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The Ocean Drilling Program Hole 735B near the Southwest Indian Ridge represents the most complete in situ
section of oceanic lower crust. The drill core samples are gabbros with several sub-divisions defined by
varying amounts of minor phases. These samples have been subject to many studies. Among several yet to be
understood phenomena is an apparently unexpected observation in the compositions of the constituent
clinopyroxene (cpx). TiO2 and Na2O in cpx do not show expected inverse correlations with MgCpx# . Instead,
both TiO2 and Na2O increase with decreasing MgCpx# , reaching a maximum at MgCpx# =~0.76–0.73. With
continued MgCpx

# decrease, TiO2 decreases sharply whereas Na2O declines gently and flattens out. This
observation has been previously interpreted as resulting from boundary layer crystallization within a steady-
state magma chamber. In this study, we show that the Na2O–MgCpx# and TiO2–MgCpx# co-variations in cpx can
be explained as a straightforward consequence of basaltic magma evolution and related cpx crystal
stoichiometry control without invoking complex magma chamber processes. Our interpretation is superior to
the boundary layer crystallization model (1) because the latter requires a steady-state magma chamber that
is inconsistent with the observation of melt emplacement as thin sills, making convective and steady-state
magma chambers unlikely at the slow-spreading Southwest Indian Ridge; and (2) because the TiO2 and Na2O
maxima in cpx correspond to the onset and continued crystallization of Fe–Ti oxides or the basalt–andesite
transition stage of tholeiitic basaltic melt evolution.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Ocean ridge magmatism, which creates the ocean crust, has
received much attention since the advent of plate tectonics theory
~40 years ago. The processes of magma generation and evolution at
ocean ridges are generally thought to be much better understood than
those in other major tectonic settings on Earth. However, many
fundamental details remain poorly understood. For example, how
melts produced in a broad region in the sub-ridge mantle migrate and
focus towards the very narrow axial zone of crustal accretion remains
enigmatic (e.g., Niu, 1997). It is well established experimentally that
“primary” mantle melts must be in equilibrium with mantle
mineralogy (e.g., O'Hara, 1968; Walker et al., 1979; Stolper, 1980),
yet all the erupted MORB melts are much more evolved (e.g., Natland,
1980; Langmuir et al., 1992; Sinton and Detrick, 1992; Batiza and Niu,
1992). Cooling of mantle melts during ascent through the shallow
mantle (Niu, 1997, 2004; Niu and Hékinian, 1997a,b) and within
crustal level magma chambers (O'Hara, 1977; O'Hara and Mathews,
1981; Natland, 1980; Langmuir, 1989; Sinton and Detrick, 1992) must
be the primary mechanism of melt evolution, but the concept and
physical size of presumed/perceived ocean ridge magma chambers
+44 19 1334 2301.
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have evolved over the years (e.g., Natland, 1980; Sinton and Detrick,
1992; Natland and Dick, 2001). As a result, physical processes of
magma differentiation and ocean crust accretion are not so well
understood as previously thought (e.g., Kelemen et al., 1997; MacLeod
and Yaouancq, 2000; Dick et al., 2000, 2002). Conceptually, the
oceanic lower crust gabbros represent fossil crustal magma chambers
where mantle derived melts differentiate and evolve (e.g., Sinton and
Detrick, 1992). However, detailed investigations have recognized that
gabbros are exceedingly complex on all scales (Kelemen et al., 1997;
Dick et al., 2000; MacLeod and Yaouancq, 2000; Coogan et al., 2000;
Bach et al., 2001; Natland and Dick, 2001; Niu et al., 2002a; Coogan,
2007), making it necessary to reconsider models of magma chambers
and processes of magma differentiation at crustal levels.

In this short contribution, we do not wish to resolve ocean ridge
magma chamber problems, but to offer conceptually new interpreta-
tions to somewell documented, yet thus far unsatisfactorily explained
compositional systematics in the clinopyroxene (cpx; e.g., TiO2 and
Na2O) of oceanic lower crustal gabbroic lithologies, whose signifi-
cance has been previously noted in drill core samples from the Atlantis
Bank at the Southwest Indian Ridge (SWIR), i.e., ODP Holes 735B and
1105A (Dick et al., 2000, 2002; Natland and Dick, 2002; Niu et al.,
2002a; Thy, 2003; Casey et al., 2007). Because the data set from Hole
735B is the largest and most coherent of its kind, we base our analysis
and discussionon this data set. Among severalfindings,wedemonstrate
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Fig. 1. Left, geological context of the Atlantis II transform at the slow-spreading Southwest Indian Ridge (SWIR). Right, satellite and gravity image of the Atlantis II transform and its
eastern shoulder (Atlantis Bank), where ODP Hole 735B is drilled (after Natland and Dick, 2002).
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that the kinked TiO2–MgCpx# and Na2O–MgCpx# systematics in cpx are
straightforward consequences of parental MORB melt evolution and
liquidusmineral stoichiometric control. This differs from themodel of in
situ boundary layer crystallization (Casey et al., 2007) within a fully
convecting steady-state magma chamber that is inconsistent with the
observation that melt emplacement takes the form of thin sills at the
slow-spreading SWIR (e.g., Dick et al., 2000, 2002; Niu et al., 2002a;
Bloomer et al., 1989).

