 6% recovered the original Xpx within £1%. The small olivine
had sections with core compositions that were on average mecqgilidrated (e.g. 50%
re-equilibration) compared the large crystal (13%qgilibration). In both models, the
calculatel Xpx ranged up to 889%, more than 10% higher than the 77% Xpx from the
original composition. The smattystal also had a considerable range of Xpx below the
original value (minimum was 67%), indicating that these highigaeilibrated sections
reflectthe Xpx of the more evolveslrrounding melt, not the initial crystal composition.
Strikingly, sections from the smallystal taken near to the core and parallel or sub
parallel to thec-axis rarely recovered initial Xp{hese example models indicatattlat
least a 20% range in Xpx is recoverable if the olivine have been affected by diffusive re
equilibration, and the natural exampkagure2.11b) suggests even greater variability is
possible if thecompositional difference between the phenocryst andand melt is
more significant.

Regardless of crystal size, sectioning a natural olivine phenocryst parallet or sub
parallel to thec-axis is statistically rare due to its relatively elongate geomEtgyue
2.9). Crystals are more likely to be sectioned in some manngrespiendicular to the-

axis(Figure2.12, see alséppendixFigureA2.2). Larger crystals should generally be
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Forsterite (%): 82 [JF=—] 90

Small

Large

Figure 2.12.Examplesof numericalii t s ie rc t fordange(800¢ mleft) andsmall (400 m;

right) olivine diffusion models(full datasetanbefoundin AppendixA). The small model was

scaled up 2x to provide direct comparison with the large model. Thin white line marks the crystal
margins within the melt (blue background). Y&l stars next to sections from the large model

indicate preservation of initial compositions and recovery of original % Xpx values. Each section

is either (1) near the cryst pdraieftothepaxie. and/ or (

morereliable for using olivine compositions to infer characteristics about source
componentry. Theore compositions of these larger crystals are, however, decoupled and
compromisedfter ~6 years of diffusive requilibration based on model conditions
described abové&.hese storage timescales are not unreasonable, considering recent
estimates of magnmstorage within Kjauea range from 0-8 years (Pietruszka et al.

2015). Thus, some knowledge of the storage histories of olivine cargo is requisewif

their compositions to investigate mantle processes.

2.6.Implications

This study highlights the complexities associated with the modifying effects of crustal
processes and inferring characteristics about mantle source lithologies. In light of the
numerous hypotheses regarding the origin of Hawaiian basalts, our study clearly

illustrates that crustal processes are a significant factor in contributing to these diverse
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interpretations. Even parental melt characteristics (e.@) SMdich are inheriteduring

melt generation, can strongly contif}; ' "sild the compositions of primitive olivine.

New modeling investigations presented here provide evidence that subsequent diffusive
re-equilibration of FeMg, Mn, and Ni in olivine can rapidly overpritite chemical
relationships inherited during growth, thereby strongly affecting the calculated pyroxenite
component and inducing Z0% (or more) variability. The numerical olivine may

provide minimum constraints, as the mixing end member compositions\ayld
substantially and greater differences in melt Mg# would induce greater extents of
diffusive reequilibration and elemental decoupling.

The effects of diffusion on olivine composition are further complicated by
random sectioning of crystals. In nalusamples, ideal sections are rare (e.g. Pearce
1984;Figure2.12). The vast majority of olivine in a typical thin section are cut off center
and oblique to principle axes (Shea et al. 2D1Biffusive reequilibration will
substantially modify the FeO/§D, Ni, and Mn/FeO in these sections due to the different
diffusivities of these elements. Thus, olivine crystals of moderate size that grow and are
stored in the crust for a few years are unlikely to preserve their original crystallization
history. Theseffects are significant for smaller crystals (e.g. < 0.5 mm atesngs),
which should be avoided in estimating the composition of the source components. Large,
high Fo (O 88) olivine crystals are |ikely
equilibration if sectioned near or through the crystal core and are more appropriate for
analyses that will be used to characterize mantle processes if there are good constraints
on magma storage and transport histories. Furthermore, large crystals like timasm fo
picrites are more likely to retain growth compositions after a few years of diffusive re
equilibration and are potentially more reliable indicators of source lithology in Hawaiian
lavas (although some sense of their storage histories are required).

Our results raise concerns regarding the use of olivine major and minor elements
to characterize source lithologies for Hawaiian volcanoes and suggest that their olivine
compositions can be unreliable records of mantle source. This work emphasizes how
rapdly olivine compositions are compromised in relatively high temperature basaltic
systems, particularly when the inherent complexities of natural samples are considered.

Due to numerous variables (e.g. diffusion duration, crystal size, heterogeneous vs.
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homogeneous populations) these numerical examples represent a simple case scenario,
and suggest that diffusion could have a significant influence on interpretations drawn

from olivine major and minor element compositions.
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CHAPTER 3

TI MESCALES OF MI XI NG AND STORAGE FOR KEAN/
MAGMAS (15001823 C. E. ) , KQLAUEA VOLCANDO, H.

Submitted for review as:
Lynn, K.J., Garcia, M.O., Shea, T., Costa, F., and Swanson, iD.Aeview)
Ti mescal es of mixing andmagnas@@ye3 f or Ke
C. E.), Ko | a u e aSubmitedac@antoibutions aovivianerajogy. and
Petrology

3.1. Abstract

The | ast 2,500 years of activity at KoJgl aue
centuriedong periods dominated by either effusive or explosive eruptions. The most
recent period of expl oshra kd,; 18001823 CIE) y, t he K
occurred after the collapse of the summit caldera (1164® C.E.). Previous studies

suggest that KT magmas may have ascended rapidly to the surface, bypassing storage in
crustal reservoirs. The rapid ascent hypothesis is testedibieg chemical zoning in

olivine crystals to determine the timescales of magmatic processes and storage in the KT
period. Olivine forsterite (Fo; [Mg/(Mg+Fe) x 100]) core and rim populations are used to
identify melt components in the reservoir systém. i mi t iggvceresdour F o

throughout the KT; they originated from manderived mafic recharge magmas that

were first mixed and stored in a deep crus
Foss and F@zss) record repeated mixing of these regeamagmas and more

differentiated reservoir components shallower in the system. MELTS models show that
liquidus olivine is unstable at depths below the crust. Thus, calculated timescales likely

record mixing and storage within the crust and do not rediegper processes occurring

in the mantle, as was previously suggested

Mg and Ni zoning patterns (normal, reverse, complex) reveal that KT magmas were
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mixed and stored for many weeks to several years beforg@arupontrary to previous
interpretations of rapid ascent and no storage. Compimaxigd crystals also have thin
rims (520 pm) that are out of Relg equilibrium with surrounding melt. Numerical
diffusion models suggest that these reversal rims form#éudnva few hours to a few
days, indicating that an additional, lstiage mixing event may have occurred shortly

prior to eruption.

Keywords:Hawai 0i , Kol auea, magma storage,

3.2.Introduction
Kol auea ( Hawai 6éstulled vokanaes ie theowrld {THlieg abdeDgotak
1993; Garcia 2015), yet it has centusiesg periods of poorly understood explosive
eruptions that may date back to ~70 ka (Easton and Garcia 1980; Easton 1987). The last
2,500 years have included five majaripds characterized by either dominantly effusive
or explosive eruptions (Swanson et al. 2014). The most recent transition from an effusive
to an explosive period was marked by caldera collapse, an event that can have significant
impacts on the structurd the shallow magmatic reservoir system (Corbi et al. 2015),
magmatic processes (e.g. fractional crystallization vs. magma mixing), and the
geochemistry of erupted materi al (Gavril en
ended shortly before westemissionaries first visited in 1823 (Ellis 1827), and the only
historical records of these eruptions are translations of Hawaiian oral tradition (Swanson
2008). Thus, little is known about the magmatic processes operating in the crustal
reservoir systerduring prehistoric (i.e. prel823) explosive periods.

The KeanakUkooéi-1TF2ph€CaE.(KTi;s 16®l0aueads
explosive period. It began during or just after the formation of the modern summit
caldera (1474510 C.E.; Swanson et al. 2012ajlani s KOQol aueabs best ex
thoroughly studied tephra sequence (McPhie et al. 1990; Mastin 1997; Mastin et al. 2004;
Swanson et al. 2012a, 2012b, 2014, 2015; Helz et al. 2015). Vent locations for KT
eruptions were probably geographically widesgreaa cr oss K@l aueads sum
(Swanson et al. 2006; Swanson et al. 2012b; May et al. 2015). The explosive nature of

KT eruptions is thought to result from rapid injection of magma into a deep crater wet
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with ground or surface water, causing extensivgmeawater interactions (e.g. McPhie
et al. 1990; Mastin 1997; Mastin et al. 2004). Olivirested melt inclusions with
inferred high volatile contents have led to the interpretation that KT magmas ascended
rapidly from depth, bypassing crustal reservarrsiupt explosively at the surface (Sides
et al. 2014). Heterogeneous, higlyO glasses (e.g. 6B51.0 wt%; Helz et al. 2015) in
several KT units were also interpreted to reflect inefficient mixing and little or no storage
in the shallow reservoir systeri€lz et al. 2014, 2015). To date, the mixing histories and
the duration of crustal residence for KT magmas remain poorly known.

The rapid ascent hypothesis is tested here by determining the mixing histories and
guantifying the durations from storage tomran for KT magmas. Chemical zoning in
olivine phenocrysts provides a means to investigate the timing and duration of magma
storage at shallow levels in volcanic systems (e.g. Costa and Dungan 2005). Diffusive re
homogenization of compositional differeisaa olivine can be modeled to extract
timescales that record the interval between magma mixing events and eruption (e.g. Costa
et al. 2008 and references therein). The KT sequence is ideal for investigations of
Kol aueads pr ehi st enbecuse fl)uhe tephtas have glasses withr sy
heterogeneous MgO contents, indicating inefficient mixing of magmas (Swanson et al.
2014; Helz et al. 2015) and (2) olivine with adhering glass is present in almost all
eruption deposits containing juvenile riaal.

The magmatic histories of eight KT units are investigated here utilizing; (1)
olivine core compositions, (2) modeling of diffusiveeguilibration of FeMg and Ni in
chemicallyzoned olivine, and (3) Filg disequilibrium between olivine rims and
adhering glass. The melt components in which olivine phenocrysts grew (e.g. within
mafic recharge magmas or relatively evolved stored magmas) are determined from core
composition populations. Distributions of olivine rim compositions are used to infer the
magma composition in which crystals were stored prior to eruption. ZoningMbFend
Ni in these crystals provide timescales associated with mixing before eruption. Together,
these characteristics are used to revise the current understanding of s&icages ior
KT magmas and characterize KQlaueabds prehi
collapse of the summit caldera.
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3.3.Sample description and preparation

The KeanakUkodéi Tephra includes deposi:t
phreatic eruptions, high lava fountains, and one effusive lava flow (McPhie et al. 1990;
Swanson et al. 2012a). Eight units with juvenile material spanning the entire KT period
(1500-1823 C.E.) were included in this study (cf. TaBle for brief unit descriptions).
Six sites around KQ§laueabds summit cal der a
no single locality exposes a complete sectiigure3.1a,3.1b). Marker units (&* dates
from Swanson et al. 2012a) include the Basal Reticulite (~1500 C.E.), the Layer 6 Scoria
(~1650 C.E.), the Circumferential Lava Flow (16100 C.E.), and the Golden and
Easten Pumices (1790823 C.E.; Figur&.1c). The Circumferential Lava Flois
unusual becauwsit erupted from a caldera balary fault at least 2.5 km south of the
vents for the explosive eruptions within thedera (Figure.1). Two pumicerich layers
found between the Basal Reticulite and the Layer 6 Scoria are frorAl850C.E. (here
called units 7 and 11), and one puriid layer between the Layer 6 Scoria and the
Circumferential Lava Flow is from 1650670C.E (unit 20; Figuré.1c).

