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Abstract

The geochemical variations of Kilauea’s historical summit lavas (1790-1982) document a rapid fluctuation in the
mantle source and melting history of this volcano. These lavas span nearly the entire known range of source
composition for Kilauea in only 200 yr and record a factor of ~ 2 change in the degree of partial melting. In this study,
we use high-precision measurements of the U-series isotope abundances of Kilauea’s historical summit lavas and two
‘ingrowth’ models (dynamic and equilibrium percolation melting) to focus on the process of melt generation at this
volcano. Our results show that the 20Ra->0Th-?3¥U disequilibria of these lavas have remained relatively small and
constant with ~ 12+ 4% excess 2°Ra and ~ 2.5+ 1.6% excess 2*°Th (both are * 26). Model calculations based mostly
on subtle variations in the 2Th-?¥U disequilibria suggest that lavas from the 19th to early 20th centuries formed at
significantly higher rates of mantle melting and upwelling (up to a factor of ~ 10) compared to lavas from 1790 and the
late 20th century. The shift to higher values for these parameters correlates with a short-term decrease in the size of the
melting region sampled by the volcano, which is consistent with fluid dynamical models that predict an exponential
increase in the upwelling rate (and, thus, the melting rate) towards the core of the Hawaiian plume. The Pb, Sr, and Nd
isotope ratios of lavas derived from the smallest source volumes correspond to the ‘Kilauea’ end member of Hawaiian
volcanoes, whereas lavas derived from the largest source volumes overlap isotopically with recent Loihi tholeiitic
basalts. This behavior probably arises from the more effective blending of small-scale source heterogeneities as the
melting region sampled by Kilauea increases in size. The source that was preferentially tapped during the early 20th
century (when the melt fractions were lowest) is more chemically and isotopically depleted than the source of the early
19th and late 20th century lavas (which formed by the highest melt fractions). This inverse relationship between the
magnitude of source depletion and melt fraction suggests that source fertility (i.e. lithology) controls the degree of
partial melting at Kilauea. Thus, rapid changes in the size of the melting region sampled by the volcano (in the presence
of these small-scale heterogeneities) may regulate most of the source- and melting-related geochemical variations
observed at Kilauea over time scales of decades to centuries. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Kilauea; volcanoes; Hawaii; lavas; geochemistry; uranium; isotopes; mantle plumes; melting; models

* Corresponding author. Present address: Carnegie Institution of Washington, Department of Terrestrial Magnetism, 5241 Broad
Branch Road, N.W., Washington, DC 20015, USA. Tel.: +1-202-478-8476; E-mail: pietrus@dtm.ciw.edu

0012-821X/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
PII: S0012-821X(01)00230-8



16 A.J. Pietruszka et al. | Earth and Planetary Science Letters 186 (2001) 15-31

1. Introduction

Historical lavas from active Hawaiian shield
volcanoes such as Kilauea and Mauna Loa are
ideal for investigating mantle melting because
they display systematic melting-related variations
of incompatible trace element ratios (e.g. La/Yb
or Nb/Y) over short periods of time (years to
decades [1-4]). Models based on these fluctuations
in lava chemistry suggest that the degree of partial
melting has varied by a factor of ~2 for Kilauea
since 1790 [3] and ~40% relative for Mauna Loa
since 1843 [2], which are significant portions of
the overall range inferred for Hawaiian shield vol-
canoes (a factor of ~ 2.5 [5]). The origin of these
short-term changes in the degree of partial melt-
ing is poorly understood, but may be related to
the interplay between mantle melting and small-
scale source heterogeneities [2,3]. A similar pat-
tern of rapid, source- and melting-related geo-
chemical variations has also been observed in
stratigraphic sections of prehistorical shield lavas
from Hawaiian volcanoes (e.g. Mauna Loa [6]
and Mauna Kea [7,8]). Thus, a detailed geochem-
ical sampling of lavas over time scales of decades
to centuries may provide the best clues to under-
standing the dynamics of mantle melting within
the Hawaiian plume.

The U-series isotope abundances of lavas (e.g.
20Th and ?*°Ra) are excellent tracers of mantle
melting because the half-lives of 2°Th and **°Ra
(~75 kyr and 1600 yr, respectively) are thought
to be similar to the time scale of magmatic pro-
cesses (e.g. [9]). This unique feature of U-series
isotopes offers the potential to study both the na-
ture and timing of the processes that fractionate
incompatible trace elements during magma gene-
sis. This possibility derives from two important
properties of the *®U decay chain. First, prior
to melting, the source regions of basaltic lavas
will generally be in a state of radioactive, or sec-
ular, equilibrium in which the U, 2°Th, and
226Ra activities (decay rates) are equal. When sec-
ular equilibrium prevails, the (***Th/?%U) and
(**°Ra/*'Th) ratios (parentheses indicate activ-
ities) of the source are known (and equal to
unity), in contrast to most other geochemical trac-
ers of the melting process (e.g. stable, incompat-

ible trace elements). Second, any process that
fractionates these elements, such as partial melt-
ing of the mantle, induces a state of radioactive
disequilibrium in which the activities of %¥U,
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Fig. 1. Summary of the melting, source, and eruptive history
of Kilauea Volcano. Kilauea’s historical lavas record a rapid
fluctuation in the degree of partial melting (inferred from in-
compatible trace elements) that correlates with the volcano’s
eruption rate (and, presumably, its magma supply rate). The
composition of the mantle source region tapped by Kilauea
(or proportions of the source components) has also changed
over time (shown as a % of the early 20th century source
composition, which corresponds to the ‘Kilauea’ isotopic end
member for Hawaiian volcanoes). The vertical shaded lines
mark the explosive summit eruptions of 1790 and 1924. See
[3] for the methods and/or references used to calculate each
of these parameters. The average melt fraction and source
composition for the Mauna Ulu rift zone lavas are estimated
using data from [1] and unpublished Pb isotope analyses (A.
Hofmann, personal communication, 1999). The sample sym-
bols are grouped according to eruption date: up triangles
(1790), circles (1820-1921), diamonds (1929-1954), squares
(1961-1982), left triangles (Mauna Ulu), and right triangles
(Puu Oo).
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20Th, and ?*Ra are unequal. The magnitude of
the 22°Ra-?Th-2%¥U disequilibria in basaltic
lavas is believed to depend, in part, upon the rates
of mantle melting and upwelling [10-12].

