
Heterogeneous heat production in the Earth’s upper mantle:
blob melting and MORB composition

I. Vlaste¤lic a;b;�, H. Bougault a, L. Dosso c

a IFREMER, B.P. 70, 29280 Plouzane¤, France
b Max-Planck-Institut fu«r Chemie, Postfach 3060, 55020 Mainz, Germany

c UMR 6538, IFREMER, B.P. 70, 29280 Plouzane¤, France

Received 10 August 2001; received in revised form 5 February 2002; accepted 14 February 2002

Abstract

The existence of heat-producing elements (U, Th, K) and their highly heterogeneous distribution in the Earth’s
mantle suggests a link between thermal and chemical properties of the mantle. Previous studies have shown that this
chemical^thermal relationship has a strong influence on the mantle convection pattern and structure. Here, we
investigate the influence of this relationship on mantle melting and chemical variations in mid-ocean ridge basalts
(MORB). We use a model of convection in which mantle heterogeneities are considered as enriched blobs (enrichment
factor of V1.8 relative to the bulk silicate Earth) within a convecting depleted medium.
Our results explain the first-order chemical variations in MORB in terms of coupled compositional^thermal variations
in the underlying mantle source. A consequence is that enriched MORB are formed by larger partial melting extent
than depleted MORB. We show that: (1) excess temperatures of up to 100‡C are produced in the centers of large (300
km radius) and enriched blobs, and these lead to a 10% increase in the degree of melting. Such large blobs could
produce long-wavelength chemical anomalies in MORB whose amplitude, however, is attenuated by extensive
melting. Small blobs (radius 6 100 km), in which only minor temperature excesses (vT6 10‡C) develop, may be the
cause of high-amplitude chemical spikes along spreading ridges. (2) The maximum temperature gradient within blobs
is lower than the solidus slope, which causes the blob to melt progressively from top to bottom. (3) Source enrichment
and the degree of melting are positively correlated but the two parameters have competing effects on MORB
composition. Normally the source effect is more important than the melting effect. (4) Melting of homogeneous blobs
results in a U-shaped chemical anomaly in MORB, the less enriched liquids corresponding to the maximum thermal
anomaly. Blobs containing a chemical gradient, with the more depleted composition towards the periphery, may result
from entrainment of surrounding depleted mantle. Such blobs, which are thermally more stable, could produce the
hump-shaped chemical anomalies commonly observed along mid-ocean ridges. ß 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The slow radioactive decay of uranium, tho-
rium and potassium provides a major, continuous
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source of heat within the Earth. The distribution
in the mantle of these heat-producing elements
has been used to constrain the thermal [1^6] and
degassing [7] history of the Earth, and the geom-
etry of mantle convection [8]. These elements have
another important property whose consequences
have, surprisingly, received less attention. They
are highly incompatible (they have a strong a⁄n-
ity for liquids) and this causes them to be concen-
trated in magmas and depleted in the residues of
melting. Their concentrations in the mantle prob-
ably are highly variable and this variation may
contribute to mantle convection [9]. Recent ther-
mo-chemical models [10^12] have taken into ac-
count the in£uence on convection patterns of a
highly variable distribution of the heat-producing
elements, and the movement of these heat sources,
providing a more realistic view of mantle dynam-
ics and evolution. These models suggest that
chemical heterogeneity can be preserved for geo-
logically long times even during whole-mantle
convection. It has also been shown [13] that

melt extraction can generate considerable hetero-
geneity in the distribution of these elements. A
fundamental issue emphasized by Ogawa [13] is
that coupling between magmatism and convection
should strongly in£uence the thermal and chem-
ical structure of the mantle.

This paper focuses on melting of a mantle with
highly variable distribution of the heat-producing
elements. It is based on the observation that these
elements are highly incompatible [14^17] and, as a
consequence, display the largest variations of con-
centration in mid-ocean ridge basalts (MORB)
(Fig. 1). As illustrated by the selected values given
in Table 1, these concentrations vary by at least a
factor of 10. Since MORB are probably produced
by relatively large degrees of melting (s 8%)
[18^21], large variations in the concentrations of
heat-producing elements are also expected in the
underlying mantle source. This heterogeneity
should have a strong in£uence on mantle temper-
atures and hence on the degrees of melting: do-
mains enriched in heat-producing elements are ex-
pected to be hotter, and they will intersect the
solidus at greater depth and melt more than de-
pleted domains. Therefore, the extent of mantle
enrichment and of partial melting should be pos-
itively correlated. On the other hand, the two pro-
cesses should have opposing e¡ects on MORB
compositions. By linking mantle temperatures to
the concentrations of heat-producing elements, we
should be able to evaluate the relative importance
of these competing e¡ects on MORB composi-
tions.

Heat-producing elements should also play a sig-
ni¢cant role in determining the temperatures of
mantle plumes, which should be strongly enriched
in highly incompatible elements. Indeed, it has
been suggested that high concentrations of heat-
producing elements could result in a more rapid
growth of plumes [10]. The present study, how-
ever, is restricted to the MORB source because of
the complexity of the melting that generates ocean
island basalts. The simple assumptions used in
this study (a constant ¢nal depth of melting or
no lithosphere contamination) are valid, at ¢rst
approximation, for MORB generation but clearly
do not hold for the generation of ocean island
basalts. In contrast with previous studies, this pa-

Fig. 1. Extended rare earth element plot. Rare earth elements
(REE) provide the main sequence of incompatibility to which
heat-producing elements (HPE) are compared. Since heat-
producing elements variations in MORB are larger than
those shown by the lightest rare earth elements (La and Ce),
heat-producing elements plot at the left end of the sequence
indicating that they belong to the most incompatible ele-
ments. The enriched and depleted patterns are from the Mid-
Atlantic Ridge at 14‡N (sample 22D43lv) and the Paci¢c-
Antarctic Ridge at 64‡S (sample CV04v), respectively ([47^
49]; and unpublished data). All concentrations are normal-
ized to primitive mantle values given in [29].
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per considers both enriched and depleted MORB.
Enriched MORB are explained by the presence of
enriched domains in the upper mantle ; the origin
of these domains and their relationship with near-
ridge hotspots is not the object of this paper.

