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[1] A new method for calculating fractionation pressures of mid-ocean ridge basalts
(MORB) that are saturated in clinopyroxene and plagioclase is presented. This mineral
assemblage is the major control on the CaO versus Mg # (molar Mg/(Mg + Fetot), all Fe as
Fe2+) chemical variations of basaltic liquids. By combining new equilibrium and fractional
crystallization experiments on primitive mid-ocean ridge basalts at high pressure with
previously published experiments on natural basaltic systems, we derive an expression
for fractionation pressures that depends only on the CaO content and the Mg # of the liquid.
P (kbar) = [CaO (wt %)� 3.98(±0.17)� 14.96(±0.34)�Mg # (molar)]/[�0.260(±0.008)],
r2 = 0.92. We compare our formulation of a liquid barometer with those of Grove
et al. (1992), Yang et al. (1996), and Herzberg (2004). The equation can be used to predict
crystallization pressures of dry tholeiitic liquids with Mg # < 0.6. Low H2O contents in
the liquid (<1 wt %) do not significantly affect the calculated pressures compared to
anhydrous liquids. Pressure calculations have been performed on MORB glasses for three
mid-ocean ridge systems with different spreading rates (East Pacific Rise, Mid-Atlantic
Ridge, Southwest Indian Ridge). Average pressure estimates correlate negatively with
spreading rate when the MORB data are filtered for hot spot-affected compositions. Major
element variations indicate that MORB crystallizing at elevated pressures also require
lower degrees of mantle partial melting. Locations and compositions of MORB glasses
crystallized at elevated pressures can be explained with models where conductive cooling is
enhanced, either at segmented ridges with slow spreading rates or along ridge segment
terminations at fast spreading ridges.
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1. Introduction

[2] Mid-ocean ridge basalts (MORB) are the most com-
mon eruptive products on the Earth’s surface. It is generally
accepted that they are generated by variable amounts of
partial melting of mantle peridotite during adiabatic decom-
pression. The extent of melting is mainly controlled by
mantle potential temperature and peridotite source compo-
sition [e.g., Klein and Langmuir, 1987; Langmuir et al.,
1992; Hirth and Kohlstedt, 1996]. Most MORB composi-
tions have Mg # lower than 0.7 and follow low-pressure
cotectics, which is not consistent with a primary mantle
origin [Elthon and Scarfe, 1984; Grove et al., 1992].
Therefore primary mid-ocean ridge magmas must have
experienced modification after extraction from a partially

molten peridotite. One of the most important modification
processes affecting mantle-derived basaltic liquids is frac-
tionation at variable depths during their ascent from the
source region to the surface. Mid-ocean ridge basalts
preserve inherited chemical signatures of different mantle
sources, melting processes and postmelting modifications
[e.g., Grove et al., 1992; Sobolev and Shimizu, 1993;
Spiegelman and Kelemen, 2003]. To clarify one parameter
of the compositional complexity of basalts, we focus on the
fractionation process at variable depth below mid-ocean
ridges.
[3] Previous experimental studies with basaltic bulk

compositions [Elthon, 1979; Elthon and Scarfe, 1984;
Tormey et al., 1987; Bartels et al., 1991; Kinzler and Grove,
1992; Grove et al., 1992; Yang et al., 1996] determined
anhydrous phase relations and compositions of basalts at
different pressures between 1 bar and 1.6 GPa. By mapping
out the olivine (ol) � clinopyroxene (cpx) � plagioclase
(plg) saturation surfaces of anhydrous basalts, two different
quantitative models were developed to describe liquid
compositions over a range of pressure, temperature and
composition [Grove et al., 1992; Yang et al., 1996].Michael
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and Cornell [1998] inverted these models to calculate
crystallization pressures and compared them with numerical
models of Danyushevsky et al. [1996] and Weaver and
Langmuir [1990]. LeRoux et al. [2002] applied this approach
to the southern Mid-Atlantic Ridge (40�–55�N). Herzberg
[2004] parameterized the ol-cpx-plg saturation planes of
anhydrous experiments on basalts for a different projection
and applied the calculated crystallization pressures to a large
database of MORB glasses. All of these studies came to
similar conclusions. Mid-ocean ridge basalts crystallize at
the ocean floor and within the underlying mantle at depths
up to 30 km (1.0 GPa). The available models to calculate
crystallization pressures of tholeiitic liquids are calibrated
with glass compositions from near-liquidus equilibrium
crystallization experiments. However, the compositional
variation along the liquid line of descent of tholeiitic basalts
is limited, particularly at high pressure.
[4] In this paper we present a simple liquid composition

barometer based on the evolution of CaO with decreasing
Mg # [= Mg/(Mg + Fe), all Fe as Fe2+]. The barometer is
calibrated against glass compositions saturated in cpx and
plg (± ol, opx, spi) from equilibrium crystallization experi-
ments at pressures of 1 bar to 1.0 GPa (for references, see
Figure 1). Including liquid compositions from fractional
crystallization experiments at 1.0 GPa [Villiger et al.,
2004] permits us to calibrate the barometer over a large

compositional range along the liquid line of descent of
anhydrous basalts.
[5] We discuss the effects of variable starting materials

and H2O content with respect to the evolution of CaO
versus Mg # during differentiation of mafic magmas. We
compare our barometer with previous calibrations to calcu-
late crystallization pressures [e.g., Grove et al., 1992; Yang
et al., 1996; Herzberg, 2004]. We find that our new
calibration is comparable to previous formulations at low
pressure, while at high pressure it provides substantially
better reproduction of the experimental data set, mainly as a
result of including compositions fractionated at high pres-
sures. Finally, we apply the new barometer to a large data
set of MORB glasses (derived from Petrological Database
of the Ocean Floor: http://www.petdb.org) and discuss the
influence of pressure on the diversity of MORB from three
different mid-ocean ridges (East Pacific Rise, Mid-Atlantic
Ridge, Southwest Indian Ridge).
[6] The statistical distribution of calculated crystallization

pressures for these ridge systems correlates with spreading
rate, once the data set has been corrected for hot spot-
influenced areas. Our new liquid barometer thus permits us
to quantify the average crystallization depth of mafic
magmas at individual spreading centers. These calculations
are discussed in the light of recent drilling results from mid-
ocean ridges and support the hypothesis that crystallization
of basaltic liquids at upper mantle pressures is an important

Figure 1. (a) Variation diagram CaO in wt % plotted against Mg # (= Mg/(Mg + Fe), all Fe as Fe2+) of
glass compositions (normalized to 100%) from selected anhydrous experiments saturated in cpx (±ol, plg,
opx, spi). Experimental glasses in equilibrium with ol or ol + plg (±spi) are plotted as small symbols.
Experimental data are from the following sequence: at 1 bar from Grove and Bryan [1983], Tormey et al.
[1987], Grove et al. [1990], Yang et al. [1996], Sano et al. [2001], P. Ulmer (unpublished Data, 2004), at
0.2 GPa from Tormey et al. [1987] and Grove et al. [1992], at 0.8 GPa from Baker and Eggler [1987],
Grove et al. [1990], and Grove et al. [1992], and at 1.0 GPa from Fram and Longhi [1992], Grove et al.
[1992], and Villiger et al. [2004]. The error bars indicate the average of 2s errors of 1.0 GPa glass
analysis. (b) CaO plotted against Mg # of glass compositions from selected anhydrous experiments
saturated in ol, ol + plg and ol + plg + cpx at 1 bar from Grove and Bryan [1983], Grove et al. [1990],
Yang et al. [1996], and P. Ulmer (unpublished data, 2004). Lines connecting data points denote liquid
lines of descent of different starting compositions (plg in, solid; cpx in, dashed). Within the gray shaded
area, liquids of low-pressure experiments not saturated in cpx could overlap with high-pressure liquids.
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process that has to be taken into account for realistic models
of the composition of the oceanic crust.

