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Abstract

Abyssal peridotite samples from slow-spreading oceanic ridges have been interpreted as residues of near-fractional
melting processes on the basis of trace-element data, whereas major-element compositions and modes of the same samples
require interactions between migrating melts and residual solids, either by equilibrium porous flow, refertilization, or
olivine crystallization. Modeling of major- and trace-element data shows that these peridotite samples are consistent with
a variety of melting and melt migration histories that include elements or episodes both of near-fractional melting and
of equilibrium porous flow. A component of equilibrium porous flow explains peridotite compositions better than olivine
deposition or refertilization. Mixing of primary basalt liquids composed of variable proportions of unmodified liquid
increments extracted by near-fractional melting, and of liquids transported by equilibrium porous flow generates local
trend systematics like those observed in fractionation-corrected basalt compositions at slow-spreading ridges. Both the
local trend in basalts and the fractionated trace elements in peridotites are absent at the fast-spreading East Pacific Rise,
allowing simpler models of melting and melt migration than those required at Atlantic and Indian ridges and implying a
spreading-rate or magma-flux dependence to the mechanism of melt extraction.  1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Basalt and peridotite samples recovered from
mid-ocean ridges represent the complementary liq-
uid and residual products of melting and melt migra-
tion processes in upwelling oceanic mantle. Chemi-
cal data from these rocks provide the essential evi-
dence that constrains the nature of these processes; in
particular, whether melting is near-fractional (i.e., a
system from which melts are continuously removed
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and chemically isolated from residues, perhaps with
a small residual porosity remaining behind), or
whether there is significant equilibration between
liquids and residues after the liquids are formed
(either in situ or along melt migration pathways).
Several lines of evidence have led to widespread ac-
ceptance of the role of near-fractional melting in the
production of the igneous oceanic crust at mid-ocean
spreading centers, but none of these arguments is
definitive.

First, textural evidence that basaltic liquids are
interconnected at low melt fraction [1,2], together
with physical arguments concerning compaction and
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porous flow [3] and measurements of disequilibrium
in the daughter isotopes of 238U and 235U in fresh
basalts [4,5] imply that liquids can and do become
mobile at small porosities and are rapidly extracted
from the mantle [6–8]. Low residual porosity, how-
ever, does not directly imply fractional or even near-
fractional melting, despite the intuitive relationship
between these phenomena. In principle, melts mi-
grating by porous flow can remain in equilibrium
with the solid matrix whatever the porosity. Indeed,
equilibrium porous flow models utilizing very low
residual porosity can explain the U-series disequi-
librium data [9,10], and may be required to explain
correlations between U-series disequilibria and other
measurements [11]. The extent of equilibration ex-
pected in porous flow models depends on the spacing
of channels [12,13] rather than the porosity per se. In
one dimension and steady state, the limit of perfect
equilibrium between migrating melts and matrix in
fact yields liquid and residue compositions identical
to batch, rather than fractional, melting, regardless
of porosity [10,14,15]. Furthermore, the existence
of replacive dunite bodies in the mantle sections of
ophiolite exposures is generally taken as evidence
that melts migrating by porous flow do in fact react
with the matrix at least within high-flux channels
[16–19], and the same process may be operating on
harzburgites as well [20].

Second, the forward model of aggregate basalt
production of Langmuir et al. [21] obtains a bet-
ter fit to regionally averaged, fractionation-corrected
mid-ocean ridge basalt (MORB) compositions using
a fractional melting process than a batch melting
process. The fractional melting model of Langmuir
et al. [21] provides, however, such a small range
in the Fe contents of primary liquids in a melting
regime of given potential temperature that it is not
possible to explain the slow-spreading local trend of
Klein and Langmuir [22] by melting processes even
with complete freedom to imagine arbitrary mixing
scenarios. The batch melting model of Langmuir et
al. [21] (which does not fit the global trend well)
does provide enough range in Fe to create these local
trends, given a suitable rule for generating a range of
partial mixtures of primary liquid increments.

Third, trace-element data from clinopyroxene
(cpx) grains in abyssal peridotites recovered from
the slow-spreading Indian and Atlantic ridges pro-

vide the most convincing evidence for near-frac-
tional melting with residual porosity in the range
0.1–1% [23,24]. Nearly all the interpretations of
abyssal peridotite (and basalt) data to date have used
models wherein the mode of melt extraction and=or
the porosity are constant. This is certainly a reason-
able first approach, since it is inherently simpler than
any variable-mechanism or variable-porosity model.
Under the constraint of constant mechanism and
porosity, it is indeed difficult to explain the trace-
element data of [23,24] except by low-porosity near-
fractional melting. As we will see below, however,
no simple one-stage model with constant parameters
can simultaneously explain both the trace-element
and major-element systematics of abyssal peridotite.
Reluctantly, then, we must expand our parameter
space to include more complex models. For trace
elements, this point has been made by Kelemen et
al. [19], who observed that the REE patterns in cpx
of Johnson et al. [24] are consistent with combina-
tions of batch and fractional melting in addition to
constant porosity near-fractional models.

