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Abstract The size, shape, and magmatic history of the most
recently discovered shield volcano in the Hawaiian Islands,
Mahukona, have been controversial. Mahukona corresponds
to what was thought to be a gap in the paired sequence (Loa
and Kea trends) of younger Hawaiian volcanoes (<4 Ma).
Here, we present the results of marine expeditions to
Mahukona where new bathymetry, sidescan sonar, gravity
data, and lava samples were collected to address these
controversies. Modeling of bathymetric and gravity data
indicate that Mahukona is one of the smallest Hawaiian
volcanoes (∼6,000 km3) and that its magmatic system was
not focused in a long-lived central reservoir like most other
Hawaiian volcanoes. This lack of a long-lived magmatic
reservoir is reflected by the absence of a central residual

gravity high and the random distribution of cones on
Mahukona Volcano. Our reconstructed subsidence history
for Mahukona suggests it grew to at least ∼270 m below sea
level but probably did not form an island. New 40Ar–39Ar
plateau ages range from 350 to 654 ka providing temporal
constraints for Mahukona’s post-shield and shield stages of
volcanism, which ended prematurely. Mahukona post-shield
lavas have high 3He/4He ratios (16–21 Ra), which have not
been observed in post-shield lavas from other Hawaiian
volcanoes. Lava compositions range widely at Mahukona,
including Pb isotopic values that straddle the boundary
between Kea and Loa sequences of volcanoes. The compo-
sitional diversity of Mahukona lavas may be related to its
relatively small size (less extensive melting) and the absence
of a central magma reservoir where magmas would have
been homogenized.

Keywords Hawai`i . Submarine volcanism . 40Ar–39Ar
ages . Glass compositions . Mantle plume . Gravity

Introduction

Mahukona, a seamount on the northwestern flank of the
island of Hawai`i (Fig. 1), is the most recently discovered
shield volcano in the Hawaiian Islands. This volcano fills a
gap in the Loa trend, which is the western chain of the two
regularly spaced sequences of shield volcanoes forming the
southernmost and youngest (<4 Ma) portion on the
Hawaiian-Emperor chain (Fig. 1). This gap was first noticed
by Dana (1890). The presence of Mahukona Volcano,
named for the nearby town on the Island of Hawai`i, was
confirmed after a bathymetric survey (Moore and Campbell
1987), and lava samples were dredged and analyzed (Garcia
et al. 1990). The significance of the Loa and Kea chains of
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Hawaiian shield volcanoes has grown markedly as the lavas
from the western chain (known as the Loa trend; Fig. 1)
were shown to be geochemically distinct, especially for Pb
isotopes, from the lavas from the eastern Kea trend (e.g.,
Tatsumoto 1978; Abouchami et al. 2005; Weis et al. 2011).

Previous work on Mahukona includes an overview of the
geology by Garcia et al. (1990) and Clague and Moore
(1991). The geochemistry of its lavas was examined by
Garcia et al. (1990), Clague and Moore (1991), and Huang
et al. (2009), including glass and whole-rock major, trace
element, and isotope results for suites of samples collected
from several areas on the volcano. These geochemical
results display surprisingly large variations, greater than
those shown by Mauna Kea (Huang et al. 2009), the nearby,
extensively sampled giant shield volcano (e.g., Eisele et al.
2003; Stolper et al. 2004). Previous 40Ar–39Ar dating of
lavas from two Mahukona cones yielded ages of 298±25
and 310±31 ka (Clague and Calvert 2009). No previous
geophysics study has been published on Mahukona.

Here, we present new field observations, bathymetry and
gravity, geochronological, petrologic, and geochemical
results from three marine expeditions to Mahukona
Volcano. These studies were undertaken to help resolve
the questions of Mahukona’s size (small vs. moderate) and
summit location (buried under a carbonate platform or large
cone to the west), and to better understand its volcanic
structure. The new bathymetry and sidescan sonar imagery,
40Ar–39Ar ages, geochemical results, and gravity modeling
are used to infer Mahukona’s magmatic plumbing system
and geologic history. The geochemical results provide new

evidence for the heterogeneity of the Hawaiian mantle
plume.

Geologic setting, sampling, and field observations

Mahukona Volcano is located to the west and offshore of
Kohala Volcano, the oldest (last eruption ∼60 ka;
McDougall and Swanson 1972; Spengler and Garcia 1988)
and northernmost of the five volcanoes comprising the
Island of Hawai`i (Fig. 1). The size and summit location
of Mahukona are debated. It has been interpreted to be
relatively small (33× 70×4 km, with a volume of
∼3,000 km3) and to have a summit at ∼156o 25′Wat a depth
of ∼1,080 m based on the inferred radial configuration of
cones on Mahukona (Garcia et al. 1990). An alternative
interpretation, based on carbonate platform slope breaks
(Clague and Moore 1991), holds that Mahukona is compa-
rable in size to nearby Hualālai Volcano (∼14,000 km3;
Robinson and Eakins 2006) with a summit ∼15 km to the
east of 156° 25′W that is buried by coral reefs (Fig. 2). New
bathymetric, sidescan sonar, and gravity surveys were car-
ried out over Mahukona in 2009, with the R/V Kilo Moana
to help resolve the size and location issues, and to better
understand its volcanic structure.

Rock samples for this study were collected mainly during
three Pisces V submersible dives (159, 160, and 161) on
three ridges that radiate out from a large ‘summit’ cone at
156° 25′Wand 20° 09.5′N (Figs. 2 and 3). A total of 18 lava
samples (15 with glass) were collected during the 8–10-
h dives covering ∼2-km long traverses at water depths from
2,005 to 1,200 m. Samples (MA-xx samples) were also
obtained from a dredge haul on the large summit cone
(5–6 km wide, ∼700 m tall, rising to 1,080 m below sea
level; Fig. 2) using the R/V Atlantis II. The geochem-
istry for five of these samples was presented by Garcia
et al. (1990). One additional glassy sample (MA-2009)
was dredged during our 2009 R/V Kilo Moana surveying
expedition from a cone on the southern flank of Mahukona
at water depths between 2,150 and 2,435 m (Fig. 3).
New 40Ar–39Ar ages and petrographic, glass, X-ray fluores-
cence (XRF), inductively coupled plasma-mass spectrometry
(ICP-MS), and isotopic analyses (Pb, Sr, Nd, Hf, He) are
presented here for selected samples from these expeditions.
Methods used for these geochemical techniques are discussed
in the Electronic supplementary material.

All of the basalts observed during our three Pisces V
dives and those we dredged from Mahukona are pillow
lavas indicating submarine quenching. A thin veneer (few
centimeters to <1 m) of calcareous sediment drapes most
pillow lavas. No volcaniclastic sediments were observed or
collected during our survey of Mahukona. However, one
hyaloclastite outcrop with overlying pillow lava and

Fig. 1 Map of the Hawaiian Islands showing the Loa and Kea trends
(red and blue dashed lines), location of shield volcano summit for each
island (black triangles) with the Island of Hawai`i volcanoes identified
and locations of the two proposed summits of Mahukona (western
green triangle, Garcia et al. 1990; eastern light blue triangle, Clague
and Moore 1991). Box shows location of Fig. 2, a bathymetric map of
Mahukona
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carbonate reef was observed on the eastern edge of
Mahukona (Clague and Moore 1991). The significance of
these observations is discussed below.

