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Abstract

Previous estimates of crustal storage time of magmas at Kilauea Volcano, Hawaii, range from a few years to a few
thousand years, leading to considerable uncertainty in the time scales of processes of magmatic storage and
differentiation. We present a new approach for determining minimum magma residence times which involves dating
phenocrysts in a magma using >*°Ra—->**Th disequilibria, and apply this approach to the early phase of the 1955 east rift
eruption at Kilauea. When fractionation of Ra from Ba (a proxy for initial Ra in the crystals) during crystal growth is
considered along with the effects of inclusions in the minerals, the data are consistent with co-precipitation of
plagioclase and clinopyroxene from a melt represented by the groundmass at a mean age of 10007300 a. Unless a
significant fraction (> 30%) of the crystals are remnants from an earlier batch of evolved magma in the system, these
data constrain the minimum magmatic residence time to be ~ 550 yr, considerably longer than most previous estimates
of storage time at Kilauea as well as those for some other basaltic systems. For the temperature interval of
augite+plagioclase growth in the early 1955 magma, a maximum constant cooling rate of 0.1°C/yr (1 X 107°°C/h) is
derived from the minimum magmatic residence time of 550 yr. The total magma storage time would be > 2500 yr if this
cooling rate applied to the entire thermal history of the magma, although a more complex cooling history where cooling
rates were more rapid early in the storage history is permissive of a total residence time which is not much longer than
550 yr. The disparate estimates of magma residence at Kilauea may reflect the uncertainties in the methods of
estimation in addition to true variations in storage time for different batches of magma. More work is necessary in
order to determine whether a long residence time is characteristic of rift zone lavas and/or of Kilauean lavas in
general. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The residence time of magma in crustal reser-

voirs has implications for our understanding of
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voir systems. The time scales of such processes are
difficult to quantify and, for Hawaiian volcanoes
in particular, estimates are quite disparate. Some
of the range in ages may reflect the fact that the
different methods average residence times over
different time and length scales, such that esti-
mates range from ~ 10 yr for the last part of
the storage history of a single batch of magma
[1] based on crystal size distributions, to an aver-
age residence time of 90-180 and 30-40 yr based
on geochemical variations in magmas erupted at
the summit during the early and late 20th century,
respectively [2], to an average residence time of
100-3000 yr [3,4] for the entire interconnected
volume of the magma reservoir system beneath
Kilauea based on geophysical estimates of reser-
voir size and magma supply rate. Furthermore,
few estimates of residence time for magmas
erupted from Kilauea’s rift zones exist, although
an estimate of 7-14 yr [5] is an average for Puu
Oo lavas based on temporal changes in geochem-
istry.
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Fig. 1. Map showing extent of the flows of the 1955 east rift
eruption and sample locality (after [11]). Early flows shown
in black, late flows in stippled pattern. Inset shows index
map of the island of Hawaii, showing the boundaries be-
tween volcanoes, abbreviated as follows: KH, Kohala; MK,
Mauna Kea; HU, Hualalai; and ML, Mauna Loa. Kilauea
is shown in the ruled pattern, along with its summit (small
circle) and rift zones (curved lines radiating from summit re-
gion), after [33]. Box indicates area shown in main figure.

Our approach to constraining residence times
of Hawaiian magmas is the first direct measure-
ment of magma residence in Kilauea’s east rift
reservoir and is based on **Th-?*Ra dating of
mineral and groundmass separates from lavas.
The magnitude of disequilibrium between 2*°Th
and its immediate daughter ***Ra (7, =1600 yr)
is a function of the initial fractionation of Ra
from Th and of the time elapsed since crystal
growth. One underlying uncertainty in this ap-
proach results from the fact that no longer-lived
isotope of Ra exists. In this study, we evaluate
potential complications involved in the standard
assumption that the magnitude of crystal-liquid
fractionation of Ba can be used to delimit the
amount of 2*Ra incorporated initially by the
crystal. By accounting for these uncertainties, we
obtain a minimum age of crystallization. From
this, we determine a minimum magmatic residence
time for the early stage of the 1955 east rift erup-
tion of Kilauea, which will apply unless the mag-
ma contains a large (>30%) proportion of old
Xenocrysts.

2. Geological background

The location, size and shape of Kilauea’s reser-
voir system is inferred from the locus of erup-
tions, the distribution of aseismic zones within
the volcanic edifice [6], geodesy (e.g., [4]), and
chemical variations in erupted lavas [2,7,8]. Shal-
low storage of magma at Kilauea takes place in a
relatively equant summit reservoir, the top of
which is 2-4 km below the surface, and also in
dike-like bodies beneath the rift zones which ex-
tend radially from the summit reservoir, and from
near-surface to ~9 km depth (e.g., [6,9]). In de-
tail, the size, shape, and degree of interconnectiv-
ity of the summit and rift reservoirs are poorly
constrained (e.g., [2-4,10]), resulting in uncer-
tainty about the extent to which the magma res-
ervoirs can be considered physically and chemi-
cally well-mixed.

The data presented in this study are for a sam-
ple of the early phase of Kilauea’s 1955 east rift
eruption collected near vents E and J (Fig. 1; vent
nomenclature of [11]). This phase of the eruption
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produced some of the most evolved lavas erupted
at Kilauea, with compositions ranging from 5.0 to
5.7 wt% MgO [7,11]. After approximately half of
the ~0.1 km?® total volume of the 1955 lava had
erupted, the composition changed abruptly to the
more magnesian (6.2-6.8% MgO) lavas character-
istic of the late 1955 eruption [11,12], and eruptive
activity localized at a restricted number of up-rift
vents (Fig. 1). The early and late 1955 lavas have
been interpreted to be related by crystal fraction-
ation on the basis of modeling of major and trace
element characteristics of erupted lavas [13]. How-
ever, more recent work [14] re-evaluated this con-
clusion based on extensive petrographic work
combined with additional major and trace ele-
ment analyses, and concluded that the late 1955
lavas were best modeled as a mixture of early
1955 compositions with a more primitive compo-
nent similar to the 1952 summit lava. The early
1955 magma appears unaffected by mixing with
this primitive magma. However, reverse zoning
and rounding of oxide phenocrysts suggest that
the early 1955 magma could have formed by mix-
ing of two highly differentiated magmas [15]. If
magma mixing occurred, the two components
were probably thermally and chemically similar
because compositions and textural relations of
the majority of silicate phenocrysts are consistent
with equilibrium between crystals and melt.

