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The compositions of back-arc basin basalts (BABB) can usefully be viewed as 
products of four factors: (1) the composition of inflowing mantle and its precondi-
tioning during flow to the site of melting; (2) the influx of a subduction component 
into the arc–basin system; (3) the nature of the interaction between the mantle and 
subduction components; (4) the melting of water-rich mantle and the assimilation/
crystallization history of the resulting hydrous magma. Geochemical mapping using 
Nb/Yb as a mantle flow tracer indicates that mantle flow in arc–basin systems 
varies according to contributions from subduction-driven corner flow, flow around 
subduction edges, and deflection by barriers to flow. Geochemical mapping using 
Ba/Nb as a subduction tracer indicates that the magnitude of the subduction input 
is a function primarily of basin evolution, mantle flow patterns, and arc proximity. 
The subduction component may reach the back-arc by mixing with ambient mantle, 
by direct addition of a subduction component, by addition of a hydrous mantle melt, 
or by incorporation of a component stored in mantle lithosphere. Trace element and 
water contents of back-arc glasses indicate that decompression melting beneath 
back-arc basins is augmented by flux melting but suppressed by mixing with 
depleted mantle. Cl-K systematics indicate that water in back-arc basin magmas 
may be augmented by assimilation of hydrated ocean crust. The increased water 
content of primary BABB magmas leads to enhanced olivine and oxide crystalliza-
tion, and to fluid exsolution at depth, both of which will influence the composition 
and architecture of the resulting back-arc oceanic crust.

1. INTRODUCTION

The earliest studies of basalts from back-arc basins 
focused on their similarities to basalts from mid-ocean 
ridges, itself an important advance at a time when back-
arc basins were not understood in a plate tectonic context. 

Thus, when Hart et al. [1972] published the first isotope 
and trace element analyses of basalts from a back-arc (the 
Mariana Trough), they concluded that the basalts “came 
from depleted mantle similar to that feeding the oceanic 
spreading ridges.” Pearce and Cann [1973] analyzed the 
same samples for Ti, Zr, Y, and Nb but also failed to distin-
guish the samples from mid-ocean ridge basalts (MORB) 
for the purposes of tectonic discrimination. Hawkins [1976] 
similarly found basalts dredged from the Lau Basin mostly 
to have MORB affinities. 
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Gill [1976], however, analyzed a different set of samples 
from the Lau Basin and was the first to focus on the differ-
ences between back-arc basin basalts (BABB) and MORB. 
He concluded that:

Lau Basin Basalts are transitional between ocean-floor and 
island-arc tholeiites, sharing with the latter their higher Rb, 
Ba, light rare-earth element [LREE], and Sr87 contents and 
lower Ti, Zr and Hf contents.

He explained these phenomena by having the Lau Basin 
f loored by a rifted island arc rather than oceanic crust. 
Similar discoveries followed. Tarney et al. [1977] and 
Saunders and Tarney [1979] analyzed lavas indistinguish-
able from island-arc tholeiites at Site 24 in the east Scotia 
Sea. Garcia et al. [1979] confirmed, by direct analysis of 
glasses from the Mariana Trough and east Scotia Sea, that 
BABB typically contain elevated water contents relative to 
MORB. Fryer et al. [1981], working on DSDP drill core from 
the Mariana Trough, recognized the characteristics identi-
fied by Gill [1976] and first used the term “back-arc basin 
basalts” to classify the rocks as a magma-type intermediate 
between MORB and island-arc basalts (IAB). 

These were all, however, isolated locations and it was not 
until the mid-1980s that Hawkins and coworkers completed 
the first systematic sampling programs of the Lau Basin and 
Mariana Trough [summarized in Hawkins and Melchior, 
1985] and confirmed the presence in back-arc basins of both 
MORB and basalts with variable subduction components. 
They defined the latter as having increased concentrations 
of large ion lithophile elements (LILe), reduced concentra-
tions of high–field-strength elements (HfSe), and higher Sr 
isotope ratios — the three key distinguishing characteristics 
originally recognized by Gill [1976]. Sinton and Fryer [1987] 
discussed in some detail the petrogenesis of the BABB in the 
Mariana Trough. They concluded that the mantle source was 
enriched in the order Ba > Rb > K > LRee > Sr and depleted 
in Y and attributed these to addition of a melt from the sub-
ducted, eclogite slab into an otherwise depleted mantle. 

evidence also emerged of systematic trace element varia-
tions within back-arc basins. In the Lau Basin, for example, 
the margins of the basin were found to be floored by attenu-
ated arc crust (as originally inferred by Gill [1976]) and not 
by crust formed by seafloor spreading [Hawkins, 1995]. 
Pearce et al. [1995] analyzed glasses dredged southwards 
along the Lau spreading centers and concluded that the 
compositions changed from MORB to BABB as the back-arc 
basin ridge converged on the Tofua arc. Leat et al. [2000] 
and Fretzdorff et al. [2002] found that compositions in the 
east Scotia Sea were most MORB-like in the center of the 
basin furthest from the subduction zone. Sinton et al. [2003] 
found that the Manus Basin had a complicated distribution 

of magma types that could be attributed in part to a complex 
subduction history, and identified basalts with LRee, P, and 
Zr enrichment, which they termed “extreme back-arc basin 
basalts, or X-BABB.” Other areas, such as the North fiji 
basin, have a predominance of MORB because the spread-
ing axes are almost all distal from any subduction zone [e.g., 
Eissen et al., 1991]. 

Isotopically, the earliest work focused (as noted above) on 
the characteristics of BABB, which as trace elements also 
demonstrated, mainly proved transitional between MORB 
and IAB [e.g., Hawkesworth et al., 1977]. The most detailed 
work on this topic emerged from the analyses of the Mariana 
Trough sample set collected during the Hawkins cruises. Volpe 
et al. [1987, 1990] recognized that the Mariana Trough basalts 
were heterogeneous with variable subduction characteristics 
reflected in increased 87Sr/86Sr and 207Pb/204Pb isotope ratios 
and decreased 143Nd/144Nd. They interpreted these initially as 
the product of mixing of MORB and arc-like melts [Volpe et 
al., 1987] and subsequently as the product of melting of “mixed 
arc-like and MORB-like mantle” [Volpe et al., 1990]. 

Accumulation of isotope data also focused attention on 
the provenance of the mantle feeding the back-arc basins. 
The first significant advance was by Volpe et al. [1988], 
again using a Hawkins sample set, in this case from the 
Lau Basin. volpe et al. recognized the affinity between the 
lavas of the northern part of the Lau Basin and Samoa and 
concluded that:

volcanism in the northeastern portion of the basin is tapping 
deeper mantle beneath the adjoining Pacific plate, as well as 
Indo-Australian mantle...

The work of Volpe et al. [1988] was the precursor to a 
series of studies on mantle provenance. In particular, Turner 
and Hawkesworth [1998] extended the volpe work by syn-
thesizing published He isotope data [e.g., Poreda and Craig, 
1992] to trace mantle f low from the Samoan region into 
the Lau Basin. In other systems, Hochstaedter et al. [1990] 
and Hickey-Vargas [1991] used Pb isotopes to make the key 
discovery that the Mariana marginal basins surprisingly 
contained not Pacific, but Indian, mantle. Pearce et al. [1999] 
used Nd-Hf isotopes instead of Pb isotopes to fingerprint the 
Mariana mantle source on the basis that the former isotope 
ratios are based on elements that are less susceptible to 
subduction influence than Pb. They reached the same con-
clusion as Hickey-vargas, i.e., that the Mariana arc–basin 
system had been fed by mantle of Indian provenance since 
its inception. Loock et al. [1990], however, found mantle of 
both Pacific and Indian provenance in the Lau Basin. Hergt 
and Hawkesworth [1994] demonstrated that some of this 
variability in mantle provenance was temporal: initially 
Pacific and subsequently Indian. 
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Garcia et al. [1979] and Muenow et al. [1980], followed by 
others such as Aggrey et al. [1988] and Danyushevsky et al. 
[1993], drew attention to the potentially critical importance 
of water in back-arc basins. Stolper and Newman [1994] cor-
related trace elements with water contents of Mariana Trough 
glasses and provided key evidence that the characteristic 
LILe enrichment and HfSe depletion in BABB were both 
linked to water content: the former to element transport in 
the aqueous component and the latter to the increased melt-
ing (flux melting) resulting from the added fluid component. 
This work, in particular, inspired the accumulation of water 
analyses in glasses from back-arc basins [e.g., Gribble et al., 
1998; Newman et al., 2000; Fretzdorff et al., 2002; Kent et 
al., 2002; Sinton et al., 2003] and more detailed evaluation 
of water-element covariations [Kelley et al., in press].

