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GLOSSARY

adiabatic A thermodynamic process during which heat flow
by conduction is negligible.

batch melting Melting process in a closed system in which
liquid and solid remain in equilibrium.

component A chemical formula. The number of compo-
nents in a system is the minimum needed to describe
all possible chemical variations in the system, so a pure
system with no chemical variation has one component.

equilibrium A state in which all natural processes have gone
to conclusion and no further change is observed in any
macroscopic variable.

fractional melting A melting and distillation process in
which liquid is continuously and instantaneously re-
moved from the system as it forms.

isentropic A thermodynamic process occurring at constant
entropy; equivalent to adiabatic and reversible.
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liquidus The temperature at which a liquid of given compo-
sition begins to crystallize at a given pressure.

phase A compositionally and structurally homogeneous
material such as a mineral, liquid, or vapor.

productivity The increase in extent of partial melting per
unit decrease in pressure, expressed in percent per giga-
pascal and usually a positive number.

reversible An idealized path that proceeds through a se-
quence of equilibrium states with no spontaneous pro-
cesses occurring.

solidus ‘The temperature at which a solid assemblage of
given composition begins to melt at a given pressure.

I. INTRODUCTION

The stony part of the Earth is solid under normal condi-
tions at the present day. Volcanism is the eruption of
molten or partially molten rock, that is, magma. The
first stage of any volcanic process therefore must be
melting: We have to produce a liquid by partial melting
before it can migrate from the source region (see Migra-
tion of Melt chapter) and subsequently erupt (Part II).
The locations of volcanoes on Earth are controlled pri-
marily by where melting takes place. The volume, fre-
quency, and style of eruptions are dependent on many
factors but the first considerations are how much magma
is supplied by melting, at what depth melting takes place,
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26 MELTING THE MANTLE

and the distribution of melt production in the source
region in space and time.

Before roughly 1960, igneous petrology was mostly
concerned with the evolution and differentiation of
magma after it left its source region. In the following
two decades, attention shifted to the pressure (P) and
temperature (7°) at which primary melts were extracted
from the mantle, without detailed understanding of how
the melts were produced. In the last 20 years, however,
the application of ideas from thermodynamics, experi-
mental petrology, and fluid dynamics has provided a
strong basis for understanding the basic physical pro-
cesses underlying the melting of Earth’s mantle. This
chapter explores how and why the crust and mantle of
the Earth melt, which together with information about
tectonic processes and chemical composition (discussed
in other chapters in this part) determines where and when
melting takes place.

II. How TO MELT A ROCK

There are three ways to melt a rock. The most obvious
way is to raise the temperature (T). In the Earth, however,
the other two methods are dominant: melting by Jow-
ering the pressure (P) and by changing the chemical com-
position of the system to lower its solidus temperature
below the current temperature. The sofidus is the tem-
perature at which a system of given composition begins
to melt at a given pressure, whereas the lguidus is the
temperature at which the system becomes completely
liquid. Rocks melt over a range of temperatures so it is
imprecise to speak of the melting point as we would for
a pure substance. Melting by decompression and melting
by addition of a flux (i.e., a component that lowers the
solidus) dominate in the mantle because in the asthen-
osphere mass transport is much faster than heat trans-
port and because internal heat generation by radioactiv-
ity is minor at the present era. In the lithosphere, which
includes the crust, mass transport is slower and ambient
temperatures are low enough that a temperature in-
crease, whether by conductive heat flow or local heat
generation, is required. For the earth as a whole, how-
ever, asthenospheric melting generates a much larger
volume of magma every year than lithospheric melting.

Why three ways? The answer derives, like most of
our reasoning about the physical and chemical behavior
of rock systems, from thermodynamics and from the
assumption of chemical equilibrium. Situations certainly
occur, such as explosive eruptions, in which equilibrium

is a poor assumption, but at the source of melting tem-
peratures are quite high and the processes considered
are fairly slow. Long times and high temperatures favor
the achievement of equilibrium, so while we know that
equilibrium reasoning is an approximation, we consider
it a rather accurate one at least for the early stages of
magma production. For a system in chemical equilib-
rium, we must specify its chemical composition and two
additional parameters (such as P and T) to define
uniquely the state of the system. Therefore, to cause a
change of state such as melting, we see that we can
group all the ways we can act on the system into changes
in 7, changes in P, and changes in composition. It is,
as far as we know, universally true that high T favors
the liquid state over the solid state, so that raising the
temperature or lowering the solidus temperature (by chang-
ing composition) can lead to melting. On the other
hand, while it is more common for low P to favor the
liquid state over the solid state so that lowering the pres-
sure can lead to melting, this is by no means universal
(water is a well-known exception, and mantle rocks may
experience the opposite behavior at very high pressures
as well).