The relationship between composition and tem-
perature is not straightforward because the tem-
perature of a mantle domain depends not only on
the concentration of heat-producing elements, but
also on the size of the domain, its geometry, and
the mode of heat loss. In this study, we model
mantle domains as blobs. This is both realistic
and convenient; realistic because blobs may per-
sist for billions of years in the convective mantle
[22,23], convenient because di¡usive heat transfer
can be simply treated. We use the blob model of
convection as proposed by Becker et al. [24] : the
blobs are treated as non-deformable domains with
steady-state heat di¡usion and their time evolu-
tion is ignored. We show that these assumptions
are reasonable and develop the blob model to
investigate the consequences of variable concen-
trations of heat-producing elements in the upper
mantle. We focus in particular on the consequen-
ces of blob melting on MORB compositions, and
suggest that the ¢rst-order chemical variations

along ridge axes result from coupled composition-
al^thermal variations in the underlying mantle
source.

2. Blob model of convection

Terrestrial convection models must satisfy both
the geophysical constraints that require whole-
mantle convection and the geochemical require-
ment for a reservoir isolated for a long time
from the convecting mantle. In one solution
[25], convecting cells of undepleted mantle are
separated by intervening zones of depleted mate-
rial. As an alternative to purely convective mod-
els, Becker et al. [24] suggested that large (500^
800 km radius) primitive conductive blobs can
survive in convecting depleted lower mantle, pro-
vided that they reside far from each other in the
cores of the convective cells. This model is sup-
ported by the calculations indicating that high-
viscosity blobs can survive for geologically long
times in a convective medium without being ab-
sorbed [23]. The mixing e⁄ciency is proportional
to (1+V)32 (with V=Rblob/Rmantle where R is the
viscosity) [23,26], suggesting that these blobs

Table 1
Concentrations of heat-producing elements in MORB and Earth reservoirs

U Th K H H/HBSE Ref.
(ppm) (ppm) (ppm) (pW/kg)

MORB
Depleteda 0.03 0.06 400 [50]
Transitionalb 0.13 0.40 1600 [50]
Enrichedc 0.55 2.00 5800 [50]
Mantle reservoirs
Bulk silicate Earth 0.0203 0.0795 240 4.9 1 [29]
Depleted mantle 0.0030 0.0060 40 0.6 0.12 [28]
Enriched mantled 0.0393 0.1430 414 9 1.8 This study
Bulk Earth 0.0144 0.0513 171 3.4 0.68 [30]

Concentrations in MORB. Compositions were selected from the Petrological Database of the Ocean Floor [50] in order to avoid
both magma chamber crystallization and surface alteration e¡ects. This has been done by considering only fresh glasses with
MgO s 8%.
a Average composition of most depleted MORB is used.
b Composition commonly observed along chemical gradients.
c Enriched MORB compositions were selected in order to be representative of ridge sections whose physical characteristics (such
as bathymetry) suggest that they overlie hot mantle domains.
d Values for enriched mantle are calculated assuming: (1) an enriched reservoir ¢lling 30% of the mantle [32]. This imposes
HEM = 9 pW/kg (see text); (2) Th/U = 3.636 and K/U = 10545 (enriched MORB values).
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may remain unmixed for a time larger than pre-
dicted in earlier models. A condition for the per-
sistence of blobs is that their intrinsic viscosity
counterbalances the viscosity decrease resulting
from the excess temperature.

In the absence of a large density contrast at the
670-km discontinuity, highly viscous material
from the lower mantle can ascend into the upper
mantle. The viscosity of the surrounding mantle
has opposing e¡ects on the blobs. If the blobs are

highly viscous, a decrease in the viscosity of the
surrounding mantle: (1) increases V and decreases
the mixing e⁄ciency; (2) increases the stirring ef-
¢ciency and reduces the size of the blobs. How-
ever, if the commonly observed variations in
chemical compositions along ridges [17] are due
to the presence of blobs, it is evident that the
blobs must survive the mixing process and must
be sampled during the formation of MORB. If
Becker et al. [24] are correct when they argue

Fig. 2. Enriched passive (purely conductive) blobs in a depleted convective medium. (a) Conductive blobs should not be too close
to each other to allow heat to be transported mainly by convection. Due to the high concentration of heat-producing elements,
the blobs develop an excess of temperature relative to the depleted medium. The boundary condition is that the outer surface of
the blob is kept at the temperature of the depleted medium (TDM). xQ and d are along-axis and depth coordinates of the blob, re-
spectively. Within blob, Polar (x) and Cartesian (xP,yP) coordinates systems are used. (b) Di¡erent distribution patterns of heat-
producing elements in the blob are considered. r is the radius of the blob, x the distance to the center. Dashed line is for homo-
geneous blob. Plain line is for blob with chemical gradient (values denoted n are relative to Eq. 5). U, Th, K concentrations and
derived heat production decrease from the center towards the periphery (superscripts EM and DM are for enriched and depleted
material respectively). From heat generation values corrected for the loss of neutrino energy by L

3 emitters [27], the relationship
between heat production (H in pW/kg) and heat-producing elements concentrations (in ppm) writes: H = (98.1 U+26.38
Th+0.00345 K)U10312.
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that blobs are under-represented in the mantle
beneath the ridges because of their intrinsically
high density, another factor must counterbalance
their high density.

