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Abstract. Mass spectrometric abundance determinations of all five noble gases in fresh
glass and coexisting olivine phenocrysts from four Hawaiian submarine basalts resulted in
olivine/glass abundance ratios less than unity. These data provide strong support for some
laboratory experiments indicating that noble gases behave as moderately incompatible
elements during crystallization of olivine. Preferential partitioning of the noble gases into the
melt and gas phase during magmatic processes involving olivine are likely to have enhanced
the degassing of the noble gases from the solid Earth.

1. Introduction

In this paper we present abundance determinations of all five noble gases in
pillow-margin glass and coexisting olivine phenocrysts from four submarine tholeiitic
basalts from Hawaii. Even though it is difficult to evaluate whether equilibrium
conditions have been attained, we argue here that crystal/melt partition coefficients
calculated for these natural magmatic systems provide useful data for comparison
withrecent conflicting results based upon laboratory experiments. Whereas HI'YAGON
and OZIMA (1986) showed that noble gases behave as incompatible elements during
crystallization of olivine from a silicate melt, BROADHURST et al. (1992) suggested
that the noble gases are moderately to highly compatible. Because olivine is a major
mineral phase in the upper mantle, the behaviour of the noble gases is fundamental
to the outgassing history of the Earth, and the evolution of the atmosphere (cf. AZBEL
and TOLSTIKHIN, 1990; OzIMA and ZAHNLE, 1993). Compatibility of noble gases in
olivine inhibits outgassing of the mantle during partial melting, in particular for the
more highly compatible gases, Kr and Xe (BROADHURST et al., 1992). In fact, the
reported compatibility of noble gases in olivine has been used as supportive evidence
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for the recycling of noble gases by subduction and the introduction of solar-like
noble gases trapped in Interplanetary Dust Particles (IDPs) into the mantle
(ANDERSON, 1993). Because there are some difficulties in estimating noble gas
partition coefficients between crystals and melt when natural samples are used (cf.
HIYAGON, 1994; MARTY and LUSSIEZ, 1994), the values we calculate from our
samples for the crystal/melt partition coefficients must be regarded as approximate
only. What we wish to emphasize in this paper is that our results on four Hawaiian
samples suggest that olivine/melt partition coefficients for the noble gases are less
than one: i.e. noble gases behave as incompatible elements. Such behaviour contributes
to the degassing of the solid Earth, and renders hypotheses on the reinjection of noble
gases deep into the mantle by subduction questionable.

2. Samples, Preparation and Noble gas Analysis

We studied four fresh olivine-phyric tholeiitic pillow basalts, with glassy
margins up to 1-3 mm thick (cf. Appendix), dredged from Loihi Seamount and the
submarine flanks of Mauna Loa and Hualalai. The glass is usually transparent
brownish in thin section, but shows some devitrification spherules. The olivine
phenocrysts are unzoned, generally contain some glass, but no obvious fluid
inclusions. They do not show signs of alteration, and most do not have resorbed
embayments, indicating equilibrium with the basaltic liquid. Calculations on iron
and magnesium partitioning between the olivine phenocrysts and the glass, using the
equation for volcanic rocks of LEMAITRE (1976) to calculate (Fe?*/(Fe?™ + Fe3*))giass,
give an average Kp value of 0.28 £ 0.03, in good agreement with the value of 0.3
given by ROEDER and EMSLIE (1970) for equilibrium conditions. All samples were
dredged from sites deeper than 3000 m; at this depth vesicle size is limited by the high
hydrostatic pressure, and gas loss from the magmas is therefore likely to be minimal.
Sample 92-734, dredged from a steep submarine fault scarp, probably comes from
the relatively old portion of Hualalai; it could therefore be several hundred thousand
years old, and may have been extruded at relatively shallow water depth. All samples
are younger than Kohala’s youngest major shield building eruptions (ca. 400 ka;
MCDOUGALL and SWANSON, 1972); hence in-situ radiogenic ingrowth is negligible.

The outer few millimetres of the glassy pillow-margin, removed with hammer
and chisel, were lightly crushed in an agate mortar and sieved to obtaina 1.0-2.4 mm
fraction. Most of the fragments larger than 2.4 mm contained crystallized whole rock
(matrix), and were not used for noble gas analysis. Any altered material and olivine-
bearing fragments were removed from the glass fraction by hand picking under a
binocular microscope. Remaining olivine-bearing fragments were separated from
the glass using C,H,Bry4. The crystalline interior of the sample was crushed and
sieved. Fromthe 1.0-2.4 mm fraction olivine was separated using CH;1,. Any matrix-
bearing olivines were removed by hand picking under a binocular microscope. The
glass and olivine fractions were finally washed ultrasonically in analytical grade
acetone, followed by analytical grade ethanol.