We can define the state of a system by specifying
parameters other than P and 7 and in many cases it is
quite convenient to do so because other parameters may
be conserved or controlled (i.e., independent) during
the physical process we are considering. Likewise, P or
T may be dependent parameters, in which case we learn
little by trying to specify them or by using them as axes
on our diagrams. In an isochoric system such as an
inclusion in a rigid mineral host, volume (or density) is
held constant and P changes in a dependent manner as
we approach equilibrium. For mantle melting, we are
concerned with an approximately adiabatic system, that
is, one in which heat flow by conduction is negligible.
This is a reasonable approximation because the source
regions of magmas in the mantle are large, thermal
gradients are low, and the timescale for material to be
transported across the source region by advection is
shorter than the time for temperatures to equilibrate
across the source region by thermal diffusion. If an adia-
batic process is also reversible, then the independent vari-
able is not T but entropy, S (see Table T). This follows
directly from the second law of thermodynamics,

d
4s = —T? + da, (1)
which states that the change in entropy for any process
is equal to the ratio of heat flow dg to temperature plus

the irreversible entropy production do. If a process is
adiabatic (dg = 0) and reversible (do- = 0), then dS =
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TABLE I Symbols Used

Symbol Name Units
T Temperature CiK
P Pressure GPa
S Specific entropy J/K/kg
q Heat kg
o Irreversible entropy production JIK/kg
H Specific enthalpy Jkg
F Extent of melting by mass
s Solid phase
I Liquid phase
ASq, Entropy of fusion (one-component system) JIK/kg
AV Volume of fusion (one-component system) J/GPalkg
o Coefficient of thermal expansion, it (ﬂ) Kz,
V\aT/»
P Density kg m~
G Specific heat capacity at constant pressure JIK/kg
(g;;) Slope of an isentrope in P-T space K/GPa
5
aT : :
TS Slope of the solidus curve in P-T space K/GPa
solidus
oF ; L g
o Isentropic productivity %/GPa
S
(%) Slope of a constant F contour in P-T space K/GPa
£
aF : o 2
= Isobaric productivity %K
P
ASHEE ; <
(B_) Isobaric entropy of melt reaction JIK/kg
P
a5y Entropy change due to compositional effects per unit change in P at con- J/IK/GPalkg
aP /¢ stant F
a5y Entropy change due to compositional effects per unit increase in F at con- JIK/kg
JF /p stant P
G Gravitational constant (6.67 X 107") m’ kg™ s7?
Mz Mass of the Earth (6 X 10%) kg
Rg Radius of the Earth (6371) km
Xpk Mole fraction of component Y in bulk system
X Mole fraction of component Y in liquid phase

Dy Partition coefficient for component Y: (X§/X})
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0, which is to say S is constant and we call the process
isentropic. For our purposes, this property defines en-
tropy. We can also imagine an adiabatic but irreversible
process such as the Joule-Thomson experiment of
forced flow through a nozzle in which enthalpy H is
conserved. Some authors have suggested that adiabatic
upwelling is an isenthalpic process (using a definition
of enthalpy corrected for the presence of gravity), but
although mantle melting is not strictly reversible, it is
not clear why it should be isenthalpic. We find it easier
to begin with the isentropic case and add known sources
of entropy production (gravity and viscosity) to arrive
at an accurate description of the natural process. In the
section on decompression melting, we shall see why it
is instructive to use the conserved quantity S in our
thinking and on our diagrams rather than the dependent
parameter 7.

In the following sections, we review the essentials of
decompression melting, flux melting, and melting by
direct heating. Our principal focus is on decompression
melting, since at least for the present-day terrestrial
mantle, that is the dominant mechanism.

W, DECOMPRESSION MELTING

Decompression melting is the best understood mecha-
nism of melt production. It occurs at midocean ridges
and ocean islands such as Hawaii and Iceland. The melt-
ing process underlying convergent margin volcanism is
different and is discussed in a later section. The main
points of this section are that from simple considerations
we can show why the mantle melts when decompressed
and how much melt we should expect to be produced
during decompression.

A. One-Component System

We begin by considering a pure substance or one-com-
ponent system (a component is a chemical formula, and
the number of components in a system is the minimum
needed to describe all possible chemical variations in
the system, so a pure system with no chemical variation
has one component). The mantle is a multicomponent
system, but we can learn a great deal from the very
simplest system that can then be generalized to systems
that are more complex. First, let us imagine that this
substance can only form two phases, a solid s and a
liquid / (a phase is a compositionally and structurally

homogeneous material). Let our system be well behaved
so that liquid is favored by high temperature and low
pressure, so if we map the stable assemblage in P-T
space we will find a phase diagram like that shown in Fig.
1a. A phase diagram divides a plane or space according to
what phases are stable at each point. There are three
elements to the phase plane in Fig. la: a one-phase
region where solid s is stable, a one-phase region where
liquid / is stable, and a two-phase curve where s and /
coexist. In this space, this two-phase curve is both solidus
and liquidus. Thus if we take Pand Tas our independent
variables, for example, along an isothermal decom-
pression path, our one-component system in passing
from one equilibrium state to another as we reversibly
Jower P would melt completely at a single point along
the path.

Pressure and temperature have the special property
that they are equal among all phases coexisting at equi-
librium (except for surface tension effects), which is why
the two phases s and / coexist along a curve in the P-T
plane. Entropy (as well as enthalpy and volume), on
the other hand, differs between coexisting phases. If,
therefore, we draw the phase diagram for our one-com-
ponent system in the P-S plane, we obtain something
like Fig. 1b. This plot still has one-phase regions where
s and ] are stable alone, but now we see a two-phase

region s + 1 crossed by vertical tie-imes Showmg 3 R

] coexisting at the same pressure but different entropies

(the length of the tie-line at each pressure is ASg,, the

entropy of fusion). Now we recognize the boundary

between the s and s + / regions as the solidus and the
boundary between regions s + / and / as the liquidus.

