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This paper explores the chemical systematics of back-arc basins and the physi-
cal processes that give rise to them, making use of published data from the Scotia,
Mariana, Lau, and Manus Basins. A new low-pressure fractionation model is used
to back-correct data with greater than 5.5 wt.% MgO. Even after hydrous correction,
back-arc basin basalts (BABB) have low TiO, and FeO contents relative to basalts
from other ridges. The low TiO, both absolutely and relative to Na,O requires a
source depletion followed by a Na enrichment. This signature is critical to evalu-
ate the range of mantle temperature at back-arc basins, which is about 100°C. In
addition to a subduction component and wedge depletion, BABB reflect a prevalent
enriched component akin to enriched ocean ridge basalts worldwide, despite the
absence of mantle plumes. Data from the Mariana Basin suggest this component
arises from very recent addition of low-degree (low-F) melts, which may be an
important general agent of mantle heterogeneity. Important aspects of the back-
arc data are the linear relationships among all major element parameters with each
other and with water. Previous models involving isothermal, isobaric melting with
increasing water contents do not account for these relationships. A constraint on
permissible physical models is that both trace element and major element data show
no inherited effects from garnet in back-arc basins, which constrains generation and
transport of melts from great depth to the base of the melting regime. Quantitative
modeling of the effects of water on mantle melting shows that previous conclusions
based on the MELTS thermodynamic approach are not consistent with experimental
data for the mantle. Our new models can account for the back-arc systematics by
mixing between dry, pooled fractional melts, formed similarly to open ocean ridges,
with hydrous melts generated from sources enriched in H,O, Na,O, and KO that
have equilibrated at low pressure. Thus, successful physical models must be able to
produce melts by these two different mechanisms. The effects of H,O in back-arc
basin ridges and open ocean ridges contrast markedly. In the open ocean, increased
water is associated with lower mean extents of melting, increased TiO, contents, and
an increased garnet effect. In back-arc basins, increased water is associated with
increased extents of melting, lower TiO,, and no garnet influence. These differ-
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ences can be accounted for by contrasts in the melting regimes and tectonic setting
of the two environments. In the open ocean, deep, low-degree, hydrous melts are
produced in the “wings” of the melting regime and combine with higher degree
drier melts produced at a range of shallower pressures. At back-arcs, geometrically
and thermally, there is no room for “wings” on the arc side of back-arc spreading
centers. On the arc side of the spreading center, where water is added, shallow
hydrous melting is important, and melt must get to the surface in the context of
descending mantle flow. On the back side, dry melting under relatively anhydrous
conditions occurs, similar to open ocean ridges. Mixing between melts from the
dry side and the wet side should then lead to the characteristic spectra of parental
BABB compositions. Both the geometry of melting and the fact of continual rifting
of young lithosphere may contribute to the very different water signatures in the

open ocean and back-arc settings.

1. INTRODUCTION

Back-arc basins make up a small but significant fraction
of the global ocean ridge system and provide a unique and
important perspective on problems of igneous petrogenesis.
This perspective arises from the fact that back-arc basin
basalts contain moderate amounts of water—Iess than the
more hydrous environment of arc volcanism, and more than
the drier volcanism of open ocean ridges. Water has long
been recognized as pivotal to arc petrogenesis (e.g., Gill
[1981] and references therein; Sisson and Grove, [1993];
Wallace [2005]), but the quantitative understanding of melt-
ing at convergent margins is not yet mature. Water has also
become increasingly recognized as a critical component
in normal ocean ridge settings [Michael and Chase, 1987,
Hirth and Kohlstedt, 1996; Asimow and Langmuir, 2003;
Cushman et al., 2004, and references therein], where the
tectonic environment is simpler and quantitative models
more developed—but the water contents are low and the
effects often subtle. Back-arc basins are an intermediate case.
The magmas are wet enough that the influence of water on
various petrogenetic processes can be more clearly seen,
and back-arc spreading centers have the relative simplicity
of a ridge environment, unencumbered by the assimilation
and contamination issues so prevalent in discussions of con-
vergent margin volcanism (e.g., Davidson [1987]; Hildreth
and Moorbath [1988]; Davidson et al. [1990]; Chesley et al.
[2002]). Back-arc basins thus provide a useful window to a
better understanding of both convergent margin and spread-
ing center volcanism.

There are three principal aspects of the importance of
water.

(I) Water profoundly influences the solidus tempera-
ture, and therefore the depth at which melting begins
and the extent of melting for a given temperature
and chemical composition of other elements (e.g.,

Burnham and Davis [1974]; Hirth and Kohlstedt
[1996]; Gaetani and Grove [1998]; Cushman et al.
[2004]).

(2) Water has an influence on the stability of igneous
phases, and suppresses the appearance of plagio-
clase more than the ferro-magnesian minerals. This
significantly influences the path of differentiation
(e.g., Green and Ringwood [1967]; Sinton and Fryer
[1987]; Sisson and Grove [1993]; Danyushevsky
[2001]).

(3) Water correlates well with incompatible trace ele-
ments. Addition of water to an environment implies
the addition of many other elements that accompany
water, and hence water contents and source com-
position are inevitably coupled (e.g., Schilling et al.
[1980]; Stolper and Newman [1994]; Asimow et al.
[2004]).

These concomitant effects on source composition, melting
depth, melting rate, and differentiation path, not to mention
physical properties of magmas, make an understanding of
hydrous processes central to igneous petrogenesis. Back-
arc basins are an invaluable natural laboratory for study of
these effects.

This paper explores these various aspects of the influence
of water and how they are elucidated by study of back-arc
basin magmas. Our approach is to look carefully at the data
from back-arc basin basalts (BABB) and to interpret them
in light of quantitative models for the effects of water on
melting and differentiation. An important aspect of this
comparison is the marked contrast between the influence of
water on back-arc basin ridges and its influence on ridges far
from convergent margins, originally pointed out by Asimow
and Langmuir [2003].

This paper, which reflects work initially presented at the
back-arc basin conference in May 2004, represents the third
recent review of back-arc basins. Taylor and Martinez [2003]



summarized back-arc basin data, pointed out characteristic
correlations between water and major and trace elements,
and developed a model of progressive change in wedge com-
position. Kelley et al. [in press], in work developed largely
independently and in parallel with the present paper, present
similar data systematics but a rather different quantitative
interpretation of back-arc data than is presented here. All
these papers agree on several major conclusions: BABB
differ from open ocean mid-ocean ridge basalts (MORB)
in consistent ways; back-arc basins exist over a range of
mantle temperatures (as pointed out by Klein and Langmuir
[1987]); and back-arc basins show striking positive correla-
tions between water contents and extent of melting, as first
documented by Stolper and Newman [1994]. Both this paper
and Kelley et al. [in press] emphasize the contrast in melting
systematics between open ocean and back-arc ridges. The
distinguishing contributions of this paper are (1) a data treat-
ment that takes into account interlaboratory correction fac-
tors and fractionation normalization that takes into account
the effects of water on phase appearance; (2) a reassessment
of the effects of water on melting and the use of quantitative,
hydrous melting models to evaluate back-arc data; (3) an
emphasis on the constraints from Fe, Na, Ti, and the Dy/Yb
ratios on back-arc melting models showing that the inherited
effects of water are shallow and not deep.

Kelley et al. [in press], agreeing with the suggestion of
Hirschman et al. [1999], call upon dF / dCéJ 20 the change in
extent of melting with increased water content, as a measure
of mantle temperature. They suggest that at higher mantle
temperatures, water has an augmented effect on the extent
of melting. They also invoke deep melting at the hydrous
solidus and compare their data with isobaric, isothermal
melting models. The essence of their model and approach is
that progressive addition of water to the same melting envi-
ronment produces a range of extents of melting to produce
an array of back-arc data. We suggest that dF'/ dCé{ 29 does
not increase appreciably with temperature for temperatures
above the dry solidus and show there is no inherited evidence
for deep hydrous melts in the BABB data. We also suggest
that mixing of two distinct melts, one relatively dry and the
other hydrous, generated by distinct melting conditions, is at
the root of back-arc basin systematics. These contrasts have
important implications for the relationships between mantle
flow and melting in the back-arc system.

1.1. Importance of Water on Normal Ocean Ridges

Water has the effect of increasing the extent of melting of
mantle peridotite at any given temperature. The more water
is added, the greater the extent of melting, up to the point
of water saturation. For this reason, it had long been consid-
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Figure 1. H,0 (wt.%) vs. Ce (ppm) measured in MORB glasses
(data from www.petdb.org; Petdb is the Petrological Database of
the Ocean Floor ) show a relatively constant ratio over a large range
of concentrations. Such behavior shows that both elements have the
same bulk partition coefficient (D) and allows the D for water to be
well-estimated from the abundant data on Ce partitioning.

ered that mantle with relatively higher water contents would
melt to greater extents than drier mantle. This intuition was
supported by early studies of BABB that showed increasing
extents of melting with increased water contents [Stolper
and Newman, 1994].

Another long-standing assumption has been that in the
presence of water, the first melt would appear at the water-
saturated solidus (e.g., Grove et al. [2002]; Gaetani and
Grove [2003], and references therein), an assumption that
may be true in the water-rich setting of convergent margin
volcanoes. In this case, the first appearance of melt is inde-
pendent of the water content in the source, because no matter
how little water may be present, that water would form a
small amount of water-saturated melt.

Both of these conceptions of the effects of water were
overturned in the relatively water-poor ocean ridge environ-
ment by the realization that water behaves during melting
as a slightly incompatible element, with a finite partition
coefficient in nominally anhydrous phases, such as olivine
and clinopyroxene. This result was clear from the compari-
son of water to other incompatible elements. Michael [1988]
showed that during mantle melting beneath ocean ridges,
water had the same geochemical behavior as Ce (Figure 1)
and therefore had the same bulk partition coefficient (D)
of about 0.01. This result has been substantiated by many
further measurements of water contents of MORB (e.g.,
Danyushevsky [2001]; Dixon et al. [2002]; Simons et al.
[2002]), and also has been documented by experimental
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Figure 2. Conceptual models for the effect of various mantle adiabats and source H,O concentration on mid-ocean-
ridge melting regimes (after Asimow and Langmuir [2003]). Tp, potential mantle temperature in °C; [H,0], water
concentration in the source; P, initial pressure of melting; F;, mean extent of melting [Plank et al., 1995]; Z : crustal
thickness. Beneath open ocean ridges, increased water leads to a deeper melting regime populated by a large quantity
of low-degree melts at depth. This leads to greater crustal thickness and a lower mean extent of melting. This effect is

the opposite of what is observed in back-arc basins.

studies of water solubility in nominally anhydrous miner-
als [Bell and Rossman, 1992] and mineral/melt experi-
ments [Aubaud et al., 2004]. During melting, the maximum
enrichment of an element is 1/D, and therefore water con-
tents of melts cannot be more than 100 times enriched
relative to the source region. This limits the amount of
water in the melt and precludes water saturation for most
mantle compositions, as also inferred from solubility stud-
ies by Hirth and Kohlsted [1996]. For example, melt at 20
kb requires some 20% water to be saturated [Dixon et al.,
1995; Mysen and Wheeler, 2000; Katz et al., 2003], which
would not occur for source water contents of less than 2000
ppm, a very high level relative to the 116 ppm of depleted
mantle [Salters and Stracke, 2004].

The finite D of water in nominally anhydrous phases
has profound consequences for the effects of water beneath
ocean ridges far from convergent margins. As long as the
concentration of water is low enough that liquids are not
water-saturated, increased water leads to deeper pressures
of intersection of the solidus as mantle ascends beneath
an ocean ridge [Hirth and Kohlstedt, 1996; Asimow and
Langmuir, 2003]. For example, 100 ppm water in the source
(1% water in the liquid) would lower solidus temperature by
about 75°C, while 500 ppm water would lower temperature
by 130°C. The effect of water on the solidus beneath a nor-
mal ocean ridge is illustrated in Figure 2.

Between the depth of initiation of melting and the dry
solidus, the productivity of melting remains low (e.g., Plank
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Figure 3. (a) Dy/Yb vs. Hg , for individual samples from the
Mariana Trough and the Mid-Atlantic Ridge (MAR; 33°N—40.5°N)
influenced by the Azores hotspot (MAR-Azores); H , is water
contents corrected to a value of 8 wt.% MgO. (b) Tig , vs. Hg , for
MAR 33°N-40.5°N samples and individual samples from the Mari-
ana basin. Enrichment in H,O on mid-oceanic ridge is correlated
with the Dy/YDb ratio, caused by increasing contribution of melt
from the garnet peridotite stability field (deep low-degree hydrous
melting regime [4simow and Langmuir, 2003]). H,O and TiO, are
incompatible elements, yet both show orthogonal trends between
MAR-Azores and Mariana Trough samples. The water-rich source
leads to high Ti; , in MORBs but is associated with low Tig , for
the Mariana back-arc samples.

and Langmuir [1992] and references therein). The size
of this region increases as water increases in the source,
and the volume of mantle undergoing low degree melting
increases as water content increases. The increased volume
of low degree melt leads to a lower average degree of melt-
ing for the entire melting regime for high water contents
relative to dry conditions.
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These effects then lead to very different results than
would be inferred from the earlier assumptions of a water-
saturated solidus, of no effect of water contents on the
pressure of intersection of the solidus, and of greater
extents of melting for higher water contents. Instead,
for a normal melting regime beneath an ocean ridge, the
pressure of intersection of the solidus depends on water
content, and the average extent of melting decreases with
increasing water, even as the total volume of melt pro-
duced and maximum extent of melting at the top of the
melting regime increase.

Another melting parameter that is critically dependent
on pressure of melting is the “garnet signature.” Garnet is
a high-pressure mantle phase, and the increased pressure
of melting associated with increased water contents are
reflected in an increased garnet influence. Because garnet
retains the heavy rare earth elements (HREE), the garnet
effect is most clearly represented by either the Dy/Yb or
Lu/Hf ratio.

Asimow and Langmuir [2003] illustrated these vari-
ous effects for normal ocean ridges around the Azores
platform, where water contents increase progressively
as the Azores are approached (Figure 3). Water contents
correlate positively with Ti contents and there are substan-
tial changes in Dy/Yb (and Lu/Hf) with increased water.
These characteristics are present around the Galapagos
hot spot as well [4simow and Langmuir, 2003; Cushman
et al., 2004]. Cushman et al. [2004] raise the additional
possibility that increased water can lower the viscosity
sufficiently that there is active mantle flow in the deep,
hydrous part of the melting regime, leading to further
augmentation of these effects.

The highest water contents along open ocean ridges
occur for ridge segments that are influenced by hot spots,
such as the mid-Atlantic Ridge near the Azores [Schilling,
1975; Asimow et al., 2004] and the central portions of the
Galapagos spreading center [Schilling et al., 1982; Cushman
et al.,2004], and it is in these large regions that these effects
of water on ridges have been well documented.

1.2. Importance of Water at Back-Arc Basins

Stolper and Newman [1994], in an influential study of basalts
from the Mariana back-arc basin, showed a negative correla-
tion between TiO, and H,O (see Figure 3b), from which they
inferred a positive correlation between source water content
C g] *? and extent of melting (F) (Figure 4)—the opposite of what
has more recently been found on open ocean ridges [Asimow
and Langmuir, 2003; Cushman et al., 2004; Kelley et al., in
press]. The contrasting behavior of water extends to the “gar-
net influence” as well. As apparent in Figure 3a, there is no
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Figure 4. Calculated water contents in the source vs. melt frac-
tion for the Mariana back-arc basin [Stolper and Newman, 1994]
compared with the MELTS calculation of isobaric and isothermal
melting at 1250°C, 1300°C, 1350°C, and 1375°C. Note the substan-
tial change in slope with increasing temperature in the MELTS
calculations. This figure has been modified from Figure 7 of
Hirschmann et al. [1999].

increased Dy/Yb ratio with increasing water in the back-arc
environment. Since Ti reflects extent of melting, and Dy/Yb
reflects the presence of garnet, which is a proxy for the depth of
melting, in back-arc basins water appears to increase the extent
of melting while having no effect on the depths of melting.
Stolper and Newman [1994] also made use of a spectrum of
trace elements in Mariana basalts to estimate the composition
of the hydrous component added in this region. While their
calculation is model dependent and determines element ratios
rather than absolute amounts, the general characteristics are
robust and can be compared with the open ocean hydrous
component, or “ocean island basalt (OIB) component”, as
determined for the Azores [Asimow et al.,2004]. The relative
compositions of these components are presented in Figure
5. Ratios of water to all other elements are elevated in the
Mariana component, and there is relative depletion in Ta (and
presumably Nb, which was not determined by Stolper and
Newman [1994]). Because Stolper and Newman [1994] treat
TiO, as absent from their fluid, the ratio of Ti in the two fluids
would be zero, which cannot be shown in the log diagram. In
contrast, the OIB-component is an enriching agent for TiO,.
As we discuss below, it is also possible to have the “OIB
component” of water and trace element enrichment pres-
ent in back-arc basins, and indeed, Pearce et al. [2005,
and this volume] have noted the presence of such a com-
ponent in several back-arc basins (for data sources, see the
Appendix), and an OIB-like component has been recognized
by Danyushevsky et al. [1993] and in all papers written on
the Scotia basin [Leat et al., 2000; Fretzdorff et al., 2002],
and in the Manus Basin [Sinton et al., 2003]. The presence
of two distinct water-rich components with contrasting trace
element characteristics is one of the challenges to be faced in
understanding the role of water in the back-arc setting.
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Figure 5. Comparison of the compositions of the hydrous “ocean
island basalt (OIB) component” as determined for the Azores
[Asimow et al., 2004] and the hydrous “back-arc component”
estimated for the Mariana Trough [Stolper and Newman, 1994].
Both components are normalized to Zr for comparison purposes.
The differences between end member arc and OIB components are
probably greater than evident from this figure, because Mariana
data contain OIB and arc contributions (see discussion in text, and
Pearce and Stern, this volume).

1.3. Testing Hypotheses for the Origin of Back-Arc Basin
Basalt Systematics

A central motivation behind this paper is to understand
this marked contrast in the apparent influence of water on
melting in back-arc basins and along open ocean ridges in
the vicinity of hot spots, and to understand the relative roles
of the two distinct hydrous components. Both back-arc and
hot spot sources are enriched in water relative to depleted
mantle, and the predominant effect on melting in the two
environments appears not only to differ, but to be opposite
in sign. This contrast is a profound and fundamental differ-
ence between the two tectonic settings, and needs to be well
understood in order to obtain a qualitative and quantitative
understanding of the differences between two of the major
igneous domains of our planet.

The current hypothesis for the origin of the back-arc basin
systematics stems from the treatment of Stolper and Newman
[1994], who were able to successfully account for the data by
having different extents of melting of a source with homo-
geneous TiO, contents. The observed negative correlation
between TiO, and H,O in the samples (Figure 3b) could
then be used to estimate the amount of melting associated
with increased water. The melting effects were summarized
in a plot of F (the extent of melting) vs. Cé{ 29 and favorably
compared to isobaric, isothermal models of melting with
progressively increasing water contents (see Figure 4).

A further aspect of this hypothesis is the suggestion that
the effects of water on melting of the mantle have a quasi-
linear relationship for a single temperature, and that the



slope of this relationship is temperature dependent, such
that the same amount of water leads to greater extents of
melting at higher temperatures than at lower temperatures
(see Figure 4). In this case, the slope of a data array of F vs.
CJ19, dF ] dC;'*°, gives temperature information about the
mantle source. Such a result could have wide applicability
to determination of the temperature structure of the mantle
wedge. These aspects are derived from and supported by
MELTS modeling [Hirschmann et al., 1999], experimental
data [Hirose and Kushiro, 1993; Gaetani and Grove, 2003]
and observations [Kelley et al., in press].

An important and puzzling feature of this hypothesis is
that the comparison to MELTS and experiments has been
based on isobaric, isothermal data and calculations, even
though melt generation beneath spreading centers is under-
stood to be a polybaric process. A first question, then, is
whether such a polybaric process can effectively give rise to
melt properties that are indistinguishable from the isobaric,
isothermal model. Or, perhaps the melt generation process
at back-arc basin spreading centers differs fundamentally
from that at open ocean ridges. For example, diapiric uprise
with complete melt retention would lead to results that were
not distinguishable from an isothermal, isobaric model.