2. Melt Composition Barometer

2.1. Development of a New Equation for Pressure
Calculations

[7] Liquid compositions of primitive mid-ocean ridge
basalts calculated with numerical and thermodynamic mod-
els (Weaver and Langmuir [1990]; MELTS, Ghiorso and
Sack [1995] and Ghiorso et al. [2002]; PETROLOG,
Danyushevsky et al. [1996]; COMAGMAT, Ariskin [1999]
and Ariskin et al. [1993]) and glass compositions from
fractional and equilibrium crystallization experiments [Villiger
et al., 2004, 2007] show a positive correlation of CaO with
temperature, MgO or Mg #, if the magma is not saturated in
plagioclase or cpx. The CaO maximum along the liquid
lines of descent of anhydrous basaltic magmas is systemat-
ically higher at low pressure than at high pressure, mainly
because of the expansion of the olivine primary phase field
at low pressure [Bowen, 1928; Kushiro, 1969]. After the
crystallization of cpx the CaO liquid lines of descent
decrease at various pressures with a similar slope. This is
illustrated in Figure 1a, showing the covariance of CaO
against Mg # of selected experimental glass compositions at
pressures between 1 bar and 1.0 GPa. Different Clapeyron
slopes for olivine saturation with respect to the saturation of
cpx broaden the stability field of olivine toward lower
pressures (see discussion by Villiger et al. [2007]).
[8] The slopes and intercepts of equation (1) were

obtained by multiple least squares regression of glass com-
positions of selected experimental data sets (for references,
see Figure 1), which were saturated in plg, cpx (± ol, opx and
spi) at pressures of 1 bar, 0.2 GPa, 0.8 GPa and 1.0 GPa.
Experimental data used to obtain the fit are limited to
olivine-saturated compositions at the pressure of cpx-plg
saturation, or lie on the liquid line of descent of such
experiments. If this criterion is violated, slopes in a CaO
versus Mg # diagram of glass compositions of experiments
performed at high pressures and with starting materials
without olivine as a liquidus phase could lie on liquid lines
of descent corresponding to lower pressures. The straight
lines in Figure 1a are calculated isobars for pressures
between 1 bar and 1.0 GPa. The slopes and intercepts for
the calculated pressures are listed in Figure 1a.

CaO wt%ð Þ ¼ 3:98 �0:17ð Þ þ 14:96 �0:34ð Þ � Mg # molarð Þ�
�0:260 �0:008ð Þ�P kbarð Þ; r2 ¼ 0:92 ð1Þ

To calculate crystallization pressures of cpx-plg saturated
tholeiitic magmas, equation (1) was converted into

P kbarð Þ ¼ CaO wt%ð Þ � 3:98 �0:17ð Þ � 14:96 �0:34ð Þ½
� Mg # molarð Þ�= �0:260 �0:008ð Þ½ �; r2 ¼ 0:92 ð2Þ

2.2. Analytical Uncertainties and Compositional
Restrictions

[9] CaO contents of glasses from selected experimental
studies at 1 bar using different starting compositions are
plotted against Mg # in Figure 1b. They include experi-

ments saturated in ol, ol + plg and ol + plg + cpx separated
by phase boundaries (cpx-in and plg-in). The cpx-in line is
parallel to the 1 bar CaO versus Mg # trend, clearly
indicating that the barometer is only valid for cpx-saturated
liquids. Glass compositions of 1 bar experiments reach the
fitted cpx-plg-ol line by fractionation of dunitic (ol) or
troctolitic (ol + plg) residues starting from compositions
with different Mg # (0.58 to 0.76, for references, see
Figure 1b). The gray shaded area marks the range
of compositions where low-pressure liquids saturated in
olivine only, or olivine and plagioclase may overlap
with high-pressure liquids saturated in cpx and plagioclase.
Thus applying our barometer to primitive tholeiitic liquids
with Mg # > 0.6 substantially overestimates calculated
crystallization pressures.
[10] The calculated pressures are sensitive to both within-

lab and interlaboratory uncertainties of analytical data, as
discussed in detail by Michael and Cornell [1998]. For
example, if we use the 2s errors of 1.0 GPa experimental
glass compositions [Villiger et al., 2004], the calculated
pressure uncertainty is 
± 0.1 GPa (Figure 1a), similar to
uncertainty estimates by Grove et al. [1992]. Different
analyses of the same basalt glasses, measured in different
laboratories, were obtained from the PETDB database to
constrain the sensitivity of our barometer to interlaboratory
uncertainties. We find that results for most of the glasses are
within 0.1 GPa, although in some cases, pressure differ-
ences exceeding 0.1 GPa were calculated.

2.3. Validation and Accuracy of the Barometer

[11] To test the reliability of the CaO/Mg # barometer,
calculated pressures of experimental glasses, which have
been used for the calibration, are plotted against experimen-
tal pressures in Figure 2a. The same data set has been used
to calculate pressures with the expression of Herzberg
[2004] (Figure 2b) and the inversion of the models of Grove
et al. [1992] (Figure 2c) and Yang et al. [1996] (Figure 2d).
Herzberg [2004] converted liquid compositions into nor-
mative enstatite, diopside and anorthite. Experimental
glasses saturated with ol, plg and cpx define isobars in the
anorthite-diopside-enstatite plane and were used to derive an
expression to calculate crystallization pressures. Applying
the method of Grove et al. [1992], pressure was calculated
by averaging pressures calculated from four different equa-
tions using normative ol, cpx, plg and qtz compositions of
the melts, respectively. Yang et al. [1996] recalculated liquid
compositions in wt % to molar fractions and fitted equa-
tions for XCa, Mg # and XAl as a function of pressure and
liquid compositions expressed as XNa, XK, XSi, XTi and
XFe. We calculated crystallization pressures for multiply
saturated liquids (ol, cpx and plagioclase) by applying the
inverted equation for XCa, which is least dependent on
analytical errors. The results of pressure calculations are
listed in Table 1 and graphically shown in Figure 2c.
[12] Averages of calculated pressures against corresponding

experimental pressures and statistical parameters are listed
in Table 1 and graphically shown in Figure 2. The crystal-
lization pressures calculated with the methods of Herzberg
[2004] and Grove et al. [1992] underestimate pressures at
0.8 GPa and fractional crystallization experiments at 1.0 GPa.
The method of Yang et al. [1996] appears to reproduce the
experimental pressures best. All of these methods fail in
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calculating crystallization pressures for glasses from frac-
tional crystallization experiments at 1.0 GPa and equilibrium
crystallization experiments at 0.8 GPa with differentiated
compositions (Mg # = 0.24, 0.26 [Baker and Eggler, 1987]).
Including primitive to differentiated glass compositions from
fractional crystallization experiments (Mg # 0.67–0.12) in
the calibration of our barometer permits us to calculate
pressures of differentiated basalts that are saturated in cpx
and plg (±ol and spi).