Bathymetry

Mahukona Volcano is an elongate bathymetric high that
emerges from under a carbonate platform connecting it with
neighboring Kohala Volcano (Fig. 2). The volcano’s basic
structure consists of one prominent central ridge projecting
perpendicular to the nearby northwest coastline of the island
of Hawai`i. This basic elongate structure is similar to that of
the submarine volcano Lō`ihi on the south flank of the
Island of Hawai`i (e.g., Fornari et al. 1988; Fig. 1). Sixty-
three cones were identified in our new bathymetry and
sidescan sonar images (Figs. 2 and 3). The bathymetric
criterion for cone recognition was the presence of at least
two closed 20 m contours, which distinguishes cones from
terraces or other constructional features (e.g., Wanless et al.
2006). Mahukona cones are widely scattered across the

volcano, including at its northern and southern contacts with
sediment (up to 17 km off the central ridge; Figs. 2 and 3),
unlike most Hawaiian volcanoes where cones occur only
along rift zones and at their summit (e.g., Kīlauea and
Lō`ihi; Holcomb 1987, Fornari et al. 1988).

Submarine volcanic cones are classified by their mor-
phology; typical shapes include flat-topped, pointed, and
irregular (e.g., Batiza and Vanko 1983). For Hawaiian vol-
canoes, cone shape was suggested to be related to stage of
growth with flat-topped cones forming during the shield and
rejuvenated stages, and pointed cones forming during the
post-shield stage (Clague et al. 2000). Exceptions were
found to this evolutionary scheme on Hawai`i’s active vol-
canoes, Mauna Loa and Kīlauea, where pointed cones
formed during the shield stage (Clague et al. 2000;
Wanless et al. 2006). All three types of cones were identified
on Mahukona; 70% are pointed, 21% flat-topped, and 9%
irregular. A previous study had recognized flat-topped and
pointed cones on Mahukona (Clague et al. 2000). Our new
bathymetric and sidescan sonar maps (Figs. 2 and 3) reveal
many more flat-topped cones on Mahukona than previously

Fig. 2 Bathymetric map of the Mahukona area. Multibeam bathyme-
try data collected with the R/V Kilo Moana's EM120 system. The
numerous circular features are flat-topped cones. White triangles show
the Mahukona summit locations inferred by Garcia et al. (1990) “G”
and Clague and Moore (1991) “CM”. Contour interval is 50 m (light
thin gray lines) with 500 m intervals shown by heavier dark lines with
every 1,000 m contour labeled. Grid size is 75 m. This and Figs. 3 and

4 were produced using the GMT Software (Wessel and Smith 1998).
Gridded data available at http://www.soest.hawaii.edu/HMRG/Multi-
beam/index.php. The northwestern flank of the Island of Hawai`i is
shown in brown. White squares outline the area used to compute the
volume of Mahukona (see text). Longer dashed line and labeled “RE”
outlines the area inferred by Robinson and Eakins (2006) to be
Mahukona
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noted, although far fewer than observed for submarine reju-
venated sequences off the northern Hawaiian Islands of
Ni`ihau and Ka`ula (Garcia et al. 2008). The dominance of
pointed cones was unexpected based on the abundance of
tholeiitic lavas on Mahukona (e.g., Garcia et al. 1990;
Clague and Moore, 1991; Huang et al. 2009) and the evo-
lutionary scheme that was proposed by Clague et al. (2000)
for Hawaiian submarine cone shape.

Most Mahukona cones are circular (75%); the others are
elongate or irregular in shape. Median diameter of the pointed
cones is smallest (0.9 km with standard deviation of 0.4 km);
flat-topped cones are the widest (2.1 km±0.4 km), and the
irregular cones are intermediate in width (1.7±0.7 km). Cone
heights vary markedly: from 50 to ∼700 m, with the pointed
cones reflecting the extremes. The median cone height is
somewhat higher for flat-topped cones (125±40 m) than for
pointed cones (80±106 m) and irregular cones (88±70 m).
Mahukona cones occur in a broad range of water depths
(1,150–4,400 mbsl), although only pointed cones occur below
3,200mbsl (Fig. 2). This observation contrasts with a previous
one that suggested pointed cones are restricted to shallow
depths due to degassing (Clague et al. 2000). This depth
restriction is not valid for Mahukona or Lō`ihi Volcano, where
pointed cones are also found at depths >3,000m (Fornari et al.
1988).

The new sidescan sonar map of Mahukona shows the
volcano is a mixture of highly reflective rocky (dark) and
sediment covered (light) areas (Fig. 3). The dark areas
include the shallow summit cone complex and the flanks
of flat-topped cones. The northwest rift zone of Hualālai
also is highly reflective (Fig. 3). Hualālai’s rift is thought to
be a younger geologic feature than Mahukona (Moore and
Campbell 1987). The sidescan sonar map confirms this
inference with the Hualālai rocks being darker (less sedi-
ment cover) than those from Mahukona (Fig. 3). The heavi-
er sediment-covered areas on and around Mahukona include
the abyssal ocean floor surrounding Mahukona on three
sides, the tops of the flat-topped cones, and the coral reef
platform on the east flank (Fig. 3). The coral platform is
broken by five steps, which are acoustically reflective.
These steps represent different sea-level stages increasing
in age with depth from 14 to 435 ka (Moore et al. 1990;
Ludwig et al. 1991).

Gravity

A marine gravity survey over the Mahukona region was
made during our 2009 R/V Kilo Moana expedition. The
intent of the survey was to locate and map the gravity signal

Fig. 3 Sidescan sonar map of Mahukona area. Acoustic backscatter
data collected with Kilo Moana's EM120 system (50 m grid size).
Strength of acoustic return increases linearly with gray shade. Dark
areas indicate loud echoes, which have thin sediment and/or hard rock;
light areas indicate soft echoes, which have thicker sediment. Sample
locations for dives 159–161 (solid yellow lines) and dredgehauls in

1987 and 2009 (yellow triangles) are shown. Locations of Hualālai’s
northwest rift zone, Mahukona’s summit cone, and the carbonate
platform between Mahukona and Kohala volcanoes are also indicated
on this map. Red lines show 500 m contour intervals with labels for
every 1,000 m contour
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related to the volcano’s high-density magma reservoir,
which occurs at other Hawaiian shield volcanoes (e.g.,
Hualālai and Kaua`i; Kauahikaua et al. 2000; Flinders et
al. 2010). To eliminate unreliable data, we manually re-
moved high-frequency noise typically associated with
changes in survey speed and direction. The internal consis-
tency of the shipboard data (9,908 points) was improved by
correcting for discrepancies in measurements at the 141
crossing points of the 25 survey lines using the crossover
method of Prince and Forsyth (1984). The standard devia-
tion of the reduced crossover errors was 0.75 milligals
(mGal), which provides an estimate of the accuracy of our
gravity data. Corrections for the attraction of the topogra-
phy/bathymetry as well as the base of the crust, which takes
the shape of a flexed elastic lithospheric plate were per-
formed using the methods described by Flinders et al.
(2010). Assumed densities were 1,000 kg/m3 for water,
2,750 kg/m3 for the crust below sea level, 2,300 kg/m3 for
the crust above sea level, and 3,300 kg/m3 for the mantle.
These densities and an elastic plate thickness of 30 km
minimized the variation in the resulting residual gravity
anomaly (RGA; Fig. 4).

Variations in the RGA reveal a density structure that
deviates from that in the assumed density model. Nearly

zero or negative values of RGA (green to blue in Fig. 4)
overlie crust that is less dense than the reference. These
values occur on the west and northern flanks, and the
shallow northeast portion of Mahukona, and the northern
half of the carbonate platform, including the area where
Clague and Moore (1991) located the summit of Mahukona.
A broad area of positive RGA (yellow to red; Fig. 4), which
overlies relatively dense crust, is centered over Mahukona’s
southern flank. The highest RGA (20–25mGal) is localized in
an elongate (∼40 by 10–15 km) area that extends NW from
Hualālai’s rift zone. This anomaly roughly coincides with the
area of high reflectivity in the sidescan sonar map (Fig. 3),
presumably where eruptions occurred most recently. This area
of high RGA is also visible (albeit at much lower resolution)
in the residual gravity anomaly produced from the GLORIA
survey (Kauahikaua et al. 2000).