By taking entropy S as an independent variable, we have

opened the two-phase curve up into a region and we

see that in this case we no longer expect the system to
melt or freeze completely at a single pressure. Instead,
even in this one-component system, isentropic decom-
pression leads to partial melting. An isentropic decom-
pression path is shown in Figs. lc and 1d. In the P-S
plane (Fig. 1d), this is a straight line, and it is obvious
that the melting begins at the pressure where the solidus
crosses the prescribed entropy and ends at the pressure
where the liquidus crosses the prescribed entropy. On
the other hand, in the more conventional P-T" plane

(Fig. 1c), the isentropic decompression path kinks to

follow the two-phase boundary for what seems an arbi-

trary interval: There is no simple way to predict the
behavior of the system at fixed S by looking at a diagram
that considers 7 independent.

During isentropic decompression melting, it is clear
from Fig. lc that the temperature actually decreases
as the system melts, contrary to intuition. At constant
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FIGURE 1 Phase relations and isentropic decompression melting of a one-component system. (a) A phase diagram in the pressure
(P) versus temperature (T) plane is divided into a region where solid phase s is stable, a region where liquid phase [ is stable, and a
curved boundary s + | where the two phases coexist at equilibrium. (b) The same system plotted in the P versus entropy (S) plane;
here the two phases coexist over a region s + | bounded by the solidus and liquidus curves (which coincide in part a). The vertical
tie-lines in the s + I field indicate that solids coexist with liquids at higher entropy but the same pressure. (c) The P-T diagram with
two isentropic decompressions path indicated; the slope of isentropes in the one-phase regions is about 10 K/GPa. The bold path
shows a typical partial melting path. The light dashed path shows an adiabat so cold that melting would not occur even if adiabatic
upwelling continued to the surface. During partial melting, the P-T path in a one-component system is restricted to the coexistence
curve s + |, but there is no way to read from this diagram how much melt is present at any point or how long the melting interval
is. (d) The bold constant-entropy line superposed on the P-S diagram shows that the size of the isentropic melting interval as well as
the melt fraction at any point can be read directly from this diagram using the lever rule (see Fig. 2). Again, the light dashed line shows
an isentrope cold enough to avoid melting.

total entropy, this behavior results because the entropy than the intersection of the solidus with atmospheric
of fusion required to transform solid to liquid can pressure can avoid decompression melting altogether.
only be obtained by decreasing the temperature of On the P-T diagram, this is not quite as obvious, but
the system. we can assign approximate numerical values to the slopes

of the adiabat and the solidus in P-T space and hence
make the same argument. The slope of the subsolidus
isentrope, that is, the change in temperature per unit
change in pressure at constant entropy, is written in
partial derivative notation (97/dP)s and is given by
the formula

B. Beginning of Melting

Isentropically lowering the pressure on a solid will gen-
erally cause it to intersect the solidus and begin partial
melting. This is clear immediately on the P-S diagram,
where the isentrope is horizontal and the solidus has a (a_j_r_ ) il 2)
positive slope, so that only isentropes with less entropy aPJs  pCy’



60 MELTING THE MANTLE

where « is the coefficient of thermal expansion, p
the density, and Cp the isobaric heat capacity of the
solid phase. For mantle minerals, this slope is approxi-
mately 10 K/GPa. In the one-component system,
the slope of the solidus is given by the Clausius-
Clapeyron equation:

aT it AVfus)
(ap)sulidus T (AS{US ’ (3)

where AV, is the difference in specific volume and ASg,
the difference in specific entropy between liquid and
solid. This slope is approximately 130 K/GPa for mantle
minerals at low pressure. This value is much larger than
the slope of the adiabat such that once again the adiabat
will intersect the solidus on decompression unless the
temperature of the adiabat at atmospheric pressure is
less than the solidus at atmospheric pressure (see Fig.
1¢). For mantle minerals, this “no melting” adiabat is
much colder than today’s mantle adiabat; anywhere the
adiabatic geotherm extends to near the surface will be
a region of melting. Conversely, the bulk of the shallow
parts of the earth are subsolidus only because the litho-
sphere cools conductively to the surface and does not
lie on the mantle adiabat.

C. Progress of Melting

To describe fully a system undergoing partial melting,
we need to keep track of the composition of liquid and
residue as well as the quantity of melt produced. The
compositions of liquids produced by mantle melting are
dealt with in later chapters. Here, we focus on the
amount of melt generated. To track the amount of melt
during progressive upwelling the quantity we most need
to know is the productivity, —(3F/aP)s, the increase in
extent of partial melting F per unit decrease in pressure
(expressed in percent per gigapascal and usually a posi-
tive number) and how the productivity evolves during
progressive upwelling and melting. "This variable is par-
ticularly hard to obtain by direct experimental measure-
ment or from P-T phase diagrams, but many authors
have estimated that productivity should be about
10%GPa for adiabatic mantle melting, which is an ade-
quate average value.

For many purposes, the average estimate of 10%/
GPa is sufficient. Going beyond this average, we may
ask whether we should expect any systematic behavior
in the variations of productivity during the progress of
melting. Different authors have argued, variously, for

increasing, constant, and decreasing productivity. We
can demonstrate, however, simple reasons why we
should in fact expect productivity to increase from the
beginning of adiabatic melting until the exhaustion of
a phase (usually clinopyroxene) from the residue. We
can see some of the variables that cause increasing pro-
ductivity on the P-S diagram for a one-component sys-
tem. Geometrically, on the P-S diagram and in any
two-phase region of any phase diagram, we apply the
lever rule (Fig. 2) to calculate relative proportions of the
phases. At any point (P, S) in the two-phase region the
extent of melting F is given by the ratio of the distance
from the entropy of the system, S, to the entropy
at the solidus, S.(P), divided by the length of the tie-
line between the entropy of the liquidus, S;(P), and
S(P):
[S — S(P)] 1

i [SHP) =S5,(P)] T [S — S/(P)]. )

