
etters 248 (2006) 30–42
www.elsevier.com/locate/epsl
Earth and Planetary Science L
Mantle temperature variations beneath back-arc spreading centers
inferred from seismology, petrology, and bathymetry

Douglas A. Wiens a,⁎, Katherine A. Kelley b,1, Terry Plank c

a Department of Earth and Planetary Sciences, Washington University, St. Louis, MO, United States
b Department of Terrestrial Magnetism, Carnegie Institution of Washington, Washington, DC, United States

c Department of Earth Sciences, Boston University, Boston, MA, United States

Received 14 November 2005; received in revised form 2 April 2006; accepted 2 April 2006
Available online 30 June 2006
Editor: R.D. van der Hilst
Abstract

Variations in seismological structure, major element composition, and axial depth between different back-arc spreading
centers provide constraints on physical conditions associated with back-arc melt production. We invert vertical and transverse
seismograms from several representative paths traversing the Mariana, Lau, North Fiji, and East Scotia back-arc basins. Seismic
velocity varies substantially at depths of 40–100 km, with differences of up to 7% between the slowest (Lau) and the fastest
(Mariana) structures. These mantle seismological structures correlate with major element systematics and the elevations of the
ridge axes, consistent with differences in average upper mantle temperatures. In contrast to the temperature correlation, mantle
seismic structure shows no apparent correlation with petrologically inferred water content. Petrological indicators suggest a
∼100 °C range in mantle potential temperature, consistent with the seismic velocity variations, assuming experimentally
determined temperature derivatives. The temperature variations, however, must extend throughout the upper ∼200 km of the
mantle wedge to produce the observed ridge elevation differences. Fast slab rollback and the influx of hot Samoan mantle may
contribute to high temperatures in the Lau Basin.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The petrological and geochemical characteristics of
back-arc basin basalts vary widely, and show evidence
of different extents of partial melting in the mantle [1,2].
Some of this variation is due to different water content
provided by subducting slabs, but substantial differ-
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ences remain even after correcting for the effect of
volatiles [3]. The axial elevations of back-arc spreading
centers also show large variations. It has previously
been unclear whether these differences result from
thermal, compositional, or other possible controlling
variables. Comparison of upper mantle seismic velocity
structures can help to resolve the origin of the observed
petrological and bathymetric variations. Several past
studies have suggested a link between seismic velocities
and major element systematics along the mid-ocean
ridge system, but these models used low resolution
global models and only found a correlation for depths
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greater than 100 km [4,5], much deeper than the zone of
primary melt production [6–9]. In addition, the seismic
velocity variations found in these prior studies are much
smaller than would be expected from the temperature
variations inferred from petrology, using experimentally
determined velocity–temperature relations [10,11].

2. Regional seismic waveform inversion

We use a regional waveform inversion method [12–
16] to determine the average upper mantle shear velocity
structure of the Mariana, Lau, North Fiji, and East Scotia
back-arc basins. These four regions have large, active
back-arc spreading centers, and have the appropriate
seismic source and receiver geometries to permit accurate
seismic velocity determination using the regional wave-
form method. An advantage of this method is that it
isolates the structure of a particular back-arc basin at a
length scale of 500–1000 km without danger of bias due
to adjacent regions. Three different source-station geom-
etries are inverted simultaneously to determine the
structure of each back-arc region (Table 1). The raypaths
sample the back-arc basins broadly and are not confined
to the immediate vicinity of the spreading centers (Fig. 1);
however, each source-station pair samples back-arc
oceanic lithosphere of less than 4 Ma age along nearly
the entire raypath.

We invert the entire vertical and transverse regional
displacement waveforms extending from the P to the
surface wave arrivals to determine the average structure
along the path using a niching genetic algorithm inversion
[16]. This method finds the SH and SV structures that
produce waveform synthetics showing the best fit to the
observed data. Inclusion of the entire waveforms ensures
that S-wave arrivals and higher mode data are fit, in
contrast to typical fundamental-mode surface wave
Table 1
Earthquakes and seismic stations used in the waveform inversion

Date Time
(GMT) (h/min/s)

Latitude
(°N)