As a framework for our model, we consider
enriched conductive blobs included within a de-
pleted convective medium beneath a spreading
system (Fig. 2a). A boundary condition when
solving heat-di¡usion equations requires that the
outer surface of the sphere be kept at the temper-
ature of the medium (TDM). This assumption has
been shown to be valid as long as the time scale of
convection remains signi¢cantly shorter than that
of conduction [24], a condition that is ful¢lled in
the lower mantle [24]. The thermal Peclet number,
Pet, which measures the relative importance of
convective to conductive heat transport, is de¢ned
as:

Pet ¼
u0r
U

ð1Þ

where u0 is the convective medium velocity, U is
the thermal di¡usivity, and r is the sphere radius.
Using the characteristics of the upper mantle (Ta-
ble 2) and a radius of 35^350 km, we get
509Pet 9 500, indicating that for this range of
radii, the heat is transported mainly by convec-
tion. This validates the blob model for the upper
mantle. However, as pointed out by Becker et al.
[24], when heat is transported mainly by convec-
tion, the blobs must not be too close together.
These authors proposed that the minimum half-
distance between blobs is given by the character-
istic di¡usion length (L) which is de¢ned by:

LvrðPetÞ31=3 ð2Þ

The upper mantle parameters impose 109L9 44
km for 359 r9 350 km.

3. Heat production values

The heat production rates of mantle reservoirs
decrease continuously through time (by a factor
V2 during the last 2.5 Ga [27]) and depend on
the initial contents of heat-producing elements.
For convenience, we use here present-day esti-
mates (see values given in Table 1) but note that
rates were higher in the past. The present-day
concentrations of heat-producing elements esti-
mated in the depleted portion of the mantle [28]
yield a heat production (HDM) of 0.6 pW/kg. Heat
production in the enriched reservoir (HEM) is
poorly known but can be estimated using indirect
methods. From values estimated for bulk silicate
Earth [29], the heat production of primitive man-
tle is 20.5 TW. Note that an identical value is
obtained from an estimate for the entire Earth
[30] if there are no heat-producing elements in
the core. If the crustal contribution is 6.9 TW
[31], a heat production of 13.6 TW is derived
for the present-day di¡erentiated mantle. Since
the heat production of the whole mantle and
HDM are known, HEM depends on the proportion
of the mantle that is enriched. Using the mini-
mum half-distance between blobs imposed by
Pet, Becker et al. [24] showed that blobs (what-
ever their composition) have to ¢ll 30^65% of

Table 2
Physical parameters of the upper mantle used in this study

Parameters Value Ref.

Heat capacity Cp = 1260 J kg31 K31 [53], p. 459
Thermal conductivity k = 4.9 W m31 K31 [53], p. 459
Mean density b= 3516 kg m33 [53], p. 455
Acceleration of gravity g = 10 m s32 [53], p. 455
Characteristic velocity of convection u0 = 5 cm yr31 [37], pp. 285^286
Blob radius 359 r9 350 km
Derived values
Thermal di¡usivity U= 1.11U1036 m2 s31 k/(Cpb)
Thermal Peclet number 509Pet 9 500 Eq. 1
Characteristic half-distance between blobs 109L9 44 km Eq. 2
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the mantle. This range depends little on blob size.
If enriched blobs ¢ll 65% of the mantle (a volume
equivalent to the lower mantle), we ¢nd HEM = 4.4
pW/kg. If enriched blobs ¢ll 30% of the mantle (a
volume equivalent to that of the mantle between
1600 km and the core^mantle boundary [32]),
then HEM = 9 pW/kg. Based on the arguments dis-
cussed by Kellog et al. [32] and the evidence that
enriched MORB (see Table 1) are derived from a
mantle reservoir enriched relative to bulk silicate
Earth, we will use the high value of HEM. Note
however that these estimates are bulk values rel-
ative to two main mantle reservoirs and do not
exclude the existence of domains with heat pro-
ductions out of this range. For example, recycling
of oceanic [33] and continental [34] crust into the
mantle will introduce material rich in heat-pro-
ducing elements.

4. Distribution of temperature

Galer and O’Nions [35] suggested that the
upper mantle is in chemical steady-state. This
means that the di¡erentiation that generates
chemical heterogeneities is counterbalanced by
convection which stirs and mixes the mantle
domains [36]. Gurnis [22] estimated that the decay
time of blobs is on the order of billions of years,
a result consistent with isotopic data. The steady-
state assumption regarding heat di¡usion within
blobs requires that the time scale of heat di¡u-
sion is shorter than the time scale of blob decay
and the decrease in heat production. This as-
sumption was shown to be reasonable by Becker
et al. [24]. Using the full solution of the heat dif-
fusion equation for an internally heated sphere,
they estimated that 0.7vTmax and 0.93vTmax are
reached after 1 and 2 Ga, respectively. The as-
sumption of steady-state heat di¡usion leads to
an estimate of the temperature excess within the
blobs which is greater than that predicted using a
time-dependent equation. To take into account
the decrease in the rate of heat production
through time has the opposite e¡ect. Further
work is neededto evaluate the relative importance
of these e¡ects.