The southern portion of the high RGA zone can be
interpreted as related to dense (i.e., >2,700 kg/m3) cumu-
lates within Hualālai’s NW rift zone (Fig. 4). However, the
notable northward bend and broadening of the high RGA
zone complicates the interpretation of Hualālai rift zone as
the only source of dense cumulates. The bathymetric ex-
pression of Hualālai’s rift zone only extends to ∼19˚55′N,
and there is no evidence in the bathymetry for it bending

Fig. 4 Residual gravity map of
the Mahukona area. Residual
gravity along ship tracks are
colored with superimposed
bathymetry contours (200 m
interval). The dashed black line
outlines residual gravity
anomaly (>±20 mGal)
overlying the densest crust in
the survey area. The Island of
Hawai`i is shown in gold with
shoreline shown by the heavy
black line. The white triangles
show the location of the
proposed summits of
Mahukona (G Garcia et al.
1990; CM Clague and Moore
1991)
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north and following the high RGA zone. Thus, we infer that
the northern portion of the high RGA zone is related to
Mahukona Volcano.

Geochronology

Three Mahukona samples (one from each Pisces V dive)
were selected for 40Ar–39Ar dating (Table 1; see the
Electronic supplementary material for plateau and isochron
figures and related data). These samples were chosen to
span a range in depth of collection and rock composition.
The plateau ages for these samples represent a high percent-
age of the 39Ar (77%, 96%, and 96%) and have low MSWD
values (0.09 and 0.13 for older ages, 0.80 for younger age;
Table 1). Thus, the ages are considered to be experimentally
reliable. The sample recovered in deepest water (1,970 mbsl)
along the axis of the central ridge (161–2), is a tholeiite with
a plateau age of 654±36 ka (1 sigma). The intermediate
depth sample (159–6), collected on the south flank at
1,685 mbsl, is transitional in composition between alkalic
and tholeiitic basalt and yielded a plateau age of 481±37 ka.
The shallowest sample (160–5), collected from the summit
cone complex at ∼1,200 mbsl, is also transitional basalt and
gave a plateau age of 350±16 ka. The three ages show a
decreasing trend with shallower depth (Table 1).

A previous geochronology study of transitional basalt
samples from two cones yielded ages of 298±25 ka (for
the same cone represented by sample 160–5) and 310±31 ka
for a deeper cone at 2,800 mbsl about 16 km west of the
tholeiitic sample 161–2 (Clague and Calvert 2009). The
previous and new ages for the shallow cone are almost
within analytical error (298±25 ka vs. 350±16 ka), so we
assume an age of ∼325 ka for the age of the summit cone.
This summit cone has high reflectivity on the sidescan sonar
map (Fig. 3), so this age may represent one of the youngest
periods of volcanism on Mahukona. If so, Mahukona
stopped erupting well before its neighbor Kohala Volcano
(last eruption 60 ka; McDougall and Swanson 1972). The
ages for the Mahukona transitional basalts are considered to

be indicative of its post-shield stage of volcanism because
they are younger than our new age for tholeiitic basalt
(Fig. 5). Kohala’s younger volcanism was hawaiitic
(∼250–60 ka; Spengler and Garcia 1988; Fig. 5). No hawai-
itic lavas have been recovered from Mahukona (see below).
Thus, the shield and post-shield stages of volcanism on
Mahukona were probably unusually short-lived based on
the relatively small lava volumes produced during these
stages compared with other Hawaiian volcanoes (e.g.,
Mauna Kea Volcano; Frey et al. 1990).

The 653 ka date for the tholeiitic lava is within the
predicted age range for Mahukona shield volcanism
(>470 ka; Moore and Campbell 1987; Garcia et al. 1990;
Clague and Moore 1991). Clague and Calvert (2009) sug-
gested tholeiitic volcanism continued until 430 ka based on
a tholeiitic flow draping a dated coral reef, which is slightly
younger but within analytical error of our age of 479±75 ka
for a transitional lava (Table 1). Tholeiitic and transitional
volcanism were coeval on Lō`ihi (Garcia et al. 2006) and
Mauna Kea (Frey et al. 1990), so it is possible they were on
Mahukona. Alternatively, as discussed below, this tholeiitic
flow may be from Kohala Volcano. The new ages for tho-
leiitic and transitional volcanism on Mahukona are coeval
with volcanism on Kohala and Mauna Kea volcanoes
(Figs. 1 and 5).

Petrography

Thin sections were examined for 23 Mahukona lava sam-
ples. These samples are unaltered or weakly altered (thin
iddingsite rims, <0.01 mm, on olivine). Olivine phenocrysts
(width >0.5 mm) are present in all rocks with abundances
ranging from 0.1 to 28.0 vol.% (Table 2). Deformed olivine
(internal kink bands or subgrain boundaries) are present in
more than half of the samples (comprising up to 100% of the
phenocryst population; Table 2). Olivine xenocrysts are
common in Hawaiian submarine basalts and are mainly
thought to be derived from crustal cumulates from the same
volcano (e.g., Clague et al. 1995; Garcia 1996). Spinel

Table 1 40Ar–39Ar ages for selected Mahukona lavas

Sample Rock
type

Water deptha

(mbsl)

39Ar (%) steps Plateau Normal isochron Subsidence (m) at
2.6 mm/year

Eruption
depthb (m)

Age±1σ (ka) MSWD Age±1σ (ka) MSWD 40Ar/36Ari±1 σ

160-5 Trans 1,200 76.9, 5/11 350±16 0.80 347±81 1.09 295.8±12.1 900 300

159-6 Trans 1,685 96.4, 8/10 481±37 0.09 487±63 0.10 295.0±3.3 1,245 440

161-2 Thol 1,970 95.8, 7/10 654±36 0.13 678±78 0.13 294.4±3.1 1,700 270

Thol tholeiitic, Trans transitional
a Depth of sample collection
b Eruption depth is subsidence rate times age, subtracted from water depth
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inclusions are present in many Mahukona olivines. Most
samples contain euhedral to subhedral plagioclase, and
many contain clinopyroxene (cpx) phenocrysts or micro-
phenocrysts (0.1–0.5 mm across; Table 2). Samples with
cpx phenocrysts lack deformed olivines (except sample
160–8 with 0.2 vol.% deformed olivine; Table 2). The
presence of plagioclase and cpx in these Mahukona lavas
indicates the host magmas crystallized beyond olivine con-
trol probably in a shallow magma chamber (e.g., Wright
1971), which is consistent with the glass chemistry dis-
cussed in the next section.