There is also an alternative hypothesis, explored in this
paper, that the linear arrays of TiO, vs. H,O shown for
the Marianas by Stolper and Newman [1994] and for other
back-arc basins by Taylor and Martinez [2003], Kelley et
al. [in press], and this paper, are mixing arrays between
more and less hydrous melts, rather than a continuous
series of melts generated by progressively increasing
amounts of water in the source. The similarity of the dri-
est back-arc magmas to mid-ocean ridge basalts from the
open ocean suggests to us as well as to Kelley et al. [in
press] the same polybaric, fractional melting process that
successfully accounts for these data globally. This sug-
gests an important role for a normal ocean ridge melting
regime, with the modification that the underlying slab
thermal structure may influence the deepest portions of
the melting regime in some cases. Mixing of these melts
with a hydrous, subduction-influenced melt could then
give rise to the back-arc arrays.

To explore this diversity of issues requires that we address
a broad range of subjects. These include:

(1) the role of source heterogeneity in creating back-arc

basin systematics;

(2) whether isobaric, isothermal melting produces linear
arrays on plots of TiO, vs. H,O;

(3) the effect of temperature on wet melting parameters
such as the change in extent of melting with increased
water contents, dF / dCé{ 20 in compositions appro-

priate to the upper mantle;
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(4) the apparent pressure requirements of the hydrous
melt;

(5) the placement of back-arc data into the geodynamic
context of mantle flow and upwelling beneath back-
arc spreading centers.

These issues can all be furthered by careful comparison of

the back-arc data to quantitative melting models.

2. ANATOMY OF THE EXTENT OF MELTING
VS. WATER IN THE SOURCE DIAGRAM

Much of the recent discussion of back-arc data and its
comparison to experimental and modeling results has made
use of the extent of melting vs. water in the source diagram
(Figure 4). The change in extent of melting with water con-
tent cannot be directly determined from geochemical data,
because F and Céq 29 are not parameters that can be mea-
sured. This diagram, therefore, is calculated from the data
using assumptions about element partitioning and mantle
source. It is useful to understand better how the real data
are transformed to the calculated F vs. C(f[ 29 diagram, and
the extent to which model-dependent assumptions influ-
ence the transformation. This understanding then can help
to guide data presentation and interpretation.

2.1. Algebraic Transformation From the Data to the ano
vs. F Diagram

The extent of melting, F, is determined from the elements
that are presumed to be conservative and are not added
to the source along with water. The high-field-strength
elements (HFSE) Ti, Zr Y, Hf, and Nb are believed to be
insoluble in fluids (e.g., Pearce and Parkinson [1993]) and
therefore reflect the initial source composition and extent of
melting. If the partition coefficients and source concentra-
tions are known for these elements, F can be determined
from a melting equation. In the simplest case, this is the
batch melting equation:

G

=0 *-F)1h) M

G

where C, and C, are the concentrations in the source and the
liquid, and D is the partition coefficient, C/C,. Then, for any
parental magma, F can be calculated from

C, —D*(,

F=—"20 "L 2

For the incompatible elements such as H,O with very small
D, equation (2) can be simplified to:
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CH20

F= CH20 o CHZO

F*cf*? 3)
aslongas F>>D.C,; /129 is a measured quantity. The value of
F can be estimated from equation (2) by using the conserva-
tive elements for known D and C . For a highly incompatible
element, such as Nb or Ta, the equivalent of equation (3) can
be used to estimate F.

CNb
gres @
Substituting (4) into (3),
Cl20 = CH20 %20 Gy (5)

cY

In principle, any one of the conservative elements could
be used to calculate F and Cé”o using equations (2) and
(3). These simple relationships then show that for low-D
elements the F vs. Cé”O diagram is A/X vs. A*Y/X, where
the constant A is the assumed source concentration of the
conservative element, and X and Y are the concentrations
of the conservative element and of H,O, respectively, in
the liquid.

Stolper and Newman [1994] showed that the Marianas data
have a linear negative correlation between C, and c/ 20, and
other back-arc basins have a rough negatlve correlation as
well [Taylor and Martinez, 2003; Kelley et al., in press]:

CHZO m* CITI'OZ +b (6)

Combining (6) with (5) for TiO, gives:
H20 Ti02 G
Co " =(m*C;"""+b)*—— oz @)

The axes of the F vs. Cy 2 diagram then become

TiO2 TiO2
C ; C
0 % TiO2 k __Y 0
and m CO +b
C/TIOZ CTIOZ >

the CT’O2 on both axes being accompanied by different
arrangements of constants.

Provided the linear relationship between C T’Ozand /120

holds for a given back-arc basin, then there is simple trans-
formation from the CT’02 Vs. CH20 to the F vs. CH20 dia-

gram with the model-dependent assumption of C 02 The

CT’O2 Vs. CIH o diagram, which plots the real data, thus has

the same information as the CH20 vs. F plot, absent the
assumption of source.

For TiO,, D may not be low enough to be neglected. Then
the combination of the equations (2), (3), and (6) lead to an
expression for the water content in the source as
1i02 _ [yTio2 C,T’m

C
CH20 —( *CT102+b)* - - (8)
i02 i02 i02
CT — plioz = CIT

o .
diagram can be shown to be:
crio2

H2
The slope on the F vs. Co

(dF 1dCf*%) = 9)

b * COTIOZ * DTl02 * CT!OZ % CT!02

Note that when D is small, dF / dCy'*° = 1/b, that is, the
inverse of the intercept of the water axis on the C; Tio2
C,HZO diagram; for a consistent set of data this 1ntercept
should be the same for all incompatible conservative ele-
ments plotted with respect to C,H 20 This is a useful rule of
thumb and simple visual hypothesis test.

For the dry system where CH20 =0 in the source, then

clior = _ b and the extent of melting F,, s
m
% CTIOZ )
m ; _ plio2 00
Fay = (I_DTiOZ)

where m and b are the slope and intercept from the C; Jio2
Vs. CI 120 dlagram The only variable in equations (9) and
(10) is C, . Values for Ds and source concentrations are

estimated quantities.

Figure 6 shows how dF' / dC, 29 and the F-intercept (Fary)
vary with changes in D102 and CJ92 for m and b from the
Mariana data set. It shows how dF / dC, 1120 is sensitive to the

values of DT0? and can increase by 30% over the range of
Ds from various experimental data (0.01 — 0.1). For constant

DTio2 dF /dci?
tration. The F-intercept is also dependent on both source and
D92 Note in Figure 6b that when D is not equal to zero,

© varies by up to 20% with source concen-

the C, 120 \s. F diagram is not a linear transformation of the
Cl" = /"9 data. The curvature is minor, however, for the
concentration ranges observed in back-arc basins, and within
the error of the analytical data the nonlinearity would not
be resolved.

The point of this algebraic exercise is to emphasize the

derivative nature of the F vs. Cj'*° diagram, and that the
real information behind this diagram is contained in the
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Figure 6. Effects of variations in source concentration and parti-
tion coefficient on the transformation from TiO, vs. H,O plots to
the F-source water content diagram. Both F and the calculated
productivity are influenced by the D that is assumed for TiO,. The
calculated melt fraction is very sensitive to the assumed source
content for TiO,.

C,m)2 Vs. CZH 20 diagram. For any incompatible element X

that is not carried in the fluid, the slope on the F vs. Cg’zo

C[HZO

diagram, provided D /Cy is small. When DX is small,
the F-intercept on the F vs. Cono diagram is the ratio of
slope and intercept on the C,X VvS. C,H20 diagram times

diagram is simply the H,O intercept on the C,X Vs.

the assumed source concentration of X. The importance
of this discussion is that all the information we need to
investigate the melting systematics can come from plots
of the real data (corrected for differentiation), avoiding
some of the pitfalls in the transformation from C,Tioz Vs.

H20 H20
C ciro.

to F vs. €,
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CTzOZ Vs, CHZO

2.2. Tests of the Melting Hypothesis for C, |

and F vs. Cé{zo Diagrams

The unstated assumption in this entire approach is that the
correlations between TiO, and H,O are produced by different
extents of melting of a common source, caused by changes
in source water content. This is not necessarily the case. It
is not evident a priori that addition of water to a source will
produce such a linear relationship. And, there could be dif-
ferences in the TiO, content of the source. For example, the
water-rich and water-poor end members could be produced
by the same extent of melting of sources that vary in TiO,.
Therefore we need to test the particular melting hypothesis
that lies at the root of the calculation and interpretation of
the F vs. Cg*° diagram.

Several tests are possible. The first question is, Does
hydrous melting produce linear arrays on the TiO,~H,0
diagram? Other tests can be applied when data from multi-
ple back-arc basins are considered. Both slope and intercept
on the F vs. Céf 20 diagram may be related to temperature
for simple melting models. The x-intercept Fdry is inter-
preted as the extent of melting that occurs in the absence
of water, which would increase with increasing mantle
temperature. The slope, dF'/ dCé{ 29 has been suggested to
be sensitive to temperature as discussed above. To be con-
sistent, the slope should increase as the intercept increases,
a conclusion reached by Kelley et al. [in press] And, since
the calculation of the Mariana source component assumes
a common background source for all elements, all plots
of incompatible conservative elements vs. water should
form linear arrays with the same water intercept for each
back-arc basin.

Armed with understanding, tests, and questions, we now
turn to the data.

3. GENERAL CHARACTERISTICS OF BACK-ARC
BASIN BASALTS

Back-arc basin ridges extend over 3000 km of ridge length
and encompass a substantial fraction of the global range
of depth and spreading rate. Basalts from back-arc basins
(BABB) have long been recognized to differ in subtle char-
acteristics from basalts from open ocean ridges. Sinfon and
Fryer [1987] identified the generally low FeO and high Al,0,
contents of BABB, based on data from the Mariana back-arc
basin, and suggested the important contributing role of water.
Gill [1976], in an early study of the Lau Basin, predicted
high water contents for BABB, which was subsequently
confirmed [Garcia et al., 1979; Muenow et al., 1980]. Many
others have identified key aspects of BABB (e.g., Wood et al.
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[1982]; Frenzel et al. [1990]; Hawkins et al. [1990]; Volpe et
al. [1990]; Martinez and Taylor [2003]). Klein and Langmuir
[1987] confirmed the low FeO contents of BABB, noting that
although back-arc basins plot on the global correlations of
Nag , (Na,O corrected for differentiation to 8 wt.% MgO)
and axial depth for global ridges, they have low FeO contents
for a given Na content.

With the larger data set that is now available, it is possible
to present large numbers of BABB from around the world
and investigate for a large range of elements the differ-
ences between these sources and normal ridges. Figure 7
shows maps for the four major back-arc basins investigated
in this paper. For more details concerning each basin and
the available data sets, see the Appendix. Figure 8 presents

1480E 150°E 1520E 180°W 1750W
& North Bismarck Q\%'—'"/l/@h/ .
, Plate 4 | 1505
305 - -
1 South Bismarck —~ I
Plate
A ™
50 | o i - 2005
& o 4 ) 8 A
% New Britain )
1Papua : i Australian
Ne Plate
|Guinea
70S T T T T T T 250S
250N N | N | L P S SR NN T SR SR EN S S S S N S SR T
| g Pacific L _\/Quth American Plate
1 I _ Som 5505
1 3 Georgia
Is. Ei'
1 i @®_ JE2
200N | o - ] B3k, 22
T AO@" B E5
] . al i {1 Scotia ® |
|Philippine Sea 25 9 | Plate E7|
Plate ats 18 | 1
N k
150N | D N S E9 - 6005
| -p oy 1 Antartic Plate i
- 0 d)
10°N ———— — -
1400°E 1450E 150°E 400w 350W 300W 250W 200W

Figure 7. Back-arc basin structural maps (after Taylor and Martinez [2003]). Thick lines are spreading centers; dashed
lines are rifts; thin lines are transform faults; open triangles are arc volcanoes; lines with filled triangles are trenches.
(a) Manus basin: ETZ, extensional transform fault; MSC, Manus spreading center; SR, Southern Rift; ER, Eastern Rift;
WT, Weitin Transform; DT, Djaul Transform. (b) Lau Basin: VFR, Valu Fa Ridge; ELSC, Eastern Lau spreading center;
ILSC, Intermediate Lau spreading center; CLSC, Central Lau spreading center; MTJ, Mangatolu triple junction. (c)
Mariana Trough: VTZ, Volcano Tectonic Zone. (d) East Scotia basin: E1 through E9, segment numbering [Fretzdorff et
al., 2002]. Shaded areas are locations of the cross-sections of the distribution of the earthquakes shown in Figure 46.



the distribution of chemical compositions of BABB and
compares them with basalts from open ocean ridges and the
Mariana arc. The BABB have slightly higher SiO,, higher
Al,O,, and lower FeO and TiO,. These latter characteristics
are particularly significant because BABB also have slightly
lower average MgO, and FeO and TiO, increase and Al,O,
decreases with decreasing MgO. Therefore BABB have a dis-
tinctive major element signature, a characteristic that should
be useful to classify the tectonic environment of ophiolites
and other ancient rock suites of uncertain provenance.

To fully investigate the petrogenesis of back-arc basins, an
understanding of the systematics of the data and the specifics
of the tectonic settings for the different back-arc basins is
necessary. In the following sections we explain our approach
to correct for shallow level fractionation in this setting, and
present and discuss the data from the four major back-arc
basins, all of which at this point have significant, albeit still
incomplete data sets on numerous samples.

4. DATA TREATMENT

To approach the processes occurring during melting and
melt transport in the mantle, it is necessary first to adequately
correct for the effects of low-pressure fractionation. For
back-arc basins these corrections are particularly important
and problematic. Previous work on back-arc basins has also
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made attempts to back-correct to more primitive composi-
tions. Stolper and Newman [1994] adjusted compositions
back to equilibrium with Fo,, by adding olivine. Kelley et
al. [in press], in the revised version of their paper, first cor-
rect to 8 wt.% MgO, using the constant slope expressions
from Klein and Langmuir [1987] (Feg ,, Nag ) and Taylor
and Martinez [2003] (Tig , Hy ), then correct to MgO of 8.5
wt.% for olivine and plagioclase fractionation, and finally
correct the data to a primitive composition by adding olivine
until the liquid is in equilibrium with Fo,,. Neither of these
methods takes into account the important effect of water on
the liquid line of descent.

Water suppresses the appearance of plagioclase rela-
tive to ferro-magnesian phases (see Green and Ringwood
[1967]; Sinton and Fryer [1987]; Sisson and Grove [1993];
Danyushevsky [2001]). Asimow and Langmuir [2003]
showed through quantitative liquid line of descent calcula-
tions that plagioclase suppression leads to artificially low
Feg , and Tig , and high AL O,. This effect is important in
the interpretation of back-arc data for two reasons. First, as
pointed out above, low FeO and TiO, and high Al,O, are the
characteristic signature of BABB. Is this a characteristic of
parental magmas, or a consequence of hydrous fractionation?
Second, Stolper and Newman [1994] evaluated hydrous
melting using the negative correlation between TiO, and
H,O. Are the low TiO, contents characteristics of parental

0 05 1 15 2 25 3

15

Figure 8. Distribution of the chemical composition for global MORB and BABB data set (from www.petdb.org) com-
pared with the Mariana arc (data from GEOROC: http://www.mpch-mainz.gwdg.de/georoc/). These are raw data from

glass and whole rock.
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magmas, or artifacts of fractionation correction that does not
take water into account?

These questions can be evaluated confidently only by
fractionation correction that takes into account the effects
of water.

4.1. Data Compilation

Our compilation includes about 850 BABB samples with
geochemical and petrological analyses available on the
online Petdb database (www.petdb.org). Most of the analy-
ses come from the papers cited in the Appendix. Additional
unpublished water analyses were provided by S. Newman
(East Scotia). To obtain the most reliable and coherent
BABB dataset, analyses performed on fresh glassy mate-
rial were used when available. When there were no glass
data, whole rock data were used. Only H,O data collected
on glasses were used.

To compare data from such a diversity of sources requires
attention to problems of interlaboratory bias. Different
laboratories use different analytical methods and different
standards, which often leads to significant and systematic
analytical offset [Langmuir et al., 1992; Su, 2002; Bezos
and Humler, 2005]. More than 90% of the major element
data compiled in this study comes from the following labo-
ratories: the Smithsonian Institution of Washington, elec-
tron microprobe (EMP) analyses performed by William
Melson to produce the “Smithsonian Volcanic glass file”;
The University of Hawaii, x-ray florescence (XRF) and
electron microprobe (EMP) [Sinton and Fryer, 1987,
Sinton et al., 2003]; The University of Tasmania, EMP
data [Danyushevsky et al., 1993], and The University of
Newcastle-Upon-Tyne, atomic absorption spectrometry
[Pearce et al., 1995]. The corrections factors determined
by Su [2002] between these laboratories and the Lamont
Doherty Laboratory EMP have been used to correct each
individual major element analyses (Table 1). EMP Data
from Fretzdorff et al. [2002] on East Scotia basin basalts

did not need corrections since they were collected using
the Lamont Doherty EMP glass standard JDF-D2. Previous
studies [Stolper and Newman, 1994; Taylor and Martinez,
2003; Kelley et al., in press] did not take interlaboratory
differences into account.

4.2. Data Selection

Because the aim is to investigate mantle sources and
processes, not all data that are available are suitable.
Almost all major element analyses come from glasses, but
whole-rock trace elements were included. We excluded a
few whole rocks with clear evidence of phenocryst accu-
mulation and did not use data for samples with less than
5.5 wt.% MgO. For comparison, Taylor and Martinez
[2003] used samples with MgO between 6.0 and 8.5 wt.%
(in some instances down to 5 wt.% for shallow ridges) and
Kelley et al. [in press] used MgO > 7 wt.% for all basins
except the Manus Basin, where they used samples with
MgO > 6.25 wt.%.

Magmatic degassing occurs when the combined abun-
dances of all volatiles in the melt exceed their solubility
in the melt defined at a given temperature and pressure
[Dixon et al., 1995]. This is best evaluated when both
CO, and H,0O data are available. Unfortunately, the pres-
ent compiled data set does not allow a systematic study
of the major volatile species to evaluate magmatic degas-
sing. Following Dixon et al. [2002], we have calculated
the saturation pressure curve at 1150°C for H,O using
the Newman and Lowenstern [2002] VOLATILECALC
model (Figure 9) and evaluated the measured water con-
tent and the pressure of collection for each sample. All
samples that lie to the right of this curve are saturated
with respect to H,O, and their water data were excluded
from the dataset. VOLATILECALC calculations account
for the strong positive control of SiO, on molecular water
solubility. We use a curve for 49 wt.% SiO,, which is
lower than almost all BABB data. Higher silica contents

TABLE 1. Correction factors determined from the global PetDB data base by Su [2002] on the basis of the same samples

analyzed in different laboratories.

Method Institution Sio, TiO, ALO;  FeOt MgO  CaO Na,O
EMP SMITHSONIAN 0.991 0.960  1.010 0975  1.080  1.000 1.000
EMP UNIV. OF HAWAII 0.989 0967  1.015 0963 1.089 1.015 1.015
EMP UNIV. OF TASMANIA 0.983 1.000  1.002 1.022  1.075 0998 1.048
XRF UNIV. OF HAWAII 0.987 0.964  1.003 1.017 1.045  1.010 1.045
AAS UNIV. NEWCASTLE-UPON-TYNE 0.988 0.964  0.998 1.023  1.033 1.014  1.025

Data from each laboratory is multiplied by the correction factor to become consistent with Lamont and Harvard data normalized to probe

standards JDFD2 or VE32.



LANGMUIR ET AL. 99

600
Solubility of H,O in basalt (SiO, = 49wt.%)
500
o [ J .:
® [ ] FEK ... [ ]
O e
~ 400 | (X o ) ®
E <><}% W * [ J .0 ° PY
H o o * o
~ «><>> ° 4 ke e [ ]
® 300 | ° oo S
2 08 uoq © @, 0
7] oS n gl- o n o
g %} Om® o ©°°g ©
Q. 200
- — H20 sat, 1150°¢c
o
H20 under-saturated ® Manus
100 | ® Mariana Trough
<& East Scotia
H20 saturated o Lau South + MTJ
0
0.0 0.6 1.3 1.9 2.6 3.2

Wt.% H,O0 dissolved in melt

Figure 9. H,O content vs. pressures of recovery for glass samples. Solid line: H,O-saturated line for basaltic melts (after
Newman and Lowenstern [2002]). All samples lying below the curve were supersaturated with gas at the depth where
they were recovered, and hence were excluded from the data set due to H,O-saturation.

lead to higher solubility, so the use of 49 wt.% SiO, is
conservative. Kelley et al. [in press] use a similar screen
for their data set.

