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Abstract

The terrestrial heat-helium imbalance [O’Nions and Oxburgh, Nature 306 (1983) 429-431] is based on the
observation that significantly less “He is released from the Earth’s mantle than is predicted from the radiogenic element
budget and observed heat flow. We review recent observations and models of Earth’s radioelement distribution and “He
flux and demonstrate that this imbalance remains a robust observation. We explore the hypothesis that the imbalance
can be accounted for by different timescales of heat and helium extraction from the mantle system. This is tested using
dynamical models of mantle convection that incorporate thermal evolution, helium ingrowth and degassing. The
temporal decoupling of heat and helium loss provides large excursions from the mantle heat and helium production
ratio and can indeed drop to values as low as those observed. Nevertheless, the duration of these periods is very limited
within the 4 Byr model period and the probability that the present-day situation is caused by such an excursion must be
considered to be very small. While the average ratio of heat and helium released from the whole mantle convection
models is smaller than the production ratio, a significant imbalance remains. An additional mechanism is required to
further separate heat from helium. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction over long periods of the planet’s history. In the

past the MORB-source mantle has been assumed

It is quite clear from differences observed in the
isotopic composition of ocean island basalts
(OIB) and mid-ocean ridge basalts (MORB) that
the mantle system requires the existence of at least
two distinct geochemical reservoirs, preserved
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to be largely isolated from the OIB-source mantle
by the 670 km phase change, with a small degree
of material flux to account for radiogenic and
noble gas isotope differences between OIBs and
MORBSs [2-5]. Our understanding of the dynam-
ical and chemical evolution of the terrestrial man-
tle has undergone an important conceptual
change with the clear demonstration of material
transfer through the 670 km phase change, both
in the form of subducting slabs [6] and in that of
plumes originating from the core-mantle bound-
ary [7]. Fluid dynamical simulations of whole
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mantle convection that reproduce reasonable sur-
face plate motion and heat flow show that neither
the phase changes in the transition zone nor the
increase in lower mantle viscosity are able to pre-
serve more than small-scale geochemical heteroge-
neities that are evenly distributed throughout the
mantle system [§8,9]. This then presents us with a
fundamental problem. What is the nature of the
mechanism that provides a well-mixed MORB-
source mantle, yet preserves long-lived geochemi-
cal heterogeneity deeper in the mantle system? In
addressing this problem the relationship between
the heat and helium flux at the Earth’s surface has
been cited as a critical parameter.

The decay of U, U and ?*’Th produces
both heat and “He in constant proportions. Based
on the radiogenic element heat budget we can
predict the amount of heat and helium produced.
Assuming both heat and helium are transported
with similar efficiencies, we expect a fixed ratio
between heat and helium released at the Earth’s
surface. However, [1] showed that almost an order
of magnitude less *He was degassing from the
mantle than would be predicted from this simple
relationship. This appears to require a process
capable of decoupling heat from helium in the
mantle system. In the absence of any obvious
mechanism to do this in the shallow mantle, [1]
argued that this provided evidence for a deep
boundary layer in the mantle through which
heat could pass, but behind which *“He was
trapped. The boundary layer was assumed to be
the 670 km discontinuity.

The development of numerical models of man-
tle convection to investigate the processes control-
ling *He/*He distribution in the mantle requires
tracking both *He ingrowth and degassing as
well as the surface heat flux [8,9]. This provides
an obvious tool with which to investigate whether
the heat-helium imbalance can be accommodated
within the constraints of whole mantle convec-
tion. The particular advantage of this approach
is that these models do not make any assumptions
about the relationships between production and
loss, and allow us to assess the magnitude of nat-
ural variation in heat and “He flux that occur due
to the different mechanisms by which they are
extracted from the mantle system. An important

modification has been the linkage of heat produc-
tion and radioelement concentration in the fluid
dynamical simulation. This has enabled us to in-
corporate into the model runs the effect of secular
cooling and the higher heat production in the past
because of higher radioelement concentrations. In
a similar fashion to past work, models incorpo-
rate phase changes at 440 and 670 km, and pres-
sure- and temperature-dependent viscosity. Our
models reproduce present-day average heat flow
with particle surface velocities that are consistent
with the rate of present-day plate motion. One of
the key questions addressed by this work is
whether or not a dynamic simulation of heat
and helium in a whole mantle convective regime
can create the observed discrepancy between heat
and helium. If this is the case, under what circum-
stances does it occur, and what are the geochem-
ical and geodynamical consequences? Before we
address these questions it is useful to assess the
robustness of the observed heat and helium im-
balance.

