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The Nature of Pristine Noble 
plume-like (16.8 to 18.8 R,) but are signifi- 
cantly lower than the maximum values (37 C 
2 R,) found for the Iceland plume (12). The 

n, > , 

Gases in Mantle Plumes Ne isotopic compositions of KK27 dunites 
and Dice glasses (Fig. 1A) are indistinguish- 
able from each other and are consistent (1 7) 
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Darrell Harrison: Claude J. A1l&gre1 submarine basaltic glass (7). They contrast 

High-precision noble gas data show that the Hawaiian and Icelandic mantle 
sources containuniquely primitive neon that is composed of moderately 

nucleogenic neon-21 and a primordial component indistinguishable from the 
meteoritic occurrence of solar neon. This suggests that Earth's solar-type rare 
gas inventory was acquired during accretion from small planetesimals previ- 
ously irradiated by solar wind from the early sun. However, nonradiogenic 
argon, krypton, and xenon isotopes derived from the mantle display nonsolar 
compositions and indicate an atmosphere-like fingerprint that is not due t o  
recent subduction. 

Noble gases are important tracers that help 
decipher differentiation processes on Earth. 
They provide evidence for the presence of a 
severely degassed shallow mantle and a less 
degassed deep reservoir associated with man- 
tle plumes (1-4). Both contain juvenile heli- 
um and solar-type neon that cannot be recy- 
cled from the atmosphere or crust (5-7). 
They acquired different excesses of radiogen- 
ic, nucleogenic, and fissiogenic isotopes 
(4He, 21Ne, 40Ar, 129Xe, and 13 1,132,134,136X e) 
that formed after an early period of massive 
mantle degassing. The elemental and isotopic 

composition of the shallow mantle, the mid- 
ocean ridge basalt (MORB) source, is rela- 
tively well established (8, 9), but noble gas 
characteristics of deep mantle plumes have 
remained a matter of debate (10). Basalts 
from the Hawaiian (1, 5, 7, 11) and the 
Icelandic (12) mantle plume contain highly 
primitive (13) helium and neon. However, the 
isotopic composition of the heavier noble 
gases in these primitive mantle plumes re- 
mains uncertain because previously analyzed 
samples were severely contaminated by at- 
mospheric rare gases (10). To elucidate this 
long-standing problem, we performed step- 
wise in vacuo crushing experiments on vola- 
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with the MORB correlation line (6) and high- 
precision analyses of popping rock 2aD43 
(8, 18). The linear trends result from recent 
mixing of the mantle endmember, character- 
ized by solar-like 20Ne/22Ne ratios, with at- 
mospheric contaminants. The steeper slope of 
the Loihi trend can be interpreted as occur- 
ring because of the lower degree of degassing 
of this plume reservoir and the implicit higher 
contribution of primordial 22Ne. 

Loihi dunite KK27-9, Icelandic glasses 
Dice 10 and 1 1, and mid-Atlantic popping 
rock 2aD43 yield indistinguishable maxi- 
mum 20Ne/22Ne ratios with a mean of 
12.49 C 0.06 in the advanced crushing steps 
(Table 1) (8, 18), indicating that this value 
represents the original endmember of the 
mantle source preserved in the most retentive 
vesicles of the, rocks. This ratio is different 
from the solar ratio of 13.80 + 0.10 repre- 
sented by present-day solar wind (19) but 
indistinguishable from the meteoritic occur- 
rence of solar neon (Ne-B) 20Ne/22Ne = 
12.52 + 0.18 (20,21). The reproducibility of 
this Ne-B value in samples from a variety of 
localities with contrasting tectonic settings 
and inherently different mantle structures in- 
dicates that Ne-B represents the initial solar 
Ne component within Earth. This conclusion 
agrees with previously published Ne data 
from mantle-derived samples, taking into ac- 
count the 2u uncertainties (22). 

