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Passive seismic and electromagnetic (EM) imaging methods can provide strong con-
straints on mantle processes associated with active back-arc spreading systems. Seismic 
velocity and attenuation structures are strongly sensitive to temperature, melt content, 
melt-pore geometry, and water content. In contrast, EM imaging is sensitive to the pres-
ence of fluids and melt when there is high connectivity and is relatively insensitive to 
temperature. Both seismic and EM methods can detect anisotropy, which may be caused 
by lattice-preferred orientation (LPO) or oriented melt or fluid pockets. EM studies of 
the Mariana Trough show a low-conductivity region in the shallow mantle at depths of 
less than 70 to 150 km, indicating dry conditions resulting from basaltic melt extrac-
tion in the uppermost mantle. Regional seismic waveform studies of four active back-
arc basins suggest that the Lau back arc is characterized by the slowest upper mantle 
velocity, and the Mariana Trough shows the fastest velocity, with primary differences 
occurring between 40 and 100 km depth. These findings are consistent with petrological 
evidence that suggests higher mantle temperatures for the Lau system. Seismic tomo-
graphic images show large low-velocity and high-attenuation anomalies beneath the Lau 
Basin, indicating that a broad zone of magma production feeds the back-arc spreading 
center. Slow velocities extend to at least 250 km depth, and these deep anomalies may 
result from the release of volatiles transported to depth by hydrous minerals in the slab. 
Shear wave splitting data from the Lau Basin show southward along-strike mantle flow, 
in agreement with geochemical data. The existence of along-arc flow patterns in many 
subduction zones suggests that viscous coupling does not exert a strong control on the 
mantle flow pattern in back-arc regions. 
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1. INTRODUCTION

Active back-arc basins are the locus of many important 
geodynamical processes. Although back-arc spreading 
centers generally resemble mid-ocean ridges, they show 
more rapid temporal changes in spreading rate [Jurdy and 
Stefanick, 1983], along with stronger along-strike morpho-
logical and geochemical variations [Taylor and Karner, 1983; 
Taylor and Martinez, 2003]. The pronounced geochemical 
variations result in part from differences in the influence 
of subducted material with distance from the subducted 
slab [Pearce et al., 1995; Fretzdorf et al., 2002; Martinez 
and Taylor, 2002]. The rapid temporal changes control the 
chemical and energy fluxes that affect seafloor geology and 
biological aspects of the spreading system. The subducting 
slab must also have important effects on the mantle flow 
pattern in the back arc, perhaps resulting in some of the 
observed spatial and temporal variations [Sleep and Toksoz, 
1971; Ribe, 1989]. Thus, back-arc systems present a natural 
laboratory for investigating the effects of mantle flow pat-
terns and other perturbing influences on the spreading pro-
cess. In addition, back-arc spreading centers overlying deep 
slabs can be better imaged seismically than mid-ocean ridges 
can because of the source array of local high-frequency deep 
earthquakes immediately beneath back-arc basins.

A major research question concerns the mechanism of 
melt production in a back arc and the dynamics of melt 
supply to the ridge axis, as the melt supply largely gov-
erns the material and energy output integral to the crustal 
and hydrothermal structure. Considerable work has been 
done on melt production and transport along mid-ocean 
ridges, which can be applied to back-arc spreading centers. 
Results from the MELT experiment on the East Pacific 
Rise, for example, suggest that fast-spreading centers 
show a broad region of upwelling and melt production in 
the upper mantle [Forsyth et al., 1998; Toomey et al., 1998; 
Dunn and Forsyth, 2003; Hammond and Toomey, 2003] 
and that upwelling and melt extraction occur through a 
broadly distributed passive process [Scott and Stevenson, 
1989; Turcotte and Morgan, 1993; Conder et al., 2002a]. 
Along slow-spreading centers such as the mid-Atlantic 
Ridge, variations in crustal thickness measured with grav-
ity and seismology suggest spatial and temporal variations 
in magma supply [Kuo and Forsyth, 1988; Tolstoy et al., 
1992]. In general, there is an enhanced supply of melt to 
the crust at the center of ridge segments and a decreased 
supply near the ends of segments [Hooft et al., 2000; 
Magde et al., 2000]. The along-axis variations in melt 
supply are caused by some combination of buoyant mantle 
f low and three-dimensional (3-D) melt focusing [Magde 
and Sparks, 1997]. 

In addition to normal mid-ocean ridge spreading pro-
cesses, back-arc spreading centers may be subject to addi-
tional complexities as a result of their location adjacent to 
subducting slabs. Geodynamical modeling suggests some of 
the possible effects of the back-arc location on mantle flow 
and melt production. Plate 1 shows a simple 2-D flow and 
melting model for an arc–back-arc system incorporating 
temperature-dependent viscosity [Conder et al., 2002b]. 
The melt production region in the back arc is asymmetric 
because of the large-scale flow induced by the subducting 
slab, with less melt production on the trenchward side. 
Further interesting effects will occur if the back-arc melt 
production region is located adjacent to the volcanic arc 
magma-production region above the slab. In this case we 
may expect changes in the composition and volume of 
magma produced in the presence of slab-derived volatiles. 
Indeed, back-arc spreading centers show increased levels 
of volatiles and f luid-mobile elements with increasing 
proximity to the volcanic arc [Pearce et al., 1995; Taylor 
and Martinez, 2003], and proximity to the arc can have a 
profound effect on the elevation and morphology of the 
ridge axis [Martinez and Taylor, 2002]. 

The overall pattern flow in the mantle wedge obviously 
plays a large role in controlling the dynamics of back arcs 
and inf luences many parameters such as melt produc-
tion, transport, and distribution of geochemical elements. 
Although considerable insight can be gained from 2-D flow 
models, the general pattern of mantle flow in back arcs is 
not well established. Some 2-D numerical flow models, for 
example, emphasize diapirism beneath the back-arc spread-
ing center [Sleep and Toksoz, 1971; Jurdy and Stefanick, 
1983], whereas analog models of subduction zone f low 
that incorporate three dimensions suggest along-strike 
mantle flow and flow around edges or through tears in the 
subducted slab may be important [Buttles and Olson, 1998; 
Kincaid and Griffiths, 2003]. Surface plate motions oblique 
to trench-strike could also induce 3-D flow in the mantle 
that is unaccounted in 2-D models [Hall et al., 2000]. 
Further observational constraints on mantle flow patterns 
beneath back-arc basins are needed.

Passive seismic and electromagnetic (EM) observa-
tions offer opportunities to constrain the distribution of 
temperature, melt, f luids, and the pattern of mantle f low 
beneath back-arc basins [Forsyth, 1993; Wiens and Smith, 
2003]. In this paper, we discuss the typical seismic and 
EM measurements and their relationships to physical 
parameters such as temperature, melt content, and mantle 
f low patterns. We present some recent seismic observa-
tions constraining these parameters, and conclude with 
a note on forthcoming datasets that will provide further 
constraints.