The present consensus is therefore that a high proportion 
of basalts from back-arc basins is transitional in composition 
between MORB and IAB, although some basalts may be 
indistinguishable from these two end-members. The princi-
pal geochemical characteristics of the transitional samples 
(the BABB sensu stricto) are the enrichment in subduc-
tion-mobile elements and depletion in subduction-immobile 
elements. Both characteristics owe their origin to addition 
of a subduction fluid to the mantle source. Isotopes based on 
subduction-mobile elements are also distinct from MORB, 
exhibiting a shift toward subducted crust and sediment com-
positions, but isotopes also carry a record of the provenance 
of the mantle entering the subduction system. This paper 
examines in detail the evidence for these assertions in the 
context of back-arc basin processes, updates some of the 
key published observations, and provides new information, 
particularly on geochemical mapping of back-arc basins and 
calculations of the degree of partial melting. 

2. PROCeSSeS Of BACK-ARC BASIN MAGMA 
GeNeSIS

The petrology and geochemistry of back-arc basins can use-
fully be understood in terms of four processes (figure 1):

1. Mantle input into the back-arc region.
2. Subduction input into the back-arc basin.
3. Interaction of mantle and subduction components.
4.  Mantle melting and the assimilation/crystallization his-

tory of the resulting magmas.
for mantle input, variables include the fertility, tempera-

ture, and provenance of the mantle entering the subduction 
system. for subduction input, variables include the nature 
and composition of the subducted materials and the mode of 
extraction and transport of the subduction component. for 
mantle–subduction zone component interaction, variables 
include the timing (pre-, syn-, or post-melting) and mode 

of mixing of the mantle and subduction components. for 
melting and assimilation/ crystallization history, variables 
include the standard set of ridge-crest variables (e.g., mantle 
temperature and fertility, thickness of lithospheric cap) cou-
pled with the effects of added water and the added influence 
of subduction on the ridge dynamics. 

3. MANTLe INPUT INTO BACK-ARC ReGIONS

3.1. Mantle Provenance 

Isotope analyses of basalts from the world’s mid-ocean 
ridge system have demonstrated that earth’s mantle com-
prises a number of geochemically distinct mantle domains 
[e.g., Hart, 1984]. The first stage in understanding mantle 
flow in back-arc regions is therefore to fingerprint the prov-
enance of the mantle entering the system.

In the western Pacific, the two major global domains are 
the “Indian” and the “Pacific,” which have their most obvious 
boundary at the Australian–Antarctic Discordance [Klein 
et al., 1988]. In the Se Pacific, the two domains are the 
“Bouvet” (South Atlantic and SW Indian) and the “Pacific,” 
with a boundary possibly within the Central Scotia Sea 
[Pearce et al., 2001]. The Indian and Bouvet domains can 
readily be distinguished from the Pacific domain in Pb–Sr–
Nd–Hf isotope space. Simplest is the Pb isotope signature, 
whereby the Pacific domain has lower 208Pb/206Pb than does 
the Bouvet domain; however, Pb, being highly subduction-

Fig. 1Fig. 1

Figure 1. Schematic diagram of the four principal variables in 
back-arc basin petrogenesis. 
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mobile, may only be used for the MORB-like samples from 
back-arc basins. 

figure 2a gives some examples of Pb isotope fingerprint-
ing as applied to MORB lavas from western Pacific back-arc 
basins. figure 2c locates these basins (further details may be 
found in the other papers in this volume). Mostly, the data 
plot in the Indian field, the one exception being the Havre 
Trough in the south (figure 2c). Hickey-Vargas et al. [1995] 
debated the origin of this Indian signature and concluded 
that the convergence of India with Tibet led to extrusion 
of mantle of Indian provenance beneath the western part 
of the Pacific Ocean before the basins opened. This mantle 
was subsequently sampled by the back-arc basin spreading 
centers. This conclusion is an attractive hypothesis for the 
Mariana Trough. However, the Lau and North fiji Basins 

may indicate an alternative explanation. In those systems, the 
Samoan plume has Indian isotopic characteristics despite its 
Pacific location, and flow of mantle south from the Samoan 
region [e.g., Volpe et al., 1988; Turner and Hawkesworth, 
1998] could explain the apparent Indian signature in the 
SW Pacific. 

The problem with Pb is that it is a subduction-mobile ele-
ment and thus subducted lead will mask any mantle lead in 
any lava with a subduction component, which includes most 
BABB. The Hf-Nd isotopic combination is then more effec-
tive [Pearce et al., 1999; Kempton et al., 2002], though still 
susceptible to Nd mobility and, in some debated cases, Hf 
mobility [Woodhead et al., 2001]. figure 2b gives the equiva-
lent Hf-Nd diagram to figure 2a but with suprasubduction 
zone lavas included; it also includes the discriminant bound-

Fig 2Fig 2

Figure 2. (a) Pb and (b) Hf-Nd isotope indicators of mantle provenance in Western Pacific Basins. Data sources: Boes-
pflug et al. [1990], Gribble et al. [1998], Haase et al. [2002], Kempton et al. [2000], Loock et al. [1990], Pearce et al. 
[1999, 2001, unpublished], Peate et al. [1997, 2001], Woodhead et al. [2001]. Suprasubduction zone (SSZ) samples on the 
Hf-Nd are corrected for Nd addition. (c) Location of the basins studied. Discriminant lines are from Pearce et al. [1999]. 
The figure highlights the difference in mantle provenance (Indian vs. Pacific) for the various back-arc basins.
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ary separating Indian mantle (with its low εNd at a given 
εHf) from Pacific mantle. Any subduction-influenced lavas 
have been corrected for selective addition of Nd by using the 
methodology of Pearce et al. [1999]. 

figure 2b supports and extends the picture obtained 
from Pb isotopes, showing that the back-arc basins of the 
western Pacific have a generally Indian character, whereas 
the basins in the south (Havre Trough and valu fa Ridge) 
have a Pacific character. This difference is mirrored in the 
compositions of the adjacent arcs: the Kermadec arc trench-
ward of the Havre Trough, and the Tofua arc volcano Ata 
trenchward of the valu fa Ridge (included in the Kermadec 
Group in figure 2b), have Pacific signatures. The central 
and northern parts of the Tonga arc, trenchward of the 
central and northern Lau Basin, have Indian signatures, as 
does the Mariana arc. 

The Lau Basin is also the site of a mantle domain bound-
ary, which must lie between the Havre Trough and the east 
Lau spreading center of the Lau Basin. As figure 2a shows, 
the Havre Trough and older margins of the Lau Basin have 
Pacific signatures. Hergt and Hawkesworth [1994] argued 
that mantle with Indian signature flows into the Lau Basin as 
it opens, displacing preexisting mantle of Pacific signature. 
This Pacific mantle is still available to provide the source of 
back-arc magmas in the Havre Trough to the south.

3.2. Mantle Fertility and Tracing of Mantle Flow

Whatever the provenance, mantle flowing into a back-arc 
basin may change its composition by melt extraction during 
flow, a process known as “mantle preconditioning” [Kincaid 
and Hall, 2003]. If mantle is heterogeneous, made up of 
enriched “plums” in a depleted matrix, this preconditioning 
will lead to a chemical gradient in isotope and trace element 
ratios as loss of small melt fractions from the flowing mantle 
leads to progressive depletion of the asthenosphere [Pearce, 
2005]. The process of mantle preconditioning was first used 
by McCulloch and Gamble [1991] and Woodhead et al. [1993] 
to explain why many arcs are depleted in incompatible ele-
ments relative to their adjacent back-arc basins. However, 
their model presupposes that flow is always from back-arc 
to arc. If flow is around the slab edge or arc-parallel, as indi-
cated by many shear-wave splitting experiments [e.g., Smith 
et al., 2002], then preconditioning can also explain mantle 
depletion within the basins themselves.

As noted, evidence for enriched mantle, with “plume” 
components, entering back-arc basins was first recognized 
by Volpe et al. [1988] for the northern Lau Basin. Subsequent 
analyses of samples from this area demonstrated that many 
lavas from the North Tonga region had high 3He/4He ratios 
as well as plume-like Pb, Sr, and Nd isotope ratios [Poreda 

and Craig, 1992]. Turner and Hawkesworth [1998] used the 
3He/4He data to propose that the distribution of high 3He/4He 
ratios indicates the direction of flow of the plume-enriched 
mantle, that is, from the Samoan plume into the Lau Basin. 
Macpherson et al. [1998] similarly used He isotopes to infer 
a plume influence in Manus Basin basalts.

