
Chapter 16 

Noble gas isotopes 

3He is not here, for 3He is risen! high concentrations of He (written [He]) , high 
Anon. 3 Hef4 He ratios (written R) and 'solar' neon are 

Overview 

The group of elements known as the rare , inert 
or noble gases possess unique properties that 
make them important as geodynamic tracers . The 
daughter isotopes fractionate readily from their 
parents, they are inert, and they differ from other 
geochemical tracers in being gases and diffus
ing relatively rapidly, at least at low pressure 
and high temperature. Nevertheless , they can 
be trapped in crystals for long periods of time. 
They give information about the degassing his
tory of the mantle and magmas, the formation 
of the atmosphere, and about mixing relation
ships between different mantle components. Iso
topes made during the Big Bang are called the 
'primordial' isotopes. Some of the noble gas iso
topes are cosmogenic, nucleogenic or radiogenic 
and these were made at later times. The pres
ence of 3 He in a rock or magma has often been 
taken as evidence for the existence of a primordial 
reservoir in the mantle, one that had not previ
ously been melted or degassed. A primordial reser
voir is different from a primordial component. Pri
mordial and solar components are still raining 
down on Earth. The most primordial materials 
on Earth, in terms of noble gases, are on moun
tain tops, in the stratosphere and in deep-ocean 
sediments. 

Evidence for recent additions of noble gases to 
the Earth comes from deep-sea sediments where 

found . Mantle-derived basalts and xenoliths hav
ing similar primordial or solar characteristics are 
generally attributed to plumes from the unde
gassed primitive lower mantle reservoir. This is 
based on the assumption that high 3 He/4 He and 
36 Arr0 Ar ratios in basalts require high 3 He and 
36A.r contents in their sources, rather than low 
4 He and 40 Ar, and that the whole upper mantle is 
characterized by low ratios and low abundances . 

The critical issues are when and how the 'pri
mordial' noble gases entered the Earth , where 
they are stored and whether transport is always 
outwards and immediate upon melting, as often 
assumed. It is therefore important to understand 
the noble-gas budget of the Earth, both as the 
Earth formed and as it aged. The major part of 
terrestrial formation probably occurred at high 
temperature from dry, volatile-poor, degassed 
particles. During the early stages of planetary for
mation, core differentiation and massive bolide 
impacts heated the Earth to temperatures that 
may have been high enough for a substantial part 
of it to have melted and vaporized. This is sug
gested by the fact that a large fraction (30-60%) 
of the incompatible elements (e.g. U, Th, Ba, K, 

Rb) are in the Earth's crust, which is consistent 
with an extensively differentiated mantle . 

Some of the components now in the man
tle fell to Earth in a late veneer, mostly around 
3.8 Ga - the period of late bombardment - that 
added material to the Earth after completion of 
core formation. Late low-energy accretion prob
ably introduced most of the volatiles and trace 



siderophiles (iron-lovers. such as Os and Ir) that 
are in the upper mantle today. However, what 
fraction of the noble gases in mantle basalts is 
truly primordial vs. a late veneer - or even later 
additions of cosmic dust - or recent contamina
tion is unknown. 

The hot-accretion model of Earth origin and 
evolution contrasts with the 'standard model' 
of noble-gas geochemistry that assumes that 
the bulk of the mantle accreted in a primor
dial undegassed state with chondritic, or cos
mic, abundances of the noble-gas elements. Such 
material is widely assumed to make up the deep 
mantle today and to be accessible to surface 
volcanoes . He lium f u ndamentals , the di s
tribu tion o f the l ight er noble gases -
hel i um , neon a n d a r gon - and the r o l e o f 
n oble gases in g eoch e mistr y and cosmo
chemistry are extensively discussed in mono
graphs and review articles and on web sites 
[mantleplumes, he l ium paradoxes ]. 

Components and reservoirs 

The noble gases do not necessarily enter the 
mantle in the same way or reside in the same 
components or reservoirs as other geochemical 
tracers. Noble gases reside in bubbles, along 
crystalline defects, in deep-sea sediments , and in 
rocks exposed to cosmic rays . Olivine-rich cumu
lates in the mantle may trap C02 and helium, 
but little else. U, Th and K have quite differ
ent fates and reside in quite different places 
than He and Ar. The noble gases are fractionated 
from their parents and from each other by melt
ing, transport and degassing processes. Therefore 
they cannot be treated as normal LIL-elements. 
Solubility in magmas is an additional issue for 
gases. 

Isotope ratios 

In common with much of isotope geochemistry, 
the noble gases are discussed in terms of ratios . 
The absolute abundances of the noble gases in a 
rock, magma or the mantle are seldom known or 
believed. This complicates matters since normal 

ISOTOPE RATIOS 199 

statistics and mixing relations cannot be applied 
to ratios. The most useful light-noble-gas isotopic 
ratios, in petrology are shown below (* signifies 
radiogenic or nucleogenic; th ere may have been 
some 4 He and 4 0 Ar in primordial matter but most 
of it in the Earth was created later, and this is 
designated 4 He* and 40 Ar* to distinguish them 
from primordial isotopes, if the distinction is 
necessary) : 

3 Her He* 
4He*F' Ne* 
zoNeF2Ne 
z'Ne*FzNe 
40A.r•e6Ar 

3 HeF2Ne 
•He•t•oA.r* 

For convenience, these will sometimes be abbre
viated as 3 / 4, 3 / 22 , 21 / 22 and so on, and some
times written as 3 Hef4 He, or R, 20Ne/22 Ne and so 
on. Absolute concentrations will be written [He]. 
[3 He] and so on. 

