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[1] There are systematic geochemical differences between the <2 Myr Hawaiian shields forming the
subparallel spatial trends, known as Loa and Kea. These spatial and temporal geochemical changes provide
insight into the spatial distribution of geochemical heterogeneities within the source of Hawaiian lavas, and
the processes that create the Hawaiian plume. Lavas forming the ~1.9 Ma West Molokai volcano are
important for evaluating alternative models proposed for the spatial distribution of geochemical
heterogeneities because (1) the geochemical distinction between Loa and Kea trends may end at the
Molokai Fracture Zone and (2) West Molokai is a Loa-trend volcano that has exposures of shield and
postshield lavas. This geochemical study (major and trace element abundances and isotopic ratios of Sr,
Nd, Hf, and Pb) shows that the West Molokai shield includes lavas with Loa- and Kea-like geochemical
characteristics; a mixed Loa-Kea source is required. In contrast, West Molokai postshield lavas are
exclusively Kea-like. This change in source geochemistry can be explained by the observed change in
strike of the Pacific plate near Molokai Island so that as West Molokai volcano moved away from a mixed
Loa-Kea source it sampled only the Kea side of a bilaterally zoned plume.
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1. Introduction

[2] The processes that create long-lived sources of
hot spot-derived magma, i.e., a mantle plume, are
reflected in the geochemical characteristics of the
magmas. First order results are the well known
geochemical differences between ocean island and
mid-ocean ridge basalts and the geochemical
diversity of ocean island basalts [e.g., Hofmann,
2004]. Most recently the recognition of systematic
spatial and temporal geochemical variations in
Hawaiian basalts have provided constraints on
the processes that create the Hawaiian plume
[Abouchami et al., 2005; Bryce et al., 2005; Ito
and Mahoney, 2005; Ren et al., 2005].

[3] Recent Hawaiian volcanoes define two subpar-
allel trends, Kea and Loa, and according to Jackson
et al. [1972], East Molokai is on the Kea trend while
West Molokai is a Loa trend volcano (Figure 1a).
Hieronymus and Bercovici [2001] evaluated the
physical parameters that lead to subparallel chains
of volcanoes and the spacing of volcanoes along
these chains. They argued that a double chain of
volcanoes, the Kea and Loa trends, can form
during periods of high plume flux, i.e., a wide
plume stress region. Alternatively, a double chain
of volcanoes can arise from an off axis volcanic
load created by a change in relative motion of the
hot spot and overriding plate [DePaolo et al., 2001;
Hieronymus and Bercovici, 2001].

[4] Lavas forming Loa- and Kea-trend volcanoes
differ in major and trace element abundances and
isotopic ratios of Sr, Nd, Hf and Pb [e.g., Lassiter
et al., 1996]; one of the most reliable discriminants
is higher °*Pb/***Pb at a given 2°°Pb/>**Pb for Loa

volcanoes compared with Kea volcanoes [e.g.,
Tatsumoto, 1978; Abouchami et al., 2005]. A
popular hypothesis is that Loa and Kea volcanoes
sample different parts of a plume that is geochem-
ically zoned in cross section [e.g., Lassiter et al.,
1996; Abouchami et al., 2005; Bryce et al., 2005]
(Figure 2), but Blichert-Toft et al. [2003] empha-
sized that vertical heterogeneities within the plume
are also important. A complication to the zoned
models (Figure 2) is that Loa-like lavas occur in at
least two Kea volcanoes: Mauna Kea [e.g., Eisele
et al., 2003] and Haleakala [Ren et al., 2006]. To
explain this complexity, Ren et al. [2005] and
Herzberg [2005] proposed that on a <1 km scale,
both Loa and Kea sources are present but that on
~20 km scale, depending upon location, either Loa
or Kea sources dominate (Figure 2d).

[s] Previously, we showed that lavas erupted at
East Molokai volcano have Kea-like geochemical
characteristics [Xu et al., 2005]. On the basis of
Kea-like Pb isotopic ratios of a dredged sample
inferred to be from West Molokai (sample D8-1 in
Figure 1b), Abouchami et al. [2005] concluded that
West Molokai volcano is also Kea-like and that the
isotopic differences between Loa and Kea trend
lavas do not extend to Molokai Island (Figure 1a).
However, Tanaka et al. [2002] noted that Sr-Nd-Pb
isotopic ratios of three subaerially erupted shield
lavas from West Molokai [Stille et al., 1986; West
et al., 1987] overlap with the field for Mauna Loa
lavas, and concluded that the West Molokai shield
includes lavas with both Kea- and Loa-like geo-
chemical characteristics. However, these data for
subaerial shield lavas, obtained more than 20 years
ago, have large uncertainties compared to modern
techniques, especially for determination of Pb
isotopic ratios, and no Hf isotope data exist. In