Tephra samples were cleaned, gently crushed, and sieved wit® Grbn and
1.0-1.65 mmsize fractions. Olivine is almost always the only phenocrystic phase in these
samples, and contains equant spinel inclusions (< 0.1 mm). Olivine phenegtiysts
obvious crystal faces (FiguBe2) and adhering glass were handpicked from both size
fractionsusing a binocular microscope so that both crystal rim and glass compositions
could be measured. | ndi vidual <crystals wer
plug to ensure that they were ground and polished perpendicular to a principle

crystallograpit axis down to the crystal core. This method minimizeetcefiter and

Table 3.1.K e a n a KTEpkraséniplesexaminedn this study.

SampleName Age' (C.E) DepositType® 2
Eastern Pumice 17901823 Pumice fall deposit
Golden Pumice 17901823 Pumice fall deposit
Circumferential Flow (CLF) 16701700 Lava flow, erupted SW of summit calder
Unit 20 16501670 Lithic-bearing vitric ash, thinly bedded
Layer 6 ~1650 Scoria fall
Un@t 11 15001650 Lithic—bea_ring vitric ash, thinlypedded,
Unit 7 falls and fine surges
Basal Reticulite ~1500 Reticulite fall deposit

ISwanson et al. (2012&8harp et al. (1987§Since the publication of Swanson et al. (2012a), the Eastern
Pumice has been identified and it overlies the Golden Pumice.
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Figure 3.1.(a) Thelslandof H a w awitld blacktriangleidentifyingK ¢ | a suenmit(ls)

Simplified summitmapof K ¢ | aCal@esawith majorfaultsandstructuralboundariegmodified
afterNealandLockwood2003).Redstarsindicatelocationsfor the KT samplesusedin this
study.BasalReticulite(BR), units 7, 11,and20 (SO%39), Layer6 (SO116), Circumferential
LavaFlow (CLF; filled in grey), EasterrPumice(EP; S11219),andGoldenPumice(GP).(c)

Simplified stratigraphiccolumnfor theK e a nkaokbephra(modified after Swanson et al. 2012;
note: since that paper was published, Eastern Pumice has been found to overlie Golden Pumice).
White units are phreatomagmatic eruptions with dominantly lithic material whereas grey denotes
deposits of primdly juvenile material. Dashed lines show juveriileh phreatomagmatic units
selected for this study. (For all references to color in figure captions, the reader is referred to the
web version of this article).

highly oblique sections, which camtroduce significant error in diffusion timescale
estimates (Shea et al. 2015a). Glassy samples from the Circumferential Lava Flow were

made into standard polished thin sections.

3.4.Methods

3.4.1. Electron Probe MicréAnalysis (EPMA)
Major and minored me n t
(UH) and Nanyang Technological University (NTU) using 38300F and JXA8530F

JEOL Hyperprobes, respectivelyrystals were catalogued by zoning type (e.g. normal,

analyses of olivine were mad:ée

reverse, complex) usifgackscatter electron (BSE) images to define populations within

each eruption. Cores (i.e. at the geometric center of the 2D olivine crystal section) from
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Adhering
Glass

Figure 3.2. Secondaryelectronimageof atypical euhedrablivine crystalobservedn KT
depositqleft). Adhering glass was removed from this crystal using a HF acid bath for imaging
(seeAppendixB). Schematic (right) shows crystal faces and orientation of crystallographic axes.

424 olivine crystals were analyzed at UH using a 20 kV acceleratiggot and 10 & m
beam with a 200 nA current. The same condi
measure profileswith-2 0 e m spacing across 62 olivine
gradients previously identified in BSE images-{IDper sample for units 7, 1dnd 20,

Layer 6, and Golden and Eastern Pumices). BSE images allowed selection of olivine

crystals with symmetric concentration gradients and clear grayscale plateaus at the cores.
Each traverse was oriented perpendicular to afesthed crystal face awding corners

to minimize the effects of merging diffusion fronts (Shea et al. 2015a). Traverses were

selected only for crystal faces with adhering glass to ensure the precise measurement of a
crystal rim composi t igtassboundy. Peakcowtingtimesof t he
were 60 s for Si, Fe, Mg, Ca, and Ni, and backgrounds for all analyses were measured on
each side of the peaks for 30 s. Standards, measured routinely to monitor for instrumental

drift, were San Carlos olivine (USNM 111312/444; 3asmich et al. 1980) for Si, Fe and

Mg, a synthetic nickebxide for Ni, and Kakanui Augite (USNM 122142; Jarosewich et

al. 1980) for Ca. Tw«sigma relative precision, based on repeated analyses of San Carlos
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olivine, are 0.26 wt% for Sig)0.32 wt% for MgQ 0.06 wt% for FeO, 0.002 wt% for
NiO, and 0.001 wt% for CaO.

Additional corerim zoning profiles were measured at NTU for olivine crystals
from the Basal Reticulite (n=11) and the Circumferential Lava Flow (n=8), yielding a
total of 81 profiles from uniqgicrystals for this study. Analytical conditions were a 15
kV accelerating voltage and 40 nA current with a focused beam-and2 m s paci ng.
Peak counting times were 20 s for Si, Mg, and Fe, 60 s for Mn, and 90 s for Ni and Ca.
The mean atomic number bac&gnd intensity data were calibrated and continuum
absorption corrected for Si ka, Mg ka, Fe ka, Mn ka, Ni ka, and Ca ka (Donovan and
Tingle 1996). Astimex reference standards for analyses were olivine (#134) for Si, Fe,
Mg, and Ni, rhodonite (#139) for Mmand diopside (#121) for Ca. Tvaigma relative
precision for analyses are within 0.68 wt% for £i@38 wt% for MgO, 0.15 wt% for
FeO, and 0.008 wt% for NiO, MnO, and CaO. For all measurememts) Ktensities
were converted to concentrations usiranpgfard ZAF corrections (Armstrong 1988).
Analyses with totals < 99.0 wt% and > 100.5 wt% and/or cation totals < 2.98 or > 3.02

were rejected.

3.4.2. Electron Backscatter Diffraction (EBSD)

The orientation of the crystallographic axes in olivine crystasacessary to correct for
diffusion anisotropy (e.g. Costa and Chakraborty 2004). Crystal orientations for all 81
olivine sections were determined using a HKL Nordlys EBSD detector on a JEOL JSM
5900LV scanning electron microscope at UH. Additional patig with a 5870 nm

colloidal silica suspension for four hours on a vibratory polisher improved the quality of
electron backscatter diffraction patterns (EBSPs). Measurements were taken using a 70°
sample tilt, 25 kV accelerating voltage, and a minimizedking distance (generally 12

15 mm). Grids of 10 x 10 points spaced at least 10 um apart achieved mean angular
deviation values of < 1°. The EBSPs were processed using the HKL Tech@diaggel

5 software package, and axis locations were outpuiamter hemisphere stereographic
projections (see Prior et al. 1999 for EBSD technique details). Crystallographic
orientation was the same within individual grains over areas 6000 unt, consistent

with a juvenile magmatic origin for the phenocrystg.(antecrysts are commonly

51



def or med; Hel z 1987; Clague and Denlinger
measured electron probe traverse and the crystallograpiic andc-axes respectively

(Costa and Chakraborty 2004), were calculated u8mgonet § (Cardozo and

Allmendinger 2013).

3.4.3. Diffusion Modeling

Geochemical profiles of Fielg and Ni from EPMA traverses were modeled using the
program DIPRA (Girona and Costa 2013), which numerically solves thdiorensional
concentratiordependat diffusion equation to obtain timescales. The program
incorporates diffusion coefficients for g from Dohmen and Chakraborty (2007a,
2007b) and Ni from Petry et al. (2004). Anisotreqyrected diffusivities were

calculated by DIPRA for each traveiisased on the angles between the analytical profile
and thea-, b-, andc-axesme asur ed by EBSD (U, b, and 9 re
Chakraborty 2004). Initial boundary conditions were determined based on the
compositions of clear core platea@)(@nd thanelt composition calculated to be in
equilibrium with the measured olivine rim or inferred rim in complex zoning patterns
(Co). DIPRA models provided befit results along with uncertainties that are based on
estimated analytical, temperature, and oxyluggacity precision (Girona and Costa

2013). The intrinsic properties required as inputs in DIPRA Te B, fo2) are well

known for K@l auea magmas. Temperature was
thermometer (Helz and Thornber 1987) and the inferret gD in equilibrium

(Matzen et al. 2011) with the olivine rim boundary conditiGg)( This value is akin to a
magma temperature for storage and diffusion. Oxygen fugacity conditions ~QFM were
chosen based on the findings of Moussallam et al. (2016),8talz(2017) and Davis et

al. (2017). We used a pressure of 85 MPa, which approximates the depth of the modern
South Caldera reservoir (~3.5 km; Cervelli and Miklius, 2003; Pataiadl 2014) and

provides one possible crustal storage depth for magmasydbe KT period.

3.5.Results
Olivine cores in KT samples have Fogconten
Figure3.3, see also Tablg2 andAppendix B. Early (15001650 C.E.) KT units also
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have heterogeneous olivine Fo contents @0) with divere population distributions
(Figure3.3). Olivine cores from 1650670 C.E. (Layer 6 and unit 20) show bimodal
di st r i bu tsiam mermediate c@mpositions (modal peaks atdspFigure

3.3). The two populations can also be disinated by their morphologies. Olivine
cryst al ssaretypichly >X0.5Fm across, euhedral, and lackpnd and melt
inclusions (Figure&.4a). In contrast, Fesgs olivine crystals are smaller (e.g. @15 mm
across) and generally have slalenorphologies with abundant-Gpinel and melt
inclusions (Figure3.4b).The Fo distribution corresponding to Layer 6 is strongly
bimodal, with an isolated high Fo peak, and a broad intermediate (fFigdee3.3). The
primitive Fo mode in unit 20 is wat and the distribution has a smaller, secondary
intermediate peak. Olivine core compositions late in the KT (Circumferential Lava Flow,
Golden Pumice, Eastern Pumice; 14823 C.E.) have broad distributionspsimitive

Table 3.2.Representativelivine coreandrim compositiongor dominantmodesin individual eruption
populationge.g.Figure3.3). Two modesarereportedfor bimodaldistributions.Full datasetanbefound
in AppendixB.

Oxide Basal Reticulite unit 7 unit 11 Layer 6 (model)
(Wt%) Core Rim Core Rim Core Rim Core Rim
SiO2 39.7 39.1 40.2 40.0 40.3 40.3 40.3 39.9
FeO 10.6 12.7 10.8 12.1 10.9 12.8 10.7 12.2
MgO 48.8 46.6 48.7 47.5 48.2 46.1 48.6 46.8
NiO 0.47 0.39 0.46 0.41 0.48 0.37 0.45 0.40
CaO 0.20 0.22 0.20 0.22 0.20 0.24 0.19 0.23
Total 99.8 99.0 100.4 100.2 100.1 99.8 100.2 99.5
Fo (%)* 89.1 86.8 89.0 87.5 88.7 86.5 89.0 87.2
Oxide Layer 6 (mode 2) unit 20 (mode 1) unit 20 (mode 2) CLF (mode 1)
(Wt%) Core Rim Core Rim Core Rim Core Rim
SiO: 38.9 39.1 39.4 41.2 40.3 40.5 40.6 39.2
FeO 15.8 16.6 11.2 11.8 15.9 141 12.4 35.7
MgO 44.4 43.6 47.9 46.4 43.7 45.3 46.1 24.2
NiO 0.24 0.22 0.42 0.40 0.30 0.29 0.36 0.20
CaO 0.22 0.24 0.19 0.22 0.19 0.25 0.19 0.25
Total 99.6 99.8 90.1 100.0 100.4 100.4 99.7 99.5
Fo (%) 83.4 82.4 88.4 87.5 83.0 85.1 86.9 77.3
Oxide CLF (mode 2) CLF (evolved) Eastern Pumice Golden Pumice
(Wt%) Core Rim Core Rim Rim Core Core Rim
SiO2 40.3 39.6 39.3 39.1 39.7 40.3 39.6 39.7
FeO 15.0 18.7 20.0 21.1 11.9 15.0 18.7 11.9
MgO 44.0 41.2 39.9 39.2 47.9 44.3 40.3 47.9
NiO 0.26 0.22 0.21 0.18 0.37 0.26 0.21 0.37
CaO 0.19 0.21 0.24 0.24 0.24 0.19 0.24 0.24
Total 99.8 99.9 99.7 99.8 100.1 100.1 99.1 100.1
Fo (%) 84.0 79.7 78.6 77.5 87.8 84.0 79.3 87.8

* Fo, forsterite = [Mg/(Mg+Fe) x 100]
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Olivine Cores
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1790-1823 C.E. 1790-1823 C.E.

unit 7 unit 11 Layer 6 unit 20 CLF
1650 C.E. 1650-1670 C.E. 1670 C.E.