Helium 
Helium is very rare in the Earth and it contin
uously escapes from the atmosphere . Outgassing 
of 4 He from the mantle does not occur at a high 
enough rate to correspond to the outflow of heat 
generated by U + Th decay. This is known as 
the h e l ium heat - f l ow paradox. Since it is 
probably more difficult to degas the mantle now 
than during the early, high-temperature period 
of Earth history, it is likely that the stable noble 
gas isotopes - those that have not increased over 
time - are more degassed than the radiogenic and 
nucleogenic ones e.g . 4 He* and 40 Ar*. 

There are few constraints on how much 
helium may be in the Earth or when it arrived. It 
is readily lost from the atmosphere via escape 
into space. It is therefore not very useful for 
studying the long-term outgassing history of the 
Earth. Neon and argon are potentially more use
ful in this regard since they do not escape as 
readily; they accumulate in the a tmosphere . We 
know, for example, that most (~70% ) of the argon 
produced in the Earth is now in the a tmosphere, 
even though much of it was not in the mantle 
during the earliest high-temperature phases of 
accretion, degassing and evolution. This argues 
against a large undegassed reservoir in the Earth. 
On the other hand, the imbalance between heat 
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Table 16.1 f Statistics of helium in MORE 
[statistical tests helium reser-
voirs] 

Mean Standard deviation n 

All ridge 9.14 3.59 503 
Atlantic 9.58 2.94 236 
Pacific 8.13 0.98 245 
Indian 8.49 1.62 177 
OIB 7.67 3.68 23 

flow and 4 He flux from the mantle implies that 
He is trapped in the upper mantle; it is not escap
ing as fast as it is produced. Apparently, 4 He is 
accumulating in the mantle. Helium is more sol
uble in magma than the heavier noble gases and 
may be trapped in residual melts and cumulates. 
Helium trapped in residual melts or fertile man
tle will evolve to low R because of the presence 
of U and Th. Helium trapped in olivine, olivine
rich cumulates or depleted restites will main
tain nearly its original isotopic ratio. Thus, high 
3 Hej4 He samples may retain an ancient frozen-in 
ratio rather than a current primordial ratio. Such 
material is probably intrinsic to the upper mantle 
and upper mantle processes, such as degassing of 
ascending magmas. 

The reference isotope for helium is 3 He 
and the ratio 3 HeWHe+ 4 He*) is usually writ
ten 3 Hej4 He or R and this in turn is refer
enced to the current atmospheric ratio Ra (or 
RA). and written R/Ra (or R/RA). The atmospheric 
value involves degassing from the mantle and 
crust - which have quite different values and 
time scales - a contribution from interplane
tary dust particles (IDP), and the rate of escape 
from the atmosphere. These all change with time 
and the atmospheric ratio is also expected to 
change with time. There is no guarantee that 
ancient magmas, corrected for radioactive decay, 
had the same relation to the atmospheric values 
at the time as they have to present-day atmo
spheric ratios. It is always assumed in mantle 
geochemistry calculations that the atmospheric 
ratio is invariant with time and that the atmo
sphere is a well-stirred homogenous reservoir. 
It would be useful to be able to measure the 
time variability, just as it is useful to deter-

mine the variation of 87Srj86 Sr in seawater with 
time. 

The helium isotopic ratio in MORE is usually 
quoted as 8 ± 1 RA but this represents strongly 
filtered data, filtered to 'remove any plume 
influence '. Unfiltered data gives 9.1 ± 3.6 RA 
(Table 16.2). Spreading ridges average the isotopic 
ratios from large volumes of the mantle and it 
is fairly straightforward to compile meaningful 
statistics. Unfortunately, the helium data on and 
near spreading ridges is highly selected and fil
tered prior to statistical analysis. Table 16.2 gives 
both filtered and unfiltered estimates. Ocean 
island basalt data is harder to analyze because 
the samples are not collected in systematic or 
random ways and anomalous regions are over
sampled (the reverse of the situation for MORE 
and ridges). Nevertheless, one can compile aver
ages of all samples for each island and average 
these to get global estimates of OIB statistics. 

The statistics and the distribution 
of helium in mantle magmas show that there 
is no statistical difference in 3 Hej4 He (R) ratios 
between the available data for midoceanic ridge 
basalts (MOREs) and ocean island basalts (OIBs). 
It is usually assumed, however, that these two 
classes of basalts require the existence of at 
least two distinct mantle reservoirs that have 
been preserved over long periods of the Earth's 
history. The distribution in ocean ridge basalts 
(Figure 16.1) is more Gaussian than OIB. The 
variance is relatively low but, importantly, is a 
large fraction of the mean. OIBs have a non
Gaussian distribution, with a very large variance. 
The largest R values in the OIB population are 
often considered to be diagnostic of the OIB 
reservoir and large values in MORE are consid
ered to be plume contamination. There is no 
obvious cut-off between MORE values and OIB 
values. Model calculations suggest that the sepa
ration between the low R ratio components and 
the high ratios found in some OIB-type compo
nents is relatively recent (Anderson, 1998a, b; 
Seta et al., 2001). The variance differences, and 
differences in extreme values, between various 
basalt populations is a consequence of the aver
aging dwing the sampling process. The extreme 
3 Hej4 He ratios are averaged out upon melt
ing and averaging ( SUMA) , as at the global 
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Histogram of helium isotopes measured in 

samples along the global spreading ridge system, including 

new ridges, back-arc basins and near-ridge seamounts. In 

most compilations much of the right-hand side of the 

distribution is missing since values higher than about 9 R/Ra 

are filtered out. High values are attributed to plume 

contamination. Anomalous sections of the global ridge system 

are also avoided. The traditional MORB range , after filtering 

the data, is from 7-9 RIRA. High R values are found in 

depleted components of basalts that have been identified as 

the most common mantle component, possibly peridotite. 