2.4. Effect of H2O on the CaO/Mg # Barometer

[13] To test the influence of H2O on the CaO/Mg #
barometer in basaltic systems, we evaluated a number of
H2O undersaturated and H2O saturated experimental liquid
compositions (Figure 3a). Sisson and Grove [1993] and
Berndt et al. [2005] explored the effects of H2O on basaltic
bulk compositions. The prolonged crystallization of olivine
drives the CaO content of derivative liquids to higher values
than the corresponding anhydrous 0.2 GPa isobar would
indicate. The CaO/Mg # ratio in H2O saturated experiments
is controlled by a higher cpx/plg ratio, a slightly higher CaO
content of cpx, and in particular by higher anorthite contents
of plagioclase with respect to anhydrous experiments,
resulting in a steeper slope of isobars in the CaO/Mg #
diagram compared to anhydrous experiments. Water under-
saturated experiments with MORB-like bulk compositions

Figure 2. Calculated pressures plotted against experimental pressures of selected anhydrous
experiments saturated in cpx (±plg, ol, opx, spi) used for the calibration of the CaO–Mg # barometer.
(a) Pressure calculated with equation (2) using CaO in wt % and Mg #. (b) Pressures calculated with the
equation of Herzberg [2004]. (c) Pressures calculated using the average pressures of the inverted
equations from Grove et al. [1992]. (d) Pressures calculated using the inverted equation for XCa from
Yang et al. [1996]. Sources of data are as in Figure 1.

Table 1. Compilation of Averages and Standard Deviations of

Calculated Crystallization Pressures (Pcal) Determined With

Various Methods According to the Pressures (Pepx) of Experiments

Used for the Calibration of the CaO/Mg # Barometera

Barometer Reference N
Pexp,
GPa

Pcal, GPa Pcal � Pexp

Average SD y r2

Ca/Mg # this study 36 0.001 0.02 0.14 1 0.92
7 0.2 0.3 0.08
15 0.8 0.75 0.11
17 1 1.03 0.11

ol-cpx-plg-qtz Grove et al.
[1992]

36 0.001 �0.02 0.17 0.7 0.52

7 0.2 0.31 0.27
15 0.8 0.52 0.38
17 1 0.6 0.62

an-di-en Herzberg
[2004]

36 0.001 0.01 0.2 0.63 0.36

7 0.2 0.33 0.26
15 0.8 0.48 0.31
17 1 0.74 0.39

Xca Yang et al.
[1996]

36 0.001 0.01 0.14 0.81 0.67

7 0.2 0.17 0.13
15 0.8 0.75 0.4
17 1 0.82 0.32

aN is the number of experimental glasses at each pressure. Pcal � Pexp
shows the parameters (y, slope; r2, residuals squared) of linear regression
between experimental and calculated pressures.
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are rare. Experimental glass compositions at 0.2 GPa from
Berndt et al. [2005] with H2O contents below 2 wt % scatter
between the 1 bar and 0.4 GPa isobars. The glasses with
higher H2O contents (2–3.5 wt %) show no clear correla-
tion either. In addition, glass compositions from mid-ocean
ridges with measured H2O contents are plotted in Figure 3.
They do not show a correlation between H2O content and
calculated pressure. From these observations and from the
experimental constraints, we infer that small amounts of
water (<1 wt %) relevant for MORB will not significantly
affect the calculated pressures.

3. Chemical Variability of Experimental Glass
Compositions

[14] In order to assess the compositional variability of
natural MORB glasses with respect to fractionation pro-
cesses at variable pressure, we have first plotted variation
diagrams of glass compositions derived from fractional and
equilibrium crystallization experiments between 1 bar and
1.0 GPa (Figure 4). Here we summarize the most important
results with respect to MORB evolution. For a more
detailed discussion of melt compositional variability, see
Villiger et al. [2007].
[15] For fractional crystallization experiments at 1.0 GPa,

SiO2 evolves through continuous enrichment from basaltic
to rhyodacitic compositions [Villiger et al., 2004]. At
0.7 GPa, SiO2 increases moderately along the liquid line of
descent up to ilmenite saturation, where a strong increase
can be observed [Villiger et al., 2007]. The equilibrium
crystallization experiments at 1 bar, 0.2 GPa and 0.8 GPa
evolve through constant SiO2 (48–53 wt %) except for two
experiments at 0.8 GPa, with 57.1 and 57.8 wt % SiO2,
respectively. The different behavior of SiO2 is dependent on
(1) the degree of melting and (2) the pressure of melting. At
constant pressure, SiO2 generally decreases with increasing
melt fractions [Falloon and Green, 1987, 1988; Baker et al.,
1995]. With increasing pressure, the multiple saturation

point moves toward the olivine apex, thus decreasing the
SiO2 content of the equilibrium liquid [e.g., Ulmer, 2001].
[16] The maximum Al2O3 content of dry experimental

liquids is mainly controlled by plagioclase saturation, which
in turn is controlled by the bulk composition, crystallization
pressure and melt H2O content (Figure 4c). For fractional
crystallization experiments, liquids reach the maximum
Al2O3 content at 1.0 GPa (17.8 wt %, at 5.9 wt % MgO).
In contrast, experimental data at 1 bar suggest that the
maximum Al2O3 content does not exceed 14.5 wt %. Al2O3

contents of experimental glasses at 1 bar, 0.2 GPa and
0.8 GPa, used for calibration of the CaO/Mg # barometer,
display a larger scatter, which mainly depends on the
pressure and the extent of melting, and the composition of
the mantle source for individual data sets. For a given melt
fraction, melts extracted from the mantle at high pressures
are lower in Al2O3 than melts produced at low pressures
[Hirschmann et al., 1998, 1999; Kushiro, 2001]. On the
other hand, enhanced olivine and cpx fractionation at high
pressure leads to an enrichment of Al2O3 with decreasing
Mg # at 0.7 and 1.0 GPa. FeO (all Fe as Fe2+) enrichment
during crystallization is subdued at 1.0 GPa compared to
0.7 GPa or at 1 bar (Figure 4d), and different for fractional
versus equilibrium crystallization [Villiger et al., 2007]. At
0.7 GPa, FeO reaches a maximum in the liquid of 16.5 wt %,
versus <10 wt % at 1.0 GPa, decreasing with subsequent
ilmenite crystallization. Liquids derived from equilibrium
crystallization experiments at 0.7 to 1.0 GPa reach lower
FeO maxima than the ones from fractional crystallization.
Some of the equilibrium crystallization experiments at 0.2,
0.8 and 1.0 GPa with higher FeO at the same Mg # as the
fractional crystallization experiments evolve along the 1 bar
trend. This is primarily due to suppressed crystallization of
Fe-Ti oxides in closed-system equilibrium experiments.
Additional factors controlling the FeO content of basaltic
liquids, such as pressure and extent of melting, have been
discussed extensively [e.g., Langmuir et al., 1992]. Na2O
moderately increases with fractionation, reaching a ‘plateau’