The steady-state distribution of temperature

within an internally heated sphere is governed
by the Fourier’s law [37]:

k
d2T
dx2 þ

2
x

dT
dx

� �
þ bH ¼ 0 ð3Þ

where H is the heat production per unit weight, b
the density, k the thermal conductivity, and x the
distance to the center of the sphere. The distribu-
tion of temperature in an enriched sphere of ra-
dius (r) with a uniform rate of internal heat pro-
duction (HEM) is [37]:

Tblob
x ¼ TDM þ bHEM

6k
ðr23x2Þ ð4Þ

where TDM is the temperature of the depleted me-
dium. The temperature is at a maximum at the
center of the sphere and decreases towards the
surface. The temperature gradient jdT/dxj in-
creases linearly towards the surface and is greatest
at the periphery; this suggests that, in the case of
departure from the purely conductive regime, con-
vection and mixing will occur preferentially within
the outer shell of the sphere. The e¡ect will be
greatest in large spheres (rs 200 km) for which
the critical Raleigh number (RaC of O(103)) may
be reached, allowing the spheres to convect inter-
nally. Spheres with a chemical gradient from an
enriched center to a depleted periphery could
form from homogeneous spheres whose external
shells have mixed through time with the surround-
ing depleted material. In the absence of con-
straints on compositional variations within the
blobs, we use the following general equation to
express the distribution of heat production along
a radial axis :

Hblob
x ¼ ðHDM3HEMÞ xn

r

� �
þHEM ð5Þ

where HEM and HDM are the heat production
rates of the enriched and depleted materials, re-
spectively. Values of n ranging from 0.1 to 10
produce a su⁄ciently wide range of distribution
patterns (Fig. 2b). Substituting Eq. 5 in Eq. 3, and
twice integrating with constants of integration sat-
isfying the boundary conditions, we obtain:
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Tblob
x ¼ TDM þ b ðHDM3HEMÞðrnþ23xnþ2Þ

ðnþ 2Þðnþ 3Þkrn

þbHEM

6k
ðr23x2Þ ð6Þ

The temperature is that at which the solidus
is intersected. In Eqs. 4 and 6 we impose
TDM = 1224‡C, a temperature appropriate for the
formation of depleted MORB. This is the temper-
ature required for depleted mantle to undergo
10% of melting when it ascends to the surface
(see later, Eq. 9). In Fig. 3a, temperature excess
in the center of the blob, relative to the surround-
ing mantle, is plotted versus blob radius for di¡er-
ent distributions of heat-producing elements
(n = 0.1^10), HDM = 0.6 pW/kg, and HEM = 9
pW/kg (W15U HDM or 1.8U HBSE). Only large
blobs develop signi¢cant temperature excesses and
only these will be considered further. Temperature
distributions and derived temperature gradients
are illustrated in Fig. 3b,c for a radius of 300
km. The gradient MdT/dxM is the highest for the
homogeneous blob and decreases with n. The
maximal thermal stability is theoretically reached
when MdT/dxM is both minimal and constant along
the radial axis. Based on Eq. 3, this condition
requires Hblob

x = f(1/x) ; it can never be reached in
reality because it requires an in¢nite concentra-
tion of heat-producing elements in the center of
the blob. Nevertheless, blobs could be considered
as passive and stable as long as Ra6Rac.

5. Blob melting

Before calculating the range of composition of
liquids produced by blob melting, it is necessary
to evaluate the in£uence of internal heat produc-
tion in the blobs on the melting process.

5.1. Melting of a thermally heterogeneous blob

Melting occurs when the adiabat crosses the
mantle solidus. During the upward migration of
a blob beneath a spreading ridge, the di¡erent
shells that make up the blob melt at di¡erent
depths, as a function of their temperature. In a
small blob, temperature di¡erences are small ; the
center and periphery follow very similar adiabat
paths and cross the solidus at similar depths. For
a large blob, the center is much hotter than the
periphery and it crosses the solidus at a greater
depth. The e¡ect increases as the rate of heat

Fig. 3. Thermal distribution into the blob. (a) Temperature
excess in the center of blob as a function of blob radius.
Temperature is obtained from Eqs. 4 and 6 setting x = 0. (b)
Distribution of temperature within blob. Temperature is ob-
tained from Eqs. 4 and 6 setting r = 300 km. (c) Derived dis-
tribution of temperature gradient. (a^c) Dashed line for ho-
mogeneous blob with HEM = 9 pW/kg. For blob with
chemical gradient (plain line), n values refer to the distribu-
tion of heat-producing elements within blob (see Eq. 5 and
Fig. 2b), HDM = 0.6 pW/kg and HEM = 9 pW/kg.
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production increases. The center of a large blob
may even melt before the external part, resulting
in a very unstable situation that leaves the blob
highly deformed.

As illustrated in Fig. 4, progressive melting of
the blob ^ e.g. from top to bottom ^ requires that
the maximum temperature gradient in the blob is
less than the solidus slope. This maximal gradient
occurs where radial and adiabatic gradients in the
blob are superimposed. This is the case along a
vertical line linking the top and the center of the
blob. Therefore, progressive melting requires:

dT
dx

���� ����blob

þ dT
dz

���� ����adiabat

6
dT
dz

���� ����solidus

ð7Þ

This condition is examined in the case of homo-
geneous blobs, which produce the highest temper-
ature gradients (Fig. 3c). Taking 0.6‡C/km for the
adiabatic gradient and 4.23‡C/km for the solidus
slope [38,39], this condition is ful¢lled for
HEM 6 40 pW/kg and x6 350 km (Fig. 5), indi-
cating that blob melting is progressive in all rea-
sonable cases.