The high R/Ra carriers may be peridotites or olivines with low 

U/He ratios. The helium may be acquired from wall-rocks, by 

ascending magmas. 

spreading ridge system, and can only be sam
pled by smaller scale processes , such as individ
ual lava flows on islands. Estimates of R/RA for 
OIB and for filtered ridge samples are given in 
Table 16.2. 

Ratios that are sensitive to degassing of 
magma, and atmospheric contamination, such 
as He/Ne and He/Ar, show a clear distinction 
between MORE and OIB. The d is t ribution 
of the l ighter n obl e gases - h elium, 
a r gon and n eon - in mantle magmas 
suggests that degassing of magmas near the 
Earth's surface, trapping of volatiles, and possi
bly more recent atmospheric contamination, may 
be involved in the differences [ma n tleplumes]. 
Th e h eavier n oble gases i n ma n t l e mag
mas may e nti re l y b e due t o a tmosph e ri c 
and seawat e r c ontamina t i on . 

• DEPTH < 2.5 km 

0 All near-ridge data 

16 18 20 

Table 16.2 1 Helium isotope data, as com
piled over the years. The year of the compi
lation is also given 

RIRA 

All ridges 
9.06 

'Filtered' data 
8.4 
8 
8.2 
8.3 
8.58 
8.67 
8.67 
8.75 

Back-arc basin basalts 
8.4 

Ocean island basalts 
7.67 
9 

Seamounts 
6.58 
9.77 

S.D., standard deviation. 

S.D 

326 

0.36 
2 
0.2 
0.3 
1.8 1 
1.88 
1.88 
2. 14 

3.2 

3.68 
3.9 

1.7 
1.4 

Year 

1982 
1986 
1991 
1996 
2000 
2000 
2000 
2002 

2002 

1995 
200 1 

Most workers assume a lower-mantle plume 
source for high-R magmas - and a very high 
[
3 He] - which must be isolated and preserved 
against convective homogenization with the 
more radiogenic upper mantle. A 'primordial' or 
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'relatively undegassed' reservoir, however, prob
ably does not exist. The mantle is degassed, 
but some parts (e.g. 'the MORB - reservoir') are 
more enriched in radiogenic helium due to high
[U+Th] concentrations combined with great age. 
Since MORBs are LIL-depleted and have low R, 
it has been assumed that the upper mantle is 
degassed. MORB, however, has high [3He] com
pared with other basalts; this is inconsistent with 
the standard model. Primordial He may be pre
sent in the mantle but a large, coherent, ancient, 
primordial, undegassed region is unlikely. The 
highest R/RA basalts are similar to MORB, or the 
MORB source, in their heavy isotopes . 

The standard model of mantle noble gas geo
chemistry divides the mantle into a depleted 
degassed upper mantle (DUM) homogenized by 
convection, and an undegassed primordial lower 
mantle (PM) that is not well stirred. This model 
is based on a string of assumptions. 

(1) R values higher than the MORB average reflect 
high [3 He]. 

(2) High 3 Hej4 He imply a primordial undegassed 
reservoir, or a reservoir more primitive and 
less outgassed than the mantle source for 
MORB, assumed to be the upper mantle . 

(3) This primordial reservoir must be isolated 
from the upper mantle. 

(4) It is therefore deep and is the lower mantle. 
(5) This deep isolated reservoir can be tapped by 

oceanic islands. 

The first two items are logical fallacies. There are 
many other ratios that can be formed with 3 He, 
e.g. 3 Hej22 Ne, 3 He/20 Ne, 3 Hee 6 Ar . . . and these are 
all lower in OIB than in MORB except for 3 Hej238 U. 
The latter is consistent with a low-U source, e.g. 
peridotite, for high-R OIB. 

Complex models have been devised to 
explain the apparent coexistence of a dep l e t ed 
d e gassed well -stirred upper mant l e 
reservoir and a heterogenous undegassed pri
mordial - and accessible - lower mantle reser
voir, assuming that OIB and MORB represent 
distinct isolated reservoirs, that the upper man
tle can only provide homogenous MORB-like 
materials, and that low-R implies low-[3 He] . The 
rather restricted range of helium isotope ratios 
in MORB is more plausibly interpreted as a result 

0 5 1 0 1 5 20 25 30 35 40 

Maximum R!RA 

•:n:.r.11o .. Maximum value of R vs. the spread in 

values showing that high-R islands also have the largest 

range in values (figure courtesy of A. Meibom, 

www . mantleplumes. org). 

45 50 

of the vast amount of averaging that midocean 
ridges perform on the mantle that they sample. 
Both high-R and low-R domains may coexist in 
the upper mantle , as long as they are larger 
than diffusion distances; these can be commin
gled during the melting process or sampled sep
arately if sampling is done at a small scale. 

The so-called high-He hotspots exhibit very 
large variance (Figure 16.2). This is suggestive of 
the predictions of the central limit theorem and 
implies that mid-ocean ridges sample larger vol
umes of a heterogenous mantle than do oceanic 
islands. 

The decay of uranium and thorium produces 
both radiogenic helium (alpha particles) and 
heat. The amount of uranium required to gen
erate most of the Earth's oceanic helium flux 
only produces about 5-10 % of the oceanic heat 
flow; this is the h e lium h eat-f low para
dox. Helium, along with C02 , from degassing 
m.agm.as, may be trapped in the shallow man
tle . Trapped C02 and 4 He along with high U+ Th, 
contributes to the low 3 Her He and high [He] of 
some upper mantle components, and ubiquitous 
carbonatitic metasomatism. 