2. Geological context of ODP Hole 735B

ODP Hole 735B is drilled into the Atlantis Bank, the shoulder of the
Atlantis II transform at the SWIR, southeast of Madagascar. The
Atlantis Bank is a tectonically exposed lower oceanic crustal block,
permitting drilling into the lower crustal lithologies with the least
technical difficulties (Fig. 1). This study uses existing data on samples
Fig. 2. “Sheeted Sills”model for ocean crust formation on the basis of Oman ophiolite, showin
1998; MacLeod and Yaouancq, 2000). The drill core stratigraphy and lithological variations of
2000; Natland and Dick, 2002; Dick et al., 2002; Niu et al., 2002a; after Korenaga and Kelem
recovered from Hole 735B and collated by Dick et al. (2002). Hole
735B was initiated during Leg 118 in 1987 and penetrated 508 m
(Robinson et al., 1989), and was further deepened to 1508 m during
Leg 176 in 1997 (see Natland and Dick, 2002). An additional hole
(1105A) in the vicinity of Hole 735B was initiated during Leg 179 with
a penetration of 154 m (see Casey et al., 2007) in order to gather more
information on the oceanic lower crust from this otherwise inacces-
sible and poorly understood realm.

Gabbroic sections of ophiolites tectonically obducted on land have
long been thought to represent the lower oceanic crust. However, data
collected fromHole 735B showmany differences as well as similarities
to ophiolite gabbros (Dick et al., 1999, 2000). The Hole 735B sequence
consists of hundreds of texturally andmineralogically distinct “layers”
with gradational or sutured contacts. These observations are incon-
sistent with being produced by a large steady-state magma chamber,
but are consistent with being solidified from magma lenses of
gmelt transport via hydro-fractures and on-axis sill intrusions (Korenaga and Kelemen,
ODP Hole 735B are consistent with this ocean crust emplacement model (e.g., Dick et al.,
en, 1998).



Fig. 3.Plots of correlatedvariationsof olivine (ol) forsterite (Fo) content (the sameasMg#=Mg/[Mg+Fe2+]),Mg#of orthopyroxene (opx) and clinopyroxene (cpx), andplagioclase (plag)
anorthite (An) content to show first order compositional equilibria among coexistingmajormineral phases inHole 735B gabbros and gabbroic rocks. Note that the kind inMgCpx# vs. AnPlag#

with MgCpx# b0.70and AnPlag# b0.40 reflects cpx–plag equilibria at highly evolved felsic melt. Data are from the compilation of Niu et al. (2002a) and Dick et al. (2002).
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multiple melt injections (e.g., Bloomer et al., 1989; Korenaga and
Kelemen, 1998; MacLeod and Yaouancq, 2000; Dick et al., 2000, 2002;
Niu et al., 2002a). The latter is best described by the “sheeted sills”
model (see Fig. 2) proposed to form the ocean crust whereby melt is
supplied to a crystal “mush” zone via small (b1 m) melt lenses or sills
(Korenaga and Kelemen, 1998; MacLeod and Yaouancq, 2000). Such
melt lenses are thermally short-lived (e.g., Annen et al., 2006) and
cannot develop magma chambers traditionally perceived to have
thermal and compositional boundary layers advocated by Casey et al.
(2007) to explain the cpx compositional variations. It is important to
note that the “sheeted sills” model was based on observations of the
Oman ophiolite interpreted to resemble scenarios of fast-spreading
ridges with frequent melt supply (Korenaga and Kelemen, 1998;
MacLeod and Yaouancq, 2000). Hence, it is less likely that long-lived
steady-state magma chambers can develop at slow-spreading ridges
such as the SWIR where melt supply is infrequent, as indicated by the
Hole 735B observations (e.g., Dick et al., 2000, 2002). Apparently, the
mechanism of multiple-sill emplacement is physically more plausible
even for large granitic intrusive complexes (e.g., Annen et al., 2006).

3. Data and documentations

Dick et al. (2002) compiled all the compositional data of the
constituent mineral phases (olivine, plagioclase, clinopyroxene, oxide
minerals and amphibole aswell as otherminor phases) of the entireHole
735B gabbroic mass recovered during Leg 118 (0–500 mbsf; Dick et al.,
1991) and Leg 176 (500–1508 mbsf; Natland and Dick, 2002). A total of
7371 clinopyroxene (cpx) and plagioclase (plag) analyses were obtained
throughout the hole. The total number of analyses for olivine (oliv),
orthopyroxene (opx), oxides, amphiboles andminor phases is less due to
their absence in many samples. These individual analyses represent a
total of 1041 “samples” collected as a function of down-hole depth as
described by Dick et al. (2002). While the mineral data have all been
collected using electron microprobe technique in each laboratory with
international mineral standards, an inter-laboratory comparisonwas not
straightforward as the datawas collected over an 11 year period (seeDick
et al., 2002 for more details). However, the mineral compositional
variations are not due to inter-laboratory discrepancies if any (Dick et al.,
2002). For example, the small data set reported by Casey et al. (2007)
fromHole 1105Awas collected in a single laboratory, but shows the same
mineral compositional systematics. In this study, we only use Hole 735B
data, i.e., both the 7371 individual analyses and the 1041 “sample
averages” by Dick et al. (2002) to illustrate the concepts. We do not
include the small data set byCaseyet al. (2007) from the shallow(154m)
Hole 1105A drilled 1 km northeast of Hole 735B, nor oceanic gabbro data
from elsewhere (see Coogan, 2007). Despite the shallower depth (and
hence smaller sample size), cpx data fromHole 1105A (Caseyet al., 2007)
shows similar compositional systematics to that of Hole 735B. This
suggests that the mineral compositional data of Hole 735B are probably
representative of oceanic gabbros and gabbroic rocks in general, although
detailed lithostratigraphy may vary from one location to another.