5.2. Heat production and melting path

The heat required for melting (the heat of fu-
sion, Hf ) must be provided from within the blob
itself, which is isolated from its surroundings.
This results in a temperature drop and explains
why the melting path has a steeper P^T slope than
the solid adiabat (see Fig. 4). Hf , the amount of
energy required for 100% melting, is about 5.105

J/kg [39]. This value should be compared to the
radioactive heat produced during melting. In our

Fig. 5. Maximal gradient of temperature (MdT/dxMblob+MdT/
dzMadiabat) for a homogeneous blob plotted versus distance to
blob center (x). The maximal gradient occurs where the blob
radial gradient has the same direction as the adiabat gra-
dient, in which case they superimpose totally. This happens
between the top and the center of the blob. (dT/
dx)blob = (bHEM/3k)x from Eq. 4, (dT/dz)adiabat = 0.6‡C/km
from [38], (dT/dz)solidus = [(dT/dP)/(dz/dP)]solidus = 4.23‡C/km
where (dT/dP) = 12.7‡C/kb from Eq. 8 and (dz/dP) = 3 km/kb
from mantle density (see Table 2). For HEM 6 40 pW/kg and
x6 350 km, jdT/dxjblob+jdT/dzjadiabat 6 jdT/dzjsolidus indicat-
ing that melting of the blob is progressive.

Fig. 4. Schematic depth (z) vs. temperature (T) diagram.
Sub-solidus and melting paths are shown for the center
(dashed lines) and the surface (plain lines) of a blob. When
the surface of the blob crosses the solidus it has the (z,T)
characteristics illustrated by point S. At the same time, the
center of the blob is located deeper in the mantle. If the
blob were not enriched in heat-producing elements, its center
would lie on the same adiabat path as the surface (point
C0). Considering the adiabatic gradient (V0.6‡C/km) [38], it
would be only slightly hotter and would not melt since the
adiabatic gradient is smaller than the solidus slope
(V4.23‡C/km) [39]. The e¡ect of heat-producing elements is
to increase the temperature in the center of the blob (the sur-
face temperature remaining constant), and to move C0 to-
wards C1 (illustrated by the arrow). If the content in heat-
producing elements is high enough, the center of the blob
could melt at the same time as its surface (C1) or even be-
fore (C2) if the content in heat-producing elements exceeds a
threshold value.
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calculations, we will consider material with the
composition of bulk silicate Earth [29] (with a
heat production rate of 4.9 pW/kg), that crosses
the solidus at a depth of 30 km and ascends at
5 cm/yr. This material needs 0.6 Ma to ascend
from the solidus depth to the surface and during
this time it produces 95 J/kg. During the melting,
the heat contribution from the solid decreases
while that from the liquid increases, but the global
heat production of the ascending parcel of mantle
is conserved. This value represents VHf /5000 and
can account for only about 0.02% of melting. It is
negligible compared to the extent of melting that
the material undergoes because of pressure release
(V12% in our example). We can conclude, there-
fore, that heat production does not control the
melting path and that enriched and depleted ma-
terials undergo similar amounts of melting per
unit of pressure release.

6. Liquid compositions

The temperature of melting of mantle material
(TS in ‡C) is linked to the pressure at which the
solidus is intersected (PS in kb) by the equation
[39] :

TS ¼ 1118þ 12:7PS ð8Þ

Mantle temperature can also be expressed as a
function of the extent of melting if it is assumed
that variation in the degree of melting results
wholly from di¡erences in the pressures at the
solidus. Although surface cooling slightly in£uen-
ces the ¢nal pressure of melting along mid-ocean
ridges [40], the length of the melting column is
dominantly controlled by the variations of mantle
temperature. Since the temperature at the solidus
directly controls the extent of melting (F), Eq. 8
can be rewritten:

TS ¼ 1118þ KF ð9Þ

with

K ¼ dT
dP

� �
dF
dP

� ��

where (dT/dP) is the solidus slope and (dF/dP) the
amount of liquid produced per unit of pressure
release. This last parameter is important in de¢n-
ing the melting path. It depends on heat capacity
(Cp) and heat of fusion (Hf ) [39] but, as previ-
ously shown, does not vary signi¢cantly with in-
ternal heat production. Taking dF/dP = 0.012 melt
fraction/kb [18,39], we obtain K= 1058.3‡C/melt
fraction.

Because U, Th and K are among to the most
incompatible elements, they mainly stay in the
liquid during low-pressure crystal fractionation.
Liquid and source concentrations can be simply
and reliably linked using melting equations. De-
spite its simplicity, the standard batch melting
equation [41] (Eq. 10) has been shown to be ad-
equate to model the melting process [42^44] and is
used here.

½i�l ¼
½i�s

ðDi þ Fð13DiÞÞ
ð10Þ

where [i]l is the concentration of element i in the
liquid, [i]s its concentration in the source, Di the
bulk mineral-melt partition coe⁄cient. The com-
positions of liquids produced by melting in large
(r = 300 km) internally heated blobs are shown in
Fig. 6. The distribution of heat-producing ele-
ments in the liquid is similar to that of the source
(Fig. 2b) if n6 1 because the temperature excess
remains small and the pattern of mantle hetero-
geneity is unaltered by near-uniform melting.
When ns 1, the liquid distribution is modi¢ed
because large temperature excesses develop. These
e¡ects decrease with decreasing blob size and val-
ues of HEM (not shown).