Plate 1Plate 1
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2. CONSTRAINTS FROM SEISMIC OBSERvATIONS 

The basic seismic observables for constraining mantle 
processes in back-arc basins include P velocity, S velocity, 
attenuation (Q), and velocity anisotropy. The mantle P veloc-
ity structure is generally obtained by using body wave travel 
time studies or tomography [Van der Hilst et al., 1991; Zhao 
et al., 1997]. The S velocity structure can also be obtained 
with body wave tomography, but surface waves [Isse et al., 
2004] and waveform inversion studies [Xu and Wiens, 1997; 
Lebedev and Nolet, 2003] provide additional constraints, 
given that long-period surface waves are highly sensitive to 
the S velocity structure but relatively insensitive to P struc-
ture. Seismic attenuation studies determine the inelasticity 
or energy loss in wave propagation and can measure either 
P or S wave attenuation. Attenuation studies are based on 
differences in body wave amplitude or spectra between 
different paths, which can then be used in a tomographic 
inversion [Roth et al., 1999; Shito and Shibutani, 2003]. 
Attenuation is more difficult to measure than velocity, and 
attenuation structure images generally have lower resolution 
than velocity images.

Seismic velocity anisotropy is particularly interesting for 
back-arc basin studies because it provides constraints on the 
mantle flow pattern. Seismic anisotropy is commonly clas-
sified as azimuthal, in which the seismic velocity varies as 
a function of azimuth, or transversely isotropic (sometime 
termed radial), in which the vertical velocity is different from 
the horizontal. Azimuthal anisotropy can be determined by 
using shear wave splitting [Bowman and Ando, 1987; Smith 
et al., 2001] or surface wave [Forsyth et al., 1998] methods. 
Shear wave splitting measurements have little resolution for 
the depth distribution of anisotropy, whereas surface wave 
measurements may be biased by lateral heterogeneity [e.g., 
Laske and Masters, 1998].

2.1. Temperature Dependence of Seismic Observables

Both P and S velocities decrease with increasing tem-
perature. The relationship between velocity and temperature 
can be decomposed into anharmonic and anelastic effects 
[Karato, 1993], where anelastic effects result from veloc-
ity dispersion attributable to attenuation [Kanamori and 
Anderson, 1977]. The anharmonic variation of P velocity 
(vP) and S velocity (vS) with temperature (T) for mantle 
materials is relatively linear and well-known from labora-
tory experiments at ultrasonic frequencies. Single-crystal 
laboratory experiments suggest values of about –0.50 m 
s–1k–1 for ∂vP/∂T and –0.35 m s–1k–1 for ∂vS/∂T for olivine 
at upper mantle pressures and temperatures [Anderson et al., 
1992; Isaak, 1992].

It is often assumed that the temperature derivatives of 
velocity are linear because the anharmonic derivatives are 
relatively linear. The anharmonic velocity measurements 
provide a good estimate of the velocity variation at low 
temperatures (approximately T < 700°C), but the anelastic 
effects become increasingly important at higher tempera-
tures [Berckhemer et al., 1982; Sato et al., 1989; Jackson et 
al., 1992, 2002; Jackson, 2000; Cooper, 2003]. Therefore, 
the anelastic effects of attenuation cause the effective tem-
perature derivatives to be strongly nonlinear, particularly 
at temperatures higher than 1000ºC. Recent experimental 
results can now directly measure the shear modulus reduc-
tion at seismic frequencies, including both the anharmonic 
and anelastic terms [Jackson et al., 2002; Faul and Jackson, 
2005]. These experiments show that ∂vS/∂T for a grain size 
of 10 mm more than doubles over the temperature range 
1000ºC to 1450ºC, from –0.8 m s–1 °C–1 to –1.7 m s–1°C–1 
because of increasing anelasticity [Faul and Jackson, 2005]. 
Attenuation effects are even greater for smaller grain sizes. 
Because attenuation associated with the bulk modulus is 
likely to be negligible, we can derive an approximation for 
∂vP/∂T values for temperatures above 1000ºC, using the 
derivatives for shear modulus with temperature and assum-
ing only an anharmonic decrease in bulk modulus with 
temperature. This gives vP derivatives of –1.3 m s–1°C–1 
for 1050°C and –2.0 m s–1°C–1 at 1450°C for the uppermost 
mantle.

Experiments on olivine polycrystals at high temperatures 
suggest an S wave attenuation relationship [Jackson et al., 
2002]:

 QS
-1(T) = A [T0 d

–1 exp(–E/RT)]α (1)

with T0 = seismic period (1 s to 100 s), d = grain size, T = 
temperature between 1000°C and 1300°C, A = 7.5 × 102, 
α = 0.26, and E = 424 kJ mol–1. Using this relationship, 
the S wave attenuation (QS

–1) increases by more than an 
order of magnitude between temperatures of 1000°C and 
1200°C. QS

–1 is also weakly dependent on frequency, with 
lower attenuation at high frequencies, so that corrections 
must be applied to compare measurements from different 
frequency bands. The pressure dependence of attenuation 
can be estimated by scaling the relaxation times by a fac-
tor, exp (PV*/RT), with an appropriate activation volume V* 
[Faul and Jackson, 2005]. Both the observation that QS

–1 is 
greater than QP

–1 in the mantle and consideration of the main 
attenuation mechanisms suggest that the anelasticity of the 
shear modulus (Qµ

–1) is much greater than that of the bulk 
modulus (Qκ

–1) [Karato and Spetzler, 1990]. Assuming Qκ
–1 

is negligible, attenuation for both P and S waves results from 
Qµ

–1 and [Anderson and Hart, 1978]:
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 QP
–1 = 4/3 (vS/vP)2 QS

–1 (2)

So, QS
–1 should be about 2.4 times larger than QP

–1 for typical 
mantle P/S ratios.

2.2. Effect of Partial Melt on Seismic Observables

Partial melt may have a significant effect on seismic obser-
vations in near back-arc spreading centers; estimates of 
mantle melt porosity beneath spreading centers range from 
nearly zero [Spiegelman, 1993] to greater than 1% [Faul, 
2001; Hammond and Toomey, 2003]. The effect of partial 
melt on seismic velocity and attenuation is difficult to con-
strain because it depends on the pore geometry of the melt 
as well as the melt fraction and because several different 
mechanisms of modulus reduction may be important. Our 
knowledge of the effect of partial melt comes from both 
laboratory experiments and analytical calculations of the 
mechanical response of material with melt-filled porosity. 

Many previous studies have assumed that the effects of a 
melt fraction result primarily from a poroelastic effect and 
have generally calculated the velocity reduction assuming 
melt pores with idealized shapes, including cracks [O’Connell 
and Budianski, 1974], tubes [Mavko, 1980], and ellipsoids 
[Schmeling, 1985]. Melt distributed along thin films or cracks 
has a large effect on the shear modulus, whereas melt distrib-
uted in spheroidal pockets has a lesser effect.

Recently, a methodology for calculating the mechanical 
response for realistic microstructures based on grain-bound-
ary contiguity [Takei, 1998] has been developed and tested 
on analog materials [Takei, 2000]. Comparison between 
different models shows that the melt pore geometry has a 
large effect on the fractional change in S velocity relative to P 
velocity, usually denoted as ν = ∂lnvS/∂lnvP [Takei, 2002] (
Figure 1). This effect on ν is independent of the melt fraction 
as long as the same pore geometry is maintained, whereas the 
melt fraction controls the magnitude of the seismic velocity 
reduction. Hammond and Humphreys [2000b] used a finite 
element method to estimate the velocity reduction from 
partial melt, assuming the experimentally determined melt 
geometry of Faul et al. [1994]. They found ν = 2.2 for seis-
mic anomalies caused by melt as well as changes of 7.9% in 
S wave velocity for each 1% of partial melt.