The behavior of major elements in peridotites and
of basalt compositions during combined histories of
equilibrium transport and fractional melting has not
previously been described. In this paper I show that
elements of both equilibrium transport and near-frac-
tional melting are required to explain major-element
trends in abyssal peridotites, and that such combi-
nations are consistent with trace-element and modal
data from peridotites as well as major-element data
from MORB. The coexistence of differing styles of
melting or of a continuum of melting styles in the
same melting regime is a natural consequence of
reasonable physical scenarios of melt migration and
accounts for enigmatic aspects of diverse data types.

2. Abyssal peridotites

The major-element data for slow-spreading ridges
consist of (1) 36 distinct plagioclase-free lherzolite
or harzburgite samples from the southwest Indian
ridge [23,25] with published primary mineral modes
and analyses of relicts of all phases, allowing direct
estimation of the bulk composition; (2) 86 further
samples from Indian and Atlantic ridges, for which
primary mineral modes and between zero and three
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mineral analyses were published [23–25] and bulk
compositions have been estimated using correlations
among phase compositions and modes by Niu et al.
[26] and Niu [27]. I have attempted to reproduce
the reconstruction method of Niu et al. [26] and
found apparent discrepancies in sample selection,
Cr2O3 contents, and TiO2 contents, and an ambiguity
leading to at least two different possible results for
FeO. In what follows I use my own results (fol-
lowing, where possible, the method of Niu et al.
[26]) rather than the published reconstructions of
Niu et al. [26]; the FeO contents used here are con-
sistent with earlier unpublished versions of the Niu
et al. method (C. Langmuir, pers. commun.), with
the alternative reconstruction of Baker and Beckett
[28], and, a posteriori, with the modeling results
presented. Given the substantial uncertainty in re-
construction, the reader may choose to evaluate the
petrogenesis of abyssal peridotites solely from those
samples where all phases have been analyzed (shown
as filled symbols in all the figures herein).

Ion-probe trace-element data (Ti, Zr, and REE)
from cpx grains are available for two of the fully
analyzed samples and 39 of the reconstructed sam-
ples [23,24]. For the fast-spreading East Pacific Rise,
complete modes and major-element analyses have
been reported only for 9 harzburgites drilled from
Hess Deep, among which 5 samples have reported
cpx trace-element analyses [29].

2.1. Fractional melting

Quantitative modeling of the major-element evo-
lution of melting residues was first attempted by Niu
et al. [26] and Niu [27], who concluded that abyssal
peridotites are not residues of fractional melting
(or of isobaric batch melting), using the parameter-
ized mantle melting models of Niu and Batiza [30],
Kinzler [31], and Langmuir et al. [21]. This con-
clusion does not depend on which version of the
Niu et al. [26] reconstruction is used. I confirm their
result using a thermodynamically self-consistent, in-
crementally isentropic fractional fusion calculation
based on the MELTS model [32–35]. Fig. 1 plots ox-
ides against MgO for abyssal peridotite samples and
MELTS calculations of residues of polybaric frac-
tional fusion using various potential temperatures,
with melting continuing to the base of the crust.

I also show one near-fractional melting calculation
with a residual porosity of 1%; it is effectively iden-
tical to perfect fractional melting in major oxides.
These calculations grossly fail to reproduce the low
SiO2, high FeO end of the trend, and give TiO2 and
Na2O much too low and CaO perhaps slightly too
low at a given MgO content. None of these calcu-
lations reaches high enough MgO content to explain
the most refractory samples; using higher potential
temperatures to reach higher extents of melting and
higher MgO exacerbates the FeO and SiO2 problems
by increasing the mean pressure of melting. Refertil-
ization of fractional residues with basalt [36] would
not help explain the high MgO or low SiO2 sam-
ples. These results are essentially similar to those
of Niu et al. [26], except that fractional fusion with
MELTS along adiabats that intersect the solidus at
less than 2 GPa gives a positive slope in the FeO–
MgO diagram comparable to the trend of the abyssal
peridotite data, failing only to reach the most Fe–
Mg-rich samples, whereas the models plotted by Niu
et al. [26] yield nearly horizontal FeO–MgO paths
able to explain only the most Fe–Mg-poor samples.

2.2. Polybaric batch melting or equilibrium
transport

As an alternative to the fractional or near-frac-
tional model, consider isentropic polybaric batch
melting. Fig. 2 compares the abyssal peridotite sam-
ples to MELTS calculations of isentropic batch melt-
ing at the same potential temperatures as Fig. 1.
Given the range of possible source compositions and
potential temperatures, this process appears to pro-
duce an excellent fit for all oxides, except Na2O (the
data are too high in Na2O at given MgO) and TiO2

(much of the data are too low at given MgO). Poly-
baric batch melting is able to produce nearly opx-free
samples with up to 49% MgO if melting continues
to very low pressure (¾0.2 GPa). Given that batch
melting of peridotite with MELTS as currently cal-
ibrated is known to produce liquids higher in SiO2

and Na2O and lower in MgO than 1 GPa experi-
ments [37,38], the residues calculated from MELTS
presumably err somewhat towards high SiO2 and low
Na2O at given MgO.

