Susb.

Rogue Mantle Helium and Neon
Francis Albaréde, et al.

Science 319, 943 (2008);

DOI: 10.1126/science.1150060

AYAAAS

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of February 18, 2008 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/cgi/content/full/319/5865/943

This article cites 31 articles, 3 of which can be accessed for free:
http://www.sciencemag.org/cgi/content/full/319/5865/943#otherarticles

This article appears in the following subject collections:
Geochemistry, Geophysics
http://www.sciencemag.org/cgi/collection/geochem_phys

Information about obtaining reprints of this article or about obtaining permission to reproduce
this article in whole or in part can be found at:
http://www.sciencemag.org/about/permissions.dtl

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2008 by the American Association for the Advancement of Science; all rights reserved. The title Science is a

registered trademark of AAAS.

Downloaded from www.sciencemag.org on February 18, 2008


http://www.sciencemag.org/cgi/content/full/319/5865/943
http://www.sciencemag.org/cgi/content/full/319/5865/943#otherarticles
http://www.sciencemag.org/cgi/collection/geochem_phys
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org

with that of BPL carbon, ZIFs have higher
selectivity (Table 2). In terms of storage capacity
and selectivity to CO,, ZIF-69 and 70 outper-
form BPL carbon and all the other ZIFs that we
have examined.
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Rogue Mantle Helium and Neon

Francis Albaréde

The canonical model of helium isotope geochemistry describes the lower mantle as

undegassed, but this view conflicts with evidence of recycled material in the source of ocean
island basalts. Because mantle helium is efficiently extracted by magmatic activity, it cannot
remain in fertile mantle rocks for long periods of time. Here, | suggest that helium with high
3He/*He ratios, as well as neon rich in the solar component, diffused early in Earth’s history from
low-melting-point primordial material into residual refractory “reservoir” rocks, such as dunites.
The difference in *He/*He ratios of ocean-island and mid-ocean ridge basalts and the preservation
of solar neon are ascribed to the reservoir rocks being stretched and tapped to different

extents during melting.

elium-4 is a radiogenic nuclide produced

in Earth and other planetary bodies by

the alpha decay of uranium and tho-
rium. In contrast, most of the *He present is a
regular stable nuclide. The relative abundances
of the two isotopes in oceanic basalts there-
fore reflect the evolution of the parent/daughter
ratio (U+Th)/He. These three clements are
strongly incompatible (i.e., excluded from the
structure of the major silicate materials), but
one of them (He) is markedly affected by out-
gassing. Helium preferentially partitions not only
into any gas phase present, but also into liquid
during melting (/). Contribution from primitive
undegassed mantle gives basalts very low “He/
*He ratios. The canonical model holds that high
“He’He ratios characterize high (U+Th)/He
mantle sources, such as the mantle underneath
mid-ocean ridges, which were degassed during
successive melting events. If He is less incom-
patible than both Th and U, however, these
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low *He/*He regions could instead signal man-
tle that was depleted in incompatible elements
upon melting (/, 2). However, the abundances
of rare gases differ between these two models,
being high for undegassed mantle and very low
for residual mantle.

For historical reasons, He isotopic compo-
sitions are reported upside down as R/R,,, where
R denotes the *He/*He ratio and the subscript
signals the normalization to the atmospheric
ratio. More than 30 years of observations have
shown that mid-ocean ridge basalts (MORBs)
are characterized by a narrow range of *He/*He
ratios clustering about 8 Ry, whereas values in
excess of 20 Ry, are found nearly exclusively
in ocean-island basalts (OIBs) (3—6). These data
support the idea that MORBs are derived from
parts of Earth’s mantle that are significantly more
degassed than the source of OIBs (5, 7, §). If
pushed to the extreme, the assertion that OIBs
are tapping a deep, largely undegassed part of
the mantle implies that the lower mantle is pris-
tine and that mantle convection takes place as
separate layers (9, 10).