We chose the early 1955 lava for analysis be-
cause its differentiated nature is well-documented

and makes it a good candidate for having experi-
enced a measurable (longer than a few tens of
years) residence time. The 1955 eruption was the
first eruption on the lower east rift zone of Ki-
lauea in over 100 years, and followed by 31 years
the last intrusion recorded in the rift zone (in 1924
[7]). Thus, if the early 1955 lava was stored in the
rift zone prior to eruption, its storage time was at
least 31 years.

3. Results
3.1. U-series analyses of mineral separates

We measured Th and U isotopic compositions
and abundances of Ra, Th, Ba, and U in mineral
separates, groundmass, and whole rock samples
of the early 1955 lava by TIMS; results are pre-
sented in Table 1, and analytical methods are de-
scribed in Appendix A. Z4U/?¥U activity ratios
of all phases are within error of unity (20 errors
generally = 0.5%), as expected for unaltered vol-
canic rocks. The abundances of Ra, Th, U, and
Ba in the plagioclase and pyroxene separates are
lower (by factors of 3-50) than those measured in
the same phases from olivine basalt and andesite
from Mount St. Helens [16] and the Ra abun-
dance in the pyroxene separate represents the low-
est reported to date for volcanic separates. This
likely reflects the lower abundances of incompat-

Table 1

Ba, Ra, Th, U concentrations measured by TIMS and calculated Th, U, and Ra activities

Sample Th U Ba Ra (30Th) (3'Th) (**°Ra) (*Th) (**°Ra)
(¥2Th) (B8U) (¥9Th) Ba Ba

(ng/g) (ng/g) (ng/g) (fg/g +20) (dpy/ug)  (dpy/ug)

97K C05 GM 1.780 0.606 196.3 233.6+2.9 1.052 1.016 1.125 1221 1373

97K C05 WR 1.664 0.570 184.1 219.2+1.6 1.040 0.997 1.142 1203 1375

97KCO05 PL 0.01447  0.00372 458 9.12+0.08 1.345 5.40 42.6 230

97K C05 PX 0.01453  0.00451 1.15 1.371+£0.018 1.045 1.105 0.814 1690 1376

U, Th, Ba, and Ra concentrations measured by isotope dilution thermal ionization mass spectrometry at LANL (see Appendix A
for details). GM =groundmass, WR =whole rock, PL =plagioclase separate, PX =pyroxene separate. Measurement errors are
< 0.6% for Th and U concentrations and <0.2% for Ba concentrations (2G). Parentheses denote activities, calculated using the
following decay constants (all yr='): Aysg = 1.551E-10, Ay30=9.158E-6, A3 =4.933E-11, Ayys =4.332E-4. Th isotopic compositions
measured by TIMS at LANL; errors (26) are <0.4% in whole rock and groundmass measurements and 1.7% in pyroxene mea-
surement. Th isotopic composition for plagioclase not determined; (**°Th) in plagioclase was calculated assuming that Th iso-
topic composition is equal to that measured in the groundmass; allowing (*Th)/(**Th) to vary between 1.035 and 1.09 (the
range measured in historical Kilauea lavas by [17]) changes the (***Th)/Ba value by < 5% and will have virtually no effect on cal-

culated ages.
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Fig. 2. Ba-normalized ??°Ra->**Th isochron diagram showing
groundmass (gm), pyroxene (px), plagioclase (pl), and whole
rock (wr) data for the early 1955 eruption. The solid line
represents 22°Ra—>*Th radioactive equilibrium (equiline); the
dashed line is a 3 ka reference isochron for phases having
the same initial (***Ra)/Ba ratio. Sizes of symbols correspond
to measurement uncertainty (2c). Parentheses denote activ-
ities of 22°Ra and 2**Th (in disintegrations per year); denom-
inator on both axes is concentration of Ba (ug/g).

ible elements in Hawaiian tholeiites compared to
arc basalts. With respect to 2°Th, plagioclase is
226Ra-enriched whereas pyroxene is 2*°Ra-de-
pleted, as expected from relative compatibility of
Ba (and by extension Ra) and Th in these miner-
als (cf. [16]). The groundmass separate has
(**Ra)/(**°Th) =1.13, similar to recent high-preci-

sion measurements of Ra—>'Th disequilibria in
Kilauea lavas (cf. [17,18]).

Data for the separates from the 1955 eruption
are plotted on a *Ra—>"Th activity diagram in
Fig. 2; activities of *Ra and 2°Th are normal-
ized to Ba as a proxy for initial >°Ra. The three
separates show an overall correlation between
(**°Ra)/Ba and (?*°Th)/Ba, which would generally
be interpreted as reflecting relative changes in
(**Ra)/Ba due to radioactive decay since crystal-
lization. The slope of the best-fit line through
these data corresponds to an age of 3.4 ka. The
scatter in the data around a single isochron is
greater than expected from the analytical uncer-
tainties and could reflect differences in age be-
tween pyroxene, plagioclase and/or groundmass,
and/or differences in the initial (***Ra)/Ba of the
three separates. For the first case to apply, the
mean age of the pyroxene-groundmass pair (with-
in error of eruption) would be considerably
younger than that of the plagioclase—groundmass
pair (8.1 ka).