Glass chemistry

The newMahukona glasses show awide range in composition
with MgO contents ranging from 5.0 to 7.8 wt.% and K2O
varying from 0.40 to 0.68 wt.%, which is wider than previ-
ously reported (Fig. 6; Table 3). The glasses can be subdivided
into two basic geochemical groups: tholeiitic and transitional
(Fig. 6). The new tholeiitic samples were all collected from
deeper depths (>1,950 mbsl) and can be subdivided into two
distinct SiO2 subgroups (< and >52 wt.% SiO2). The lower

Fig. 5 Summary of the ages of shield (yellow) and post-shield (blue)
stages of volcanism for Mahukona, Kohala, Hualālai, and Mauna Kea
volcanoes. The new ages for Mahukona (Table 1) are shown by the
blue diamonds (post-shield) and yellow square (shield). The youngest
age is an average of the new and previous ages for the shallow summit
cone (325 ka; see text). The post-shield stage (PS) is subdivided into
the basaltic (light blue) and hawaiitic (darker blue) substages (Frey et
al. 1990) for the Kea trend volcanoes (Mauna Kea and Kohala); the
Loa trend volcanoes do not have a hawaiitic substage. Age information
for Mahukona (Table 1); Kohala (Spengler and Garcia 1988); Hualālai
(Sherrod et al. 2007); and Mauna Kea (Wolfe et al. 1997). Question
marks indicate that the precise age of shield to post-shield transition is
unknown

Table 2 Modes for Mahukona
lavas based on 500 point
counts/sample

Mineral abundances are reported
vesicle-free in volume percent

Crystal sizes: phen
(phenocryst, >0.5 mm);
mph (microphenocrysts, 0.1–
0.5 mm; MA sample modes from
Garcia et al. (1990); nd not
determined

Sample MgO (wt.%) Olivine Plagiolcase Clinopyroxene Spinel Matrix

rock glass phen deformed mph phen mph phen mph mph

159-1 22.55 7.80 10.4 17.6 4.0 – – – – <0.1 68.0

159-4 11.11 6.27 4.8 3.2 7.2 – 5.6 – <0.1 – 79.2

159-5 10.44 6.35 1.6 – 14.2 – 7.0 – – – 77.2

159-6 9.21 6.32 1.6 – 10.6 – 7.4 – – – 80.4

160-1 10.01 6.45 1.2 0.6 10.2 – 1.6 – – – 86.4

160-2 8.65 5.05 4.4 – 6.4 – 6.6 3.4 5.6 – 73.6

160-3 nd 5.43 2.4 – 5.6 5.8 12.0 2.8 4.0 – 67.4

160-4 9.77 5.49 2.2 – 5.8 3.6 9.6 0.8 5.8 – 72.2

160-5 8.83 nd 2.8 2.4 6.4 2.8 6.4 – – – 79.2

160-6 8.56 nd 3.2 – 3.6 6.4 6.0 1.2 7.2 – 72.4

160-7 9.85 nd 1.0 – 2.0 4.4 6.2 1.6 5.0 – 79.8

160-8 8.92 5.54 1.2 0.4 3.6 1.0 6.2 0.8 3.4 – 80.4

161-1 17.64 5.99 7.6 12.6 7.2 – – – – – 72.6

161-2 16.29 6.10 12.0 4.6 3.6 0.8 1.2 – – – 77.8

161-3 14.04 5.50 11.2 11.0 5.0 – 5.2 – – – 67.6

161-4 20.19 7.53 12.6 11.2 6.6 0.4 2.4 – – – 66.8

161-5 9.30 6.17 – 1.4 5.4 – – – – – 93.2

161-6 11.54 6.38 1.6 1.8 4.8 – 0.3 – – – 88.8

MA-1 nd 6.50 – – 0.1 – 0.3 – – – 99.6

MA-3 8.09 nd 1.1 – – – 0.3 – <0.1 – 98.6

MA-12 9.36 nd 0.7 – – – 0.2 – <0.1 – 99.0

MA-21 nd 6.25 – – 0.1 – – – – – 99.9

MA-32 11.27 6.71 – – 0.1 – – – – – 99.9
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SiO2 samples also have lower TiO2 and K2O contents (Fig. 6)
and are similar to the Group B tholeiites of Huang et al.
(2009). Compared with the Group B tholeiites, the new lower
SiO2 samples have somewhat higher Al2O3 contents but

otherwise substantially overlap with those previously reported
(Fig. 6). The new transitional glasses also form two clusters;
the cluster with higher total alkalis has lower MgO
(<5.7 wt.%) indicating that these glasses are more fractionated
(Fig. 6; Table 3). Fractionated glasses were not previously
reported fromMahukona (Fig. 6). These fractionated samples
are the only Mahukona lavas with common (>4 vol.%) cpx
crystals (Table 2). The transitional glasses form relatively
coherent trends onMgO variation diagrams suggesting similar
parental magma composition (Fig. 6). The glass chemistry
shows decreasing CaO and Al2O3 vs. decreasing MgO below
6.5 wt.% MgO indicating crystallization of plagioclase and
cpx (Fig. 6), which is consistent with the presence of phenoc-
rysts of these minerals in most of the rocks (Table 2). Sulfur
contents of the new Mahukona glasses range from 0.038 to
0.088 wt.%, indicating that these lavas underwent variable
amounts of degassing in shallow to moderate water depths
(<500 m to >1 km; e.g., Moore and Fabbi 1971).

Whole-rock major and trace element chemistry

MgO contents of the new Mahukona lavas range widely
with the tholeiites generally having higher MgO concentra-
tions than the transitional rocks (9.1–22.5 vs. 8.1–
11.3 wt.%; Table 4) similar to previously reported results
(Fig. 7). The only major differences in whole-rock compo-
sition between new and previous data are the higher K2O
content of the new tholeiites and the wider range of the new
transitional samples (Fig. 7). The K2O of transitional sam-
ples varies somewhat at the same MgO content, suggesting
multiple distinct parental magmas. In contrast, all but one of
the tholeiitic samples form a simple linear MgO variation
trend (Fig. 7). The distinct sample is similar to group B of
Huang et al. (2009). The new and previous CaO and Al2O3

data show good linear trends with no inflection for each
rock group on MgO diagrams (Fig. 7), indicating that cpx
and plagioclase crystals were not removed from or added to
the host magma and that olivine was the primary fraction-
ating mineral. The absence of plagioclase fractionation in-
terpretation is supported by the good correlation of Sr with
highly incompatible elements (Table 4). None of the new or
previously reported Mahukona rocks have hawaiitic compo-
sitions (Fig. 5), which are typically produced during the late
post-shield stage on Kea trend volcanoes (e.g., Kohala,
Mauna Kea, Haleakalā, West Maui; Macdonald et al.
1983; Spengler and Garcia 1988; West et al. 1988).
Hawaiites have not been found on neighboring Loa-trend
volcano Hualālai either (e.g., Moore et al. 1987). Several
samples contain slightly higher MnO contents (<0.20 vs.
0.26–0.34; Table 4), which may be related to minor amounts
of MnO contamination from the surface coating on these
samples.
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Fig. 6 MgO variation diagrams and total alkalis vs. SiO2 plot of glass
chemistry for Mahukona samples. Symbols for new data (Table 3):
yellow squares, tholeiites (solid red dot added for higher SiO2 samples,
>52 wt.%); blue diamonds, transitional basalts (compositions along or
near the alkalic–tholeiitic dividing line. Fields for previous data
(Clague and Moore 1991; Clague and Calvert 2009) are yellow for
tholeiitic samples and light blue for transitional glasses. Upper plot is
total alkalis vs. SiO2 with alkalic–tholeiitic dashed dividing line from
Macdonald and Katsura (1964) and classification grid from Le Bas et
al. (1986). Lower plots are MgO variation diagrams for selected major
elements. The decrease in Al2O3 and CaO with decreasing MgO
contents indicates crystallization of plagioclase and clinopyroxene,
respectively. Note the overlap in K2O contents for many tholeiitic
and transitional samples with the same MgO value
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The XRF determined concentrations of compatible trace
elements Ni and Cr generally correlate with MgO, with
higher amounts for the olivine-rich tholeiites (up to 1,163
and 1,434 ppm, respectively; Table 4). Ratios of Zr/Nb, a
potential source indicator, are not correlated with rock type
(Table 4). The transitional and the lower SiO2 tholeiitic
lavas have Zr/Nb ratios <12, typical of Kea-type volcanoes
(Rhodes et al. 1989), whereas the higher SiO2 tholeiites
have distinctly higher Zr/Nb ratios (13.5–14.0; Table 4),
which are typical of Mauna Loa lavas (e.g., Rhodes and
Vollinger 2004). No samples with high Zr/Nb were previ-
ously reported from Mahukona.

