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An Empirical Method for Calculating Melt Compositions
Produced Beneath Mid-Ocean Ridges:
Application for Axis and Off-Axis (Seamounts) Melting

YAOLING NIU AND RODEY BATIZA

School of Ocean and Earth Sciences and Technology, University of Hawaii at Manoa, Honolulu

We present a new method for calculating the major element compositions of primary melts parental to
mid-ocean ridge basalt (MORB). This model is based on the experimental data of Jaques and Green (1980),
Falloon et al. (1988), and Falloon and Green (1987, 1988) which are ideal for this purpose. Our method is
empirical and employs solid-liquid partition coefficients (D;) from the experiments. We empirically
determine D; = f(P,F) and use this to calculate melt compositions produced by decompression-induced
melting along an adiabat (column melting). Results indicate that most MORBs can be generated by 10-20%
partial mehing at initial pressures (Pg) of 12-21 kbar. Our primary MORB melts have MgO = 10-12 wt %.
We fractionate these at low pressure to an MgO content of 8.0 wt % in order to interpret natural MORB
liquids. This model allows us to calculate Py, P#, T, Ty, and F for natural MORB melts. We apply the model
to interpret MORB compositions and mantle upwelling pattemns beneath a fast ridge (East Pacific Rise (EPR)
8°N to 14°N), a slow ridge (mid-Atlantic Ridge (MAR) at 26°S), and seamounts near the EPR (Lamont
seamount chain). We find mantle temperature differences of up to 50°-60°C over distances of 30-50 km
both across axis and along axis at the EPR. We propose that these are due to upward mantle flow in a weakly
conductive (versus adiabatic) temperature gradient. We suggest that the EPR is fed by a wide (~100 km)
2one of upwelling due to plate separation but has a central core of faster buoyant flow. An along-axis
thermal dome between the Siqueiros transform and the 11°45" Overlapping Spreading center (OSC) may
represent such an upwelling; however, in general there is a poor correlation between manile temperature,
topography, and the segmentation pattem at the EPR. For the Lamont seamounts we find regular across-axis
changes in P, and F suggesting that the melt zone pinches out off axis. This observation supports the idea that
the EPR is fed by a broad upwelling which diminishes in vigor off axis. In contrast with the EPR axis, mantle
temperature correlates well with topography at the MAR, and there is less melting under offsets. The data
are consistent with weaker upwelling under offsets and an adiabatic temperature gradient in the subaxial
mantle away from offsets. The MAR at 26°S exhibits the so-called local trend of Klein and Langmuir (1989).
Our model indicates that the local trend cannot be due solely to intracolumn melting processes. The local
trend seems to be genetically associated with slow-spreading ridges, and we suggest it is due to melting of
multiple individual domains that differ in initial and final melting pressure within segments fed by buoyant

focused mantle flow.

INTRODUCTION

Several recent studies [McKenzie, 1984; Klein and
Langmuir, 1987; McKenzie and Bickle, 1988] have emphasized
that melting occurring in adiabatically rising mantle material
is polybaric. It is now widely accepted that mid-ocean ridge
basalts (MORB) are produced by such melting, commonly
referred to as column melting. In this model, solid mantle
material rises along an adiabatic temperature gradient,
intersects the solidus at a depth determined by its temperature
and melting characteristics, and begins to melt. Continued
upwelling is accompanied by continuous melting, matrix
compaction, and melt segregation.

While this general scenario for the genesis of MORB has
gained wide acceptance, many of the details of the process and
how these might vary in specific tectonic settings remain
controversial. For example, some studies favor a wide (~100
km) zone of passive mantle upwelling resulting from plate
separation [e.g., Oxburgh and Turcotte, 1968; Hanks, 1971;
Bottinga and Allégre, 1978; Houseman, 1983; Phipps Morgan,
1987; Spiegelman and McKenzie, 1987; Sleep, 1988; Ribe,
1988]. Alternatively, a narrow (10-20 km) zone of upwelling
is favored by models which consider thermal, compositional,
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and melt buoyancy forces [e.g., Scott and Stevenson, 1989;
Sotin and Parmentier, 1989; Buck and Su, 1989] and diapiric
flow [Rabinowicz et al., 1987; Whitehead et al., 1984; Crane,
1985; Schouten et al., 1985; Nicolas, 1986, 1989].

The amount and distribution of melt in the column, the
mechanism of melt segregation, and the role of lateral melt
migration to focus melt below the very narrow (~1 km) axial
neovolcanic zone are also controversial. Theoretical
arguments [e.g., McKenzie, 1984; Richter and McKenzie,
1984; Ribe, 1987; Riley and Kohlstedt, 1990] suggest that
melt porosities in the mantle are likely to be small (1-3 %),
but exactly how small is debatable. Even small (1-2%) melt
porosity can provide significant buoyancy [Scott and
Stevenson, 1989; Niu and Batiza, 1991]. Recent trace element
studies of abyssal peridotites [Johnson et al., 1990] also
suggest small melt porosities and favor fractional melting over
batch partial melting for MORBs [Dick, 1989]. Small melt
porosities support the continuous melting model of Langmuir
et al. [1977], also termed critical melting [Maalge, 1982].

The level and physical mechanisms of melt segregation are
also controversial. The maximum depth where dikes may be
efficient melt conduits [Nicolas, 1986; Sleep, 1988] is
unknown, but interpretation of uranium decay series isotopes
[Rubin and Macdougall, 1985; McKenzie, 1985a; Williams and
Gill, 1989] shows that MORB melts probably are produced,
segregated, and erupted relatively rapidly. This is also favored
by the observation that MORB melts do not chemically
reequilibrate at shallow depths [Bedard, 1989] (T. Plank and C.
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H. Langmuir, Influence of the melting region on mid-ocean
ridge basalt chemistry, submitted to Journal of Geophysical
Research, 1991) (Hereinafter Plank and Langmuir, 1991). If
the zone of upwelling is broad, then lateral melt migration
toward the axis may be needed to focus eruptions in the narrow
neovolcanic zone [Phipps Morgan, 1987, Scott and
Stevenson, 1989]. However, the importance of this process is
presently difficult to evaluate.

Additional unresolved questions concern the manner in
which mantle upwelling and magma supply vary with spreading
rate of mid-ocean ridges. Several studies [e.g., Scott and
Stevenson, 1989; Sotin and Parmentier, 1989] have suggested
that upwelling may be episodic or periodic at slow spreading
rates. Schouten et al. [1985] suggested a spreading rate
dependence of the spacing of central supply conduits feeding
ridges. In contrast, others [e.g., Macdonald et al., 1988;
Sinton et al., 1991] suggest a hierarchic supply geometry like
that proposed by Langmuir et al. [1986]. Recently, Lin and
Phipps Morgan [1991] suggested that fast-spreading ridges
may be dominated by spreading-induced passive upwelling,
whereas at slow-spreading ridges, buoyant plumes may be more
important. The buoyancy could come from melt, large
temperature difference, and/or compositional buoyancy created
by the melting processes. The significance of ridge offsets in
perturbing mantle flow and causing edge effects on MORB
chemistry also is a subject of debate [e.g., Bender et al., 1984;
Phipps Morgan and Forsyth, 1988].

The chemistry of MORB melts provides an important line of
evidence for helping to answer these questions and others. The
major element chemistry of MORB is particularly helpful when
compared to the chemistry of melts produced in the laboratory
under controlled conditions. For this reason, there have been
several previous attempts to use the experiments to deduce the
conditions of melting (e.g., pressure of melting, extent of
partial melting, nature of the peridotite source) of natural
MORB glasses. Ifo [1973] used existing experimental data to
quantify phase equilibria in the basalt-peridotite system. More
recently, Klein and Langmuir [1987], McKenzie and Bickle
[1988], and R. J. Kinzler and T. L. Grove (Primary magmas of
mid-ocean ridge basalts, submitted to Journal of Geophyvsical
Research, 1991) (hereinafter Kinzler and Grove, 1991), using
different approaches, have attempted to use experimental data
to calculate the chemical compositions of MORB melts formed
under a variety of melting conditions.

In this paper, we present a method, based on experimental
data, for calculating MORB melts formed by decompression-
induced melting processes. Our interest is not only to
understand the origin of MORB and magmatic processes at
ridge axes but also to provide a self-consistent set of MORB
melt compositions for use in physical models of upwelling,
flow, melt migration, and other physical-chemical processes
beneath mid-ocean ridges. Since the chemistry of MORB melts
controls their density [Niu and Batiza, 1991], viscosity, and
other physical properties, chemical information will also be of
use as an input to physical models of magmatic and tectonic
processes at active ridges. In this paper, we first discuss the
experimental data upon which our model is based. We then
present the method and discuss its possible applications to
interpreting the origin of natural MORB melts. Finally, we
apply the method to three MORB suites from a fast ridge (the
East Pacific Rise (EPR) at 8°~14°N), a slow ridge (the mid-
Atlantic ridge (MAR) at 26°S), and a seamount chain formed
near the EPR (the Lamont seamount chain at ~ 10°N). We
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discuss these results and draw some conclusions regarding
magmatic processes occurring below the plate boundary zone.

THE METHOD

Experimental Data

There exist a great deal of experimental data bearing on the
origin of MORB melts. These data have been recently reviewed
by Falloon and Green [1987, 1988], Elthon [1989, 1990], and
Fujii [1989]. In this study, we have relied on the experiments
of Jaques and Green [1980] and Falloon et al. [1988] and also
have incorporated some results from Falloon and Green [1987,
1988]. These experiments are conducted with several starting
compositions and cover a wide range of temperatures and
pressures. Jaques and Green [1980] conducted isobaric batch
melting runs using Hawaiian Pyrolite (HPY) and Tinaquillo
Lherzolite (TQL) modified by subtracting 40% olivine (Fog1 ¢
and Fogj g, respectively) to facilitate identification of minor
phases. However, iron loss and quench modification hamper
obtaining equilibrium partial melt compositions directly.
They avoided these problems by analyzing all the residual
crystal phases, combined with modal analysis of the entire
charge, and obtained calculated equilibrium partial melts
(CEPM) by mass balance.

Recently, Falloon and Green [1987, 1988] and Falloon et
al. [1988] showed that the CEPM of Jaques and Green [1980]
are too olivine-rich. They concluded that the CEPM of Jaques
and Green [1980] incorporated errors in the modal analysis
(especially in distinguishing fine-grained olivine and
orthopyroxene) and phase compositions of residual minerals
when compositional zoning was present. Falloon et al. [1988]
also point to problems in the resultant SiO and Al,bO3
contents of the CEPM. Because of these potential problems,
we have carefully compared the Jaques and Green [1980] and
Falloon et al. [1988] data. Plotting these data against each
other shows excellent agreement for most elements for both
starting compositions (HPY and TQL) as the correlations have
slopes of 1.00 £ 0.05 and R2 > 0.94. However, there are indeed
some differences in SiO; and MgO for both HPY and TQL as
well as in AlpO3 and FeO for TQL. Falloon et al. [1988] carried
out reversal and/or sandwich experiments on CEPM of Jaques
and Green [1980] by using Fe, Pt, and graphite capsules. The
gain and loss of iron are inevitable when using Fe and Pt
capsules, although the absolute amount is difficult to evaluate.
However, the runs using Fe and Pt capsules should roughly
bracket the unmodified melt concentrations if equilibrium is
approached.