There is considerable debate concerning the melt geometry 
in the upper mantle. Experimental work suggests that partial 
melt in the upper mantle exists in thin and elongated melt 
pores with aspect ratios of less than 0.1 [Faul et al., 1994, 
2004; Hirth and Kohlstedt, 1995]. In contrast, Takei [2002] 
suggests a texturally equilibrated geometry with a larger 
aspect ratio (0.1–0.15) for the upper mantle, in agreement 
with studies by Wark et al. [2003] and Yoshino et al. [2005]. 

This geometry produces ν = 1.2–1.5 and results in smaller 
changes in velocity for the same melt fraction compared 
with the Faul et al. [1994] geometry. Recent experiments 
that have for the first time directly measured attenuation and 
shear modulus reduction in partially molten samples at seis-
mic frequencies show an additional absorption peak [Faul 
et al., 2004; Jackson et al., 2004]. This absorption cannot 
result from a poroelastic mechanism; Faul et al. [2004] attri-
bute it to elastically accommodated grain boundary sliding. 
Observed shear modulus reduction due to partial melt in the 
earth presumably results from the combined effect of poro-
elastic mechanisms and the newly discovered grain boundary 
sliding mechanism. however, a quantitative fit to the shear 
modulus reduction as a function of melt content and grain 

Fig. 1Fig. 1

Figure 1. The effect of liquid, such as melt, on seismic velocities 
as a function of the effective aspect ratio (α) of the pore shape 
(after Takei [2002]). (top) The derivative of shear velocity with 
fluid fraction (φ) as a function of aspect ratio. The effect of melt 
on shear velocity is much larger for larger aspect ratios. (bottom) 
The ratio of the fractional change in vS and vP (ν = ∂lnvS/ ∂lnvP) 
versus fluid pore aspect ratio for various ratios of solid to liquid 
bulk moduli (β). A β value of 3 to 6 corresponds to the conditions 
of the upper mantle melting region. ν is insensitive to the melt frac-
tion (φ) but highly sensitive to the effective aspect ratio, with pores 
of small aspect ratio such as cracks (α < 0.01) showing ν = 2.25, and 
pores with large aspect ratios showing ν = 1.2 to 1.3. 
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size has not yet been achieved, so the relative magnitude of 
the two mechanisms is still uncertain, and quantitative inter-
pretation of observed seismic velocity reduction in terms of 
partial melt content of the upper mantle is premature.

Some previous studies propose that seismic attenuation 
results from fluid flow between adjacent pores, called “melt 
squirt” [Mavko and Nur, 1975], but recent calculations show 
that melt squirt does not contribute to attenuation at seismic 
frequencies for upper mantle grain sizes and pore geometries 
[Hammond and Humphries, 2000a; Faul et al., 2004]. The 
grain boundary sliding mechanism does produce an absorp-
tion peak in the seismic band, suggesting that partial melt 
will produce a significant increase in seismic attenuation 
[Faul et al., 2004]. Extrapolation of these laboratory results 
to mantle conditions and grain sizes indicates that even very 
small melt content (0.1%) can produce a significant increase 
in attenuation, and melt content of 1% can produce nearly 
an order of magnitude increase in attenuation (Figure 2). 
Thus, the presence of even small quantities of partial melt 
will produce significant increases in attenuation and reduc-
tion in velocity.

 2.3. Effect of Water and Other Compositional Variations

The presence of water (hydrogen) and other possible com-
positional variations may also cause changes in seismic 

observables in the upper mantle. Because the water content 
of the upper mantle beneath back-arc spreading centers is 
thought to be highly variable [Stolper and Newman, 1994; 
Kelley et al., 2006], water may have a significant effect on 
seismic velocities beneath back-arc spreading centers. Water 
affects seismic velocities primarily through its effect on seis-
mic attenuation [Karato, 2003] and the subsequent reduction 
in seismic velocities through velocity dispersion [Kanamori 
and Anderson, 1977; Karato, 1993]. Important contributing 
factors to seismic attenuation, such as diffusion creep, dis-
location creep, and grain-boundary mobility in olivine, are 
significantly enhanced by hydrogen defects [Karato et al., 
1986; Mei and Kohlstedt, 2000a, 2000b].

The effect of water on seismic attenuation is significant; 
Karato [2003] estimates that an order of magnitude increase 
in water content produces about a factor of two increase in 
attenuation at typical asthenospheric conditions. This would 
produce a velocity anomaly of about 1%. The seismic effects 
of increased water content are superficially similar to the 
effects of increased temperature; however, with good data 
the effects of increased water could possibly be distinguished 
by the larger effect on seismic attenuation and on S wave 
velocities relative to P velocities. 

In contrast, the effect of most other compositional varia-
tions, such as changes in the Fe/Mg ratio, on seismic attenu-
ation are likely to be small [Karato, 2003] but may have 
significant effects on the anharmonic seismic velocities 
[Jordan, 1979]. however, recent work indicates that melt 
extraction and depletion have only minor effects on seismic 
velocity [Schutt and Lecher, 2006], and given that upper 
mantle major element variations along back-arc spread-
ing centers are relatively modest, compositional variation 
is unlikely to produce significant velocity anomalies in a 
back-arc setting. 

2.4. Relationship of Anisotropy to Mantle Flow 

Seismic and EM anisotropy are highly important for 
understanding mantle f low patterns in back-arc regions. 
however, there is some uncertainty about the relationship 
between mantle anisotropy, generally thought to be caused 
by lattice-preferred orientation (LPO), and the mantle flow 
direction under the wide variety of conditions present in 
the mantle wedge of subduction zones. Most mantle xeno-
liths [Mainprice and Silver, 1993] and experiments on dry 
olivine aggregates [Zhang and Karato, 1995] show that the 
seismically fast a axis [100] of olivine aligns with the shear 
(flow) direction during dislocation creep deformation. Past 
discussions of seismic anisotropy and mantle flow directions 
beneath arcs and back-arc regions have generally assumed 
that the seismic fast direction denotes the mantle flow direc-

Fig 2Fig 2

Figure 2. The effect of melt on seismic attenuation in experimental 
observations on olivine aggregates extrapolated to mantle condi-
tions [Faul et al., 2004]. This plot shows variation in attenuation 
as a function of grain size and melt fraction for 1300°C and 2 GPa 
pressure. Line color indicates grain size (black for 1 mm and gray 
for 10 mm), and line thickness indicates melt content. Dashed lines 
indicate attenuation for no melt content. Even small amounts of 
partial melt show significant effects on attenuation, particularly 
at shorter periods.
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tion [Fischer et al., 1998; Savage, 1999; Park and Levin, 
2002; Wiens and Smith, 2003]. 

Recent experimental results show that a large amount of 
water in the crystal structure plus high stress can switch the 
dominant creep deformation slip system in olivine, resulting 
in a significantly different (“B-type”) LPO, such that the 
slow direction (c axis) is subparallel to the shear direction 
and the fast direction (a axis) is normal to the shear direc-
tion [Jung and Karato, 2001]. Deformation in the presence 
of melt may also rotate the a axis in olivine normal to the 
shear direction by strain partitioning [Holtzman et al., 2003], 
whereas melt-preferred orientations, such as in bands ~30º 
relative to the shear direction [Zimmerman et al., 1999], 
could affect seismic anisotropy as well. Because the mantle 
beneath back arcs may contain significant and highly vari-
able amounts of water [Taylor and Martinez, 2003; Kelley et 
al., 2006] in addition to melt, these effects may be important 
in controlling anisotropy in some back-arc regions.

