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[1]1 Several methods have been developed to assess the thermal state of the mantle below oceanic ridges,
islands, and plateaus, on the basis of the petrology and geochemistry of erupted lavas. One leads to the
conclusion that mantle potential temperature (i.e., Tp) of ambient mantle below oceanic ridges is 1430°C,
the same as Hawaii. Another has ridges with a large range in ambient mantle potential temperature (i.e.,
Tp = 1300—1570°C), comparable in some cases to hot spots (Klein and Langmuir, 1987; Langmuir et al.,
1992). A third has uniformly low temperatures for ambient mantle below ridges, ~1300°C, with localized
250°C anomalies associated with mantle plumes. All methods involve assumptions and uncertainties that
we critically evaluate. A new evaluation is made of parental magma compositions that would crystallize
olivines with the maximum forsterite contents observed in lava flows. These are generally in good
agreement with primary magma compositions calculated using the mass balance method of Herzberg and
O’Hara (2002), and differences reflect the well-known effects of fractional crystallization. Results of
primary magma compositions we obtain for mid-ocean ridge basalts and various oceanic islands and
plateaus generally favor the third type of model but with ambient mantle potential temperatures in the
range 1280—1400°C and thermal anomalies that can be 200—300°C above this background. Our results are
consistent with the plume model.
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1. Introduction

[2] The petrology and geochemistry of lavas at
oceanic ridges, islands, and plateaus provide a
record of the thermal state of the mantle where
they form. We know from experimental petrology
that dry hot mantle will produce magmas with
higher MgO contents than mantle that is cooler.
A calibration and parameterization of these labo-
ratory data can then be applied to mafic-ultramafic
volcanic rocks, and the thermal state of their source
can be inferred. However, geologists sample a wide
range of volcanic rocks with a diverse geochemis-
try that can arise by fractional crystallization
[Lewis, 1907; Bowen, 1928]. The problem is how
to integrate field and laboratory observations to
obtain information about the temperature proper-
ties of the mantle below a volcano. In practice, this
can be complex and may lead to different conclu-
sions, resulting in the current debate about whether
all mafic-ultramafic magmas can be derived
from “ambient” mantle or whether some must be
derived from anomalously hot mantle plumes.

[3] For example, Foulger and Natland [2003,
p. 921] suggested that “petrological observations
provide little evidence of the high eruptive temper-
atures required by deep plumes.” Although this
assertion was made with Iceland in mind, Green et
al. [2001] used petrological calculations to con-
clude that primary magmas from Hawaii and mid-
ocean ridge basalt (MORB) melted from mantle
with a uniform potential temperature (i.e., Tp =
1430°C). This is the temperature that the solid
adiabatically convecting asthenospheric mantle
would have if it could reach the surface metastably
without melting [McKenzie and Bickle, 1988]. In
contrast, Klein and Langmuir [1987] and Langmuir
et al. [1992] calculated a large temperature varia-
tion of ambient mantle below oceanic ridges (i.e.,
Tp = 1300—1570°C), with Iceland at the high end

of the range. If magmas below hot ridges and hot
spots are equally hot, why do we need mantle
plumes? Indeed, Anderson [2000] cited the hot
end of the range in Langmuir et al.’s models as
evidence precluding the need for hot mantle
plumes. In contrast, other models have favored
uniformly low ambient mantle temperatures for
ridges [Shen and Forsyth, 1995; Presnall et al.,
2002]. The plume model is most consistent with
anomalously hot mantle temperatures beneath vol-
canically active ocean islands compared to ambient
mantle below oceanic ridges (i.e., ATp = 250°C
[McKenzie and Bickle, 1988; McKenzie and
O’Nions, 1991; Watson and McKenzie, 1991;
Schilling, 1991; Herzberg and O’Hara, 2002;
Putirka, 2005; Putirka et al., 2006]).

[4] The purpose of this paper is to determine the
temperature of the mantle below volcanoes from
diverse tectonic environments, and to evaluate why
there are substantially different thermal models for
an essentially common volcano database. We focus
on the petrological and geochemical characteristics
of primitive basalts, picrites, and komatiites —
volcanic rocks that are variably enriched in MgO
and olivine. The distribution of these rocks in
oceanic ridges, islands, and plateaus permits an
evaluation of temperatures in ambient and anoma-
lous mantle, and a test of the plume hypothesis. We
examine model assumptions that can contribute to
uncertainties and completely different conclusions
about the plume model. MORB production from
ambient mantle is critical in this discussion because
it provides the background reference frame for
understanding all thermal anomalies.

