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University of Washington
Abstract

The role of oceanic lithosphere in inter- and intra~volcano geochemical heterogeneity
el < o

at Maui Nui, Hawali
Awmy M. Gaffney

Chair of Supervisory Committee:
Professor Bruce K. Nelson
Earth and Space Sciences

The volcanoes of Maui Nui (West Molokai, East Molokal, Lanai, West Maui, Haleakala
and Kahoolawe) record Hawallan magmatism at ~1-2 Ma. These volcanoes nearly span
the compositional range erupted from all the Hawailan voleanoes over the past 5 My, and
erupt lavas representing both the Kea and Koolan compositional endmembers of Hawaiian
lavag. Using lavas from these voleanoes, we evaluate the role that oceanic lithosphere, both
ancient recycled lithosphere in the Hawaiian plume and modern Pacific lithosphere, plays
in the generation of geochemical variability on inter- and intra-volcano scales. We also
present trace element wodels that explicitly address the petrologic complexities of melting
eclogite (derived from ancient oceanic lithosphere) in the phune. Trace element, major
element and isotope compositions of Lanai are consistent with the origin of these lavas in
large degree (~T0%) melts of ancient upper oceanic crust (basalt + sediment) that mix with
plume-derived Haleakala-type melts. Trace element and isotope compositions of West Maui
and Fast Molokai are consistent with an origin in ancieut depleted oceanic lithosphere that
has been re-fertilized with moderate-degree melts (20-40%) of associated crustal gabbro.
The physical mechanisms through which the oceanic lithospheric compounents melt and wix
within the plume lead to the generation of isotopically homogenecous Kea-type lavas and
isotopically heterogeneous Koolau-type lavas.

Stratigraphically-controlled sequences of late shield-building stage lavas from West Maui



voleano show age-dependent compositional variability distinet from that seen in shield-stage
! o .y . . Ty Sy
lavas from any other Hawaiian volcano, These distinctions are defined by 209pPh /204py,.

T 1903 ‘ - . 87T PRG oy 4 206 L 22041y 1870y 1880y
A07TPE /24P variation as well as 37 St /8981 correlation with 20pPh /2Py 18706 /18303 ang
/ /

trace element compositions. The #7 Sy /f8e-20P /24P and 878y 20801705 /180y varia-

tion in the deep lavas is orthogonal to the all-Hawali variation, iudicating that it is not the

result of mixing between components normally sampled by Hawailan shicld-stage magmas,”

We compare our West Maui data to observed compositions of Pacific oceanic basaltic and

gabbroic erust, and predicted compositions for 2 Ga basaltic and gabbroic oceanic crust.

The observed fine-scale compositional variability in the stratigraphically deep West Maui
=07

lavas is consistent with 10-15% mixing of small degree {2%) partial melts of the Pacific

gabbroic oceanic crust with phune-derived, Kea-tvpe maguas.
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Chapter 1

GEOCHEMICAL CONSTRAINTS ON THE ROLE OF OCEANIC
LITHOSPHERE IN INTRA-VOLCANO HETEROGENEITY IN WEST
MAUI, HAWAII

1.1  Introduction

Investigations of the role of oceanic lithosplere in the geochemistry of Hawailan magma
sources has generated two main families of hypotheses. One invokes ancient oceanic litho-
sphere that has been subducted, stored in the mantle for some length of time and recycled
into the phime source where it contributes to compositional variation in the plume-generated
lavas [e.g., Hauri, 1996a; Lassiter and Hauri, 1998; Blichert-Toft et al.. 1999]. Alternatively,
plume-generated magmas acquire geochemical characteristics of oceanic lithosphere by in-
teracting with or assimilating it as they rise to the surfacele.g., Chen and Frey, 1985: Eiler
et al., 1996]. Singly or together, these processes may contribute to the range of composi-
tional variability expressed through the two primary compositional endmembers of Hawalian
shield-stage magmatism: the relatively enrichied Koolau component and the relatively de-
pleted Kea component.

Kea-type lavas show the most depleted Sy and Nd isotopic compositions of all Hawaiian
shield-stage lavas, and thus the Kea source material has been interpreted as having an
association with or derivation from ambient depleted mantle or oceanic lithosphere. To
date, the Kea component has been well-described in late shield-stage lavas at only one
volcano, Mauna Kea, where it has been thoroughly characterized through multi-disciplinary
work on the Hawaii Scientific Drilling Project (HSDP) cores [e.g.. Stolper et al.. 1996;
Blichert-Toft and Albaréde, 1999 Abouchami et al,, 2000; DePuolo et al., 2001; Blichert-

Toft et al., 2003; Eisele et al., 2003; Huang and Frey, 2003]. From this characterization,



broad conclusions have been drawwn about the compositional structure of the Hawalian phune
and the generation of the compositional variations within the plume feeding Manna Kea.
Currently-active Kilavea also has Kea-type compogitions, and its historical swmimit lavag
show rapid compositional changes [Pietruszka and Garcia, 1999]. Kilauea lavas provide
a point of contrast with West Maui and Mauna Kea, as they saple a window of time
earlier in the shield-building stage than that sampled at West Maui or Maunua Kea. Loihi,
Mauna Loa and Koolaw are not dominated by Kea-type compositions as are Maona Kea,
Kilauea and West Maui: however, these voleanoes do show, over specitic time intervals,
time-dependent shifts towards Kea-type compositions [Staudigel et al., 1984; Garcia et al.,
1993, 1995; Kurz et al., 1995; Tavaka et al.. 2002]. To date, the best characterizations of
the Kea component over a large time window (i.e., over a significant stratigraphic section)
are from the relatively voung voleanoes Mauna Kea and Kilauea: there s so far no detailed
characterization of the Kea compouent sampled over a comparably large time window at
an older volcano,

Identification and characterization of oceanic lithosphere associations or other fine-scale
compositional variations within Kea-type lavas require high-density sampling as well as
stratigraphic (i.e., time) control. West Maui volcano samples Kea-type lavas throughout
its saanpled history, but there e».xist only few published geochemical data for this volcano
[Macdonald and Katsura, 1964: Diller, 1982; Stille et al., 1986; Tatsumoto et al., 1987]. The
goals of this study thus are to (1) characterize geochemically the compositional breadth of
lavas sampled by a Kea-type voleano at 1.5 Ma, (2) compare characteristics of the Kea
component ag sampled at West Maui to that sampled at the younger voleanoes Mauna Kea
and Kilauea, as well as Mauna Loa, Koolan and Loihi, (3) evaluate the oceanic lithosphere
hypotheses as the probable cause of fine-scale compositional variations observed in West
Maui lavas. and (4) determine the relationship, if any, of this variation to the Kea plume

BOULCe.



1.2 Samples and Procedures

West Maui is one of six volcanoes which form Mani Nui. a bathymetric high comprising
coalescing volcanoes (Haleakala, Kahoolawe, Lanal, West Maui, Fast and West Molokai)
with a total area similar to that of the Big Island of Hawali (Fig. 1.1). The K-Ar ages
for shield-huilding activity in the Maui Nui volcanoes range from 1.84 = 0.07 Ma at West
Molokai to 0.83 == 0.17 Ma at Haleakala [Naughton et al., 1980]. Most exposed lavas at West
Maui voleano are from the shield-building stage, and in places are capped by a thin veneer
of lavas transitional between the shield-stage tholeiitic (Wailuku Basalts) and post-shield
alkalic (Honolna Volcanics) stages [Stearns and Macdonald, 1942; Diller, 1982]. There are
several post-shield stage alkalic flows, and four mapped occurrences of rejuvenated stage
lavas (Labaina Voleanics). Published K-Ar ages arve few and range from 1.27 to 1.97 £
0.96 Ma for the shield stage lavas (including transitional lavas), 1.15 to 1.50 & 0.13 Ma for
post-shield lavas, and 0.385 = 0.012, 0.388 £ 0.009, 0.584 & 0.010 and 0.610 =+ 0.012 Ma
for the rejuvenated lavas [I\'[<‘€D<";1,1gz;m]1Q 1964: Naughton et al., 1980: Tagami et al., 2003].

The sample set for this study comprises in part two stratigraphically-controlled sequences
of lavas, the Papalaua Gulch section (260 m thick) and the Mahinahina Well section (345 m
thick), that sample late shield-building stage West Maui lavas (Fig. 1.1). The shorter Pa~
palaua Gulch section is more proximal to the caldera margin and samples a smaller window
of time than the more digtal Mahinahina Well section. In order to more completely char-
acterize the compositional breadth of late shield-stage West Maui lavas, we also collected
samples from a wide geographic digtribution around the volcano. Based upon sample loca-
tion, distance from the caldera rim and collection depth within the volcanic edifice. we have
categorized all samples as either ‘deep’ or *shallow’. These categories refer to the depths
of samples within the voleanic edifice, relative to one another. Since these categories also
have geochemical significance, we will use this terminology in the subsequent geochemical
discussion. Figuve 1.1 shows sampling locations for both deep and shallow samples. See
Appendix A for detail on sample categorization procedure.

Samples are dark to light gray, fine-grained basalts.  Olivine phenocrysts are com-

monly present and a few samples also contain plagioclase plhienocrysts or microphenccerysts.



Clinopyvroxene phenocryvsts are only very rarely present. Some samples contain iddingsite-
rimmed olivine phenocrysts, The samples from the Mahinahina Well cuttings show a higher
degree of oxidation and Fe-staining than the surface-collected samples. Lithologically, the
splits of cuttings are homogencous, indicating little mixing between layers during drilling.
For split.:a which showed some heterogeneity, we only used pieces that matched the dominant
hfholc) gy of the split. For all isotopic analyses, we hand-picked 2-5 mm sample chips which
were free of visible alteration.

Major (X-ray fluorescence; XRE) and trace (inductively-coupled plasma mass spectrom-
etry: ICP-MS) element analyses were completed at the Washington State University Geo-
Analvtical Laboratory, according to procedures described by Johnson et al. [1999] (Table
1.1). Two-sigma analytical precision, based upon repeat analyses of the BCR-P standard
and consistent with repeat analyses of samples and our UWBCR-1 internal standard, is
as follows: Si09-0.11%, Aly03-0.29%, TiO9-0.79%, FeOt-0.31%, Mu0-1.09%, CaQ-0.57%.
MgO-2.8%, Ky0-0.91%, Nax0-3.0%. P205-0.53%, Ni-11.8%, Cr-7.2%, Sc-15.4%. Ga-8.7%,
Z0-3.2%, La-3.7%, Ce-0.2%. Pr-1.9%. Nd-3.5%, Sm-4.3%. Fu-4.7%. Gd-2.4%, Th-1.7%,
Dy-2.8%. Ho-2.8%, Er-3.0%, Tm-3.6%, Yb-1.8%, Lu-3.8%, Ba-3.9%. Th-4.9%., Nb-4.4%,
Y-1.5%, HE-3.0%, Ta-4.9%, U-7.3%, Pb-6.4%, Rb-2.9%, Cs-6.3%.

Ph, Sr and Nd isotope analyvses were all made from the same initial sample dissolution.
Prior to dissolution, we leached sample powders for 45 minutes in 6N HCL, using approx-
imately 1 ml HCL per 100 mg sample. During leaching, we placed samples on a 100° C
hotplate for 20 minutes, in au ultrasonic bath for 10 minutes, on the hotplate again for 10
minutes and in the ultrasonic bath for 5 more minutes. We rinsed sawnples in sub-boiling
distilled HoQO prior to dissolution. We completed all sample preparation for Sr, Nd and Pb
isotope analysis at the Umv«ram of Washington (UW), Seattle, according to procedures
described by Nelson [1995] (Tables 1.3 and 1.2). We prepaved Hf separations both at the
Ecole Normale Supérieure in Lyon (ENSL), France, and at UW following the procedures de-
scribed by Blichert-Toft et al, [1997]. TIMS (thermal ionization mass spectrometer) isotope
analyses of St and Nd were carried out on the VG Sector at UW. MC-ICP-MS (multi-
collector ICP-MS) isotope analyses of Pb and Hf were done on the VG Plasma 54 at ENSL
[Blichert-Toft et al., 1997 White et al., 2000]. Strontinm NBS 987 standards run over



%

the course of the West Maui analyses (n = 33 over 2 years) bave an average ¥ Sr/%08r =
0.710294 £ 0.000019 (Z-sigma). Average composition of Nd La Jolla standards run during
this same time period (n = 25) is WINd/MN = 0.511845 £ 0.000020 (2-sigma). This
precision for the standard is stmilar to that obtained for multiple aliquots (v = 10) and
analyses of our internal UWBCR-1 basalt powder (M3Nd/MMNA = 0.512617 £+ 0.000024,
2-siglia). Two-sigma external reproducibility for Pb isotopic compositions is determined
from repeat analyses of the 98B internal standard (n = 28 over two analytical sessions) and
is 0.043%, 0.048% and 0.056% for 206Ph209ph 207ph /24Ph and 29PL/2MPh respectively.
The JMC 475 Hf standard gave YOHE/TTTHE == 0.282160 = 0.000010 (2-sigma) and was mea-
sured between every second or third sanple to verify machine performauce. Precision for
ITSHE/YTHS is determined from replicate aliquots (n == 10) and analyses of our UWBCR-
1 internal standard powder (*TOH{/YTTHE = 0.282865 £ 0.000016). Although our standard
powder has been well-homogenized, the quoted precision represents a maxinmum value, given
that it incorporates all procedural sources of error and any samnple heterogeneity that may

exist.

1.3 Results

Most samples have loss on ignition (LOI)<0.4%, indicating minimal alteration. For most
samples (21 of 27) KoO/P205> 1. likewise indicating that the samples have not undergone
significant post-cooling alteration. which would mobilize K relative to P. All but one of
the samples with KoO /P20« are shallow samples. The samples that exhibit K loss also
show loss of the mobile incompatible elements U and Rb relative to immobile incompatible
elements such as Nb, Th and Zr. Ceriurg, which is mobile when oxidized to Ce™™ during
alteration, is well-correlated with immobile incompatible elemwents in all samples with one
exception (LT 22). indicating that alteration has only affected some elements in some sam-
ples. Of the samples that exhibit K, U or Rb loss, none has anomalous isotopic or major
element compositions, with the exceptiou of two samples with anomalously low Si0g (LT27
and WA13). None of the indicators of element wobility (K20/P205, K, U, Rb) correlates

oy BTG /86 W6 /2047 . " — :
with 878r/%8r or 29Ph /2% Ph, compositions that are potentially susceptible to alteration.



Therefore, we include all samples in subsequent geochemical discussion.

1.3.1  Major elements

.

The West Maui shield-building stage samples are all tholeiitic basalts with 45-51 wt. %
Si0q. and 6-21 wi. % MeO (Fig. 1.2). We also sampled three transitional-stage lavag (bo-
tween tholeiitie shield-stage and alkalic post-shield stage). identified through mapping and
description by Diller [1982], and one (fa.,(th of post-shield alkalic and rejuvenated stage lavas.
Data for these samples are included in the tables, but not in any figures or discussion. The
major element variability for the deep and shallow groups have only partially overlapping
fields. The systematics of the sample suite as a whole correspond for the most part to ex-
pected differentiation trends, and are analogous to well-documented differentiation trends
at Kilanea [Garcia et al.. 2003]. The two shallow West, Maui samples (U127 and WALS)
with apomalously low Si0s are also two of the most altered samples (KoO/PoOg = 0.72 and
0.47, respectively). It appears that, in general, the shallow samples either tend to be more
evolved than the deep samples, or to have undergone a higher degree of olivine accumulation
(e.g.. MgO=>15 wt.%). The major element compositions of these lavas are broadly similar
to tholeiites of the extensively-studied Kea-type volcanoes Mauna Kea [Yang et al., 1994:
Rhodes, 1996] and Kilauea [Chen et al., 1996; Garcia et al., 1996, 2000]. Notably, the bend
in AloO3, CaO, CaO/Al O3, and TiOy vs. MgO variation for West Mani (Fig. 1.2) occurs
at similar whole rock compositions in the Kilauea lavas, suggesting comuon differentiation

processes, of olivine erystallization followed by clinopyroxene and plagioclase .

1.5.2  Trace elements

To account for variable amounts of olivine accumulation or fractionation. we adjusted all
sample compositions to 13 wt.% MgO by either incrementally adding equilibrivan olivine or
by removing Fogr olivine until the sample composition reached 13 wt.5% MgQO, and adjusted
incompatible trace element compositions accordingly (assuming Df;f’/l"m =)}, Because no

olivine composition data exist for these samples, we chose Fogy olivine as an equilibrinm

composition for our assumed parental magma. Although primitive Hawaiian magmas with



MgO up to 16 wt.% bave been documented at other volcanoes (Haleakaln- Chen et al.
[1992]: Kilanea- Clagne et al. [1995]), we have no samples in our West Maui collection in
the 14-16 wt.% MgO range. and consequently we have chosen not to call upon a primitive
composition that we did not observe, Samples with MgO<7.0 wi.% have likely begun to
fractionate clinopyroxene as well as olivine [Helz and Wright, 1992: Montierth ot al., 1995],
and therefore we exclude these samples from plots and discussion involving covrected trace
clements.

Both the deep and shallow groups of samples show a gimilar absolute range in the
rare earth olement (REE) slope La/Yh, although the deep group generally has lower [La]
(Fig. 1.3). Both groups also show the same positive correlation between La/Ybh and [Lal.
This REE compositional variation is similar to, but encompasses a narrower range thau, the
variation observed in Mauna Kea tholeiites [Albarcde, 1996: Feigenson et al., 1996; Yang
et al., 1996: Huang and Frey. 2003]. Overall REE patterns are distinct between the deep
and shallow groups of West Maui lavas. The samples within the shallow group have similar
overall REE patterns, but the REE concentrations vary mmong the samples (Fig. 1.3). This
is a comunon pattern of intra-volcano variation for Hawaiian tholeiites [e.g., Tilling et al.,
1987; Frey et al., 1991]. These observations contrast with those for the deep samples as a
group, which show less variability in H(heavy)REE compared to L{light) REE concentrations
(Fig. 1.3): this variation pattern is similar to that observed in the historical Kilauvea summit
lavas [Pietruszka and Garcia, 1999]. The shallow West Maui samples generally have a
b‘tecepf;r HREE slope (higher Sm/Yb) than the deep samples, for a similar range in [Sm]. As
a group, the deep samples have lower average REE concentrations than the shallow samples.

Variation in ratios of incompatible trace elements, particularly HFSE (high field strength
element) /HFSE and LILE (large ion lithophile element) /HFSE, such as, respectively, Nb/Zr
and La/Nb, have only partially overlapping ranges for the deep and shallow groups (Fig. 1.3).
This indicates variation in either the source compositions or the range of source melting
sampled by the two families. The deep samples extend to lower [ND] and Nb/Zr and to
higher Sr/Nb than do the shallow samples (Fig. 1.3).

Uncorrected concentrations of the compatible trace eloments Ni and Cr are well-correlated

with MgO, and the Ni, Cr-MgO corvelations define continuous trends that encompass hoth



the deep and shallow groups of samples (Fig. 1.4). Seandium (uncorrected )-MgQ variation
defines two distinet groups: a strong correlation that extends to high MgO and a weaker
correlation that includes the lower-MpO samples and extends to the highest [Scl. We take
the first group to be the result of olivine %1,(1‘1}.111\L]:\,i;icm.. The poorlyv-defined bend at ~7.5
wt.% MgO in the second group may reflect the onset of clinopyroxene cryvstallization. In
Hawaiian tholeiites, initiation of clinopyroxene crystallization at 7-7.5 wt.% MgO has been

observed experimentally as well as in nature [Helz and Wright, 1992: Moutierth et al., 1995},

L33 Sr, Nd. Hf and Pb isotopes

Comparison of the %Sy /M8r- 13 Nd /A N0 1/ TR variation in the West Maui samples
to Hawaiian compositions as a whole shows that these lavas, along with lavas from the
Kea-dominated volecano Mauna Kea, and in agreement with the few previously published
West Maui data [Stille et al., 1986: Tatsumoto et al., 1987}, have some of the most depleted
isotopic compositions of all the Hawaiian islands (Fig. 1.5). In Sr-Nd-Hf isotope space,
there is little overlap between the fields defined by the deep and shallow groups. The deep
group has the more depleted compositions, and in 3 Sr/808p-143Nd /' Nd space is displaced
slightly towards less radiogenic 578y, / %68y, and in the direction of Pacific mid-ocean ridge
basalt (MORB), relative to typical Kea-type compositions (as defined by Maumna Kea and
Kilauea). There is small overlap between the deep West Maui lavas and Mauna Kea and
Kilanea (Fig. 1.5). The *3Nd/ ¥ Nd-176Hf/177HS variation for these sam ples shows a similar
distinction between the deep and shallow groups, with the deep samples being more depleted
than the shallow samples (Fig. 1.5). There is also much more scatter in the compositions of
the deep samples - they show nearly twice the variability in *Nd/***Nd as do the shallow
samples. This contrasts with major and trace element compositions for the deep samples
which tend to be less variable than in the shallow samples. The West Maui samples as
a group fall slightly below the ocean island basalt (OIB) array. as has been observed for
Mauna Kea but not Kilauea [Blichert-Toft et al., 1999]. The West Maui and Mauna Kea
samples fall farther below the OIB array than any other measured Hawaiion shield-stage

lava.



The sample suite as a whole shows variation in 27Ph/?™Ph of only 4 to 5 times analytical
error, and there is no distinction in the 26 PL/24PLA7TPL/2MPY trend between the deep
and shallow groups (Fig. 1.6). 2°*Ph/*™Pb is strongly correlated with 29°Ph /M Pb jn the sct
of samiples as a whole, and the deep vs. shallow samples show separate corrvelations (Fig. 1.6).
The shallow and deep samples were analyzed at ENSL in random order and over the same
periods of time, thus the contrast in Ph isotope ratios between the two sample groups is not
due to a shift in instrunent performance between multiple analvtical sessions. The shallow
samples have a slightly lower degree of correlation than the deep samples, and also show
slightly lower 298Ph /2%4Ph for the same range of 2°6Ph/2%4Ph exhibited by the deep samples.
High-precision Ph isotope studies of Mauna Kea HSDP-1 lavas (680 m thick; Abouchami
et al. [2000]) also identify two compositional groups, although these groups appear to lack
any correlation with stratigraphy. Interestingly, the two groups identified in Mauna Kea
lavas are distinet both in 29Ph/2MPh-207p 204ph and 200P /29 Ph-208Ph /24P gpace,
whereas the two West Maui groups show no distinction in 209Pb /2% Ph-297ph /204Ph space,
Eisele et al. [2003] used high-precision b isotope compositions, specifically W6pt, 24Pl
205p1, /204Dy variation. to define three distinet compositional groups in the HSDP-2 lavas
(2790 m thick). All of our West Maui samples, as well as the HSDP-1 Mauna Kea samples,
correspond to the HSDP-2 array with the lowest 25Ph/204P),

The 2Ph /204Ph- 878y /566y variation in the West Maui lavas shows a distinction between
the deep and shallow lavas (Fig. 1.7). The deeper samples show a positive correlation that
trends to less radiogenic 226Ph/2%Ph and #78r /%Sy than shallow West Maui or Mauna Kea.
Discussion of this trend is in the following section. This contrasts with the 08Ph/204Ph-
878r /%68y variation (not shown), where the shallow samples display a better correlation than
the deep samples.

