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Abstract—Measurements of*®U-?*°Th-??°Ra and?***U-**'Pa disequilibria in a suite of tholeiitic-to-basa-

nitic lavas provide estimates of porosity, solid mantle upwelling rate and melt transport times beneath Hawaii.
The observation thatt°Th/?*®J) > 1 indicates that garnet is required as a residual phase in the magma
sources for all of the lavas. Both chromatographic porous flow and dynamic melting of a garnet peridotite
source can adequately explain the combined U-Th-Ra and U-Pa data for these Hawaiian basalts. For
chromatographic porous flow, the calculated maximum porosity in the melting zone ranges from 0.3-3% for
tholeiites and 0.1-1% for alkali basalts and basanites, and solid mantle upwelling rates range from 40 to 100
cm yr* for tholeiites and from 1 to 3 cm yr* for basanites. For dynamic melting, the escape or threshold
porosity is 0.5-2% for tholeiites and 0.1-0.8% for alkali basalts and basanites, and solid mantle upwelling
rates range from 10 to 30 cmyt for tholeiites and from 0.1 to 1 cm yf* for basanites. Assuming a constant

melt productivity, calculated total melt fractions range from 15% for the tholeiitic basalts to 3% for alkali
basalts and basanitesCopyright © 1999 Elsevier Science Ltd

1. INTRODUCTION versus Th, Th versus Ra, and U versus Pa, measurements of
2301238y, 22%Raf3°Th and®*Pa’>*U ratios in young basal-

The formation and transport of basaltic magma in the mantle by tic lavas provide information on the time scales of melt gener-
adiabatic decompression can be characterized in terms of theation. Models that relate the isotopic effects of U-series-decay-
velocity of the upwelling (solid) mantle, the rate of melting, the  rate disequilibria to the melting process have been described by
melt velocity and the dispersity associated with melt migration, \McKenzie (1985), Williams and Gill (1989), Spiegelman and
and the delay time, or storage time, of magma before eruption gjjiot (1993), Qin (1993), Iwamori (1994), and Richardson and
(e.g., Stolper et al., 1981; Turcotte, 1982; McKenzie, 1984, icKenzie (1994). The lack of precision afforded by the tradi-
1985; Richter and McKenzie, 1984; Ribe, 1985, 1987; DePa- iigna] counting methods used for measurements 28Tp/
olo, 1996). Two of these parameters, the velocity of upwelling 238)) and £25Raf°Th) disequilibria in young basaltic samples
mantle and the corresponding melting rate, can be estimatedyaye thys far limited the application of the models. Further-
from models coupled with thermodynamic data and geophysi- o6 “most studies have focused on mid-ocean ridge basalt
cal observations (e.g., McKenzie and Bickle, 1988; Watson and (MORB) (Condomines et al., 1981: Newman et al., 1983;
McKe_nZ|e_, 1991.; Forsyth, 1992; Asimov et al., 1997). T_he melt Rubin and Macdougall, 1988; Reinitz and Turekian, 1989; Ben
velocity, dispersivity (_)f_the melt Zone, and thg stora_ge_ﬂmes, N Othman and Allegre, 1990; Goldstein et al., 1989, 1992; Volpe
the qther hand, are difficult to estimate from first principles aqd and Goldstein, 1993: Lundstrom et al., 1995: Bourdon et al..
require measurement. These parameters can be measured '”digga) which show a pattern of trace-element fractionation
;ectly bg. geo_chemicilbmetho%s. In %afrticular, thle deﬁgrtur_es which is more complex than that observed in ocean island
rom radioactive equilibrium observed for several nuclides in basalts (OIB) such as Hawaii (Cohen and O'Nions, 1993;

the U-decay series give information on the rate of melting, the .
melt migrat)i/on veIoc%ty, and the extent of melting (McKer?zie, Hemond .et al., 1994, Chabgux and Allegre, 1994; Sims et al.,
1995; Elliot, 1997; Condomines et al., 1981).

1985; Williams and Gill, 1989; Spiegelman and Elliot, 1993; . .
Elliot, 1997) pieg We report?*8-23°Th-22°Ra and***U-2*'Pa isotopic mea-

The daughter isotope€°Th and??%Ra of the 2**U-decay surements on.ba.salt.ic lavas from Hawaii, gsing recently qevel-
series, and®Pa of the?®U-decay series have half-lives (75.4 oped the.rmal ionization mass spectrometric (TIMS) techniques
Kyr, 1.6 Kyr, and 32.8 Kyr respectively) which bracket the (Goldstein et al., 1989; Volpe etal., 1_993; Pickett et aI._, 1994,
time-scales over which melting and melt extraction are thought Chabaux et al., 1994) which afford improved resolution for
to occur. Because the half-lives are appropriate, and there areMéasuring the small departures from radioactive equilibrium in

large differences in the solid/liquid partition coefficients for U the U-decay series. In a previous publicati6fu->*°Th iso- _
topic data were reported for many of these lava samples (Sims

et al., 1995). In this work we add measurement$%6Ra and

* Author to whom correspondence should be addressed (ksims@mail. >~ Pa, which greatly enhance the constraints on the melting
whoi.edu). process because of their shorter half-lives.
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Table 1. Sample ages and location.

Sample Location/Flow name Eruption Date/Radiocarbon Age Ref.
Kilauea
KI-01-KWWS-92 Pu'u O’o flow: Kalapana 1990 1
KL-F91-31 collected from Pu'u O’o vent 07/31/91 2
KL-F91-32 collected from Pu’'u O’o vent 08/02/91 2
Mauna Loa
ML-61-KWWS-92 Saddle Road Flow 1935 3
ML-07-KWWS-92 Hwy 190: NE Puuanahula 1861 3
Mauna Kea
MK-06-KWWS-92 Kalaleha Flow: lower So. flank 5630200 4
MK-12-KWWS-92 Flow So. of Hookomo: lower So. flank 5320150 4
Hualalai
HU-05-KWWS-92 Hue Hue Flow: vent area 1801 5
HU-10-KWWS-92 Unit f6éd p24-near summit 1,03060 5
HU-13-KWWS-92 Unit f5d gl-near summit 2,29070 5
HU-18-KWWS-92 Waha Pele 716 150 5
HU-24-KWWS-92 Kaupulehu Flow 1801 5
Haleakala
HK-02-KWWS-92 Kalua O Lapa Flow 1792 6
HK-04-KWWS-92 Kamahina Flow 200-900 6
HK-06-KWWS-92 Luepalani Flow 200-1000 6
HK-10-KWWS-92 Luepalani Flow 200-1000 6
HK-11-KWWS-92 Pimoe Flow 200-1000 6

Sample ages from: 1 Hon et al., 1994. 2 collected by F. Goff. 3 Lockwood et al., 1988. 4 Porter, 1979. 5 Moore and Clague, 1981. 6 Reber, 1959;

Oostdam, 1965; Crandell, 1983. For locations and ages of Loihi samp

The lava samples used here encompass a range in chemical

composition from tholeiite to basanite. The samples are all
either historical flows or have been dated by radiocarbon, and
were collected from the Loihi, Mauna Loa, Kilauea, Mauna
Kea, Hualalai and Haleakala volcanoes. The sample suite rep-
resents most of the range of lava chemistry exhibited by Ha-
waiian lavas, and this range is believed to stem from variations
in the melting parameters as the volcanoes, carried by the
moving Pacific plate, traverse the Hawaiian mantle plume. Our
sample suite, including most of the volcanoes that extend from
the leading edge to the trailing edge of the plume, and encom-
passing the full range of lava compositions, provides a snapshot
(albeit crude) of the melting process extending from the core of
the plume to its fringes.

In our previous study, which involved only measurements of
230Th-2%8 decay disequilibria, we emphasized the constraints
that were placed on the extent of melting, using batch melting
models. The?*°Th-23%J decay disequilibria are mainly sensi
tive to melt fraction because of the long half-life &f°Th.
However, interpretation of?°Ra data, because of its much
shorter half-life, requires models that treat explicitly the time-
scales of melt generation and melt extraction (e.g., McKenzie,
1985; Spiegelman and Elliot, 1993). From the combifi&ah/
238, 22°RaP3°Th and®*Paf3*U data and using both a chro
matographic porous flow melting model and a dynamic (or
near-fractional) melting model we are able to obtain esti-
mates of porosity and solid mantle upwelling velocity. These
parameters are then used to constrain melting conditions in
the Hawaiian plume. The incorporation of melt migration
time-scales and chromatographic effects changes our esti-
mates of melt fraction relative to those previously inferred
from batch melting models (Sims et al., 1995). TiéRa/
230Th measurements also limit magma chamber residence
times.

les see Moore et al., 1982.

2. SAMPLES

Sample locations and ages are given in Table 1. For the
isotopes of the U-decay series, knowledge of the eruption age
of the samples is critical to the interpretation of the data. The
Kilauea and Mauna Loa samples are from historical flows. The
samples from Hualalai, Mauna Kea and Haleakala were col-
lected from either historic or young, radiocarbon-dated flows.
The Loihi samples are dive or dredge samples collected from
submarine surface flows; their ages are estimated to be less than
10,000 years based on measured thicknesses of palagonite
rinds.