L
(

28-June-1997 16/46/54.5 22.28
14-January-2001 08/58/29.4 22.00
07-April-2001 12/13/27.2 21.67
18-April-2002 14/17/25.8 −60.62
20-October-2003 16/50/15.8 −58.01
30-October-2003 06/00/47.3 −60.70
24-July-1994 17/55/42.0 −16.91
22-May-1995 03/45/03.4 −22.67
29-June-1995 12/24/05.6 −19.33
12-September-1994 22/43/53.3 −15.31 −
13-November-1995 07/38/44.2 −15.04 −
07-December-1999 21/29/49.1 −15.77 −
methods, and inclusion of at least one intermediate
(100–150 km) depth event for each region gives superior
constraints on the deeper part of the model. Synthetics are
computed using a standard reflectivity algorithm [17]
modified to include an oceanic water layer [13]. The time-
domain data misfit is computed in both low-frequency
(0.007–0.025 Hz) and higher frequency (0.02–0.07 Hz)
bands to ensure both are well fit (Fig. 2).

The structural model consists of a water layer that is
set to the average ocean depth along the path, underlain
by two crustal layers and upper mantle layers of variable
thickness. The thickness of one crustal layer is allowed
to vary in order to compensate for different average
crustal thickness along the paths. The thickness of upper
mantle layers varies from 15 km at shallow depth to
50 km near the 410 km discontinuity, roughly
corresponding to the decreasing resolution obtained at
depth. Since the synthetics are mostly sensitive to the
shear velocity in each layer and we wish to minimize the
number of parameters in the inversion, the P-velocity in
each layer is tied to the shear velocity by assuming that
d(lnVp)/d(lnVs)=1.3 [18,19]. Likewise, the density of
each layer is calculated from the P and S velocity by
assuming dρ/dVp = 80 kg ms− 3 km− 1 [20]. The
perturbations in velocity and density are taken relative
to the PREM velocity model [21] for the corresponding
depth. The attenuation (Q) model was also taken from
PREM. The synthetics are only weakly affected by the P
velocity, density, and Q model so using different
relationships for these quantities will not significantly
affect the final result for shear velocity. The synthetics
also have limited resolution for the deeper part of the
model at these source-station distances, so a linear
velocity gradient is assumed at depths between 220 and
410 km, and the PREM velocity model is assumed at
depths below 460 km.
ongitude
°E)

Depth
(km)

Seismic station Distance
(km)

142.76 12 Guam 989
143.77 112 Guam 940
143.44 15 Guam 909
−25.81 13 S. Georgia 951
−26.28 116 S. Georgia 756
−25.29 10 S. Georgia 977
167.65 21 Lautoka, Fiji 1042
170.09 13 Lautoka, Fiji 944
169.26 144 Lautoka, Fiji 881
173.08 20 Lakeba, Fiji 691
173.43 10 Labasa, Fiji 775
173.95 120 Labasa, Fiji 708



Fig. 1. Bathymetric maps of the a) Lau basin and North Fiji basin, b) the Mariana trough, and c) East Scotia ridge, showing the paths traversed by the
seismic waves used in the waveform inversion for structure in each region. Earthquakes used in the inversion are denoted as open circles, seismic
stations by filled triangles, basalt sample locations by filled circles, and back-arc spreading centers by red lines.
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A niching genetic algorithm is used to optimize the
fit between the data and synthetics [22]. This nonlinear
optimization procedure is an ensemble approach that
begins with a Monte Carlo calculation in the first
generation, with ensemble populations of subsequent
generations determined by from solutions that maxi-
mize the objective function. The inversion is carried
out in five different populations, or niches, with a
distance metric imposed to prevent convergence, so
that several independent favourable solutions may be