Useful though isotopes are, their ratios typically converge 
on MORB compositions after only small amounts of melt 
extraction. Trace element ratios therefore provide a more 
robust indicator of mantle fertility. The compositions of lava 
from a back-arc basin with no subduction component may 
be summarized by the multielement patterns in figure 3a. 
As with most patterns of this type, elements are arranged so 
that the most incompatible lie to the left, and average MORB 
(N-MORB) provides the normalizing value. figure 3a illus-
trates the contrasting trace element compositions of enriched 
and depleted MORB basalts from the Lau and North fiji 
back-arc systems, the former exhibiting the characteristic 
enrichment of the most incompatible elements relative to 
N-MORB. A ratio of a highly incompatible element to a less 
incompatible element therefore gives a proxy for mantle 
enrichment and depletion. By choosing Nb/Yb as this proxy, 
we have two elements that are also relatively immobile dur-
ing subduction and therefore applicable to lavas that have 
been influenced by subduction. 

The importance of this proxy is apparent in figure 3b, 
which contrasts an enriched and a depleted BABB from the 
east Scotia Sea. Although a subduction component is super-
imposed on the pattern shapes, the variability in Nb/Yb is 
still evident. As will be seen, Nb/Yb also varies according to 
degree of melting, but source variations dominate, especially 
when regional variations are considered and degrees of melt-
ing are moderate to high. The caveat is that the source of the 
Nb in back-arc basins is the asthenosphere flowing into the 
basin. Much empirical and experimental evidence shows that 
this is usually the case, although there are exceptions that 
will be discussed later. 

Geochemical maps of some of the main arc–basin sys-
tems (Plate 1) highlight the importance of Nb/Yb in mak-
ing a first-order interpretation of the fertility of back-arc 
basin magma sources. In addition to providing evidence 
for absolute mantle fertility, the maps also indicate fertility 
gradients. If systematic, these gradients can be explained by 
melt extraction and therefore act as tracers for mantle flow 
[e.g. Woodhead et al., 1993]. The results show that there are 
major differences in mantle flow patterns between the vari-
ous arc–basin systems. 

The Izu-Bonin System (Plate 1a) has no active spreading 
center but instead has a rear-arc extensional zone containing 
rifted basins (e.g., the Sumisu Rift) and knolls and chains 
of back-arc seamounts (the Western Seamounts). It is of 

Fig 3Fig 3

Plate 1Plate 1
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interest for geochemical mapping because of its wide zone 
of volcanic activity. It exhibits a straightforward decrease 
in Nb/Yb ratios across the rear-arc toward the arc front, as 
originally observed and interpreted by Hochstaedter et al. 
[2001] in terms of melt extraction during mantle flow to 
the arc front. Thus, it supports the results from shear-wave 
splitting experiments by Fouch and Fisher [1996] indicat-
ing flow from the rear-arc toward the arc front, although 

the flow direction may not be exactly trench-orthogonal. 
This system is thus a potential example of magma genesis 
involving unidirectional, trench-orthogonal mantle f low. 
The Havre Trough (not shown) exhibits similar geochemical 
characteristics.

The Lau-Tonga System (Plate 1b) displays a decrease in 
Nb/Yb ratios, and hence in mantle fertility, from north to 
south. This decrease is also consistent with He isotope gradi-
ents [Turner and Hawkesworth, 1998] and shear-wave split-
ting experiments [Smith et al., 2002], both of which indicate 
southward flow of mantle from the Samoan region toward 
the Peggy Ridge, the central Lau Basin, and the eastern Lau 
Basin. This flow is facilitated by the absence of any slab bar-
rier along this pathway. The data also support mantle flow 
from the Pacific into the northern Lau Basin [e.g., Falloon et 
al., 1992], although Turner and Hawkesworth [1998] claimed 
that an absence of a He anomaly did not support this flow 
path. The area is thus a potential example of magma genesis 
involving a component of unidirectional, trench-parallel 
mantle flow. 

The Scotia System (Plate 1c) exhibits its decrease in Nb/Yb 
ratios and hence mantle fertility toward both the center of the 
east Scotia Sea back-arc basin and the South Sandwich arc. 
As noted in a series of papers [e.g., Leat et al., 2000, 2004; 
Pearce et al., 2001; Fretzdorff et al., 2002], this decrease 
is consistent with mantle flow into the system from both 
north and south as the slab rolls back to the east. It is thus a 
potential example of magma genesis involving a component 
of bidirectional, trench-parallel mantle flow, although this 
is probably followed by trench-orthogonal flow toward the 
arc front. 

The Mariana System (Plate 1d) exhibits a decrease in Nb/
Yb ratios away from several loci in the center of the spreading 
part of the Mariana Trough and toward the arc [Pearce et al., 
2005]. Unlike the other systems, the mantle probably cannot 
easily flow into the newly rifted basin because of the barrier 
formed by the remnant arc; accordingly, mantle reaches the 
basin by diapiric upwelling before flowing along the back-arc 
basin or toward the arc front. It is thus a potential example of 
magma genesis involving several centers of mantle upwelling 
and hence of multidirectional mantle flow.

The Manus System (Plate 1e), excluding the back-arc basin, 
exhibits a general decrease in Nb/Yb ratios from the Manus 
Island region toward the New Britain rear arc and arc front, 
similar to that in the Izu system. If Manus Island does rep-
resent a plume, as has been proposed [Johnson et al., 1978, 
1988; Macpherson et al., 1998], then flow from the plume 
to the arc would be needed to conserve mass. Within the 
Manus Basin, however, the variations are more complex. 
The highest Nb/Yb ratios are in the center of the basin at 
the boundary between the eastern Transform Zone (eTZ) 

Figure 3. Geochemical patterns highlighting the value of the 
Nb/Yb ratio as a proxy for mantle fertility and for tracing mantle 
flow. The patterns show the differences in Nb/Yb ratio between 
(a) enriched and depleted back-arc basin MORB and (b) enriched 
and depleted back-arc basin BABB. All patterns are normalized to 
N-MORB and then to YbN = 1. Data of Fretzdorff et al. [2002], Leat 
et al. [2000], Pearce et al. [1995], Peate et al. [1997], Turner et al. 
[1997]. Normalizing values of Sun and McDonough [1989].
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Plate 1. Geochemical maps of Nb/Yb for some well-studied arc—back-arc systems. Nb/Yb is used here as a simple 
proxy for mantle fertility (see figure 3). Gradients in Nb/Yb ratios may provide a method of tracing mantle flow, if 
flow is accompanied by melt extraction or mixing. The maps indicate that mantle flow in back-arc regions is highly 
dependent on regional tectonics and the resulting barriers to mantle flow. The Izu system is marked essentially by a 
trench-orthogonal type of flow, the Lau system by a trench-parallel type of flow, the Scotia system by bidirectional flow, 
the Mariana system by a locally focused type of flow, and the Manus system by a combination of trench-orthogonal and 
locally focused flow. Data sources are cited in the text. The various ridge segments have been labelled with symbols 
(e.g., e1) or acronyms (CLSC), which are explained in the text where relevant. More detailed maps of the various basins 
can be found in Taylor and Martinez [2003] and references therein.
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and Manus Spreading Center (MSC), perhaps indicating that 
there was mantle upwelling in the center of the basin and 
that mantle then migrated laterally with the propagation of 
the back-arc ridges. 

Note that the full data set available in 2005 and depicted 
in Plate 1 supports the hypothesis of McCulloch and Gamble 
[1991] and Woodhead et al. [1993] that mantle reaches the 
arc front after having been depleted in the back-arc. It also 
supports the conclusions of Hochstaedter et al. [2001] that 
depletion can take place in the rear-arc even when there is 
back-arc spreading (see figure 1). In addition, all basins 
contain mantle that is enriched in incompatible elements 
relative to N-MORB. Pb, Sr, Nd, and Hf isotope ratios for 
mantle feeding the basins similarly indicate sources more 
enriched than N-MORB, and high 3He/4He ratios have been 
reported in some basins. evidence therefore points to the 
likelihood of enriched mantle entering most systems but with 
melt extraction, mantle mixing, or both leading to progres-
sive depletion as mantle flow continues toward the arc front. 
The precise pattern of depletion will depend on the direction 
of mantle flow and, in particular, whether it is trench-parallel 
or trench-orthogonal. The presence or absence of barriers to 
flow (subducted slab and arc lithospheric roots) is particu-
larly important.

4. SUBDUCTION INPUT INTO BACK-ARC ReGIONS

4.1. Magnitude of the Subduction Input

As noted, it is consensus that one of the distinctive features 
of BABB is the presence of a subduction component that is 
significant but not as large as that in IAB. Thus, by defini-
tion, BABB exhibit higher contents relative to MORB of 
volatile elements, notably H (water) and LILe (Ba, Sr, La, 
Th, etc.), and corresponding modifications to their isotope 
ratios. In the X-BABB defined by Sinton et al. [2003] these 
elements are strongly enriched and accompanied by enrich-
ments in many HfSe. A key question is whether this subduc-
tion component is the same as that in IAB, or whether it is 
different in a way that reflects its more distal setting relative 
to the subduction zone. 