7. Source versus melting e¡ects

It is generally considered that both source com-
position and melting processes control MORB
chemical variations. Although source and melting
e¡ects are normally considered to be unrelated,
the mere existence of heat-producing elements
demonstrates that this cannot be true. Moreover,
the geochemical behavior of these elements, which
are among the most incompatible, indicates that
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the degree of mantle enrichment and the extent of
partial melting should be positively correlated. On
the other hand, the two parameters have compet-
ing e¡ects on MORB compositions. This is be-
cause mantle enrichment increases concentrations
in MORB whereas a greater extent of melting has
the opposite e¡ect. The blob model o¡ers the op-
portunity to evaluate the relative contributions of
the two parameters. This is done by calculating
the composition of liquids produced by melting in
blobs of variable size and concentrations of U,
Th and K. The competition between source com-
position and the extent of melting is extreme at
the center of homogeneous blobs because this is
where the greatest temperature excesses are pro-
duced (Fig. 3a,b) and where the highest deple-
tion occurs during the melting event. In Fig. 7,
the U contents in liquids derived from melting
in blob centers are plotted against blob enrich-

ment. For small blobs (r6 100 km), the extent
of melting does not vary much in response to
source enrichment and a close-to-linear relation-
ship exists between source and liquid composi-
tions. For larger blobs, the extent of melting in-
creases with source enrichment and the blob
radius; liquid compositions are depleted relative
to the linear law. It is important to note that, in
all cases, source and liquid concentrations are
positively correlated. Even in less favorable cases,
for blobs with the biggest radii, U concentrations
in the liquids increase slightly with source enrich-
ment despite a drastic increase in the extent of
melting. Considering now the outermost shell of
the blob, its temperature and extent of melting are
insensitive to blob composition and identical to
that of the depleted medium. Therefore, the
more enriched the blob, the more enriched the
liquids produced by melting in the outermost
shell. In summary, despite the complications
that arise from melting processes, liquid composi-
tions re£ect source compositions.

Fig. 7. U content in liquids produced by melting the center
of homogeneous blob plotted versus enrichment in U. Heat
production is inferred from U concentration using Th/
U = 3.92 and K/U = 11823 (bulk silicate Earth values [29]),
and temperature from Eq. 4 settings x = 0 and TDM = 1224‡C
(temperature at which the depleted mantle crosses the solidus
in order to undergo 10% of melting, from Eq. 9). Extent of
melting is derived from temperature using Eq. 9, and is com-
bined with the batch melting equation (Eq. 10) to infer liquid
concentrations. The solid^liquid partition coe⁄cient used is
DU = 0.0026 [15].

Fig. 6. Concentration of U in liquids produced by partial
melting of blob. Di¡erent types of heat-producing elements
distribution in blobs are considered (see Fig. 2b). Dashed
line for homogeneous blob with UEM = 0.0393 ppm and
HEM = 9 pW/kg. For blob with chemical gradient (plain
lines), U concentration and heat production decrease from
0.0393 ppm/9 pW/kg in the center to 0.003 ppm/0.6 pW/kg
at the surface. The temperature distribution (shown in Fig.
3b) is inferred from Eqs. 4 and 6 setting TDM = 1224‡C (tem-
perature at which the depleted mantle crosses the solidus in
order to undergo 10% of melting, from Eq. 9). The extent of
melting is derived from the temperature using Eq. 9, and is
combined with the batch melting equation (Eq. 10) to infer
liquid concentrations. The solid^liquid partition coe⁄cient
used is DU = 0.0026 [15]. A radius of 300 km is considered
and the concentrations are reported along the blob radial
axis.
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8. Along-axis thermal and chemical variations

Blobs trapped in upwelling mantle could be the
cause of thermal and chemical anomalies along
mid-ocean ridges. The ‘digestion’ of such blobs
at a spreading center is a complex process that
involves di¡erent physical laws to describe their
progressive deformation and destruction. To
model the process would require extensive calcu-
lations. In this section we conduct a preliminary
analysis by considering ridge-centered, non-de-
formable ascending blobs that reach and pass
through the solidus. We estimate the along-ridge
thermal and chemical anomalies resulting from
this process.

This approach requires a Cartesian coordinate
system (xP,yP) that is de¢ned by:

x ¼ ðx02 þ y02Þ
1
2 ð11Þ

where xP= xQ3r and yP= z3d (see Fig. 2a). xQ is
the distance along the ridge axis, z is the solidus
depth and d the depth to the center of the blob
(all in meters). From mantle density (Table 2), the
solidus equation (Eq. 8) can be rewritten:

TS ¼ 1118þ 0:00423z ð12Þ

For homogeneous blobs, Eqs. 4, 11 and 12 yield a
second-degree equation which, once xQ and d are
given, is solved analytically for z. For heteroge-
neous blobs, Eqs. 6, 11 and 12 are solved using
numerical methods. From Eq. 5, the distribution
of U, Th and K in heterogeneous blobs at solidus
depth is given by:

½i�blob
S;x0 0;z ¼

ð½i�DM
S 3½i�EM

S Þ
rn Wððx003rÞ23ðz3dÞ2Þ

n
2

þ½i�EM
S ð13Þ

The composition of lava erupting at the surface is
a complicated weighted average of liquids pro-
duced at depth. Nonetheless, as mentioned above,
the standard equilibrium melting equation [41]
(Eq. 10) adequately models the melting process
[42^44] and is used here. The second problem
we have to face is that, at a given location, the
temperature and composition of material crossing
the solidus, and the composition of the liquids

that form, change continuously. Rather than esti-
mating with few constraints how the di¡erent
liquids mix in the melting column, we calculate
individual batch melts, and argue that the chem-
ical variations in MORB re£ect the instantaneous
variations of liquids produced at depth. Indeed,
although a consequence of mixing liquids in the
melting column is to bu¡er the chemical anomaly,
the overall pattern should be conserved. Along-
axis thermal and chemical anomalies formed
when large blobs (r = 300 km) cross the solidus
are shown in Fig. 8. When the center of the
blob is at a depth of 300 km, only its upper
part is in the melting zone. The resulting thermal
anomaly is small and the chemical anomaly is of
high amplitude only for homogeneous and near-
homogeneous (n = 10) blobs. As the blob ascends,
it progressively crosses the solidus and this results
in an increase in the size of the along-axis thermal
and chemical anomalies. The material reaching
the melting zone becomes hotter, causing it to
melt at deeper depth and to undergo a higher
degree of melting. The result is an increase of
the thermal anomaly (Fig. 8a), while the chemical
anomalies evolve di¡erently in response to the
combination of thermal and compositional e¡ects
(Fig. 8b). At a depth of 50 km, the center of the
residual blob is in the melting zone (half of the
blob has already undergone partial melting) and
the thermal anomaly is at a maximum. The chem-
ical anomaly displays very di¡erent patterns de-
pending on the distribution of heat-producing el-
ements in the mantle source. During the entire
process, most enriched liquids are produced at
the margins of the anomaly for homogeneous
blobs, whereas they coincide with the center of
the anomaly for blobs with signi¢cant chemical
gradient (n6 3).

9. Discussion and conclusion

The blob model indicates that the relations be-
tween melting processes and source compositions
are controlled mainly by blob size. Because small
blobs (r6 100 km) develop only minor tempera-
ture excesses, even if the mantle is extremely het-
erogeneous on a small scale, it will maintain a
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nearly uniform temperature. The presence of
small blobs may explain isolated chemical ‘spikes’
along mid-ocean ridges, but they do not in£uence
the melting process. Large (rV300 km), uni-
formly enriched blobs develop signi¢cant temper-
ature excesses (vTV100‡C). Within such blobs,
the temperature gradient increases linearly from

the center towards the margin where the material
is in contact with the convecting depleted mantle.
In the case of departure from the purely conduc-
tive regime, the outermost shell of the blob mixes
with the surrounding mantle. The resultant chemi-
cally zoned blobs develop signi¢cantly smaller
temperature excesses than the homogeneous blobs

Fig. 8. Along-axis thermal and chemical anomalies at solidus depth resulting from the upwards migration of large blob (r = 300
km). Ridge-centered, non-deformable blob is considered at di¡erent depths (d being the depth of blob center). Dashed line is for
homogeneous blob with HEM = 9 pW/kg (UEM = 0.0393 ppm). Plain line is for blob with chemical gradient with HDM = 0.6 pW/kg
(UDM = 0.003 ppm) and HEM = 9 pW/kg (UEM = 0.0393 ppm). n values refer to the distribution of heat-producing elements within
blob (see Eq. 5; and Fig. 2b). (a) Thermal anomaly. Depth of solidus intersection (z) and extent of melting (F) are also indicated.
z is obtained as explained in text and is used to calculate the temperature using Eq. 12. F is then obtained from Eq. 9. (b) Chem-
ical anomaly. Composition of liquids is obtained as explained in Fig. 6 caption. (a,b) At a depth of 300 km, only the upper part
of the blob is in the melting layer. The thermal anomaly is small for all types of blob. However, the chemical anomaly is already
of high amplitude for homogeneous or nearly homogeneous blob (n = 10). As the blob ascents, the thermal anomaly increases
but conserves the same shape, while the pattern of chemical anomaly evolves di¡erently depending on the distribution of heat-
producing elements in the melting region. At a depth of 50 km, the center of the blob is in the melting zone and the thermal
anomaly is at a maximum.
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from which they form. Temperature gradients in
zoned blobs are £atter, suggesting that they are
thermally more stable. The survival of these blobs
depends both on their thermal stability and on the
viscosity contrast (V), which is expected to de-
crease as a result of mixing.

The concentration of heat-producing elements
has been combined with the derived temperature
distribution to assess the composition of liquids
produced during blob melting. For all the types of
solid distribution that we considered, the temper-

ature increases systematically towards the center
of the blob; the distribution of heat-producing
elements in liquids is variable and integrates
both source and melting e¡ects. Melting in a ho-
mogeneous blob would produce a U-shaped pat-
tern in diagrams plotting element concentration
versus distance along the ridge because less en-
riched liquids are produced at the hot center of
the blob and more enriched liquids are produced
at the margins (Fig. 8). This type of pattern is not
observed along mid-ocean ridges (Fig. 9). In con-