4.3. Correction for Hydrous Fractionation

To approach the processes occurring during melting and
melt transport in the mantle, it is necessary first to adequately
correct for the effect of low-pressure fractionation. The data
normalization to 8 wt.% MgO, using the constant slopes
from Klein and Langmuir [1987], is problematic for FeO and
TiO, in back-arc basins because water has a marked effect
on the relative appearance of solidifying phases (e.g., Sisson
and Grove [1993]; Danyushevsky [2001]). Indeed, the sup-
pression of plagioclase crystallization relative to olivine and
clinopyroxene in the presence of water, leads, for a given MgO
content, to higher Al,O; and lower TiO, and FeO content
compared with anhydrous crystallization. This has been well
known from previous work (e.g., Michael and Chase [1987];
Sinton and Fryer [1987]; Danyushevsky [2001]; Asimow and
Langmuir [2003]). Hydrous BABB data, therefore, need a
correction procedure that takes into account the effects of wet
differentiation, a distinguishing aspect of our approach to this
problem compared to previous work [Stolper and Newman,
1994; Taylor and Martinez, 2003; Kelley et al., in press].

As pointed out by Asimow and Langmuir [2003], if the
effects of water on fractionation are not taken into account,
calculated values of Feg , and Tig , are far too low. Figure 10
illustrates this effect, using calculations from our hydrous
fractionation program. As shown in Figure 10a, 1 wt.%
H,O in the primitive liquid can delay the appearance of
plagioclase by 1 wt.% MgO. If this delay in plagioclase
appearance relative to olivine is not taken into account,
the calculated Feg  content of a sample with 6 wt.% MgO
and 1.0 wt.% H,O can lead to Feg , that is lower than the
true value by 1.5 wt.% (Figure 10b). This is a minimum
effect. If a constant slope correction were used, the dif-
ferences would be 2.5% change in Feg . The effect also
applies to Tig , and incompatible elements and generates
significant errors compared to the compositional range
observed in back-arc basin. This can lead to spurious con-
clusions concerning pressures and extents of melting or the
Fe/Mg ratio and TiO, contents of the mantle source. In this
paper, Feg ; and Tig , values are corrected by specifically
taking into account the effects of water on the liquid line
of descent (LLD) and therefore should be much closer to
actual parental values.

Fractionation correction for hydrous samples is an imper-
fect art, in part because for most samples water contents are
not available. Our approach to fractionation correction takes
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into account both the slope variations with melt composi-
tion and the MgO at which plagioclase starts to crystallize.
For this purpose, olivine, plagioclase, and clinopyroxene
partition coefficients have been calibrated with a recent
compilation of anhydrous and hydrous experiments rang-
ing from MORB to BABB-like compositions This new set
of partition coefficients is used in combination with the
mineral-melt equilibrium model of Weaver and Langmuir
[1990] to generate theoretical LLDs for BABB compositions
with an updated version of the BASALT code, “hBasalt”
[Bezos et al., in prep.]. For each basin, the data set has been
separated into individual spreading segments, with each
segment treated as an independent magmatic system. The
theoretical LLDs calculated for the most primitive samples of
each segment (using the measured water content) can then be
compared to the overall data array to check for consistency
and potential variations in parental magma compositions.
For most segments, the calculated LLD tracks the trends
of the segment data (see examples in Figure 11). For these
segments, samples that lie along the LLDs can be related to
a common parental liquid and collapse to a fairly homoge-
neous set of corrected compositions. if corrected with their
appropriate computed LLD slopes.

In addition to determining the slope, we also needed
to estimate the MgO value for the onset of plagioclase
crystallization. For dry MORB compositions, Klein and
Langmuir [1987] and Langmuir et al. [1992] proposed a
value of 8.5 wt.% MgO, which is typical of dry liquid lines
of descent. For wet BABB compositions, we have calcu-
lated the saturation state of all primitive compositions to
give bounds for this MgO value (called MgOplag ). If no
water analyses were available on a primitive composition,
we first determined the dry saturation state to get an upper
limit for the MgO g in> then artificially added water to
the sample (according to the water content of samples
with similar composition, based on TiO,, FeO, and K,0)
to get the lower bound for MgOplag .- When possible,
this value of MgOplag ., was compared with the MgOplalg
., that can be estimated from the Eu*/Eu-MgO variation
diagrams. Since divalent Eu has a relatively high parti-
tion coefficient in plagioclase relative to its neighboring
REE (e.g., Sm and Gd) ongoing plagioclase crystalliza-
tion will lead to increasing negative Eu anomalies in the
REE pattern (defined as Eu*/Eu) with decreasing MgO.
However, to be able to estimate plagioclase onset within
1 wt. % MgO, this method requires the use of high-pre-
cision inductively coupled plasma mass spectroscopy
(ICP-MS) data acquired on pristine glass material, which
is often lacking. Estimated MgOplag_ ., values range from
7 wt.% MgO from the most water-rich magmatic suite up
to 8.5 wt.% MgO for the driest suites. The fractionation
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Figure 10. Examples of errors associated with fractionation correc-
tion for hydrous samples. (a) FeOt vs. MgO diagram. Star: sample
SONO048-G042 (CLSC, Lau basin) with theoretical liquid lines of
descent (LLD) from hBasalt code and water content of 0.2 wt.%,
0.5 wt.%, and 1.0wt. %. The kink in the LLD corresponds to the
onset of plagioclase crystallization. The plagioclase onset can be
delayed by more than 1.5 wt.% MgO between dry and 1 wt.% H,0
LLD. (b) Feg ; vs. MgO calculated for the LLD from (a). Feg , equa-
tion is from Taylor and Martinez [2003]. If not taken into account,
the delay in plagioclase appearance can lead to errors of 1.5 wt.%
on the calculated Feg .

slopes and MgO 1o in for each of the back-arc segments
are reported in Table 2. For corrections where MgO >
MgO g in> the olivine crystallization slopes were used.
For MgO < MgOplag .n» the ol-plag-cpx slopes were used,
since the three phase slopes are very similar to the slopes
of ol-plag for the elements under consideration.

To illustrate the difference that hydrous fractionation cor-
rections make on the calculation parameters, in Figure 12 we
compare our values with those calculated using the method
of Kelley et al. [in press] for Feg , Tig (, and Nag , for samples
with >1 wt.% water and MgO contents between 7 and 7.5
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Figure 11. FeOt and TiO, vs. MgO for selected segments from the Lau and East Scotia basins, with calculated liquid lines
of descent (LLD) from hBasalt. (a, b) Lau basin: square, Central Lau spreading center (CLSC); dots, Mangatolu triple
junction (MTJ); thin curve, hBasalt LLD for sample SONO048-G042 from the CLSC with P = 800 bars and measured
H,0 = 0.2 wt.%; bold curve, hBasalt LLD for sample MIR2218-008 from MTJ with P = 800 bars and measured H,O
= 1.31wt.% gray curve, hBasalt LLD for sample MIR2218-010 from MTJ with P = 800 bars and measured H,O =0.83
wt%. (c, d) Triangle, segment E2 from the East Scotia basin; light curve, hBasalt LLD for sample wx7 from the segment
E2 with P =800 bars and measured H,O = 2.0 wt.%. The fit of the LLD to the data validates the use of hBasalt slopes

to correct for low-pressure fractionation.

wt.%. Kelley et al.’s corrections do not take into account water
or variations in the slope of the LLD for different basins. This
results in substantially lower values of Feg , Ti; , and Nag ; for
their method. Of course, for low-water samples or those near
8 wt.% MgO, the differences would be smaller.

What is most important from this discussion is that even
with hydrous fractionation correction, which leads to sub-
stantially higher values of Tig , and Feg , than anhydrous
correction, hydrous back-arc basins samples have lower Fe
and Ti than open ocean ridges do. This is not a correction
artifact; rather, it is a characteristic of the parental magmas.
In fact, this conclusion is independent of fractionation cor-
rection because there are back-arc samples with 6—7 wt.%
MgO that have only 7 wt.% FeO and 0.6 wt.% TiO,, much

lower than normal MORB (see Table 3). Since fractionation
correction at such MgO contents causes the same or lower
Feg jand Tig , values compared to raw values, the conclusion
of low Fe and Ti for hydrous parental magmas is robust.

4.4. Correction to 8 wt.% MgO or Fo,,?

An issue that has arisen in the literature is the common
point at which fractionation-corrected compositions are
compared. Klein and Langmuir [1987] adopted 8 wt.% MgO
because it was close to primitive values and also intersected
the data arrays for most ridge segments. Therefore all seg-
ment averages would be pegged to data near 8 wt.% MgO that
required no correction. Langmuir et al. [1992] emphasized
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that data trends were independent of correction by showing
that samples with ~8 wt.% MgO, hence with no corrections,
showed the same systematics as corrected data. Stolper and
Newman [1994] added olvine back to equilibrium with Fo,,,
a procedure also adopted by Kelley et al. [in press], and took
these as primitive compositions. Such a procedure presumes

that all samples were derived from the same extent of melt-
ing of a homogeneous source, since both extent of melting
and source composition influence the forsterite content of
residual olivine, which may vary from Fog, to Fo,,.

While there has been much discussion of this topic, both
in the literature and informally, in the end it is immaterial,

Table 2. Slopes from regression of liquid line of descent data calculated by using basalt, and corresponding to the data from

multiple samples from each ridge segment.

Basin Segment Sample group ~ SiO, TiO,* FeO Na,0O  incompatible* MgO plag. in

Oliviine-plagioclase + clinopyroxene multisaturated slopes

MANUS BASIN
ER-SR-MSC-ETZ  TiO,<0.8wt.% -0.410 -0.087  -0.964 -0.216 -0.090 7.7
ER-SR-MSC-ETZ  TiO,>0.8wt.% -0.410 -0.102  -1.800 -0.216 -0.107 8.5

EAST SCOTIA BASIN
E6 & E7 all samples -0.410  -0.101 -1.628  -0.238 -0.110 8.0
El & E2 all samples -0.410 -0.072  -0.983 -0.199 -0.087 8.0
E8 & E9 TiO,<l.4wt.% -0.410 -0.072  -0983 -0.272 -0.087 8.0
E8 & E9 TiO,>1.4wt.% -0.410 -0.103  -1.146 -0.272 -0.113 8.0
E3-E4-ES K,0<04wt% -0.410 -0.103  -1.719 -0.436 -0.113 8.0
E3-E4-E5 K,0>04wt.% -0410 -0.077  -1.060 -0.436 -0.095 7.0

LAU BASIN
CLSC all samples -0.410 -0.100  -2.020 -0.244 -0.117 8.5
ILSC olivine saturated - - - - - 7.5
ELSC K,0<0.1wt% -0.410 -0.096 -1.709 -0.218 -0.108 8.5
ELSC K,0>0.1wt% -0.410 -0.085  -1.288 -0.218 -0.096 8.0
VFR all samples -0.410 -0.085  -1.107 -0.224 -0.096 7.0
MTJ all samples -0.410 -0.087  -1.301 -0.238 -0.098 7.5

MARIANA TROUGH
1 all samples -0.410 -0.078  -0.870 -0.246 -0.086 7.0
2 all samples -0.410 -0.078  -0.870 -0.246 -0.086 7.3
3 all samples -0.410 -0.088  -0.660 -0.167 -0.088 8.0
4 all samples -0.410 -0.085 -0.970 -0.172 -0.088 8.8
5 all samples -0.410  -0.055  -0.920 -0.338 -0.067 7.5
6 K,0/Ti0,>0.8 -0.410 -0.073  -0.740 -0.160 -0.076 7.5
6 K,0/Ti0,<0.8 -0.410 -0.078  -0.810 -0.297 -0.080 7.5

Pagan fracture zone all samples -0.410 -0.071  -0.630 -0.201 -0.072 7.5
8 all samples -0.410 -0.061  -0.990 -0.298 -0.071 7.5
10 all samples -0.410 -0.060  -0.840 -0.222 -0.069 7.3
11 K,0<0.4wt.% -0.410 -0.061  -0.660 -0.211 -0.070 7.3
11 K,0>04wt.% -0.410 -0.055 -0.660 -0.211 -0.061 7.3
12 all samples -0.410 -0.082  -1.000 -0.264 -0.092 7.7
13 all samples -0.410 -0.075 -0.860 -0.379 -0.076 7.5
14 K,0<02wt% -0.410 -0.105 -1.680 -0.379 -0.110 8.0
14 K,0>0.2wt.% -0.410 -0.075  -0.860 -0.379 -0.076 7.5
16 all samples -0.410 -0.083  -1.300 -0.326 -0.087 8.0
17 all samples -0.410 -0.083  -1.300 -0.326 -0.087 8.0
18 all samples -0.410 -0.070  -0.820 -0.203 -0.082 7.5
Olivine saturation slope
ALL BACK-ARC BASINS -0.2 -0.0144  0.122  -0.0144 -0.0144

Power law regressions were used for TiO, and other incompatible elements (i.e., H,0, K,0, and Nb and other trace elements), following

the equation for Ce from Langmuir et al. [1992]. Linear regressions were used for SiO,, FeOt, and Na,O0. MgO

Dlag. in is the estimated MgO

value for plagioclase saturation, below which multiple saturation slopes were used. Above this value, corrections were made for olivine

addition or subtraction. Samples with MgO < 5.5 wt.% were not used. Samples with 5.5 <MgO > MgO

lesser of 8 wt.% MgO or MgO
olivine saturation slope.

When MgO

plag. in” plag. in

plag, in Were first corrected to the

was less than 8 wt.%, samples were then corrected to 8 wt.% MgO by using the



as long as the data are compared with quantitative calcula-
tions of melting that are themselves corrected to the same
value. For example, if mantle melts have residual Fo,,, then
these melts would need to be fractionated to 8 wt.% MgO (or
to an equilibrium with Fo, ), to be compared with the data.
This procedure was adopted by Langmuir et al. [1992] and
is used in this paper. When we compare melting models to
“8.0” values, we do not claim that the values at 8 wt.% MgO
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Figure 12. Comparison of Feg , Tig ;, and Nag , calculated by
using the methods of this paper and that of Kelley et al. [in press]
for samples with >0.9% water and less than 7.5 wt.% MgO. Taking
hydrous fractionation into account leads to significantly higher
values for all parameters.
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are parental magmas. Instead, we fractionate mantle melts,
which are in equilibrium with various olivine compositions,
to 8 wt.% MgO to compare with the data. As long as this
is done rigorously, the point of comparison is a matter of
preference and is immaterial to results and interpretations.
One could even “correct” some samples to a constant Mg/Fe
ratio, others to 7 wt.% MgO and others to 9 wt.% MgO. As
long as the calculated mantle melts were fractionated to the
appropriate point for each comparison, the results would be
exactly the same. We prefer 8 wt.% MgO because it facili-
tates easy comparison with the existing MORB data, it is
a value that overlaps with the observations, and it does not
assume a constant mantle residue composition.

5. PRESENTATION OF DATA FROM THE FOUR
MAJOR BACK-ARC BASINS

The filters and fractionation correction discussed above
have the aim of accurate determination of parental magma
compositions, because the problems we wish to address relate
to mantle wedge composition and melting processes. Melting
processes and mantle temperature can be addressed by using
the major element parameters such as Na , and Feg , Source
variations in the mantle wedge that are relatively independent
of subduction contributions can be addressed by using HFSE,
Zr, Y, Nb, and Ti (e.g., Woodhead et al. [1993]; Pearce et al.,
[1995]; Woodhead et al. [1998]).

Aspects of the interpretation will be based on comparison
with basalt systematics from open ocean ridges. For these
ridges, relationships between chemical composition and
axial depth can be related quantitatively to variations in
mantle temperature [Klein and Langmuir, 1987; Langmuir
et al., 1992]; moreover, there are also well determined aver-
age compositions [Su, 2002]. A significant reference is the
average composition at 8 wt.% MgO of “normal” ridge seg-
ments that are far from hot spots and do not have enriched
trace element and isotope signatures. These basalts have
an average of 3 ppm Nb, 100 ppm Zr, 33.5 ppm Y, and 1.49
wt.% TiO,, and their Na, ; and Feg , values (2.74 and 9.78,
respectively) lie along “global correlations” that relate aver-
age segment compositions to one another and to the axial
depth and crustal thickness, for which average values are
2600 m and 6 km,. repectively [Su, 2002]. Back-arc basins
differ considerably from these relationships. Values for these
parameters in back-arc basins are given in Table 3.

In this paper we evaluate data from the four major
back-arc basins—Manus, Lau, Scotia, and Mariana. A
description of the structure of the basins and the data
sets available from each of them is presented in the
Appendix. For presentation in the figures, the sam-
ples from each basin have been divided into separate
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TABLE 3. Regional averages of ridge-arc distance, axial depth and parameters of lava chemistry for back-arc basins.

Segments  Arc Depth 1o N Sig lo Tig , lo Feg, lo Nag lo Ko lo
distance (m)
(km)
MANUS BASIN
ER 69 1900 430 4 52.13  1.66 0.39 0.03 6.99 0.91 1.98 0.32 0.42 0.22
SR 155 2500 220 3 50.60 0.4 0.67 0.13 8.83 0.51 2.10 0.07 0.21 0.06
MSC 237 2330 330 13 50.18  0.34 0.95 0.14 10.37  1.30 2.27 0.10 0.06 0.02
ETZ 227 2262 315 7 50.14  0.46 0.95 0.09 10.40  0.67 2.23 0.11 0.05 0.02
EAST SCOTIA BASIN
E2 164 3317 233 18 5212 0.81 1.02 0.16 6.87 0.48 2.53 0.24 0.31 0.13
E3 215 3374 164 7 51.04 093 1.25 0.10 7.57 0.61 2.69 0.30 0.17 0.09
E4 227 3551 318 3 51.55  1.27 1.17 0.18 6.35 1.07 2.56 0.35 0.46 0.28
E5 221 3900 103 6 50.69 0.74 1.26 0.18 7.71 0.79 3.03 0.36 0.12 0.01
E6 199 3600 209 6 50.44  0.65 1.45 0.17 8.40 0.65 2.94 0.12 0.17 0.14
E7 210 3638 93 4 50.75  0.35 1.51 0.19 8.65 0.53 3.01 0.21 0.17 0.05
ES8 145 3221 231 5 5121 1.67 0.90 0.43 7.52 1.12 2.34 0.81 0.12 0.01
E9 133 3900 291 8 50.88 0.43 1.13 0.22 7.46 0.64 3.06 0.37 0.26 0.07
LAU BASIN
CLSC 188 2293 66 24 4993 0.37 1.22 0.11 10.30  0.73 2.51 0.19 0.06 0.04
ELSC 82 2618 213 6 52.52  1.60 0.91 0.19 8.91 1.17 2.10 0.28 0.08 0.02
VFR 41 1866 196 2 51.25 0.79 8.91 1.95 0.18
MTJ 130 2281 130 17 5044  0.81 1.04 0.1 9.13 0.48 2.53 0.26 0.24 0.09
MARIANA TROUGH
1 116 4152 51.13 1.02 7.42 2.57 0.23
2 120 4268 4 5033  0.76 1.08 0.19 7.37 0.53 2.90 0.31 0.39 0.19
3-4 100 4556 8 50.90 091 1.21 0.22 7.98 0.87 3.07 0.32 0.29 0.09
5-6 96 4230 40 50.69  0.71 1.15 0.20 7.81 0.79 2.84 0.27 0.28 0.12
8-10 132 4079 7 49.66  0.83 1.16 0.19 8.15 0.70 2.88 0.37 0.28 0.04
11-12 130 3916 8 50.40 0.33 1.02 0.13 7.56 0.33 2.66 0.23 0.33 0.10
13 142 4369 2 50.03 1.28 8.16 3.10 0.29
14 131 4131 2 50.36 1.34 8.68 3.20 0.21
16-17 130 3887 4 50.28  0.09 1.21 0.12 8.37 0.28 2.83 0.12 0.12 0.02
18 95 3290 7 48.81 043 0.94 0.21 8.05 1.00 2.36 0.30 0.16 0.06
MORB (normal segments average)* 151  50.48  0.54 1.49 0.27 9.98 0.95 2.77 0.35 0.12 0.07

groups—ecither on the basis of tectonic location or on
the basis of the relative enrichment in incompatible ele-
ments that are not strongly influenced by the subduction
component. For the Manus Basin, samples are divided
between the northern and southern Manus spreading
center and the samples that come from rifts and the

extensional transform zone where spreading has not
been shown to occur. For the Lau Basin, we put the
Eastern Lau spreading center and Valu Fa ridges, which
are relatively continuous with no transform offset, into a
single group. The Intermediate Lau spreading center and
Central Lau spreading center are separated as individual
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TABLE 3. Regional averages of ridge-arc distance, axial depth and parameters of lava chemistry for back-arc basins (continued).

