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Abstract

Hawaiian Ridge glcanoes vary in volume by a factor of 50 due to variations in the melt flux of
theH a w amaidtlé plume. One potential causefot hese vari ations is the
The objective of this study is to evaluate the relationship between melt flux variations and mantle
potential temperatur@p) of the plume during the formation of the Northwest Hawaiian Ridge
(NWHR) that extads 2800 km northwest of the main Hawaiian Islands. Using olivine
thermometry of 25 lavas from 10 Hawaiian volcanoes ranigomg 1 x 16 km3to 54 x 16 km?

in volume andt.5 to 47 Man age mantle potential temperatures are calculated. {digisision

electron microprobe analysis of olivieempositiongevealed that most of these volcanoes

shared similar olivine forsterite (Fo) compositions (8836 Fo) with the exception of high

forsterite olivines in Gardner lavas (91.85 % Fo, the highest measuredvaiibh lavas). The
highestforsteritic olivines from each sample were used to estimate parental magma
compositions. A Monte Carlo simulation method was used to calculate the -iiuirce

equilibration temperature £79) of these magmathe Tp, and wncertaintiesn temperature

associated with equilibrium assumptions made for parental magma composition esfitmates
minimum T4 and T, are forDaikakujilavasfrom the second smallest examined volcano at
northern end of NWHR1335 * 26; 1374 + 48C). ThemaximumT, is at Gardney the largest

volcano locatedh the central part of the NWHR (1614 £ 26; 1703 6% These results yield

a Tpincrease of 329C for theO12.4 Ma section of thiWHR. Soutleastof Gardner, §

decreaseat Mokumanamana to 1521 + 8D. The T, of the NWHR volcanoebetween
MokumanamanandWestN § hah@wv no systematic changenilar to variations in the melt

flux. The maximunmr, from the sutheastern portion of the NWHR was frovd h (@682 + 54

°C) and the minimumJf r om We st N g CpAsedorid hdréase Wy, wassobserved

from new T, estimates foKauai (1567 + 42°C) to the current estimat@nge for volcanoes of

the Islandof Hawaii (1632°C QO T 1 8CY These variations inglalong theHawaiian

Ridgefollow anequivalentrend that is observed in the melt flux. The maximiyfrom each

vol cano have significant Spear manodoarttenk corr
melt flux, and volumes of these volcanoes. These correlations suggest that there is a strong
coupling between thmelt flux and the temperature of thawaiianmantle plumeT, estimates

from the Galapagos and Iceland hotspots show an oppositegctsend over time. The

Louisville hotspot track shows a dramatic decrease in the melt flux since 20 Mg The T
estimates from this study show that the Hawai
shows two instances of increasingwith increasingmelt flux.
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1) Overview

Inquiry and estimation of the temperature and pressure for different processes that occur
on Earth have remained a primary focus oflggists since as early as thef1®entury. For
example, Charles Daubeny (1835) developed one of the first geological thermometers in his
attempt to measure the temperatures of recent lava flows on Vesuvius after a period of cooling
due to intermittent rai. These types of geological investigations have been transformative
throughout the past few centuries and have remained a central focus in modern research

attempting to understand the role that these physical parameters play in global volcanism.

One maimuestion at the core of the discussion of temperature has\Wéanis the
relative contribution that temperature has as a driving force for the voluminous eruptions that
generate large igneous provinces and intraplate volcanic chains like the Hawanda?s
Further, ae these features the result of melting an anomalously hot mantle or are they the result
of other mechanisms? Early efforts in understanding these feateresarried ouby Wilson
(1973) and Morgan (197®8stablisingt he conbepspof da dAhey defined
as the focal poistof volcanism due to convective upwelling, or plun@sunusually hot mantle
(Morgan, 1971). The localized volcanism at hotspmagred with plate motigrwas used to
explain volcanic chains withge progressions increasing in the direction of plate m@{ibison
1963a). In addition to the sustained volcanism, hotspots thermally rejuvenate the lithgsphere
creating anomalously shallow topography that extends hundreds of kilometers beyoed thfe ar

the volcanic edificeife. bathymetric swell, e.gGrough, 1983).

Both volcanism and the bathymetric swell are thougbetelatal to excess heat
However, heat flow measurements of the Hawaiian swell near Midway Island show no

systematic varian, leading geologistto rely on dynamic uplift and modest excess
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temperatures to reconcile the anomalous bathymetric depths around the Hawaiian hotspot (Von
Herzen, et al., 1989). The lack of excess heat flow around Hawaii and other global hotspot

locatons has spurred modern investigatitmsth ave attempted to deter min
truly hot (Anderson, 2000)Recent studies have continued to refine the classical definition and

role of hot spot mantle plumes and their interactions with the ptierge, convection and

chemical transport from the deep mantle, and the lithology and composition of the mantle (e.g

Ballmer et al., 2015). Though substantial work has been done on mantle plumes, the fundamental
notion that hotspots are truly the resdltreermal upwelling is still met by skepticism (Foulger

and Natland, 2003). Alternative mechanisms have invakéhenosphear and lithospheric

processewithout excess bat supply (Foulger et al. 2005

McKenzie and Bickle (1988) providex conceptualeferencdorthefi mant | e potent |
t emper at UThe® & thetempdrature that a parcel of mantle would have if it were to rise
to the surface adiabaticallFigurel; Mc Kenzi e and Bickle, Hh988). I
any hot spot melting anomaly using, The excess temperature is defined as the temperature
difference between a mantle melting anomaly and the surrounding ambient maslg"pTsPet
T T2mPeny Mid-ocean ridges (MOR) atbought to undergpassiveupwelling,so
Tpampien=T MOR A T, with sufficientmagnitude to drive active upwelling of mantle material is
critical to the thermal buoyancy mechanism of the plume model. Many saitiagptedo
constrain the value of,"°R using a variety of approhes. Mbst modern attempts have
converged on valuégMOR = 1454+ 78 °C(Putirka et al., 2007) though it may be as low as

1280°C (McKenzie and Bickle, 1988).

Using the mantle potential temperature of the-ogdan ridge mantle as a baseline to

compare tB amount of excess heat at hotspots around the globe, one can then test the thermal
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buoyancy theory of the hotspot mantle plumié@wever, manyotspot locations have additional
complexities. These complexities include hotspot locations proximal t@oash ridge plate
boundaries, those that do not show age progressions, those that only erupt short lived pulses of
volcanism, andhose involvingeruptions that occurred during times in which the Earth was
assumed to have a higher average internal temperggtmnatef potential temperatures at
ridge-plume interactiovolcanoesare particularly problemati@ndobfuscate the investigation of
temperature related mantle plume volcanism. Nevertheless, many investigations of the mantle
potential temperatured these features have resulted in excess temperatures. Estimates of the
mantle potential temperatures of the Iceland hotspot (which interacts with thétlisndic

Ridge) arel616°C (Putirka et al., 2007). This suggest that even with heat loss expgcted
interaction with the cooler midcean ridge mantle, the Iceland plume exhibits excess
temperatures up tdb2 °C, greater than thaverageestimates of ambient mantle temperature.
Mantle potential temperature estimates from@adapagosotspot, anothdocationknown for
plumeridge interaction, reachup t01620°C (Herzberg an@® 6 H a r a).,Maritl® got2ntial
temperaturesnder the Hawdi and Samoaotspos areidenticalwith T, of 15001700 °C

(Putirka et al., 2007).

The excessantle potentialemperatures at locations of persistent intraplate volcanism
suggest thesehotspotsare in fact due to thermal mantle anomalies. The question then becomes
How long have these hotspots exhibited these anomalous mantle tempeaatiinese these
temperaturechangedvith time? In general, it is thought that hotspots cool down with time and
magmatic prodctivity decreases (White and Menzie, 1989)The Galapagosnd Iceland
hotspots haveresumablyundergone secular cooling (Herzberg and Gazel, 2009). This is

becausdotspotsare thought to originate as sugerated plumeproducinglarge volume®f



volcancs(e.g. flood basalts or Archean komatiites; Herzberg, 1995). With time, tbehaaed
pl umesd heat andvolpapit activity decreaséhelseland andsalapagos
hotspots have an additional tectonic interaction with-atiéan ridge systems. This interface
with the cooler ambient mantieakes itdifficult to separate thheat loss due to secular cooling
and theeffect that midocearnridge devebpmenthason the temporal behaviof these hotspot.
The Hawaiian hotspas an intraplate oceanic island chain far from any plate boundestant
from any plate margin or continent for more thanViigr (Garcia et al., 2015 herelative
geologic simpkity makes Hawaii the archetypal example of mantle plume volcanism and the

ideal locality to conduct temporal geologic investigatiohthe hotspak thermal history
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Figurel. Conceptualization of mantle potential tempemtdt parcel of mantle represented by thelyed risingin
the mantle along a solid adiabat without melting. The temperature of that parcel of solid mantle at the surface is the
mantle potential temperature, {gircled red box)After Putirkaet al.(2007).
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2) Introduction

The HawaiiarEmperor (HE) chain is a6000 kmlong ridge of submarine and subaerial
volcanoesThe chain isubdivided into three segments. The norttf#500 kmlong Emperor
Seamountsegmentontairs at least 45 volcanoekatform a submarine ridge from Kamchatka
to the HawaiiarEmperor bend (HEBSigure2; Clague, 1996)Southeast ofhe HEB, the axis of
the volcanic ridge changes from the predominantl brientation of the Emperor Seamounts to
a NW-SE orientation. Theniddle Northwest Hawaiian Ridge (NWHR) segmextends
southeast of the HEB to Middle Bank seamount and includes at least 51 volcanoes stretching
over 2800 kmKigure?2). The main Hawaiian Islands form tA60 km southersegment from

Kadula toH a w awiith19 volcanoes (Garcia et al., 2015).