In steady state and one dimension, polybaric
batch melting produces residues identical to those
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generated by equilibrium porous flow [15], so in
general terms the formation of high-MgO residues
approaching and including dunite in these calcula-
tions is equivalent to the models for dunite formation
by reactive porous flow discussed by Kelemen and
coworkers [16,18–20], although these authors envi-
sion formation of dunite at pressures near 1 GPa.
Abyssal harzburgites look like products of the same
process that makes ophiolite dunites, but the process
has not gone to completion. The melt focusing calcu-
lations of Asimow and Stolper [15] show that there
is a wide range of focusing factors and potential
temperatures where focused equilibrium porous flow
leaves a harzburgite residue; such harzburgites are
distinguishable from fractional residues not only by
their trace-element patterns but also by low SiO2 and
high FeO, CaO, and TiO2 at given MgO.

The misfit for Na2O is curious; not only are the
estimated bulk Na2O contents of Atlantic and Indian
Ocean abyssal peridotites too high at given MgO
to be residues of near-fractional melting, they are
higher even than expected from polybaric batch melt-
ing [36]. Trace elements with partition coefficients
similar to that for Na, on the other hand, show con-
centrations in cpx significantly lower and ratios sig-
nificantly more fractionated than can be produced by
batch melting models [24]. Part of the misfit seen in
Fig. 2 is due to the underestimate of the partition co-
efficient for Na2O in the current MELTS calibration
[38], but it seems likely that the bulk Na contents of
abyssal peridotites have not been well characterized.
Many published electron probe measurements of Na
in abyssal peridotites may be upper limits (H.J.B.
Dick, pers. commun.). The drilled Hess Deep sam-
ples have significantly less Na than equally depleted
dredged samples from other locations, and samples
from the Teravaka transform on the East Pacific

Fig. 1. Comparison of residues of incrementally isentropic polybaric fractional melting calculated using MELTS to bulk compositions of
abyssal peridotites (all axes are weight percent oxides). Filled circles indicate samples from Atlantic and Indian Ocean ridges for which
modes and analyses of all phases are available allowing direct estimation of bulk composition [23,25]. Open circles indicate samples
from Atlantic and Indian Ocean ridges for which bulk compositions are reconstructed by a method similar to that of Niu et al. [26] using
modes and analyses of zero to three phases [23–25]. Filled triangles are (fully analyzed) samples from Hess Deep in the Pacific Ocean
[29]. Calculations use the primitive mantle source composition of McDonough and Sun [57]. The method of calculation is as described
in [34]; all liquid is extracted from the system each time an increment of 0.5% by volume is generated by isentropic upwelling (except
for the short-dashed black curves, which show a near-fractional calculation with residual porosity of 1.0%). Only the lowest potential
temperature path experiences residual plagioclase at low pressure; other paths are too depleted by the time they reach the stability field
of plagioclase.

Rise (and elsewhere; Baker and Beckett, submitted)
clearly have a bimodal distribution of Na contents
in cpx grains [39]. Unless bulk Na2O concentrations
are attributed to analytical problems or metasoma-
tism, Na will remain a problem in this analysis.

Baker and Beckett [28] calculate an alternative
reconstruction of 43 site-averaged abyssal peridotite
bulk compositions based on the raw data of Dick and
coworkers and Bonatti and coworkers [23,29,40–43],
leading to bulk composition trends similar to those
of Niu et al. [26], except for FeO vs. MgO (Fig. 3).
Baker and Beckett attribute the positive correlation
between FeO and MgO in the Niu et al. reconstruc-
tion partly to the use of individual thin sections,
which may be too small to accurately characterize
their modes, rather than site averages. By analogy
to basalt compositions, however, where regional av-
erages are thought to reflect long-wavelength vari-
ations in potential temperature [44], and individual
samples are thought to reflect processes within the
melting regime at fixed potential temperature [22],
it is possible that site averages of abyssal peridotite
compositions may also reflect a more global sys-
tematic than individual thin sections (in addition to
any effects of point counting statistics). In Fig. 2
each polybaric batch melting model curve represents
progress up a single column with given potential
temperature, which produces a curve resembling the
trend of the unaveraged abyssal peridotite compo-
sitions from the method of Niu et al. [26]. On the
other hand, Fig. 3 superimposes selected global vec-
tors, obtained from columns over a range of potential
temperatures. The long-dashed curve samples each
potential temperature at equal pressure (0.3 GPa),
and gives higher FeO at low potential temperature
and moderate MgO than the bulk of the Baker and
Beckett site averages. A global trend drawn at the
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Fig. 2. Comparison of residues of isentropic polybaric batch melting calculated using MELTS to bulk compositions of abyssal peridotites.
Symbols and data sources as in Fig. 1.
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Fig. 3. Comparison of total FeO vs. MgO for site-averaged
abyssal peridotite compositions and individual abyssal peridotite
thin sections. Small circles and triangles are the same data as
shown in Figs. 1 and 2. Large diamonds show the site averages
obtained by Baker and Beckett [28]: filled for suites where all
phases have been analyzed and open for suites where bulk com-
position has been reconstructed despite unmeasured phases by
a somewhat different method than that of Niu et al. [26]. Fine
curves are isentropic polybaric batch melting curves for the Mc-
Donough and Sun bulk silicate earth source [57] at four different
potential temperatures, labeled by the pressure (in GPa) where
the adiabat intersects the solidus. Heavy curves show ‘global
trends’ obtained by connecting residue compositions from dif-
ferent potential temperatures; the pressures where the black and
shaded curves intersect are marked in GPa. The long-dashed
curve shows constant pressure (0.3 GPa). The short dashed curve
is for simple two-dimensional melting regimes where melting
continues to the base of the crust and abyssal peridotites are
sampled at the pressure of the base of the crust. The solid black
curve is chosen to fit the Baker and Beckett data and implies
sampling of low-potential temperature regions at higher pres-
sure (0.5 GPa) and high-potential temperature regions at lower
pressure (0.25 GPa in this case).