Figure 1 shows the comparison of these data and indicates
that the discrepancies between Jaques and Green [1980] and
Falloon et al. [1988] are, in general, systematic. Assuming
that the data of Falloon et al. [1988] constrained by graphite
capsule runs and bracketed by Fe and Pt capsule runs are correct,
then the CEPM of Jaques and Green [1980] can be corrected for
these discrepancies. Figure 1 shows that the differences in
Si0Q; are ~0.5 wt % for HPY and ~1 wt % for TQL. The Al,O3
contents in three runs of TQL are clearly high, but can be
corrected in a straightforward manner. The FeO difference for
TQL and the MgO difference for HPY can also be corrected. For
MgO of TQL the difference seems to be independent of capsule
material. This comparison gives us confidence that the data set
of Jaques and Green [1980] is in fact of high quality
considering experimental difficulties. Thus, in our model we
use the data of Jaques and Green [1980] and Falloon et al.
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Fig. 1. For most elements, the calculated equilibrium partial melts
(CEPM) of Jaques and Green [1980] are in excellent agreement with the
reversal experiments of Falloon et al. [1988]. This figure shows that the
discrepancies that do exist are systematic. The experiments of Falloon et
al. [1988] using Pt, Fe, and graphite (C) capsules can be used to bracket
the systematic differences in SiO2 and FeO for Tinaquillo Lherzolite
(TQL) and SiO9 and MgO for Hawaiian Pyrolite (HPY). The
discrepancies in MgO for TQL seem to be independent of capsule
materials used. The three runs of Jaques and Green [1980] for TQL
have obvious high values in AlpO4 (open diamonds). Assuming the
recent experiments are more reliable, we can cormrect the CEPM.

[1988] for HPY and TQL plus the data of Falloon and Green
[1987, 1988] for MORB pyrolite 90, which is a more
reasonable source peridotite for MORB than HPY (not depleted
enough) or TQL (too depleted).

Determination of Major Oxide Partitioning
From Experimental Data

To compute the major element composition of peridotite
melts, it would be ideal to use a thermodynamic basis taking
account of mineral compositions, modal abundances, reactions
occurring during melting, and changes in pressure (P) and
temperature (T). For low-pressure conditions, such models
have been reasonably successful [e.g., Langmuir and Hanson,
1980b; Nielsen and Dungan, 1983; Ghiorso and Carmichael,
1985; Nielsen, 1985, 1988; Weaver and Langmuir, 1990].
However, there is not yet enough information to confidently
employ such models at high pressure. For this reason, our
approach here is empirical.

Since the potential complexities attending melting are all
reflected in melt composition, we attempt to extract from the
experimental data the apparent bulk solid-liquid partition
coefficients (D;) for each oxide component (i ):

D; =xi /x}, o)
where x{ is the weight percent of component i in the solid and
xf.is the weight percent of i in the liquid. Using mass balance,
we have
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x =Fx; +(1-F)x; @)
where x is the weight percent of i in the peridotite source and
F is the fraction of melt produced. Combining (1) and (2), we
thus have
x‘-ole- -F
D; =xi kbt =————. G)
1-F
Equation (3) is used to derive D; values from the
experimental data of Jaques and Green [1980] and Falloon et al.
[1988] of SiO3, TiOy, AlpO3, FeO, MgO, Ca0, Nay0, and K70
for HPY and TQL source compositions. Ideally, these derived
D; values and the corresponding experimental run conditions
(i.e., P and T) could be used to find an expression D; =f(T, P)
for each source composition. Thermodynamically, this may be
expressed in logarithmic form:

InD; =¢}/T +¢2 +c3 PIT +f(x) 4)
where cj, ¢2, and ¢3 are constants, P and T are pressure and
temperature, and f(x) is a function dealing with the
compositions of the solid phases and liquid in the system and
probably also depends on pressure and temperature. In
practice, however, to find an explicit form for (4) is not
possible with available data. Fortunately, using F, the extent
of partial melting, as a single variable can substantially
simplify the problem. This is because F implicitly contains
temperature and compositional information about the melting
process. As illustrated in Figure 2, we find that F is linearly
related to temperature for each pressure considered by Jaques
and Green [1980], that is,

F(wt%) = a + b P(kb) + {c + d P(kb)} T(°C), )
where a, b, ¢, and d are empirical constants for each of the
given source compositions (HPY and TQL). Table 1 gives
these coefficients for HPY and TQL and shows that their
dependence on bulk composition is not large, as the
coefficients for these very different peridotites are within 10%
of each other (except for a : 17%). Figure 3 compares
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Fig. 2. The extent of partial melting (F, weight percent) versus
temperature (T, degrees Celsius) for four pressure values from
experiments on HPY of Jaques and Green [1980]. F is a linear function
of temperature alone at constant pressure for the range of F investigated.
At low F (<10%), the relationship between F and T is probably nonlinear.
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Table 1. Empirical Coefficients determined for
Extent of partial melting
Source a b, Kbar™' ¢,’Cl  d Kbar*Cl
HPY -98.620 -6.551 0.10872 3.347x10™°
TQL - 117.149 - 6.028 0.11679 3.023x10°3

F(wt%) = a + b P(kb) + [c + d P(kb)} T(CC). .
HPY — Hawaiian pyrolite; TQL — Tinaquillo lherzolite.

experimental values of F with those calculated using (5). It is
important to note that (5) is purely empirical and should not be
extrapolated outside the range of the experimental data. For
example, it cannot be used to derive the solidus because of the
lack of experimental data on very low extents of partial
melting, and because F increases nonlinearly in the first few
tens of degrees above the solidus [Jaques and Green, 1980;
McKenzie and Bickle, 1988]. Figure 4 shows the isopleths of
F for HPY and TQL. These are calculated using (5) except for
the solidus and dashed isopleths near the solidus, which are
from Jaques and Green [1980, Figures 1 and 2].

The next step in our model is to empirically derive an
expression for D; = f(P,T). But since at constant pressure, F
only depends on T, we instead derive an expression for D; =
F(P,F). Our empirical technique for deriving this expression
for each oxide component is illustrated in Figure 5 using SiO;.
This shows Dg;p, as a function of F for several pressures for
both HPY and TQL. For the eight oxides we consider, we find

D; = e + fF(wt%) + g /[F(wt%) + h P(kb) + i P/F, 6)
55 y — y —
y = 0.4046 + 0.9896x R”2 = 0.986
45}
35
25}
]
5 15} HPY
-]
Q
S At +— :
% y = 0.72330 + 0.9875x RA2=0.987
[
E 451
i
35;
25} 1
151 TQL 1
5 I 1 L )
5 15 25 35 45 55

F(wi%, Experimental Data)

Fig. 3. A comparison of the extent of partial melting (F) determined by
Jaques and Green [1980] with F calculated using our empirical
expression (equation (5)) for both HPY and TQL. The equation is for
the regression line.
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Fig. 4. Calculated extent of partial melting (solid lines) using (5) for (a)
HPY and (b) TQL as a function of temperature (degrees Celsius) and
pressure (kilobars). The heavy solid line is the solidus from Figure 1 of
Jaques and Green [1980]. The dashed isopleths are from Figure 2 of
Jaques and Green [1980).

where e, f, g, h, and i are empirical coefficients which differ
slightly for each bulk composition. Table 2 gives the
coefficients for HPY and TQL, and Figure 6 compares calculated
D; values with those derived from the experimental data. In
Figure 7 we directly compare the weight percent of each oxide
with the CEPM for both starting compositions. This figure
also shows that typical uncertainties for calculated D; values
and weight percents are about the same as analytical
uncertainties.

Equation (6) and Table 2 quantify the following features of
isobaric batch melting found by Jaques and Green [1980] and
Falloon and Green [1987, 1988]. (1) The D; for all oxides are
strongly dependent on F. In some cases, this dependence is
linear or nearly linear, but in other cases the dependence is
non-linear. (2) The D; for SiO7, AlLO3, FeO, MgO, and CaO
show clear pressure dependence. (3) The behavior of FeO is
complex: at low pressure, the FeO content of melts increases
with F, but at high pressures the FeO content of melts decreases
with F. The coefficients in Table 2 are optimized after
multiple-regression analysis in order to place greater emphasis
on the higher-pressure results of Jaques and Green [1980] and
Falloon et al. [1988]. The behavior of these oxides in
calculated batch melts from HPY and TQL are shown in Figures
8a and 8b.

However, neither HPY nor TQL is a good candidate for the
mantle source of most MORB magmas. Falloon and Green
[1987] showed that, in fact, these two peridotites probably
represent extremes of a spectrum of peridotites likely to be
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Fig. 5. Plots of Dsi0, versus F(weight percent) for HPY and TQL. The
2-kbar and 10-kbar data for HPY show slight deviations at high F
(>40%). For this reason, we place less emphasis on F> 40% and P < §
kbar. Plots of this type were made for all elements and used to
empirically determine the form of (6) and its coefficients.

found in the suboceanic mantle (Table 3). HPY is probably too
rich in Na0, K50, and TiO, and too poor in CaO to be a good
candidate for MORB mantle. Likewise, TQL is probably too
poor in NajO and K70. From the mantle array analysis of
Falloon and Green [1987], MORB pyrolite with Fogg (MPY-90)
appears to be the best candidate for the MORB source.

Unfortunately, the experiments on MPY-90 by Falloon and
Green [1987, 1988] are sandwich experiments, so F was not
determined from each run. Furthermore, the number of runs and
the P-T coverage of MPY-90's behavior are insufficient to carry
out the sort of analysis we performed for HPY and TQL.
Instead, we used the equation (6) coefficients (e - i) for TQL as
a starting point and by trial and error varied them to fit the
available data for MPY-90. The coefficients listed in Table 4
are the results of this attempt. Because TQL and MPY-90 are
very similar in bulk composition, we use the equation (5)
coefficients of TQL (Table 1) for MPY-90. While the fit of the
Table 4 coefficients to MPY-90 behavior cannot be verified at
the same level of confidence as for HPY and TQL, wc are
confident that these values are reasonably good. Figure 8¢
shows the calculated melt compositions for MPY-90 as a
function of P and F.

Isobaric Batch Melting Model

Figures 8a, 8b, and 8c show the calculated isobaric batch
melts from HPY, TQL, and MPY-90. These are calculated using
(11) of Shaw [1970] with F and D; values from (5) and (6) and
the data of Tables 1, 2, and 4. Each oxide is calculated
independently, and the melt compositions (not shown in
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tabulated form) sum to 100% + 2%. Our extrapolation of the
results of Jaques and Green [1980] from 15 kbar to 20 kbar is in
excellent agreement with the results of Falloon et al. [1988]
and Falloon and Green [1988] at 20 kbars and higher.

In addition to the conclusions reached by Jaques and Green
[1980], it is worth making some additional points about the
characteristics of isobaric batch melts. First, it is clear that
melt concentrations of Si0y, Al;03, FeO, and MgO are affected
by pressure. However, the effect can be complex, and F can
exert an important control, as for FeO. CaO melt concentration
reaches a maximum before clinopyroxene is consumed.
Because melt composition can be strongly affected by both P
and F, caution must be taken in inferring the P and F of
formation of natural MORB glasses on the basis of a single
oxide. In addition, of course, the bulk composition of the
peridotite source can exert a significant effect, as shown by
Langmuir and Hanson [1980a). A comparison among Figures
8a, 8b, and 8¢ illustrates the potential effect from source
heterogeneity.

Decompression-Induced Column Melting Model

As discussed previously, MORB melts are probably not
produced by isobaric batch melting. Instead, melting is
probably polybaric and occurs in response to adiabatic ascent
of solid mantle material. At the same time, melt escapes the
system and can accumulate by segregation processes. It is this
process of column melting due to decompression of upwelling
mantle that we wish to approximate in our model. We stress
that available data allow only an approximation to this process
and several uncertainties are present.