If we take the partial derivative of Eq. (4) with respect
to P at constant S and rearrange a little, we obtain an
expression for the productivity, which is simplest in the
case that AS;, is constant:

A T o e
(("]P)S T ASﬁ,S (ap)snlidus, (5)

that is, productivity is given by the slope of the solidus
divided by the entropy of fusion ASg,. To relate this

=
=3 Lever Rule
B|re So50)
S| S-S5 g
< ‘ liquid (F=1)
Si(P) 5.
$cs $)(P) =S |S((P) - S4(P) igg?;
Y
e A =
S¢(P) y ;o
. solid (F=0)
i S- SS(P)
Iy Pressure

FIGURE 2 Graphical illustration of the lever rule. The lever
rule is just a statement of conservation of an intensive property
in a two-phase system. On the (P, §) plane, if the system has
total specific entropy S then at equilibrium and at pressure P,
the system will be totally solid (F = 0) if § < 5.(P), the specific
entropy of the solid phase at the solidus. The system will be
totally molten (F = 1) at S > §(P), the specific entropy of the
liquid phase at the liquidus. If S,(P) < S << §(P), however, the
system will be partially molten and the mass fraction of liquid F
will be given by the lever rule as shown.
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expression to known or measurable quantities requires
some thermodynamic identities, but the result is

(@) Tl Qp(ﬂ) -
aP S ASqu T \oP solidus P

-7 (552) -3
SASSIETAAS, L pil)
where C, is the heat capacity of the system [Cp =
(1 = F)C% + FC%), a is its coefficient of thermal expan-
sion, and p is its density. Equation (6) is correct even
in the case that AS;, is not constant because it is written
in terms of the heat capacity, thermal expansivity, and
density of the partially molten system rather than the
solid phase; the assumption of constant AS, is equiva-
lent to the statements Ch = Ch and (o/p) = (a'/p).
How then does productivity evolve during progressive
decompression melting of a one-component system? In
general, AS, and Cp are effectively constant while
a/pis a very small number. Hence, changes in produc-
tivity in this system are dominated by 7, which decreases
as we move down the solidus from high pressure to low
pressure (the solidus has a positive slope), and Al7,,
which increases with decreasing pressure because liquids
are typically much more compressible than solids (hence
the solidus has negative curvature, i.e., (8779P),j in-
creases with decreasing pressure). Both of these effects
contribute to increasing productivity with decreasing pres-
sure or progressive decompression melting from a given
intersection with the solidus. For melting of pure diop-
side (CaMgSi,0;) beginning at 7 GPa, productivity in-
creases from 6%/GPa at 7 GPa to 35%/GPa when it
reaches the surface at F = 0.9.

(©)

D. Multicomponent Systems

Earth’s mantle, of course, is not a pure substance. It
contains at least 10 different oxide components in
amounts greater than 0.1 wt%. Here we attempt to
generalize the simple insights apparent in the one-com-
ponent example to systems more like the mantle. In
systems of more than one component, two or more
phases that differ in composition can often coexist any-
where in a region of the P-T plane, so that the solidus
and the liquidus can be distinct in P-T space and partial
melting is to be expected even when temperature is
the independent variable. In other words, the isobaric
productivity (87/97)p, which is infinite for one-compo-
nent systems, generally has a finite value. The derivation
of a productivity equation for multicomponent systems

is more complicated than the one-component example
above since it involves conservation of mass as well as
conservation of entropy, but the general form of Eq.
(6) turns out to be:

)
_(aF) T\IPys o \oPF
S

- i 7
A e G
aF aF ) p
£ (6T)P
which requires a little explanation: Cp, & and p are, as
before, the heat capacity, thermal expansivity, and den-
sity of the partially molten system, respectively; they
depend on the composition of the phases as well as P,
T, and F. Instead of the P-T slope of the solidus, we
have the analogous quantity (07/9P), which is the slope
of the constant I’ contour calculated locally; away from
the solidus, the slope of the solidus itself is not relevant.
The isobaric productivity (0F/9T)p appears in the de-
nominator; when this quantity goes to infinity [which
implies (37/9P)y is the same for all F between 0 and 1
and is therefore equal to (877/3P)au], Wwe recover the
one-component version, Eq. (6). Instead of the entropy
of fusion (which is ill-defined for multicomponent sys-
tems) we use (dS/dF)F = S" — S§% + (4Sy/dF)p, which
we call the isobaric entropy of melt veaction. The terms
(0Sx/dP)y and (3Sy/dF)p involve a subtle point in the
entropy budget, but for multicomponent systems they
must be included both to obtain an accurate productivity
equation and to define precisely the quantity that acts
like the entropy of fusion. In a closed system where the
coexisting phases differ in composition (e.g., basalt and
residual peridotite), moving an increment of mass from
solid to liquid necessarily involves changes in the com-
position of at least one (and generally all) of the phases.
Similarly, changing pressure at constant melt fraction
involves changes in the equilibrium composition of vari-
ous phases because phase equilibria and partition coeffi-
cients depend on pressure and temperature. In turn,
the specific entropies of the phases depend on their
composition and the specific entropy of the system de-
pends on which phases the components reside in. There-
fore an equation such as Eq. (7) that expresses conserva-
tion of mass and conservation of entropy needs to
include sums over all components and phases of the
partial specific entropy of each component in each phase
times the changes in mass fractions of the components
and phases per increment of melting at constant pres-
sure, (8Sx/dF)p, and per increment of pressure change
at constant melt fraction, (8Sy/dP)y.
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With Eq. (7) in hand, we can discuss the variables
that determine productivity and how it changes during
melting of various simple and natural multicomponent
systems. We need to know all the variables in Eq. (7)
to calculate the actual value of productivity, but here
we focus on variations in productivity during progressive
upwelling. As in the one-component case, Cp, e, and p
are not important sources of variation. It also turns out
that (Sy/dP)p is small and that, although according to
some models (0S/aF)3" may vary by nearly a factor of
2 during melting of fertile peridotite, the first term in
the denominator is larger in magnitude and dominates
the variations in productivity. Also, T varies systemati-
cally, but we find that its influence is generally swamped
by the variations in (97/9P)y and especially (3F/0T)p.
To a reasonable approximation then, we can understand
the behavior of productivity during isentropic upwelling
of multicomponent systems just by considering the be-
havior of (aT/dP) and (0F/dT)p. We can state with
considerable certainty that except in the vicinity of
changes in the solid phase assemblage (9779P)gincreases
with decreasing pressure like the slope of the solidus
in the one-component system, simply because silicate
liquids are more compressible than minerals. This con-
tributes to increasing productivity with decreasing pres-
sure, just as in the one-component system.