2. Production and surface fluxes of heat and
helium

The first fundamental constraint on helium and
heat comes from the composition of the bulk sil-
icate Earth (BSE). The U content of the Earth is
reasonably well known from cosmochemical argu-
ments to be 18.5 ppb [10]. The Th/U ratio of the
bulk Earth is known from Pb isotopes systematics
to be 3.8 [11]. A value of K/U=1.27%x10* has
been measured for the MORB source mantle
[12] and can be applied to the bulk Earth. The
total BSE heat production based on these as-
sumptions at present is then 19.2 TW (see [13]),
and the production rate of “He is 829 Mmol/yr.
Although there is some controversy regarding the
K content of the Earth [14], K supplies only 15%
of the heat produced at present. Therefore, the
total heat production is relatively insensitive to
the K/U ratio. Note that the MORB source is
highly depleted in U, Th, and K, and it is logical
to assume that the mantle inventory of these ele-
ments resides somewhere below this depth.

As we are mostly interested in the mantle con-
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tribution to heat and helium, it is important to
consider the role of the concentration of incom-
patible elements in the continental crust. A large
fraction of the Earth’s U, Th, and K, estimated
between 24% [15] and about 50% (see references
in [16]), is presently in the continental crust. It can
be assumed that the helium flux out of the crust is
equal to that of production within the crust [1].
Studies of the accumulation of “He in regional
aquifer systems [17-19] have come to the same
conclusion. Similarly, it is generally assumed
that heat production in the crust is equal to the
flux of crustal heat out; calculation of the U con-
tent of the crust is often based upon this assump-
tion (e.g., [15]). Therefore, the issue of the sepa-
ration of heat from helium centers only on the
mantle fluxes. We can estimate the mantle pro-
duction of heat and helium by subtracting the
amount of production in the continental crust,
which leads to a reduction of 24-50%. In our
calculations we will assume a crustal heat produc-
tion of 6 TW (30% of the 19.2 TW BSE heat
production). This leaves a mantle heat production
of 13.2 TW.

We can now compare the predicted mantle
fluxes with those observed. A global investigation
of the Earth’s heat loss yields a present-day heat
flow of 44 TW [20]. To obtain the mantle heat
flow we must subtract the contributions from
the crust and the core. Constraints based on ther-
mal core cooling histories and driving mecha-
nisms for the geodynamo provide estimates for
core heat loss of 3-7 TW [21,22]. Subtracting fur-
ther the crustal heat production of 6 TW we find
a mantle heat loss of 31-35 TW. In the mantle,
13.2 TW can be attributed to present-day mantle
heat production, leaving the remainder (17-22
TW) to be attributed to secular cooling of the
mantle. Assuming a mantle heat capacity of
1250 J/kg K and mass of 4x 10> kg, this trans-
lates to a secular cooling rate of 110-130 K per
Byr, which is much larger than what can be in-
ferred for the change in upper mantle temperature
from surface geology [23]. A possible solution to
this problem is to assume that heat production is
concentrated in the deeper interior and that the
heat transport from this deeper interior is ineffi-
cient.

The contrast between predictions and observa-
tions is significantly larger when considering the
helium fluxes. The largest and most clearly de-
fined mantle helium flux is from mid-ocean ridges.
There, the flux of *He into sea water has been
estimated to be 1000 +250 mol/yr based on heli-
um saturation anomalies in sea water and sea
water advection rates [24,25]. This value repre-
sents an average over the last 1000 years. Using
an average value of 3He/*He =8R,=1.1 X 107> re-
sults in a “He loss of 89 Mmol/yr.

The flux of mantle-derived helium through the
continental crust by transport into the lower crust
has been estimated by [19] to be less than 3 X 10’
atoms/m? s in stable regions and 4 X 10° atoms/m?
s in extensional areas based on a study of the
Pannonian Basin. Note these are based on limited
hydrogeological studies and integrate fluxes over
short timescales. Using an area of 2X 10'% m? for
continents and margins and assuming 10% is
under extension, this yields a total *He flux of
4.3 Mmol/yr [19]. While there is some uncertainty
in this number, this flux appears to be much
lower than that at ridges. The amount of volcan-
ism at subduction zones has been estimated from
[26] to be 1.0 km3/yr based on data from a range
of island arcs. This is consistent with estimates of
crustal growth [27]. If it is assumed that 1 km?/yr
is generated by 10% melting of upper mantle
(with a MORB helium isotopic signature), then
the flux is 5% of that of MORB. Consideration
of melting of other subducted components that do
not contain mantle helium reduces this.