We attempt to model the melts produced by a parcel of
mantle rising adiabatically and melting continuously along the
idealized adiabatic paths shown in Figure 9. The very low melt
retention in the mantle and the relatively rapid melt extraction
process [McKenzie, 1984, 1985b] imply that melting and melt
extraction occur continuously in the mantle. Thus, melting can
be considered as a series of infinitesimally small incremental
batches in the course of continuous melting accompanied by
instantaneous melt extraction. These incremental baiches may
aggregate or accumulate to form MORB melts. The
composition of each oxide in the accumulated melt can ideally
be evaluated by

ck

F+D;(1-H¥F Q)

[t}
-

where Cf is the concentration of i in the accumulated melt
when the total amount of melting reaches F along an adiabatic
ascent path, Cf is the concentration of oxide i in the solid
residue at F, and D; is the apparent bulk distribution coefficient
of i. The integrand, the concentration of i of the incremental
batch, implies that at any instance in the course of the
continuous melting, only a finite amount of melt (dF) is in
equilibrium with solid residue. Since D; = f(F,P) and C¥ =
F(E,D)), (7) cannot be solved analytically. We thus solve (7)
numerically by finite difference. For simplicity and because of
lack of data for small degree melts, the first melt we produce is a
5% isobaric batch melt which is followed by incremental steps
of dF = 0.01 (1%). In each step, C’f, the residue, is calculated
by mass balance, and it serves as the source for the next
increment of melting. The D; values are recalculated in
response to the changes in P and F at each step. We calculate
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Fig. 6. A comparison between D; calculated using (6) and D; direcily derived from experiments (equation (3)) for both HPY
(solid circles) and TQL (open circles). The Jaques and Green [1980] data and Falloon et al. [1988] data are corrected using

the results of Figure 1.
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the accumulated melt compositions at each increment along the
adiabat corresponding to eight initial pressures (P, = 20, 18,
16, 14, 12, 10, 8, and 6 kbar) at which upwelling mantle may
cross the solidus as shown in Figure 9. Since we have no
constraints at this stage on the depth where melting stops (Py),
we continue melting to a depth of ~2-3 kbar.

One major assumption in this model is the use of bulk D;
values derived from isobaric batch melting. This may not be
directly applicable to column melting because of the
progressive depletion that the source undergoes and because the
compositional effects on instantaneous D; values may differ
from those in isobaric batch melting. To partly ameliorate this
effect, we obtained a new set of empirical coefficients for (6),
given in Table 5. They were derived from Table 4 by a very
laborious iterative process of optimization of the "analytical”
sums of oxides for each incremental melt along each of the
eight adiabatic melting paths (a total of 155 incremental melts
were considered) without affecting the compositions of the
initial 5% isobaric batch melts.

Another potential problem is that we assume that each melt
parcel follows the adiabatic melting paths shown in Figure 9.
The slope of this adiabat and its temperature are not precisely
known, but can have an important effect on the amount of melt
produced. Also, because of the compositional changes that
occur in the solid during melting, it is unlikely that the model
adiabat (which should be curved) will be followed strictly.
Whether polybaric column melting takes place in equilibrium
with a small amount of interstitial liquid (continuous melting
as defined by Langmuir et al. [1977]) or not (i.e., fractional

For TiO9, only HPY data are plotted, since TiO9 values for TQL are too uncertain to be of value.
are omitted because no mass balance could be obtained using the experimental results. Even so, (6) is able to
ble abundances in both HPY and TQL (see Figure 7). The equations are for the regression lines.

melting), the continual depletion of the solid will affect its
melting path. It is possible, for example, that melting to
produce MORB occurs very close to the solidus throughout the
melting interval. This effect is probably very important in
determining the pressure at which melting ceases (discussed
later) and underscores the importance of obtaining more
experimental data, especially at small degrees of melting for a
variety of depleted peridotite compositions. Note that our
physical model for column melting is highly generalized and
does not explicitly consider the geometry of the melting
region, melt migration path, and a variety of other issues. This
is deliberate, as geometric parameters and melt distribution are
poorly known, however, more specific physical models are
available (e.g. Plank and Langmuir, 1991).

With these uncertainties in mind, and with (5)~(7), and the
coefficients from Tables 1 and 5, we calculate the pooled or
accumulated column melts. These are shown in Table 6 and
presented graphically in Figure 10. These simulated melts are
derived from MPY-90, and, as before, each oxide component is
calculated independently.

Accumulated polybaric column melts are different in several
important ways from isobaric batch melts as can be seen by
comparing Figures 8 and 10. The pressure effects on SiOj,
Al203, FeO, and MgO are larger for the accumulated melts than
for batch melts. SiOy also increases faster with increasing F
than in the batch melts. No picritic melts are produced in the
range of P and F that we have investigated. FeO in the
accumulated melts does not increase with F at any initial
pressure (in contrast to the batch melts, in which FeO increases



21,760 NIU AND BATIZA: CALCULATING MELT COMPOSITIONS PRODUCED BENEATH MID-OCEAN RIDGES
55 r r 4 T T
¥ = 1.9306 + 0.9730X Y =0.0280 + 0.9889X
RA2 = 0.957 . RA2 = 0.996 .
53} . 3}
o2 g
51 74 2| .
® o)
a9l 2 1 1} 1
5 SiO2 ° TiO»
a7 L N L [} . . .
47 49 51 53 55 0 1 2 3 4
11
8 TY =0.1530 + 0.9860X Y = 00708 + 0.9877X
RA2 = 0.975 RA2 = 0.937
16 | ° 10l
o * e
14 | ol ot .
12l * &
o e 81
§ 10 o s 7 o' o
8} ] o ]
k= Al;03 FeO
= 6 . L L . ) 6 . .
o 6 8 10 12 14 16 18 6 7 8 9 10 11
3]
g 30 Y =-0.0178 + 1.0146X 14 V= 0.35653 +0.982X
RA2 = 0.962 R R*2 = 0.976 %
o ° 12 e o
> . i
; 20l . D 00
° 10} e e
15 r s L]
-]
10 pZ 8F ¢ 1
& MgO Ca0O
5 L X 6 L L .
5 10 15 20 25 30 6 8 10 12 14
4 . : T 1.0 . r v
Y = 0.0491 + 0.9768X Y = 0.0109 + 0.9818X
RA2 = 0.984 08 R*2 = 0.991
3l $ M
06} 3
2 o’
& 04l '
L S 1 02f ]
Na,O K,O0
0 ) " L 0.0 ) ' " "
0 1 2 3 4 0.0 0.2 0.4 0.6 0.8 1.0
Wt % (Data)

Fig. 7. A comparison of isobaric batch melt compositions calculated by (3), (5), and (6) with CEPM of Jaques and Green
[1980] and reversal experiments of Falloon et al. [1988] for HPY (solid circle) and TQL (open circle). Note that with a few
exceptions typical departures from the 1:1 agreement are of the order of analytical uncertainty.

with F at lower pressures). CaO does not have a maximum for
accumulated melts, as aggregation tends to buffer drastic
change in melt composition. As expected, TiOp, NayO, and
K70 in accumulated melts are higher at lower F and decrease
faster than in batch melts. This is also true for Al;O3, but the
decrease is balanced by increasing AlpOj in the melts as
pressure decreases along the melting paths.

The normative compositions of accumulated melts also
differ greatly from the batch melts. None are quartz normative
even at the lowest initial melting pressures (P,). Very few are
highly depleted in Hy or have normative Ne. Overall most
accumulated melts produced at F = 10-20% and P, = 6-20 kbar
are Ol-Hy normative.

Application

In order to apply our calculated polybaric column melts to
natural MORB melts for interpretation, we follow Klein and
Langmuir [1987] in choosing a reference level of MgO = 8.0 wt
%. We fractionated our primary melts to 8.0 wt % MgO using
the low-pressure liquid lines of descent algorithm of Weaver
and Langmuir [1990]. For nawmral MORBs with MgO < 8.0 wt
%, we correct for fractionation as described by Klein and
Langmuir [1987] along individual liquid lines of descent
appropriate to each locality. A reference level of MgO = 8.0 wt

% is reasonable, since the MgO range of our computed primary
column melts is small (9-12 wt %). In most cases,
fractionation involves only a small amount of olivine and
plagioclase subtraction. We also assume that the mantle source
of MORB is homogeneous with respect to major elements.

Implicitly, we also assume high-pressure fractionation in
the mantle is a minor process for MORB genesis. Many lines
of evidence suggest that MORB melts rise quickly and do not
reequilibrate extensively during ascent. Several arguments can
also be made for the importance of high pressure fractionation
at a variety of pressures [e.g., Elthon et al. 1982; Kinzler and
Grove, 1991], however in this study we do not find it necessary
to invoke this process.

Figure 11 shows the accumulated melts (Table 6, Figure 10)
fractionated to an MgO value of 8.0 wt %. We use the subscript
8 to denote the value of other oxides at 8.0 wt % MgO. Many of
the patterns seen in Figure 10 are still evident for the
fractionated accumulated melts, but there are also some
important differences. For example, the pressure dependence of
Al03 and CaO for the fractionated melts is opposite to that for
unfractionated melts. This is to be expected, as in this model,
higher-pressure primary melts are more MgO-rich and thus
fractionate more olivine to achieve higher enrichments of CaO
and AlpO3 than lower-pressure melts that crystallize a higher
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Fig. 8. Calculated isobaric melt compositions for (a) HPY, (b) TQL, and (¢c) MPY-90. The results are plotted to show the
behavior of each oxide component in the melts with pressure (labeled with small numbers in kilobars) and extent of partial

melting (F). See text for discussion.

proportion of plagioclase at low pressure. For fractionated
melts, the decrease of FeO with increasing F is mecre
pronounced, and the overall concentrations of SiOy are higher
as expected from olivine and plagioclase fractionation.

The next step toward applying our model results to natural

MORBs is to find a good chemical discriminant for initial
melting pressure (Py). Figure 11 shows that both Sicgy and
Fe(g) are sensitive to pressure, but in an opposite sense. Thus,
to optimize the sensitivity, we use the ratio Si(g)/Fe(g) as a
pressure indicator. Figure 12a shows that this ratio varies
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Table 3. Compositions Of Source Materials Investigated

Oxide HPY TQL MPY-30

B0, 4520 44,95 4474 (44.50-45.60)
TiOy 0.71 0.08 0.17 (0.10-0.35)
AhO3 3.54 3.22 437 3.85-4.44
FeO 8.47 7.66 755 .40-8.40
MgO 37.50 40.03 38.57 (37.50-39.5)
CaO 3.08 2.99 338 (3.05-4.00)
Nay0 0.57 0.18 040 (0.35-0.42)
K70 0.13 0.02 0.03* (0.02-0.08)
Total 99.20 99.13 99.22

Data for HPY and TQL are from Jaques and Green [1980] and for
MPY-90 are from Falloon and Green [1987). In the parenthesis after
MPY-90 are compositional ranges for which the coefficients in Tables 4
and 5 may e;p ly.

*Assumed K20 content for MPY-90 in our calculations.

rather smoothly with F and P. This allows us to quantify, for
each melting path, the relationship between P, and F. We find
the expression

- 1 Si(g)
Po(kb) = 25.98 + 0.967 F + 45277 ¢ - 5.186 Feg @8)

fits the data very well. To use (8), we need to determine F
independently. For this we use Na(g) and Cagy/Al(g), which, as
shown in Figures 11 and 12b, are insensitive to pressure, but

Table 4. Estimated Coefficients for MPY-90

Oxide e yi g h [

Ti0p 03380  -0.0022 0 0.0033 0
TiOy 0.0910 - 0.0020 0 0 0
ALO3 01960 -0.0065  -0.0250 0.0021 0
FeO 1.4720 0 02730  -0.0350  -0.0130
MgO 56230 - 0.0451 0 -0.0810 0
Ca0 03270  -0.0120 0.3071 0.0005 0
Naz0 0.0509  -0.0038 0 0 0
K70* 0.0099 - 0.0002 ) 0 0

These coefficients are oblained by trial and error to fit the
experimental data for MPY-90 [Falloon and Green, 1987, 1988]. The
uncertainties for the coefficients are probably of the same order as the
regression errors for TQL (Table 2).