The behavior of (aF/8T)p has been the subject of
considerable disagreement among researchers. We pre-
sent here a simple argument that leads us to expect
that (aF/aT)p increases with FF away from the solidus in
natural peridotites, but experimental data are equally
consistent with nearly constant (3F/d7T); and many au-
thors have constructed models in which (3F/0T), de-
creases with F. Indeed isobaric productivity is sometimes
taken as infinite up to some F, which is the case for
univariant melting as in the one-component system; this
behavior is sometimes misleadingly called eutectic. The
idea that melting of peridotite is invariant descends from
the behavior simple systems such as CaO-MgO-ALO;-
Si0,, which are thought to be suitable analogues of the
mantle because these oxides constitute roughly 90% of
the mass of mantle rocks. It turns out, however, that
minor components and solid solutions dominate the
melting behavior at low melt fractions. The simplest
model system that captures the effect of a minor compo-
nent such as Na,O on productivity is a binary system
with one major component Z that forms a nearly pure
solid phase and one minor component V" that partitions
preferentially into the liquid phase [that is, its partition
coefficient Dy = (X3/X}) is less than one, where X3 and
X are the mole fractions of component Y in the solid
and liquid phases, respectively]. Atlow concentrations of
¥, the liquidus temperature of such a system is described

approximately by the cryoscopic or freezing point de-
pression relation

X k(T 1), ®)

where T% is the melting point of pure solid Z and & is
a constant that depends only on the properties of Z. To
solve for the behavior of F and (9F/aT),, we only need
the standard equations for the concentration of a trace
element in the liquid as a function of F during batch
and fractional melting (batch melting is a closed system in
which liquid and solid remain in equilibrium; fractional
melting is a distillation process in which liquid is continu-
ously and instantaneously removed from the system as
it forms):

XI})'“lk
IR T,

: Xk i i
X = - (1 — FYVPy=) (fractional). (10)
¥

X (batch) 9)

The phase diagram and isobaric melting relations of
this system are shown in Fig. 3. For any given bulk
composition, the productivity (0F/37)p is lowest at the
solidus, where the concentration of the incompatible
element in the liquid and hence the temperature [these
are linearly related per Eq. (8)] is changing most quickly
per unit change in F. At the solidus the productivities
of batch and fractional melting are equal, but the pro-
ductivity of batch melting increases more quickly at low
F. At higher F, where the concentration of V" in the
liquid during fractional melting becomes nearly constant
at zero, the productivity of fractional melting becomes
larger than that for batch melting. Furthermore, at equal
F, (9F/9T)p is lower in instances of this system with
higher bulk concentrations of the incompatible compo-
nent ¥, although the opposite is true at equal 7.

The productivity behavior of the systems described
by Eq. (8) through (10) is much like that of systems like
forsterite-fayalite or diopside-hedenbergite, that is, a
nearly ideal solid solution in equilibrium with a liquid
solution. Using the solidus and thermodynamic proper-
ties of the minerals diopside and hedenbergite, the isen-
tropic melting behavior of such a system can be calcu-
lated using Eq. (7) and is compared with the isentropic
melting behavior of the diopside-anorthite eutectic bi-
nary and with the results of a thermodynamic model of
natural peridotite melting in Fig. 4. The eutectic and
peridotite systems all show a prominent drop in produc-
tivity at the exhaustion of clinopyroxene from the resi-
due, but as long as the residual phase assemblage remains
the same, all of these systems show very similar behavior,
namely, monotonically increasing productivity as a func-
tion of increasing F or decreasing P. Figures 4e and
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FIGURE 3 Isobaric melting behavior of a simple binary sys-
tem containing a solid phase Z in which the component Y is
incompatible. The partition coefficient Dy has the constant value
0.1 in this example. (a) A phase diagram in the T — Xy plane is
divided into a one-phase region where solid Z exists alone, a
one-phase region where liquid solution exists alone, a two-phase
region where Z coexists with liquid 10 times richer in Y, and a
two-phase region where Z coexists with pure solid Y. Two bulk
compositions are marked by vertical lines. For any bulk composi-
tion Xy and temperature T in the two-phase Z + liquid region,
the equilibrium melt fraction F can be read from this diagram
using the lever rule. (b) The isobaric melting behavior of the two
bulk compositions marked in part (a), plotted as melt fraction F
versus T. (c) Isobaric productivity (0F/dT ), versus F along the
melting paths plotted in part (b).