The helium flux at intraplate volcanism can be
calculated from the rate of magma production
and average “*He concentration. Estimates of the
rate of magma production are 0.4-7x 105 g/yr
[26,28-30]. This is less than 11% of the mid-oce-
anic ridge production rate of 6.3x10'° g/yr [31].
Since the source regions of the OIB volcanics have
3He/*He ratios higher than that of MORB, the He
concentration may also differ. Measurements of
He and CO; in Hawaiian basalts have been used
to obtain 1.4-4.2x 10" atoms/g [32]. Vent mea-
surements of He/CO, and flux estimates give
4.2x 10" atoms/g [33]. Using the highest ratio
and largest magma generation rate yields a flux
of 0.5 Mmol/yr. In the context of layered mantle
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Table 1

Helium flux from the upper mantle

Source 4He flux
(Mmol/yr)

Oceanic crust formation 89

Basins in continents 43

Hot spots 0.5

Subduction zones 4.5

Total 98.3

models that predict lower and upper mantle val-
ues of 1.5%x10" and 7.2x 10" atoms/g respec-
tively (e.g., [4,5]), these values have been inter-
preted as representing those of recently degassed
magmas. However, hotspot materials exhibit a
wide range of 3He/*He ratios that indicate an
average contribution by mass of material contain-
ing high 3He/*He that is relatively small. It has
been estimated that plumes contain about 10% of
material from below the boundary layer they orig-
inate from [3,34]. Assuming 10% melting of a mix-
ture of 90% upper mantle material and 10% high
3He/*He lower mantle material with the model-
derived concentrations produces up to 83 Mmol/
yr, which is close to the flux at mid-ocean ridges.
However, this is based on a layered mantle model,
contrary to the modelling assumptions made here.
The He fluxes are summarized in Table 1. Ne-
glecting the higher model-dependent hot spot
flux the observed total flux is 98.3 Mmol/yr,
which is about 6 times less than the 580 Mmol/
yr produced in the mantle. This new check on the

Table 2
Dimensionless quantities

robustness of the heat-helium imbalance clearly
indicates that a significant discrepancy exists.

3. Model formulation and numerical approach

In this paper we solve the equations governing
convection in the Earth’s mantle, assuming that
the mantle can be described as an anelastic and
weakly compressible fluid at infinite Prandtl num-
ber. Assuming the extended Boussinesq approach,
and variable thermal diffusivity and expansivity,
we can write the equations of motion as:

—VP+ V(né)=RaopTg (1)

and the mass conservation equation as:

Viv=0 (2)

The heat equation incorporates terms that de-
scribe viscous heating and adiabatic cooling and
heating, and can be written as:

aT
(97[ + (V' V)T + o DiwT =

Di (914,‘ .
V. (xVT)+ QO+ R—aO'ija—xj oDiwT (3)

(e.g., [35]). The equations above are non-dimen-
sional. The symbols representing physical quanti-

Symbol Quantity Non-dimensionalization
P dynamic pressure 10 Ko

n dynamic viscosity Mo

£ deviatoric strain rate tensor K

a thermal expansivity o)

P density Po

T temperature ATy

8 unit vector in the direction of gravity g

v velocity vector hlxy

w upward velocity component hit

t time 2K

K thermal diffusivity Ko

(0] volumetric radiogenic heating I lepkoATopo
Ty surface temperature ATy




P.E. van Keken et al. | Earth and Planetary Science Letters 188 (2001) 421-434 425

Table 3

Dimensional constants

Symbol  Quantity Value

Po reference mantle density 4500 kg m~?

g gravitational acceleration 9.8 m s72

o surface thermal expansivity 3x1073 K1

Ko average thermal diffusivity 1076 m? s~!

ATy temperature contrast across mantle 3000 K

h depth of the mantle 2885 km

Mo reference mantle viscosity 102 Pa s

I mantle specific heat 1250 J K1
kg™!

ties and their non-dimensionalization is explained
in Table 2.

The Rayleigh number Ra and dissipation num-
ber Di are given by:

3
NoKo
and:
pi = Zogh (5)
‘p

The quantities on the right hand sides are di-
mensional and are explained in Table 3.