*Treated the same as for Tinaquillo Lherzolite.

(continued)
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Fig. 9. Adiabatic melting paths (light solid lines) in P-T space. The
solidus (heavy solid line) and melting (F) isopleths are from Figure 4b.
The adiabat gradients (3° Kar! for solid and 6" Kar-1 after initial
melting) are from McKenzie [1984]. The initial melting (P,,) for each
path is indicated.

highly dependent on F [see also Natland 1989]. Ti(g) and K(g)
also would be good choices, but their abundances in MPY-90
are not as well constrained as NapO, Al,O3, and CaO. From the
observed variation of Na(g) and Ca(gy/Al(g)) in fractionated
accumulated column melts, we derive the expression:

Table 5. Recommended Coefficients for MPY-40

Oxide e i 2 n [1
S0, 0880 -00040 O 00050 0
TiOy 00980 -00050 O 0 0
AlO3 0.1890 -00051  -00250 00021 O
FeO 14420 0 02730 -00350  -0.0130
MgO 52860 -00640 0 -00630 O
Ca0 03180 -00122 02720 00005 O
Nap0 01110 -00070 O 0 0
K,0* 00690 -00020 O 0 0

*The same as for Table 4. See text for discussion of how these
coefficients are obtained.



21,763

CALCULATING MELT COMPOSITIONS PRODUCED BENEATH MID-OCEAN RIDGES

NIU AND BATIZA:

Vel 9Tl $¥€  OI%C 010 000 LZTSE 96E€l  ¥L'O  O6SL LLO 80001 TIO ST 9T SYIl OTL  SLST L0 10U Il €8Tl ¥
Lyl 8T SPS 8817 STBT 000  €8SE €CST 080  TESL €L0  SO0OT VIO 081  ISIL  LTIL TEL  ¥L9T LLO 6905 L9S T6CI T
19T 0CT v TI61 8991 000 ¥I9€ 9L91 880 TLYL 690 €0001 ST'0 86T LVIL OULL ¥l L99T S80 8€0S 60L OOEl 0T
6LT TTT  LYOL 6§ST  TEST 000 LI9E T981 160 TI'WL S90 90001 910 0ZC €ITL €601 9SL SOLL 60 LOOS S8E'8  SOEl 81
961 vT1 €%EL  POIL  9TYL 000 9%SE S60C LOT  ISEL 790  TI00L 810 8¥T 0301 9LO1 89L IYLL €01  LL6Y ¥S6  SIEL 91
YIT  STT L691 799  LTEL 000 PSSE 6TEC OCT  V6TL 650 61001 0TO0 SLT  6vOI 950l 9LL  LLLL EUT  ¥S6y 8501  IZEl ¥l
067 STT +981 +Tv LTl 000 99SE 98V +VET  YvTL 9S50  ST00L €0 v6T 6101 CTEOL S8LL SIS ITT  LE6r S8YIl  LZEL Tl
9T STI 96l 99T 8501 000 06SE 809 TST 66IL €50  II'00I 970 80 686 6001 8LL  OS8I 6ZT  TC6V YCel IEET Ol
65T STT IS0C %91  LI'6 000 919 102 +L1  6STL IS0 00001 OE0 61 856 886 LLL 88 LET 806 88TI SEEl 8
0LT STT 9607 LOT 68L 000 SE9E S9LT +0CT STIL 6V0 €866 SE0 LTE OE6 OL'6 OLL LOGL THT 968 GEET SEEl 9
109y p1 1y Sunpp ) (ouTY]
YOI 1T 9P S§ET 11TC 000  ITWE 68T 890  66SL T80  9TOOL TI0 IST  S¥TL S6IL 8L LIST 90  €60S ILE  T6LI 9T
vET €1 8T9 91T S10C 000 E€6PE 96El  PLO  8ESL LLO  TTOOL TIO ST OUTL 8LIT T9L  S9ST IL0  650S 9v'S  EOEl  ¥T
LT ST1  EE8  8E61 BE8l 000 Z¥SE E€TSI 080 SLPL ELO 8000 IO OBT  SLTU I9IT LLL 6091 LLO  STOS 80L  EIEl T
19T 81T 6901 €S91 €891 000 99°SE 9L9T 880 II'vL 690 91001 SI'0 86T I¥FIT w11 T6L 6v91 S§0  T6'6y LS8  TTEL 0T
6LT OET OSEl €6TT ESSI 000 T9SE <T98I L60  SYEL 990 81001 910 0TT LOIT STIT 808 S89 +60 0967 €66  OLel  8I
96T €E1 S691 OE8 ESPI 000 STSE S6°0Z LOT  8LTL €90  $TOOI 810 8T  ¥LOI LIl €T8  6ILL €Ol  6T6y OU'IL  LEEL 9T
PIT  ¥ET  LIOT T8E  6SEl 000 98FE 6TEC 0TI SITL 090 1£001 0Z0 SLT  €¥Ol 0601 +vES  TSLT  EL'l  v06b  9TTL  vVEL ¥l
06T SET  €81T WL  ¥ETL 000 €6Y€ 98%C YEL  O9TL LSO  8TOOI €T0 6T  EIOI 9901 LES  8%LI ITT  [8'8F ETEl OSET  TI
9T SEl 18T 000 00Tl SO0 CTI'SE 86T ST IUIL #S0 000 920 80'€ €86 ZvOl 868 ZT8I 61  IL8y LOPL SSEL  OI
65T SET  08TC 000 €96 60 VESE 09T PYLT  990L IS0 LOOOT OE0 6I'E €56 60T 6E® T8l  LET 858y  8LWL  6SEl 8
OLT SE1  v8TC 000 868 LSO ISSE 6S9T YOT 6TOL 60 0666 SEO LTE ST6 1001 88 9L'ST TWT  Sv'8y  9EST  T9EL 9
409y 91 1y Sunpapy [ou]
SI'l  STU  T6E  O0E9T 69T 000 B0'CE LEIT €90 809, €80 1666 110 I¥T  TITL 9T 9LL ISP 190  LBOS ZOE  66Z1 ST
PTT ST 8€L  SOIT TITC 000 V6EE 68T 890 SPSL T80  0S00L TI0  TST  6ETT  OETI  €6L  LOST  §90  TSOS 86v  IIEl  9¢
YT 11 8T6  LI'61 1Z0CZ 000 6SPE OS6'El ¥L'0  6LYL 8L0  SFOOT TI0  SYT 0TI €ITL  OI'8 €SI IL0  91'0S 189  TTEL T
1 €8T I PL9T  6v'81 000  10SE  €ZST 080  ITPL ELO  I¥00T 10 081 6911 LETI 8T8  v6ST LLO  I86y 0S8  TEET  TT
19T LET  SS'El ISEl 6691 000 6ISE 991 880 IVEL O0L0 66001 S0 861  SETL I8IL Ly  TE9L S80  Lb6y LOOT I¥El 0T
6L'T Ol 0891 <TI0l +©LST 000 80'SE 98T L60 69°TL 990  1¥#001 910 0T 1071 #9101 .98 S99 60 €I'6v ISTT  0Sel 81
96’1 €1 90T 66 6LVI 000 Y9PE S6'0C LOT  S6IL €90 6001 810 8T  89°0I 8¥Il 988 9691 €0l 188y 18TI 8SEL 9l
PIT  SP1 YOET P80 16'€El 000 6IVE 6ZE€C 0TI STIL 090 9S00 0Z0 SLT  LEOL LTI 106 8TLI EI'l S8y 86'ET  SOET ¥l
0ET 91 LIVZ 000 1LZ1 20 TTPE O06'€EC PET  S90L LSO TS0 €20 ¥6T  LOOL IOIT 906  TOLL ITT  8€'8y  €OST  ILET Tl
9T 91 IIvC 000 VIl $01  LEPE LIWZ TST  OLOL +#5S0  €¥001 920 80€ 8.6 9L01 606 v6Ll 6Z1 TT8y P6SL  9LEl 01
6T Lyl 80V 000 8001 LET SSPE 6vvT PLT 1969 TS0  8TOOL OE0 6I'E  8BY6 €SOl OI'6  ETBI LET  80'Sy TLOT ISEl 8
OLZ LT OIYZ 000 938 SST  69vE SLYC $0T 6169 00 11001 SE0 LZE€ 0T6 €E0I II'6  9¥8l Y1 96Ly LELL SSEl 9
oy 91 1v Suma fowu|
SU'l EET 869 TLET L9IT 000 88T LETI €90  ISSL €80  $TOOI 110 I¥T  LOTI €8T T8 6vPI 190  8v0S LI VIEL 8T
YTU 9T €S0l V8T ¥ITC 000  L9€E  6%TI 890 €8VL TR0  €8001 <TI0 TET  PETL 9T W8 L6FT  S90  TI0S €09 LTEl %
PET 66T  ESTI  6E9T LTOT 000 STPE O96'El PLO  CIPL 8L0  8L001 TI0 ST 86T ISTI 998 OVST  TL0  vL6y 918 BEET T
W1 &1 8LVl €6€1 6681 000 I9YE €ZSI 080  8CEL PLO  PLOOT 10 031  EYIT  9ETI 888 6LST LLO  LEGP S66  6VEL  TT
19T 1 LELL 0601 PILT 000 ILPE 9L'9T 880 197, OL0  L001 ST'0 861 811 0zl <ZI'6  »I'91 S80 206r 0911 6SEl  OF
6LT IST  TWOT OI'L S6ST 000 ¥SPE 2981 L60  IBIL L90  6L00T 910 O0TT S601 +0TI 9E6  9v91 60  L98y TI'El 89ET 81
96’1  SS'1 €IV YTT  SOST 000 €0PE S6'0Z LOT  O0'IL €90 8800 810 8T T9Ol 8IT 196 L9l €01  vE'Sy ISPl SLET 91
PIT 8§ LLST 000 TTP1 LU0 VSEE 981 0TI  E€ZOL 090 L6001 00 SLT  IE01 L9TL 086  POLT ET'T 808 9LST  ¥SEl ¥
067 6871 89ST 000 SO0€El ST ISEE 96'1T YET 9569 850  £6001 €20 ¥6T  100T OFIT 886  9ELl 1T O06Ly L1891 T6E1 Tl
97 091 09§ 000 ISl 607 €9€€ €27C TSI S6'89 SS0  €8°001 90 80E IL6 €EI'Il €66  8YLL  6TT  YLLy S8LL L6ET Ol
65T 091 LSST 000 TSOI TvT 6LEE SSTC HLT  Ov89 €S0 89001 OE0 6L'E  EF6 880l 966  S6LL LET  09Ly OLST TOYI 8
0T 190 86T 000 €6 09T O06'SE P8TT V0T €619 O0SC 0§00l SEO LTE 916 [90L 866 LIST YT L¥iy vl 90¥T 9
oqy 0 1v Sume W ow|
t4
)| W 10 4H I °N uw qv 10 SN mw|«_u< ung oY oOCeN OFD OSW  0°d Eoliv ZowL Cols  #d [RAN:

SI[AW PAIR[AUWMIOY JO SULON MdID pue suonisoduio)) apIXQ ‘g J[qeL



CALCULATING MELT COMPOSITIONS PRODUCED BENEATH MID-OCEAN RIDGES

NIU AND BATIZA

21,764

*€QCa st 9 €101 JO 9()] SWNSSE SWION
‘1u3213d 1YF1am Ut are susUOdIIOd JANEULOU PUR SIPINO [[V "SIEqO[T Ul 51 Sunjow reuty jo 2Inssardy pue Snisa)) saax8ap ut s1 (1) amyesdwa], 4 uaarad wySiom u st () Sunjow [enred jo WAy,