Early U-series studies of Hawaiian shield lavas
used radioactive decay counting techniques to
identify small, but significant, 2Th and *?°Ra
excesses relative to their respective parents, 28U
and ?*Th, and proposed a magmatic (mantle
melting) origin for these disequilibria [13-15].
More recent, high-precision decay counting and
mass spectrometric U-series investigations of his-
torical Kilauea and Mauna Loa lavas observed
small °Th excesses and moderate 2*°Ra excesses
up to 28% [16-20]. Modeling of the small >*Ra—
20Th-238U disequilibria of these lavas (compared
to mid-ocean ridge basalts [21,22] and lavas from
other ocean island volcanoes [23]) has led to the
idea that the rates of mantle melting and upwell-
ing for tholeiitic basalt production within the Ha-
waiian plume are relatively high [16-19,23].

This paper presents new U-series isotope, Sr
isotope, and trace element abundance data for
the historical summit lavas of Kilauea Volcano
(1790-1982). These samples span nearly the entire
known range of source composition for this vol-
cano and record a factor of ~2 change in the
degree of partial melting [3]. In this study, we
focus on mantle melting at Kilauea using the U-
series isotope systematics of its historical lavas
and two ‘ingrowth’ models for producing **°Ra—
20Th-238U  disequilibria (dynamic melting [10]
and equilibrium percolation melting [12]). Our
goal is to find an internally consistent model
that accounts for the ?°Ra—>Th-2*¥U disequilib-
ria of Kilauea lavas in the context of other geo-
chemical evidence (from incompatible trace ele-
ments and Pb, Sr, and Nd isotope ratios [3]) for
a short-term change in the mantle source and
melting history of this volcano (Fig. 1).

2. Results

High-precision measurements of the Ba, Th, U,
Sr, and **Ra concentrations and (*°Th/>2Th),
(230Th/238U), (226Ra/230Th), (234U/238U), and 87Sr/
86Qr ratios of Kilauea’s historical summit lavas by

thermal ionization mass spectrometry (TIMS) are
reported in Table 1 (for additional sample infor-
mation and analytical methods see the EPSL On-
line Background Dataset'). In this section, we de-
scribe the temporal geochemical variations of the
lavas (Fig. 2). All uncertainties are *2G.

2.1. P0Th-238U disequilibria

The 2°Th->#U disequilibria of Kilauea lavas
have remained nearly constant since 1790
(~2.5%£1.6%, 20) with a narrow 1.4-4.2% range
in the amount of excess 2*°Th (Fig. 2). The 2°Th—
238U disequilibria from other recent studies of Ki-
lauea lavas (except [19,20]) are significantly more
variable than our results and include some sam-
ples with (3°Th/2%U)<1 [16,17]. Despite the
small (**Th/?*®U) range observed in this study,
the samples display a systematic temporal varia-
tion. The (***Th/?8U) ratios increase subtly from
the 19th to early 20th centuries (~ 1%), increase
abruptly after the explosive summit eruption of
1924 (~2%), decrease slightly thereafter (~ 1%),
and remain essentially constant during the late
20th century. These short-term changes in the
20Th-238U disequilibria (~1-2%) are close to
our average analytical uncertainty (£ 1.1%) based
on repeated Th isotope standard measurements
(£1.1%) and our *0.3% reproducibility of Th/
U ratios. However, we believe these subtle differ-
ences are significant because (1) they were verified
by duplicate Th isotope ratio measurements for
most samples, (2) lavas that erupted during re-
stricted periods of time have extremely constant
Th/U, (3°Th/?*?Th), and (3°Th/**®U) ratios (the
1917 vs. 1919 lavas or the late 20th century lavas;
Fig. 2), and (3) duplicate (**°Th/?*’Th) analyses
(and recalculated (3*°Th/?*¥U) ratios) of several
samples (1820-1, Kill919, and six Mauna Ulu
and Puu Oo lavas; A. Pietruszka, unpublished
data) using new, high-precision plasma ionization
multi-collector mass spectrometric (PIMMYS) tech-
niques [24] agree within ~ 0.3% of our TIMS data
(Fig. 2). A systematic fluctuation in excess >**Th

U http://www.elsevier.nl/locate/epsl; mirrorsite: http://www.
elsevier.com/locate/epsl
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Fig. 2. Temporal variations of U-series isotope and incompatible trace element ratios in Kilauea’s historical lavas. The sample
symbols are grouped according to eruption date as described in Fig. 1. For comparison with our TIMS data (larger black sym-
bols), duplicate (3°Th/>*2Th) analyses (and recalculated (>**Th/>*®U) ratios) for several samples using PIMMS (A. Pietruszka, un-
published data) are also shown (smaller black symbols). The black Mauna Ulu and Puu Oo symbols show average values for
these rift zone eruptions of Kilauea, which display a relatively narrow range in composition (~0.3 and 0.8% variation in the
amount of excess 2°Th, respectively; A. Pietruszka, unpublished data). The other symbols are recent Kilauea literature data col-
lected by TIMS (the gray squares and left triangle are from [16] and the gray, right triangles are from [19,20]) or a combination
of TIMS and radioactive decay counting techniques (white symbols; [17]). Our average TIMS *2c error bars are shown on each
plot (unless they are smaller than the size of the larger black symbols). The PIMMS (***Th/?*2Th) and (**°Th/>*®¥U) ratios have
* 26 analytical uncertainties of ~0.2% and 0.3%, respectively (less than or equal to the size of the smaller black symbols).

has not been previously observed in lavas from a have also remained relatively constant over the
Hawaiian shield volcano. last 200 yr with an 8-15% variation in the amount

of excess *°Ra (excluding the 1894 groundmass,
2.2. 20Ra-?3"Th disequilibria which is anomalous; Fig. 2). Compared to other

recent studies of Kilauea lavas [16,17], this is a
The 2*°Ra—>*Th disequilibria of Kilauea lavas smaller average *°Ra excess and (**°Ra/***Th)
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range (the data of [19] agree with our results of
~12£4%, 20). Although the ~7% range in
226Ra—23Th disequilibria observed in this study
is significantly greater than our estimate of ana-
lytical uncertainty (% 1.4%), the samples do not
display any systematic temporal trends.

