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[1] Geochemical variations within the young Hawaiian Islands occur in two particularly prominent forms:
differences between volcanic stages and differences between the ‘‘Loa’’ and ‘‘Kea’’ subchains. These
observations have been interpreted to reveal spatial patterns of compositional variation in the mantle, such
as concentric zoning about the hot spot or elongate streaks along the hot spot track. Our numerical models
of a hot plume of upwelling mantle that is interacting with, and melting beneath, a moving lithospheric
plate suggest some of the above interpretations should be reevaluated. The mantle plume is assumed to be
uniformly isotopically heterogeneous, thus without any compositional zoning. Nonetheless, our models
predict geographic zoning in lava isotope composition, an outcome that is caused by differences in melting
depths of distinct source components and plume-lithosphere interaction. Isotope compositions of model
volcanoes that grow as they pass over the melting zone can explain some of the gross aspects of isotope
variation at Hawaii. The results illustrate that chemical zoning at the surface is not necessarily a map of
zoning in the mantle, and this affects further inferences about the chemical structure of the mantle.
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1. Introduction: Geochemical
Variations at Hot Spots

[2] Temporal and geographic variations in lava
geochemistry are observed at prominent hot spots
in a variety of tectonic settings, such as Hawaii [e.g.,
Tatsumoto, 1978; Frey and Rhodes, 1993; Lassiter
et al., 1996; DePaolo et al., 2001; Regelous et al.,
2003; Bryce et al., 2005], the Galápagos, [Geist et
al., 1988; Graham et al., 1993; White et al., 1993;
Harpp and White, 2001], and Iceland [Schilling,
1973; Schilling et al., 1999; Breddam et al., 2000;
Kokfelt et al., 2006]. Previous authors have attrib-
uted such geographic trends directly to geographic
variations in composition of the solid mantle,
which are often thought to be associated with
mantle plumes rising through various forms of a
chemical layered mantle [e.g., Hofmann, 1997].

[3] At Hawaii, for example, isotope data collected
from the most voluminous, shield stage of volca-
nism indicate that this phase is fed by a source
characterized by long-term enrichment in highly
incompatible elements, whereas later stages of
volcanism show evidence for less enrichment in
the source [e.g., Kurz et al., 1987, 1996; Lassiter et
al., 1996; DePaolo et al., 2001; Bryce et al., 2005]
One hypothesis to explain the compositional dif-
ference between the two stages is with a concen-
trically zoned mantle plume, with an enriched,
shield source in the center and a depleted, post-
shield source at the periphery [Frey and Rhodes,
1993; Lassiter et al., 1996; Bryce et al., 2005].
Concentric zoning may be caused by a rising
mantle plume with a center that is composed of
material from the deepest mantle and a surrounding
sheath that is largely entrained material from the
shallower mantle [e.g., Kurz and Kammer, 1991;
Frey and Rhodes, 1993; Hauri et al., 1994;
Lassiter et al., 1996].

[4] Isotope data sets also reveal prominent geo-
graphical variations within the Hawaiian Islands,
the most prominent of which is seen as isotopic
distinctions between the subparallel (Mauna)
‘‘Loa’’ volcanic chain (southern line) and (Mauna)
‘‘Kea’’ chain (northern line). Isotope compositions
indicate that the line of volcanoes that make up the
Loa chain sample a source that has greater long-
term enrichment of incompatible elements com-
pared to the source sampled by volcanoes that
make up the Kea chain [e.g., Frey and Rhodes,
1993; Kurz et al., 1996; Abouchami et al., 2005;
Bryce et al., 2005]. The concentrically zoned
plume concept may explain these observations if

the two subchains pass over the plume at different
distances from the center [Lassiter et al., 1996;
Bryce et al., 2005]. Another explanation of the
Loa-Kea difference is that the plume has a northeast-
southwest asymmetry in composition [Abouchami
et al., 2005]. Both the concentric zoning and lateral
asymmetry models suggest the plume draws mate-
rial from deeper-mantle chemical heterogeneities of
length scales equal to or larger than that of upwelling
itself.