The stepwise crushing data (Table 1) yield 
a correlated excess of 20Ne and 40Ar (Fig. 
lB), again reflecting a mixture of noble gases 
from vesicles with the mantle endmember 

Fig. 1. (A) Neon three- 
isotope plot showing 
Loihi dunite (O), Dice 
basalt glass (W), and 
popping rock 2aD43 
(0) (8, 78) data. Clus- 
tering of data at *ONe/ a, 
"Ne a 12.5 suggests 2 - 
Ne-B as the solar Ne 
component in Earth's 3 
mantle. mfl, mass frac- 5 
tionation line. (B) Ex- 
cess of solar 'ONe and 
radiogenic 40Ar is cor- 
related, indicating mix- 
ture of atmospheric 
contaminating noble 
gases and an inher- 
ent mantle compo- 0.03 0.04 0.05 0.06 0 2000 4000 6000 8000 10000 
nent. Maximum 40Ar/ 2 1 ~ e /  2 2 ~ e  4 0 ~ r /  3 6 ~ r  
36Ar ratios at Ne-B 
composition are constant for Loihi dunites, indicating uncontaminated mantle argon with 40Ar/36Ar - 8000, whereas Dice samples display considerable 
scatter, indicating an additional atmospheric contaminant (23). 
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and from vesicles containing atmospheric 
contaminants. Ratios of 40Ar/36Ar at Ne-B 
composition are constant for Loihi dunites, 
indicating a value of 8070 2 240 for the 
Loihi mantle source, which is somewhat 
higher than previously deduced from the 
analyses of basalt glasses ( 7 ) . For the Dice 
glasses, 40Ar/36Ar ratios at Ne-B composition 
are variable, presumably due to another Ar- 
rich contaminant (23), which prevents precise 
definition of the mantle source 40Ar/36Ar ra- 
tio. We also observed small excesses of ra- 
diogenic 129Xe and fissiogenic 131.132.'34.136Xe 
(Fig. 2 and Table I), which indicates anom- 
alous Xe in mantle-derived rocks with Loihi- 
type primitive (i.e., 2'Ne-poor) neon. Excess 
of radiogenic and fissiogenic Xe are correlat- 
ed and indistinguishable from the MORB 
array (9) within uncertainties. Xenon in these 

38Ar and 36Ar allow us to quantify the con- 
tribution of solar-type Ar in the mantle be- 
cause the atmospheric and solar-wind 38Ar/ 
36Ar ratios differ by about 7% (26). Table 1 
shows that the 38Ar/36Ar ratio at high 40Ar/ 
36Ar and-implicitly-high 20Ne/22Ne (i.e., 
after correcting for recent local atmospheric 
contamination) is atmosphere-like (0.1880 + 
0.0003) or planetary (27), similar to Ar asso- 
ciated with Ne-B (0.186 -1 0.004) (20). The 
2 0  confidence bands of a line fit (22) restrict 
the contribution of solar-wind Ar (0.1724 < 
38Ar/36Ar< 0.1786) to less than =lo% at 
2@Ne/22Ne= 12.5, a similar limit as found for 
MORB glass 2.rrD43 (18). Nonradiogenic Kr 

and Xe isotopes may also serve to distinguish 
between solar-wind, planetary, or itmo-
sphere-like components. Mean values of Kr 
isotopes (Fig. 3A) (22) can be reconciled 
much better with atmosphere-like Kr than 
solar Kr (28). Values for nonradiogenic Xe 
isotopes obtained by linear extrapolation to a 
'29Xe/130Xe value of 7.0 (22) do not agree 
with solar or planetary composition (Fig. 3B). 

Solar-like He and Ne with atmosphere- 
like nonradiogenic Ar, Kr, and Xe isotopes 
are a property of the whole mantle because 
the mantle source of MORBs also has this 
characteristic (6, 9, 18). Atmosphere-like 
(29) Ar, Kr, and Xe do not necessarily 

Fig. 2. Loihi dunites (0)and Ice- 
landic glasses contain corre- (.) 
lated excess o f  '"Xe and 136Xe 

rocks may be contaminated by MORB-type in  similar proportions as the 
Xe (24); alternatively, it may be derived from MORB reservoir (0,only data 
the plume sources. In the latter case, the wi th  A129Xe/130Xe < 0.1) (8, 9). 
relative contributions of fission Xe from 238U 
and 2 4 4 P ~  could be different from the MORB 
source (9), which cannot be quantified here 
because of the analytical uncertainties of the 
fission isotopes 131,132.134,136Xe (22). If ex- 
cess of '29Xe is indigenous to the Hawaiian 
and Icelandic plume sources, its presence 
would indicate early degassing more strin-
gently than the 40Ar excess. 

The presence of solar-type He and Ne in 
Earth led to a number of discussions about 
the isotopic composition of the heavy noble 
gases (8, 18, 25,26). The primordial nuclides 

Table 1. Noble gas data of Loihi dunites KK27-9 and -12 and Icelandic subglacial glasses Dice 10 and 11. Concentrations are in cm3/g at standard temperature 
and pressure. Numbers in brackets are l a  uncertainties and refer t o  Last digit given. 