9T 860 It 960c IItl 000 058 S60C LOI 9LSL 090 LSOOI 810 8r¢ 901IL 956 909  8c8l €01  ¢81s 0S¢  1ial ol
PIT 860 LI9 6991 LSTIT 000 SKPSE 6C€EC OCT SESL LSO  €L001 OTO SLT  vLOL LEG L09 881 €I'T  I9IS 6TF 9I1Z1 +1
0T 860 T6L TEPL YEOL 000 I$8E 98%WC VET  66%L +SO 18001 €20 6T  €v0T L6 909 Oge6l 1TT LIS T6v 61Tl T
9T L60 916 TLTT €L8 000 ST6E 809T TST  99FL IS0 €800 920 80C€ ITOT 88 ¥09 w6l 6TT  PEIS 6€S Tl 01
65T L60  TOOT 89IT  VI'L 000 696E 10LZ YLT  8EVL 6¥0  6L°001 OE0 6IE 086 088 109 ZI'0Z LET ITIS 69S YTl 8
0LT 960 9501 II'Il ILS 000 T00F S9LT 0T SU'PL LVO 69001 SEO LTE 0S6 998 8S Tv0T T¥T OIS +8S STT 9
40q9) 9 1v Sumpapy 1o
6L'T TWT 66T S6TC 99vI 000  68LE T8l L60 SLSL ¥90 TTOOL 910 0TT €11 1001 SE9 8L 60 +SIS 96€E  €€C1 81
9T €01 86S 098I I¥El 000 I8LE S60C LOT 8TSL 190 ¥E00L 810 8YT O0TL +86 Ov9 €181 €01 6ZIS S6¢  6€Z1 91
PIT POT ¥98  IEPT YZTTI 000 69LE 6TE€T OTI  ¥8YL 860  LYOOL 020 SLT L90T V96 T¥9 9681 EI'T  80IS  6LS vl i
0€T €01  9E0T ¥6'IT LLOI 000 66LE 98YT +PET  SYvL €SSO0  TSOOL €20 ¥#6T 9€01 +w6 T¥9 0061 1IT1 €605 6v9 6¥¢1 1
9T €01 LSTTT ¥EOI TT6 000 8E'8E 809C ST  OI'PL TS0  TSO0L 920 80C SOOI €6 Ov9  Iv6l 61  6L0S €0L ISTI  OI
65T €01  OPTZI IE6  89L 000 LLSE I0LT YLT  6LEL 6¥0  9r00L OE0  6IE L6 SO6  LE9  8L'61 LET 990§ €¥L  ¥ST1 8
0LT TOT 16T vL'8 679 000 SO6E SYLT YOT  ESEL L¥YO  PEOOL SEO0 LTE SY'6 068 PE9  900C Tl SSOS 89L 9Tl 9
+0qy 8 1y Suz rounu]
19T  LOT  €ET L6EC 9€91T 000 EI'LE 9L9T 880 LLSL 890 +000L SI'0 861 0911 801 +99 €0LI S80 €IS TT¥ €SCI  OC
6L'T 80T v6r  8S0C 68¥I 000 IELE T9BL  L60  9TSL ¥90 60001 910 0TT 9TIT OEOI IL9 L¥Ll ¥60 OIS OFS 0921 81
91 60T LIS 99T OLEl 000 +I'LE €60 LOT  SL¥L 190  8I'00I 810 8T €601 €101 8.9 88 LI €01  LLOS b9 9921 91
PIT  OI'T  STIT $8I1 6SCTI 000 S69¢ 6TEC 0TI  LTVL 8S0 6Z00L OO0 SLT 1901 €66 289 6281 EI'T 905 +€L T 1
0ECT  OU'l  S6C1 L¥6 SI'II 000 6ILE 98%YC +ET  S8EL SSO 1€00l €20 +6T OgOl 1.6 189 I8 1T  Ovos TI'S 921 T
9T  OU'T  TIP1 8%L 696 000 TSLE 809T TST LYEL TSO 62001 920 80C Q00T O0S6 089 OI'6 621 STOS €L°8 08I O
65T 60T  T6YT 989 618 000 L$LE 10LT YLT  EUEL 0SO  ITOOL OE0 6IE 696 IE6  8L'9  Sy6l LET  TIOS 176 €8T 8
0Lz 60T ST 629 ¥89 000 TIBE SYLT YOT  98TL 8¥0  LOOOL SEO  LZE O¥6 SI'6  SL9 TL6L TWT  100S SS6  SSTI 9
4oy O] 1y Suuap outuy
LT IV LT 1€V 8IS 000 ST9E  ETSI 080  €8SL TLO  0000T ¥I0 081  8%IL  S6'0T T69 691 LLO STIS LTv 69C1 TT
19T €'l ¥6v  09°1C TS9T 000 99 9L91 880 8TSL 890 0000L SI'0O 861  €STI  8L0T 10L S89T S80 S80S +9S  8Z1 0
6L1 SUT 0L SI'ST TSI 000 vL'9E T981 L60 TL¥L S90 €000 910 02T OTIT 0901 TIL 9TLL 60  SSOS L89  68Z1  8I
96T 9T'T 8801 89€El 86€El 000 IS9€ S60C LOT  LI'vL T90 11001 810 8¥Z L8OT €v0Ol OTL SYLI €01  8T0S L6L  T6Z1 91
PIT LT T0VT 066 €6TI 000 ¥T9E 6TEC OT1  ¥9€EL 650 61001 020 SLT SSOT €201 9TL €081 €EI'T  v00S +6'8  L6Zl V1
06T LIT 6961 T69 8SIT 000 T¥9€ 98V +E1  6IEL 950 0TO00L €20 ¥6T STOL 1001 9L Tv8l 1TT  886v LL'6 20l <1
9T LI'T 891 €€§  +I0I 000 OL9E 809C TSI LLTL €S0 SI00L 920 80E $66 6.6 9TL 0881 61 EL6F 9¥0T 90El  OI
65T LUT 1Ll IEY 698 000 00LE T0LT LT OVTL 0SO  SO00I OE0 6I'E +96 656 vTL €61 LET 096y €0°TT OIET 8
0T SUT 8081 $LE LEL 000 TTLE S9LT VY0T OIZL 8Y0 0666 SEO LTE€ SE6 Tvé6 TIL 661 THT sy SHIT TIEL 9
409y 1 1V Sunpapy poutu]
tolyv

11

W 10 4H i N w  qy 10 2N ung Ol oO%N 0 O8N 04 €oUv low. Tos  d FRARE

o®)

(penunuo)) -9 3(qe],



NIU AND BATIZA: CALCULATING MELT COMPOSITIONS PRODUCED BENEATH MID-OCEAN RIDGES 21,765

Compositions of Accumulated Column Melts
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Fig. 10. Calculated compositions of accumulated (pooled) column melts using our empirical model. Data are from Table 6.
Small numbers give the initial melting pressures. See text for detailed discussion.
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low pressure liquid lines of descent program of Weaver and Langmuir  Fig. 12. The (a) Si(gy/Fe(gy and (b) Ca(g)/Al(s) ratios versus extent of
[1990]. The abundance of each of the oxides at MgO = 8.0 wt% is partial melting. These are calculated from the results of Figure 11 for
shown as Sicg), Ti(g), Alcg), and so on. The numbers by the curves each P, (20, 16, 12, and 8 kbar as labeled). Note that Siggy/Feg) is very
represent the initial pressures of melting (P, = 20, 16, 12, and 8 kbar).  sensitive to pressure, and Ca, g)/Al(g) is almost independent of pressure
See text for discussion. but strongly dependent on F. text for discussion.
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Cagg)
F (#t%) = 19.202 - 5.175 Naggy + 15.537 Alg)
Figure 13 shows the linear inverse correlation of Nagy and
Ca(g) /Al(g) for different F with superimposed natural MORB
glasses with MgO = 7.8-8.2 wt % from the EPR, MAR, and
Indian Ocean (W. G. Melson and T. O'Hearn, personal
communication, 1989). Our model indicates that these MORB
melts were probably produced by 10-20 % melting, which is
consistent with studies of mantle peridotite indicating that the
residual mantle contains clinopyroxene [Dick et al., 1984].
Finally, using (5) (and Figure 9), we can derive an expression
for the final melting pressure (Ps ) at which melting may cease.
For this, we merely compute the amount of pressure release
required to produce an amount of melt F:

®

Pj (kb) = (1.3613 Py+3.9103) + (-1.3458 P,-13.592)/F

+ (-0.03015 P,-0.2929)F (10)

Note that the (10) assumes adiabatic melting paths. It may
not apply if melting occurs in a regime of nonadiabatic thermal
gradients. In addition, given the uncertainties in the actual
melting path discussed previously, the Py values are less
certain than P, values. For the simple case of adiabatic column
melting considered here, however, (10) is appropriate. The
expressions we present for computing Po, Py, and F are clearly
model dependent. The formal errors in these derived
expressions are small (2% for F, +1 kbar for P, and Ps;
however, their application to natural MORBs involves several
other assumptions (discussed earlier). For this reason, actual
uncertainties in application of these expressions are unknown.
Nevertheless, because most of the assumptions we have made
are probably reasonable, in the next section we apply the
model results to natural MORB compositions from three
localities: a fast-spreading ridge, a slow-spreading ridge and a
chain of near-EPR-axis seamounts.
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Fig. 13. The correlation of Ca(s)/Al(g) with Nag, for different extents
of partial melting (numbered points). “The error bars are derived from
the main region of the manile array analysis of Falloon and Green
[1987] and show that mantle heterogeneity would not be expected to
disturb the observed correlation. We use this correlation to determine
the extent of partial melting. We also superimpose 231 natural MORB
glasses with MgO = 7.8-8.2 w1% for all oceans from the Smithsonian
data base [W. G. Melson and T. O'Heam, personal communication,
1989] and the JOI Synthesis of the EPR [Tighe, 1988]. This indicates that
most MORBs result from 10-20% partial melting.
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CASE STUDIES

East Pacific Rise: 8N to 14N

The East Pacific Rise at 8°N to 14°N has veen well studied by
Langmuir et al. [1986] and Batiza and Niu [1989]. Most of the
major and trace element data for this portion of the EPR are
available in the Joint Oceanographic Institutes (JOI) synthesis
of the EPR [Tighe, 1988]. We use these data (average sample
spacing is < 8 km) and our model to examine patterns of P, and
FE. In this analysis, we exclude a small number of samples with
MgO < 5.0%, primarily from the 9°03° Overlapping Spreading
Center (OSC). First we divide the EPR into seven segments
[Macdonald et al., 1988], even though many more chemical
segments [Langmuir et al., 1986] could be chosen. For each
segment, we derive individual liquid lines of descent and use
these to correct for low pressure fractionation (to MgO = 8.0 wt
%) within each segment. For smoothing and to remove the
effects of very localized chemical changes, we apply a moving
boxcar filter to the data. The boxcar has a fixed width of five
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Fig. 14. The East Pacific Rise (EPR) between 8° and 14°N. The botiom
panel shows topography [Macdonald et al., 1988] and the other panels
show Si S)IFe(s), Cagy/Al(g), Nacg), and calculated (equations (8), (9),
and (IO)S initial and ?inal meliing pressures (P, and Pf), the initial and
final temperature (T, and Ty), and the extent of partial melting (F).
Note that broad along-axis dome in Py, T, and F between 8°N (Siqueiros
transform) and the 11°45'N OSC. Also note the edge effects at OSCs.
See text for a full description of the filtering used to produce this figure
and interpretations of the results.
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continuous dredge locations, except near segment boundaries
where it is three dredges wide. The boxcar advances one dredge
at a time to produce a moving average. Computed values of
Sicgy/Fe(s), Ca(s)/A(g), and Na(g) and calculated Py, Py, T, Ty,
and F are shown in Figure 14 against latitude.

