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Preserving noble gases in a convecting mantle

Helge M. Gonnermann' & Sujoy Mukhopadhyay?

High *He/*He ratios sampled at many ocean islands are usually
attributed to an essentially undegassed lower-mantle reservoir with
high *He concentrations'™. A large and mostly undegassed mantle
reservoir is also required to balance the Earth’s “’Ar budget,
because only half of the *°Ar produced from the radioactive decay
of *K is accounted for by the atmosphere and upper mantle’.
However, geophysical®” and geochemical observations® suggest
slab subduction into the lower mantle, implying that most or all
of Earth’s mantle should have been processed by partial melting
beneath mid-ocean ridges and hotspot volcanoes. This should have
left noble gases in both the upper and the lower mantle extensively
outgassed, contrary to expectations from *He/*He ratios and the
Earth’s “°Ar budget. Here we suggest a simple solution: recycling
and mixing of noble-gas-depleted slabs dilutes the concentrations
of noble gases in the mantle, thereby decreasing the rate of mantle
degassing and leaving significant amounts of noble gases in the
processed mantle. As a result, even when the mass flux across the
660-km seismic discontinuity is equivalent to approximately one
lower-mantle mass over the Earth’s history, high *He contents, high
He/*He ratios and “’Ar concentrations high enough to satisfy the
*0Ar mass balance of the Earth can be preserved in the lower mantle.
The differences in *He/*He ratios between mid-ocean-ridge basalts
and ocean island basalts, as well as high concentrations of *He and
40At in the mantle source of ocean island basalts?, can be explained
within the framework of different processing rates for the upper
and the lower mantle. Hence, to preserve primitive noble gas sig-
natures, we find no need for hidden reservoirs or convective isola-
tion of the lower mantle for any length of time.

The requirement of a *He- and *’Ar-rich reservoir provides the
strongest arguments for a relatively undegassed lower mantle'%°.
However, seismological observations of plate subduction into the
lower mantle®” appear to be inconsistent with a relatively undegassed
lower mantle. To reconcile the high *He/*He ratios observed in ocean
island basalts (OIBs) with the expectation of a processed and out-
gassed lower-mantle source, residues of mantle melting'®"!, depleted
in uranium and thorium relative to >He, have been suggested to carry
the high *He/*He signatures. However, the preservation of high
’He/*He ratios in residues of mantle melting is apparently inconsist-
ent with recently determined noble gas partition coefficients".
Because helium is nevertheless incompatible, the low concentrations
in residual mantle require convective isolation of the plume source
over most of the Earth’s lifetime. Convective isolation over geologic-
ally long periods (>1 Gyr) has also been suggested in other models for
the evolution of helium in the OIB mantle source'’.

By contrast, we find that the solution to the apparent discrepancy
between an outgassed lower mantle and high concentrations of
primordial *He in the lower mantle lies in the ubiquitous process
of recycling and mixing of degassed slabs back into the mantle.
During partial melting, noble gases behave incompatibly and
strongly partition into the basaltic melt, which forms the ocean crust
and leaves the residual mantle severely depleted of noble gases.

However, ocean crust is extensively degassed and when slabs,
comprised of the degassed oceanic crust and residual mantle, are
recycled back into the mantle, they contain negligible mantle-derived
helium'*. Mixing of these *He-depleted slabs with ambient mantle
will dilute average helium concentrations in the mixed mantle assem-
blage. Because the rate at which noble gases are lost from the mantle is
proportional to the gas concentration within the mantle being pro-
cessed by melting, the monotonically decreasing noble gas concen-
trations in the evolving mixed mantle assemblage will result in a
decreasing outgassing rate at any given processing rate (Fig. 1). In
the simplest case of slabs mixing instantaneously with mantle, the
average concentration of a primordial noble gas, such as *He, in a
convectively mixed mantle assemblage evolves as

C(t)=e(f_l)q’~e_q' (1)

Here C = C/C,, with C the concentration in the mantle reservoir
at time f and G, the initial concentration, f= 0 is the fraction of a
given noble gas that remains in the mantle residue after melting and g
is the rate at which the mantle reservoir is processed through melting
over 4.5 Gyr. Present-day concentrations are given by e, where N'is
the number of times the reservoir has been processed through partial
melting over 4.5 Gyr. This simple analytic expression demonstrates
that even after one reservoir mass has undergone processing by partial
melting (N = 1), ~37% of primordial *He is retained in the reservoir
(Fig. 2, dashed line).