The choice of parameters for investigating subduction 
components is apparent in the multielement pattern in 
figure 4 [Pearce et al., 2005]. figure 4 presents a representa-
tive pattern of an IAB, actually from Guguan in the Mariana 
arc. Its subduction setting is demonstrated by the selective 
enrichment in the nonconservative (subduction-mobile) ele-
ments. By making certain assumptions, the pattern can be 
broken down into three components, as depicted in figure 4. 
A mantle component with a pattern that passes through the 
conservative (subduction-immobile) elements (Nb, Ta, Zr, 

Hf, Ti, HRee) defines the baseline. A component contain-
ing all subduction-mobile elements (Rb, Ba, Sr, K, Th, U, 
LRee, middle Ree, P, Pb) defines the supercritical fluid or 
melt released at high temperatures (i.e., usually deep) from 
subducted crust and sediment. A component containing only 
the fluid mobile elements (Rb, Ba, K, Sr, Pb) then defines 
the aqueous fluid released at low temperatures (i.e., usually 
shallow) from subducted crust or sediment. 

from this information, it is apparent that carefully chosen 
ratios will highlight particular aspects of the subduction 
input. Thus Ba/Nb is independent of mantle source, partial 
melting, or fractional crystallization and is a measure of the 
total subduction input. Similarly, Th/Nb is a useful frac-
tionation-independent proxy for deep subduction input and 
Ba/Th is the equivalent proxy for shallow input.

To evaluate the extent of subduction input in back-arc 
basins, we thus use the total subduction proxy, Ba/Nb. 
Graphically, this can be done on a bivariate diagram by 
plotting Ba against Nb, using Yb as a normalizing factor 
to reduce the effects of fractional crystallization and crys-
tal accumulation. This projection enables both subduction 
enrichment (through Ba/Nb) and mantle fertility (through 
Nb/Yb) to be viewed simultaneously. On a log-log plot, 

Fig 4Fig 4

Figure 4. Geochemical pattern highlighting the use of trace ele-
ment ratios as proxies for subduction input [from Pearce et al., 
2005]. In a given subduction system, shallow subduction is charac-
terised by elements such as Ba, Rb, Sr, and Pb, which are mobile in 
low-temperature aqueous fluids. Deep subduction is characterised 
by both this group of elements and the group including Th and the 
LRee, which are mobile at higher temperatures. Ba, Th, and Nb 
usually have similar partition coefficients during mantle melting 
and fractional crystallization, so ratios such as Ba/Nb, Th/Nb, 
and Ba/Th make effective, fractionation-independent proxies for 
tracking subduction inputs. 
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MORB data plot within a MORB array and subduction-
enriched samples plot above the MORB array to higher Ba 
values. 

figure 5 shows the Ba/Nb plot for the back-arc basins 
mapped in figure 4. On this diagram, each back-arc basin is 
characterized by a spread of data between the array formed 
by the regional MORB and the field formed by the adjacent 
frontal arc. Typically, if there is a back-arc spreading axis 
(i.e., all but the Izu example), some data plot in the MORB 
array. In basins that are well behind the arc (e.g., North fiji 
Basin—not shown here for lack of space), most samples 
plot in the MORB array. If the back-arc axis “captures” the 
arc (Northern Mariana) or is fed by past sub-arc mantle 
(Manus), some data will plot in the arc field. Overall, how-
ever, the majority plot between the two, i.e., as BABB. The 
plots thus demonstrate that BABB are common in back-arc 
basins and are generally, but not always, predominant. 

4.2. Distribution of the Subduction Component

The Ba/Nb proxy can also be used as the basis of geo-
chemical maps of the main arc–basin systems [Sinton et al., 
2003]. These enable us to make a first-order interpretation 
of the total subduction components within back-arc basin 
magma sources. The results (Plate 2) indicate significant 
variations within and between arc–basin systems. 

The Izu-Bonin System (Plate 2a) exhibits, in map form, the 
straightforward increase in subduction input from the back-
arc and rear-arc to the arc front described by Hochstaedter 
et al. [2001]. 

The Tonga System (Plate 2b) displays an increase in sub-
duction input as the Lau Basin converges on the Tofua arc 
toward the south. Thus the magnitude of the subduction 
component input increases with increasing arc proximity 
from the Central Lau spreading center through the east Lau 
spreading center to the valu fa Ridge [Jenner et al., 1987; 
Vallier et al., 1991; Pearce et al., 1995; Kamenetsky et al., 
1997; Bach et al., 1998]. 

The Scotia System (Plate 2c) exhibits an increase in sub-
duction input both toward the arc front and toward the edges 
of the back-arc basin. The latter can be explained by the fact 
that mantle entering the system from the north and south 
must flow over subducting crust to reach the back-arc basin 
[Leat et al., 2004]. In contrast, mantle feeding the center of 
the basin may flow from the west and thus not encounter 
any subduction zone. 

The Mariana System (Plate 2d) is marked by an increase 
in subduction signature along the Mariana Trough toward 
the arc as it converges on the arc front both north and south 
(see also Pearce et al., 2005). In addition, small but variable 
subduction components are present in much of the central part 

of the basin. The Mariana Trough is a special case because it 
represents all stages of arc rifting from rifted crust in the north 
and extreme south [Stern et al., 1990]. The high ratios in the 
northern volcano–Tectonic Zone may be explained by the fact 
that the Mariana Trough in this region converges on the arc 
and “captures” the arc magmatism [Stern et al., 2003]. 

The Manus System (Plate 2e) is marked by an increase in 
subduction signature from Manus Island through the back-
arc to the arc, consistent with an increase in arc proximity. 
Within the south and southeast rifts in the Manus Basin 
itself, the subduction zone component increases to the east, 
more consistent with increasing proximity to the now extinct 
arc of which New Ireland was once part. The spatial varia-
tions with the Manus Spreading Center are complicated by 
the presence of X-BABB, which may have a lithospheric 
origin as discussed in a subsequent section. 

Thus, the overall pattern of total subduction zone enrich-
ment depends on the tectonic history of the system and 
the present-day tectonic setting. In all systems, there is (as 
expected) a clear relationship between subduction zone prox-
imity and magnitude of the subduction component. 

4.3. Composition of the Subduction Component

A key question is whether BABB are simply a more 
“dilute” version (in terms of subduction component) of the 
adjacent island arc or whether they do have a distinctly 
different composition as reflected by their greater distance 
behind the trench. This may be investigated by plotting 
fractionation-independent geochemical proxies that rep-
resent the different types of subduction component. for 
example, Elliott et al. [1997] used a series of plots for the 
Mariana arc, including Pb/Ce (a shallow subduction proxy 
that they equated with an aqueous f luid) against Th/Nb 
(a deep subduction proxy that they equated with a sedi-
ment melt). Fretzdorff et al. [2002] used a plot of Ba/Th 
(the shallow subduction proxy) against Th/Nb (the deep 
subduction proxy). Here we use the projection of Ba/Nb 
(the total subduction proxy) against Th/Nb (the deep sub-
duction proxy) to have a common denominator that gives 
near-linear mixing trends even on a log-log diagram (figure 
6). On this projection, the composition of the incoming 
subduction-free mantle has almost constant and low ratios 
of Ba/Nb and Th/Nb, regardless of mantle fertility. The 
deep subduction component then gives a diagonal trend 
emanating from the MORB field (indicative of both Th and 
Ba enrichment), the exact slope of which is a function of 
the Th and Ba input flux [Plank and Langmuir, 1998]. The 
shallow component is subvertical (Ba addition but not Th) 
and typically will be added to mantle already containing 
the deep component that flows toward the arc front.

Fig. 5Fig. 5

Plate 2Plate 2

Fig. 6Fig. 6
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The potential of this type of projection is apparent in the 
Izu plot (figure 6a). The back-arc volcanoes form a trend 
with a slope of about 1; i.e., the Ba/Th ratio in the subduction 
contribution is approximately the same as in the incoming 
mantle. This may be assumed to represent variable contribu-
tions of a deep subduction component in the mantle source. 
In contrast, the frontal arc is displaced from this trend toward 
high Ba/Nb ratios, as is, to a much lesser extent, the active 
rift zone. This is consistent with addition of a shallow com-
ponent beneath the frontal arc as the mantle flows toward the 
trench. The Mariana arc–basin system (figure 6d) is broadly 
similar. However, whereas the southern part of the Mariana 
arc resembles the Izu arc in its vertical dispersion, the north-
ern part of the arc is complicated by lithospheric involvement 
during rifting and so has a component with higher Th/Nb 
ratios [Pearce et al., 2005]. As with the Izu back-arc, the 
Mariana back-arc is characterized by a deep subduction 
component in which the Ba/Th ratio is similar to that of the 
mantle itself. The Tonga–Lau system (figure 6b) similarly 
has a back-arc component with a high Th/Ba ratio relative to 
the arc, indicative of a deep subduction component.