Major- and trace-element concentrations and Nd and Sr
isotopes are reported in Appendix 2. The compositions extend
from olivine-tholeiite to silica-undersaturated basanite. With
the exception of the Mauna Kea samples which are evolved
hawaiite, the samples represented in this study are relatively
undifferentiated, as indicated by their high Mg® 1%), Ni
and Cr contents. All of the samples used in this study were
fresh hand-picked interior pieces and havgOkP,O. > 1 and
(®3U/23®) activity ratios= 1, indicating minimal post-erup
tive alteration. (Activity ratios are hereafter noted with paren-
theses.) KO/P,Oj ratios and $3U/*&) of less than one can
reflect the effects of weathering because of preferential loss of
K,O and®***U during alteration. Because of the long half-life of
234y, for young subareial samples such as theS8U(>*®) of
one are a necessary, but not sufficient condition for ruling out
secondary alteration.

3. U-SERIES DISEQUILIBRIUM MEASUREMENTS IN
HAWAIIAN BASALTS

U, Th, Pa and Ra concentrations arfd4(/>*U), (**°Th/
232Th), (33°Th/238), (22%Raf3°Th) (***PaF**) for the Ha
waiian samples are reported in Table 2. These measurements
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Table 2. €3°Th/2%2Th), 3°Th/2&), (32°RaP3°Th), 3Paf™), 2U/%°U, and U, Th, Pa and Ra concentrations measured by TIMS.

[Th]* [U]* [Ra]* [Pa] (®*Raf*°Th)* (22°Raf3°Th)® 234 z38y7
Sample nglg  polg  folg fglg  (3°ThA2Th)? (*°°Th/”*%U)°  measured  age corr.  PaPU)® x10°°
Loihi
KK-19-1 (WR) 0.775 0.236 *x *x 0.964 1.044 *x xk *x *x
KK-19-1 (GI) (1) 0.774 0.236 *x *x 0.967 1.045 *x *x *x 55.243
KK-19-1 (GI) (2 xx 0.239 xx 89.14 *x *x *x ok 1.147 *x
KK-27e-14 (1) 0.829 0.243 *x *x 0.958 1.077 *x *x *x 54.875
KK-27e-14 (2) *x 0.240 *x 94.43 xx *x *x *x 1.233 ok
Kilauea
KI-01-KWWS-92 0.867 0.286 *x ok 1.041 1.040 *x xx *x 54.591
KL-F91-32° (1) 0.861 0.290 110.98 *x 1.049 1.027 1.104 1.104 *x 54.584
KL-F91-31 (2) *k 0.284 *x 100.62 *x xx *x xx 1.097 *x
KL-F91-32 (1) 0.826 0.281 *x *x 1.048 1.016 *x *x *x 54.685
KL-F91-32 (2) *k 0.281 *x 100.58 *x xx *x xx 1.100 *x
Mauna Loa
ML-61-KWWS-92'° (1) 0.552 0.185 74.31 ok 1.051 1.034 1.151 1.155 xx 54.399
ML-61-KWWS-92 (2) *x 0.182 *x 67.04 *x *x *x *x 1.135 *x
ML-07-KWWS-92 (1) 0.568 0.193 *x *x 1.076 1.044 xx *x *x 54.588
ML-07-KWWS-92 (2) *x 0.195 *x 71.97 *x *x *x *x 1.138 *x
Mauna Kea
MK-06-KWWS-92 3.93 1.247 *x *x 1.102 1.145 *x *x *x 54.798
MK-12-KWWS-92 4,299 1.254 *x *k 1.097 1.240 *x *x *x 54.820
Hualalai
HU-05-KWWS-92 1.611 0.456 239.79 xx 1.002 1.167 1.335 1.364 *x 54.890
HU-10-KWWS-92 (1) 1.433 0.409 187.72 *x 1.026 1.185 1.147 1428.01 *x 54.990
HU-10-KWWS-92 (2) *x 0.410 *x 197.31 wk *x *x *x 1.481 *x
HU-13-KWWS-92 1.53 0.446 189.19 *x 1.009 1.141 1.101 1210.01 *x *x
HU-18-KWWS-92 (1) 1.56 0.440 198.17 xx 1.009 1.179 1.131 1+18.02 *x 54.972
HU-18-KWWS-92 (2) *x 0.441 *x 215.00 *x *x *x *x 1.498 *x
HU-24-KWWS-92 (1) 1.654 0.480 242.07 *x 1.024 1.163 1.284 1.309 *x 54.752
HU-24-KWWS-92 (2) *x 0.485 *x 232.97 *x *x *x *x 1.477 *x
Haleakala
HK-02-KWWS-92 3.472 0.981 524.06 *x 1.099 1.282 1.234 1.256 *x *x
HK-04-KWWS-92 (1) 2.369 0.660 359.44  ** 1.105 1.308 1.234 1+29.05 *x 55.036
HK-04-KWWS-92 (2) *x 0.661 *x 383.04 *x *x *x *x 1.783 *x
HK-06-KWWS-92 (1) 3.423 1.003 517.35 xx 1.105 1.243 1.229 1+30.06 *x 54.836
HK-06-KWWS-92 (2) *x 0.979 *x 526.10 *x *x *x *x 1.673 *x
HK-10-KWWS-92 (1) 3.350 0.993 498.45 xx 1.103 1.226 1.213 1428.06 *x 54.873
HK-10-KWWS-92 (2) *x 0.997 *x 537.99 *x *x *x *x 1.658 *x
HK-11-KWWS-92 (1) 3.761 1.042 553.75 xx 1.102 1.311 1.201 1426.05 *x *x
HK-11-KWWS-92 (2) *x 1.041 *x 590.44 *x *x *x *x 1.734 *x
Table Mountain Latite
TML-1 29.56 10.54 3569 3,428 1.084 1.002 1.003 *x 1.500 54.810
TML-2 29.91 10.56 3564 3,424 1.074 1.003 0.997 *x 0.997 54.707
Notes:

1[U], [Th], [Pa], and [Ra] measured by ID-TIMS; measurement errors in [U], [EhD.5%, [Ra], [Pa]< 0.8%.
2( ) denotes activityd,zo = 9.195X 10 6 yr—%, A,5, = 4.948x 10~ **yr~*; measured by HAS-TIMS; errors ¢ range from: 0.5%—0.8% and
do not include uncertainties iR,5, (0.4%) OrA,3, (0.5%).
3 Aozs = 1.551x 10 *°yr % errors (2r) range from 0.4%-0.5% and do not include uncertainties,ifa (0.07%) 0r\,50
“Nazs = 4.331x 10 *yr~?, errors (2) range from 0.6%—0.9% and do not include uncertainties,isa (0.4%) Or A 50
5 For non-historic samples, error primarily represents uncertaintjGnages (see Table 1).
8 Xag1 = 2.115% 107° yr™*, errors (2r) range from 0.6%-0.9% and do not include uncertainties,ifj (0.4%) 0r A g5 (0.07%).
7 Npgq = 2.823X% 10 Cyr~2, errors () < 1.0%; for these sample$3(U/?8U) = 1 within error, using an equilibriurd®*U/?*® of 54.95

ppm

8 Analyses for?*®U-2*1Pa are from same samples but separate powder splits.

° Results of independent analyses of 1991 flows from Puu O’o agree within measurement error (Petruzska et al. unpublished data)

19Results of an independent analysis on same flow by Cohen et al. (1993) agree within measurement error.

11 TML-1 used to calibraté®Pa spike, but measured as an unknown for U-Th-Ra disequilibria; TML-2 measured as unknown for U-Th-Ra and

U-Pa disequilibria.

were made by isotope dilution and mass spectrometric meth- 3.1. 2*8J-23°Th Disequilibria

ods. For many of these samples Sm, Nd, Th and U isotopes and
concentrations have been previously reported (Sims et al.,

1995). The £38U/2%2Th), (**°Th/**) and #**RaF>Th) mea
surements for the tholeiites from Kilauea and Mauna Loa are important first-order observation is that there is a systematic
consistent with other TIMS measurements for these same ba-correlation between basalt type and the extenE#iTh/232U)
salts (Cohen et al., 1993; Petruzska et al, unpublished data). disequilibrium: tholeiites show the least amount of disequilib-

In all of the Hawaiian samples examine&qrh/232U) > 1,
indicating that Th is enriched relative to U (Fig. 1a). An



4122 K. W. W. Sims et al.
(a) 1.6 L LR A L LN B A B (a) 1.5 [T T T T T
r <&— Fractionation Increases 1 L
k=0.7 =0, k=0.9 1 F + Loihi
1 L M Kilauea
:E 14 = 7] -y 14 [ O MaunaLoa
= [ s 1 ooD r <& Mauna Kea
E 12 [ e - n 13 ’ @ Hualalai
NG i E 'l;ilaueaL N\ [ A Haleakala
launa Loa L
ﬁ p O Mauna Kea = AO
- 1 L/ € Hualalai ot 12 ]
- 4+ A Haleakala ) 3 ‘
N\ +  Loihi : r <&
0.8 BSE . =11 + - ]
‘ ! : ! . . : . I ! ! : ! I ‘ : 1 0 . 1 1 1 + 1 ! IE]
e D 2 1418 " 04 02 0 02 04 06 08
U/ Th) (hy+4Q-ne) / (hy+di+4Q+ne)
(b) 2- T T T (b) 1.8:1"|" T T | B
b A i
sl 1 P8 + Loihi
. A N S 16 B Kilauea
oy s O Mauna Loa
= AA W L5F » ¢ Hualalai
Q L6} . N\ 14 F A Haleakala
~
2]
S o B13f ;
o 14t = hd E + ]
N\ B Kilauea aQaa 1.2
[0 Mauna Loa E + m ]
1ol + @& Hualalai 11t = E
<L A Haleakala 05,1“1“,,,,,,,,,,,.,“,2
+ Lo 1 04 02 0 02 04 06 08
1 1 1 " " 1 " n 1 1 1 - °
1 12 12 16 18 ’ (hy+4Q-ne)/ (hy+di+4Q+ne)
*3%th/238y) © e N
14 + B Kilauea B
(C) 1.6 T T T T T —_ ¢ E :ld:.:l::a?i
= A Haleakala
15[ ] & 13p ? 1
5 ?
- '“'; +
14 + ]
cﬁ ’ ez 102 - * A
] Q
= . ] b |
S 13[ L
@m * * A 11+ . E
ﬁv 1.2 T silica
O M Kilauea undersaturated silica saturated
[0 MaunaLoa 1 L L ! L | I
1.1+-1 @ Hualalai -04 -0.2 0 0.2 0.4 0.6 0.8
A Haleakala (hy+4Q-ne)/ (hy+di+4Q+ne)
1 1 1 1 L L
. . . . 1. 1.6
1 1 12230 13238 14 > Fig. 2.a. (2%°Th/?%&J) versus (hy+ 4Q — ne)/(hy + di + 4Q + ne)
(**Th/*°U) b. (3PaP3U) versus (hy+ 4Q — ne)/(hy + di + 4Q + ne); c.