3.2. In situ trace element analyses of pyroxene

We measured Th and Ba concentrations by ion
microprobe in pyroxene grains from a split of the
pyroxene separate analyzed by TIMS; in order to
better interpret the data, major element composi-
tions of the same grains were obtained by electron
microprobe. Analytical details are presented in

Table 2

Ton microprobe analyses of Ba and Th in pyroxene

Sample Ba Th Th/Ba
(ugle) (£) (ug/e) (%)

Augite:

rlg2a 0.023 0.002 0.008 0.0008 0.34

rlg3a 0.020 0.002 0.004 0.0007 0.21

rlgda 0.028 0.003 0.006 0.0009 0.22

r2gla 0.020 0.002 0.008 0.002 0.38

r2gsa 0.035 0.004 0.006 0.001 0.18

Weighted mean 0.023 0.001 0.006 0.0004 0.26

MSWD 4.9 37

Orthopyroxene:

r3g3a_spl 0.0009 0.0003 0.0024 0.0007 2.6

r3g3a_sp2 0.006 0.003 0.003 0.001 0.47

Concentrations of Ba and Th in pyroxene analyses were calculated with reference to WU-A standard; see Appendix A for instru-
mental conditions and details of calibration. Uncertainties are reported as one standard error.
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Fig. 3. BSE images of augite grains from the early 1955 east rift lava analyzed in this study. Faint dark ovals with lighter rims
are ion microprobe analysis pits. A: Typical augite grain from the early 1955 lava with melt inclusions, now present as glass
(dark gray) with some post-entrapment crystallization of Fe-Ti oxides (bright phase) and bubbles (black circles); lack of compo-
sitional zoning is characteristic of the majority of grains imaged. B: Plagioclase (pl) and melt inclusions in a sector-zoned augite
grain. C: Sole example, of 25 grains studied, of a reversely zoned crystal with darker, more-magnesian rim (~30 um thick on
upper left grain margin; cf. Fig. 4). ‘Fringe’ at very edge of grain likely represents post-eruptive crystallization of augite inter-

grown with glass.

Appendix A. Weighted means of Th and Ba con-
centrations measured in five augite grains (Table
2) are 6.0+ 0.4 ppb and 23 £ 1.0 ppb, respectively
(1o errors), substantially lower than the concen-
trations of 15 ppb Th and 1150 ppb Ba measured
in the bulk separate by TIMS (cf. Table 1). The
mean of two analyses of orthopyroxene is 2.6 ppb
Th and 3.5 ppb Ba. The mean square of the
weighted deviates (MSWD) for the augite analy-
ses 1s greater than that expected for a single
population (see Table 2), which may indicate
that the true analytical precision is of the order
of 25-30%, or that there is a ~ 15% variation in
the Th and Ba concentrations of the augite grains.
The corresponding compositional range of augite
is Ensp3-427F811.1-223W0340-417, and 100Mg/
(Mg+Fe?*) 66.6-81.5 (Fig. 4), which overlaps
with and extends the range of compositions re-
ported previously for the early 1955 lavas (cf.
[13,15)).

Backscattered electron (BSE) imaging (Fig. 3)
showed that inclusions of glass (partially crystal-
lized in some cases to opaque minerals and/or
pyroxene) were present in the plane of the section

in approximately half of the crystals and one crys-
tal also had a plagioclase inclusion (Fig. 3B). Thin
films of microcrystalline groundmass were at-
tached to the rims of a few of the crystals. The
majority of the pyroxene grains imaged appeared
unzoned, although a few grains did have a dis-
tinct, lighter-colored rim (e.g., Fig. 3C), likely rep-
resenting post-eruptive crystallization.

4. Discussion
4.1. Differential partitioning of Ra and Ba

Previous studies using >>°Ra—2*"Th mineral iso-
chrons to constrain residence times (e.g.,
[16,19,20]) have assumed negligible fractionation
of Ra from Ba during crystallization. If this mod-
el applied to the case of the 1955 lava, it would
imply that the plagioclase was ~ 8 ka older than
the augite. Large differences in the average age of
augite and plagioclase are not expected, given the
experimental observation that augite in Kilauean
magmas should begin to crystallize at only slightly
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Fig. 4. Histogram of Mg# of augite grains analyzed by elec-
tron microprobe. Analyses labeled as rims include only those
which are identified unequivocally as rims either by adhering
groundmass or by zoning following the grain outlines (see
Fig. 3); a few additional analyses from the edges of broken
crystals, could potentially represent rims. Rim analysis with
Mg# =78.3 is from the dark rim of the reversely zoned grain
shown in Fig. 3C. One analysis of the outermost rim of a
pyroxene grain (Mg#=66.6) likely represents post-eruptive
crystallization and was omitted from this diagram. Range of
augite Mg# that would be in equilibrium with vent E whole
rock [13] and glass [15] compositions assume an Fe-Mg dis-
tribution coefficient of 0.25 for augite [34]. Full data are
available from the first author upon request.

higher temperatures than plagioclase [21]. Differ-
ential removal or gain of plagioclase and augite
from the system, to the extent that it would lead
to different mean ages for the two phases, is in-
consistent with the fact that the range in compo-
sitions in early 1955 lavas follows the Kilauean
liquid line of descent [14].

Recent work modeling trace element partition-
ing [22-24] predicts that the ~ 5% difference in
ionic radius between Ra and Ba will result in sig-
nificantly different partition coefficients for the
two elements in silicate minerals. Preferential ex-
clusion of Ra relative to Ba from the crystals can
qualitatively explain why our groundmass sepa-
rate lies above the isochron defined by pyroxene
and plagioclase separates in Fig. 2. Our results
appear therefore to delimit the magnitude of this
initial fractionation; however, to be meaningful,
the effects of potential contaminants in the min-
eral separates must be considered. For the plagio-
clase separate, glass is the only potential contam-
inant that could significantly affect the Ba and Th
concentrations measured by TIMS, and it can ac-
count for no more than 0.8% of the separate by
mass balance calculations. The pyroxene separate
contains documented impurities in the form of
glass and plagioclase inclusions and adhering

