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Abstract

The ~0.2 mm/yr uplift of Hawaiian islands Lanai and Molokai and Hawaiian swell topography pose important
constraints on the structure and dynamics of mantle plumes. We have formulated 3-D models of mantle convection to
investigate the effects of plume—plate interactions on surface vertical motions and swell topography. In our models,
the controlling parameters are plume radius, excess plume temperature, and upper mantle viscosity. We have found
that swell height and swell width constraints limit the radius of the Hawaiian plume to be smaller than 70 km. The
additional constraint from the uplift at Lanai requires excess plume temperature to be greater than 400 K. If excess
plume temperature is 400 K, models with plume radius between 50 and 70 km and upper mantle viscosity between
10%° and 3x 10%° Pa s satisfy all the constraints. Our results indicate that mantle plume in the upper mantle may be
significantly hotter than previously suggested. This has important implications for mantle convection and mantle
melting. In addition to constraining plume dynamics, our models also provide a mechanism to produce the observed
uplift at Lanai and Molokai that has never been satisfactorily explained before.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Vertical motions of the Earth’s surface in re-
sponse to surface loads and mantle buoyancy
forces place fundamental constraints on the rheol-
ogy and dynamics of the mantle. One of the best
known localities where these two processes inter-
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act is the Hawaiian Islands in the Central Pacific
Ocean. Here, a deep mantle plume beneath the
Pacific plate has generated a chain of volcanic
oceanic islands that progressively increase in age
away from Hawaii Island.

Radiometric dating of submerged coral reefs
[1] and sub-aerial lavas [2] indicate that despite
its great height, Hawaii Island has subsided
~1.2 km over the last 450 kyr at a rate of
~2.610.4 mm/yr [1]. Lanai, ~ 225 km northwest
of Hawaii (Fig. 1), however, has experienced up
to 50 m of uplift in the last ~ 250 kyr at rates of
~0.20 mm/yr, according to studies on coral de-
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posits [3] and stratigraphic relationships within
the deposits [4]. Slightly smaller rates have been
suggested for the neighboring island of Molokai
[3]. Oahu, at a distance of ~ 340 km from Hawaii
(Fig. 1), has also been uplifted in the last 500 kyr
but, at ~5 times smaller rates [3,5]. The main
source of uncertainties of the uplift rates may be
related to dating the deposits that has ~ 15% er-
rors [3].

Previous workers have attributed the subsi-
dence at Hawaii and uplift at Lanai, Molokai
and Oahu to flexural loading at Hawaii Island.
Moore [6], for example, attributed the subsidence
at Hawaii to successive volcanic loads which
flexed the underlying Pacific oceanic crust down-
wards. Watts and ten Brink [5], using a model
developed earlier by McNutt and Menard [7] at
isolated oceanic volcanoes, showed that the sub-
sidence of Maui and the uplift at Oahu could be
attributed to its location in Hawaii’s flexural de-
pression and bulge respectively. Griggs and Jones
[3] extended the model to Lanai and Molokai,
although they did not show that the model could
explain the uplift observed at these islands.

The Hawaiian Islands are superimposed on a
~ 1000 km wide, ~ 1.5 km high, topographic
swell [8]. It is generally agreed that the islands
and swell result from the interaction of an ascend-
ing mantle plume with the moving Pacific plate
[9-12]. The islands form by decompression melt-
ing of plume materials [12-14] while the swell is
supported dynamically by buoyancy forces de-
rived from the plume. Because islands are super-
imposed on their crest, it is difficult, however, to
use the bathymetric observations to isolate the
Hawaiian swell. However, profiles constructed
from shipboard bathymetry grids (e.g., Fig. 1)
suggest that the swell reaches its peak height,
~225-300 km ‘downstream’ of Kilauea, Hawaii
Island. Similar results were obtained by Wessel
[15] who used a ‘super Gaussian’ filtering tech-
nique to isolate the swell. The Hawaiian swell
should influence the vertical motion history of
Lanai, Molokai, and Oahu, as these islands ride
the swell and move with the Pacific plate away
from Hawaii Island.