The Scotia system differs significantly from this model 
of a deep subduction component in the back-arc (figure 6c). 
The South Sandwich arc varies from Th-rich in the volcanoes 
most distant from the trench, and in one volcano close to the 
slab edge to Ba-rich in the main arc. The back-arc data trend 
not toward the Th-rich part of the arc (rear arc and arc edge) 
but toward the center to the Ba-rich part of the arc trend [see 
also Fretzdorff et al., 2002]. Leat et al. [2004] explained this 
feature in terms of the distinctive geometry of the Scotia 
arc–basin system, i.e., a short slab segment with mantle 
access at the edges. The mantle entering the back-arc basin 
flows over the subducting slab at shallow depths, thus accu-
mulating a much more shallow component than is likely by 
simple flow toward the arc front, where it should encounter 
the deep component first. The Manus system is similar to the 
Izu system in having a deep component in the rear-arc and a 
shallow component at the arc front (figure 6e). The Manus 
Basin itself, however, has a trend more similar to that of the 
east Scotia Sea. This similarity may reflect the fact that the 
Manus subduction component is inherited from the earlier 
subduction event.

Thus apparent subduction components can vary signifi-
cantly within and between the different back-arc basins, 
as indeed they can vary between the different arcs. Where 
back-arc basins converge on the arc (Lau, Mariana), or where 
there is a broad zone of rear-arc volcanism (Izu, Manus), 
there is a clear increase in subduction component with arc 
proximity, and the back-arc basin subduction component is 
characteristic of that driven off the slab at significant depth. 
Complex geometries, and hence a complex mantle flow pat-
tern (Scotia) or a complex evolution of the subduction zone 
(Manus), may enable back-arc mantle to carry a subduction 
component even before it flows toward the arc. In this case, 
the subduction contribution may have both shallow and deep 
components.

5. NATURe Of MANTLe–SUBDUCTION 
COMPONeNT INTeRACTION

The incoming mantle and the subduction component can 
interact in a series of ways, which need not be mutually 
exclusive (figure 7):
•  Physical mixing of incoming mantle with subduction-modi-

fied mantle [e.g., Volpe et al., 1990; Martinez and Taylor, 
2002; Taylor and Martinez, 2003] (the “Recycling Model” 
in figure 7a).

•  Addition of the subduction component directly as subduc-
tion fluid or melt to incoming mantle [e.g., Elliott et al., 
1997] (the “Subduction Addition Model” in figure 7b).

•  Addition of subduction component directly as a subduc-
tion-modified mantle melt to incoming mantle [e.g., Davies 
and Stevenson, 1992] (the “Hydrous Melt Addition Model” 
in figure 7c).

•  Incorporation of a subduction component stored in the 
lithosphere [e.g., Pearce et al., 2005] (the “Lithosphere 
Contamination Model” in figure 7d).

5.1. Constraining Models by Timing the Addition  
of the Subduction Component

The presence of subduction components in back-arc basin 
basalts does not necessarily imply that the source is the 
active subduction zone. Most basins contain much attenuated 
arc lithosphere at their margins and this lithosphere could 
act as a “store” for subduction components. U-series iso-
tope data provide a potential means of distinguishing recent 
from ancient subduction sources and therefore confirming 
or rejecting the fourth of the models listed above. figure 8 
shows two examples. 

The principle is that U may be decoupled from Th during 
subduction, because (unlike Th) it may exist in a UvI state, 
which renders it mobile in aqueous, oxidizing subduction 

Fig. 7Fig. 7

Fig. 8Fig. 8

Figure 5. Plot of Ba/Yb vs. Nb/Yb for some well-studied arc–back-
arc systems. Back-arc basin lavas plot either within the array 
formed by subduction-unaffected MORB or are displaced from that 
array to higher Ba/Yb ratios according to the relative proportion 
of subducted Ba to mantle Ba in the mantle source. Of the samples 
containing subducted Ba, the majority plot between the arc field 
and MORB array and are the BABB (sensu stricto). BABB is there-
fore the dominant magma type in the studied basins, but MORB 
and IAB are also present. Data sources are cited in the text.
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Plate 2. Geochemical maps of Ba/Nb for some well-studied arc–back-arc systems. Ba/Nb is used here as a simple 
proxy for total subduction input as illustrated in figure 4. Gradients in Ba/Nb ratios may provide a method of tracing 
subduction input. The maps indicate that subduction input is predictably strongly related to subduction zone proximity 
and the direction of mantle flow toward the subduction zone (trench-orthogonal vs. trench-parallel). However, the Scotia 
system is more complicated as mantle may flow over subducting lithosphere to enter the back-arc basin, while the Manus 
back-arc basin and parts of the Mariana Trough are complicated by the presence of inherited subduction components. 
Data sources are cited in the text; see the caption to Plate 1 for more information on the map detail. 
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fluids. Arc lavas may therefore be displaced from the line 
of similar Th and U behavior (the equiline) toward selective 
U enrichment. The extent of displacement is a function of 
the time elapsed since U and Th were decoupled. Samples 
representing variable U-enrichment of a common source 
can therefore form an isochron representing the time elapsed 
since the U addition event.

Thus, Peate et al. [2001] found that the basaltic andesites 
from the valu fa Ridge (vfR) at the southern edge of the 
Lau Basin lie close to the same 50-ka isochron as the Tofua 
arc (figure 8a), indicating that their subduction compo-
nent derives from the active subduction zone and not from 
lithospheric storage. Fretzdorff et al. [2003] similarly found 
(figure 8b) that the subduction component in subduction-rich 
Scotia Sea segments e4 and e8 must have been added to the 
back-arc within 350 ka, i.e., effectively during the present 
subduction system.

In both the Lau and Scotia studies, it is critical to note that 
the isochrons may have at least two explanations. They may 
be real and indicate the age of direct addition of a subduc-
tion component to the back-arc mantle. Alternatively, they 
may support models for mixing of arc and back-arc mantle 
sources. In both cases, the key inference is that the subduc-
tion component is linked to the active subduction event and 
not inherited from an earlier event. Note, however, that the 
two basins that might contain older components (Mariana 
and Manus) have yet to be investigated by using uranium 
series isotopes.

5.2. Constraining Models Through HFSE Enrichment

Until now, we have made the assumption that HfSe are 
subduction-immobile. However, the truth of this statement is 
a matter for debate and may be critical for understanding the 
interaction between subduction components and mantle in the 
back-arc region. for example, because HfSe can be mobilized 
at sufficiently high temperatures within the subduction zone 
[e.g., Müncker et al., 2004], the deepest subduction compo-
nents will probably contain HfSe. Any low-degree melts 
generated by fluid interaction with fertile mantle will also 
carry significant concentrations of HfSe, as is apparent from 
the moderately high Nb contents of potassium- and water-rich 
low-degree melts from nonsubduction environments. Zone 
refining by melts migrating through the mantle wedge could 
similarly achieve high concentrations of the more incompat-
ible HfSe [Stolper and Newman, 1994], though incompatible 
LILe may experience still greater enrichment [Kelemen et al., 
1993]. Thus, the four hypotheses depicted in figure 7 could all 
be constrained by understanding HfSe behavior. 

In back-arc basins, the most clear-cut example of HfSe 
enrichment in back-arc lavas may be in the rifting part of 

the Mariana Trough, i.e., vTZ and Segment M1 of Plate 1d 
[Stern et al., 1990; Pearce et al., 2005]. What makes this 
example distinctive is the fact that the ratio of the HfSe pair, 
Nb/Ta, is also highly fractionated.

The Nb/Ta ratio is of particular geochemical interest as Nb 
and Ta both exist in the v oxidation state (i.e., they form 5+ 
ions) and have similar ionic radii. During melt extraction or 
dynamic melting, the slightly greater incompatibility of Nb 
means that initial melts have high Nb/Ta (greater than the 
chondritic ratio of 17) and melts of depleted mantle have low 
ratios (<17). Plate 3a is a plot of Th/Ta ratio (a deep subduc-
tion proxy) against Nb/Ta. Within the spreading part of the 
Mariana Trough, MORB compositions have a near-constant 
Th/Ta ratio, whereas the Nb/Ta ratio varies between about 13 
and 17. BABB in the spreading part of the Mariana Trough are 
displaced to high Th/Ta ratios but with no discernable change 
in Nb/Ta ratios. However, the rifting part of the Mariana 
Trough is characterized by alkalic arc lavas with distinctly 
high Nb/Ta ratios. Plate 3b [from Pearce et al., 2005] displays 
the same features in the form of a geochemical map. Given 
that the degree of melting is high and that melting cannot 
therefore explain these high ratios, one must assume that the 
source of these lavas has been enriched by a component with a 
high Nb/Ta ratio, probably made up of small melt fractions. 