As reported by Niu et al. (2002a) and Dick et al. (2002), while there
exist largemineral compositional variations throughout the 1508mhole,
there also exist first order correlated variations among coexisting
minerals such as Mg# (i.e., Mg/[Mg+Fe2+]) of oliv, cpx, opx and An
(i.e., Ca/[Ca+Na]) of plag as summarized in Fig. 3. Because oliv, plag, and
to a lesser extent, opx are simple solid solutions, their internal major
element compositional variations are readily understood in terms of end-
member components and their expected complementarities. However,
cpx shows large compositional variations (Fig. 4; also see Dick et al.,
2002).

Fig. 4 plots FeO, Al2O3, CaO, TiO2, Na2O and Cr2O3 (wt.%) in cpx
against MgCpx# . Obviously, FeO, Al2O3, CaO and Cr2O3 exhibit
straightforward trends with MgCpx# in terms of the known liquid



Fig. 4. MgCpx# variation diagrams of FeO, Al2O3, CaO, TiO2, Na2O and Cr2O3 to show cpx compositional systematics as a function of liquidus temperature of the parental MORB melt
approximated byMgCpx# (see Figs. 6 and 7). Small grey symbols are individual analyses and large black symbols are grain averages. The inverse FeO–Mg# trend, though self-correlated
because of Mg#=Mg/[Mg+Fe2+], is purposely plotted to show data coherence, and to show that FeO variation has no effect on TiO2 and Na2O variation, but Cr2O3 does. Data from
Dick et al. (2002).
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lines of descent (LLDs; Fig. 5). However, TiO2 and Na2O show
“unexpected” curves or kinks (Dick et al., 2002; Casey et al., 2007)
in terms of the known LLDs (Casey et al., 2007). Thy (2003) noted the
“oddities” of the data are not caused by Fe related data closure. Dick
et al. (2002) pointed out that the declining TiO2 at lower MgCpx# (at
MgCpx# ≤0.75±0.01 shown here) is perhaps due to oxide crystal-
lization from the melt, but offered no explanation why TiO2 increases
with decreasing MgCpx# at the high MgCpx# range nor to the Na2O
variation, where the trend flattens at MgCpx# ≤0.73. Thy (2003) noted
the similar variations in cpx from ODP Hole 1105A on a smaller data
set (15–154 mbsf), and suggested that the TiO2 variation could be due
to stoichiometric control (e.g., TiAl2↔ [Mg,Fe2+]Si2) without con-
sidering the effect of Cr2O3 and Al2O3 (see below). Casey et al. (2007)
used the Hole 1105A samples to argue that the kinked cpx MgCpx# –TiO2

and MgCpx# –Na2O trends result from in situ crystallization in a steady-
state magma chamber whereby a thermal and compositional
boundary layer may develop against the roof or side wall of the
magma chamber (e.g., McBirney and Noyes, 1979; Langmuir, 1989;
Nielsen and Delong, 1992).

We consider that the in situ crystallization interpretation (Casey
et al., 2007) is theoretically attractive, but is unlikely in reality because
the drill hole observations are consistent with the model of “multiple
injections and melt lenses (b1 m)” (Fig. 2; e.g., Korenaga and
Kelemen, 1998; Bloomer et al., 1989; MacLeod and Yaouancq, 2000;
Dick et al., 2000; Niu et al., 2002a;) and show no evidence for the
presence of large enough steady-state magma chambers for develop-
ing thermal and compositional boundary layers. Melt emplacement by
means of multiple injections of thin melt lenses (vs. large magma
chambers) is consistent with reduced extent of mantle melting and
infrequent melt supply to the crust at slow-spreading ridges (e.g., Niu
and Hékinian, 1997a; Niu, 1997).

The “unexpected” Na2O and TiO2 behaviour in cpx could be
ascribed to pressure-dependent partition coefficients of these two
elements during basaltic melt evolution (Elthon et al., 1992). While
Kd's for Ti and Na between cpx andmelt are higher at higher pressures
(N3–10 kbars; Elthon et al., 1992), it is unclear how this affects the
observed cpx Na2O and TiO2 behaviour that is clearly compositional
(cpx and thus parental melt) dependent (Figs. 4 and 5). Furthermore,
the Hole 735B gabbroic lithologies are likely emplaced at deep crustal
levels at pressures b2 kbars. Coogan (2007) suggests that late state
crystallization of trapped more evolved liquids can affect mineral
compositions in finally solidified gabbroic rocks. This may be true but
still cannot explain the observed MgCpx# –TiO2 and MgCpx# –Na2O
systematics in cpx that is probably a general feature of gabbroic cpx
as it is not only seen in Hole 735B and Hole 1105A (Casey et al., 2007),
but also in oceanic gabbros from elsewhere (Coogan, Pers. Comm.