Samples were wrapped in tin foil and loaded in a stainless steel carousel above
the crucible in an ultrahigh vacuum system. Individual samples were dropped into
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a molybdenum liner inside a tantalum crucible, and heated in a Takaoka-type
resistance furnace (TAKAOKA, 1976) to about 1500°C (glass) or 2000°C (olivine).
The released gas was purified and then adsorbed on activated charcoal, cryogeni-
cally cooled to less than 18 K. The noble gases were sequentially desorbed from the
charcoal by stepwise heating, and analyzed in a VG5400 mass spectrometer,
according to techniques described by HONDA et al. (1993).

3. Results

Abundances of all five noble gases and isotopic compositions of helium and
argon, determined on the four Hawaiian samples by stepwise heating of glass as well
as olivine phenocrysts from the same samples, are presented in Table 1. The glass
generally has higher noble gas abundances than the olivine from the same sample.
Only in sample 92-734 is helium less abundant in glass than olivine. Argon, krypton,
and xenon noble gas abundances in glass are typically an order of magnitude higher
than in coexisting olivine (Fig. 1(a)), whereas helium and neon are more variable. All
four olivines show systematically increasing F values from Kr to Xe (Fig. 1(b))
(Fi = (\XPPOAr)sampie/((XPCAr)air), X = *He, 22Ne, 34Kr, or 132Xe, after OzIMA and
ALEXANDER, 1976).

In Table 2 and Fig. 2 we present olivine/glass noble gas abundance ratios. We
will argue in the following section that the values obtained here for helium, neon,
argon, krypton, and xenon, 0f0.14, 0.07,0.027, 0.065, and 0.13, respectively (Table
2), are reasonable estimates of equilibrium crystal/melt partition coefficients (Kp
values). However, the relatively high Kp values for helium and neon, relative to the
values derived for the heavier noble gases, may be compromised by gas loss during
eruption.

4. Noble Gas Olivine/Melt Partition Coefficients

Noble gas crystal/melt abundance ratios may yield estimates for partition
coefficients, provided that equilibrium was attained between the olivine and the
melt, and the system subsequently remained closed.

Equilibrium requires that the isotopic composition of the noble gas associated
with both phases is identical. For helium this is indeed the case; similar high *He/*He
ratios are observed in both glass and olivine (Table 1), showing that helium is
dominated by a mantle component. Krypton and xenon show atmospheric ratios
within analytical uncertainties, but for neon and argon (Table 1) isotopic differences
between glass and olivine have been observed. This is probably the result of
atmospheric contamination of the magma, affecting the heavy noble gases (Ne, Ar,
Kr, Xe), either in the magma chamber (pre-eruptive) after olivine crystallization, or
during quenching upon contact with seawater (post-eruptive) (cf. FISHER, 1989;
PATTERSON et al., 1990). Post-eruptive atmospheric contamination caused by
seawater is believed to be minimal for quenched glass, compared to the more
crystalline interior (cf. DYMOND and HOGAN, 1978). Therefore we analyzed only the
glass from the outer pillow-margin to minimize post-eruptive seawater contamination.
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Table 1. Noble gas elemental abundances and helium and argon isotopic ratios in four coexisting
Hawaiian glass and olivine samplest.

Temperature 4He 22Ne 36Ar 84Ky 132¢e  3He/*He 40Ar/36Ar
(°C) 109 ol (10°12) (10°12) 10712y (106)

Loihi

T4 D2 #1 glass (1.997g, ANU# 92-447, 18° 46.0N 155° 11.3W, 4200m)

750 105(1) 37.0(4) 710(19)  19.1(9) 0.95(4)  45.6(1.2) 333.5(4)

1600 124(1) 9.6(3)  3600(139) 11.1(5) 1.004)  43.3(1.1) 313.5(6)

Total 230(2) 46.7(5)  4310(140)  30(1) 1.94(6)  44.4(8) 316.8(5)

T4 D2 #1 olivine (2.074g, ANU# 92-447, 18° 46.0N 155° 11.3W, 4200m)

800 1.18(5) 4.2(9) 64(9) 2.5(3) 0.21(2)  42.5(2.8) 335(7)

1850 31.93) 1.7(8) 73(8) 2.6(3) 0.50(3)  43.8(1.1) 883(84)

Total 33.1(3) 59(1.2)  136(12) 5.1(4) 0.71(3)  43.7(1.1) 627(51)

T4 D4 #1 glass (2.059g, ANU# 92-448, 18° 45.4N 145° 12.6W, 4000m)

600 344(3) 150(1) 2330(60)  58(3) 2.89(11)  47.1(1.2) 361.9(2)

1500 274(3) 167(1) 3900(100)  71(3) 3.57(13)  46.3(1.2) 341.3(3)

Total 619(4) 318(2) 6240(117)  129(4) 647(17)  46.6(7) 349.0(3)