Fig. 2. Observed waveforms (solid lines) and synthetic fits (dotted lines) using the North Fiji Basin structure for the 19-June-1995 event recorded at
Lautoka, Fiji (distance 881 km, event depth 144 km).
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found if they exist. The objective function is based on
the squared error of the time-domain data and
synthetics with a smoothing criterion. The transverse
(SH) and vertical (SV) components generally cannot
be fit by the same velocity structure due to the
anisotropy of the uppermost oceanic mantle [23],
therefore we allow these structures to differ by 0%–
7% between the Moho and 220 km depth. The use of
separate SV and SH structures to compute the vertical
and transverse synthetics is a good approximation to a
truly anisotropic structure in the transversely isotropic
case (commonly referred to as polarization anisotropy
or radial anisotropy) [16,24]. The crust is assumed to
be isotropic, as the dominant lithospheric anisotropy is
usually assumed to locate in the upper mantle, but in
any case the limited thickness of the oceanic crust
(<12 km) yields synthetics with very little sensitivity
to crustal anisotropy. A penalty function ensures that
any difference between the SH and SV structures is
required by the data, thus our solutions show the
minimum anisotropy that is compatible with the data.
Fig. 3 shows the individual anisotropic structures for
each back-arc basin. The four back-arc basins show
polarization anisotropy of between 1% and 4% in the
uppermost mantle, and the amplitude of the anisotropy
generally decreases with depth. Formulas for deter-
mining the isotropic structure from the SH and SV
velocities generally depend on the symmetry and
orientation of the anisotropy [25]; since these
parameters are not known for the study regions the
isotropic structure is determined by averaging the SH
and SV velocities (Fig. 4).
The dispersion of the populations provide some
constraints on the uncertainty of the solutions [26,27].
The variance of the model parameters in the
population suggests that the resolution for the isotropic
structure of all four regions is greatest at depths of 20–
60 km and is reduced with increasing depth below this
region. The depth distribution and magnitude of the
anisotropy is more poorly constrained than the
isotropic structure. The presence of strong azimuthal
anisotropy would have the potential to bias estimates
of the isotropic velocities and radial anisotropy [28].
However, the determination of the isotropic structure
from both SV and SH synthetics as done here is much
superior to the typical procedure of mapping structure
from SV or SH alone. Also the two back-arc basins
that have been extensively studied for azimuthal
anisotropy using shear wave splitting, the Lau Basin
[29] and the Mariana Trough [30], show complex
patterns of anisotropic fast directions. Thus back-arc
regions do not seem to be characterized by large-scale
uniform patterns of seismic anisotropy that might bias
regional inversion for isotropic structure.

In this study we investigate the correlation of the
averaged isotropic seismic velocity in the low velocity
zone (40–100 km depth) with petrological parameters
that reflect mantle temperature and water content (Table
2). The uncertainty of this averaged velocity is less than
the uncertainty of individual mantle layers, which often
trade-off with adjacent layers. We estimate the uncer-
tainty by examining the range of results in the demes
(different subpopulations) of the niching genetic
algorithm [16,19]. Since each deme represents an



Fig. 4. Isotropic shear wave velocity structure as a function of depth determined from waveform inversion for each of the back-arc regions. The
isotropic structure of 0–4 Ma Pacific ocean lithosphere from Nishimura and Forsyth [23] is shown for comparison.

Fig. 3. Waveform inversion results showing the SV (dashed line) and SH (solid line) structures for each region.
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Table 2
Geochemical and seismological data for back-arc basins

Location Latitude
range

Number of
samples a

Fe(Fo90)
concentration b, c

Na(Fo90)
concentration

Mantle
Tp
(°C)

Average
axial depth d

(m)

S velocitye

40–100 km
(km s−1)

Mantle H2O
concentration
(wt.%) f

Basalt H2O
concentration
(wt.%) g

Marina
Trough

15.00°−21.31°N 6 (29) 8.11±0.45 2.71±0.24 1350±12 3918±435 4.145±0.04 0.166±0.04 1.09±0.17
[0.90±0.15]

E. Scotia
Ridge

59.17°–56.19°S 11 (35) 8.16±0.11 2.65±0.14 1354±19 3468±192 4.076±0.04 0.075±0.03 0.63±0.21
[0.50±0.17]

N. Fiji
Basin

20.43°–16.30°S 6 (6) 9.74±0.35 2.22±0.18 1431±40 2850±184 4.071±0.04 <0.05 h 0.45±0.21 h