[5] The above interpretations are straightforward,
but in order to connect magma composition to the
source one must understand the process of magma
genesis, which can be complex, particularly in the
presence of source heterogeneity [e.g., Sobolev et
al., 2007; Phipps Morgan, 2001]. Previous authors
have proposed that buoyancy-driven upwelling can
contribute to the relatively incompatible-element-
enriched geochemical signature of hot spot lavas
compared to normal mid-ocean ridge basalts [Kurz
and Geist, 1999; Breddam et al., 2000, Schilling et
al., 1999]. Other studies that model melting of
small-scale heterogeneities show that erupted mag-
ma composition can be influenced strongly by the
upwelling pattern in a melting zone [Bianco et al.,
2005; Ito and Mahoney, 2005a, 2005b, 2006]. We
thus anticipate that the complex upper mantle
dynamics expected for a mantle plume can lead
to surface compositions with geographic patterns
that can deviate from any inherent pattern within
the mantle source.

[6] This paper examines the 3-D flow and melting
of a two-component mantle plume interacting with a
moving plate. The sourcematerial is nonzoned but is
heterogeneous at spatial scales much smaller than
the melting zone. This work quantifies the spatial
(and temporal) variation of the isotope ratios of
magmas that may erupt at the surface and compares
these predictions to observations at Hawaii.

2. Method: 3-D Dynamics and
Nonzoned Mantle

[7] To model the 3-D mantle flow, heat transfer,
and melting of the upper mantle, we use the finite
element code Citcom [Moresi and Gurnis, 1996;
Zhong et al., 2000]. Themodel space spans 1600 km
by 800 km horizontally with 6.25 km grid resolu-
tion, and is 400 km deep with 5 km resolution
(Figure 1a). The extended Boussinesq approxima-
tion that we apply includes latent heat due tomelting
and adiabatic heating, but not viscous dissipation.
Viscosity is determined by a temperature-dependent
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Newtonian rheology exactly as described by Zhong
and Watts [2002] with the exception that the
reference viscosity is 5 � 1019 Pa s at the ambient
mantle (potential) temperature of 1300�C. The
initial temperature condition is the solution of a
half-space that has cooled for 100 Ma plus an
adiabatic gradient. The bottom boundary tempera-
ture condition matches the initial condition plus a
circular Gaussian anomaly with a peak excess
temperature of 290�C (and decreases by a factor
of e at a radius of 50 km) to form the plume [Zhong
and Watts, 2002]. The top of the model space is

fixed at 25�C. Maximum vertical velocity in the
model is �190 cm/a and the resulting thermal
buoyancy flux is 12 Mg/s, which is higher than,
but comparable to, other estimates of the Hawaiian
anomaly [e.g., Sleep, 1992; Ribe and Christensen,
1999]. Finally, a horizontal velocity boundary
condition (�9 cm/a) is imposed on the top of
the model space to simulate plate motion, the
vertical wall containing the plume center is a
reflecting boundary, and all other boundaries are
open to flow with zero conductive heat flow [Ribe
and Christensen, 1999].