Mixing of subducted slabs with ambient mantle is not instan-
taneous, but is thought to have an exponential dependence on
time'>'®. Convective motions stretch and juxtapose recycled slab
and ambient mantle at increasingly smaller length scales over a char-
acteristic mixing time, 7, which may range between a few hundred
million years to a few billion years'>". Partial melting of this mixed
mantle assemblage will extract noble gases in proportion to their
average concentrations within the melting region. If mixing of
recycled slab to length scales that are smaller than the melting region
occurs at a rate proportional to ge” ¥, where s is the time after slab
formation, then (Methods)

1
qr—1

t
In(1— RA) . 2
n(1—grt+qre )+qr—1

C=exp

Figure 2 shows that for any reasonable estimate of 7, at least 30% of
primordial *He will be retained in a mantle reservoir even after one
reservoir mass has been processed. Therefore, preserving high con-
centrations of *He in the Earth’s lower mantle does not require con-
vective isolation or inefficient mixing. Because incompatible trace
elements have been preferentially sequestered in the continental crust,
a processed *He-rich lower mantle should have depleted strontium
and neodymium isotopic characteristics relative to compositions of
bulk silicate Earth (BSE), consistent with the mantle component that
carries the signature of high *He/*He ratios in OIBs (the focus zone, or
FOZO)™". A mantle reservoir that has been processed repeatedly
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Figure 1| Conceptual model of mantle degassing. Idealized processing of a
mantle reservoir through partial melting, shown schematically in discrete
time steps. Uranium, thorium, potassium and the noble gases (*He shown
here) are incompatible and partition preferentially into the basaltic melt
phase, leaving a depleted mantle residue. The basaltic melt degasses before it
solidifies to form ocean crust, but remains enriched in incompatible
elements. Ocean crust plus mantle residue comprise slab, which is subducted
back into the mantle. During subduction, any residual helium is lost from

over the Earth’s history (N = 2—4) is considerably more degassed, but,
depending on 1, can still contain a few per cent primordial *He. This is
consistent with the *He/ *He of the mid-ocean-ridge basalt (MORB)
mantle source.

To test under what conditions mixing of noble-gas-depleted slabs
back into the mantle is quantitatively consistent with observed
’He/*He ratios, “He concentrations and the Earth’s “°Ar budget, we
use geochemical reservoir modelling'?' (see Methods and
Supplementary Information for a detailed description). We model
two mantle reservoirs corresponding in mass to the Earth’s upper
mantle (MORB source) and lower mantle (OIB source), respectively.
We start with both the upper and the lower mantle being homoge-
neous and having BSE compositions (Fig. 1). The reservoirs degas by
processing through partial melting near the Earth’s surface to
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Figure 2 | Primordial noble gas concentration in the processed mantle
reservoir. a, Concentration of >He in the mixed mantle reservoir after

4.5 Gyr (normalized to the initial concentration, 3Heo), plotted as a function
of the number of times the reservoir has been processed, N. Each curve
corresponds to a given value of 7. The case of instantaneous mixing of slabs
with the ambient mantle is represented by 7 = 0 Gyr, shown as the dashed
curve. Even for values of 7 greater than 1 Gyr, processing of a mantle
reservoir at a rate of one reservoir mass over the Earth’s history (N = 1) leads
to the concentration of primordial nobles gases in the mixed mantle
reservoir being at least 30% of its initial value. By contrast, repeated

Low

the slab'* and some of the uranium, thorium and potassium are extracted
from the slab and incorporated into the continental crust. The noble-gas-
depleted slab eventually becomes mixed in with the remaining mantle
reservoir over a characteristic timescale, 7. Because of slab recycling, *He
concentrations in the mixed mantle assemblage decrease over time and the
rate of *He degassing at a given processing rate decreases monotonically.
Consequently, a significant fraction of *He is retained, despite extensive
processing.

produce oceanic crust and an underlying residual mantle, which
together comprise the slab. We assume that the ocean crust loses
all helium and argon before being subducted back into the mantle,
which introduces chemical heterogeneity into the mantle. The
recycled slabs mix with the ambient mantle (Fig. 1) on a characteristic
timescale, 7, which can differ between the upper and the lower mantle
and is allowed to vary from 0—4 Gyr. Thus, the lower- and upper-
mantle reservoirs evolve from a homogeneous reservoir to one that
contains a well-mixed assemblage and unmixed slabs (Fig. 1), the
amount of which depends on 7.