Field observations of deformation and LPO of exhumed 
peridotites in arcs will be crucial for understanding the 
relative importance of each of the above mechanisms in the 
mantle wedge. Depleted peridotites at the exhumed Talkeetna 
arc show fast-axis LPO in the direction of maximum exten-
sion and, presumably, in the mantle f low direction even 
though they deformed in the presence of water [Mehl et al., 
2003]. however, dunite samples from the higashi-akaishi 
peridotite body in southwest Japan show the “B-type” LPO 
structure [Mizukami et al., 2004] described by Jung and 
Karato [2001]. Thus, at this point, evidence suggests that 
several different slip systems can be active in olivine under 
different conditions within the mantle wedge.

3. CONSTRAINTS FROM ELECTROMAGNETIC 
METhODS

Ocean-bottom EM data collected by the magnetotelluric 
(MT) method allow us to estimate the electrical conduc-
tivity structure beneath the ocean floor. The outcome of 
this method depends on temperature, the presence of melt, 
the influence of hydrogen-containing molecules such as 
water, and the direction of preferred orientation of crystal 
anisotropy. The relationship between temperature and the 
electrical conductivity of dry olivine is well-documented by 
Standard Olivine 2 (the SO2 model [Constable et al., 1992]). 
Both the presence of melt [Shankland and Waff, 1977] and 
increasing hydrogen content [Karato, 1990; Lizarralde et 
al., 1995] can potentially increase the electrical conductiv-
ity of the mantle. Furthermore, the preferred orientation of 
the a axis of olivine in an anisotropic fabric may cause an 
additional enhancement in the conductivity [Lizarralde et 
al., 1995]. Thus, ocean-bottom EM studies are sensitive 

tools for probing temperature, the presence of melt, hydrogen 
(water) content, and anisotropy in the upper mantle beneath 
the ocean floor. 

3.1. Summary of Passive EM Methods and Analysis

The passive EM method uses the Earth’s time-varying 
magnetic field as its source, which is caused by the interac-
tion of solar plasma with the Earth’s magnetosphere. This 
variable magnetic field induces an electric field in the Earth, 
the strength of which is dependent on the conductivity of the 
medium. In the MT method, we use magnetic and electric 
field data observed simultaneously to derive the MT imped-
ance tensor, which is a transfer function from the magnetic 
field to the electric field variation in the frequency domain. 
The electrical conductivity structure beneath the observation 
site is then computed to fit the MT impedances.

Two major recent improvements in EM modeling are the 
incorporation of seafloor topography and the development 
of 2-D anisotropic inversion techniques. To obtain a more 
reliable model structure, topography should be taken into 
account as a priori information, which is especially impor-
tant for seafloor data because the conductivity of seawater 
is extremely high compared to that of oceanic crust. The 
method of Baba and Seama [2002], based on transformation 
of topographic relief to a change in electrical conductiv-
ity and magnetic permeability within a flat seafloor, over-
comes a long-standing problem for seafloor EM studies in 
modeling the effect of seafloor topography accurately but 
inexpensively. A 2-D anisotropic inversion code has also 
been developed that allows us to estimate anisotropy in the 
electrical structure and to examine the expected alignment 
of the a axis of olivine in a wet mantle [Chave et al., 2001; 
Baba et al., 2003].

3.2. Sensitivity of Electrical Conductivity to Temperature, 
Hydrogen Content, and Partial Melt

The dependence of electrical conductivity in minerals on 
temperature is well-described by the use of an Arrhenius 
relationship; electrical conductivity is the sum of several 
thermally activated processes

 σ = ∑ σi exp (–Ai/kT)  (3)

where σi are conductivities, Ai are activation energies, k is 
the Boltzmann constant, and T is absolute temperature. This 
relationship is supported by both data and theory. Constable 
et al. [1992] present 

σ = 102.402 exp (–1.60ev/kT) + 109.17 exp (–4.25ev/kT) (4)
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as a model for isotropic dry olivine (the SO2 model; see 
above) to fit experimental data over the range from 720°C 
to 1500°C (Figure 3). 

The conductivity of olivine in the presence of hydrogen 
is estimated following previous analyses [Karato, 1990; 
Lizarralde et al., 1995] and based on the Nernst–Einstein 
relation

 σ = cDq2/kT  (5)

where c is the ionic concentration, D is the ionic diffusivity, 
and q is the ionic charge. Measurements of the diffusivity 
of water-derived hydrogen in olivine are reported [Mackwell 
and Kohlstedt, 1990] and demonstrate that diffusion of 
hydrogen in olivine is anisotropic, with diffusion along 
each of the crystallographic directions (a, b, c), following 
an independent Arrhenius relationship:

 Da = (6 ± 3) × 10–5 exp [–(130 ± 30)/RT]   (6)

 Dc = (5 ± 4) × 10–6 exp [–(130 ± 30)/RT]  (7)

 Db ≈ 0.01 Da  (8)

Although the experimental data of the diffusivity were 
obtained at temperatures between 800°C and 1000°C and 

at pressures of 0.30 GPa, we can extrapolate to higher tem-
peratures by assuming no temperature dependence for the 
activation enthalpy (the numerator on the exponential term). 
This assumption probably gives a lower bound for the con-
ductivity at higher temperatures, because activation energies 
often increase with increasing temperature [Karato, 1990]. 
Conductivity as a function of hydrogen content at a tempera-
ture of 1300°C is shown in Figure 4, which indicates that the 
conductivity is directly proportional to hydrogen content and 
is strongly anisotropic because of the anisotropy of hydrogen 
diffusivity in olivine. In Figure 4, the values with more than 
1000 h/106 Si hydrogen content are calculated by using the 
above equations, the conductivity data for zero hydrogen 
content (dry) are based on experimental data (Shankland 
and Duba, 1990; Constable et al., 1992), and conductivity 
with hydrogen content below 1000 h/106 Si is interpolated 
between the experimental data and calculated results (note 
that 1 wt ppm water in olivine equals 16 h/106 Si).

The temperature dependence of wet olivine conductivity 
with hydrogen content of 3000 h/106 Si is shown in Figure 3. 
The different trend of the wet olivine conductivity from that 
of the SO2 model at higher temperature could be due to the 
extrapolation of the hydrogen diffusivity to higher tempera-

Fig 3Fig 3

Fig. 4Fig. 4

Figure 3. Electrical conductivity of dry olivine (the SO2 model 
[Constable et al., 1992]) and wet olivine versus temperature. The 
wet olivine has a hydrogen content of 3000 h/106 Si, and its con-
ductivity along each of crystallographic directions (a, b, c) and 
isotropic cases are shown. Lines labeled hS+, hS–, and GM rep-
resent the upper and lower hashin–Shtrikman bounds and the 
geometric mean of the conductivity in three directions for the 
isotropic case, respectively. Note that 1 wt pmm water in olivine 
equals 16.1 h/106 Si .