This canonical view, however, conflicts
with several critical observations on OIBs.
Nearly every isotopic system involving lithophile
elements—notably 87Rb-¥"Sr, '*7Sm-'*Nd,
m’Lu-me, and '"®Re-'®’0s—indicates that
the mantle source of MORB and OIB is de-
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Fig. 1. Relationship between the time and length
scales of diffusion in olivine, using the data of
Shuster et al. (20) at two different temperatures.
The two isotopes of He have comparable diffusion
rates. At a temperature of 1460°C, He and Ne have
the same diffusivity in quartz, which suggests that
He and Ne diffusivity at mantle temperatures in
mantle minerals may not be very different. The set
of values labeled “Age of Earth” show that over the
geological ages, He and Ne may have moved by
diffusion over distances in excess of several kilome-
ters. Assuming that melting takes place in the up-
permost 100 km and an upwelling velocity of 10 m
year—* beneath OIBs and 10 cm year™ beneath
MORBs gives time scales for diffusion; the corre-
sponding distances of diffusion relevant to melt
extraction for MORB and OIB can be read from
the curve (see text).
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pleted in fertile components with respect to
chondrites. Even stronger evidence against
primitive mantle is the surprisingly large range
of 80 values in Hawaiian basalts, which
attest to the OIB source holding a component
that went through low-temperature alteration,
and the correlation of '¥70s/'*0s with §'%0
(11). The correlation between Hf and Pb iso-
topes further indicates the presence of pelagic
sediments in the source of the Hawaiian plume
(12). These observations raise the question of
how Hawaiian basalts, which carry the embod-
iment of a primordial gas signature, at the same
time can provide such strong evidence of sur-
face material recycling. They are not explained
by geodynamic models in which high *He/*He
ratios in oceanic basalts reflect a contribution
from blobs of primordial material drifting in the
mantle flow field (/3).

A solution to this conundrum may lie in an
analogy with oil genesis: *He is unlikely to
escape melting events and magmatic outgas-
sing for billions of years of whole-mantle
convection if it resides in fertile, low-melting-
point rocks, but large quantities may remain
buried at depth if He migrates into refractory
reservoir rocks. Because there can be no free
gas phase percolating at pressures in excess
of olivine carbonation at ~3 GPa (/4), He
must be largely redistributed by diffusion.
Given the lack of isotopic evidence for the
persistence of large swaths of primordial
mantle, the dual fate of He must consist in
being hosted either by fertile material, from

Fig. 2. A two-stage history of He in the

which it is eventually extracted to the atmo-
sphere upon decompressional melting, or by
refractory rocks.

Very different gradients of *He and “He across
the system favor the increase of *He/*He in
refractory rocks. Helium-3 was originally present
in frozen He-rich material evolved from the
carly magma ocean, such as pyroxenites and fer-
tile peridotite. Throughout Earth’s history, *He
migrated deeper and deeper into thick layers
of He-poor refractory rocks, first in cumulates
of the magma ocean (15, /6) and subsequently
in olivine-rich dunites and harzburgites formed
under mid-ocean ridges (/7). Changes in the
mineralogy of the alternating layers with depth
are not relevant as long as melt is not present.
The persistence of high *He/*He mantle re-
gions therefore boils down to two simple ques-
tions: (i) how He migrated into deep-seated
refractory reservoirs in the first place, and (ii)
how it was extracted from its reservoir upon
melting. The “helium-recharged depleted man-
tle” model of Ellam and Stuart (/8) assumes
conservative mixing between depleted and un-
degassed mantle. Inefficient He extraction
does not result from the persistence of abun-
dant gas cavities during shallow melting (/9),
because bubbles would need to hold back ex-
ceedingly large amounts of rare gases. The
case for He-poor, high-*He/*He residues im-
plied by the assumption that He is slightly less
incompatible than U and Th during melting
(1) is, by contrast, fully compatible with the
present model.

refractory fertile

14000

Figure 1 shows the overall scaling of He dif-
fusion in mantle rocks. The He volume diffu-
sivity in olivine was recently redetermined, and
He and “*He were shown to diffuse at com-
parable rates (20). Because of the exponential
dependence of diffusivity on the inverse of tem-
perature, the results are virtually independent
of the choice of a particular mantle temper-
ature. At 1300° to 1400°C, it only takes He
~10* years to migrate over ~10 m and 10 years
to cover 1 km.