Fig. 9. K concentration and 87Sr/86Sr along the North Mid-Atlantic Ridge. (a) Published K data on basaltic glasses are taken
from the Petrological Database of the Ocean Floor of the LDEO [50] and plotted along the Mid-Atlantic Ridge from 10 to
70‡N. We choose to show K distribution because of the large number of data available (compared to U and Th). Given that the
compatibilities of U and Th are similar to that of K, these elements should show similar patterns. Along the ridge, K concentra-
tions display ¢rst-order variations with di¡erent wavelengths and amplitudes. Short-wavelength anomalies of high amplitude are
observed North of the Oceanographer Fracture Zone (NOFZ) or in the vicinity of the Azores. Such signals can be explained by
melting enriched blobs that are su⁄ciently small to develop only minor temperature excess. Long-wavelength anomalies of mod-
erate amplitude are seen near 45‡N or in the vicinity of Iceland. They are attributed to the extensive melting of large and en-
riched blobs with high temperature excess in their centers. An intermediate case is observed at 14‡N. The wavelengths of the
anomalies, as well as their amplitudes, also depend on the depths of blobs beneath the spreading axis (Fig. 8). The asymmetric
nature of an anomaly (i.e. 14‡N) can be accounted for by an enriched mantle blob located o¡-axis. Thus, the observed chemical
variations may also re£ect di¡erent types of blob^ridge interaction. Composite signals are seen where spikes are superimposed to
signals of longer wavelength (43‡N, 14‡N). Such signals may re£ect a situation in which small blobs are included in larger ones,
or a more complex distribution of blobs in the mantle source. (b,c) K concentrations and 87Sr/86Sr ratios are shown along the
Mid-Atlantic Ridge from 10 to 45‡N. K and 87Sr/86Sr analyses were performed on the same samples in the same lab (CNRS-
IFREMER/Brest) ([47,51,52]; and unpublished data). K and 87Sr/86Sr display coherent ¢rst-order variations along the ridge. A
systematic increase in the 87Sr/86Sr baseline ^ de¢ned as the locus of the minima ^ is observed between 30 and 45‡N. A similar
feature, although less pronounced, is also seen in K variation. This reinforces the observation that K and 87Sr/86Sr display coher-
ent variations along the ridge. This observation alone demonstrates that, despite the e¡ects of melting, the variations in incom-
patible element concentration observed along mid-ocean ridges mainly re£ect mantle composition variations, as predicted by the
model.
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trast, melting in blobs with signi¢cant chemical
gradients (n6 3) can produce the commonly ob-
served hump-shaped chemical anomaly centered
on the thermal anomaly.

Thus, based on simple thermal and melting con-
siderations, we believe that the blobs are chemically
and thermally zoned. Element distributions with
16 n6 3 satisfy both (1) the need for a signi¢cant
thermal anomaly that can explain the variation of
ridge depth and, (2) the correlation between the
degree of chemical enrichment in MORB and the
magnitude of the thermal anomaly.

A factor that has not been considered is the
role of water, which causes the mantle to start
to melt at greater depth. During mantle melting,
water is only slightly less incompatible than U, Th
and K (similar to La and Ce, see Fig. 1) [45]. The
concentrations of water and the heat-producing
elements probably are coupled and have a similar
in£uence on melting and MORB compositions.
At ¢rst approximation, the in£uence on melting
of the heat-producing elements will be enhanced
by the presence of water. In detail, however, the
in£uence of water is more complex because the
viscosity increase associated with dehydration pre-
vents dynamic upwelling beneath the spreading
axis [46], and this signi¢cantly modi¢es along-
ridge variations of MORB compositions.

In order to compare model predictions with
data, we report K concentrations and 87Sr/86Sr
along the North Mid-Atlantic Ridge (Fig. 9). Giv-
en that the compatibilities of U and Th are similar
to that of K, these elements should show similar
patterns. Two observations can be made:

1. Along the ridge, K concentrations display ¢rst-
order variations with di¡erent wavelengths and
amplitudes (Fig. 9a). Short-wavelength signals
of high amplitude are seen North of Oceanog-
rapher Fracture Zone (NOFZ) and in the vi-
cinity of the Azores. In contrast, long-wave-
length signals of moderate amplitude
characterize the Iceland and 45‡N regions.
An intermediate situation occurs near 14‡N.
According to the blob model, the wavelength
depends on blob size, while the magnitude of
the signal depends on the composition and
temperature. However, because the tempera-

ture in the blob is a function of its size, the
magnitude of the chemical anomaly will also
be related, indirectly, to the size of the blob.
The largest blobs develop large temperature
excess, which increases the extent of melting
and attenuates the amplitude of the chemical
anomaly in the resultant magmas. This appre-
ciation of the factors that relate the chemical
compositions of MORB to the size and nature
of blobs allows us to interpret the data illus-
trated in Fig. 9. For example, the high-ampli-
tude chemical spike seen NOFZ could result
from melting of a small but highly enriched
blob. Because of its small size, the blob devel-
ops only a minor temperature excess and
undergoes a modest extent of partial melting
(similar to that of the surrounding depleted
mantle). In contrast, the long-wavelength
anomaly of moderate amplitude associated
with Iceland could be produced by extensive
melting of a large and hot blob.

2. K behaves coherently with 87Sr/86Sr, a param-
eter that only relies on the source composition
and does not change during partial melting
(Fig. 9b,c). This observation validates one con-
clusion of our model ; namely, although the
contents of incompatible elements in magmas
depend both on the mantle source concentra-
tion and on the extent of partial melting, the
chemical signature of MORB mainly re£ects
that of the mantle source.

In conclusion, our model based on highly in-
compatible elements suggests that the ¢rst-order
chemical variations in MORB result from coupled
compositional^thermal variations in the underly-
ing mantle source. It contrast with previous ap-
proaches in which chemical variations in MORB
are interpreted in terms of variations of a single
parameter such as mantle temperature [18] or sur-
face cooling [40]. However, it does not contradict
these models, which get around the problem of
source heterogeneity by considering only regions
far from large chemical anomalies [18] or by using
heterogeneity-corrected parameters [40]. Despite
the simplifying assumptions used in the model,
the results demonstrate that the chemical^thermal
relationship has to be taken into account when
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interpreting the global chemical variations in
MORB.[SK]
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