We solve the equations in a 2D cylindrical ge-
ometry where we have rescaled the radii of the
core and the mantle such that we have a better
approximation for the curvature of the spherical
Earth [36,37]. The non-dimensional radii of this
model are inner radius R; =0.4292 and outer ra-
dius R, =1.4292 which guarantees that the ratio
of mantle and core surface area is the same as
that in the spherical Earth. The rescaled cylindri-
cal models provide much better similarity to the
heat and mass transport properties of the spher-
ical Earth. This is of particular importance for

Table 4
Radiogenic decay constants

models that include secular cooling and radiogen-
ic heat production, as the incorrect volume and
surface predictions cause errors in the modeling of
the thermal evolution of the Earth [37].

We assume depth-dependent thermal diffusivity
and expansivity, using the relations:

a(z)=p(2)7? (6)
and:
x(z) = p(z)’ p) (7)

where the density is given by:
pz) = e (®)

and z is the non-dimensional depth, normalized
by the depth of the mantle. We will use Di=0.2.
We apply the further approximation that p=1 in
the right hand side of Eq. 1.

We use time-varying radiogenic heat produc-
tion, based on the best estimates for present-day
BSE concentrations ([13]; Table 4). For simplic-
ity, we ignore the extraction of radioelements by
crust formation, and assume that the radioele-
ments are distributed in a uniform manner
through the mantle. Our simulations are started
from a previous time-dependent model run where
we assumed constant heat production at the level
of 4 Byr ago, and a fixed core-mantle boundary
temperature of 3273 K. Using this as initial con-
dition we compute the evolution of the model
over 4 Byr. During the simulation the temperature
of the core is updated using a simple cooling ex-
pression based on the core heat flow:

dT,

PcCe Vc? = _chc (9)

Isotope Decay rate Present-day concentration Heat production
(1/Byr) (ppb) (Wikg)

28y 0.155 20.1 9.47x1073

25U 0.985 0.143 5.69%x 1074

22Th 0.0495 76.4 2.63x107°

K 0.554 28.0 2.95%x1073
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where S, is the surface area of the core, V., is the
volume of the core, 7, is the core temperature
(which is assumed to be identical to the temper-
ature at the core mantle boundary), p. = 11000 kg
m~> is the average density of the core, and
¢ =500 J/kg K is the average core specific heat.

We use a moderately temperature- and pres-
sure-dependent viscosity which is written in non-
dimensional form as:

17,0 = moexw (77 (10)

where A=Ay in the upper mantle and
A=Ao(1+A4,(z—z670)/(1—z¢70)) in the lower man-
tle. zg79 is the non-dimensional depth of the 670
km discontinuity, 7y is the non-dimensional sur-
face temperature (273 K), and 4 and A4; are con-
stants that determine the temperature and pres-
sure dependence of viscosity. See [38] for more
details. The pre-factor 7y is chosen such that the
non-dimensional viscosity at z=0 is equal to 1.
We also impose a stepwise increase of this pre-
factor by a factor of 10 in the lower mantle.
The effects of the 400 and 670 km phase changes
are taken into account [8,9].

We monitor degassing in a manner similar to
that in [8,9]. We impose a number of degassing
zones (100 km deep by 100 km wide) at the sur-
face and distribute about 103000 tracers in the
model (which corresponds to an average distance
of 20 km between neighboring tracers). These
tracers initially contain the BSE values of U, Th
and K at 4 Byr ago. Unlike “He, which is lost to
space, “°Ar accumulates in the atmosphere and
provides an important test of the efficiency of
mantle outgassing. In addition to “He ingrowth
[8] we also follow the ingrowth of “’Ar which is
given at each time step Az:

AP Ar] = r[PK](1—e H0A0) (11)

Here A49 =0.554/Byr is the decay time for “°K
and r=0.10 is the relative amount of “’K that
decays into “°Ar. At each time step we calculate
the amount of degassing of 3He, “He and “°Ar by
extracting 90% of the gases from those particles
that are in a degassing zone.

Egs. 1-3 are solved using a finite element
approach based on the general tool box Sepran
[39]. The Stokes equations (Eq. 1) and incom-
pressibility constraint (Eq. 2) are solved using
a penalty function approach. The time-depen-
dent heat equation is solved using a second
order predictor-corrector method after Petrov—
Galerkin discretization [40]. The tracers are
advanced using a fourth order Runge—Kutta
method. The time step is limited to 50% of the
Courant-Friedrichs-Levy criterion. The numeri-
cal implementation has been extensively tested
against standard mantle convection benchmarks
[41,42] as well as published results by other work-
ers [37].