1500-1650 C.E. 1500-1650 C.E.

BR
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m W m N
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[4]
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Forsterite (%)
Figure 3.3.CoreFo contentdor olivine populationameasureavithin eacheruptionpresentedn
stratigraphicrderfrom bottomto top. Bins span a 1 mol% range of Fo. All histograms are
normalized to 1 (no-gxis scale) to allow direct comparison. #gnotes olivine populations
within each eruption in order of decreasing Fo content.
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Figure 3.4. Backscatteelectronimageshighlightingtexturaldifferencesbetweerplivine crystals
from the (a) primitive ( Goss; grey markson olivine arepits from polishing) and(b) lower-Fo
(e.g.Fos285) populationdrom the histogramsshownin Figure3.3.The primitive olivine crystals
generally have wellormed faces and rare Spinel or melt inclusions. The low€io olivine
crystals have skeletal morphologieshwatbundant Gspinel and melt inclusions.

to intermediate populations (§2@o; Figure3.3). The Circumferential Lava Flow is
unusual in that it also has a population of evolved (g)Fdivine core compositions.
Olivine rims within 5 um of therystatmelt boundary generally have Fo values
that are too high to be in Fég equilibrium with their adhering glass Mamber (Mg#
= [Mg/(Mg+Fé&*) x 100]; assuming 90% of the total iron iSFeased on iron titration
measurements of &dAult 1965aBydérsaevah $985; ddapendieB
for glass analyses; FiguB®b). The units 7 and 20 have a bimodal population of olivine
cores that are zoned toward unique intermediate rim compositions, providing clear
evidence for reequilibration withn a hybrid melt composition after mixing.-Fég
disequilibrium between olivine rims and adhering glasses, despite systematic zoning in
units 7 and 20, indicate that the olivine crystals may have experiencetidgés rapid
disequilibrium growth (Shea at. 2015b) and/or limited diffusive 4@quilibration with
the melt that carried them to the surface. The heterogeneity of matrix glass Mg# in KT
tephra deposits within individual eruptions was also observed by Mucek (2012) and Helz
et al. (2014, 2015).
Thecoreto-rim transects for all 81 olivine crystals highlight the diversity of
zoning patterns, which are here interpreted to result from diffusigguiibration (e.g.

are smoothed). Forsterite profiles are subdivided into four types, in which NiO zoning
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mimics Fo zoning. Most olivine crystals have normal zoningoE® Faim; Figure3.6a)

with primiti v ess)thai deereapeld mol% Fodosvards the rimo

Reverselyzoned olivine crystals (kg&e< Faim; Figure3.6b) have lowfo cores (e.g82)

and are relatively rare in KT deposits. These crystals typically has@radl% change in

Fo between the core and t e elassifiedas: (1)0hGok mp | e x 6
(Figure3.6¢), which are mostly normally zoned but have(bum reversgl zoned rims,

and (2) shoulder (Figurg6d), which are mostly reversely zoned wit2® um of normal

zoning at the rim. Hook profiles generally hateep normal zoning from primitive §0

to < Fao(Figure3.6c¢),indicating the mixing of recharge magmaish a low-Mg melt.

Ly unit7
89t 2 & L O X5 n:
871
9
&/85-
2
[
® gsl
= 83 e
i
81r
vNormal 4 ,nit 7
791
AReverse ¢ BR

54 56 58 60 62 64

Glass Mg#
Figure 3.5.GlassMg-numberdMg/(Mg+Fe2+)x 100] plottedagainsKT olivine core(squares)
andrim (circles)forsteritecontentgno datafor Layer6 or CircumferentialLavaFlow dueto
microlite rich matrix). The Mg# is calculatedssuming 90% of the total iron isFebased on
iron titration measurements of Kol auea | avas (
Rhodes and Vollinger 2005). Arrows point in the direction of zoning toward the olivine rim (e.g.
down denotes norah zoning, up denotes reverse zoning). The solid lines mark the shallow
pressure (1 atm) equilibrium field for basaltic magma (Fe/Mg 8.343+0.008; Matzen et al.
2011). Most olivine cores and rims plot above the field and represemquiibrium
compaitions. Samples with bimodal core populations zoned toward similar rim compositions
(circled data) suggest that the rims record a hybrid mixing component that is ot¥gf Fe
equilibrium with the melts that carried the olivine crystals to the surface.
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Hook and shoulder profiles do not always preserve compnaltreversals in NiO (e.g.

Figure3.6¢c).

Diffusion timescales calculated for only the larger zed regions irhook and

shoulder profiles (Figurd.6¢c and3.6d) - obtained from modeling Flg and NiO

profiles in KT olivine crystals vary from a few days to about two years (h=123; Table

3.3). They do not systematically correlate with zoning type, coredatent, or

stratigraphic ordeMost (65%) calculated timescales record less than three months of

storage andiffusive reequilibration (Figure8.7a). The shortest timescales record

Frequency

Time (years) 1 2
1 1
(a) Fo (n=68)
40 = Ni (n=55)
35
30 <65%
25
20
15
10 —
|
5 4 L =
I
1 I- 1 1 -I-+ I- 1 1 1 L] 1 1
2 6 10 14 18 22 26
Time (months)
Months 1. 2. ? 4; ?
(b) Fo (n=45)
16 AR = Ni (n=47)
14
12
10
8
6
® =
1 BTl . 1
1 | 1 1 1 1 1 . 1 .I
2 6 10 14 18 22

Time (weeks)

Figure 3.7.Histogramsshowingthe rangeandfrequencyof timescalesetrievedfrom modeling
Fo (n=68)andNiO (n=55)profilesin KT olivine crystals.(a) Bins represent one montfh) Bins
represent one week for timescales froih ®onths.
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Table 3.3. Calculatedime (days)obtainedby modelingthe diffusion of Fe-Mg andNi in olivine crystals.

Sample Ol T°C) U b o9 Elem. Ci Co t(days) o-)( o (
BR 5 1307 44 86 46 Fo 88.7 86.8 0.6 0.4 0.2
Ni 0.443 0.400 0.5 0.2 0.3

7 1245 32 59 88 Fo 82.0 82.3 3.1 3.4 206

Ni 0.295 0.275 13 10 7

9 1307 88 60 30 Fo 91.1 90.1 38 10 10

Ni 0.450 0.423 9 1 1

12 1307 89 31 57 Fo 86.9 88.2 73 9 8

Ni 0.395 0.425 18 4 5

15 1307 16 79 78 Fo 88.8 84 0.2 0.2 0.4

Ni 0.440 0.290 0.2 0.3 0.1

16 1245 86 64 26 Fo 86.9 84.8 46 11 6

Ni 0.4 0.34 35 5 12

17 1307 18 73 89 Fo 88.2 88.7 209 22 24

Ni 0.425 0.444 6 4 1

21 1245 82 17 72 Fo 88.5 88.0 467 56 86
Ni 0.438 0.415 163 34 32

28 1245 82 8 83 Fo 78.0 83.5 78 16 16

Ni 0.270 0.300 31 7 4

u7 1 1281 17 80 77 Fo 89.0 87.0 10 4 3
Ni 0.457 0.408 8 6 2

8 1281 5 87 87 Fo 84.4 86.2 10 3 4

Ni 0.297 0.341 2 1 1

12 1281 19 72 89 Fo 88.3 87.1 41 18 15

Ni 0.417 0.387 17 14 14

14 1245 70 21 82 Fo 86.2 87.5 295 40 60

Ni 0.350 0.375 58 46 24

17 1245 65 26 83 Fo 86.2 84.7 634 93 96
Ni 0.332 0.316 401 353 781

20 1281 56 40 74 Fo 89.3 86.9 42 5 6
Ni 0.463 0.377 7 3 2
26 1281 85 74 16 Fo 83.1 85.8 12 1 2
Ni 0.323 0.36 5 3 4

28 1281 72 64 32 Fo 89.4 87.6 4 1 0.5
Ni 0.460 0.406 2 2 1

29 1281 77 16 81 Fo 88.3 87.0 190 60 58

Ni 0.418 0.380 65 29 33

U1l 4 1275 23 72 78 Fo 83.7 82.9 434 201 69

Ni 0.297 0.263 60 11 32

6 1291 21 68 84 Fo 88.7 89.4 149 60 99

Ni 0.450 0.460 39 39 262

7 1291 78 32 61 Fo 88.4 86.9 97 20 27
Ni 0.389 0.344 145 9 8
9 1291 33 59 75 Fo 89.7 88.2 30 7 5
Ni 0.436 0.355 17 4 2
14 1291 75 59 35 Fo 88.7 89.27 2 15 1
Ni - - - - -

19 1291 47 41 85 Fo 89.5 89.2 37 31 43
Ni - - - - -

25 1291 56 78 89 Fo 88.9 89.4 444 261 459
Ni - - - - -

34 1291 43 84 47 Fo 88.6 89.3 197 82 286
Ni - - - - -

L6 4 1197 77 56 37 Fo 85.2 81.3 443 50 56

Ni 0.332 0.210 361 45 57
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Sample Ol T°C) U b o9 Elem. Ci Co t(days) o-)( o
6 1197 85 21 68 Fo 84.6 84.5 831 129 153
Ni 0.272 0.212 190 52 34
8 1263 46 44 88 Fo 81.6 82.7 11 3 4
Ni - - - - -
20 1263 86 90 4 Fo 89.1 87.9 93 17 18
Ni 0.457 0.415 61 7 10
24 1197 90 1 89 Fo 88.0 81.2 708 79 94
Ni 0.433 0.210 421 58 58
30 1263 9 84 81 Fo 88.7 84.5 3 3 2
Ni 0.457 0.270 3 3 1
34 1263 8 83 87 Fo 89.2 87.5 66 26 26
Ni 0.473 0.425 37 9 14
u20 9 1275 34 58 77 Fo 83.7 84.6 56 18 15
Ni - - - - -
17 1275 86 88 5 Fo 86.5 85.2 50 17 15
Ni 0.391 0.323 26 5 5
18 1275 29 69 70 Fo 86.5 87.6 16 4 4
Ni 0.323 0.340 1 1 1
23 1275 82 52 39 Fo 82.3 84.7 34 3 4
Ni - - - - -
29 1275 75 61 31 Fo 88.3 86.2 13 3 3
Ni 0.427 0.335 7 2 2
34 1275 42 81 49 Fo 87.9 88.3 189 11 120
Ni 0.390 0.420 230 44 32
35 1275 34 60 75 Fo 83.8 84.6 75 13 20
Ni - - - - -
36 1275 88 10 81 Fo 87.9 86.9 243 33 58
Ni - - - - -
CLF 14 18 1180 22 71 82 Fo 78.8 80.0 129 18 24
Ni 0.195 0.230 63 20 12
14 21 1139 77 15 86 Fo 7.7 79.2 490 72 70
Ni 0.185 0.220 167 39 43
14 22 1188 35 56 85 Fo 87.0 77.3 67 11 11
Ni 0.370 0.200 49 7 9
169 1189 29 85 61 Fo 83.3 84.8 17 8 8
Ni 0.195 0.175 47 11 10
16 11 1188 37 63 68 Fo 84.0 84.9 9 5 11
Ni - - - - -
16 3 1139 73 14 87 Fo 85.6 815 6 5 1
Ni - - - - -
16 7 1188 72 57 38 Fo 84.0 84.9 12 2 2
Ni - - - - -
GP 6 1275 31 90 59 Fo 88.5 89.1 226 115 93
Ni 0.428 0.441 115 106 315
12 1237 78 65 28 Fo 89.3 83.4 20 5 5
Ni 0.450 0.252 12 2 2
20 1275 41 71 87 Fo 88.9 86.5 193 39 44
Ni 0.438 0.360 30 7 4
22 1275 28 70 71 Fo 88.3 86.0 209 29 36
Ni 0.432 0.320 114 21 15
23 1275 43 75 50 Fo 86.8 88.1 14 6 16
Ni 0.390 0.420 10 5 19
27 1275 89 16 75 Fo 88.4 86.3 385 88 89
Ni 0.43 0.31 60 8 18
30 1275 79 64 26 Fo 88.3 86.0 257 40 46
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Sample Ol T°C) U b o9 Elem. Ci Co t(days) o-)( o (