The main objective of this paper is to study the
effects of plume—plate interactions on the vertical

motion of Hawaiian Islands. First, we will argue
that flexural loading at Hawaii Island cannot pro-
duce sufficient amount of uplift at Lanai and Mo-
lokai to explain the observations. Second, with
3-D finite element models of dynamic plume—plate
interactions, we will argue that the uplift at Lanai
and Molokai can be explained as a consequence
of an ascending plume below Hawaii Island
sheared by a moving Pacific plate. The observed
uplift rates constrain the excess plume tempera-
ture to be greater than 400 K and plume radius
to be less than 70 km. Finally, we will discuss the
implications of our results for mantle melting and
mantle convection.

2. Vertical motion from flexural loading at
Hawaii Island

In this section, we will demonstrate that loading
at Hawaii Island cannot produce the observed up-
lift at Lanai and Molokai, different from what has
been proposed before [3]. We use flexure models
to study vertical motions of Hawaiian islands
caused by loading at Hawaii Island. Our flexure
models assume an axi-symmetric disc load with
radius of 36 km and a unit height acting on an
incompressible elastic plate with a Young’s mod-
ulus of 10'! Pa but different elastic thickness. The
models are similar to that in [16]. We assume the
axi-symmetry because the relevant load is the Ha-
waii Island that displays a high degree of axi-sym-
metry. Fig. 2 shows the flexure and vertical mo-
tions that would be expected at Lanai, Molokai
and Oahu due to flexural loading at Hawaii Is-
land. The calculations show that flexural loading
causes a bulge at a distance that increases with
elastic plate thickness 7. (Fig. 2a). The vertical
motion rates are directly proportional to the flex-
ure or displacement for steady-state loading pro-
cess. The vertical rates are scaled such that the
subsidence rate at the submerged coral reefs on
Hawaii Island’s north-west flank matches the ob-
served rate of 2.6 mm/yr (Fig. 2b). Uplift rates of
up to ~0.05 mm/yr are predicted at Lanai for
T.=25 km, but the uplift turns into subsidence
for T, >29 km. Similar uplift rates are predicted
at Molokai, but the transition from uplift to sub-
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Fig. 1. Bathymetry of the Hawaiian Islands region based on shipboard data. (a) Bathymetry image. An oblique Mercator projec-
tion with the pole at —112°E, 69°N is used. Thick solid lines show the locations of the bathymetry profiles shown in (b-d). Inner
dashed ring indicates the approximate extent of the load of Hawaii assumed in the elastic plate (flexure) model. Outer dashed
ring is the approximate position of the flexural node for elastic plate thickness 7, =25 km. (b) Bathymetry profiles (thin dotted
lines) of the Hawaiian swell to the north of the islands and their average (thick solid line). (c) Bathymetry profile along the Ha-
waiian volcanic chain (thick solid line). (d) Bathymetry profiles (thin dotted lines) of the Hawaiian swell to the south of the is-
lands and their average (thick solid line). In (b—d), thick red line indicates a median filter of the bathymetry/topography with fil-
ter wavelength of 500 km, and thick dashed line indicates the predicted depth of the seafloor based on a cooling plate model.
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Fig. 2. Predicted flexure due to volcanic loading at Hawaii Island. (a) Flexure (normalized for load height) caused by a disk load
with radius 36 km that is emplaced on an elastic plate with 7, =25 km (solid line) and 35 km (dashed line). (b) Vertical motion

rates at Lanai, Molokai and Oahu for different values of T..

The rates are scaled such that the subsidence rate at the submerged

coral reefs on the Hawaii Island’s north-west flank (a distance of 75 km from the load center) corresponds to the observed rate
of 2.6 mm/yr. The thin dash-dot line in (b) is for the rates for Lanai for load radius 50 km.

sidence occurs at the higher T, of 34 km. Oahu is
in a region of uplift, irrespective of T.