2.3. ThlU, BalTh, and BalU ratios

Kilauea’s historical lavas display significant and
systematic temporal variations in their highly in-
compatible trace element ratios (Fig. 2). The Ba/
Th (not shown) and Ba/U ratios decrease from
the 19th to early 20th centuries, shift to higher
values after the 1924 eruption, and increase dur-
ing the rest of the 20th century. The Th/U ratios
decrease from the 19th to the early 20th centuries,
shift suddenly (~6%) after the 1924 eruption
from the lowest to the highest values observed
in the present study, decrease until the mid-20th
century, and remain essentially constant there-
after. The Th/U ratios of historical Kilauea lavas
were previously thought to be nearly constant
[25].

2.4. (P°Th?’Th) and (?*Ra)lBa ratios

Kilauea’s historical lavas show small, but sig-
nificant temporal changes in their Th isotope and
(**°Ra)/Ba ratios (Fig. 2), which have not been
previously recognized for lavas from a Hawaiian
shield volcano. The (***Th/?*2Th) ratios increase
from the 19th to early 20th centuries ( ~ 5%), shift
abruptly to lower values after the 1924 eruption
(~5%), increase slightly towards the mid-20th
century (~1%), and remain constant during the
late 20th century. The overall (***Th/**Th) and
(**°Ra)/Ba variations mirror (inversely) the tem-
poral changes in the Th/U and Ba/U (or Ba/Th)
ratios of the lavas, respectively.

2.5. (U U) ratios

All of the samples have (>**U/?*8U) ratios that
are slightly greater than unity (1.005 on average;
Table 1). We do not regard this small deviation
from secular equilibrium (not expected for Ki-
lauea’s fresh, historical lavas) as significant be-

cause the (P4U/*8¥U) variation is only slightly
greater than our analytical uncertainty (£0.7
vs. £0.5%, respectively) and there is no correla-
tion between the *°Th and apparent U ex-
cesses. Furthermore, we note that the (**U/
2381) ratios would be ~0.3% lower if we use
the new half-life proposed for 2*U [26] instead
of the commonly used value in Table 1.

3. Evaluation of post-melting effects on the
226Ra-*Th-238U disequilibria

The main purpose of this study is to use the
226Ra-23Th-2¥U disequilibria of Kilauea’s his-
torical lavas to investigate mantle melting within
the Hawaiian plume. However, processes such as
radioactive decay or crustal assimilation may have
modified the lavas’ mantle-derived (**°Ra/?**Th)
and (>**Th/>8U) ratios. In this section, we briefly
evaluate these possibilities.

3.1. The time scale of magma transport and
storage

The compositions of Kilauea’s historical sum-
mit lavas are controlled mainly by the addition or
removal of olivine [27]. However, some of the
late 19th-early 20th century lavas have slightly
evolved compositions (down to 6.5 wt% MgO
for the samples analyzed in this study; M. Garcia,
unpublished data) and may also have fractionated
small amounts of clinopyroxene and plagioclase.
Neither olivine control nor minor clinopyroxene
or plagioclase fractionation will directly affect the
226Ra-20Th-2BU disequilibria of the lavas (be-
cause Ra, Th, and U are thought to be highly
incompatible in these minerals [28-34]), but radio-
active decay during crystallization may have been
important.

The *?Ra excesses of the lavas indicate that the
(P°Th/?*®U) ratios have not decreased signifi-
cantly during magma transport and storage. Since
the residence time of magma in Kilauea’s summit
magma reservoir is believed to be much shorter
than the half-life of 2>°Ra (< 80-200 yr during the
early 19th to early 20th centuries and 30-40 yr
during the late 20th century [35]), the time scale



A.J. Pietruszka et al. | Earth and Planetary Science Letters 186 (2001) 15-31 21

of magma storage was probably too short to
cause a measurable decrease in the (***Ra/?**Th)
ratios. In contrast, the total duration of magma
transport is poorly constrained. Although the
transit time from the source to the crust must
be significantly less than ~8000 yr in order to
preserve the observed, mantle-derived 2*Ra—
20Th disequilibria [21], the (***Ra/?**Th) ratios
of the lavas must strictly represent minimum pa-
rental magma values.

3.2. Crustal assimilation

One sample, 1894-2, is geochemically anoma-
lous because its microcrystalline groundmass has
an elevated (**°Ra/**’Th) ratio compared to the
other historical Kilauea lavas (21% excess °Ra
vs. 12% on average), and much higher Ba/Th
(4.7%) and Ba/U (3.9%) and lower Th/Sr (6.3%)
and U/Sr (5.6%) than its coexisting glass (Fig. 2
and Table 1). Assuming Dt =Dy=0 and
Ds;=1.8 for plagioclase (calculated from [36]
with a 1150°C magmatic temperature and a pla-
gioclase composition of Anys), ~ 5.3 wt% plagio-
clase accumulation accounts for the differences in
the Th, U, and Sr concentrations between the
groundmass and glass (the lava contains ~5.5
vol% plagioclase-dominated glomerocrysts). How-
ever, an unreasonably high plagioclase Dg, > 1.2
(assuming D1, =Dy =Dp,=Ds;=0 in olivine,
D1y =Dy=Dg, =0 and Ds; =0.1-0.2 in clinopyr-
oxene [29,30]) would be required to explain the Ba
signature of the 1894 groundmass by plagioclase
accumulation (cf. Dg, =0.2 estimated for plagio-
clase from [36] as described above). Instead, the
relatively high (**Ra/?**Th), Ba/Th, and Ba/U ra-
tios of the 1894 groundmass (beyond the minor
effect of plagioclase accumulation) probably result
from crustal contamination.

The exact mechanism of this contamination at
Kilauea is unknown, but assimilation of hydro-
thermally altered country rock containing young
barite [17] or zeolites [37] are two possibilities.
Although either scenario might elevate the
(**°Ra/*°Th), Ba/Th, and Ba/U ratios in the mag-
ma, secondary zeolites are significantly more com-
mon than barite in lavas drilled from Kilauea’s
active hydrothermal system (D. Thomas, personal

communication, 1999). Since the ?°Ra excess of
the 1894 groundmass may be anomalous due to
crustal contamination, we do not use its (**°Ra/
230Th) ratio in our discussion of mantle melting.
The overall 2)Ra—>**Th disequilibria of the other
Kilauea lavas erupted since 1790 are believed to
reflect mantle processes, although we cannot rule
out the possibility that the small variations in the
amount of excess 2*°Ra (Fig. 2) result from crus-
tal assimilation. However, this will not signifi-
cantly affect our model results because the melting
rates calculated from the (**Ra/?°Th) and
(PTh/*8U) ratios of the lavas are insensitive to
subtle differences in the amount of excess °Ra
(Fig. 3).