In our model, we assume that only the mixed mantle assemblage
undergoes processing by partial melting and we allow the fraction of
slab that subducts into the lower mantle to vary from zero to one. The
mass flux of slab into the lower mantle is balanced by a subsequent
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processing (N = 2) will result in significant degassing and primordial helium
concentrations of about 1% of initial values. With the exception of the case
in which 7 = 0 Gyr, the intersection of the curves with the horizontal axis
(*He/*He = 0) represents the point at which the entire mantle reservoir
consists only of unmixed slabs. We note that for N < 1 and large values of 7,
little of the recycled slab has mixed back into the mantle. b, Same as in a, but
for the entire mantle reservoir (mixed reservoir plus unmixed slab). Over a
wide range of conditions, the total *He retained within a convecting mantle
reservoir is a substantial fraction of the initial *He. Concentrations
calculated using equations (1) and (2).
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Figure 3 | Mantle processing rate. Range of instantaneous mantle
processing rate as a function of time for the upper mantle (UM) and the
lower mantle (LM), for models that meet geochemical constraints. The
processing rate decreases exponentially in time to present-day processing
rates beneath mid-ocean ridges (7 X 10" kgy ") for UM, and to plume
flux estimates ((2—20) X 1013kgy71) for LM*. The shaded areas represent
the regions of overlap for individual curves; any kinks in the shaded areas are
a consequence of intersecting curves.

return flow out of the lower mantle. This is either processed directly,
by partial melting, presumably at hotspots and large igneous
provinces, or a fraction of it is mixed into the upper mantle with
only the remainder being directly processed. The residual mantle
generated from partial melting of upwelling lower mantle can mix
directly with the upper mantle or become part of the slab. We model a
wide range of mantle processing rates that decrease exponentially in
time' to estimated present-day mid-ocean-ridge processing rates for
the upper mantle and plume flux rates for the lower mantle (Fig. 3).

Within the framework of our model, we find that the high *He/*He
ratios measured in OIBs are entirely consistent with a lower-mantle
source that has been depleted over the Earth’s lifetime. Recycling of
slabs into the lower mantle results in processing of 0.5-1 lower-man-
tle masses over the Earth’s history, and the present day >He concen-
trations in the mixed regions of the lower mantle are consistent with
estimates from OIB degassing models* (Fig. 4). The well-mixed
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lower-mantle assemblage has a non-primordial neodymium isotopic
composition (Supplementary Information) and contains the high
“OAr concentrations that are required to balance the Earth’s **Ar
budget. Hence, we find no argon concentration paradox’. The
amount of upper mantle processed over the Earth’s history falls
within the range of 2.5-7.5 upper-mantle masses, consistent with a
more depleted upper mantle. Characteristic mixing times for the
lower mantle are up to ~2 Gyr and less than 1 Gyr for the upper
mantle. Model results predict that at present ~30% of slabs subduct
into the lower mantle with an average of ~50% over the Earth’s
history. Direct mixing of lower mantle with upper mantle comprises
less than 10% of the lower-mantle flux across the 660-km seismic
discontinuity.

These results can be interpreted to indicate that over much of the
Earth’s history, slab subduction into the lower mantle®” is balanced
by alower-mantle return flow that rises with little mixing through the
upper mantle to shallow depths where partial melting results in out-
gassing and produces large igneous provinces, hotspot volcanoes or
plume-influenced MORBs. Consequently, there is limited direct
input of noble gases from the lower to the upper mantle. Over the
Earth’s history, the lower-mantle return flow results in a mass
exchange of approximately one lower-mantle mass across the 660-
km discontinuity. Hence, the noble gas view suggests that up to 50%
of slabs produced over the Earth’s history have subducted into the
lower mantle across a 660-km discontinuity that opposes unfettered
mixing between the upper and the lower mantle. This is consistent
with the seismic evidence that slab stagnation is common in the
transition zone** and with the significantly different spatial patterns
of shear-wave velocity anomalies on either side of the 660-km dis-
continuity, which indicate limited direct coupling of flow between
the upper and the lower mantle*>*.