Fig. 5. Plots of relevant cations (Ti, Al, Na, Cr and Fe3+) on cpxM1, M2 and T sites as a function of MgCpx# (as in Fig. 4). The cation calculation procedure is given in Section 4.2. Note that
Fe3+[M1] does not correlate with any other parameters and thus cannot be the cause of Ti and Na systematics with MgCpx# . Because the topologies of Na[M2], Ti[M1] and Cr[M1]
resemble those of Na2O, TiO2 and Cr2O3 in Fig. 4, we discuss cpx compositional variation and liquid lines of descent (LLDs) using wt.% oxides to be consistent with the same use for
melt compositions (Figs. 6 and 7).
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2008). It is also worth to point out that the compositional scatter in
Fig. 4 may be caused by varying amounts of trapped liquids, but our
aim is to understand the first-order trends.

We also plot relevant cations of interest Al[M1], Al[T], Ti[M1], Na
[M2], Cr[M1] and Fe3+[M1] as a function ofMgCpx# in Fig. 5 (see Section
4.2 below for calculation procedure). As their topologies are identical
toTiO2–MgCpx# , Na2O–MgCpx# and Cr2O3–MgCpx# in Fig. 4, wewill use the
latter (oxides wt.%) in discussing mineral compositional systematics
in terms of LLDs (see below).

4. Our interpretations

4.1. Liquid lines of descent (LLDs)

As these gabbros (and gabbroic rocks) are largely co-precipitates of
cpx and plag (plus other minerals at appropriate liquidus tempera-
tures) from cooling MORB melts, it is logical to first examine LLDs of a
MORB melt, which helps understand the sequence of liquidus phase
(e.g., oliv, plag, cpx) appearance, and the compositional changes of
these phases as the melt cools and evolves.

Fig. 6 shows LLDs of MORBmelts for SiO2, TiO2, Al2O3, FeO, CaO, Na2O
and Cr2O3 as a function of MORB Mg# (=Mg/[Mg + Fe]) or liquidus
temperature (°C) (Also see Fig. F2 of Niu et al., 2002a and Fig. 6 caption).
Fig. 6 says that as the melt cools (decreasing Mg# from right to the left),
the compositional variation trends of the remaining liquid reflect the
effects of minerals that have crystallized and separated. This is readily
seen from the bottom two panels. For example, from this set of the data
we see that olivine is already on the liquidus and crystallizing at
MgMelt

# ≈0.72,~1240±10 °C (this 10 °C uncertainty resulted from
experimental data regression, see Niu et al., 2002a; Niu, 2005).
Crystallization of olivine with chromite would produce dunite (this
explains the genetic association of chromite mineralization with
dunite). At MgMelt

# ~0.69, ~1222±10 °C, plag joins olivine to form
troctolite (e.g, plag + oliv rock). At MgMelt

# ~ 0.58, ~1180±10 °C, cpx
joins plag (and oliv) to form gabbros (plag + cpx + oliv rock). At an
even lower temperature, ~1115±10 °C with MgMelt

# ~0.37, Ti–Fe
oxides begin to crystallize (with or without cpx and fayalitic oliv),
forming Fe–Ti oxide gabbros, gabbronorite etc. (this explains the
genetic associations of V–Ti–Fe mineralization with highly evolved
gabbro or gabbro-norite). Note that apatite, and perhaps zircons,may
crystallize at this late stage of tholeiitic magma evolution (Niu et al.,
2002a; Niu, 2005). It is important to note that it is Fe–Ti oxide
crystallization that drives the enrichment of SiO2 in the residual melt
(Fig. 5), i.e., the basaltic–andesite stage of tholeiitic melt evolution
(see Fig. F4 of Niu et al., 2002a; Danyushevsky, 1998). This SiO2

enrichment leads to the production of volumetrically small (~0.5 vol.%)
but widespread felsic vein lithologies (tonalitic, trondhjemitic, dioritic
and granitic veins/veinlets) in Hole 735B (see Fig. F4 of Niu et al.,



Fig. 6. Liquid lines of decent (LLDs) derived from N400 N-type anhydrousMORBmelts from the East Pacific Rise and nearby seamounts (Batiza et al., 1989, 1990; Batiza and Niu,1992;
Niu and Batiza, 1997; Niu et al., 1996, 1999; 2002b; Regelous et al., 1999; Batiza et al., 1989, 1990; Batiza and Niu, 1992; Niu and Batiza, 1997; Niu et al., 1999; 2002b; Regelous et al.,
1999; Niu, 2005; Niu and O'Hara, 2008) and experimental data (see Fig. F2 of Niu et al., 2002a for reference details) for SiO2, Al2O3, CaO FeO, TiO2, Na2O, Cr2O3 and liquidus phase
proportions with decreasing MgMelt

# (modified from Niu, 2005). Note that cpx begins to crystallize late (vs. ol and plag) at MgMelt
# ~0.57, i.e., gabbros and the more evolved lithologies

represent relatively late-stage basaltic magma evolution. The liquidus temperature (~±10 °C uncertainties) and appearance and proportions of liquidus phases are determined using
low pressure (1 bar) experiments to illustrate the concept (see Niu et al., 2002a; Niu, 2005). At higher pressures, cpx may begin to crystallize earlier. These compare well with the
widely used empirical LLD models by Weaver and Langmuir (1990) and Danyushevsky (1998) (see Figs. F3 and F4 of Niu et al., 2002a for details).
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2002a). Note that Fig. 6 is meant to illustrate the concept and by no
means represents exact compositions of MORB melts parental to the
Hole 735B gabbroic lithologies.