2 of 40



Yy N Geochemistry 3
Geophysics ( I
_ " | Geosystems \ T

XU ET AL.: GEOCHEMISTRY OF WEST MOLOKAI LAVAS

10.1029/2006GC001554

22°]

i * pe® P
Kahdolawe: (

Molokai Fracture S

Zone (MF2) .~ Mahukens

18°

P -
- Wailau

¥ / .
“ landslide

B

b N

— S/

= -
Nuuanu

landslide T30

-1000 m
| S E—
~ 158° 1579,

1

Figure 1. (a) Young, <2 Ma Hawaiian volcanoes, i.e.,
from Molokai Island to Loihi seamount, define the
subparallel spatial trends, known as Loa and Kea.
Although Jackson et al. [1972] included Koolau
volcano on the Loa-trend, West Molokai is the oldest
Loa-trend volcano on the subparallel portion of the Loa-
and Kea-trends. The Molokai Fracture Zone crosscuts
the Hawaiian Ridge in the vicinity of Molokai Island but
is a complex feature consisting of two separate bands
[Searle et al., 1993]. (b) Map showing the location of
dredged sample D8-1 which was interpreted to be from
West Molokai [Tanaka et al., 2002] and dive T307
samples relative to the boundaries of the Nuuanu and
Wailau landslides derived from the Koolau and East
Molokai shield, respectively [after Moore and Clague,
2002].

this study we focused on West Molokai lavas and
find that this shield includes basalt with diverse
geochemical characteristics, ranging from lavas
similar to the extreme Loa end-member (i.e., Koo-
lau (Makapuu stage) [Huang and Frey, 2005b]) to
Kea-like samples. The presence of Kea- and Loa-
like lavas in West Molokai is consistent with small-
scale Kea and Loa heterogeneities in the source
(Figure 2d).

[¢] An important aspect of understanding Hawai-
ian magmatism is that a typical Hawaiian volcano

evolves through four petrologically defined stages
[e.g., Clague and Dalrymple, 1987]: alkalic pre-
shield stage (~3% of volcano volume, observed at
Loihi seamount [Moore et al., 1982], Kilauea
[Sisson and Lipman, 2002], and Hualalai [Coombs
et al., 2006; Hammer et al., 2006] and assumed to
be present at all Hawaiian volcanoes); main tho-
leiitic shield stage (~95-98% of the volume,
present in all volcanoes); alkalic postshield stage
(~1% of the volume, present at some volcanoes);
alkalic rejuvenated stage (<1% of the volume,
present at some volcanoes). Postshield-stage and
rejuvenated-stage lavas are geochemically distinct
from associated shield lavas [e.g., Chen and Frey,
1985]; therefore they are important in documenting
changes in magmatic processes and sources as a
Hawaiian volcano matures. Previous studies
[Gaffney et al., 2004; Xu et al., 2005] used the
overlap of Sr, Nd, and Pb isotope ratios in late
shield/postshield lavas from Mauna Kea (<350 ka),
West Maui and East Molokai (~1.5 Ma) to show
that the portion of the hot spot sampled by Kea-
trend late shield/postshield lavas had long-term
geochemical continuity (Figure la). Do Loa-trend
volcanoes also maintain their distinct isotopic
characteristics as they transit from shield-stage to
postshield-stage volcanism? Among Loa-trend vol-
canoes Hualalai, Kahoolawe and West Molokai
have postshield lavas. Hualalai postshield lavas
have a Loa-trend Pb isotopic signature [Cousens
et al., 2003; Xu et al., 2005], while Kahoolawe
postshield and shield lavas overlap in Sr and Nd
isotopic ratios [Huang et al., 2006]. Another
objective of this study is to compare the isotopic
characteristics of shield- and postshield-stage lavas
from West Molokai. In contrast to Hualalai and
Kahoolawe, we find that postshield lavas at West
Molokai are Kea-like in their isotopic signature.

2. Geology

[7] Molokai was part of Maui Nui, a single large
island at about 1.2 Ma that included the present-
day islands of Maui, Kahoolawe, Molokai and
Lanai, an area 50% larger than the Big Island of
Hawaii today (Figure 1a) [Price and Elliott-Fisk,
2004]. West Molokai, the older of the two volca-
noes on the island of Molokai, has a peak height of
only 421 m. East Molokai volcano, which rises
1515 m above sea level, forms the eastern two-
thirds of the island and overlies lavas of West
Molokai volcano. West Molokai has received little
attention owing to its poorly dissected condition
and extensive soil cover. Shield-stage lava flows
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dip 2 to 10 degrees away from the principal
southwest and subordinate northwest rift zones,
which join near the summit (Figure 3). Some dikes
are exposed where coastal erosion has cut into the
rift zones. Unlike East Molokai or most other
Hawaiian volcanoes, there is no evidence of a
summit caldera. About 16 small spatter and cinder
cones are preserved on the surface of West Molo-
kai, particularly in the northwest quadrant of the
volcano; those that have been sampled (Figure 3)
range in composition from alkalic basalt to hawai-
ite. These cones and the flows erupted from them
constitute the alkalic postshield stage. No rejuve-
nated-stage lava is known at West Molokai. Beneath
the sea, West Molokai extends west-southwest to
Penguin Bank, which has a flat surface at a depth
of 55 m below sea level. Penguin Bank may be a
subsided portion of the southwest rift zone of West
Molokai volcano but is more likely to be a separate
shield volcano (Figure 1a).