On the basis of our model, MORB melts in this region of the
EPR were produced at various initial pressures (P,) from 15-21
kbar (45-63 km), and extent of melting (F) varying from ~16%
to 19%. Edge effects can be seen at several tectonic features,
but not all. The Clipperton transform is a notable exception,
in agreement with Klein et al. [1987]. The edge effects are not
consistent; for example, at the 9°03'N OSC, P, increases
toward the OSC, but at the 12°37'N and 13°43'N OSCs and the
southern limb of the 11°45'N OSC, P,, decreases toward the
OSC. In terms of mantle temperawre [Kiein and Langmuir,
1987; McKenzie, 1984], OSCs appear to be mostly underlain
by relatively cool mantle, but the 9°30'N OSC is an exception.
Some OSCs, such as the one at 12°54'N, show little edge effect
in any melting parameter. Overall, there is only a poor
correlation between large offsets (transforms and OSCs) and the
melting parameters; though some edge effects are present, their
magnitude and nature are inconsistent from place to place. This
agrees with the findings of Langmuir et al. [1986].

Between the Siqueiros and the 11°45'N OSC, there seems to
be a broad domal pattern in mantle temperature (T,) with a
broad high-temperature region between 9° and 10°N. This
broad thermal dome extends across the Clipperton transform
without apparent disruption. In contrast, the region from
11°45° to the Orozco transform, which comprises a broad
along-axis topographic dome, shows a complex pattern of
mantle temperature. If anything, this pattern indicates a low-
temperature region at the apex of the dome, rather than a high-
temperature region as might be expected. This perplexing
pattern of mantle temperature and the general question of how it
might be related to mantle flow are discussed later.

The Mid-Atlantic Ridge at 26'S

The petrology and chemistry of the mid-Atlantic ridge
(MAR) at 26°S have been discussed by Batiza et al. [1988] and
Castillo and Batiza [1989]. The morphology and geophysical
characteristics of the MAR segment are discussed by D. K.
Blackman and D. W. Forsyth (Gravity and tectonics on the mid-
Atlantic ridge 25°-27°30'S, submiited to Jourpal of
Geophysical Research, 1991) (Hereinafter Blackman and
Forsyth, 1991) and N. R. Grindlay et al.(Morphology and
tectonics of the mid-Atlantic ridge (25°-27°30'S) from sea
beam and magnetic data, submitted to Journal of Geophvsical
Research, 1991). Figure 15 shows the raw data, corrected for
fractionation to a MgO value of 8.0 wt %, plotted against
latitude. Though scattered, there are some general patterns of
correlation between topography and major element chemistry.
After filtering, as with the EPR data, and plotted against depth,
these patterns are evident (Figure 16). Using our melting
model, we can interpret these patterns in terms of the melting
parameters as in Figure 17.

In contrast with the EPR (Figure 14), there is a good
correlation between axial depth and melting parameters such as
Po, T, and F. Our model suggests that these MORB melts have
a relatively narrow range of P, (14—16 kbar or 42-48 km) and F
(16-18% melting). Approaching the offsets that bound the
segment, the extent of melting decreases, and the depth of
melting increases. We discuss the possible implications of
this pattern later.
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Fig. 15. The mid-Atlantic ridge (MAR) at 26°S from Batiza et al. [1988].
The raw data have been corrected for shallow fractionation to MgO =
8.0 wt %. Topography (based on dredging depths) is shown at the
bottom.

Figures 18 and 19 show that MORB from the MAR at 26°S
show a positive correlation of Na(g) and Fe(g), but an inverse
correlation of Na(g) and Si(g). Using the terminology of Klein
and Langmuir [1989], the MAR at 26°S exhibits the local trend.
In contrast, the EPR (8°N - 14°N) displays the global trend
even within each segment. This is clearly shown in Figure 20,
where we use Ca(g)/Al(g) and Si(g)/Fe(g) as proxies for F and P,
respectively. In this diagram, as in the work of Klein and
Langmuir [1987, 1989], the global trend is characterized by an
association of increasing depth of melting with more extensive
melting. The local trend, in contrast, is characterized by
decreasing depth of melting associated with more extensive
melting. Using our decompression-induced column-melting
model, we can explicitly calculate the slope of the intracolumn
trend because this trend simply corresponds to the progressive
melting of a mantle parcel undergoing column melting initiated
at a single depth (P, ). In Figure 21, we show the calculated
column melting variations for the melting paths of P, =8, 12,
16, and 20 kbar on Na(g) and Fe(g) and on Na(g) and Si(g)
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produced at greater depths. See text for full discussion.
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Fig. 17. Calculated extent of partial melting (F) and other physical
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for discussion.

and Ticg) is progressively lower near the offsets (deep portions of the segment). Na(g
implying that mantle heterogeneity may play some role in this case. Sicgy and Si(g)/Fe(g) in&icate that melts near the offsets are

y does not show a simple pattern,

diagrams. While the slopes of the intracolumn melting paths
are similar in sign to the data from the MAR at 26°S (shown
superimposed on Figure 21), the actual slopes differ
significantly from each other. We discuss possible
interpretations of this difference later.

Near-EPR-axis Seamounts:
Lamont Seamount Chain

Batiza et al.[1990] and Niu and Batiza [1989] recently
showed that young (<1 Ma) seamount chains near the EPR, like
the nearby EPR axis, are comprised mostly of zero-age MORB
melts. However, near-axis seamounts MORB show systematic
chemical differences with EPR axial MORB. As a group, lavas
from near-axis seamount chains parallel to absolute plate
motion have lower Fe(g) and higher Na(g) than axial basalts. In
order to determine whether these changes occur progressively
away from the EPR axis along a single seamount chain, we
examine a well-studied absolute motion parallel seamount
chain. The best studied of these is the Lamont seamount chain
[Fornari et al., 1988a, b; Allan et al., 1989; Smith and Batiza,
1989; Barone and Ryan, 1990].

Figure 22 shows the chemical variation patterns observed
away from the EPR axis along the Lamont seamount chain.
Despite some obvious scatter, the patterns are regular and
systematic. With our column-melting model, we calculate the
melting parameters shown in Figure 23. These patterns
suggest a gradual pinching out of the melt zone at 35-55 km
off axis. Po, Py, and F are relatively constant off axis out to
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Fig. 18. Na(g) versus. Fe(gy and Nag) versusSiig) for MORB from the
MAR at 26'&. These correlations represent the local trend of Klein and
Langmuir [1989].

about 30 km, but at greater distances, P, shallows, and F
decreases. This pattern of shallow, less extensive melting is
similar to that observed at many OSCs along axis (see Figure
14) and is opposite to the edge effect at 26°S MAR where
decreases in F are accompanied by deeper melting. The axial
and off-axis melting region under the Lamont seamount chain
is shown diagrammatically in Figure 24.

The Lamont seamount chain is highly depleted in very
incompatible elements. For example, (La/Sm)yN in the
seamount lavas is systematically lower than at the EPR axis
[Allan et al., 1989]. This systematic depletion is interesting
because it is opposite to what would be expected for an enriched
plume or hot spot that might explain the absolute plate motion
orientation of the chain. One possible explanation of the
systematic depletion in incompatible elements is that it
represents progressive depletion of a source due to continuous
melting as upwelling mantle turns to move laterally away from
the EPR axis. However, the signature of progressive melting
should also appear in the major element melt compositions,
but it does not. Another possibility is that the trace element
signatures are affected by lateral melt migration toward the EPR
axis, as envisioned by Phipps Morgan [1987]. In this
scenario, the Lamont seamount melts would not strictly
represent pooled or accumulated column melts. Instead, they
would be pooled melts without the first few percent of melt
which might be removed by lateral melt migration.

To test the hypothesis, we calculate the trace element
abundances for melts generated by continuous melting. We
used equations rederived from Maalge [1982] for critical
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Fig. 19. Same as Figure 18 with the global trend shown as a bold line.
The local trend (Reykjanes Peninsula, RP; MAR at South of Kane
fracture zone, SKFZ; and MAR at 26°S, open diamonds) crosses the
global trend at a high angle.

51 53

melting and varied the fraction of interstitial melt (w,) present
during continuous melting. We found that accumulated melt
compositions produced in this manner do not correspond to
those observed at the Lamont seamounts. However, we can
produce very depleted melts as instantaneous melts (versus
accumulated melts) produced by continuous column melting.
Figure 25a shows the results of several calculations. The EPR
axial melts are produced by high degrees of partial melting and
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Fig. 20. A more sensitive plot distinguishing the global trend and local
trend: C g) versus. Si diagram, using our data for the MAR
at 26°S B&gg/c:ll( u)end) and gﬁi(&n EPR segments (8°-14°N) (global
trend). Note the opposite correlations of the extent of partial melting
with the melting pressure for the two trends. Also note that the global
trend applies to the entire length of EPR we studied as well as to
individual segments (denoted by different symbols), and that no local
trend is seen at the EPR.
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Fig. 21. As in Figure 18, calculated intracolumn (at specified P, values)
melts generated by initial melting at four pressures (20, 16, 12, and 8
kbar). Also shown is the local trend for the MAR at 26°S. Note that the
local trend and the intracolumn melt variations are not parallel; thus
intra-column melting alone cannot explain the local trend.

melt pooling. The more depleted seamount melts are produced
as instantaneous melts from a source similar to that of the EPR
((La/Sm)n = 0.55) at smaller extent of melting and smaller w,
with the first few percent of melts lacking (melt migration ?).
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Fig. 22. Chemistry of the Lamont seamount and EPR ploued against
distance (kilometers) from EPR axis. Shown are samples with MgO > 8.0
wt % from Allan et al. [1989] plus some of our unpublished Raitt 02 data.
Heavy lines are calculated model compositions discussed in the text.
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Fig. 23. Calculated column-melting parameters for the Lamont
seamounts. Shown are extent of partial melting (F) and initial and final
melting pressures and temperatures (P, Pg, To. Tf). Note that the melt
zone pinches out away from the axis.

The good fit of the Lamont trace element data to
instantaneous melts may indicate that the Lamont seamounts
tap instantaneous melts rather than pooled melts. This is
consistent with the hypothesis that the seamount melts are
primarily supplied by dikes which tap small amounts of melt.
This is also consistent with lateral melt migration which would
hinder efficient pooling of melts produced in a rising vertical
column. On the other hand, the major elements can be
successfully modeled as pooled melts and less well modeled as
instantaneous melts. Thus we infer that lateral melt migration
toward the axis may play some role, but the magnitude is
probably small. Furthermore, if lateral melt migration is the
explanation, the pattern of this migration is not simple. A
simple pattern of melt migration and tapping of instantaneous
melts would result in a regular pattern of (La/Sm)y decrease
away from the axis. Figure 25b shows that such a pattern is not
observed. The geographic scatter of (La/Sm)N could result
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Fig. 24. Diagrammatic presentation of the resulis in Figure 23 showing
the inferred region of melting in the vicinity of the EPR. RT60 is a lava
field west of the NEW/DTD seamounts.
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(La/Sm)y Variation as a Function of Extent of
Partial Melting and Critical Melt Retention
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Fig. 25. (a) Continuous melting model calculations for very depleted
melts of the Lamont seamount chain and the EPR. Melis with (La/Sm)N
= 0.55 are pooled melis (axis), whereas more depleted melis are
instantaneous melts produced by column melling with various melt
porosities (wg). (b) The (La/Sm)N for the Lamont seamounts do not
show a simple off-axis trend. See text for discussion.

either from a complex pattern of lateral melt migration and
tapping or from that fact that all searnount lavas are not of truly
zero age [Barone and Ryan, 1990]. On the basis of the
calculations illustrated in Figure 25a, we speculate that lateral
melt migration toward the EPR has played a role in producing
the trace element depletion of the Lamont lavas. We note,
however, that other explanations such as small-scale mantle
heterogeneity [Fornari et al., 1988b] or complex
segregation/mixing scenarios [Langmuir et al., 1977] cannot
presently be ruled out.