(?**RaP°Th) versus (hy+ 4Q — ne)/(hy + di + 4Q + ne) for the
Fig. 1.a. (**°Th/2%2Th) vs @3&U/2%2Th); b. (3PaP*U) vs. C3°Th/ Hawaiian samples.
238); c. (***Raf3°Th) vs. E3°Th/”8) for the Hawaiian samples.
Sizes of data points are larger than the propagated relative measure-
ment errors; for ¥Raf3Th) error bars on non-historic samples tep

resent uncertainties it'C age (see Table 1). such as Mg normalized Na content (Sims et al., 1995). For

the Hawaiian data there is also a systematic relation between
. . . . U/Th fractionation and Sm/Nd fractionation (denoted as
rium and alkali basalts and ba}s_,anltes show progressively Iargc_eraSm/N&, with Sm/Nd more fractionated than U/Th (Fig. 3a).
amounts. When the compositional range of these samples is
quantified in terms of normative hypersthene and nepheline
content there is an excellent correlation betweéTn/
238J) and silica saturation index (Fig. 2a3imilar correla-
tions are seen with SiQ or other major-element parameters

3.2. 2°%U-2*%pa Disequilibria

231paf3) is greater than one in all of the Hawaiian
9
samples, indicating that Pa is enriched in basaltic melts relative
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and Loihi; but in the alkali basalts and basanites, U/Pa and
Sm/Nd show similar amounts of fractionation (Fig. 3b).

(a)

Kilauea
Mauna Loa
Mauna Kea
Hualalai

Haleakala 3.3. 2*°Th-22%Ra Disequilibria
Loihi

. In all of the Hawaiian samples examined?Ra’*°Th) is
greater than one, indicating that Ra is enriched relative to Th.
When @2%Raf3°Th) is compared with<E°Th/”*8) (Fig. 1c)
and E3'Paf32), the relative value of the disequilibrium -ac
tivity ratios gives an order of incompatibility of  ~ D, <
D+, < Dy. There is a bi-modal relationship betweé&i®Ra/
230Th) and the major-element chemistry of these Hawaiian
samples: tholeiites show the smallest Ra/Th fractionation while
alkali basalts and basanites show higher but similar degrees of
T L Ra/Th fractionation (Fig. 2c). This relationship is markedly
0.5 0.6 0.7 0.8 0.9 1 1.1 different from the systematic relationships observed between
Xsm/Nd (*°Th”3) and 3'Pa’>U).

**1h/ ?*U)

(b) 4. COMPARISON OF DATA WITH MELTING MODELS

The activity ratios $3°Th/2*0), (***Paf**U), and to a lesser
extent £2°RaP3°Th), vary systematically as a function of melt
composition, and extent of melting as inferred from trace-
element compositions. This observation argues that the isotopic
variations are a result of melting processes and not secondary
alteration (e.g., Hemmond et al., 1994). We argued previously
that the observed U/Th fractionation can be accounted for by
1 variations in melt fraction ranging from 6.5% for tholeiites to
0.25% for basanites (Sims et al., 1995). The melt fraction
------- § estimates were based on batch melting calculations. ffieq/

] 23%) data presented here can also be modeled with the batch
melting model. However, the large departures@Ra’*°Th
11 from equilibrium cannot be explained by batch melting. Be-
0Lsm /Nd cause of the short half-life of**Ra, interpretation of the
Hawaiian €2°Raf*°Th) disequilibrium data requires models

Fig. 3.a. (33°Th/28U) vs. agyng andb. (331Paf3™U) vs. agyng for that treat explicitly the time-scale of melt generation and melt

Hawaiian samples. Wheres,,,ngiS @ measure of the Sm/Nd fraction extraction (McKenzie, 1985; Wiliams and Gill, 1989;

ation during basalt petrogenesis and is the Sm/Nd concentration ratio o .: : . : S A
measured in the lava normalized to a model Sm/Nd source ratio Spiegelman and Elliot, 1993; lwamori, 1993; Qin, 1993). As

inferred from the measure™Nd/A*Nd of the lava (for details see ~ Shown below, both chromatographic porous flow and dynamic
DePaolo, 1988; Salters and Hart, 1989; and Sims et al., 1995). Shown melting models can adequately explain the combined U-Th-Ra

are batch melting (BM) and accumulated fractional melting (AFM) and U-Pa data. The dynamic models also result in somewhat
trends for a garnet lherzolite source (8% cpx; 12% garnet) using larger inferred melt fractions.

measured B,, and Oy values from McKay, 1985 and measureg D
and Dy, values from La Tourrette et al., 1993; Lundstrom et al., 1994,
and an inferred P, value (Table 3). Also shown is the best-fit trend  4.1. Chromatographic Porous Flow

used to invert the data to find self-consistent bul{Dy,-Dg,/Dyg @nd

Dy/DpsDs,{Dng Values. This inversion assumes batch melting of The steady state chromatographic porous flow melting model

garnet lherzolite source and useg,Dand Q4 values from McKay, of Spiegelman and Elliot (1993) accounts for the duration of

1985 (see Sims et al., 1985). The sizes of the data points are larger thanmelt generation (i.e., the time it takes the upwelling mantle to

th ted relati t .(Note: for MORB . :
(23‘61PF;r;3p%£)Ja>ezlélea ve measurement errots).(Note: for traverse the melt column), the relative velocity of the upward-

percolating melt and the residual solid, and the effects of
continuous melt-solid interaction during melt transport. The

) ) . s model assumes that chemical equilibrium is maintained be-
to U. There is a systematic correlation betwe&WRa/*U) tween migrating liquid and the solid matrix (infinite Damkohler

and E°Th/*) (Fig. 1b); the relative values of these disequi  nymber). Continuous melt-solid interaction produces chroma-
librium ratios gives an order of incompatibility ofd2< D, < tography; different elements travel through the melt column at
Dy. Like (**°Th/2*%), there is also a systematic correlation gjfferent velocities according to their relative melt/solid parti-
between basalt type ané®{Pa?>%U) disequilibrium: tholeiites  tion coefficients (i.e., D values). For nonradioactive elements,
show the least amount of disequilibrium and alkali basalts and the steady-state chromatographic porous flow melting model
basanites show progressively larger amounts (Fig. 2b). When produces trace-element enrichments that are identical to those
compared with Sm/Nd fractionation, U/Pa is less fractionated of equilibrium batch melting (Spiegelman and Elliot, 1993).
than Sm/Nd in the tholeiitic samples from Kilauea, Mauna Loa However, for the U-decay-series isotopes, which have half-

Kilauea
Mauna Loa
Hualalai
Haleakala
Loihi
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Table 3. Experimentally determined mineral/melt partition coefficients for U, Th, and Ba in Cpx and Gt and bulk partition coefficients calculated
for a garnet peridotite source

Clinopyroxene Garnet Garnet Peridotite

U Th Ba U Th Ba U Th Ra Pa
Beattie 9.0E-04 1.3E-03 5.0E-04 9.6E-03 1.5E-03 1.0E-05 1.2E-3 2.9E-4 4.0E-5
Salters and Longi 3.5E-03 3.5E-03 b 4.1E-02 1.9E-02 ki 5.3E-3 2.6E-3 *x
La Tourette et al. 4.5E-03 1.0E-02 ** 1.5E-02 1.7E-03 ki 2.2E-3 1.0E-3 ki
Lundstrom et al. 1.0E-02 1.5E-02 o o i b 2.6E-3 1.4E-3 (1.0E-5) (1.3E-04)
Inverted 1.4E-3 6E-4
Inverted 2.2E-3 1E-4

Experimentally determined mineral/melt partition coefficients for U, Th, and Ba in Cpx and Gt from Beattie, 1993a, b; La Tourette et al., 1992,
1993; Lundstrom et al., 1994; Salters and Longhi, 1999. Bulk partition coefficients for garnet peridotite source calculated asi®§QODpx=
21%, Cpx= 8%, Gt= 12%. Lundstrom et al. (1994) bulk D values usg &nd Dy, for garnet from La Tourrette et al. (1993) and assume that-b
DJ" and Dy, = 1.0E-5. Beattie bulk R,value assumes that)~ Dg,. The inverted R-Dy, and D,-Dp,values are from correlations GFeTh/23U)
and €3'Paf*®U) with Sm/Nd fractionation (Figure 3) (see Sims et al., 1995 for details) and are in the range of bulk D values calculated from
experimental measurements. This inversion is based upon the equations for batch melting and does not account for the contributiorf#fTingrown
and®*'Pa in the measured¥Th/2*8U) and €3'Paf**U) disequilibria; therefore these estimates of the bylk D, and D>, maximize U/Th and U/Pa
fractionation.