Whatever this component may be, lavas from the rifting 
zone of the Mariana Trough form trends toward this high 
Nb/Ta component. We can therefore infer that the back-arc 
and the arc in the arc-rifting zone carry a component rich in 
Th and Nb that is not obviously present in the spreading part 
of the basin. One option is a high-temperature subduction 
component that can carry Nb as well as Th [e.g., Kessel et al., 
2005], but this would not give the highly fractionated Nb/Ta 
ratios (>20) observed. Pearce et al. thus interpreted this as a 
component within the lithosphere that is mobilized during the 
rifting process (see figure 7d). The same features are well-
known at passive margins, where mantle sources evolve from 
lithospheric to asthenospheric during progressive extension. 

The diagonal trends in Plate 3a also support a mixing 
origin for the northern Mariana Trough lavas. Whereas the 
alkalic arc lavas may be dominated by the lithospheric com-
ponent, the source of the Mariana Trough lavas is the likely 
product of mixing between this lithospheric component and 
an asthenospheric component. The Northern Mariana Trough 
is therefore an example not only of an apparent subduction 
component inherited from an earlier event (figure 6d) but 
also of mixing (figure 6a).

This component is not common in back-arc basins but, 
interestingly, the X-BABB of the Manus Basin identified by 
Sinton et al. [2003] have comparable characteristics, though 
data are limited and the tectonic setting is not as clear. Sinton 
et al. [2003] and Pearce et al. [2005] both cited a carbonatite 

Plate 3Plate 3
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melt as one possible source for these unusual signatures, 
though normal low-degree, hydrous melts and unusual slab-
derived melts remain alternative explanations.

5.3. Constraining Models by Fingerprinting the  
Water-Bearing Component

The Stolper and Newman [1994] estimate of the fluid com-
ponent in Mariana Trough glasses has high concentrations 
of HfSe, not only Ta and Zr but also the less incompatible 
and highly subduction-immobile Y and Yb. However, their 
calculations assume a constant mantle source and one fluid 
component, and we now know that at least the former may be 
variable. for example, Danyushevsky et al. [1993] identified 
two main sources of water in back-arc basins: one, with a 
H2O/K2O ratio of approximately 1, which they interpreted in 
terms of a nonsubduction component similar to that forming 
the enriched MORB (e-MORB) to N-MORB spectrum; and 
another with a H2O/K2O ratio of approximately 4, which 
they interpreted as the subduction component. Similarly, 
Fretzdorff et al. [2002] demonstrated that the east Scotia Sea 
has two distinct water-bearing components: one (nonsubduc-
tion) containing U and Nb, the other (subduction-related) 
containing U and negligible Nb. The source of the high  
HfSe contents in Stolper and Newman’s calculated subduc-
tion component is therefore not entirely clear.

Revisiting the Mariana Trough location, a plot of H2O/Yb 
vs. Nb/Yb (the equivalent of the Ba/Yb vs. Nb/Yb plot 
in figure 5) highlights these two main sources of water 
(figure 9). Samples with MORB compositions plot along an 
Indian MORB array, in which water and Nb both increase 
from depleted to enriched mantle. Because Nb is more 
incompatible than H [Michael, 1995; Danyushevsky et al., 
2000], the slope of the MORB array is less than that on the 
equivalent Ba plot. Note that the overall dispersion indicates 
a (poor) correlation between water and Nb (trend 1). Any 
two-component mixing model would then require that the 
subduction component contain Nb and other incompat-

Fig. 9Fig. 9

Figure 6. Plot of Ba/Nb vs. Th/Nb used to investigate the rela-
tive roles of shallow and deep subduction components in back-arc 
basins. Ba/Nb is the proxy for total subduction input and Th/Nb 
the proxy for deep subduction input, so deep subduction gives a 
diagonal vector and shallow subduction gives a vertical vector. 
The diagram shows that most back-arc basins predictably follow 
deep subduction vectors, toward the high Th/Nb end of the local 
arc-array. The east Scotia Sea follows a vector consistent with 
shallower subduction input because only here can the mantle flow 
into the basin over the shallower parts of the subducting slab. The 
Manus Basin also follows a slightly shallower trend than the adja-
cent rear-arc, consistent with the recycling of mantle from an earlier 
subduction event. Data sources are cited in the text.

Figure 7. Schematic diagram showing the possible modes of inter-
action between subduction component and mantle to produce the 
source of BABB. In (a), sub-arc mantle is recycled into the back-arc 
region and the subduction signature in BABB results from mantle 
mixing. In (b), a deep subduction component inputs directly into 
the back-arc region. In (c), the deep subduction component induces 
small amounts of mantle melting at depth and the resulting hydrous 
melt migrates into the back-arc region. In (d), back-arc opening 
leads to ablation of lithosphere containing a preexisting subduction 
component. The two-phase flow in (b) and (c) may be accompanied 
by zone-refining.
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ible HfSe [Stolper and Newman, 1994]. However, a vari-
able mantle source (effectively a three-component model of 
depleted mantle, enriched mantle, and fluid) could equally 
support a model in which the Mariana BABB experiences a 
near-vertical subduction-influenced displacement from the 
MORB array with little, if any, Nb contribution from the 
subduction component (trend 2). 

Ignoring the small correction for H2O/Yb fractionation dur-
ing melting and fractional crystallization, the H2O/Yb ratio 
of the incoming mantle to the Mariana Trough is about 0.15, 
and the BABB source can reach ratios of about 1. Depletion of 
mantle within the Mariana Trough can reduce the ratio to about 

0.07. Thus, subducted water does dominate the mantle source of 
most BABB, though mantle water makes some contribution.

Overall, it is possible to conclude that a subduction com-
ponent can be added to the incoming mantle in many ways. 
In many cases, addition of the component is likely to be an 
integral part of the subduction process, but arc rifting is one 
case where a component from an earlier event may be stored 
in the lithosphere and subsequently remobilised. Mixing of 
back-arc and sub-arc sources is probable once the back-arc 
ridge and the arc front converge sufficiently. However, where 
the ridge and arc are well-separated, or where the mantle 
flows above a subducting plate to enter the back-arc basin, 
it is possible that the subduction component is added directly 
as the mantle flows toward the trench.

6. BACK-ARC BASIN RIDGe CReST PROCeSSeS

6.1. HFSE Depletion as a Back-Arc Basin Characteristic

Back-arc basins differ from mid-ocean ridges in magma 
genesis [e.g., Taylor and Martinez, 2003], primarily because 
the enhanced water content increases the degree of partial 
melting; other factors may include differences in mantle 
flow and lithospheric stress regime. To a first approxima-
tion, BABB differ from MORB in their melt generation by 
their greater degree of flux (fluid-induced) melting. They 

Figure 8. U-Th method of distinguishing recent and stored sources 
of subduction component in the Lau and Scotia systems [from 
Peate et al., 2001; Fretzdorff et al., 2003]. The lavas with a sig-
nificant subduction component are displaced from the  equiline 
along apparent arc isochrons. This shows that the additions of 
subduction-derived U into the two back-arcs (by mantle mixing or 
fluid addition) were relatively recent events and so must relate to 
the present-day subduction systems and not represent a component 
stored in the mantle lithosphere. 

Figure 9. Plot of H2O/Yb vs Nb/Yb for Mariana Trough glasses. 
As with the Ba/Yb vs Nb/Yb plot in figure 6, there are two prin-
cipal components—one representing mantle variation and one 
representing subduction addition—and both affect the overall water 
content of the mantle. 
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Plate 3. (a) Plot of Th/Ta (a proxy for the deep subduction component) against Nb/Ta (a proxy for mantle depletion and 
degree of melting). Glasses from the spreading part of Mariana Trough plot between the MORB array and the central 
and southern arcs (CIP and SSP, respectively), all of which have “normal” Nb/Ta ratios. Lavas from the rifting arc (NSP) 
have unusually high Nb/Ta ratios, possibly attributable to lithosphere enriched with small melt fractions. Glasses from 
the rifting part of the Mariana Trough form trends toward the NSP, indicating a possible lithospheric component in their 
mantle source. (b) Geochemical map based on Nb/Ta, showing the anomalously high values at the northern end of the 
Mariana Trough and adjacent arc. Data and map from Pearce et al. [2005].
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differ from IAB in the greater contribution of decompres-
sion melting (resulting from the thinner lithospheric cap) and 
generally lower contribution of flux melting (figure 10). As 
far as back-arc ridge crest processes are concerned, melting 
is probably a function of decompression and flux melting. A 
key aim of trace element studies is to estimate the degree of 
melting and partition it into its two components.

As explained in the introduction, some of the first geo-
chemical studies of BABB identified HfSe depletion as 
a characteristic of that magma type. The key relationships 
between subduction component, HfSe depletion, and degree 
of melting were highlighted first by Stolper and Newman 
[1994]. They demonstrated that water in lavas with >6.5 
wt.% MgO correlated positively with LILe (which they 
attributed to a common, slab-fluid source) and negatively 
with HfSe (which they attributed to a greater degree of 
flux melting of the more water-rich mantle). Kelley et al. [in 
press] confirmed this inverse relationship between water and 
the HfSe Ti for a series of back-arc basins.