Incompatible elements were determined on matrix material
from selected Mahukona lavas (Table 5). The mantle-
normalized patterns in these samples are typical of Hawaiian
basalts: limited range for the heavy rare earth element (REEs)
and Y, increasing variation with degree of incompatibility and
negative anomalies for Th, U, Rb, and Ba (Fig. 8). The narrow
range of heavy REE (Table 5) in Hawaiian basalts is thought
to be related to residual garnet in the source (e.g., Frey et al.
1990), whereas the relative depletion in the most highly

incompatible elements (Rb, Ba, Th, and U) is suggestive of
a prior melting event (Hofmann 1988), as noted by Huang et
al. (2009). One surprising feature for the Mahukona lavas is
the relatively high concentration of incompatible elements in
the two higher silica lavas compared with the other tholeiitic
(e.g., 30–40% higher Nb) and the transitional lavas (average
15% higher Nb; Fig. 8).

Radiogenic isotopes

The new Mahukona basalts form three groups in plots of Pb,
Sr, Nd, and Hf isotopes (Fig. 9). The tholeiites separate into
two groups with the higher silica samples from dive 161
having lower 87Sr/86Sr and 208Pb/204Pb ratios and higher
143Nd/144Nd and 176Hf/177Hf than the lower silica tholeiites
(Figs. 9 and 10; Table 6). The transitional basalts comprise the
third group, defining a coherent linear trend extending to more
radiogenic Pb compositions with intermediate Sr and relative-
ly low Hf isotope ratios compared with lavas from adjacent
volcanoes (Figs. 9 and 10; Table 6). The new Mahukona

Table 3 Microprobe analyses of Mahukona glasses

Sample Depth Type SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 S Total

159-1 1,975 Thol 49.52 2.32 14.03 11.15 0.17 7.83 11.14 2.37 0.41 0.21 0.081 99.23

159-4 1,875 Trans 47.73 2.84 14.68 12.03 0.19 6.35 11.83 2.74 0.47 0.26 0.080 99.20

159-5 1,805 Trans 48.08 2.84 14.89 11.66 0.18 6.35 11.91 2.78 0.44 0.24 0.055 99.37

159-6 1,685 Trans 48.05 2.81 14.82 11.81 0.18 6.32 11.79 2.77 0.45 0.24 0.088 99.24

160-1 1,515 Trans 47.25 2.93 15.04 12.15 0.18 6.48 11.70 2.81 0.47 0.26 0.055 99.33

160-2 1,415 Trans 48.70 3.60 13.35 14.20 0.19 5.05 10.35 3.05 0.68 0.33 0.036 99.50

160-3 1,250 Trans 48.78 3.32 13.62 13.14 0.19 5.43 10.86 2.99 0.67 0.32 nd 99.28

160-4 1,200 Trans 48.64 3.43 13.55 13.40 0.19 5.49 10.95 2.94 0.63 0.30 nd 99.52

160-8 1,220 Trans 48.63 3.35 13.56 13.47 0.23 5.65 10.92 2.97 0.58 0.35 0.038 99.76

161-1 2,005 Thol 52.35 2.81 14.05 10.16 0.14 5.99 10.40 2.55 0.48 0.29 0.065 99.18

161-2 1,970 Thol 52.25 2.80 13.95 10.15 0.16 6.10 10.35 2.55 0.48 0.28 0.038 99.07

161-3 1,940 Thol 52.50 2.96 13.80 10.57 0.16 5.50 9.97 2.65 0.55 0.31 0.046 98.97

161-4 1,970 Thol 50.15 2.20 14.34 10.63 0.16 7.53 11.30 2.33 0.41 0.21 0.043 99.26

161-5 1,960 Thol 50.05 2.37 14.92 11.06 0.17 6.13 11.81 2.44 0.44 0.23 nd 99.62

161-6 1,930 Trans 48.20 2.70 14.75 11.50 0.17 6.38 11.82 2.62 0.47 0.25 0.046 98.86

MA-1a dred Trans 47.30 2.80 15.04 11.97 0.18 6.50 11.50 2.65 0.44 0.34 nd 98.72

MA-15 dred Trans 47.74 2.76 15.60 11.67 0.17 6.40 11.70 2.76 0.49 0.34 nd 99.63

MA-21a dred Trans 47.72 2.83 15.30 11.86 0.19 6.25 11.59 2.81 0.48 0.34 0.038 99.75

MA-25 dred Trans 48.35 2.95 14.32 12.02 0.17 6.23 11.69 2.71 0.50 0.36 nd 99.30

MA-26 dred Trans 48.79 3.30 14.00 12.82 0.19 5.68 10.98 2.96 0.63 0.36 nd 99.71

MA-30 dred Trans 47.25 2.77 15.00 11.78 0.18 6.80 11.53 2.81 0.45 0.34 nd 98.91

MA-32a dred Trans 47.12 2.76 15.25 11.87 0.19 6.71 11.60 2.78 0.48 0.34 0.051 99.15

MA-2009 dred Thol 52.82 2.77 13.23 11.03 0.17 6.53 9.26 2.67 0.64 0.39 0.073 100.41

Depths in meters below sea level; oxide and S values in weight percent with total iron as FeO

dred dredgehaul, nd not determined
a Analysis from Garcia et al. (1990)
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basalt isotope ratios generally overlap the Pb isotopic compo-
sitions of Loa trend lavas, except for two higher silica tholei-
itic samples which overlap in isotopic composition with
Kohala samples and have Pb isotopic compositions typifying
Kea trend volcanoes in Pb–Pb space (Fig. 9). Most of the
previously studied Mahukona tholeiites also have Kea-like Pb
isotope values (Huang et al. 2009), although their high CaO
lavas have low Pb isotope values like Kaho`olawe lavas
(Fig. 9). The other new and previously studied Mahukona
basalts have Loa-like Pb isotope values. Overall, the isotopic
data for Mahukona tholeiitic lavas has a mixed parentage with
both Kea and Loa trend compositions (Fig. 10).

New and previous isotopic data for Mahukona transition-
al basalts (from the post-shield stage based on their younger
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ages; Fig. 5) extend to more radiogenic Pb compositions
(206Pb/204Pb018.38; 208Pb/204Pb038.14) than the tholeiites
and plot within the Lō`ihi field (Fig. 9). The apparent
temporal variation towards higher radiogenic Pb isotopes
matches the temporal variation for Kohala Volcano and is
opposite to the trends for Hualālai and Mauna Kea volca-
noes, as was noted by Hanano et al. (2010). The Sr and Hf
isotopic ratios for the transitional basalts are intermediate
among Hawaiian lavas and are somewhat different than the
ratios for lavas from Lō`ihi (Fig. 9). These results suggest
that the source for Mahukona transitional lavas is distinct
from the source for the post-shield lavas from neighboring
volcanoes or reflects different mixing proportions of source
components (Figs. 9 and 10).