Since the observed 7. based on seismic and
gravity modeling is in the range 25-40 km
[5,17,18] with smaller 7. (~25-30 km) beneath
the individual islands [17], our models indicate
uplift rates at Lanai of 0.05 mm/yr or less. These
rates are significantly smaller than the observed
uplift rates of ~0.2 mm/yr [3,4]. We found that
increasing the load radius to 50 km generally re-
sults in ~10% change in the predicted rates
(Fig. 2b). Therefore, flexural loading at Hawaii
Island is apparently unable to explain the ob-
served uplift of ‘downstream’ islands such as La-
nai.

Sonar surveys suggest that the Hawaiian Is-
lands are associated with large-scale sector collap-
ses which have generated debris avalanches that

have traveled over the Pacific seafloor for up to a
few hundred km [19]. The removal of large vol-
umes of material from the island flanks is signifi-
cant because it might uplift of the volcanic edifice
that remains. However, as Smith and Wessel [20]
have shown using 3-D flexural unloading models,
the predicted uplift at Lanai is small (< ~8 m)
and therefore is unable to contribute significantly
to the observed uplift.

3. Vertical motion from dynamic plume—plate
interactions

Our loading models suggest that flexure due to
volcanic loading at Hawaii Island may only ex-
plain one fourth (or ~0.05 mm/yr) of the uplift
at Lanai. Here we suggest that plume—plate inter-
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Fig. 3. 3-D thermal structure and topography from a plate-plume interaction model. (a) Thermal structure for a model with
R, =65 km, AT, =400 K, and 17, =2%10% Pa s. Arrows indicate the direction of plate motion. The two constant temperature
surfaces are for 1400 (yellow) and 1600°C (red), respectively. (b) The corresponding planform of the swell topography (contour
interval =200 m), (c) dynamic topography of the swell crest, and (d) vertical uplift rate of the swell crest for the model in (a).
Dashed lines in (c,d) are for a model that only differs from (a) by having AT, =300 K and 7, =10% Pa s.




110 S. Zhong, A.B. Watts! Earth and Planetary Science Letters 203 (2002) 105-116

actions are the primary cause of the uplifts at
Lanai and Molokai. We have tested this possibil-
ity by constructing 3-D finite element models of
mantle convection with plume-plate interactions.

3.1. Models of plume—plate interactions

Our 3-D cartesian models of mantle convection
are similar to those in [11] (Fig. 3a). The model
box is 400 km deep, 1600 km wide and 3200 km
long in the direction of plate motion. The bottom
boundary at a depth of 400 km is assumed to
have zero horizontal velocity and vertical stress,
and the latter permits vertical flow through it. The
bottom boundary is assumed to be at a uniform
temperature of 1350°C, except in a circular region
which simulates an ascending mantle plume. The
surface is assumed to be at a constant tempera-
ture (0°C) and to have the same horizontal veloc-
ity (86 mm/yr) as the absolute motion of the Pa-
cific plate. Flow-through boundary conditions are
applied to the left and right side-walls of the box.
The inflow from the left side-wall has a fixed tem-
perature profile derived from a half-space cooling
model for a 80 Ma old lithosphere, and outflow at
the right side-wall has a zero temperature gra-
dient. Reflecting boundary conditions are applied
to the front side-wall and rear side-walls are
stress-free.

The circular region on the bottom boundary
that simulates a plume is located at 800 km dis-
tance from the inflow boundary and maintains a
temperature anomaly AT=AT, exp (—r*/R}),
where R, and AT}, are the radius and excess tem-
perature of the plume and r is the distance from
the plume center. Our models assume a temper-
ature-dependent Newtonian rheology n=r1n, exp
[E/R(1/T—1/Ty)], where E is activation energy, 1,
and Ty, are background viscosity and background
temperature in the upper mantle, respectively, and
R is the gas constant. In this study, E is taken as
120 kJ/mol, Ty is 1350°C, and 7, varies from
5%10Y to 4x10% Pa s. In our calculations, we
will primarily vary 1,, Rp, and AT, while keeping
other model parameters fixed (Table 1).