lives that are comparable to the melt migration time scales, the calculations (e.g., see Figure 4) indicate that the average po-
chromatographic effect has a significant influence on the re- rosity of the melting zone is somewhere between 0.3 to 3% and
sulting concentrations and activity ratios. If the daughter iso- the upwelling rate between 40 to 100 cn Yy depending on
tope is more incompatible than the parent isotope, which is true the partition coefficients used (Table 4). For the alkali basalts
for all of the systems considered here, more daughter material from Hualalai, using a melt zone height of 10 km, the calcu-
is produced in the melt column than was brought in at the lated porosity ranges from 0.1 to 1% and the upwelling rate
bottom and this produces large excesses in daughter isotopes irmranges from 2 to 5 cm yr* (Table 4). For the basanites from
the resultant basaltic liquids. The extent of this daughter nu- Haleakala the calculated porosity also ranges between 0.1 to
clide enhancement depends on the half life of the daughter 1%, and the upwelling rate ranges from 1 to 3 cri’yr
nuclide, and consequently it is very large f6fRa, and much As a result of the additiona*°Th that is produced during
smaller for2*°Th and®*'Pa. melting, the chromatographic porous flow model of
We compare our data to U-series activity ratios calculated Spiegelman and Elliot (1993) estimates total melt fractions
from a 1-D numerical model of chromatographic porous flow (F,.J Which are considerably higher than those which we
similar to that of Spiegelman and Elliot (1993) which takes into previously predicted from simple batch melting (Sims et al.,
account a depth dependent porosity. (In Appendix | we contrast 1995). Using the melt productivity we assume above (dEdz
analytical solutions which assume a constant porosity to this 0.003/km) (e.g., McKenzie and Bickle 1988; Asimov et al.
numerical solution.) The trace element partition coefficients 1997) and a melt zone thickness of 50 km for tholeiitic basalts
used for the modeling are given in Table 3 and are calculated and 10 km for alkali basalts and basanites, we calculate 15%
assuming a garnet peridotite source. The numerical resultstotal melt fractions for the tholeiitic basalts and 3% for the
show that {?*Ra”3°Th) disequilibrium is controlled mostly by  alkali basalts and basanites.
the porosity of the melt region (which controls the velocity of
the melt relative to the solid), where@${Th/2&) disequilib
rium depends mainly on the upwelling rate, which is directly
related to the melting rate (Figs. 4 and 5). The overall model Inthe “dynamic melting” model, as formulated by McKenzie
has six variable parameters, as outlined in the Appendix: The (1985), melts produced in the upwelling mantle remain trapped,
solid velocity (W), the liquid velocity (w), the porosityd), and in equilibrium with the solid residue until a critical thresh-
the height of the melting columm\g), the melt fraction (F,,,) old porosity is reached, after which any produced melt in
and the melting ratel). We estimateAz from the modeling excess of the threshold value escapes instantaneously. Dynamic
of Watson and McKenzie (1991). Their model indicates that the melting takes into consideration the time-scale of the melting
height of the melting column in the core of the Hawaiian plume process and consequently, like the Spiegelman and Elliot
is of order 50 km. At distances of 50 km or more from the model, produces enhanced excesses of short-lived daughter
plume axis, the melt column is estimated tob&0 km long. nuclides like??®Ra. Dynamic melting differs from chromato
Thus we use\z = 50 km for the tholeiites, andz = 10 km graphic melting in that melts move instantly to the surface as
for the alkali basalts and basanites. We set the melt productivity they form and do not react with the solid on the way. As a
dF/dz = 0.003 kmi 3 (McKenzie and Bickle, 1988). Recent result, disequilibria is created only at the bottom of the melt
estimates of dF/dz by Asimow et al. (1997) are similar to those column instead of throughout. Unlike chromatographic porous
deduced by McKenzie and Bickle (1988) in the depth range of flow where melt velocities are determined explicitly, with dy-
interest for Hawaiian magma generation. namic melting melt velocities are constrained by the shortest
Using the average®t°Th/?*®U) and @2*Raf*°Th) disequi half-life of the daughter nuclides not in radioactive equilibrium
libria measured for the main-stage tholeiitic basalts, the model with its immediate parent (e.g??*Ra). Above the point where

4.2. Dynamic Melting
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Fig. 4. Comparison of the measuréd®Ra’*°Th) and €3°Th/?8) for the Hawaiian basalts (symbols) to the calculated
values (curves) for chromatographic flow through a 1D melt column. The left column of graphs show the results calculated
for a 50 km melt column, using the partition coefficients of (a) Salters and Longi, (b) La Tourette et al, and (c) Beattie et
al (Table 3). The right column of graphs show the results calculated for a 10 km melt column, with the partition coefficients
corresponding to those shown on the left. The horizontally trending curves show activity ratios for constant maximum
porosity (a0 iN percent, while the vertically trending contours show the activity ratios for a constant upwelling rate (W
in cm/yr. The bold solid contour in each plot shows a reference upwelling rate of 10 cm/yr, while the bold dashed curve
shows a reference maximum porosity of about 1%. Spacing between curves is calculated in log units: increments between
curves of solid upwelling rate are 9®cm/yr, and between curves of constant maximum porosify*®0. The decrease
of (2%°Th/238) at very low upwelling rates is a result of the melting rate approaching the time-scale of the halfifgtaf
Error bars for £2°RaF3Th) reflect the uncertainties HC ages (Table 1).
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Fig. 5. Comparison of the measureéd’Paf*®) and €3°Th/?*&) for the Hawaiian basalts (symbols) to the calculated
values (curves) for chromatographic flow through a 1D melt column. The left column of graphs show the results calculated
for a 50 km melt column, using the partition coefficients of (a) Salters and Longi, (b) La Tourette et al, and (c) Beattie et
al (Table 3). The right column of graphs show the results calculated for a 10 km melt column, with the partition coefficients
corresponding to those shown on the left. The horizontally trending curves show activity ratios for constant maximum
porosity (s IN percent, while the vertically trending contours show the activity ratios for a constant upwelling rate (W
in cm/yr. The bold solid contour in each plot shows a reference upwelling rate of 10 cm/yr, while the bold dashed curve
shows a reference maximum porosity of about 1%. Spacing between curves is calculated in log units: increments between
curves of solid upwelling rate are 3®cm/yr, and between curves of constant maximum porosity*30. The decrease
of (3*¥Paf*¥) and €3°Th/2%®U) at very low upwelling rates is a result of the melting rate approaching the time-scale of the
half-lives of 2*'Pa and?*°Th.



Porosity of the melting zone 4127

23Tag;e 4.2galculated melting parameters for Hawaiian plume from tional melting models. The results show that the data serve
%U-?3°Th-**Ra from the chromatographic melt transport model. as much to constrain the distribution coefficients as to dis-
Thol (50 km) AOB (10 km) Bas (10 km) tinguish _bet_ween melting _models. The data can b_e a_de-

guately fit with a batch melting model (and as shown in Fig.

Beattie 5 also with the chromatographic porous flow model), using
Pmax 0.003 0.001 0.001 either the experimentally-determined,2nd Dy, values of

W, (cmiyr) 50 5 3 Lundstrom et al. (1994) and LaTourrette (1993) combined
Salters and Longhi with an inferred I, value, or the values we derived for the
Drmax 0.03 0.01 0.01 three D values from an inversion of the measured concen-
W, (cmiyr) 100 4 r tration data using the batch melting equations. The data are
La Tourette et al. not well-fit with the accumulated fractional melting model,
Pmax 0.02 0.004 0.004 or if the D, and Dy, values of Beattie (1993a, b) are used.
W, (cm/yr) 40 3 r

Lundstrom et al. 5. SOURCES OF UNCERTAINTY

\(;)v'za(xcm/yr) 48'015 g 005 1?0'00?5 The samples collected from historic sub-aerial flows have

) ) precisely known and very young ages (Table 1). Uncertainties
i'ms etal. (inverted) 0.007 0.002 0.002 in the ages of these samples are not significant in assessing the
W. (cmiyr) 40 55 15 initial isotopic ratios. The Loihi samples are dive or dredge

samples collected from submarine surface flows; their ages are

Range: .
b 0.3%-3% 01%-1% 0.1%-1% es_tlmated to be less t_han_ 10,000 years based o_n_measured
W, (cmiyr) 40-100 2.5 1-3 thicknesses of palagonite rinds. The ages of the Loihi samples
are too poorly known to maké&°Ra data usable, but the ages
Maximum porosity éy,,), and solid mantle upwelling velocity (W are well enough constrained for tHé°Th and **Pa data.

calculated from the averagé(Th/**U) and ¢*"RaP*°Th) for the Uncertainties in the**C ages of the prehistoric flows are
main-stage tholeiites, post-shield alkali basalts and rejuvenated-stage

basanites using the Spiegelman and Elliot model (1993) and bylk D §|gn|f|cant compared to the half-life 6f®Ra and are reflected

D+, and Dy, values given in Table 3. For BeattiegD= 4 X 105, for in the large error bars for those samples. Tf@ age uncer

all others we use R, = 1 X 107> Calculations assume dF/dz tainties however, are negligible compared to the half-lives of

0.003/km and a 50 km melt column for tholeiitic basalts and 10 km for 230Th 404 231pa. Becausé&®°Ra is largely controlled by the

?;ﬁaé'u?%?igigg %fbtiiaﬂfﬁél\g?:éf_s marked with ? denote data which ., oty of the melt zone, uncertainties in sample ages translate
to large uncertainties in the calculated porosity (e.g., see Figs.
4-6).