Volcano volumes vary significantly along the NWHR (i.ex, 10° km? for the Unnamed
Seamount, and 54 x 1Rm?3 for Gardner; Bargar and Jackson, 197éure2). Magma
productivity (melt flux) was relatively low after the formatiori the HEB(0.2-0.5 n? s?)
producingsmall isolated seamounts (Wessel, 20iGure2). Southeastof Academician Berg,
flux ratesincreasednarkedlyto 4.8 n? s near GardnerHigure?2). Melt flux subsequently
decreasetb relativelymoderate rategntil Middle bank at the southsternextent of the NWHR
(=2 m? s, Figure?2). The Hawaiia Islands mark a second increase in melt flux up8ar8 s

at Mauna LogWessel, 2016).

One hypothesis is thaaxiable meltingconditions (i.e., temperature/pressure) could have
driven melt flux variationsgiven that melgenerabn is highly sensiive to small perturbations
inthep | u ntheerdnal structure (McKenzie and Bickle, 1988; White, 1993; Lee et al., 2009).
Assuming a constant rate of upwelling mantle materielTgtwould require an increase of

~175200°C over thdast ~45 Myr to sustaithe observed melt production rates along the

12



Hawaiian Ridge (White, 1993). The thermal history of the plume has previously been inferred
from geodynamic modeling of plume buoyancy flux models to generate the Hawaiian swell
topography (e.gRibe and Chrignsen, 1999Togia, 2015). This method approximatedy
solving for combinations of mass fladplume temperature that minimize ermreproducing

the swell shape. However, these solutions areumique, making it difficult to decouplaass

flux and temperatur€Togia, 2015). Geochemical approaches to meastemgoral variations

in T, for the Galapagosind Icelandhotspots indicateecular coolinde.g.,Herzberg and Gazel,
2009) Does the Hawaiian hotspot plume show similar evidence of secolangover its

eruptive history?

Olivine thermometry providezn alternativepproach to estimate, (Putirka,et al.,
2007).Wholerock and tivine compositions from 25 lavas collected from 10 volcavaés
contrasting melt flwestimateslong theNWHR from the HEB tdK a u wejei utilized to
investigate the thermal history of the plu(fRéyure 9. These olivinegphyric lavasvereused to
estimate the maximum olivideyuid temperatures €'9). The 79 werecorrected for diabatic
decompressioand heat of fusioto establish the temporal evolution gf af the Hawaiian
mantle plume from ~4:87.5 Myr. We investigatd if a relationship exists between the mantle
potential temperature and the variations in melt 8long theNWHR volcanoes. Correlation
coefficients used to quantify these relationships indicate that,thedlthe melt fluarestrongly
correlatedat a 95% confidence levdl, appears to havesentwice since the formation of the
HEB along with thepulses oincreasingmelt flux during the formation of Gardner and Mauna

Loa Thus, we conclude the Hawaiian hotspot shows no evidence of secular cooling.
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Figure?2. (A) Plot of Melt flux (Q) along the NWHRas a function of distance fromauna Loa. Red circles are the location of the volcanoes examined in this

study. (B) Bathymetric map of the Northwest Hawaiian Ridge with 1000 meter contours generated using ETOPO1 (Amante a2@0RakiRed circles show

sample locations for thisstudy HEB ' HEBmwmernor Bend; MB' Middl e Bank. The | argest difference:
examined in this study are the Unnamed Seamount (2 ki) and Gardner Pinnacles (54 x3X0n®).
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3) Samples and Petrography
3.1) Samples
The NWHR sample collection at the Universi
from 17 of the 51 volcanoeA. subset ofow to moderately alterealivine-phyric lavasvere
selectedrom the UH collectiorcontaining25 submarine and subaerial laviasm 10 NWHR
volcanoesDredged samples wecellected during thre&H expeditions in 1972, 1976, and
1984. They are labeled as yeledgesample (e.g. 720-GG; cruise year 1972, dredge number
20, sample GG). Other UH samples were collected bRPIBEESV submersible during two
cruises in 2003 and 2011 (labeled with the prefix P5). Samples were also obtained from the
Scripps Institution of Oceanographgllection They include dredged lavas just south of the
HEB at Daikakuiji (labeled A5 sample numbeypand subaerial lavas that were collected on the
i slands of N@hoa (Il abeled with the prefix NIH

with the prefix NECG).

3.2) Petrography

Modal mineralogy was determined by point countihgl{le ). Olivine is the dominant
phase (3.@0 42.6total vol%). It showed the greatest variation for phenocrgsts5 mm 0 to
37.8 vol %9, and less variation for microphenocryfisl-0.5 mm 0 to 12.6 vol %{(Table J).
Most d the samples (17/25) are picrites, witd5vol % olivine (Table ). The remaining lavas
are olivinephyric (515 vol % olivine phenocrysts) or weakly olivipaayric (05 vol % olivine
phenocrysts). The olivinphyric samples &m the two oldest seamounts, Daikakuji and the
Unnamed seamourdontain only olivine microphenocrystgable 1. Olivine morphologies are
most commonly euhedral to subhedral, and less frequently resmrbkeletalAppendix J).

Olivine phenocrysts are well preserved, whereas microphenocrysts are commonly altered with
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only relict coresCr-spinel is common as inclusions in olivir@inopyroxengcpx) phenocrysts

are present in two samples and mptrenocrystsn five samplesTable I Appendix ). The

groundmasses of the NWHR samples are compolseyptocrystalline material or fingrained
plagioclase, clinopyroxene, and-§pinel (Table ). Vesicularity ranges from 8.1 to 23 vol %
and vesicles are commonly lined with zeolitéslfle ). Most samples (15 out of 25) have low

levels of alteration¥able 1 Appendix 1. Moderate alteratioreferred tosamples with alteration

rims > 0.1mm around olivinggeoliteclays filling vesiclesand/or common discoloration of
matrix. Moderate alteration was obseniadhe oldessamples (Pionedo Daikakuji)and three

younger samples (Mokumanamana, Twin Banks, and Wésh; dadle I Appendix J).
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TABLE 1. PETROGRAPHY OF NWHR LAVAS BASED ON 500 POINT MODES

Olivine Clinopyroxene Plagioclase
Volcano Age Ref. Sample Ph Mph Ph Mph Mph Ves GM Alt
Daikakuiji 47503 | 1 A-551 0.0 12.6 - - - <0.1 cC mod
A-55-2 0.0 6.4 - <0.1 - <0.1 F mod
A-554 0.0 6.6 1.4 0.6 2.2 0.6 F mod
Unnamed ND 84-28-C 0.0 3.0 - - - 174 CcC mod
84-28-D 0.0 34 - - - 23.2 CC mod
Academician Berg 31.0+0.2| 2 72-20-GG 201 2.4 - - - 9.4 CC mod
Pioneer ND P5526-rk2 4.2 12.7 - - - 8.3 HP mod
Gardner 12.3+2.0| 3 76-6-7-B 17.9 4.6 - - - 0.8 cC low
76-6-7-C 20.0 5.1 - - - 1.2 cC low
76-6-7-F 21.8 3.8 - - - 0.8 cC low
76-6-7-H 19.6 5.7 - - - 1.2 cC low
76-6-7-1 15.3 6.7 - - - 1.8 CcC low
76-6-7-J 23.7 3.2 - 1.0 - 0.6 CC low
Mokumanamana 10.3+0.8| 4 NEC-2A 35.2 - - 2.0 - 8.4 CcC mod
NEC-3A 27.5 1.1 54 1.4 - 9.6 CcC low
Twin Banks 9.6+x16 | 3 P5688-1 31.1 2.5 - - - 16.8 CcC mod
West NOhoa ND 76-9-11 32.0 - - - - <0.1 cC mod
N hoa 75206 |5 NIH-D-1-2 20.8 4.0 - - - <0.1 cC low
NIH-D4 19.6 9.6 - - - <0.1 cC low
NIH-F-5A 37.8 4.8 - - - 16.8 IG low
NIH-F-9 32.3 35 - - - 7.7 cC low
NIH-W-11-1 28.4 2.3 - - - 23.2 CcC low
Kaua0 43202 16 KV04-16 240 6.0 - - - <01 | CC | low
KV04-19 3.2 5.1 - - - 6.0 cC low
KV04-22 12.6 3.4 - - - <0.1 1G low
Note Mineralogy is reported for phenocrysts (Ph; >0.5 mm), and microphenocysts (Myh50rin); Age represents the oldest ége shield if available);
ND' Not Deter mi ned; Ref. Reference for ages: 1" O0O6Connor etetalgal987, 2¢C
5" Dalrymple et al ., 1974, 6" Garcia et alyptocrydbil e, WebéelbegicHPahyhst
I G'intergranul ar ;0 mikdralter&tibntokolived wittothin alteratow rims 6001 mm; matrix is largely unaltered or discolored with mir
zeolitesorclag | i ni ng vesi cl e signwitholigine alteratore rinast aad fraquéntenrataix alteration and discoloration. This qualitative

assessment of alteration is best illustrated by the photomicrographsndix J).
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4) Whole-Rock Geochemistry

Sixteen newavas were analyzed by-day fluorescence (XRF) for whel®ck major and
trace element compositiongable 3. These data wermmbined with previously published XRF
analyses for thetherremaining nine lavasi@ble 3. Most of the lavas are tholeiitic (18/25
samples), five are transitional, and two are alkaigre 3. The alkalic index (AlR, a metric
derived bythedeviation fromthe MacdonaleKatsura line (1964)was ugd to determine the
possible eruptive stage of these laviagire 3 Carmichael et al., 1974; Rhodes and Vollinger,
2004).Intraplate holeiitic magmas fornwhenthe volcands centered over the core of the
hotspotwherethe hidhest rates of heat supply produlce most voluminous shield stage
volcanism These are defined here as having an alkalic index values les® Baand include
18 tholeiitic basalts, and one pidbasalt Eigure 3. Five othelavas are transitional, defined
here as havingnalkalic index within the range @0 . 3 @ AHid8re J. These lavas
eruptedduringtimes of waning heat suppas the volcanmmovedawayfrom thecenter of the
plume Two lavas from an Unnamed Seamount-@Bsamples) have Alk= 1.23 and 1.0Gand
are assumed to lakerivedfrom a cooler magmsaource No tholeiites have been collecteedm

the Unnamed Seamount.