Ni 0.435 0.340 163 37 24
31 1275 55 81 36 Fo 88.7 86.1 121 13 13
Ni 0.413 0.350 24 7 11
32 1237 26 78 66 Fo 88.2 79.7 427 48 57
Ni 0.410 0.275 101 13 17
34 1237 29 60 83 Fo 88.5 81.7 217 41 32

Ni 0.425 0.325 54 9 13

36 1275 28 66 80 Fo 85.1 86.2 67 26 44

Ni 0.285 0.325 66 29 15

EP 3 1237 81 10 89 Fo 87.5 79.9 316 38 48
Ni 0.360 0.245 298 46 43

5 1275 85 84 7 Fo 87.1 87.7 26 9 6

Ni 0.370 0.388 34 10 109

6 1237 80 58 34 Fo 87.1 85.8 4 3 1

Ni 0.360 0.335 2 2 2

13 1237 84 63 27 Fo 86.5 87.2 524 116 229
Ni 0.335 0.355 321 183 40

15 1237 81 48 44 Fo 87.7 81.4 91 12 11
Ni 0.365 0.255 0.89 0.19 0.17
19 1237 61 34 73 Fo 87.8 81.5 31 8 7
Ni 0.377 0.310 17 8 7
23 1237 90 74 15 Fo 83.3 84.6 49 6 7
Ni - - - - -
27 1237 83 77 14 Fo 87.3 82.8 85 10 10
Ni 0.350 0.240 51 8 8
30 1237 18 73 88 Fo 87.3 86.5 49 29 19
Ni 0.355 0.330 14 15 23

Unit abbreviations are the same as in Fidlte All olivine profiles were modeled using P = 85 MPa and

foo= QFM. The angles between the analytical traverse anatthe andcca x es ar e reported
respectively (Costa and Chakraborty 2004)s@he initial crystal composition (e.g. core concentration
plateau)and & he ol i vine rim-boamdampy+)xoade tti loe. emp(or s
DIPRA (Girona and Costa 2013) after the anisotropy correction. They account for temperature
uncertainties (£ 10°C) and model fit within analytical uncertainty (Fo = + 0.1 mol%; Ni = £ 0.008 wt%). A
dash represents zoning profiles for which no timescalels d® calculated due to small changes in
concentration.

mixing and subsequent storage on the orderdineeks (4%; Figure3.7b). These
timescales demonstrate that KT magmas were mixed and stored for significant durations
at magmatic temperatures bef@ruption, contrary to previous interpretations of little to

no storage during rapid ascent (e.g. Sides et al. 2014). Compositional reversals in hook
and shalder profiles (blue lines; Figui&6) have limited spatial resolution (defined by

3-6 points), amall change element concentration (~1% for Fo, < 0.03 wt% for NiO), and
many are only recorded by Fo and not NiO. These zoning features were difficult to fit
with sufficient precision using diffusion models, and timescales were not retrieved for

this addtional mixing event.
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3.6.Discussion

The diversity and complexity of olivine populations and their zoning patterns are
evaluated below to better understand the mixing and storage histories of magma that fed
the KT eruptions. The compositions of olivioeres are used to infer the magmatic
environment in which they grew (e.g. mafic recharge or relatively evolved storage melts),
whereas olivine zoning patterns and rim compositions are used to characterize magmatic
environment(s) in which they resided prioreruption (e.g. Kahl et al. 2011, 2013). The
olivine population, zoning pattern, and rim composition data are combined with timescale
information to provide a new perspective on mixing histories, storage timescales, and
magma ascent for the KT periochd interpretations are used to propose a new model for
Kol aueads prehistoric magmatic plumbing sy

caldera.

3.6.1. Depths of olivine crystallization and storage
The maximum depth at which zoned crystals might reomgma storage was
investigated by determiningthe’ condi ti ons at wdKTolving he pri
crystallized. RhyoliteMELTS (Gualda et al. 2012; Ghiorso and Gualda 2015) was used
to establish where olivine crystallization was stable in asngri{iT magmas. A 15 wt%
MgO glass with 0.4 wt% b (Clague et al. 1995) was crystallized at different pressures
using oxygen fugacities at the QuaRayaliteMagnetite oxygen reaction buffer
(between QFML and QFM+1) to consider the possible rang@gproposed for
Hawaiian volcanoes (Rhodes and Vollinger 2005; Moussallam et al. 2016; Helz et al.
2017; Davis et al. 2017). This starting composition was selected because it-iglin Fe
equilibrium with Fasoo olivine over the range dé. considered, simdr to the
dominantly primitive modes found is§ KT dep
Figure3.3).
Liquidus olivine with Fgs9o composition crystallizes at temperatures ~1380
1400°C and pressures €046 GPa over the range fob considered (Figw3.8). Olivine
is not stable at greater pressures and orthopyroxene becomes the liquidus phase,
consistent with previous experimental work on Hawaiian tholeiites (e.g. Eggins 1991,

Wagner and Grove 1998). The corresponding crystallization depths afe Kb,
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assuming a crustal density of 2.3 gfdor depths up to 1 km and 2.9 gffar depths >

1 km (Kilburn 2015; Figur&.8). If uncertainties ifio2 and depth constraints are taken
into account, liquidus olivine crystallization occurs at a maximumhdegar to or just
below the Moho (36 km; Hill and Zucca 1987; Figu8). Thus, calculated timescales
for KT olivine document magma mixing and storage within the crust, perhaps in the
volcanic edifice (< 10 km; Cayol et al. 2000; MgomeryBrown et al.2015; Figure

3.8). Diffusion timescales for the€T period are probably not related to a deeper

Liquidus Phase | |,
—e— Olivine
0.1 -a- orthopyroxene la
16
0.2t
© 18
o ) .. )
O} Volcanic Edifice >
©  frommmmmemeeemmmmnee N N\ 410 &
§ 0.3t Oceanic Crust §
o 12 =
o
0.4} | 4
........ Moho
................................................ ‘|6
Mantle
0.5} w18
-

1350 1360 1370 1380 1390 1400

Temperature (°C)
Figure 3.8.MELTS derivedphaseadiagramidentifying liquidus phasedor crystallizationof a 15
wt% MgO glasscompositionwith 0.4wt% H20 (Clagueetal. 1995)at QFM (Moussallanetal.
2016;Helzetal. 2017;Davisetal. 2017),QFM-1 (RhodesandVollinger 2005),andQFM+1
(Davisetal. 2017).Nodes represent pressures where MELTS models were run to determine the
liquidus phase. Depthressure equivalents were calculated assuming a density of 23 g/cm
the first 1 km, and 2.9 g/chfior depths >1 km. The resulting geostatic gradient is ~28 MPa/km
for K@l aueads crustal edifice. The boundary be
et al. (2000) and MontgomeBrown et al. (2015), whereas thade of the oceanic crust is from
Hill and Zucca (1987).
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magmatic history (e.g. ascent through the mantle), as has been suggested for other

Kol auea eruptions (Rae et al. 2016).

3.6.2. The Prehistoric Crustal &ervoir System

3.6.2.1. Melt Componentd.he presence of reverse and complex compositional zoning
patterns in KT olivine indicate that they were unlikely to be produced only by crystal
growth (e.g. Costa et al. 2008). Thus, KT olivine crystals presetwelo® timing of

magma mixing in crustal reservoirs and compositional information about the mixing end
members. Four different melt components can be identified from KT olivine based on
compositions and zoning patterns:

1) Normal and shoulder type zoningcur in highF o ( e sggolivinexrystais
(Figure3.3, 3.6a and3.6c) that grew and were mixed in mandlerived recharge
melt components.

2) Olivine cores and rims with intermediate Fo ¢dg; Figure3.6b, 3.6d) grew in or
are the result of diffusivee-equilibration within a hybrid melt component that
was produced by mixing of recharge and stored magmas

3) Reverselyzoned crystals with lower Fo cores gkgx; Figure3.6b) formed within
shallower crustal storage reservoirs containing relatively evohadts produced
by fractional crystallization

4) Strong normal zoning (k@ss to < Fao; Figure3.6¢) in hook profiles was
produced by mixing and diffusive-aquilibration with a stored lowlg# melt
component. Evolved olivine cores are also present iy easption olivine

populations (Figur8.3).

3.6.2.2. Early Eruptions (1500670 C.E.).The types of olivine zoning patterns found
within products of individual eruptions can be used to characterize the mixing and
storage histories with many mettmponents. Olivine populations in early KT eruptions
(15001650 C.E.) have a wide distribution of core compositions (e:gefjaominated

by primitive Fo (e.g. F&-.so; Figure3.3, 3.9a). Normal and shoulder type zoning profiles
Wi t h ggcre plateaus are most common, suggesting that most of thesdtimn
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these units (3@0%; Figure3.3) crystallized from mantlderived rechargemagmas (melt
component [1]; Figur8.10a).

Some shoulder profiles have reverse zoning togs, Bad one mmarkable crystal
is reversely zoned up to @ (Figure3.9a). These zoning patterns are interpreted to form
from mixing between mantlderived recharge magmas in a lower crustal reservoir,
perhaps at the transition between the volcanic edifice and ocagast (810 km; Cayol
et al. 2000, MontgomerBrown et al. 2015). Deep crustal storage regions have
previously been inferred in K@dlaueabds mode
earthquake hypocentral locations (Ryan 1988; Denlinger 1997) and afzone
anomalously low velocity material (Lin et al. 2014). The compositions and zoning
patterns found in KT olivine crystals may provide the first geochemical evidence of such
a deep crustal mixing reservoir for ascending recharge magmas.

Many eruptions earlin the KT period also incorporated neogvolved olivine
crystals (Figure.3, 3.9a), which generally have reverse hookstyle profiles of
intermediate and lovFo composition (e.g. k@ss). The zoning patterns are diverse with
variable profile length§10-150 pum) and generally show limited vation in Fo (e.g. 4
mol%; Figure3.5). This diversity, in addition to heterogeneous glass MgO contents in
many KT units (e.g. 7-:01.0 wt%; Helz et al. 2015) suggests that ascending magmas
may have sampled mamppckets of stored magmas at different depths (metipoments
[2], [3], and [4]; Figure3.10a). The vent locations for KT eruptions are inferred to be
wi despread across KQolaueabdbs summit region
2012b; May et al. 2@) and ascending magmas could have sampled magma pockets
distributed beneath the summit caldera, perhaps as a system of stacked sills (which are
structurally favorable after caldera collapse; Corbi et al. 2015). This interpretation is
consistent with theange of olivine compositions, zoning patterns, and glass MgO
contents dund in early KT eruptions (FiguB9a).