[0.35±0.18] h

N. Lau
Basin

18.88°–15.17°S 16 (34) 9.57±0.25 1.99±0.10 1449±23 2240±236 3.961±0.05 0.056±0.03 0.43±0.14
[0.33±0.12]

a Number of samples with H2O wt.% <0.65 used in the Fe and Na and Tp calculations; parentheses show the number of samples used to calculate
average mantle water concentration.
b All uncertainties are 2σ values are except as specified.
c Fe(Fo90) and Na(Fo90) are compositions corrected for crystal fractionation until in equilibrium with Fo90 mantle olivine, as described in the text;

equations in Kelley et al. [3].
d Axial depth is average along strike depth from the region sampled taken from the ETOPO2 bathymetric database; uncertainties are standard

deviations of the axial depth.
e Seismic velocity uncertainty taken from the range of best models from the different sub-populations of the niching genetic algorithm.
f Mantle H2O concentration is calculated from all basalts within the study regions (unfiltered for H2O) using basalt H2O(Fo90), batch melting, and

TiO2(Fo90) as a proxy for melt fraction (see text and Kelley et al. [3]).
g Values without brackets are raw glass H2O data; values in brackets are glass data calculated to H2O(Fo90) concentrations (see text).
h There are no H2O measurements for samples in the study area; however, H2O measurements for the rest of the North Fiji indicate melt and mantle

H2O concentrations similar to MORB (mantle H2O≤0.05 wt.%).

35D.A. Wiens et al. / Earth and Planetary Science Letters 248 (2006) 30–42
independent solution providing a locally optimized fit,
the range of these values provides a good estimate of the
uncertainty of the solution.

3. Major element systematics in back-arc basin
basalts

Mantle temperature and H2O both affect the extents
of mantle melting beneath back-arc basins and the
resultant compositions of erupted lavas. The major
element and volatile compositions of glasses from the
four back-arc basins are compiled from: the Mariana
Trough [31–39], the Lau Basin [34,40–47], the East
Scotia ridge ([48–50] S. Newman, unpublished data)
and the North Fiji basin [40,41,51].

We isolate the effect of potential temperature on dry
mantle melting by first considering only dry (<0.65 wt.
% H2O) basaltic glasses. This limit minimizes the
effect of water on melt composition without decimating
the data set (particularly for the Mariana Trough, where
all but five sample locations have H2O=0.72–1.76 wt.
%). We take these dry glasses as equivalent to mid-
ocean ridge basalts (MORB) in that the primary
magmas formed largely by adiabatic decompression.
The compositions of these magmas thus relate to the
depth and extent of mantle melting, which co-vary as a
function of changing mantle potential temperature (Tp).
Langmuir et al. ([7]; hereafter, LKP) developed a
quantitative model that predicts Na2O and FeO
contents of primary melts generated by adiabatic
decompression of mantle of varying Tp. When
corrected for low-pressure crystal fractionation to
8 wt.% MgO, LKP showed that the modeled primary
melts reproduce well the MORB Na8–Fe8 array for
fractional melting (their Fig. 53b). Similar results were
obtained with an independent method by Kinzler and
Grove [8]. The fractionation correction, however, is
difficult to perform quantitatively on output from the
LKP model, because it does not predict all major
element concentrations in the primary melts (only FeO,
MgO, Na2O and TiO2). We choose instead to back-
correct MORB and back-arc basin basalt (BABB)
compositions to primary compositions (i.e., in equilib-
rium with Fo90 mantle) to compare directly with the
LKP primary melt array.

There are several steps needed to correct basalt
glass compositions to those in equilibrium with the
mantle. We first filter the dry basalt data to exclude
fractionated glasses with <7 wt.% MgO, since the
large correction needed for these glasses introduces
large uncertainties in the primary compositions. We
backtrack BABB with >7% MgO to primary melt
concentrations of FeO and Na2O (i.e., Fe(Fo90) and
Na(Fo90)) using the approach of Klein and Langmuir
[1] to correct back to 8% MgO, and then plagioclase
+olivine and olivine only addition to correct to
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equilibrium with Fo90 mantle olivine (equations given
in Kelley et al. [3]).

The Na(Fo90) and Fe(Fo90) compositions calculated in
this way can be used to calculate mantle Tp, using the
LKP mantle melting model, for fractional melts pooled
from the passive upwelling region beneath the spreading
center. We parameterize this with the following relation-
ships (r2 >0.99):

TpðFeÞ ¼ 3:43814ðFeðFo90ÞÞ2
h i

þ 4:1544FeðFo90Þ
� �

þ 1088:6 ð1Þ

TpðNaÞ ¼ 41:1644ðNaðFo90ÞÞ2
h i

� 336:784NaðFo90Þ
� �

þ 1956:1 ð2Þ

Averaging Tp(Fe) and Tp(Na) yields quantitative
estimates and uncertainties of the mantle Tp beneath
mid-ocean ridges and back-arc basins, as reported in
Table 2. In rare instances where the difference between
the two Tp estimates from a single glass composition
was >50 °C, then only Tp(Na) was used in the regional
average because the fractionation correction to Fe(Fo90)
in high-Fe glasses has greater error than the Na(Fo90)
correction.