Hy, 16(N) Nb,, Ilo(N) Tag, Io(N) Zrg,

Ic(N) Hf,, Io(N) Yy, Io(N) Yby, Io(N)

MANUS BASIN
100 022(4) 059  (2) 25
123 (2) 0.58  0.04(3) 34
052 025(11) 099  0.18(14) 007 001(3) 53
040  027(5) 098  0.20(6) 50
EAST SCOTIA BASIN

105 037(15) 506  3.02(18) 031 0.19(17) 71
046  039(6) 273  0.62(7) 0.17 0.04(7) 76
L14 () 350 075(3) 023 0.053) 76
029  013(4) 215  0356) 0.5 003(6) 89
024  0.06(4) 233  046(5 015 003(5) 91
002  0.04(3) 258  036(4) 017 0024) 94
077  0983) 1.02  072(4) 008 0.05@4) 59
043 027(6) 3.65  153(7) 023 009(7) 75
LAU BASIN

024  0.05(16) 1.53 1279 007 001(3) 63

063 0315 062 (2 004 (2) 30
0.36

093  031(13) 244  0.88(14) 69

MARIANA TROUGH

158 (2) 241 (2) 017 (2 72

100 047(6) 461  197(7) 030 0.12(7) 96
113 034(11) 2.87  246(29) 0.7  0.03(12) 87
.09  0533) 397 (2 026 (2) 87
172 038(6) 334  136(7) 020 0.06(6) 66

033 () 327 () 021 () 100
195  0.884) 014 006(4) 90
L2 Q) 008 (2 63

MORB 305 2.0(112) - - 101

) 86 ()
7(3) 146 1.903)
8(15) 158 027(3) 230 3.6(15) 281 041Q3)
4(6) 212 2.4(6)

12(17) 179 029(17) 207 3.2(17) 197  0.31(17)
11(7) 227 027(7) 246 36(7) 260 0.2507)
18(3) 227 0373) 207 48(3) 235  0.50(3)
18(6) 239 036(6) 235 39(6)  2.56  0.40(4)
9(5) 277 023(5) 282 20(5) 315  0.26(5
26(4) 277 0.52(4) 276  6.0(4)  3.09 0.55(4)
32(4) 155 0794) 176  77(4) 190  0.78(4)
27(7) 200 0.63(7) 181 48(7) 193  0.50(7)

9(10) 169  0.123) 294 37(10) 272 0.34(8)
) 079 (2) 141 () 149 (2)

14(14) 166 0298) 270 59(14) 237  0.25(7)
) 190 (2) 262 (2) 242 (2)

22(7) 234 048(7) 290 42(7) 277 0.40(7)
1431) 220 0.11Q2) 276 4931 234  0.67(7)

) 191 () 252 (2) 245 (2)
12(7) 171 032(6) 233 23(7) 218  0.23(6)

v 250 (2) 314 (2) 2901 (2)
16(4) 225 037(4) 267 2.1(@) 256  0.20(4)
) 163 (2) 219 (2) 214 ()

28.3(121) 2.63  0.65(107) 335 6.8(128) 3.36  0.68(145)

These averages are based on all samples that pass the screens used in the text and therefore include both hydrous and less hydrous samples where both exist
within a segment. Accordingly, no segment average actually represents the dry and wet end members that reflect the end- member compositions of individual
samples. N: number of samples averaged within a segment. 1G: one standard deviation of the individual samples within each segment.

groups. The substantial amount of data from off-axis
seamounts are also distinguished, since these are not
from a spreading center. The Mangatolu triple junction
samples, which are a completely separate spreading cen-

ter system some 450 km to the northeast, are presented as
their own group. For the Scotia and Marianas basins, all
of the samples are from spreading centers, and therefore
a tectonic distinction is not necessary. For these basins
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we separate sample groups on the basis of their Nb/Zr or
Ta/Yb ratios. Samples with Nb/Zr > 0.06 are classified as
“highly enriched”, those with 0.045—0.06 are “enriched”,
0.03-0.045 is “normal”, and <0.03 is “depleted.” These
values compare with the value for normal MORB given
above of 0.03.

5.1. Evaluation of Source Heterogeneity in the Mantle Wedge

Early work on back-arc basins viewed the chemical varia-
tions as resulting from sources created by mixing of two
components: a background mantle component similar to
normal MORB, and a slab component that added water and
other incompatible elements (e.g., Hawkins and Melchior
[1985]; Stolper and Newman [1994]). While this was a
reasonable first-order approach, the abundance of new data
shows that multiple components are necessary to account
for back-arc data (e.g., Danyushevsky et al. [1993]; Sinton
et al. [2003]; Pearce et al. [2005]. Pearce and Stern (this
volume) summarize much trace element data from back-arc
basins and ascribe the variations to shallow and deep sub-
duction components, and to a variable background mantle
wedge composition ranging from depleted to enriched.

The diversity of source components is evident from any figure
of an incompatible element vs. H,O. Figure 13 plots K¢ , vs. Hg
for the various back-arc basins, and as pointed out originally by
Danyushevsky et al. [1993], there are very different apparent
K/H ratios among the mixing components. Indeed, most of
the back-arc basin data are quite scattered on these diagrams,
showing that a two-component model is insufficient.

The importance of source heterogeneity that is not related
to a subduction component can be investigated with the
HFSE, which show very large variations in back-arc basins.
The Lau and Manus Basins mostly have very low abun-
dances of the HFSE. The strong relative depletion of the
Manus Basin lavas (see Table 3) is evident from their mean
Nby , Zrg o, Tig , and Y , contents of 0.9 ppm, 46 ppm, 0.87
wt.%, and 20 ppm, respectively. These values are as much
as 70%-depleted relative to the average basalt from ocean
ridges far from hot spots.

The Scotia and Mariana basins have a much larger range
that extends to high values. Both Scotia and Mariana sample
compositions range from enriched samples with 10 ppm Nb
and Nb/Zr = 0.1 to highly depleted samples with less than
1 ppm Nb and Nb/Zr = 0.01-0.02. These are very large
source variations in terms of highly incompatible elements,
encompassing much of the range of MORB, including data
from ridges influenced by hot spots.

Mangatolu triple junction samples are intermediate in
terms of the HFSE. Nb, ranges from 1 to 4 ppm and for all
but one sample the Nb/Zr ratio is less than 0.05.

Figures 14 and 15 plot Nb/Zr vs. Nbg ; and Nbg  vs. Tig
for the various back-arc basins, along with a melting curve
for melting of the depleted MORB source of Salters and
Stracke [2004]. No suites of back-arc basin data plot along
melting curves from a homogeneous source, even for these
elements that are little influenced by subduction compo-
nents. Melting leads to large variations in Nb abundance,
small changes in the Nb/Zr ratio, and well-correlated varia-
tions in Tig , and Nbg ;, which is not in accord with the
observations. These simple calculations demonstrate that
the data require substantial heterogeneity in the background
mantle composition, even within individual basins.

The importance of this heterogeneity is also evident when
comparing H,O and Nb abundances. As pointed out above in
section 2, for simple melting models making use of a homoge-
neous source, all HFSE elements should show linear variations
with water and have similar intercepts of the water axis. Figure
16 shows that this is not the case for Nb data. None of the back-
arc basins have good correlations between Nbg , and Hg , and
for the Scotia samples, the poor correlation is positive and not
negative. Therefore, the data are clearly inconsistent with any
assumption of a homogeneous source, and slab components
calculated on that basis would not be valid.

This heterogeneity is also important for other elements that
are often attributed to a hydrous subduction component in
the back-arc environment. Figure 17 plots Ba/Nb vs. La/Sm
for the back-arc basins, along with a suite of open ocean
enriched MORB. The slab component observed in back-arcs
does not mobilize Nb, and hence has a very high Ba/Nb ratio
and only slightly elevated La/Sm. Enriched basalts far from
convergent margins, on the other hand, have a small range of
Ba/Nb and large increases in La/Sm. The diagram thus leads
to a clean separation of the two types of enrichment.

From the diagram it is evident that most of the southern
Lau and Manus samples have a relatively pure “arc compo-
nent”, while the Mangatolu triple junction, Mariana, and
Scotia samples all have an important source influence akin
to what is observed for enriched basalts from open ocean
ridges and from ocean islands. The large scatter on this
diagram also shows that mixing of two sources is not an
adequate model for most of these data sets.

The data thus demonstrate a large range of source com-
positions in elements that are not normally attributed to
subduction components. These variations range from com-
positions more depleted than normal ocean ridge mantle
to compositions that are similar to what is observed for
enriched mantle observed in enriched basalts on ocean
ridges and on ocean islands. These enrichments and deple-
tions would influence other incompatible elements as well
as the HFSE. Therefore, particularly for the Marianas and
Scotia back-arc basins, both “OIB” and “arc” enrichments



need to be taken into account. This will also be important

for any evaluation of melting models.

5.1.1. Causes of wedge heterogeneity in back-arc basins.
In the open ocean ridge environment, there are two principal
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sources of source variation: depletion caused by prior melt-
ing events, and enrichment, which has a characteristic major
and trace element signature that is diagnostic of addition of
low-degree melts [Donnelly et al., 2004], although it is often
ascribed to recycled ocean crust (e.g., Hofimann and White
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Figure 13. (a—¢) K, , vs. Hy , for individual samples from the different back-arc basins. (f) All data combined, empha-
sizing the very large range in K/H ratios both within and between back-arc basins. The ratios range from a component
characteristic of ocean islands (the “low-F melt component”) to a water-rich component characteristic of convergent
margins (for comparison, notice the very low relative K/H of the back-arc basin component in Figure 5. MAR data from

the Azores region are from PetDB.
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Figure 14. Nb/Zr vs. Nby , for individual samples from the different back-arc basins. All data points are corrected for
wet differentiation. For each basin, samples have been divided into separate groups on the basis of either tectonic loca-
tion or the relative enrichment in incompatible elements that are not strongly influenced by the subduction component
(see discussion in text and Appendix). Melting curves shown in (a) and (f) are calculated from the DMM composition
of Salters and Stracke [2004], using nonmodal batch melting with D’s of 0.006 for Nb and 0.03 for Zr. All the back-arc
basins are compared together and with MORB in (f). The arrows illustrate the effects of removal or addition to the
source of low-F melts. These sources are then melted to various extents to generate the back-arc data, suggesting that

this is the mechanism for generation of the substantial source heterogeneity observed.
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[1982]; Niu and Batiza [1997]). Whatever the ultimate cause signature is also apparent in the back-arc data. In addition to this
of the enrichment is determined to be, the vector in composi- type of mantle enrichment and depletion, the arc environment
tional space is well defined, as Nb, K, O, and H,O, for example, has other complexities. Multiple slab components are recog-
behave coherently and are enriched and depleted together. This nized, some attributed to hydrous fluids from altered basalts
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(e.g., Gill [1981]; Miller et al. [1994]), and others to sediments
[Kay, 1978], to sediment melts [ Plank, 1993; Elliott et al., 1997]
or to fluids from sediment [Class, 2000].

The heterogeneity problem is particularly difficult because
in the back-arc environment many different mantle sources

and histories can be encountered over very short distances.
This is true for all the back-arc basins. The spreading centers
are at various distances from the arc, and they propagate
into arc lithosphere that may have had complex removals
and additions of source components. The spreading centers
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Figure 16. Nbg  vs. Hg , for individual samples from the different back-arc basins. All data points are corrected for
wet differentiation. Note the generally poor correlations on these diagrams, emphasizing the importance of source

heterogeneity both within and between back-arc basins.
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tive elements (Nb, Zr, Y). This is the arc signature. The enriched
component sampled at open ocean ridges (e.g., MAR-Azores) leads
to a vector orthogonal to the arc trend. Note that back-arc basin
data span the range from arc to “OIB” components, showing the
importance of both influences in this setting, despite the absence
of hot spots.

are tectonically complex, with different sorts of ridge offsets
than are observed in open ocean ridges, flips in the polarity
of subduction, complex subduction histories, and volcanism
that is not clearly associated with organized spreading sys-
tems. Assumptions of constant source for back-arcs are sure
to be wrong, and possible variations in source composition
need to be carefully considered in the context of the detailed
tectonic environment [Hochstaedter et al., 2000].

While these are daunting complexities, what we find strik-
ing in the HFSE data is the relatively coherent trajectory of
the data from all the back-arc basins (Figure 14f). While there
are large variations in Nb/Zr among the back-arc basins, the
data as a whole show a coherent trend extending from Nb,
less than 1 with Nb/Zr of 0.01 to Nby  of 8 and Nb/Zr of 0.1.
What are the likely causes of these variations?

One cause, well documented by previous work, is a previ-
ous melting event causing mantle depletion [Woodhead et
al., 1993; Ewart et al., 1998; Hochstaedter et al., 2000], or
“pre-conditioning” as it is called by Pearce [2005]. Melting
removes incompatible elements and easily fusible components
from the residue, leaving it “depleted.” While this problem
is conceptually simple and easily modeled, the details of the
melting process lead to rather different results for estimates

LANGMUIR ET AL. 111

of the amount of melt extracted, and also for relationships
between highly and moderately incompatible elements. We
adopt a simple approach of nonmodal, batch melting, and com-
pare sources depleted by 1% melt extraction with the normal
MORB mantle composition of Salters and Stracke [2004].

In the open ocean environment, the characteristic of the
enrichment process is that highly incompatible elements are
efficiently fractionated from one another. Such fractionation
occurs only at very small extents of melting. For example,
the Nb/Zr ratio varies by only 40%, from 4% to 20% melt-
ing—and by 300% from 0.1% to 4% melting. The large
changes in this ratio, observed in back-arcs and elsewhere,
suggest that such enrichment processes are associated with
low-F melts. Such enrichments change the concentrations of
the incompatible HFSE, Nb and Ta, to a similar degree as
those of the “fluid mobile” elements such as water, K, Ba,
Cs, and so on. We find that mixing of sources enriched by a
low-F melt with sources having undergone 1% melt depletion
leads to the HFSE data arrays of the various back-arc basins,
as illustrated in the figures.

The back-arc data shown above for the Mariana and Scotia
data sets clearly require enriched components that can frac-
tionate the Nb/Zr ratio. Is this simply a generic “enriched
component” that resides in the upper mantle and is observed
at ocean islands and elsewhere? Or is it somehow specific to
the back-arc environment? Consideration of the detailed spa-
tial distribution of the data, and their relationship to radio-
genic isotopes, provides a possible answer to this question.

Figures 18a and b present the Mariana data in a spatial con-
text. For this back-arc basin there is no spatial organization to
the data. The entire range of source compositions reflected in
the Nb/Zr ratio is present over very short spatial distances. A
second critical observation is the lack of correlation between
HFSE incompatible element enrichment and isotopic composi-
tion, as illustrated in the Nb/Zr vs. 87Sr/3¢Sr diagram (Figure
18c), at the same time as the very good correlation between
Hy , and ¥7Sr/%6Sr (Figure 19a). This suggests that an isotopi-
cally uniform source with variable trace element enrichment
has been modified by addition of a high-H,0, high-87Sr/36Sr
subduction component. A plot of Nb/U vs. 7Sr/8Sr shows dis-
tinct trends for the enriched and depleted samples. The trends
are from a uniform, low-Nb/U, high-H,0, high-8Sr/3¢Sr
component to a high-Nb/U component with distinct curvature
depending on the enrichment of the high-Nb/U end member
(Figure 19b). If these trends are produced by mixing, then the
more depleted the source, the stronger the mixing curvature.
This is consistent with the lower U/Sr ratios that would exist
in the more depleted source.

These results show that

(a) The enriched component has high concentrations of

the most highly incompatible elements such as Nb,
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but small concentrations of moderately incompatible
elements such as TiO,, since TiO, does not correlate
with Nb (Figure 15a).

(b) The process that created the Nb enrichment is geo-
logically very recent, because it has created no varia-
tion in the Sr isotopes. Low-37Sr/3¢Sr samples exhibit
the entire range of Nb/Zr.

(c) There is no or little spatial pattern to the enrichment,
as it is distributed widely along the entire length of
the basin (Figure 18).

The first observation suggests that the enriched com-
ponent is a low-F melt, because otherwise TiO, would be
significantly enriched as well as Nb. The second obser-
vation requires that this melt be generated in the recent

Latitude

past, because it has not generated any isotopic variation
and therefore is not associated with a long-term enriched
reservoir. Instead, it appears to be created as a part of the
subduction process, and would be consistent with deep low-
F melting of the subducted slab as a low-F melt-enriching
mechanism [Langmuir, 2003; Donnelly et al., 2004]. This
would also contribute to the random distribution of the
enriched samples.

In contrast to the Mariana basin, the Scotia samples show
a correlation between Nb/Zr and 37Sr/%0Sr (Figure 20c).
In addition, the enrichment is spatially well defined and
restricted to the end segments (Figures 20a and b). The
variations in Nb/U ratio are well correlated with water
contents, and a large range of ®’Sr/30Sr exists for high Nb/U
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ratio. These observations suggest that the enrichments are
relatively long-lived heterogeneities created before the
subduction process. Therefore, addition of enriched source
material around tears in the slab ends, as suggested by
Fretzdorff et al. [2002], seems a reasonable explanation.
While an ancient Bouvet influence inherited by the mantle
that leaks into the Scotia Basin might be an explanation
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Figure 19. Source variations in the Mariana Basin. (a) Correlation
of high 87Sr/8¢Sr with high Hg ;, showing that Sr isotope variations
are associated with the subduction component. (b) Samples with
different amounts of enrichment defined by Nb/Zr fit onto distinct
trajectories for Nb/U vs. 87Sr/86Sr. If these arrays are caused by
mixing, the data are consistent with an arc component mixing
and a diversity of wedge sources, ranging from low U/Sr-depleted
sources to high-U/Sr enriched sources. Both enriched and depleted
wedge sources have low $7Sr/%0Sr, showing that the variations in
the trace element enrichment of the wedge source was created too
recently to generated isotope variations.
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[Pearce et al., 2001], an alternative is that these hetero-
geneities need not be related to the Bouvet plume. Instead
these could be ambient heterogeneities in the upper mantle
created by low-F melts. They have many of the same char-
acteristics as the E-MORB described by Donnelly et al.
[2004] from the North Atlantic and elsewhere.

In agreement with the Mariana data, there is only a small
effect of the enrichment on the TiO, concentrations of the
source, since TiO, vs. H,O shows a simple correlation inde-
pendent of source enrichment, as indicated by Nb/Zr (see
Figure 22b), and much of the range in TiO, can occur for
all degrees of enrichment. Therefore, for both Mariana and
Scotia basins the moderately incompatible element abun-
dances seem little affected by the enrichment processes
that are so dominant for the highly incompatible HFSE.
This supports the low-F melt hypothesis for the origin of
these enrichments—recent for the Mariana basin, ancient
for the Scotia basin.

While the amount of enrichment by low-F melts is most
evident for the Scotia and Mariana samples, there is also
evidence for this component in the data from the other back-
arc basins. All back-arc shows large variations in Nb/Zr ratio
with Nb content, and these steep trends are not consistent
with melting models. The steep trends can be quantitatively
accounted for by a spectrum of sources created by low-F
melts mixing with sources that have been slightly depleted by
previous melt extraction. Figure 21 demonstrates the efficacy
of this model for the overall source variations.

It is noteworthy that all back-arc basins show the evidence
of source heterogeneity created by low-F melt addition; for
the Marianas in particular, this addition must be a very
recent phenomenon, not an ancient heterogeneity. The ubig-
uitous presence of an “OIB-like” enriched component in
back-arcs, and evidence for its recent generation, supports
deep low-F melting of slabs as an important agent of mantle
heterogeneity [Donnelly et al., 2004].