Normally- and reversehzoned olivine gystals from units 7 and 20 (Figus&b)
def i nemiax iop@& t magma st or agiensweeegartahre wher e t |
equilibrated together (Figu®l 0 a ) . Rechar gescaes fromimalte wi t h O
component [1] mixed with stored reservoir magma (melt component [3]), generating
nor mal | y z on e dssplateaus andireversely zohed cay@with Ba-ss
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plateaus. The populations (reservoir and recharge) were likely stored together because
their zoning patterns span similar distances (~200 um) toward a broadly similar

intermediate rim composition (kss7; Figure3.9b). Complex patternsidicate that the

stored reservoir component may have contained many generations of olivine crystals that

record more than one mixing event. Olivine rims witiskoreflect the composition of
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each panel help highlight olivinepulations as identified in FiguBe3. (a) Most olivine in the

first half of the KI' (Basal Reticulite, unit 11, Layer 6) are normallyo n e d

wdcords th@ F o

grew from mantlederived recharge magmas (melt component [1]). The heterogeneity in core and
rim Fo suggests sampling of multiple pockets of more evolved magmas (melt cotsga@hand
[3]). (b) Examples of eruptions with systematic zoning profiles indicative of storage in a

reservoir. Almost all profiles are zoned toward a relatively narrow range of rim compositions
(Foess7.5) that probably reflect the hybrid composition (hemponent [2]) produced by mixing

of recharge and reservoir components (melt components [1] an¢c)3[he Circumferential

Lava Flow i s uni

que

n

t hat

t
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record the influence of a loMg# magma (melt component [4]). Dashed lines in the
Circumferential Lava Flow panel represent inferred core plateaus based on the similarity between
the measured core composition and the end of the geochemical pd)filee youngest KT
samples (Easterand Golden Pumice) have mostly complexly zoned olivine profiles. They record
mixing of recharge and reservoir components with aNég# melt (component [4]), which

induced dramatic normal zoning patterns frorg-kgcores to as low as ko in the hook. A

final mixing event with a highellgO magma produced normal and reverse zoning in shoulder

and hook profiles, respectively.
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the hybrid magma created by mixing (e.g. Kahl et al. 22013; melt component [2];

Figure 310a). These eruptions showthatal east one shall ow stor a
prehistoricplumbing system may have been repeatedly &irpy ascending KT

magmas (Figure B0a).

3.6.2.3. Late Eruptions (1670823 C.E.) Olivine from later KT eruptions

(Circumferential Lava Flow, Golden and Eastern Pumices; ~182@ C.E.) also record
mixing with a distinct lowMg# melt component that was reampled before this period
(Figure3.10b). The Circumferentidlava Flow (16761700 C.E.; Figure.9c) preserves

three populations of olivine (melt components [2], [3], and [4]) that have either normal or
shoulder zoning profiles, with < kgcores (Figure.3) zoned toward < kerims (Figure

3.9¢). Mixing with a higher MgO magma gemated the initial reverseging in shoulder
profiles (Figure3.9c). A second mixing event with the leMg# meltinduced normal
zoning(1-8 mol% change in Fo) in the oute2B um of the rim. Olivine rims with <

Fogo in the Circumferential Lava Flow (Fige 3.9¢) preserve a lowlg# melt signature

not observed in eruptions prior to 167000 C.E. This low Mg# component is also

recorded in Golden and Eastern Pumices, which have hook type profiles that decrease to
< Fas2, with many recording < g (Figure3.9d). Hook profiles suggest that higlo

olivine crystals from the recharge component ([1]) were initially mixed with the low Mg#
melt (component [4]), developing 2BD0 pum wide normal zoning with-10% change in

Fo between the core and rim (Figu@d). A second mixing event with a more mafic

melt (perhaps another intrusion of component [1] or stored reservoir melt components [2]
and [3]) induced reverse zoning3% Fo) in the thin 20 um wide rims.

The presence of a leMg# melt component late in theservoir system is also
supported by the evolved nature of juvenile material from the 1790 C.E.
phreatomagmatic eruption, in which glasses can have as low as 3.4 wt% MgO (Mucek
2012; Swanson et al. 2014). Incorporation of this-Mg# melt component in epted
magmas from 1670 to 1823 C.E. can explain the large width of zoned regions in olivine
(due to contrasts in melt Mg#) and the sf@mmpositions of rims (Circumferential Lava
Flow) and hooks (Golden and Eastern Pumices). The low Mg# melt suggestntieat

recharge magmas may have intruded but did not erupt early in the KT gagace(
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Figure 3.10.Simplified crosssectionf K § | a suenmitregiondepictingtheinferred
prehistoricplumbingsystemwith crustalmixing andstorageregions(notto scale).The stippled
region represents caldera collapse breccia infill. Melt component numbers are the same as in
Figures 3 and 9. The KT is divided into two stagayEarly eruptions (1502670 C.E.) are
dominated by mantiderived recharge magmas (qooment [1]). Some eruptions are inferred to
intersect multiple pockets of magma, producing bimodal and/or heterogeneous olivine
populations (components [2], [3], and [4]). Vent locations for the KT period are distributed

t hroughout Kgl a(®waasorsetat 2006Mm2012b; Maygtialo2015), consistent
with the interpretation that ascending magmas intersected different pockets ¢gbnidte in

the KT (16701823 C.E.), magmas intersected a low Mg# stored melt (component [4]) that
strongly infllenced the glass (e.g. 1790 eruption; Mucek et al. 2012; Swanson et al. 2014) and
olivine compositions. Olivine with hook type zoning were first stored with theMig# melt
component, generating strong normal zoning frog.d&@0 < Fae. A second influxof higher

MgO melt generated the thin reversely zoned rims.

3.10a). Subsequent storage, cooling, and fractional crystallization of the magma resulted
in its relatively evolved composition. Alternatively, the kg# component could be a
pocket of magmé&eft over from caldera collapse that would have remained isolated and

evolved for ~200 years.

3.6.2.4. Latestage mixing?Hook and shoulder olivine zoning patterns indicate that some
KT magmas were mixed at least twice before eruption. The timing chtigrerhixing
event is difficult to quantify with diffusion models due to the limited spatial resolution (3
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6 points using & pm spacing) and small changes in concentration (~1% for Fo, < 0.03
wt% for NiO; Figure3.6¢c and3.6d). Furthermore, hook arshoulder profiles are
typically seen irfFo transects, but not NiO (FiguBec). Olivine rims in the hook and
shoulder profiles are also out of-Mg equilibrium wih their surrounding glass (Figure
3.5). This disequilibrium is especially surprising fomgdes with bimodal olivine
populations that are zoned toward the same rim comipasi(e.g. units 7 and 20; Figure
3.5,3.9b), and it suggests that the hybrid melt component from storage may be unrelated
to the melts which carried the olivine to the soefa

The thin rims of hook and shoulder profiles may have grown rapidly under
disequilibrium conditions (e.g. Shea et al. 2015b) and/or experienced limited diffusive re
equilibration with their surrounding melt. Therefore, the second mixing event recorded
by these rims probably occurred shortly before eruption. Using numerical diffusion
models to simulate the formation of the observed thin rims, we can provide a maximum
constraint on how long olivine crystals may have resided within the melt that carried
them to the surface. The calculated Fo content of olivine #MBe=quilibrium with the
adhering glass compositions (i.e. the regiothiwithe equilibrium field; Figur8.5) can
be treated as a boundary condition to determine how long it would take faiatifto
create the outer-80 um observed in the thin rims of hook and shoulder profiles. These
numerical models solve the edanensional diffusion equation (see Chakraborty et al.
2010 and references therein) and Bs€, andfo> conditions appropriat®r each
eruption (Table8.3). Model results predict that the2® um wide olivine rims could have
formed by diffusion in a few houts a few days after mixing (FiguB11). Thus, olivine
crystals must have resided within the melts that carried thene ®urface for at most a
few days before eruption. This brief storage time implies ascent shortly after mixing, but

the duration is difficult to constrain using the measured profiles and remains unknown.
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Figure 3.11.Numericalmodelsimulatingdiffusion overtimescale®f 6 hoursto 2 days.Initial
core (Feg) and rim (Fas) boundary conditions and intrinsic properties (1200°C, 85 NRat
the QFM buffer) were the same for all models. Colored arrows mark the distance at which
diffusion has progressed into the core of the olivine crystal. With typical spacirg pfr3for
analytical profiles in natural olivine crystals, diffusion prafil@20 um in length are poorly
resolved (only 2 points) and cannot be accurately modeled for timescales.

3.7.Conclusions

Mixing and diffusiveree qui | i br ati on were key processes
olivine compositions and zoning patternsgivide crystals preserve a history of mixing

and subsequent storage for weeks to years before eruption, indicating that ascending KT
magmas could not have bypassed storage in crustal reservoirs, as was previously
suggested. Glass and olivine compositiors/jole a framework for characterizing the

ng

1) MELTS modeling suggests that liquidus olivine is only stable at < 0.45 GPa

evolution of magma mi xi and st osysteegpe i n K

under QFM conditions, near to the base of themicaaust (~16 km). This is
consistent with experimental studies, and suggests that mixing and storage
probably occurred within the crust. Thus, timescales from KT olivine do not
record deeper processes such as ascent from the mantle as was previously
sugegsted for other

Kol auea eruptions
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2) The dominantly normally zoned higho ( O 88) ol ivine popul a
throughout the ~300 years of the KT represent persistent recharge of-mantle
derived magmas into the shallow reservoir system (melt componensfijyilder
type profiles with reverse zoning tods@r above may provide the first
geochemical evidence for mixing and storage within a deep crustal reservoir at
Kol auea

3) Early in the KT (15041670 C.E.), eruptions were dominated by recharge magmas
that ampled a spatially and compositionally heterogeneous crustal reservoir
system (melt components [2], [3] and [4]). Bimodal olivine populations with
normal and reverse zoning toward intermediate rim compositions illustrate the
establishment of at least ortersige region with a hybrithixing composition
(melt component [3]) that was repeatedly sampled throughout the KT period

4) A low-Mg# melt (component [4]) incorporated late in the KT (14823 C.E.)
contributed evolved olivine cores and rims in the Circuerfeal Lava Flow and
generated the dramatic normal zoning profiles to ss ifahe Golden and Eastern
Pumices. This interpretation is consistent with-ldgO glasses measured in
juvenile material from the 1790 phreatomagmatic eruption

5) Timescales ranginfjom a few weeks to several years fromNg and Ni zoning
in olivine demonstrate that recharge magmas were mixed and stored with
relatively evolved reservoir melts. This contrasts with previous interpretations of
rapid ascent and little or no storagey(eSides et al. 2014)

6) Late-stage mixing suggested by hook and shoulder zoning in olivine crystals
throughout the KT may have occurred a few hours to several days before
eruption
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CHAPTER 4

LITHIUM ZONING IN  OLIVINE: DECIPHERING GROWTH VS. DIFFUSION
SI GNATURES AT KQLAUEA VOLCANO, HAWAI

In preparation for publication as:
Lynn, K.J.,Shea, T.Garcia,M.O., and Costa, A.ithium zoning in olivine:
Deciphering growth vs. diffusion signatures to documentdtge mixing at
Kol auea Vol Toba submitteldat@oatiibations to Mineralogy and
Petrology

4.1. Abstract

Latestage, short duration (elgours to days) magmatic processes in basaltic systems are
challenging to quantify using major and minor element zoning in olivine. Lithium, a
monovalent cation that diffuses about an order of magnitude faster th\g, feovides

a promising means to agsthese short timescales. Precisely oriented and sectioned
euhedral olivine crystals from Koglauea Vol
investigate Li zoning in olivine. Here we present laser ablation ICPMS analytical
transects of Li, Na, Al, P, and @y better understand how Li zoning records crystal

growth versus diffusion and determine its capacity as a geospeedometer. Lithium
concentration gradients have two key styles. First, most crystals have smoothed diffusion
profiles 16300 pum in length thatra normally or reversely zoned and are inversely
correlated with FéMg zoning. Normal and reverse zoning indicates that diffusion

profiles were not generated by degassing of Li from the melt and instead were generated
by magma mixing and diffusive #eqguilibration. Analytical transects along two
crystallographic axes show no evidence for Li diffusion anisotropy. Second, Li
occasionally forms enrichment peaks3®@um wide that always correlate with P and are
interpreted to record crystal growth. The relasibip between Li and Na, Al, and Cr is

highly variable, indicating that Li behavior during growth may only be dependent on P.
We suggest that Li enrichment features result from charge balancing P during rapid
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growth. Lithium and P are coupled during sulsay diffusion and enrichment features

are preserved due to the slow diffusivity of P. Modeling of Li diffusion profiles results in
timescales that are generally less than four days but can range up to three weeks within
individual eruptions. The short datrons are interpreted to represent the timing of a late
stage intrusion of recharge magma, which may have contributed to the remobilization of
stored reservoir magmas. Thus, Li diffusion records the last major event occurring in a

reservoir prior to erupdn.