The calculations are based on the finite element
code CITCOM [21] with various extensions in-
cluding parallel computing [22]. Our models

have ~10 km vertical resolution and 5 km hori-
zontal resolution near the plume. We integrate
our models for a sufficiently large number of
time steps to get a steady-state solution. Our
models do not display significant time-dependence
or boundary layer instabilities. Boundary layer
instabilities may be expected for models with large
activation energy [23]. Our models use activation
energy of 120 kJ/mol that is constrained by ob-
served flexural rigidity near seamounts [16]. This
activation energy is smaller than those deduced
from laboratory studies on mantle rocks. How-
ever, with a Newtonian rheology, activation en-
ergy larger than 120 kJ/mol may predict too large
flexural rigidity or too thick elastic plate near the
seamounts than observed [16].

We have made a number of simplifications that
deserve some discussions. (1) The effects of melt-
ing on buoyancy and temperature are not consid-
ered. A recent study suggests that they may in-
crease swell topography by 25% [14]. We believe
that such relatively small effects of melting will
not change our basic results. (2) The bottom
boundary in our models is open, similar to
[11,23]. Previously, 3-D models of plume-plate
interactions have been formulated for the entire
mantle to study the generation of plumes [24]. It
is, however, computationally difficult to use such
models for our study in which we need to resolve
plumes with radius of ~50 km. We have ad-
dressed this issue with calculations for larger
box depth that indicate that our results are not
sensitive to box depth.

3.2. Results

Fig. 3 shows the steady-state thermal structure,

Table 1

Parameters for plume-plate interaction models
Parameter Value
Activation energy 120 kJ/mol
Thermal diffusivity 1076 m2s~!
Coefficient of thermal expansion 3.5x107° K™!
Mantle density 3300 kg m~3
Water density 1000 kg m~—
Mantle temperature 1350°C
Depth of model box 4x10° m
Surface plate motion 86 mm/yr
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topography, and uplift rates for a model run with
R, =65 km, AT, =400 K, and 7,=2X10% Pa s.
The topography excludes the effects of lithospher-
ic cooling, following that in [11]. The figure shows
that the temperature is characterized by a thermal
plume and a thin thermal sheet below the moving
plate. The plume buoyancy flux is 3980 kg/s, con-
sistent with previous estimates [11]. The plume
produces a swell with a maximum height of
~ 1590 m and a half-width of ~600 km at the
plume center (Fig. 3b,c). The plume center is de-
fined here as the point in the ascending plume
where the flow reaches the melting point. The
swell crest is located ~300 km ‘downstream’ of
the plume center. The swell width is defined as the
distance to the swell axis from where topographic
gradient decreases to 10™* along the topographic
profile perpendicular to the plate motion at plume
center. The swell width is generally ~ 10% larger
if we use the minimum topography along the per-
pendicular topographic profile as a criterion.
However, in some cases a stable minimum topog-
raphy is hard to locate, due to some weak time-
dependence at the edge of the spreading plume.
While the predicted half-width for the swell is
consistent with the observed (~ 600 km in [15]),
the predicted maximum swell height along the
swell axis is ~250 m larger than that inferred
from the bathymetry profiles ~200 km off the
volcanic chain [§8]. However, because the Hawai-
ian Islands obscure the true shape of the swell
crest, we think that a maximum swell height be-
tween 1350 and 1500 m is a reasonable estimate.

With the swell topography, we compute the up-
lift rate by multiplying the plate velocity with the
topographic gradient in the direction of plate mo-
tion. As Fig. 3c,d shows, an island that forms
above a plume center experiences uplift as it
‘rides’ the swell crest. At Lanai, which is now
~220 km from the plume center, uplift rates as
large as 0.15 mm/yr are predicted by the models.
The uplift rates at Molokai are slightly smaller at
0.11 mm/yr. However, the vertical rates at Oahu
are insignificantly small (Fig. 3d), because of the
relatively large distance from the plume. Because
Molokai is very close to Lanai and the predicted
uplift rates are similar, we will focus on uplift
rates at Lanai.