From our analytic treatment (Fig. 2) and geochemical reservoir
modelling (Fig. 4), we find that the recycling and mixing of outgassed
slabs allows the preservation of high noble gas concentrations in a
processed mantle reservoir. We find no noble gas requirements for
convective isolation or hidden reservoirs in the lower mantle. The
differences in measured *He/*He ratios, as well as helium and argon
concentrations, between MORBs and OIBs can be explained by an
upper mantle that has been processed several times with respect to its
mass, whereas the lower mantle has been processed approximately
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Figure 4 | Results from geochemical reservoir modelling. Initial *He/*He
ratios are 120R,, where R, denotes the atmospheric *He/*He ratio®. The
initial *He concentration is (7.5-15) X 10'® atoms per gram, within the range
of previous estimates>*, and there is no primordial *’Ar. Uranium, thorium
and potassium concentrations at 4.5 Gyr are BSE values for both UM and LM
(**®U, 40 p.p.b.; 2°U, 12 p.p.b.; 2*2Th, 95 p.p.b.; “°K, 327 p.p.b.). The shaded
areas represent model simulations where present-day upper-mantle *He/*He
ratios are (8.5 = 0.5)R,; uranium and potassium concentrations are within
3.2-5.4p.p.b. and 50-68.4 p.p.m., respectively?>*’; lower-mantle *He/*He
ratios are larger than 35R,; the predicted *He outgassing rate at mid-ocean
ridges is within 75-100% of the estimated *He flux to the oceans™

(1,060 mol yr'); and approximately 40-60% of radiogenic *’Ar produced
over 4.5 Gyr still resides within the Earth’s mantle. a, Modelled evolution in
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3He/*He ratios in the mixed UM and LM reservoirs, as a function of time.
b, The resultant range and evolution of *He in the mantle reservoirs.
¢, Predicted range and evolution of radiogenic *’Ar for zero primordial “°Ar.
Despite processing of up to one LM mass, present-day *’Ar in the LM ranges
between approximately 2.5 X 10" and 3.6 X 10'* atoms per gram, which
accounts for 40-60% of the “’Ar produced over the Earth’s history, with most
of the remaining *°Ar outgassed to the atmosphere. This is consistent with the
Earth’s atmospheric *°’Ar budget. Because of repeated processing, the “°Ar
concentration of the UM is substantially lower, ranging between
approximately 2.1 X 10" and 3.8 X 10" atoms per gram. This is within the
range of values predicted from the measured *He flux to the Earth’s oceans,
gssu%ing a He/*He ratio of about 8.5R,, and a production ratio of three* for
He/™"Ar.
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once. A simple explanation for this is that the upper mantle is effi-
ciently processed on timescales of 0.5-1 Gyr as a consequence of mid-
ocean-ridge migration” and relatively low viscosity, whereas the
lower mantle is inefficiently processed as a result of its higher viscosity
and because mantle flow across the 660-km discontinuity is
impeded®* 2.

High concentrations of “°Ar and *He and *He/*He ratios of about
50R4, noble gas characteristics that are normally attributed to a primi-
tive mantle or hidden reservoirs, can be preserved in a convecting and
processed lower mantle. Moreover, these noble gas characteristics are
expected to be associated with depleted strontium and neodymium
isotopic compositions, which are characteristic of the mantle com-
ponent FOZO"'® (Supplementary Information). Although FOZO is
often thought of as an ancient mantle reservoir', our modelling sug-
gests that its noble gas signature can be attributed to a depleted mantle
reservoir that has continuously evolved through slab recycling. A
continuum of compositions between relatively well-mixed lower
mantle assemblage (FOZO) and incompletely mixed recycled slabs
is likely to produce the observed variability of He/*He ratios in OIBs.

METHODS SUMMARY

The free parameters in our geochemical reservoir model are the 7 values for the
upper and the lower mantle, mantle processing rates through time, rates of
sequestration of uranium, thorium and potassium in the continental crust, the
fraction of slab subducted into the lower mantle, the amount of direct mixing of
the lower mantle with the upper mantle and the fraction of residual plume
mantle that mixes directly with the upper mantle. We use Monte Carlo simula-
tions in which free parameters are allowed to vary independently to determine
their permissible range with respect to observational constraints. For each simu-
lation, the mass balances for °He, *He, “°Ar, uranium, thorium and potassium in
the continental crust and in the well-mixed and unmixed slabs of the upper- and
lower-mantle reservoirs are calculated as functions of time by numerical integ-
ration (see Methods and Supplementary Information for details). The model is
constrained by a set of initial conditions (the initial *He/*He ratio and the initial
*He, “°Ar, uranium, thorium and potassium concentrations) and a set of pre-
sent-day observations (the upper-mantle *He concentration, the *He/*He ratios
and “°Ar concentrations in the upper and the lower mantle, the upper-mantle
processing rate as given by global ocean-crust production rate, lower-mantle
processing rates as given by the plume mass flux and present-day uranium and
potassium concentrations in the depleted MORB mantle. The vast majority of
model runs do not meet the present-day observational constraints, and only
successful runs that simultaneous satisfy all such constraints are shown in Fig. 4.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Instantaneous mixing. The principal parameter that controls outgassing is the
amount of processing that a given mantle reservoir undergoes over the Earth’s
history. If the depletion of a non-radiogenic noble gas is calculated for a mantle
reservoir, under the assumption of ‘instantaneous’ recycling (instant mixing of
the processed and degassed slab with the ambient reservoir), then the rate of
change in concentration within this mixed reservoir is given by

dc

e _Cc(1—

i (1=1)q
If q is a constant, integrating the equation gives us

C(t)= Coe*(lff)qf

For any feasible helium partition coefficient and melting model, and because
helium is degassed from the oceanic crust, the f= 0 approximation is reasonable,
resulting in