The YSHE/ATTHE and *5Ph/4DPh stratigraphy for the Papalana Guleh and Mahinahina
Well sections shows minimal correlation between the two isotope systems, or of either isotope
ratio with depth (Fig. 1.8). The average *Ph/*Pb composition and standard deviation
for the two sections is nearly identical. The average CHE/TTHE of the deeper section
(0.28312) is slightly more radiogenic than that of the shallower section (0.28311), and the

ange of values in these two sections show the same standard deviation. Although the av-



erage TOHE/YTTHY of these two sections are within ervor of each other, they coincide in the

expected sense to different average YN /MHNG compositions (051209 and 0.51301 for the

YTHE com-

positional difference between the two sections is real. Blichert-Toft et al. [1999] described

[l

deep and shallow sections, respectively), and therefore we believe that the OHE,
e AT T SR L g . . o 4 -
the all-Hawaii POHE/UTHE- 29D /2MPY variation as a mixing hyperbola between the Kea
: . s . s TGTIe VT I 06Ty 720 1 i 1o
endmember with relatively radiogenic "CHE/YTHE and 29Ph/2MPh and the Koolau end-

member with relatively nnradiogenic YOHT/YTHE and 299Ph /291 Ph, Not unexpectedly, our

West Maui data fall on the upper Hinb of this hyperbola, near Mauna Kea.
1.4 Discussion

At West Maui, we observe fine-scale geochemical vartation defined by 200Ph /M Ph-87 5y /868y,
W6p 204Ph-208Ph /299Ph and ¥78r/%08r-trace element compositions. These correlations are
present at West Maui only in lavas that erupted over a particular time interval. Studies of
Pb isotope composition have identified fue-scale Pb isotope variability within other Kea-
dominated volcanoes (Kilanea-Pietruszka and Garcia [1999]; Mauna Kea-Abouchami et al.
[2000]: Eisele et al. [2003]), but the particalar 37Sr/%Sr-correlated trends we identify at
West Maui have not been observed in shield-stage lavas of any other Hawaiian volcano. The
W06pt, 204 ph-BTGy /868y trend in the deep West Mani lavas is oblique to the trend of pure
mixing between Kea and Koolau components as they are typically sampled by Hawaiian
shield-stage magmas. It is not uncommon to observe Hawaiian shield-stage lava composi-
tions that deviate from the pure Kea-Koolan mixing trend, and in fact it is the rule rather
than the exception that at least three endmember compositions are required to describe
compositional variations within one voleano or across the whole chain. However, the spe-
cific signal that we have ideatified in the 578y /508p-206p] /204 Phtrace element compositions
is unique to this voleano both in its compositional range and in its stratigraphic dependency,

There exists a long history of associating Hawailan magma source regious with oceanic
lithosphere [e.g.. Hofmann and White, 1982; Chen aud Frey, 1985; Eiler et al., 1996; Hauri,
1996a; Lassiter and Hauri, 1998], and several studies associate oceanic lithosphere with both

the Kea and Koolau endmeribers. The St-Nd-Ph-O isotopic compositions of Kea-type mag-



mas have supported hypotheses for the origin of the Kea component in small-degree melts
of ambient depleted MORB-source mantle {Chen and Frey, 1985] or hydrothermally-altered
Pacific oceanic crust [Eiler et al.. 1996] that mixes with plume-derived magmas, Blichert-
Toft et al. [1999] used Ph-Hf isotopic correlations to argue againgt Pacific lithosphere ag the
source of the Kea component, and Lassiter and Hauri [1!5)98] used O-Os isotope correlations
to argue that the Kea source is the gabbro + harzburgite/dunite segment of ancient (1 Ga)
oceanic crust that has been subducted and recycled into the Hawaiian plume. Koolau-type
magmas have been interpreted. on the basis of HEPD isotopic correlation [Blichert-Toft

et al., 1999] and O-Os compositions [Lassiter and Hauri, 1998]. to have their source in

While mixing between the Kea and Koolau endmembers serves ag a general framework
to explain inter-voleano isotopic and elemental variability among Hawaiian volcanoes on the
scale of the entire archipelago. it does not account for the fine-scale variability we observe in
West Maui volcano. Tn the following, we examine the origin of the fine-scale, intra~-volcano
chemical trends in West Maui. and evaluate whether we can relate these variations to the
hypotheses for involvement of oceanic crust discussed previously. Specifically, we compare
the expected compositional variation for ambient vs. ancient upper (hvdrothermally-altered
basaltic) and lower (gabbroic) oceanic crust, and model the contributions of these compo-
sitional reservoirs to Kea-type lavas. In doing this, we evaluate whether the source of the
fine-scale, intra-voleano West Maui variation is inberent to the Kea source or instead rep-
resents a distinet process or source that operates or exists independently of the origin or
identity of the Kea source. Finally. we seek to identify similar trends iu other volcanoes,
and determine whether processes that, we recognize at West Maui operate at other Hawalian

volcanoes as well,

1.4.1  Sr-FPb-Hf isotope variation

The 205PL/#MPh-A78r /%8 variation observed in the shallow West Maui lavas is similar
to that observed in shield-stage lavas in other Kea-dowinated volcanoes [e.g.. Anders and

Nelson, 1996: Lassiter et al., 1996; Pietruszka and Garcia, 1999]. However, the deep lavas



are unique among Kea-type voleanoes in that they define a positive “09Ph /204pPh. 878 /505y
trend that extends to less radiogenic 8r/%Sr than observed in shield-stage lavas from
any other Kea-type voleano (Fig. 1.9). Ag mentioped above, this variation is oblique to
the overall all-Hawaii shicld-stage trend, and hence cannot be the result of mixing between
Hawadian plume components as they ave represented at other voleanoes.

The two possibilities that we explore are contributions of very small-degree partial melts
of ambient. Pacific lithosphere (~110 Ma) or within-plumne melts of ancient (~2 Ga) oceanic
erust that was hvdrothermally altered at a mid-ocean ridge. subducted, stoved in the man-
tle, and recycled into the Hawailan phuve. On a global scale, the details of subduction
zone processes and their effect on the chemical budget of the subducting slab are poorly
quantified. aud potentially can have highly variable effects [Stracke et al., 2003]. For this
reason, we have chosen to wake no assumptions about subduction zone processing and in-
stead focus on the first-order chiendcal variations we would expect in aged oceanic crust,
based on the range of available observations and data sets from the literature.

Different lithologic layers in the oceanic lithosphere develop distinet radiogenic isotope
signals over time, and thug we specifically consider two different segments of oceanic crust:
the hydrothermally-altered basaltic upper crust and the gabbroic cumulates in the lower
crust. These, in combination with other lithologies (pelagic sediment + basalt; gabbro +
depleted lithosphere), have been used to explain the genesis of Kea and Koolau composi-
tional endmembers [Lassiter and Hauri, 1998; Blichert-Toft et al.. 1999]. In our models, we
investigate whether altered basalt and gabbro, independently or combined, can explain the
fine-scale compositional variation distinet from Kea-Koolau mixing that we observe within
just one Kea-type volcano.

For the 110 Ma Pacific upper oceanic crust endmember, we use & 8r/%8r and *96p1,/204 P
measured for upper oceanic crust from ODP site 843 [King et al., 1993}, located 300 km
from Maui. For the 110 Ma gabbroic endmember, we use 578r/%8r and 206P], /2049 of
gabbroic xenoliths frorn Hualalai volcano, interpreted to be Pacific oceanic crust, meastured
by Lassiter and Haurl [1998]. We use [Sr] and [Pb] weasured in oceanic crust drill cores
[Staudigel et al., 1995; Hart et al., 1999]. There carrently exist no THf /A TTHE wmeasnrements

.

s oceanic crust of the appropriate age, so we caleulated a possible range of compositions
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based upon the YOHEATTHE composition of wodern Bast Pacific Rise MORB [Chauvel and
Blichert-Toft, 2001]. We ealeulated the TSHE/YTHI composition of this depleted mantle
MORB-source reservoir at 110 Ma, and then forward-modeled the YYHE/P7HE composition
of the basaltic and gabbroic portious of oceanic crust generated from this depleted mantle
reservoir, based upon Lu/Hf measuved in oceanic erust drill-cores [Standigel et al., 1995;
Hart et al., 1999]. For the 2 Ga endmembers, we caleulated the 37 8r/508r, 206p1 /204 and
YT6HE/ATTHSE of the depleted mantle MORB-source reservoir at 2 Ga. again based upou mod-
ern compositions of Hast Pacific Ridge MORB [Chauvel and Blichert-Toft, 2001]. and then
forward-inodeled the composition of basaltic and gabbroie crust derived from this reservoir
at 2 Ga, in the same way as we did for the "OH{/YTHE composition of the 110 Ma gabbro
crust. For calculating the elemental concentrations in the 2% gabbro melt, we use a gab-
bro mode of 20% orthopyroxene, 20% clinopyrosene, 20% plagioclase and 40% olivine, and
partition coeflicients from Hauri and Hart [1995] and McKenzie and O'Nions [1991]. These
results are presented in Table 1.4.

Of the modeled 2 Ga source components, hydrothermallv-altered upper oceanic crust
has radiogenic *Sr /%8y and 2%Pb /24P compositions, whereas gabbroic erust evolves to
unradiogenic 37Sr/%8r and *Ph/?MPb compositions (Fig. 1.9). Neither of these compo-
nents alone lies on a trajectory of mixing with the shallow lavas that could result in the
observed variability in the deep samples. However, mixing between a melt from an approx-
imately 25:75 upper oceanic crust:gabbro solid-solid mixture and plume-derived Kea-type
magmas would reproduce the range of compositions in the deep lavas.

Alternatively, we consider the composition of ambient Pacific oceanic crust. Isotopic
compositions of upper oceanic crust from the QODP site 843 [King et al.. 1993], located 300
ki from Maui, has unradiogenic #7Sr/%Sr, but 2°Ph/?*Pb too radiogenic to cause the

ariability observed in the deep West Maui saanples (Fig. 1.9). Some gabbro xenoliths from
Hualalai volecano, which have been interpreted to represeut, the oceanic crust beneath Hawaii
[Clagne and Chen, 1986], bave unradiogenic ¥ Sr /*9Sr and *Ph/*Pb and Sr/Pb such that
a mixing hyperbola between small-degree melts (2%) of these gabbros and average shallow
West Maui lavas describes the compositional range in the deep West Maui lavas [Okano

and Tatsumoto, 1996; Lassiter and Haurd, 1998]. Mixing of sinall-degree melts of this ocean
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erust layver with plume-generated Kea-like magmas would result in hybrid magmes similag
to what we observe at West Maui. The Sr/Pb as well as [Sr] and [P'h] of the gabbro melt
depends upon the fraction of melt generated (F). Higher-F melts (>2-3%) will have lower
[St] and [Pb] and therefore a larger proportion of this melt would be requived to mix with
the plume-generated magimas in order to produce the observed trends. A smaller-degree
melt would also provide the observed mixing trend, but such a small-degroe melt may pot
have sufficient melt connectivity to separate from the solid residue.

Within the vange of Y9HE/ T variability at West Maui, the deep samples tend 1o
have ouly slightly higher-than-average compositions (Fig. 1.10). Thus the sowrce of this
variation in the deep smmnples must be close enough in composition to the shallow lavas
so that the extent of mixing requived by the %7Sy/308r compositions of the deep samples
does not result in dramatic shifts in 'O Hf/17THE. Whatever caused the isotopic shift in the

“deep samples must have a YYHI/ATTHE composition similar to or higher than Kea, rather
than lower. Magma generated through mantle melting (i.e., MORDB) will have Lu/Hf lower
than its mantle source, such that ey (as defined in the footnote of Table 1.2) of the melt
will decrease relative to the residual source as it ages. The 110 Ma oceanic crust that we
model hag ‘" Hf/17HS higher than Kea-type lavas, but progressively older model crust will
have TTOHE/YTTHE less radiogenic than the Kea-type lavas. Thus, both of the modeled 2
Ga endmembers, or any wmixture of them, will have YHf/Y7THf siguificantly lower than
Kea-type lavas. However, as with the 206Ph/2MPD-87Sr /S0Gr variability, the 2"5Ph/204pPh-
VTSHE/YTTHE variation in the deep samples is consistent with modeled contributions of small-
degree melts from ambient Pacific gabbros, with the same mixing proportions as identified

in the 578r /S08r-20Ph /204PY variation (Fig. 1.9).

1.4.2 ¥ 8rA 8y and trace element constraints on endmember compositions

The deep West Maui lavas show correlations of 878y /%8y with some trace elements (Fig. 1.11).
Among the deep samples, those with less radiogenic ¥ Sr/*Sr trend to higher La/Yb. Nb/Zr,
Nb/Hf, Nb/La, [Nb] and [Sv]. Althongh these clemental indicators are dependent in part on

degree of melting, the correlation with *7Sr/*Sr indicates that the variations they describe



are fundamentally velated to the source. The high degree of correlation for these parameters
also implies that the melt endmembers ovolved are very homogeneous, and therefore there
is only a small range in extent of melting of this endwmember source as it contributes to
the magimas. If this source melted over a wider range of F as it contributed to the West
Maui lavas, then the melt endmember would have a wider range in elemental composition
for a given isotopic composition, and there would be much more scatter in the West Maud
trends. With 878y /%8r ve. Nb/Zr and Nbh/Hf, the deep samples define a linear trend that
is distinet from the trend defined by the shallow samples. Although the absolute spread in
Nb/Zy of the deep saanples is close to the analvtical error for this vatio, the difference in this
ratio between the two sample groups is greater than the analytical uncertainty. It appears
that three endmembers (at least) are required to explain the observed trends. While one
endmember has high 7 Sr /%81 and two endimembers low 57Sr/%68y, they arve distinet in trace
element composition. In these mixing relationships, the deep samples form well-correlated
arrays implying that, at least for the chemical signals under consideration. the contributing
eudmembers are homogencous. It therefore follows that the larger range in compositions
observed for the shallow compared to the deep samples stews from heterogeneity in the
low-878r /%S endmember that coutributes to the array defined by the shallow samples.

For La/Yb, Nb/Zxr, Nb/Hf and Nb/La vs. $7Sr/%8r the shallow West Maui samples fall
within the range defined by Kilauea, Mauna Kea and Loihi [Garcia et al., 1993, 1995; Al-
barede, 1996; Chen et al., 1996; Hofiann and Jochum, 1996: Lassiter et al., 1996; Pictruszka
and Garcia, 1999]. For these trace element ratios, Kilauea historical and prehistoric lavas
together define a broader range and extend to higher values than West Maui, Mauna Kea
or Loili. Only for Nb/La-*"Sr/*Sr do the Kilauea historical lavas define a trend that is
distinet from prehistoric Kilauea lavas, The deep West Maui lavas fall either on the edge
or outside of the fields defined by Mauna Kea, Kilauea and Loihi. None of these volcanoes
shows La/Yh, Nh/Zr, Nb/Hf or Nb/La vs. 878r/%8r trends as clearly defined as the deep
West Maui lavas.

Placed in the context of the preceding discussion, we can consider whether any of the
proposed isotopic reservoirs can also produce a unique trace element signature. Gabbros

from the Gabal Gerf Opbiolite complex [Zinmmer et al., 1995], as well ag ODP site 7353
I 1 .
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[Hart et al.. 1999], show an extremely wide range in Nb/La (0.19-1.5). Nb/Zr (0.03-0.14),
La/Yb (1.24-4.28) and Nb/H{ (0.5-5.22). Becanse in all of these ratios the element in the
nunerator s more incompatible than the element in the denominator, the ratios will be
greater in the melt velative to its source. The absolute increase of the ratio in the melt
relative to the source depends upon F. partition coeflicients and the mineralogical mode of
the source. Within the range of variability introduced by these parameters (see discussion
below). it is possible to calculate small-degree wmelts of oceanic gabbro that have trace
clement ratios appropriate for endmerbers i the mixivg scheme proposed here,

Partial melting of a gabbro can also potentially generate magmas with Ea and Sr anoma-
lies. Gabbro from oceanic crust drill cores as well as ophiolites [Zimuner et al., 1995; Hart
et al., 1999] show both positive and absent Eu and Sr anomalies. As shown in Fig. 1.12,
the predicted presence or absence of a Fu anomaly is dependent upon the starting gabbro
composition and partition coefficients. We show REE compositions of two representative
gabbros [Zimmer et al., 1995, and 2% melts derived there using two different sets of partition
coefficients [McKenzie and O'Nions, 1991; Hauri and Hart, 1995; Schoetzler and Philpotts,
1970]. La/Yb in these melts ranges from 0.5 to 7.9. The range of resultant melts shows pos-
itive, negative or absent Eu anomalies, and therefore it is difficult to use absence or presence
of a Eu anomaly in the West Maui lavas as an argument either for or against mixing with
small-degree gabbro melts. The West Maui lavas do not show any Eu anomaly. and both
deep and shallow groups of samples show approximately the same range of [Sr]. However,
the low-#78r/%08r endmember which contributes to the deep samples also has higher [Sr]
than the high-¥7Sr/%Sr endmember contributing to the deep samples. This is consistent,
with additions of small-degree gabbro melts to the deep West Maui lavas,

Perhaps the prituary uncertainty in modeling isotopic and elemental compositions of
the oceanic crust endmwembers is the effect of variation in choice of partition coefficients.
Wherever possible, we avoid introducing this uncertainty by using elemental concentrations
as ave actually observed in rocks (e.g., ODP cores, xenoliths, voung MORB). However, this
is not always possible, and in Fig. 1.12 we illustrate the range of effects of two different sets of
partition coeflicients on modeling small-degree gabbro melts, The effect of this uncertainty

is especially enhanced at the low degrees of partial melt (2%) that we are considering here,
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The second largest variability in endmember choice or caleulation is the variation inherent
to the composition of the rocks themselves. Tn some instances (¥78r /M98y and 00 ph /#Mpi,
of 110 Ma gabbro and upper oceanic crust) we arve able to use data from actual rocks
that we believe represent the endmember compositions. In these cases, we use an average
of multiple analyses for the endmember composition. In other cases, where modeling of
the composition of aged components (e.g., VCHE/VTHE) mnplifies variation introduced by
starting composition, we show a rauge Qi:' possibilities for the modeled endiembers (Ifigs. 1.9
and 1.10. Table 1.4). In Fig. 1.12. we also show melts generated from two different gabbro
starting compositions. It is evident that the combination of gabbro starting composition and
choice of distribution coeflicient cain result in a wide range of melt compositions. Although
not all compositions provide results that are consistent with our hypothesis and data. we do
find that there are geologically reasonable combinations of partition coefficient and gabbro

composition that are consistent with predictions from our hypothesis.

1.4.8  Age-correlated compositional shifts in other Hawaiion volcanoes

Several other Hawalian volcanoes show age-correlated compositional shifts in isotopic and
trace element composition of shield-stage, tholeiitic lavas [e.g.. Kurz et al., 1995; Pietruszka
and Garcia. 1999; Tanaka et al., . In Koolauw and Mauna Loa, these shifts are evident
as St-Nd-Pb isotopic compositions that lie on a trajectory towards Kea-type compositions,
as defined by Mauna Kea and Kilauea [Kurz et al., 1995; Tanaka et al.. 2002]. A subset of
Koolau lavas overlaps with Kilauea and Mauna Kea fields (Fig. 1.9), whereas none of the
Mauna Loa lavas show compositional shifts of this magnitude. In both of these volcanoes,
lavas showing the Kea-like compositions are the oldest ones sampled for each volcano: from
the submarine Nuuanu slide block for Koolau, and from the submarine SW Rift, Ninole and
Kahuku Basalts of Mauna Loa.
Kilaves, which is dominated by Kea-tyvpe compositions in its historical lavas, has pre-

Listoric lavas (Hilina) that extend to the most radiogenic 25 /24Py ohserved i any
Hawaiian shield-stage lavas, but do not extend to significantly lower *78r /%08, In the Kea~

like lavas from Mauna Loa and Koolau, as well as in the entire range of lavas from Mauna



Kea and Kilauea, the compositional variation is expressed with a wide range for *09Ph/*P1
(~18.2-18.9) which corresponds to very limited variation in 578r/%8r (~0.70358-0.70367).
In contrast, the compositional shifts we see in the deep West Maui lavas are specifically
defined by lower 578y /408r for a given range in 299Ph/24Ph, Although we see short-term
compositional changes in other Hawalian voleanoes that indicate a complexity in source
components and the time periods over which they coutribute to the magmas, noue of the
absolute seuses of variation observed in Kilauea, Mamna Loa or Koolau is consistent with
interaction of magmas with oceanic crust, using the endmembers that we define for the
oceanic crust beneath West. Maul.

Tholetites from Loihi. which is still in its early stages of growth, have Sr-Nd-Pb isotopic
compositions comparable to Mauna Kea and Kilauea [Staudigel et al., 1984; Garcia et al.,
1993]. A subset of Loihi tholeiitic lavas shows a positive “0%Ph/24Ph-87Gy /808y correlation
similar to what we observe in West Mauni. Although the Loihi compositions do not actually
overlap with West, Maui compositions, and do not extend to 57Sr/%08r as low as those we
observe in West Maui deep Javas, these lavas may still reflect a process similar to what we
propose for West Maui. Primarily, the lower magma fluxes at the carly and late stages of
shield growth allow for the preservation of the geochemical signals of interaction between
plume-generated magmas and the oceanic crust.

As this low-57Sr/%¢8r endmewmber is sampled at West Maui, and possibly at Loihi, it does
not constitute an identifiable endmember in Kea~type lavas as they are sampled at Mauna
Kea or Kilauea, or in the variability in the compositional range of Hawaiian volcanoes as a
whole. It therefore does not appear that this compositional endmewmber is a fundamental
component of the Hawaiian plume, which otherwise would be sampled in a more regular
or identifiable manner. Rather, it may reflect transitory processes related to early (Loihi)
and late (West Maui) stages of Hawaiian voleano growth. The existence of this endinember
at West Mani ig only identifiable through dense sampling and stratigraphic control, and
therefore lack of observation of this signal at other volcanoes does not necessarily preclude
its existence,

Rejuventated stage lavas, which erupt after a period of guiescence {ollowing the post-

shield stages of volcano growth, occur on Kanal (Koloa voleanics), Koolau {Hololulu Vol-



anics), Bast Molokal (Kalaupapa Voleanics), West Maui (Lahaina Voleanics) and Haleakala
(Hana Voleanics). These lavas have more depleted ¥ 8r /808y, HING /MHNA and YOHf /177 HE
than observed in any Hawailan shield-stage lavas, and are commounly interpreted as having
a source external to the Hawaiian plume [e.g., Clague and Frey, 1982; Reiners and Nelson.
1998]. Althongh they are compositionally distinct frow the local Pacific oceanic crust, both
the asthenosphere and Pacific lithosphere beneath Hawaii are possible sowrees for the reju-
venated lavas [Lassiter et al., 2000]. The rejuvenated lavas have less radiogenic *"9Ph /204 ph
and ¥78y /%8y relative to the Kea endmember, as we also observe in the deep West Maui
lavas. but they ave offset from the trajectory suggested by the 26Ph /24P - 5785 /568y vari-
ation in the deep West Maui lavas, and have 20Pb /2% Ph that is too unradiogenic to share

a source with the deep West Maui lavas,

1.4.4  Constraints on contributions of Pacific oceanic lithosphere to West Mawi lovas

The model that is most consistent with our observations from West Maui is that composi-
tional variations measured in the deep samples are the result of mixing small-degree melts of
Pacific oceanic crust with the primary, plume-generated West Maui magimas. Trace element
ratios and Sr concentrations in the deep samples point to a contribution from the gabbroic
layer of oceanic erust. and Sr-Pb-Hf isotope variations suggest this is the ~110 Ma Pacific
crust, rather than ancient recycled oceanic crust within the phune itself.