We averaged the model results of individual glasses
from each back-arc basin to establish regional Na(Fo90),
Fe(Fo90), and mantle Tp characteristics. Only back-arc
basin glasses collected within the regions sampled by
the seismic raypaths shown on Fig. 1 were used in
these calculations (except in the Lau Basin, see
below), but petrological sampling of these regions is
not evenly distributed. To avoid biasing the regional
averages towards heavily sampled areas, we first
averaged all raw glass data from a given sampling
location (in most cases a single dredge), and then
weighted each location by the appropriate length of
ridge axis.

In the Lau Basin, sparse recovery of dry glasses in the
relevant regions (n=4 with <0.65 wt.% H2O, all other
samples with 0.74–1.31 wt.% H2O) required us to
expand the petrologic database to include glasses from
the nearby Central Lau spreading center (CLSC). The
calculated temperatures in the CLSC are consistent
(within 3%) with constraints from the few dry glasses
recovered at the Mangatolou triple junction, the
Northern Lau spreading center, and the Peggy ridge,
which are all within the region sampled by the seismic
raypaths.

To address variations in H2O content between the
four back-arc basins, we also calculate average mantle
H2O concentrations using basalt compositions. We first
remove the H2O concentration filter on the back-arc
basalt data set, then use similar composition-dependent
fractionation corrections from [3] to calculate the
primary melt concentrations of TiO2 and H2O (i.e.,
TiO2(Fo90) and H2O(Fo90)). We then use TiO2(Fo90) and
the batch melting equation, as in [3], to determine the
melt fraction (F):

F ¼ C0
Ti=C

1
Ti

� �� DTi

ðl � DTiÞ ð3Þ

where CTi
1 is TiO2(Fo90), DTi=0.04, and CTi

0 is the TiO2

concentration of the mantle source, as estimated by
Kelley et al. [3]. We then rearrange the batch melting
equation to constrain the H2O concentration of the
mantle source (C 0

H2O):

C0
H2O ¼ C1

H2O½Fð1� DH2OÞ þ DH2O� ð4Þ
where CH2O

1 is H2O(Fo90), DH2O=0.012, and F is from
Eq. (3). Average values for the calculated mantle water
contents (CH2O

0 ) are given in Table 2.
4. Correlation between mantle velocity, ridge
elevation, and mantle potential temperature