Helium apparently is not as mobile an ele
ment as generally thought, opening up the pos
sibility that helium in various upper mantle 



components with differing He/U ratios, can 
diverge in situ in their isotopic ratios, remov
ing the requirement for ancient or large gas-rich 
reservoirs. The component that carries the high R 
signature may be a peridotite, or gas bubbles in a 
depleted olivine-rich cumulate. There are no con
sistent global correlations between He-isotopes 
and other isotopes. The helium in ocean island 
basalts may be contained in recycled lithosphere 
or may be acquired during ascent through a U
Th depleted cumulate [large scale melting 
and averaging SUMA]. 

Helium history 
Because of radioactive decay and nucleogenic pro
cesses the isotopic ratios of the noble gases in the 
mantle change with time. If the helium content 
of part of the mantle is very high, the isotopic 
ratios change slowly with time. If 3HerHe is also 
high, it will remain high. This is the reasoning 
behind the standard undegassed mantle hypothe
sis of noble gas geochemistry. Fertile parts of the 
mantle have high U and Th concentrations and 
these generate large amounts of 4 He over time. 
Today's MORB has much higher 3 He/4 He ratios 
than ancient MORB. Ancient MORB, ascending 
and degassing, generated gases with high 3 He/4He 
ratios and some of this may have been trapped in 
the shallow mantle. The present upper mantle 
contains materials that melted and degassed at 
various times. The helium-heatflow paradox and 
the amount of 40 Ar in the atmosphere suggests 
that noble gases can be trapped in the mantle, 
probably the upper mantle. Figure 16.3 illustrates 
the various stages in the helium history of the 
mantle, starting at the lower right. 

Neon 
Atmospheric Ne is believed to have been signif
icantly depleted in the atmosphere by intense 
solar irradiation. Ne 3-isotope plots allow atmo
spheric contamination of basalts to be monitored 
for this isotope. On the other hand, the heavy 
rare gases (argon, krypton and xenon) have accu
mulated in the atmosphere over Earth history, 
and air, or seawater, contamination is a serious 
problem, even for mantle samples. 

Neon isotope ratios for mantle rocks are typ
ically displayed on a 3-isotope plot of 20 Ne/22 Ne vs. 
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•=rr:-r·•• The primordial mantle curve is the growth of 
3 He/4 He in a hypothetical primordial reservoir from Big Bang 

values to present (4.5Gyr). This is what the lower mantle 

should provide in the standard model. At various times, 

including during accretion, magma is extracted from accreting 

material; this evolves faster because the magma gets the U 

and Th and gas is lost (and some is retained by residual 

mantle). Details aside, the idea is that differentiation and 

degassing changes the 3 He/(U,Th) ratio ofthe products and 

field labelled MAGMAS reflects this partitioning, containing 

higher U/He ratios than primordial mantle. The magmas lose 

gas as they rise to shallow depths. decreasing the He/U ratio 

and increasing the He/Ar and HeiNe ratios of the residual 

magma. The gas ends up in cumulates and gas inclusions in 

peridotites, giving them high He/U ratios and 3 He/4 He ratios 

of the magmas. Ancient 3 He/4 He ratios get frozen in. in 

whatever material the degassed gas finds itself, while the 

residual degassed magma continues to evolve to low values. 

The trajectories of He (and C02) and of U (and Th) upon 

melting and degassing events are shown schematically. Each 

melting/degassing event gives this kind of fractionation. The 

dashed lines are simply an indication that ancient 3 He/4 He 

ratios are frozen in as He is removed from U and Th and 

stored in olivine-rich mantle, while magmas go elsewhere. 

The MORB and OIB histograms are plotted at arbitrary 

positions on the time axis; they represent current values, and 

involve mixtures of partially degassed magmas. previously 

degassed gases and air, of a variety of ages. MORB is a cross 

section across the magma field, today. The OIB field is a mix 

of magmas and gases of various ages, in cumulates etc. ... and 

is closer to the actual mantle distribution because it is 

sampled in smaller batches than MORB. By convolving OIB 

with itself we have a more MORB-I ike distribution. Note that 

the low values of MORB do not have to evolve from high 

mantle values or high OIB values. 
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'Three-isotope plot.' Some ocean islands appear 

to be mixtures of air and solar or interplanetary dust 

particles (IDP) . MORB has relatively more 21 Ne suggesting 

that its source is older or has higher U than the OIB sources. 

21 Nef22 Ne (Figure 16.4). Neon isotope ratios are 
more susceptible to atmospheric contamination 
than helium isotope ratios because Ne is more 
abundant in the atmosphere. Most basalts plot 
on what appear to be mixing lines between atmo
spheric values (~10) , and solar wind - SW or 
interplanetary dust particle - IDP values (13.7) 
of 20 Nef22 Ne. The corresponding values for the 
21 Nef22Ne ratios are 0.029 (air), > 0.04 (OIB) and 
> 0.06 (MORB). 

The mixing line for MORB extends to greater 
values of 21 Nej22 Ne than the mixing line for OIB, 
indicating more 21 Ne in-growth in MORB than 
in OIB. This is analogous to the higher 4 Hef3 He 
ratios found in some MORB samples compared 
with the extremes found in some OIB samples. 
The 20 Nej22 Ne ratios in mantle-derived rocks. 
both MORB and OIB, extend from atmospheric 
to the solar or IDP ratio. The identification of 
solar-like ('primordial' or IDP) Ne isotopic ratios 
in some OIB and MORB samples implies that solar 
neon trapped within the Earth has remained vir
tually unchanged over the past 4.5 Gyr (the stan
dard ' primordial mantle' model) or, alternatively, 
that noble gases have been added to the man
tle since ~2 Ga. perhaps from noble-gas-rich sed
iments or cosmic rays . Some basalts and some 
diamonds essentially have pure 'solar' (SW or IDP) 
20 Nej22 Ne ratios. The fact that the 20 Nef22 Ne ratio 

of rocks or magmas thought to come from the 
mantle is greater than the atmospheric ratio is 
another paradox for standard models of man
tle degassing and atmospheric evolution because 
20 Ne and 22 Ne are essentially primordial in the 
sense that 20 Ne is stable and only very small 
amounts of 22 Ne are produced in the Earth. Their 
ratio is thus expected to be uniform throughout 
the Earth, if the solar system reservoir is uniform 
and invariant with time. 