4. Results

Fig. 1 shows a snapshot of the temperature field
(after 4 Byr) and depth profiles of average viscos-
ity and temperature at 1 Byr intervals. The sur-
face-based Rayleigh number is 3 10°, which is
lower than the volume-averaged Rayleigh number
(mostly due to the strong reduction of viscosity in
the upper and part of the lower mantle). The tem-
perature snapshot provides a typical view of the
model simulations performed here. The principal
features are qualitatively similar to those in the
models of [9]. The influence of both the viscosity
increase in the lower mantle and the endothermic
character of the 670 km discontinuity causes
downwellings to be retarded at the top of the low-
er mantle. The phase change is not strong enough
to prohibit flow through this boundary and a va-
riety of interactions with the boundary are visible.
These range from thickening upon penetration
(at 1 o’clock), draping upon the phase boundary
(at 10 o’clock) or temporary blocking (at 2 and
7 o’clock). The ‘horseshoe’ patterns that are visi-
ble at the tip of downwellings that have just pe-
netrated into the lower mantle are caused by this
tendency of the phase boundary to temporarily
block the penetration, causing symmetric broad-
ening of the downwelling at the boundary. Up-
wellings at the base of the mantle are rather
slow and broad, which is caused by a combina-
tion of the low amount of heat flowing from the



P.E. van Keken et al. | Earth and Planetary Science Letters 188 (2001) 421-434 427

273 k [ b E2EI

%)
Py}
ESI f
X
- | 4 Byr
s
[ON=]
'087 |
al
TR B L
10®° 10" 10%
b) n (Pas)

depth (km)
1000

2000

1Byr |

| !
2000 3000
T(K)

|
1000

Fig. 1. (a) Snapshot at 4 Byr of compressible mantle convection model with phase transitions and temperature- and pressure-de-
pendent rheology. Ra=3x10°. (b) Radially averaged temperature profile at 1 Byr time intervals. (c) Radially averaged viscosity

profiles at 1 Byr time intervals.

core, the high viscosity, low expansivity and high
thermal diffusivity.

In the viscosity formulation we used used
Ap=0.2 and 4, =0.9826. This provides a viscosity
profile that looks similar in the sublithospheric
mantle to that obtained from geodetic inversions
[43]. The viscosity is only moderately tempera-
ture-dependent to avoid the lithosphere from act-
ing as a rigid lid. As a consequence, the down-
wellings are weaker than what we expect for
Earth-like slabs, and the effect of secular cooling
on viscosity is not as dramatic as we can expect if
the Earth were dominated by the high activation
energy of, say, an olivine rheology.

Using the model shown in Fig. 1 as base model
we ran a number of simulations with increasing
Rayleigh number. We used both the full cylinder

geometry shown in Fig. 1 and a half cylinder ge-
ometry. We tested explicitly whether this geome-
try reduction had an influence on the convection
and mixing behavior, but we found no essential
differences with regard to heat loss and degassing
properties.

The choice of the number of degassing zones
is based on the relative degassing efficiency of
the cylindrical model compared to that of
the present-day Earth. Assuming a present-day
MORB generation of 20 km3/yr and 10% melting
we can estimate that 200 km3/yr of mantle is af-
fected by degassing. At this rate it takes approx-
imately 4.5 Byr for the mass of the mantle to be
processed. For the cylindrical model we process
(assuming an average speed of 5 cm/yr and a
100 km wide degassing zone) an area of 0.005
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Fig. 2. Example of effects of mantle degassing over 4 Byr for the model shown in Fig. 1. Black indicates strongly degassed man-

tle.

km?/yr per degassing zone. The total cylindrical
area is 80 10® km? so it would take 1.6 10'0 yr
to process the entire mantle through one degass-
ing zone. Thus 3.6 degassing zones are required to
meet the degassing efficiency of the present day-
spherical Earth. However, we can also expect that
the degassing efficiency was higher in the past.
The cases with the larger number of degassing
zones mimic such an evolution by imposing an
average degassing rate that is somewhat higher
than present-day. Although we incorporate the
effects of secular cooling and higher radiogenic
heat production in the past, our viscosity law
most likely underestimates the effects of the high-
er temperatures on convective speeds. Because it
is unknown how degassing took place in the past,
we will use the number of degassing zones as a
free parameter. We will use between three and six
degassing zones for the full cylinder geometry in
order to test the model sensitivity to this param-

eter. We will use the amount of °Ar degassed as a
tentative test for the applicability of each model.