Note also that when calculatingMORBmelt Mg#=Mg/[Mg+Fe2+],
we assume 10% total Fe as Fe3+ appropriate for MORB (Christie et al.,
1986) without making further assumptions on oxygen fugacity (fO2)
that is not well constrained duringMORBmelt evolution.We calculated
MgCpx# similarly (Mg#=Mg/[Mg+Fe2+]) by obtaining Fe3+ from total
Fe (=Fe2+ + Fe3+) using charge balance and stoichiometry (see
below). Note that the calculated Fe3+ occupying the cpx M1 site shows
nosystematic variationwithMgCpx# , suggesting that Fe3+ in cpx is not the
cause of Ti and Na behaviour in cpx (Fig. 5). That is, the observed TiO2–

MgCpx# and Na2O–MgCpx# kinks in cpx are clearly unrelated to Fe3+

(Fig. 5), but genetically associated with Cr2O3 (Figs. 4 and 5).
An important point here is that gabbros are the product of basaltic

magma evolution at relatively lower temperatures (b ~1180±10 °C)
when cpx joins plag and olivine on the liquidus (Fig. 6). The olivine–
basalticmelt phase equilibrium at low pressure (crustal vs. mantle) is
well constrained by KD

Ol/Melt=[XOlFeO/XMelt
Feo ]/[XOlMgO/XMelt

MgO]=0.3±
0.03 (Roeder and Emslie, 1970). It is also known that MgCpx# NMgOl

#
,

and we obtained KD
DCpx/Melt=~0.22 by considering experimental

data (e.g., Grove et al., 1992) and MgCpx# /MgOl
#

ratios of the data set
(see Fig. 3 and also Niu et al., 2002a).
Fig. 7a shows the relationship between MgCpx# and MgMelt
# (thick

grey line) using KD
cpx/melt=~0.22. Fig. 7b and c compare MgCpx#

with MgMelt
# (horizontal axis) using Al2O3 (vertical axis) as an

example in cpx (Fig. 7b) and in equilibrium melt (Fig. 7c). Fig. 7b
and c show explicitly that most cpx crystals from Hole 735B that we
study crystallized from quite evolved melt with MgMelt

# =0.58 to
0.40 (gabbroic fractionation), significant amount of cpx crystallized
from the even more evolved melt with MgMelt

# =0.40 to 0.30 that
produced oxide gabbro or gabbro-norite, and still some cpx
crystallized from highly evolved felsic melt with MgMelt

# b0.3. The
most evolved cpx with MgCpx# ≈0.55 would be in equilibrium with
felsic melt having MgMelt

# ~0.21, which would also have Na-rich plag
and other granitic phase assemblages on the liquidus as observed
(Niu et al., 2002a). This is a critically important observation for
understanding minor element systematics in cpx that we study, but
has apparently been neglected previously (Thy, 2003; Casey et al.,
2007) (see below).

4.2. Clinopyroxene stoichiometry and elemental compatibility

Fig. 8a shows the generally accepted elemental occupancy in cpx
structure (e.g., Cameron and Papike, 1980). It is particularly
important to note that Na+ occupies M2 site only, and Ti4+ Cr3+



Fig. 7. (a) shows that MgCpx# and MgMelt
# are related by KD

cpx/melt=[FeO/MgO]cpx/[FeO/
MgO]melt=~0.22 obtained by considering experimental data (e.g., Grove et al., 1992)
and MgCpx# /MgOl

#
ratios of the data set (see Fig. 3), and thus both are proportional

to the liquidus temperature (see Fig. 6). (b) plots cpx-Al2O3 vs. MgCpx# to compare
with melt-Al2O3 vs. MgMelt

# in (c) reproduced from Fig. 6. The liquidus fields indicated
are as in the lower panels of Fig. 6.
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and Fe3+ occupy M1 site only, whereas Al3+ occupies both M1 and
T sites. Using a structural formula of the form [M2]1[M1]1T2O6, we
distribute cations as follows (e.g., Morimoto, 1988):

[1] Si enters T site with the remaining space (i.e., 2-Si) filled with Al;
[2] The remainder Al enters M1 site;
[3] All Ti and Cr enter M1 site, and all Na, Ca and Mn enter M2 site;
[4] Total Fe is recast to Fe2+ and Fe3+ by charge balance with Fe3+

entering M1 site;
[5] Fe2+ and Mg are apportioned between remaining spaces on M2

and M1 sites. That is, (1-[M1]) x Fe2+/(Fe2++Mg) for Fe2+ and
(1-[M1]) x Mg/(Fe2++Mg) for Mg onM1 site. (1-[M2]) x Fe2+/
(Fe2++Mg) for Fe2+ and (1-[M2]) x Mg/(Fe2++Mg) for Mg on
M2 site, where [M1] and [M2] refer to the sum of non-Fe2+ and
non-Mg cations on M1 and M2 sites respectively.