4f show that, for natural peridotite, a calculation of
productivity that holds all variables constant except
(8779P)pand (aF7/31")p provides an adequate approxima-
tion to the results of the full thermodynamic calculation
of all the variables in Eq. (7).

The results of all of these considerations are that
adiabatically upwelling mantle will produce melt with
an average productivity of about 10%/GPa, but this
average probably conceals variations from as little as
2%/GPa to as much as 30%/GPa. Melting proceeds
from the intersection of the adiabat and the solidus up
to the base of the lithosphere. Specifically, melting is
stopped either by the mechanical lithosphere (which
arrests upwelling) or the thermal lithosphere (where
conduction cools the system), whichever is thicker. A
thick lithosphere, such as we expect at oceanic islands
like Hawaii, stops melting without regard to considera-
tions of productivity. Where lithosphere is thin, for
example, at a fast-spreading midocean ridge, the large
productivity approaching exhaustion of clinopyroxene
and the decreased productivity thereafter imply that
over a fairly wide range of mantle temperatures, the
peak extent of melting will be near that required to
exhaust clinopyroxene from the source. This corre-
sponds to observations of many oceanic peridotite sam-
ples and to the typical melt fractions inferred from nor-
mal midocean ridge basalt. Under most circumstances,
the low productivity “tail” at the beginning of melting
contributes a small volume of high-pressure melts, often
with distinctive chemistry, to the aggregate liquid.

V. MELTING BY
CHANGING COMPOSITION

After decompression melting, melting induced by
changes in composition is the next most important melt-
ing process in the earth. It is mostly responsible for
island-arc volcanism, whose often explosive manifesta-
tions dominate the rest of this encyclopedia. The origins
of arc volcanism are only imperfectly understood; trac-
ing contributions from the subducting slab, subducted
sediment, mantle wedge, and overriding plate represents
a major area of contemporary research. Still, the basic
phenomenon of subduction puts a cold slab into the
mantle, generating low temperatures and downward
flow. We know from midocean ridges and hot spots
that decompression melting requires upward flow and
generates more magma given higher temperature. The
only reasonable process to induce melting in such a
setting is the addition of components such as water that
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FIGURE 4 lsentropic, polybaric melting behavior of three multicomponent systems; bold solid lines are batch melting paths, bold
dashed lines are fractional melting paths. (a) and (b) show F and productivity —(3F/9P)s against P for a binary system with complete
solid-solution (diopside-hedenbergite), plotted for a bulk composition close to the high-temperature endmember diopside (10%
hedenbergite, 90% diopside) along an isentrope that intersects the solidus at 10 GPa. The light dotted lines show a hypothetical
constant-productivity melting path for comparison. (c) and (d) show the behavior of a binary system with no solid solution and a
eutectic point, diopside-anorthite. The particular case shown has a starting composition of 75% anorthite, 25% diopside; while both
phases and liquid are present, the system is restricted to the eutectic curve and behaves much like the one-component system. YWhen
diopside is exhausted from the residue, there is large drop in productivity of batch melting and a total cessation of fractional melting.
(e) and (f) show a thermodynamic model of natural peridotite melting that combines aspects of the behavior of both of the preceding
systems. Within regions where the residual phase assemblage does not change, productivity increases during progressive melting. The
thin curves show an approximate calculation in which all variables are held constant except (8T/aP); and (9F/aT), (see text); this
approximation captures most of the productivity variations in this system. As in the binary case, there is a large drop at the exhaustion
of clinopyroxene from the residue, but it does not stop melting altogether, even for the fractional case.

drastically lower the solidus temperature of peridotite. tially partitions into silicate melts rather than solids, it
That the magmas produced and erupted at arc volcanoes expands the stability field of liquid and lowers the solidus
contain abundant water is evident from their explo- temperature. Hence, a water-bearing system can be par-
sive behavior. tially molten at temperatures where the dry system

We can use the binary system illustrated in Fig. 3, would be entirely solid. The amount of melt produced
with some caution, to discuss the effect of addition of is a function of the amount of water added as well as
water to peridotite. Like any component that preferen- temperature. At temperatures below the dry solidus, the

s . aa e
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amount of melt is small and is limited by the amount
of water present and ultimately by the solubility of water
in the melt under appropriate conditions. The binary
system of Fig. 3 approximates this behavior at tempera-
tures well below the dry solidus, butitis quite misleading
as we approach the dry solidus temperature, since it
implies that even for a small amount of water the melt
fraction increases to unity at the dry solidus temperature.
This results from using a one-component system where
liquidus and solidus are equal for the water-free part of
the model system. For peridotite plus a small amount
of water, it is evident that the melt fraction does not
approach 1 untl nearly the dry Jiguidus temperature,
since with a large quantity of melt present the concentra-
tion of water in the melt becomes quite dilute and the
liquidus depression correspondingly small.

The fundamental problem for models of melting at
arc volcanoes is the large volume of magmas produced.
It is not clear that the water flux from the subducted
slab is sufficient to explain the flux of melt from the
mantle wedge by simple water-induced melting at tem-
peratures well below the dry solidus. An alternative is
that addition of water induces a small amount of melting
and a large drop in viscosity that allows buoyancy-driven
diapirism to begin. Rising blobs will undergo additional
melting due to decompression as described earlier. In
this way, a small amount of water may nucleate processes
that lead to a large amount of melting.