Keywords: lithium zoning olivine, diffusion Kol auea, Hawai 0i

4.2 Introduction
Quantifying the rates of rapidly occurring, latge processes before volcanic eruptions
is crucial for understanding the final stages of magswent and fragmentation (e.g.
Charlier et al. 2012; Lloyd et al. 2014). In basaltic systems, olivine crystals typically
record a complex history of crystallization over a rangeae$sures and temperatures
(e.g.Wright 1971; Yang et al. 1999; Thompson and Maclennan 2013; Bouvet de
Maisonneuve et al. 2016), magma mixing aifflgive re-equilibration (e.gCosta ad
Dungan 2005; Shea et al. 201 btartley et al. 2016; Lynn et al. 2017), and/or crustal
contaminatio (Garcia et al. 1998; 2008). Timescales of weeks to decades associated with
mixing and storage are routinely determined by modeling diffustortrolled
concentration gradients of major amihor elements in olivine (e.Gosta and Dungan
2005; Kahl et al2011, 2013). Recent advances in analytical techniques have accessed
late-stage syneruptive processes (elgcompression and ascent) by modeling the
diffusion of volatiles from minerahosted melt embayments, but these features are rare
and datasets asxtremely limited (Humphreys et al. 2008; Lloyd et al. 2014; Ferguson et
al. 2016). Thus, characterizing the final hours to days prior to eruption in basaltic systems
remains a major challenge for modern petrology.

Rapidly diffusing elements in mineralarccapture short timescale information
associated with latstage magmatic processes. Lithium diffuses up to an order of
magni tude faster (Dohmen et al. 2010; Span

used major anchinor elements in olivine (e.eMg, Mn, Ni, Ca; Petry et al. 2004;
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Coogan et al. 2005; Dohmen and Chakrabor@y72) Holzapfel et al. 2007; Figudel).

Modeling Li concentration gradients3®0 pum in length can access timescales associated

with magma mixing and storage that range frofevahours to a few months (kige

4.1). However, three key complexities affect Li in basaltic systems: (1) it is weakly

volatile in basaltic melts and can patrtition into a vapor phase (Edmonds 2015), (2) it may

form chargecoupling relationships with othetements during crystatgwth (e.g.

Woodland et al. 2004; MilmaBatrris et al. 2008; Grant and Wood 2010; Spandler and

O6Neill 2010; Tomascak et al. 2016), and (

during subsequent diffusive-sgjuilibration (Sandl er and OO&6 Nei | | 2010
Lithium is moderately incompatible in olivine (Brenan et al. 1998; McDade et al.

2003; Grant and Wood 2010; Spandler and OO
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Figure 4.1. Timescalerangeghatcanberesolvedwith diffusion distance®f 5-300 um for
variouselementsn olivine. Li is a rapidly diffusing trace element (pink box; Dohmen et al.

2010), whereas major and minor elements like Ni (Petry et al. 2008)gk®ohmen and
Chakraborty 2007a, 2007b), Mn (Holzapée al. 2007), and Ca (all clear boxes; Coogan et al.
2005) have intermediate diffusivities and are traditionally used in olivine diffusion studies. Cr
(grey box; Ito and Ganguly 2006), and P (blue box; Watson et al. 2015) are slowly diffusing trace
elemants. (For all references to color in figure captions, the reader is referred to the web version
of this article).
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light to middle rare Earth elements during melting, magma mixing, and crystal
fractionation (Ryan and Langmuir 1987; Edmonds 2015). Duriwgelcrystallization,

Li may charge balance other trace element impurities that are incorporategirdpid

crystal growth (e.gP, Al, Cr; MilmanBatrris et al. 2008; Mallmann et al. 2009). One
hypothesis advocadghat monovalent cations (eld) occyy octahedrally coordinated

sites to charge balance P substitution in tetrahedrally coordinated sites (Woodland et al.
2004; MilmanBatrris et al. 2008; Mallmann et al. 2009):

|VSi4+ + V|M92+ — IVP5+ + VI(Li+, Na+, H+) (41)

wherelV denotes coordirien in a tetrahedral site ad denotes coordination in an
octahedral site. Equatiahl suggests that the concentrations of Li incorporated in olivine
during growth may be strongly dependent on the incorporation of P. Dendritic or hopper
morphologiegDonaldson 1976) preserved byrieh zones reflect rapid growth where the
slow diffusion of 3+ and 5+ ions in the surrounding melt leads to tinesfown of
boundary layers (e.§Vatson and Muller 2009) that are incorporated in the crystal
structure (Albaede and Bottinga 1972; Faure et al. 2003a, 2003b; Faure and Schiano
2005; MilmanBarris et al. 2008; Welsch et al. 2013, 2014). Thus, P zoning serves as a
blueprint of crystal growth that can be used to determine if Li is preferentially
incorporated duringapid growth processes.

However, P imputies may be balanced by Li (Equatiéri) or by a combination
of 3+ ions and vacancies in octahedral sites (MikBarris et al. 2008; Mallmann et al.
2009):

IVgi+ 4 VIp2+ = IVP5+ 4 VIR3* 4 VI[ ] (4.2)

where"'M?* refers to a divalent dain in an octahedral site (e ge&#*, Mg?"), VR®* refers

to a trivalent caon in a tetrahedral site (e.81%*, Cr**, and Fé") and"'[] represents an
octahedral site vacancy. Equatig is one example dubstitution reactions that have
been proposed to charge balanhe incorporation of P (e.fgrell et al. 1998;

Boesenberg et al. 2004) and 3+ ions in olivine (Bershov et al. 1983; Mass et al. 1995).
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Multiple substitutions involng P occur during growtte.g.Mallmann et al. 2009), so Li
partitioning may also rely on the incorporation of other trace elements.

Growth relationships between coupled elements in olivine are modified by
diffusion and can become decoupled depending on the ease with vgmen species
can diffuse (e.g-re-Mg and Ni; Lynn et al. 2017). Phosphorus is one of the slowest
diffusing elements in olivine (Watson et al. 2015) and may have a significant effect on
the diffusion of elements that charge balanae the crystal structurge.g.Li). Coupled
diffusion between trace elements is rare and has only been documentpddn d
experimental studies(eda and Cr; Spandler and OO6Nei |l
olivine crystals with natural concentrations of trace elements is pkaolyn. Few
studies have used concentrations of Li or other trace elements consistent with those found
in natural basaltic systems. Thus, examining suites of elements with variable diffusivities
is essential to determine if charlgalancing reactions affettte diffusion of Li.

Here, we seek to evaluate the capacity of Li zoning to resolvstige magmatic
processes by documenting its behavior in basaltic melts and related olivine crystals. The
domi nantly explosive erupt,ilo®Gil823G.E; t he Kean
Swansonetal. 206 at Kol auea Volcano are ideal for
(1) olivine crystals are euhedral, allowing them to be carefully oriented for sectioning, (2)
the longefterm (weeks to years) magmatic historiesengreviously characterized by
modeling forsterite (Fo; [Mg/(Mg+Fe) x 100]) and Ni zoning (Lynn et al. in review;
Figure4.2), and (3) many KT olivine crystals have8 um outer rims with minor
variations in Fo (4%) and NiO (<0.01 wt%) that ardifficult to fit with diffusion
models > in Figure 42). These thin rims indicate that a lstage mixing event occurred
within a few days prior to eruption (Lynn et al. in review). Therefore, KT olivine crystals
provide an excellent opportunity to téstas a geospeedometer to extract short
timescales from natural crystals.

In this work, we used higprecision laser ablation inductively coupled plasma
mass spectrometry (LACPMS) to measure Li, as well as other elements that display a
range of behavis during crystal growth and diffusive-egjuilibration (NaAl, P, and
Cr). As shown by Equatiofi.l and4.2, these elements are important to understand Li

behavior in olivine. We characterized and mapped the distribution of these elements in
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Figure 4.2. Exampleof FeMg, andNi fi h o atWexoningin rimsof KT olivine (Lynn etal. in
review).Diffusion modeling of Fo and Ni between 30 and 450 um from the rim yields storage
timescales of -2 months ;). The compositional reversal in the hook featur8@Qum) cannot be
fit by diffusion models due to the limited spatial extent and change in concentrationt,THus,
unknown, but indicates that a lattage mixing event may have occurred shortly befanption.

KT olivine crystals to explore diffusion and growth signatures in Li zoning and examine
the potential anisotropic nature of Li diffusion. Correlations between the different
elements are used itovestigate how chargeoupling of fast and slowiffusing species
(Figure4.1) preserve a blueprint of growth that is not eraseslimgequent diffusive re
equilibration. Smootlhi gradients extending 3800 pum from olivine rims are modeled

to provide essential constraints on atage, short duration gana mixing events

indicated by nearim Fo zoning. The timescales of storage are then used to revise the

model for crustal magmatic processes during the KT period.

4.3.Methods
4.3.1. Sample Selection and Preparation
A subset of euhedral olivine crystals was selected from the KT eruptions studied by Lynn

et al. (in review), including phreatomagmatic units 7, 11, and 20 (U7, U11, and U20), and
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the marker units Basal Reticulite (BR), Layer 6 (L6), and Golden and E&aterices
(GP and EP, respectively; see Swanson et al.&2f@t 2ample descriptions). Sections
through KT olivine crystals are almost always perpendicular ta-tbeb-axes, with the
c-axis in the plane of the section. This careful orientation aids raaxtg analytical
profiles that are parallel to principle crystallographic axes, minimizing 3D effects on

diffusion timescaleslerived from 1D modeling (e.&hea et al. 201%a

4.3.2 Electron Backscatter Diffraction (EBSD)

Crystal orientations were deinined using the HKL Nordlys EBSD detector on the
JEOLJSM5900LYVY scanning electron microscope
Additional polishing with a 50 nm colloidal silica suspension for four hours on a
vibratory polisher improved the quality electron backscatter diffraction patterns
(EBSPs). Measurements were made using a 70° sample tilt, 25 kV accelerating voltage,
and a working distance of 46/ mm. Grids of 10 x 10 points spaced at least 10 um apart
achieved average mean angular devatialues of <1°. The EBSPs were processed

using the HKL TechnologZhannel 5software package and axis locations were output
into lower hemisphere stereographic projections uSiegoenetd (Cardozo and
Allmendinger 2013).

4.3.3. Electron Probe MicréAnalyses (EPMA)

X-ray maps of Al, P, and Cr in olivine were obtained using the JEOL-8600F

Hyperprobe at UH. Maps were collected using a 15 kV accelerating voltage and a 300
500 nA beam current, with dwell times between 100 and 200 ms/pix#g®ning

was characterized by backscatter electron (BSE) images antbaareanalytical

traverses with 80 pum spacing, acquired using the methods outlined in Lynn et al. (in
review). Twasigma analytical precision for repeated measurements of San Carlos olivine
are 0.35 wt% for Sig) 0.06 wt% for FeO, 0.10 wt% for MgO, 0.003 wt% for NiO, and
0.006 wt% for CaO.
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4.3.4. Laser Ablation Inductively Coupled Plasma Mass Spectrometry-ICRMS)

Trace element analyses were acquired at the Earth Observatory of Sir{yy@ng
Technological University) using a Photon Machines Analyte G2 excimer laser connected
to an iCAP Q ICPMS in an AlHe atmosphere. Machine settings were optimized to
reduce oxide production and interferences by achieving d Sig@al intensity of €.6%

of the TH signal. The laser was run at 70% output and 8 Hz with constant voltage and
240 shot count. For all analyses, 20 seconds of background signal (laser off) were
acquired followed by 40 seconds of ablation signal (laser on). Data reductaine® |
removed the first and last three seconds of counts for each analysis before converting
counts to concentrations. The NIST 612 silicate glass was used as an internal standard,
and NIST 610 and USGS BGEG were run as unknowns. The three standards wer
analyzed in between each olivine transect for instrumental drift corrections during data
reduction. Their values were compared to the GeoReM database preferred values
(Jochum et al. 2011, 2016) to assess data reduction quality.