Fig. 2 shows the degassing of He after 4 Byr
for the model shown in Fig. 1. We binned the
particles using a similar grid as used in [8,9].
White indicates undegassed mantle, whereas black
represents fully degassed mantle. The radially
averaged amount of *He is shown on the right.
In this model we used five degassing zones, but
due to the relatively low Rayleigh number the
amount of degassing after 4 Byr is less than
what we expect for the Earth. The amount of
YAr degassed in this model is just 30%, which is
well below the observed value of 50%. Note that
even though the phase transition and viscosity
increase at 670 km depth have a strong influence
on the flow geometry, there is no preservation of
large-scale heterogeneity. Small-scale heterogene-
ity (e.g., slab features) can be preserved for several
hundreds of millions of years. There is a minor
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Fig. 3. Evolution of heat and mass transport characteristics.
(A) Surface and core heat flow. (B) Maximum surface veloc-
ity and rms mantle velocity. (C) Relative amount of degass-
ing as function of initial amount (*He) or amount produced
by radiogenic decay (*’Ar, “He).

tendency for degassed downwellings to accumu-
late near the base of the mantle, due to the slug-
gishness of convection there. The simultaneously
computed evolution of *He/*He provides an esti-
mate of the model heterogeneity that can be com-
pared to observed mantle heterogeneity. For the
model shown in Fig. 2 we find a variance of ap-
prox. 10% in the uppermost mantle (top three
rows of bins) which is in good agreement with
the observed variation of *He/*He=8.18£0.73
R, [44].

The evolution of heat flow, surface velocity and

429

degassing for a model at higher surface Rayleigh
number (Ra=10°) is displayed in Fig. 3. In this
case we used a half cylinder geometry and three
degassing zones. This would correspond to six
degassing zones in the full cylinder geometry
and is consequently the model that has the highest
rate of degassing. Fig. 3A shows the surface and
core heat flow. Although the calculations are per-
formed using non-dimensional variables, we have
rescaled these to dimensional values, using the
reference values in Table 3 and taking into ac-
count the depth variations in thermodynamical
parameters. A model run takes approximately
10000 time steps, so that a typical time step is
400 000 years. The model is characterized by grad-
ual cooling. Our primary test of each model was
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Fig. 4. Degassing rates (20 Myr running average) of:
(A) “He; (B) “°Ar. (C) “He as a function of heat loss.
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the correspondence of the surface heat flow after
4 Byr with that of the present-day Earth. For this
we use the present-day heat loss of 44 TW [20]
minus the crustal contribution (6 TW), which cor-
responds to 73 mW/m?2. All models presented here
satisfy this criterion within a reasonable range
(10%).

Due to the moderate temperature dependence
of viscosity the maximum surface velocity and
the rms velocity (Fig. 3B) do not change dramat-
ically during the secular evolution. For graphical
output reasons we display the running average
over 50 time steps (20 Myr).

The time-integrated degassing of 3He (relative
to initial mantle value), “He and “’Ar (both rela-
tive to the amount produced by radioactive de-
cay) is shown in Fig. 3C. The amount of “°Ar
released compares well with the present-day
amount in the atmosphere.

Fig. 4A plots the amount of “He released as a
function of time. The mean value (*He) (averaged
over 4 Byr and indicated by the top horizontal
line) is 660X 10° mol/yr. This is a significant
amount below the present-day production of
870X 10° mol/yr and is largely due to the ineffi-
ciency of degassing. The gray bar indicates the
range of observed values of “He (Table 1). Note
that there are large excursions from the mean val-
ue, even after applying the 20 Myr running aver-
age. The model shows occasional excursions that
are within the present-day range. This illustrates
very clearly the importance of considering time
dependence in arguments regarding the heat-heli-
um imbalance. It is logical that the rate of “°Ar
loss mimics the “He loss with minor differences
due to the different decay times (Fig. 4B).

The variations in helium loss overwhelm those
of the heat loss and as a consequence the graph of
heat vs. helium (Fig. 4C) mimics that of helium
loss (Fig. 4A). Horizontal lines are plotted that
indicate the ratios of (i) time-averaged helium
loss over present-day heat loss; (ii) time-average
helium loss over time-averaged heat loss; (iii)
present-day helium loss over present-day heat
loss.

A summary of the results of six model runs is
displayed in Fig. 5. We explored three different
Rayleigh numbers and used two different sets of
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Fig. 5. Summary of the four degassing flux in the six model
simulations used in this paper. For three different surface
Rayleigh numbers we used between three and six degassing
zones. The circles show the average flux and the lines indi-
cate the maximum and minimum values after applying a 20
Myr running average. The numbers near the circles identify
the percentage of radiogenic Ar that is degassed in each sim-
ulation.

degassing zones. For each Rayleigh number there
are two results: the one on the left corresponds to
the one with the lowest number of degassing
zones. The circles indicate the average degassing
rate and the vertical bar indicates the range of
degassing rates (after applying the 20 Myr run-
ning average). The bold numbers indicate the
percentage of “°Ar degassed after 4 Byr. The
gray bar indicates the range for present-day loss.
There are several trends visible. In general the
average degassing rate increases with Rayleigh
number (although weakly) and with number of
degassing zones (more strongly). The range of de-
gassing rates increases strongly with Rayleigh
number. All simulations show excursions to low
degassing rates that are below or near the present-
day value.