groundmass (e.g., Fig. 3), and could potentially
include some olivine and oxides. When the con-
centrations of trace elements in those impurities
are considered, only glass and plagioclase would
be expected to contribute non-negligible quanti-
ties of Th and Ba (and, by extension, Ra) to the
measured values. The pyroxene separate consists
largely of augite but contains ~ 10-15% ortho-
pyroxene, which, because concentrations of Th
and Ba in orthopyroxene are so low, would
have the effect of decreasing the measured concen-
trations relative to pure augite without greatly
affecting measured interelement ratios. The total
mass of Ba in the pyroxene separate can be ac-
counted for by either 0.6% glass or 2.6% plagio-
clase. The best-fit percentages of 0.3% plagioclase
and 0.5% glass, obtained by assuming 10-15%
orthopyroxene and using the concentrations of
Th and Ba measured in augite and orthopyroxene
by ion microprobe and measured in the ground-
mass and plagioclase separates by TIMS, are
qualitatively consistent with the abundance of
glass inclusions observed in SEM images. An es-
timated concentration of 0.21 fg/g Ra in augite is
given by accounting for the contribution of other
phases to Ra in the pyroxene separate; this esti-
mate assumes that the concentration of Ra in or-
thopyroxene is negligible and allows for the po-
tential contribution of glass to the Ra content of
the plagioclase separate. A minimum concentra-
tion of 0.03 fg/g Ra in augite is obtained by rec-
ognizing that because glass and plagioclase have
(**°Ra)/Ba lower than that measured in the pyrox-
ene separate, the augite must have (**°Ra)/Ba at
least as high as that of the separate. A maximum
concentration of 0.5 fg/g Ra in augite is obtained
by assuming that plagioclase is the only contam-
inant.

Apparent partition coefficients derived from the
foregoing considerations are given in Table 3. The
effect of decay or ingrowth before eruption will be
to decrease (plagioclase) or increase (pyroxene)
Ra concentrations, so that the apparent Dg, val-
ues calculated from our plagioclase—groundmass
and augite—groundmass pairs represent minimum
and maximum values, respectively. Ba and Th
concentrations will be constant or effectively con-
stant over the time scales of magma storage, but
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because non-equilibrium effects and impurities in
the separates would both tend to result in parti-
tion coefficients closer to one than in the pure
phases at equilibrium, the apparent Dy, and Dg,
values calculated from our data likely represent
maximum values for equilibrium partitioning.

4.2. Estimated crystallization ages

As we will show, the apparent magnitude of
crystal-liquid fractionation of Ba and Ra is qual-
itatively reasonable, but when modeled quantita-
tively, cannot alone account for the pattern of
data shown in Fig. 2. As reasoned above, the
augite in the pyroxene separate must have a
(**°Ra)/Ba higher than that measured in the sep-
arate as a whole and thus higher than the ground-
mass. If this relationship were solely the product
of differential partitioning it would contradict
most models of the relative crystal-liquid parti-
tioning behavior of these two elements, given
the greater ionic radius of Ra compared to Ba.
We therefore consider it likely that (**°Ra)/Ba
measured in our separates reflects not only initial
Ra-Ba fractionation but also the effects of crystal
aging prior to eruption.

To assess the possible duration of in situ »*°Th—

226Ra decay and the general validity of the appar-
ent partition coefficients extrapolated from our
measurements, we used the model developed in
[22,24] to calculate partition coefficients for Ra
and Ba in plagioclase and augite under conditions
relevant to crystallization in the 1955 magma (Ta-
ble 3); details of the parameters used in our cal-
culations and a discussion of error estimation are
given in Appendix B. Experimentally determined
partition coefficients for Ba and Th are also given
in Table 3 and these compare favorably to the
apparent partition coefficients obtained in this
study. As expected, the model results predict
that Ra will be more incompatible than Ba (i.e.,
Dgra/Dg, < 1), and the magnitude of this fraction-
ation will increase with decreasing temperature
and increasing Ca content in both phases. Given
these partition coefficients, rather than being sim-
ilar to that of the melt from which they crystallize,
initial (*?°Ra)/Ba values in the crystals are ex-
pected to be significantly lower than the melt.
Consequently, if the effect of differential partition-
ing were neglected, the plagioclase—groundmass
apparent age would overestimate the age of crys-
tallization, while the augite-groundmass apparent
age would underestimate it. (***Ra)/Ba is pre-
dicted to be approximately an order of magnitude

Table 3
Calculated, experimentally determined, and apparent partition coefficients
Phase/method T Dy, Dg, Dra/Dg, Dtn
(§©)]
Augite:
Calculated 1100 1.19E-7 1.00E-5 0.012 -
Calculated 1160 2.67E-7 1.78E-5 0.015 -
Experimental 1190-1291 — 1.1E-4 to 4.7E-4 - 4.3E-3 to 4.1E-4
Apparent (ion microprobe) 1100-1160 9.2E-4 1.2E-4 7.9 34E-3
Plagioclase:
Calculated (Anyg) 1100 4.54E-2 2.13E-1 0.21 —
Calculated (Any) 1160 5.17E-2 2.27E-1 0.23 -
Calculated (Ang) 1100 6.73E-2 2.88E-1 0.23 -
Calculated (Ang) 1160 7.53E-2 3.04E-1 0.25 —
Experimental 1100-1200 - 3.8E-1 to 1.5E0 1.3E-1 to 1.9E-1

Apparent (TIMS data) 1100-1160 4.0E-2

2.3E-1 0.17 8.1E-3

Calculated partition coefficients were modeled using the method of [22,24]; details of calculations reported in Appendix B. Exper-
imentally determined partition coefficients shown for augite represent the range in Dty/Dg, for individual experiments of [36];
partition coefficients for diopside determined by [35] fall within this range, and partition coefficients for augite determined by [37]
were not used because their D1y, was greater than apparent Dy, in our samples. Experimental partition coefficients for plagioclase
from [38]. Apparent partition coefficients calculated from measured mineral and groundmass concentrations (this study).

4Note that apparent partition coefficients (italics) will accurately reflect Dr, only if the minerals in our separates are zero-age.