The generation and incorporation of these melts have implications for the heat bud-
get and mass balance of the overall system. We used the MELTS algorithmn [Ghiovso and
Sack, 1995] to model isenthalpic assimilation of oceanic crust gabbro into a primitive West
Maui magma (sample WAL7), For all model runs, the pressure is 2 kbar, starting tem-
perature of the assimilating magma is 1325° C, and starting temperature of the assimilant
is either 100° or 200° C. We modeled assimilation of three starting compositions with
olivine:orthopyroxencielinopyroxene:plagioclase propovtions of 40:20:20:20, 30:0:40:30 and

20:20:20:40, in order to understand the nfluence of the initial mineralogical mode of the

assimilant. For each mwodel run we report ¢ = mass assimilated /mass crystallized, and in

Fig. 1.13 we show this parameter as a function of total mass assimilated. In all models, for
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the Hrst 16 wt. % assimilation (relative to initial mass of the assimilating magma) olivine

is the only crystallizing phase. After 16 wt.% assimilation. clinopyroxene and eventually
plagioclage join the crystallizing assemblage. However, the isotope and trace element data
presented in the previous sectious indicate involvement of only small-degree (~2%) melts of
oceanic gabbro, so we limit the following discussion exclusively 1o a system with low degrees
of assimilation. Within the range of assimilant composition and starting temperature that
we explored in these models. 1 ranges from 0.73 to 0.9 for small degrees of assimilation,
which translates into a maximum decrease in the total volume of hqmd i the svstem of
10% over the range of assimilation required to result in the geochemical shiﬂs obgerved in
the deep lavas. Therefore, the asstmilation model supported by the geochemical data is also
thermally plausible.

The major element changes that accompany assimilation are slight increases in Si0,,
AlbOy and CaQ. and decreases in MgQO and FeQ. These shifts are stmilar to those that
accompany olivine fractionation without any assimilation of gabbro, making it difficult to
use major element composition alone as an indicator of assimilation of oceanic crust. Ten-
15% assimilation of a small-degree gabbro melt into a primitive West Maul magma (~13
wt.% MgO) will produce a resultant melt with 8.5-10 wt.% MgO. Of the deep West Maui
lavas, only ove swnple has MgO >10 wt.%. We do not observe any significant differences
between the deep and shallow groups with respect to major element variability as a function
of 378r /%68r. However, we would not necessarily expect to observe swmh( ant variation, as
the ma‘jm‘ element changes with assimilation ave small, and it is difficult to distinguish them
from olivine control.

As the starting composition in these models we used the wost primitive (MgQO = 13.61
wt.%) shallow West Maui conmposition that did pot show significant olivine accumulation
(i.e., high olivine abundance in ha\ml’::;a,ml,ﬂce). In other Hawaiian volcanoes, primary maginas
with MgO > 15 wt.% have been ideutified [Chen, 1993; Clague of al., 1995], and a hotter,
more primitive starting composition may produce a different result in the assimilation cal-
culations. However, we hiave not observed any primitive magmas such as these at West
Maui, and although thev may exist, we prefer to use the observed primitive composition in

order to keep our model consistent with our observations at this volcano.



Generation of these geochemical signals requires extraction of small degrees (2%) of
melt from the lower oceanic crust. Assuming that the West Maui total volume is 6.4 x 107
kw? [Bargar aud Jackson, 1974], presence of this oceanic crust-derived geochemical signal
throughout the volcano would rvequire 640-1280 km?® of small-degree melt of oceanic ul;ust"-,g
which would in turn imply depleting nearly 50,000 kin® of oceanic erust of a small degree of
melt. When comparing this to the volume of gabbro underlying the entive voleano, ~3000
kin® (volcano radius = 20 km: gabbro thickness = 2.5 km), it is apparent that no more
than 5% of the total volue of erupted lavas can exhibit this geochemical signal, which
derives from 10-15% mixing of low-degree gabbro partial melt with plie-derived maginas.
It is reasonable to envisage that this signal would be present during times when the magina
pathways through the oceanic crust veconfigure in response to the motion of the Pacific
plate over the Hawaiian hotspot. Then, as new magma pathways become established and
conduit walls armored or reacted, the imprint of the gabbro geochemical signal decreases.
The lavas we sampled represent the latest stages of voleano growth, which could imply that
the oceanic crust signal may be a response to a decreasing magima flux from the plome, West
Maui is also the least voluminous of all the major Hawaiian volcanoes [Bargar and Jackson,
1974], which may explain why the geochemical signals of this process are preserved at this
particular volcano, whereas at other larger voleanoes, where the geochemical fingerprint is
swamped or diluted by the relatively more substantial volumes of magma moving through
the oceanic crust, they are missing. Also, because few tholeiitic shield-stage volcanoes have
been sampled in this much stratigraphic detail, this process may be as yet unrecognized in

other shields.

1.4.5  Is there still a requiremnent for 2 Ga recycled oceanic crust in Kea-type lavas?

Because none of the trace element signals that we attribute to Pacific oceanic lithosphere
are dependent on the age of the sowrce, it is possible they could derive from an ancient
subducted and recycled oceanic crust gabbro layer, as has been previously suggested for
Hawaii and other ocean island volcano systems [Lassiter and Hauri, 1998; Chauvel and

Hémond, 2000; Geldmacher and Hoernle, 2000; Soboley et al., 2000]. So far, we have not



considered the possible role of 2 Ga lithospheric mantle (havzburgite/Therzolite) that is
residual to the process of MORDB generation. We calculated the isotopic composition of
2 Ga residual lithosphere that would be complementary to the 2 Ga gabbro and basalt
compositions caleulated above, For parent/daunghter ratios in the depleted lithosphere, we
used the residue of a 20% batch melt of depleted mantle, using partition coeflicients from
Hauri and Hart [1995] and MeKenzie and O'Nions [1991], initial element concentrations
from Sun and MeDouough [1989]. and a starting mineralogical composition of h2% olivine,
30% orthopyrosene. and 18% clinopyroxene [Hirschmann and Stolper, 1996]. Varviation in
mineralogical mode of the depleted residue (e.g.. clinopyroxene content) has only a minor
effect velative to the magnitude of the modeled isotopic compositions, and therefore does

not influence our conclusions. This reservoir will develop extreme isotopic compositions

basaltic parts of the oceanic crust (modeling and results discussed previously). However,
such depleted lithosphere will only sensibly atfect bulk isotopic composition when present in
90-95% abundances. A hybrid source of 90-95% 2 Ga depleted lithosphere and 5-10% of a 2
Ga 25:75 basalt:gabbro mixture will produce a source that could give rise to the Sy-Ph-Hf
isotopic variations seen in the deep West Maui samples. This source would have relatively
depleted major element compositions. and we therefore would expect magmas derived from
a source dominated by residual mantle to show major element-isotope variability distinct
from the typical Kea-type magmas. As this is not apparent, we argue against contributions
of an ancient, hybrid, depleted lithosphere-bagalt-gabbro source as the cause of the fine-scale
variations we obhserve in the deep West Maui lavas.

The differences in isotopic composition among the modeled ancient depleted lithosphere,
basalt and gabbro endmembers are so great that minor variations in the relative mixing pro-
portions could have gignificant effects on the bulk composition of the mixture. It is thereforve
conceivable that a misture of depleted lithosphere:basalt:gabbro could act as the source of
the Kea plume component as defined by its HEPH-Sr-Nd isotopic composition. However,
Kea~type magmas that arve sampled during the ~1.5 My time span over which Maunn Kea,
Kilanea and West Maui erupted are very howogeneous in igotopic composition. 1f the Kea

source is the resnlt of mixing between recycled lithosphere, basalt, and gabbro components,



then the mixing processes that generate the IKea source have remained extraordinarily repro-
ducible over this time period. This implies consistent processes of oceanic crust generation
and alteration at the mid-ocean ridge as well as sampling of the recyeled oceanic lithosphere

package in the plume.

1.5 Conclusions

In the West Maui lavas, we see contributions from three different components. Mixing
between two of these components describes the variability inhevent to Kea-type magmas.
These two sub-components are defined by their 3 Sr/®Sr variability and a number of trace
clements. Theyv show only small distinctions in HE, Pb or Nd isotope compositions, and
therefore it is likely that they arve closely related geneticallv. The third component is not
required to account for the compositional variability of Mauna Kea, Kilauea or the shallow
Javas at West Maui. Our interpretation of the source of this component, aud also its apparent
absence in the Mauna Kea, Kilauea and shallow West Maui lavas, indicates that it is not
imtrinsic to Kea-type lavas or to the genesis of their plume source,

In the deep West Maui lavas, we have identified the chemical fingerpring of Pacific occanic
crust gabbro overprinted onto the plume-derived Kea-tvpe magma compositions. These
compositional variations that we attribute to mixing with small-degree melts of oceanic
gabbro are present only over short tiime scales. and, based on mass balance caleulations.
can be present in no wmore than ~5% of the total volume of lavas erupted. These character-
istic compositional trends have uot been obgerved in shield-stage lavas at other Hawaiian
voleanoes. Their absence at other volecanoes may be, in some cases, a cousequence of less
dense saupling or lack of stratigraphic control, or may indicate that this geochemical signal
is not generally characteristic of Kea-type volcanoes or of the pluwe source that geunerates
Kea-type maginas.

The process that we observe in the West Maui deep lavas, namely the overprinting
with signals of partial melts from gabbroic oceanic crust, is unlikely to be unique to this
volecano. It is the fundamental homogeneity of Kea-type lavas that enables the identification

of variation from plume-derived Kea-type compositions. The geochemical signal of this



process is so subtle that it would be extremely ditficult to resolve in the more heterogencous
Koolau-type volecanoes or even at more volmminous Kea-type voleanoes where this signal

would be diluted by the higher magma flux.
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Table 1.1: Major and trace element compositions of West Mauid lavas

Sample: OL28 OL30 OL31 OL32 OL33A OL34
desp deep deep deep deep deep
wi %
8i0, 49.14 49.44 49.66 50.08 50.37 49.56
ALO, 13.39 12.71 13.33 13.65 13.41 13.18
TiO, 2.786 2.311 2.321 2619 2470 2.282
Fe(, 11.28 11.33 11.32 11.39 11.59 11.89
MnO 0.164 0.174 0.177 0.176 0.172 0.178
Cal 10.76 10.55 11.28 11.32 11.45 11.31
MgO 8.61 10.12 8.62 7.62 7.49 7.86
K0 0.41 0.28 0.34 0.36 0.29 0.28
Na, O 2.45 2.18 2.28 2.37 2.16 2,15
PO, 0.324 0.237 0.251 0.284 0.268 0.237
Total 99.32 99.30 99.58 99.87 99.87 98,93
LOI -0.03 0.25 -0.11 -0.12 +0.08 0.05
ppm: XRF
Ni 226 296 173 127 a8 95
Cr 351 538 466 318 302 343
Se 39 35 25 36 32 33
Ga 20 18 19 20 16 18
Zn 102 102 104 104 100 99
ICP-Ms

Cs 0.06 0.05 0.05 0.06 0.04 0.04
Rb 5.68 3.53 3.95 4.66 3.79 3.58
Ba 88.9 514 68.1 79.4 60.0 57.1
Th 0.84 0.57 0.63 0.77 0.66 0.62
U 0.26 0.18 0.19 0.24 0.21 0.19
Nb 12.6 8.7 9.8 12.2 105 10.3
Ta 0.80 0.62 0.67 0.82 0.73 0.69
La 12.7 9.0 9.7 1.5 10.9 9.8
Ce 30.0 21.8 23.2 27.5 24.9 23.0
Pb 0.92 0.73 0.73 0.93 0.73 0.70
Pr 4.32 3.18 3.32 3.93 3.81 3.40
Nd 21.5 16.1 16.8 19.8 19.2 17.0
Sr 377 310 344 372 327 313
Sm 6.62 5.23 5.29 6.18 6.05 5.44
Hf 4.53 3.57 3.59 4.17 3.88 3.60
r 163 127 129 153 141 130
Eu 2.34 1.90 1.92 2.24 2.16 1.96
Gd 7.20 5.87 5.82 6.81 6.62 6.15
Tb 1.18 0.97 0.96 1.10 1.08 1.00
Dy 6.68 573 5.73 6.40 6.35 5.87
Ho 1.22 1.08 1.05 1.18 1.1¢ 1.11
Y 30.7 27.1 26.9 30.6 30.8 28.3
Er 3.00 2.65 2.61 2.96 2.98 2.80
Tm 0.39 0.35 0.34 0.39 0.39 0.36
Yb 2.26 2.00 2.00 2.25 227 2.09
Lu 0.33 0.29 (.28 0.32 0.33 0.30

B



Table 1.1, continued:

wa2z2

Sample: WAOQ9 WwA10 WA12 WA18 WAZ21
deep deep deep deep deep deep

wt. % : :
8i0, 49.51 47.48 51.20 48.51 48.72 46,93
AL, 14.21 13.09 13.91 13.26 13.73 12.01
TiO, 2.562 3.014 2.312 2.784 2.687 2.328
FeO, 11.60 12.53 10.36 12.14 12.01 12.38
MnQ 0.173 0.184 0.176 0173 0.165 0.183
Cal 11.54 11.22 11.83 10.58 11.02 9.59
MgO 7.10 7.51 7.21 8.99 8.15 13.03
K0 0.28 0.40 0.24 0.47 017 0.13
Na, O 2.49 2.49 2,29 2.60 2.23 1.88
PO 0.280 0.335 0.234 0.372 0.240 0.250
Total 99.75 98.26 99.76 99.87 99.92 98.71
1Ot -0.24 -0.35 0.09 -0.21 1.29 1.01
ppm: XRAF
Ni 120 112 75 211 141 505
Cr 322 284 324 397 429 691
Sc 25 28 29 33 36 28
Ga 20 19 21 20 19 16
Zn 104 113 94 104 103 103

ICP-Ms
Cs 0.02 0.05 0.03 0.11 0.05 0.01
Rb 2.88 4.15 2.90 5.1 2.09 1.33
Ba 73.0 139.3 51,7 122.9 60.1 50.4
Th 0.68 1.19 0.55 0.98 0.81 0.66
U 0.19 0.28 0.18 0.28 0.23 0.17
Nb 10.6 17.9 8.2 14.9 12.3 10.4
Ta 0.73 1.21 0.56 0.99 0.83 0.71
La 10.7 17.1 8.8 15.3 12.0 9.9
Ce 25.7 385 214 35.2 254 22.3
Pb 0.75 1.00 0.54 1.04 0.68 0.60
Pr 3.74 - 5,32 3.15 4.91 4,20 3.44
Nd 18.0 255 16.4 24.2 214 . 17.8
Sr 370 426 325 439 341 314
Sm 6.05 7.38 5.34 7.08 6.65 5.61
Hf 4,01 5.15 3.59 4.82 4.27 3.75
Zr 145 187 127 179 156 137
Eu 2.14 R.52 1.87 2.42 2.34 2.05
Gd 6.46 7.74 5.92 7.57 7.62 6.31
Th 1.05 1.21 0.98 1.18 1.21 1.00
Dy 8.00 6.89 5.76 6.89 6.92 5.87
Ho 1.15 1.26 1.10 1.27 1.33 1.09
¥ 28.4 31.9 27.6 32.7 358 27.8
Er 277 3.01 2.67 3.12 3.23 2.71
Tm 0.36 0.40 0.36 0.41 0.42 0.35
Yb 2.07 2.25 2.08 2.30 2.34 2.08
Lu 0.31 0.32 0.30 0.34 0.35 0.30
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Table 1.1. continued:

Sample: OL29 L7224 LT18 LT21 L7722 Lr27
shallow shallow shallow shallow shallow shallow
wt. %
Si0, 48.64 4519 45.75 45.90 46.26 45.98
ALD, 12.41 8.72 8.45 9.66 10.01 12.12
Ti0, 2.471 1.673 1.880 1.886 1.949 2423
Fe(, 11.78 12.82 12.42 12.50 12.57 12.71
MnO 0.180 0.185 0.217 0.183 0.178 0.185
Cal 9.38 877 8.64 9.05 9.16 10.42
MgO 10.20 19.83 20,73 17.87 16.83 12.87
K.O 0.77 0.25 0.28 0.25 0.34 0.23
Na.©O 2.56 1.50 ©1.48 1.62 1.75 2.16
P.Os 0.391 0.198 0.191 0.225 0.234 0.319
Total 98.79 9914 99.71 99,15 99.28 09.42
Lot ~0.30 -0.61 -0.13 -0.40 -0.30 0.21
ppm: XRF
Ni 340 793 882 727 684 429
Cr 404 1232 1312 1016 988 613
Sc 25 31 32 30 28 27
Ga 19 11 13 11 15 19
Zn 120 100 101 103 103 107
CP-Ms
Cs 0.11 0.01 0.01 0.00 0.10 0.01
Rb 10.61 1.97 2.39 1.31 5.25 0.57
Ba 143.1 61.0 934 70.1 73.1 127.6
Th 1.18 0.44 0.44 0.53 0.57 0.90
U 0.42 0.13 0.13 0.15 0.19 0.15
Nb 17.2 7.6 7.4 8.9 9.2 14.2
Ta 1.16 0.53 0.52 0.62 0.63 0.99
La 17.1 7.3 8.5 8.8 10.2 13.4
Ce 40.3 17.7 18.6 21.0 215 31.2
Pb 1.25 0.54 0.55 0.68 0.65 1.01
Pr 5.58 2.55 2.73 3.03 3.47 4,28
Nd 26.9 12.9 13.9 15.1 17.4 20.8
Br 397 253 260 288 296 402
Sm 7.93 3.92 419 4.71 5.27 6.01
Hf 5.72 2.67 2.62 311 3.22 3.96
& 218 96 95 114 118 147
Eu 2.60 1.42 1.47 1.64 1.85 2.06
G 8.06 4.28 4,65 513 5,63 6.31
Th 1.29 0.70 0.73 0.81 0.80 0.99
Dy 7.56 3.96 4.26 4.71 5.21 5.59
Ho 1.38 0.74 0.80 0.88 0.98 1.08
¥ 35.5 18.6 216 22.5 26.2 26.4
Er 3.47 1.87 1.98 2.20 2.44 2.57
Tm 0.45 0.23 0.25 0.29 0.31 0.33
Yb 2.61 1.37 1.43 1.63 1,78 1.93
Ly 0.38 0,20 0,20 0.24 0.25 0.28




Table 1.1, continued:

Sample: WAQDS WA13 WA14 WA1E WA1Y WA19
shallow shallow shallow shallow shallow shallow

wi, % ,

Si0, 47.53 46.24 48.64 49.19 48.21 48.67
ALD, 14.27 14.59 14.09 13.95 11.65 13.18
TiQ, 3.015 3.416 3.384 2.693 2.080 3.183
Fed, 13.38 14.00 12.47 11.85 11.71 13.08
MnO 0,194 0.205 0.185 0.179 0.195 0.191
CaQ 11.48 11.10 10.38 11.61 09.62 10.22
MgQ 6.70 587 6.30 7.25 13.61 T2
K0 0.29 0.19 0.46 0.31 0.34 0.65
Na,O 2.89 2.65 2.84 2.40 2.15 2.70
P05 0.356 0.408 0.443 0.305 0.245 0.394
Total 100,11 98.67 £90.28 89.73 99,81 99.50
LOt -0.26 0.92 0.25 -0.06 -0.65 -0.36
pprm: XBF

i 81 50 100 106 511 132
Cr 122 50 190 218 582 213
Sc 22 33 30 33 26 37
Ga 21 24 24 18 18 22
Zn 122 128 118 102 104 117

ICP-Ms '

Cs 0.01 0.02 0.06 0.03 0.04 0.12
Rb 0.80 0.47 5.86 3,26 4.99 10.24
Ba 130.3 121.6 122.9 83.7 77.3 168.3
Th 0.94 1.23 1.25 0.82 0.60 1.39
U 0.19 0.18 0.31 0.20 0.21 0.41
Nb 15.0 19.6 19.2 13.1 11.3 20.8
Ta 1.02 1.30 1.27 0.87 0.68 1.39
l.a 14.7 17.7 18.5 12.5 9.4 18.7
Ce 34.2 42.3 42.6 30.3 22.0 42.4
Pb - 0.97 1.12 1.16 0.83 0.67 1.18
Pr 5,02 5.78 5.87 4.20 3.14 5.65
Nd 25.5 28.0 28.5 20.8 15.7 26.8
Sr 513 525 4782 408 294 469
Sm 7.85 8.21 8.30 6,25 4.83 7.64
Hif 4.80 5.54 575 4,40 3.36 5.18
Zr 176 210 218 161 121 193
Eu 2.78 2.78 2.86 2.22 1.76 2.56
Gd 8.56 8.50 8.76 6.81 535 8.05
Th 1.33 1.35 1.40 1.10 0.87 1.24
Dy 7.82 7.80 7.97 B.25 8,07 7.07
Ho 1.46 1.44 1.45 1.17 0.96 1.30
Y 36.9 36.2 37.4 29.6 24.4 33.2
Er 3.59 3.55 3.55 2.86 2.36 3.17
Tm 0.47 0.46 0.46 0.37 0.31 0.40
Yh 2.67 2.63 2.83 215 1.76 2.32
L.u 0.40 0.38 (.38 0.31 0.27 0.35
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Table 1.1, continued:

fad

Sample: WAOD3 WAO4 WA0G HO36 LA35
transitional  transitional  transitional  post-shield rejuvenated
wit. %
Si0, 48.24 47.46 48.24 58.22 44.56
ALD, 14.72 13.60 14.15 17.88 12.53
TiO, 2.809 3.360 3.178 1.145 2.235
Fe(, 11.95 13.80 13.26 6.39 12.26
MnQ 0.172 0.197 0.192 0.237 0.198
Cal 10.94 10.86 10.81 3.20 9.83
MaO 7.06 6.96 5.80 1.64 11.47
K0 0.60 0.34 0.51 2.72 1.37
Na,0 2.88 2.83 2.89 7.03 4.158
P,0s 0.394 0.419 0.412 0.633 0475
Total 99.77 99.82 99.43 99.09 99.07
LO! -0.16 -0.40 -0.09 0.29 ~0.30
ppm: XBF :
Ni 124 123 46 5 304
Cr 225 126 56 0 522
Sc 30 30 28 7 25
Ga 22 21 22 21 20
Zn 122 127 118 161 119
ICP-MS
Cs 0.08 0.02 0.10 0.21 0.45
Rb 9.17 2.15 8.32 49.04 39.67
Ba 162.1 130.8 147.9 722.3 633.8
Th 1.07 1.04 1.13 6.14 5.30
U 0.37 0.23 0.35 1.66 1.25
Nb 17.5 16.5 18.1 88.4 51.0
Ta 1.17 1.12 1.22 570 3.10
La 31.8 16.3 17.2 77.4 39.4
Ce 79.8 38.2 39.3 145.9 70.3
Pb 1.03 1.01 1.12 4.85 2.77
Pr 10.53 543 5.41 18.72 7.76
Nd 50.7 274 26.3 77.7 31.8
Sr 513 458 497 1072 796
Sm 13.96 8.16 7.68 17.33 7.35
Hf 4.94 551 5.23 16.83 4.85
Zr 190 200 192 736 201
Eu 4.90 2.80 2.64 5,36 2.45
Gd 15.33 8.76 8.06 14.72 6.93
Th 2.49 1.37 1.27 2.29 1.02
Dy 14.82 7.85 7.30 12.91 5.54
Ho 2.95 1.44 1.35 2.49 0.98
Y 93.3 36.7 33.7 76.9 25.1
Er 7.60 3.62 3.33 6.41 2.32
Tm 1.01 0.47 (.42 0.88 0.30
Yiy 5.65 2.58 2.44 5,19 1.68
Lu 0.83 0.38 0.38 0.78 0.24