2. Parental and Primary Magmas:
Concepts and Definitions

[s] We begin this analysis by understanding the
effects of fractional crystallization on the compo-
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sitions of volcanic rocks from oceanic ridges and
some intraplate occurrences. The goal is to first
identify the parental magma, which is defined as
the most magnesian liquid that can be inferred from
a given rock suite in the crust. In general the
parental magma is never observed directly: all
erupted rocks are modified to some extent by
fractional crystallization and/or mixing and crystal
accumulation, but parental magma compositions
can be restored by a well-defined procedure. There
is widespread agreement on the essentials of this
procedure [e.g., Nisbet et al., 1993] although
different assumptions about the details lead to a
range of results. Next, we want to understand the
relationship between the parental and primary
magmas. A primary magma is defined as a partial
melt of a mantle source which we characterize
more fully below. It is the primary magma that
we are most concerned about because it contains
information about the thermal characteristics of the
source. We emphasize that the composition of the
parental magma may be the same as the primary
magma. However, the primary magma may also be
more primitive (i.e., higher MgO) than the parental
magma if there was modification before the crys-
tallization of the most magnesian observed pheno-
cryst. The derivation of a primary magma solely by
reconstruction from observed rocks is not a well-
defined procedure and this has led to considerable
divergence of opinion on the nature of primary
magmas. Following Herzberg and O’Hara [2002],
we supplement reconstruction of parental magmas
with forward calculations of mantle melting to
constrain primary magma compositions. A detailed
example is given as a tutorial in Appendix A.

[¢] Partial melts can have compositions that vary
with the style of melting [Gast, 1968; Shaw, 1970;
Albaréde, 1995]. Fractional melting occurs when
the melts segregate from the crystalline residue
owing to the buoyancy of the melt. In batch
melting, the melt does not separate from the
residue until the very end when melting stops, at
which point it leaves in a single homogeneous batch.
Although batch melting equations correctly describe
steady, one-dimensional, equilibrium porous flow
[e.g., Ribe, 1985; Richter, 1986; Spiegelman and
Elliott, 1993; Asimow and Stolper, 1999], it is more
likely that percolation at separation velocity slow
enough to maintain equilibrium only carries a very
small amount of melt [McKenzie, 1984, 2000], with
the bulk of melt transport through pathways that
prevent continuous equilibration between melts and
residues [Kelemen et al., 1997]. Batch melting is
often interpreted by experimental petrologists if

they observe a magma that is multiply saturated
in crystalline phases in a high-pressure laboratory
experiment [Green et al., 2001]. However, frac-
tional melts can also display the properties of
multiple saturation [Asimow and Longhi, 2004].
In the case of melting below oceanic ridges, trace
element data in clinopyroxene from abyssal peri-
dotites cannot be reconciled with a batch melting
model and rather require something approaching
fractional melting [Johnson et al., 1990]. We
contribute to this discussion by showing that batch
melting is unlikely for MORB because the melt
fractions are too high and by illustrating the con-
sequences of fractional melting for inference of
primary magma composition.

[7] When a mantle source rock is partially melted,
it is the liquid-crystal density difference that pro-
vides the principal driving force for melt segrega-
tion and hence fractional melting, and this occurs at
low pressures appropriate for Phanerozoic magma-
tism. However, in the Proterozoic and Archean,
this issue may be more complex in those cases
where partial melting occurred at pressures in
excess of 8 GPa [Sproule et al., 2002; Herzberg,
2004a] because crystal-liquid densities become
similar [4gee, 1998]. Although batch melting
might be a factor for Archean komatiite generation
at some stage [Herzberg, 2004a], we focus on
the Phanerozoic where fractional melting is more
important.

[s] Fractional melting can be approximated as a
series of small increments of equilibrium melting
followed by extraction of all or most of the melt.
Melting begins at a specified pressure, the instan-
taneous parcel of melt is in equilibrium with its
residue, and it is subsequently removed. The res-
idue changes in composition owing to this melt
removal, and it moves upward where it melts to
yield another instantaneous parcel of liquid, a
process that is repeated many times until melting
terminates at some lower pressure. There are two
kinds of primary magmas of fractional melting. In
the first, an instantaneous parcel of melt can escape
directly to the surface. In the second, the instanta-
neous parcels of melt mix with one another, and the
composition of the ““pooled” or “aggregated” melt
is the average composition of all the melt fractions
[Shaw, 1970].