What is critical for a discussion of major element varia-
tions in this context is that the observed source heteroge-
neity is created by movements of very small quantities of
melt. This leads to large changes in abundances of incom-
patible elements, but insignificant changes in SiO,, MgO,
and FeO and modal mineralogy and only small changes
in TiO,. Therefore despite the robust evidence for source
effects, it still appears possible to evaluate melting models
by using small and quantifiable source variations for the
less incompatible elements.

5.2. Coupled Variations of Major Elements and Water

The classic diagram that has been used for understand-
ing back-arc basins is TiO, vs. H,O [Stolper and Newman,
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Furthermore, isotopes and conservative trace elements correlate for Scotia samples, in contrast to the Marianas (c).
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1994]. This diagram for the five back-arc regions we inves-
tigate using our fractionation-corrected values is presented
in Figure 22. All of the back-arcs show negative correla-
tions, and the correlations are improved if consideration of
slight source variations are taken into account. Depleted
samples from the Mariana trough have slightly lower Tig
than other samples. The samples from rifts and seamounts
in the Manus Basin create scatter for the data as a whole,
while the Manus Spreading Center samples produce a
clear linear trend. Despite important differences in detail,
these results generally correspond with similar diagrams
presented by Kelley et al. [in press]. The exceptions are
for the Lau Basin samples. The very good correlation they
present for the southern Lau spreading center is owing to
unpublished melt inclusion data from off-axis seamounts.
It is an open question whether mixing of seamount and
ridge data leads to reliable systematics for back-arc melting
models—it would not, for example, for open ocean ridges.

We present seamount data with separate symbols. They also
combine the Intermediate Lau and Central Lau Spreading
centers with the Mangatolu triple junction samples, and
we keep these ridges in separate groups. There is complete
agreement, however, among all publications, and indepen-
dently of sample selection, sample grouping, data quantity,
and fractionation correction—TiO, vs. H,O form linear
trends that are negatively correlated.

Other major elements show as clear or clearer systemat-
ics. Figure 23 presents the well-defined linear trends of
Fe, , and Tig , that are present for all spreading center sam-
ples from back-arcs, a result noted by Taylor and Martinez
[2003]. Noisier positive correlations are present for Nag
vs. Feg , (Figure 24). Feg ; correlates well and negatively
with Hg ; (Figure 25). Nag , correlates less well with H
(Figure 26).

The various back-arc basins thus have shared systematic
relationships among elements. There are significant offsets in
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Figure 21. (a) Tig , vs. Nbg ; and (b) Nb/Zr vs. Nby , for individual
samples from all the back-arcs. All data points are corrected for
wet differentiation. Melting models for three different sources are
shown. The normal source is that of Salters and Stracke [2004].
Depleted source is the residue from 1% melting of the Salters and
Stracke [2004] source, using Ds for Nb, Zr, and Ti of 0.006, 0.03,
and 0.04, respectively. Enriched source is created by addition of
a 1% low-F melt to the Salters and Stracke [2004] source. Solid
black curves are for varying extents of melting of the respective
sources. The light band shows how the overall trend of the back-arc
data is consistent with lower degree melts of a diversity of sources
appropriate for Scotia and Mariana and higher degree melts of more
depleted sources for Manus and Lau.

the absolute values, however. Lau and Manus samples have
very low Tig ,, Zrg .,and Nag (, which goes along with their
very low values of Nb. As originally pointed out by Klein
and Langmuir [1987], Marianas and Scotia basins generally
have low Feg , and high Nag , while Lau has low Nag , and
high Feg .

LANGMUIR ET AL. 115

5.3. Evidence for Enrichment of Na,O in the BABB Source

The TiO, vs. Na,O relations place constraints on the relative
behavior of the two oxides. There is an overall positive cor-
relation between Nag , and Tig , for back-arc segments (Figure
27), and all of the segment averages are offset relative to the
reference for open ocean ridges. The offset is to lower TiO,
or higher Na,O. During melting of the mantle at the shallow
pressures indicated for back-arcs by the major elements and
Dy/Yb ratios, the partition coefficient for Na,O is lower than
that for TiO,. In this case, depletion caused by melting would
lead to a larger depletion in Na than Ti and to a data array that
is similar to MORB, or slightly offset to lower Na values for
a given Ti, as shown in Figure 27. The observations show the
opposite effect. Another aspect of the data systematics is that
the back-arc array for Nag  vs. Tig , intersects the Nag , axis.
Ordinarily this result would require a higher partition coef-
ficient for Na than Ti, a result that is not in accord with the
experimental data. These observations can be explained by
Na addition through the fluid component. The more depleted
the source, the greater the relative Na enrichment by the fluid,
leading to high relative Na/Ti ratios in the source. A cor-
respondence between TiO, source depletion and high Na/Ti
ratios would lead to the observations, where the data array as
a whole intersects the Nag  axis.

The source enrichment of Na, O also explains the less good
correlations between Na, ; and water (Figure 26), and between
Nag , and Feg o, than between Tig , and Feg , (see Figures
23 and 24). Nag , will decrease in the melt with increasing
extents of melting as water is added but will also rise as the
Na is added by the hydrous fluid. This also leads to a higher
intercept on the water axis or on the Nag , vs. Hy , diagrams
compared with the Tig , vs. Hg , diagrams (Table 4).

Na may also be slightly enriched by the OIB-like enrich-
ing component. Close inspection of the Marianas and Scotia
Nag , vs. Feg , diagrams shows that the enriched source
samples are slightly offset to higher Na relative to samples
from the depleted source for the same Feg .

Since there are good constraints on the TiO, contents of the
back-arc basin sources from the modeling of HFSE, one can
then constrain the source contents of Na,O quantitatively from
the TiO, vs. Na,O correlations, as discussed in a later section.

6. DATA SYNTHESIS

Each of the back-arc basins has distinct characteristics in
terms of tectonic history and source variations, and therefore
each one has a unique story to account for the data and its
distribution in physical and compositional space. Important
observations and interpretations have been explored in the
specific papers devoted to each basin (see references in
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Appendix). There are also general characteristics particularly

pertinent to the understanding that is the aim of this paper.
We have gone to substantial effort to make fractionation

corrections that take into account the effects of water on

plagioclase suppression and the evolution of the liquid line
of descent, and thereby to remove these effects from the
values normalized to 8 wt.% MgO, so that these values
are directly comparable with the data from the open ocean
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Figure 22. (a—e) Tig , vs. H , for the various back-arc basins, showing the common characteristics of roughly linear,
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range of the back-arc basin data as a whole, with rather different water intercepts for the various back-arc basins.



ridges. This has not been done by other treatments of back-
arc data [Stolper and Newman, 1994; Taylor and Martinez,
2003; Kelley et al., in press] except that by Sinton et al.
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[2003]. The detailed attention to the corrections makes
important differences in terms of absolute values, but the
overall conclusions of these other papers are not strongly
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affected by the different methods of fractionation correc- Taylor and Martinez [2003], who did not take into account
tion. For example, we find the same positive correlations explicitly the effects of water on the liquid line of descent,
of Feg ;, and Tig , in our treatment that were presented by and confirm Kelley et al.’s demonstration of the generality
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Figure 24. Nag ; vs. Feg , for the various back-arc basins. Correlations are negative but less well defined than Feg  vs.
Tig , (see Figure 23). See discussion in text.
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Figure 25. Feg , vs. Hg , for the various back-arc basins. Good correlations exist for the Mariana, Scotia, and Manus
Basins. For the Lau Basin, a disproportionate number of samples are from off-axis locations, and there are large varia-
tions at low water content for the Central Lau spreading center. Note that the Mariana data show a negative correlation
for Feg ; vs. Hy , independently of enrichment of the mantle wedge in terms of Nb/Zr, showing that Fe and H,O varia-
tions are reflecting the addition of a hydrous component that is independent of wedge composition, as also evident from

Figure 19.
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of the negative TiO, vs. H,O correlati
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ons. This shows the

overall robustness of the differences between BABB and

basalts from other ridges.

Several aspects of the data are of particular import and
must be accounted for by a comprehensive model.

First, the systematics of back-arc basin basalts contrast
with the results from the Azores and Galapagos, two regions
on normal ridges where water enrichment is observed. Water
in the back-arc and open ridge environment has the opposite
effects on extent of melting. Away from back-arc basins,
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Figure 26. Nag , vs. Hg , for the various back-arc basins. See discussion in text.



increased water leads to a deepening of the melting regime,
a decreased mean extent of melting, and an increased garnet
influence on the erupted basalts. This is reflected in positive
correlations between Tig , and Hy , and a positive correlation
between the Dy/Yb ratio, which is sensitive to the presence
of garnet, and Hg . In all of the back-arc basins, however,
there is an inverse relationship between Ti and water.
Figure 28 shows that back-arc basin basalts have constant
Dy/YD ratios with increased water content. For those back-
arc basins where the extent of melting is smaller, the ratio is
slightly higher, as is also observed for other spreading centers.
Since the incremental addition of water produces no change
in Dy/Yb, increased water in back-arc basins does not lead to
melt production and removal at depths where garnet is a stable

2.0
¢ East Scotia
B  Manus
O LauMT)
1.8 O Lau South
A Mariana Trough
= Atlantic MORB

=——0—N-MORB source
1.6 || —-0—-2% melt depletion
——— 1% melt depletion + Na

1.4

Tis.o

1.5 2.0 2.5 3.0 3.5
Nag,

Figure 27. Tig ; vs. Nag , for segment averages using wet fraction-
ation corrections. Horizontal dashes, Atlantic MORBs [Langmuir
et al., 1992]; triangles, Mariana Trough segments; squares, Manus
basin segments (SR and ER rifts excluded); circles, southern Lau
(without off-axis samples); filled circles, Mangatolu triple junction
average; diamonds, East Scotia segment averages. Small symbols
are for averages for only two samples. BABB segments are offset
to low Tig , for a given Na, , compared to MORB. The bold line is
for different extents of melting of a normal MORB source with 0.27
wt.% Na,O and 0.15 wt.% TiO,. The dashed line is for a source with
2% melt depletion, using equilibrium nonmodal melting, with a D of
0.04 for TiO, and 0.025 for Na,O. Note that source depletion alone
does not move the calculations towards the back-arc basin data. The
light solid line is for 1% melt depletion plus Na enrichment. Note also
that extrapolation of the back-arc basin data would intersect the Na
axis, suggesting a higher partition coefficient for Na than Ti—which
is not in accord with experimental data. These data suggest that
back-arc basins have undergone both melt depletion and Na enrich-
ment. Addition of 0.07 wt.% Na,O to a depleted source produces
the back-arc basin trend for hydrous segments (thin line). Note that
individual segments also contain a range of sources, since segments
usually contain both high- and low-H,O samples.
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phase, greater than roughly 60 km. Such an absence of garnet
influence is also reflected in the U-series data [Peate et al.,
2001]. Back-arcs generally have very little of the 2°Th excess
that is characteristic of melting at open ocean ridges. This is a
fundamental constraint on models. In back-arc basins, water
leads to increased extent of melting, and both major and trace
elements show no evidence for a deep “tail” of melting in
the garnet regime. In principle it is possible that the mantle
composition is sufficiently depleted that garnet is no longer
present, or that melting is not fractional so that melt remains
with its residue and is extracted only at shallow levels. Or
possibly, melt channeling focuses melting such that garnet is
absent. These special circumstances would render the garnet
invisible. While deep melt generation may not be definitively
excluded, there is no evidence for it.

A second important general result concerns the mean
compositions of back-arc basin segments. Figures 27 and
29 show that the back-arc basin segments have distinct rela-
tionships among the major elements, and Figure 30 shows
the distinct relationships between major elements and depth
compared to other ridges. Feg (, and Tig , are low relative to
the depth of the ridge segments. Nag , is also significantly
enriched relative to Tig ,, and the Feg ; vs. Nag , data are offset
to significantly lower values.

Third, as shown above, individual samples and segment
averages both define positive slopes on plots of Nag , vs. Feg
and Feg  vs. Tig , for every basin. This contrasts with normal
ridges, where individual samples from slow spreading ridges
may define such “local vectors”, but segment averages do
not [Klein and Langmuir, 1989; Langmuir et al., 1992; Niu
and Batiza, 1997]. For BABB, the higher the water content
of individual samples, the lower the Nag , Feg ,, and Tig .
In addition to having high water contents, low-Tig , samples
often have high Sig . Significantly, all of these relationships
are linear, and models that account for them must have lin-
ear systematics. The simplest such model is mixing, which
produces straight lines on these diagrams.

Fourth, although hot spots are not in the immediate vicin-
ity of back-arc basins, Scotia, Manus, and Mariana all are
influenced by enriched components that are not ordinar-
ily attributed to a subduction setting. Most back-arcs are
influenced by both” arc-like” and “OIB-like” enrichment
components (e.g., see Figure 17). The prevalence of enriched
components far exceeds that observed on most ocean ridges
far from hot spots. Addition to wedge sources of low-F melts
accounts well for the incompatible trace element systemat-
ics. For the Mariana back-arc basin, this addition was very
recent, suggesting it accompanies the subduction process and
is not inherited from the mantle wedge or ancient lithosphere.
While this effect is important for the highly incompatible
elements, and would influence any calculations of a “sub-
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duction component”, it has only small effects on TiO, and
no significant effect on FeO; therefore, melting models can
still be evaluated with these elements.

Finally, Na,O and TiO, have a different relationship in
back-arcs than in Atlantic and Pacific ridges. Some of this
difference can be accounted for by slight TiO, depletions
in some back-arc sources, but not all back-arcs show this
effect. All the back-arc basins we have investigated show
evidence for Na,O enrichment in the mantle source, presum-
ably carried by the hydrous fluid. Such enrichments need
to be taken into account when comparing back-arc to open
ocean ridges.

These observations constrain the origin of back-arc basin
ridges, and indicate significant contrasts with ridges in the
open ocean. Our task is then to develop a coherent model
that explains the major and trace element variations, their
relationships to water content, and the different relationships
between tectonic variables such as axial depth and crustal
thickness as compared with open ocean ridges.

7. QUANTITATIVE MODELING OF THE EFFECTS OF
WATER ON MANTLE MELTING

Interpretation of the back-arc data hinges on modeling of
hydrous melting of the mantle. A difficulty is that calcula-
tions of hydrous mantle melting do not show good agreement
by different methods. While all agree that water enhances
melting, Hirschman et al. [1999] and Gaetani and Grove
[1998] calculate that water has a greater effect on melting at
higher temperatures. Katz et al. [2003] do not find this effect.
Quantitative interpretation of the back-arc data requires a
resolution of these discrepancies.

The significance of water to mantle melting is its pro-
nounced influence on the melting temperature (Figure 31).
This strong effect of water is one of the great contributions
of classical igneous petrology (e.g., Yoder and Tilley [1962];

Burnham and Davis [1971]; Mysen and Boetcher [1975]).
There have been several attempts to model quantitatively the
effects of water on mantle melting [ Gaetani and Grove, 1998,
2003; Hirschmann et al., 1999; Asimow and Langmuir, 2003;
Katz et al., 2003; Asimow et al., 2004; Smith and Asimow,
2006]. While some of these approaches are quite complex,
for example the MELTS program, the essentials of the water
effect are straightforward. For liquid compositions similar to
mantle melts there is a monotonic relationship between the
amount of water added and the drop in liquidus temperature
(Figure 32). An important aspect of this relationship is the
large apparent changes in liquidus temperature with small
amounts of water, and a more moderate effect with larger
amounts of water, results that may have to do with water
speciation (e.g., Stolper [1982]). Asimow and Langmuir
[2003] modeled this relationship with a step change at 0.75%
water. Katz et al. [2003] adopted a single function for the
relationship:

AT(X o) =K * X}hp, 0<y<l (11)

Figure 32 shows that the coefficients of the Katz equation
capture the overall trajectory of the data but do not provide
a good fit for the lower water contents appropriate to studies
of back-arc basins. Therefore we have adopted an equation
that fits the lower water content data:

AT(C[?%) = 60*(C[12)™ (12)

As discussed at length by Katz et al. [2003], calculation
of the effects of water is then quite straightforward. The
amount of water in the liquid is controlled by the source
abundance and the extent of melting through the batch
or fractional melting equations (see equation (1)). The D
for melting of water is well constrained by its analogous
behavior to Ce in oceanic ridge basalts [Michael, 1988] and

Table 4. Slopes and intercepts for Nag , vs. Hg  and Tig , vs. H  correlations obtained using the reduced major axis linear regres-

sion method.

Diagram: Nag -Hg Tig ,-Hg

Back-arc basin Slope Intercept Slope Intercept
Lau ELSC-VFR -1.01 2.70 -2.00 2.40
Lau MTJ -1.22 3.92 -2.61 3.64
Manus -1.60 4.19 -1.50 1.84
East Scotia -1.18 3.90 -1.87 2.95
Mariana -1.22 4.66 -2.06 3.50

Fitted datasets are from Figures 26 and 22, respectively. Note that all the water intercepts for Nag , are higher than for Tig (, which suggests that Na
is added with the hydrous fluid to back-arc basin sources. See discussion in text.
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Figure 28. Dy/Yb vs. Hg (, showing the lack of fractionation
between middle and heavy rare earth elements in water-rich BABB
samples. The lack of Dy/Yb variation with increasing water content
indicates there is no significant melt extraction in the presence of
garnet, which is stable at high pressures. This places depth and
source constraints on hydrous melting for back-arc basin melting
regimes. See discussion in text.

recent experimental data [Aubaud et al., 2004] to be about
0.01 (see Figure 1).

A remarkable aspect of the effect of water on melting is
that water appears to lower the temperature of melting with-
out causing changes in the relative compositions of the other
elements apart from the dilution caused by addition of water.
This has been established for the compositions of mantle
melts [Hirose and Kawamoto, 1995] and also for the parti-
tioning of Fe and Mg between olivine and liquid [Gaetani
and Grove, 1998]. Gaetani and Grove [2003] suggest that
the normative olivine content of natural liquids decreases
with increasing water content, and they also show that the
change lies on an olivine control line. In this case, the effect
would not be apparent in lower MgO liquids. Thanks to this
aspect of the influence of water, the calculation of the effects
of water on mantle melting is straightforward. For any given
dry temperature and pressure of melting, the effect of water
is to lower the liquidus temperature of the melt, which can
be determined from equation (12). The magnitude of the
temperature drop depends on the water content of the lig-
uid, which can be calculated from equation (1), and hence
depends on the water content of the source, Céq 20 and the
extent of melting, F. This means that in a partially molten
system, the effect of adding water at a constant temperature
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Figure 29. (a) Nag ; vs. Feg  and (b) Tig, vs. Feg  for back-arc
basin ridge segment averages using hydrous fractionation correc-
tions. See Table 3 for segment definitions and segment averages.
Segments in the open ocean MORB field generally have low water
contents. For each basin, the segment averages are broadly orthogo-
nal to the global trend. Low Feg ; is associated in BABB with low
Tig , and Nag .. The Manus Basin segments do not show such a
trend because the eastern and southern rifts are not included on
these diagrams (they are not developed spreading centers). Small
symbols are averages for two samples.

is to raise the temperature of the fluid above its liquidus (by
lowering the liquidus), analogous to raising the temperature
at constant water content. Thus isothermal addition of water
leads to increased melting.

To determine the amount of increased melting, it is nec-
essary to know the relationship between extent of melting
(F) and T and P. There is substantial data to evaluate this
relationship, of which perhaps the best are the extensive
experimental studies carried out on bulk-composition MM3
(see caption to Figure 33). The data relating T and F at a
pressure of 10 kb are shown in Figure 33, along with a simple
parameterization that fits these data well.
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Figure 30. Nag o, Fe, , and Tig ; vs. ridge axial depth for back-arc
basin segment averages (corrected for hydrous fractionation). See
Table 3 for segment definitions and segment averages. Larger sym-
bols are segment averages with more than two samples. Smaller
symbols are for one or two samples. Depths are average depths
for the segment. The BABB systematic in Nag , vs. depth does not
show any differences compared to MORB, while Tig , and Feg , are
in the MORB field for the segments least affected by water and are
shifted toward low Feg ; and Tig , for a given depth for segments
that contain hydrous samples.