Isotopes of Li, 2Na, 2’Al, 2°Si, 3P, ancP?Cr were measured for 32 transects in 26
olivine crystals wusing 10 x 50 em individu
to the crystaimelt boundary. Spot sizes were chosen to maximize ablation volume, while
minimizing the hanogenization of zoning patterns (only 10 um wide in the direction of
the traverse). An 11 em spacing was used t
between individual spot analyses. Two transects measured perpendicular to each other
were completedor six olivine crystals to check for Li diffusion anisotropy. The internal
reference isotop®Si was used to convert raw counts to concentrations based on the
EPMA measurementsof SiOn ol i vine (taken from Lynn et
error foranalyses of unknowns were 0.07 ppm for Li, 3 ppm for Na, 6 ppm for Al, 10
ppm for P, and 9 ppm for Cr. Analytical precision for repeated measurements of NIST
612 glass are 0.83 ppm for Li (2% relative to preferred GeoReM value), 1291 ppm for Na
(2.3%), 178 pm for Al (1.7%), 6 ppm for P (12%), and 1.7 ppm for Cr (5%).

4.3.5. Diffusion Modeling
Lithium concentration gradients deemed suitable for chemical diffusion work were

modeled using the ordi mensi onal form of Fickdés Second
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3

(4.3)

lo

whereC is concentratiort, is time,D is the diffusion coefficient, anlis distance (Crank
1975). The diffusivity of Li Dvi) parallel to thec-axis can be calculated using the
approximate Arrhenius relation (Dohmen et al. 2010):

| o(gp) -5. WA -10. 2 8;14;3;)7 (4.4)

whereT is the temperature in Kelvin. This expression is appropriate for diffusion in

olivine containing 110 ppm Li and temperatures between 800 and 1200°C (Dohmen et

al. 2010). Temperatures were obtained usiegrferred melt Mg# in equilibrium with

olivine rim Focontentsl‘((ﬁgw/g”ie' 0.343 N 0.018; Matzen et
glass MgO thermometer (Helz and Thornber 1987). Lithium concentration gradients were
modeled usingequation4.3 and4 4 toretrieve timescales corresponding to the last

thermal and/or chemical perturbation experienced by the host magma. Initial boundary
conditions were determined based on the compositions of olivine &ydlsgLi content

of the crystal before thermodynangerturbation) and crystal rim€4), which are

inferred to reflect diffusion with the host melt after perturbation.

4.4.Results

Lithium concentration gradients in KT olivine crystals can be divided into two styles. The
prevailing style of Li zoning is gradual increase or decrease ofD.@ ppm Li across a
smooth 168300 um gradient that is amale to diffusion modeling (Figure3). Lithium

zoning is normal (Ldore> Lirim; Figure4.3) or reverse (lsbre< Linim; Figure4.4) and

typically inverselycorrelated with Fo zoning. In cases where two profiles were measured
perpendicular to one another and parallel to different crystallographic axes, no resolvable
differences in Li concentration gie@nt lengths are observed (Figdré). Diffuse

gradients 6Li are generally not correlated with gradiem other trace elements (Figure

4.3 and4.4).
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Occasionally, Li is complexly zoned and positively correlated with Na, Al, P,
and/or Cr within discrete gions of crystal irgriors (Figuret.4). In some cases, 43D
pm wide zones of Li enrichment exist adjacenor within diffuse rims (e.geverse and
complex zonig in Figure4.4). When Li preserves enrichment peak features, they are
correlated with strong spikesinPcenat r at i on (106s to P0O0O6s of
regions in the profile (e.drigure4.4). Li enrichment peaks have an inconsistent
relationshipwith other trace elements (eNa, Al, Cr). Only about half (46%) of the
analytical profiles examined in #study have correlated Li, P, Na, Al, and Cr zoning in
discreteenrichment peak regions (Figut&). Lithium profiles in the other half of the
dataset do not preserve enrichment peaks. In thess, dass decoupled from Al (Figure
43and4d5) and the two are inversely correlate
b-axis profile in Figuret.5 andAppendix Q. When P is low in abundance (isefew
1 0 6 ppmpaind nearly nonzoned (esgl0 ppm range outside error) Li appears to
presrve diffuse profiles only (Figuré.3) whereas enrichments peaks of Na, Al, and Cr
are strongly correlated.
In rare cases (2 of 26 crystals in this study), Li has no diffuse zoning in olivine
rims. Instead, it is con@x and generally mimics P (Figudeb). In theLayer 6 olivine
transects (Figurd.5), Na and Al are coupled along tbx@xis but preserve a zoning
pattern that is different from Li and P. Along thkaxis, Al and Na do not correlate well,
and neither corresponds to the zoning observed in LiPafidhere are different
concentrationsof FMg, Al , and Cr between the crystal
distinct in the P map (oscillatory zoning in the core, no zomrpge rim; Figuret.5).
Phosphorus and Al also exhibit pronounced sector zowiitly sectors parallel to the
axis poorer in P and somewhat richer in Al. The boundary between the core and the rim is
smooth for FeMg (BSE image), which diffuses quickly compd to Cr, Al, and P
(Figure4.1). The boundary is comparatively more distifor Cr, Al, and finally P
(Figure4.5 maps and transects), which is the slowest diffusing species among those
examin& here (Watson et al. 2015; Figuré). Strong diffusion anisotropy is observed
across the boundary between the core and rim when cog@ar from theb- andc-axes
(Figure4.5), consistent with previous studies (Petry et al. 2004; Ito and Ganguly 2006).
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Figure 4.5. Traceelementprofilesfor anolivine from Layer6 (1650C.E.)with distinctcoreand
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projection and BSE i mage. Trace el emesn dat a
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boundary between the core and rim is smoother foc-theés compared to theaxis).
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No diffusion between the two guth stages is apparent for Li and it mimics P zoning
only.

Lithium zoning behavior in cores and rims can also be distinguished by
examining theelationship of P versus Li (Figu#e6). Diffuse normally or reversely
zoned crystal rims (Figure3 and4.4) have different trends in P versus Li compared to
enrichment peaks (Figure4) ard complexly zoned crystals (Figudes). Normally
zoned diffuse rims have a significant decrease in Li compared to relatively little variation
in P, creating a downwatdajectory (unit 20 Olivine 35; Figur¢.6). Reversely zoned
diffuse rims display the same behavior but increase in Li to form an upwgctdrsgt
(unit 7 Olivine 12; Figure&.6). The core regions of these crystals have minimal variation

in both componentspfming smallclusters in P versus Li space (Figdr6). Enrichment

T T T T T T T T
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Figure 4.6. Phosphorugppm)vs. lithium (ppm)in olivinetransectsvi t h 20 err or bar s
the upper right. Core (filled symbols) and rim (open symbols) data have variable behavior related
to their zoning patterns. Solid lines connect diffuse rim profiles. Rim data that trend upward away

from their core (U7 Ol. 12;igure4 .4) have reversely zoned Li with minimal variation in P. Rim
data that trend downward away from their core (U20 OI. 35) have normally zoned Li with

mi ni mal variation in P. Note that enri chment

core data. The Layé Olivine 24 (Figurel.5) has core and rim regions along bothlthandc-
axes profiles with scattered data fields.
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peaks, which are praxal to the diffuse rims in Figu#.4, behave similarly to the core
regions. Both the core anuirin the Layer 6 complexly zoned olivine crystal have
considerable scatter owing to a relatively largeatsm in P compared to Li (Figuee6)
and the behavior is unlike that observed for the diffuse normally and reversely zoned
rms.

Timescales retrieed by moeling diffuse Li rims (using Equatioh3 and4.4)
from 28 KT olivine transects vary from a few hours to three weeks (AableThere is
no correlation between timescale duration and zoning type (normal vs. reverse), olivine

core or rim Faconent, or stratigraphic order of eruptive units (TahB. Most

Table 4.1. Calculatedimes(days)obtainedby modellingthe chemicaldiffusion of Li in olivine crystals.

Unit ol” Core T(°C) Li Ci LiCo Zoning t(days) ) (+)
Fo Type
BR 10_1 86.9 1245 1.41 1.71 R 8 6 12
10_2 86.9 1245 1.60 1.80 R 0.25 0.05 0.75
12 87.4 1263 1.50 1.25 N 2 15 4
28 78.8 1245 5.20 2.50 N 8 7 17
u7 12 1 88.4 1245 1.35 1.75 R 1.5 0.5 0.5
12 2 88.4 1245 1.35 1.69 R 0.6 0.4 0.4
20 87.3 1245 1.42 1.57 R 2 1 3
28 1 89.4 1245 1.35 1.45 R 2.5 2 7.5
28_1 89.4 1245 1.32 1.45 R 15 0.25 4.5
U1l 1 88.7 1275 1.30 1.59 R 3 2.75 9
6 88.5 1275 1.50 1.10 N 1 0.75 6
L6 21 89.2 1197 1.20 1.60 R 3 2.5 13
26 86.8 1197 1.25 1.80 R 18 13
u20 7 87.6 1263 1.80 1.36 N 10 9.9 -
18 86.4 1263 1.85 1.57 N 2.5 1.75 4.5
21 77.0 1263 1.90 2.80 R 22 10 18
23 82.6 1263 2.40 1.67 N 6 4 6
27 79.2 1263 3.40 1.75 N 18 4 5
29 88.4 1263 1.52 1.61 R 2 1.5 6
351 83.9 1263 1.90 1.60 N 9 5 11
35 2 83.9 1263 2.00 1.60 N 3 1 17
GP 4 88.7 1237 1.37 1.50 R 2 1.9 6
32 88.2 1237 1.50 2.20 R 14 6 6
34 88.3 1237 1.40 2.15 R 10 5 14
EP 3 87.5 1237 1.55 2.05 R 4 3.5 6
15 85.1 1237 1.63 1.50 N 20 15 50
18 85.6 1237 2.10 1.60 N 2.5 1.75 4.5
19 88.1 1237 1.40 2.00 R 1.5 0.75 2.5

Note(s): Fo contents and zoning from Lynn et al. (in review). Lithium zoning types are either N (normal) or
R (reverse). All reported timescales are Hisesults within analytical precision and scatter. Initial

boundary conditions for the core;J@nd rim (G) are reported in ppm:)(and (+) represent the errors
calculated by finding the minimum and maximum fits by visual inspection of the scatter in the data. A dash
under (+) notes profiles in which scatter outliers make it difficult to deterithia maximum timescale

error. * denotes olivine sample number, and profile number within the olivine where apprangaté (1

and 10_2).
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timescales (61%) are leisan four days, andrely more than one week (Figut&).