Figure 3. (a) CaO in wt % hydrous experimental glasses with variable H2O content (e.g., <2.0; 2.0–
3.5; 4.5–5.5; 6 wt %) at 0.2 GPa from Sisson and Grove [1993] and Berndt et al. [2005] plotted against
Mg #. (b) H2O (wt %) content of glasses from mid-ocean ridges of the Atlantic, Indian, and Pacific
oceans as well as from back-arc basins with Mg # <0.6 plotted against calculated pressure using the
CaO–Mg # barometer. Major element and H2O contents of the glasses are from the PETDB database
(http://www.petdb.org). Glass analyses are normalized to 100% anhydrous compositions.
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at 1.0 GPa and a maximum at 0.7 GPa, respectively. The
weak decrease at low Mg # in the experimental series at
0.7 GPa [Villiger et al., 2007] indicates increasing cotectic
proportions of plg relative to cpx at lower pressures.
However, there is a large spread in Na2O at a given Mg #
for most of the 1bar experiments, which derives in part from
experimental uncertainties associated with Na loss and in
part indicates that the primary control on Na2O in many
experimental studies is the initial Na2O content of the
liquid, which primarily depends on the degree of melting
[e.g., Klein and Langmuir, 1987; Baker et al., 1995]. Liquid
TiO2 content behaves similarly to FeO. For fractional
crystallization experiments at 0.7 GPa and 1.0 GPa, a
moderate increase in TiO2 is recorded until the crystalliza-

tion of ilmenite (Figure 4f). At a given Mg #, the TiO2

increase is more pronounced in liquids crystallized at 0.7 GPa
than at 1.0 GPa. Equilibrium crystallization experiments
with different bulk compositions at 1 bar, 0.2 GPa, 0.8 GPa
and 1.0 GPa follow different TiO2 trends; the highest TiO2

values at a given Mg # are observed at low pressure.

4. Application of the CaO/Mg # Barometer to
Mid-ocean Ridge Basalts

[17] The new CaO/Mg # barometer has been applied to a
variety of mid-ocean ridge basalts from localities with
different spreading rates. We have selected an example of
a fast spreading ridge (East Pacific Rise (EPR)), a slow

Figure 4. Variation diagrams of (a) SiO2, (b) CaO, (c) Al2O3, (d) FeOtot (all Fe as Fe
2+), (e) Na2O, and

(f) TiO2 in wt % plotted against Mg # from glasses of anhydrous experiments (normalized to 100%). 1
bar experiments, gray diamonds; 0.2 GPa, open triangles; 0.7 GPa, open circles; 0.8 GPa, boxes with
cross; 1.0 GPa, solid squares. Sources of data are as in Figure 1. The lines mark the compositional liquid
lines of descent of fractional crystallization experiments at 0.7 GPa (dashed line) from Villiger et al.
[2007] and 1.0 GPa (straight line) from Villiger et al. [2004].
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spreading ridge (Mid-Atlantic Ridge (MAR)) and an ultra-
slow spreading ridge (Southwest Indian Ridge (SWIR)). For
the slow spreading ridges we accounted for possible influ-
ences of mantle plumes (Figure 5). The K2O/TiO2 ratio has
been taken as indicator for hot spot-affected ridge segments.
All glass analyses taken from the PETDB database covering
the whole range of Mg # have been normalized to 100%
anhydrous and plotted on the CaO/Mg # variation diagrams.
Overall, the three different ridges show a wide variety of

equilibration pressures between near-surface conditions up
to pressures exceeding 1.0 GPa. One aspect of plotting a
large number of data in these diagrams is that primitive
glasses with Mg # > 0.6 show generally higher crystalliza-
tion pressures than more evolved glasses. A second impor-
tant observation is that extremely fractionated basalts with
Mg # <0.4 mainly occur at the fast spreading EPR, whereas
there is virtually no ferrobasalt at the slower spreading
MAR and SWIR, except in areas that are influenced by
hot spot magmatism. Thus a stratification of the oceanic
crust, with Mg-rich mafic rocks in the lower crust and more
Fe-rich mafic rocks in the upper crust, as, for example, in
the Oman ophiolite [Pallister and Hopson, 1981; Kelemen
et al., 1997], is likely to be developed at the fast spreading
EPR but cannot conclusively be deduced from the MAR
and the SWIR data. The statistically significant difference in
crystallization pressure between the three ridge systems is
further illustrated in Figure 6. Histograms of calculated
pressures for EPR (Figure 6a), MAR (Figure 6b) and SWIR
(Figure 6c) glasses (Mg # < 0.6) demonstrate the statistical
distribution of fractionation depths below different mid-
ocean ridges. At a given Mg #, crystallization pressures
are substantially different. For example, calculated pressures
for basalts with restricted Mg # (0.545 < Mg # < 0.555) with
no hot spot influence (see below) vary from 
0.2 GPa for
the EPR (n = 170), to 0.45 GPa for the MAR (n = 298) to
0.64 GPa for the SWIR (n = 11). Taken together, these
calculations suggest a reasonable correlation of the depth of
basalt fractionation with spreading rate and the thickness of
the lithosphere on axis. In the following, we explore in more
detail the regional variability of calculated pressures, by
plotting along-axis variations for each of the three regions.

4.1. East Pacific Rise (25�S–25�N)
[18] The average crystallization pressure for glasses of the

EPR between 25�S and 25�N is 0.20 ± 0.15 GPa (Figure 7).
Pressures below 0.25 GPa are calculated for 77.9% of all
glasses; 20.5% of the calculated pressures lie within 0.25 to
0.6 GPa and only 1.6% of the EPR glasses show pressures
higher than 0.6 GPa. Most of the glasses with pressures
higher than 0.25 GPa are concentrated on the section of ridge
between 8�N and 15�N and at fracture zones. Pressures
higher than 0.6 GPa are observed for the ridge segment
between 8�N and 15�N. Within this portion of the ridge the
highest pressures have been calculated for the Siqueiros
Fracture Zone (P < 1.2 GPa) and the ridge segment between
11�N and 13�N, which is associated with the termination
of spreading centers and deviations from axial linearity
[Langmuir et al., 1986; Reynolds et al., 1992;Macdonald et
al., 1988]. In contrast, pressures below 
0.3 GPa have been
calculated for glasses from the Clipperton Fracture Zone
(10�30’N). Tectonic reconstructions by Pockalny et al.
[1997] using bathymetry, side scan and magnetic data
indicate periods of oblique spreading along the Cocos Plate
over the last 2.5 Ma, which caused a series of compressional
events along the Clipperton Fracture Zone and a series of
extensional events along the Siqueiros Fracture Zone. The
transpressional regime at the Clipperton Fracture Zone
offers a possible explanation for the lack of elevated
crystallization depths for the Clipperton glasses relative to
a transtensional regime at the Siqueiros Fracture Zone. A
transtensional regime is also described at the Garrett Trans-