The MgO content of the sample suite ranges between23.Dwt. % (Figure 9. All
lavasappear to lie along olivirenly control linesexcept those from Daikakujiith the lowest
MgO content Eigure 4. Two of the higher Si@Daikakuji lavas contain clinopyroxene
microphenocrysts and lack olivine phenocrystsble ). The lavas from the Unnamed seamount
(84-28-C and 8428-D) have the highest CaO/A&)s ratios. High CaO/AiOs would indicate
either clinopyroxene accumulation or plagiocl&setionation which is inconsistent with the

absence of these phases in these sariplége ). The increase in ADs with decreasing MgO
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suggests a negligible effect of plagioclase crystallization, consistent with the rapigiclase
phenocrysts and microphenocrysts in these rocks (TalRhbjles (208) has noted that the
strong linear trend in AD3-MgO is typical in Hawaiian tholeiite&amples from the NWHR
plot along this same trend linEifure 4. The samples from the Unnamed seamount also lie
along tke Al2Os-MgO trenddefined by negligible plagioclase fractionatidine alkalic
Unnamed seamount samples plot above the trend line, similar to the elev@edailes for a
lower MgO contenin Hawaiian post shield lavas found by Rhodes (206t of the NWHR
samplegplot alongtwo distinct arrays in MgeriOy, indicative ofmultiple distinct magma

melting conditionsTransitional rocks tend to form the elevated J#&ray.Elevated TiQ

cortents either reflect more fertile source compositions or different source pressures of magma

generatior(Putirka et al. 2010).

Geochemical indicators of alteration include substantial mass losses on ignition (LOI >
2%), and kO/P.Os (K/P) for tholeiitic samples which can be used in addition to petrographic
indicators (able I e.g. Wright, 1971, Frey et al., 1991). The K/P r&tiounaltered tholeiitic
lavas is typically 1.2.0 (e.g. Wright 1971; Frey et al. 1990; Rhodes €Gil2). Tropical
weathering causes loss 0f® and submarine lavas can underg®4addition by precipitation
of zeolites from surrounding seawater, both lomgethe K/P ratioThe XRF analyses of the
Hawaiian Ridge samples indicate variable degreefevbtion.Most of the NWHR lavas
(20/25) have LOI < 2%l(able 9. One of the three oldest samples frDaikakujihas a LOI of

4.44wt. % and moderate discoloration of the matrix and materabhle 1 Appendix 1. The

Unnamed Seamousampleshowlittle alteration;however, their high vesicularity and zeolite

lined vesicles may be the source of thewt2% LOI (Table 1 Appendix J). The Pioneer

sample has theighestLOl of 4.87wt.%. Thi s sampl eds matri x 1is
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with clays lining vesicles and is the most likely source of the high LOI (Ta#pdendix J.
The high LOI f r oNtH-R-9 ntrhbigts theapetograptpclingpedtion for
alteration. This sample has only minor alteration of olivine phenocrysts, well preserved matrix

material and no secondary mineralization within vesiclesle 1 Appendix1). The K/P in the

NWHR tholeiitic lavas ranges from 0.33 to 2.32 and 1.4 to 1.8 for &thaeiites Table J.

Eight of the tholeiitic lavas have K/P <ihdicating loss of KO (Table J.
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TABLE 2. WHOLE-ROCK X-RAY FLUORESCENCE ANALYSES FOR NWHR LAVAS

Seamount Sample SiOz TiO2 A0 FeOs* MnO MgO CaO N&eO KO  P2Os Total LOI K/P Lab
Daikakuji A-55-1 51.05 2.50 12.54 12.21 0.17 8.66 9.15 2.31 0.87 0.40 99.86 193 217 UM
A-55-2 47.05 2.96 14.57 14.49 0.17 571 10.87 2.43 0.78 1.37 100.35 4.44 232 UM
A-55-4 51.67 2.92 13.54 11.77 0.16 6.65 8.90 2.82 1.32 0.58 100.32 1.86 228 UM
Unnamed 84-28-C 43.94 2.55 13.94 12.99 0.19 7.87 14.50 2.02 1.03 096 100.00 2.72 1.08 UM
84-28-D 43.86 2.58 13.89 13.06 0.19 8.04 14.81 1.88 098 102 10031 263 0.96 UM
Academician Berg| 72-20-GG 45.34 2.97 12.40 14.60 0.17 12.80 8.80 2.26 037 049 10020 1.77 0.76 UM
Pioneer P5-526-rk2** 44.35 3.23 11.98 16.04 0.22 11.65 1041 1.11 0.74 0.22 99.95 4.87 3.29 UH
Gardner 76-6-7-B** 47.61 1.78 10.93 12.48 0.18 16.09 9.10 1.73 0.13 0.17 100.20 1.48 0.76 UM
76-6-7-C** 47.31 1.78 11.03 12.53 0.18 15.42 9.21 1.75 0.18 0.17 99.55 155 1.05 UM
76-6-7-F** 47.19 1.72 10.79 12.64 0.18 16.73 8.91 1.70 0.13 0.17 100.15 1.17 0.75 UM
76-6-7-H 47.86 2.03 12.30 12.35 0.20 12.11  10.30 2.06 0.37 0.20 99.77 1.01 182 UM
76-6-7-1 48.04 2.00 11.97 12.22 0.20 12.98 10.15 1.52 0.34 0.20 99.61 138 170 UM
76-6-7-J 47.86 1.86 11.50 12.58 0.19 14.92 9.47 1.56 0.15 0.18 100.26 187 0.82 UM
Mokumanamana | NEC-2A 45.09 2.26 8.37 15.04 0.22 18.37 8.40 0.93 0.33 0.72 99.73 134 046 UM
NEC-3A** 46.38 2.29 9.43 14.04 0.18 17.04 8.34 1.31 0.45 0.50 99.95 179 0.89 UM
Twin Banks P5-688-1** 43.54 1.99 9.93 14.52 0.19 16.24 10.27 1.48 0.21 1.38 99.75 1.33 0.16 UH
We s t NQ h d 769-11* 45.79 2.49 10.45 14.22 0.20 16.24 7.20 2.11 0.68 0.37 99.75 1.33 186 UM
N hoa NIH-D-1-2** 47.57 2.58 9.89 13.34 0.17 15.37 7.77 2.05 0.63 0.37 99.73 042 169 UM
NIH-D4 48.10 2.32 11.20 13.00 0.17 13.65 8.87 1.98 0.28 0.29 99.85 062 096 UM
NIH-F-5A 44.58 1.60 7.86 14.33 0.18 24.02 5.71 0.99 0.10 0.32 99.69 133 033 UM
NIH-F-9** 46.28 1.87 8.90 13.02 0.17 20.45 7.21 1.61 0.21 0.31 100.03 349 0.68 UM
NIH-W-11-1 44.21 1.96 7.80 14.43 0.19 23.03 6.43 1.44 0.19 0.33 100.01 053 058 UM
Kauad KV04-16** 47.40 2.15 10.05 12.83 0.17 17.54 7.48 1.73 0.38 0.26 99.99 020 144 ym
KV04-19** 50.40 2.37 12.75 11.96 0.17 9.89 9.70 2.20 0.43 0.26 100.12 0.06 1.63 UM
KV04-22** 50.12 2.28 12.44 12.33 0.17 10.49 9.65 2.01 0.44 0.24 100.16 0.10 184 UM
Note Maj or el ements are in wei gt tpeetracle nitr;on;Ol* * fLrdoas ,Gfatia etiglai20as) favanl;
NWHR lavas.Sample preparation methods are simiteGreene et al. (201Zppendx Section2) . L ab l aboratory for X

plus the nine previously reported samples were analyzed at the University of Massachusetts XRF facilities (for ana@lgtinvadépend precision, see Rhoc
and Vollinger, 2004). Two sartgs labeled with the R%refix were previously analyzed for major and trace element compositions at Univetsity afaat
MUnoa (UH; for analytical procddures and precision, see Sinton et
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Figure3. Wholerock total alkalis versus silica plot (after Le Maitre, 2002) for lavas from the NWHKaunab i
from this study. The solid blue dividing line for separating alkalic from tholeiitic lavas is from Macdonald and
Katsura (1964). This line is given by the function: A SIiO; -39) *0.37,where Alk is a lava alkalinity index and
SiG,is inwt. % (Camichael et al., 1974, Rhodes and Vollinger, 2004). Shield stage lavas are defined here as
having an alkalinity index All< -0.3 and symbols amed Transitional stage lavase green anglot on or within
the array of the Macdonalatsura ling(solid Hue line)have an alkalinity index of 0 Alk 0.0 T&. Postshield
lavas are defined here as havingAll0.3 and symbolblue The pink field represents the common psisield

lavas and the grey field represestéeld lava®f Kilauea and Mauna La&lague and Sherro@014).
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important phase in their crystallization histoffyie dashed cyan line for MgO vs..8kis the trend line for
Hawaiian lavas from Rhodes (2016]).w o
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5) Olivine Chemistry and Calculation of Parental MagmaCompositions
5.1) OlivineElectron Probe Micro Analysis (EPMA)