5. Discussion

The models presented here provide a simple test
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of the hypothesis that the different timescales of
heat and He loss from an otherwise uniform
Earth can explain the observed separation of ter-
restrial heat and helium loss. The mechanism of
heat loss within the models is across a uniform
temperature boundary layer at the surface, while
the helium loss is by degassing at localized ridge
analogues. The immediate effect of these different
extraction processes illustrates that decoupling of
the heat and helium flux does occur on a timescale
that results in significant constructive or destruc-
tive interference of the He fluxes. Nevertheless,
the resulting variance of the heat/He, modulated
by a 20 Myr running average, only very occasion-
ally drops as low as the present observed value
(Fig. 4). Although this is a tentative explanation
for the heat-helium imbalance, we do not consid-
er this likely on statistical grounds. It is important
to recognize that the frequency and length of the
excursions is dependent on a number of model
assumptions, which include the length of the run-
ning average employed, the model time step and
the spatial distribution of the degassing zones. A
much more detailed investigation of the influence
of these discrete quantities would be necessary if
one wishes to assume that we are currently in one
of these large excursions from the mean. This
would also require that the mantle approaches
the model He concentrations, which are approx-
imately four times higher than current estimates
for the MORB source. Average degassing flux
over 4 Byr would then have to be four times high-
er than present-day, with a possible maximum
amplitude of up to eight times present-day. The
residence time of He in both the oceans and at-
mosphere is small compared to the time resolu-
tion of the model and any record of higher de-
gassing rates in these reservoirs may simply have
been lost. Determination of the mantle noble gas
concentration independent of the 3He flux is not
currently available, but would provide a critical
test for any extreme deviation from mean behav-
ior.

The Earth has cooled with time [21,23], demon-
strating that heat is being lost faster than it is
being produced within the Earth. In the case of
“He, the present-day amount produced in the
mantle is 830 Mmol/yr. This contrasts with the

present-day flux of 102-185 Mmol/yr and suggests
that unlike heat, helium is produced within the
mantle faster than it can escape, and is therefore
increasing in concentration. The models of whole
mantle convection presented are also increasing in
“He concentration, losing on average only 660
Mmol/yr, compared to the 4 Byr average produc-
tion in the BSE mantle of 1470 Mmol/yr. This
result demonstrates that these models do not
reach a steady state with respect to helium pro-
duction and loss within the 4 Byr run time.

An underlying dynamical assumption is that we
use models with secular cooling that evolve to a
present-day state with similar heat flow and plate
velocities as the Earth. It is not clear how the
convective vigor of the Earth has changed during
its evolution. However, an important upper limit
to the Earth’s convective vigor as measured by
degassing is that 50% of the radiogenic Ar is
now in the atmosphere. All our models satisfy
this constraint. The rheological law that we em-
ploy is less dependent on temperature than that of
typical mantle silicates and we therefore expect to
underpredict the sensitivity of dynamics to
changes in global temperature. To test how this
influences our results we have studied the evolu-
tion of models for a range of Rayleigh numbers
and numbers of degassing zones. Increasing either
parameter increases the convective vigor. As
shown in the summary diagram (Fig. 5) the prin-
cipal observations hold for the range of parame-
ters that we investigated.

Our model approach does not take into consid-
eration the extraction of radioelements into the
crust. This model simplification results in higher
internal heating within the shallow regions of the
mantle than in the radioelement-depleted MORB-
source mantle. However, previous models show
that uniform radioelement concentration plays
only a minor role in determining convective vigor
[9]. It should be noted that if much of the K in the
mantle is extracted by early crust formation (e.g.,
[27]) then the amount of “°’Ar degassed over time
from the mantle may be less than the 50% tar-
geted by our model runs.