4. Modeling of mantle melting within the Hawaiian
plume

‘Instantaneous’, or time-independent, melting
models (e.g. batch melting [38]) have been in-
voked previously to explain the incompatible
trace element variations of Hawaiian shield lavas
[1-4]. Although such models may account for the
subtle 2°Th excesses of historical Kilauea and
Mauna Loa lavas (at melt fractions of ~3-7%
[20]), they fail to reproduce the combined **Ra—
20Th-238U disequilibria [17]. Instead, a class of
time-dependent models that allow the ‘ingrowth’
of the short-lived daughter nuclides of >**U dur-
ing melting are frequently employed (see [39] for a
review). A number of ‘ingrowth’ models have
been proposed [10-12,40-42], but we use only
the two simplest end members: dynamic melting
[10] and equilibrium percolation melting [12]. In
this section, we apply these models to the *?°Ra—
20Th-238U disequilibria of Kilauea’s historical
lavas and discuss the implications of our model
results for mantle melting within the Hawaiian
plume.

4.1. ‘Ingrowth’ melting models and assumptions for
Kilauea

Both the dynamic and equilibrium percolation
melting models assume that melting occurs at a
constant rate in a one-dimensional, steady-state



22 A.J. Pietruszka et al. | Earth and Planetary Science Letters 186 (2001) 15-31

(a) Dynamic Melting
<

v © [aV)
AN v o o (=]
888 8 8 8 SM
cSoo o S o S
I
ol.15L
PAS
<
=
o
_ 1.10L
]
2
©
N
L 1.051
1.02 1.04 1.06
(230Th /238U)
(b) Equilibrium Percolation Melting
O T ™ [aV) -
A—O0 O O o o
805538 S sM
OO0 O O (=] (=]
o1.151
PRS
£
=
g 0
a 1.10L
]
2
©
N
N_1.05|
| |

1.102 1.04 1.06
(230Th/238u)

column of upwelling mantle, and that the melt
and the residue remain in chemical equilibrium
until the melt is extracted. During dynamic melt-
ing, all melt in excess of a constant porosity is
instantaneously removed from the residue (at all
depths of the melting column, simultaneously)
and mixed together [10]. In contrast, the melt
and residue continuously interact as the melt
moves up the melting column during equilibrium

Fig. 3. Melting ‘grids’ calculated from the (a) dynamic and
(b) equilibrium percolation melting models (using the ‘Ki-
lauea’ D values from Table 2 and a constant melt fraction of
10%) and contoured for different values of melting rate (M:
kg m™® yr!) and melt-zone porosity (¢: vol. fraction). For
the modeling, similar melting grids were computed to deter-
mine the M and ¢ values required to match the ?*Ra-
20Th-238U disequilibria of each lava (at its particular melt
fraction from Fig. 1). This calculation was repeated (for each
lava) using the range of partition coefficients from Table 2.
For comparison, melting trends for the stable trace element
equivalents of the dynamic [11] and equilibrium percolation
[12] melting models are also shown. These heavy dashed and
solid curves represent the possible 2°Ra—2*Th->3U disequi-
libria that can be obtained without the ‘ingrowth’ of radioac-
tive daughter nuclides (plotted at a range of melt fractions).
Our average *2c¢ error bars are shown on each plot. All
model calculations assume a 2800 kg m~ liquid density, a
3300 kg m~> solid density, and (for equilibrium percolation
melting) that melt is distributed in tubes (permeability expo-

nent =2). The sample symbols are the same as in Fig. 1.
-

percolation melting [12]. For both models, the ‘in-
growth’ of U-series isotopes (and the creation of
226Ra-20Th-28U disequilibria) is a direct conse-
quence of the greater incompatibility of the short-
er-lived daughter nuclide compared to the parent,
which leads to different residence times on the
melting column for ??°Ra, 2°Th, and >¥U [39].
Excesses of 22°Ra and 2*°Th during dynamic melt-
ing arise from a slow rate of melting relative to
the half-lives of *°Ra and 2**Th, which allow the
parent nuclides in the matrix to ‘grow’ additional
daughters and preferentially transfer them to the
melt [10]. For equilibrium percolation melting,
226Ra and ***Th excesses arise both from a chro-
matographic effect in which the daughter nuclides
move faster up the melting column than their pa-
rents, and from the continuous decay of slower
parents to augment their faster daughters [12].
We make the following assumptions for our
‘ingrowth’ model calculations: (1) the source is
in secular equilibrium prior to melting, (2) the
height of the melting column is 55 km (~ 80—
135 km deep [43,44]), and (3) melting occurs in
the presence of residual garnet [1] with a constant
source mineralogy of 60% olivine, 15% clinopyr-
oxene, 15% orthopyroxene, and 10% garnet. In
addition, we use estimates for the degree of partial
melting at Kilauea (~5-10% [3]; Fig. 1) to ac-
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count for any melt fraction effect on the **Ra—
20Th-238U disequilibria. Since the partition coef-
ficients for Ra, Th, and U during mantle melting
may vary as a function of pressure, temperature,
and composition [31], we also evaluate a range of
experimental D values (each combination of Dg,
and Dty from [28-31,45,46]) and a set of opti-
mal ‘Kilauea’ partition coefficients chosen from
these experiments (Table 2). Given these assump-
tions (and a few others listed in Fig. 3), we deter-
mined the unique combination of melting rate and
melt-zone porosity required to match the (***Ra/
20Th) and (3*°Th/?*®U) ratios of each lava (at its
particular melt fraction from Fig. 1) using the
equations for dynamic melting from [11] and a
numerical solution to the equations for equilibri-
um percolation melting [47]. This method is illus-
trated in Fig. 3.