Analyses were made for 539 euhedral to subhedral olivine crystals in 25 samples (~20
olivine cores per sampleising theElectron Microprobet the UniversityoHa waaité iMUn o a
with a high precision setup (200 nA, 2@¥; 10 pm beam diameter; Si, Mg, Ni, Ca, 100 s on
peak,45s onboth sides of the backgroundn, 60 s on peal30s on background; Fe, 30 s on
peak,15s on backgroundHigh-intensity crystals were used tohemce count ratdsr Ni
(LIFH) and Ca (PETH). Calibration standards were San Carlos olivine USNM 111312/444
(SiOz, MgO, FeO), Verma Garnet (MnO), Kakanui Augite USNM 122142 (CaO), and a
synthetic Nioxide (NiO). Raw Xray intensities were converted into weight percen?A&

corrections Appendix Table A.2Armstrong, 1988; Donovan, 2007

The analytical set up yielded accurate and precise vaases] orthe olivine standards
San Carlos USNM 111312 444 and Spring Water USNM 258&6Gvere measured as unknowns
during theanalysissessionsTable 3. Individual sessions showed lower standard deviafan
each measured oxide when compared to the standard devétionlated for the total
distribution of measuremen{$able 3. This giveshigh internal precision fogach group of
sampleanalyses measured within a session. The grpafrationstandard deviation of all
olivine analysesemairs well within the variation tolerance needed to generate temperatures

when usedn further calculations.

Olivine forsterite contents (Fo) vary between 77.3%@(u ,&d04-19) and 91.8 %
(Gardrer, 766-7-H; Figures 5 & 6). Lower Fo contents in olivine can be an artifact of not
intersecting the core of tlaivine (e.g., Pearce, 1984). Most samples range betiv@ess,

except those from Gardner, which have abundant higher Fo olivines (Figure A.ExsThe
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from Gardner is the highest value measured in Hawaiian olivinepfexjous highFoe1.3from

Mauna Loa; Garcia et al. 1995).

The wholerock compositions of the NWHR lavas have been affected by either olivine
fractionation or accumulatioririgure 5. The most common graphical method to evaluate the
extent of these processsghe Rhodes diagram (Rhodes et al. 17@ure 5. Olivines which
are in equilibrium with the wholeock Mg # lie within the equilibrium field defined bygk
0.345 = 0.030 (Matzen et al., 201$ampledrom Daikakuji, the linamed Seamount,
Academician Berg, Pioneer, Gardner, Twin Banks,krdu plat above and left of the
equilibrium field. These samplese assumed to have undergone olivine fractionation, lowering
the wholerock Mg # from the highest measured Fo equilibrivalue. Samplefsom
Mokumanamana, West NQhoaKaN gldbebowandto therighta8 s a mp
the equilibrium field These samplesre assumed to have accumulated olivine, raising the Mg #

of the wholerock composition above the equiiilam value.

5.2) Calculation oparentalmagmacompositions

The parental magma composition that is in equilibrium with the highest olivine forsterite
content measured was calculated to determine the maxirfltifrrdcorded in the NWHR
samples for eacholcano ([able 4. All olivine cores used in parental magma calculations have
CaO O 0.17 wt. %, indicating that they are ma
(Stormer, 1973; Larson and Pederson, 2000). The samples that have apparently accumulated
olivine have amall range in Fo content of 6% (Figure 5. The small range in Fo content
suggests that the median Fo olivine composition can be assumed to be representative of the
average accumulated olivine composition. Parental magma cdrapssvere estimated by

removing small weight fractions (0.01 wt. %) of the median Fo olivine composition from the
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XRF wholerock composition. This process was iterated until the parental magma Mg# was in
equilibrium with the highest Fo measured within slaenple {able 5. Three potential parental
magma compositions per sample are calculated assuming thveduks (0.315, 0.345, and

0.375) spanning the equilibrium range reported by Matzen et al. (2011). These parental magma
compositions are used to constrain the variation in possible parental magma compositions in a

Monte Carlo simulation to calculate oliviiguid and derive mantle potential temperatures.

Other samples were affected by variable olivine fractionatianu(e 5. Parental magma
compositions were obtained by reverse olivine fractionation modeling using Petrolog V3.1.1.3
(Danyushevsky and Plechov, 2011). Equilibrium olivine was added in small steps (0.01 vol. %)
to the wholerock compositns until equilibrium with the highest % Fo was achieved, assuming
three constant &valuegq0.315, 0.345, and 0.375). The amount afdzen the melt was
cal cul ated assumi mgf Q&M-1 (&hogeg and Volingay, 2@04) using theO
model ofKress and Carmichael (1988). Calculations were made under isobaric conditions of 1
kbar, ~3 km, a reasonable depth for a Hawaiian tholeiitic magma reservoir (Decker 1987 for

Mauna Loa and K@ 4fucra;K@lodwmenad) .et al . 201

One major assumption diis reconstruction of parental magmas is that theatue is
constant during the course of these calculations. Recent research, however, suggests that this
may not be true, and that| s compositionally dependent and not constant while reverse
fractionaton is taking place (e.g. Toplis 2005). To explore this alternative, §lveak calculated
as the magma composition was being estimated during each iterative step of the parental magma
calculation using the equation of Toplis (2005). Parental magma cdmopssvere estimated
using Petrolog V3.1.1.3 (Danyushevsky and Plechov, 2011) to equilibrate with the high Fo

olivine in two samples (A5-1 and 766-7-H) that yielded the minimum and maximum
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temperatures to explore the magnitude of change in the maxiempetature difference. The

same parameterization was used for all other variables and<<allowed to vary. This method

yielded similar final k values that are in agreement with the=8345+0.030 assumptiongble

6). The paratal magma compositions for the-8&7-H sample from Gardner are less similar to

the results obtained from a constanttikan the parental magmas calculated for Daikakuji. This
difference in final parental magma composition results in a miné€ 2Bfference in P9 for

the 766-7-H sample {able §. T°"9 values obtained using the parental magma composition

from the compositionalkgependentKkmet hod are within the 20 unce

next section.
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TABLE 3. OLIVINE ELECTRON PROBE MICRO ANALYSIREPRODUCIBILITY

Published
standards SiOz FeO NiO MnO MgO CaO Total Fo
NMNH
11312444 SC 40.81 9.55 0.370 0.140 49.42 0.050 100.29 90221
USNM 2566 SW 38.95 16.62 0.000 0.300 43.58 0.000 99.47  82.379
Sample Group n i G m a i G U a m G U G
A'55% SC 12 4091 021 956 0.04 0.3616 0.0020 0.1378 0.0032 49,51 0.16 0.0721 0.0022 100.55 90.231
A-55
Sw 12 3977 0.11 16.68 0.04 0.0010 0.0010 0.3107 0.0030 43.98 0.07 0.0000 0.0000 100.75 82.457
/8A_525é»4c SC 21 4075 018 959 0.05 0.3478 0.0026 0.1358 0.0036 49.29 0.23 0.0701 0.0012 100.18 90.166
A-
84-28-D SW 23 3953 0.17 16.68 0.04 0.0004 0.0007 0.3082 0.0035 4392 0.05 0.0000 0.0000 100.43 82.442
P5526-2
72-20-GG SC 56 4020 187 954 029 0.3705 0.0047 0.1365 0.0040 49.17 1.32 0.0716 0.0025 99.49 90.184
76-6-7-B
76-6-7-F
76-6-11 SW 54 3913 0.21 16.70 0.05 0.0006 0.0008 0.3091 0.0045 43.75 0.05 0.0000 0.0000 99.89 82.364
P5688 1
;gg;r‘ SC 19 4045 0.13 955 0.02 0.3703 0.0028 0.1373 0.0027 49.40 0.19 0.0729 0.0015 99.99 90.214
766:7:J SwW 19 3934 0.13 16.71 0.03 0.0005 0.0009 0.3092 0.0037 43.84 0.14 0.0000 0.0000 100.19 82.389
“Eggﬁ SC 9 40.75 0.14 955 0.03 0.3628 0.0028 0.1352 0.0025 49.26 0.03 0.0725 0.0027 100.13 90.196
" SW 9 39.50 0.09 16.67 0.04 0.0013 0.0016 0.3011 0.0046 43.75 0.05 0.0000 0.0000 100.22 82.389
76-6-7-C
NIH-D-1-2 SC 30 40.09 117 945 0.09 0.3683 0.0043 0.1349 0.0035 49.29 0.12 0.0707 0.0028 99.40 90.292
NIH-D4
NIH-F-5A
NIH-F9 SW 25 3866 128 16.52 0.12 0.0006 0.0009 0.3034 0.0049 43.67 0.13 0.0000 0.0000 99.16 82.499
NIH-W-11
KV04-16. 19, 22 SC 20 4043 023 9.61 0.02 0.3393 0.0019 0.1369 0.0031 49.68 0.10 0.0733 0.0009 100.27 90.211
T SW 20 39.27 0.25 16.79 0.02 0.0011 0.0011 0.3112 0.0034 4420 0.04 0.0000 0.0000 100.57 82.439
SUMMARY SC 167 4040 120 954 0.20 0.363 0.012 0.136 0.004 49.30 0.80 0.072 0.002 99.83  90.217
Sw 172 392 0.60 16.70 0.10 0.001 0.001 0.308 0.005 43.80 0.20 0.000 0.000 100.04 82.422