V. MELTING BY
TEMPERATURE INCREASE

Several distinct mechanisms can directly incrase the
temperature of a rock mass so as to induce melting.
None is volumetrically significant on today’s Earth, but
each may have been important at some time in Earth’s
history or on other planets.

A. Impact Melting

Impacts of extraterrestrial objects large enough to in-
duce substantial amounts of melting are rare at present.
When earth was forming, however, it was constantly
being bombarded by large objects, including possibly a
few impacts large enough to melt the entire mantle
and induce a magma ocean. We can easily calculate the
amount of energy carried by the impact of an object of
given mass and hence to place some bounds on the
amount of melting that may occur. In detail, though,

large impacts are complex and only imperfectly under-
stood and the efficiency of melt production is difficult
to calculate with any precision.

For concreteness, let us consider impacts on Earth
after the time when it had essentially achieved its mod-
ern mass (Mg = 6 X 10" kg) and radius (Ry = 6371
km). The minimum kinetic energy per unit mass of an
incoming object is equal to the gravitational potential
at the Earth’s surface relative to infinite separation,
GMg/2Rs = 3.14 X 10*k]/kg, corresponding to a mini-
mum velocity V2GMg/Rg = 11.2 km/s. The enthalpy
of fusion of the Earth’s mantle is about 750 kJ /kg. Hence
if all the kinetic energy of the impact went into melting
(requiring the target to start at the melting point, and
totally unphysical compression behavior) an impactor
can melt at most itself plus 40 times its own mass of the
target planet. The impact of a Mars-sized planetesimal
with ~10% the mass of the Earth (such as the event
which is thought to have created the Moon) seems likely
to result in complete melting of the mantle.

In practice, hypersonic collisions heat and compress
the target material along an irreversible thermodynamic
path and accelerate much of the target material out of
the crater. Thus, much of the impact energy goes into
dissipation and kinetic energy. For large cratering
events, the work against gravity involved in excavating
the crater and lofting the ejecta consumes more of the
impact energy. Also the target is generally well below
the melting point and so much of the energy goes into
heating without inducing melting. Furthermore, the en-
ergy of impact ends up very unevenly distributed in the
target. Closest to the impact, materials will receive so
much energy as to be vaporized, which consumes a great
deal of energy and leaves less available to melt rocks
that see lower shock pressures.

When large craters on Earth are examined, there typi-
cally is a thin (a few meters) sheet of impact melt lining
the crater and underlying the ballistic ejecta blanket.
Likewise, roughly 1% of the lunar soil consists of glass
droplets that presumably originated as molten ejecta
from nearby craters. These observations demonstrate
that impacts do produce some melt, but at the same
time support the argument that impact is an inefficient
process for generating magma. On Venus, radar obser-
vations taken by the Magellan spacecraft reveal evidently
fluid outpourings from large impacts, but it is not at
all clear whether these flows consist of impact melt or
fluidized debris. Finally, although the largest impact
basins on the Moon are filled with voluminous floods
of Mare basalt, this volcanism was not a direct product
of the impact but a later process that preferentially filled
the topographic depressions of the impact basins with
basaltic magma denser than the lunar crust.
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B. Radioactive Heat Generation

Natural radioactive heat sources are too weak at the
present day to bring any rock mass to its melting point
or power its melting. Furthermore, the Earth almost
certainly began very hot, not because of radioactivity,
but rather from the release of gravitational potential
energy involved in assembling a planet (unless it accreted
so slowly that radiation to space maintained a cool start-
ing Farth, but this scenario is not favored by dynamic
models or radiometric studies of accretion). Neverthe-
less, radioactivity bears mention as a source of heat for
melting for two reasons. First, it has certainly contrib-
uted to keeping the Earth hot and volcanically active
for longer than would have been possible with only the
heat of accretion. Second, in the very early solar system
it was the principal source of heat for the melting of
small planetesimals that formed the igneous meteorites.
The principal heat-producing isotopes at present are
4K, 35U, 28U, and #*Th. In material of bulk-Earth com-
position these presently contribute a total of ~1.5 X
10~* J/kg/year in radiogenic heat. These elements are
all strongly partitioned into liquids during melting, how-
ever, and so are highly concentrated in the continental
crust. Average continental crust generates about 100
times more radiogenic heat than bulk-Earth material.
While the excess heat flow from the continental crust is
clearly measurable, it is still insufficient to heat crust of
normal thickness to its melting pointor provide the latent
heat of fusion on reasonable timescales. Only in the very
early solar system, when the heat flux from K, U, and Th
was ~35 times higher but more importantly short-lived
radionuclides such as Al and '’ were active, could radio-
activity by itself heat an asteroid-sized body enough to
cause differentiation (melting and core formation).

C. Heating by Conduction

In continental regions, away from plate boundaries and
hot spots, volcanoes do occur that require a mechanism
other than decompression melting. Their source materi-
als are embedded in the lithosphere, which, aside from
rapid and large-scale tectonic extension, prevents drops
in pressure fast enough to overwhelm thermal conduc-
tion. Conduction therefore is the most likely mechanism
for bringing these sources into their melting range by
direct heating. This begs the question of why conduction
should deliver more heat in one place than another,
and the answer generally goes back to decompression
melting in the underlying mantle. Geochemical and
geophysical evidence typically shows that, although the

principal source of intraplate volcanism lies within the
crust, there is often a mantle component. Ponding of
basaltic magma and subsequent underplating of basaltic
rocks at the base of the crust is the most efficient way
to focus a large heat flow into a specific region of the
crust. Because basalts crystallize at temperatures above
1000°C and the rocks of the continental crust can begin
melting (in the presence of water) near 700°C, it is clear
that crustal melting is a likely consequence of the arrival
of a large mass of basalt at the base of the crust.