4.2. Model results

The ??°Ra->'Th-2¥U disequilibria of Kilauea
and Mauna Loa lavas have been used previously
to quantify the melting parameters for tholeiitic
basalt production within the Hawaiian plume [16—
19,23]. These studies calculated melting rates of
>0.0005-0.01 kg m™—3 yr~! and melt-zone poros-
ities of <0.1-3% using both the dynamic and
equilibrium percolation melting models. We dis-
covered that it was relatively difficult to reproduce
the combined ?*Ra and 2*Th excesses of Ki-
lauea’s historical lavas (even though these are
among the smallest *Ra—>*Th->3¥U disequilib-

ria observed in lavas from mid-ocean ridges
[21,22] or other ocean island volcanoes [23]) be-
cause some combinations of Dr, and Dtpy pro-
duced (**°*Ra/>'Th) and (***Th/?*¥U) ratios that
were simply too small or too large. Furthermore,
we found that the melting parameters depended
strongly (by an order of magnitude or more) on
the values of the partition coefficients (Fig. 4).
Both of these problems result from the narrow
shape of the melting ‘grid’ for small **°Ra—
20Th-238U disequilibria (Fig. 3). Thus, it is diffi-
cult to infer a melting rate or porosity solely from
the (**°Th/?*®U) and (***Ra/?*Th) ratios of Ha-
waiian shield lavas. Instead, geological constraints
on the melting process are required.

4.3. Melting rate and melt-zone porosity estimates
using a geological constraint

The geochemical differences between the adja-
cent, active Hawaiian volcanoes, Kilauea, Mauna
Loa and Loihi (e.g. Pb, Sr, and Nd isotope [4] or
Th/U [48] ratios) require that the mantle sources
and melting regions of these volcanoes remain
physically distinct on the 25-50 km length scale
of the distance between them [49]. This idea can
potentially be used to constrain the maximum vol-
ume of source mantle tapped by Kilauea. Since
the rate of magma supply (Q) must be balanced
by melting a source volume (V) at a rate (M) such
that Q= VX M, the minimum M sampled by this
volcano can then be calculated with estimates of
Q (from volcanological observations) and this

Table 2
Summary of mineral/liquid partition coefficients

Clinopyroxene Garnet

Ra Th U Ra Th U
B 0.0005 0.0013 0.0009 0.00001 0.0015 0.0096
LaT - 0.01 0.0045 - 0.0017 0.015
H 0.0058 0.014 0.013 0.00070 0.0014 0.0059
Sand L - 0.005 0.005 - 0.009 0.028
Kil 0.0005 0.005 0.005 0.00001 0.012 0.024

B: Beattie [29,45]. LaT: LaTourrette and Burnett [28]; LaTourrette et al. [46]. H: Hauri et al. [30]. S and L: Salters and Longhi
[31]. Kil: ‘Kilauea’ partition coefficients from [29,45] for Dg, in clinopyroxene and garnet, [31] for Dy, and Dy in clinopyroxene,
and a single experiment of [31] for Dy, and Dy in garnet. Partition coefficients for Ra have never been measured, but Dg, is
probably less than Dy, in these minerals due to the larger ionic radius of Ra [34]. We assume Dg, = Dp, for simplicity, but eval-
uate a range of values. The D values for Ra (=Ba), Th, and U in olivine and orthopyroxene are expected to be extremely low

[29] and are assumed to be zero.
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Fig. 4. Melting rates and melt-zone porosities calculated
from the (a) dynamic and (b) equilibrium percolation melting
models using a range of bulk partition coefficients for Ra,
Th, and U. The values plotted are those that best match the
average (*°Ra/>Th) and (3°Th/>®¥U) ratios of our data at
melt fractions of 5, 10, and 20%. The literature sources of
the partition coefficients used for each calculation are indi-
cated on the figure (symbols for Dg, and letter codes for
Dy keyed to Table 2). The melt fractions (small numbers)
are shown only for those parameterizations that display a
significant change of melting rate or porosity as a function
of melt fraction. Some combinations of Dr, and Dty y pro-
duced ?*Ra-?*Th-?¥U disequilibria that were simply too
small (e.g. the ‘H’ values of Drpy from [30] for both ‘in-
growth’ melting models) or too large (e.g. the ‘S and L’ val-
ues of Dryy from [31] for equilibrium percolation melting at
melt fractions of 5%) to account for the average 2*°Ra-
20Th-23¥U disequilibria of the lavas. In these cases, approxi-
mate values are shown (if possible).

maximum estimate of V' (from the intershield geo-
chemical differences).

To apply this geological constraint, we assume
that Kilauea taps a cylindrical volume of source
mantle with a height of 55 km (~135-80 km
deep; Fig. 5), which is thought to represent the
maximum vertical extent of the melting region on
the axis of the Hawaiian plume [43,44]. For this
geometry, the radius of Kilauea’s melting column
(a relatively small portion of the much wider up-
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Fig. 5. Maximum source volumes for historical Kilauea lavas
estimated from the dynamic and equilibrium percolation
melting models using a range of partition coefficients for Ra,
Th, and U. Ideally, the radii of these hypothetical source
volumes (plotted on each map assuming a cylindrical melt-
column geometry with a maximum height of 55 km [43,44])
should be less than half the distance between Kilauea,
Mauna Loa and Loihi in order to preserve their geochemical
differences. The letter codes in each plot refer to the litera-
ture source of the values used for Dr, and Drny, respec-
tively (Table 2). The results of this calculation are shown
only for those sets of partition coefficients that successfully
reproduce the observed range of 2)Ra—>*Th-2*¥U disequilib-
ria. See the text for more details.
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welling plume) should ideally be less than half the
distance between the three active volcanoes in or-
der to preserve the distinct geochemical signature
of Kilauea lavas. If we use a more conservative
radial limit of 25 km (~75% of the distance be-
tween the summits of Kilauea and Mauna Loa),
the maximum volume of source mantle sampled
by Kilauea would be ~1.1x10° km?.

Residence time analysis of the geochemical fluc-
tuations observed in historical Kilauea lavas sug-
gests that the volume of magma within the volca-
no’s summit magma storage reservoir has
remained essentially constant since 1790 [35].
For such a steady-state volcanic system, the erup-
tion rate may be used as a proxy for the magma
supply rate. Combining our best estimates of Q
(from the eruption rates in Fig. 1) with the max-
imum ¥ of ~ 1.1 X 10° km? results in minimum M
for Kilauea (assuming a 2800 kg m™> melt den-
sity) that ranges from >0.0001 kg m—> yr~! dur-
ing periods of low magma supply (e.g. after the
1924 eruption) to >0.003 kg m™—> yr~! during
periods of high magma supply (e.g. 1790, the
early 19th century, and the Puu Oo eruption).