Note: Summary othe mean|f) and standard deviatiod)(for the number of analyses (nin on the two standards of San Carl8€{ NMNH 11312444) and Springwater

(SW; USNM 2569 olivine. Oxide compos$ibns are in weight percent. The San Carlos and the Spring Water olivine compositimomalarosewich, et al. (198@oi Percent
forsterite. Samples are grouped based on the analysis session that the calibration repredagptth@yewere analgzl). Within each group of analyses, the samples are ordere
ascending distance to Kilauea to best match their ordeabieT.
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Figure6. Backscattr electronimage of the F& solivine measured in the 7&7-H sample. Note the minimal alteration
around thd-e-rich rim and euhedral morphology of the crystdbst of the phenocrysts in this section are darker gray
while the microphenocrysts in thepgy left of this imageare lighter grayTheir light gray color indicates higher iron
content.
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TABLE 4. OLIVINE COMPOSTIONS FOR MAXIMUM FORSTERITE MEASUREBROM 25 NWHR LAVAS

Seamount Sample SiO, FeO NiO MnO MgO CaO Total Fo
Daikakuiji A-55-1(6) 39.64 14.50 0.47 0.17 44.08 0.19 99.05 84.42
A-55-2(3) 39.75 15.22 0.45 0.19 44,19 0.19 99.98 83.81
A-55-4(12) 39.25 15.08 0.42 0.18 44,05 0.19 99.16 83.89
Unnamed 84-28-C(17) 39.75 13.11 0.23 0.21 46.02 0.38 99.70 86.22
84-28-D(20) 39.70 14.14 0.22 0.23 45.27 0.41 99.97 85.09
Academician Berg 72-20-GG(19) 39.89 13.01 0.35 0.17 46.68 0.18 100.29 86.48
Pioneer P5526-rk2(10) 39.70 13.01 0.38 0.17 46.34 0.22 99.81 86.40
Gardner 76-6-7-B(14) 40.41 9.54 0.40 0.14 49.44 0.22 100.15 90.24
76-6-7-C(6) 4055 9.44 0.39 0.13 49.09 0.21 99.81 90.26
76-6-7-F(27) 40.50 9.47 0.41 0.14 49.53 0.22 100.25 90.31
76-6-7-H(11) 40.27 7.95 0.45 0.12 50.25 0.21 99.25 91.85
76-6-7-1(27) 40.26 8.32 0.45 0.12 49.98 0.22 99.36 91.46
76-6-7-J(30) 40.26 9.31 0.40 014 49.04 0.22 99.37 90.37
Mokumanamana NEC-2A(18) 39.53 14.01 0.27 0.19 45.48 0.27 99.74 85.26
NEC-3A(2) 39.55 13.97 0.27 0.19 45.17 0.21 99.36 85.21
Twin Banks P56881(20) 40.17 11.48 0.40 0.15 47.91 0.17 100.29 88.15
West NQhoa 76-9-11(10) 39.58 13.74 0.31 0.18 45.77 0.24 99.82 85.59
N9 hoa NIH-D1-2(1) 36.82 14.68 0.33 0.18 44.73 0.21 96.95 84.45
NIH-D4(12) 38.76 17.77 0.29 0.22 42.04 0.23 99.30 80.83
NIH-F-5A(9) 39.66 12.09 0.40 0.16 46.85 0.19 99.35 87.36
NIH-F-9(4) 39.87 11.25 0.39 0.15 47.45 0.20 99.31 88.26
NIH-W-11-1(6) 40.02 12.39 0.38 0.16 46.60 0.20 99.75 87.02
Kauadi KV04-16(01) 40.19 11.46 0.35 0.16 48.11 0.18 100.45 88.21
KV04-19(01) 39.72 12.52 0.39 0.16 47.17 0.20 100.16 87.04
KV04-22(15 40.04 11.62 0.40 0.16 48.10 0.18 100.49 88.06

Note: Olivine compositions are in weight percent. The numiithin the parentheses after the samgea corresponds to the olivine measuremaniber
in all of themeasured olivine compositions (i.e. saenfil(olivine measureme#it Appendix Table A2). Fo is mol % forsterite.
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TABLE 5. PARENTAL MAGMA COMPOSITIONS IN EQUILIBRIUM WITH HIGHEST FO OLIVINE AT K= 0.345

Seamount Sample SiO; TiO, Al>,O3 FeOs FeO MnO MgO CaO NaO K20 P,Os
Daikakuiji A-551 50.96 2.38 11.92 1.10 10.43 0.16 10.94 8.70 2.20 0.83 0.38
A-55-2 50.97 2.68 12.06 1.12 10.37 0.15 10.34 8.14 2.48 1.18 0.51
A-554 50.74 2.64 12.25 1.12 10.38 0.14 10.40 8.05 2.55 1.19 0.52
Unnamed 84-28-C 43.62 2.20 11.73 1.33 11.37 0.18 13.76  12.50 1.58 0.86 0.88
84-28-D 43.38 2.32 12.37 1.34 11.29 0.20 12.46  13.69 1.59 0.77 0.58
Academician Berg 72-20-GG 45.68 2.83 11.41 1.29 12.21 0.16 15.07 8.38 2.15 0.35 0.47
Pioneer P5526-rk2 44.31 2.82 10.46 1.39 13.44 0.19 1651 9.09 0.97 0.65 0.19
Gardner 76-6-7-B 47.59 1.68 10.32 1.10 10.27 0.17 18.37 8.59 1.63 0.12 0.16
76-6-7-C 47.46 1.66 10.27 1.11 10.36 0.17 18.46 8.57 1.63 0.17 0.16
76-6-7-F 47.27 1.64 10.27 1.11 10.40 0.17 18.76 8.48 1.62 0.12 0.16
76-6-7-H 4650 1.52 9.24 1.09 10.00 0.15 21.79 7.73 1.55 0.28 0.15
76-6-7-| 47.09 1.60 9.60 1.06 10.00 0.16 20.71 8.14 1.22 0.27 0.16
76-6-7-J 47.45 1.67 10.32 1.08 10.33 0.17 18.77 8.50 1.40 0.13 0.16
Mokumanamana NEC-2A 45.88 2.55 9.41 1.69 13.47 0.22 15.13 9.42 1.05 0.37 0.81
NEC-3A 47.17 2.55 10.52 1.57 12.36 0.18 13.88 9.27 1.46 0.5 0.56
Twin Banks P56881 44.14 1.97 9.82 1.33 12.04 0.19 17.33 10.16 1.46 0.21 1.36
West NOQhoal|76911 46.28 2.64 11.10 1.51 12.73 0.20 14.54 7.63 2.24 0.73 0.39
N9 hoa NIH-D-1-2 48.52 2.81 10.77 1.45 11.77 0.17 12.75 8.44 2.23 0.68 0.40
NIH-D4 49.17 2.58 12.46 1.45 11.04 0.16 10.47 9.84 2.20 0.31 0.32
NIH-F-5A 46.31 2.11 10.38 1.89 12.75 0.18 17.03 7.47 1.31 0.14 0.42
NIH-F-9 45.96 2.00 9.83 1.79 12.79 0.18 18.57 7.09 1.24 0.13 0.40
NIH-W-11-1 46.44 2.87 11.38 2.10 10.82 0.17 14.03 9.34 2.10 0.27 0.47
Kauadi KV04-16 47.59 2.20 10.31 1.32 11.55 0.17 16.77 7.67 1.77 0.39 0.27
KV04-19 49.87 2.18 11.71 1.07 10.16 0.16 13.21 8.91 2.02 0.39 0.24
KV04-22 49.38 2.03 11.09 1.19 10.37 0.15 14.80 8.60 1.79 0.39 0.21

Note: Compositions are normalized to 100%. Parental magmas are reported=féx345 because this value is assunaeble representative of the average
parental magma compositions in all later steps for Monte Carlo simulations and temperature calculations.
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TABLE 6A. PARENTAL MAGMA COMPOSITION USING CONSTANT KDURING OLIVINE ADDITION

Seamount Sample Kg SiO, TiO2 Al,Os FeOs FeO MnO MgO CaO Na.O K20 P>0Os
Daikakuiji A-55-1 0.345 50.96 2.38 11.92 1.10 10.43 0.16 10.94 8.70 2.20 0.83 0.38
PARENTAL MAGMA COMPOSITION USING k CALCULATED USING THE EQUATION OF TOPLIS (2005)

Seamount Sample Kqg SiO; TiO> Al>O3 FeOs FeO MnO MgO CaO NaO K20 P,Os
Daikakuiji A-551 0.353 50.85 2.35 11.81 1.11 10.48 0.16 11.24 8.62 2.18 0.82 0.38
Temperature Results P (GPa) Tokia (oC)

Constant at 0.345 3.00 1425

Not Constant; Calculated using Toplis (200! 3.00 1433

TABLE 6B. PARENTAL MAGMA COMPOSITION USING CONSTANT K= 0.345 DURING OLIVINE ADDITION
Seamount Sample Kg SiO; TiO, Al>,O3 FeOs FeO MnO MgO CaO NaO K20 P,Os
Gardner 76-6-7-H 0.345 46.50 1.52 9.24 1.09 10.00 0.15 21.79 7.73 1.55 0.28 0.15
PARENTAL MAGMA COMPOSTION USING Kq CALCULATED USING THE EQUATION OFTOPLIS (2005)