Peate et al. [2001] presented another perspective with a 
plot of U (LILe) vs. Yb (HfSe), which shows an inverse 
relationship between U and Yb in the most primitive lavas 
of the Lau–Tonga system. figure 11 shows an equivalent 
plot, with Ba instead of U as the subduction-mobile ele-
ment, for consistency with figure 5. If the primitive lavas 
are expressed as values for a given MgO value (8 wt.% is 
used in figure 11), the arc lavas have highest Ba(8) and low-
est Yb(8) while the MORB-like lavas from the Central Lau 
spreading center have the lowest Ba(8) and highest Yb(8). 

As also depicted in figure 11, the higher the H2O(8) content, 
the higher the Ba(8) and the lower the Yb(8). 

6.2. HFSE Depletion as an Indicator of Degree of Melting

Assuming that the subduction contribution of the HfSe 
elements is negligible, and assuming that the elements are 
extrapolated to their primary melt value by using MgO or 
a compatible trace element, then two processes control the 
concentration of HfSe in BABB: the composition and hence 
preconditioning of the mantle source, and the degree of 
partial melting. Most estimates of melting have ignored the 
variable composition of the mantle source, so we evaluate 
its importance here.

The simplest method for obtaining the degree of par-
tial melting is to (1) select one of the incompatible HfSe, 
(2) reduce the effects of fractional crystallization by using 
samples within a given range of MgO concentrations or by 
extrapolating to a given MgO value, (3) assume a mantle 
source composition, and (4) construct melting curves anno-
tated according to the degree of melting. Because the most 
incompatible elements, such as Nb, are particularly sensitive 
to source composition, and the least incompatible elements 
(such as Sc or v) and element ratios (such as Nb/Yb) exhibit 
relatively little variation, the moderately incompatible ele-
ments (e.g., Ti, Y, and Yb), as used by most authors [Pearce 
and Parkinson, 1993; Stolper and Newman, 1994; Gribble 
et al., 1996, 1998; Kelley et al., in press], provide the best 
indicators. 

Fig. 10Fig. 10

Fig. 11Fig. 11

Figure 10. Simple illustration of the difference between MORB, BABB, and IAB magma genesis. BABB are probably 
dominated by mantle decompression (as in MORB) below 50 km, but flux melting (as in IAB) occurs above 50 km. The 
presence of the arc lithospheric cap means that decompression is less important than in arcs, and the lower but significant 
subduction component means that the magnitude of flux melting is intermediate between that of MORB and IAB.
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Gribble et al. [1998] applied this approach to the Mariana 
Trough glasses, giving the results shown in figure 12a. 
They obtained degrees of melting ranging from about 6% 
to 34%, “spreading crust” giving values of 6% to 24%, and 
the highest value of 34% representing an “arc-like” basalt 
from the rifting part of the Trough. A similar approach 
applied by Stolper and Newman [1994] to a more geographi-
cally restricted range of glasses from 18°N give 5% to 19% 
melting for the Mariana Trough; they also obtained values 
of about 17% to 30% melting for the Mariana arc. Kelley et 
al. [in press] obtained a slightly lower range of 5% to 15% 
melting. By using two elements, Ti and Yb, with similar bulk 
partition coefficients for melting of spinel lherzolite but not 
for melting of garnet lherzolite, Gribble et al. [1998] were 
also able to demonstrate that garnet was not a residual phase 
in the melting process. 

A more detailed picture may be obtained by treating the 
source composition as variable. Kelley et al. [in press] suc-

cessfully used Na in conjunction with Ti/Y to apply a correc-
tion to the source for a number of basins. Na is not, however, 
the most incompatible element and so is not the most sensi-
tive to source variation. for example, Na indicates that the 
Mariana Trough source is typical, depleted MORB mantle 
(DMM), whereas the Nb/Yb geochemical maps demonstrate 
that the Mariana Trough probably has a variable source. 

One way to achieve a more detailed source correction is 
to identify a parameter that is more sensitive to variations 
in mantle fertility (e.g., due to mantle preconditioning) than 
to partial melting. As noted, Nb/Yb is particularly effective, 
as is any ratio of a highly incompatible element to a moder-
ately incompatible element, although such a ratio may also 
be sensitive to partial melting at low degrees of fractional 
melting. Here, we attempt to remove crystallization effects 
from the Mariana Trough glass dataset by back-extrapolating 
cogenetic groups of glasses, first to MgO = 8 wt.% and then 
to primary magma compositions, by removing the effect of 
olivine crystallization. We carried out the same procedure 
for the few arc volcanoes with a full range of lava composi-
tions. This gives a set of primary magma compositions, 
(Nb/Yb)P and YbP.

figure 12b (a modification of that used by Pearce and 
Parkinson [1993]) shows a plot of (Nb/Yb)P and YbP. The 
mantle preconditioning vector is not vertical (because Yb is 
also depleted by preconditioning), but it has a steep gradi-
ent because Nb/Yb is more affected by melt extraction than 
is Yb itself. This steep trend then represents the mantle 
composition and can be drawn to pass through an enriched 
composition (PUM = primitive upper mantle) and a depleted 
composition (DMM). The melting curves exhibit significant 
variation in (Nb/Yb)P for low degrees of melting but they 
flatten and converge on the mantle composition for 100% 
melting. Given any (Nb/Yb)P and YbP, one can now read off 
(or numerically calculate) the degree of melting. 

The spread of (Nb/Yb)P at a given YbP emphasizes that 
mantle fertility is an important variable. However, the steep-
ness of the preconditioning trend means that consideration of 
preconditioning changes estimates of degree of melting by 
only a maximum of about 5% (in absolute terms). The range 
obtained is <5% to about 33%: MORB-like glasses give <5% 
to about 15%, BABB glasses give 10% to just over 20%, 
and arc lavas and arc-like back-arc basin lavas give 20% to 
33% melting. Thus the fundamental conclusion, that degree 
of melting increases from MORB to BABB to IAB, is sup-
ported by this re-evaluation. The exact values differ from the 
calculations of Stolper and Newman [1994], Gribble et al. 
[1998], and Kelley et al. [in press], but only slightly.

However, this may not be the final solution. There is not 
always a simple relationship between the apparent degree of 
melting indicated by these calculations and the crustal thick-

Fig. 12Fig. 12

Figure 11. Illustration of the links between LILe (exemplified by 
Ba) enrichment, HfSe depletion (exemplified by Yb), and water 
content in basalts from back-arc basins, using a plot of Ba against 
Yb for the Lau Basin (after the U-Yb plot of Peate et al. [2001]). 
Lavas from the Central Lau spreading center (CLSC), the eastern 
Lau spreading center (eLSC), valu fa Ridge (vfR), and Tofua 
arc follow diagonal fractionation trends. When back-extrapolated 
to a common MgO content of 8 wt.%, they form the inverse trend 
predicted from the Stolper and Newman [1994] study, such that 
the low Yb(8)/high Ba(8) sequences have the higher H2O(8) con-
tents. The implication is that the greater the subducted fluid input 
(recorded by water), the greater the content of subduction-mobile 
elements such as Ba; also, the greater the flux melting, the lower the 
concentration of the subduction-immobile elements such as Yb.
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ness indicated by bathymetry [Martinez and Taylor, 2002]: for 
example, the ridges in many subduction-influenced Mariana 
Trough segments are deeper than mid-ocean ridges of equiva-
lent spreading rate [Gribble et al., 1998]. According to Martinez 
and Taylor [2002], this may be explained by recycling depleted 
sub-arc mantle into the back-arc basin source region. 

Note that mixing of depleted sub-arc and fertile incoming 
mantle sources will have only a small effect on Nb/Yb in the 
mantle source (and so cannot be mistaken for precondition-
ing); it will, however, lead to significant depletion of the Yb 
and Ti values and so to a reduction in the melting estimate. 
If the sub-arc mantle is very depleted, mixing vectors are 
close to diagonal on the TiO2–Yb plot and close to horizontal 
on the Nb/Yb–Yb plot. Mixing will therefore translate the 
whole melting curve along the mixing vector by an amount 
dependent on the mass fraction of mixed residual mantle. for 
example, mixing 30% of ultradepleted sub-arc mantle resi-
due would reduce the apparent degree of melting read from 
the diagrams by about 10% (in absolute terms). Martinez and 
Taylor [2002] point out that the back-arc basins closest to the 

arc are most likely to have mixed sources. Thus, the higher 
melting estimates, in particular, may have to be regarded as 
maximum values rather than exact values. 