To be successful, our ‘ingrowth’ model calcula-
tions must be consistent with these minimum
melting rates. In other words, the combination
of Q (from Fig. 1) and M (inferred from a given
parameterization of either ‘ingrowth’ model) for
each lava must result in a V' that is small enough
to satisfy the geological constraint from the inter-
shield geochemical differences. Thus, we deter-
mined a V for each lava (for each combination
of Dr, and Dty from Table 2) using the melting
rate inferred from its (**Ra/?°Th) and (**°Th/
238U) ratios (at its particular melt fraction; Fig.
1) and our best estimate of the volcano’s magma
supply rate at the time of its eruption (Fig. 1). For
each set of partition coefficients, this calculation
results in a range of V values that reflect the dif-
ferent values of Q and M used for each lava.
Radii were calculated from these source volumes
as described above. For comparison, the largest
melt-column radius for each set of partition coef-
ficients that reproduced the observed range of
226Ra-20Th-2BU disequilibria is plotted on a
map of the Island of Hawaii (Fig. 5).

In all cases, the maximum melt-column radii
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Fig. 6. Temporal variations of (a) melting rate, (b) upwelling
rate, and (c) source volume inferred from Kilauea’s historical
summit lavas. The melting rates are calculated to match the
(**Ra/?'Th) and (**Th/?¥U) ratios of each sample using
the equilibrium percolation model, the ‘Kilauea’ D values
from Table 2, and melt fractions from Fig. 1. The upwelling
rates and source volumes are estimated from these melting
rates as described in the text. The range in these parameters
for the 1894 groundmass was calculated using our total ob-
served variation of 2*Ra-?*Th disequilibria for Kilauea,
rather than the (**Ra/*Th) ratio of this sample (which may
be elevated due to crustal contamination). The previous
ranges for these melting parameters based on Puu Oo lavas
are from [19]. The symbols are the same as in Fig. 1.

are similar to or significantly larger than half
the distance between the three active volcanoes.
Even if we use the more conservative radial limit
of 25 km, only two sets of Ra, Th, and U parti-
tion coefficients (the values of [29,45], and the
optimal ‘Kilauea’ D values from [29,45] for Dg,
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and [31] for Dty y) with the equilibrium percola-
tion melting model satisfy the geological con-
straint. Since the Th and U partition coefficients
of [31] are thought to be more appropriate for the
melting of garnet peridotite, we use the ‘Kilauea’
D values (and the equilibrium percolation melting
model) for the remainder of the discussion.
Thus, our best estimates of the melting param-
eters for tholeiitic basalt production within the
Hawaiian plume (as tapped by Kilauea) are a
melt-zone porosity of ~ 2% and melting rates of
~0.003-0.03 kg m 3 yr~! (excluding a relatively
low melting rate of ~0.001 kg m—3 yr~! inferred
from the 1929 lava, which is geochemically anom-
alous [3]; Fig. 2). This porosity estimate is similar
to the highest values previously inferred from Ki-
lauea and Mauna Loa lavas (~2-3% [19]),
although it must strictly represent a maximum
value (because of *?°Ra decay during magma
transport and storage). In contrast, our calculated
melting rates range to significantly higher values
than previous estimates for Hawaiian shield vol-
canoes (>0.0005-0.01 kg m—3 yr~! [16-19,23]).
Interestingly, our ‘ingrowth’ model results also
suggest that Kilauea lavas from the 19th to early
20th centuries were produced at systematically
higher rates of mantle melting than lavas from
1790 and the late 20th century (~0.02-0.03 vs.
0.003-0.005 kg m™—3 yr—!, respectively; Fig. 6a).
This shift derives mostly from the smaller 2**Th—
238U disequilibria of the 19th—early 20th century
lavas (at a given melt fraction; Fig. 7). The abso-
lute range in the melting rate at Kilauea is difficult
to quantify independently, but our calculations
using the geological constraint from the inter-
shield geochemical differences suggest that rela-
tively high M=0.003 kg m—3 yr~! (regardless of
any ‘ingrowth’ model assumptions or choice of
partition coefficients) are required during periods
of high magma supply (e.g. 1790 and the Puu Oo
eruption). The 19th—early 20th century lavas may
have formed at much higher melting rates (up to a
factor of ~10) even though their (3*°Th/?*¥U)
ratios are only slightly lower because both ‘in-
growth’ models predict that large changes in the
rate of mantle melting (at the high M appropriate
for Kilauea) are required to cause even a subtle
shift in the amount of excess 2°Th (Fig. 7).
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Fig. 7. The effect of melt fraction on 2*Ra-2*Th-?%U dis-
equilibria calculated from the equilibrium percolation melting
model (using the ‘Kilauea’ D values from Table 2) and con-
toured for different values of melting rate (M) or melt-zone
porosity (¢). The constant M and ¢ values indicated in the
upper left corners of the plots are the melting parameters
that best match the average (*Ra/?*°Th) and (**°Th/*¥U)
ratios of our data. For comparison, the melting trend for the
stable trace element equivalent of the equilibrium percolation
melting model [12] is also shown. The melt fraction estimates
are from Fig. 1. The larger black symbols (TIMS data) are
the same as in Fig. 1. The average TIMS *2c error bars
are shown on each plot. The smaller black symbols are recal-
culated (3°Th/>¥U) ratios using high-precision PIMMS
(*“Th/?**Th) analyses (A. Pietruszka, unpublished data). The
PIMMS (?**Th/*U) ratios have *2c analytical uncertainties
of ~0.3% (similar to the size of the smaller symbols).

