
Helium isotopic Evidence for a Lower Mantle "me komatiites. We selected olivineswith- 
in koinatiites from the Ottawa Islands in 

Component in Depleted Archean Komatiite the circum-superior belt of northern Que- 
bec (1.9 x 10' years old) (9),  from Alexo in 

Denis Richard, Bernard Marty," Marc Chaussidon, the Abitibi belt of Ontario (2.7 x lo9 years 

Nicholas Arndt old) ( lo ) ,  and from the Zvishevane region 
in the Belingwe greenstone belt of Ziinba- 
bwe (2.7 X 10? old) ( I  1 ). 

Archean magnesium-rich komatiites require hot and presumably deep mantle sources, Measurements of He isotopes in these 
but their trace-element composition and radiogenic isotope composition are similar to samples (1 2) show that 3He/4He ratios vary 
those of modern mid-ocean ridge basalts, which originate in the upper mantle. The over four orders of magnitude (Table 1). 
isotopic composition of helium extracted by sequential crushing of fresh olivines sep- Low ratios in the Zvishevane olivines 
arated from two Archean and one mid-Proterozoic komatiites varies over three orders (0.046 -t 0.020 R,) and in the Ottawa Is- 
of magnitude, between a radiogenic end-member rich in helium-4 and a component rich land olivines (0.12 to 0.18 R,) indicate 
in helium-3: Such helium-3 enrichment suggests the presence of a lower mantle com- radiogenic He produced after lava eruption 
~onen t  in Archean komatiites. (13) or incoruorated through crustal assim- 

H o t  material from deep in the mantle rises 
in plumes and contributes to the generation 
of oceanic island basalts (OIBs) (1). The 
source of the OIB magmas is chemically and 
isotopically distinct from the upper mantle 
source of mid-ocean ridge basalts (MORBs) 
and may represent a mixture of components 
from different regions of the inantle 12). , , 

Komatiites are ultra~nafic volcanic rocks 
that erupted at very high temperatures (up 
to 1600°C) (3). They are restricted to the 
Archean and Proterozoic ereenstone belts 

u 

with the exception of one Cretaceous oc- 
currence in Coloinbia (4). Their petrology 
has been attributed to melting at great 
depths (2400 kin) in the centers of hot 
mantle plumes (5). Although there is some 
evidence from trace-element ratios mea- 
sured in elass inclusions in komatiitic 

out geological history. Both He isotopes are 
degassed from the inantle through magma- 
tisin, and the 3He/4He ratios in the different 
regions of Earth are a function of 3He/(U + 
Th) ratios and of the residence times of He, 
U, and Th. High 3He/4He ratios often 
found in OIBs (up to 32 Ra, where R<, is the 
atmospheric 3He/4He ratio of 1.386 X 

indicate a deep mantle component 
rich in primitive 3He (7), whereas lower 
uniform 3He/4He ratios of MORBs (8  i 1 
Ra) are thought to represent a more de- 
gassed and homogenized upper inantle. The 
isotopic composition of He in Archean and 
Proterozoic komatiites is unknown, mainly 
because of the lack of unaltered samples. 
Fresh olivine crystals, able to store He for 
long periods (a) ,  have been identified in 

ilation (14). b n  the contrary, 3He/4He ra- 
tios close to 40 Ra found in the first crush- 
ing fraction of the Alexo olivines represent 
the highest value recorded so far in terres- 
trial lavas (7). We have quantitatively eval- 
uated three processes in an effort to under- 
stand the hieh 3He abundance in Alexo " 
olivines: ( i )  in situ radiogenic and nucleo- 
genic production, (ii) in situ cosinogenic 
production of 3He during surface exposure 
of the lava, and (iii) trapping of a 3He-rich 
inantle component. 

The total amount of 3He extracted from 
the Alexo olivines is two orders of magni- 
tude larger than that produced by natural 
radioactivity (15). In addition, the Zvishev- 
ane sample shows radiogenic 3He/4He ratios 
even though its bulk chemical composition 
and its age are comparable to that of the 
Alexo komatiite. For these reasons, it au- 
pears unlikely that radioactivity could be 

'z 

'livines komatiites Table 1. Helium isotopic ratios and He and Ne abundances in ollvines from komatiites measured in 
magmas (6)1 this evidence seemed at stepwise crushing experiments. Values for He and Ne are corrected from procedural blanks. Ratios of 
with the generally depleted trace-element He/Ne much higher than the air value Indicate that atmospheric contamination did not significantly affect 
and isotopic character of kornatiites (3). the He isotopic rat~os, n.a., not analyzed; n.d., not detected. The powder remaining afterthe crushing of 
We present here He isotopic data for Ar- sample M712 3 was melted at 2000°C In a resistor furnace (4He blank: 1 X 1 O - I 4  mol). 
chean and Proterozoic koinatiites to refine 
models for their origin. 