Table 1.2: 8r, Nd and Hf isotope compositions of West Mani lavas

[ Depth (m)]  “Sr/™Sr Nd/"Nd €a CHETHE P

Papalaua Gulch Section

Shallow
UPs0 5 0.703604 0.283131 12.7
upP47 38 0.703634 0.512982 6.7 0.283100 11.6
up4e 58 0.703497 0.512988 6.8 0.283099 11.6
Upr43 79 0.703596 - 0.512999 7.0 0.283108 11.9
Uk41 g1 0.703596 0.283115 12.1
UP4p 100 0.703565 0.283122 12.4
Up3g 102 0.703574 0.283112 12.0
Up37 107 0.703572 0.513010 7.3  0.283110 11.9
LP16 121 0.703620 0.512992 6.9 0.283123 12.4
LP14 144 0.703627 “0.283109 11.9
LP13 185 0.703545 0.283119 12.3
LP11 170 0.703593 0.512997 7.0 0.283100 11.6
LP10 181 0.703626 0.512982 6.7 0.283097 11.5
LPOS 236 0.703574  0.512995 7.0 0.283117 12.2
LPO3 248 0.703499 0.512987 6.8 0.283114 12.1
LPO1 260 0.703511  0.513000 7.1 0283113 12.0




Table 1.2, contined:

[ Depth (m)] “Sr”Sr "“Nd/"Nd & CHITHI €
Mahinahina Well Section
Shallow
MA30 9 0.283128 12.6
MAS0 15 0.283115 12.1
MA100 30 0.283123 12.4
MA120 38 0.283121 12.4
MA150 45 0.283120 12.3
MA190 58 0703598 0.513015 7.4 0.283129 12.6
MAZ10 64 0.283110 12.0
MA240 73 0.283108 11.9
Deep
MA270 82 0.703368 0.513028 7.6 0.283131 12.7
MA320 97 0.703565 0.513003 7.1 0.283131 12,7
MA330 100 0.703404  0.513017 7.4 0.283102 11.7
MA390 118 0.283114 12.1
MA410 124 0.703563 0.513005 7.2 0.283108 11.9
MA460 139 0.283119 12.3
MA490 148 0.283124 12.4
MASB20 158 0.703452 0.513029 7.6 0.283127 12.5
MAS560 170 0.703449 0.283148 13.3
MAG00 182 0.283127 12.6
MAB50 197 0.703500 0.512971 6.5 0.283125 12.5
MAG70 203 0.283113 12.0
MASB0O 242 0.703468 0.512999 7.0 0.2838147 13.3
MA840 255 0.283135 12.8
MAS8G65 262 0.703472 0.283155 13.5
MABS5 271 0.283117 12.2
MA910 276 0.703470 0.513014 7.3 0.283119 12.3
MA945 286 0.703488 0.513040 7.8 0.283130 12.7
MA965 292 0.283117 12.2
MA970 294 0.703402 0.513032 7.7 0.283110 12.0
MA1020 309 0.703372 0.513002 7.1 0.283130 12.7
MA1135 344 0.283129 12.6




Table 1.2, continued:

[ 7So™Sr "“Nd/""Nd & CHE!HE B
‘Breadth' samples - shallow
LT18 0.283117 12.2
L2t 0.283135 12.8
LT22 0.703650 0.513008 7.2 0283120 12.3
LT24 0.283123 12.4
Lr27 0.703605 0.512996 7.0 0.283108 11.9
QL29 0.703631 0.513004 7.1 0.283118 12.2
WAQS : 0.283117 12.2
WA13 0.703584 0.283119 12.3
WA14 0.283097 11.5
WA16 0.283106 11.8
WA17 0.703581 0.283139 13.0
WA19 0.703494 0.512988 6.8 0.283118 12.1
‘Breadih’' samples - deep
0OL28 0.283135 12.8
OL30 0.703549 0.513019 7.4 0.283143 13.1
OL31 0.703480 0.513043 7.9 0.283145 13.2
OL32 0.703457 0.513009 7.2 0283135 12.8
OL33A 0.703526 0.283141 13.0
OL34 0.283111 12.0
WAQS 0.283104 1.7
WA10 0.283133 12.8
WA12 0.703567 0.513023 7.5 0.283146 13.2
WA18 0.283126 12.5
WA21 0.283138 12.9
WA22 0.703519 0.283136 12.9
Transitional
WAQ03 0.283110 12.0
WAOQ4 0.703669 0.512998 7.0 0.283104 11.7
WAQS 0.283088 11.2
Post-Shield
HO36 0.703549 0,512972 8.5 0.283129 12.6
Rejuvenated
LA35 0.703289 0.513023 7.5 0283172 14.2

ewr and ¢y, describe deviation from chondritic "o HI'Hf and "*Nd/**Nd and

are defined as 10,000 ((7°HE/""Hi 10,/0.282772)-1) and
10,000*(("*Nd/**Nd;00/0.512638)-1), respectively.
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Table 1.3: Pb isotope compositions of West Mawi lavas

Depth (m) **Pb/F"Pb *"Pb/Pb “*Pbl*Pb
Papalaua Gulch Section

Shallow
UPs0 5 18.477 15.482 37.966
Up4r 38 18.500 15.485 38.008
UP46 58 18.423 165,477 37.93%
UP43 79 18.440 15.484 37.956
uP4t 91 18.4056 15.482 37.934
UpP40 100 18.407 15.484 37.937
Upag 102 18.402 15.481 37.931
UP37 107 18.422 15.479 37.948
LP16 121 18.475 15.484 37.974
LP14 144 18.444 15,481 37.955
LP13 155 18.398 15.478 37.925
LP11 170 18.428 15.484 37.964
LP10 181 18,426 15.482 37.957
L.Po5 236 18.437 15.471 37.935
L.P0O3 248 18.456 15.481 37.980
LPO1 260 18.454 15.483 37.973




Table 1.3, continued:

[ Depth (m) “*Pb/Pb *Pb/"Pb “Pb/*Ph

Mahinahina Well Section

Shallow
MAS30
MAS50

MA100
MA120
MA150
MA190
MA210
MAZ240

Deep

MAZ270
MA320
MA330
MA390
MA410
MA460
MA480
MAS20
MAS560
MAB0O
MAG650
MAG70
MAS00
MAB40
MAS865
MA895
MA910
MAS45
MAS65
MAS70
MA1020
MA1135

] 18.468 15.488 37.99
15 18.455 15.489 37.974
30 18.455 15.484 37.966
36 18.466 15.496 38.013
45 18.463 15.490 37.892
58 18.475 15.497 38.011
64 18.436 15.480 37.962
78 18.425 15.479 37.065
82 18.386 15.467 379186
a7 18.473 15.493 38.018
100 18.425 15.480 37.978
118 18.500 15.802 38.051
124 18.469 156.500 38.023
139 18.462 15.490 38.007
148 18.448 15.489 37.994

158 18.426 15.480 37.956
170 18.420 15.485 37.974
182 18.408 15.475 37.942
197 18.413 15.479 37.951
203 18.425 156.494 38.000
242 18.434 15.484 37.971
255 18.428 15.480 37.980
262 18.433 15.480 37.972
271 18.430 15.480 37.961
276 18.431 15.480 37.960
286 18.419 16.477 37.960
292 18.415 15.476 37.959
294 18.385 15.471 37.952
308 18.365 15.470 37.957
344 18.382 15.472 37.954




Table 1.3, continued:

| ™Pb/fPb *“Pb/“Pb “Pbl*Pb

'‘Breadth’ samples - shallow

LT18 18.506 15.497 38.011
LTzt 18.504 15.488 37.987
LT22 18.513 15.498 38.018
L1724 18.501 15.497 38.012
LT27 18.410 15,481 37.929
QL29 18.469 15.493 37.989
WAOS 18.456 15.484 37.957
WA13 18.479 15,504 38.005
WA14 18.467 15.487 37.995
WA16 18.429 16,478 37.941
WA17 18.452 15.483 37.988
WA19 18.387 16,473 37.926
‘Breadth' samples - deep
OL28 18.433 15.477 37.963
OL30 18.397 15.476 37.936
OL31 18.531 15.497 38.037
OL.32 18.388 15.480 37.935
OL33A 18.540 15.500 38.057
- QL34 18.469 15.483 38.001
WAO9 18.369 15.479 37.936
WA10 18.363 15.474 37.895
WA12 18.445 15.493 37.980
WA18 18.448 15.488 37.987
WA21 18.467 15.491 38.004
WAZ22 18.425 15.474 37.934
Transitional
‘WAO03 18.838 15.564 38.264
WAO4 18.505 15.494 38.013
WAQS 18.467 15.494 37.992
Posi-Shield
HO36 18.508 15.483 38.023
Rejuvenated
LA35 18.181 15,446 37.792

Pb isotope compositions are normalized fo NIST
SHM-981 *™Ph/Ph=36.7008, *Ph/“Ph=15.48091

and *“*Ph/¥Ph=16,9356 (Todt et al., 1996).
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Chapter 2

OXYGEN-OSMIUM ISOTOPIC COMPOSITIONS OF WEST MAUIL
LAVAS AND THE LINK TO OCEANIC LITHOSPHERE

2.1 Introduction

Combined *70s/80g - 5180 systematics are sensitive tracers of important geologic pro-
cesses through which OIB sources are formed. Oxygen isotopic fractionation occurs during
low-temperature processes at the Earth's surface, whereas the most significant perturba-
tiong in the Re-Os system ocour during mautle melting processes. Thus, the combination
of ¥70s /308 and §¥0 tracers with lithophile element isotopic tracers ( Sr-Nd-Hf-Pb)
presents a powerful tool for distingnishing among processes that may ultimately shape the
geochemical characteristios of mantle-derived magmas.

In Hawaiian shield basalts, the observed isotopic (Sr-Nd-Pb-Hf-Os-Q) compositional
variability is broadly described by mixing between two compositional endmembers: the
relatively enriched Koolau component and the relatively depleted Kea component [Stille
et al., 1986]. Kilanea. Mauna Kea, West Maui and East Molokai are the volcanoes most
dominated by the Kea component. These volcanoes are characterized by greater Sr-Nd-Hf
isotopic homogeneity, on both intra- and inter-volcano scales, than volcanoes dominated
by Koolau-type compositions, and this homogeneity reflects the processes that lead to
the formation and eruption of Kea~type lavas. Of these volcanoes. previously-published
BT 0s /Y808 and 6180 data exist only for Kilauea and Mauna Kea. These data, combined
with Y708/ 0s and 60 data for other Hawaiian volcanoes, have been used to argue that
the range of source material in the Hawaiian plume derives from oceanic lithosphere that
has been subducted, stored in the mantle and recycled into the Hawailan plume [Lassiter
and Hauri, 1998}, In this scenario, the Koolan endmember represents the upper basaltic -+

pelagic sediment segments of oceanic lithosphere, and the Kea endmmewber represents the



lower gabbroic + barzburgite /Therzolite segments of the same package of oceanic lithosphere
[Lassiter and Hauri, 1998]. Eier et al. [1996] and Wang et al. [2003] use §%%0 data and
major element differentiation trends to argue that the source of the Kea compositional eud-
member is the local Pacific lithosphere or the volcanie edifice itself. Recently, Gaffuey et al.
[2004] used 578 /M08 205Ph 29 Phtrace element correlations to identify small degree melts
of the gabbroic layer of ambicnt Pacific oceanic crust ag the source of fine-scale composi-
tional trends observed in a subset of West Mauld lavas. Thus, there are several scenarios in
which oceanic lithosphere, both ancient recyeled lithosphere and local Pacific lithosphere,
could play a significant role in generating the compositional range of Hawailan lavas.

West Maui is a ~1.8 Ma expression of Kea-type magma genevation. Aualysis of West
Maui lavas serves to both expand the existing data set for Kea-type lavas. and to evaluate
variability in the Kea component over a ~1.8 Ma time window. With this study, we a) de-

“seribe the *70s /1% 0g and 6120 variability in late shield-building stage West Maui lavas, b)
evaluate the oceanic lithosphere hvpotheses for the origin of ¥70s/1%%0s and §*%0 compo-
sitional variation and, ¢) discuss the West Maui isotopic variability in terms of implications

for the origin of the Kea component.

2.2 Samples and Procedures

The samples are late shield-stage tholeiites from West Maui voleano, Hawaii, and are a
subset of the samples discussed by Gaffney et al. [2004]. They are all fine-grained. olivine-
phyric basalts, and a few samples contain very rare plagioclase and clinopyroxene grains.
For Os-0 isotope analysis, we chose samples that were both Mg-rich and contained olivine
phenocrysts. Of the samples for which we have MgO composition data. ouly one sample has
MgO > 13 wt.%, and therefore may have accumulated olivine which was not in equilibrium
with the host magma. On the basis of stratigraphic relationships and field observations
(sample distance from caldera and collection depth within volcanic editice) we have classi-
fied samples as deep (relatively older) and shallow (relatively vounger). Additional detail
on sample location and clagsification criteria is presented in Gaffney et al. [2004]. These

stratigraphic groupings have geochemical significance, evident in many isotopic and trace
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clement indicators, so we use these categories in subsequent geochemical discussion. Major
and trace element and Se-Ph-HE-Nd isotopic data for these samples are presented in Gatfuey
et al. [2004].

We analyzed 6170 compositions on olivine phenocrysts from 15 samples. We prepared
samples by crushing and hand-picking olivine under binocular microscope, washing the
olivine in ~1 N HCL rinsing in ultrapure-Hs O, ultrasonicating in an ethanol bath, and
drving. After washing the olivine separates, we re-examined themn under the binocular
microscope and removed any fragments that contained visible inclusions or alteration. We
analyzed the olivine by laser fluorination at the California Institute of Technology, using
the procedure described by Eiler et al. [2000a.b]. We ran GMG gamet standards and
San Carlos olivine sccondary silicate standards interspersed with the sample analyses. All
samples analyvzed on any given day were normalized to GMG = 5.75%¢, based upon the
GMG standards run on that same day. Daily average standard deviation (1-sigma) for
both standards is typically < 0.08%c. All samples were measured in duplicate, and average
standard deviation (I-sigma) for GMG-normalized sample veplicate analyses is &£ 0.09%c.

We prepared samples for Os isotopic analysis using powder ground with an agate mor-
tar and pestle, and standard Carius-tube dissolution and HBr microdistillation techniques
[Shirey and Walker, 1995: Reisberg et al., 1997] for Os separation. We measured Os iso-
topic composition by N-TIMS at CRPG/CNRS, Vandeuvre-les-Nancy, France [Creaser
et al., 1991; Volkening et al., 1991]. We ran the Os standard between every 3 samples. The
Os standards run over the course of these analyses gave ¥70s/180s = 0.17377 + 0.00040
(2-sigma, n=9). Osmium concentrations for the samples were determined through isotope
dilution analyses on the same aliquot for which the isotopic compositions were determined.
Error on Os concentrations is determined through duplicate dissolutions, chemical sepa-
rations and analyses of four samples, and ranges from 0 to 44%. This wide range likely
reflects the high degree of control that very small amounts of sulfides can have on the Os

concentrations.
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2.3 Results

The deep West Maui samples have ¥W0s/M80s = 0.1316-0.1327 and [Os] = 61-399 ppt;
with one exception, the shallow sanples have 7 0s /%8 0s = 0.1331-0.1346 and [Os] = 41-

273 ppt (Table 1). One shallow sample has extremely low [Os] (20 ppt) and extremely
high ¥ 08 /1% 0s (0.158). which we believe reflects shallow-level contamination. Qtherwise,
Os concentrations are generally above the threshold (~50 ppt) below which Os crustal
contamination may affect isotopic compositions. Within the deep sample group, there is a
strong negative correlation between *¥70s /1805 and [Os]. Both stratigraphic groups have
similar absolute ranges in 60, 4.53-4.88% iu the deep samples and 4.73-5.21%¢ iu the
shallow saiples, although the deep samples extend to slightly lower values, and the shallow
samples extend to slightly higher values (Figs. 2.1, 2.2). MgO data exist for 9 of the 14
samples for which we have Osg data (MgO compositions reported in Gaffney et al. [2004]),
and for these 9 samples, there is no significant correlation of either [Os] or 708/ 0s with
MgO.

The West Maui lavas have *¥70s /1% Os compositions that generally reflect, their Kea-like
affinity. They fall near the wnradiogenic *70s/*%0s end of the all-Hawaii range, although
Kea-type lavas from the younger Mauna Kea volcano extend to the most unradiogenic
compositions of all Hawaiian shield-stage lavas (Fig. 2.3) [Lassiter and Hauri, 1998]. The
deep West Maui lavas overlap with the field defined by Kea-type lavas from Kilauea and
Mauna Kea, and the shallow West Maui lavas have more radiogenic *70s/"¥0s than
observed at either of these volcanoes.

With one exception, the West Maui samples fall within the 680 range of Kea-type
lavas as defined by Mauna Kea and Kilauea [Eiler et al., 1996: Wang et al., 2003]. Together,
these three volcanoes have the lightest 6120 compositions of all Hawaiian shicld stage lavas.
In contrast with the 70s/"80s composition of these lavas, the deep and shallow West
Maui sainple groups do not show any distinction in their 510 composition. Althongh both
sample groups show subtle, sub-parallel S¥05 0 /1% 0 trends, the range in 620 is close
to the limit of analyvtical uncertainty. In contrast, the whole suite of Hawaiian shield-stage

Lavas shows a significant positive 8130708 /1804 correlation (Fig. 2.3). This trend is not
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apparent. within lavas from any individual voleano.

The deep West Maui sanples show a negative M7 0s/M%80s-5781 /%08y corvelation which
contrasts with the positive 70s /" 0s-578r /59Gr correlation in the overall Hawaii shield-
stage trend (Fig. 2.4), An analogous trend is not evident in the shallow sawmples, or iu
the lavas from other individual volcanoes. No trends between either Qs /%8 0s or 5180
and MINA/ PN TSHETTHE or 29Ph /2P dsotopic compositions are apparent. Tn part,
this may reflect the smaller sample set presented in this paper, compared to the larger
West Maui saple set discussed by Gaffuey et al. 2004}, for which they observe a positive
206y, 204pE- 878y /%08y trend. Although the subset of deep samples discussed here do show
870 /188078 /M8y corrvelations, these samples do not show an analogous 70s/ ™ Q-

206, / 204pY grend.

2.4 Discussion

West Maui lavas have generally Kea-like %705/ 0s and §'%0 compositions, although the
Kea-type lavas from Mauna Kea and Kilavea extend to lower ¥70s/*0s values than
observed in West Maui. 680-%705/180g and 578r/%8r-170s /1805 variations among
all Hawaiian shield-stage lavas together delineate general positive correlations. yet trends
within individual volcanoes tend to be less well-defined. This may be related to the generally
reconnaissance nature of most Hawaiian *70s/%0s data sets, but may also represent a
lack of coherence of ¥70s/'®0s with other isotopic systemns on the relatively short time
and length scales represented by single volcanoes. The deep West Maui lavas arve unique
among Hawaiian volcanoes in that they define a negative 57 Sr/%8r-18705 /1880 correlation,
which contrasts with the positive correlation observed across the Hawalian trend as a whole
[Lassiter and Hauri, 1998]. The trends that we observe both within the deep West Maui
samples and among Kea-type lavas in general may reflect a combination of the variation in
Hawaiian magma sources, Os behavior during magma-generation processes in the plume,

and secondary processes that act upon plume-generated magmas.
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2.4.1  Controls on Y5708/ Os and 6" O of mantle-derived magmas

Os isotopic variability in these geochemical systews typically is the result of R.v/ Os frac-
tionation during mantle welting.  Os is compatible in mantle lithologies, whereas Re is
incompatible. This leads. over relatively short periods of time compared to lithophile ele-
| went isotopic systems, to significant variability in 70s/"%0s. Partitioning of Re and Os
among phases in the mantle and during melting processes is understood at ouly a basic level,
and estimates of partition coefficients vary by orders of magnitude [Hart and Ravizza, 1996,
Crocket et al., 1997; Roy-Barman et al., 1998]. Because of the highly compatible nature of
Os, melts and complementary residues have [Os| and Re/Os that show extreme variation.
Furthermore, recent stindies show that Re may be mobile in a variety of processes including
hydrothermal alteration at the mid-ocean ridge, dewatering of the slab during subduction,
and shallow magmatic degassing [Becker, 2000: Lassiter, 2003].

The B70s/1%%0s and Os coucentrations of mantle-derived magmas are fundamentally
dependent on the distribution of Re and Os in the source, and the mechanism for transfer
of Os out of the source and into the melt. Os is generally considered to be a compatible
element during mantle melting. This apparent compatibility reflects sulfide control on Os
concentrations and wobility le.g. Fleet et al., 1996; Hart and Ravizza, 1996; Burton et al.,
1999]. Therefore, an nnderstanding of the sulfide saturation state of the sources and melts
in question is important.

Sulfur contents assumed for the mantle OIB and MORDB source and observed Os concen-
trations of OIB and MORB are not consistent with equilibrivn partitioning of Os between
melt and residnal sulfide or PGE(plativum group element)-alloy [Hart and Ravizza, 1996].
If both OIB- and MORB-melting residue contain residual sulfide. and Os undergoes equi-
librium partitioning between melt and residual sulfide, then OIB and MORDB should have
much lower Os concentrations than are observed [Hart and Ravizza. 1996: Roy-Barman
et, al.,, 1998]. Beunett ot al. [2000] used PGE concentrations in Hawaiian lavas to show
that the Hawaiian plume contains residnal sulfide. Hart and Ravizza [1996] propose that
Os concentrations are controlled by sulfide dissolution but not salfide partitioning, whereby

diffusive Os partitioning does not keep pace with partial melting of sulfides. As sulfides
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melt, the Os released to the melt does not partition back into the residnal sulfide. A muner-
ical modeling approach to this problem also suggests that diffusion is the dominant control
on the composition of sulfide droplets, rather than instantaneous equilibrivm partitioning
IMungall, 2002}, This model predicts that Os undergoes the slowest diffusion between sul-
fide and silicate melts, relative to the rest of the PGEs. Roy-Barman and Allegre [1995)
nxplaxin the apparent compatible Os behavior in OIB through scavenging of Os by chromite
erystallization and sultide unmixing in the wagma chamber during differentiation. Sulfur
solubility is dependent on T, P, and compositional parameters (fp,. fs,). Mavrogenes and
O’Neill [1999] investigated the relationship between T, P and sulfur saturation in basaltic
melts. They show that sulfur content in a melt at the point of sulfide saturation increases
exponentially as pressure decreases. Thus, if a melt is sulfide saturated at the time that
it separates from the melting residue, it will become undersaturated in sulfide as it rises.
In this case, this melt could z:u.essimila‘t:e, scavenge or otherwise incorporate sulfide from the
rock through which it subsequently travels. Such processes as described above could have
significant implications for [Os] and ¥70s/1%0s of a melt that interacts with lithosphere
on its way to the surface.

In contrast to 70/ 0, §W8O variability is introduced primarily through low-tem-
perature processes at or near the Earth’s surface. Hydrothermal alteration of oceanic crust,
both on and off ridge axes, leads to 970 values that deviate from typical mantle %0 com-
positions (~5.4-5.7%¢). Observations of both ophiolites and oceanic crust drill cores show a
prog

essive change in the 6130 of the oceanic lithosphere with depth. The upper segments

of crust (basalts) are characterized by %80 heavier than typical mantle (up to 15-20%),
whereas the lower gabbroic crustal segments have 6*%0 lighter than typical mantle (down
to 0-3%¢) [Gregory and Taylor Jr., 1981; Stakes, 1991; Hart et al., 1999; Miller et al., 2001].
SYO of any of these given components or compositional reservoirs will not vary with aging,
thus this parameter is a useful diseriminant for process rather than time. Although 60
is useful for determining whether or not oceanic lithosphere has contributed to Hawaiian
magnas, it is the correlation of §%0 with other chemical tracers that is fmportant for

determining the process through which this contribution happeuns.