pressure of the average base of the crust for each
potential temperature yields the steep short-dashed
curve in Fig. 3, a worse fit to the Baker and Beck-
ett data. To get a flat or gently-sloping global trend
requires sampling at higher pressure where poten-
tial temperature is low, and lower pressure where
potential temperature is high (solid black curve in
Fig. 3; pressures are picked to fit), the opposite
of control by crustal thickness. The site-averaged
abyssal peridotite data perhaps therefore imply that

the thermal structure at fracture zones is affected
by the temperature of the underlying mantle, with
a thinner lithosphere at fracture zones overlying hot
mantle (which could also be a spreading-rate effect,
since most low potential temperature regions have
slow spreading rates). This inferred thermal struc-
ture is consistent with the inference of Michael and
Cornell [45] that fractionation of basalts occurs at
higher pressure along cold or slow-spreading ridge
segments than along hot or fast-spreading ridge seg-
ments.

2.3. Combinations of fractional melting and
equilibrium transport

The observation that abyssal peridotites resemble
residues of polybaric batch melting in major-element
composition is interesting but unsatisfying, because:

(1) trace elements in cpx suggest some near-frac-
tional melting in the Atlantic and Indian samples
[23,24];

(2) the global trend in basalt composition is more
consistent with fractional melting [21];

(3) batch melting strictly speaking is physically
unlikely since melts are presumed to be mobile; and

(4) primitive MORB liquids are far from equilib-
rium with orthopyroxene (opx) at pressures less than
about 1 GPa [46] and hence much of the liquid pre-
sumably migrates through the shallow mantle in iso-
lation from opx [18]. This implies that we ought to
test the consequences of histories that combine batch
and fractional melting as a preliminary description
of histories in which the residual porosity, melt flux,
and=or extent of equilibration along flow paths vary
during upwelling. Our goal is to find hybrid mod-
els that can explain both major- and trace-element
compositions of abyssal peridotites and basalts in a
manner consistent with physical constraints on melt
transport.

As an example of the potential of models with
varying melting mechanisms, consider the cases of
fractional melting followed by a switch to batch
melting and, conversely, batch followed by frac-
tional melting. These are intended to describe melt-
ing regimes like those envisioned by Hart [13] with
a fractal network of high-porosity channels. There
is some finite porosity everywhere, but instead of
uniform porous flow without horizontal structure, we
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consider that the flow tends to break up into regions
of relatively high porosity and melt flux (generically
labeled channels without consideration here of their
formation mechanism; proposals include [47–49])
and complementary regions of relatively low poros-
ity and melt flux. Outside a channel the system is
undergoing a process close to near-fractional melting
in that liquids are removed as they are formed but
very little is added to the system, whereas inside a
channel melts are fluxing through and re-equilibrat-
ing to some extent with the residue in the channel.
In the solid frame of reference, the essential con-
trol on the character of melting is not melt velocity
but rather how much melt enters from below and
whether it is allowed to interact with the local solid.
Here the interior of the channels is modeled using
perfect equilibrium because kinetic partial-equilib-
rium models for major elements are not available;
by combining episodes of the end-member processes
of fractional and equilibrium flow we attempt an ap-
proximate description of a system which experiences
a range of intermediate behavior.

The number of channels may increase or decrease
upwards due to the competition between coalescence
of channels and nucleation of new channels. The
melt flux carried by channels, however, certainly
increases upward due to progressive melting and in-
creases laterally towards the ridge axis due to melt
focusing. Probably, therefore, the volume fraction of
channels ought to increase upwards and towards the
ridge axis. In a parcel of mantle that reaches shallow
levels near the ridge axis and can be sampled as
abyssal peridotite, then, the sequence fractional-fol-
lowed-by-batch should be most common, but in real
melting regimes the channels may be mobile and
a given sample may switch modes several times or
experience a random-walk in porosity.