the threshold porosity is reached, the porosity of the melt zone
is constant. Whereas the Spiegelman and Elliot model is an
“infinite Damkohler number” model (melt-solid reaction is If magma is stored in the crust for significant periods of time
very fast relative to melt migration velocity), the dynamic before eruption, the parent/daughter activity ratios will decay
melting model is a “zero-Damkohler number” model. The toward the equilibrium value and cause us to infer too small an
reality is of necessity somewhere in between (e.g., see Hart,amount of parent/daughter fractionation in the melting process.
1993). The dynamic melting model also differs from the This issue is most significant f6°Ra; it is probably not a
Spiegelman and Elliot model in that the trace element enrich- significant source of uncertainty for the longer-liv&dTh and
ments in the melts are intermediate between batch melting and***Pa.
accumulated fractional melting, depending on the value of the  Based on observations and studies of Kilauea volcano, the
threshold porosity relative to the distribution coefficients of the storage times for tholeiitic basalts erupted during the main
element(s) considered (Williams and Gill, 1989; Zou and Zin- stage of volcano growth are probably short. The high magma
dler, 1996). supply rates (about 0.1 Kiyr) require that a magma chamber

Dynamic melting models (equations given in Appendix 1) would need to have a volume of 100 krin order for the
provide results that are similar to those obtained from the residence time of magma in the chamber to be as long as 1000
chromatographic porous flow melting model. The extent of years. Geophysical estimates of the magma volume residing in
(®#*RaF>3°Th) disequilibrium is controlled mainly by the poros  an upper level reservoir range from 10’s to 100’s of 3%km
ity of the melt region, and?€°Th/238U) disequilibrium mainly indicating a range of residence times: 100's to 1000’s of years
by the melting rate (Fig. 6). However, with dynamic melting (Pyle, 1992; Clague, 1996). Other estimates based on thermo-
the time-scale of melt migration is not considered. There- barometry (Putirka, 1997) and crystal size distributions (Man-
fore, for a given set of partition coefficients, the dynamic gan, 1990) indicate residence times on the order of 10’s of
melting model requires threshold or escape porosities which years. On the other hand, there are few independent constraints
are lower (about a factor of 1.5) than the maximum porosity on magma storage times for Hawaiian alkaline lavas. For these
at the top of the melt zone predicted by a chromatographic lavas, the best limits probably can be derived from #fRa
melting model (compare Figs. 4 and 5 with Fig. 6). With dynamic data. Assuming that the observed Th-Ra disequilibrium is a
melting, the inferred melting rates are also slightly lower. result of fractionation produced by melting, the largé%Ra/

In Figure 7, the £°Th/238)-(>*'PaF3*U) data are com 230Th) excesses and the consistency of the values among the
pared to predictions based on batch and accumulated frac-samples indicate that magma storage times are probably

5.1. Magma Storage Ages
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Fig. 6. Comparison of the measuréd®Qaf°Th) vs. £%°Th/238U) and &Paf>) vs. C3°Th/Z) for the Hawaiian
basalts (symbols) to the calculated values (curves) for dynamic, near-fractional melting through a 1D melt column using the
partition coefficients of (a & d) Longi and Salters, (b & e) La Tourette et al, and (c & f) Beattie et al (Table 3). The
horizontally trending curves show activity ratios for constant threshold porosity.d in percent, while the vertically
trending contours show the activity ratios for a constant upwelling ratg ifwem/yr. The bold solid contour in each plot
shows a reference upwelling rate of 10 cm/yr, while the bold dashed curve shows a reference maximum porosity of about
1%. Spacing between curves is calculated in log units: increments between curves of solid upwelling reté ema/yiQ
and between curves of constant maximum porosity .

much less than one half-life o?°Ra (probably even less  upon the absolute and relative values chosen for the U, Th, Pa
than 800 years). Nevertheless, the uncertainties in the stor-and Ra partition coefficients (Tables 3 and 4). There are now

age time limit the interpretation of thé3®Raf3°Th) data, several experimental measurements of &nd Dy, values for
and must be kept in mind when evaluating the inferred melt the relevant mantle phases: garnet, clinopyroxene, orthopyrox-
zone porosities. ene, and olivine. While Ra and Pa are thought to be highly

52 U tainties in M d U. Th. Ra Partiti incompatible during mantle melting, their absolute D values
<. Jncenainties in Measured L, 1h, Ra Fartition have never been measured and are only inferred. Based on the

Coefficients fact that Ra and Ba have similar ionic radii (1.40 A and 1.35 A)
Calculated porosities and melting rates from both the chro- and charge {2 for both), it is generally assumed thai, D~
matographic and dynamic melting models are highly dependent Dg,, which has been measured. For Pa, no experimental mea
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23%) disequilibria must be considered as preliminary -esti

2.0 T — T 7 L ¥
! BM: Inverted / J i mates only.
i / II\ rd
1.8 ! / -
= ; P P AR o Pl 6. Th/U SOURCE RATIOS: CORRELATION BETWEEN
< : / Yy 23°Th/?*2Th AND ®7Sr/%°sr AND ***Nd/**“Nd
2 16 - ¢ / \BM: Beattie, 1993a,b | . . .
~ \,/\'\ Because the upwelling rates in Hawaii are large and the
] e . . : 2307 . 2 )
a //#"  BM: La Tourrette et al, 1993; ingrowth of h during melting is relatively small compared
v 14 | //:’ Lundstrom et al,, 1994 _ h | | f . o f U/Th h@ h/232'|'h
@ & — to the net elemental fractionation o , theqr )
~ / D) Mauna loa ratio can be used to characterize the mantle magma source of
12+ & Hualalai basalts in much the same way tA&rfeSr and***Nd/**“Nd
A Haleakala are used. There is one significant difference: &f&rf°Sr and
4+ Loihi 143N F_44N .
10 Lo d d ratios reflect the Rb/Sr and Sm/Nd of the mantle
i . . . 1 integrated over time-scales of %l@ears, whereas th&°Th/
1 12 14 16 1.8 232Th gives information on thé*®UJ/?*?Th ratio of the mantle
(230Th /238U) source integrated only over about&10° years. Nevertheless,

for both the Hawaiian and MORB data there are similarities
Fig. 7. @¥PaP3%U) vs (3°Th/2%U) for Hawaiian samples compared ~ between the U-Th, Sm-Nd and Rb/Sr systems (Figs. 8a and 8b).

with static batch melting (BM) and accumulated fractional melting The Hawaiian samples havg,, 87SrF°Sr and ¢3°Th/?%2Th)

(AFM) of a Iherzolite source. The batch melting trends using our yglues which are between those of MORB and CHUR; the

inverted Q,-Dp, and O,-Dr, values and the inferred 3 and the post-caldera and post-erosional alkali basalts and basanites
experimentally determined Pand Dy, values from Lundstrom et al.

(1994) and La Tourrette (1993) provide a reasonably good fit to the Nave higher, more MORB-like values than the pre-shield and
data. shield stage tholeiites and alkali basalts (except for A&t/

232Th) of Hualalai). The correlation between the Th isotopic
flata and the Sr and Nd isotopic data suggest that the inferred
Th/U ratios are also a long-lived feature of the magma sources
(cf. Allegre and Condomines, 1982).

surements have been made and no analogs have been foun
therefore it has been generally assumed that the bulk partition-
ing behavior of Pa is similar to that of®J (Lundstrom et al.,
1995). Another constraint for 3 comes from measurements of
clinopyroxene and coexisting glass, which indicate thgi®, 7. VARIATIONS IN SOLID MANTLE UPWELLING AND
for clinopyroxene is greater than two (Pickett and Murrell, 1997). THE STRUCTURE OF THE HAWAIIAN MANTLE PLUME

The length of time that the parent element spends in the melt Using a model for Hawaiian volcano growth from DePaolo

column s critical in the ingrowth models, therefore, these 54 stolper (1996), we have calculated the radial position of the
models are most sensitive to the D values chosen for the parent,qcanoes relative to the center of the Hawaiian plume, which
elements U and Th. For the combined U-Th-Ra disequilibria, allows us to make a crude “map” of upwelling rates in the
the value chosen for f is particularly important, a§3f’Th 1S Hawaiian plume (Fig. 9). The center of the plume is located so
both a parent and daughter isotope and therefore its D value ¢ the active volcanoes Loihi, Kilauea and Mauna Loa are
affects bothTTh/**%U) and *RaP*°Th) disequilibria. In the positioned appropriately for their model ages and eruption rates
above modeling it is also assumed that the U-Th-Ra partition- (see inset Fig. 9). The pattern in calculated upwelling rate
ing is controlled by major phases (olivine, pyroxene and gamet) e |ative to radial distance from the plume axis is shown in
and that partitioning of U, Th, Pa and Ra between the melt and Figure 9, where it is also compared to the fluid dynamical
solid is constant throughqgt the melting column. While it €an  models of Watson and McKenzie (1991) and Hauri et al.
be reasoned that the partitioning of U, Th, (and Ra and Pa?) is (1994). The values inferred from the isotopic data are reason-
controlled by the major mantle phases (Beattie, 1993a, b; La gp)y consistent with the Watson and McKenzie (1991) model
Tourrette et al., 1993) it has been recently shown that the values o5 the fringes of the plume and considerably lower than the
of mineral/mglt partition c_o_efficients can be highly dependent o /i et al. (1994) model values. For Kilauea and Mauna Loa,
on the chemical compositions of the minerals as well as the yhe inferred upwelling velocities are probably representative of
temperature and pressure of the experiments. In fact, recentine core of the plume, and these are closer to the Hauri et al.
high-pressure experiments show thay Bnd Dry, values can  \51ye5 (1994) than they are to the Watson and McKenzie
vary by as much as a factor of 10 due to variations in mineral (1991) model values. These estimates will need to be refined
composition and pressure (Beattie, 1993a, b; La Tourrette, it more accurate values of distribution coefficients and better
1993; Lur_1d§trom et al., 1994; Sglters and Lor_lghl, 1999). The models for the melt productivity, but they illustrate that the
large variations between the different experimentally deter- ) caries disequilibrium isotopic data may provide a much-
mined O, and Dy, values for clinopyroxene and garnet (Table oaqed constraint on the dynamics of the plume.