T(F)=1235+539F (13)

To determine the extent of melting for given source of
water content, pressure, and temperature is then a matter of
balancing the temperature change needed to melt the amount
F with the temperature made available by the drop in liquidus
temperature, caused by the amount of water in the liquid.
That is, for a given T and P in a dry system,

T(F)—T = AT(C29) (14)

Rearranging equation (14), and substituting equations (1)
and (12) for AT(C{”O), we can write for P = 10 kb,
H20

C
T =1235+539%F —60*( 0

0.54
(D*(I—F)+F)) (1

CHZO

From equation (15) we can obtain F as a function of C,

for any T.

Equation (15) is a reformulation of equation (19) of Katz
et al. [2003], relaxing the constraint of having an equation
for T(F) that applies from solidus to liquidus (this is not
necessary because we are dealing always with small extents
of melting where there are good experimental calibrations)
as well as the constraint of having a single equation that
applies to both low and very high water contents. This
permits us to calculate with greater accuracy the conditions
specific to back-arcs.

In the following figures we present the results in terms of
T —T,, where T, is the dry solidus temperature at the given
pressure. This is convenient because there can be absolute
temperature differences that result from differences in the
parameterization of the solidus, T, as a function of pressure.
For example, Hirschman et al. [1999] note that the MELTS
calculations generally lead to temperatures that are 100°C too
high (e.g., see Figure 33a), and the Katz et al. [2003] equation
for the solidus gives temperatures that are some 50°C too low
relative to the solidus equation of Hirschman et al. [1999],
because of the inclusion of compositions more fertile than the
primitive mantle in the calibration data base. Thus, in compar-
ing various models, it is often informative to use T — T, as the
parameter with which to compare, rather than T itself.

Calculated curves for F vs. Cé{ 29 are shown in Figure 34
for temperatures ranging from 50°C below the solidus to
75°C above the solidus. Note that variations in the water AT
parameterization that encompass the entire range of experi-
mental data shown in Figure 32 lead to very small changes
in these curves, and hence the substantial noise in the T vs.
C/"?9 raw data is of little importance to the overall results.
As apparent from the figure, there is a major contrast with
the MELTS calculations (compare also Figure 4).
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Figure 31. P vs. T diagram showing the major effect of water on
the peridotite solidus (from Mysen and Boetcher [1975]; #239).
The characteristic curvature of the water-saturated solidus results
because of the increasing solubility of water with increasing pres-
sure. As more water dissolves in the melt, the solidus temperature
is progressively lowered. Note the comparatively large effects
of small amounts of water, an effect similar to that observed in
Figure 32.

What is important for the results is the T-F relation-
ship. While Figure 33 shows a simple linear dependence
for the experimental data, there is substantial controversy
on this subject, since it can be argued on thermodynamic
grounds that the F vs. T the relationship should not be linear
[Hirschmann et al., 1999]. For this reason, various authors
(e.g., Pickering-Witter and Johnston [2000]; Katz et al.
[2003]) have modeled data that are adequately fit by a line
with a function that has decreasing dT/dF with increasing
F. For bulk compositions that are not appropriate for the
mantle, some of the data do show the predicted curvilinear
relationship between F and T, although the curvature is slight
[Schwab and Johnston, 2001]. Although the approximately
linear relationship between T and F (Figure 33) for the anhy-
drous system is a characteristic of all the experimental data
that have been obtained on peridotite of a composition simi-
lar to the upper mantle, to deal with the theoretical concerns
we also need to consider the effects of curvilinear functions
on hydrous melting.

It is important also to note that the linear T-F relationship
is for anhydrous experiments. The addition of water cre-
ates a very nonlinear T—F relationship for hydrous systems,
hence the “deep low-F tail” to the melting regime discussed
by Asimow and Langmuir [2003] and Gaetani and Grove
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Figure 32. Calibration of the effect of water on liquidus tem-
perature based on experiments summarized in Katz et al. [2003].
Dashed gray line, calibration from Katz et al. [2003]; solid line,
calibration from this study tuned to the low water contents found
in back-arc basins. Note the comparatively larger effect of water
at small water contents.

[2003]. A strongly curved T—F relationship is intrinsic to
hydrous melting. The controversy applies to the anhydrous
baseline experiments.

The low-F tail produced by the addition of water could also
be produced by addition of other low-melting compounds,
such as Na,O and K, O, as discussed by Gaetani and Grove
[1998, 2003]. For fertile mantle composition such as MM3,
this appears to be restricted to less than 2% melting. To
determine whether this is important, we modified our calcu-
lations so that equation (13) applies down to 2% melting, and
at less than 2% melting, T(F) = 1195 + 2500F. This makes
differences in the curves of Figure 34 only below 2% melting
and is immaterial to the conclusions presented here.

7.1. Comparison to Previous Calculations of F vs. H,0,,

There are substantial differences between the calculated
results presented here and calculations previously presented
by Gaetani and Grove [1998, 2003] and Hirschman et al.
[1999], as is apparent in Figure 34. Because these results have
substantial implications for how we understand melting in
back-arc basins and more generally, in convergent margins,
it is important to understand the causes of the differences, as
well as which results are more likely to reflect what is actually
occurring on Earth. There are three major differences between
the calculated results. Our results show a substantial change in
intercept with T — T, little variation in dF'/ dci?® for cj'*°
greater than 0.05, and significant upward curvature. In con-
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trast, the MELTS results (see Figure 4) show little change in
intercept, have strongly varying slopes, and are approximately
linear with C(f[ 20 Similar results are presented by Gaetani
and Grove [2003], where they are compared favorably with
the experimental data of Hirose and coworkers [Hirose and
Kushiro, 1993; Hirose and Kawamoto, 1995]. These differ-
ences are neither minor nor small.

As emphasized by Katz et al. [2003], equation (15) is a
general solution to the hydrous melting problem. Hence dif-
ferences in the calculated results depend on the two specific
parameterizations, for T(F) and AT(C{I 20 ). Hirschman et al.
[1999] and Asimow et al. [2001] have pointed out that MELTS
predicts a strongly curved function for T(F) even for the anhy-
drous system. MELTS calculates high dT/dF at low extents
of melting, and lower dT/dF at higher extents of melting, as
apparent from Figure 6 of their paper and shown in Figure
33a. These authors emphasize that this behavior is predictable
from consideration of simple systems, and thereby justify the
behavior predicted by the MELTS program.

For example, a simple two-component system where water
is added to the system has a freezing point depression curve
with downward curvature, as illustrated in Figure 35. As
Hirschman et al. [1999] correctly point out, in such a system
the water content of the liquid specifies a temperature, which
remains constant independently of the amount of water in the
bulk composition (i.c., Cé{ 20). Since H,O is an incompatible

H20 ;, ~H20 _ S CcH20.
element, C;" " /Cy"*” =1/ F. Then, since “/  is constant
for a given temperature in a binary system, Cgl 29/F is con-
stant (see Figure 35). And, since C,H 20 decreases with tem-
perature, Céi 20/F also must decrease. Therefore this simple
system has behavior similar to the MELTS calculations:
CH29ys. F is linear for constant temperature, and dF / dC'*°
increases with increasing temperature. Examples of these
curves are illustrated in Figure 35. A significant aspect of
this analysis of the binary system is that the dF/dCé”O

curves, independent of temperature, have a zero intercept.

Since hydrous melting depends on the form of equations
(12) and (13), it is instructive to consider the form of these
equations for a binary eutectic system. Hirschman et al. [1999]
note that a binary eutectic can be readily calculated from

C/??=K*(T,-T) (16)

where T, is the liquidus temperature of the solid phase and

AH g,
= 2 . Equation (16) is the equivalent of equation
RTjs

(12), and shows a linear dependence between AT and water
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Figure 33. Temperature vs. experimentally determined melt frac-
tion (F) for peridotite composition MM3 [Baker and Stolper, 1994;
Baker et al., 1995; Hirschmann et al., 1998] compared to the T vs. F
parameterizations of the MELTS program (a) and the binary eutec-
tic example (b) given by Hirschmann et al. [1999]. The MELTS
calculation was that performed by Hirschmann et al. [1999] for
the same MM3 composition. The binary eutectic calculation is for
an incompatible element source fraction of 0.05. Both the binary
eutectic and MELTS give logarithmic dependence of melt frac-
tion on temperature, in contrast to the experimentally determined
dependence, which is almost linear. These differences have large
consequences for calculations of hydrous melting, as discussed in
the text. Equations on the curves are those used for hydrous melt
modeling to compare MM3 and MELTS results.

content of the liquid. The binary diagram calculated from
equation (16) also leads to a strongly curved relationship
between extent of melting and temperature, as illustrated in
Figure 33b. The exact position of the binary T vs. F curve
varies with source concentration. In Figure 33b, the source
composition has 5% of the minor component. As a rule of
thumb, when the extent of melting is two to three times
the percentage of the minor component in the source, the
melting curve shows a relatively low and flat dT/dF, similar
to the MM3 results. From this perspective, the MM3 data
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Figure 34. Calculations of water in the source vs. melt fraction deter-
mined with the methods described in this paper, compared with the
same method using the MELTS T vs. F relationship shown in Figure
33. The curves labeled “MELTS” are calculated using our method
of hydrous melting calculation and the T vs. F equation based on
calculations reported by Hirschmann et al. [1999] shown in Figure
33. Note the calculations using the MELTS T vs. F relationship show
a more linear dependence of F on source water content, a marked
decrease in slope with increasing temperature, and low intercepts
of the melt fraction axis. These characteristics are shared with the
MELTS results shown in Figure 4 and show that the primary differ-
ence between the MELTS results and our parameterization results
from the differences in the T-F dependence shown in Figure 33.

could be interpreted as reflecting very small amounts of
low-melting-temperature minor components, less than 1%
in the source. This is not far off for mantle compositions,
where the sum of Na,O and K, O is less than 1%. Thus for
extents of melting less than 1%, it is possible that mantle
melting has a high dT/dF tail, as we discussed above. And
of course, the addition of water to the system creates a
strongly curved T vs. F relationship for hydrous melting, a
general result on which all models agree. Only for the dry
systems is there a discrepancy.

In the general case, the functional characteristics of the
binary system differ significantly from those observed in the
natural system. In the natural system, anhydrous F increases
with increasing temperature, whereas the binary system has
zero intercepts on F vs. Cé{ 20 independent of temperature.
The natural system has an approximately linear relationship
between T — T, and F, at least down to 2% melt fraction,
while in the general case the binary system has an exponen-
tial relationship. The natural system has logarithmic relation-
ship between AT and water content, while the binary system
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has a linear relationship. These differences justify caution
about conclusions for the mantle inferred from the binary.

While the MELTS program is multicomponent and far
more complicated than a simple binary, the T vs. F relation-
ship has similar characteristics to the simple binary. Figure
33a shows T vs. F for MELTS for the same dry MM3 com-
position [Hirschmann et al., 1999] for which experimental
data exist. The MELTS relationship shows the same strong
curvature as the general case for the binary system, which
does not correspond with the dry observations.

Figure 34 takes the F vs. AT relationship from Figure 6 of
Hirschman et al. [1999] (see equation in Figure 33a) and our
water parameterization (equation 12) to show the importance
of the functional relationship to the Cé{ 0vs. T systematics.
Adopting the logarithmic relationship from MELTS and
applying it to our method of calculation of hydrous melting
leads to a linear relationship between F and C;'*° and a sig-
nificant change of slope with temperature (see Figure 34).
Therefore the fundamental difference between our results
and those of MELTS is not the complex thermodynamic
engine of the MELTS program, but simply the difference in
the AT vs. F relationship. Our calibration is based on experi-
mental data from the natural systems and corresponds with
that. The MELTS calculation produces a AT vs. F relation-
ship that is not in accord with the data.

The robustness of the general characteristics of our cal-
culations can also be understood from a consideration of
mantle melting and the behavior of water as an incompatible
element. As the temperature increases above the solidus, the
extent of melting increases. Therefore at some T greater than
T, F will be 20% rather than 0%. Now consider the addition
of 0.05% water to the source at the two different tempera-
tures. Near the solidus where dry F ~ 0, liquids will start with
5% water(C,/D = 0.05/0.01). For the hotter mantle, with dry
F ~ 20%, all this water is diluted by the existing melt, and
the liquid contains only 0.25% water, 20 times less. For the
dr'/ dCOH 29 slope to be greater at the higher temperature,
0.25% water would have to cause a greater melting incre-
ment than 5% water. This is nonsensical. Instead, dF / dCy' *°
must be greater at the lower temperature than at the higher
temperature. For higher Cgl 20 the extent of melting is greater
for all temperatures, and therefore the difference between
temperatures becomes progressively less. Therefore, for
low source water contents, and small extents of melting,
there must be high dF / dC;'*° for lower temperatures, and
lower dF / dCéq 29 for higher temperatures, as observed in
our calculations. As F increases, either due to increased
temperature or increased water contents, the slopes become
similar. The change in dF / dCé{ 29 slope with temperature
observed in simple systems results largely from the common

zero intercept for all dF / dCé{ 20 slopes. As long as F goes
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to 0 as Cé’ 20 goes to 0, slope variations are possible. That is
the not the case for mantle peridotite, where the F-intercept
depends on the temperature.

These considerations suggest that comparison with a sim-
ple system where F increases with T in the absence of water
(not the case for the binary system discussed above) might be
more analogous to the melting behavior of the mantle. This is
possible with the simple ternary diagram used by Hirschman
et al. [1999] (their Figures 3 and 5). The advantage of this
diagram is that it combines an incompatible element with a
phase with solid solution, and therefore T increases with all
extents of melting in the dry system. A plot of Céq 20ys. Fat
various temperatures is shown in Figure 36. These curves
show the same characteristics as our calculations and the
reasoning discussed in the previous paragraph. There is no
change in dF / dC{"*° with temperature.

These conclusions appear to disagree with the experi-
mental data of Hirose and Kawamoto [1995] as presented
in Grove and Gaetani [2003] and reproduced here as Figure
37. These data appear to show that addition of water at high
temperatures causes a significantly greater increase in the
extent of melting than water added at lower temperatures.

Figure 37 does not indicate the errors in the estimation of the
extent of melting from the experiments. Hirose and coworkers
[Hirose and Kushiro, 1993; Hirose and Kawamoto, 1995] used
the Na,O contents of the glasses to estimate F, assuming that
Na,O is perfectly incompatible. Their reported errors for Na,O,
however, are very large. The high degree of melting of the
water-rich 1350°C experiment, for example, is calculated from
a Na,O content of 0.79, which has a reported 26 uncertainty of
+0.4. Including these errors gives an extent of melting for this
experiment between 25% and 75%. Aluminum is measured
much more accurately than Na,O, and using aluminum with a
D =0 gives a maximum extent of melting of 33%. Thus the high
extent of melting reported for this experiment is not correct.

As an indication of the uncertainties in determination of
F for these experiments, we have recalculated F, using TiO,
and Al,O; to estimate the extents of melting for both hydrous
[Hirose and Kawamoto, 1995] and anhydrous [Hirose and
Kushiro, 1993] experiments on the KLB-1 composition. TiO,
is measured more precisely than Na,O. Results are shown in
Figure 38 along with our calculated model curves. The data
appear to be curved, and are broadly consistent with our
calculations. We conclude that extents of melting determined
from the imprecise Na,O contents have very high uncertain-
ties. The apparent change in slope with temperature is based
largely on a single highest melt fraction point at 1350°C (see
Figure 37), which violates mass balance for other elements.
Therefore while the uncertainties are large, there is no incon-
sistency between extents of melting from these experiments
and our results.
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Figure 35. Illustration of calculation of extent of melting (F) vs.
source water content from a binary eutectic diagram, as discussed
in the text, based on parameters used by Hirschmann et al. [1999].
In contrast to mantle melting, this simple system has 0% melting
for two very different temperatures, such as T1 and T2 for dry
systems. This leads to slopes on the bottom panel that intersect the
origin. The change in slope from T1 to T2 results because there is
0% melting for the anhydrous system independent of temperature.
In contrast, mantle melting at temperatures above the mantle soli-
dus shows significant variation of melt fraction with temperature,
which leads to very different systematics, as discussed in the text.
Compare Figure 36.

We conclude that dF'/ dC({J 20 does not, and cannot, show
a strong dependence for mantle compositions on tempera-
tures that are above the solidus, which is the case for all
back-arc basins.

With these arguments we do not intend to imply that
MELTS is not useful for certain types of calculations, or
could not be modified or “tuned” to be more consistent with
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Figure 36. A second simple system illustration using the ideal-
ized ternary system presented by Hirschmann et al. [1999]. In this
case the anhydrous system is a solid solution which has variations
in melt fraction with temperature even at 0% water content. Note
that for this system there is no significant change of dF / dCOH 20
with increasing temperature. These simple system curves share the
characteristics of the hydrous calculations reported in this paper,

and contrast with the MELTS results shown in Figures 4 and 34.

the experimental results. Examination of Figure 33 shows
that for extents of melting higher than about 5%, the T vs. F
relations for MELTS have a similar slope to the experiments,
offset by about 100°C. If the low temperature portions of
the T vs. F curve are ignored, and a further adjustment is
made for temperature discrepancies with the natural system,
then results akin to those we present can be tuned from the
later MELTS parameterizations [Smith and Asimow, 2006;
Asimow, personal communication], without the strong tem-
perature dependence of dF / dCé{ 20 The earlier conclusions
of a strong temperature dependence of dF / dC(g{ 20 however,
do not appear to be consistent with modeling that is more
closely tied to the experimental constraints.

8. WATER AND MELTING IN BACK-ARC
SPREADING SYSTEMS

We now can compare the data with the calculations to test
hypotheses for the origin of the distinctive back-arc basin
systematics. The data that need to be accounted for are the
first-order differences in major elements among the various
back-arc basins, the overall increase of extent of melting with
water contents, the low-Fe and -Ti contents of the water-rich
melts, the linear correlations among the various parameters,
and the large range of Fe observed.
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Figure 37. A reproduction of the figure from Gaetani and Grove
[2003], showing data reported by Hirose and Kawamoto [1995],
that purports to show the increased productivity of water-induced
melting at high temperatures. Melt fractions reported by Hirose
and Kawamoto [1995] were estimated on the basis of Na contents
in the experimental liquids. Compare to Figure 38.

8.1. Mantle Temperature Variations in Back-Arc Basins

The low-water (high-Fe) data from the various back-arc
basins lie close to the array of data from open ocean ridges,
which are quantitatively accounted for by fractional melting
of a range of mantle temperatures [Langmuir et al., 1992].
Dry fractional melting is necessary to account for the gen-
erally high Feg , that is observed. Complicating this picture
for the back-arcs is the evidence for mantle depletion in
the Lau and Manus Basins, as seen in TiO, and Nb, and
Na addition by the water-rich component. The net result is
that the Lau and Manus Basins have less Na in their sources
than do the Mariana and Scotia basins. This lessens the
temperature difference required to account for the dry end
members, as compared with a constant source model. In
detail, a constant Na content of the source would require a
150°C difference in mantle temperature to account for the
large Nag , differences among the basins. But taking into
account the depleted Na,O in the Lau source, the range of
Nag , can be accommodated by a 100°C difference, rang-
ing from a mantle potential temperature of 1350°C for the
Marianas data to 1450°C for Lau. Parameters for the melt-
ing calculations are presented in Table 5. Thus, despite the
important source variations, we confirm the earlier conclu-
sions [Klein and Langmuir, 1987] that there are first-order
temperature differences among back-arc basins. Kelley et
al. [in press] concur with this conclusion, and Wiens et al.
[2006] show correspondence between these temperature
variations and the seismic structure of the Lau, Scotia, and
Mariana basins.
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Figure 38. The same data as Figure 37, with F calculated from
Ti and Al contents rather than Na contents, using equation (2) in
the text and a D for TiO, of 0.06 and 0.04 for Al. A higher D for
Al would lead to slightly lower values of F. Error bars on F for Ti
are those that result from the 26 errors reported by Hirose and
Kawamoto [1995]. Anhydrous data for extent of melting [Hirose
and Kushiro, 1993] were also recalculated using Ti and Al by the
same method as the hydrous data. In principle, Ti, Na, and Al all
should lead to consistent results for F. Na data (see Figure 37) at
the low levels of the experiments are subject to the largest errors.
Clearly, large errors are associated with the experimental results,
and no definitive increase of hydrous productivity with tempera-
ture is evident. The data are approximately consistent with the
hydrous calculations reported here, indicated by the solid curves
in the figure.