Figure 5. CaO in wt % of glasses (normalized to 100%)
from (a) the East Pacific Rise (EPR), (b) the Mid-Atlantic
Ridge (MAR), and (c) the Southwest Indian Ridge (SWIR)
plotted against Mg #.
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form fault, which developed three small ridges, named the
Alpha, Beta and Gamma ridges [e.g., Niu and Hékinian,
1997; Wendt et al., 1999]. At both fracture zones primitive
lavas are described (Siqueiros, Perfit et al. [1996]; Garrett,
Wendt et al. [1999]) and interpreted as primitive liquids with
little or no fractionation in shallow crustal reservoirs.
[19] Major element variations in EPR glasses are plotted

against Mg # (Figure 8). We grouped the analyzed glasses
somewhat arbitrarily into three classes of (1) calculated
crystallization pressures below 0.25 GPa, (2) pressures
between 0.4 and 0.6 GPa, and (3) pressures above
0.75 GPa. The vast majority of low-pressure EPR glasses
evolve with constant SiO2, only at Mg # < 0.3 does SiO2

increase moderately. Combined with decreasing FeO and
TiO2 contents at similar Mg #, late stage SiO2 increase is
probably related to the fractionation of Ti-Fe bearing phases
(ilmenite and/or titano-magnetite). Glass compositions with
estimated crystallization pressures > 0.75 GPa follow the
trend of the 1.0 GPa glasses evolving through continuous
SiO2 increase to rhyodacitic compositions. Data for the
glasses that crystallized between 0.4 and 0.6 GPa plot
between values for high-pressure and low-pressure glasses.
[20] For a given Mg # of 
0.6, the low-pressure liquid

line of descent of Al2O3 scatters by about 2 wt %, which
probably reflects variable depths and degree of mantle
melting [Kushiro, 2001]. However, we argue that data for
the glasses with crystallization pressures > 0.75 GPa plot at
higher Al2O3 contents than the low-pressure ones though
they plot below the experimental 1.0 GPa liquid line of
descent (Figure 8c).
[21] FeO of most low-pressure melts evolve with the

steepest slope, following the 1 bar trend. Liquids fraction-
ating at the highest pressures display a less pronounced

increase of FeO but are always higher than the experimental
1.0 GPa liquid line of descent. Some of the glasses with
intermediate crystallization pressures plot in between the
high- and the low-pressure trends and some plot along the
average of the 1 bar trend, probably reflecting the predom-
inance of fractional or equilibrium crystallization, respec-
tively. As discussed above, the FeO content of derivative
liquids depends on the FeO content of the primary liquid,
which itself is dependent on the mean pressure of melting
[Klein and Langmuir, 1987; Langmuir et al., 1992].
[22] The variability of the Na2O content of EPR glasses at

calculated pressures <0.25 GPa probably reflects variable
degrees of melting for different lava suites. However, Na2O
is displaced toward higher values at a given Mg # for
samples with increasing pressure of crystallization.
[23] TiO2 contents range from 
1 wt % up to 3.6 wt %

(Figure 8f), but mostly cluster along the low-pressure liquid
line of descent and only a few evolved samples exhibit a
relative decrease at Mg # < 
0.3. The fractionation trends at
high pressures loosely follow the experimentally determined
liquid lines of descent, albeit at somewhat lower pressures.
[24] Data for glasses from the Siqueiros Fracture Zone

exhibit crystallization pressures exceeding 0.75 GPa and
show calculated Na8 (defined after Klein and Langmuir
[1987]) between 2.8 and 3.2 wt %, which is significantly
higher than low-pressure glasses with Na8 values ranging
from 2.2 to 2.8 wt %. They also have higher values in
incompatible elements like TiO2, Na2O and K2O at similar
Mg #, which has been ascribed to a transform fault effect
[Bender et al., 1984; Langmuir and Bender, 1984]. On the
basis of Zr/Y ratios of glasses from the Siqueiros Fracture
Zone, Perfit et al. [1996] modeled the extent of peridotite
melting. Both major element compositions and Zr/Y ratios

Figure 7. Calculated pressures for glasses of basalts from the East Pacific Rise (EPR) between 25�S and
25�N plotted against latitude. For pressure calculations with the CaO–Mg # barometer, glass analyses
have been normalized to 100% and glasses with Mg # < 0.6 were used. The horizontal line represents the
average pressure of 0.20 GPa from 3017 glasses. The gray shaded area defines their standard deviation of
±0.15 GPa. Vertical lines mark the positions of fracture zones (FZ): Ga, Garrett; W, Wilkes; Go, Gofar;
Gp, Galapagos; S, Siqueiros; Ct, Clipperton; Or, Orozco; Cl, Clarion; R, Rivera; T, Tamayo.
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of the glasses with the highest crystallization pressures are
consistent with a liquid derived from a low degree of partial
melting followed by high-pressure fractional crystallization.

4.2. Mid-Atlantic Ridge (55�S–52�N)
[25] Estimated pressures for MAR glasses (Mg # < 0.6)

between 55�S and 52�N result in a bimodal distribution
with a peak around 0.2 GPa and another around 0.5 GPa
(Figure 6b). The average pressure for the whole data set of
2110 analyses is 0.38 ± 0.21 GPa. For a segmented mid-
ocean ridge with a lower spreading rate, a higher average
crystallization pressure is predicted because the thermal
lithosphere is likely to be thicker than at fast spreading
ridges [e.g., Ghose et al., 1996].

[26] Mantle heterogeneities and hot spot ridge interaction
were first described for the MAR by Schilling [1975].
According to Shen and Forsyth [1995] K2O/TiO2 is a good
indicator for an incompatible-element-enriched mantle
source. It can be correlated with anomalies of trace element
ratios (e.g., La/Sm, Nb/Zr), isotope systematics (e.g., Sr,
Nd, Pb, U-Th, He, and Hf isotopic systems), as well as
bathymetric and geophysical data (axial depth, crustal
thickness, gravity and seismic tomography). Therefore we
plotted K2O/TiO2 ratios of the MAR glasses against lati-
tude, together with locations of hot spots (Figure 9b). K2O/
TiO2 ratios > 0.2 were taken as a proxy for ridge–hot spot
interactions, and are found all along the MAR, including
some locations far away from any known hot spot.

Figure 8. Variation diagrams of (a) SiO2, (b) CaO, (c) Al2O3, (d) FeOtot, (e) Na2O, and (f) TiO2 in wt %
plotted against Mg # for glasses of the East Pacific Rise (EPR). Glass compositions are grouped into
three classes of calculated crystallization pressures. Pressure < 0.25 GPa, gray diamonds; pressure 0.4–
0.6 GPa, open triangles; pressure >0.75 GPa, black squares. Lines mark the liquid lines of descent of
fractional crystallization experiments at 0.7 GPa (dashed line) and at 1.0 GPa (straight line). Small dashes
indicate the average of experimental glasses at 1 bar.
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[27] Crystallization pressures below 0.3 GPa preferentially
occur along ridge segments influenced by mantle plumes
like the Bouvet hot spot between 55� and 50�S, at the
Jussieu-Azores Platform between 33� and 40�N as well as
at 43� and 48� N. For ‘‘normal’’ ridge segments, low
crystallization pressures are observed from the Kane and
the 26�S Fracture Zones, respectively. Crystallization pres-
sures exceeding 0.7 GPa are obtained for glasses from
fracture zones at ‘‘normal’’ as well as hot spot-influenced
ridge segments (Figure 9b). Crustal magma chambers have
been seismically imaged below the Reykjanes Ridge [Navin
et al., 1998].