Seamount Sample Kg SiO, TiO2 Al,O3 FeOs FeO MnO MgO CaO NaO K>0 P,Os
Gardner 76-6-7-H 0.323 46.80 1.60 9.71 1.09 10.01 0.16 20.42 8.13 1.63 0.29 0.16
Temperature Results P (GPa) Tokia (oC)

Constant at 0.345 3.00 1605

Not Constant; Calculated using Toplis (200! 3.00 1582

*Pressure of 30GPa is the value used when calculating tH&Tn Egn
1, not thepressure valu€el(kba)) used in parental magnealculations
which was the same condition during both simulations

33



7) Olivine Liquid and Mantle Potential Temperatures
7.1) Monte Carlo simulation ethods

A Monte Carlo approach was used to estimate the oligued ard mantle potential
temperatures. &ails on the Monte&Carlo model can be found A&ppendix 3 This method allows
for easy quantification of uncertainties during calculation®ffTand T. Olivine-liquid
temperatures ') reflect the temperature at whidietmaximum Fo olivine phenocryst is in
equilibrium with the calculated parental magmas. Olivine liquid temperatgescalculated using

the thermometer of Putirka et al. (20@2jn. 1 Appendix 3. The T4 valueis then usdas an

input forthe mantle potential temperaturg)orrection The T, correctionaccouns for the change
in temperature due to fusioY ) and then decompression along an adiabat to the sutfaee (

Putirka, 2016Egn. 4, 68; Appendixd. The 20 wuncert ai theprodustofi n t e mp e

propagated uncertainties from (1) the variancanalytical measuremen$ olivine usingEPMA,
(2) the range in Kthat is assumed when finding parental magma compositions, and (3) the
assumptions made for the melting conditions (melt fraction and pressure) when correcting for the

mantle potentialdmperatureAppendix 3.

7.2 Sensitivity of calculated olividguid temperature to alteration

Chemical alteration and removal of certain major elements can artificially increase values of
T by reducing the network formg and network modifier variables in the thermometer
(Appendix J. Lipman et al. (1990) showedmoval of the major elements Sj@a0O, kO, and
NaO in highly altered tholeiitic basalts from Mauna Loa. To assess the sensifitigy calculated
T4 to chemical alteratiorfyactions of SiQ, CaO, kO, and NaO were removed from an original
composition in iterative steps, and th&was recalculated. The degree of alteration simulated in
these calculations would have ued in obvious petrographic indicators such as complete
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discoloration of the matrix and replacement of olivine by clays. This high level of alteration was not
acceptabldor this study {able ). Removing 20 iterations (dt.% of each oxid€ iteration) of the

original compositiorof CaO, kO, and NaO resulted in a ~2C increase in the calculated"®

(Figure ). Temper at ur e °CgtliestandaedsestidateSoRerror from calibration of the
thermometer by Putirka et al. (2007), cannot be resol@itine liquid temperatures are most

sensitive to the removal of SiCRemoving 10% of the original Si@ontentresulted in &°-d

increase of ~ 23C (Figure 7. This sensitivity analysis gives confidence that even in the

moderateha | t er ed rocks of this suite, the calcul at e
in T4 ard T, that is derived from uncertainty in analytical measurement or valid ranges in

parental magma compositions

7.3) Olivine-liquid andmantle potentialtemperature esults

The T4 rangefor volcanoes with multiple samplés3 °C (Unnamed Seamourit) 160°C
( N @ h@nly pnesuitablesample per volcaneas identifiedor Academician Berg, Pioneer, Twin
Banks, an dwithietsetUH dbfebtiond hus, temperature ranges and wgample
variability cannot be assessed for these volcarides 0@ andthe consequent,Tor these
locationsareinterpreted as maxiain all further discussiarthough higher temperatures are

possible.

The two approaches used to calculate (& Bf these lavas used a constant presstire
3.00 = 0.15 GPa similar to tlaproach used by Putirka et al., (2007)vafi as the calculated

pressure from a Sictivity barometerRutirka, 208;Eqgn.2 and 3 Appendix3). The range in

maximum P9 betweervolcanoesising the constant pressure wadg3 + 28°C from Daikakuji to

1605+30°C at Gar dner AgpendixTable &B. Corradting -4 to T, using melt

fractions of 824% yields a maximum difference ip ®f 197°C between Daikakuji and Gardner
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(Figure8; AppendixTable Al). The calculated pressggom the barometeraried betweed.16

GPaand3.21 GPa from Daikakujo Gardner Eigure § Appendk Table Al). Using the calculated

pressures produces an even larg&tiTifference between Daikakuji and Gard(@r<C,

AppendixTable Al). Correcting these®d for T, using the values from the barometer with

calculaed melt fractionsAppendixTable Al), a 329°C range was founah Tp (1374 + 34°C for

Daikakuji to 1703 £ 56C for GardnerTable7). The maximum Ffor Gardner is slightly higher

but not statistidéy different than the 1698C estimates for Mauna Loa (Putirka et al. 2046ich

used similar values when correcting f).T

The NWHR lavas revedWo regionaltrendsof increasingl, (Figure8). Potential
temperatures graduglincrease fronl374°C at Daikakuji fear the HER peaking at 178°C for
Gardner. Thigrend however, includes two volcanoes with only one sample to estirpate T
(Academician Berg and Pioneefne T, decreasefr the NWHR volcanoesoutheastof Gardrer
(MokumanamansoNQ hoa) . Pot e nrangedbétweenelbfffe f @ar u West NQhoa

°C f or foNHstsect#oranddo not show any systematic trefieigure8; Table 3. The second

increase begins in the maitawaiian Islands with th@é, of 1567°C forK a u esénhgto the current

1690°C T, estimate of Mauna Loa(gure8; Table7) .
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Figure7. Plots showing the sensitivity of olhe-liquid temperatures to chemical alteration. The largest increase in the
calculated temperature (~23) results from alteration SiO2 content. Combined with the mihorc2ease from

removing the other alteration sensitive oxides, CaQQNand kO, this level of weathering would result in an increase

of~25°C f or any sample which is still within the 20 uncert
weathering would have strong petrographic indicators of highly altered matrixisimet glhenocrystsand thus, a

sample with this degree of chemical alteration wouldhaeebeen used in this study.

37

C



TABLE 7. MAXIMUM MANTLE POTENTIAL TEMPERATURE ESTIMATES FOR SELECTED NWHR VOLCANOES

Distance
to
Mauna Volcanic Melt
Loa Volume Flux  Pressure Melt g oM e T
Seamount Sample (km) (x 10 kn?) (m’sY) (GPa) Fraction (°C) 13 (°C) 10
Daikakuiji A-55-1 3395 3 0.68 1.16 0.12 1335 13 1374 24
Unnamed 84-28-D 2770 1 0.57 2.43 0.03 1458 15 1468 29
Academician Berg 72-20-GG 2580 8 1.24 2.46 0.12 1480 13 1509 27
Pioneer P5526rk2 1970 15 2.55 2.66 0.15 1515 14 1557 29
Gardner 76-6-7-H 1420 54 4.76 3.21 0.24 1614 13 1703 28
Mokumanamana NEC-2A 1050 13 3.00 1.94 0.16 1466 13 1521 25
Twin Banks P56881 890 5 2.11 2.86 0.16 1541 11 1587 22
We s t NOQ h 76911 790 9 2.28 2.11 0.20 1441 14 1517 27
NOhoa NIH-F-9 760 13 2.40 2.22 0.25 1527 13 1632 27
Kauaodi KV04-16 500 29 3.57 2.10 0.20 1489 10 1567 21
Note:Di st ance to Mauna Loa (M. Loa) was measured from t he wleana \icanio f

Volume isfrom Bargar and Jackson (1974); Melt Flux is from Wes2@16); Pressure (P) was calculated using thadivity barometer of Putirka (285
Melt Fraction was calculated usitize equations dPutirka 016 ; ° waE calculated using the Olivide qui d t her momet e rowasf
calculated usinghe formulation oPutirka 016).
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Figure8. Plots of the maximumylcalculated from each volcano using the parameterization summarized in the AppainiéiX.1. The circles without an x

inside of them are results obtained by assuming a Pressure of 3.00 GPa and a range assumed melt fractions (minimion fraat fkestman and Garcia,

1999; maximum from Putirka et al. 201 These symbols are coloramdepict the variable results obtained from these assumptions. The witblan x

symbol and error bars are thgd&stimates usingEgns-=& t o esti mate pressure and melt fraction. The err
estimate. Each circle is colored using the melt fraction and pressure values |&5pgetntixTable A.1 Note that for eachyledimated using Eqns-8, there is
atleastoneother, kst i mate assuming a pressure of 3 GPa and some value of melt fra
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8) Discussion
8.1) Comparison toneviousestimates of Jfor Hawaiian wlcanoes