Helium isotopes

Most Mahukona glasses had extremely low helium contents
(i.e., less than 10−8 cc STP/gram by crushing) and are assumed
to be extensively degassed and unreliable for mantle helium
measurements. This interpretation is consistent with the mod-
erate eruption depths (<1,000 mbsl) inferred from the glass S
contents and the low-to-moderate vesicularity of the lavas.
This was confirmed by comparing He abundance and isotopic
composition of glass and olivine pairs from several samples.
For example, crushing of sample 161–1 glass yielded 3.0×
10−9 cc STP/gram He, with a 3He/4He of 7.9±0.2 times
atmospheric Ra, whereas olivines yielded 1.66×10−8 cc
STP/gram He with a 3He/4He of 19.1±0.2 Ra. Due to the
extremely low helium contents in the glasses, it was necessary
to analyze olivine crystals by crushing, except sample MA-32
which had relatively high He concentrations in the glass (>5×

10−7 cc STP/gram). Some Mahukona samples contain both
phenocrysts and xenocrysts. Therefore, the reported olivine
helium isotopic data are from a population of crystals and may
not represent a single mantle source. Previous studies of
Hawaiian phenocrysts show that helium co-varies with other
isotopes (e.g., Kurz and Kammer 1991; Kurz et al. 2004),
suggesting that the phenocrysts do represent the mantle
source, which is assumed in this discussion. The helium
isotope values reported here (Table 6) are a combination of
new values for ten samples from dives 159–161 and two
previously reported dredged samples (Garcia et al. 1990).

Overall, the new measurements (Table 6) display a sim-
ilar range in 3He/4He to those previously reported (11.5-20.8
vs. 12.8-21.0 Ra; Garcia et al. 1990). The highest 3He/4He
values (>20 Ra) are found in the transitional samples. These
values overlap with the He isotope data from pre-shield
stage alkalic and tholeiitic samples from Lō`ihi Volcano,
and shield stage tholeiites from Mauna Loa and Mauna
Kea volcanoes (Fig. 11). Three of the four Mahukona tho-
leiitic samples have lower 3He/4He values (11.5−13.7 Ra);
the exception (161–1) has a value of 19.1 (Table 6). The
new helium data show similar trends observed with the
other radiogenic isotopes with the transitional basalts over-
lapping the Lō`ihi field and the tholeiites showing larger
variability (Fig. 11). The isotopic overlap with the Lō`ihi
field was previously used as an argument that the Mahukona
lavas were produced in a shield building stage (Garcia et al.
1990). The new age data for transitional Mahukona lavas
show this interpretation was incorrect. The Mahukona data
do not show an anti-correlation between 3He/4He and SiO2

content as observed at Mauna Kea (Kurz et al. 2004),
although the lower SiO2 lavas from both volcanoes have
high 3He/4He values.
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normalized plot of incompatible
trace elements (ICP-MS;
Table 5) for Mahukona matrix
material. Transitional samples
are shown by blue connecting
lines; tholeiitic lavas by yellow
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abundance of incompatible
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Discussion

Size and structure of Mahukona

It is challenging to rigorously determine the volume of
Hawaiian volcanoes. Adjacent shield volcanoes overlap in
space and in the time of growth (e.g., Mauna Loa and
Mauna Kea have overlapped for at least 0.5 Myrs). In

addition, a correction for subsidence must be made for the
portion of the volcano that has displaced the Cretaceous
oceanic lithosphere (e.g., Moore 1987). Thus, it is necessary
to make assumptions about the shape and the amount of
subsidence for each volcano to obtain a reasonable volume
estimate (e.g., Robinson and Eakins 2006).

Here, we estimated the volume of Mahukona using new
bathymetric data and assuming the bathymetry is compen-
sated by a flexed lithospheric plate. The densities used were
those that minimized the RGA (Fig. 4). The range of effec-
tive elastic plate thicknesses considered (25–35 km)
includes the value that minimized the RGA (30 km) as well
as other estimates for the Hawaiian volcanoes (see Flinders
et al. (2010) and references therein). The geographic border
used for the volume estimates is shown in Fig. 2. This
border is defined on the southwest based on the flat and
deepest abyssal seafloor shown in Fig. 2, on the south based
on the interpreted offshore extension of the Hualālai rift
zone, and on the north based on the relatively flat, well-
sedimented seafloor between Mahukona and Maui. Without
any constraints on the extent of the eastern flank (now
covered by a carbonate platform; Fig. 3), we assumed an
approximately symmetrical shape for Mahukona. To negate
the volume of the preexisting oceanic crust, we use the
depth of the seafloor SW of Mahukona as the reference
depth of the surface of the preexisting seafloor on which
the volcano grew. From this depth, the surface slopes down-
ward beneath Mahukona, taking the shape of the flexed
lithospheric plate and defines Mahukona’s base.

The resulting total volume of Mahukona is estimated at
∼6,000 km3, assuming an elastic plate thickness of 30 km.
With no plate flexure, the volume is ∼4,300 km3 for the
bathymetry shallower than 4,600 m. These volume esti-
mates are considerably smaller than a previous estimate that
assumed the summit of Mahukona is buried under the car-
bonate platform (13,500 km3; Robinson and Eakins 2006).
How do we tell which of these estimates is more likely to be
correct?

Modeling of the new gravity data offers an independent
method for assessing the size and structure of Mahukona.
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Volcanoes in Hawai`i and elsewhere commonly show pro-
nounced gravity highs over their summits, which mark their
dense magmatic cores, with amplitudes that increase with
volcano volume (e.g., Kinoshita et al. 1963; Clouard et al.
2000; Flinders et al. 2010). One surprising result from our
gravity survey is the location of the positive RGA on
Mahukona’s southern flank, 10–20 km south of its bathy-
metric axis (Fig. 4). Although atypical and not understood,
such a displacement of the highest gravity anomaly relative
to the topographic summit is seen in two other Hawaiian
volcanoes (Kaua`i, Flinders et al. 2010; and Hualālai,
Kauahikaua et al. 2000). Another important finding is that
the RGA high has low amplitude (maximum of 20–
25 mGal). This is ∼2–4 times smaller than the RGA of
moderate size (14 to 25×103 km3) Hawaiian shield volca-
noes (e.g., 50 to 105 mGal; Hualālai and Ni`ihau;
Kauahikaua et al. 2000; Flinders et al. 2010) and compara-
ble to the small gravity high over Lō`ihi Volcano, which is
only ∼1,900 km3 (Robinson and Eakins 2006). The small
size of Mahukona’s gravity anomaly suggests the volcano’s
volume is smaller than previously estimated (13,500 km3;
Robinson and Eakins 2006). The RGA for Mahukona is
comparable to the smaller volcanoes of French Polynesia
(Raivavae, Tahaa, Moorea, Mururoa), which have estimated
volumes between 2,160 and 4,500 km3 (Clouard et al.
2000). Thus, we infer Mahukona is among the smallest
Hawaiian volcanoes (e.g., next smallest volcano within the
Hawaiian Islands is Ka`ula at 9,600 km3; Robinson and
Eakins 2006). The gravity results do not resolve the ques-
tion of the where Mahukona’s magmatic center was, but
suggest the center is unlikely to be under the carbonate
platform (as suggested by Clague and Moore 1991) based
on the low-amplitude residual gravity in that area (Fig. 4).