[28] When we eliminate glass analyses from MAR seg-
ments that are possibly affected by hot spots, the bimodal
distribution disappears (Figure 6b). The remaining 1126
glasses from ‘‘normal’’ MAR segments plot around an
average pressure of 0.46 ± 0.17 GPa. Glasses crystallized
at pressures <0.25 GPa represent 14.2% of the data set,
82.9% lie between 0.3 to 0.7 GPa and about 2.9% of the
glasses show pressures higher than 0.7 GPa.
[29] Selected oxides ofMARglasses groupedby calculated

crystallization pressures (P < 0.25 GPa, P = 0.4–0.6 GPa,
P > 0.75 GPa) are plotted against Mg # < 0.6 (Figure 10b).
The MAR glasses do not show well-defined trends and,

Figure 9. (a) Calculated pressures for glasses of basalts from the Mid-Atlantic Ridge (MAR) between
55�S and 52�N plotted against latitude. For pressure calculations with the CaO–Mg # barometer, glass
analyses have been normalized to 100%, and glasses with Mg # < 0.6 were used. The horizontal line
represents the average pressure of 0.46 GPa of 1126 glasses of MAR segments possibly not affected by
hot spots. The gray shaded area defines their standard deviation of ±0.17 GPa. Vertical lines mark the
positions of fracture zones (FZ): B, Bouvet; 50�, 50�; FA, Falkland–Agulhas; 26�, 26�S; C, Chain; R,
Romanche; P, St. Paul; V, Vema; 15�200, 15�200N; K: Kane; A, Atlantis; H, Hayes; O, Oceanographer; P,
Pico; NA, North Azores; M, Maxwell; G, Gibbs. (b) K2O/TiO2 ratios of glasses plotted against latitude.
Horizontal black line marks a K2O/TiO2 ratio of 0.2. Gray vertical boxes indicate regions of possibly hot
spot-influenced ridge sections. B, Bouvet; Sh, Shona; D, Discovery; G, Gough; Tri, Tristan da Cunha;
SH, St. Helena; Asc, Ascension; Az, Azores hot spots. White boxes, additional ridge segments with K-
enriched basalts (e.g., Eq (equatorial region), 14�N, 43�N, 45�N, and 48�N anomalies).
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unlike EPR glasses, they do not reach highly differentiated
compositions (Mg # < 0.4). Interestingly, none of the high-
pressure MAR glasses follow the fractional crystallization
trends at 1.0 GPa in terms of SiO2, Al2O3, and FeOtot, but
plot within the region of equilibrium crystallization experi-
ments at 
0.8 GPa. Compared to the high-pressure glasses
from the EPR, they are characterized by lower SiO2 and
higher FeOtot contents at a given Mg #, which reflect a
higher mean pressure of mantle melting. Na2O (Figure 10e)
and TiO2 (Figure 10f) at a given Mg # are generally higher
with increasing pressure of crystallization. As at the EPR,
incompatible element variations of MAR glasses crystal-
lized near transform faults reflect lower degrees of partial

melting, possibly due to the transform fault effect (Kane
region: [Langmuir and Bender, 1984; Ghose et al., 1996]).

4.3. Southwest Indian Ridge (5�W–75�E)
[30] Compared with the EPR or the MAR only a small

data set exists along the SWIR between 5�Wand 75�E. The
average calculated pressure of 229 SWIR glasses is 0.55 ±
0.29 GPa (Figure 11a). Estimated pressures for all SWIR
glasses plotted as a histogram (white boxes) show a bimodal
distribution of crystallization pressures (Figure 6c), but the
data set is strongly determined by two large areas, as shown
in Figure 11. The samples from the Atlantis II Fracture Zone
represent about 41% of the whole data set. Thirty-seven
percent of the data are from locations along the SWIR with

Figure 10. Variation diagrams of (a) SiO2, (b) CaO, (c) Al2O3, (d) FeOtot, (e) Na2O, and (f) TiO2 in wt
% plotted against Mg # from glasses of the Mid-Atlantic Ridge (MAR). Glass compositions are grouped
into three classes of calculated crystallization pressures. Pressure <0.25 GPa, gray diamonds; pressure
0.4–0.6 GPa, open triangles; pressure >0.75 GPa, black squares. Lines mark the liquid lines of descent of
fractional crystallization experiments at 0.7 GPa (dashed line) and at 1.0 GPa (straight line). Small dashes
indicate the average of experimental glasses at 1 bar.
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elevated K2O/TiO2 ratios (Figure 11b). Between 0� and 4�E
the Bouvet hot spot influences the SWIR [le Roex et al.,
1983, Goslin et al., 1999; Georgen et al., 2001], and
between 13�E and15�E an anomaly with unusually high
K2O/TiO2 ratios and relative enrichment of highly incom-
patible elements [le Roex et al., 1992; Janney et al., 2005]
shows little evidence for low-pressure fractionation. Along
the SWIR between 15�E and 55�E, the small number of
glass analyses does not permit straightforward conclusions,
but it is well known that the Marion and Crozet hot spots
may influence ridge chemistry [le Roex et al., 1989;
Mahoney et al., 1992; Georgen et al., 2001; Janney et al.,
2005; Meyzen et al., 2005]. Filtering potential hot spot

influenced glass analyses from the data set eliminates most
of the low-pressure data (Figure 6c). The average crystal-
lization pressure of 145 ‘normal’ SWIR glasses result in
0.66 ± 0.26 GPa. Only 10.4% of the ‘normal’ SWIR glasses
have been crystallized below 0.25 GPa; 24.1% are within
0.3 to 0.55 GPa; 53.8% of the glasses show pressures
between 0.6 and 0.9 GPa and for 11.7% of the glasses,
pressures exceeding 0.9 GPa have been obtained.
[31] Selected oxides of SWIR glasses plotted against Mg

# < 0.6 are shown in Figure 12. As discussed above, the
glass analyses for the SWIR were grouped in the same three
classes of calculated crystallization pressures (P < 0.25 GPa,
P = 0.4–0.6 GPa, P > 0.75 GPa) shown by Figure 12b.