Figure 1. (a) Model overview. Slices through the model domain show projections of the 3-D potential temperature
field in shades of yellow (cool) and red (warm); the full model domain is 1600 km wide along the volcanic axis,
800 km horizontal and perpendicular to the volcanic axis, and 400 km deep. White contours mark 1350�, 1450�, and
1550�C. The horizontal plane is at a depth of 150 km but plotted above its actual depth for visibility. Black arrow
indicates the direction of plate motion. The EC (blue) and DC (green) melting zones are also projected to the
horizontal and along-axis slices. The black box outlines area plotted in Figure 1b. (b) Melting zones. Melting rate
contours on a vertical slice through the center of the plume (see Figure 1a). The EC and DC melting zones are plotted
in different boxes for visibility; however, they exist in the same space (as heterogeneities are much smaller scale than
the melting zones and theoretically DC material is veined with EC material) and this is conveyed by the white dashed
outline of the DC melting zone plotted over the EC melting zone. Thin red lines are extent of melting contours; the
maximum extent of melting is �9% for both EC and DC. Thick black lines are particle paths.
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[8] To model melting, we calculate the extent of
melting on the same Eulerian (fixed) mesh used to
calculate temperature and pressure using parame-
terized solidi [Katz et al., 2003]. A passive tracer
advection scheme is used to track the total extent of
partial melting (F) of all solid material in the
mantle. Melting rate is the difference between F
calculated at a node and the F advected to the node
during a time step, divided by the time step duration,
where refreezing is prohibited (@F/@t � 0) [see
Ribe and Christensen, 1999, equations (2)–(3)].
The total extent of partial melting also controls the
water content (and trace element composition) of
both the solid and melt. We adapt the model of
Katz et al. [2003] to simulate near fractional
melting by assuming equilibrium occurs between
the solid and melt generated at each time step and
that the advected solid composition as a function of
F is that for fractional melting.

[9] In the case presented here, two components are
randomly distributed throughout the mantle: 10%
enriched peridotite (‘‘EC’’) and 90% depleted pe-
ridotite (‘‘DC’’). EC is enriched in incompatible
trace elements and has lower normalized
143Nd/144Nd, (eNd = �3.3) compared to DC (9.8).
Also, DC is anhydrous while EC has a water
content of 400 ppm, which (using other parameters
identical to that in the work of Katz et al. [2003])
lowers the EC solidus by 121�C relative to DC.
Thus, the partial melting zones of DC and EC
overlap, but melting of EC begins deeper, is wider,
and continues to highermaximum extents (Figure 1b).
We assume the components equilibrate thermally
with each other, but remain chemically separate
[e.g., Phipps Morgan, 2001]. To predict magma

composition, we assume magma (from both com-
ponents) rises vertically to the surface and mixes
(or pools) in direct proportion to the rate generated
in the mantle. The composition of magma that has
risen to the to the seafloor (Figure 2) is thus

eNd x; yð Þ ¼

X2

l¼1

XN

n¼1

elNdf
lCl

oE
l
n @Fl

n=@t
� �

X2

l¼1

XN

n¼1

flCl
oE

l
n @Fl

n=@t
� �

ð1Þ

where the finite element mesh is uniform, l is the
lithology (EC or DC), n is the depth position of a
finite element grid point, N is the number of
vertical grid points, and eNd

l , fl, and Co
l are the eNd

composition, the starting mantle mass fraction, and
the initial Nd concentration of a lithology, respec-
tively. The function En

l is the factor enrichment of
the Nd in the magma, relative to the starting solid
(Co

l ) as given by the fractional melting equation and
@Fn

l /@t is the melting rate at a grid point. The
assumptions made in equation (1) are most valid if
real mantle melting is fractional [Johnson et al.,
1990; Langmuir et al., 1992; McKenzie, 2000;
Rubin et al., 2005] or if any potential liquid-solid
interactions do not affect the relativemelt generation
rates in the mantle. Indeed there is evidence that
mantle melt transport is rapid and/or fractional.

3. Results: Predicted Geochemical
Trends

[10] The prediction (Figure 2) is that melting a
uniformly heterogeneous mantle plume can result

Figure 2. Seafloor composition and eruption rate. Map view of model Nd isotope composition (colored as eNd)
assuming EC and DC melts rise vertically and mix perfectly at the surface (see equation (1)). Low eNd (blue) is
associated with EC and high eNd (red) is associated with DC. Black contour lines are eruption rates in km3/Ma (where
100 and 200 km3/Ma are labeled) and the center of these contours is the center of the hot spot. Gray circles are the
area from which volcanoes will sample magma, and horizontal lines show the paths that two volcanoes take as they
move with the plate.
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in compositional zoning at the surface. At the very
edges of the melting zone, EC is the only material
melting and thus expressed at the surface. Over a
broad area within these outer edges, compositions
have higher eNd, which is where DC melting is
productive. Near to where the magma flux is
greatest (at an along-chain distance of x = 675–
700 km), a local minimum in eNd (local maximum
in EC) occurs. This minimum reflects efficient EC
melting near the center of the plume stem where
the EC melting zone extends deepest beneath the
DC melt zone and where active upwelling is fastest
within the EC melting zone. Overall, the magmatic
geochemical pattern resembles a form of radial
zoning with an EC-like center surrounded by a
broad zone with stronger DC-type compositions
and a thin EC-rich rim.