The isotouic cornoosition of He has 
Sample Number of He (10-l2 3He/4He (R,) (He/Ne)/ 

strokes mol/g) (He/Ne),,, 

been used to trace the origin of mantle- 
derived magmas. The two isotopes of He 
have different origins. Primordial 3He was 
trapped during Earth's formation and has 
not been significantly produced in the man- 
tle since then. Mantle 4He results from 
mixing between a trapped primordial com- 
ponent and a radiogenic 4He produced by 
the radioactive decay of U and Th through- 
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M712 3 10 
100 
750 
10 

Powder melted 

GI 8 500 
G21 1 500 
G21 2 10 

100 
500 
1000 

Zl I 500 

Alexo 
1.88 
0.21 
0.49 
0.23 
8.9 
0.27 
0.54 
2.15 
19 
1.23 

11.9 
Ottawa Islands 

57.5 
27.4 
9.78 
10.6 
6.32 
3.62 

Zvishevane 
2.77 
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responsible for the high 3He abundance in 
Alexo. 

Cosmogenic production of 3He results 
mainly from two processes (16). At the 
surface, fast neutrons constitute the domi- 
nant source of 3He and would produce the 
observed amount of 'He in about 0.4 x lo6 
years at sea level. Fast muons, which pene- 
trate much deeper and become the domi- 
nant source of 3He at a lava depth of 2.6 m 
(16), could produce the observed 'He ex- 
cess in about 70 x lo6 years at this depth. 
Despite these relatively short durations, we 
believe that cosmogenic production is not 
the process responsible for the high 'He/ 
4He ratios in Alexo. First, the high 'HePHe 
ratios were observed in the first crushing 
steps of the olivines (Fig. I), which suggests 
that 3He-rich He is trapped in fluid-melt 
inclusions in olivines, such as the ones ob- 
served microscopically (12). This is at odds 
with the observation that cosmoeenic He is " 
strongly bound to the crystalline lattice of 
olivine. Indeed, exposure age dating using 
cosmogenic 'He necessitates that magmatic 
He be removed in the crushing of olivine 
grains before cosmogenic He can be recov- 
ered by the melting of the remaining oli- 
vine powder (17). Second, this komatiitic 
flow was erupted subaqueously, probably in 
deep water (10). Sample M712 comes from 
the lower cumulate zone and was shielded 
by -10 m of lava immediately after em- 
placement and subsequently by a lava pile 
>5 km thick. These rocks became part of 
an orogenic belt, and the sampled outcrop 
was exposed only after deep erosion and the 
retreat of continental elaciers about 9000 - 
years ago (18). Since then, cosmic rays 
could have produced only 2.2% of the total 
3He. 

Sequential crushing step 

Fig. 1. Abundance and isotopic ratio of He ex- 
tracted by the sequential crushing of sample 
M712 3, Alexo komatiite. The 3He/4He ratios (A) 
and the fractions of 3He and 4He released during 
the successive crushing steps (B) are given as a 
function of the number of crushing strokes. 

The Alexo data therefore suggest that 
these olivines have trapped a mantle fluid 
with a high 'HeI4He ratio. This hypothesis 
im~oses several im~ortant constraints on 
the origin of komatiites and, more general- 
lv. on the state of the Archean mantle. This 
high ratio suggests that komatiites are de- 
rived from plumes containing a component 
from a deep-seated source (1 9). This idea 
must be reconciled with published trace- 
element and Nd isoto~e data. which show 
that at least part of ;he source 'of 
Archean komatiites was eeochemicallv and 
isotopically depleted, uglike that of the 
dominant component of most modem 
OIBs, but similar to that of certain picrites 
and the Cretaceous Gorgona komatiites 
(20). In fact, the enrichment in present-day 
OIBs can be attributed to a contribution of 
recycled material to the source of OIBs and 
preferential tapping of this material during 
low-degree melting (2). We suggest that, 
during the formation of komatiites, temper- 
atures were high enough to cause extensive 
melting of a dominant, refractory, chemi- 
cally and isotopically depleted component 
of the plume. The incorporation of 'He- 
rich deep-mantle material into these vari- 
ably enriched or depleted mantle compo- 
nents could be responsible for the high 
'He14He ratios (19). 
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'-.Transition Elemen t-Li ke Chemistry for of any metal and lies to the right of a 
broad peak in charge density in the tran- 