710 K. M. Cooper et al. | Earth and Planetary Science Letters 184 (2001) 703718

5000

4000

3000

2°Ra)/Ba

2000

N—"

bll||||llIIlllllllllllIlllllllllllllll

1000 =

TTTT[TTT

0 2000 4000 6000

YRS T S W T AN TR ST SR T N S S S

0 500 1000

1500 2000 2500 3000

years before present

Fig. 5. Diagram showing the variation through time in (***Ra)/Ba of melts in equilibrium with the plagioclase and augite crystals
relative to that of the groundmass. Ra is normalized to Ba rather than Th because the ratio Dgr,/Dgp, is better constrained than
Dr./Dr (because of the charge difference) or than either of the individual partition coefficients (see Appendix B). Solid curves
for melt in equilibrium with plagioclase correspond to Anjy at 1160°C (upper curve) and Angy at 1100°C (lower curve); the dot-
ted curves allow for 10% uncertainty in calculated Dg,/Dg, for plagioclase. Dashed lines for groundmass evolution through time
indicate propagation of measurement uncertainties. Box with diagonal ruling represents age range of intersection of curves for
groundmass and melt in equilibrium with plagioclase. Curves for melt in equilibrium with augite (melt,,) are also shown, calcu-
lated using the Th/Ba ratio measured by ion microprobe and the best-fit (***Ra)/Ba obtained by mass balance considerations
based on those same data, together with the partition coefficients in Table 3; solid and dot-dash lines delimit range of curves per-
mitted by *35% uncertainty in partition coefficients and variations due to temperature. Inset illustrates how the evolution of
(**Ra)/Ba in the melt in equilibrium with plagioclase (melt,) would compare to that of plagioclase itself (dashed curve, pl) when
the initial fractionation of Ra from Ba is taken into account. The intersection of melty and gm curves shows the crystallization
age of plagioclase. Increasing the magnitude of Ra—Ba fractionation decreases the age inferred for plagioclase crystallization. See

text for discussion.

lower in augite than in plagioclase at the time of
crystallization and data for the mineral pair
would initially define a negative slope on an iso-
chron diagram.

The difference between initial (***Ra)/Ba pre-
dicted by partitioning and that measured in the
minerals can be explained by aging of the system
subsequent to interelement fractionation by crys-
tallization. However, the initial (***Ra)/Ba of the
minerals depends on (**Ra)/Ba in the melt at the
time of crystallization. In order to quantify the
duration of ‘crystal residence’, the calculated par-
tition coeflicients (Table 3) can be used to model
the (**°Ra)/Ba values of magmas in equilibrium
with those of the augite and plagioclase in the

past; the results are shown in Fig. 5. To do so
accurately, however, the effect of impurities on
the (*Ra)/Ba ratios in the mineral separates
must be included in this analysis.

For the plagioclase and augite data to be con-
sistent with co-precipitation from a melt repre-
sented by the groundmass, all three curves shown
in Fig. 5 (melt,,, melt,, and gm) should intersect
at a point which represents the (*?*Ra)/Ba ratio of
the melt in equilibrium with the two phases and
which also delimits the model age of the crystals.
As shown by the ruled box in Fig. 5, the melt in
equilibrium with the plagioclase would have had
(**°Ra)/Ba ratios like those in the groundmass at
10003%8 a, given the uncertainty in calculated
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partition coefficients. In this case, the effect of a
small proportion of glass in the plagioclase sepa-
rate (<0.8%) propagates into a relatively small
uncertainty in the combined (*?°Ra)/Ba—(***Th)/
Ba characteristics of the plagioclase and therefore
in its minimum crystallization age: the age of pla-
gioclase assuming that the separate contains up to
0.8% melt inclusions will be up to ~ 300 yr great-
er than that assuming no melt inclusions, compa-
rable to the uncertainty in the age due to propa-
gation of uncertainties in partition coefficients.
Therefore, for the purpose of delimiting the mini-
mum crystallization age, we assume no melt in-
clusions in the plagioclase separate.

In order to accurately apply the partition coef-
ficients calculated for augite, we base our model
crystallization ages on the Ra concentration in
augite calculated from the foregoing mass balance
considerations and on the Th and Ba concentra-
tions obtained from the ion microprobe analyses.
Because of its strong enrichment in >*Th with
respect to 22°Ra, (**°Ra)/Ba of augite evolves rap-
idly away from values which could be in equilib-
rium with the 1955 groundmass or, for that mat-
ter, any other Kilauean basalt (cf. [17,18]). The
present-day (*?°Ra)/Ba of the pyroxene requires
~900 yr of radiogenic ingrowth from a ratio
that would be in equilibrium with the ground-
mass, as indicated by the point of intersection
between (*°Ra)/Ba evolution curves for ground-
mass and for melt in equilibrium with the augite.
It is worth noting that applying the calculated
Ra/Ba partition coefficients directly to (*°Ra)/
Ba measured in the pyroxene separate (and using
(¥*°Th)/Ba data for that separate) would lead to
an apparent crystallization age of ~ 3800 a. The
calculated Dg,/Dg, in augite is so low that the
uncertainty in this ratio has virtually no effect
on the apparent crystallization age (Fig. 5). How-
ever, the large uncertainty in Ra concentration in
augite, derived from uncertainty in the Ra contri-
bution from the very small quantity of impurities
in the pyroxene separate, is permissive of crystal-
lization ages ranging from ~90 to ~2700 a. In
all likelihood, however, the initial Ra—Ba fraction-
ation in plagioclase and augite was no greater
than that predicted by theoretical partitioning,
in which case the minimum model age of ~ 600

a deduced from our plagioclase data is our best
estimate of the minimum average crystal residence
time.

4.3. Dated crystals: phenocrysts and/or
xenocrysts?

Petrographic and BSE evidence presented here
and in previous work [13,15] indicates that few of
the silicate crystals have features such as resorbed
cores or reverse zoning which would suggest mag-
ma mixing and/or introduction of xenocrysts into
the melt. The range in augite compositions is con-
sistent with progressive crystallization of the early
1955 magma: the more magnesian augites (Fig. 4)
could have crystallized from a melt with Mg/Fe
similar to whole rock analyses of vent E [13]
whereas, with a few exceptions, the less magnesian
augites approach compositions in equilibrium
with the glass. Accordingly, the minimum model
age of ~600 a for crystallization of plagioclase
and augite would represent an average age of
crystallization weighted by the volume of crystals
produced at a given time. The range in augite
compositions could alternatively indicate mixing
of two differentiated magma batches (e.g., [14]);
in this case, the mean crystallization age would
represent a minimum residence time for the older
of the two batches. If, however, the separates con-
tain a large fraction of xenocrysts that are rem-
nants from crystallization of a previous batch of
evolved magma, the mean crystallization age
would reflect some contribution from these older
crystals. U-series disequilibria uniquely constrain
this scenario because xenocrysts older than ~8
ka are essentially in 22°Ra—?*"Th radioactive equi-
librium and have a (***Ra)/(***Th) value indistin-
guishable from unity. The effects of such xeno-
crysts on the mean age of the mineral separates
(and thus on the minimum magma residence time)
can be assessed by a simple mixing calculation.
Assuming, for example, that plagioclase xeno-
crysts older than ~8 ka are mixed with zero-
age plagioclase which have (**Ra)/Ba like that
predicted by calculated partition -coefficients,
~30% xenocrysts would have to be present in
the plagioclase separate for the residence time of
the magma to be negligible. If initial Ra—Ba frac-
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tionation in zero-age plagioclase were less than
predicted by partitioning, or if the xenocrysts
were younger than 8 ka, the percentage of xeno-
crysts required would be even greater. The various
lines of evidence cited here and elsewhere [14] are
only permissive of a volumetrically minor quan-
tity of xenocrysts in the lava, so that the (***Ra)/
Ba ratio in our separates likely is dominated by
crystals grown from this batch of magma. For
this reason, the remainder of the discussion will
focus on the minimum mean crystal age (~ 600
yr) as a measure of the magmatic residence time
which, for a magma erupted in 1955, implies a
minimum residence time of ~ 550 yr.