In Fig. 4, the residues of MELTS calculations
of varying extents of fractional melting followed
by batch melting, and of varying extents of batch
melting followed by fractional melting (with all cal-
culations continuing to the base of the crust), are
compared to abyssal peridotite samples. Clearly, it
is difficult to distinguish these combined histories
from simple polybaric batch melting paths in oxide
vs. MgO space, although a component of fractional
melting helps to explain the TiO2 data. The data ap-
pear to permit any of these histories (again, with the

exception of Na2O). This calculation, then, is similar
to the result of Kelemen et al. [19] for REE patterns:
the major- and trace-element data from slow-spread-
ing ridges are consistent with combined histories of
batch and fractional melting, and it is difficult to dis-
tinguish the order or relative amounts of each. The
difficulty comes in part from the weak effect of near-
fractional melting on major-element evolution and
the weak effect of batch melting on trace-element
composition. Similarly, the Ti–Zr plot, that Johnson
et al. [24] used to argue that abyssal peridotites are
residues of various degrees of near-fractional melt-
ing, is equally consistent with combinations of batch
and fractional melting.

In the fractional-then-batch model the small melt
fraction liquids that are extracted during the early
fractional melting episode do not interact with over-
lying mantle during ascent. The trace-element con-
straints from abyssal peridotite are satisfied by re-
moving the enriched early melts carrying high con-
centrations of incompatible elements from that part
of the system that reacts to form abyssal harzbur-
gites. Perhaps the early melts are transported in
dunite conduits [16] as observed in ophiolites, but
not included in the population of abyssal harzbur-
gites considered here.

The fractional-then-batch model can satisfy the
constraint that primitive aggregate MORB is under-
saturated in opx at low pressure [46] in a number
of ways. First, the fractionally transported compo-
nent may constitute the bulk of the aggregate liquid
since, coming from the wide base of the triangu-
lar melting regime, it is disproportionately weighted
in the integrated composition [50]. Second, the cal-
culations in Fig. 4 only consider one-dimensional
(vertical) melt transport. In the usual description of
a two-dimensional batch-melting regime, liquid that
undergoes equilibrium transport through the melt-
ing regime but reaches the boundary of the melting
regime off-axis at depth, is subsequently transported
to the crust without further reaction (in the present
hybrid model, perhaps in the same dunite channels
that are carrying fractional liquids from still deeper).
Third, many of the equilibrium transport conduits
may collect sufficient melt flux to generate dunite
near 1 GPa and subsequently transport liquids in
isolation from opx [15,16]. Formation of dunite by
equilibrium porous flow at 1 GPa requires focusing
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Fig. 4. Comparison of residues of combinations of polybaric fractional and batch melting using MELTS with bulk compositions of
abyssal peridotites. Symbols and data sources as in Fig. 1. For clarity, the potential temperature such that the adiabat intersects the
solidus at 2 GPa, is shown. The curves represent batch melting (3-point curve thickness) as in Fig. 2; some fractional melting followed
by batch melting to the base of the crust (2-point curve thickness, labeled with an ‘f’ and the extent of fractional melting used, e.g.,
f5% represents 5% fractional melting followed by batch melting); and some batch melting followed by fractional melting to the base of
the crust (1-point curve thickness, labeled with a ‘b’ and the extent of batch melting used). CaO and Al2O3 are not shown as all curves
overlap the batch melting curve.

the melt flux; diffuse flow involving the entire mass
of residue is not sufficient to generate dunite, even
at low pressure [15]. The failure of the near-frac-
tional model (Fig. 2) to produce harzburgites with

abyssal peridotite compositions, however, shows that
not all of the melt flux is carried in dunite conduits.
There must be a component of reactive vertical flow
leaving modified harzburgite residues that can be
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sampled as abyssal peridotite, and this reaction must
continue to pressures significantly lower (0.2–0.5
GPa, see Fig. 3) than the pressure of opx saturation
in primitive MORB (¾1.0 GPa). The two-layer mod-
els described here are intended only as preliminary
descriptions that can simulate histories of particular
hand samples of residue; clearly a model incorporat-
ing horizontal variations in the style of melt transport
is necessary to satisfy all the constraints on peridotite
and basalt composition.

2.4. Comparison to the olivine-addition model

A two-stage model of fractional fusion followed
by olivine addition from fractional crystallization
of basaltic liquids migrating through the thermal
boundary layer [26,27] also explains the major- and
trace-element data in abyssal peridotites for the most
part, since the samples do plot in major-oxide space
between fractional residues and olivine and by fiat
the olivine-addition process does not affect trace el-
ements in cpx. The viability of the olivine-addition
model can be questioned on physical grounds (it is
unclear how olivine addition occurs on thin-section
scale without equilibration of trace elements in py-
roxene [12] and how the melt remains undersaturated
in opx while depositing olivine in harzburgites [51]),
but it is nevertheless of interest to test the chemical
implications of the olivine-addition model. In prin-
ciple, near-fractional melting followed by olivine
addition can be distinguished from models involving
equilibrium porous flow by examining ratios, such
as CaO=Al2O3, TiO2=Al2O3, Cr2O3=Al2O3, Ti=Zr
in cpx, and modal cpx=opx, which are sensitive to
the melting process but unaffected by simple olivine
addition (except perhaps at Hess Deep, which may
have high Ti in olivine). The uncertainty on ratios
of bulk oxides, however, is very large (and difficult
to quantify). Fig. 5 demonstrates that fractional (and
near-fractional, not shown) fusion generates a very
narrow range of CaO=Al2O3 and Cr2O3=Al2O3 ra-
tios, except at extremely low values of TiO2=Al2O3.
The significant range in these ratios in the abyssal
peridotite data is better explained by combinations
of batch and fractional melting in whatever order (or
by initial heterogeneity of sources or by analytical
uncertainty). Using the linear relationship between
MgO content of residues and extent of melting de-