Fig. 8b shows several possible charge-balanced stoichiometric
combinations of non-M2+ cations of interest, i.e., Na+, Ti4+, Al3+, Cr3+

and Si4+ in cpx. Fe3+ is not considered because although the relative
abundance of Fe3+ [M1] is high, it does not show systematic variation
with MgCpx# (Fig. 5) and thus does not control the systematics of other
cations, in particular, Ti4+, Na1+ and Cr3+, which we endeavour to
understand.

Cr is highly compatible (KdCr
cpx/melt~3.5; Hart and Dunn, 1993)

whereas Ti (KdTicpx/melt~0.30) and Na (KdNa
cpx/melt~0.15) (Langmuir

et al., 1992) are incompatible in cpx that is crystallizing from the
cooling basaltic melt. It follows that Cr has the strong tendency to
enter the crystallizing cpxwhile Ti and Na prefer to stay in the residual
melt (vs. the crystallizing cpx). These apparent distribution coeffi-
cients are consistent with their LLDs (Fig. 6). In Fig. 6, the rapid
decrease of Cr with decreasing MgMelt

# at high Mg# values results from
Cr-spinel crystallization (Niu, 2005), and its continued decrease at low
MgMelt

# values is consistent with cpx crystallization. In fact, the increase
of TiO2 and Na2O with decreasing MgMelt

# in the residual melt is
consistent with Ti and Na being incompatible in all the major liquidus
phases (Fig. 6) including olivine, cpx and Ca-rich plagioclase.

The rapid Cr2O3 decrease in cpx with decreasing MgCpx# (Fig. 4)
results from Cr depletion in the melt due to continued cpx crystal-
lization, resulting, in turn, from its high compatibility in cpx (Fig. 6). As
both Cr and Ti occupyM1 site in cpx, the amount of Ti that can reside on
M1 site must be complementary to Cr (see Fig. 4). Hence, Ti increase is
associatedwithCrdecrease in cpx as themelt cools and cpxcontinues to
crystallize from the progressively more evolved melts (producing
lowered MgCpx# ). This explains why TiO2 reaches the maximum when
Cr diminishes at MgCpx# ≈0.76±0.01 in cpx (Fig. 4), which is equivalent
to MgMelt

# ≈0.41±0.01 in the melt (Fig. 7a). At MgMelt
# ~0.39±0.01

(Fig. 6), Fe–Ti oxides begin to crystallize,whichdepletes Ti (aswell as Fe;
Fig. 6) in the residual melt and makes Ti progressively less available for
cpx. Hence, TiO2 decreases in cpx with decreasing MgCpx# at low Mg#

values (Figs. 4 and5). The lack of apparent FeOdecrease in Fig. 4 is due to
the artifact that MgCpx# is calculated from both FeO and MgO in cpx (i.e.,
MgCpx# =Mg/[Mg+Fe2+]) while both FeO and MgO decrease. As
discussed above (Fig. 5), Fe3+ does not correlate with any other cations
and is thus not the cause of the observed Ti, Cr and Na systematics
(Figs. 4 and 5). Fig. 4 demonstrates the complementary relationship of
TiO2 (and to a lesser extent of Na2O) with Cr2O3, but not with FeO, and
Fig. 5 shows the complementary relationship of Ti (M1) with Cr (M1),
but not with Fe3+ (M1).

Fig. 6 shows that Na2O in the crystallizing cpx should increase with
decreasing MgCpx# because Na2O in the melt apparently increases with
decreasing MgMelt

# . Caution is, however, necessary here. Na2O in cpx
does increase with decreasing MgCpx# at high MgCpx# values with a peak
at MgCpxt# ≈0.74 (Fig. 4), but flattens out at MgCpx# ≤0.73 (equivalent to
MgMelt

# ≤0.37), which is slightly delayed following the onset of Fe–Ti
oxide crystallization at MgMelt

# ≈0.39±0.01 (Fig. 6). This observation
points to a genetic link between Na2O–MgCpx#

flattening and oxide
crystallization as is the case for TiO2 declining (Fig. 4). Melt at
MgMelt

# ≈0.39 is quite evolved with the liquidus temperature of
~1100±10 °C (Fig. 6), where CaO and Al2O3 in the residual melt are
sufficiently low, Na2O, as an overall incompatible element, is
sufficiently high (Fig. 6). The high Na2O in the residual melt will
make more Na2O available for the crystallizing cpx. That is, Na2O in
cpx should continue to increases with decreasing MgCpx# (at
MgCpx# b0.73), but this is not observed.On theotherhand, crystallization
of Fe–Ti oxides (at MgCpx# b0.75 or MgMetal

# b0.39) leads to SiO2 jump in
the residual melt (Fig. 6) (Niu et al., 2002a; Danyushevsky, 1998). This
highly evolved “felsic” melt with high Na2O and SiO2 and low CaO and
Al2O3 facilitates crystallization of Na-rich (albitic, NaAlSi3O8) plag. This
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is indeed the case in the more evolved felsic vein lithologies from Hole
735B (Niu et al., 2002a). Therefore, Na-rich plag crystallization
consumes more Na than before, which will inevitably balance the Na
increase in the residual melt, hence leading to the flattened Na2O in the
co-precipitating cpx, rather than increasing Na2O in Na2O vs. MgCpx# plot
at MgCpx# ≤0.73 (Fig. 4). This conclusion is in fact obvious from Fig. 7b.
Melt with MgMelt