[11] In addition, the pattern is considerably asym-
metric in the direction of plate motion, with more
EC-like compositions upstream of plate motion
than downstream. This is caused by shearing of
the rising plume by plate motion. Shearing offsets
the most productive central portion of the DC
melting zone slightly downstream from that of
the EC zone. The tilting of the center streamline
in Figure 1b gives a sense of this effect. Also,
shearing causes both melting zones to extend less
far upstream of the center streamline than down-
stream, but this effect is greater for the DC melting
zone because it is shallower. The net result is a
higher flux of melts from EC than from DC on the
upstream side than farther downstream as reflected
in the surface pattern in Figure 2. Increasing
lithospheric thickness and plate speed tends to
increase the asymmetry of the pattern, increasing
Rayleigh number tends to decrease the asymmetry.

[12] We now predict the composition of volcanoes
formed by passage of the plate over the model
mantle and compare these predictions to specific
data sets collected at Hawaii. Here we assume that
the circular area over which a volcano samples
magma has a constant radius (25 km) as it moves
with the plate over the hot spot (see Figure 2). An
extensive data set on the evolution of a single
volcano from the midshield stage to later stages
comes from the Hawaii Scientific Drilling Project
(HSDP). Figure 3 shows both predicted and ob-
served eNd versus the percent of the total volcano
thickness. Thickness from our models has been
computed by assuming that the magma feeding the
volcano builds an axisymmetric, cone-shaped vol-
cano [DePaolo and Stolper, 1996] so that we can
most easily compare it to HSDP data. Using

fractional thickness allows us compare predictions
and compositions at approximately the same stage
of volcanism for different locations with different
absolute thicknesses.

[13] Figure 3 shows that as the model volcano
grows, composition indeed shifts from EC-like to
DC-like. The very base of a volcano forms while it
is sampling the upstream edge of the melting zone,
where virtually only EC is melting and where eNd
is low. Between the 10% and 20% range of a
volcano’s final thickness, eNd rapidly rises, which
signals the onset of appreciable DC melting. Above
�30% of the total thickness, compositions shift
more gradually toward higher eNd. This portion of
the volcano is being built as the volcano begins to
pass into the higher eNd (orange red in Figure 2)
portion of the melting zone, while still sampling
low eNd (yellow) magma. The simple volcano
growth model [DePaolo and Stolper, 1996] pre-
dicts volcano thickness to accumulate nonlinearly
with volcano volume. This nonlinearity plus the
changing eruption rates along the volcano’s path
cause the transition from moderate (yellow) to
intermediate (red) eNd over a considerable part of
the shallowest portion of the volcano, which is
likely sampled by HSDP. The very last lavas to
erupt reveal the low eNd compositions predicted at
the very downstream edge of the melting zone.
Finally, Figure 3 also illustrates that a volcano
passing 50 km off-axis is predicted to have higher

eNd values than an on-axis volcano throughout
most of the volcano’s growth. The explanation is
that the on-axis volcano passes directly over the
local eNd minimum near the plume center, whereas
the off-axis volcano passes largely to the side of
this EC-rich melting zone (Figure 2).