8.2. Evaluation of isothermal, isobaric addition of water

We are now in a position to test whether the supposition
of melting control on the Tig ; vs. Hy , systematics is cor-
rect. Figure 39 presents the Scotia and Mariana back-arc
data for three HFSE along with melting curves calculated
by using our hydrous melting parameterization. The “nor-
mal” source is the N-MORB source of Salters and Stracke
[2004]. The depleted source has undergone removal of a
1% batch melt, and to the enriched source has been added
a low-F melt as discussed above. Addition of water to a
mantle at a single temperature leads to curves on plots of
the HFSE vs. Hg , not straight lines. No single melting
curve corresponds to the back-arc data arrays. The Nb
data show that the entire range of sources is necessary to
account for the more incompatible elements.

Figure 40 presents model curves and data for the Manus
Basin. Again, isothermal melting with various water contents
produces curves, not the linear data arrays. In general, only
depleted sources at higher temperatures come close the Manus
data, while less depleted sources at lower temperatures are in

the vicinity of the Mariana and Scotia data (compare Figure
39). This is consistent with the overall inferences of mantle
temperature discussed above. However, these calculations
produce curves, not straight lines, and none of the curves
reproduces the data on the Tig , vs. Hg , diagrams.

An even more definitive test comes from the Feg  data.
Feg , varies by very small amounts upon isothermal water-
induced melting at constant pressure. This is apparent in
our calculations of hydrous melting, and also in the raw
experimental data of Hirose and Kawamoto [1995]. Figure 41
shows that isothermal melting models with water addition are
orthogonal to the negative correlation between Feg , and H
that is characteristic of data from each of the back-arc basins.
For the Mariana data, for example, Fe, , decreases from 9%
to 7% as water increases, while calculations and experiments
vary by about 0.5%. The large changes in the data are not
consistent with the isobaric isothermal model.

These comparisons suggest that the model of differential
melting owing to water addition fails to account for the
central observations of the back-arc data. Such a model pro-
duces curves, not lines, on Tig ;, vs. Hg , diagrams and fails to
account for the systematics of Feg , vs. H  variations.

This then turns the question to what combination of source
contents, extents of melting, and melting processes can give
rise to the observations? A successful model for BABB needs
to account not only for the negative H,O vs. HFSE correla-
tions but also for the robust and well-established major ele-
ment constraints.

A promising means of creating linear trends of diverse
slope on Tig , vs. Hg , and analogous plots is mixing between
two compositions, one water-poor and Fe-rich, and the other
water-rich and Fe-poor.

8.3. Major Element Constraints on Hydrous Melting
Models for Back-Arc Basins

The critical features of all the back-arc data are the positive
correlation between Tig , and Feg , and negative correlations
between these parameters and H .. The data require that the
water-rich component have very low FeO contents. As pointed
out originally by Hanson and Langmuir [1978], FeO contents of
mantle melts are sensitive to the pressure of melting. Langmuir
et al. [1992] showed that equilibrium melting also leads to
substantially lower FeO contents below spreading centers than
does fractional melting. Low FeO and TiO,, therefore, suggest
high degrees of equilibrium melting at low pressures.

A simple hypothesis to account for the characteristics
of the back-arc data is mixing of melts produced by two
processes. The high-Fe, high-Ti end member is produced
by fractional melting similar to what occurs on open ocean
ridges. The second mixing end member is a low-pressure,
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Figure 39. Comparison of the Mariana Trough and East Scotia
Basin data with calculations of melting produced by changes
of source water content under isobaric, isothermal conditions
for the “cooler” back-arc basins. Note that melting under these
conditions produces curves, not straight lines, and none of the
curves matches the linear data arrays well. All three panels are
for elements not carried in the hydrous fluid but influenced by
source enrichment and depletion. Thick lines are for enriched
sources (at two different mantle temperatures), thin solid lines
are for intermediate sources, and dashed lines are for depleted
sources. Darker lines are for anhydrous temperatures at the
mantle dry solidus. Lighter lines are for a mantle temperature
50°C above that of the dry solidus. While the data are generally
encompassed by a range of sources at the cooler mantle tem-
perature, no single curve matches the data. Note that these are
isothermal, isobaric calculations, and thus do not correspond to
the preferred model presented in this paper.
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equilibrium melt that combines low-Ti and -Fe contents with
high water.

Accounting for the low Feg , quantitatively is problematic.
The only way we have been able to produce such low Feg
(and low Tig , low Nag ) values is through equilibrium melt-
ing at pressures less than 12 kb, with concomitant addition
of Na and K in the hydrous component. The low pressure
of equilibration, the process of equilibrium melting, and
the addition of alkalis all cause a lowering of Fe content. In
addition, the dry liquids crystallize plagioclase upon dif-
ferentiation above 8 wt.% MgO, while the wettest liquids do
not. This augments the difference in Feg ;. All of these effects
are necessary to generate the range of Feg , values observed.
Mixing between such a melt and the normal melt from a
ridge melting regime would then create the back-arc array.

The success of such a model is demonstrated in Figures
42—44. The high-Fe, dry end member is produced by pooled
fractional melts as at normal ocean ridges, discussed above.
The low-Fe, wet end member is a low-pressure, equilibrium
melt of a source that has enhanced Na due to the hydrous
addition of that element and a cooler temperature environ-
ment due to proximity to the arc. Detailed parameters for
these models are presented in Table 5.

Note also that in the Fe, ,—Nag , diagram (Figure 42), the
BABB data tend to converge at lower Fe. This results because
all trajectories tend towards a low-pressure equilibrium melt
composition, with similar Fe contents. The Na contents vary
owing to mantle temperature and Na source effects. Mariana
and Scotia data arrays tend towards a lower degree, low-pres-
sure equilibrium melt, and Manus and Lau arrays to a higher
degree, low-pressure equilibrium melt. All of the data require

a low-Fe mixing end member, which we are able to generate
only by low-pressure equilibrium melting.

Mixing between these two distinct melts accounts well for
the essentially linear characteristics aspects of the BABB data
arrays such as, for example, in the Tig , vs. Fe,  diagram (Figure
43b). In addition to the success with the Nag ; vs. Feg and Tig
vs. Fe, , diagrams, the same calculations that account for the
end members of the major element data produce appropriate
end members on Tig ; vs. Hy  diagrams to reproduce the nega-
tive slopes that are so characteristic of the BABB data and have
been so extensively modeled (Figure 44). Note the far better fit
to the data from the mixing model in Figure 44 compared with
the isothermal water addition model (Figures 39a—40a).

The challenge then becomes how to accommodate this
successful chemical model with a physical understanding of
back-arc spreading centers, and why back-arc and open ocean
spreading centers have such contrasting characteristics.

8.4. Geometric Constraints on the Back-Arc Basin Melting
Regime

Melting regimes beneath ocean ridges are considered to
be roughly triangular in shape (e.g., McKenzie and Bickle
[1988]; Langmuir et al. [1992]), as a consequence of passive
mantle flow driven by spreading. The water effect on open
ocean ridges occurs in the deep parts of the melting regime,
and the melts that cause the effect must get to the ridge from
the deep “wings” of the melting regime (Figure 45), between
the hydrous and dry solidi (e.g., see Plank and Langmuir
[1992]). The entire melting regime occurs in the context of
an isobaric mantle solidus owing to the adiabatic gradient

Table 5. Parameters used for the successful melting models discussed in the text.

Na,00 H,00 TiO,0 K,00  Feg, Nag Tig , Hg F

1350°C Polybaric fractional 0.28 0.02 0.14 0.02 8.8 3.1 1.41 0.3 0.065
melting

1300°C Wet equilibrium melting,  0.32 0.2 0.14 0.06 6.8 2.31 0.85 1.83 0.12
10 kb

1450°C Polybaric fractional 0.24 0.01 0.11 0.015 10.8 2.16 1.07 0.1 0.105
melting

1400°C Wet equilibrium melting,  0.27 0.2 0.11 0.07 7.5 1.65 0.56 1.08 0.187
10 kb

Hot (southern Lau, Manus) back-arc basins are modeled with mantle potential temperature of 1450°C and pooled fractional melting for the dry back side
of the melting regime, and with potential temperature of 1400°C for equilibrium melting at 10 kb for the hydrous arc side. Cool back-arc basins (Marianas,
Scotia) are calculated for mantle potential temperature of 1350°C pooled fractional melting for the back side, and 1300°C equilibrium melting at 10 kb for
the hydrous arc side. A 20°C-higher solidus is used for the high-temperature back-arc basins because of their lower Na,O, TiO,, and K,O contents. Equi-
librium melting potential temperatures lead to actual final temperatures of melting as 1241°C and 1300°C at 10 kb for the 1300°C and 1400°C potential
temperatures, respectively. Melt compositions are calculated by the method of Langmuir et al. [1992], using Kd equations for Fe and Mg calibrated for

water content and the source compositions given in this table.
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Figure 40. Analogous figure to Figure 39, for the Manus Basin data
(published Lau data are not sufficiently complete). Only depleted
source calculations are shown, for a range of mantle temperatures.
The cooler temperature curve (solidus-depleted) does not intersect
the data. A depleted source with temperatures some 50°C above the
solidus intersects the data but does not reproduce it in detail. The
spreading center data for Zr, , and Tig ,, which have little source
variations, are linear, not curved.
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Figure 41. Feg | vs. Hg ; diagram for the Mariana Trough data.
The isobaric, isothermal model and the experiments do not cor-
respond with the data array. Note that our isobaric, isothermal
melting calculations produce a result similar to the experimental
data. Increased melting at constant temperature and pressure does
not lead to significant changes in Fe content, and hence is not in
accord with the observations from any of the back-arc basins (see
Figure 25). Experimental data from Hirose and Kawamoto [1995]
at 1 GPa and 1300°C with water contents from different sources
are shown (dot size increases with water content).

of the underlying mantle and the passive mantle flow driven
by the spreading plates.

Placement of this geometry of melting onto the back-arc
setting shows that a very different pattern of mantle flow
and melting regime shape must apply in the back-arc envi-
ronment. Figure 46 presents such melting regimes for the
four back-arc basins we are considering. From geometry
alone in many cases there is no room for a hydrous melting
regime similar to ocean ridges. In addition, the mantle flow
and thermal structure contrast markedly between the open
ocean and back-arc setting. In back-arc basins, the thermal
environment is not adiabatic owing to the inverted thermal
structure imposed by the subducting slab. A symmetric
open-ocean melting regime also has vertical flow of mantle
beneath the spreading center. Subduction imposes strong
lateral shallow mantle flow towards the slab and downward
flow adjacent to the slab.

Because the “wings” of the melting regime are the deep
and distal portions, clearly these regions are generally not
available as sources of low-F melts for back-arc spreading
centers. The wing on the subduction side is influenced by
the slab and the inverted thermal gradient above the slab,
and occurs in a region of downward mantle flow. The wing
far from the subduction zone is in a water-poor environment.
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Figure 42. Nag | vs. Feg , diagram, showing the individual data from the various back-arc basins, the MORB field for
open ocean ridges [Langmuir et al., 1992], and model calculations that are able to successfully reproduce the Ti, Fe, Na,
K, and H data for back-arc basins. Parameters for the models are presented in Table 5. The pooled, average melt composi-
tions for a fractional melting regime at two different mantle potential temperatures are shown by the large open stars.
These compositions plot within the open ocean MORB field. The hexagons are hydrous equilibrium melts calculated at
the temperature at 1 GPa but at 50°C cooler potential temperatures. The 1450°C and 1400°C calculations were carried
out for more depleted sources, with source Na,O and TiO, contents of 0.24 and 0.11 wt.%, respectively, for the anhydrous
melts, and 0.27 and 0.11 wt.%, respectively, for the hydrous melts. The 1350°C and 1300°C calculations used more fertile
sources with respective Na,O and TiO, contents of 0.28 and 0.14 wt.% for anhydrous melts and 0.32 and 0.14 wt. % for
hydrous melts. For the hydrous calculations, 0.2 wt.% water was in the source. Calculations were carried out using the
method of Langmuir et al. [1992] as modified for hydrous melting by Asimow and Langmuir [2003].

Therefore neither wing is likely to contribute to the melts
sampled at the spreading center. This provides a simple
qualitative rationale for the difference in the effects of water
on extent of melting in back-arc basins as compared with
that in open ocean ridges. At ocean ridges, low-F melts from
the wings of the melting regime add water and a low-F melt
component to sampled melts. At back-arcs, geometric and
mantle flow constraints preclude such effects. In essence,
there are no hydrous wings. Kelley et al. [in press] have a
parallel but somewhat contrasting discussion of this issue,
incorporating their conception of very deep, water-saturated
melting beneath back-arcs.

8.5. Possible Models

The major element modeling poses an interesting challenge
for understanding the origin of the chemical systematics of

back-arc basins. It is easy to imagine a deep source for the
water and the subduction component that it carries, but the
trace element data show no evidence that this component is
deep, and the data for major elements require low-pressure
equilibrium melting. Delivering the water from the slab to
shallow levels such that equilibrium melting can take place
is problematic. These are the constraints that need to be met
by successful models, however, whether they are of the genre
discussed below or some other more clever idea that we have
not considered.

8.5.1. Addition of variable amounts of water to the bottom
of the melting regime. Generating a high-degree, low-pres-
sure equilibrium melt is sufficiently problematic that it is
worthwhile to consider carefully other models with deep
water addition. An appealing scenario, for example, is to
envisage a melting regime where water is added from below



LANGMUIR ET AL. 135

to a melting regime with no wings, as drawn in Figure 16 of melts to be delivered. All the water-rich melts would melt to
Kelley et al. [in press], and portrayed somewhat differently high extents, the total extent of melting being determined
in Figure 47a. In this case there would no low-F, water-rich by the particular water content. Water derived from the slab
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Figure 43. Tig , vs. Feg , diagram for the same data and models as Figure 42. (a) Diagram for the same model for the
fractional melts as Figure 42, but hydrous melts are calculated for 0.2 wt.% water added to the base of the anhydrous
melting regime and subsequently decompressed to the surface. This model does not reproduce the observed range in Fe
contents, nor does it lead to low enough Tig . (b) presents the successful model of mixing of low pressure equilibrium
melts with polybaric fractional melts. See discussion in text.
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Figure 44. Tig , vs. Hy  diagram for the same model as Figures 42 and 43b. This model, which involves mixing between
polybaric fractional melts and hydrous melts equilibrated at low pressures, also accounts for the classic negative Tig

vs. Hg , trends seen in back-arc basins.

would intersect the melting regime at its base, causing a pulse
of melting at depth. We would argue that because of the lack
of any garnet signature in BABB, the water cannot migrate
from pressures greater than 20 kb to the base of the melting
regime, Instead, source and water must move together, unless
the extent of melting is immediately large enough to remove
any garnet from the residue.

If a water-rich melt with no garnet signature can arrive
at the base of the melting regime, then sources with differ-
ent water contents would undergo polybaric melting on the
way to the surface, and end up melting different amounts
depending on the initial water contents. This leads to distinct
paths of melt composition depending on the amount of water
added. For a given water content, each portion of the mantle
has the lowest degree of melting and highest water content
at the base of the melting regime. Water and TiO, decrease
progressively upwards as further melting takes place. At the
same time, melting paths with higher water contents end up
melting more than paths with less water, and hence the inte-
grated melts show an inverse correlation between water and
extent of melting, analogous to the BABB observations.

This model, however, does not pass the quantitative tests.
At the base of the melting regime, the water vs. TiO, system-
atics of isobaric addition of water would prevail. Then every

source will melt further during ascent. Hence if 0.05% water
leads to 5% melting and 0.2% water leads to 10% melting, the
maximum extent of melting after 20 kb of pressure release
at a melting rate of 1%/kb would be 25% and 30% for the
respective scenarios. This leads to a small contrast in extent
of melting and TiO, content. The advantage of the isothermal
model is that it can lead to large relative differences in extent
of melting with increased water contents. Water addition fol-
lowed by adiabatic decompression adds a substantial melting
increment to both hydrous and anhydrous sources, reducing
the relative difference in extent of melting.

This model also does not reproduce the necessary range
in Fe contents, as shown in Figure 43a. The Feg , content
of the hydrous end member is 1-2% too high, because the
model does not incorporate the effects of either equilibrium
melting or low pressure that are necessary to produce the
low Feg , that is observed. Figure 43b in comparison shows
the successful model of melt mixing proposed above. Thus,
given the data and current experimental constraints, this
model (Figure 47a) is difficult to reconcile with the observa-
tions. That said, this model has considerable common-sense
appeal, and much further experimental data on hydrous
melting are required. Conceivably, further hydrous melting
experiments will modify the Fe constraints.
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Figure 45. A wet melting regime, as illustrated by Plank and Langmuir [1992]. The additional source volume that leads
to the effects discussed by Asimow and Langmuir [2003] is entirely within the distal “wings” of the melting regime,
at greatest depth. As shown in Figure 46, there is no room for distal wings for back-arc spreading centers close to the
volcanic front. Deep hydrous melting in the absence of melt contribution from the “wings” prevents in back-arc basins

the effects seen in open ocean ridges.

8.5.2. Addition of water to the shallow portions of the
melting regime. The second possibility is some mechanism
of water transport and delivery in which water is added at
shallow levels, less than 50 km, to portions of the melt-
ing regime. Addition of water at these levels would lead to
enhanced melting over a narrow range of pressure and hence
would generate the high-degree, low-pressure melt required
by the data. Present-day addition of water is physically prob-
lematic, since the mechanism by which water could be added
preferentially to shallow parts of the melting regime is not
clear. Incorporation of older hydrous lithosphere, however,
is an intriguing possibility.

One possible mechanism for introducing water at shal-
low depths recently might be active upwelling beneath the
volcanoes of the volcanic front. While such upwelling does
not appear in the normal two-dimensional flow models,
pipe-like instabilities might occur in three dimensions, per-
mitting shallow transport of water, and there is evidence
for pressure release melting at the volcanic front [Sisson
and Bronto, 1998]. In addition, work on convergent margin
volcanics has also come to the conclusion of shallow (10 kb)
equilibration of hydrous melts [Sisson and Grove, 1993].
Therefore an extension into the back-arc of a contribution of
such low-pressure hydrous magmas is not as far-fetched as
it may appear on two-dimensional flow diagrams.

A less problematic possible source of shallow water is the
preexisting lithosphere. Lithosphere behind the arc could
become progressively modified by arc components, leading
to a shallow source that is water-bearing and has a subduc-

tion signature. In this case, the water addition would be
ancient, not necessarily reflecting current subduction. The
change in abundance of this component with distance from
the arc could reflect the maturing of the back-arc basin such
that lithospheric components become less and less abundant
with time and distance. They could show up from time to
time as eroded lithosphere became incorporated in the melt-
ing regime. The advantage of this conceptual scenario is that
water does not need to be delivered from the slab. The water
was there prior to back-arc spreading. Back-arc spreading
then provides the thermal environment that would lead to
shallow melting of this hydrous source, and the nature of
the process could lead to erratic spatial distribution of the
materials with the subduction signature.

An appeal of this process is the strong subduction compo-
nent that is observed in the back-arc setting that is not a tec-
tonic spreading center. Off-axis seamounts in the Lau Basin,
and the rifts and extensional transform in the Manus Basin,
have the strongest arc signature and yet are not underlain by
the vertical transport of a ridge melting regime. These lavas
are also very wet and low in Fe, suggesting a shallow source.
Thus if they represent the lithospheric sources being rifted by
the back-arc, then these sources would be wet, shallow, and
an available source of hydrous, low-pressure melts that would
mix with melts produced in the ridge melting regime.

8.5.3. Shallow level equilibration of hydrous melts. A third
possibility is that there is a mechanism of melt transport that
permits hydrous melts, or hydrous diapirs, to ascend to shal-
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low levels and undergo final equilibration of the melt at shal-
low depths, akin to what was suggested by Hall and Kincaid
[2001] for subduction zones (Figure 47b). This would gener-
ate the high-water, low-Ti, low-Fe end member. At the same
time fractional melts must also be produced from the melting
regime to generate the low-water, high-Fe melt. Mixtures of
these two would produce the BABB data arrays.