# b0.40, which crystallizes cpx with MgCpx# b0.75,
produces oxide gabbro, gabbro-norite, and felsic vein lithologies with
Na-rich plagioclase as observed (Niu et al., 2002a). Note that the kink in
MgCpx# vs. AnPlag

# diagram at MgCpx# b0.70 and AnPlag# b0.40 in Fig. 3 (also
see Fig. F1 of Niu et al., 2002a) reflects the cpx–plag equilibria at highly
evolved felsic melt with SiO2≥60 wt.% (Niu et al., 2002a). Both Thy
(2003) and Casey et al. (2007) neglected to realize that the low Al2O3

and TiO2 cpx crystalswithMgCpx# b0.75 are in fact not liquidus crystals of
basaltic melt, but are in equilibriumwith felsic melts (after the onset of
Fe–Ti oxide crystallization and subsequent SiO2 enrichment; Fig. 6).

It is worth noting also that Na onM2 site is expected to combinewith
Al (also Cr and Fe3+) on M1 site to form a “jadeitic” component (i.e.,
NaAlSi2O6orNaCrSi2O6or acmiticNaFe3+Si2O6) in cpx.However, the lack
of positive correlationbetweenNaonM2site andAl (alsoCrandFe3+)on
M1 site (Fig. 9a; also obvious in Fig. 5) suggests that Na does not exist as a
jadeitic component, but instead largely charge-balances Ti4+ andCr3+on
Fig. 8. (a) shows generally accepted site preferences of major element cations in cpx
(Cameron and Papike, 1980). (b) shows that while several simple and charge-balanced
stoichiometric combinations can explain the site occupancies of Na, Cr, Ti, Al and Si, the
data do not suggest jadeite (Na[Al,Cr]Si2O6) as an important component (see Fig. 9a),
but favour the charge-balanced combination of Na[Ti0.5Cr0.5]1[Al0.5Si1.5]2O6, which is
the simplest expression to illustrate the concept and the actual combinations are likely
more complex when other major cations are considered.

Fig. 9. (a) shows lack of positive correlation between Na on [M2]1 and Al on [M1]1,
suggesting Na does not exist as jadeitic component in the cpx, but largely charge-
balances Ti4+ and Cr3+ (see Fig. 8b). (b) shows a significant positive correlation
between “vacancies” on [M2]1 (after Ca, Mn, Fe2+ and Mg subtraction from unity) and
Al on [M1]1. With the essentially zero intercept, the slope of 0.4696 (~Vacancy[M2]1/Al
[M1]1) suggests that to a first order for the entire data set, about half (~47%) of Al[M1]1
requires charge-balanced by univalent cations such as Na+ (minute K+, Rb etc.) in the
form of “jadeitic” component, yet such required amount of univalent cation is missing.
M1 site (Fig. 8b). In fact, on average Al on T site is twice (0.072±0.020;
mean±1σ) as much as on M1 site (0.039±0.014) (Fig. 5), suggesting
that much of the Al in these cpx crystals occurs as complex tschermak
components, i.e., [Na,Ca,Mn,Fe,Mg][Ti,Al,Cr,Fe3+][Al,Si]2O6. Also note the
significant correlation of “vacancies” onM2 site, which is calculated “Na”
by subtracting Ca, Fe2+,Mg andMn onM2 site fromunity, with Al onM1
site (Fig. 9b). With the intercept essentially being at zero, the slope of
0.4714 (≈ “Vacancy” [M2]/Al[M1]) suggests that to a first order for the
entire data set, about half (~47%) of Al onM1site is required to be charge-
balanced by univalent cations such as Na+ (plus insignificant K+, Rb+

etc.) on M2 site in the form of “jadeitic” component, yet such required
amount of univalent cation is missing. This is not an artefact because
calculationofAl onM1site is independentof cation attribution toM2site.
The origin of the missing univalent cation (i.e., ~0.25±0.07 wt.% on
average in terms of Na2O for the entire data set) is unclear, but could
possibly be due to Na volatilization during probe analysis or subsolidus
diffusion loss; further investigation is needed.

However, this suspected Na loss cannot explain the flattening of
Na2O at MgCpx# b0.73 (Fig. 4) because the “missing Na2O” does not
correlate with MgCpx# or any other parameters. At MgCpx# N0.73, the
behaviour of Na is a consequence of two factors: (1) a straightforward
cpx/melt partitioning (Na in cpx increases when Na in the melt
increases), and (2) coupled charge balance as a passive response to
the effect of Cr\Ti coupling, that is, Na+Ti0.54+Cr0.5

3+Al0.5
3+Si1.5

4+ (Fig. 8b),
which is the simplest form for conceptual clarity, but relative
abundances of all these elements actually vary as long as the overall
charges are balanced.
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5. Discussion