DiscussioN

In this section, we discuss the results of our model and some
of the possible implications for subaxial magmatic processes
that arise from applying the model to fast ridges (EPR), slow
ridges (MAR), and near-EPR seamount chains.

Nature of Primary Magma

The debate over the nature of primary magma parental to
MORBSs has been active for over 20 years [O'Hara, 1968; Green
et al., 1979; Stolper, 1980; Jaques and Green, 1980; Elthon
and Scarfe, 1984; Falloon and Green, 1987, 1988; Presnall and
Hoover, 1984; Fujii and Scarfe, 1985; Fujii and Bougault,
1983] and is largely based on the interpretations of isobaric
batch melts produced in the laboratory and on the use of
simplified phase diagrams. As discussed by Klein and
Langmuir [1987], if MORB is produced by polybaric column
melting, not by isobaric batch melting, then the conflicting
views may be reconciled. In Figure 26, we plot out model melts
(both isobaric batch melts and polybaric column melts for
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comparison) on the Ol-Cpx-Qtz normative projection of
Walker et al. [1979]. Also shown are pseudoinvariant points
from Stolper [1980]. Figure 26b shows that for polybaric
column melts, the initial melting pressure (P,) as well as the
extent of melting (F) controls the position of a melt
composition in this projection.

In Figure 27, we plot natural MORB melts with MgO > 8.5
wt % and also our polybaric column melt compositions
fractionated to 8.0 wt % MgO. The good agreement between
high-MgO natural MORB and our calculated melts provides
additional support for the notion that most MORBs are not
primary melts. However, our primary melts have only 10-12
wt % MgO and are not picritic. Our model suggests that most
MORBs are generated by initial melting at 12-21 kbar and 10—
20 % melting. The melts with 8.0 wt.% MgO can be derived
from these primary melts by variable amounts of olivine and
plagioclase fractionation at lower-pressure. We thus concur
with the view that many MORB melts with 10-12 wt % MgO
are primary [Bryan et al., 1981]. The global correlation by
Klein and Langmuir [1987] strongly supports the idea that
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Model Melt compositions by
Isobaric Batch Melting.
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Model Melt compositions by
Column Melting 1 (b)
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Fig. 26. Nommative projections (Cpx-Ol-Qtz from Plagioclase) of
calculated partial melts produced by (a) isobaric batch melting, and by
(b) polybaric column melting. The projection algorithms are taken from
Walker et al. [1979]. High-pressure phase boundaries are from Stolper
[1980]. In Figure 26b, the isobaric melting pressures are 20, 16, 12, and
8 kbar as labeled with extent of partial melting from 10% to 40% in the
directions shown by the ammow. Except for high F (Qtz-rich ) melts, all
the melts should be in equilibrium with three phases (Ol-Opx-Cpx). b).
the compositions of accumulated polybaric column melts at the initial
melting pressures Py, = 20, 16, 12, and 8§ kbars (as labeled) are shown
with the arrow indicating decompression and the increasing melt
extraction (1% step). Projected melt compositions are from 10% to 26%,
24%, 22%, and 20% for the initial pressures respectively. Data are from
Table 6 and Figure 10.
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Primitive natural MORBs:
Open triangle - MgO > 8.5%;
Solid triangle - Mg0 > 9.0%.
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Fig. 27. As in Figure 26: (a) primitive MORBs with MgO > 8.5% (open
triangles) and MgO >9.0% (solid triangles) from the EPR, MAR and mid-
Indian ridges from the Smithsonian data base (W. G. Melson and T.
O'Hearn, personal communication, 1989); and (b) the fractionated
compositions in Figure 26b with 2% steps for each of melting paths (P =
20, 16, 12, and 8 kbar as labeled). This comparison shows that the
majority of observed MORBs are fractionated at low pressure from the
melts accumulated during column-melting process with initial melting
pressures ranging from 12 to 21 kbar and with the total melt production
ranging from 10 to 20 wt %.

mantle temperature and column-melting processes control the
composition of MORB melts. As shown by many previous
studies, shallow fractionation is also an important process for
most observed MORB compositions.  Clinopyroxene-
dominated fractionation at high pressure apparently plays a
minor role, since this would tend to deplete $iO7 in liquids and
would lead to different fractionation patterns than those shown
in Figure 27b.

Manitle Temperature Distribution and Upwelling

The major element chemistry of MORB melts provides a
very strong (via experimental studies) constraint on the
temperature of the mantle. Though somewhat model dependent,
this is probably the strongest direct constraint on mantle
temperature available. We thus discuss the mantle temperature
variation we infer from the application of our melting model to
natural MORBs. While most physical models of mantle
upwelling assume that the subaxial mantle has constant
potential temperature (i.e., adiabatic temperature profile) and
horizontal isotherms (Figure 28), we find strong evidence for
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significant lateral temperature differences (up to 60°C)
occurring on a scale of 50-100 km. If these differences are
real, their cause is important, because mantle temperature and
upwelling in some cases are related. We discuss lateral
temperature gradients observed both along axis and across
axis.

Across-axis temperature variation. The across-axis
temperature pattern shown by comparing axial chemistry and
young (<1Ma) near-axis seamounts indicates that the mantle is
cooler away from the axis than directly below the axis. There
can be little doubt that this pattern is real, as it is revealed by
large groups of seamount samples [Batiza et al., 1990] as well
as individual seamount chains such as the Lamont seamount
chain (Figure 23). This pattern of P, and T, (the solidus
temperature and pressure), though perhaps not surprising,
contradicts the assumption of horizontal isotherms in the
mantle commonly assumed in simple physical models of sub-
axial flow. One possibility is that this temperature difference
is fortuitous and simply reflects thermal heterogeneity in the
upper mantle. Such patterns could perhaps result from
compositional heterogeneity and differences in thermal
conductivity or stress [Yoder, 1976]. However, because of the
widespread occurrence of this phenomenon along the EPR
[Batiza et al., 1990], this seems highly unlikely.

Another possibility is that small scale convection [e.g.,
Buck and Parmentier, 1986; Scott and Stevenson, 1989; D.
Scott, personal communication, 1990] might cool the mantle
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Fig. 28, Schematic diagram of how upwelling (arrow) in a nonadiabatic
thermal gradient can affect the pattems of isotherms and the depth of
initial melting. For the adiabatic case, upwelling does not perturb the
pattern of isotherms because all the material has the same potential
temperature [McKenzie, 1984; McKenzie and Bickle, 1988]. However,
if cooling occurs (by any process) and the gradient is larger than
adiabatic, upwelling material (arrow) adds heat to this region. This
raises the pattern of isotherms and causes lateral temperature gradients.
In addition, the hot upwelling material will have a higher temperature
than the static material at depth. It will thus melt at a higher temperature
and pressure if it continues to rise adiabatically. Steepness of the lateral
thermal gradients is controlled by the vigor of upwelling and the size of
the nonadiabatic geotherm.
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below the lithosphere adjacent to the axis. This cooling would
allow upwelling patterns of hot mantle to cause a lateral
thermal gradient as shown in Figure 28. A problem with this
hypothesis is that for such a condition to be initiated, the
residual mantle emplaced across axis by flow must cool a great
deal to become denser than hot, fertile mantle near the axis
[e.g., Sotin and Parmentier, 1989; Niu and Batiza, 1991; L.
Fleitout, personal communication, 1991]. This cooling would
be expected to take tens of millions of years, so small-scale
convection very near (30-50 km) the axis may be difficult.
Even so, it may not be possible to completely rule out this
possibility. At any rate, any conductive or convective process
operating below young lithosphere could produce the observed
pattern.

Another possibility that can be considered is that the actual
temperature gradient in the mantle below the ridges is slightly
greater (cooler) than adiabatic for young lithosphere. An
adiabatic profile is assumed below the cooling plate, which is
the upper conductive boundary layer [McKenzie and Bickle,
1988]. However, even a small amount of conductive cooling in
the asthenosphere directly underlying the lithospheric plate
would make the geothermal gradient greater than adiabatic, as
in the thermal boundary layer for old lithosphere proposed by
McKenzie and Bickle [1988). Such cooling near the boundary
might be explained by long-term (107 years) physical
proximity between the plate and the underlying asthenosphere.
Since ridges are not fixed relative to the underlying mantle,
this asthenosphere, with a weak conductive geotherm could be
tapped by a ridge axis. If upward flow beneath the axis is partly
driven by buoyant forces (not merely plate separation), and if
this mantle upwells adiabatically, then upward mantle flow
would result in hot rising mantle material being emplaced next
to cooler mantle at the edge of upwelling (Figure 28). The most
vigorous buoyant upwelling in the core of the upwelling zone
would be hottest because this material rises adiabatically from a
deeper level within the zone characterized by a weak conductive
(versus convective or adiabatic) thermal gradient. This effect
would be expected to grade outward from the core of the
upwelling toward the edges and would establish a lateral
thermal gradient of the type observed. This effect probably
need not be dramatic to produce a lateral temperature gradient of
50°=70°C over a distance of 30-50 km away from the axis.

Because of the potential difficulties with small-scale off-
axis convection rolls, we favor this explanation for the
observed lateral temperature gradient near the EPR. If correct,
this implies that some component of buoyant upwelling may
occur beneath the EPR, even if in general, the upwelling
pattern is mainly controlled by plate separation (Lin and
Phipps Morgan, 1991).

Along-axis temperature variation. Figure 14 shows small-
scale, along-axis temperature differences of 40-50°C below the
EPR. Whatever the cause of these variations, one might expect
these differences to be related to upwelling flow patterns
because if the composition is constant, hotter mantle would be
less dense and less viscous than cooler mantle. One might
even expect mantle temperature patterns and upwelling to
correlate with topography along the EPR [e.g., Macdonald et
al., 1988]. Of course this would not necessarily be the case for
flow driven exclusively by plate separation if the mantle
geotherm is adiabatic.

The broad dome in T, between Siqueiros transform and
11°45'N OSC (Figure 14) may indeed be a broad, along-axis
upwelling. If so, a component of buoyancy-driven flow and/or
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a weakly conductive thermal gradient like that discussed earlier
would be expected to play a role. The edge effects at OSCs,
most prominent north of the 11°45'N OSC (see Figure 14), are
difficult to explain. One possibility is that southward
propagation of the OSCs [Macdonald et al., 1987] places the
new limb of the OSC slightly off center from the main
upwelling zone. In this case, as for the off-axis cooling
documented by seamounts, the mantle material which finds
itself below the newly extended ridge could be cooler than
normal. In contrast, a portion of ridge that is stable (not
propagating) would be expected to establish a robust passive
upwelling supply centered directly underneath the axis. This
stability could also be perturbed by lateral migration of the
ridge away from established upwelling.