Non-atmospheric neon found in MORB, OIB, 
volcanic gases and diamonds is enriched in 20 Ne 
and nucleogenic 21 Ne, relative to 22Ne. This have 
been attributed to primordial components, possi
bly solar neon. Basalt glasses from Hawaii have 
a range of Ne isotope ratios, stretching from 
atmospheric to 20 Ne-enriched compositions that 
approaches the solar wind composition. These 
signatures are similar to those in cosmic dust 
particles accumulated in deep-sea sediments. 
These dust particles become impregnated with 
Ne from the solar wind during their exposure in 
space. If these particles can survive the n oble 
g as s ubduct i on b arrier and deliver cos
mic (solar) Ne to the mantle this could explain 
the ratios of submarine glasses without having 
to invoke ancient primordial Ne in the Earth , or 
an undegassed lower mantle reservoir. 

Inter-element ratios 
Both melting and degassing fractionate the noble 
gases , and separate the parent from the daugh
ter isotopes. Helium and the light noble gases are 
more readily retained in magma than the heavy 
noble gases during degassing. Thus, the HefNe 
and He/Ar ratios of different basalt types con
tain information about their degree of degassing. 
The HefNe and HefAr ratios of MORB are gener
ally higher than OIB suggesting that MORB is 
more degassed than OIB. Nevertheless , [He] is 
higher in MORB than in OIB, which suggests 
that OIB initially contained less [He] and possibly 
less [Ne] than MORB, prior to MORB degassing. 
Some of the more noble-gas-rich igneous rocks 
are the 'popping rocks' found along the mid
Atlantic ridge (e.g. Sarda and Graham, 1990; Javoy 
and Pineau, 1991; Staudacher et al., 1989). Ordi
nary MORB appear to be degassed versions of 
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these popping rocks, and even some of these gas
rich rocks appear to have lost some gas. 

Histogram of 3 Hef22 Ne and 4 Hef21 Ne in MORE 
and OIB show that MORE and OIB are frac
tionated in opposite directions relative to the 
solar ratio and the production ratios, respectively 
(mantleplumes noble gases). 

A plot of 4 Her0 Ar vs. [4 He] and related inter
element plots (e.g. 3 HeF1 Ne vs. [He]) shows a con
tinuous transition from MORE to OIB to air (e.g. 
Figure 16.5). The MORE to OIB trends could be 
interpreted as air-contamination of noble gases 
degassed from MORE and trapped in vesicles or 
cumulates. 

So-called primitive ratios of noble gas isotopes 
may be preserved by ancient separation of He and 
Ne from U+ Th and storage of the gas in low
U+ Th environments such as depleted lithosphere 
or olivine cumulates. In this way, the radiogenic 
isotopes 4 He and 21 Ne are not added to the gas 
and old isotopic ratios can be 'frozen in.' This con
trasts with the situation in more fertile materials 
such as MOREs or undepleted peridotite, where 
U+Th contents are relatively high and contin
ued radiogenic and nucleogenic ingrowth occurs. 
Usually, high R are interpreted as high-3 He but 
they could, with equal validity, be interpreted as 
low 4 He or from a low-U source. 

The He/Ne ratios observed in mantle xeno
liths and basaltic glasses vary by orders of mag
nitude and define a linear correlation with 
a slope of unity which passes through the 
point defined by the primordial 3 Hef22 Ne ratio 

10-4 
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Plot showing relation 

between helium and argon isotopes 

in MORB and OIB and the effects of 

degassing and 'contamination' with 

air and older C02 -rich vesicles. The 

relative rates of production of 4 He 

and 40 Ar are shown by the 

horizontal dashed line (after 

Anderson, 2000a,b) . 

(~7.7) and the radiogenic 4 He to nucleogenic 
21 Ne* production ratio (2.2 x 107 ). The linear cor
relation implies that the elemental fractiona
tion event (perhaps degassing of magma), which 
enriched MORE glasses in [He] with respect to 
[Ne] , is recent, otherwise ingrowth of radiogenic 
4 He and nucleogenic 21 Ne would have system
atically shifted the data points from the cor
relation line. Basalts exhibit positive correla
tions between 3 HeF2Ne and [3 He], and between 
4 Hef21 Ne* and [4 He]. The 3 Hef22 Ne, 4 He/21 Ne* and 
4 Hef40 Ar* ratios in MORE glasses are system
atically higher than the prim.ordial 3 HeF2Ne 
ratio or the radiogenic 4 He* fnucleogenic 21 Ne* 
and radiogenic 4 He* /radiogenic 40 Ar* production 
ratios. 

The production rate of 21 Ne parallels that 
of 4 He since they both result from the decay 
of U+Th (Table 16.2). The 3-isotope plot show
ing OIB (Loihi) as forming one trend from atmo
sphere to solar and MORE as forming another 
(Figure 16.3) can be interpreted as a rotation of 
the OIB trend by nucleogenic ingrowth, i.e. MORE 
source is aged OIB source. In this simple model 
MORE = OIB + time. OIB and MORE could have 
evolved from a common parent at some tiine in 
the past. Old MORE gases (from ancient degassed 
MORE) stored in a depleted refractory host (e .g. 
olivine crystals, U+Th-poor lithosphere) will have 
high 3 Hef4 He and low HefNe compared with cur
rent MORE magmas. One of the mantle 'reser
voirs' for noble gases may be isolated gas-filled 
inclusions or vugs in a peridotite. This 'reservoir' 
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would contribute nothing besides He and C02 
and perhaps some Ne and Os, thereby decoupling 
He from other isotopic tracers. 