rived by Niu [27], the TiO2=Al2O3 ratios alone con-
strain the extent of fractional melting to<18% for all
but one sample and typically to ¾10% for the bulk
of the data (Fig. 6a). Although the data in Fig. 6a
could be explained by removal of excess olivine until
the samples plotted on the fractional residue curves,
most of these samples are highly depleted rocks with
little or no residual cpx, implying extents of melting
generally higher than 10%.

Another indicator that is sensitive to melting pro-
cess, but unaffected by olivine addition, is the ratio
of modal abundance of cpx to that of opx. Al-
though the modal ratio observed in abyssal peridotite
samples may be modified by subsolidus exsolution
(depending on the extent of recrystallization and
the method of point-counting), the change in any
case is relatively minor and consistent in sense: sub-
solidus MELTS calculations [52] show that for rocks
whose initial, high-temperature mode has a small
cpx=opx ratio the effect of exsolution is to increase
this ratio by only a small amount even for fully re-
crystallized rocks where primary and secondary cpx
cannot be distinguished. The cpx=opx ratio is plotted
against bulk TiO2=Al2O3 for the abyssal peridotite
data alongside fractional, batch, and combined frac-
tional-then-batch and batch-then-fractional melting
histories in Fig. 6b and against Ti=Zr ratio in cpx
in Fig. 6c. The bulk of the data lie to the left of
the fractional melting curves in both plots, whereas
subsolidus modification of the model residues would
move them to the right. The sense of known errors
in modes calculated by MELTS [37,38] is to under-
predict the cpx=opx ratio; so the constraint shown is
robust in the sense that the correct melting reaction is
likely to generate fractional melting curves further to
the right. Hence, fractional residues with or without
added olivine are not consistent with the modes and
compositions of most abyssal peridotite samples.

Consideration of ratios of oxides and modes in
abyssal peridotites appears to require more thorough
chemical interaction between melt and residue than
is envisioned in the olivine-addition hypothesis, per-
haps episodes of equilibrium porous flow. Although
the chemical data do not exclude the possibility that
pervasive olivine addition may have occurred, there
remains no need for olivine addition once interac-
tions such as equilibrium porous flow are involved,
and simple olivine addition without other reaction
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Fig. 5. Ratios of elements that should not be affected by olivine accumulation in abyssal peridotite data compared to batch, fractional,
fractional-followed-by-batch, and batch-followed-by-fractional melting calculations according to MELTS. Symbols and data sources as in
Fig. 1. The McDonough and Sun Bulk Silicate Earth source [57] is used with initial pressure of melting of 2.5 GPa. Curves labeled f2%,
f5%, f8%, and f12% represent the labeled extent of fractional melting beginning at 2.5 GPa followed by batch melting to the base of the
crust. Curves labeled b9%, b15%, and b21% represent the labeled extent of batch melting beginning at 2.5 GPa followed by fractional
melting to the base of the crust.

remains physically implausible. However, the widths
of the data trends in Figs. 4–6, if not the result of
analytical and reconstruction errors, call for a range
in source compositions (especially CaO=Al2O3) and
potential temperatures as well as variation in the
mechanism of melt migration.

Fig. 6 also illustrates that the harzburgite samples
drilled at Hess Deep in the Pacific Ocean are anoma-
lous compared to abyssal peridotites dredged in the
Atlantic and Indian Ocean basins. Although these

rocks are extremely depleted, the Ti=Zr ratio in cpx
(¾140) is comparable to the least depleted samples
from elsewhere [29]. Similarly, although the mid-
dle-to-heavy REE contents in cpx are extremely low,
the overall cpx REE patterns are only moderately
fractionated and the (Ce=Sm)n and (Nd=Yb)n ratios
are higher than Atlantic and Indian Ocean samples
with comparable Ce concentrations inferred to be
residues of fractional melting. In Fig. 1 it is clear
that all the Hess Deep samples occupy the region of



314 P.D. Asimow / Earth and Planetary Science Letters 169 (1999) 303–319

composition space that is most difficult to produce
as fractional residues, whereas Fig. 2 shows that
they appear consistent with polybaric batch melting
or equilibrium porous flow, including Na2O but ex-
cepting the high bulk TiO2 contents (dominated in
these samples by olivine analyses, which may be

considered analytical upper limits; H.J.B. Dick, pers.
commun.). Despite their highly depleted character,
these samples appear to have melted under condi-
tions of higher porosity or more reactive flow than
the Atlantic and Indian samples. Neither trace-ele-
ment ratios, nor modes, nor major-element composi-
tions (Na excepted) require a near-fractional episode
in the history of these samples. The present model,
however, fails to explain some aspects of the Hess
Deep samples (e.g., high Ti in olivine coexisting with
low Ti in cpx); a more complex history such as that
described by Dick and Natland [29] may be required.