T4 D4 #1 olivine (2.014g, ANU# 92-448, 18° 45.4N 145° 12.6W, 4000m)

900 1.742) 3.03) 12(4) 0.88(10)  0.10(2)  35.3(1.5) 475(81)

2000 45.6(5) 2.93) 80(5) 229(14)  028(22)  43.1(l.1)  1051(52)

Total 47.3(5) 5.9(4) 92(6) 3.16(18)  0.38(3)  42.8(1.0) 976(51)

Mauna Loa

T4 D5 #1 glass (1.946g, ANU# 92-449, 18° 40.8N 155° 45.5W, 3400m)

600 6.28(8) 75.1(8) 467(13)  11.5(6) 0.57(3)  16.4(5) 329.9(6)

800 42.9(4) 102(1) 3350(86)  95(5) 7.31(28)  24.5(6) 775.6(9)

1500 2.18(4)  bb. 929(24) 5.8(3) 049(4)  28.8(9) 417.9(7)

Total 51.3(4) 178(1) 4750091)  112(5) 8.36(28)  24.1(4) 662(3)

T4 D5 #1 olivine (2.065g, ANU# 92-449, 18° 40.8N 155° 45.5W, 3400m)

900 0.21(2) 10.6(3) bb. bb. 0.02(2)  32.8(4.9) b.b.

2000 9.22(9) 1.35(3) 62(4) 1.81(13)  0.22(2)  27.3(7) 403(9)

Total 9.43(9) 11.9(4) 62(4) 1.81(13)  0.24(3)  27.4(7) 403(9)

Hualalai

T4 D7 #1 glass (1.957g, ANU# 92-734, 19 40.7N 156° 12.6W, 3050m)

650 0.88(2) 22.3(3) b.b. 0.4(1) 0.032) 9.9(1.1) bb.

800 0.71(2) 24.7(4) 7(4) 04(1)  bb. 10.7(2.3) 466(130)

1600 2.3703) 30.2(5) 1730094)  52(2) 3.58(13)  25.1(8) 463(11)

Total 3.96(4) 77.4(7) 1737(94)  53(2) 361(13)  19.2(7) 463(11)

T4 D7 #1 olivine (2.295g, ANU# 92-734, 19° 40.7N 156° 12.6W, 3050m)

800 0.28(4) 49.5(9) 24(8) 0.3(2) 0.03(2)  21(5) 342(18)

1850 14.0(1) 1.4(8) 60(7) 2.4(3) 021(2)  25.0(6) 681(60)

Total 14.2(2) 50.9(1.2) 84(11) 2.7(4) 0.24(2)  24.9(6) 585(50)

AIR 3473 11133 20830 430.7 15.50 1.4 295.5

TNoble gas amounts are in cm3STP/g. Quoted errors (one standard deviation), shown in parentheses as the
last digits, include uncertainties in the sensitivity determined by repeated analysis of the standard gases, as
well as uncertainties in the blank correction. 4He, 22Ne, 36Ar, 8“Kr, and 132Xe hot blanks were nearly
constant at about 3x10-10, 4x10-12, 3x10-!1, 1x10-12, and 8x10-14 cm3STP respectively, show
atmospheric abundance patterns and ratios within uncertainty, and comprise less than 5 and 20 percent of
the noble gases in the glass and olivine, respectively.

b.b.: gas amount from sample was less than that determined for the hot blank.

AlR: total atmosphere inventory, divided by the mass of the Earth (cf. Ozima and Podosek, 1983)
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Fig. 1. (a) Air-normalized noble gas spider-diagram, showing the glasses to have higher noble gas
abundances than coexisting olivine phenocrysts. (b) F; diagram (F; = (iX/36Ar)Samp,e/(iX/36Ar)air),
iy= “He, 2?Ne, 8*Kr, or 132Xe), indicating consistent enrichment of krypton and xenon in olivine,
relative to glass (and air). Glasses (g) are represented by solid symbols and lines, olivines (0) by
open symbols and dotted (Loihi Seamount) or dashed lines (Mauna Loa, Hualalai). Normalization
values are listed in Table 1. (The Ar content of the blank after glass analysis 92-447 was isotopically
atmospheric but high. In this case an average of the blanks before and after analysis was used, but
even this correction is too low, because the argon content for this particular sample remains high.)

With respect to secondary atmospheric contamination, “0Ar/3°Ar ratios ob-
served in glass and olivine samples may provide some constraints, provided that the
40Ar/36Ar ratios in olivine and melt were initially equal. Except for sample 92-449,
total 4CAr/39Ar ratios observed in glass samples are systematically lower than those
observed in the olivine samples (Table 1). These observed differences in 4°Ar/3°Ar
ratio between glass and olivine samples can be used to estimate the degree of