Potassium Under Pressure sition series, which is centered near the 

L. J. Parker, T. Atou, J. V. Badding* 

At high pressure the alkali metals potassium, rubidium, and cesium transform to metals 
that have a dl electron configuration, becoming transition metal-like. As a result, com- 
pounds were shown to form between potassium and the transition metal nickel. These 
results demonstrate that the chemical behavior of the alkali metals under pressure is very 
different from that under ambient conditions, where alkali metals and transition metals 
do not react because of large differences in size and electronic structure. They also have 
significant implications for the hypothesis that potassium is incorporated into Earth's 
core. \ 

Chemical reactivity can be profoundly al- 
tered under pressure because large changes 
can be induced in the chemical bonding, 
size, and Gibbs free energy of an element 
( 1 ,  2). Compression of the heavy alkali 
metals K, Rb, and Cs gradually induces a 
transition from an nsl electron configura- 
tion to an (n - l )dl  electron configuration 
( 1 ,  3-5). At pressures above this s-to-d 
transition, the alkali metals become transi- 
tion metal-like elements (6). 

Although considerable attention has 
been focused on the changes in the physical 
properties of the alkali lnetals that occur 
under pressure (1 , 3, 4, 7-9), the effect of 
the s-to-d transition on the formation of 
chemical colnpounds has not yet been ex- 
plored experimentally. Various theoretical 
investigations have reported different re- 
sults for the effect of pressure on this chem- 
istry (10). We now report that, at pressures 
above 30 GPa, where the d-electron char- 
acter of K is greatly enhanced (1 ), corn- 
pounds form between K and the transition 
metal Ni. Thus, the chemical behavior of 
the alkali lnetals under pressure is very dif- 
ferent from that under ambient conditions 
(reaction of alkali metals with transition 
metals under ambient conditions does not 
occur because of large dlfferences in slze and 
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electronic structure). Alkali elements are 
abundant within Earth's crust, but current 
knowledge of their chemistry at ambient 
pressure is probably not applicable beyond 
moderate depths. These results also suggest 
that at higher pressures colnpounds should 
form in the K-Fe system; this suggestion has 
important implications for the hypothesis 
that K is incorporated into Earth's Fe (or 
Fe-Ni alloy) core (10, 11). 

The effect of pressure on reactions be- 
tween alkali rnetals and transition metals 
can be estimated by simple rules for alloy 
formation (12) that accurately predict 
whether a transition metal will form con-  
pounds with another metal. According to 
Miedema's rules, small differences in 
charge density (pM) at the Wigner-Seitz 
radius and large differences in work func- 
tion (+") (or electronegativity, which 
scales with the work function) between 
two metals favor compound format io~~ 
(12). The electronegativities of the alkali 
metals and the transition metals with 
more than half-filled d-shells are quite 
different. However, because the charge 
densities of the alkali lnetals are much 
smaller than the charge densities of the 
transition elements, the differences in 
charge density between thern are too large 
to permit colnpound formation. The only 
transition element that forms cornpounds 
with the alkali lnetals at ambient pressure 
is Au. It has the highest electronegativity 

metals Fe, RLI, and 0 s  (Fig. 1) .  Under 
pressure, because of the s-to-d transition, 
the charge densities of the alkali lnetals u 

increase much more rapidly than those of 
the transition metals. Therefore, the 
boundary separating the metals that do 
react with the heavy alkali lnetals under 
ambient pressure (for example, Zn, Cd, 
and Au) from those that do not (the tran- 
sition series) should move to the left in 
the periodic table with increasing pressure 
(Fig. I ) .  In agreement with these predic- 
tions, we have found that at relatively low 
pressures ( 2  to 5 GPa), K and Ag (just to 
the left of Cd in the periodic table) react 
to form many cornpounds at room temper- 
ature (13). 

The first metal in the third row of the 
periodic table that has a charge density 
large enough to form compounds with Fe is 
Sc. Because there is a relation between the 
bulk lnodulus and molar volume of a metal 
and its charge density (14), the effect of 
pressure on the charge density can be esti- 
mated from the equation of state for the 
metal. By 30 GPa, the bulk modulus of K 
(81 GPa) exceeds that of Sc at ambient 
pressure (54.6 GPa), and the charge density 

2.0 -*0,1 MPa 

? 1.5- 
a. 

0.5 
K CaSc Ti V CrMnFeCoNiCuZnGaGeAs 

Fig. 1. Cube root of the Miedema charge density 
parameter for metals in the third row of the perl- 
odic table. The charge densities are derived from 
the bulk moduli and the volumes of the metals at 
high pressure, which were determined from ex- 
perimental equations of state ( I ,  14). The vertical 
line represents the boundary between the metals 
that react with Na, K,  Rb, and Cs at 0.1 MPa and 
those that do not. 
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