Although this wide range is model-dependent,
we believe that the relative differences in M be-
tween these periods are significant because (1)
similar results (of different magnitude) are ob-
tained using both ‘ingrowth’ models with all com-
binations of Dgr, and Dtpy that reproduce the
observed range of 2°Ra->*Th-23¥U disequilibria
(the parameterizations shown on Fig. 5) and (2)
they correlate with the changes in the trajectory of
the temporal geochemical variations that follow
the two major explosive eruptions at the summit
of the volcano in 1790 and 1924 (Fig. 2; [3)).
However, we also evaluate the possibility that
the apparent differences in M result from an in-
correct model assumption.
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4.4. The effect of melt fraction

Kilauea’s historical lavas display a systematic
temporal fluctuation of incompatible trace ele-
ment ratios (e.g. La/Yb or Nb/Y) that is thought
to result from a rapid change in the degree of
partial melting at this volcano over the last 200
yr [3]. Our previous ‘instantaneous’ (batch) melt-
ing model calculations based on these geochemi-
cal variations (Fig. 1) suggest that the melt frac-
tion at Kilauea decreased by a factor of ~2
(~10-5%) from the 19th to mid-20th century,
and subsequently increased towards the present
(again by a factor of ~2). These melt fraction
estimates are compatible with the ‘ingrowth’ melt-
ing models because the geochemical effects of dy-
namic melting (at melt fractions above ~ 5% and
relatively high porosities) and equilibrium perco-
lation melting for stable trace elements are similar
[11] or identical [12] to batch melting, respectively.
Although the relative (factor of ~2) difference in
the degree of partial melting that we use for our
‘ingrowth’ model calculations is probably accu-
rate, the absolute values are model-dependent
[3]. However, incorrect, assumed melt fractions
cannot account for the range in melting rates be-
cause neither ‘ingrowth’ model predicts a strong
relationship between 2*Ra—*Th-?3%U disequilib-
ria and melt fraction (over the ~5-20% range
expected for Hawaiian shield lavas [50]; Fig. 7).
At most, the decrease in the degree of partial
melting from the 19th to mid-20th century may
explain the subtle (~1%) increase in the (>°Th/
2381) ratios of the lavas erupted during this peri-
od, which plot along a line of nearly constant M
(Fig. 7). Even if we assume a constant melt frac-
tion (despite the trace element evidence to the
contrary [3]), the M inferred from the 19th-early
20th century lavas would still be relatively high
due to their subtly lower (3°Th/?*®U) ratios (e.g.
melting ‘grid’ at a constant 10% melt fraction;
Fig. 3).

4.5. The role of source heterogeneity
The short-term fluctuation in melt fraction at

Kilauea since 1790 correlates with an overall
change in the mantle source composition (or pro-

portion of source components; Fig. 1). The
source that was preferentially tapped during the
early 20th century (when melt fractions were low-
est) corresponds to the ‘Kilauea’ isotopic end
member for Hawaiian volcanoes (characterized
by relatively low 37Sr/*Sr, and high eng and
206pb/204Pb), which is thought to represent a
long-term depleted component within the Hawai-
ian plume [3]. The relatively high (3°Th/?32Th)
and (**Ra)/Ba, and low Ba/U, Ba/Th, and Th/U
ratios of the early 20th century lavas compared to
other Kilauea (Fig. 1 and Table 1) and historical
Mauna Loa lavas [16-20] suggest that this ‘Ki-
lauea’ source component is also more depleted
in highly incompatible trace elements at the
present time (compared to the source of the early
19th and late 20th century Kilauea or historical
Mauna Loa lavas). A simple explanation for this
inverse relationship between the magnitude of
source depletion and melt fraction (Fig. 1) is
that source fertility (i.e. lithology) controls the
degree of partial melting at Kilauea. For example,
the (more depleted) source of the early 20th cen-
tury lavas might have a relatively high solidus
temperature, which would prevent it from melting
as much as the (less depleted) source of the early
19th and late 20th century lavas.

The results of the ‘ingrowth’ melting models for
226Ra-20Th-2¥U disequilibria are independent of
the mantle source composition (e.g. Th/U ratio)
as long as the source is in secular equilibrium
prior to melting [10-12]. However, melting a
lithologically heterogeneous source in variable
proportions might cause the (2°Th/?%U) ratios
of lavas to vary if the bulk Th and U partition
coefficients are different for each component
[51,52]. The magnitude of this effect depends
mostly on the relative abundances of garnet since
this is the mineral typically expected to create
significant 2*Th excesses during mantle melting
[28-31,45,46]. Indeed, a mixed source lithology
has been proposed for Hawaiian lavas (garnet-
poor peridotite vs. garnet-rich pyroxenite or eclo-
gite) based on a correlation between their *Th—
238U disequilibria and Th/U ratios [52] and other
geochemical evidence [53,54].

However, the overall 2*Th excesses of Ki-
lauea’s historical lavas do not correlate with either
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their (3°Th/>**Th) or Th/U ratios (compare plots
in Fig. 2), or any other tracer of mantle source
composition (cf. [3]). Even the well defined trend
towards the ‘Kilauea’ end member from the 19th
to early 20th centuries is characterized by a subtle
increase in (3*°Th/>¥U), which is opposite to the
relationship expected from melting a more de-
pleted, garnet-poor source over time. If source
fertility controls the degree of partial melting at
Kilauea (as we propose), the lithological hetero-
geneity must be dominated by differences in the
abundance of clinopyroxene (rather than garnet
and clinopyroxene). This could provide the neces-
sary difference in solidus temperature with little
effect on the 2°Th-2¥U disequilibria (due to the
general similarity of Th and U partition coeffi-
cients for this mineral [28-31,45,46]). The only
possible exception to this scenario comes from
the geochemically anomalous lavas erupted just
after 1924, which have relatively high (**°Th/
283U) and Th/U and low (***Th/?2Th) ratios
(Fig. 2) and may have tapped a source that was
less depleted and richer in garnet than the source
of the early 20th century lavas. In any case,
source heterogeneity cannot account for the range
in melting rates.

4.6. The importance of the melt-column height

Our ‘ingrowth’ model calculations assume a
constant melt-column height (d) for Kilauea. Al-
ternately, it is possible that d is variable. How-
ever, the melting rate inferred from the (**°Ra/
20Th) and (¥°Th/*¥U) ratios of a lava (for a
constant source mineralogy) is independent of
the melt-column height for both dynamic melting
(because d is not a parameter in the equations
[11]) and equilibrium percolation melting (because
d cancels out of the equations [12] for melts leav-
ing the top of the melting column). Thus, varia-
tions in d cannot explain the differences in M.