2.4.8  Possible source components for Howaiian lovas

Several components have been called upon as sources that contribute to Kea-type com-
positions in Hawadian magmas, inclading ambient depleted lithosphere or asthenogphere,
metasomatized depleted lithosphere, vecyeled oceanic lithosphere in the Hawaiian phane,
Pacific oceanic crust, and the volcanic edifice itself [e.g. Chen and Frey. 1985; Eiler et al.,
1996: Lassiter and Hauri, 1998: Blichert-Toft ot al., 1999: Norman and Garcia, 1999 Wang
et al.. 2003]. Each of these possible source components delineates a range in W8T (s /8O-
SRO-8T8y /8981 composition which we can use to evaluate as possible contributors to West
Maui lavas (Fig. 2.5). Variability in *0s/%0s and 6%80 is introduced by very ditferent
geologic processes, so together they present a powerful tool for differentiating among the
possible magma sources and processes that may have influenced magmia compositions.
The generally depleted Sr-Nd-Hf isotope composition of Kea-type magmas has led to
interpretations that ambient MORB-source lithosphere and asthenosphere is a source of
Hawaiian, and particularly Kea-type. magmas [Chen and Frey, 1985; Haurl, 1996a). Modern
mid-ocean ridge basalts, which sample depleted lithosphere and asthenosphere, have limited
ranges in 518091@% (5.4-5.8%c: Eiler et al. [2000b]), 187 0s /%8 0s (0.1268-0.1316; Roy-Barman
et al. [1998]) and ¥ Sr/#08r (~0.7015-0.7025, Zindler and Hart [1986]). The MORB-source
compositional reservoir does not lie on a mixing trajectory with the 878r /868r-1870)s /1880y

e

rariation of the deep West Maui lavas (Fig. 2.4). It also has §80 too high to be the primary
source of Kea-type compositions in general (Fig. 2.4).

Depleted lithosphere of either continental or oceanic affinity that has been metasoma-
tized or refertilized by small-degree melts is a possible source of Hawaiian magumas [Bennett
et al., 1996; Norman and Garcia, 19991, The effects of refertilization are most apparent
in incompatible element tracers, which are disproportionately concentrated in the vefertil-
ized lithosphere relative to the depleted major element composition. The §¥F0-1870g /1880
of such a source would depend upon the origin of both the depleted lithosphere and the
metasomatizing melt, as well as the time interval between metasomatism and subsequent
welting in the Hawailan plume. As discussed above, oceanic lithosphere will have anradio-

genic 9708/ 0s and light 60, Mantle-derived metasomatic melt. (the product of small
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degrees of melting) should contribute little or no Os to the depleted lithosphere, How-
ever, this mwetasomatic melt may have elevated Re/Os, which over thme can generate va-
diogenic *¥70s/1880s. Metasomatized depleted lithosphere has incompatible trace element,
patterns and lithophile element isotopes indicative of refertilization-related enrichment, but

the 157 0s /1% 0s will only reflect the metasomatism if enough thme passes between the meta-

somatic event and melting in the plume. Refertilization will only have a significant effect.

on the bulk §**0 if the metasomatic melt 8120 is dramatically different from mantle values,
and if it contributes in amounts greater than a few percent. A light 580, low *7 08/ 0s
metasomatized component may contribute to Kea-type magma compositions, hut this com-
pounent does not have the correct sense of variability to be a source of the deep West Maui
compositional trend.

Recycled oceanic lithosphere may contain compositionally distinet sections derived from
its basaltic, gabbroic and harzburgite layers [Lassiter and Hauri, 1998]. If this complete
recycled lithosphere package is sampled in the Hawaiian plume, the mafic section will doni-
inate the lithophile isotope compositions of the derivative melts, whereas the ultramafic
section will dominate the ¥70s/1%80s composition of the derivative melts. Based on the
apparent. compatibility of Os relative to Re during mantle welting, the mafic parts of ancient
recycled oceanic crust will have radiogenic %7 0s /¥ 0s and low [Os], whereas the ultramatic
segments will have unradiogenic '¥70s/*¥80s and high [Os]. 60 in the oceanic crust and
lithosphere profile is controlled by temperatures and extent of hydrotherinal alteration, such
that the basaltic layer will have heavier 580 (>5.3%¢) and the gabbroic segments will have
lighter 6180 (~ 3-6%) [Gregory and Taylor Jr., 1981: Stakes, 1991; Hart et al., 1999]. The
ultramafic segment may have 6'80 that may be lighter than or similar to typical depleted
mantle [Cocker et al., 1982; Miller et al., 2001}. Gailney et al. [2004] evaluated the role
of recycled oceanic lithosphere in the genesis of the fine-scale compositional trends in the
deep West Maud lavas. They calculated that a recycled lithosphere component comprising a
solid-solid mixture of ~95% harzburgite/Therzolite mantle residue and ~5% basalt+gabbro

is consistent with the lithophile element isotopic compositions. Such a mixture would be

dominated by the unradiogenic BTy / B0y of the mantle residue. and this is not consistent

with the 15705 /8 0s-378y /%65y trend apparent in the deep West Mauni lavas. In contrast, the

li
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unradiogenic ¥70s /¥ 0s and potentially light 80 of such a mixture could be a possible
source for the Kea endmember [Lassiter and Hauri, 1908].

Recent work by Wang et al. [2003] on Mauna Kea shield-stage samples from the HSDP-
2 drill core identified a distinet and abrupt change in the §'80 composition hetween the
submarine and subaerial sections of the core. They interpret the higher 50 (average:
5.01 4 0.07%c. 1 sigma) of the submarine section as representing the pure plume source
of the magmas. They conclude that the lavas of the subaerial section, which have lower
380 compositions {average: 4.79 £ (L13%¢ 1 sigma), are plume-derived magmas that
have interacted with or assimilated hydrothermally-altered, low 6O material in the Pacific
lithosphere or Mauna Kea volcanic edifice during magma fractionation or differentiation.
This process is reflected in correlations among submarine and subaerial sample sets of §170
with major and trace element indicators of progressive ]'Il,a;.girlltl.‘f,i(f differentiation. The §*%0
compositions of all the West Maui lavas are similar to the subaerial Mauna Kea lavas, and
the general range of §*%0 compositions in the West Maui lavas could result from processes
described by Wang et al. [2003]. At West Maui, where the samples are probably all subaerial,
we observed no lavas that would correspond to the §'*0 compositions from the HSDP-2
Mauna Kea submarine samples. Thus, if such a process is responsible for the low 60 in
West Maui, then this process is occurring over the entive timne range represented by our
complete sample set, and we do not observe the transition from magmas sampling only the
normal plune to magmas that have been affected by interaction with hydrothermally-altered
lithosphere or the volcanic edifice.

The 57Sr/*68r- 1701/ 1TTHE2SPL /24 Photrace element correlations in the deep West Maui
samples are consistent with the overprinting of plune-derived, Kea-type lavas with geochen-
ical signals of small-degree melts of Pacific oceanic crust gabbros [Gaffuey et al., 2004]. Both
1870y /18808 and §70 isotope compositions of oceanic crust gabbros show very wide ranges
(Y70 /18505 = 0.14-0.54: Lassiter and Hauri [1998]; Blusztaju et al. [2000]; 680 ~3-T;
Gregory and Taylor Jr. [1981]: Stakes [1991]; Hansteen and Troll [2003]): oceanic crust gab-
bros also have low Og concentrations, typically 1-30 ppt. [Lassiter and Haurd, 1998; Blusztajn
et al., 2000]. This compositional component could contribute to the observed variation in

the deep West Maui samples, and is congistent with the [Os] - ¥70s/'%50s and ¥78r/88y
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- T0g /1880 trends, as well as the 480 compositions, of these lavas, 1f this process also
operates on the shallow West Mani lavas, then it is evident only in elevated 870s /19803
of these samples, and not in any other geochemical tracers. This Pacific oceanic crustal

component also has 705/ 0s too radiogenic to be the source of Kea-type magmas,

2.4.8  Pacific occanic hithosphere in West Mavi lavas

The interpretation by Gaffuey et al. [2004] for the 57 Sr /f0Sr-LT0HE/ATTHEXO P 22U Ph-trace
clement variability in the deep West Maui lavas implicates small-degree melts of oceanic
crust gabbro that mix with ascending plume-generated magmas. The [Os] and 1‘“‘7()&;/ 3O
of this mixed maguma reflects the abundance and stability of sulfides in the gabbroie crust,
and the saturation state of sulfide in the small degree gabbro melts and the plume-generated
magmas with which they interact. The solubility of sulfur in a small degree gabbro melt
(at near-constant P) will depend upon fO2 and fSy as well as bulk composition [Wallace
and Carmichael, 1992]. However, these parameters ave poorly constrained for this setting.
The Os concentration observed in oceanic crust gabbros is genervally 1-30 ppt, although
mafic cumulate lithologies (e.g., troctolite) have higher [Os] (~380 ppt) [Lassiter and Hauri,
199%8; Blusztajn et al., 2000]. Furthermore, estimates of Os partitioning between sulfide and
silicate melt vary by orders of magnitude [Hart and Ravizza, 1996: Crocket et al., 1997; Roy-
Barman et al., 1998]. Because of the uncertainty involved in all of the above parameters.
and the potential large effect of this uncertainty on calculated stability of sulfide or Os
partitioning between sulfide and silicate melt, we will discuss three possible scenarios for
[0s] of small-degree gabbro melt. and the qualitative geochemical trends associated with
each.

In the case that a small degree gabbro melt is sulfide undersaturated and could effectively
dissolve all the sulfides from the melt residue, the melt would coutain a significant fraction
of the Os budget of the gabbroic oceanie crust. Assmmning that the concentration of Os in
gabbro is ~20 ppt [Blusztajn et al., 2000; Lassiter and Hauri, 1998], and that the Os s all
contained in sulfide, if all the sulfide v a melting vegion dissolves into a small degree (~2%)

silicate melt, then the melt would have [Os] on the order of 1000 ppt. This represents the



upper limit on the concentration of Os in a small-degree gabbro melt.

In the case that the small-degree gabbroie melt is sulfide saturated, the Os coutent of
the gabbroic partial melt will depend upon partitioning of Os between residual sulfide and
the melt. I partitioning processes operate in equilibrivum, then most Os liberated from
sullide during melting would repartition back into residual sulfide, and subsequently the
partial melt would have low [Os], effectively 0 ppt. However, observations of Os contents
in co-existing phases in peridotite xenoliths [Hart and Ravizza, 1996; Burton et al., 1999
point to a disequilibrinm partitioning process of Os between sulfide and melt during melt-
ing. In this event, most Os liberated by sulfide melting would remain in the melt, and
hence the melt would have higher [Os]. and could approach concentrations predicted by
the previous scenario. Melts resulting from partial dissolution of sulfide could range in Os
concentration from 0 for complete equilibrinm partitioning to the upper limit of 1000 ppt
with disequilibrium partitioning and near complete sulfide solubility.

The third scenario is not related to melting of the gabbro oceanic crust, but vather
to scavenging of sulfide by an undersaturated basaltic, plume-derived melt. A sulfide-
undersaturated magma could scavenge sulfide (and the Os whicli it contains) from the
oceanic crust through which it passes, until the melt again is sulfide saturated. The melt will
reach its sulfide saturation point either through dissolution of additional sulfide, or through
crystallization which will effectively raise the sulfur content of the magma. Furthermore,
melting initiates along grain boundaries, where the bulk of sulfide globules are Jocated, so a
modally disproportionately large amount of sulfides will be exposed fo the melting regious.

Chemical changes in 87Sr/%8r, 299Ph/20Ph and trace elements will accompany the
first two scenarios, but not necessarily the third. In Figure 2.6, we show a range of mixing
curves between gabbro partial melts and primitive Kea-type magma that illustrate scenarios
discussed above: mixing of gabbroic melts, with 1, 20 and 1000 ppt Os and *¥70s/¥80)y
= (1L.23 and 0.54, with a plume-derived, primitive Kea-type magma, with 1000 ppt Os and
W0/ Oy == (L.1312 [Beunett et al.. 1996; Lassiter and Haurd, 1998]. Tt is evident that none
of the discussed endmeruber processes alone ([Os] = 1 or 1000 ppt) can replicate the trends
observed in the West Maul samples. However, agsuming that the process which results in

the variation in the lithophile elernent isotopic compositions of the deep West Mani lavas



(mixing with small-degree melts of Pacific occanic crust gabbros) is the same process that
results in the variation in Y7 0s/'0s of these samples, we can constrain the composition of
the gabbro melt to [Os] ~ 20 ppt, given that its W O0s/"™ 0 = 0.23 - 0.54 (Fig. 2.6). This in
turn implies that not all of the sulfide in oceanic crust gabbro dissolves into the siall degree
partial melt, but also that Os does not undergo equilibrivun partitioning. This also assumes
that the bulk of the Os budget of the oceanic lithosphere is housed in sulfide. The degree
of curvature of these mixing trends also depends upon the composition of the Kea-type
magma. For this, we use the average *¥70s/"0s of Mauna Kea and Kilauea, and chose
[Os] == 1000 ppt, to represent the presumed primitive nature of a plume-derived magiua,
prior to extensive differentiation, and consistent with observations of prumitive Mauna Kea
magmas [Lassiter and Haurl, 1998]. If we choose [Os] as low as 500 ppt. the curvature of the
mixing lines for the range in gabbro "70s/"0s composition would be less exaggerated,

but still bracket the compositions of the deep West Maui samples.

2.4.4  Implications for the Kea component

Lavas erupted from any individual Kea-dominated volcano are much more homogeneous
in isotopic composition than lavas erupted from auy individual Koolau-dominated volcano.
This homogeneity is evident both within individual volcanoes as well as among volcanoes
that erupted over the past 2 Ma (Fig. 2.7). It is not possible to define the absolute
composition of the Kea or Koolaun endmembers as they exist within the Hawaiian plume,
as there is no way to evaluate whether any given lava has Sm‘mplc}d any one component
exclusively. However, it is apparent that the processes that result in the eruption of Kea
type lavas, from the formation of the source, to the sampling of the source, to mixing with
magmas from other sources. has been remarkably constant and reproducible over a 1.5-2
Ma time span. These processes result in the ‘common Kea eruptive composition’, which we
can use to evaluate variation in the source and processes that lead to the generation and
eruption of Kea-type lavas.

We use the area of compositional overlap in lithophile element isotope avstems from

Mauna Kea and Kilauea volecanoes, both younger than West Maui, to define the ‘comunon
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Kea eruptive composition’. The shallow West Maui lavas tend to lie closer to and within
the common Kea exuptive composition, and the deep West Maui lavas tend to deviate from
this common St-Nd-Ph-Hf isotope composition towards lower 878r /%8y and 2P /2P
and higher M Nd/"Nd and YORE/YTHE (Fig. 2.8) [Gaffuey et al.. 2004]. Based upon this,
we would expect the 1¥70¢ /15805 of the shallow West Maui lavas to coincide with the com-
mon Kea eruptive composition and that the deep West Maui lavas would deviate from this.
However, this relationship is reversed: #7Qs/1%0s in the West Maui deep lavas overlap
with the common Kea eruptive composition and the shallow lavas tend to devinte from this
compasitional baseline, towards bigher %708/ 0s. This is a strong aud previously uniden-
tified indication of temmporal heterogeneity in either the source or processes contributing to
Kea-type lavas. This distinction in *%70s/"5%0s of the common Kea eruptive composition
relative to the lithophile element isotopic variation also points to a higher sensitivity of the
Re-Os isotopic system to processes that lead to the generation of Kea-type lavas. Re/Os
fractionation is highly sensitive to melt generation processes. It can vary by orders of magni-
tude during melting, and subsequent 570s radiogenic ingrowth can lead to wide variability
in the resultant 705/ 0s.

The %0 compositions of the West Maui samples show a range similar to that observed
in other Kea-type lavas. The range coincides nearly identically with the subaerial section
of the HSDP-2 core [Wang et al., 2003]. In the Wang et al. [2003] study, the range in
580 was attributed to post-magma-generation processes in the volcanic edifice or oceanic
lithosphere. Wang et al. [2003] define the ‘normal’, plume-derived §#0 as ~5.0%c. If this
value was consistent for Kea-type lavas erupted at West Maui, then the lower §%%0 values
(> 4.5%) observed for West Maui also implies that the crustal assimilation processes are
taking place in all the West Maui lavas, not just the deep ones. Again, this process is not
evident in the lithophile element isotope compositions of shallow West Maui lavas. Perhaps
this indicates that all lavas at West Mauni assimilated the hydrothermally-altered voleanic
edifice which affects 6720 but not Sr-Nd-H-Ph isotope compositions, whereas the deep West
Maui lavas record an additional interaction with the oceanic crust.

W70y /1% 0s and §1%0 correlations in Hawaiian lavas have been used to argue for ancient

recyeled lower oceanic lithosphere as the plume source of the Kea component [Lassiter and
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Hauri, 1998]. Qualitative trends in isotopic systems tend to support this model. However,
reconciling the mass balance in all isotope, major and trace element systems in a consistent
way is at this poiut not resolved. Still at issue with this model is the mechanism for
mixing and sampling of recycled oceanic lithosphere welts in the phune. Solid-solid mixing
of gabbro-derived eclogite and peridotite and subgequent melting, mixing of eclogite-melts
with peridotite-mnelts, and refertilization of solid pevidotite by eclogite melts and subseqguent
melting of the fertilized peridotite ave three distinet possibilities [Yaxley and Green, 1998:
Takahashi and Nakajima, 20020 Pertermann and Hirschimann, 2003a). Either solid-solid
mixing or refertilization/metasomatism models include an event of ‘pre-mixing” prior to
generation of the erupted magmas, which may be a mechanism for homogenization of the
Kea plume source.  Also, both of these models predict major element compositions in
equilibrivim with residual Therzolite or harzburgite, consistent with observations [Wagner
and Grove, 1998; Herzberg and O'Hara, 2002, rather than melts that have equilibrated
with gabbro-derived eclogite.

The 5781 /9%68

=1 HINA/ HENA-ATOHE/UTTHE homogeneity of Kea-tvpe lavas indicates that
cousistent processes rvesult in the formation of the Kea plume source and its subsequent
sampling by magmas. In contrast, temporal heterogeneity in the *70s/Y¥0s of the com-
mon Kea eruptive component suggests that 1570s/*%80s is perturbed independently of the
lithophile isotopic systems. This sensitivity may stem from depletion or enrichment events
early in the formation processes of the Kea magia sources, for example during subduction
or metasomatism /refertilization events in the wmantle, or may result from much more re-
cent events, such as scavenging of sulfides from the oceanic lithosphere by plume generated

magmas, as the magmas pass through on the way to the surface.

2.5 Conclusions

The ¥70s/" 05 and 610 compositions of the West Maui lavas are consistent with the Kea-
type nature of these lavas, as identified through lithophile element (Sr-Ph-HE-Nd) isotopic
compositions. However, we identify a fine-scale 578r/%8r-18705 /¥ 0g correlation in the

deep West Maui lavas which is distinet from that which characterizes the overall Hawali



trend. This is the result of the superposition of the geochemical signals of Pacific oceanic
Bthosphere on plume-derived magmas.

1870 /180 of the shallow West Maui lavas deviates from the common Kea eruptive com-
position, as defined by lithophile element isotopic compositions (Sr-Nd-Ph-If) for Mauna
kea and Kilavea. This defines a component of temporal heterogeneity in either the sources
or melt generation transport processes of Kea~type lavas, as they ave snmpled over the past
~1.8 My. This heterogeneity may stem from processes of formation of the Kea plume source,

or interaction of the plume-generated maginas with overlying lithsphere.
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Table 2.1: Oxygen and osmiwmn isotope compositions of West Maui Javas

Sample §°0 z 1@ B0/ "0s Os (ppm)
Shallow samples

LP-11 4,995 0.008 0.13371 56
LP-16 4.878 0.071 0.13510 41
UpP-37 5.214 0.059 0.13943 119
UP-46 4.9380 0.153 0.13434 85
WA-04 4,878 0.019 0.15800 20
WA-19 4.791 0.143 0.13427 A9
LT-22 4.954 0.131 0.13330 273
LT-27 4.729 0.076 0.13479 90
OL-29 5.044 0.066

Deep samples

WA-22 4.884 0.183 0.13186 221
OL-30 4.815 0.029 0.13157 399
MA-410 4.840 0.081 0.13189 237
MA-650 4,768 0.083 0.13255 61
MA-800 0.13300 88
MA-910 4.526 0.200 0.13277 75

50 indicates deviation from SMOW (standard mean ocean water), defined

as: (((""0/"°O)qampe/ ("*O/°O) sow)-1)x1000; = 1 ¢ (standard deviation) of §'°0
determined from multiple (2-3) analyses.
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Chapter 3

MELTING IN THE HAWAIIAN PLUME AT 1-2 MA AS RECORDED
AT MAUI NUIL: THE ROLE OF ECLOGITE, PERIDOTITE AND
SOURCE MELTING

3.1 Introduction

The extent of chemical variability in Hawalian shield-stage lavag is typically described as
mixing between at least two, sometimes up to five or six, distinet compositional components
or endmeiubers that originate in the Hawalian plume, Pacific lithosphere, or local astheno-
sphere [e.g., Chen and Frey, 1985; Hauri, 1996a; Eisele ot al., 2003]. These endmembers
are commonly deseribed on the basig of their radiogenic isotope composition, but in some
studies are ascribed distinctive major or trace element or stable isotope characteristics as
well [e.g., Frey et al., 1994: Eiler et al., 1996; Hauri, 1996a]. These compositional endmem-
bers, their sources and their relative contributions to shield-stage magmas have been defined
to best describe the range of Hawaiian lavas erupted over the past 5 My- the time frame
sampled by the best-studied and voungest Hawaiian islands and seamounts: Kaual at the
oldest end and Loihi at the youngest.

Hypotheses that describe the compositional range of Hawaiian lavas as orviginating from
ancient oceanic lithosphere in the Hawatian plume implicitly or explicitly infer lithologic het-
evogeneity in the phune [e.g.. Haurd, 1996a: Lassiter and Hauri, 1998]. Eclogite derived from
ancient oceanic lithosphere may contribute unique chemical signals to phune-derived melts
that stem from the oceanic erustal-derived eclogite as well as the dominantly clinopyroxene-
garnet composition of eclogite, and mineral composition-sensitive partition coefficients,

The distribution of lava compositions in space and time provides a window on the tenm-
poral structure of the Hawaiian phune, These data have been used to describe the general

sense of compositional variability among the Hawaiian volcanoes over the past 5 My, the



detailed variability exhibited by individual voleanoes, and the structure of the Hawaliau
plume within the past 1 My (through the voleanoes on the Big Island). However, there
does not yet exist a comprehensive study of the plume prior to ~1 Ma. The voleanoes of
Maui Nui {West and East Molokad, Lanai, West Maui, Kahoolawe and Haleakala: also known
as the Maui Volcano Complex) provide an opportunity to explore the detailed structure of
the Hawadian phune at ~1-2 Ma. The compositions of the shield-stage lavas of Maui Nui
voleannes span uearly the range of compositions erupted across the whole Hawaiian chain
and there now exists a data set that is comprehensive enough to warrant a morve detailed
analysis of the Hawallan plume as it is sampled by the Maui Nui voleanoes.

This study complements the current detailed understanding of Hawaiian plume activity
and structure over the past 1 My. as expressed on the Big Island of Hawaii [DePaolo et al.,
2001}, Maui Nui contains the youngest Hawaiian voleano to erupt extremely enriched isotope
(:()ﬁlp(,)fsiticms (Lanal). and contains the oldest voleano (East Molokai) to erupt extremely
depleted isotope compositions. This suggests that phune structure, composition and perhaps
magma generation processes during Maui Nui time also may have important contrasts with
the Big Island.