A quantitative model illustrates how rogue
mantle rare gases move around (Fig. 2). I assume
that mantle material consists of alternating thin
layers of low-melting-point rocks, either pri-
mordial fertile peridotite or pyroxenites, em-
bedded in thicker layers of refractory dunite and
harzburgite (27). The model assumes radiogenic
“*He ingrowth from U and Th. Initially, *He, U
and Th are much more concentrated in the fer-
tile layers than in residual rocks. For simplic-
ity, I assume that the mantle is homogeneously
striped, so that, by symmetry, a no-flux condi-
tion applies at the center of both the pyroxenite
and dunite layers. The model described in Fig. 2
postulates that *He initially hosted in a 200-m-
thick layer of primordial material diffuses into
the 800-m-thick *He-poor refractory layer for
2 x 10° years. At this point, a small fraction of
melt is removed from the fertile layer entrain-
ing its He, U, and Th, possibly during one of
the mantle events suggested by Parman (22). I
further assume that either the residuum of the
fertile layer is preserved or that it is replaced

marble-cake mantle made of fertile (e.g.,
U- and Th-rich “pyroxenite” in beige)
and refractory (e.g, U- and Th-poor
“dunite” in green) rocks. The figure rep-
resents He diffusion over 4 x 10° years,
with a double-layer geometry and a melt-
ing event at 2 x 10° years ago. The
curves show He profiles across the system
every 2 x 10° years; the labels in italic
along the right edges indicate numbers
of years (x 10°) before the present. The
thicknesses of the refractory and the
fertile layers are 800 and 200 m, re-
spectively (L = 12000 m). The He diffusion
coefficient is taken to be 1072 m? s
(20). Helium-3 concentrations are nor-
malized to their initial value in the fertile
layer. The initial *He/*He ratio of Earth is
taken as 8000. Fertile material has a
281PHe ratio of 15,000 before melting
and 500 after melting. *He/*He ratios
are normalized to the modern atmo-
spheric ratio Rym = 1.4 x 107 It is
assumed that >He is introduced at t = 0 0
into the system with the fertile layer

before significant ingrowth of radiogenic
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“He. A core of helium with a high 3He/*He ratio moves into the dunite
(right panel). The episode of melting (green curves) removes helium with a
low 3He/*He ratio from the fertile layer and therefore helps to maintain
isotopic gradients across the system. After melting (red curves), helium
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and Ne.

with a high 3He/*He ratio diffuses back from the dunite into the still
fertile, but no longer pristine and undegassed, pyroxenite layer. Refractory
He-, U-, and Th-poor dunite therefore acts as a long-term reservoir for He
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by an equivalent layer of subducted pyroxe-
nite, which is a simple way of maintaining the
double-layer structure. The diffusion equations
were solved using an implicit finite-difference
scheme. In the absence of relevant data, I as-
sume that the high- and low-pressure forms of
these rocks behave identically with respect to
He diffusion.

In the interval from 2 x 10° years ago to the
present (in blue in Fig. 2), significant radiogenic
“He has not yet accumulated in the fertile layer,
and the core of helium diffusing into the U- and
Th-poor refractory layer therefore has a high
He/*He ratio. At 2 x 10° years ago, the episode
of melting (in green) removes helium with a low
*He/*He ratio from the fertile layer, which there-
by helps maintain isotopic gradients across the
system. The interval from 2 x 10° to 4 x 10° years
ago (in red) shows how the fertile layer, regard-
less of its origin, is replenished in helium with a
high *He/*He ratio by the refractory layer.