3. Basalts

An outstanding problem in the interpretation of
MORB composition data is the quantitative explana-

Fig. 6. (a) TiO2=Al2O3 (log scale) against MgO (bottom scale)
for calculated residue and abyssal peridotite data as in Fig. 5.
The top scale converts MgO content to extent of melting F
using the approximate linear relationship derived by Niu [27].
Assuming negligible TiO2 and Al2O3 in olivine, subtraction of
excess olivine moves samples horizontally to the left; addition of
olivine to model residues moves them horizontally to the right.
If the data are corrected back to the fractional residue curves,
the implied extents of melting cluster around 7 to 12% with a
total range from 3 to 21% (except for the high-Ti=Al samples
from Hess Deep, which do have high reported TiO2 in olivine
and cannot derive from the McDonough and Sun source by any
of the processes considered herein if these olivine analyses are
taken at face value). Batch, fractional-followed-by-batch, and
batch-followed-by-fractional melting paths reproduce the data
compositions without removal of excess olivine at melt fractions
ranging up to ¾30%. (b) TiO2=Al2O3 (linear scale) against
modal mass ratio of cpx to opx. The samples may have been
shifted a small distance to the right by subsolidus exsolution of
pyroxenes; data that now plot to the left of the model fractional
melting curves, however, seem to require some component of
batch melting. (c) Ti=Zr ratio in cpx vs. modal mass ratio of
cpx to opx; Zr calculated as a trace element using the partition
coefficients of [58]; model curves in this panel show paths
that intersect the solidus at 2.0 GPa. Note subset of Indian
and Atlantic samples with trace-element data indicated by filled
circles is different from subset of data with fully-characterized
major-element bulk compositions indicated by filled circles in (a)
and (b). Neither Ti=Zr nor cpx=opx should normally be affected
by olivine addition. Some equilibrium porous flow or batch
melting character is required to produce much of the observed
data lying to the left of the fractional trend.
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tion of the slow-spreading local trend of Klein and
Langmuir [22]. Fractional melting models do not
provide sufficient range in Fe contents of primary
liquids to create local trends by simple mixing, and
although the necessary range of liquids is present in
batch melting columns, no systematic mixing rule
has been proposed that generates both local and
global trends by mixing of batch melts. Explanations
that call on high-pressure fractionation generally fail
to generate the range in Fe8.0 of typically 1 wt.%
observed in many regions and fail to account for
the correlation of Na8.0 with Sr contents [21]. Re-
action between migrating melts and peridotite in
the melting regime or in the overlying lithosphere
has been invoked to explain local-trend type sys-
tematics in off-axis melts [53,54]. I show below
the similar result that the coexistence of near-frac-
tional melting and equilibrium porous flow in the
axial melting regime can generate trends resembling
slow-spreading local systematics in aggregate basalt
composition.

Fig. 7 is a cartoon of the melting regime used
in calculations that attempt to capture the possible
effects of combining batch and fractional melting.
For each potential temperature, aggregate melts were
calculated assuming a passive flow geometry for
polybaric batch melting, fractional melting, and a
series of intermediate models with fractional melting
occurring in the deeper part of the melting regime
followed by batch melting up to the base of the
crust. The liquids extracted in the fractional part of
the system are transported to the surface with no
further interactions with residues, and mixed with
the batch liquids from the top of each column. The
transition from fractional to batch is moved from the
bottom to the top of the melting regime to generate
a family of intermediate models. In this type of
triangle model, even the batch melts are transported
from the boundaries of the melting regime at depth
to the surface with no chemical interactions with
the residue, so the aggregate liquid is nowhere in
equilibrium with residue. More advanced models,
that examine melt migration in two dimensions (e.g.,
[55]), will be needed to evaluate the consequences of
various modes of reactive and isolated melt transport
rigorously.

Fig. 8 shows predicted aggregate basalt compo-
sitions for various potential temperatures using both

Fig. 7. Cartoon of the calculation used to approximate aggre-
gate liquids from melting regimes that combine aspects of batch
and fractional melting. After Langmuir et al. [21], small circles
represent points where melt is removed from equilibrium with
residue and hence transported to the crust for mixing without
further mantle interaction. In a batch melting system, melts are
extracted only on the outgoing boundaries of the batch melting
regime. In a fractional melting system, melts are extracted at
small intervals (an approximation to continuous and instanta-
neous extraction) throughout the interior of the melting regime
as well as on the boundary and brought without further inter-
action to a site of aggregation. To model an intermediate case,
one can perform fractional melting from the solidus up to some
transition depth and batch melting from the transition to the base
of the crust. Hence melts are extracted throughout the trapezoidal
section of the melting regime below the transition, but only from
the boundaries of the triangle above the transition. Melts ex-
tracted fractionally from the lower trapezoid pass through the
upper triangle without chemical interaction. The compositions
that result from such a calculation, using two different models of
melt production and composition, are shown in Fig. 8.