Figure 11. (a) Calculated pressures for glasses of basalts form the Southwest Indian Ridge (SWIR)
between 5�W and 75�E plotted against longitude. For pressure calculations with the CaO–Mg #
barometer, glass analyses have been normalized to 100% and glasses with Mg # < 0.6 were used. The
horizontal line represents the average pressure of 0.66 GPa of 145 glasses from ridge segments possibly
not affected by hot spots. The gray shaded area defines their standard deviation of ±0.26 GPa. Vertical
lines mark the positions of fracture zones (FZ): Bo, Bouvet; Mo, Moshesh; Io, Islas Orcadas; Sh, Shaka;
Dt, Du Toit; Ab, Andrew Bain; Ma, Marion; Pe, Prince Edward; Es, Eric Simpson; DII, Discovery II; In,
Indomed; Gl, Gallieni; Gs, Gauss; AII, Atlantis II; M, Mellville; RTC, Rodriguez Indian Ocean triple
junction. (b) K2O/TiO2 ratios of glasses plotted against latitude. Horizontal black line marks a K2O/TiO2

ratio of 0.2. Gray vertical boxes indicate regions of possibly hot spot influenced ridge sections: Bou,
Bouvet; Ma, Marion; Cr, Crozet hot spot. White box, additional ridge segment with enriched K2O/TiO2

ratios (13�E–15�E anomaly).

B01202 VILLIGER ET AL.: CRYSTALLIZATION PRESSURES OF MORB

13 of 18

B01202



Similar to the MAR glasses, the differentiation trends of the
SWIR glasses do not reach highly differentiated composi-
tions. SWIR glasses that crystallized above 0.75 GPa
include samples that have Mg # as low as 0.5. Regardless
of the crystallization pressure of SWIR glasses, SiO2

(Figure 12a) exhibits a moderate increase from 49 to
52 wt %. The Al2O3 contents of the low-pressure SWIR
glasses plot at the higher end of EPR and MAR fraction-
ation trends (compare Figure 12c with Figures 8c and 10c).
This might reflect lower degrees of partial melting along the
SWIR. FeOtot of the SWIR glasses evolves along a flatter
slope than glasses of the EPR and MAR (Figure 12d). Na2O
of the low-pressure glasses (Figure 12e) plots at the higher
end of the experimental liquid lines of descent at 1 bar. The
intermediate- and high-pressure glasses are spread from

similar Na2O values up to over 4 wt % at similar Mg #,
indicating low degrees of partial melting. TiO2 of the SWIR
glasses evolves like TiO2 in the EPR glasses but at the
higher end of the MAR differentiation trend (Figure 12f).

5. Discussion

5.1. Crystallization Pressures Along Mid-ocean Ridges

[32] Crystallization pressures of MORB suites have been
estimated by various methods as discussed above. Grove et
al. [1992] estimated crystallization pressures of basalts from
the Cayman spreading center, the EPR (10�–11�N) and near
the Kane Fracture Zone region. Yang et al. [1996] applied
their model to EPR glasses. Michael and Cornell [1998]
compared crystallization pressures estimated by inversion of

Figure 12. Variation diagrams of (a) SiO2, (b) CaO, (c) Al2O3, (d) FeOtot, (e) Na2O, and (f) TiO2 in wt
% plotted against Mg # from glasses of the Southwest Indian Ridge. Glass compositions are grouped into
three classes of calculated crystallization pressures. Pressure<0.25 GPa, gray diamonds; pressure 0.4–
0.6 GPa, open triangles; pressure >0.75 GPa, black squares. Lines mark the liquid lines of descent of
fractional crystallization experiments at 0.7 GPa (dashed line) and at 1.0 GPa (straight line). Small dashes
indicate the average of experimental glasses at 1 bar.
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the model of Yang et al. [1996] with numerical models of
Danyushevsky et al. [1996] and Weaver and Langmuir
[1990], and applied them to an extended MORB database.
Herzberg [2004] calculated crystallization pressures with a
new parameterization (discussed above) applied to a large
MORB database. All these methods, including our new
CaO/Mg # barometer, utilize the pressure-dependent
liquidus boundaries of clinopyroxene, olivine and plagio-
clase in tholeiitic systems. All barometers indicate that
glasses from most MORB suites must have crystallized
cpx at some stage in their evolution. As cpx is not very
abundant in mid-ocean ridge lavas, it has been dissolved or
removed by crystal settling during the ascent of the MORB
lavas. This ‘‘pyroxene paradox’’ has been discussed in
several studies [Thompson et al., 1980; Fisk et al., 1980;
Fujii and Bougault, 1983; Grove et al., 1992; Elthon et al.,
1995] and is related to the expansion of the ol and plg
stability fields at low pressure with respect to cpx, as shown
by several experimental studies [Green and Ringwood,
1967; Bender et al., 1978; Baker and Eggler, 1987; Gust
and Perfit, 1987; Grove et al., 1992]. Application of the
various barometers to a wide variety of ‘‘normal’’ MORB
indicates a clear correlation between crystallization pressure
and spreading rate. The fast spreading EPR is dominated by
basalts equilibrated at low pressure and highly differentiated
basalts. Such highly differentiated basalts are apparently
rare in slower spreading areas (Figures 10 and 12).
[33] Similarly, glasses from the Reykjanes Ridge are

interpreted as products of low-pressure crystallization
[Herzberg, 2004]. Along the liquid line of descent of the
Reykjanes Ridge, the CaO/Mg # ratio is similar to the
experimental data but is shifted toward lower Mg # at a
given CaO content (Figure 13). Consequently, the applica-
tion of the CaO/Mg # barometer results in negative calcu-
lated crystallization pressures. The shift of the cpx-in phase
boundary toward lower Mg # compared with normal

MORB (about 0.05) is readily explained by a mantle
composition that is unusually Fe-rich. Korenaga and
Kelemen [2000] calculated Mg # in equilibrium with
primary liquids from the North Atlantic igneous province
and concluded that the mantle underneath Iceland is unusu-
ally Fe-rich. An alternative possibility is that Reykjanes
Ridge glasses crystallized from H2O-rich magmas, with a
prolonged interval of olivine crystallization and cor-
responding enrichment of CaO.
[34] Elevated crystallization pressures are obtained for

medium and slow spreading ridges like the Southeast Indian
Ridge, the MAR, the Mohns and Knipovitch Ridge, the
SWIR and the Cayman Spreading Center.
[35] Dimitriev [1998], LeRoux et al. [2002] and Herzberg

[2004] plotted estimated crystallization pressures against
latitude for different MORB suites. All of these studies
conclude that elevated pressures may preferentially be
observed in the regions of ridge terminations like fracture
zones, overlapping spreading centers and deviations from
axial linearity. Segments of slow spreading ridges associat-
ed with hot spots (e.g., Azores Plateau, and Bouvet) display
both low-pressure crystallization as well as crystallization
pressures up to 1.0 GPa around fracture zones.