These calculated timescalka® nevertheless subject to relatively large errors (average is
60% and +220% relative to best fit value; TahblE) due to analytical uncertainty as well
as limitations associated with relatively low sampling density (1 spot per 11 pum). Thus,
all time<ales are presented with minimum, maximum, and best fittsesuindividual
profiles (e.g1.5 £ 0.5 daysFigure 44 and Tablet.1). Lithium timescales are generally
shorter than those retrieved fraraditionally measured major and minor eleméRts

Mg and Ni; upper inset Figure7, suggesting that they record a separate perturbation

event.
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Figure 4.7. Histogramsshowingthedistributionof Li timescalesetrievedfrom diffusion
modelling Upper inset has Li with Fo and Ni timescales (Lynn ehaleview) for comparison in
1-week bins. Lower histogram shows only Li timescales-@ay bins, where 61% of all
timescales are 4 days.
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4.5Discussion

Zoning of Li, Na, Al, P, and Cr profiles are used in the following sections to resolve how
differentzoning styles of Li record magmatic processes. First, we consider the potential
effects of shallow Li degassing on diffusion profiles. Lithium profiles are then compared
to the blueprint of growth recorded chiefly by P zoning (Milrigarris et al. 2008;

Welsch et al. 2013; 2014) and the relationship of P versus Li is used to distinguish
growth and diffusion zoning in Li profiles. Olivine transects are also used to determine
how growth induced charggalancing relationships may impact the diffusion of Li and

its application as a geospeedometer. Finally, the effects of Li diffusion anisotropy are
considered and timescales obtained from modeling of Li diffusion profiles are used to
present a new model for the letiage mixing, storage, and transport histooigsT

magmas.

4.5.1 Behavior of Li in magmas

Lithium can enter a fluid phase or degas as felsic magmas reach low pres@&es (<

MPa; Charlier et al. 2012), resulting in diffusion profiles that are consistently zoned in
the same direction due to a unisa@rshift in the surrounding melt Li content (Charlier et

al. 2012). Lithium is weakly volatile in basaltic melts (Edmonds 2015) as well. Previous
studies have suggested that the final ascent of KT magmas began from shallow storage
regions near 1:2 km depth (<60 MPa; Ferguson et al. 2016). If shallow degassing
strongly affected the Li contents of KT magmas, we would expect that all Li
concentration gradients in olivine crystals would be similarly zoned as a result of
diffusive exchange with a {poor met.

There are both normally and reversely zoned Li gradients in KT olivine from
individual eruptions (Tabld.1), demonstrating that the zoning was not produced by
simple fractionation during growth (Costa et al. 2008) or a universal degassing of Li from
the melt (Charlier et al. 2012). Weak degassing oblli{" ° ";’~°1; Edmonds 2015)
was inferred to occur in evolved, relatively watieh basaltic melts based on olivine
hosted melt inclusions with Ros> core compositions (Sides et al. 2014). Most KT
olivine crystals (75 %Fossdtonres)and associaded hilgONn  r e v i
glasses (up to 11 wt%; Helz et al. 2015) imply high temperatures (up to 1235°C; Helz
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and Thornber 1987) in a magmatitveéonment that would not promote degassing
(Edmonds 2015). Furthermore, Li melt concentrations are expected to increase with
decreasing MgO as a result of its moderate incompatibility in olivine during fractional
crystallization (Brenan et al. 1998; McDadt al. 2003; Grant and Wood 2010; Spandler
and O6Neill 2010). We suggest that mixi
by fractional crystallization produces the diffusion profiles and Li loss via degassing is

unlikely.

4.5.2. Lithium zoningin olivine

4.5.2.1. Complex charge coupling of Li during crystal growth.this study, Li

enrichment peaks are uncommon but always positively correlated with P, consistent with
the proposed charge balancegostitution reaction in Equati@ghl. This reléionship

suggests that Li enrichment peaks are growth features. Enrichment peak correlations

ng

generally occur for P concehgherthanlowwns t hat

regions (Figur&t.4 and45). InlowP r egi ons (a few dbedidts of
correlate with P zoning (Figu#e4). However, Frich zones produced by rapid growth
are generally Ot4am450ee alsd Websch gtili 2018,r2@14) and
are therefore susceptible to homogenization with surrounding?losgionsdue to the
spatial limitations of the analytical method (10 x 50 pum). Thus, the measured Li and P
concentrations in enrichment peaks are probably somewhat lower than the true
concentrations of thin enrichment features. Weak coroglatbetween Li and P.(g
Figure4 .4 c-axis transect) may result from homogenization of spatially limited
enrichment zones.

The broadly positive correlation of P and Ligrowth-dominated profiles (Figure
4.4 enrichment peaks and Figdré) is generated due to melt boundiyers with
increased 3+ and 5+ cation concentrations. Such boundary layers often show P and Al
enrichment near the crystadelt interface (MilmarBarris et al. 2008; Shea et al. 20)5b
Increased Li concentrations in boundary layers could lead to Liheneicts as P is
incorporated into olivine crystals due to local partitioning constraints during rapid growth
(Tomascak et al. 2016). The increasing concentration of Li in boundary layetteeand

coupled substitution in Equati@hl explain the coupling ofiland P in regions
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dominated by crystal growth. However, the vastly lower concentration of Li compared
with P in Rrich areas indicates that the role of Li in charge balancing P is minor
compared with other mechanisms (Mallmann et al. 2009; se@dpfsndx C). Thus,
although P may influence Li incorporation during rapid crystal gro¥ith? does
significantly satisfy the charge balancing requirements’o$ibstituting forV Si** in
olivine crystals.

The behavior of Li during growth appears to be depandnly on P, despite the
clear relationships observed between P and other monovatéirialent cations (e.g.
Figure4.4; Woodland et al. 2004; MilmaBarris et al. 2008; Mallmann et al. 2009). In
KT olivine crystals, analytical transects anda¢ eement maps show that Na, Al, and
Cr have inconsistent relationships with P and vary dramatically in both their abundance
andzoning pattern morphology (Figude3 and4.5). In the case of no P zoning, Li
preserves diffusive requilibration whereas Na, Adnd Cr have complemearly
enrichment peak zoning (Figude8). Furthermore, coupled Li and P in crystals that
preserve only growth have a different zoning pattean toupled Na, Al, and Cr (Figure
45). We propose that the variable behavior of Na, Adl @r independent of P can be
explained by a coupled substitution modified after Bershov et al. (1983) and Mass et al.
(1995):

Vgt + VIM2* = VAI3* + VICRY + VING' (4.5)

Simultaneous implementation of Equatibi and4.5 during growth explain
enrichment correlations of all elements (Li, Na, Al, P, and Cr), while allowing correlated
Li and P to be independent of correlated Na, Al, and Cr. Contrasting zoning of Na, Al,
and Cr compared to Li and P may depend on growth conditions, the availailigse
elements within local boundary layers, and/or many substitution mechanisms (Bershov et
al. 1983; Mass et al. 1995; Agrell et al. 1998; Gaister et al. 2003; Boesenberg et al. 2004;
Papike et al. 2005). The diffusive coupling of Na and Cr (Spaadied O6 Nei | | 201
further complicate these relationships, decoupling their concentration gradients from Al

and modifying the relationship expected from grovitfaxis profile; Figuret.5).
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Zoning patterns of P and Al carsalbe inversely correlate#igure4.5 and
Appendix Q. This behavior is consistent with the added complication of sector zoning in
olivine, which is Alrich (Pack and Palme 2003; Milm#&arris et al2008) and Fpoor
(Figure4.5; McCanta et al. 2008; MilmaBarris et al. 2008). Thesobservations indicate
that trace element zoning relationships are strongly dependent on the 3D structure of the
olivine crystal during growth (sector, rapid skeletal, slow ripening; Welsch et al. 2014),
and sectioning through heterogeneously distribatedng can complicate the trace
element relationshgpobserved in 1D profiles (e.§hea et al. 201%aThus, many
different charge balancing reactions may be needed to explain deviant behavior of trace
elements within individual 1D transects in this st(ay was observed for Al, Cr, and P
in 2D maps by MilmasBarris et al. 2008). However, Li is consistently correlated only
with P zoning in KT olivine, and we suggest that its behavior is not dependent on Na, Al,
or Cr because any correlations observedomaaxplained by a commaelationship with
P (e.gEquation4.2).

4.5.2.2 Preserving growth featurs within Li diffusion profiles.Lithium diffusion

profiles 16300 um from olivine rims can coexist with welefined enrichment peaks

that consistentlycore | at e wi t h enri chment shighefthaR many
low-P regions (Figurd.4). Phosphorus enrichment features are inferred to represent
sampling of a dendritic or hopper zoning morphology generated during rapid growth
(Donaldson 1976). Thu&i peaks are subject to chargalancing conditions (e.g.,
Equation4.2), and are apparently not easily overprinted by diffusiveqrélibration. At
typical magmatic temperatures 880°C), octahedrally coordinated Mg sites appear to
host Li (Dohmen eal. 2010). During growth, Liions are required to satisfy charge
imbalances created by'Roccupying tetrahedral sites (Woodland et al. 2004; Mallmann

et al. 2009). Coupled elements that charge balance each other within crystal lattices are
also susceptib to sharing coupled fluxes during diffusiveeguilibration (Lasaga

1979). We suggest that'Lions in the"'M sites are mobilized during diffusion, but the
charge balancing needs'P** must remain satisfied and some of théibhns must

maintain ocapancy in''M?* sites.
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However, zones of P enrichment are usually not volumetricallyfsignt
(Welsch et al. 2014; Figure8a). Most of the olivine crystal is low in P due to ripening
under slower growth conditions that do not promote the formation of trace elgoent
boundarylayers (Welsch et al. 2013; Figuté3a). Thin (1630 um) enrichment peaks of
Li and P in 1D profes may only be removed at the rate of the slowest diffusing element
(P; Watson et al. 2015), and rapidly diffusing Li is locally bound to maintain charge
balarcing (Figure4.4 and4.8c). This coupled diffusion phenomenon has also been
invoked to explain ther correlated zoning in olivine (e.g., P and Cr; MilrBarris et al.
2008). In slowgrowth regions that have P concentrationséfgn a f ew 106s of
Figure4.3), Li may not be affected by couplhugpendent charge balancing, leaving it
free todiffuse through/'M sites (Figuret.8c). This is consistent with trace element
transects through regions without skeletal P zoning where the Li profile is dominantly
controled by diffusion (Figuret.3 and4.8b). Even if core regions preserve complex
growth zoning (e.g.enrichment peaks), diffuse rims show the most change in Li
concentration vth minimal variation in P (Figuréd.6). Thus, despite chardmlancing
behavior that may locally couple Li to P, Li can still be used as a geospeedometer to

investpgate the timescales of magmatic processes.

4.5.3. Lithium geospeedometry

4.5.3.1. Diffusion AnisotropyZBome trace elements are known to diffuse anisotropically

along the three principal crystallographic axes in olivine (Ca, Coogan et al. 2005; Na,
Spander and OO6Nei | | 2 0 1 8.;TheBliference io diffusivitydalenge t a |
each axis is generally minor for trace el e
6x faster rates for FBIg, Mn, and Ni along the-axis (Petry et al. 2004; Dohmen and
Chakraborty 2007a, 2007b; Holzapfel et al. 2007). In olivine crystals where two profiles

were collected perpendicular to each other (b-gandc-axes; Figurel.4), no correlation

was found between crystallographidgsaand the extent of Li diffusion. Thus, Li does not

have strong anisotropy between its axes, and/or limitations in the spatial and analytical
precision of laser ablation profiles cannot resolve anisotropic differences. Applying the
Arrhenius relation foD.; (Equationd.4) to all Li diffusion profiles is acceptable

considering the precision of analyses and current constraints on its anisotropy.
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Figure 4.8. Schematidllustrationof Li behaviorandzoningresultingfrom growthanddiffusion.

(a) Euhedral olivine crystal with volumetrically small interior skeletal structure (as proposed by
Welsch et al. 2013, 2014). Dashed line marks the plane of section perpendiculdraxith€o)
Growthonly zoning of Lt and Rrich skeleton from an earlyhpse of rapid growth (Donaldson
1976) surrounded by Land RPpoor compositions from later slow ripening. White lines mark the
locations of compaositional profiles presented below the section. Transects 1 and 2 have
complementary Li and P zoning after catsjrowth.(c) Zoning generated by growth and
diffusion of Li (pink rim). Transect 1 has a diffusive rim with no change to the Li enrichment
peak. Transect 2 shows Li diffusion only in the absence of groeidked initial zoning. P is
unchanged throughout due to itewsldiffusivity (Watson et al. 2015) and short time elapsed
(hours to days) in the scenario.

94



































































































































































