Argon 
The main isotopes of argon found on Earth are 
40Ar, 36Ar, and 38Ar. Naturally occurring 4°K with 
a half-life of 1.25 x 109 years, decays to stable 40 Ar. 
We have estimates of the amount of potassium 
in the Earth so we can estimate the efficiency of 
degassing of the crust and mantle from the argon 
content of air. 

The initial amount of 40 Ar contained in the 
Earth is negligible compared with the amount 
that was produced subsequently. This makes it a 
useful tool with which to study mantle degassing. 
The amount of K in the crust and mantle may 
be estimated by calculating the mix of mantle 
and crustal components that satisfies the cosmic 
ratios of the refractory elements. The amount of 
K in the silicate Earth (the mantle and crust) so 
determined is 151 ppm of which 46% is in the 
crust. The amount of 40 Ar in the atmosphere rep
resents 77% of that produced by the decay of 
this amount of potassium over the age of the 
Ear th. This implies that either 23% of the Earth 
is still undegassed or that the degassing process 
is not 100% efficient, i.e. that there is a delay 
between the production of 40 Ar and its release 
into the atmosphere. Ar may be compatible 
at depths >~150 km and may therefore not 
be easily extracted from the deeper Earth by vol
canism. However, most of the K is probably in the 
crust and shallow mantle. The values of 40 Are 6Ar 
(or 40 Ar* f36 Ar) measured , or estimated, in various 
materials are : 

Air ~300 

OIB atmospheric to ~13 000 
MORE atmospheric to ~44 000 

In the standard model, which assumes a lower
mantle source for OIB, the high ratios for OIB 
and MORE, compared with air, have been taken 
to indicate that both the upper (MORE) and the 
lower mantles (OIB) have been degassed such that 
little 36 Ar remains ; but large quantities of 4 0 Ar 
have been produced by radiogenic decay and are 
retained. The higher 40Are 6 Ar in mantle rocks 
than in the atmosphere contrasts with the sit-

nation for He, where 4 Hee He is usually much 
higher in the atmosphere than in either OIB or 
MORE as a result of the preferential escape of the 
lighter 3 He atom. Much of the He in the atmo
sphere entered it in the last million years and is 
therefore dominated by 4 He, older atmospheric 
and crustal helium having already escaped to 
space. 

The concept of a relatively undegassed man
tle reservoir has been strongly contested. There is 
strong evidence from the heavy noble gases that 
OIB are contaminated by air or ocean sources; 
low 40 Are 6 A.J: can be a result of atmospheric or 
seawater contamination. Seawater has 2-4 orders 
of magnitude more 36Ar than mantle basalts 
and two orders of magnitude less 3 He. Hence, 
Ar isotope ratios in magmas can be significantly 
changed by seawater without affecting their He 
signature. Measured [36Ar] covers the same range 
for MORE and OIB, and [3 He] is higher for MORE 
than for OIB. This also argues against OIB aris
ing from a reservoir much less degassed than the 
MORE reservoir. This model for Ar is at odds with 
the standard model for He that considers the 
lower mantle to be undegassed , little degassed or 
less degassed than the MORE source. The lower 
ratios for OIB can be explained by more extreme 
atmospheric contamination, or a potassium-poor 
or younger source. Usually, however, unradio
genic ratios are attributed to high abundances of 
the primordial isotope, i.e. to undegassed or pri
mordial reservoirs . The 20 Nef22 Ne ratios for man
tle rocks that are significantly higher than atmo
spheric indicate that the source of noble gas in 
both OIB and MORE cannot be mainly present
day atmosphere. 

The ' two-reservoir' model 
A two-reservoir model for the mantle was origi
nally proposed to explain argon and helium iso
tope systematics in basalts and xenoliths but the 
samples were subsequently shown to be contam
inated with atmospheric argon and cosmogenic 
helium; they had nothing to do with the man
tle. Some samples of ocean-island basalts , most 
notably from Hawaii, Iceland and the Galapa
gos have elevated 3 He/4 He values compared with 
most MORE samples, after the latter are 'filtered 
for plume influence.' These islands also have an 



enormous spread of isotopic ratios, overlapping 
the values for MORE samples. Many OIB sam
ples have 3HerHe ratios much lower than MORE 
samples but there is no obvious dividing point; 
the data for MORE and OIB are a continuum. 
If MORE samples larger volumes of the man
tle than OIB then they will have a more con
stant mean, a smaller standard deviation, and 
fewer outliers; these are simple consequences of 
the central limit theorem. TI1e outliers will be 
eliminated by the averaging. Nevertheless, the 
two-reservoir model for mantle noble gases is 
widely accepted and is the cornerstone of the 
standard model of mantle geochemistry. The two 
reservoirs in the standard model are a homoge
nous degassed upper mantle with low 3 Hej4 He 
ratios, and an undegassed lower mantle with 
high 3 Hej4 He ratios; 3 Hej4 He is used as a proxy 
for [3 He]. 

The HejNe ratios of MORE and OIB, in con
trast to 3 Hej4He, define two distinct fields, but 
the implications are the opposite from the stan
dard models. It is MORE that appears to have 
been degassed and OIB that has inherited sec
ondary gases from a degassed magma and from 
the atmosphere. 