[v] An aggregate melt is not in equilibrium with its
residue; only the final drop of instantaneous melt
extracted is in equilibrium with the residue. A more
complete and quantitative discussion of relation-
ships among melts, residues and initial source
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compositions can be found elsewhere [Herzberg,
2004a]. The aggregated melt is the most important
type of primary magma because its composition is
most representative of the bulk composition of the
oceanic crust. Both types provide temperature
information of melting, and examples are given
below. We have not explicitly accounted for partial
melt-rock reaction during melt migration. It is
expected to generate melts intermediate between
the perfect fractional (no reaction) and batch (com-
plete equilibrium during migration) end-members.

[10] Numerical models of perfect fractional melt-
ing can be obtained either by iterative solutions to
the equation for batch melting or by mass balance
solutions to the equation for accumulated fractional
melting [Shaw, 1970; Albaréde, 1995]. Both meth-
ods give the same results (Appendix A), and the
solutions reported by Herzberg and O’ Hara [2002]
will be used here. Results for major elements are
not significantly affected by including a small
trapped melt fraction within a residual porosity.

[11] Primary magmas and their solid and liquid
derivatives make up the oceanic crust [Elthon,
1979]. The compositions of the bulk oceanic crust
and the primary magma formed by accumulated
fractional melting will be identical if fractional
crystallization does not occur in the mantle. Paren-
tal and primary magmas will only be identical in
composition if there is no heat loss and no olivine
crystallization anywhere during magma transport
from the mantle source to the volcano [O Hara,
1968]. Fractional crystallization changes primary
magmas to parental magmas with lower MgO
contents. There is a considerable body of evidence
that indicates it occurs in lava flows and shallow
level magma chambers that solidify as dikes and
sills [O ’Hara, 1968]. However, it can also occur in
the mantle below oceanic ridges [Grove et al.,
1992; Niu, 1997; Coogan et al., 2001; Herzberg,
2004b; Schwartz et al., 2005], Réunion [Albaréde
et al., 1997], and west Greenland [Larsen and
Pedersen, 2000].

2.1. Calculation of Parental Magma
Compositions: Method and Examples

[12] In order to restore the parental magma com-
position, the process of fractional crystallization is
inverted. This examination begins with the case of
low-pressure fractional crystallization of olivine. A
discussion follows with more complex cases in-
volving plagioclase and augite, and high-pressure
crystallization. We will examine 3 cases that are
representative of many volcanoes produced by

decompression melting of the Earth’s mantle, and
use them to illustrate the computational method for
restoring parental magma composition (Figure 1a).
We examine basalts from the Siqueiros Transform
that offsets the East Pacific Rise (EPR) [Perfit
et al., 1996] and the Ontong Java Plateau [Fitton
and Godard, 2004]. We also examine the picrites
and komatiites of Cretaceous age from the island
of Gorgona [Echeverria, 1980; Aitken and
Echeverria, 1984; Echeverria and Aitken, 1986;
Kerretal., 1996; Arndt et al., 1997; Revillon et al.,
1999, 2000].

[13] For Gorgona, the terms ‘‘picrite’’ and
“komatiite” have been used to describe hyaloclas-
tic volcanic rocks without spinifex textures and
lava flows with spinifex textures, respectively.
Olivine fractionation and accumulations control
the geochemistry of each population, resulting
in lavas with a wide range of MgO contents at
nearly constant FeO (Figure la). This process
can be described with a variety of computational
procedures, all of which provide information
about parental magma composition [[rvine, 1977,
Pearce, 1978; Hanson and Langmuir, 1978;
Langmuir and Hanson, 1980; Albaréde, 1992;
Nisbet et al., 1993].

[14] Before a parental magma composition can be
calculated, it is necessary to know the composition
of olivine that will crystallize from a liquid. It is
determined using the Fe-Mg exchange coefficient
Kp = (F eO/MgO)Ol/(FeO/MgO)L, first introduced
by Roeder and Emslie, [1970]. The model of Toplis
[2005] is used here to describe the effects of
temperature, pressure, and composition on Kp.
We assume olivine crystallization occurs at near
atmospheric pressure. At high pressures within the
melting regime, the model of Toplis [2005] is
similar to that of Herzberg and O’Hara [2002];
pressure effects on Kp will be examined below.
The temperature at which olivine crystallizes,
which is required in the Toplis Kp, is calculated
from the method of Beattie [1993], also discussed
below. For the case of near-surface crystallization
considered in Figure la, the Toplis [2005] param-
eterization yields Kp that is very similar to the
commonly used model of Ford et al. [1983]. Each
green line in Figure la shows an array of liquid
compositions that precipitate olivine with a given
Fo content at the surface. The composition of
olivine is expressed as Mg number (Mg # =
100 MgO/(MgO + FeO)) molar although, for
convenience, we use the term forsterite content
(Fo = mole fraction Mg,Si0,). For naturally occur-
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