Why does Mahukona lack a central gravity high? Perhaps
it is related to the lack of a central magmatic plumbing
system. This may also be the cause of the broad distribution
of cones on Mahukona, which is atypical for Hawaiian
shield volcanoes. Cones on most Hawaiian volcanoes are
restricted in location to the summit area and along rift zones
(Macdonald et al. 1983). The exceptions include neighbor-
ing Mauna Loa and Mauna Kea volcanoes (Fig. 1). Mauna
Loa cones are found not only at the summit and along its
two rift zones but also randomly distributed on its west and
northwest flanks (Wanless et al. 2006). These other cones
are called radial vents because some of them are elongate,
pointing towards the volcano’s summit (Lockwood and
Lipman 1987). The mechanism of formation of the Mauna
Loa radial vent cones is not understood (e.g., Walker 1990;
Rubin 1990). Mauna Kea cones are randomly distributed,
and in contrast to Mauna Loa, most of the cones erupted
evolved alkalic compositions (hawaiite and mugearite) dur-
ing the volcano’s late post-shield stage (West et al. 1988;
Wolfe et al. 1997). These magmas are thought to have been

stored at greater depths than magmas during the shield stage
(∼15 vs. 2–6 km) reflecting a drastically diminished magma
supply (Frey et al. 1990). None of the recovered Mahukona
samples have evolved alkalic compositions. Furthermore,
among the ten Mahukona cones sampled in our study, seven
have tholeiitic lavas and three cones have transitional com-
positions. Similarly, all but two of the cones sampled by
Clague and Moore (1991) and Huang et al. (2009) are
tholeiitic. Thus, the random distribution of cones on
Mahukona does not reflect the post-shield stage of volca-
nism. Instead, we interpret the broad distribution of cones to
be derived from both shield and post-shield stages of vol-
canism, and the lack of a central gravity high on Mahukona,
to be related to the absence of a large central magma
reservoir.

Subsidence estimate

The magnitude of Mahukona’s subsidence can be inferred
from the new ages, the subsidence rate for the Island of
Hawai`i, and the S content of the pillow rim glasses. All
Hawaiian volcanoes undergo subsidence during and after
their growth (Moore 1987; Moore et al. 1990). The Island of
Hawai`i is subsiding ∼2.6 mm/years based on ages from
carbonate terraces on the east flank of Mahukona (Ludwig et
al. 1991). Using the same subsidence rate for Mahukona and
assuming it has remained constant, the new ages (Table 1)
suggest subsidence of ∼900 m at the young, shallow summit
cone, ∼1,250 m at the intermediate age sample site, and
∼1,700 m at the older, deeper tholeiite site. For comparison,
Kohala Volcano has subsided at least 1,100 m based on the
depth of a submerged shoreline terrace (which marks the
end of peak volcano growth during the shield stage;
Holcomb et al. 2000). Subtracting the Mahukona subsi-
dence values from the sample collection depths suggests
that these sites were submarine at the time of eruption
(∼270–440 mbsl). These depth estimates are consistent with
the field observations that all of the lavas collected west of
the summit cone are pillow lavas. However, these estimates
do not negate the possibility that the lavas were erupted
subaerially, flowed into the ocean, and quenched as pillow
lavas (similar to lavas from the ongoing Kīlauea eruption;
e.g., Mattox and Mangan 1997).

The sulfur content of Hawaiian submarine glasses is
useful for inferring whether pillow lavas were erupted sub-
aerially (e.g., Moore and Fabbi 1971; Davis et al. 2003).
The moderate S contents of the new Mahukona glasses
discussed here (0.03–0.09 wt.%) suggest that these lavas
were not erupted subaerially. Instead, the S contents are
consistent with the subsidence-adjusted depths and with
the moderately vesicular character of the lavas (20–
30 vol.%). Glasses collected from Mahukona in deeper
water (>2,000 m) have higher S contents (0.09–0.12 wt.%;
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Clague and Calvert 2009) indicative of eruption at depths
>1,000 mbsl (Moore and Fabbi 1971; Davis et al. 2003).
Lower S content glasses (0.01–0.03 wt.%), which are indic-
ative of subaerial eruption, were collected 15 km east of the
summit cone just below the lowermost (∼1,340 mbsl) car-
bonate terrace (Clague and Moore 1991; Clague and Calvert
2009; see Fig. 3). Some of these glasses are from a hyalo-
clastite outcrop overlying pillow basalts. Are they from
Mahukona or the neighboring, younger volcano Kohala?
Unfortunately, many Mahukona tholeiitic samples overlap
in glass composition and in Pb, Sr, and Hf isotopic ratios
with Kohala tholeiites (Fig. 9), so we cannot determine
whether these hyaloclastites are from Mahukona.

Hawaiian plume heterogeneity: Kea-like compositions
in Loa trend volcano

The heterogeneity of the Hawaiian plume has been exten-
sively investigated using radiogenic isotopes in basalts to
infer mantle source characteristics (e.g., Weis et al. 2011,
and references therein). Pb isotope trends show that the
plume has an overall bilateral geochemical symmetry fol-
lowing the Loa and Kea trends of Hawaiian volcanoes
(Tatsumoto 1978; Abouchami et al. 2005). However, as
more lavas are analyzed, it has become clear that the simple
bilateral symmetry model has exceptions. For example,
lavas from several Hawaiian volcanoes have sampled both
Kea and Loa sources (e.g., Mauna Kea, Eisele et al. 2003;
Kohala, Abouchami et al. 2005; Haleakalā, Ren et al. 2006;
Kīlauea, Marske et al. 2007; West Moloka`i, Xu et al. 2007;
Ko`olau, Tanaka et al., 2002; Kaua`i, Garcia et al. 2010).
Mahukona tholeiitic lavas also display both Loa and Kea-
like Pb isotopic ratios with the higher silica lavas having
Kea-like Pb isotope ratios (Fig. 9). Huang et al. (2009) noted
both Loa- and Kea-like Pb isotopes among Mahukona sam-
ples, with most of their tholeiitic samples plotting in the Kea
field (Fig. 10), despite Mahukona’s location within the Loa
trend (Fig. 1). A mixed peridotite and pyroxenite source was
advocated for the Kea-like and Loa-like samples, respec-
tively (Huang et al. 2009). This is opposite to what might be
predicted from the higher silica content of our Kea-like
samples (e.g., Hauri 1996; Stolper et al. 2004).

In contrast to the dominantly Kea-like Pb isotope values
of Mahukona tholeiites, the transitional basalts are exclu-
sively Loa-like in their Pb isotope systematics (Fig. 10). The
presence of both Loa and Kea-like Pb compositions during
the shield stage of growth, and the switch to only Loa-like
compositions during the post-shield stage is inconsistent
with a simple bilaterally asymmetrical plume model. The
combined Mahukona results indicate considerable heteroge-
neity in the melting region for this volcano and also that the
Hawaiian plume has more complex geochemical structure
than predicted by either the simple concentrically or

bilaterally zoned models to explain the Loa-Kea trends
(e.g., Hauri 1996; Kurz et al. 1996; Abouchami et al.
2005). These observations might result from sampling a
wider portion of the Hawaiian plume during the hotter
(higher degree of melting) shield stage than during the
cooler (lower degree of melting) post-shield stage. This is
consistent with the modeling of DePaolo and Stolper (1996),
which showed shield volcanoes tap magma from a wide cross-
sectional area of the plume. Alternatively, the compositional
diversity may be related to the absence of a central magma
reservoir where magmas would have been homogenized. This
interpretation is supported by studies of melt inclusions in
olivines that preserve more compositional diversity than ob-
served in lavas (e.g., Maclennan 2008). Also, the small size of
Mahukona probably reflects less mantle melting and preser-
vation of source heterogeneities (e.g., Garcia et al. 2010).