Only a few dates exist for shield-stage lavas from the Maui Nui volcanoes. In general,
shield-stage lavas erupted from 2 to 0.7 Ma [McDougall, 1964: Naughton et al., 1980].
Published ages for each voleano are listed in Fig. 3.1. Several of these voleanoes overlap
in age, and it is likely that each volcano erupted contemporaneously with its neighbor(s)
for at least part of its growth. By analogy to the Big Island, where Mauna Loa, Kilauea
and Hualalail all have had historic eruptions, contemporary shield-building activity of two
or more volcanoes should be a common process. The volcanoes of Maui Nui span a greater
compositional diversity than observed in the Big Island volcanoes, and may have sampled
sources that are not reflected in these younger voleanoes. However, only the vouugest
shield-stage lavas of any volcano are exposed at the surface, and with few exceptions (e.g.,
Hawaii Scientific Drilling Project (HSDP), submarine landslide blocks), it is possible to
obtain sanmples ouly of the latest-shield stage lavas of each volcano. Thus, one generally can
compare the same episode of relative shield growth for each volcano: the waning shield-stage

magmatism as the voleano passes to the periphery of the plume.
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With this paper, we, 1) deseribe the compositional range of lavas erupted from the Maui
Nui voleanoes, 2) identify mixing relationships among compositional esdiembers that are
consistent with observed vaxri:xbility in Maui Nui, 3) incorporate recent experimental data to
model petrologic and compositional variability in the mantle source and the related controls
on partial welting processes. and 4) diseuss heterogeneity in the Hawailan plume evident

on intra- and inter-voleano time and length scales,

3.2 The Hawailan endmembers, their compositions and sources - a review

Maost studies of isotopic variability in shield-stage lavas of Hawaiian voleanoes conclude
that three primary compositional endmembers are necessary to account for the composi-
tional range of shield-building stage lavas across the Hawaiian chain [e.g., Stille et al., 1986;
West and Leeman, 1987: Hawd, 1996a; Eiler et al., 1096; Hauri, 1997; Mukhopadhyay et al..
2003]. These are conunonly labeled the Kea (sampled (‘1()11lilylt'l.,l_lt;l}g’ at Mauna Kea, Kilauea,

West Maui and East Molokai voleanoes), Koolau (sampled dominantly at Koolau, Lanai and

K

Kahoolawe volcanoes) and Loibi {sampled dominautly at Loili} components [Hauri, 1996a;
Eiler et al., 1996, 1998]. The Kea component is defined by relatively depleted 37Sr/%98y,
3N /M4Nd and YOHE/ATTHE and higher 2%9Pb /2% Pb, whereas the Koolau component is de-
fined by relatively enriched ¥78r/3%Sr, ¥Nd /M4 Nd and YSHE/YTHE and lower 206Pb /204Ph
[Lassiter et al., 1996; Eiler et al., 1996; Blichert-Toft et al., 1999]. The Loihi component is in-
termediate to Kea and Koolau in all isotopic compositions except *He /*He and 205Ph /204pb,
for which it is higher than predicted by Kea-Isoolau mixing. Principal component analysis
has shown that the Kea and Koolau endmembers can account for 8% of the compositional
variability in shield-stage lavas [Eiler et al.. 1996]. The Loihi component accounts for an
additional 4% of variability [Eiler et al., 1996}, and only makes a siguificant contribution at
Loihi; Manua Loa, Haleakala and Kauai volcanoes.

Because of its relatively enriched isotope composition, the source of the Koolau com-
ponent has been interpreted as ancient recycled oceanic crustal material (basalt -+ pelagic
sediment) in the Hawalian plume [Lassiter and Hawri, 1998; Blichert-Toft et al., 1099].

The relatively SiOgp-rich primary magmas for Koolau are consistent with this interpretation
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[Hauri, 1996a: Norman et al., 2002]. The origin of the Kea component is mwore ambiguous.
It has been interpreted ag MORB-source mantle. entrained asthenosplieric mantle, Pacific
oceanic lithosphere, or vecyeled lower oceanie erust (gabbro -+ harzburgite /Therzolite) in the
phime [Chen and Frey, 1985: Haurd, 1996a; Eiler et al.. 1996: Lassiter and Hauri, 1998]. Be-
sause of its primitive *He/*He, the Loihi component, is conmonly interpreted as o Hawaiian
pliune component associated with primitive mantle [Biler et al., 1998].

It iy commonly inferred that the Hawaiian phune is approximately concentrically-zoned,
and that the Loa-trend voleanoes tap sources in the core of the plume and the Kea-trend
voleanoes tap sources on the edge of the plume [Lassiter et al., 1996: Hauri, 1996a: DePaclo.
et al.,, 2001]. One primary support for this axisymmetric plume model is the observation
that all voleanoes ernpting extreme Koolau-type compositions lie on the Loa~trend. and
voleanoes erupting extreme Kea-type lavas lie on the Kea-trend (Fig. 3.1). Both Loa~ and
Kea-trends contain voleanoes of intermediate composition. DePaolo et al. {2001} mapped
the isotopic composition of the Hawaiian plume based upon estimated magma capture
areas, phune upwelling rates and Pacific plate motion, and also concluded that the plume is
approximately concentrically zoned. A contrasting model postulates that the plume is not
concentrically zoned, but on the My time-scale melting samples long, narrow heterogeneities
thﬁat are strung out vertically in the plume [Farnetani et al., 2002; Hofinann et al.. 2002].
Although this plume structure could episodically produce lavas that appear to result from
a concentric zonation in the plome, this would not be a fundamental reflection of plume
structure. In this model, the heterogeneities in the plume are inberited from the plume
source region in the mantle, whereas in the concentric-zoning model, heterogeneities can be

entrained along the periphery of the upwelling plume [Hauri et al., 1994].

3.3 Data selection, normalization, filtering and assumptions

For the following discussion, we have compiled the available data for Mawi Nui voleanoes
(East Molokai, West Maui, Lanai. Kaboolawe and Haleakala) from literature sources as
well as some unpublished data sets (all sources cited in Appendix B). We do not include

or discuss anv West Molokai data becanse very few data exist, and most rock exposures
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are severely weathered, so collection and analysis of additional samples is not feasible. We
uge all isotopic data as they were reported in the original publications. Most of the Pb

isotope data has been normalized to NBS 981 values of Todt et al. [1996], and some of

863G has been normalized to the Eimer and Amend S1CQg standard (378r /%8¢
= (.70800). Normalization procedures and values of standards obtained are not given
consistently in the literature from which these data come, thus we are not able to make
a standard normalization for all the data that we compare in this paper. Al of the West
Maui and East Molokai, and most of the Lanai samples were leached in 6N HCI prior to
Ph and Sr isotope analysis, Tt is unknown whether samples for the other voleanoes woere
leachied prior to Pb and Sr isotope analysis.

We have normalized all major element compositions to 100% totals for the oxides, with
all Fe reported as FeOt. We corrected major element compositions for variable olivine
fractionation by adding back 1% increments of equilibrium olivine until the bulk rock com-
position was in equilibrimmn with Fogy olivine. We also tested this correction using 0.1%
increments of ()ﬁﬁll(ﬁ., and found no significant difference in the results. For this correction.

Fe=dy . 0.3 (Roeder and Ewslie. 1970).

we assumed that Fe?t = 0.9%FeQ, and that K ol—tiq ,

This correction is dependent on Mg /(Fe?*+Mg) rather than only MgO composition of the
melt, and thus preserves MgQ variability inherent in the primary magmas. For the olivine-
accumulation correction, we excluded lavas with MgO<7 wt. %. This filters out whole rock
compositions that s may have been affected by fractionation of clinopyroxene in addition to
olivine [Helz and Wright. 1992; Montierth et al., 1995]. To calculate average compositions,
we include all samples in the average, regardless of whether the sample has complete or
partial elemental and isotopic data. This does not yield significantly different results than
if we included only completely characterized samples.

Subaerial, low-temperature alteration and weathering may affect major and trace ele-
ment and isotopic compositions of Hawaiian lavas. KoO /P20y 18 commonly used as an incex
of alteration. as this ratio decreases during alteration. Samples with KoQO/P20521-1.25 are
generally cousidered unaltered, whereas samples with lower KoO/P9O5 may bave undergone
some degree of subacrial weathering [Frey et al., 1994]. Tn the Mawi Nui satuples, none of the

- .y v o o - K PR 4" 2 VIOV o V)" .
volcanoes shows a siguificant correlation between KoQ/P205 and * S /508y, 206p), /204p), op
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WEP /AP, suggesting that these isotopic compositions have not been significantly mod-
ified by alteration. Decrease in 5i0s is also an effect of low-temperature alteration. Of all
the volcanoes, only Lanai has samples (two samples) that show anomalously low SiQq at
low KaO/P20s. For the following discussion, we do not include these two Lanal samples.
It is difficult to evaluate effects of alteration on isotopic composition v samples for which
no major clement data arve available. However, for all voleanoes except Lanai, the range
and pattern of variability in isotopic composition of the saples without major element
data is approximately the same as the samples with major element data, so we include
all isotopic data for these volcanoes in the following analysis and discussion. The isotopic
range of Lanal samples for which no major element data exist is greater than the isotopic
range of samples for which we can evaluate alteration. However. the Lanai range extends
in the opposite direction of what we would expect from subaerial weathering (i.e., to more
radiogenic 37Sr/%8r), so we believe that this extended range is not caused by alteration.
With the exception of the two Lanai samples, we include all data from the sources cited in
Appendix B in owr analysis and discussion.

Our olivine-fractionation correction implies that magmas formed in equilibrivun with
Fogy olivine, typical of fertile mantle peridotite, corresponding to some of the most Mg-rich
olivine phenocrysts observed in Hawaiian shield-stage lavas. If any of the magmas have
a different source (e.g.. eclogite, depleted peridotite), then this asswmuption may require
reconsideration. An MgO content of 14-18 wt:. % is commonly assumed for primary Hawalian
tholeiites [Chen, 1993: Clague et al., 1995; Norman et al., 2002]. These estimates are based
upon both glass compositions and Fo content of olivine phenoecrysts. For the first part of
the following discussion, we agsume that the parental magmas for each volcano formed in
equilibrium with Fogy olivine, and then revisit the issue of the magmna sonrce lithology at

the end of the discussion.

3.4 Observations

The Kea, Koolau and Loihi endmembers are apparent in the isotopic composition of Maui

Nui volcanoes. The Kea component dominates both West Maui and East Molokai compo-



sitions. Lbanal is dominated by the Koolau component. and Kahoolawe shows contributions
from the Koolau component, but to a lesser degree than Lanai. Haleakala has the elevated
W8P /204 and SHe/*He unique to the Loihi component, but it is not as extreme i its
composition as Loihi lavas. Because the focus of this study is the composition and structure
of the Hawaiian plume at 1-2 Ma, as sampled by the voleanoes of Mauwi Nui, we will define
and discuss endiembers for ‘Lanai’, *Haleakala” and *West Maui/Bast Molokai’. These
endmembers are analogous to, but not always the same as, the Koolau, Loibi and Kea
components, respectively, as defined to describe the all-Hawaii variation. In the Discussion,
we address the distinctions and similarities of the Maui Nui vs. all-Hawaii endmembers.

West, Maui and East Molokai have 7S¢ /%08, Nd /TN and TOHE/TTHSE at the de-
pleted end of the Maui Nui array (Figs. 3.2, 3.3 and 3.4). The 878r /%68y, WNd/H4Nd
and YOHE/TTTHS of these volcanoes show very little variability (% variation in ¥ Sr/®08r =
0.011% and 0.010%, ™Nd/MNd = 0.0035% and 0.0009%, and **SHE/TTTHE = 0.0047% and
0.0047% for West Maui and East Molokad, respectively; % variability defined as 100%stan-
dard deviation/average). 57Sr/%08r-*¥Nd /1 Nd in both West Maui and East Molokai, and
176 /17T HE N /YN in East Molokai are not correlated at the 99% confidence inter-
val, and the *Nd /M Nd-'"Hf/1TTHS correlation in West Maui, though significant. is poor.
Table 3.1 lists correlation coefficients and indicates statistical significance of correlations in
isotope compositions for the five voleanoes [Sachs, 1984]. In contrast, Lanal and Kahoolawe,
which lie at the move enriched end of the Maui Nui array, are well-correlated and show a
1;11';;;(}1‘1’* degree of variability in *7Sr/%0Sy, M3Nd/M4Nd and OHE/LTTHS (variation in 878y /%08y
= 0.030% and 0.01%, *BNd/ N = 0.018% and 0.014%, and *"YHE/A7THE = 0.018% and
0.014%, respectively). Haleakala shows approximately the same absolute range of variation
in 878r /%08y and M3Nd/MMNd as do West Maui and East Molokal (variation in #7Sr/®8r =
YOHf/TTHE analyses for Haleakalo are available, and they show less variability (0.0034%)
than for West Maui or East Molokai; this likely is an artifact of the small sample set. The
878y /868y, MENA/MMNA and TTORT/YTTHE of Haleakala fall close to the center of the Maui
Nui array, displaced slightly towards the depleted end of the array.

Although the ¥ 8r/%58r, MANd /MM Nd and! 1/ TTHE correlations among Maui Nui vol-
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mnoes can be described by mixing between two endmembers, the Pb isotope compositions
require a third component. “"Ph /20 Ph208Ph 20D in lavas from West Maud, East Molokai
and Kahoolawe are siguificantly correlated, but not in Lanai or Haleakala lavas (Fig. 3.4,
Table 3.1). Intra-voleano variation in 2%6Ph/2MPh is ~0.22% for West, Maui. East Moloka
and Haleakala, 0.4% for Lanai and 0.8% for Kahoolawe. whereas ®Ph/2%1Ph variability
5 ~0.1% for all voleanoes except Kahoolawe (0.24%). Lead isotope variation within each
voleano is not an artifact of measuring these samples in various laboratories, with unrecog-
-~ nized terlaboratory biases and external reproducibility of analvses. Lead extractions for
samples from Fast Molokai, West Maui and Lanai were processed by identical chemistry at
the University of Washington. All East Molokai samples were measured on the same TIMS
(U’tﬁwrsity of Washington) and all West Maui and Lanai samples were measured in a single
MC-ICP-MS (ENS. Lyon).

In contrast to 37Sr/%Sr, "IN/ Nd and PI/TTHE, in Pb isotope space, the com-
position of Haleakala is not intermediate to the other volcanoes. Its 2*%Ph/?™Pb is ele-
vated relative to 29Ph/2MPh, Consistent with this, 2°°Pb/2MPb-3Sy /%68y (not. shown)
and 200Ph /20 PELATSHE/ATTHE (Fig. 3.5) variation in the Maui Nui lavas tend to define
curved, rather than linear arrays. In 29PL/2MPL-207PL /204ph (Fig. 3.4) and 2Ph/204Ph-
WORE/LTTHE (Fig. 3.5) compositional space, Haleakala lies along the trend defined by other
volcanoes, sugeesting that it is *®Pb/2"Pb rather than 2°°Pb/?%Ph which is distinct at
Haleakala.

Major element trends in Maui Nui volcanoes, for example as reflected in MgO vs. SiO;
and MgO vs. TiOy (Fig. 3.6), also show intervolcano correlation with isotopic and trace
element compositions when corrected for effects of olivine crvstallization (Figs. 3.7. 3.8).
Lanai, the lavas of which make up one compositional end of the Maui Nul isotopic array,
has the highest average 5104, and lowest average MgQ,, FeO, and TiQq, (all fractionation
corrected; Fig. 3.7). Haleakala, which is not extreme in any of its isotopic compositions
(except perhaps for 28Ph/#04Ph), has the lowest average SiOq. and highest average MO,
FeO, and TiOq, (Fig. 3.7). West Maui and Fast Molokad, which lie at an extreme end of the
isotopic array, and Kahoolawe, which does not, all have intermediate values of these major

element compositions. West Maui and East Molokai have the lowest average AlbOg. (not
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shown). whereas Lanai, Kahoolawe and Haleakala all have similar AlaQOy,.. The Mani Nui
voleanoes show no distinetion in average CaQ. or KO, -+ Nap O, compositions (hot shown).
Although the major element differences among these volcanoes could result from distinet
source melting histories (mnelt fraction (F) or mean pressure of magia segregation), the iso-
topic compositions vequire that three distinet source components contribute to these Javas,
Corvelation of SiOg. and TiOg, with 2Pb/“%Ph among Lanai, Kahoolawe and Haleakala
show that mixing between at least two of these source components. or magmas derived
from two source compounents, contributes to both major element and isotopic variability
(Fig. 3.8).

There is modest variation in REE slopes, as quantified by both La/Yb and Sm/Ybh.
among the volcanoes (Fig. 3.9). West Maui and Haleakala have the steepest slopes (La/Yb
~8, Sm/Yb ~3.3) and Lanal, Kahoolawe and East Molokai have the shallowest slopes
(La/Yb ~4, Sm/Yb ~2). However, the range of REE slopes for each voleano spans nearly
the entire range for all Maui Nui volcanoes. Awong the Maui Nui volecanoes as a whole,
there is a positive correlation between TiOa, and both La/YD and Sm/Yh. Such correlations
are expected to result from variable extents of welting.

Based upon small intra-volcano variability in 8 Sr /508y, M9Nd /MNd and YOHE/LTTHE,
West Maui, East Molokai and Haleakala appear either to have sampled distinet, individual
sources, or consistently and reproducibly sampled a mixture of sources in constant propor-
tions. In contrast, the more linear arrays of Lanal, and to a lesser extent Kahoolawe, are
consistent with the lavas from these volcanoes resulting from variable extents of mixing
between two components. Further consideration of Ph isotope data indicates that the West
Maui /East Molokai endmember is composed of sub-components that are variable in their Pb
isotope composition, and thus produce sub-parallel linear 296Ph /2 PL208PE 2MP L arpays.
In Pb isotope space, as well ag in several major element compositions, Haleakals is not inter-
mediate between the Lanai and West Maui/East Molokai endmembers, and thus requires a
third, digtinet mantle source. Based npon the Maui Nui 209Ph /20 Ph-208p), /204D wariation,
as well as Pb isotope-major element variation (e.g..2%Ph/2%Ph-Si0,. *0Ph/2MPh-Ti0,) it
appears that the Lanai and Kahoolawe lava compositions are the result of mixing between

the Haleakala primary maginas or source and somne enrviched component.
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Using this construction of endmembers, in the simplest-case scenarvio West. Maui/Tast
Molokai and Haleakala each sample primarily a single endmember (which, in the cage of
West Maui/East Molokal, comprises two sub-components defined by Ph isotope composi-
tion but not resolvable in 578y /%68y, "N /MNT or PORITTHSE), whereas Lanai and Ka-
hoolawe sample the enriched endmember only in combination or wixture with the Halealkala
endmember.  Although West Maui/Fast Molokai and Haleakala lavas could result from
mixing :un:ﬂtripkr mantle sources in constant proportions, this would require a consistently-
reproducible process that operates on time scales that are ﬂig‘uiﬁ ant relative to the life span
of the voleano. Thus we favor the homogeneous endmenmber interpretation and we treat
West Maui/East Molokai and Haleakala sources as two individual plume compouents.

The strong intravolcano correlations in West Maui and East Molokai 2"9Pb /204 ph-
205ph /204Ph (Table 3.1) indicate that these magmas result from mixing between two com-
positional endmembers for each volcano. Although these two voleanoes have similar slopes
in the 206Ph /2HPL-208PhL /24Pl arrays, the arrays arve slightly offset, with East Molokai
to slightly higher 26Ph/?MPh relative to West Mani. The non-correlation in Pb isotope
variation in Lanai and Kahoolawe indicates that these magmas sample an endmember that
is heterogeneous in Pb isotope composition, or are mixtures of two endmembers that are
each heterogeneous in Pb isotope cowmposition, rather than form through mixing between

two endmembers that are relatively homogencous in their Pb isotope composition.

3.5 Geochemical evaluation of oceanic lithosphere in Maui Nui lavas

Many aspects of major and trace element and isotope compositions of Hawaiian shield-stage
lavas are consistent with ancient, recycled oceanic crust in the plume sources of Kea- and
Koolau-type magmas. The negative §%0-1870g /180y correlation among Hawaiian shield-
stage lavas, with 6'%0<5.0 % and unradiogenic 705/ 0s in the Kea-type lavas, and
S80=5.5 % and radiogenic 708/ 0s in the Koolau-type, lavas is compelling evidence
for the incorporation of hydrothermally-altered oceanic lithosphere in sources of both Kea-
and Koolau-type magmas [Lassiter and Hawri, 1998]. Conversely, the normal-mantle-like

18705 /1% 0% and 60 and elevated *He/*He of Haleakala lavas [Kurz et al., 1987: Martin



et al,, 1994: Eiler et al., 1996; Lassiter and Haurd, 1998] does not seem to implicate recycled
crustal material in the Haleakala magma source, The hyperbolic correlation of 209Ph /204 ph
and O /TS (Fig. 8.5) is consistent with the presence of pelagic sediment in the Koolau
plume source [Blichert-Toft et al., 1999]. These models that use isotopic and trace element
relations to infer oceanic lithosphere in the plume souvce generally have not investigated
the phase petrology of melting of this type of source and the hpplications that has for both
major and trace element evolution of the magmas. Specifically, reeveled oceanic crust in
the mantle would be present as eclogite/pyroxenite embedded in peridotite. In addition
to isotopic and trace element contrasts with mantle peridotite; an eclogitic mantle source
would have strongly contrasting thermodynamic properties and melting hehavior that must
be incorporated into chemical models of Hawalian sowrces.

The physical mechanisims for incorporation of ancient oceanic lithosphere into the plume,
its interaction with other plume materialy, and the process of melting and trausport of eclog-
ite/pyroxenite partial melts to the surface would have effects on lava compositions that may
be both predictable and distinetive, We incorporate available experimental observations and
thermodynamic modeling of melting interactions between eclogite and peridotite, and con-
nect this to geochemical (major and trace element and isotopes) predictions. This model
complements previous studies that argue for the existence of recycled oceanic lithosphere
in OIB sources based upon geochemical argunments, but that do not discuss a physical and
phase petrological framework [Lassiter and Hauri, 1998; Chauvel and Hémond, 2000}, and for
petrologic studies that address the physical and chemical aspects of eclogite and peridotite
interactions in OIB genesis, but do not discuss the isotope and trace element implications
[Yaxley and Green, 1998: Takahashi and Nakajima. 2002; Pertermanu and Hirschmann,
20034

The petrology and thermodynamics of eclogite and peridotite melting interactions pro-
vide the physical basis for the models that we cousider. Recveled oceanic crust will exist in
the mantle as eclogite, unless it is very efficiently and effectively mixed back in to ambient
mantle or plume. However, uumerical modeling and the existence of geochemical hetero-
ceneity in erupted lavas suggests that eclogite heterogeneities in the mantle are preserved

on long (1 Gyr) time scales [van Keken and Zhong, 1999: du Vignaux and Fleitout, 2001,
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Kogiso et al.. 2004]. Eclogite has a higher temperature solidus than peridotite, and a higher
welt procductivity during adiabatic decompression [Green and Ringwood. 1967: Thompson,
1974, 1975: Takahashi. 1986; Yaxley and Green, 1998; Takahashi and Nakajima. 2002], thus
the interaction of pyroxenite melts with solid peridotite will coutribute to the geochemical
characteristics of magmas derived from a mixed lithology source. A number of high-pressure
experiments specifically address melting of pyroxenite heterogeneitios in a peridotite watrix
in the context of eclogite contributions to OIB petrogenesis [Kogiso et al., 1998; Yaxley
and Green, 1998: Takahashi and Nakajima, 2002; Kogiso et al., 2003: Pertermann and
Hirschmann, 2003a.b]. These experiments illustrate two endmember cases for interaction of
eclogite melts with solid peridotite.