Although filtered to suppress local chemical variations, the
patterns of Figure 14 provide no evidence for the existence of
upwelling patterns linked to small-scale tectonic
segmentation. Such patterns would not necessarily be reflected
as temperature anomalies. However, since the EPR data are
consistent with the global trend in pressure-melting
relationship, the upwelling pattern should be reflected in the
patterns of T,. On the basis of gravity and morphology (Lin
and Phipps Morgan, 1991), it seems most likely that
upwelling is curtain like and mainly driven by plate separation.
Thermal perturbation in this curtain flow, however, could add a
component of buoyancy-driven upwelling such as may exist
between Siqueiros transform and 11°45'N OSC. Superimposed
on this, a hierarchical series of small perturbations could also
be present [Langmuir et al., 1986; Macdonald et al., 1988]
though the mantle temperature signal of the small features
could be small to nonexistent.

In contrast with the EPR, the MAR at 26°S displays a much
different pattern of lateral temperature variations and melting.
The slightly smaller extent of melting seen at the offsets of the
26°S segment (Figure 17) may be consistent with the model of
Phipps Morgan and Forsyth [1988] for subdued upwelling under
transforms. However, the higher temperatures are not
consistent with this model, though the temperature differences
along the segment are small (30°—40°C). It is possible that the
calculated temperature pattern of Figure 17 is an artifact
resulting from the failure of assumptions in our model. For
example, the major element compositions of the mantle may
be heterogeneous beneath this ridge segment. The scatter of
Naj0 and AlhO3 (Figure 16) may favor this notion, but the
systematics and correlations of most of oxides and ratios,
particularly K>O and TiO;, indicate that mantle heterogeneity
alone is probably inadequate to explain the results. If K20 and
TiO7 are used to evaluate the extent of melting, then the F
pattern in Figure 17 would be even more pronounced, i.e., the
melting column approaching offsets would be even shorter
than indicated in Figure 17. If mantle heterogeneity were the
cause, then it would be fortuitous for such heterogeneity to be
distributed symmetrically about the central topographic high.

Our model implicitly assumes that melts rise vertically to
the surface. Thus if significant lateral along-axis melt
migration of the type proposed by Phipps Morgan and Forsyth
[1988] occurs, our model would be invalid. Given the regular
chemical variation patterns with depth along axis and the fact
that intracolumn melting cannot completely explain the
chemical patterns, significant melt migration seems unlikely;
however it cannot be ruled out. We also cannot rule out age
differences among the axial lavas. If significant age
differences occur, then the inferred patterns of T, need not
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represent a steady state or snapshot of thermal conditions.
Instead, the pattern would be a mixture of conditions existing
at different time.

This segment shows a bull's-eye pattern of gravity
(Blackman and Forsyth, 1991), thus the focused buoyant
upwelling mantle of Lin et al. [1990] and Lin and Phipps
Morgan [1991] might be expected to apply. However, there is
no evidence in the melting patterns or inferred thermal structure
for such a pattern. One possibility is that the geotherm under
the segment is adiabatic, in which case the upwelling pattern
would not disturb isotherms, and the solidus depth (P,) and
temperature (T,) would be unaffected. This may be the case, but
it does not explain the higher T, under the offsets, which our
prior arguments would say is indicative of more vigorous, not
less vigorous, upwelling. Perhaps frictional heating occurs
within the transform; however, it is difficult to imagine how
such heat could be transported to deeper levels of the
asthenosphere.

Width of the Upwelling Zone Beneath the EPR

Volcanically active seamounts exist up to 50-60 km from
the EPR axis, providing clear evidence that the zone of
upwelling is ~100 km wide as proposed by Phipps Morgan
[1987]. However, because of the across-axis temperature
differences discussed earlier, we also suggest that even though
the passive, plate driven upwelling zone is wide, much or most
of the mantle flux may actually be confined to a narrow central
zone of high-velocity upwelling partly controlled by
compositional, melt, and thermal buoyancy. This would
explain both the across-axis and the along-axis temperature
variation patterns discussed earlier, but it requires a weakly
conductive versus adiabatic temperature profile.

Global Trend Versus Local Trend

Klein and Langmuir [1987] discovered the global
correlation of MORB chemistry with ridge axial depth based on
segment-averaged data and successfully explained the origin of
this correlation with a simple column-melting model.
Brodholdt and Batiza [1989] independently compiled
unaveraged data and confirmed this correlation, but they show
great scatter about the global correlation. Klein and Langmuir
[1989] found that the scatter partly results from regional scale
chemical variations of the type found by Batiza et al. [1988]
which show opposite correlations to the global trend. They
called the global correlation the global trend and the regional
scale correlation the local trend in diagrams such as Figures 18
and 19. They explained the global trend by intercolumn
melting by assuming a single column represents a segment or
locality within which chemistry is averaged. In contrast, they
interpreted the local trend as produced by melts tapped from
different depths within a single column (intracolumn melting).
This study quantitatively confirms their interpretation of the
global trend, characterized by a positive correlation of melting
pressure with extent of partial melting as represented by 8°N-
14°N EPR (Figure 20). In the case of the EPR, however, there
does not exist an obvious correlation with axial depth that may
be related to the crustal thickness [Klein and Langmuir, 1987].
Partly, this may be because the overall topographic relief is
relatively small (<400 m) at the EPR and the melting
parameters vary in a narrow range. Nevertheless, the global
scale correlations of MORB chemistry with ridge axial depth
discovered by Klein and Langmuir [1987] are clearly evident.
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As shown previously, however, the local trend is more
problematic. Intracolumn-melting processes produce similar,
but not identical, data arrays as the local trend. As noted by
Klein and Langmuir [1989], the local trend appears to be
confined to slow spreading ridges like the MAR. Kinzler and
Grove (1991) propose that the local trend is the result of high-
pressure fractionation. If so, why does such fractionation only
occur at slow-spreading ridges? Perhaps the depth and
mechanism of eruption/intrusion vary systematically with
spreading rate [Klein and Langmuir 1989].

Since the MAR at 26°S displays the local trend, it may shed
light on the cause of the local trend. Earlier we concluded that
mantle heterogeneity, lateral melt migration, or temporal
variability in axial lavas could help explain the perplexing P,
and T, patterns below this segment. If so, then each or any of
these must vary as a function of spreading rate. We speculate
that the local trend is in fact due to the dynamics of melt
supply, as did Klein and Langmuir [1989]. Lin and Phipps
Morgan (1991) provide strong evidence that the dynamics of
upwelling change as a function of spreading rate. We suggest
that at the MAR 26°S, melting columns are shorter and deeper
at offsets, perhaps owing to a cold-edge effect at shallow
levels. By contrast, in the center of the segment, melting
columns are longer. If P, varies and if the multiple melting
columns within a segment overlap significantly in their
melting range (AP), then groups of aggregate column melts
might be expected to yield data arrays that are intermediate in
slope between intercolumn and intracolumn melting, as
observed for the MAR at 26°S.

Geometry of the Melting Region

Application of our model to both axis and seamount melting
processes shows that mantle melting actually occurs in a thin
layer that pinches out laterally away from ridge axis at
distances of 50-60 km in the case of EPR. The thickness of the
layer, defined by AP (P, - Py), varies from 15-30 km. Equation
(10) assumes a perfect adiabatic column melting process, and
the calculated values of Py are likely the maximum in practice if
the case is nonadiabatic. If, as we suggest, the compositional
effect on melting behavior is such that column melting is
buffered at the solidus of a progressively depleted source, the
melting could stop at a greater depth than calculated Py. An
important constraint on the final depth of melting is provided
by crustal thickness, if little melt is retained in the mantle
residue.

Crustal Thickness and Melt Migration

Our decompression-induced column-melting model allows us
to crudely calculate crustal thickness as the product of the
melting interval (P, - Py) and the melt fraction with pressure-
related density corrections [Niu and Batiza, 1991]. Rough
crustal thicknesses for the EPR and the MAR derived in this
manner are slightly low, but still quite reasonable considering
the model uncertainties. We obtain crustal thicknesses which
vary from 2.70 to 5.01 km (with a mean thickness of 4.02 km).
Our crustal thicknesses are lower than those of Klein and
Langmuir [1987] partly because our melting interval (P, - Py) is
shorter than theirs (P, to the base of the crust). Given the
uncertainties in the exact shape of the melting region,
upwelling rate of melting mantle, melt migration, and melt
retention processes, it is difficult to construct a good mass
balance for melt in the crust and mantle. Hopefully, future
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additional constraints will provide better estimates of actual
crustal thickness and the melt budget. The difficulty of making
a melt budget hampers direct tests of the importance of steady
state lateral melt migration. While interpretation of the trace
element data for the Lamont seamounts provides weak evidence
for such possible migration, this suggestion is somewhat
speculative.

CONCLUSIONS

From this study, we draw the following conclusions. (1)
The experimental data of Jaques and Green [1980], Falloon et
al. [1988], and Falloon and Green [1987, 1988] provide a good
basis for a distribution coefficient based melting model. The
data are self-consistent, and our model for isobaric batch
melting yields very reasonable quantitative results. (2) Our
decompression-induced column-melting model can be used to
calculate melt compositions produced by column melting of
peridotite MPY-90. Since this is a reasonable parental
composition for MORB, we are confident in applying the
model to natural MORB compositions. A possible
shortcoming of our model is the assumption that the oceanic
mantle beneath mid-ocean ridges is homogeneous with respect
to major elements. Thus, we suggest that the coefficients in
Tables 4 and 5 should be adjusted if the mantle source
composition can be determined independently for any desired
specific case study. (3) Application of our model suggests that
most MORBs are derived by decompression-induced column
melting initiated at depths of 12-21 kbar (40—65 km) and 10-
20% melting. Primary column melts for most MORBs have
MgO = 10-12 wt %, so most MORBs have undergone some
fractionation. We suggest that this fractionation occurs
mostly at shallow level. (4) We find that Si(g)/Fe(g) is a
sensitive chemical indicator for melting pressure and that
Ca(g)/Al(g) and Na(g) are good indicators of degrees of melting.
(5) Our melting model, using primary melts modified by
fractionation to MgO = 8.0 wt %, can be applied to natural
MORB melts and allows quantitative estimates of parameters of
column melting: Py, Py, To, Ty, and F. (6) Decompression-
induced column melting occurs in a thin zone (15-30 km thick)
and pinches out away from the EPR axis at 50-60 km. (7) We
find lateral temperature differences in the mantle, both along
axis and across axis, of 50-60°C over distances of 30-50 km.
We ascribe these differences to a weakly conductive thermal
profile (versus adiabatic) in the mantle immediately below the
lithosphere. If so, these temperature differences can be related
to patterns of mantle upwelling. (8) Across-axis melting
patterns at the EPR inferred from zero-age seamount MORB
melts provide evidence for a wide zone of mantle upwelling due
to plate separation. However, the flow may have a central core
of higher velocity due to thermal, compositional, and/or melt
buoyancy. (9) Along-axis temperature patterns at the EPR
suggest a broad region of hot upwelling mantle between
Siqueiros and the 11°45'N OSC. Mantle temperature does not
correlate with along-axis topography, but it does show a
variety of edge effects. These edge effects are not consistent,
implying a variety of causes. The EPR is probably supplied
principally by a curtain like flow, as suggested by Lin and
Phipps Morgan [1991]; however, a superimposed hierarchy of
local upwelling is probably also present. (10) The MAR at
26°S displays good correlation between topography and
melting parameters, including mantle temperature. Deep
portions of the MAR, near offsets, have deeper and less
extensive melting. This may be partly caused by a focused
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buoyant upwelling with weaker upwelling below offsets due to
a cold edge effect. A variety of other factors may also play a
role. (11) The MAR at 26°S exhibits the so-called local trend,
which cannot be explained by intracolumn melting alone. We
propose that it is due to melting processes resulting from
focused buoyant upwelling at slow spreading rates, namely
longer melting columns in the center and shorter, deeper
columns near offsets.
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