[14] The predictions capture some important ob-
served trends at Hawaii. The predicted shift from
moderate to high eNd as a function of age for both
on- and off-axis model volcanoes follows the
prominent trends observed in data from the Mauna
Kea section of the HSDP and the combined series
of Kilauea, to Kohala shield, to Kohala postshield;
the same is true for much of the combined series of
the Mauna Loa (except for the shallowest samples)
and Koolau, to West Molokai shield, to West
Molokai postshield. However, while samples from
a Koolau drill core [Salters et al., 2006] overlap
with Mauna Loa data, some late shield eruptions
on Koolau extend to much lower eNd [Roden et al.,
1994] (not shown in Figure 3), which the model
does not predict. Also, the compositional distinc-
tion between the shield stages of Loa and Kea
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subchain volcanoes is captured by the sustained

eNd difference between the on- and off-axis model
volcanoes, which is a concept proposed by other
workers [e.g., Lassiter et al., 1996, Bryce et al.,
2005]. Then, after �95% of the total crust has
erupted, this compositional distinction is predicted
to end because of the concentric like compositional
pattern (see Figure 2). This prediction may explain
why postshield data from West Molokai (on the
Loa subchain) overlaps with postshield data from
Mauna Kea and Kohala (on the Kea subchain).
However, late-shield and postshield data from
other Loa subchain volcanoes (e.g., Hualalai,
Kahoolawe, and Koolau) do preserve a distinction
from Kea-like compositions. Finally, compositions
of different volcanoes along the Kea subchain
overlap each other at the same interpolated thick-
nesses (e.g., Kilauea erupts the same eNd compo-

sition as deep Mauna Kea lavas). This overlap
indicates that the volcanoes erupted the same eNd
composition when they occupied the same position
over the hot spot, and this is captured in our (and
others’, e.g., Abouchami et al. [2005]; Bryce et al.
[2005]) steady state model(s). Our model compo-
sitions do overlap with Loihi data but the high eNd
lavas are not predicted, nor is the range of eNd at
Loihi predicted.

4. Discussion

[15] The model presented above predicts large-
scale, persistent, geographic variations in isotope
composition at Hawaii that are similar to observed
trends. However, some potentially important
aspects are not included in this initial model. One
large simplification is the assumption of a mantle

Figure 3. Composition versus thickness. Shaded regions show the range of predicted average eNd composition of
an on- (blue) and off-axis (red) volcano (see Figure 2), for cone-shaped volcanoes that encompass a range of slopes
near those of Hawaiian shields [DePaolo and Stolper, 1996]. The vertical axis is percent of maximum thickness, such
that zero is the base of a volcano and 100% is the surface of a fully grown volcano (i.e., for a 10 km thick, extinct
volcano, 20% represents surface 2 km above the base). Colored shapes are data for Mauna Loa (blue squares), Loihi
(cyan squares), Koolau (cyan crosses), West Molokai (green triangles), West Molokai postshield (green stars), Mauna
Kea (red circles), Kilauea (black diamonds), Kohala (black circles), and Kohala postshield (black stars) (see
GEOROC database http://georoc.mpch-mainz.gwdg.de and references therein; Koolau data from Salters et al.
[2006]). To plot Mauna Kea and Mauna Loa data on this vertical axis, we normalized the sample depths (or heights
for some cases) to 7.5 km and Koolau data is normalized to 6.5 km, the approximate thickness of the volcanoes at the
sample locations [see Wessel, 1993; Kurz et al., 1995; Haskins and Garcia, 2004; Garcia et al., 2007]. Kilauea and
Loihi are plotted on the diagram based on the assumption that they erupted 25% and 5% of their final volumes,
respectively, consistent with their estimated ages and volumes compared to the duration of most Hawaiian volcanoes
[Lipman et al., 2006; Robinson and Eakins, 2006]. Therefore, data collected at the current surface of Kilauea plot at
the same thickness as data collected deep in a Mauna Kea drill core. Estimated volumes, ages, or depths are not
available for West Molokai or Kohala, so we assumed these samples occurred at volume percentages that typify the
end of the corresponding stages: 95% for shield data and 99% for postshield data.
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with only two components (EC and DC), whereas
it is widely recognized that three or more compo-
nents are required to fully explain Hawaii data
[e.g., Kurz and Kammer, 1991; Eisele et al.,
2003, Abouchami et al., 2005].