The main conclusion we draw is that the heat—
helium imbalance cannot be solved by differential
near-surface extraction of heat and He in the con-
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text of a whole mantle convective regime. In this
respect we have to consider what type of process
or system can be responsible for this. A boundary
that allows diffusive loss of heat while retaining
He provides a potential solution [1] and has the
added attraction of providing a region of the
mantle into which the missing radioelements can
be stored. It also provides a long-lived geochem-
ical reservoir capable of producing the time-
evolved radiogenic isotopes found in OIB systems
[45]. The shape and size of such a reservoir, as
well as the mechanisms of creation and preserva-
tion, are part of an ongoing and as yet unresolved
debate. Although such a boundary layer has been
assumed in the past to exist at the 670 km dis-
continuity, high resolution seismic tomography
quite clearly shows significant mass transfer
across this boundary both in the form of slabs
and in that of plumes [6,7]. Furthermore, the ef-
fects of phase changes and a high viscosity lower
mantle alone are clearly not enough to prevent
mixing across the whole mantle system [8,9].

Alternative boundaries include the ‘hot abyssal
layer’ model of [46] which is a variation on the
classical layered model where the interface has
been pushed deeper into the lower mantle. It
shares with it some of the strengths and weak-
nesses. Unresolved problems with this model in-
clude the potential overheating and blanketing of
the core due to the high concentration of radio-
nuclides [47]. A fundamental assumption is that
the interface is irregular and ill-defined, such that
it can escape seismological detection. Some dy-
namical examples of the feasibility of high ampli-
tude topography have been provided by [46], but
these were in models with relatively low convec-
tive vigor. At vigor approaching that of the
present-day Earth it is predicted that the interface
becomes mostly smooth and sharp and should be
visible by traditional techniques [48].

The ‘blob’ model of [49] avoids these problems
of overheating and seismological detection by as-
suming that the compositional heterogeneity is
preserved in isolated blobs that due to their high
viscosity escape mixing with the rest of the man-
tle. The high surface to volume ratio of the blobs
compared to a layer keeps the blobs relatively
cool. However, a dynamic mechanism that keeps

the blobs separated and suspended in the mantle
has not yet been fully demonstrated.

A third model introduces chemical heterogene-
ity by plate tectonic recycling of oceanic crust and
harzburgitic mantle [50]. In this model it is as-
sumed that the crust and harzburgite form an
enriched layer at the base of the mantle. Although
the model seems to satisfy a number of con-
straints from isotope geochemistry, it is not clear
that it can be the reservoir for the missing BSE
radionuclides. The volume of the proposed reser-
voir is quite small and the required high U, Th, K
concentrations would readily overheat this layer.
Nevertheless, this model is attractive because it
creates and preserves heterogeneity through
known physical mechanisms and could well be a
partial answer to the problem of the missing heat
and helium in the Earth’s mantle.

In order to make further progress in this matter
it is essential to address the mass and heat bal-
ance, in addition to investigating the dynamical
feasibility of proposed mechanisms. A study
such as that presented here provides such a crucial
test. In future studies we expect to be able to
address dynamical issues with fewer assumptions,
such as the incorporation of plate tectonics simu-
lation with more realistic mantle rheology [51] or
the use of 3D spherical geometry [52], both of
which stretch the current computational tech-
niques and resources. Nevertheless, we expect
that the 2D cylindrical approximation will remain
a useful tool, particularly for indicators that are
in proportion to the modeled mantle volume, such
as the percentage of degassing, ratio of heat and
helium loss or isotopic ratios. Unless it can be
demonstrated that the 3D geometry is essential
for a certain proposed mechanism we would pre-
dict that the first order observables of mantle het-
erogeneity should be reproducible even in a sim-
plified 2D model.

We are left with the conclusion that the geo-
chemical constraints still demand a boundary
layer or other form of mantle segregation, provid-
ing a radioelement-rich domain that releases heat
in preference to helium. While most workers also
assume that the primitive *He is also within this
deep reservoir, other sources cannot at this stage
be completely discounted [53]. The challenge re-
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mains to identify the mechanism by which such a
deep geochemical reservoir is preserved and has
evolved, to incorporate this within numerical sim-
ulations of mantle dynamics, and reproduce first
order observations of *He/*He, radioelement dis-
tribution and heat/*He.

6. Summary

Heat and He extraction in dynamical models
show that there is a large degree of variance
from the average heat/He due to the differential
extraction of heat and He from the mantle sys-
tem. Excursions from the model average value to
the value observed in the Earth may be possible
but would require a mantle with a noble gas con-
centration far higher than current estimates. The
heat/He imbalance is a robust observation.
Coupled with the requirement for a mantle do-
main with a high radioelement concentration to
complement the depleted MORB-source mantle,
there remains a convincing argument for a deep
boundary layer in the mantle system.
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