The structure of each of the back-arc basins shows a
significant low velocity zone extending from 40 to
100 km depth (Fig. 4), which is slightly deeper than the
30–70 km depth range estimated for the primary MORB
melting region based on geochemical considerations
[9]. Although the structures of the different back arcs
above 40 km and below 100 km are relatively similar,
seismic velocities show a large variation within this low
velocity zone. The North Fiji Basin and East Scotia
back-arcs show seismic velocities similar to that of
average 0–4 Ma old East Pacific Rise (EPR) structure
[23]. In contrast, the Lau Basin shows seismic velocities
that are up to 4.2% lower than the average EPR
structure, and the Mariana Trough shows velocities up
to 2.7% faster than the EPR structure, with the
maximum differences occurring at depths from 65 to
85 km. Recent regional waveform inversion study of the
EPR finds SV structures similar to those in this study,
and also finds large regional velocity variability at
40–100 km beneath the ridge [15]. Global tomographic
models [52,53], although showing significantly higher
mantle velocities and lower regional variability for all
back-arcs due to limited resolution and smoothing, also
find that the Lau and North Fiji basins have lower
seismic velocities than the Mariana and East Scotia
regions at depths of 40–100 km.
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These seismic velocity variations correlate with
major element systematics in basalts erupted along the
spreading axes as well as with spreading center
elevation. For this comparison, we choose basalt
samples and tabulate average ridge elevation within
the region sampled by the seismic waves, which may
extend 100–200 km from the ray path for these
epicentral distances (Table 2). Basalts from the region
with the highest seismic velocity and the lowest
elevation, the Mariana Trough, have the highest
Na(Fo90), while basalts from the region with the lowest
seismic velocity and the highest elevation, the Lau
Basin, have the lowest Na(Fo90) (Fig. 5a). These
variations mirror those seen globally in mid-ocean
Fig. 5. (a) Correlation between seismic velocity (squares), average
ridge depth, and Na(Fo90) concentration (circles) for the different back-
arc basins. The average S velocity between 40 and 100 km depth and
Na2O concentration in equilibrium with Fo90 are plotted as a function
of average ridge depth (values given in Table 2). (b) Na2O vs. FeO in
mid-ocean ridge and back-arc basin basalts, corrected to equilibrium
with Fo90 olivine. Solid black line is model curve of primary mantle
melts (accumulated, pooled fractional melts) from Langmuir et al. [7],
black circles on this curve mark mantle Tp. Open symbols show
individual back-arc basalt data points, large filled symbols are regional
back-arc basin averages. MORB data are from Klein and Langmuir
[1], and references therein, BABB data are referenced in the text.
ridge basalts (MORBs), and indeed, major element
compositions of the driest basalts (i.e., <0.65 wt.%
H2O) from back-arc basins fall within the global array of
MORB (Fig. 5b). Although source heterogeneity and
melting dynamics are important regional factors [9], the
full magnitude of global Na2O and FeO variations in
MORB are best described quantitatively by variations in
mantle potential temperature (Tp), which determines
both the depth where melting initiates and the mean and
maximum extent of melting [6–9,54]. High Tp causes
greater initial depth of melting (which leads to high
Fe(Fo90)) and greater mean extents of melting (which
leads to low Na(Fo90)). These systematics, developed for
MORB, should also apply to the driest back-arc basin
basalts, given their compositional similarities (Fig 5b).
Water locally drives additional melting beneath back-arc
basins [38], but the baseline variations from region to
region are most consistent with mantle Tp variations [3].
For the back-arc regions of interest here, mantle Tp
(calculated from Na and Fe) varies by about 100 °C
(Table 2), with the Mariana Trough as the coolest
(Tp=1350± 12 °C) and the northern Lau Basin as the
hottest (Tp=1449±20 °C).

5. Discussion

5.1. The possible effect of water

The petrological data suggest that the seismic
velocity and ridge elevation variations may be caused
in large part by regional differences in mantle
temperature. In contrast, the observed trends cannot be
due to variations in mantle wedge water content, since
the trends do not show the expected reduction in seismic
velocity with increased water [55]. For example, the
mantle beneath the Mariana Trough has the highest
average water content, yet also the highest seismic
velocities (Table 2), exactly opposite to the relationship
expected from water alone. Thus the effect of temper-
ature on seismic velocity seems to dominate the effect of
water in the back-arc basins.

This observation is consistent with what is known
about the effect of water on seismic velocities and the
average water content of the upper mantle in the back-
arc regions inferred from petrology (Table 2) [3].
Olivine can store up to 0.08 wt.% of water at a depth
of 100 km in its crystal structure [56,57]. The average
water contents of three of the back-arc regions are less
than this value, but the Mariana Trough shows a value
greater than the storage capacity of olivine (0.166 wt.
%). Recent studies suggest that pyroxene can store
significant water in the upper mantle and that the total



Fig. 6. (a) Correlation of average shear wave velocity from 40 to 100 km
depth with the mantle potential temperature determined from major
element systematics. Line denotes the least squares fit. Slope provides
estimate of temperature derivative of seismic velocity assuming the
seismic velocity variations result entirely from temperature. (b) Mantle
Tp vs. ridge axial depth for mid-ocean ridges and back-arc basins. Small
open symbols without error bars are individual samples, large filled
symbols with error bars are weighted averages for each of the back-arc
basins, and large black symbols are Mariana and Lau ridge elevations
corrected for crustal thickness and the buoyancy of the depleted mantle.
MORB data are from [1] and references therein, BABB data are
referenced in the text, andTp is calculated as described in the text. Dashed
line is least squares fit to the corrected average back-arc data, and the
solid line is the modeled ridge depths as a function ofmantle temperature
for a compensation depth of 200 km from Klein and Langmuir [1].
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storage capacity may be greater than 0.2 wt.% at
100 km depth. Thus the inferred average water
contents of the back-arc regions can largely be ac-
commodated in the crystal structures of upper mantle
minerals without the formation of a free hydrous phase
at 100 km, although the full range of water contents in
back-arc basalts requires that localized regions may
exceed the minimum storage capacity [3]. At shal-
lower depths the water storage capacity is further
reduced and water is involved in the formation of
hydrous melts; the possible effect of melt on seismic
velocity is discussed in the next section.