[16] Pb-isotope data provide a good constraint on
the number of components and style of heteroge-
neity in the mantle, and successful models should
address these data. Recent high-precision Pb-iso-
tope data show that compositions of the Kea and
Loa subchains form statistically different popula-
tions in 208Pb/204Pb versus 206Pb/204Pb space
[Abouchami et al., 2005]. These authors interpreted
the results as indicating that the two subchains
sample mutually exclusive, bilateral mantle sour-
ces, requiring at least four components beneath
Hawaii (two for each subchain). However, the Pb
isotope mixing arrays from individual volcanoes
do cross with those from the other subchain, which
suggests the sources of the subchains are, in fact,
not mutually exclusive [Xu et al., 2007]. It may
therefore be possible for nonzoned, heterogeneous
mantle to explain these data, but with an added
third component. Previous calculations showed
that a large range of Pb-isotope data can be
explained by melting two source types plus varying
amounts of a third type [Ito and Mahoney, 2005a,
2005b]. It is possible that a third component is
being undersampled by one Hawaiian subchain and
more heavily expressed in the other due to differ-
ences in the proximity to the center of the plume
track much like the behavior of the current two-
component models. Regardless of number of com-
ponents, the model predictions are symmetric
across the plume axis, and we, like others before
[e.g., Lassiter et al., 1996; Bryce et al., 2005] must
assume the axis between the subchains is shifted to
the north of the center of the plume to explain
differences between the Loa and Kea subchains.

[17] A third component may also help address the
discrepancy that the low eNd values predicted
during the early growth of both on- and off-axis
volcanoes fall on the low end of the range mea-
sured at Loihi. A suitable component may have,
relative to global values, intermediate 87Sr/86Sr,

eNd and high 3He/4He [Kurz et al., 1996], much
like the proposed ‘‘C’’ [Hanan and Graham, 1996]
or ‘‘FOZO’’ [Hart et al., 1992] components. Be-
cause our model predicts the earliest lava compo-
sition to be dominated by the deepest-melting
lithology, a small amount of a deep-melting, C-like
component (with eNd � 6) might improve the
match to the Loihi eNd values. It might also explain

the high 3He/4He values for Loihi (as high as 32
times atmospheric 3He/4He), which provide another
line of evidence for more than two components.

[18] Another weakness of our dynamic models
deals with the well-known evolution of major
element composition from the tholeiitic lavas erup-
ted during the shield phase to the more alkalic
lavas erupted during the postshield phase. This
tholeiitic-alkalic transition probably represents a
change from higher to lower extents of partial
melting [e.g., Macdonald and Katsura, 1964; Frey
et al., 1990]. We predict the pooled mean extent of
partial melting sampled by a volcano as

F ¼

X2

l¼1

XN

n¼1

Fl
nf

l @Fl
n=dt

� �

X2

l¼1

XN

n¼1

fl @Fl
n=dt

� �
ð2Þ

for a uniform mesh, where F is the extent of partial
melting and in this case n is the position of a grid
point and is summed over N nodes inside a
cylindrical capture volume beneath the volcano
(see Figure 2). Figure 4 shows that predicted mean
extent of partial melting, F increases (or remains
high) with distance along the plume track until
>99% of the total melt volume is produced. This
prediction is inconsistent with the observation of
alkalic post-shield lavas in the last �2.5% of the
total erupted volume [Frey et al., 1990] as well as
with the general association of postshield alkalic
lavas and ‘‘depleted’’ (e.g., high-eNd) isotope
compositions [e.g., Chen and Frey, 1985; Frey et
al., 1990; Kennedy et al., 1991; Feigenson et al.,
2003].