3) result in large variations in the calculated porosities and

melting rates for both chromatographic and dynamic melting 8. COMMENTS ON THE POROSITY. OF THE MELT

models (Table 4). Until these issues are resolved and the effect ' ZONE AND MELT TRANSPORT TIMES

of chemical composition, temperature and pressure on the

measured partitioning values for U, Th, (and Pa and Ra) are In the dynamic melting model, the U-series disequilibria are
established, calculated solid mantle upwelling rates and po- produced at the bottom of the melt column and the melt is
rosities based uporf{°Th/2*8U) (*?*RaF3°Th) and &*'Pa/ transported to the surface rapidly, relative to the half-life of the
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the Hawaiian basalts. MORB data from Goldstein et al., 1994; Sims et 2.

al., 1995.

shortest lived isotope (in this ca$€’Ra). With the chromato
graphic melting model, the time-scale of melt migration is
taken into account and the velocity of the melt can be deter-
mined explicitly (Appendix I, Egn. 6). Since the analytical

solutions assume a constant porosity the melt velocities are also

constant throughout the melting column. With the numerical
solution, melt velocity varies as a function of the porosity
distribution of the melt column. In this case, it is more useful to
calculate melt transport times by integrating the melt velocity
over the length of the melt column.

Here we determine the melt transport times for the Hawaiian
magmas using the porosity distribution given in Appendix I.
Assuming a 50 km melt column for the tholeiitic basalts and a
10 km melt column for the alkali basalts and basanites and
using the range of maximum porositief{,,) and solid mantle
upwelling rates (W) given in Table 4, we calculate melt
transport times of 1.5 to 32 ka for tholeiites, 2 to 50 ka for the

alkali basalts and 4 to 100 ka for the basanites. Because of the

different column lengths, these transport times indicate that the
tholeiites are moving up to 5 times faster than the alkali basalts
and basanites, which is consistent with higher melting rates in
the central plume.

K. W. W. Sims et al.
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Fig. 9. Solid mantle upwelling rate calculated fréfiU-2°°Th-22Ra

and?**U-2*"Pa disequilibria versus the radial position of the volcanoes
relative to the center of the Hawaiian plume. The center of the plume
(see inset) is located so that the active volcanoes Loihi, Kilauea and
Mauna Loa are positioned appropriately for their model ages and
eruption rates (DePaolo and Stolper, 1996). Also shown are the model
curves for solid mantle upwelling from Watson and McKenzie (1991)
and Hauri et al. (1994). The model of Watson and McKenzie (1991)
assumes a constant viscosity across the plume whereas the Hauri et al.
model incorporates a temperature-dependent viscosity.

1.

9. CONCLUSIONS
@3ThR3Y), (2RaP°Th), (*PaP**U) disequilibria in

Hawaiian basalts vary systematically with major-element
chemistry and Sm/Nd fractionation.

There have now been several experimental determinations
of U and Th partition coefficients for clinopyroxene and
garnet (Table 3); the observation th&rh/2*2U) >1 in all

of these samples indicates that garnet is required as a resid-
ual phase in their magma sources. To date, there have not
been any actual experimental determinations of Ra and Pa
mineral/melt partition coefficients for mantle phases, and
therefore, ©3Paf**U) and ?°RaP*°Th) do not presently
place constraints on the mineralogy of the source or the
depth of melting.

3. The €3°Th/”®) and E*Paf3*U) disequilibria in these

Hawaiian basalts, because of the relatively long half-lives of
230Th and®**Pa, can be modeled in terms of batch melting.
This suggests that much of the U/Th and U/Pa disequilibria
result from net U/Th and U/Pa elemental fractionations
during melting.

4. The €?°RaP*°Th) disequilibria because of the much shorter

5

half-life of 2*°Ra, require “ingrowth” models which treat
explicitly the time scales of melt generation and melt ex-
traction.

. The combined Z°Th”%U), (2%RaP°Th), C%'Pa?>U)

disequilibria and the observed range in major- and trace-
element chemistry of these lavas can be understood in terms
of variations in the melting parameters, porosity and up-
welling rate (related to solid mantle upwelling rate), as the
volcanoes, carried by the moving pacific plate, traverse the
Hawaiian plume.
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6. (***Ra>°Th) and other geochemical, geophysical, petrological
and field evidence suggest relatively short magma storage
times for all of these lavas<t, ,, *Ra), with the exception
of the Mauna Kea samples which are evolved Hawaiites.

. (®°Th/”*2Th) in the Hawaiian basalts co-varies with both
£ng @NdE7SIPOST. This variation can be understood in terms
of two-component mixing of a more depleted and more
enriched source.
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APPENDIX 1

A. Chromatographic Melt Transport: Analytic Approximations
of the Numerical Solution

Following the approach of Spiegelman and Elliot (1993), the effects
of transport of melt through a melting column on the chemistry of
radiogenic isotopes can be separated from melting by expressing the
concentration of an element as

G = (1)
wherec; is the concentration of an element measured at the sudgce,
is the concentration of a stable element due to batch meltingrarsd
the enrichment factor due to transport. The concentrations in the melt
are given by the batch melting equation, despite the fact that the
porosity is small and the melt moves relative to the solid, because of the
assumption of continuous re-equilibration of solid and liquid. Frac-
tional melts are produced only if the solid does not re-equilibrate with
the melt that passes through it (see Appendix of Spiegelman and Elliot
(1993)).

For the decay chairf*®U-22°Th-22°Ra, the change ina; with
position in a 1D melt column for each isotope can be expressed by the
following (Note that in equation (15) of Spiegleman and Elliot (1993)
there is a typographical error)

«iCy;

%* —A 2

dz = 0To®o 2
oy _ ) (ratte — Ty 3
d¢ = AlTep — T10y (3)
da,

Tg = Aoy — Toa) (4)
where( is the dimensionless distance/d) along a column of length

d, A; are the decay constants (In@2),), and 7, = d/wy is the
effective transport time of an element along the column. The effective
velocity is given by

i Pfd)W + ps(l - d’) D\W
7 pp + pdl— $)D;

wherep; andp, are the melt and solid densities, respectivélys the
porosity,w is the melt velocityW is the solid upwelling velocity, and
D; is the bulk partition coefficient. Note that if the partition coefficient
D, is <1, the effective velocity approaches the melt velocity, and also
that the difference in effective velocity between elements with different
D; decreases at larger porosities. In the following text, the subscripts 0,
1, and 2 are taken to refer £3%U, 23°Th, and?2°Ra, respectively.
Equations (2—4) form a coupled system of differential equations,
whereby the decay of each parent can increase the concentration of the
daughter element as melt migrates through the melting region. To solve
these equations for the enrichment factprwe can make the problem
analytically tractable by assuming that both the melt veloaity &énd
porosity ) remain constant over the melt column, using only their
average values. (It should be emphasised that the assumption of con-
stant porosity is made with reference to the migration of melt only, and
that for the purposes of melting of the solid matrix, the melt fraction at

&)
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Fig. Al. a) Porosity distributiond) for a 1D melt column (solid curve) assuming constant melt flux (see Spiegelman and
Elliot, 1993). Average porosity is shown as the dashed line. b) Enrichment fag)aral¢ulated from the analytical solution
(solid curves) and approximate analytical solution (dotted curvesj*ftr, 2°°Th and??®Ra. c) Enrichment factorsef
calculated from the numerical solution of Spiegelman and Elliot (19935%ftt, 2°°Th and?2%Ra. In these plots deptif)(

is non-dimensionalized. See text for explanation.

the solidus is zero and increases linearly upwards.) For a 1D steady- ay(l) = ale o™ (11)
state melting column, the average melt velocity is given by
p T
,,_ Id © a(() = afe "+ a1 - e ] (12)
pip2
. ) . . T )
W_hereF is the melting rate, which we assume to be constant, and is al) = a%e ¥ + T1 a1 — e ] 13)
given by 2 T,

_ WpsFmax

which was obtained by solving equations (3) and (4) while holding the

r d ™ values ofay and «, held constant, respectively. This is equivalent to

. . . saying that the change i for a given daughter isotope over the melt
Solving equations (2-4), we obtain column is large compared to that of the parent element. It is evident in
ao(l) = ale @) Figure A1(b) that this approximate analytical solution is nearly iden-

tical to the full analytic solution. The reason for this can be seen by

ATod AToed considering the terms,r,, A,7;, andA,T,, in the full analytic solution
a(l) =5 — e ot + {a? - ﬁ] et (9) (equations 8-10), which represent the ratio of the effective transport
1T AoTo 1T oo time with the time taken for concentration of the isotope to decrease by
oA TiToed AoTy half. For?38U, e *07¢ ~ 1, while for?2°Ra, e *272¢ ~ 0. With these
ay({) = hams = Agr0) (AgTs — Aot e ot + o — n [a? approximationsg, in equations (9) and (12) are identical, and this is
1T AoTo)RA2T2 7 AoTo T2 M evident in Figure A1(b). Fot,, equation (10) reduces to equation (13)
AToad oA TiTo0d if A;7, << A,7,, Which is nearly true fof*°Th and??°Ra. Therefore,

- - - e*)\lTl{ + |:au _
ATy — )\070:| z (A171 = AoTo) (A2T2 — AgTo)
A1Toag

o __ —A2m2f
<a1 ATy — )\OTO> :| € (10)

whereag, af, and«$ are constants of integration. For secular equi
librium at the base of the melting column, we sgt= 1.