5.2. Evidence for Crystallization of MORB Within
the Mantle

[36] Most glasses from fast spreading ridges and hot spot-
influenced slow spreading ridges result in calculated crys-
tallization pressures lower than 
0.25 GPa. However, slow
and ultraslow spreading ridges show elevated crystallization
pressures for a substantial fraction of MORB. As the cpx
phase volume is expanded relative to plagioclase at high
pressure, the chemistry of MORB from slow spreading
ridges requires extensive crystallization of cpx-bearing
cumulates within the upper mantle. Evidence for melt/rock
reaction and partial crystallization of basaltic magma is well
known from mid-ocean ridges [Dick, 1989; Elthon, 1992;
Cannat and Casey, 1995; Cannat et al., 1997; Seyler and
Bonatti, 1997]. There is abundant evidence for crystalliza-
tion of MORB type magmas in ophiolites [e.g., Rampone et
al., 1997; Müntener and Piccardo, 2003; Müntener et al.,
2004]. On the basis of field observations and geochemical
data Müntener and Piccardo [2003] presented a conceptual
model for melt migration by pervasive porous melt flow
evolving to focused porous flow and finally to diking. The
consequences are that substantial amounts of MORB might
be trapped in the upper mantle. These observations are
supported by recently drilled mantle sections along the
MAR 14�–16�N, which recovered impregnated mantle
peridotite and gabbroic intrusions up to a few meters across
[Kelemen et al., 2004]. The average of calculated crystalli-
zation pressures of 0.53 ± 0.1 GPa of glasses around the
15�20’ Fracture Zone is in good agreement with gabbroic
intrusions within the upper mantle.

5.3. Crystallization and Mantle Partial Melting
Below Mid-ocean Ridges

[37] Compared to experimental data, major element var-
iations of three typical mid-ocean ridge systems with
spreading rates ranging from ultraslow to fast demonstrate
crystallization at various pressures as well as derivation
from primary liquids that represent variable melt fractions

Figure 13. Variation diagram of CaO (wt%) plotted against
Mg # of glass compositions from the Reykjanes Ridge.
Dashed line, shifted 1 bar isobar to higher CaO contents.
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derived from partially molten peridotite. The degree of
partial melting estimated from Na2O variations decreases
with increasing crystallization pressures. Averaged Na8 of
glasses from the entire database of each of the three ridges
roughly correlate with crystallization pressure calculated
with the CaO/Mg # barometer and with the methods
discussed above [Michael and Cornell, 1998], but Na8
values overlap for individual groups of crystallization
pressure. Klein and Langmuir [1987] showed a rough
correlation of Na8 as an indicator of the extent of partial
melting of peridotite with crustal thickness and axial depth.
In general, axial depths and crustal thickness increase
approaching transform faults [White et al., 1984, 2001;
Bown and White, 1994; Muller et al., 1999, 2000]. Bown
and White’s [1994] modeling and Reid and Jackson’s
[1981] seismic studies suggest that the effect of a thicker
lithosphere on the upper limit of melting is only seen at
spreading rates <2 cm/yr (full rate). At spreading rates >2
cm/yr, the crustal thickness is approximately constant, and
therefore the lithosphere thickness is not strongly variable.
Michael and Cornell [1998] pointed out that different
crystallization pressures are related to the magma flux and
advected heat below the spreading center and are dependent
on spreading rate and extent of melting.
[38] Crystallization of basaltic liquids initiates when the

temperature of the ambient peridotite drops below the basalt
liquidus. The highest calculated crystallization pressures
may provide an upper bound on the pressure at the top of
the mantle-melting region below slow spreading ridges,
which has been estimated to range between 1.0 GPa and
1.5 GPa for the southern MAR [LeRoux et al., 2002]. Low
degrees of melting at high pressure was indicated by Rare
Earth Element modeling of samples from ultraslow spreading
ridges (e.g., SWIR, Gakkel Ridge, Knipovitch Ridge,
Mohns Ridge, Cayman Trough) [White et al., 2001]. Low
degrees of partial melting in the presence of small amounts
of H2O was inferred for the origin of the SWIR lavas
[Robinson et al., 2001]. Both studies included conductive
cooling in their models. The lithosphere along slow spread-
ing ridges is thicker than at fast spreading ridges so that
conductive cooling generally reaches deeper into the mantle
[Reid and Jackson, 1981; Shen and Forsyth, 1995; Bown
and White, 1994; White et al., 2001]. Variable depths of
crystallization along mid-ocean ridges thus require varia-
tions in topography of the melting region and in lithospheric
thickness. Langmuir et al. [1984] termed such variations
‘‘transform fault effects,’’ which have been proposed by
Bender et al. [1984] and Langmuir et al. [1986] for the
EPR, by Ghose et al. [1996] and Reynolds and Langmuir
[1997] for the Kane Fracture Zone and by LeRoux et al.
[2002] for the southern MAR (55�–40�S).
[39] For fast spreading ridges, is not possible to estimate

the top of the melting region by the method of crystalliza-
tion pressures, because the potential high-pressure signature
of basaltic glasses was most probably erased by reequilibra-
tion in shallow crustal magma chambers [Herzberg, 2004].
Along fracture zones where high-pressure crystallization
signatures are still preserved in the glasses, the consistent
SiO2 enrichment and low FeO contents may be a result of
shallower melting compared to slow spreading ridges. Na2O
variations and Na8 of high-pressure glasses reflect lower
degrees of partial melting at ridge terminations, which is

consistent with the observations of LeMée et al. [2004]. They
reported along-axis variations of Cr# [molar Cr/(Cr + Al)]
in spinel and variations in Yb/Er of harzburgites from the
fossil fast spreading mid-ocean ridge of the Oman ophiolite.
Long-wavelength variations are consistent with the paleo-
ridge segmentation, which mark the ends of main magmatic
cells. The decrease in the degree of partial melting toward
paleofracture zones roughly correlates with decreasing
lower crustal thickness, interpreted as zones with lower
magma production.

6. Conclusions

[40] Estimation of crystallization pressures of basaltic
magmas based on the compositions of quenched glasses
has been done in the past. Nevertheless, plotting CaO (wt %)
against Mg # [= Mg/(Mg + Fe), all Fe as Fe2+] of basaltic
glasses with Mg # < 0.6 and using equation (2) provides an
independent method to estimate crystallization pressures of
MORB of variable compositions in equilibrium with cpx.
The pressure estimates are comparable with those calculated
with the inverted XCa equation of Yang et al. [1996]. The
use of 1.0 GPa fractional crystallization experiments cov-
ering a wide range of Mg # in our calibration favors our
barometer for differentiated compositions, especially at high
pressures.
[41] Basalts at segments of mid-ocean ridges assumed to

have underlying magma chambers record preferentially
crustal crystallization pressures (<0.25 GPa). The chemical
signatures of mid-ocean ridge basalts at ridge segments
without crustal magma chambers and at ridge terminations
show evidence for high-pressure fractionation, up to 1.0 GPa.
At normal ridge sections (unaffected by hot spots), the
crystallization of gabbroic cumulates takes place at shallow
crustal levels, reaching minimum depths corresponding to
pressures of 
0.3 GPa for fast spreading ridges like the
EPR. For slow spreading ridges the principal crystallization
starts within the mantle at pressures between 0.3 and 0.7 GPa
(MAR) and between 0.4 and 0.8 GPa (SWIR).
[42] A comparison between experimental glass composi-

tion and glasses from mid-ocean ridges as a function of
crystallization pressure shows that the liquid lines of descent
defined by natural MORB can be simulated reasonably well
by equilibrium and fractional crystallization experiments at
similar pressures.
[43] Incompatible-element characteristics of basalts that

crystallized at high pressures indicate lower degrees of
partial melting of the underlying mantle, favoring models
of melting regions with topography, which require enhanced
conductive cooling below ‘normal’ slow spreading ridges
and at ridge terminations for both fast and slow spreading
ridges.
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