A challenge for the two-reservoir model is to 
explain the respective concentrations of helium 
and other rare gases in the reservoirs. If OIBs 
come from an undegassed source, they would 
be expected to contain more helium than MORE 
glasses from the degassed upper mantle. How
ever, OIB glasses typically have ten times less 
3 He than MORE. This has been explained as 
degassing, but that cannot explain the higher 
HejNe in MORE than in OIB. This observation 
is one of the helium paradoxes, and there 
are several. The dynamics of mantle melting and 
melt segregation under ridges must be different 
from under oceanic islands and seamounts. Ridge 
magmas probably collect helium from a greater 
volume of mantle and blend magmas from vari
ous depths, during the melting and eruption pro
cess. This would eliminate the extremes in MORE 
basalts. Most workers favor the two-reservoir 
model for the noble gases, although the evidence 
is far from definitive, and the assumption of an 
undegassed lower mantle causes more problems 
that it solves. 
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A shallow origin for the 'primi
tive' He signature in ocean-island basalts 
reconciles the paradoxical juxtaposition of 
crustal, seawater, and atmospheric signatures 
with inferred 'primitive' characteristics. High 
238U/204Pb components in ocean-island basalts 
are generally attributed to recycled altered 
oceanic crust. The low 238Uj3 He component may 
be in the associated depleted refractory mantle. 
High 3 Hej4He ratios are due to low 4 He, not 
excess 3 He, and do not imply or require a deep 
or primordial or undegassed reservoir. 40 Ar in 
the atmosphere also argues against such models. 
[www .pnas .org/cg i /con tent/abs tract/9 5/ 
9/4822] 

Sampling and recycling 
A useful way to look at the noble gas data from 
mantle samples is the following. There are man
tle and recycled components with a large range 
of helium isotopic ratios - because of the dis
tribution in ages and 3 He/U ratios - rather than 
two reservoirs with distinctive compositions. High 
20/22, 'solar' neon and high 3 He/4 He components 
have several possible sources including IDP, cos
mic rays and 'old' gas trapped in depleted U+Th 
rocks, minerals and diamonds. Low 3/4 and high 
21/22 materials are plausibly from high-U and 
high-Th environments, and older environments. 
Air and seawater contamination lower the 4/40, 
20/22 and 21/22 ratios. 

Several sources of high R have been suggested; 
frozen in ancient values from normal mantle 
processes, and subduction of IDP and other late 
veneer material. IDP accumulate in ocean-floor 
sediments and raise the Os, Ir, He and Ne con
tents of the sediments (Figure 16.6). Cosmic dust 
has very high 3 Hej4He ratios and [3 He] and some 
of it falls to Earth without burning up in the 
atmosphere. In this way ocean-floor sediments 
develop a 'primordial' helium isotope signature, 
with high Rand high [3 He]. 

Basalts degas as they rise and crystallize. If 
this gas is trapped in olivine crystals, or cumula
tes or the depleted lithosphere, away from U and 
Th, it will have, in time, a high R compared with 
the parent magma and LIL-rich sources. This com
ponent has high Rand high [He]. 



208 NOBLE GAS ISOTOPES 

3He 
4He 

10-4 

10-8 0 

................. 

::;::::::::::::::::::::: Low 3He/ 4He hotspots ::::::T:::HT:> 
: ::: . :: ::: :: :: : :::::: :::: :: ::: ::::::: :: ::::: :: :::: ::: : :::::::::::::::::::::::. 

RADIOGENIC HELIUM 

Continental Crust 

(f) 
f
z 
w 
:::;; 
0 
w 
(f) 

'-' z 
<( 
w 
'-' 
0 

20 40 60 80 100 

% Sediment 

Materials found at the surface of the Earth exhibit 

a range of 4 orders of magnitude in 3 He/4 He ratios. 

Sediments on the seafloor collect interplanetary dust 

particles (IDP) and these raise the helium content and helium 

ratio of deep sea sediments in proportion to their 

abundances of IDP. Continental sediments have very low 

ratios because of high U and Th and age. Subduction of these 

materials contribute to the isotopic heterogeneity of the 

mantle. High 3 He/4 He ratios in mantle materials can also be 

due to trapping of ancient gases - in U-poor environs - from 

degassing of rising magmas. 

Many basalts with so-called primitive, prim.or
dial or solar noble gas signatures show strong 
evidence for seawater or atmospheric contamina
tion. This combination of surface characteristics 
with ones conventionally attributed to the deep 
mantle is another paradox in the standard model 
for noble gases. 

If cosmic dust and oceanic sediments survive 
the subduction barrier they have the potential to 
deliver He and Ne with primordial signatures 

into the mantle, probably its shallow levels. The 
3 He in OIB is a small fraction of the total that 
is degassed from the mantle and in volume is 
comparable to the small amount brought onto 
the seafloor by IDP. However, much of the 3 He in 
the mantle may have come in as part of the late 
veneer; it is subduction, or the Archean equiva
lent, at some 1-2 Ga that is relevant, not today's 
flux. The 3 Hef20 Ne ratio in cosmic dust is one 
to two orders of magnitude lower than that in 
MORB. Helium has a much greater diffusivity 
than Ne, which would promote its preferential 
degassing from cosmic dust grains during sub
duction, although this does not mean that it 
immediately escapes the mantle. It appears that 
subduction of cosmic dust having the properties of 
today's dust cannot contribute more than a small 
fraction of the mantle 3 He budget without caus
ing excessive enrichment of 20Ne in submarine 
glasses. The preferred explanation for the high 
R components in both OIB and MORB mantle is, 
therefore, evolution in low-U+Th environments 
such as olivine cumulates or depleted lithosphere 
(Anderson, 1998a, b). High 3 Hef4 He and solar Ne 
ratios, may have been isolated in [He]-poor, U+ Th
poor environments rather than in [He]-rich ones. 
[mantle helium neon and argon] 