Discussion of the seismic effects of water in the
upper mantle involves some assumptions, since pub-
lished relations assume water is stored in pure olivine
[55]. However, assuming that the seismic effects of
upper mantle peridotite are similar to olivine, increasing
the upper mantle water content from normal MORB
(0.005 wt.%) to the average water content of the
Mariana back-arc (0.166 wt.%) will reduce the shear
velocity by about 1.5%. This is clearly much less than
the observed maximum variation of 7% at depths of 60–
80 km or even the 4.5% variation in the average velocity
at 40–100 km depth. Although some of the observed
trends in the data may be influenced by water content,
such as the high mantle velocities of the dry North Fiji
Basin relative to the trend of the other back-arcs (Fig.
6a), our observation that the velocity variations are
dominated by temperature and not water content is
consistent with available data.

5.2. The relative variation of mantle temperature and
seismic velocity

The amplitude of the inferred temperature differ-
ences is generally consistent with the observed varia-
tions in seismic velocity and ridge elevation. Fig. 6a
plots the average seismic velocity between 40 and
100 km depth as a function of Tp as determined from the
major element systematics. A linear regression through
this data gives a slope of 1.2 ms−1 °C−1, and a larger
slope (∼1.8 ms−1 °C−1) is suggested using only the Lau
and Mariana end points. Both of these values are larger
than previous experimental ultrasonic determinations of
the derivative of velocity with respect to temperature
[18,58] and are nearly an order of magnitude larger than
the values of 0.20 ms−1 °C−1 suggested by previous
seismic velocity and MORB geochemistry correlations
[4]. Recent experiments at seismic frequencies includ-
ing both elastic and inelastic effects, however, suggest
that the velocity derivative is in the range of 1.0 to
2.0 ms−1 °C−1 at temperatures of 1350 °C and typical
upper mantle grain sizes of 1–10 mm [11,59]. The ob-
served seismic velocity variations are therefore consis-
tent with the petrologically constrained temperature
range of 100 °C between these back-arc basins.

While the observed seismic velocity variation
between different back arcs may be due entirely to
temperature, upper mantle melt content could also
affect seismic velocities. Estimates of mantle melt
porosity beneath spreading centers range from nearly
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zero [60,61] to greater than 1% [62,63]. If significant
melt porosity exists in the upper mantle, then some of
the observed seismic velocity variation observed at
depths of 40–100 km may result from variations in
melt content, since melt has a dramatic effect on
seismic velocity [59], 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 modelled temperature variations
without the additional effect of melt porosity.

Fig. 6b shows a strong correlation between ridge
elevation and mantle potential temperature constrained
by petrology. The back-arc basin results plot well within
the MORB temperature–depth range, suggesting pro-
cesses unique to back-arc basins such as higher water
contents have limited effect on axial depth (although
other, wetter, back-arc regions, such as the southern Lau
Basin, may show more of an effect [3]). Klein and
Langmuir [1] ascribed the relationship between ridge
elevation and mantle temperature to the combined effect
of extra crustal thickness, buoyancy of the residual
upper mantle, and thermal buoyancy of the upper
mantle. In situ melt buoyancy is insufficient to produce a
significant effect on the ridge elevation for reasonable
values of melt porosity (∼1%).