In one case, eclogite melts are insulated from surrounding peridotite, and thus main-

“tain geochemical signatures that reflect their equilibration with an eclogite, not peridotite,
residue. A fertilized peridotite reaction zone between eclogite melt and non-fertilized peri-
dotite can effectively armor either a solid eclogite pod or a conduit through which eclogite
melts can travel without equilibrating with surrounding pevidotite [Takahashi and Naka-
jima, 2002]. Alternatively, a Sllbﬂ;}()lidllﬁ orthopyroxene-rich reaction zone may develop at
the interface of eclogite and peridotite [Pertermann and Hirschmann, 2003b].

As a second endmember case, eclogite melt infiltrates and reacts with swrrounding solid
peridotite to form a solid fertilized peridotite. This has been observed in eclogite-peridotite
‘sandwich’ experiments [Yaxley and Green, 1998; Takahashi and Nakajima, 2002], and is
simulated in pMELTS calculations [Glhiorso et al., 2002]. Eeclogite melt reacts incongro-
ently with olivine iu peridotite to form orthopyroxene, and upon subsequent melting of
this fertilized peridotite. the major element composition of the melt will reflect a peridotite
source [Hirschwann et al., 2003]. Although these melts may have enriched isotope and
trace element compositions reflecting the eclogite contributions, they will produce lower
S0, higher MgO melts indicative of a peridotite, not eclogite source [Yaxley and Green,
1998 Hirschmann et al., 2003].

Clase one is the bagis for our model of the Lanal plume source. We model the Lanai
source as eclogite derived from a mixture of hydrothermally-altered ocennic crust and pelagic

sediment. These eclogite melts form and separate from their source, and mix in variable
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proportions with melts derived from the Haleakala source prior to eruption. Case two is the
basis for our model of the West Maui/Fast. Molokai source. We postulate that lower ocoanic
crust gabbro-derived eclogite melts, and that this welt infiltrates, reacts with and freezes
in to the associated depleted recycled lithosphere. thereby creating a hybrid re-fertilized
depleted peridotite source. This source subsequently melts to produce the West. Mani/Fast
Molokai lavas. In these models, we do not specifyv a physical interpretation for the Haleakala

source. We present details ou the chemical and isotopic implications of these models below.

3.6 Lanai source model

We model the Lanal and Kahoolawe magma compositions as the producet of mixing between
partial melts of upper oceanic crust + pelagic sediment-derived eclogite and partial melts
of the Haleakala plume component. Similar wodels for the origin of the Koolau component.
in dacitic partial melts of eclogite have been proposed by Hauri [1996a] and Takahashi
and Nakajima [2002]. In this model. we incorporate the known effects of subduction-zone
dehydration on the trace element composition. of pelagic sediment and hydrothermally-
altered upper oceanic crust, variable proportions of pelagic sediment:upper oceanic crust,
as well asg variable amounts of melting of this eclogite component in the plume. For this
model, we assume that after dehydration of the sediment and crust, the pelagic sediment
is incorporated completely, as a solid, into the upper oceanic crust, and that this mixture
undergoes all subsequent melting or mixing as a single compositional unit. For the trace
element composition of the dehydrated pelagic sedimeut, we use analyses of residues from
dehydration experiments on pelagic clay done by Johuson and Plank [1999]. For the trace
element composition of d(411},-'(11&0(1 hydrothermally-altered upper oceanic crust, we use the
experimental products of oceanic crust amphibolite high-pressure dehydration experiments
done by Kogiso et al. [1997] and low-MgO eclogite xenoliths inferred to be fragments of
Archean dehydrated oceanie lithosphere from west Africa [Barth et al., 2001] (Table 3.2).
We assuine that the *78r/%8r of this dehydrated composite upper crust is 0.7048, consistent
with literature estimates of the composition of the Koolau component [e.g., Eiler et al., 1998],

P . HI T 204 o > 1 [ g v :
and corresponding to the "M Ph /9P of the Koolan component (17.85) juferred by Blichert-
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Toft et al. [1999]. For caleulating the composition of melts dervived from this eclogite source,
we asstume bateh melting and use the partition cocflicients of Klemme et al. [2002], which
were determived specifically for high pressuve (3 GPa) systems and garnet and clinopyroxene
compositions that are consistent with an eclogite derived from wmid-ocean ridge basalt.

Most previous work in Koolau, which is geochemically similar to Lanal, has identitied
La/Nb higher than other HdW'umu shield-stage lavas [Frey et al., 1994; Roden ot al., 1994:
Huang and Frey, 2003]. Jacksow et al. [1999] discuss the possible association of this anoma-
lously high ratio with a crustal source in the plune. Pelagic sediments ave characterized
by very high REE concentrations relative to high field strength elements (HFSE), so (light,
middle REE)/HFSE is a sensitive indicator for presence and proportion of pelagic sedimeut
in an oceanic crust-derived magma source, In Fig. 3.10, we show calculated compositions
for melts of upper oceanic crust-derived eclogite containing 4-7% pelagic sediment. The cal-
culated La/Nb for this melt is not sensitive to clinopyroxene/garnet (¢px/gt) in the residue,
nor to F (for F>~0.3). For F>>0.3, the observed La/Nb is consistent with 5-7% sediment in
the Lanai source. Mixing of 60-75%, of this eclogite-melt with the average Haleakala magina
composition generates the range of compositions that we see in the lavas erupted at Lanai
(Fig. 3.10).

La/Nb, Sm/Hf and Sm/Nb arc hlg‘,hm in pelagic sediment than in Mani Nul lavas, and
are lower in dehydrated upper oceanic crust than in Maui Nui lavas, Thus, these ratios
are useful for modeling the proportion of pelagic sediment in the Lanai magina source. As
with La/Nb, Sm/Hf and Sm/Nb are more sensitive to a difference of 1% in the amownt of
pelagic sediment in the Lanai source than they are to reasonable variation of F (0.5-0.9)
or cpx/gt (1-9) in the residue. The Sm/Nb of the Lanai lavas is consistent with 5-10%
secdiment in the Lanai source. Sm/H{ is best-modeled with addition of 1% sediment to the
upper oceanic crust. However, Sin/Hf of the datasct that we use for the eclogite starting
composition of this model [Barth et al., 2001] has a standard deviation of about 20%, which
encompasses the range of Sm/Hf predicted for 1-3% sediment addition. The small amount
(<:10%) of sediment in the Lanai source predicted by these ealculations s cousistent with
previous work that uses isotope cotpositions of Koolau lavas to conclude that the sediwent

proportion in the Koolan source is 3-20% [Eiler et al., 1996; Lassiter and Hauri, 1998].
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Sm/YD is far more sensitive to residual epx/gt and I* than to sediment proportion, and
therefore is useful for constraining the amount of melting of the Lanai source to produce
compositions that are consistent with observation. To identify the dependencies of epx /gt
and F on the mantle thermal and melting regime, we performed a series of experiments
with the pMELTS algorithm [Ghiorso et al., 2002]. Using a MORB 111:;3%1(;)1' element starting
composition [Allan et al., 1988] and dehyvdrated eclogite 4 5% dehydrated sediment as the
trace element starting composition [Kogiso et al.. 1997; Johnson and Plank, 1999]. With
pMELTS, we caleulated the amount of melting (F) and c¢px/gt proportion for isentropic
(adiabatic) welting. fromn 3 to 2 GPa, for starting temperatures ranging from 15007 to 1550°
C. We also ran pMELTS sitnulations for isobaric melting at 2 and 3 GPa, for comparison to
isobaric welting experiments. With the F and mineralogical parameters from pMELTS, we
calculated melt Sm/Yb as a function of F (Fig. 3.11). Because Sm/YDb is very seunsitive to
the extent of eclogite partial melting, for any particular melting curve even at rather high

F (>0.6) there is ouly a very narrow range in F (2% to 3%) over which the observed Lanai

Sm/Yh (~2.3) is obtained. For adiabatic melting, the absolute F ranges from about 0.6 to
0.85, depending upon which adiabat the eclogite parcel follows. Regardless of which adiabat
the eclogite is on, as long as there is garnet in the residue, there is a very small range in
F which will produce Sm/Yh typical of Lanai (2.3-2.5). These magmas are the result of a
specific, reproducible, large degree of melting. which may be controlled by the lithosphere
thickness and thus the pressure at which Lanai melts segregate from the source. However,
it is difficult to constrain F to a range narrower than 0.6 to 0.85.

Using the 1540° C adiabat as a reference, we calculate mixing curves between average
Haleakala magmas and predicted Lanai melts for F ranging from F=0.70 to F=0.76 of the
eclogite source (Fig. 3.12). This produces a wide enough range in Sm/Yb to account for
the observed range in Lanai lavas obtained by 60-70% mixing of eclogite melt with 30-40%
Haleakala melt.

The low TiOs content of Lanai lavas velative to other Maui Nul lavas is one of their
most distinetive major element characteristios, and we use this to estimate relative mixing
proportions of Lanai component melts with Haleakala component melts. Takahashi and

Nakajima [2002] determined experimentally the compositions of pyroxenite partial melts of
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an Archean MORB. At 2.7 GPa, and 85% welting, the melt had 1,16 wt. % TiOs and 7.62
wt. % MgQ [Takahashi and Nakajima, 2002]. In a similay experiment at 3.5 GPa, Yaxley and
Green [1998] reported 85% partial melts of average oceanic basalt with 1.5 wt. % TiOy and
6.9 wt, % MgO. Pyroxenite melting experiments show a general trend of decreasing TiOq
with increasing MgO and melt fraction [Yaxley and Green, 1998; Takahashi and Nakajima,
2002; Pertermann and Hirschmann, 2003a), which implies that the low TiOq component in
the Lanai lavas derives from high-degree. basaltic andesitic melts of eclogite, rather than
sialler degree, dacitic melts as proposed by Hauri {1996a). Higher degree eclogite welts are
also more consistent with the higher-temperature solidus for eclogite compared to peridotite.

These experiments inply that low-MgO partial melts are produced from eclogite in the
Hawaiian plume. However. owr trace element calculations and observed MgQO composi-
tions indicate that these melts do not make it to the surface without mixing with Mg-vich
Haleakala melts. At a given Mg, Lanai and Kahoolawe lavas generally have slightly higher
Ni than other Maui Nui Javas (data sources from Appendix B), which may indicate that
the Lanai and Kahoolawe lavas have not fractionated as much olivine as the other Maui
Nui lavas. This in turn implies that the Lanai and Kahoolawe lavas coutain a component,
of low-MgO primary magma, as predicted for an eclogite melt. Taking the Takahashi and
Nakajima [2002] and Yaxley and Green [1998] experimental results as the composition of the
eclogite-derived melt for the Lanai source. mixing of this melt with 30-70% of the Haleakala
primary melt will produce the range of magmas parental to Lanai lavas, and mixing of
this Lanai primary melt with 70-80% Haleakala melt will result in the Kahoolawe parental
magmas. Imposing olivine fractionation trajectories on these parental magmas can produce
the observed lava compositions (Fig. 3.13). Although these major element trends allow for
a broader range in eclogite melt-Haleakala melt mixing proportions than predicted from the
trace elerent compositions. the mixing proportions are consistent for the major and trace

element calculations and isotope observations.
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3.7 West Maui/East Molokai source model

For the West Maui aud East Molokal magmas, we model the plume source as the gab-
bro-+depleted lithosphere package of ancient oceanic lithosphere [Lassiter and Hauri, 1998].
Gabbro-derived eclogite has a higher pressure solidus than the associated depleted litho-
sphere, and so begins to melt first during ascent in the plume. Its melt percolates into and
fertilizes the adjacent segment of depleted lithosphere. Various metasomatic processes have
been proposed for the sowrce of Hawaiian lavas xenoliths [Wright, 1984: Chen and Frey,
1985 Sen, 1987 Salters and Zindler, 1995; Norman and Garcia, 1999; Sobolev et al., 2000;
Sen et al., 2003}, but in most models the 111&t&m<‘nn&ﬁc agent is very small degree melts
(F=0.001-0.03) of a mantle or recveled erustal source. Here, we specifically propose larger
(F=0.2-0.4) degree melts of oceanic crust gabbro-derived eclogite as the metasomatic agent.
We calculated the compositions of four different degrees of melt of the gabbro-derived eclog-
ite (F=0.2, 0.4, 0.6, 0.8), nsing the major and trace element compositions of the ODP 735
drill core gabbros and Gabal Gerf ophiolite gabbros [Zimmer et al., 1995: Hart et al., 1999].
partition coeficients determined for clinopyroxene and garnet from mid-ocean ridge basalt-
derived eclogite [Klemme et al., 2002], and residual clinopyroxene and garnet proportions
determined from pMELTS calculations of the desived F at 3 GPa. Clinopyroxene/garnet in
the eclogite melting residue range from 2.6 at F=0.2 to 0.9 at F=0.8. We determined the
trace element composition of the depleted lithosphere as the residue from MORB-melting,
using phase proportions calculated with MELTS [Ghiorso and Sack, 1995] for 18% melting of
the MM3 experimental composition {Baker and Stolper, 1994], at 0.5 GPa, aud with MORB
trace element compositions from Sun and MeDonough [1989]. For partition coefficients of
peridotite melting, we chose clinopyroxene and garnet partition coetlicients determined ex-
perimentally for high pressure (2.8-3 GPa) melting of a moderately depleted lherzolite [Hart
and Dunn, 1993; Salters and Longhi, 1999: van Westrenen et al., 1999] (see Tables 3.3 and
3.4 for partition coefficients and yeferences).

We modeled wixing of the eclogite melts with the depleted lithosphere in 10:90 propor-
tions, and then caleulated trace element compositions of melts of these re-fertilized peri-

dotite sources. Trace element melting trajectories for depleted peridotites fertilized by 10%



of F=0.2. 0.4, 0.6 aud 0.8 melts are shown in Figs. 3.14 and 3.15. These melt compositions
and trajectories are illustrated for residual phase proportions of oLopxiepxegt of 43:38:14:4.
These proportions, based on pMELTS caleulations, are generally consistent with propor-
tions calculated or inferred as residual to melting in the Hawaiian plume [Hofimann et al.,
1984: Wagner and Grove, 1998]. Garpet and clinopyroxene mode and epx /gt are the main
controls on REE and HFSE melt compositions. Larger proportions of garnet or clinopy-

roxene or lower epx/gt will generate higher Sm/Ybh and lower Hf/Zr at smaller degrees of
5o & . 4 7 Eand

melting, Fxperiments and theoretical caleulations have shown that partition coefficients
are dependent on clinopyroxene and garnet composition [Beattie, 1994; Wood and Blundy,
1997; van Westrenen et al., 1999, so in our caleulations. we use partition coefficients exper-
imentally determined for melting of moderately depleted peridotite at ~3 GPa (Table 3.3).
This introduces a sensitivity to the model that allows us to distinguish between melting of
eclogite vs. peridotite sources.

Hf/Zr is much more sensitive to peridotite melting than eclogite melting, as result of
partition coefficient dependency on clinopyroxene and garnet compositions [van Westrenen
et al., 2001]. We model Ht/Zr (Fig. 3.15) because it is particularly diagnostic of the fer-
tilization and melting processes we propose. In the eclogite melting system, the relative
proportions and partition coefficients for garnet and clinopyroxene maintain a relatively
constant HE/Zr (0.029-0.032) during progressive eclogite melting (F=0.2-0.8). However,
partition coeflicients appropriate for a peridotite residue lead to a fractionation of Hf/Zr
during progressive melting, thus Hf/Zr is useful for coustraining the degree of melt of the
fertilized peridotite source. The predicted compositions are consistent with derivation of
the West Maud lavas from 5-18% melting of a hybrid source derived from 10% eclogite melt
(F=0.2-0.4) and 90% depleted lithosphere. pMELTS simulations also result in 9-15% melt,
for this lithology, on the same adiabat as discussed for the Lanai model (15407), at the point
where the melting parcel reaches the base of the lithosphere.

Melting of eclogite gcmcrra,tm sizable fractionations in Hf/Nb at larger degrees of melt
(HE/ND = 0.36-0.49 at F = 0.2-0.4), whereas comparable HI/Nb fractionation in peridotite
melting oceurs at lower degrees of melt (Hf/ND = 0,22-0.4 at F = 0.06-0.2). At larger degrees

of peridotite melt, Hf/Nb fractionation is insignificant. Sm/Yb is sensitive to residual garnet



aud residual ¢px/gt in both systems. although the Sm/Yh fractionation is slightly less at
the same F for a peridotite sowrce relative to au eclogite source. The melting trajectories
that we illustrate in Figs, 3.14 and 3.15 are for 14% cpx and 4% garnet in the residue
(cpx/gh == 3.5). With larger amounts of residnal garvet, the HE/Zy (to lower values) and
Sm/YD (to higher values) fractionations in the melt are much larger at a given F. Eclogite
melt:depleted lithosphere proportions of 10:90 provide the best simultaneous fit for the
three clernent ratios we consider. Holding all other parameters constant, larger proportions

of eclogite melt results in Sm/Yb too high to fit the Maui Nui data.

3.8 Discussion of the source models

Owur models of the Lanai and West Maui/Fast Molokai sources address physical processes
for mixing of source components (Hquid-liquid vs. liquid-solid) and also account for the
existence of eclogite heterogeneities derived from ancient oceanic crust and their melting
behavior in the plume. We also incorporate the effects of subduction zone dehydration and
variability in the amount of sediment in the Lanai source, and address the sensitivities of
the model to residual garnet and ¢px /gt, as well as the dependence of partition coefficients
on residual phase colnl‘)bsitious‘ We chose partition coefficients that had been determined
experimentally at pressures (~3 GPa) and for clinopyroxene and garnet compositions appro-
priate to the processes we model, and that had been determined during the same experiment
or sets of experiments. This criterion significantly limited the available range of partition
coefficients, We found that within this range, the choice of clinopyroxene partition coef-
ficients did not significantly influence our results. However, mixing 1‘)zrx.1‘f,i‘ﬁml coefficients
from multiple studies does yield siguificantly different results, so we avoided doing this for
all minerals except oliviue.

Our model naturally explains the relative geochemical heterogeneity of Lanai magmas
compared to West Maui/Fast Molokai 1:1‘1@;111&:%. The data are most consistent with the
origin of Lanai lavas in melt-inelt mixing between magmas derived independently from the
Lanai and Haleakala, plume sources. Solid-solid mixing of the Lanai (eclogite) and Haleakala

(peridotite) plume sources prior to melting, in proportions appropriate to the observed Lanai
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lava trace element and isotope compositions, would increase the modal amount of garnet in
this mixed source. For extents of melting commonly inferred for peridotite in the Hawalian
plume [~6-20%. Hofmann et al., 1984; Egeins, 1992: Sims et al.. 1995, 1099]. the inereased
abundance of garnet in the source would generate much higher Sm/Yb than is observed in
Lanai lavas. However, high degrees of melting (F>»0.7) of the Lanai source prior to mixing
with Haleakala source melts is consistent with the observed Sm/Yb, A welt-elt mixing
scenario implies that unmixed melts exist to relatively shallow depths within the plume, and
possibly even within the lithosphere and crustal magma chambers, Observations of melt
inclusions in ndividual olivine crystals indicate that melt heterogeneities exist on scales
that can readily be trapped over the course of crystallization of individual phenocrysts in
the shallow magma chamber [Sobolev et al., 2000; Norman et al., 2002]. These independent.
observations support the plausibility. of high-level mixing of heterogencous melts that we
propose.

The fertilization model for the West Maui/East Molokai source is a process that can gen-
erate the characteristic isotopic homogeneity of Kea-type lavas. The infiltration /fertilization
of the depleted lithosphere by the gabbro melts is a stage of pre-nixing of these two litho-
logic segments prior to the welting event that generates the erupted lavas. The infiltration
of gabbro-eclogite melt is a self-buffering process, as gabbro melt can only ‘freeze-in” to the
peridotite up to proportions of about 40:60 eclogite melt:peridotite, based upon pMELTS
calculations and experiments designed to address this process in the mantle wedge above
subduction zones [Rapp et al., 1999]. Because this model of melt~-solid (metasomatic) inter-
action provides a mechanism for pre-mixing or homogenization in the Kea source, we favor
this model over solid-solid or melt-melt, mixing scenarios. Although either of these mech-
anisis could potentially generate homogeneous magmas, the processes aud proportions of
mixing would need to be consistently reproducible over millions of years. In contrast, the
fertilization or metasomatic model of gabbro-eclogite melt infiltration in peridotite is inher-
ently buflered at a constant proimrtim‘l and naturally gives vise to homogeneous maginas.

The Lanai and West Maui/East Molokai models present contrasting mechanisms for
interaction of eclogite-derived melt with surrounding peridotite.  These contrasts may

he understood through consideration of the relative eclogite wmeltiperidotite proportions.
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At high ratios (>40:60). peridotite is effectively soluble in eclogite melt. Through reac-
tion/infiltration processes [c.f., as modeled by Spiegelman et al., 2001}, the eclogite melt
wonld iunfiltrate and dissolve peridotite along initial higher pertmeability zones. and self-
organize into steady-state channels that localize and isolate juuch of the eclogite melt flux.
This process can account for the separation of eclogite melt from the residue and its trans-
port through peridotite without much apparent chemical modification. Numerical modeling
of flow in porous media involving precipitation instead of dissolution, such as expected for
lower eclogite melt:peridotite, shows that ineipient melt channels will erystallize and choke,
forcing the welt to divert to other vegions [Aharouov et al., 1997]. In this case, the flow
of eclogite melt into the peridotite is diffuse, and may generate a homogeneous, fertilized
peridotite.

The mixing mechanisimsg and proportions in the fertilization model are consistent with
observed and inferred §**0 and *70s/'% 05 for ancient oceanic lithosphere. Both of these
isotope syvstems should have contrasting signatures for oceanic crust vs. the associated com-
plementary residual oceanic lithosphere and tls trace lithospheric contribution to the Maui
Nui source. Oxygen in the gabbroic section of oceanic crust is modified by mid-ocean ridge
hydrothermal alteration, while the residual lithosphere apparently generally escapes this
process. Observations indicate oceanic gabbro has §**Q ~0-3%0 [Gregory and Taylor Jr.,
1981; Stakes. 1991; Hart et al., 1999: Miller et al., 2001} while the serpentinized residual
oceanic lithosphere has §*%0 in olivine of 3-5% [Cocker et al., 1982; Hoffman et al., 1986] and
mixing of these components in 10:90 proportions will result in §'¥0=4.5-5%c, as observed
in West Maui lavas (Chapter 2). Because of the strong relative compatibility of Os with
respect to Re during mantle melting, ancient depleted oceanic lithosphere should be Os-rich
and have low ¥70s/80s, whereas ancient oceanic gabbro should have low Os concentra-
tions and high *¥70s/"80s. However, because resicdual sulfides in the gabbro-eclogite may
retain most of the Os during its partial melting [Fleet ot al., 1996; Hart and Ravizza. 1996,
Burton et al., 1999}, the radiogenic ¥ 0s/1%¥ Qg signature of the recycled oceanic gabbro
may not be transferred to the fertilized peridotite. Outside of West Maui, few ¥70s /%05
analyses of Maui Nui lavas are available, but at least in West Maui they are consistent with

our model for the West Maui/East Molokai source [Galluey et al., 2003].