The presence of relatively high 3He/4He (up to 20.8 Ra) in
olivines and one glass from some transitional Mahukona sam-
ples is enigmatic. In Hawai`i, high 3He/4He values (≥20 Ra) are
relatively rare and are only found in lavas from the pre-shield
stage at Lō`ihi Seamount (up to 32 Ra; e.g., Kurz et al. 1983)
and Kīlauea (up to 26.5 Ra; Hanyu et al. 2010) and some early
stage tholeiites fromMauna Loa (20.0 Ra; Kurz et al. 1995) and
Mauna Kea (up to 24.7 Ra; Kurz et al. 2004). The new and
previous 40Ar–39Ar ages for Mahukona transitional lavas
(∼480 to 325 ka; Table 1; Clague and Calvert 2009)) indicate
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these lavas are younger than the tholeiites and not from the pre-
shield stage. Thus, Mahukona is the only known example of
late-stage Hawaiian volcanism with high 3He/4He and is an
important exception to the generally observed temporal evolu-
tion and to models for the zoning of the Hawaiian plume (e.g.,

Kurz et al. 2004). The Pb and Sr isotope ratios of the transi-
tional Mahukona lavas with high He isotope ratios are also
similar to the high He isotope ratios in transitional and alkalic
samples from Lō`ihi (Fig. 11). Perhaps during the post-shield
stage, Mahukona tapped a source component similar to that of
Lō`ihi. High He isotope ratios have also been observed in the
post-shield Marquesas alkalic lavas, where it was related to
sampling the “true” composition of the mantle source (Castillo
et al. 2007). However, the Hawaiian plume is thought to be
strongly heterogeneous with many components (e.g.,
Staudigel et al. 1984; Kurz et al. 2004; Weis et al. 2011).
The Mahukona He isotope results suggest the Lō`ihi compo-
nent in the Hawaiian plume is not restricted to the pre-shield
stage and can also appear in the shield (Kaua`i,
Mukhopadhyay et al. 2003; Mauna Kea, Kurz et al., 2004;
and Mahukona) and post-shield stages (Mahukona).

Summary

Three submersible dives, two dredge hauls, and a geophys-
ics survey of Mahukona Volcano have resulted in new lava
samples, new detailed bathymetric, sidescan sonar, and
gravity maps. These maps, modeling of the gravity data
and petrologic and geochemical analyses of the lavas show:

1. Cones on Mahukona are widespread (rather than being
concentrated along rift zones). No residual gravity
anomaly was found centered over the bathymetric high.

Table 6 Pb, Hf, Sr, Nd, and He isotopic compositions of Mahukona basalts

Sample 208Pb/204Pb 2σ 207Pb/204Pb 2σ 206Pb/204Pb 2σ 176Hf/177Hf 2σ 87Sr/86Sr 2σ 143Nd/144Nd 2σ 3He/4He 1σ

159-1 37.9719 47 15.4670 17 18.1879 19 0.283063 7 0.703769 7 0.512907 6 11.5 0.1

159-4 38.1066 20 15.4776 8 18.3412 8 0.283089 4 0.703689 8 0.512929 7 18.1 0.3

159-6 38.0952 22 15.4703 7 18.3488 7 0.283095 4 0.703699 9 0.512945 6 nd nd

160-1 38.1232 22 15.4771 7 18.3661 8 0.283089 4 0.703696 6 0.512938 6 nd nd

160-2 38.0636 18 15.4719 7 18.3076 8 0.283092 5 0.703682 9 0.512932 6 15.8 0.2

160-5 38.0494 16 15.4697 6 18.2944 6 0.283084 4 0.703689 7 0.512925 6 19.5 0.3

160-6 38.0495 16 15.4699 6 18.2936 6 0.283088 5 0.703687 7 0.512939 6 18.4 0.3

olivine furnace 13.5 3.0

161-1 37.9514 23 15.4669 8 18.2983 9 0.283125 6 0.703586 9 0.513001 6 19.1 0.3

37.9512 17 15.4665 6 18.2980 7 0.283125 4 0.703581 7 0.513013 7 nd nd

161-2 37.9395 29 15.4611 10 18.2913 11 0.283126 8 0.703569 7 0.512991 7 13.1 0.1

161-4 37.9750 25 15.4680 11 18.1901 11 0.283067 6 0.703776 9 0.512911 6 13.7 0.1

MA-12 38.0624 21 15.4683 7 18.3147 8 0.283086 5 0.703686 7 0.512942 6 20.8 0.9

0.283090 4

MA-32 38.1446 19 15.4820 7 18.3795 8 0.283089 4 0.703674 7 0.512929 6 20.2 0.1

Pb isotopic ratios were normalized to the NBS 981 triple spike values of Galer and Abouchami (1998) using the standard bracketing method; Hf
data were normalized to JMC 475 (176 Hf/177 Hf00.282160 (Vervoort and Blichert-Toft, 1999)). Sr data were normalized to SRM 987 87 Sr/86 Sr0
0.710248; Nd data were normalized to La Jolla 143 Nd/144 Nd00.511858 (Weis et al. 2006). The 2σ error is the absolute error value of an individual
sample analysis (internal error) and applies to the last decimal place(s). 3 He/4 He ratios are reported relative to air (R/Rair) where air01.384×10

-6 .
All helium measurements were made at WHOI by crushing olivine in vacuo (except MA-32 which was on glass). He isotope data for MA samples
from Garcia et al. (1990)
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Fig. 11 Plot of 208Pb*/206Pb* against 3He/4He for the Mahukona
samples. Also shown for comparison are data from nearby Mauna
Loa (Kurz and Kammer 1991; Kurz et al. 1995), Mauna Kea (Kurz
et al. 2004; Blichert-Toft et al. 2003), and Lō`ihi volcanoes (Kurz et al.
1983; Staudigel et al. 1984). Note that He-Pb compositions for Mahu-
kona transitional basalt overlap with Lō`ihi samples (Garcia et al.
1990), although Mahukona tholeiites fall in both Kea and Loa fields
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Both features are atypical for Hawaiian shield volcanoes
and suggest the volcano did not have a long-lived cen-
tral magma reservoir.

2. Mahukona is one of the smallest Hawaiian volcanoes
(∼6,000 km3) based on modeling the new bathymetric
and gravity data, which is consistent with its small
residual gravity high (maximum of 20–25 mGal).

3. The reconstructed subsidence history (900 to at
least 1,700 m over 350–650 kyrs) based on the
new 40Ar–39Ar ages), moderate vesicularity of the lavas,
and low-to-moderate S contents of glasses suggest
Mahukona Volcano probably did not breach sea level
but came within a few hundred meters of it.

4. The new 40Ar–39Ar ages document the periods of late
shield tholeiitic (∼650 ka) and post-shield transitional
(∼480–350 ka) volcanism on Mahukona. The volcano
probably ceased volcanism at ∼325 ka (averaged age for
summit cone from new and previous ages), whereas
neighboring Kohala Volcano continued erupting
evolved alkalic lavas from 250 to 60 ka. Evolved alkalic
lavas have not been sampled on Mahukona. Thus,
Mahukona Volcano went extinct prematurely.

5. Tholeiitic and transitional lavas are common on
Mahukona, but more alkaline rocks have not been re-
covered. The tholeiitic lavas include higher SiO2 lavas,
which are distinct in trace elements and isotopes. The
higher SiO2 lavas in our study and many of the previ-
ously studied Mahukona tholeiites overlap in Pb isotope
ratios with lavas from Kohala, a Kea trend volcano.
However, five tholeiitic lavas and all of the transitional
lavas have Loa trend chemical affinities, consistent with
the location of Mahukona in the Loa trend of Hawaiian
volcanoes. Thus, Mahukona had a mixed source with
both Loa- and Kea-like components.

6. Some Mahukona transitional lavas have high 3He/4He
ratios (19–20 Ra) unlike any other Hawaiian post-shield
lava. The Hawaiian plume is thought to be strongly
heterogeneous with many components including the
Lō`ihi component, which was the probable source for
the higher He isotope ratios during the tholeiitic and
post-shield volcanism stages at Mahukona.

7. The diversity of Mahukona lava chemistry, both in ele-
mental abundance and in isotopic ratios, may be related to
the relatively small size of Mahukona (less extensive
melting) and the absence of a central magma reservoir
where magmas would have been homogenized.
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