MELTS and the melting model of Langmuir et al.
[21] in melting regimes of the type drawn in Fig. 7.
The primary model liquids are fractionated to 8.0
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Fig. 8. Basalt compositions resulting from integration of liquids produced by passive flow melting regimes with fractional melting from
the solidus up to some pressure followed by batch melting to the base of the crust (see Fig. 7 for a sketch). Source composition from
[57]. Primary aggregate liquids calculated by MELTS and by the Langmuir et al. [21] melting model are fractionated to 8.0% MgO using
the liquid lines of descent of Langmuir et al. Various curves are labeled by initial pressure of melting; for each potential temperature, the
fractional-to-batch transition is varied continuously from the solidus to the base of the crust to generate the heavy curves with positive
slopes. Light solid curves connecting the ends of the Langmuir model curves show batch and fractional global trends. Data field shows
the global trend of regionally-averaged, fractionation-corrected data and data points with regression lines show selected local trends of
unaveraged samples from slow-spreading ridges; data from Langmuir et al. [21].

wt.% MgO using the liquid line of descent slopes
from Langmuir et al. [21]; it is difficult to perform
a quantitative fractionation correction since the melt-
ing model of Langmuir et al. does not predict CaO,
Al2O3 or H2O, each of which affects the fraction-
ation path. Hence these calculations would remain
approximate even if the melting models were perfect
descriptions of the melting process. At given poten-
tial temperature, the integrated liquids generated by
varying the melting mechanism from all fractional to
all batch as the transition sweeps through the melting
regime, generate a roughly linear trend in Na–Fe

space with positive slope. Calculations that connect
batch to fractional melting by instead continuously
varying the residual porosity, by allowing both batch
and fractional transport to be present at all levels
and varying their proportion, or with batch melting
followed by fractional melting, all yield essentially
identical curves on this diagram.

The positive slope of the curves linking batch and
fractional melting at each potential temperature in
Fig. 8 results because:

(1) batch melting is more productive than frac-
tional melting (leading to a higher mean extent of
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melting and therefore lower Na in the aggregate
liquid);

(2) batch melting leaves more Na behind in the
residue at given extent of melting; and

(3) batch melting generates a lower mean pressure
of equilibration and hence lower Fe in the aggregate
liquid.

The results from MELTS and from the Langmuir
et al. model are similar, but MELTS gives about
1% more Na2O everywhere and falls off toward low
extents of melting and low mean pressure of melting
(hence high Na8.0 and low Fe8.0) more quickly as
solidus pressure decreases [33,38]. When the pri-
mary liquids from either model are fractionated to
8% MgO they yield a global trend parallel to the data
and local trends similar to those for slow-spread-
ing ridges in the high potential temperature range.
At low potential temperature, the batch-to-fractional
trends at constant potential temperature are clearly
steeper than the local trends in the data. The cal-
culation performed is only a first approximation to
the range of liquids available in melting regimes
that contain elements of fractional fusion and of
equilibrium porous flow. The actual partial mixing
scenarios that create individual samples along a local
trend are undoubtedly more complicated than the
perfect two-dimensional integration that produces
each point along the model curves in Fig. 8. Nev-
ertheless, these calculations imply that the mixing
of increments of liquid generated by the same range
of mechanisms required to account for abyssal peri-
dotite compositions at slow spreading ridges may
help to explain the local trend systematics in basalt
data.

Given the differences in the melt migration his-
tory evident in peridotite samples from Hess Deep in
the Pacific compared to other ridges, it is notable that
the type of local trend that appears to be generated
by variable proportions of near-fractional and equi-
librium melting is absent in EPR basalts. Langmuir
et al. [21] also showed that the regional averages
for Pacific ridge segments are systematically offset
to lower Na8.0 values compared to the Mid-Atlantic
Ridge (by about 0.4 wt.%) at given Fe8.0. This is the
general effect on average compositions that would be
expected if the melting regime at Pacific ridges expe-
rienced higher porosity and a more reactive transport
character (see Fig. 8 herein and fig. 53 of [21]).

This type of offset, however, is also what would be
expected from melting of a more depleted source
composition [29,33,56].

4. Conclusions

(1) Although fractional or near-fractional melting
alone cannot generate the major-element composi-
tions of abyssal peridotites and batch melting alone
cannot generate their trace-element signatures, both
major and trace elements in abyssal peridotites are
consistent with combined histories of batch and frac-
tional melting, which may be a simple but adequate
means to calculate the products of melting regimes
that experience variations in the local melt flux, and
the extent of re-equilibration during melt migration.
It is difficult at present to distinguish, based on ma-
jor elements or stable trace elements, where in the
melting regime each character is dominant.

(2) Variation in the relative contribution of liquids
extracted from the melting regime by near-fractional
processes and by equilibrium porous flow generates
trends similar to the slow-spreading local trend of
fractionation corrected basalt compositions, at least
for low-Na, high-Fe ridge segments.

(3) Both the local trend in basalt and the highly
fractionated trace-element pattern in abyssal peri-
dotites are absent at the East Pacific Rise despite the
highly depleted character of the Pacific abyssal peri-
dotites, suggesting that the melt migration system
functions differently at high melt fluxes or spreading
rates.
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