[19] The model prediction of late-stage high F is
caused by the solid residue near the center of the
hot spot being swept with plate motion and con-
tinuing to melt to higher fractions on the down-
stream end of the melting zone. It is a result that is
not predicted in parameterized models of concen-
tric melting zones that do not consider plate shear
[e.g., Lassiter et al., 1996; Bryce et al., 2005]. This
behavior is independent of any of our isotope
calculations or whether two or even a single source
component is present, and we have not seen a
dynamical model of a plume beneath a moving
plate that adequately predicts such low F in the
appropriate location on the downstream end of the
melting zone. This result presents a new challenge
for all dynamical models of plume-plate interaction
to explain.
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[20] The most robust finding of this study, regard-
less of its specific application to Hawaii, is that the
coupling of upper mantle dynamics and melting of
small-scale mantle heterogeneities can lead to
larger-scale geographic compositional variations
at the surface. The broader implication is that if
any compositional zoning is present in a plume at
spatial scales comparable to the scales of the plume
itself, such as that caused by a plume entraining
ambient mantle as it rises through a layered mantle,
then the zoning could be less substantial or quite
different than previously inferred for Hawaii or
other hot spots. Consideration of the upper mantle
dynamics as done here is therefore essential for
inferring the composition of the mantle from which
plumes originate and through which they rise. Our
model also predicts that if plumes contain streaks
or blobs of heterogeneity [e.g., Farnetani et al.,
2002; Eisele et al., 2003; Abouchami et al., 2005;
Farnetani and Samuel, 2005; Marske et al., 2007],
the sampling of such heterogeneity will not be
constant over the life of a volcano, even if the

mass fraction of heterogeneity entering the melting
zone is constant. A logical step for future work is
to include the dynamic effects illustrated in this
study with different forms of zoning in the source
to see if they can better explain the data than the
current model.

5. Conclusions

[21] Upper mantle dynamics and melting of a
heterogeneous source can lead to strong geograph-
ical variations in the isotope composition of mag-
mas erupted at the surface, independent of any
geographical variation in mantle source. Our model
of an intraplate plume predicts Nd-isotope compo-
sitions that change from the center to the end of the
melting zone in the same sense as that recorded by
the shield to postshield progression of Hawaiian
volcanoes. If volcanoes pass at different distances
from the hot spot center, our model also predicts
compositions that are consistent with the sustained
differences between Loa (on-axis) and Kea (off-

Figure 4. Eruption rate and F . Heavy black lines mark eruption rates for an on-plume-axis volcano (solid) and an
off-axis volcano (dashed), normalized to the maximum rate of the on-axis volcano, �36 � 106 m3/a. Rates are the
sum of melting rates in vertical cylindrical capture areas passing over the hot spot (see Figure 2). The solid gray line
is mean extent of melting F (see equation (2)) for an on-axis volcano. Vertical black lines indicate the approximate
volume fractions (applicable to both on- and off-axis volcanoes) that delineate the preshield and postshield stages of
Mauna Kea [see Frey et al., 1990, and references therein]. Postshield, alkalic stages began at Mauna Kea when
volume rates fell to 10% of the maximum, and these stages account for �2.5% of the total erupted magma. In
contrast, a (>1%) decrease of F in the model (gray box), which we use as a qualitative proxy for the onset of alkalic
magma production, occurs when volume fluxes and total volume fall well below 1% of the maxima. This
inconsistency occurs regardless of whether we melt a one- (not shown) or two-component (gray curve) mantle; it is a
new issue that needs to be addressed by any dynamic model of plume-plate interaction. In this model peak eruption
rate is �36 � 106 m3/a on-axis and 14 � 106 m3/a off-axis, and total erupted volume is �4.0 � 104 km3 on-axis and
1.7 � 104 km3 off-axis. The prediction that on-axis volcanoes erupt more than double the peak rate and total volume
of off-axis volcanoes is consistent with estimates that Mauna Loa is nearly double the volume of Mauna Kea but
inconsistent with small differences in erupted volumes estimated at other Loa and Kea subchain volcanoes [DePaolo
and Stolper, 1996; Robinson and Eakins, 2006].
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axis) subchains. These results offer an alternative
explanation for these well-established observations at
Hawaii. Finally, our results motivate reevaluations of
the amplitude or even presence of compositional
zoning in plumes and the mantle through which
plumes rise beneath Hawaii and other hot spots.
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