Figure 4. Electrical conductivity of olivine at a temperature of 
1300°C versus hydrogen content. The conductivity data for zero 
hydrogen content (dry) are based on experimental data [Shankland 
and Duba, 1990; Constable et al., 1992], whereas the olivine con-
ductivity with hydrogen content more than 1000 h/106 Si is based 
on the Nernst–Einstein relation according to previous analyses 
[Karato, 1990; Lizarralde et al., 1995]. Conductivities are shown 
for each of the crystallographic directions (a, b, c) and isotropic 
cases (hS+ and hS– of wet olivine represent upper and lower 
hashin–Shtrikman bounds, respectively).
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ture. Solubility of hydrogen in olivine strongly depends on 
pressure, P, as 

 [h+]ppm Si = 10–0.61±0.04 P1.19±0.01 (MPa)   (9)

which is obtained to fit experimental data [Lizarralde et 
al., 1995; Hirth and Kohlstedt, 1996]. Thus, conductivity 
enhancement related to an increase in hydrogen content is 
limited depending on lithostatic pressure. 

Following Shankland and Duba [1990], it is useful to con-
sider the possible conductivity of an isotropic, homogeneous 
material in which all three orientations are present in equal 
volumes. The maximum and minimum conductivity values 
are parallel average (σp) and series average (σs) of the crystal 
axis conductivities (σa, σb, and σc), respectively; those aver-
ages are written as

 σp = (σa + σb + σc)/3,  (10)

 σs
–1 = (σa

–1 + σb
–1 + σc

–1)/3.  (11)

hashin–Shtrikman bounds on conductivity are often used to 
show the narrowest bounds on a two-phase medium in the 
absence of geometric considerations [Hashin and Shtrikman, 
1962; Waff, 1974]. The upper bound, σHS

+, in the case that 
conductivities of materials 1 and 2 are σ1 > σ2, is written as

 σHS
+ = σ1 + f2 [(σ2 – σ1)

–1 + f1/3σ1]
–1  (12)

where f1 and f2 are volume fractions.The lower bound, 
σHS

–, is obtained by interchanging subscripts. The hashin–
Shtrikman bounds for a homogeneous, isotropic effective 
medium consisting of the parallel and series averages with 
equal volumes fraction f1 = f2 = 0.5 are calculated, and the 
results are shown in Figures 3 and 4. The geometric mean of 
the conductivity in three directions, σGM, is written as

 σGM = (σaσbσc)
1/3 (13)

This is another mixing law for inferring the isotropic con-
ductivity, and it is located between upper and lower hashin–
Shtrikman bounds (Figure 3).

The anisotropic features of olivine conductivity are dif-
ferent for dry and wet conditions. Under wet conditions 
(Figure 4), the a axis is the most conductive direction, and 
the conductivity difference is one order of magnitude from 
that of the c axis and two orders of magnitude from the b 
axis. On the other hand, the experimental data for dry condi-
tions [Shankland and Duba, 1990] indicate different features 
(Figure 5). The conductivities of the a axis and b axis show 

similar values, while the highest conducting direction, the 
c axis, differs from the others by a factor of 2.3. When the 
mantle structure has LPO, these features are important for 
identifying the orientation and distinguishing between wet 
and dry conditions. 

The effect of partial melt on electrical conductivity was 
well-documented by Shankland and Waff [1977]. We cal-
culate bulk conductivity against the degree of a melt frac-
tion in four cases: for isolated melt pockets, and for melt 
connected isotropically, in parallel, and in series. We use 
the Hashin and Shtrikman [1962] upper bound formula to 
calculate the result for the case where the melt is connected 
isotropically. This formula is functionally equivalent to the 
effective medium theory [Waff, 1974], which represents the 
partial melt as a volume completely filled with composite 
spheres of various sizes; an outer shell of melt surrounds a 
solid inner sphere such that the volume ratio of melt to solid 
is the same in each sphere. Because the high-conductivity 
rims of the spheres are in contact, complete interconnection 
of the melt phase exists [Shankland and Waff, 1977]. For the 
case of isolated melt pores, we use the same formula as a 
melt sphere. For the case of melt connected in parallel and 
in series, we use the parallel and series averages. The con-
ductivity values of 0.002, 0.025, and 5 S m–1 are used for dry 
olivine, wet olivine with hydrogen content of 3000 h/106 Si, 
and melt, respectively, at a temperature of 1300°C. 

The result of our calculation for bulk conductivity as a 
function of melt fraction is shown in Figure 6, which indi-
cates the following three points: (1) The isolated melt pockets 

Fig. 5Fig. 5Fig. 6Fig. 6

Figure 5. The anisotropy of dry olivine conductivity versus tem-
perature, as based on experimental data [Shankland and Duba, 
1990]. The isotropic case (the SO2 model [Constable et al., 1992]) 
is also shown.
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have a negligible effect in raising the bulk conductivity over 
that of the solid phase. (2) When the melt is isotropically 
connected, the bulk conductivity increases dramatically even 
if the amount of melt is small (<2%). This effect becomes 
less dominant when the solid phase becomes wet because the 
conductivity contrasts between solid and melt phases become 
lower. (3) When the melt connection is anisotropic, the bulk 
conductivity is also anisotropic. The bulk conductivity per-
pendicular to the direction of the melt connection shows 
almost the same value as the solid phase, whereas the bulk 
conductivity parallel to the direction of melt connectivity is 
higher than that of isotropically connected melt. 

All three above points suggest that connectivity of the melt 
is the most important factor in the bulk conductivity, and the 
melt fraction becomes an important factor after the melt is 
connected. Conductivity values of basalt melt do vary with 
temperature and pressure [Waff and Weill, 1975], but these 
effects are small compared with the results we show here. In 
summary, Figures 3, 6, and 7 suggest four primary ways to 
account for a change in electrical conductivity by an order of 
magnitude: (1) a change in temperature by 140°C to 300°C 
for dry mantle or by 180°C to 400°C for wet mantle, (2) a 
change in hydrogen content by an order of magnitude, (3) the 
presence of melt “connected” by small melt fraction (<1%) 

for dry mantle or by a several percent melt fraction for wet 
mantle, or (4) the presence of the a axis alignment of olivine 
in a wet mantle. Moreover, when the mantle structure has 
LPO, the different anisotropic features of olivine conductiv-
ity in dry and wet conditions are important to identify the 
orientation and to determine whether hydrous or anhydrous 
conditions prevail. 

3.3. Comparison of Seismic and EM Methods

The seismic and EM methods, being sensitive to differ-
ent material properties, provide complementary informa-
tion on the structure of back-arc basins. Seismic methods 
are generally highly sensitive to subsolidus temperature 
variations, whereas EM methods have limited sensitivity to 
temperature. however, EM methods are highly sensitive to 
water content in olivine, whereas seismic methods have more 
limited sensitivity.

The effect of melt is rather complicated, because both 
seismic and EM methods are sensitive to melt content. EM 
conductivity increases dramatically with melt content if the 
melt is interconnected. So, the EM method can readily detect 
even small quantities of melt if the pores are connected. 
Seismic methods can readily detect melt by the large effect 
on S waves if the pore aspect ratio is small (α << 1) or the 
melt content is large; however, small melt contents (<1%) 
may be difficult to detect if the pore aspect ratio is near 1. 

Fig. 7Fig. 7

Figure 6. Electrical conductivity versus melt fraction in four cases: 
for isolated melt inclusions (dotted lines), and for melt connected 
isotropically (thick lines), in parallel (thin lines), and in series 
(dashed lines). The calculations were made for both dry (D) and 
wet (W) olivine. The conductivity values of 0.002, 0.025, and 5 S 
m–1 are used for dry olivine, wet olivine with hydrogen content of 
3000 h/106 Si, and melt, respectively, and correspond to conductiv-
ity values at a temperature of 1300°C. 