4.4. Residence, cooling, and crystal growth in the
reservoir

Studies of crystal size distributions in lava lakes
and sills suggest that, within a given part of the
reservoir system, average crystal growth rates may
not vary much with time [25]. Accordingly, the
mean crystal age of ~550 yr before eruption,
coupled with the assumption of constant growth
rates, could indicate that the oldest crystals began
to form =1100 yr before eruption. However, in
detail, crystal growth rates inferred from crystal
size distributions in basaltic dikes and lava lakes
appear to be a function of local cooling rates and
thus will vary from one part of the reservoir sys-
tem to another, and likely will vary from interior
to exterior even within a given reservoir [26].
Thus, given the likely possibility that thermal con-
ditions of storage and thus local cooling rates
changed during the history of the 1955 magma
(for example, when moving from the summit res-
ervoir to the rift reservoir), we base the following
calculations of cooling rates and magmatic resi-
dence times on the conservative minimum age of
~550 yr for initial crystallization of pyroxene
and plagioclase.

Although the relatively evolved composition of
the early 1955 magma suggests that its overall
thermal history may have been unusual with re-
spect to most Kilauean magmas, the rate at which
it cooled was likely representative of the reser-
voir(s) in which it was stored prior to eruption.
For Kilauea, the main conduit feeding the shallow
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Fig. 6. Thermal history. A: Schematic cross section of the
summit and east rift zone of Kilauea, showing magma reser-
voir system. Letters A-C correspond to magma as it is
erupted, magmas moving from the summit reservoir to the
rift reservoir, and primitive magma entering the shallow res-
ervoir system, respectively. B: Possible thermal histories for
the early 1955 magma, keyed to locations in A. Curves 1
and 2 show linear extrapolations of the maximum and mini-
mum average cooling rates for the early 1955 magma, respec-
tively. Curve 3 is a schematic exponential extrapolation of
that cooling rate. Lines labeled with lower-case letters show
trends of cooling rates based on residence times of: (m)
~ 10 yr for the 1959 Kilauea Iki eruption [1]; (d) ~100 yr
[3]; and (pr) 30-40 yr for the late 20th century lavas [2], all
shown for cooling from average temperature of primitive
magma (1350°C) to representative eruption temperatures.
Line pg uses residence estimate of 90-180 yr for the early
20th century lavas [2] and cooling from 1215°C (correspond-
ing to their minimum estimate of MgO in parental magma)
to 1150°C; other combinations of temperature intervals and
residence estimates of [2] result in curves with slopes between
the two shown. See text for discussion.

reservoir system appears to supply deep levels of
the summit reservoir, which then supplies the rift
reservoirs (e.g., [6]). Heat loss from a more iso-
lated and tabular rift zone magma body is likely
to be more efficient than that from the more
equant geometry inferred for the summit reser-
voir. The maximum average rate of magma cool-
ing for the early 1955 magma is 0.1°Clyr
(1 X 1073°C/h) during the period of pyroxene+pla-
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gioclase growth, based on the 60°C interval from
initial co-precipitation to eruption and the mini-
mum mean age of mineral growth of 550 yr be-
fore eruption. This calculation assumes that the
minerals analyzed are representative of those
which crystallized since the system was initially
augite+plagioclase saturated. The bulk composi-
tion of the early 1955 lava is, however, much
more differentiated than Kilauean glasses in equi-
librium with augite+plagioclase at the highest
temperature of co-saturation [21]. A reasonable
lower limit to the average cooling rate,
~ 0.05°C/yr, can therefore be obtained by assum-
ing that the average age of 550 yr for crystal
growth corresponds to the interval between
liquidus (~1125°C; calculated using the whole
rock MgO content and the MgO geothermometer
of Helz and Thornber [21]) and eruption temper-
atures for the early 1955 lava (see Fig. 6).

The average temperature of magma entering
the crustal reservoir system at Kilauea has been
estimated to be ~ 1350°C [8]. If cooling rates like
those we have inferred were constant over the
entire thermal interval of magma storage (1350—
1100°C), the total storage time of the magma
would therefore be greater than 2500 yr (Fig. 6).
However, cooling rates are unlikely to be constant
over long periods of storage, especially if a mag-
ma spends time in both the summit and rift res-
ervoirs. For a magma body isolated throughout
most of its cooling history, as might happen in the
rift zone, temperature would likely decrease expo-
nentially with time (illustrated schematically in
Fig. 6B) as predicted by simple conductive cooling
models. If this case applies to the early 1955 mag-
ma, the total storage time might be only tens to a
few hundreds of years longer than the minimum
residence time of the 1955 magma.