We have examined the sensitivity of the calcu-
lated uplift rates to model parameters with more
than 70 cases. The predicted uplift rates at Lanai,
UtLanai» are sensitive to Ry, AT}, and 1,. However,
the model predictions were found to depend
weakly on the box size. For example, increasing
box depth in Fig. 3 to 600 km only results in
~10% variations in the maximum swell height
and uplift rates. However, the increasing box
depth results in 35% increase in plume buoyancy
flux, suggesting that plume buoyancy flux is sen-
sitive to box depth [11].

Fig. 4a,b shows that the model swell height and
swell width have similar dependence on R, 7,
and AT, in that swell height and swell width in-
crease with increasing R, and AT}, and decreasing
Mo. For models with a given AT, only certain
combinations of R, and 1, reproduce the ob-
served swell height (i.e., between 1350 and
1500 mm) (Fig. 4a) and swell width at the plume
center (i.e., 600 km) (Fig. 4b). Fig. 4d,e shows
those R, and 7, for different AT, that reproduce
the observed swell height and swell width, respec-
tively. For AT, between 300 and 400 K, only
models with R, <70 km and 7, <3x10% Pa s
satisfy both swell height and swell width con-
straints, and for larger R, the two sets of curves
for swell height and swell width diverge rapidly
(Fig. 4b). However, it is difficult to use swell
height and swell width constraints to further cir-
cumscribe parameter space for R, 1, and AT,
because for R, <70 km and 7, <3X10% Pa s,
swell height and swell width have similar depen-
dence on R, 7, and AT,. This is not surprising
considering that swell height and swell width are
not entirely independent and that they both in-
crease with plume buoyancy flux [11] which
should increase with R, and AT, but decrease
with 1,.

The uplift rate at Lanai, Up,p,;, in general also
increases with AT, (Fig. 4c). However, different
from swell height and swell width, Up,n,; peaks
at a certain R, for a given 1, (Fig. 4c). These
models satisfying the swell height constraint pro-
duce very different Upa, (Fig. 4cf). For
AT, =300 K, the maximum possible Upanai is
~0.05 mm/yr that occurs for R,=65 km and
No=10 Pa s (Figs. 4 and 3.d), while for
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AT, =400 K, Upanai is greater than 0.15 mm/yr
for R, between 50 and 70 km (Fig. 4f) and the
corresponding 17, between 10%° and 3x10% Pa s.
Other parameter pairs such as R, ~40 km and
Mo~ 5% 10" Pa s for AT, =400 K or R, <70 km
and 17, <3x10% Pa s for AT, =350 K satisfy the
swell height and swell width constraint (Fig. 4e)
but, predict Upun, <0.1 mm/yr (Fig. 4f). This
indicates that plume excess temperature AT} is
required to be greater than 400 K in order
to produce the observed Upyn, (i.e., >0.15 mm/

yr).

4. Discussions and conclusions

We have demonstrated that both flexural load-
ing and plume-plate interactions contribute to the
vertical motions that have been observed in the
Hawaiian Islands. At Hawaii Island, the subsi-
dence caused by loading (Fig. 2b) clearly domi-
nates the uplift due to plume-plate interactions
(~0.35 mm/yr in Fig. 3d). However, volcanic
loading contributes only a small amount (~0.05
mm/yr) to the uplift of ‘downstream’ islands such
as Lanai (Fig. 2b). Here, plume-plate interactions
are more important (Fig. 3d). The models in Fig. 4
show that the uplift from plume—plate interactions
depends on not only plume radius R, and upper
mantle viscosity 77,, but also the excess plume
temperature AT,. However, for AT, =300 K the
maximum possible U 18 ~0.05 mm/yr
(Fig. 4f), which is too small to account for the
observed rate of ~0.2 mm/yr. AT, needs to be
at least 400 K to match the observations (Fig. 4f),
provided that flexural loading contributes less
than 0.05 mm/yr to the uplift rate at Lanai (the
rate predicted from a model with uniform 7, of
25 km). At Oahu and other islands further ‘down-

stream’, dynamic topography has an insignificant
influence on vertical motions (Fig. 3c). However,
at Oahu flexural loading predicts rates of 0.04 and
0.07 mm/yr (Fig. 2b) which are consistent with
observations [3].