Conceptually, this model could relate to the asymme-
try of the back-arc basin melting regime, in contrast to the
open ocean melting regime (Figure 47c). In the open ocean,
beneath stationary ridges, both halves of the melting regime
are equivalent, and sample melts from the “wings.” This
leads to the effect of lower extents of melting caused by
increased water contents of the source. At back-arc basins,
the melting regime has an asymmetry caused by both the lat-
eral mantle flow towards the subduction zone and the water
flux that is predominantly on the subduction side of the ridge.
The back side of the melting regime could give rise to the less
hydrous fractional melts. The arc side receives a high water
flux associated with rising diapirs (or possibly lateral flow
of water), which would produce low-pressure equilibrium
melts. The arc side may also be a slightly cooler thermal
environment. Melts from these two melting processes then
are erupted at the ridge and may mix together, creating the
spectrum from high-Ti, high-Fe, low-H,O melts to low-Ti,
low-Fe, high-H,O melts.

Finally, we note the importance of considering in more
detail the mechanisms of melt transport in the back-arc
setting. Deep channelized flow might melt out garnet at
great depth, permitting transport of water without a garnet
signature. If these channels could deliver water-rich melts
to shallow levels, where they equilibrate with surrounding

Figure 47. Schematic models for back-arc melting regimes. The
overall constraint from the successful models of Figures 42—44 is
that mixing of low water, fractional melts with hydrous low-pres-
sure equilibrium melts is able to account for back-arc data. The
lack of garnet signature suggests hydrous melts cannot move from
depth independently from their solid residue. (a) Model for water
rising from depth, leading to deep melting below the pressure of
garnet stability. This model does not appear to be consistent with
constraints from Dy/Yb for lack of garnet, and the low-Fe contents
of hydrous melts, as discussed in the text. (b) Model with deep
water that is transported to shallow levels by rising diapirs, fol-
lowing Hall and Kincaid [2001] (#23}. The diapirs would need to
retain their melt as they ascend and undergo final equilibration at
shallow depth. (c) Generic concept of two halves of the back-arc
melting regime. The wet side would be the source of the low-pres-
sure equilibrium melts. The dry side would be the source of the
low-water, fractional melts. Mixing of melts from the two sides of
the melting regime would lead to the mixing arrays that are char-
acteristic of back-arc basin data.
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peridotite, that might be another mechanism to create the
systematics that are observed.

9. CONCLUSIONS

This work confirms much previous work on back-arc
basins and supports previous conclusions of the fundamental
role of water in controlling many aspects of the petrogenesis
of basalt erupted in such tectonic settings [Gill, 1976; Sinton
and Fryer, 1987; Stolper and Newman, 1994; Taylor and
Martinez, 2003]. Water influences the liquid lines of descent
of BABB magmas, causing suppression of plagioclase and
contributing to the low-FeO and low-TiO, contents of BABB
relative to open ocean ridges. When we quantitatively correct
for these effects of water, we find that the low-FeO and -TiO,
of BABB does not disappear. It is not only differentiation
that leads to the distinctive BABB chemical characteristics;
low-FeO and -TiO, are inherited from parental magmas.
This is very apparent in the positive correlations of Feg
vs. Nag o and Feg , vs. Tig , for BABB, pointed out by Taylor
and Martinez [2003], which persist even after hydrous frac-
tionation correction. The low-Feg , and -Tig , cause back-arc
basin mean compositions to be significantly offset from the
global MORB data.

We also confirm the positive correlation between water
content and extent of melting first pointed out by Stolper and
Newman [1994] and see that it is a general phenomenon for
back-arc basins, as also noted by Taylor and Martinez [2003]
and Kelley et al. [in press]. As pointed out by Asimow and
Langmuir [2003] and Kelley et al. [in press], this behavior is
the opposite of what is observed on open ocean ridges.

Previous models for the melting behavior observed in
back-arcs have called on isobaric, isothermal effects of
water addition [Hirschmann et al., 1999; Gaetani and Grove,
2003] or melting at the water-saturated solidus at great depth
beneath back-arc basins [Kelley et al., in press]. We find that
neither of these models accounts well for the data. The lack
of any garnet influence on the trace elements, supported by
the lack of Th excess in the existing U-series data for BABB
[Peate et al., 2001], poses challenges for models with melt
transported from great depth. Isobaric, isothermal models
are inconsistent with the physical realities of melting beneath
spreading centers, do not account for the large variations in
FeO contents that are observed at every back-arc spreading
center, and do not reproduce the linear, negative correlations
between H,O and TiO,.

In addition, previous models of the effects of water on
melting that show a large increase in the effects of water with
increased temperature are not consistent with experimental
data. We do not find that dF /dC;'*? is sensitive to tem-
perature and suggest there is a curved relationship between

water added and extent of melting. These two results mean
that dF / dCg"*° cannot be used reliably to estimate mantle
temperature beneath back-arc basins. Furthermore, reason-
ing and results from isobaric, isothermal models are unlikely
to be pertinent to the polybaric environment that exists at
spreading centers.

Source enrichment and depletion play an important role at
back-arc basins. The Lau and Manus basin basalts are derived
from depleted sources with low-TiO, contents compared with
contents of the Mariana and Scotia basins. Mariana sees an
enriched component that does not correlate with isotopes and
must have been recently generated, before the addition of
water to the source. Depleted sources are also evident in the
Mariana and Scotia basins. Thus there is a complex interplay
of sources created by the interaction of back-arc spreading
and the subduction process. These sources appear to be
generated by the removal and addition of very low degree
melts. In the Mariana Basin, “OIB-like” sources have been
created very recently, arguing for generation of low-F melts
and their associated enriched sources in an active subduction
environment [Donnelly et al., 2004].

Na,O-TiO, systematics of back-arc basins suggest that, in
addition to the depletion event that causes lowered TiO, in
some basins, Na,O has been added along with K,O by the
subduction component. The source differences in Na permit
the various basins to be created by mantle temperature differ-
ences of about 100°C, significantly less than the 150°C cal-
culated by Kelley et al. [in press] from homogeneous source
models. Wiens et al. [2006] show that seismic data correlate
with inferred temperatures from petrology for the Lau, Fiji,
Manus, and East Scotia back-arc basins. The smaller tem-
perature differences we infer are more consistent with the
modest crust and axial depth differences observed. The Lau
Basin appears to have a temperature gradient within it, since
temperatures for the Mangatou triple junction in the north
appear to be lower than the temperatures in the south.

In our view a fundamental observation that has not been
explained previously is the low-FeO (and generally high-
SiO,) contents of hydrous BABB magmas and the very
large range of Fe contents. To account for such differences,
models that include fractional melting and pooling of melts
at the surface need to be combined with some mechanism
that is able to generate hydrous melts equilibrated at low
pressures. These hydrous melts were not generated at depth
and delivered to the bottom of the melting regime or to the
surface—their FeO contents are too low and their trace ele-
ments show no evidence of a garnet effect.

Mixing of melts produced by two distinct processes is able
to account quantitatively for the back-arc basin systematics.
The high-FeO melts can be produced by fractional melting
of water-poor sources, analogous to open ocean ridges. The



low-FeO, hydrous melts are generated by equilibrium melt-
ing at shallow pressures. Mixing of these two classes of melt
produces the characteristic linear arrays of back-arc basin
data. We conceive of a generic model for the generation
of these two types of melt in a two-sided back-arc melting
regime. The arc side generates the hydrous, low-pressure
melts. The distal side is water-poor and melts in a manner
similar to open ocean ridges. As the ridge gets increas-
ingly distant from the arc, the hydrous influence decreases.
A mechanism to produce the hydrous, low-pressure melts
could be a modified diapiric model as proposed by Hall and
Kincaid [2001] for the volcanic front, or possibly channelized
flow that is able to deliver hydrous melts from depth to low
pressures in dunite channels, where they reequilibrate with
peridotite prior to eruption. Another promising possibility is
the preexisting arc lithosphere, which could provide a ready-
made shallow, hydrous source that could be activated by the
incipient back-arc spreading.

The contrast in the effects of water on open ocean ridges
and on back-arc basins can be understood from the effects
discussed above and from the geometric constraint that the
“wings” of the melting regime that contribute low-degree
melts beneath open ocean ridges simply cannot exist in the
back-arc basin setting. The distal side of the ridge is water-
poor, and the arc side is truncated by the inverted thermal
gradient of the mantle wedge, and even the subducting plate.
Thus the melting regime and methods of water delivery differ
fundamentally in the back-arc and open ocean settings.

This paper represents the third review of back-arc basins
published recently. Taylor and Martinez [2003] summarized
back-arc basin data and developed a model of progressive
change in wedge composition. Kelley et al. [in press] have
presented a rather different quantitative interpretation of
back-arc data than that presented here. All these papers
agree on major conclusions: BABB differ from open ocean
MORB in consistent ways; back-arc basins exist over a
range of mantle temperatures (as pointed out by Klein and
Langmuir [1987]); and back-arc basins show striking positive
correlations between water contents and extent of melting,
as first documented by Stolper and Newman [1994]. The
contributions of this paper are the reassessment of the effects
of water on melting, the emphasis on the constraints from
FeO on back-arc melting models, and the suggestion of mix-
ing of melts created under two different melting conditions
for the origin of BABB systematics. We also raise the pos-
sibility of shallow rather than deep sources of the hydrous
component. Kelley et al. [in press] emphasize dF / dCé{ 20
as a measure of mantle temperature and call on deep melt-
ing at the hydrous solidus as an important factor. We argue
that dF / dCy"*° does not change with temperature, and that
there is no evidence for deep hydrous melts in the BABB
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data. This leads to contrasting mantle flow and melting
models for the back-arc melting regime. These differences
are healthy. We are still at the early stages of understanding
the effects of water on mantle melting. Three-dimensional
physical models of mantle flow and melt segregation in
the back-arc system, a better understanding of lithospheric
source contributions during back-arc rifting, and improved
experimental constraints will lead to far greater understand-
ing of these problems.

10. APPENDIX: GEOLOGY AND DATA
DOCUMENTATION FOR THE FOUR MAJOR BACK-
ARC BASINS

10.1. Manus Basin

The Manus Basin is located north of the New Britain
island arc in the eastern Bismarck Sea (Figure 7a). The
Manus spreading center (MSC) forms the northwestern
boundary of the Manus microplate and displays an extreme
range of spreading rates, from 92 mm/yr at the southwestern
end to near zero at the northern extremity [Martinez and
Taylor, 1996]. The along-axis depth varies from 2 to 2.6
km, and the morphology of the ridge also changes mark-
edly with the decrease in spreading rate to the north. At
its western limit, the MSC is extended by the extensional
transform zone (ETZ), a volcanically active zone where
oblique spreading occurs. Two rifting areas with localized
volcanism are also present within the Manus basin. The
Southern Rift (SR), forming the southern boundary of the
Manus microplate, consists of a series of grabens (average
depth, 2.4 km) with volcanism but no apparent spreading
history. The Southeastern Manus Rift (ER), separated from
the SR by the Djaul Fault, is a shallow pull-apart basin with
a depth of about 2 km. The ER consists of a series of grabens
and volcanic ridges that may be precursors of spreading seg-
ments [Martinez and Taylor, 1996]. The volcanism in this
region is somewhat dispersed and not clearly organized into
recognizable spreading segments [Kamenetsky et al., 2001].
The initiation of rifting can lead to quite different major
and trace element systematics compared with systematics
in mature spreading and also to the possibility of interaction
with preexisting lithosphere. Since this region has a complex
history influenced by multiple subduction zones, changes in
the polarity of subduction, and plate reorganization, litho-
spheric sources are likely to be complex.

Sinton et al. [2003], carrying out a major study of 34 dredges
from this region, thoroughly discussed the diverse sources and
complex processes that give rise to the large variety of magma
compositions observed. They point out that both prior mantle
depletion and various types of source enrichment are neces-
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sary to account for the data. While the correspondence is not
perfect, much of the diversity appears to relate to the distinct
tectonic settings of the various volcanic regions.

Application of the screens for MgO and SiO, eliminates the
fractionated and high- silica magmas that are an important
part of the recovered sample suite, but for which estimates of
primitive compositions are less reliable. We base our analysis
only on the relatively mafic compositions that survive the
screens. This eliminates one of the important magma types
identified by Sinton et al. [2003] as XBABB, for which only
very fractionated representatives were recovered.

To present the data from this back-arc basin [Kamenetsky
et al., 2001; Sinton et al., 2003], we have divided the samples
along the lines presented by Sinton et al. [2003], with only
slight modifications. Sinton et al. [2003] point out that the
Manus spreading center can be divided into two distinct
provinces, which we call MSC-N and MSC-S. In addition,
we define as a separate group the lavas from the ETZ and
combine into a single group the samples from the volcanic
rifts that are not spreading centers along with the single
seamount dredge from the same region.

10.2. Mariana Trough

The Mariana Trough is an active spreading back-arc basin
located west of the Mariana arc (Figure 7c). It converges
toward the arc at its southern and northern extremities and
has a maximum distance from the arc of about 100 km at
18°N. The spreading rate increases southward from 16 mm/
yr at 18.75°N to 45 mm/yr at 13.5°N [Kato et al., 2003]. The
Mariana Trough consists of 21 segments in addition to the
volcano-tectonic zone (VTZ), which can be regrouped into
the Southern, Central, and Northern sections (see Pearce et
al. [2005] for further details). The southernmost and north-
ernmost parts of the ridge are relatively shallow (<3 km)
while the central segments reach depths of about 4.5 km.

The Mariana Basin has the largest number of samples and
most complete data set of all back-arc basins, numbering sev-
eral hundred analyses [Fryer et al., 1981; Fine and Stolper,
1985; Hawkins and Melchior, 1985; Poreda, 1985; Sinton and
Fryer, 1987; Volpe et al., 1987; Hawkins et al., 1990; Volpe
et al., 1990; Alt et al., 1993; Masuda et al., 1993; Stolper
and Newman, 1994; Gribble et al., 1996, 1998; Ikeda et al.,
1998; McPherson et al., 2000; Newman et al., 2000; Yi et al.,
2000; Pearce et al., 2005]. Early classic work by Hawkins
et al. [1990] established important aspects of the geochem-
istry of BABB from the Mariana. Sinton and Fryer [1987],
using samples from the Mariana, were the first to identify
the distinctive major element signature of BABB and noted
the importance of water in the their petrogenesis. Recent
studies by Pearce et al. [2005] and Gribble et al. [1996,

1998] provide a coherent set of high-quality data that can be
used for a careful evaluation of source and process. Earlier
data (e.g., Volpe et al. [1987]; Hawkins et al. [1990]) are less
complete and were obtained by analytical methods that have
been superceded by high-quality ICP-MS data, but they also
provide useful results. The extensive sample coverage in the
basin is well documented by the figures in the recent Pearce
et al. publication [2005], which also reviews earlier literature
and presents an analysis of source variations in trace ele-
ments throughout the basin. The Mariana Basin was also the
location of the classic study of Stolper and Newman [1994] in
their initial investigations of the role of water on source and
melting in a back-arc basin. The relatively straightforward
tectonic setting, the systematic geochemical results, and the
extensive data combine to make the Mariana by far the best
studied back-arc basin to date.

Except for the segments closer to the arc, the southern section
lavas have MORB-like composition—Ilow K,O content associ-
ated with relatively high FeO and TiO, contents. The segments
closer to the arc present differentiated lavas with MgO < 5%,
and high SiO, > 55%, and K, O content increasing with the arc
proximity. A similar arc signature is also found in the lavas from
the Northern section, especially in the VTZ merging with the arc.
The Central section, located farther away from the arc, shows
important major element variation, ranging from MORB-like
composition to arc-like composition, possibly within a single
segment [Gribble et al., 1996, 1998; Pearce et al., 2005].

To present the data, the samples have been divided into
separate groups on the basis of the relative enrichment in
incompatible elements that are not strongly influenced by the
subduction component. Samples with Nb/Zr > 0.06 are classi-
fied as “highly enriched”, 0.045—0.06 “enriched”, 0.03—0.045
“normal”, and <0.03 “depleted”. As illustrated in Figure 18,
the entire range of source compositions reflected in the Nb/
Zr ratio is present over very short spatial distances.

10.3. East Scotia Basin

The East Scotia back-arc basin extends from about 55°S
to 60°S behind the South Sandwich trench (Figure 7d)
[Livermore, 2003]. Like the Mariana Trough, the East Scotia
spreading axis converges toward the arc at its southern and
northern extremities, but the central segments of the ridge
are significantly farther from the arc than is the case for the
Mariana, attaining a maximum distance from the arc of about
250 km at 59.5°S. The spreading rate displays little variation,
ranging between 60 and 70 mm/yr along the axis [Taylor and
Martinez, 2003]. The spreading center is divided into nine
segments, from El in the north to E9 in the south [Leat et al.,
2000]. Segments E3 to E8 have the morphology of an axial rift
with a rift floor at about 4 km depth while segments E2 and E9



have axial highs rising up to 2.5 km. Segment El has depths
ranging from 4 to 5.5 km where it joins the trench.

Thanks to the work of Fretzdorff et al. [2002] and Leat et
al. [2000] and the additional analyses of water by Muenow
[1980] and Newman (unpublished data), the data set for the
Scotia back-arc basin is also reasonably complete with a large
number of recent ICP-MS analyses. The earlier work defined
the chemical systematics of the basin and showed the impor-
tance of both subduction components and an ocean—island-like
component. The segments at the northern and southern ends
of the basin show both these signatures. They receive the arc
signature because they are closest to the arc volcanic front.
Earlier workers also suggest that mantle flow around the edges
of the slab provides ancient enriched material from the Bouvet
plume in the Atlantic. These features lead to the systematic
distribution of chemical compositions seen in Figure 20.

To present the data, the samples have been divided into
separate groups on the basis of the Nb/Zr ratio, as described
above for the Mariana Basin.

10.4. Lau Basin

The Lau Basin, located behind the Tofua arc, has a substan-
tial number of spreading centers distributed over a basin that
extends 600 km in length and some 500 km in maximum width
(Figure 7b). In the southern part of the basin, the Eastern Lau
spreading center (ELSC) and Valu Fa Ridge (VFR) occupy a
single first-order ridge segment, divided into smaller segments
by multiple small offsets. The VFR is the southernmost and
shallowest (<2 km) spreading center, extended northward by the
ELSC, where depths reach as much as 3000 m at the northern
extremity. The spreading rate increases northward from 40 to
95 mm/yr along the VFR and the ELSC [Taylor and Martinez,
2003]. A complex overlap zone, named the Intermediate Lau
spreading center (ILSC), separates the continuous ELSC-VFR
from the Central Lau spreading center (CLSC) to the north,
which is offset from the ELSC-VFR by some 50 km to the west,
farther from the volcanic front of the arc. Spreading rate varies
little along the CLSC, with a northward decrease from 92 to 85
mm/yr [Taylor and Martinez, 2003].

In the far northern reaches of the Lau Basin are a number
of spreading centers, three of which join at the Mangatolu
triple junction (MTJ). These ridge segments, some 400 km
to the northeast of the ELSC, are not contiguous with the
southern Lau spreading centers. Those spreading centers
are not only geographically distant but also entirely separate
spreading centers with distinct tectonic history; because the
data define separate trends, they are best considered sepa-
rately. In this we differ with the approach of Kelley et al., [in
press], who merged the data from the CLSC with those from
the MTJ into a single “N. Lau Basin” group.
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To present the data [Hawkins and Melchior, 1985; Jambon
and Zimmermann, 1990; Sunkel, 1990; Falloon et al., 1992;
Danyushevsky et al., 1993; Pearce et al., 1995; Kamenetsky
etal., 1997; Kent et al., 2002], we use a geographical separa-
tion based on the ridge segmentation as well as an on- and
off-axis distinction.

Studies have shown that there are a diversity of source
components in the basin, caused not only by the substan-
tial changes in distance of the spreading centers from the
volcanic front, but also by the presence of distinct mantle
wedge compositions and an apparent influence in the north
from the Samoan hot spot [Volpe et al., 1988; Sunkel, 1990;
Falloon et al., 1992; Hawkins and Allan, 1994; Pearce et al.,
1995; Turner and Hawkesworth, 1997; Wendt et al., 1997,
Ewart et al., 1998; Turner and Hawkesworth, 1998].
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