Figure Al(a) shows the constant value of porosity used in the
analytic model (dashed curve), compared to the porosity distribution
for a 1D melt column in which the upward flux of melt is required to
remain constant (see Spiegelman and Elliot, 1993). The solid curves in
Figure A1(b) show values af; calculated from equations (8—-10) along
the (dimensionless) length of the melting column for iU decay
chain with a constant porosity of .1% and solid upwelling velocity of
1 cml/yr. Figure Al(b) also shows the values @f (dashed curves)
calculated from the solution

ATy

AaTy — ATy

perhaps surprisingly, for thie*®U decay chain, the system of ordinary
differential equations (2—4) can essentially be treated as if they are
decoupled. Figure Al(c) shows the full numerical solution dopof
Spiegelmen and Elliot (1993). It is evident that in comparison of Al(c)
with A1(b), the numerical and analytic solutions differ significantly,
with the analytic solution overestimating®®Ra/?3°Th). In Figure A2,
comparison of the activity ratios calculated from the full analytic
solution (light solid curves), the approximate analytic solution (light
dotted curves), and the full numerical solution (dark solid curves) is
shown for 82°Ra/?2°Th) and 3°Th/?38U) using a melt column of 50

km and total melt fraction of 15% and constant partition coefficients
from Lundstrom et al. (1994) for garnet peridotite. The maximum
porosity for the melt column is varied from .1-10% and the solid
upwelling velocity is varied from 1-100 cm/yr. It is clear that there is
a major difference between the analytic and numerical solutions. Con-
sidering that $2°Ra/?3°Th) is controlled mainly by the porosity, while
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Fig. A2. (?RaP®°Th) and €*°Th/%®) calculated from the analytical solution (solid light curves), approximate
analytical solution (dotted light curves) and full numerical solution (solid dark curves). Horizontal curves represent constant
maximum porosity ¢,,,.,), While vertical curves represent constant upwelling rateg) (cm/yr. Selected contours are
labeled. Contours range from 1-100 cm/yr and 0.1-10% for upwelling velocity and maximum porosity, respectively. See
text for explanation.

(**°Th/>38U) is controlled mainly by the upwelling rate, it can eon 2OTH\  Fry(Ky + A
cluded that the analytic solution overestimates the porosity and under- (W) = Fo(Kom + A (14)
estimates the upwelling velocity.

From the results in Figure A2, it is not clear that the analytic solution 22 _
using the average porosity and melt velocity does a very good job at <ﬁ> _ FrdKm + Azd { Am(Ky = Km) }
approximating the numerical solution. Both th#?{Ra/23°Th) and Th)  Fri(Kga + Ara) (Ko + Aga (Ky + An)
(33°Th23) values are significantly different from the numerical solution, 15)
indicating the importance of taking into consideration the details of the
porosity distribution and melt velocity along the melt column.

where

¢ps

~Dpdl— b) + dp (16)

B. Dynamic Melt Transport Fi

The expressions for the production®3fU-23°Th-22°Ra disequilib
ria during dynamic melting (near fractional) were first derived by and
McKenzie (1985) and have subsequently been presented in several
papers pertaining to the production of U-series disequilibria in basaltic K = Fi(1-D) r 17)
melts (Williams and Gill, 1989; Beattie, 1993a; Chaubux and Allegre, ! bps ©
1994).

Assuming a constant melt rat€)( by mass, and porositypj, the D; is the bulk mineral/melt partition coefficient apg and pg are the
(*3°Th/228U) and @?°Ra?2°Th) can be expressed as a functiondof densities of the melt and peridotite (2800 and 3300 k§mA similar
andI: expression to equation 14 can be derived fof'Ra/23%U).
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APPENDIX 2. MAJOR AND TRACE ELEMENT ABUNDANCES OF HAWAIIAN SAMPLES
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Table Al. Major- and trace-elements measured by XRF at Los Alamos National Laboratory. Major elements given in weight percent; trace elements
given inug/g. Estimated relative errors on major elemenf9b, except for Na (5%), P (6%), and K (8%). Estimated relative errors for trace elements
are 5-15%. For major- and trace-element compositions of the Loihi samples see Clague et al., 1982; Frey and Clague, 1983.

Kilauea

Mauna Loa Mauna Kea
KI-01- ML-61- ML-07- MK-06- MK-12-
KWWS-92 F91-31 F91-32 KWWS-92 KWWS-92 KWWS-92 KWWS-92
Sio2 50.01 49.99 49.58 51.37 51.4 50.43 51.65
TiO2 2.45 2.4 2.36 2.09 2.06 2.62 2.32
Al203 13.01 12.76 12.80 13.45 13.32 16.76 17.10
FeO(tot) 12.39 12.59 12.48 12.28 12.21 11.48 10.75
MnO 0.17 0.17 0.17 0.17 0.17 0.21 0.22
MgO 7.84 9.04 9.21 7.13 8.53 4.00 3.57
CaOo 11.07 10.62 10.68 10.53 10.35 6.64 6.35
Na20 2.19 2.13 2.05 2.36 2.24 4.82 5.05
K20 0.45 0.41 0.40 0.38 0.41 2.00 2.11
P205 0.23 0.23 0.23 0.22 0.24 0.86 0.95
total 99.81 100.34 99.96 99.98 100.92 99.82 100.07
Ni 100. 67.7 148
Cr 431. 890 610 263 413
Y 26.1 27.3 25.5 46.0 49.2
\% 287. 271 293 271 274 90.6 37.6
Nb 44 9.82 115 51.3 60.1
Zn 102. <40 <21 79.8 96.3 120. 130.
Ba <1100 <800 82.8 104 591. 680.
Rb 7.8 6.3 6.5 37.8 34.2
Sr 329. 310. 326 1257. 1241.
Hualalai Haleakala
HU-05- HU-10- HU-18- HU-24- HK-02- HK-04- HK-06- HK-10- HK-11-
KWWS-92 KWWS-92 KWWS-92 KWWS-92 KWWS-92 KWWS-92 KWWS-92 KWWS-92 KWWS-92
Si02 45.92 46.9 46.23 45.59 44.56 42.46 42.57 42.64 43.05
TiO2 2.32 2.46 2.19 2.38 3.08 2.90 3.61 3.61 3.61
Al203 14.29 14.48 14.08 14.08 14.92 11.97 12.55 12.51 12.77
FeO(tot) 13.76 13.74 13.92 14.04 14.18 15.18 14.99 14.99 14.7
MnO 0.18 0.18 0.18 0.18 0.12 0.19 0.19 0.19 0.20
MgO 8.77 7.66 9.63 9.47 7.23 11.89 8.36 8.30 8.30
CaO 10.45 10.4 10.25 9.71 10.19 11.02 12.53 12.57 12.51
Na20 2.88 2.98 2.87 2.97 3.8 2.68 3.37 3.39 3.43
K20 0.94 1.02 0.9 0.97 1.37 0.93 1.32 1.3 1.37
P205 0.29 0.31 0.27 0.31 0.52 0.33 0.51 0.50 0.50
total 99.8 100.14 100.53 99.70 100.05 99.55 100.00 100.00 100.44
Ni 153 134. 217 194 83.4 260. 112. 109. 121.
Cr 350. 232 409 361 247. 593. 221. 241. 234.
Y 22.8 29.2 21.0 21.7 29 25.7 24.8 25.7 26.1
\% 315. 347. 324. 305. 276. 323. 373. 378. 394.
Nb 23.6 27.6 24.9 26.4 41.6 33.1 57.5 47.0 50.2
zn 82. 95.4 96.2 91.4 66.6 67.1 78.0 49.9 125.
Ba 285. 326 257. 334. 552. 378. 517. 518. 504.
Rb 23.2 24 23 24 33.2 22.9 32.3 30.4 32.6
Sr 480. 457. 449. 494, 772. 531. 787. 792. 778.
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Table A2. Trace-elements measured by ICP-MS at the University of Arizona (A); and Washington State University (B). For the REE-Ce, Pr, Nd,
Sm, Gd, Dy, Yb, and Lu and Ba, Nb, Y, Rb, Sr and Sc estimated relative errorss#e for La, Tb, Ho, Er, and Tm, and U and Th estimated relative
errors are~10%. For samples where the REE have been measured by both laboratories, the LREE values measured at the Washington State Universit
are lower but preferred: 1) there is excellent agreement between the REE concentrations measured for USGS ref. material BHVO-1 at Washingtor
State University (submitted as a blind standard) and (c) the accepted consensus values for this standard (Gladney and Roelandts, 1988); 2) there
also good agreement between the Sm and Nd concentrations measured at Washington State University and those measured at UCB by ID-TIM:

(Appendix Il-Table 3).