We have shown that in conjunction with ob-
served swell height and swell width, the uplift
rate at Lanai poses strong constraints on plume
dynamics. Swell height, swell width, and uplift
rates are most sensitive to three parameters: Ry,
AT,, and 1n,. Swell height (i.e., 1.35-1.5 km) and
swell half-width (i.e., 600 km) constraints require
R, <70 km (Fig. 4e). However, for R, <70 km
and a given AT}, models with parameters R, and
Mo that satisfy the swell height constraint also
satisfy the swell width constraint equally well
(Fig. 4e). This implies that swell height and swell
width no longer provide independent constraints
for R, <70 km. The uplift rate at Lanai introdu-
ces additional constraints that require AT, =
400 K, and if AT,=400 K, then we have
50 km =AT, =70 km and 10® Pa s=1n,=3X
102 Pa s.

The uplift rates at ‘downstream’ islands provide
constraints on plume dynamics, because the uplift
rates depend on plate—plume coupling and also
plume buoyancy. The uplift rates are determined
by topographic slope that depends not only on
the maximum swell height but also on the loca-
tion of swell maximum with respect to the plume.
For Lanai and Molokai to experience uplift, our
models suggest that they need to be located be-
tween the plume and the swell maximum (Figs.
3c,d). Although the Hawaiian volcanoes obscure
the swell crest, there is an indication in bathymet-
ric profiles at ~200 km distance from the vol-
canic chain that the swell maximum may be lo-
cated further ‘downstream’ from Hawaii than
Lanai and Molokai (Fig. 1).

«—

Fig. 4. Sensitivity of the model calculations to AT}, R,, and 1,. (a) Predicted swell height for different values of R, 1, and AT}
(dashed lines for 300 K and solid lines for 400 K). The gray line indicates a swell height of 1.5 km. The symbols circle, diamond,
triangle, and star are for 17, of 5x10', 10%°, 2 10%, and 4x 102 Pa s, respectively, and each symbol represents a single model
run. (b) Predicted swell width and (c) predicted vertical motion rate at Lanai Island for the same models in (a). Symbols and
lines are as in (a). (d) Models with parameters of R;,, 1, and AT}, that produce swell height between 1.35 and 1.5 km and (e)
swell width of 600 km. (f) Predicted vertical motion rate at Lanai Island for those models with different values of R, and AT}, in
(d). As finite element models may not exactly produce desired swell height and width (e.g., a,b), (d-f) are based on interpolation
of results from (a—c) for AT, =300 and 400 K and from model runs for AT, =350 K.
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The location of the swell maximum with respect
to the plume depends on distribution of mantle
buoyancy. The mantle buoyancy consists of two
parts: the vertical plume conduit and the horizon-
tal thermal sheet (Fig. 3a), and the swell topogra-
phy is the sum of dynamic topography resulting
from each of these two structures. While the
plume conduit produces topography that peaks
directly above the plume, it is the thermal sheet
that causes the ‘downstream’ offset of swell max-
imum with respect to the plume. This offset de-
pends on relative importance between plate’s
shear force that controls the horizontal thermal
sheet and the plume buoyancy (ie., R, and
AT,). With similar plume buoyancy flux and R,
the two cases in Fig. 3¢ produce similar topogra-
phy. However, the peak topography from the case
with smaller viscosity (i.e., smaller shear from the
plate) is closer to the plume center and this leads
to significantly smaller Up,,,; (Fig. 3c,d). This
also helps understand why Upan.i peaks at certain
R, in Fig. 4c¢.f. In order to maintain similar plume
buoyancy flux or swell height, 1, (i.e., plate’s
shear force) needs to increase with R, (Fig. 4d).
Therefore, as R, increases the increasing plate
shear causes the topography to peak at a larger
distance from the plume head and a larger Uy p,;
(Fig. 4f). However, when R, is sufficiently large,
compensation of the buoyancy in the plume con-
duit becomes so effective that it starts to control
the location of the peak topography. In this sit-
uation, increasing R, tends to move the peak to-
pography closer to the plume and reduce Utgapai
(Fig. 4f).