Cooling rates that we calculate from the resi-
dence estimates obtained in earlier studies of Ki-
lauea [1-3] and the large temperature interval of
cooling (from 1350°C to eruption at ~ 1150°C)
are much faster than the average cooling rate cal-
culated for the 1955 magma (Fig. 6B). A striking
feature of these cooling rates (e.g., 2-5°Clyr for
late 20th century lavas in the 2-3 km?® summit
reservoir [2]) is that they are comparable to or
even faster than cooling rates of ~3°C/yr in the

small-volume (0.04 km?) Kilauea Iki lava lake
[27]. Even so, the disparity between cooling rates
might be reconciled if the earlier estimates are
representative in some fashion of the thermal his-
tory for magmas beneath the summit area, where-
as our cooling rate estimate applies to rift zone
storage. However, the implication would be that
cooling rates in the summit reservoir are even
faster than those in the rift reservoir, the opposite
relationship of what would be expected based
solely on the inferred shapes and volumes of the
tWO reservoirs.

Uncertainties in the relative cooling rates aside,
the fact that our estimate of residence time is lon-
ger than most other estimates may still reflect true
variations in storage time for different batches of
magma (which could be largely averaged out by
geochemical and geophysical estimates), and/or
may reflect the fact that it is for a relatively differ-
entiated rift zone lava, whereas most other esti-
mates apply to more primitive summit lavas [1-3].
The geochemical estimates [2,5] of magma resi-
dence are based on the assumption that temporal
fluctuations in geochemistry result from efficient
mixing of a chemically distinct primary magma
into a reservoir with a different composition. As-
suming that this model is correct, residence times
of tens of years could be applicable to the most
active part of the reservoir system, whereas hun-
dreds of years may be more representative of part
of the system peripheral to the main magma con-
duit. The geophysical estimate of thousands of
years [4] could in turn reflect an average of the
entire volume of magma within the system. If, on
the other hand, we allow for the possibility of
inefficient and/or temporally discrete episodes of
mixing, the observed chemical and isotopic varia-
tions [2] could simply reflect stratification in an
ascending magma column and/or tapping and
mixing of different volumes of magma within
the system, with little to no bearing on residence
time. It is notable in this context that, whereas
estimates of magma residence in some other ba-
saltic systems (Santorini, Reunion, Mt. Etna, and
Iceland) are <100 yr [28-30], recent U-series
studies of mafic volcanism at Grande Comore Is-
land [31] and Ardoukoba, Asal rift [32] suggest
residence times of the order of 100-650 yr and
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870-1880 yr, respectively, which are similar to our
results.

In summary, *Ra—>*Th data obtained for
plagioclase, pyroxene, and groundmass from the
early phase of the 1955 east rift eruption at Ki-
lauea produce a widely scattered array about a
~ 3 ka apparent isochron if simply plotted on a
Ba-normalized *°Ra—?*Th isochron diagram.
When the disequilibria are considered in light of
petrographic observations, in situ trace element
measurements, and theoretical partitioning rela-
tions, they demonstrate significant fractionation
of Ra from Ba during crystallization. Moreover,
our data suggest that the effects of this fractiona-
tion on the initial isotopic characteristics of min-
erals can be accounted for by calculations of
theoretical partitioning behavior, but age in-
terpretations based on mineral separates must
reflect the fact that the separates are not com-
pletely pure and therefore that model partition
coefficients do not strictly apply to them. When
corrections for impurities in the mineral separates
are considered, our data are consistent with co-
precipitation of plagioclase and clinopyroxene
from a melt represented by the groundmass at a
mean age of 1000300 a, which constrains the min-
imum residence time to be ~ 550 yr for all or
some of the magma, depending on whether the
early 1955 lavas represent an isolated batch of
magma or a mixture of differentiated magmas.
This estimate is within the range of estimates
based on geophysical techniques but is longer
than previous estimates of crustal magma resi-
dence at Kilauea based on geochemical argu-
ments, which may reflect the fact that the different
methods are sampling different parts and/or pro-
portions of the reservoir system. By measuring
residence times for specific magmas, and by link-
ing residence times to specific temperature inter-
vals, it should be possible to infer more general
thermal characteristics of the magma reservoir
system.
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Appendix A. Analytical methods
A.1. Sample collection and preparation

The lava sample used in this study was col-
lected just south of Highway 132, between vents
E and J (nomenclature of Macdonald and Eaton
[11]). Because the two vents are close together
were simultaneously active, it is likely that the
same magma erupted from both vents and there-
fore analyses of vent E material are representative
of our sample. Separates of plagioclase and py-
roxene (4-6 g) were prepared from the 250-600
um size fractions using standard magnetic and
density methods followed by hand-picking. In or-
der to further purify the plagioclase separate, it
was crushed to ~60-100 um and magnetically
separated from glass. The pyroxene separate was
treated with a cold, dilute (1-2%) HF solution for
2-4 h in an ultrasonic bath to remove glass adher-
ing to the outside of grains, and additional hand-
picking was performed to remove grains which
still had visible glass. All samples were cleaned
ultrasonically in successive baths of acetone, dis-
tilled water, 0.1 M oxalic acid+2% H,0,, 0.1 M
HCI+2% H,0,, Teflon-distilled water, and dis-
tilled acetone, then air-dried under clean-lab con-
ditions at LANL. Samples were digested in a con-
centrated HCI/HF mixture, evaporated and
redissolved in 3 M HCI, centrifuged, and repeat-
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edly treated with perchloric and nitric acids until
no visible residue remained after centrifuging.

A.2. TIMS measurements

All chemical separations and TIMS analyses
were performed under clean-lab conditions at
LANL. Solutions were split into three aliquots
for isotopic analysis, which were spiked with
134Ba, with 2®Th and 23U-2%U, and with
228Ra, respectively. Ba in the first aliquot was
purified using cation exchange resin, loaded onto
a single outgassed Re filament with silica gel,
and analyzed dynamically on a single ion-count-
ing detector. Ba concentrations were obtained
from measured '3*Ba/!'*®Ba ratios corrected for
Ba blanks (total-process blanks were <12 ng
Ba, <2% of the smallest sample analyzed), and
instrumental fractionation relative to natural
135Ba/!¥Ba=0.09194 using '3 Ba/'*®Ba ratios
measured during the run.

Aliquot containing Th and U spikes was puri-
fied using anion exchange resin with nitric acid.
After purification, Th and U were loaded to-
gether on single Re filaments between layers of
graphite. Corrections were made for blanks (Th
blanks < 0.5 ng Th, U blanks 10-60 pg U for
these measurements and for Th and U isotopic
measurements described below); neglecting this
correction changes the Th concentrations by
~1% for whole rock and groundmass and
~10% for minerals and results in < 1% change
in calculated U concentrations for all samples.