Note also that Kelley et al. [in press] carried out a detailed 
comparison between the degrees of melting in different back-
arc basins, using calculations of Ti systematics with their Na-
based source correction. They found that the inferred degrees 
of melting for the different basins were highest (for a given 
water content) in the Manus Basin and Northern Lau Basin 
and lowest in the Northern east Scotia Ridge and Southern 
Lau Basin. Their conclusion that the mantle is hotter in 
the Manus and Northern Lau Basins is consistent with the 
apparent proximity of these two areas to mantle plumes and 
with the large values and gradients observed in the Nb/Yb 
geochemical maps in these two areas (Plate 1).

6.3. Trace Element Indicators of Hydrous Crystallization

The presence of added, subduction-derived water in the 
mantle source also results in more hydrous primary magma. 

Figure 12. Use of Nb/Yb–Ti/Yb plots to estimate the degree of partial melting of back-arc basin mantle using the 
Mariana system as an example. (a) The Ti/Yb plot of Gribble et al. [1998] with a fixed mantle composition of primitive 
upper mantle (PUM) values highlights both the wide range of melting inferred for the Mariana Trough and the fact 
that melting takes place predominantly in the spinel lherzolite phase field. Depletion of mantle toward depleted MORB 
mantle (DMM) composition would reduce the apparent degree of melting; (b) An Nb/Yb)P vs. Yb)P projection that 
extends the method to variable mantle compositions by taking into account preconditioning (melt extraction during 
flow) and depletion by mixing with residual mantle. The preconditioning trend is constrained to pass through PUM and 
DMM. The plot demonstrates that samples with MORB composition experienced less melting than BABB, which in 
turn experienced less melting than IAB compositions in the back-arc and lavas from the Mariana arc. However, mixing 
of the incoming mantle with depleted sub-arc mantle will reduce these estimates, as predicted by Martinez and Taylor 
[2002] and shown by the approximate mixing vectors on the diagrams. 
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The added water depolymerizes the melt by breaking Si–O–
Si polymers by forming Si–OH bonds. Depolymerization 
of the melt thus favors crystallization of oxides such as 
chromite and magnetite, and of silicates such as olivine, 
relative to the chain and framework silicates clinopyroxene 
and plagioclase; it also favors crystallization of the chain 
silicate, clinopyroxene, relative to the framework silicate, 
plagioclase.

Most critical to the creation of back-arc basin crust is the 
behavior of oxides. After chromite, magnetite (or ilmenite) 
is the first oxide to exceed its solubility. As is well-known, 
magnetite crystallizes late from dry magmas, which there-
fore exhibit significant iron-enrichment during fractional 
crystallization. Magmas with high water contents, such as 
those feeding island arcs, crystallize magnetite early and 
can exhibit little or no iron enrichment. from the trace 
element perspective, magnetite can accommodate a series 
of transition metals, including Ti and v. These therefore 
concentrate to higher values at mid-ocean ridges than in 
island arcs, and back-arc basins containing BABB have 
intermediate values. 

The crystallization sequence is also important in deter-
mining the range of rock types in back-arc basin crust. In 
island arcs, extensive early crystallization of the low-sil-
ica mineral olivine and of the silica-free oxides pushes the 
magma composition more rapidly to intermediate and acid 
compositions. This reduces the solubility of water and, given 
the higher concentration of water in any case, leads to earlier 
exsolution of a fluid phase. As a result, back-arc basin crust, 
as it converges upon the arc, becomes more vesicular and has 
more silica-rich lavas balanced by more olivine-rich (silica-
poor) cumulates.

6.4. Trace Element Indicators of Assimilation

It is well known that magmas passing through continental 
crust rarely just crystallize: they undergo a combination of 
assimilation and fractional crystallization, known as AfC 
[De Paolo et al., 1981]. Because of a  marked geochemical 
contrast, especially in isotope ratios, between incoming 
magma and host rock, the existence of AfC and the relative 
rates of assimilation and fractional crystallization can usu-
ally be estimated. In oceanic back-arc settings, resolving 
assimilation and crystallization is more complicated because 
the crust undergoing assimilation is typically cogenetic 
with the magma. Moreover, even if the crust has undergone 
hydrothermal alteration, the mobile elements that give the 
crust its distinctive composition are those released from the 
subducting plate at shallow depths. 

Kent et al. [2002], in examining the behavior of Cl in 
oceanic arc–basin systems, identified Cl/K as a potentially 

important proxy for upper crustal assimilation. Cl/K varies 
little in the mantle, both elements being highly incompat-
ible during melting. The two elements are enriched during 
subduction, Cl more than K. However, during assimilation 
at back-arc ridge axes, Cl/K increases markedly, presumably 
because the rocks most susceptible to assimilation (green-
schist facies dykes) have added Cl from seawater but K is 
reduced by albitization of plagioclase during greenschist 
facies metamorphism [Cann, 1970]. 

figure 13 is a projection similar to those used by Kent et 
al. [2002]. for consistency with other diagrams used in this 
paper, Cl/Nb is plotted against K2O/Nb. As in figure 6, the 
use of Nb reduces the effects of fractional crystallization and 
partial melting (in detail, there is a small effect, because Cl 
and K are less incompatible than Nb). The Cl/K2O assimila-
tion proxy is then the gradient of the diagram. 

As Kent et al. [2002] demonstrated with their plots, BABB 
from back-arc settings follow a diagonal trend reflecting the 
addition of both K2O and Cl in the subduction component. 
Coincidentally for the areas studied, the gradient is similar 
to that in MORB and OIB, Cl being both slightly more 
incompatible and slightly more mobile than K in the deep 
subduction component. This gradient is evident in the sam-
ples from the valu fa Ridge and Manus Basin, which plot 
along the mantle–subduction array in figure 13. In contrast, 
many MORB from backarc settings, notably the North fiji 
Basin and Central Lau spreading center, plot to high Cl/K2O. 
Significantly, the greatest Cl enrichment is in the evolved 
lavas of the Central Lau spreading center, which are located 
at a propagating rift where opportunities for assimilation and 
fractional crystallization are highest. Note that lavas with 
a large subduction component may also have experienced 
assimilation, but the subducted Cl may then have masked 
the assimilated Cl. 

7. SUMMARY

1. Back-arc basins include MORB and IAB, but the char-
acteristic magmas are back-arc basin basalts (BABB), which 
are intermediate between these two end-members.

2. The two principal trace element characteristics of BABB 
are (a) enhanced concentrations of subduction-mobile incom-
patible elements and (b) reduced concentrations of subduc-
tion-immobile incompatible elements.

3. Trace element and isotope compositions of BABB can 
be understood through the study of four processes: (a) influx 
of mantle into the arc–basin system; (b) influx of a subduc-
tion zone component; (c) interaction between the mantle 
and subduction component, and (d) partial melting of the 
hydrous mantle and the assimilation/crystallization history 
of the resulting hydrous magma. 

Fig. 13Fig. 13
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4. Magma entering arc–basin systems is typically enriched 
relative to an N-MORB mantle source but may become 
depleted during flow as a result of preconditioning by loss of 
small melt fractions. Geochemical mapping using Nb/Yb as 
a proxy for melt extraction during flow indicates that differ-
ent flow patterns exist within the various basins: toward the 
trench in the Izu-Bonin system, from north to south in the 
Tonga–Lau system, from both north and south in the Scotia 
system, and away from discrete diapiric upwellings in the 
Mariana and Manus systems.

5. Subduction zone inputs typically increase with sub-
duction zone proximity. U-series studies show that at least 
some inputs are from the recent subduction event, rather 
than inherited from earlier events, even some distance from 
the arc front. Back-arc basin subduction inputs are typically 
enriched in the deep subduction components rather than in 
the shallow subduction components.

6. The mode of addition of subduction zone components to 
the mantle remains a matter for debate and is likely achieved 
by a variety of processes. Mixing input mantle with depleted 
mantle containing a subduction component could be impor-
tant where the basin and arc converge. Incorporation of 
lithospheric signatures could be important during arc rift-
ing and the early history of spreading. Direct addition of a 
subduction component may take place if mantle flows over 
a subducting plate en route to the back-arc basin. 

7. Melting of the subduction-enriched mantle gives a higher 
degree of melting than at mid-ocean ridges, the degrees of 
melting being intermediate between those of ridges and 
arcs, i.e., about >5% to 25%. The additional melting may be 
attributed to flux melting caused by addition of subduction-
derived fluids.

8. Crystallization of hydrous magma gives more crystal-
lization of oxides and olivine, which in turn influence the 
geochemical composition of the resulting magma. Notably, 
compatible element concentrations are lower for a given 
degree of crystallization, whereas elements partitioning 
into oxides become compatible after less crystallization. 
Cl/K ratios demonstrate that significant crustal assimila-
tion accompanies fractional crystallization in parts of some 
basins. The results give back-arc basisn crust a distinctive 
composition and physical character.
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