[s] Three samples of postshield-stage alkalic basalt
and hawaiite were dated using K-Ar techniques in
the U.S. Geological Survey laboratory at Menlo
Park by G. B. Dalrymple. The samples are from the
western flank (Figure 3). The results, presented in
Table 1 show that the postshield lavas erupted
between 1.72 £ 0.08 and 1.81 + 0.08 Ma; they
are statistically indistinguishable and could all have
erupted at 1.76 £ 0.06 Ma, which we take as the
age of the postshield stage. Clague [1987] previ-
ously reported this age, but the analytical data were
not published. This age postdates by about 0.13 Ma
the end of the shield stage, represented by a highly
fractionated tholeiitic flow exposed near the sum-
mit (our samples 71WMOL-1, 74WMOL-3, and
74WMOL-5 are from the same unit; see Figure 3)
that McDougall [1964] dated at 1.89 + 0.06 Ma
(corrected to modern decay constants). The time

period between the shield tholeiitic and postshield
alkalic stages is therefore inferred to be on the
order of several hundred thousand years, but could
be much shorter.

3. Sample Location

[o] Fifty-four whole-rock samples collected from
West Molokai were studied including 14 samples
which experienced postmagmatic REE-Y enrich-
ment [Clague, 1987] similar to that documented at
Kahoolawe volcano [Fodor et al., 1992]. Samples
with REE-Y enrichment were not chosen for iso-
topic studies.

[10] Forty-seven whole-rock samples were collected
from the subaerial surface of West Molokai
volcano; locations are shown in Figure 3. Many
of the tholeiitic lavas (20) were collected along
highway 460 northwest of Puu Nana. Most of the
alkalic lavas (15 of the 18 alkalic basalts and
hawaiites) are from the northwest part of West
Molokai (Figure 3).

[11] Glasses were collected from the margins of
three tholeiitic dikes (§9FDD, WMO-11 and WFD)
southeast (<500 m) of Puu Nana and an alkalic
dike (89KAA-1) from near the north coast at Kaa
Gulch (Figure 3).

[12] Seven breccia samples were collected by the
remotely operated vehicle (Tiburon) ~10 km from
the submarine north coast of West Molokai (T307
in Figure 1b). On the basis of their location, these
samples originated from the West Molokai shield.
They were collected while traversing upward along
a sediment-covered slope with outcrops of thin
breccia units. Samples R1 and R2 are from a lower
breccia unit with R1 below R2, samples R3 and R4
are loose blocks, samples R6 and R7 are from the

Figure 2. Five different plume models proposed to explain the geochemical differences between Loa and Kea
shields. (a) The concentrically zoned model assumes that Loa-trend volcanoes sample the core of the plume whereas
Kea-trend volcanoes sample the margin of the plume [e.g., Lassiter et al., 1996]. (b) The radially zoned plume model
is a variant of the concentrically zoned plume model [Bryce et al., 2005], which includes downstream distortion of the
plume by interaction with the Pacific lithosphere. In this model, Loa volcanoes never sample the margin of the plume.
(c¢) The bilaterally zoned plume model [Abouchami et al., 2005] assumes that the southwest side of the plume is
geochemically distinct from the northeast side of the plume. (d) The partly ordered zonation model [e.g., Herzberg,
20057 has the proportion of randomly distributed heterogeneities (in red) varying systematically from the Loa to Kea
parts of the plume. (e) The randomly distributed heterogeneity model has no systematic zonation [Huang and Frey,
2005a; Ren et al., 2005]. As drawn, Loa volcanoes sample a higher proportion of heterogeneities with low solidii,
perhaps recycled oceanic crust and sediment (red color), whereas Kea volcanoes which are at the plume center sample
a higher proportion of components (blue background) with high solidii. Note that all of these models emphasize the
lateral zonation of the plume (i.e., horizontal heterogeneity) and do not consider vertical heterogeneities; Blichert-Toft
et al. [2003] argued that because of the inferred high upwelling velocity of the plume, vertical heterogeneities are also
important and should not be neglected.
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