Kilauea Mauna Loa
KI-01- F91-31 F91-32 ML-61- ML-07-
KWWS-92 (A) (B) (B) KWWS-92 (A) KWWS-92 (B)
La (ppm) 12.7 12.36 12.25 10.0 10.15
Ce (ppm) 32.4 28.2 28.37 27.3 23.82
Pr (ppm) 4.27 4.20 4.23 3.66 3.6
Nd (ppm) 21.3 19.52 19.67 16.7 16.66
Sm (ppm) 5.31 5.48 5.43 4.79 4.85
Eu (ppm) 1.81 1.81 1.84 1.90 1.61
Gd (ppm) 6.27 5.8 5.92 6.01 5.25
Tb (ppm) 0.93 0.91 0.91 0.94 0.82
Dy (ppm) 5.33 5.02 5.16 5.19 4.64
Ho (ppm) 0.92 0.95 0.95 0.97 0.88
Er (ppm) 2.51 2.41 25 2.68 2.37
Tm (ppm) 0.32 0.34 0.35 0.33 0.34
Yb (ppm) 1.98 2.00 2.05 2.24 1.93
Lu (ppm) 0.28 0.30 0.31 0.32 0.29
U (ppm) ki 0.22 0.22 ki 0.16
Th (ppm) ki 0.77 0.78 *x 0.55
Ba (ppm) ki 105 103 *x 93
Nb (ppm) ke 13.21 13.28 *x 9.47
Y (ppm) ** 27.97 27.63 *x 25.94
Hf (ppm) b 3.68 3.72 ke 3.20
Ta (ppm) ki 0.85 0.87 *x 0.60
Rb (ppm) ke 7.62 7.36 *x 7.08
Sr (ppm) ki 327 325 *x 326
Sc (ppm) *x 33.1 32.6 *x 30.3
Mauna Kea Hualalai
MK-06- MK-12- MK-12- HU-05- HU-05- HU-10- HU-18- HU-24-
KWWS-92 KWWS-92 KWWS-92 KWWS-92 KWWS-92 KWWS-92 KWWS-92 KWWS-92
(A (By#1 (B)#2 (A (B) (B) (B) (B)
La (ppm) 51.2 59.86 60.91 22.80 19.13 17.65 18.62 20.73
Ce (ppm) 123. 127.02 127.97 53.4 39.12 36.19 38.49 41.91
Pr (ppm) 16.0 17.05 17.11 6.25 5.11 4.80 5.03 5.41
Nd (ppm) 67.3 70.81 71.56 27.3 21.21 19.73 21.08 22.41
Sm (ppm) 13.1 15.46 15.66 6.65 5.08 4.6 4.97 5.33
Eu (ppm) 3.68 4.69 4.71 1.86 1.63 1.48 1.60 1.69
Gd (ppm) 11.6 13.50 13.57 7.07 5.05 4.69 4.87 5.21
Tb (ppm) 1.48 1.87 1.88 0.88 0.76 0.72 0.75 0.79
Dy (ppm) 8.71 9.77 9.79 5.03 4.29 4.1 4.24 4.39
Ho (ppm) 1.49 1.73 1.77 0.88 0.80 0.78 0.81 0.82
Er (ppm) 3.80 4.33 4.48 231 2.16 2.08 2.09 2.15
Tm (ppm) 0.51 0.6 0.61 0.29 0.3 0.29 0.30 0.3
Yb (ppm) 3.07 3.45 3.52 1.87 1.8 1.72 1.73 1.78
Lu (ppm) 0.41 0.51 0.52 0.28 0.27 0.26 0.27 0.27
U (ppm) *x 0.96 0.97 ki 0.35 0.31 0.33 0.38
Th (ppm) x* 3.84 3.80 ke 1.45 1.30 1.42 1.54
Ba (ppm) ki 675 685 ki 298 262 290 313
Nb (ppm) *x 64.05 57.48 *x 25.18 21.88 23.32 26.64
Y (ppm) *x 50.99 50.54 ki 23.59 22.88 22.87 24.54
Hf (ppm) *x 10.90 10.69 ke 3.69 3.12 3.37 3.68
Ta (ppm) ki 3.86 3.53 *x 1.63 1.38 1.49 1.66
Rb (ppm) ki 35.92 35.56 *x 22.75 16.84 22.44 24.46
Sr (ppm) ki 1237 1219 *x 475 406 452 506

Sc (ppm) wx 8.2 7.9 xx 27.7 33.1 27.1 26.6
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Haleakala
HK-02- HK-02- HK-04- HK-06- HK-10- HK-10- HK-11-
KWWS-92 KWWS-92 KWWS-92 KWWS-92 KWWS-92 KWWS-92 KWWS-92
(A) (B) (B) (B) (B)#1 (B)#2 (B)
La (ppm) 37.3 36.55 26.36 38.6 38.73 39.33 42.76
Ce (ppm) 83.5 69.49 51.37 90.1 75.39 77.47 80.38
Pr (ppm) 9.80 8.98 6.66 11.0 9.62 9.83 9.93
Nd (ppm) 37.7 36.9 27.63 42.1 40.21 40.42 39.82
Sm (ppm) 7.99 8.17 6.57 9.45 8.83 9.03 8.84
Eu (ppm) 2.08 2.58 21 291 2.71 2.75 2.76
Gd (ppm) 7.39 7.61 6.32 8.76 7.87 8.10 8.19
Tb (ppm) 1.00 1.07 0.92 1.19 1.08 1.12 1.16
Dy (ppm) 5.40 5.77 4.88 6.08 5.59 5.70 6.27
Ho (ppm) 0.95 1.05 0.88 1.14 0.95 0.97 1.13
Er (ppm) 2.46 2.59 2.18 2.62 2.25 2.34 2.8
Tm (ppm) 0.28 0.36 0.29 0.32 0.29 0.30 0.38
Yb (ppm) 2.01 2.06 1.69 1.83 1.64 1.66 2.22
Lu (ppm) 0.25 0.3 0.24 0.28 0.24 0.24 0.33
U (ppm) i 0.72 0.50 ki 0.77 0.77 0.83
Th (ppm) o 3.02 2.13 ki 3.05 3.09 3.50
Ba (ppm) o 564 391 b 539 544 672
Nb (ppm) o 51.77 36.14 * 52.42 52.96 58.86
Y (ppm) b 30.39 25.65 b 27.25 27.31 32.28
Hf (ppm) ** 5.14 4.18 ki 5.69 5.64 5.18
Ta (ppm) o 3.06 2.20 b 3.23 3.25 3.44
Rb (ppm) o 33.11 23.41 o 31.96 32.00 36.79
Sr (ppm) o 750 529 b 793 786 869
Sc (ppm) b 22.9 29.7 * 28.4 27.7 20.0
BHVO-1 BHVO-1
(B) ©
La (ppm) 16.91 15.8 1.3
Ce (ppm) 38.23 3 4
Pr (ppm) 5.46 5704
Nd (ppm) 24.58 2522
Sm (ppm) 6.35 6.2 0.3
Eu (ppm) 2.06 2.06- 0.08
Gd (ppm) 6.35 6.4- 0.5
Tb (ppm) 0.95 0.96 0.08
Dy (ppm) 5.32 5.20= 0.3
Ho (ppm) 0.99 0.99- 0.08
Er (ppm) 2.56 2.4 0.2
Tm (ppm) 0.35 0.33 0.04
Yb (ppm) 2.01 2.02- 0.20
Lu (ppm) 0.29 0.29+ 0.03
U (ppm) 0.33 0.42+ 0.06
Th (ppm) 0.91 1.08- 0.15
Ba (ppm) 135 139 14
Nb (ppm) 18.94 19+ 2
Y (ppm) 28.38 27.6- 1.7
Hf (ppm) 4.42 4.38+ 0.22
Ta (ppm) 1.25 1.23 0.13
Rb (ppm) 9.66 112
Sr (ppm) 399 403t 25
Sc (ppm) 31.9 31.8 13
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Table A3. Sm and Nd concentrations and Nd and Sr isotopes measured by TIMS.

Sample Srhppm Nd* ppm 1475 mANo? Eng ST
Loihi
KK-19-1 (WR) 4.26 16.72 0.1541 4.9 0.70357
KK-19-1 (GlI) 4.29 16.84 0.1541 5.0 0.70355
KK-27-14 3.65 15.71 0.1405 5.5 0.70347
Kilauea
KL-01-KWWS-92 5.33 19.87 0.1622 6.1 0.70359
KL-F91-31 4.38 16.45 0.1611 6.4 0.70355
KL-F91-32
Mauna Loa
ML-61-KWWS-92 4.79 16.67 0.1737 4.4 0.70380
ML-07-KWWS-92 4.67 16.77 0.1682 5.1 0.70360
Mauna Kea
MK-06-KWWS-92 14.16 66.18 0.1294 7.1 0.70345
MK-12-KWWS-92
Hualalai
HU-05-KWWS-92 5.04 22.13 0.1379 5.2 0.70360
HU-10-KWWS-92
HU-18-KWWS-92
HU-24-KWWS-92 5.12 22.78 0.1359 5.7 0.70357
Haleakala
HK-02-KWWS-92 8.08 37.84 0.1291 7.7 0.70325
HK-04-KWWS-92 6.67 29.08 0.1387 7.5 0.70327
HK-06-KWWS-92 8.72 40.53 0.1301 8.3 0.70310
HK-10-KWWS-92 9.15 41.82 0.1324 7.9 0.70311
HK-11-KWWS-92 10.57 49.01 0.1305 8.2 0.70310

1 Concentrations measured by ID-TIMS; measurement ere@ri%.
2 Measurement errors ¢ range from 0.1%—0.2%.

3 143N d/**“Nd ratios, expressed in terms gf, (see DePaolo, 1988), normalizedSNd/A4°Nd = 0.636151 and are relative to 0.51183117 for

BCR-1 (our measured values at BCIG); measurement errors, based on in-run statis}ics,qB0 gy 4 UNits.
4 Measurement errors, based on in-run statistics) € 0.00002 and are relative to 0.71025%014 for NBS-987.