C(t)"’::C(]eiqr
or

C(t=4.5 Gyr)=Cye N

Inefficient mixing. Mixing in the mantle is not likely to be instantaneous. An
analytic formulation for a finite mixing time can be derived on the assumption
that f= 0 and that complete degassing of the melt fraction occurs. We assume
that the fraction of slab produced at time s and remaining unmixed at time ¢ is
given by e~ ?'%, where 7 is the characteristic mixing time. The cumulative mass
of slab (normalized by the initial reservoir mass, M,) produced at time ¢ and
remaining unmixed is therefore given by

t

M;
E = J qeC V" ds= gr—qre /"

The complementary mass of the mixed mantle reservoir, M, is

t

M [
v 1— J qet ™ ds=1—qr+qre "

0

The rate of change in mass of the mixed reservoir at time ¢ is given by
1 dM
My dr
Using this expression, we find the rate of change in concentration of the mixed
reservoir to be

o e—t/r

dc ¢, _,
o (gt
= e 9
which upon integration results in
3 o ae—t/T
C=Cyexp|— JLdt
l1—1q+1qe=t/"

or

t+ In(1— -/

C=Cyexp {q +In(1—1g+1qe )}
Tq—1

Mass-balance formulation for reservoir model. Please see Supplementary

Fig. $4 for an illustration of the conceptual model. The mass lost from the mixed
lower mantle at time step i is given by

nature

AML‘,' = QL‘,'At
and that lost from the upper mantle by
AMU‘ i= Qu),‘At

We define At as the duration of the time step and Q as the mass processing rate,
given by

Q= Qprcscnt e

Here ¢ is time before present normalized to 4.5 Gyr and « is a parameter that
varies independently for the upper and the lower mantle and for each simulation.
The mass of lower mantle that mixes with upper mantle at time step i is

AMyy,i = Qp At

where Qp ;is the plume flux. The mass of residue generated from partial melting
of plumes that mixes directly with upper mantle at time step i is

AMpy ;i =xp i(1—F)Qp At

where xp is the fraction of the residue generated from plume melting that mixes
directly with the upper mantle and Fis the melt fraction. The mass of ocean crust
produced at time step i is

AMo i =F(Qp,i+ Qu,)At
and the mass of residual mantle that becomes part of the slab at time step i is
AMri=(1—F) (1—xp,)Qp,i + Qu,)At

Ocean crust and residual mantle comprise slab and the mass of slab produced at
time step 7 equals My ; + My ;. The mass of slab subducted into upper mantle at
time step i is

AMsy,i=(1—x5)Qs i At
whereas that subducted into lower mantle is
AMgy ;i = x5 Qs i At

Here xs is the fraction of slabs subducted into the lower mantle and Qs is the mass
flux of subducting slab. The mass of slab subducted at time steps j=1,2,...,1
that becomes mixed with the mixed subreservoir of the upper mantle at time step
iis

i
SMui= 3 AMgy (e 7T IMT o=y
=1

and the mass of slab subducted at time steps j= 1,2, ..., i that becomes mixed
with the mixed subreservoir of the lower mantle at time step i is

i
SMSLJ: ZAMSLJ_(e—(l—]—I)AI/I76—(1—j)At/1)
=1

The concentrations of uranium, thorium, potassium, helium and argon as
functions of time for each of the reservoirs follow directly from these mass
balances. Additional considerations that are incorporated with these mass
balances are radioactive decay of uranium, thorium and potassium and con-
current production of radiogenic “He and *°Ar. These are based on the stand-
ard decay equations for these elements. The fractionation of radioactive
elements and noble gases between melt (ocean crust) and residual mantle
are based on the melting model discussed in Supplementary Information,
with the added caveat that all noble gases are lost from the melt to the
atmosphere and a fraction, xc, of radioactive elements is sequestered from
ocean crust into continental crust upon subduction.
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