D. Frictional Heating and
Viscous Dissipation

Neither of these mechanisms is likely to generate a
sufficient mass of magma to migrate to the surface and
form a volcano. Exhumed fault zones do sometimes
contain a narrow zone of glassy rock called pseudo-
tachylyte that appears to represent melt produced by
frictional heating, and this process has recently been
invoked to explain the faulting mechanism of some very
large deep-focus earthquakes. Furthermore, exposed
low-angle normal faults and metamorphic core com-
plexes are spatially associated with syntectonic pluton-
ism and some volcanism, but the mechanisms more
likely include decompression by isostatic rebound of
the footwall and melting of the hanging wall by direct
juxtaposition against a hot footwall.

VI. THE MANTLE ADIABAT

In the preceding discussion of decompression melting,
we noted that decompression is likely to cause mantle
rocks to intersect their solidus and begin melting. Very
cold mantle, however, could reach atmospheric pressure
without intersecting its solidus, and very hot mantle
might be partially molten all the way to the core—mantle
boundary. The Earth’s mantle happens to be in between
these two states such that its typical adiabat intersects
the solidus in the range of 50 to at most a few hundred
kilometers (Fig. 5). This depth range corresponds to a
temperature range (measured at equal depth below the
solidus) of 200-300°C sampled along midocean ridges,
ranging from the deepest, thinnest crust ridge segments
up to ridge-centered hot spots such as Iceland. Away
from ridges, it is more difficult to map the temperature
variation in the mantle because the depth of melting is
not generally available as a probe. Instead, we rely on
models of thermal convection and on other indirect
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FIGURE 5 Schematic illustration of the temperature struc-
ture of the Earth’s mantle at the present era. The mantle is
conventionally divided into upper mantle, transition zone, and
lower mantle, with the boundaries set at the 410- and 670-
km seismic discontinuities. The solidus (heavy black curve) and
liquidus (heavy shaded curve) are inferred from melting experi-
ments on probable mantle compositions; these curves bracket
the range where partial melting can occur. A probable typical
temperature structure of the mantle is shown assuming whole-
mantle convection with a cold upper boundary layer (the litho-
sphere) and a hot lower boundary layer where heat is conducted
out of the core. In between these boundary layers the tempera-
ture profile is adiabatic (see text and glossary). The shaded band
shows the likely global range of temperatures of oceanic upper
mantle; anywhere the adiabatic part of any of these geotherms
extends to shallow pressure, melting will occur. Except possibly
for the recently discovered ultra-low-velocity zone (ULVZ) at
the core—mantle boundary, melting is restricted to the upper
100 or 200 km of the mantle.

indicators of temperature such as seismic velocity,
seafloor depth, and gravity. All of these lines of evidence
are broadly consistent with a mantle that contains a very
cold upper thermal boundary layer that is subducted
into the interior at trenches as well as hot thermal
plumes rising from a lower boundary layer that transport
~10% of total heat flow through the upper mantle. The
magnitude and origin of temperature variations away
from slabs and plumes remain controversial.

Considering that the mantle is 2900 km deep, the
depths at which mantle adiabats intersect the solidus are
remarkably close to the surface. Itis legitimate to inquire
whether this is a coincidence or the result of some regu-
lating mechanism, and hence whether this depth range
is particular to the present era and steadily declining or
else maintained at a quasi-steady value over long periods
of geologic history. Because the viscosity of rocks is
exponentially dependent on inverse temperature, it is
clear that the temperature of a convecting system such
as the mantle does regulate itself so that it can flow fast
enough to deliver to the surface all the heat that enters
the bottom and is produced internally. There is, how-
ever, no necessary relationship between the temperature
that provides sufficiently low viscosity for mantle con-
vection and the temperature at which melting occurs.
Standard plate tectonic theory assigns no particular role
to basaltic volcanism in the heat engine of convection;
the mantle cools itself primarily by forming and subduct-
ing oceanic lithosphere (not crust). One may speculate,
however, that the mantle adiabat dwells in the range
where basaltic volcanism occurs because basaltic volca-
nism is somehow a necessary part of the plate tectonic
cycle. Perhaps the formation of basalt, which converts
to the very dense rock eclogite when subducted, is neces-
sary to sustain subduction. If so, it seems likely that the
mantle temperature will remain high enough to support
ocean ridge volcanism until its heat flow is low enough
to be transported by a qualitatively different and less
efficient mechanism than plate tectonics. This remains
a question for future work.

VIl. SUMMARY

Decompression melting occurs anywhere that upward
flow of mantle reaches shallow depths. Such upward
flow occurs at midocean ridges due to plate spreading
and at hot spots due to thermal plumes in the mantle.
Melting begins at the intersection of the adiabat with
the solidus curve of the mantle source composition.
Melting proceeds at an increasing productivity with an
average value near 10%/GPa until the base of the litho-
sphere stops upwelling or cools the system off the adia-
bat. The addition of components such as water that
substantially lower the solidus temperature of mantle
rocks induces melting above subducting slabs in spite
of low temperatures and downward flow. Occasional
small volumes of magma may be produced by other
means such as conductive heating by underlying magma
intrusions, but decompression and fluxing are the domi-
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nant sources of the magmatic liquids that supply the
world’s volcanoes.
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