The contrast between MORB and OIB sources
can thus be accounted for simply by different
proportions of high-*He/*He reservoir rocks
being unaffected by the melt extraction pro-
cess. Assuming for simplicity that melts begin
forming over the uppermost 100 km with an
upwelling rate of 10 m year ' beneath OIBs
and 10 cm year ' beneath mid-ocean ridges,
the characteristic times of melt extraction in
these two environments are 10* years and 10°
years, respectively, and the maximum thick-
nesses of refractory layers contributing their
He to the magmas are 10 m and 100 m, respec-
tively (Fig. 1). For OIBs, both the existence of
high->He/*He regions and the coexistence of
high- and low->He/*He magmas are adequately
explained by the variable stretching of refrac-
tory layers present in the upwelling region.
Because of temperature-dependent viscosity,
shear is maximum along the edge of conduits:
Outgassing of large lumps of residual material
down to a dimension of <100 m should allow
for a quick transfer of the high-*He/*He sig-
nature to their surroundings, including the fer-
tile components, which eventually melt and
form OIBs. The highest *He/*He ratios (>30)
are found in the infant volcano of Loihi on the
southeastern flank of Hawaii (8) and in the
northwesternmost lavas of Selardalur in Ice-
land (23). Pyroxenite layers not brought into
contact with such initially large lumps of res-
idues, in contrast, could be parent to low-"He/*He
basalts, which provides an alternative to the
interpretation that the source of low-"He/*He
hot spots, such as Gough or Tristan, is domi-
nated by recycled crustal material (8).

The flow regime beneath mid-ocean ridges
is expected to be laminar, with weaker ve-
locity gradients and only mild shearing. The
distribution of the spacing between alternating
values of Hf isotopes along the Southeast
Indian Ridge implies an exponential distribu-
tion of layer thicknesses (24). The *He/*He
ratio of MORB therefore represents an aver-
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age value of thinly to moderately marbled
mantle (<100 m). Thick refractory lumps are
not expected to contribute to the He measured
in MORB, nor are their *He/*He ratios antici-
pated to be affected by ridge activity. Unusually
low *He/*He ratios are observed in MORB
along the ultraslow-spreading Southwest Indi-
an Ridge (25), where the crust is unusually
thin (26). 1 suggest that the low *He/*He ratios
simply result from a lesser contribution of the
thickest refractory layers to the magmatic He.

The presence of solar (high-*Ne/**Ne)
neon in oceanic basalts (27) can be explained
by the same rogue component. Neon diffusivity
in olivine is unknown, but Ne and He diffu-
sivities in quartz are identical at 1460°C (28),
which justifies the assumption that at high
temperatures, the diffusion coefficients of these
two gases may be comparable in mantle min-
erals. As for primordial *He, the presence of
solar neon in MORB is not expected from a
severely degassed mantle reservoir unless it also
is held back during melting. More than any other
argument, the correlation between *He/*He and
2INe/**Ne ratios in OIB (29) and MORB (30)
implies that a primordial component is present
in the mantle and that diffusion out of the re-
fractory reservoir is incapable of efficiently se-
parating Ne from He. The similarity of rare gas
diffusivities simply reflects that the crossover
temperature of Arrhenius plots predicted by
the Meyer-Neldel-Winchell compensation law
for diffusion falls in the range of mantle tem-
peratures. The isotopic abundances of oxygen
and lithophile radiogenic nuclides (*’Sr, '**Nd,
176H, 206pp, etc.) in oceanic basalts attest to a
complex history and cannot be reconciled with a
primordial holding tank of rare gases that would
have escaped melting processes. In contrast to
He, which does not accumulate in the atmo-
sphere, and to Ne, whose radiogenic ingrowth
is slow, Ar is perfectly accounted for by a bi-
nary mixture of atmospheric and radiogenic
sources, and does not lend itself to a break-
down of separate mantle components.

The present interpretation of mantle He iso-
tope geochemistry turns the rationale behind
the canonical model upside down. It views
high *He/*He ratios as attesting to the pres-
ence of recycled refractory residues rather than
to that of primordial fertile mantle. The refolded
parts of the mantle are weak and intensely
stretched by mantle flow, and they must be
quickly depleted in *He by repeated melting
events. In contrast, thicker layers of residual
material constitute a resistant reservoir for
helium with a high *He/*He ratio: Whichever
process removed the fertile constituents from
such rocks in the first place (ridge activity, ac-
cumulation from an early magma ocean) should
have also removed most of their water, mak-
ing them particularly rigid and resistant to fur-
ther stretching by mantle convection (37). Old
fragments of oceanic lithosphere and refractory
cumulates from the magma ocean, rather than

REPORTS

primordial mantle “nuggets,” should host most
of the primordial He and Ne observed today in
oceanic basalts. Helium with high *He/*He
ratios may contain a component of primordial
origin but may not necessarily reflect the res-
ervoir in which it has been residing for most
of Earth’s history.
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