While some samples from Loihi, Iceland, Yel
lowstone and the Galapagos have high 3 Hej4He 
components - usually called the most primm·
dial He compositions - some ocean islands such 
as Tristan, Gough, islands in the SW Pacific 
and the Azores, and some components (basalts, 
inclusions, gases) in Yellowstone, Iceland and 
the Galapagos, have 3 He/4 He ratios lower (more 
radiogenic) than MORB. If these are viewed as 
samples from a global population, then this is 
the expected result of the CLT. The low 3 Hef4 He 
ratios require a component of radiogenic He from 
a long-lived U+Th-rich source such as recycled 
crust or sediments in the mantle, as inferred 
from lithophile isotope data . Parallel recycling 
of refractory peridotite or olivine-rich cumulates 
could be responsible for high 3 He/4 He ratios and 
these components will not have enriched sig
natures for other isotopes . None of these com
ponents need to be recycled very deep into 
the mantle. Both high- and low-3 Hef4 He compo
nents can arise from recycling, but the extreme 



values- high and low- are averaged out at ridges 
by large-volume mantle sampling. 

Statistics 
There are as many low-R hotspots as there are 
high-R hotspots . The statistics (means, medians) 
of many hotspot datasets of helium isotopic 
ratios are identical or similar to midocean ridge 
statistics. The hypothesis that OIB and MORB, as 
global datasets , are drawn from the same pop
ulation cannot be rejected by standard statisti
cal tests, although selected subsets of these pop
ulations can differ. The differences in variances 
of the datasets are consistent with midocean 
ridges sampling a larger volume of a heteroge
nous mantle than do oceanic islands. Statisti
cally, the MORB and OIB datasets could be drawn 
from the same population, at least for helium iso
topes. This does not appear to be true for other 
isotope systems. The issue is complicated because 
mixing relations and averages of ratios involve 
also the absolute abundances, not just the ratios. 
If the absolute abundance of helium in the var
ious components differ a lot, then mixtures will 
be dominated by the high-[He] members . On the 
other hand, if the Sr and Nd contents are similar, 
then all components contribute to the observed 
average ratios. 

If two datasets have the same mean and differ
ent variances they may be different size samples 
from the same distribution. A consequence of 
the central limit theorem is that the ratio of 
the variances of a large number of samples fi:om 
a heterogenous population is inversely propor
tional to the ratios of the number of samples 
contributing to the average. The larger volume 
sampled by ridges includes the effect of larger 
degrees of partial melting as well as larger phys
ical volumes. 

A common hypothesis is that helium iso
topes in mantle-derived materials represent two 
distinct populations, the midocean-ridge (MORB) 
reservoir and the oceanic-island (OIB) reservoir. 
This based on the observation that some OIB 
samples have higher ratios than the 
mean of the MORE distribution. This is 
not a valid statistical argument. The alternative 
hypothesis is that the mantle is heterogenous 
on various scales and that midocean ridge and 
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oceanic-island volcanoes sample this mantle in 
different ways and to different extents. Superim
posed on this sampling difference, is the possibil
ity of real lateral and vertical heterogeneity hav
ing scales that cannot be averaged out. 

Basalts and hydrothermal fluids having R 
greater than about 8.5-9.0 RA are commonly 
believed to be 'plume-type' or 'lower
mantle ' helium. R can be significantly higher 
than the normal MORB range and these high val
ues are, by definition ' plume-type' and, by con
vention, are attributed to the lower mantle . There 
is some circular reasoning here; although high 
values are rare along the global spreading ridge 
system - except at Iceland and the Red Sea -
they are excluded, when found, and attributed to 
plumes. 'Hotspots' or elevated regions of ridges 
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An illustration of the central limit theorem. 

Midocean ridges sample very large volumes whereas 

seamounts and xenoliths are small-scale small-volume 

samples that more faithfully represent the true heterogeneity 

of the mantle. In this example, the range of R/Ra in the mantle 

is from 0 to 24. This complete range will only be evident by 

taking many small-scale small-volume samples. Large islands 

and spreading ridges average over large volumes and cannot 

access the whole range. The presence of high values in OIB 

samples does not imply that these samples are from a 

different part of the mantle . 
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are also avoided in order to avoid plume influ
ence. We can ask the question 'Can we disprove 
the null hypothesis that OIB and MORE samples 
are drawn from the same population distribu
tion function?' The answer is no, meaning that 
the datasets could be drawn from the same pop
ulation. Previous studies have reached the oppo
site conclusion by comparing extreme values in 
one population with the mean value , or range, 
of the other population after the extreme values 
are removed. The inter-element isotopic ratios of 
MORE and OIB, however, are from distinct popu
lations. This can be attributed to degassing and 
contamination processes rather than to source 
characteristics. 

Table 16.2 compares the results for MORE (fil
tered and unfiltered datsets), BABE, OIB and near
ridge seamounts. The dates of the compilations 

of MORE are given. The means have changed little 
with time, in spite of the large expansion of the 
data. This is due to the exclusion of large ratios 
as being due to plume influence. 

OIB samples show great diversity and exhibit 
values both higher and lower than found along 
most ridges but the median, a robust measure 
of central tendency, of the two populations is 
the same, about 8.5-9.0 RA. It is true that more 
extreme values are found in some OIB samples, 
but this is predicted by the CLT if spreading 
ridges sample a larger volume of the mantle than 
do oceanic islands. The means of various MORE 
and OIB datasets are usually within one standard 
deviation of each other. [stati s t ics of man
tl e h el i u m] 

The central limit theorem is illustrated in 
Figure 16.7. 