5.3. Estimated depth extent of the temperature
differences

We can use observed crustal thickness, and the
predicted effect on mantle residuum buoyancy, to
determine the relative contribution of various factors
in the observed axial depth variations, and thus place
constraints on the magnitude of upper mantle thermal
buoyancy. Seismic refraction and gravity studies show
a crustal thickness of 7.5 km for the Lau Basin near
the Central Lau spreading center [64] and about 5 km
for average crustal thickness near the Mariana
spreading center [65,66]. Reliable crustal thicknesses
for the North Fiji basin and the East Scotia ridge have
not been published, although preliminary analysis of
East Scotia data suggests a crustal thickness of
approximately 6 km [67]. A simple isostatic calcula-
tion shows that these thicknesses should produce an
elevation excess of 390 m for the Lau Basin and an
elevation deficit of 260 m for the Mariana spreading
center, relative to an average upper mantle crustal
thickness of 6 km. The buoyancy effect of the mantle
residuum resulting from melt production for crustal
formation is 30% of the effect from crustal thickness
variation [1], so including the effect of depleted upper
mantle buoyancy changes these values to +510 and
−340 m, respectively. These elevation variations are
much smaller than the observed variation in ridge
elevation, which are greater than 1600 m, and thus
suggest that thermal buoyancy in the mantle accounts
for about one-half of the observed large-scale variation
in axial depth.

The observed slope from the plot of ridge elevation
corrected for crustal thickness as a function of mantle
potential temperature (Fig. 6b) provides an estimate of
the thickness of the layer in which temperature varies.
Simple isostacy gives:

ZT ¼ ðDZ=DTÞðqm � qwÞ=aqm ð15Þ

where ZT is the thickness of the perturbed layer, α is the
volume coefficient of thermal expansion (3×10− 5 °C− 1);
ΔZ/ΔT is the rate at which the ridge elevation varies as a
function of mantle temperature after correction for
crustal thickness and mantle depletion (as above), and
ρm and ρw are the densities of the mantle and the ocean,
respectively. The observed ΔZ/ΔT of 8.2 m °C− 1 from
Fig. 6b provides an estimate of ∼190 km for the thick-
ness of the layer in which the temperature varies beneath
the ridges of the different back-arcs. This result is similar
to the compensation depths of 150–200 km estimated for
mid-ocean ridges by Klein and Langmuir [1] (Fig. 6b).

The amplitude of the elevation difference between
the various back arcs suggests that the temperature
differences extend through approximately 200 km of the
mantle wedge. The seismic structures of the four back-
arc regions, however, do not show resolvable differ-
ences at depths greater than 110 km (Fig. 4). One
explanation for the lack of difference below 110 km is
the reduction in both seismic resolution and the
temperature derivative below this depth. Seismic
resolution from the regional waveform technique is
greatest at depths of 20–60 km and decreases for greater
depths; with resolution at 200 km depth a factor of 2–
3 times less than in the uppermost mantle. In addition,
the temperature derivative of seismic velocity decreases
by about 33% between depths of 50 and 200 km using
an activation volume formula [11], reducing the seismic
velocity variations expected for a given temperature
variation. Alternatively, the reduction in velocity
heterogeneity between the different back arcs at depths
greater than 110 km may represent the lower extent of
the melting zone if upper mantle porosity is significant
and if some of the velocity differences are produced by
variations in upper mantle melt content.
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6. Implications

We have shown that large-scale variations in
petrological and geochemical characteristics of back-
arc basins are correlated with seismic velocity varia-
tions, and that these variations result from ∼100 °C
variations in mantle temperature. These variations imply
significant differences in the mantle dynamics of the
four regions studied here.

The differences in back-arc mantle temperature may
result from the particular pattern and vigor of mantle
flow in the four regions studied. The temperatures of
the four regions seem to reflect the integrated spreading
rate of the back-arc spreading centers in each of the
regions, with Lau showing the fastest spreading rates
and Mariana the slowest. The Lau region is also
characterized by extremely rapid subduction (i.e., up to
240 mm/yr [68]), slab rollback, and mantle inflow from
the Samoa hotspot region to the north [69,70]. Mantle
flow models suggest that rapid back-arc spreading,
rapid plate convergence, and slab rollback drive more
vigorous flow in the mantle wedge. These regions
show warmer wedge temperatures due to the influx of
mantle material that has not been cooled by prolonged
proximity to the cold subducting slab [71,72]. Thus
subducting slabs that are relatively stationary in the
mantle such as Mariana may correspond to relatively
cool mantle wedge temperatures, and slabs character-
ized by rapid slab rollback such as the Tonga–Lau
system may lead to higher wedge temperatures and
more vigorous mantle flow patterns.
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