Figure 7. Contour of electrical conductivity as a function of tem-
perature and hydrogen content. Thick solid, thin solid, and thin 
dashed lines represent conductivity along the a-axis direction and 
the upper and lower hashin–Shtrikman bounds (isotropic cases), 
respectively.
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Both seismic and EM methods are sensitive to anisotropy 
because of lattice-preferred orientation or preferred melt pore 
orientation. however, both methods have difficulty recover-
ing a completely generalized anisotropic structure in three 
dimensions. The most popular seismic method, shear wave 
splitting, cannot constrain the depth extent of anisotropy. 
Surface waves provide some depth constraint, but azimuthal 
anisotropy can be difficult to recover from surface waves. 
EM methods are sensitive to the depth extent of azimuthal 
and radial anisotropy, but it is very difficult to identify 
azimuthal anisotropy in an arbitrary direction in light of 
limitations in anisotropic EM modeling.

4. CONSTRAINTS ON ThE MANTLE DYNAMICS 
OF BACk-ARC SYSTEMS

4.1. Average One-Dimensional Structure of Back-Arc 
Basins and the Depth of Melting

The mantle seismic structure of active back-arc basins 
as a function of depth can be derived from regional wave-

form inversion [Xu and Wiens, 1997]. Averaging the upper 
mantle structure of four active back arcs (Mariana, Lau, East 
Scotia, and North Fiji [Wiens et al., 2006]) shows a velocity 
structure that is relatively similar to the East Pacific Rise 
[Nishimura and Forsyth, 1989] and shows that the mantle 
structure beneath active back-arc spreading centers does not 
deviate significantly from average mid-ocean ridges (Figure 
8). The average structure of back-arc basins also shows 
a small amount of radial anisotropy determined from the 
discrepancy between horizontally and vertically polarized 
shear and surface waves. This is also similar to regions along 
the mid-ocean ridge system and presumably results from 
horizontal preferential orientation of olivine attributable to 
the spreading process [Forsyth, 1993].

The average structure shows exceptionally low seismic 
velocities from about 30 to 100 km depth (Figure 8). These 
low velocities probably result from the presence of small 
quantities of melt, because petrological constraints suggest 
that primary melting occurs between depths of about 20 
km and 70 km [Shen and Forsyth, 1995], and there is some 
suggestion that incompatible elements may extend melting 

Fig. 8Fig. 8

Figure 8. Averaged structure of the upper mantle from studies of the Lau, North Fiji, Mariana, and East Scotia back arcs 
using regional waveform inversion [Wiens et al., 2006]. Faster structure denotes horizontally polarized shear velocities 
(SH), and slower structure represents vertically polarized shear (SV) velocities. Also shown is the anisotropic upper 
mantle structure of 0 to 4 Ma Pacific lithosphere obtained from surface waves by Nishimura and Forsyth [1989]. The 
average back-arc basin structure is similar to mid-ocean ridge structure with the same lithospheric age, except back-arc 
basins show somewhat lower lid velocities and stronger uppermost mantle anisotropy.
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to deeper depths [Hirth and Kohlstedt, 1996; Hirschmann 
et al., 1999]. 

Similarly, ocean-bottom EM data can derive the average 
EM structure beneath back-arc basins and provide con-
straints on the distribution of water and melt. Seama et al. 
[2006] used 8 months of data from Ocean Bottom Electro-
Magnetometers (OBEMs) to estimate the 1-D electrical con-
ductivity structure of the Mariana Trough and to discuss the 
melting process and water content. The structure obtained 
beneath the spreading axis at 16.5°N shows a distinct low-
conductivity region at depths of 50 to 150 km (Figure 9). 
These low values are comparable to that of olivine with low 
hydrogen content (Figure 9), suggesting that (1) the melting 
process efficiently extracts water from olivine and other 
mantle minerals, (2) the onset of melting in the Mariana 
Trough is deeper than that of the typical MORB source 
region (~70–110 km [Shen and Forsyth, 1995; Hirth and 
Kohlstedt, 1996]), and (3) the melt is removed immediately 
from the system when it is connected. The deeper onset of 
melting in the Mariana back arc may result from the high 
water content of the upper mantle in the Mariana Trough 
[Kelley et al., 2006].

Baba et al. [2004] added further OBEM data from an array 
extending from the Pacific plate through the Mariana Trough 
to the Parece-vela Basin [Seama et al., 2003] to estimate a 
2-D structure of electrical resistivity (reciprocal of electri-
cal conductivity). The resulting structure shows an increase 
in conductivity from less than 10–2 S m–1 to nearly 10–1 S 
m–1 at depths of about 70 km beneath the Mariana Trough. 
Furthermore, anisotropy that is more conductive parallel to 
the spreading direction is suggested below 70 km. The low 
conductivity at shallow depths results from the removal of 
water by the melting process, and the anisotropy at greater 
depths is consistent with the alignment of the olivine a axis 
with the spreading direction typically found in the oceanic 
upper mantle. 

4.2. Source Region for Back-Arc Spreading Center 
Magmas from Seismic Tomography

More detailed information on the distribution of magma 
source regions may be obtained from P and S wave seismic 
tomography. The most detailed images have been obtained 
in the Lau Basin through a deployment of land and ocean-
bottom seismographs during the 1990s. P wave tomographic 
images [Zhao et al., 1997; Conder and Wiens, 2006], P/S 
ratios, and S wave images [Conder and Wiens, 2006] show 
a large region of slow P and S velocities and high P/S ratios 
at depths of less than 100 km in the Lau Basin (Plate 2). The 
Lau back-arc basin also shows exceptionally high attenua-
tion throughout a broad region, indicating high temperatures 

and the probable existence of partial melt [Roth et al., 1999, 
2000]. The zone of low velocities is very broad, extending 
from the active Tonga arc across the Central Lau spreading 
center to the relict Lau Ridge (Plate 2). The large magnitude 
of the velocity reductions (up to 8% for P and 11% for S) 
suggests some effect of melt in lowering the seismic velocity. 
These velocity anomalies would imply temperature anoma-
lies of ~400°C in the asthenosphere if the velocity anomalies 
resulted entirely from temperature effects. The fractional 
change in S relative to P (ν) is 1.0 to 1.4 for the back-arc 
region as a whole [Koper et al., 1999] but reaches 2.0 within 
small regions within the upper 100 km just to the west of the 
volcanic arc and the Central Lau spreading center. A ν of 2.0 
suggests the presence of in situ melt, and 1.0 to 1.4 suggests 
an absence of melt according to poroelastic calculations 
[Takei, 2002] (Figure 1) and assuming the melt aspect ratio 
of 0.05 found by Faul et al. [1994]. Alternatively, regions of 
different ν may imply different melt geometries [Nakajima 
et al., 2005]. however, recent experimental results on the 
anelastic response of partially molten samples will prob-
ably alter these conclusions [Faul et al., 2004]. Definitive 
resolution of the distribution of melt and determination of 
melt porosity within the upper mantle must await higher 

Fig. 9Fig. 9

Plate 2Plate 2

Figure 9. One-dimensional conductivity structural profile nearly 
beneath the spreading axis of the Mariana Trough at 16.5°N (solid 
line), compared with the conductivity profile of dry olivine (the 
SO2 model of Constable et al. [1992], dashed line) and with profiles 
calculated for an isotropic olivine with different hydrogen content 
(gray lines; 1000 ppm corresponds to 1000 h/106 Si) and hydro-
gen-saturated (dotted lines). A potential temperature of 1300°C 
is used for these calculations and the upper hashin–Shtrikman 
bound on conductivity is shown for the isotropic cases. Modified 
from Seama et al. [2006].
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resolution tomographic images and a better quantification 
of the effects of melt on seismic properties.