Stracke et al. [2003] and Kogiso et al. [1997] present quantitative models that specifi-
cally address the vole of subduaction zone delydration on the isotopic evolution of recycled
oceanic crust. and show that Rb/8r and *78r/%08r are particularly seusitive to alteration

and dehydration processes (P7Sr/%8r of 2 Ga crust: 0.7015-0.7045, Kogiso et al. [1997];

>0.708, Stracke et al. [2003]). Eiler et al. [1996]. Hauri [19964]. Lussiter and Heai [1998],
Blichert-Toft et al. [1999] and Gaffuey ot al. [2004] have modeled or inferred radiogenic iso-
tope compositions as well as S0 for postulated recycled oceanic lithosphere components
specific to the Hawailan plume. These Hawaii studies make variable assamptions about
perturbation of parent-daughter ratios during hydrothermal alteration at the mid-ocean
ridge, and during dehydration of the slab in the subduction zone. Although the predicted
radiogenic isotope compositions of recycled oceanic crust can vary greatly, the models we
propose for the Lanai (larger degree melts of eclogite derived from basalt-+sediment) and
West Maui/East Molokai sources (depleted lithosphere fertilized by smaller degree melts of
gabbro-eclogite) are broadly consistent with this previous work. Furthermore, the 87Sr/%58r
composition for Lanai that we use in our modeling was determined empirically, and so is
ot dependent upon assumptions of the %Sy /58y of ancient crust.

Several arguments have been made against eclogite in the source of Hawailan magmas.
Herzberg and O’Hara [2002] and Feigenson et al. [2003] argue that the inferred high-MgQO
primary compositions of Hawalian magmas are inconsistent with contributions from a mafic
source in the plume. High-MgQ glasses and lavas are observed for several Hawaiian volca-
noes, and this is strong support for high-MgQO primary magmas in these volcanoes. However,
high-MgO glasses or high Fo olivine have not been reported for either Lanai or Kahoolawe,
and very few lavas with MgO=>12 wt. % are observed for cither of these volcanoes. Thus,
if these voleanoes did have initial MgO as high as proposed for other volcanoes, then they
are consistently fractionating large amounts of olivine prior to eruption, so that those prim-
itive compositions are never sanpled at these two voleanoes. Norman et al. [2002] use melt
inclusions frorn Koolan, which ig isotopically similar to Lanai, to determine that 14 wt. %
MgO is a reasonable primary magma composition for this voleano, This is similar to the
primary magma that we infer for Lanai and Kahoolawe, which forms from mixing between

eclogite-derived welts and primary Haleakala magmag. Trace element and U-series isotope
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systematics have also been used to argue against pyroxenite in the Hawaiian plame [Stracke
and Sims, 1999 Feigenson et al., 2003], but these studies have all focused on voleanoes for
which we do not propose pyroxenite in the source, and thus can not be used to rule out

pyroxenite in the Lanai/Kahoolawe magma source.

3.9 Implications for structure and processes in the plume under Maui Nui

The relative ages of late shield-stage magmatism for Maui Nui volcanoes are W, Molokai >
East Molokai 2 West. Maui > Lanai > Kahoolawe > Haleakala [McDougall, 1964; Naughton
et al., 1980; Chen et al., 1991]. Probably two, three, or possibly even four of these volea-
noes erupted conteruporanecously during their shield-building periods. The relative ages
given above represent the likely order of cessation of their shield-building periods, and the
probable relative ages of the late-shield stage lavas discussed in this paper. The presumed
contemporaneity of lavag that span nearly the entire range of compositions seen in the
Hawaii archipelago indicates that multiple compositionally extreme components co-existed
in the plume and were sampled without apparent significant communication between the
nmagmas (Lanai and East Molokai/West Maui). These contemporaneous voleanoes of Maui
Nui show much greater compositional contrast than contemporaneous volcanoes on the Big
Island.

Hawaiian compositional endmembers have typically been defined in such a way as to
account for the whole range of mantle variability sampled by Hawaiian volcanoes over a 5
My time span. Although this is an appropriate way to describe the system on a large scale,
this treatment does not address compositional subtleties apparvent on a smaller temporal
or spatial scale. Furthermore, the endmembers have vot always been sampled regularly
over the past 5 My, For example, of all the voleanoes that show extreme Koolau-type
compositions (Koolau, Lanai, Kahoolawe), nove are younger than Kahoolawe. Conversely,
of all the extreme Kea-type compositions (East Molokai. West Maui, Mauna Kea, I\'i‘i.zuim%
none are older than East Molokai. The Loihi component is the only endmember that has
apparently been smnpled vegularly throughout the last b My (in Kanal, Haleakala, Mauna

Loa and Loihi), which suggests that it is a pervasive component of the Hawaliau plune.



98

Kahoolawe is the youngest volcano for which Koolau-like magmas are observed, and the
isotope compositions of its lavas span the range between Lanai and Haleakala. Kahoolawe
is also closer in age to Haleakala, and its lavas may represent the exhaustion of long-lived
(~1 My) or volumetrically significant Lanai component heterogeneities in the plume, and a
transition to Haleakala-dominated magmas.

As the other end of the Lanai/Koolau array, Haleakala is a relatively primitive plume
component. Its elevated *He/*He [13.1-16.8 R4, Kurz et al., 1987], high time-integrated
Th/U (high 2%Pb/?™Pb), and normal-mantle-like 580 are also consistent with the rel-
atively primitive nature of this component [Eiler et al., 1998]. The high MgO, and low
Si05/FeO of the Haleakala primary magmas imply high pressures of separation of the
magma from its source. The intermediate 57Sr/%Sr, M3Nd/*4Nd, *70Hf/'""Hf and *%6Pb/
204pYy of Haleakala make it difficult to identify this as a separate component, but the ele-
vated 298Ph/?MPh requires a distinct source that is not a mixture between Lanai and West
Maui/East Molokai.

The East Molokai and West Maui lavas are nearly indistinguishable chemically, and thus
are both tapping the same or nearly identical mantle sources. The plume component which
they are tapping may be a single, very large domain in the plume, which has been effectively
homogenized through infiltration and fertilization processes proposed here. This contrasts
with the interpretation that the basalt-+sediment - derived eclogite (Lanai component) oc- -
cupies much smaller domains in the plume. Furthermore, these volumes occupy separate
places in the plume, such that they are not both sampled at the same volcano, but rather
at neighboring volcanoes, at the same time or in close succession. This may reflect the
stretching and mixing mechanisms in the mantle and plume [i.e., Farnetani et al., 2002],
or the material properties of the different lithologies, and their response to mechanical ho-
mogenization in the mantle. These stretching mechanisms are effective at separating the
basalt-+sediment and gabbro-+peridotite oceanic crust layers in the plume.

This interpretation of the components and the way that they are sampled does not
require a concentrically zoned plume model at this age as is commonly inferred for re-
cent, plume structure from analysis of Big Island magmatism [DePaolo et al., 2001]. The

Haleakala component is sampled at volcanoes that lie on both the Kea and Loa trends. The



location of the Koolau voleanoes on the Loa trend and the Kea voleanoes on the Kea trend

may ingtead represent a lateral zonation, as would be predicted by the Farnetani et al. [2002]

mode] for vertical stretching of heterogeneities in the plume. Furthermore, the Lanai com-
ponent heterogeneities must be of a small enough size that their melts generally mix with
the Haleakala component, whereas the West Mauni/East Molokal component is of a large
enough extent that its melts typically erupt without appavent mixing with Haleakala. How-
ever, Haleakala is close enough in composition to West Maui/East Molokaki that smaller

degrees of mixing between West Maui/East Molokai and Haleakala might not be vesolved.

3.10 Summary and relevance to the past 5 My of Hawaiian shield-stage mag-

matism

Our interpretations of the Lanai and West Maui/East Molokai endimembers invokes specific
melting and wixing processes for generation of the geochemical signatures. Operation of
the processes proposed for the Lanai source over a 5 My time scale may generate tempo-
ral heterogeneity evident on the larger time scale. Conversely, the processes proposed for
West Maui/East Molokai are likely to produce a move uniforin, temporally homogenous
geochemical signature.

The enriched Koolau component sampled in Maui Nul by Lanai and Kahoolawe volca-
noes is also sampled at the older Koolau volcano. However, the Ph-Pb and Sr-Nd isotope
correlations of Koolau, Lanai and Kahoolawe are slightly offset from one another, indi-
cating that this enriched component is temporally heterogeneous. Lanai and Koolau are
unique relative to the rest of the Hawaiian shield-stage lavas. as compositions this enriched
are not observed at any older or yvounger volcanoes. Thus, the Koolau/Lanai component
may represent an episodic reeveling process, or possibly even a unique event related to the
preservation in the phume of an nnusually large domain of ancient subducted pelagic sedi-
ment. Furthermore, heterogeneity in this enriched endmember indicates that compositional
heterogeneities in the oceanic crust are preserved or perbaps evhanced through the recy-
cling and storage process, For example, Rbh/Sr or U/Pb may be variably modified during

hydrothermal alteration or subduction processes, which can lead to non-imiform evolution
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of F78r/88r or “MPb/2MPh within a single segment. of oceanic erust.

The depleted Kea component has been a dominant component in the Hawaiian phame
for the past 2 My. Although we and others argue that this component is also created by
recycling oceanic crust and lithopshere, it is characterized by a high degree of homogeneity.
This contrasts with the Koolau component, where the recyeled component exhibits a rela-
tively high degree of heterogeneity. We attribute the homogeneity of the Kea component
to the homogenizing and natural buffering by infiltration on a large scale of the gabbro and
peridotitic segiments of oceanic lithosphere. Bome minor heterogeneity is preserved in the
Kea component, however, as evident in the linear and distinet Pb isotope arrays observed
in Bast Molokai and West Maui, as well as inki\Iau}.’m Kea [Eisele et al., 2003].

Our interpretation that the Haleakala component is the pervasive plume component
at Maui Nui is also applicable to voleanoces at the older and vounger ends of the chain.
Haleakala lavas in Maul Nui are analogous to the Loihi component, which is characterized
by even higher *He /*He than observed at Haleakala [Kurz ot al., 1983]. The Loihi component
is sampled on Kanai at the oldest end of the chain, at Loihi at the voungest end of the chain,
and by Mauna Loa on the Big Island [J{urz et al., 1983, 1987, 1995; Mukhopadhyay et al..
‘2()()3]. The relatively continuous presence of this component in lavas erupted over the past
5 my indicates that this is a long-lived pline component and may constitute the matrix of
the phumne itself. The deepest lavas of Mauna Kea, sampled through HSDP-2, also trend to
the lower SiOg, and higher 2™ Pb/2"Pb and *He/*He characteristic of the Loihi component
[Feigenson et al., 2003; Kurz et al., 2004]. The oldest lavas in the Koolan Scientific Drilling
Project also show indications of the Loihi component [Huang and Frey, 2003]. Thus, this
component has been a long-lived contributor to Hawaiian shield-stage magmas, and was
sampled by magmas during the pre-shield and throughout the shield-building stages of
magmatisn.

In the Maui Nui volcanoes, we see the exhaustion of Koolan and the initiation of Kea
as dominant components in the pluine. The Loihi component is present in voleanoes both

older and vouuger than Maui Nui. Although deep stratigraphic sections, accessed either

.
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—

through drilling or subinersible, in voleanoes are rare. none yet observed show the transition

from Kea to Koolau within the lavas of a single voleano. Individual volcanoes transition
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fromn Loihi at depth to either Kea and Koolau compositions in the younger lavas [Feigenson
et al., 2003; Huang and Frey, 2003; Kurz et al., 2004]. From this, we might surmise that the
extreme compositions of both Koolau and Kea-type lavas ave late-stage phenowena, and it
is only during the final stages of shield-building magmatism that their signals ave presevved.,

Interaction of Kea or Koolau component magmas with Loihi-like phume matrix or the
Pacific lithosphere as the magmas travel to the surface conld dilute or erase their digtine-
tive geochemical signatures. However, development of a channelized network through which
magmas can pass, by reaction of magina with the solid mantle matrix [Kelemen et al., 1995:
Spiegelman et al.. 2001] could allow magmas to preserve their distinetive geochemical sig-
natures. This may be one of the fundamental mechanisis controlling the time-composition
trends in Hawaiian volcanoes.  Earlv-generated Koolau or Kea magmas do not erupt at
the surface. but instead are exhausted in forming reaction-armored melt-conduit channels
that at a later stage of volcanism allow the passage of these melts to the surface with little
modification by ambient mantle or Pacific lithosphere. Such processes have been modeled
for adiabatically upwelling mid-ocean ridge systems [Kelemen et al.. 1995], and may be

applicable to upwelling in the Hawalian pluime as well.

8.11 Conclusions

The late shield-building stage lavas of Maui Nui span nearly the entire range of composi-
tions observed across the entire Hawaiian chain. These lavas record the exhaustion of the
enriched Koolau component, and the initiation of the depleted Kea component as dominant
compositional endmembers.

Isotope compositions are consistent with a component of ancient, recyceled oceanic litho-
sphere in the plume sources of both Kea and Koolau type magmas. We propose physical
models for melting this compouent in the plume. Kea-type magmas derive from melting of
homogeneously hybridized gabbro-+depleted lithosphere segments of recycled lower oceanic
lithosphere. Hybridization and homogenization occur when 20-40% melts of the gabbro-
derived eclogite iufiltrate and reactively freeze into the depleted lithosphere peridotite in

10:90 eclogite melt:depleted lithosphere proportions. Koolan-type magias originate [rom
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high-degree (F~0.7) melts of recycled upper basaltic crust and sediment that mix with
Haleakala-tvpe melts, in proportions that range trom 50-70% eclogite melt.

Physical mechanisms of melt-solid interaction and melt transport are huportant in the
generation of both the homogeneity and heterogeneity that we observe in Maul Nui lavas.
Infitration and freezing of gabbro-derived eclogite melts in the depleted oceanic peridotite
leads to homogenization of the lower oceanic lithosphere-derived recycled segment in the
plume. Organization of upper crust-derived melt into isolated welt channels preserves the

Koolau-type compositions from destruction through interaction with peridotite ratrix.
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Figure 3.1: Map of the islands and volcanoes of Maui Nui, with an iuset of the Hawaiian
Islands. Ages are given in Ma, and are from: (1) Naughton et al. [1980], (2) McDougall

[1964], and (3) Chen [1993]. Kea and Loa trends from Jackson et al, [1972].
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Maui Nui shield-stage lavas. Data sources given in Appendix B.
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Figure 3.6: (a) Si09-MgO and (b) TiOp-MgO variation in Maui Nui shicld-stage lavas.
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Table 3.2: Oceanic lithosphere model compositions

Model parameters

dehydrated dehydrated gabbro- depleted
sediment! UOC-eclogite* eclogite’® lithosphere*
fooono o e e S S
La/Nb 15.17 0.41
Sm/Yb 2.31 1.06 1.88 0.39
Sm/Hf 14.69 1.85
Sm/Nb 4.02 0.48
Hf/Zr 0.032 0.053
Hf/Nb 0.63 3.630

1- Johnson and Plank (1999)

2- Kogiso et al. (1997), Barth et al. (2001)
3- Zimmer et al. (1995)

4- see text for explanation
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Table 3.3: Peridotite partition coeflicients

Partition coefficients for peridotite

olivine orthopyroxene clino roxene garnet
Sm 0.0013 0.026 0.291 0.28
Yb 0.0015 0.141 0.43 3.3
Nb 0.01 0.00067 0.0077 0.03
Hf 0.01 0.048 0.256 0.68
Zr 0.007 0.022 0.1234 0.4

olivine: Hauri and Hart (1995) and McKenzie and O'Nions (1991)
orthopyroxene: Salters and Longhi (1999)

clinopyroxene: Hart and Dunn (1993)

garnet: van Westrenen (1999)



Table 3.4: BEclogite partition coefficients

Partition coefficients for eclogite

Clinogxroxene gamet
La 0.0039 0.0008
Sm 0.30 0.17
Yb 0.63 7.1
Nb 0.021 0.008
Hf 0.17 0.31
Zr 0.093 0.4
Sr 0.080 0.005

From Klemme et al. (2002)
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Appendix A

SAMPLE LOCATIONS

Most of the breadth-reaching saaples we collected either on ridges that closely represent
original flow surfaces [Stearns and Macdonald. 1942] or at stremm level in traverses of deep
canyons that dissect the volcano. Taking into account distance from caldera, depth within
voleanic edifice and local dips of flows, we have divided these samples into two groups:
‘deep’ and “shallow’. This terminology describes collection depth of a given sample relative
to the surface of the voleano. In most of the canyons that we traversed. lavas are dippiug
more steeply than the canvon floor, such that samples collected farther inland are oldex
than sanples collected closer to the coast. Therefore, within each canyon, we were able
to assign relative ages to the samples. Correlating relative ages between canyon traverses
is more difficult, because it requires making assumptions about the volcano morphology,
eruption frequency and distance traveled by individual flows, relative to the caldera and
rift zones as mapped by Stearns and Macdonald [1942] and Diller [1982], and therefore is
not strictly quantifiable in the absence of actual ages. Thus, although the transition from
deep to shallow should be gradational, we are not able to specifically define this gradational
transition iu the composite stratigraphy of the volcano. In general, the same thickness of
stratigraphic section represents more absolute time the farther away it is from the caldera.
As a guideline, at 2 ki away from the caldera, we use 300 m as the dividing depth between
deep and shallow, and at 10 kw from the caldera, we use 75 m as the dividing depth. Based
on these guidelines, the deep and shallow categories show some geochemical distinetion, and
we use this terminology in geochemical discussion. Table 1A gives geographic coordinates,

distance from caldera and depth within volcanic edifice for all samples,



Table A.1: West Maui sample locations

Distance 1o Depth in
Latitude Longitude caldera rim (km) edifice (m)
Papalaua Gulch Section

UP50 {20°48'37"N 156" 34'33"W 1.4 5
UP47 |20°48'37"N 156" 34'33'W 1.4 38
UP46 |20 48'37"N 156" 34'33" W 1.4 58
UP43 {207 48'37"N 156" 34'33"W 1.4 79
UP41 |20°48'37"N 156" 34'33" W 1.4 91
UP40 (207 48'37"N 156" 34' 33" W 1.4 100
UP38 |(20°48'37"N 156" 34'33"W 1.4 102
UP37 j20°48'37"N 156" 34'33"W 1.4 107
LP16 1207 48'23"N 156 34'33"W 2.2 121
LP14 1207 48'23"N 1567 34'33"W 2.2 144
LP13 |20748'23"N 156" 34'33"W 2.2 185
P11 207 48'23"N 156" 34'33"W 2.2 170
LP10 [20°48'23"N 156" 34'33"W 2.2 181
LPO5 207 48'23"N 156" 34'33"W 2.2 236
LPO3 120°48'23"N 156" 34'33"W 2.2 248
LPO1 120" 48 23" N 260

156° 34' 33" W 2.2




Table A1, continned:

Distance to Depth in
Latitude Longitude caldera rim (km) _ edifice {m)
Mahinahina Well Section
MA30 20°57'08*N 156" 39' 36" W 10.1 9

MAB0 120°57'08"N 156" 39'36"W 10.1 15
MAT00 [120°57'08"N 156" 39'36"W 10.1 30
MA120 j20°57°08"N 156" 39'36"W 10.1 36
MA150 120°57'08"N 156" 39'36"W 10.1 45
MA180 120°67' 08" N 156" 39' 36"W 10.1 58
MA210 20°57'08"N 156" 30'38" W 10.1 64
MA240 (20°57'08"N 156" 39'36"W 10.1 73
MAZ270 |20°57'08"N 156" 39'368"W 10.1 82
MA320 (20°57'08"N 156739 36"W 10.1 97
MA330 [20°857'08"N 156" 39'36"W 10.1 100
MA380 120°57'08"N 156" 39'36"W 10.1 118
MA410 [20°57 08" N 156" 39'368"W 10.1 124
MA460 [20°57'08"N 156" 39'386"W 10.1 139
MA480 20°57'08"N 156" 39'36"W 10.1 148
MAS520 120°57'08"N 156" 39'36"W 101 158
MAB60 120°57'08"N 156" 39'36"W 10.1 170
MAG00 20°57°08"N 156" 39'36"W 10.1 182
MAGB0 120°57'08"N  156° 39'36"W 10.1 197
MAGB70 [20°57'08"N 156" 39'36"W 101 203
MAS00 [20°57'08"N 156" 39'36"W 10.1 242
MAS840 [20°57'08"N 156° 39'36"W 10.1 255
MAS865 [20°57'08"N 156" 39'36"W 10.1 262
MABGS 120°57'08"N  156° 39'36"W 10.1 271
MAQ10 (20°5708"N 156°39'36"W 10.1 276
MAS45 [20°57'08"N 156" 39'36"W 10.1 286
MAS6S [20°57'08"N  156° 39'36" W 10.1 292
MA970 [20°57'08"N 156" 39' 36" W 10.1 294
MAT020 |20°57'08"N 156" 39' 36" W 10.1 309
MA1135 |20°57'08"N 156" 39'36" W 10.1 344
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Table A.1, continued:

Distance to Depth in
Latitude Longitude caldera rim (km) edifice (m)
‘Breadth’ samples - shallow
LT18 20" 30"17"N 156’ 33' 09" W 3.9 surface
LT21 {200 30°17"N 156" 33 17" W 3.9 surface
1722 120°30'168"N 156" 33" 18" W 3.8 surface
LT24 [20°30°02"N 156733 37"W 4.0 surface
LT27 |20°30°00"N 156" 33'48"W 3.9 sutface
OL28* |20°50' 11" N 156° 35'40° W 2.3 764
WADS 217 00'52"N 156" 34' 51" W 8.9 surface
WA13 [20°48'48"N 156" 31" 10" W 5.7 91
WA14 (207 48'53"N 156" 31" 42" W 4.8 212
WA16 |20 49'03"N 156" 32' 06" W 3.8 255
WAIT j20°57'41"N 156" 35'12" W 2.6 339
WA19 |20°57'68"N 156" 35'27"W 3.2 345
‘Breadth' samples - deep
OL28 120°50'19"N 156" 35'37"W 1.9 812
OL30 [20°50°08"N  156° 35'49"W 2.4 703
OL31 j20°50'04" N 156" 35'54"W 2.6 667
OL32 120°50'04"N 156" 35'54"W 2.6 667
OL33A |20°49'56" N 156" 36' 00" W 26 582
OL34 120°49'57"N 156" 36'02"'W 2.6 582
WAQ9 (20°50°04"N 156" 35'55"W 2.6 667
WA10 |20°51'19"N . 156" 32'18"W 3.0 667
WA12 (20°51"19"N 156" 32'31"W 2.6 782
WA18 (20°57'21"N 156" 35'12"W 2.1 436
WA21 (20°57°18"N 156" 36' 44" W 2.3 533
WA22 (20°51'24"N 156" 36' 14" W 1.4 702
Transitional ‘
WAD3 |21°01'15"N 156" 37'38"W 10.6 surface
WAQ4 [21°01'08"N 156" 36'32"W 9.4 surface
WAQE 120°46'36" N 156" 31'47"W 7.2 surface

* Sample OL29 is a columnar jointed flow with minimal lateral extent. We interpret
it as a flow that has filled in a lava tube and is therefore younger than other flows

at the same elevation. Based uppon this observation and the isotopic composition
of this sample, we have grouped it with the shallow samples.



Appendix B

MAUI NUI DATA SOURCES

Data presented in Chapter 3 come from the following sources:

East Molokai
Anders and Nelson [1996]

B. K. Nelson and J. Blichert-Toft, unpublished data

West Maui
Gaffuey et al. 2003
Gaffuey et al. [2004]

Lanai
Budahn and Schmitt [1985]
West et al. [1987]
West et al. [1992]
Basu and Faggart Jr. [1996]

B. K. Nelson and J. Blichert-Toft. unpublished data

Kahoolawe
Fodor et al. [1987]
West et al. [1987]
Fodor et al. [1992]
Leeman et al, {1994

]
Blichert-Toft et al. [1999]

1 ‘%L l



Haleakala
Chien and Frey [1985]
West et al. [LO87]
Chen et al. [1991]
Wagner et al. [1998]

Blichert-Toft et al. [1999)]

b
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