In addition to providing an explanation for up-
lift of the Hawaiian Islands, our study has impli-
cations for dynamic topography, the dynamics of
mantle plumes, and mantle melting. Although it
has long been suggested that mantle dynamic pro-
cesses including subduction can cause submer-
gence or/and emergence of continents at large
temporal (10-100 Ma) and spatial (>2000 km)
scales [25,26], we believe that vertical motions of
the Hawaiian Islands in the last 250 kyr suggest
that this process may operate at much smaller
scales.

Our estimate of >400 K for the excess plume
temperature is significantly larger than the

~ 280 K estimated from a previous study by com-
paring melting production rate, geoid and topog-
raphy at Hawaii with predictions from axi-sym-
metric and isoviscous mantle convection models
[13]. However, recent studies suggest that this es-
timate of 280 K may not be well constrained.
These include: (1) The melt production rate at
Hawaii is recently estimated to be 70% larger
[12] than used in [13]. This suggests that a larger
AT, is needed to enhance the melt production
rate. (2) The geoid/topography ratio for the Ha-
waiian swell after eliminating seamounts effects
may be twice [27] of that used in [13]. In addition,
more realistic convection models based on a 3-D
geometry and temperature-dependent viscosity
with similar AT, [11,14] produce significantly dif-
ferent geoid/topography ratios than from isovis-
cous mantle convection models.

Several other lines of evidence support the larg-
er estimates of AT} inferred in our study. These
include: (1) Recent theoretical and laboratory
studies that indicate significant decrease in melt
productivity for fractional melting [28,29]. This
implies a larger AT}, than in [13] so as to produce
the same amount of melt at Hawaii [14]. (2) Seis-
mic observations that reveal a melting zone at
depths of 130-170 km below Hawaii [30]. While
melting at the 130 km depth suggests AT, ~300 K
for the Hawaiian plume [30], AT, ~400 K is re-
quired to initiate melting at the bottom of the
melting zone (i.e., 170-km depth). (3) We note
that the larger AT} is consistent with that from
other models of mantle convection. The excess
temperature in a plume in the upper mantle de-
pends on the plume buoyancy flux and, hence,
initial excess temperature that it acquires from
the bottom thermal boundary layer [31]. For the
Hawaiian plume, an excess temperature of
AT, =280 K in the upper mantle implies only
500 K initial excess temperature in the lower man-
tle, and this is much smaller than that predicted
for a whole mantle model [31], Although a bot-
tom chemical layer with dense material may re-
duce the temperature for plumes originating from
this layer [32], recent layered mantle models pre-
dict significantly larger AT}, in the upper mantle
[33]. (4) Recent studies on geodynamo suggest
significantly larger core heat flux than previously
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believed [34]. The larger core heat flux may imply
larger AT.

An upper-mantle viscosity 7, of ~2x10% Pa s
from our study is consistent with that estimated
for the sub-lithospheric mantle from Ilateral
spreading of the Hawaiian swell root [12]. Phipps-
Morgan et al. [12] suggested that in order to pre-
venting the Hawaiian swell root from spreading
two rapidly, significant coupling between the Pa-
cific plate and the swell root is required and the
viscosity of the swell root needs to be 3 10%° Pa
s. In [12], the swell root is considered as melt res-
idue derived from melting the plume, and the
swell root is compositionally buoyant and more
viscous than the ambient mantle. Our study does
not consider the possible influences of melting on
buoyancy and viscosity. The effects of melting
need to be examined in future studies.
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