The mantle potential temperature of the Hawaiian hotéastbeen estimated using multiple
approachesgeochemical and petrological modeling (e.g. Herzberg and Asimow, 2008, Lee et al.
2009, Putirka et al. 2010; Xu et al. 2014), seismic velocity modelinglje et al., 2011), and
geodynamic modeling (e. g. Ballmer et al., 20I8gia 2015). Thesapproaches gawerange of
mantle potential temperature beneath Hawaii of ~160ID°C (see Putirl et al. 2010)Values of
Tp for older Hawaiian volcanods 2Ma) werenot known New estimates from this study revealed
onytwoNWHRv ol canoes, N Q0 h 0 g estinmatesvifBia thedrangerfound foathee T
maximum T, from volcanoes that make up the island of Hawaii (18320 ,©® 1 BC9FMure 9
Putirka et al., 2010)he lower T, for the NWHR volcanoes are similar to the 1550 £@5
estimate for Mauna Kea lavésund by Herzberg and Asimow (2008) using a different
thermometer and formulation of.T

These new estimates of plunenperature foNWHR volcanoegprovidesinsight into
Hawaiianplume dynamics. Variations in Hawaiian plume buoyancy flux can be attributed to
changes in either the material fluX)(or excess temperaturee(E Tp"% P T,2mPent= 5y of the
plume (Ribe and Christensen, 1999; Togia, 20Ibg method used by Togia (20Mshich sought
to minimizeerror when reproducintipe bathymetric swell shape resultednonunique solutbns
for estimating p and mass fluxNornrunique solutios from plume buoyancy flux modellingnake
estimatingT difficult to decouple from estimates of mass flibhe T, estimatesising olivine
thermometryfrom this study arendependentf mass flux inflences, aréfom volcanoeshat
represent large variations in volcanic volumes and consequently, large variation in swell shape on

the surrounding seafloor. Thus, these new estewdt€, can providevaluableconstraints on the
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excesgemperaturesf the NWHR and greatly improve the certainty of relative contributions of
excess temperature and mass flaxmodelling buoyancy ofhie Hawaiian mantle plume.
The total range in gfor the NWHRIs bound by two shield stage tholeiites from Daikakuji
and Gardne(l374 + 48°C; 1703 + 56'C). No systematic variation betweep dnd the alkalic
index of lavador these volcanog$igure 9. The T, estimate for Gardner represents the highest
current estimate for the Hawaiian mantle plume.(@gtirka et al., 2010Yhe parental magma of
the Gardner lava yielded the highest calculated pressure and second highest meltRra3iad (
GPa;F =24 %;Table j). The next highest calculated pressure was from the Tamk8P =2.86
GPa) and the highest calculated melt fraction was fopnh (6 2 25%).The T,re st i mat e f or N
is the second highest for the NWHE632 + 54°C). The he st i mat eisanamaloul Digho a
for the southeastern portion of the NWIKRgure 9& 11). The T,of Mokumanamana (152150
°C), a volcano with similar volcanic volumehbd h (@3ax 16 km?®) is 111°C cooler in | (Table
7). This potential temperatuievolcanic volume discrepancy may indicate that the lower T
estimates for the southeastern partad the NWHR is an artifact from under sampling (i.e.: Twin
Banks and West NoQohoa onlpy had one sample to est
Dai kakuji | avas have un F2R9risotppen (Regeldubetal.l ow Ul
2003), which are characteristic of the Laamponent (Weis et al., 2011). The denser pyroxenite
component would have caused the plume to lose heat during a slower ascent before erupting these
lavas (e.g. Ballmeet al.,2015). LowerT° js indicative of Loatype primary magmas for Penguin
Bank lavas (Xu et al., 2014). T range for Loaype primary magmas was 148620°C
(using the thermometer of Putirka et al. 2007) and a pressure range-8f1488Pa (using the
model of Lee et al. 2009; Xu et al., 2014). Their calculated press@@8rGPa to 0.9&Pa

greaterand their temperatures até5°C to 185°C higher than the maximupressure andro-id
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measured for Daikakuji lavagdble A.]). Thelavas from the Unnamed seamount, Academician
Berg, Piomer , Mokumanamana, °¥rib20¥dTsie JNfgnaxarmm h a v e
olivine-liquid temperatures are an indication of source components, the lower -diliyiite
temperatures from these NWHR volcanoes suggest théypeaomponent may be a significant
sourcecontribution to magma compositions for these volcansesy2°¢"Pb#%Pb isotopic
compositionof NWHR lavaswith Loatype components are consistent with the lower
temperatures of West NG h atasineonsttenViwitk therkagpa ma n a
isotopic compositions of thennamed seamount, Academician BenggdPioneer(Harrison et al.

in review).

The two oldest seamounts have the lowggtUhnamedseamount1468+ 60°C and
Daikakuji: 1374 + 48°C; Table ). Their potential temperatures are more similar to estimates of
mid-ocean ridges @"°R 1454+ 78 °C e.g. Putirka et al., 2010able 3. The parental magma
compositions of Daikakuji lavag &ble7) resulted in the lowesialculatedoressuralepressinghe
magntude of temperature increase whoamrecting for . Higher pressure and melt fractiare(,

P = 3.00 GPa, F 24%) results ina T, of 1504 + 36°C, only 50 °C higherthanthe averagerl "R
estimatesTable A.]). No tholeiiteswere availablérom the Unnamed seamountthe NWHR
sample suiteonly a moderately altered, alkalic pidoasalt.The parental magma composition of
the Unnamed seamoulavayieldedthe lowest calculated melt fraction £3%; Table j ard a
pressure of 2.43 GResing the Sictivity barometersimilar to pressure estimates for other NWHR
volcanoesTable 7. The lowmelt fraction for the Unnamed seamount lava resulted in only’&@ 10
increase inemperature when correctifg""@ to T, (Table 3. Thelower temperature may be the
result of lower melting conditions for this volcano or a sangpartifact. Lavas from the Unmeed

seamount and Daikakuji ladtivine phenocrysts, whereas all other olivine analyses were
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conducted on phenocryst graif@ble 1. The lack of olivine phenocrysts in these samples could
indicatethat these samples are representative of shallow processes.
8.2) Correlation of Fwith time, meltlix andvolcanicvolume

Spearmanés rank correlation coefficients we.]
correlatiors between Fand (1) distancéom Mauna Loa, (2) the melt flux, and (3) volcanic
edifice volume Eigure 10. Thisnonparametricmnesidedcorrelationtest uses the criticaialue
of the student-tistribution of 95%tgse). The hypothesis is that the twariables are not
correlated, and have a c o (MyesaadtWelg2003fleef f i ci ent
correlation coefficienis used to calculata correspondingvaluethat is compared tthecritical -
value from the studemntdistribution toestablish the level of confidence of the correlation
Therefore, if the calculateevalueobtained from the correlatiaoefficientis greater than the value
of the 95% quantile of thiedistribution, we can reject the null hypothesis that the two Vasare
not correlated, and that the correlation coefficient is significant. Each of the three variables have t
values that are greater than the critieghlueata 95% confidence levelofts o= 1.83). Thus, the
null hypothesis that these variables shao correlationcan be rejected=(gure 10. These
statistical results show that the correlation between these varisbbed

The thermal history derived from the calculation p&long the NWHR is in agreement
with thetemporal changes in melt flukigure 9. There are two sections of the NWHR that show
increasing melt flux: between the HEB andr@ner, and a u t &auwna Loa. Both instances of
increasing melt flux are accompanied by inciegJ,. The329°C increase inm, from Daikakuji to
Gardner shows that,Btrongly correlates with melt flux between ~47 and 12 Maure 9. The Tp
and melt flux decreaddrom Gardneto N ¢ h(&i@ure9). The lower | of Kauai and marks the

second increase in melt flux ang dlong the volcanoes of the main Hawaiian Islaffidgure 9.
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The overall329°C increase in Jof since formation of the HEB Gardneiis greaterthanthe 175
200°C increasén Tp needed sustain the melt flux increase along the NWHR predicted by White
(1993 Figure 1). After the formation of Gardner,,ecreases but still remains above the T
predicted by White (1993) taistain the melt productioririgure 1). The two instances of
increasinglp and melt fluxfor the Hawaiian plumeontrasts markedly with thhecentevidence for
coolingand decreasing magma producticendsat other hotspot$&or example, F estimates from
the Galdpagohotspothavedecrease by 60-120°C since the Cretaceous (Herzberg and Gazel,
2009). Iceland has a similar history of coolfngm T, = 15231570°C in Cretaceout 1460°C at
presenie.g.:Herzberg an® 6 H a20(8, Herzbeg et al., 200). However, new estimates for the
thermal history of Iceland suggest that the cooling tearig occurred fron60 Mato 35 Ma Since
35 Ma,the Icelanchotspothas beelincreasedn T, from 1314°C at 1314 Ma to 1368C for

moden Icelandidavas(Spice et al., 2016 he magnitude of increase is relatively mine4 {C;
e.g.,Spice et al., 201&nd only constrained by Icelandavasof two ages (0 Ma anti3-14 Ma),
raisingdoubtto this increasing trendMioreover, he thermabhistoriesof the Galapagos and Iceland
are compromised due tbe interactions witla mid-ocean ridgenakinginterpretation otemporal

changes in temperature convoluted

The Louisville Rdge,a hotspotistant fromany MOR, is tectonicallysimilar to the
Hawaiian hotspofLonsdale, 1988). Mt flux for the Louisville Ridge wagelatively constant
(3-4 x 1G kmd/yr) from 70 Ma to 20 MgFigure P; Lonsdale, 1984)The older (> 20 Ma)
Louisville volcanoes formedlandswheras youngevolcanoeg< 20 Ma)failed to reach sea level
andareconical pointedseamountgFigure 2; Lonsdale, 1984 Older NWHRvolcanoes southeast
of the HEB neaKammu to Helsleyseamounhorthwest of AcademiciaBerg(31.9 Ma < volcano

age <43.7 Ma; ages frodmd Co n n or )aid noafdrm yolcadi® idlahdand individual
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volcano spacing is the largest for the entire Hawdtamperor chain At ~ 30 Ma in the Hawaiian
Ridgenear Academician Berghe Hawaiian hotspdiegan increasinign melt flux and temperature
forming the first Hawaiian Islands since the Empe(érgure 9. At 20 Ma,the Hawaiian hotspot
was formingslands with carbonate platforrike Northampton and Laysan Islafféigure D).
During the formation of Gardner and the French Frigate Shoals volcari®$2 Ma, the
Hawaiian hotspotontinuedforming large islandsandextensivecarbonate platformisridging
multiple volcanic centeroncurrently magma production at the Louisville hotspot was
dramatically waning and distances between individual volcanoes became(fénges 13.