4.7. The dynamics of mantle melting at Kilauea

Based on our evaluation of the ‘ingrowth’ mod-
el parameters, an incorrect assumption is unlikely
to account for the range in melting rates inferred
from the 2*Ra—2*Th-?*U disequilibria of Ki-

lauea’s historical lavas. To explore the implica-
tions of these differences in M, we converted our
best estimates of the rate of mantle melting at this
volcano since 1790 (from Fig. 6a) to upwelling
rates (W) using the relationship W= M Xd/ps X F
from [14], where d is the melt-column height (55
km), p; is the solid density (3300 kg m~3) and F is
the melt fraction from Fig. 1. This calculation
(Fig. 6b) suggests that Kilauea lavas from the
19th to early 20th centuries were derived from
mantle that was upwelling significantly faster
than the mantle that melted to form the lavas
from 1790 and the late 20th century (~300-
1000 vs. 50-90 cm yr—!, respectively). These up-
welling rates range to significantly higher values
than previous estimates for Hawaiian shield vol-
canoes (40-100 cm yr~! [19]). Although the wide
variation (up to a factor of ~ 10) is model-depen-
dent, we believe that the relative differences in W
between these periods are significant for the same
reasons as the range in melting rates. Even if we
assume that (1) the melt fraction is constant (de-
spite the trace element evidence to the contrary
[3]) or (2) the melt-column height varies in pro-
portion to the degree of partial melting (i.e. a
constant melt productivity, F/d), the W inferred
from the 19th—early 20th century lavas would still
be relatively high due to their higher M.

Fluid dynamical models predict an exponential
increase in the rate of mantle upwelling (and,
thus, the rate of melting) towards the core of
the Hawaiian plume (up to 1000 cm yr~!
[43,44,55]). This basic pattern of W and M has
been verified using measurements of U-series iso-
tope disequilibria in zero-age, spatially dispersed
Hawaiian lavas [19]. The range in the melting pa-
rameters (both M and W) at Kilauea since 1790
can also be explained in the context of this model
if (1) this volcano taps the center of the plume (in
contrast to previous suggestions [8,53]) where W
and M are expected to be the highest and the
most variable and (2) the volume (and radius) of
the melting region sampled by the volcano
changes on a time scale of years to decades. For
example, the 19th—early 20th century lavas may
have been derived by melting a narrow region
near the core of the plume (at the highest M
and W), whereas the lavas from 1790 and the
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late 20th century may have been derived by melt-
ing a wider area of the plume (at lower M and W
on average).

Indeed, our ‘ingrowth’ model results suggest
that the volume of the melting region sampled
by Kilauea has changed significantly since 1790
(Fig. 6¢) with a short-term decrease during the
19th to early 20th centuries (calculated from the
relationship Q = V"X M using our best estimates of
Q from Fig. 1 and M from Fig. 6a). Assuming a
cylindrical melting region with a constant height,
these differences in V' translate directly to differ-
ences in the melt-column radius. Smaller source
volumes (and radii) for the 19th—early 20th cen-
tury lavas are obtained even if we assume a small-
er range of M and/or a variable melt-column
height (i.e. a constant melt productivity, F/d) be-
cause the volcano’s eruption rate (and, presum-
ably, its magma supply rate) was significantly
lower during this period (Fig. 1). In general, lavas
that formed at relatively high M and W derive
from smaller volumes (and radii) of source mantle
and vice versa (compare plots in Fig. 6), which is
consistent with the fluid dynamical models of the
Hawaiian plume [43,44,55].

The smallest source volumes were tapped by
Kilauea during the early 20th century when the
volcano erupted lavas with Pb, Sr, and Nd iso-
tope ratios that correspond to the ‘Kilauea’ end
member for Hawaiian volcanoes [3], whereas
lavas derived from the largest source volumes
(such as those from the Puu Oo eruption) overlap
isotopically with recent Loihi tholeiitic basalts [4].
This behavior probably results from the more ef-
fective blending of small-scale heterogeneities
within the Hawaiian plume as the melting region
sampled by Kilauea increases in size (e.g. [5]).
Thus, rapid changes in the size of the melting
region tapped by the volcano (in the presence of
these heterogeneities) may regulate most of the
source- and melting-related geochemical varia-
tions at Kilauea over time scales of decades to
centuries.

5. Conclusions

In this study, we have used high-precision mea-

surements of the U-series isotope abundances of
Kilauea’s historical lavas (in conjunction with Pb,
Sr, and Nd isotope ratios and incompatible trace
elements) to examine the process of melt genera-
tion at this volcano. Our results show that the
26Ra-2ITh-2¥U disequilibria of these lavas
have remained relatively small and constant since
1790  with ~12+4% excess 2*Ra and
~2.5%1.6% excess 2°Th (both are *2c). Model
calculations based mostly on subtle variations in
the (3°Th/?*®U) ratios suggest that Kilauea lavas
from the 19th to early 20th centuries formed at
significantly higher rates of mantle melting and
upwelling (up to a factor of ~10) compared to
lavas from 1790 and the late 20th century. These
differences in M and W cannot be explained by
analytical error or by an incorrect model assump-
tion. The shift to higher values for these parame-
ters correlates with a short-term decrease in the
size of the melting region sampled by the volcano,
which is consistent with fluid dynamical models
that predict an exponential increase in the upwell-
ing rate (and, thus, the melting rate) towards the
core of the Hawaiian plume. The Pb, Sr, and Nd
isotope ratios of lavas derived from the smallest
source volumes correspond to the ‘Kilauea’ end
member of Hawaiian volcanoes, whereas lavas
that tapped the largest source volumes overlap
isotopically with recent Loihi tholeiitic basalts.
This behavior probably arises from the more ef-
fective blending of small-scale source heterogene-
ities as the melting region sampled by Kilauea
increases in size. The source that was preferen-
tially tapped during the early 20th century
(when the melt fractions were lowest) is more
chemically and isotopically depleted than the
source of the early 19th and late 20th century
lavas (which formed by the highest melt frac-
tions). This inverse relationship between the mag-
nitude of source depletion and melt fraction sug-
gests that source fertility (i.e. lithology) controls
the degree of partial melting at Kilauea. Thus,
rapid changes in the size of melting region tapped
by the volcano (in the presence of these small-
scale heterogeneities) may regulate most of the
source- and melting-related geochemical varia-
tions at Kilauea over time scales of decades to
centuries.
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