The broad low-velocity and high-attenuation region in the 
Lau back arc suggests most of the melt production occurs 
over a wide geographical region within the upper 100 km 
of the mantle, consistent with recent results from the MELT 
experiment on the East Pacific Rise [Toomey et al., 1998; 
Hung et al., 2000; Conder et al., 2002a; Hammond and 
Toomey, 2003]. This finding indicates that melt production 
at fast-spreading ridges occurs within a mantle flow pattern 
dominated by passive upwelling in response to plate motions 
[Scott and Stevenson, 1989; Turcotte and Morgan, 1993] 
rather than narrow buoyancy-driven upwelling, whether 
at mid-ocean or back-arc locations. The dynamics of slow-
spreading centers is somewhat more uncertain, for no experi-
ments have imaged the distribution of melt production at 
either mid-ocean or back-arc locations. however, results 
from the recent and ongoing Mariana subduction factory 
seismic and EM imaging experiments should soon provide 
further constraints.

The tomography results show smaller anomalies (2–3%) 
extending to depths of at least 250 km beneath the Lau 
back-arc basin (Plate 2). Slow-velocity anomalies to depths 
of 400 km beneath back-arc basins have also been detected 
by lower resolution tomographic inversions in the kurile and 
Izu-Bonin arcs [Van der Hilst et al., 1991]. The most likely 
explanation is that seismic velocities in the deeper parts of 
the mantle wedge are reduced by hydration reactions as water 
and other volatiles are released from the slab [Nolet, 1995; 
Zhao et al., 1997].

4.3. Variations in Upper Mantle Temperature Between 
Different Back Arcs

The upper mantle structure of back-arc basins shows sig-
nificant variability between different basins [Wiens et al., 
2006], particularly within the low-velocity zone from depths 
of 30 to 110 km that presumably denotes the depths of melt 
production (Figure 10). The Lau back-arc basin is charac-
terized by extremely low seismic velocities, whereas the 

Fig. 10Fig. 10

Figure 10. The isotropic shear velocity as a function of depth for back-arc basins from regional waveform inversion 
[Wiens et al., 2005]. The dashed line denotes the Lau Basin structure, and the dotted line denotes the Mariana Trough 
structure. The average structure of the Lau, Mariana, North Fiji, and East Scotia back arcs is shown as a solid line. The 
back-arc regions show significant differences in velocity structure between 40 and 100 km depth, approximately the 
depth range of primary melt production. The seismic velocities are consistent with ridge axis bathymetric depth and 
major element systematics indicating warmer upper mantle temperatures in the Lau Basin and cooler temperatures in 
the Mariana Trough.
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Plate 1. Two-dimensional geodynamic model for an arc–back-
arc system scaled to represent the Lau back-arc basin calculated 
with temperature-dependent viscosity [Conder et al., 2002]. 
Colors denote temperature, yellow-green lines are streamlines, 
and unfilled contours denote decompression melting, assuming 
a MORB source. Contours beneath the spreading center (SC) are 
melt production in increments of 3% Myr–1. Because of the across-
axis flow induced by the subducting slab, melting in the back-arc is 
asymmetric, with more melt forming toward the west. Seismology 
and EM studies can provide constraints on melt production regions 
and mantle flow patterns to help improve such models of subduc-
tion zone and back-arc dynamics. 

Plate 2. (a) P wave velocity anomalies from the 1993–1995 land 
and ocean-bottom seismograph deployments in the Tonga–Fiji 
region [Conder and Wiens, 2006]. Anomalies are in km s–1 rela-
tive to the average 1-D structural model obtained with the same 
dataset. TR denotes the location of the Tonga Trench, vF the Tonga 
Arc volcanic front, CLSC the Central Lau spreading center, and 
LR the extinct Lau Ridge. Small circles denote earthquake loca-
tions used in the tomographic study. (b) S wave velocity anomalies 
relative to the average 1-D structure from the same study. (c) P/S 
ratio anomalies relative to the average 1-D structure from the same 
study. Note scale differs from Palte 1.
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Mariana back arc shows faster velocities. The North Fiji 
and East Scotia back arcs show velocity structures that are 
intermediate between those of the Lau and Mariana back 
arcs and are similar to those found along the East Pacific 
Rise (EPR) by Nishimura and Forsyth [1989]. The maximum 
variation in velocity occurs at about 60 to 85 km depth, 
where the Lau Basin shows velocities about 5% lower than 
the EPR model and the Mariana back arc shows velocities 
about 2.5% faster. 

The upper mantle seismic variations are correlated with 
other back-arc characteristics related to mantle temperature, 
such as spreading center elevation and major element system-
atics. The Lau Basin shows unusually shallow average axial 
depths of approximately 2200 m, whereas the Mariana back 
arc shows anomalously deep ridge axis depths of 3900 m and 
the North Fiji Basin and East Scotia back arcs show inter-
mediate depths. The major element systematics of back-arc 
basin basalts, particularly their Na and Fe trends reflecting 
extent of melting, suggest that upper mantle temperatures are 
consistently warmer in the Lau Basin than in the Mariana 
Basin [Taylor and Martinez, 2003]. Wiens et al. [2006] and 
Kelley et al. [2006] calculate upper mantle potential tem-
peratures for the Lau Basin that are ~100ºC warmer than 
for the Mariana Basin, based on major element systematics 
corrected for water content.

The amplitudes of the inferred back-arc temperature dif-
ferences from geochemistry are generally consistent with the 
observed variations in seismic velocity and ridge elevation. 
Recent experiments that include both elastic and anelastic 
effects suggest the shear velocity derivative is in the range 
of 1.0 to 2.0 m s–1°C–1 at temperatures of 1350°C and typical 
upper mantle grain sizes of 1 to 10 mm [Jackson et al., 2002; 
Faul et al., 2005]. Thus, temperature variations of ~100°C 
would be expected to produce seismic velocity variations on 
the order of 4%, or close to the average velocity variation 
observed for depths between 40 and 100 km. If significant 
melt porosity exists in the upper mantle, then some of the 
observed seismic velocity variation observed at depths of 40 
to 100 km may result from variations in melt content, and 
these depths represent the primary melting region. In this 
case, warmer back arcs may exhibit greater melt content that 
produces larger velocity reductions. The amplitude of the 
observed seismic velocity variation is, however, consistent 
with the petrologically modeled temperature variations with 
no additional effect of partial melt.

Therefore, seismic velocities, ridge elevations, and major 
element systematics suggest differences in upper mantle tem-
perature between different back-arc basins. To produce the 
large observed variation in ridge elevation, these temperature 
differences must extend through approximately the upper 
200 km of the mantle wedge [Wiens et al., 2006]. These dif-

ferences may reflect variations in the rate of back-arc spread-
ing, slab rollback, and the vigor of mantle flow, factors that 
mantle flow models suggest may influence the temperature 
in the mantle wedge [Kincaid and Griffiths, 2003].