Th and U isotopic measurements were per-
formed on the Ra-spiked solution. Th and U
were pre-concentrated using anion exchange resin
with nitric acid and were separated from each
other using anion exchange resin and hydrochlor-
ic and sulfuric acids. Th and U fractions were
each purified further with a final nitric acid anion
column and were run in triple-filament assemblies
with Re center filaments and Re (Th) or Ta (U)
side filaments.

Washes from the first anion column in the
Th/U isotopic procedure were collected, and Ra
was purified using cation exchange resin (NHj
form) with 0.01 M EDTA as the eluant, using

procedures modified from [39]. Sample sizes
were ~ 150 fg 22°Ra for whole rock and ground-
mass samples, and 5-10 fg ?*Ra for mineral sep-
arates. Backgrounds at masses 228 and 226 were
less than 1 cps (generally < 0.5 cps) for pyroxene
and plagioclase analyses and 1-2 cps for whole
rock and groundmass analyses. Blanks for Ra
were lower than the detection limit (~0.1 fg)
and thus represent < 1% of the plagioclase and
whole rock/groundmass samples, and < 2% of the
pyroxene sample. Measured *?°Ra/*Ra ratios
were corrected for 2*Ra in the spike and for
228Ra in equilibrium with 2*?Th in the sample.

A.3. Ion microprobe analyses of Th and Ba
concentration in pyroxene

A polished, Au-coated grain mount was pre-
pared from a split of the same pyroxene separate
used for TIMS work. Ba and Th were analyzed
using a CAMECA ims 1270 high resolution ion
microprobe at UCLA. Samples were run with
23 nA primary beam current (0~ beam) and a
—30 V offset during Ba analysis to minimize mo-
lecular interferences, at a mass resolving power of
~4000. Spot size was ~40 um in diameter (cf.
Fig. 3). ¥¥Ba and *’Th'°O counts were normal-
ized to ?8Si. Count rates were 0.4-0.7 and 0.5-
10 cps for ThO and '*®Ba, respectively, in augite
unknowns. Th and Ba concentrations in un-
knowns were calculated by calibrating with re-
spect to the weighted mean of '*®*Ba/?®Si and
22Th'®O/8Si ratios in three ion microprobe
analyses of Washington University glass standard
WU-A using the concentrations of Th (0.0529
+0.0012 ppm) and Ba (1884.5%+2.3 ppm) mea-
sured in WU-A by INAA (R. Korotev, personal
communication; 1o errors). 3°Si/?8Si values were
also monitored during analysis, and the measured
ratio was always within 2% of the natural ratio.
137Ba/'3®Ba values measured in glass standards
and in augite grains during the same analysis ses-
sion as the unknowns were within analytical error
(20) of the natural ratio. Accuracy of Th mea-
surements was assessed by analyzing NBS SRM
614 (0.748 ppm) and SRM 616 (0.0252 ppm) as
unknowns and these gave values within 15% and
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within measurement error (26) of the standard
value, respectively.

Appendix B. Calculation of partition coefficients
and estimated uncertainties

We calculated partition coefficients for Ra and
Ba in plagioclase using equation 3 of Blundy and
Wood [22], which calculates the partition coeffi-
cient for an element of interest (D;) relative to an
element with a known partition coefficient D,,
based on the variables £ (Young’s modulus of
the crystal site of substitution) and ry (ideal site
radius). Partition coefficients in this model are
sensitive primarily to temperature and crystal
composition (which affect £ and rp); we used a
range of plagioclase compositions from Ang—
Anyy, based on the composition of the majority
of plagioclase analyses for the early 1955 lavas
reported in [40], and temperatures ranging from
initial saturation of augite+plagioclase at
1160 £ 10°C to eruption at 1100 = 10°C, calculated
using the MgO geothermometer of [21] and the
glass compositions measured by [15].

Because E, ry, and D, are functions of the com-
position of the crystal and of temperature (and to
a lesser extent, of pressure), they will be constant
for any cation of a given charge substituting into
a given crystal. Therefore, uncertainties in the ra-
tio of partition coefficients for two isovalent cati-
ons will be independent of D, and will depend
only on the uncertainties in £ and ry. We used
values calculated assuming that E and ry vary
linearly between end-member plagioclase compo-
sitions, after Blundy and Wood [22], with uncer-
tainties based on the standard deviations of exper-
imental measurements for their regression.
Allowing E and ry to vary by two standard devi-
ations and propagating these variations through
equation 3 results in a change of less than 10%
(relative) in the ratio Dg,/Dg,.

We calculated partition coefficients for augite
using equation 10 in Wood and Blundy [24] (cor-
responding to equation 3 in [22]). We used their
equation 14 to calculate E (corrected for 2+ ions
as described in [24]) with the same range in
temperatures discussed above and pressure of

0.1 GPa, consistent with a magma chamber depth
of ~2-4 km; the calculation is relatively insensi-
tive to direct effects of pressure. We calculated r
using their equation 15 with the average of our
electron microprobe measurements of augite com-
position (SiO,, 51.56; MgO, 16.30; Na,O, 0.24;
Al,O3, 2.63; FeO, 8.75; MnO, 0.22; Cr,03, 0.17;
CaO, 18.79; TiO,, 1.10; in wt%). Wood and
Blundy found that >92% of the D values for
clinopyroxene calculated using their model fell
within 0.73 and 1.36 times the experimentally de-
termined partition coefficients. Moreover, because
the experimental measurements of concentrations
generally had relative errors of 20-50% (1o) them-
selves, this spread may be due as much to uncer-
tainties in the experimental measurements as to
uncertainties in the model calculations [24]. As
with plagioclase, the uncertainty in the ratio of
two partition coefficients will be less than the un-
certainty in each absolute value; therefore, 35% is
a generous estimate of the relative 26 uncertainty
in our calculation of Dg,/Dg, for augite. Thus,
the uncertainty in the ratio of two partition coef-
ficients will be less than 10% for plagioclase and
less than 35% for augite, as long as there are no
major influences on partitioning behavior that are
not accounted for in the model.
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