We have shown above that the apparently “perplexing” TiO2 and
Na2O behaviour in cpx of oceanic lower crust gabbroic lithologies from
ODP Hole 735B is a straightforward consequence of tholeiitic melt
evolution, dominated by cooling-induced crystallization without the
need to invoke complex processes that may not take place in reality.
For example, thermal or compositional boundary layer in situ crystal-
lization is an elegant concept (e.g., McBirney and Noyes, 1979; Casey
and Karson, 1981; Langmuir, 1989; Nielsen and DeLong, 1992; Casey
et al., 2007), but its operation requires perceived magma chambers
that are steady-state or large enough in dimension with low enough
viscosity to allow vigorous convection. Such a condition is conceivably
met in large volumes of melt delivered in a stable tectonic setting such
as the formation of layered igneous intrusions. The constant/frequent
tectonic activity at ocean ridges is unlikely to allow the development
such magma chambers even at fast-spreading ridges like the East
Pacific Rise (Sinton and Detrick, 1992). While magma bodies have
been detected in magmatically robust locations along slow-spreading
ridges such as the Lucky Strike hydrothermal site at the Mid-Atlantic
Ridge (Singh et al., 2006; Sinha et al., 1997), it is physically unlikely
that large steady-state magma chambers can be developed at slow-
spreading ridges (Sinton and Detrick, 1992) due to the reduced extent
of mantle melting and infrequent melt supply (Niu and Hékinian,
1997a,b). Indeed, the litho-stratigraphy of Hole 735B at the slow-
spreading SWIR is most consistent withmodels of “multiple injections
and thin melt lenses” (Fig. 2; Kelemen et al., 1997; Coogan et al., 2000;
Natland and Dick, 2002; Dick et al., 2000, 2002; Niu et al., 2002a).
Such thin (b1 m) melt lenses readily freeze (e.g., Annen et al., 2006),
let alone be able to develop steady-state magma chambers.

Therefore, the in situ boundary layer crystallization model scenario
invoked by Casey et al. (2007), though conceptually attractive, is
practically ineffective in explaining the observations. Thy (2003)
concluded that crystal fractionation is responsible for the mineral
compositional variations, as we have shown above, but did not
recognize the significant influence of Cr and Al on Na, Ti and other
elements in the crystallizing cpx during MORB melt evolution. Dick
et al. (2002) and Thy (2003) agree that the gabbros of Hole 735B and
1105A represent products of complex crystal mush zone (vs. “large”
steady-state fully convective magma chamber) processes of multiple
melt injections.

We should also emphasize that cpx crystals with MgCpx# b0.75 are
crystallized fromvariably evolved MORBmelt of MgMelt

# b0.40 (Fig. 7),
which is parental to oxide gabbro, gabbro-norite, norite and the more
evolved felsic lithologies. Consequently, TiO2 depletion in these cpx
crystals (Fig. 4) is consistent with TiO2 depletion in themelt as a result
of Ti–Fe oxide crystallization (Figs. 6 and 7). Na2O depletion or
flattening in these cpx crystals is consistent with Na-rich plagioclase
crystallization in highly evolved silicic melt. Hence, there is no need to
invoke complex magma chamber processes such as in situ boundary
layer crystallization to explain these observations.

6. Summary

The apparently complex TiO2 and Na2O variations in cpx from
gabbroic lithologies in the lower oceanic crust are straightforward
consequences of fractional crystallization-dominated MORB melt
evolution and liquidus mineral stoichiometry control. The TiO2 and
Na2O maxima in cpx occur at MgCpx# =~0.76–0.73, which corre-
sponds to MgMelt

# =~0.41–0.37. This in turns corresponds to liquidus
temperature of ~1100±10 °C, at which Fe–Ti oxides begin to
crystallize. Because Ti and Cr both reside on M1 site of cpx and
because Cr is highly compatible in cpx, Cr decreases whereas Ti
increases complementarily with decreasing MgCpx# for primitive cpx
with MgCpx# N0.76. This is further manifested by the fact that TiO2

reaches its maximum when Cr approaches complete depletion at
MgCpx# =~0.76–0.74in cpx. The TiO2 decrease with decreasing MgCpx#

at MgCpx# b0.74 results from TiO2 depletion in the residual melt as a
result of Fe–Ti oxide crystallization.

The Na2O increase with decreasing MgCpx# in cpx at MgCpx# N0.76 is
consistent with Na2O increase with decreasing MgMelt

# in the melt. At
MgMelt

# ≤0.40, Na2O is sufficiently high whereas CaO and Al2O3 are
sufficiently low in the residual melt. This, plus the fact that SiO2

becomes sufficiently high in the melt as a result of Fe–Ti crystal-
lization/removal, facilitates crystallization of Na-rich plag, making
Na2O less available in the melt for cpx and explaining the reduced
Na2O abundance in cpx with MgCpx# b0.74.We emphasize further that
low Al2O3 and TiO2 cpx crystals with MgCpx# b0.75are not liquidus
crystals of basaltic melt, but are in equilibrium with highly evolved
felsic melts. Felsic vein lithologies with Na-rich plag are volume-
trically small but widespread in Hole 735B (Niu et al., 2002a). We
anticipate that the compositional systematics of cpx from Hole 735B
to be characteristic of cpx in all tholeiitic magmatic systems.

There is no need to invoke the in situ boundary layer crystallization
model that is theoretically interesting, but practically unlikely because
reduced extent of mantle melting and infrequent melt supply beneath
slow-spreading ridges do not favour the development of steady-state
and fully convective magma chambers.
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