4.4. Mantle Flow Patterns

Seismic or EM anisotropy can be used to place constraints 
on the mantle flow pattern, which is essential for understand-
ing the dynamics of back-arc systems. Anisotropy is poorly 
mapped in most back-arc basin settings. however, seismic 
anisotropy has been measured from land seismic stations in 
many island arcs, possibly providing some insight into flow 
patterns in the mantle wedge. Most mantle wedge anisotropy 
measurements show fast anisotropic directions along the 
strike of the arc (see review by Wiens and Smith [2003]). 
Recent results from several other arcs also confirm this 
general result [Levin et al., 2004; Pozgay et al., 2005]. This 
would suggest along-strike mantle flow in the mantle wedge 
of most island arcs, using the conventional interpretation of 
seismic anisotropy in terms of mantle flow. 

As mentioned, the presence of water [Jung and Karato, 
2001] or melt in segregated veins or channels [Holtzman et 
al., 2003] could produce a different relationship between 
the lattice-preferred orientation and mantle f low under 
conditions that might be found in the mantle wedge. This 
casts some doubt on the straightforward interpretation of 
seismic anisotropy measurements in the absence of other 
constraints on the mantle flow pattern. In particular, the 
along-strike fast directions found in island arcs and regions 
near the dehydrating slab may result from the “type B” fab-
ric in olivine because of high water content in the mantle. 
Nakajima and Hasagawa [2004] find that the forearc region 
of northeast Japan is characterized by a fast axis oriented 
in an along-arc direction and that the arc and back-arc 
regions are characterized by arc-perpendicular orientations, 
the transition possibly being related to a change in upper 
mantle water content between a wet forearc region and a 
dryer back-arc region.

In the Lau back-arc basin, there are good constraints on the 
mantle flow pattern from both seismic anisotropy measure-
ments and geochemistry, which allow completely indepen-
dent constraints on mantle flow patterns [Smith et al., 2001]. 
The azimuthal pattern of the fast axis of seismic anisot-
ropy changes from convergence parallel in the far back-arc 
(Fiji) to arc parallel near the Tonga volcanic arc (Plate 3a). 
The fast direction of anisotropy is dominantly north-south 
near the center of the Lau Basin, or roughly parallel to the 
strike of the Central Lau Spreading Center. Assuming the 
conventional interpretation of seismic anisotropy is valid, 
these observations are not consistent with the simple 2-D 

Plate 3Plate 3
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Plate 3. (a) Shear wave splitting across the Tonga–Lau region [Smith et al., 2001]. Stations are shown as small triangles. 
Splitting vectors are the result of stacking and averaging all measurements made at each station. The azimuth of each 
vector is the fast splitting direction and its length is proportional to the splitting time. A 1-s splitting vector is shown for 
scale. The azimuth of the splitting vectors indicates the direction of horizontal mantle flow beneath the station, assuming 
the usual relationship between the olivine a axis and the flow direction. (b) Schematic diagram of mantle flow in the 
Tonga–Lau region showing flow of mantle containing the Samoa hotspot signature into the Lau Basin, as determined 
from helium isotope data (after Turner and Hawkesworth [1998]). Both geochemical data and seismic anisotropy analysis 
suggest southward flow of Pacific mantle into the Lau back arc, providing support for the interpretation of azimuthal 
seismic anisotropy in terms of mantle flow directions.
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slab-driven flow assumed in many geodynamic models [e.g., 
Ribe, 1989; Fischer et al., 2000; Conder et al., 2002b] and 
instead imply a more complex pattern of mantle flow in the 
Lau Basin.

Geochemical observations provide strong support for 
southward-directed flow along the strike of the Lau spread-
ing center. he3/he4 ratios in the northern Lau Basin show the 
signature of the nearby Samoa hotspot [Poreda and Craig, 
1992], suggesting southward flow of Pacific upper mantle 
through a gap in the slab in the northern Lau Basin [Turner 
and Hawkesworth, 1998]. The agreement of seismic and 
geochemical indications of mantle flow in the Lau Basin 
strongly suggests that the conventional association of the fast 
anisotropy axis with the flow direction is valid in the vicinity 
of at least some back-arc spreading centers, and that water 
content, stress level, and melt content are not sufficient to 
invoke the other relationships between the olivine fast axis 
and the mantle flow direction described by Jung and Karato 
[2001] and Holtzman et al. [2003]. 

The emerging picture of mantle flow in the Lau back-arc 
suggests that rapid slab rollback drives mantle flow around 
the northern end of the Tonga slab and southward into the 
back-arc basin (Plate 3b). The Lau back-arc represents a par-
ticular tectonic setting characterized by rapid slab rollback, 
and the applicability of these results to other back arcs is not 
clear. Geodynamic models using analog materials demon-
strate that flow around the ends of slabs and along-strike in 
the mantle wedge can dominate systems characterized by 
slab rollback [Buttles and Olson, 1998; Kincaid and Griffiths, 
2003]. Further seismic and EM results from other back-arc 
basins without these tectonic complexities may provide 
greater constraints on this issue.

5. CONCLUSIONS

Passive seismic and EM methods provide complementary 
constraints on important quantities affecting the geody-
namics of active back-arc basins, including temperature, 
water and melt content, and anisotropy. Resolution of these 
parameters is vital for understanding the mechanism of 
melt production and transport near the back-arc spreading 
center, the pathways of fluid transport through the mantle 
in the arc–back-arc system, and the pattern of solid flow in 
the mantle wedge.

Beneath actively spreading back-arc basins, seismological 
studies show extremely low seismic velocities between 40 
and 100 km depth, and EM studies show low conductivity in 
the upper 75 to 150 km. Both features are probably related to 
the extraction of basaltic magma from the shallow mantle, 
because small quantities of in situ magma may lower the 
seismic velocity, and the magma extraction process removes 

water and leaves a dry residual mantle. Seismic studies show 
a variation in mantle velocity between various back arcs that 
correlates with ridge elevation and petrological estimates 
of mantle potential temperature. These studies suggest that 
the upper mantle beneath the Lau Basin is warmer than 
other back arcs, perhaps because of vigorous slab rollback, 
back-arc spreading, and mantle flow in this region. The large 
lateral extent of seismic velocity and attenuation anomalies 
beneath active back-arc spreading centers suggests a broad 
zone of magma production in the uppermost mantle. Studies 
of seismic anisotropy suggest a complex pattern of mantle 
flow in many arcs and back arcs. The existence of along-arc 
flow patterns in many subduction zones suggests that vis-
cous coupling does not exert a strong control on the mantle 
flow pattern in back-arc regions. 

Because of the complementary nature of seismic and EM 
methods, it is desirable to obtain both seismic and EM data 
in the same region to provide the best constraints on material 
properties. however, until now, large-scale passive seismic 
and EM experiments have not been carried out in the same 
back-arc region. Recently, large international passive seis-
mic and EM deployments have been planned for the same 
general region of the Mariana arc and back arc. The seismic 
experiment involved deployment of 58 ocean-bottom seismo-
graphs and 20 land seismic stations from 2003 to 2004. The 
EM experiment involves approximately 40 OBEM instru-
ments and will be deployed from 2005 to 2006. The datasets 
obtained promise to provide the most detailed structural 
information yet available for understanding the dynamics 
of back-arc systems.
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