The reason fothe contrastinglifferencemelt flux variatiors between thédawaiian and
Louisville hotspots is not clear at this time. If both of these pluanesefrom the coremantle
boundary (CMB), as some have previously hypothesized (e.g., Morgan, 1971; Weis et al. 2011),
then perhapthere was ahift in the heat fluxpoint source lod#on. With the additional heat
injection to drive the vigor dbcal convectiomear the stenthe Hawaiian plume couklistain
higher mass flux in the plumeading to dramatic increases in the melt flux near the surface. The
observed increase in melt §and mantle potential temperature over time radke Hawaiian
hotspotunusual Future research should focus on the longer scale evolution of the Hawaiian mantle
plume and investigatthe mantle potential temperaturenelt flux relationship during the fomation
of the Emperor seamounts to investigate a part of the chain which varies little in melt flux
Additionally, ajoint-inverse approach to modelling thime-dependeninelt flux of twothermo
chemicalplumes from the same source regomuld yield ingght in to this unknown mechanism in

the lower mantle and the physical parameters that determine the changes observed at the surface.
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8.3) Remaininguncertaintiesin critical variable assumptions of thisusly

There &e several sources of uncertainty whrestimating } for the NWHR. Perhaps the
largestsource of uncertaintis whether the available samples are representative of individual
volcanoeémaximum T. Sampling gapstill remain in critical areas like the smallest seamounts
between the HEB and Acanhician Berg. Recent efforts to increase the number of volcanic
samples from the NWHR have been conducted by the Ocean Exploration and Research group of the
National Oceanic and Atmospheric Association. A total of 24 ROV dives on NWHR volcanoes
have retreved 2 volcanic samples per dive location. These new samples are from volcanoes of
small to moderate volumes during the pulse in high melt flux agm#dr GardneCritical sample
collections from Pioneer, Northampton, Maro Reef, Gardner and St. Rogatisteld valuable
additional data to this critical portion of the NWHR where melt flux pulsed to a maximum during
the formation of the NWHRnvestigation of the Jof these volcanoes could yield insight in to the
relationship of mantle potential tempenag and melt flux betweer7-20 Ma.

In calculating ther®"@ and T, of the NWHR volcanoggheanothersource for uncertainty
wasassociated witlthe range in Kvalues when generating the hypothetical sample populations of
parental magma compositio(sppendix J. This isbecause the variation in parental magma
compositions propagates uncertainty in calculation of critical variables in all subsequent
calculations, specifically the melt fraction and pressiline. range of pareat magma compositions
that were incorporated in themperaturealculatiors and spanned the range of more tBaibf the
averageKq value found by Matzen et al. (20JHipure A.J). If one were to reduce that range in
parental magmm compositions to only those within the equilibrium range ©£K.345 + 0.009
(10G), the ©O'fanesulisequenticorrection tgpWould be greatly reduced.

Simplistically, reducing the variability in parental magma compositiorsatfyof that assumed in
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this study (i.e., K= 0.345 +0.15 would translate in to a ~50 % reduction in the standard
deviations in final temperature calculations.

The next largest source of uncertaintgaiculatingT, is thepressure and melt fraction. The
precison of Tp wouldincreasef future studies used the trace element compositions of these lavas
to estimate the melt fraoh of the parental magmas (e Bietruszka et al., 2013). The uncertainty
in pressure is more difficult toonstraindue to the factiat reconstructed parental liquids are likely
representive of the average compositiaf mixed liquids from considerable depth ranges within
the melting columnWright and Klein, 2006 Putirka (2008) showed good agreement between the
pressures calcukadl from pyroxendiquid thermobarometers and the&itivity barometer used in
this study. An independent assessment of theset®ity pressureand olivineliquid temperatures
using othethermaneters andarometers could provide additional supporttha range in olivine
liquid temperatures anelquilibration pressures found hd€eeg.,Spice et al, 2016 In addition to
the uncertainties in these variables, the approach to correétiifigd T, is not consistent among
published valuesf T, for Hawaii (e.g. Putirka et al., 2007Mder zber g and OO6Har a,
external consistency in the methods to derive parental magma compositi@pperath to
calculating mantle potential temperature could ease the difficlitgmparing results from vamis

studies.
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Figure 10. Plots of the maximum mantle potential temperatures calculated for each vafiginetthe dstance from Mauna Loa, melt flux, and the volcanic

volumes. Each comparison was tested for significance of correlation using tpeanona met r i ¢ Spear mandés correlation coef
confidence of 95% for this statisticalvaleen e can test the significance of -tidtribution. Thecrticakvblaetfor on c o e f
a confidence level for 95% is 1.83. If the calculateda | ue f or t he Spear manods r ank crticartvatué, ane cao rejecttbee f f i c i
null hypothesis that these pair of variables are not correlated §e. H = 05; IH 0) . Thus, t he coupl i ngdistaece,ween ma
melt flux, and volcanic volume can be assessed.
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- T Predicted by White, 1993
_._ Tp of selected NWHR volcanoes
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Figure11. Plot of plume potential temperature and melt production vs the age of the seamount along the NWHR. The
reddotsand lineshownewT, estimatedrom this study. The black line are the approximate potential tempesatu
predicted by White (1993hat areneeded to sustain the melt production rates assuming constant mass flux of the
upwelling plume materiadeduced from Watson and McKenzie (1991)
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Figure12. Comparison charts of the Haw&imperor and.ouisville chains on the same scaleowing the dramatic differences in melt flux of the Hawaiian and
Louisville hotspots from 0 to ~70 M&om Lonsdale 1988)rhe white bars outline in black along the Hawaiian bodisville ridges are thapproximate ages

of the hotspot at those locations. The blue arrow indicates the location where the Louisville hotspot magma productiardregtio decrease seen by the
relatively smaller volcanoes spaced at gredigtances in the eastern portiortlodé ridge compared those produceah the westerrr 20 Maportion of the

ridge. The volcanic volumes for 20 Ma Louisville volcanoes is 0.3 x 3km3i 3.3 x 10 km®. The 20 Ma age and location of the Hawaiian hotspot is shown
with the red arronlNWHR volcanoes produced closely spaced and mdathevolcanic islands during this time while the Louisville volcanoes failed to break
the sea surfac&WHR volcanic volumes for volcanosi3220 Ma ares.6 x 1§ km? to 54x 10° km? (Bargar and Jackson, 1974)
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9) Conclusion
This study set out to answer two questions: 1) Has the mantle potential temperature of the

Hawaiian mantle plume changed over tina@® 2) How ddhe mantlepotential temperature
estimates relate to melt flux variations? To determinéothg termHawaiian hotspot thermal
history, this study use2b samples from ten volcanoes spanning the range in volcanic volumes
and geographic extent of the NWHR. Using olivine thermometry and a Monte Carlo simulation,
the mantle potential temperatuasd uincertainties that arose froaguilibrium condition
assumptionsor Kq madein estimation of parental magma compositiarese calculatedThese
results revealedtrong temporal variation3 here wasn increase in gflbetween the HEB and
Gardner followed by second increase in for the main Hawaiian Islands'he synchronous
increase of mantle potential temperature and melt flux yielded a stéliytigaificant

correlation suggesting a strong coupling between magmatic productivity and plume temperature.
The 329°C increase in potential temperature from the Hawdiimmperor Bend to Gardner is

more than thd75200°C increase predicted by White (199Bat was needet sustain the

increase in melt production along tleewardHawaiian RidgePlume potenal temperatures
decreased along with melt flux after the formation of Gardner, showing no systematic trends
until the main Hawaiin Islands. A second increasel@B°C between Kauai and Mauna Loa

was revealed frorthenew T, estimategor Kauailavas The occurrence ofto cycles of

increasing plume potential temperatarel melt fluxsince the Cretaceomsake the Hawaiian
hotspot unique from other hotspotvhich usually displaysecular cooling thermal histories. The
potential temperature estimafesm 4.5 to 47.5 Maf the Hawaiian plumé&om this study

provides an independent constraint on the excess temperatures usedetiingplume

dynamics Additionally, the lower T°"4 estimatesalong with new isotopic compositiofisr
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Daikakuji, Mokumanamana n d We sdamph$ is indacative ofleoa-type source
componenthathad a significant contribution in the generation of the maghs$ormed these

volcanoege.g., Harrison et al., in review)
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Appendix: Photomicrographs, Monte CarlmethodologyQOlivine-liquid temperatures and
mantle potential temperature results for all samples and parameterizations

1) Photomicrographs of representative olivine and textures for samples
Representative photomicrograpffdNWHR sample showingexture andextent of

alteration Top image isn plain-polarized lightandbottom image is icrosspolarized light
Scale bars are located in the top left corner of each inTdgeimages are organizeadlisted in

Table 1 distance from Mauna Lga
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Pioneer; P526-2
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