Crush 
no. 

4He 
X l o - @  

22Ne 
X lo - "  

36Ar 
X 10-lZ 

84Kr 
X lo-' '  

130Xe 

X 
3He14He ~ O N ~ / Z Z N ~  2 1 ~ ~ 1 2 2 ~ ~3 8 ~ ~ 1 3 6 ~ ~4 0 ~ ~ 1 3 6 ~ ~129xe/130xe 

(R,) 
136xe/130xe 

KK27-9 (1.699 g) 
24.6 (7) 11.93 (1 1) 
25.0(7) 12.17(6) 
24.5 (7) 12.57 (6) 
24.8 (7) 12.54 (6) 
24.5 (6) 12.52 (8) 

KK27-12 (1.003 g)  
25.4 (10) 11.72 (17) 
23.8 (9) 12.25 (13) 
24.1 (8) 12.32 (12) 

Dice 10 (1.841 g) 
17.2(5) 11.58(4) 
17.6 (5) 10.67 (6) 
16.8 (5) 11.79 (2) 
17.0 (5) 12.55 (2) 
17.5 (5) 12.50 (2) 
17.1(4) 12.50(4) 
1 7.2 (5) 12.46 (7) 

Dice 11 (1.8779) 
17.1 (5) 10.08 (2) 
17.3(5) 11.10(7) 
17.5 (5) 10.54 (2) 
16.8 (5) 10.92 (4) 
17.1 (5) 12.46 (1 1) 
18.8 (8) 12.51 (29) 
17.1 (11) 12.85 (31) 
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require subduction of atmospheric nuclides. 
A recent study (30) suggested that a solar- 
atmospheric noble gas hybrid in Earth's 
interior was acquired in precursor planetes- 
imals by gravitational capture and accom- 
panied fractionation of solar-type noble gas 
species. Our finding that Ne-B may be the 
solar neon component in Earth rules out 
such models for neon. However, it strength- 
ens the general argument that precursor 
planetesimals were responsible for Earth's 
primordial noble gases, because Ne-B is the 
commonly found solar-type Ne in meteor- 
ites (20, 21). Its origin is related to solar 
corpuscular radiation, and the occurrence 
inside a large planet like Earth has more 
far-reaching implications. It requires mech- 
anisms to effectively incorporate solar irra- 
diation in Earth, e.g., an active sun at a 
stage when accreting planetesimals were 
small and the accretion disk was relatively 
transparent, i.e., had lost most of its gas- 
eous or volatile component (31).  A model 
involving early irradiation in small plane- 
tesimals was previously advocated to ex-
plain the high fraction of gas-rich carbona- 
ceous chondrites and the irradiation fea- 
tures of single meteoritic grains (32, 33).  
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Fig. 3. (A) Isotopic composition o f  mantle kryp- 
ton  (0, KK27-9 al l  extractions; .,Dice 1 0  
extractions w i th  20Ne/22Ne>12.45). (B)Isoto-
pic composition o f  mantle xenon (0,Loihi dun- 
ite; .,Dice; and *, to ta l  data extrapolated t o  
129Xe/130Xe = 7.0). Values (22) are best rec- 
onciled w i th  atmosphere-like composition (sol- 
id line), excluding solar composition (dashed 
line), o r  excluding planetary composition (dot- 
ted  line). 

Such a scenario contrasts with models 
where the massive proto-Earth gravitationally 
captured a dense primary atmosphere within 
the dense solar nebula (34):After incorpora- 
tion of solar-type noble gases into the mantle, 
partial atmospheric loss caused isotopic frac- 
tionation and established the planetary-like 
pattern of Earth's atmosphere (28). These 
models require subduction of atmospheric 
nuclides to explain the atmosphere-like non- 
radiogenic heavy noble gas nuclides in the 
mantle sources. However, subduction pro- 
cesses must have been limited if they oc-
curred after the dying out of lZ9I; otherwise 
12'Xe anomalies in the mantle would have 
been erased. Moreover, recent subduction 
into a massively degassed MORB mantle and 
less degassed plume reservoirs should result 
in different 20Ne,o,,)36Ar,,,o,pher,C ratios for 
the two mantle domains (35). This, however, 
is not indicated by various data sets (7, 30), 
including data presented here. It follows that 
subduction-if it occurred-happened before 
the last homogenization of the two mantle 
reservoirs, which is currently regarded as 
most feasible to have occurred early in 
Earth's history (1 ,  35). 
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