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Abstract. We examine two prominent upper mantle velocity anomalies in the
southwest Pacific, the Tonga slab anomaly and the corresponding overlying mantle
wedge anomaly, using data collected during a combined land-sea deployment of
temporary seismometers. The linear geometry and small interstation spacing of the
instruments yield high-resolution data along a cross section of the Tonga subduction
zone, including the actively spreading Lau back arc basin. We estimate the relative
variation of P and S velocity, often described as v = 8\uVs/8lnVp, for the slab and
mantle wedge anomalies using two distinct methods: a linear regression of the P
and S travel time residuals, and detailed modeling of the velocity structure using
a three-dimensional finite difference travel time algorithm. The two methods yield
similar results, with v of the slab being 1.1-1.5 and v of the mantle wedge being
1.2-1.3. These values are consistent with experimental data concerning the effect of
temperature on P and S wave velocities in the upper mantle and are lower than
what is expected for velocity anomalies generated by the presence of partial melt.
These observations imply that either the theoretical estimates of v for partial melt
are too large or very little partial melt is present beneath the Lau basin. In the
latter case, melt must be quickly removed from the rock matrix, such that the
velocity anomalies are due to increased temperature, and not melt. The bulk of the
velocity anomaly in the mantle wedge can be explained by temperature anomalies
of 400-600° C because of the amplification of temperature derivatives of seismic
velocity by anelastic effects. Such large thermal anomalies, generated by decreased
lithospheric thickness and mantle upwelling beneath the fast spreading Lau back arc
basin, can still leave the mantle near the solidus, even after accounting for the effect
of increased volatile content in the mantle wedge. The lower-amplitude velocity
reductions in the deeper wedge are likely related to an increased concentration of
volatiles from the subducting slab.
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overlying mantle wedge anomalies, using a set of high-
quality P and S wave travel times. The arrival times
are hand-picked from the waveforms of a series of deep
and intermediate-depth events which occurred in the
subducting Tonga slab during two temporary deploy-
ments of seismometers in late 1994. The small inter-
station spacing (~40 km) and linear geometry of the
arrays (Figure 1) generates high-resolution data across
a two-dimensional slice of the Tonga subduction zone.

The Tonga mantle wedge and slab anomalies are
opposite in sign and may have fundamentally differ-
ent causes. Conventional wisdom attributes the slab
anomaly to the relatively cool temperature of subduct-
ing lithosphere, and previous work with this data set
[Koper et al, 1998] has indicated that the P wave travel
time data is well fit by velocity models constructed with
simple thermal and petrological constraints. It is also
possible, though, that mineralogical differences between
the slab and ambient mantle, or isochemical, isobaric
phases changes [Anderson, 1987] play a significant role
in generating slab velocity anomalies. By analyzing
the relative variation of P and S travel time residu-
als and using laboratory data on the elastic behavior
of rocks and mantle minerals [e.g., Kern and Richter,
1981; Anderson et a/., 1992], we can infer if direct tem-
perature effects are a sufficient explanation of the slab
anomaly. Likewise, we can examine the variation of
residuals across the Lau back arc basin, the location of

fast back arc spreading [Bevis et al, 1995; Taylor et
al., 1996] to ascertain the nature of the mantle wedge
anomaly. If the bulk of the mantle wedge anomaly re-
sults from partial melt, then the relationship between P
and S residuals should be distinctly different from that
predicted for a thermally induced velocity anomaly.

We analyze the Tonga travel time data using two ap-
proaches. The first is a straightforward comparison of
the relative magnitude of the S and P residuals similar
to the method used by Hales and Doyle [1967]. We use
an iterative gradient search, taking into account uncer-
tainties in both variables, to define the S residual as a
linear function of the P residual. The slope of this line,
which is insensitive to uncertainties in the hypocentral
parameters of the Tonga earthquakes, is a direct esti-
mate of the ratio of velocity anomalies. This method
requires no a priori constraints on the velocity structure
of the Tonga subduction zone, though it does require
similarity between the ray paths of P and 5 waves. The
second approach is an extension of previous modeling of
the Tonga data [Koper et al, 1998]. We independently
model the P and S travel time residuals using a 3-D
finite difference algorithm [Vidale, 1990; Hole and Zelt,
1995] to compute synthetic travel times for various ve-
locity models. We use thermal, mineralogical, and mor-
phological constraints to construct the P and 5 velocity
models, and we do a grid search to find optimal values
of the model parameters that control the magnitude of
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Figure 1. Station geometry of the Southwest Pacific Seismic Experiment (SPASE) and Lau
Basin Ocean Bottom Seismometer deployments. The bathymetry of the region is shown with
contour intervals of 1500 m. Travel times from the deep events that are recorded at the "slab"
stations are indicative of ray paths which are almost entirely contained in the slab. Ray paths
from the intermediate events to the Fiji stations LKBA and LBSA are almost entirely contained
in the low-velocity mantle wedge region. The ray paths from deep events to the back arc stat

sample a combination of deep slab and mantle wedge structure but are more sensitive to
velocities in the mantle wedge below the spreading center.
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the slab and mantle wedge velocity anomalies. Unlike
the first analysis, this method depends on a priori infor-
mation about the Tonga velocity anomalies; however, it
does not require assumptions about the ray paths of the
P and S waves.

Both methods have advantages over directly com-
paring P and S wave tomographic images. Seismic
tomography resolves the spatial structure of velocity
heterogeneity better than the magnitude of heterogene-
ity. Tomographic estimates of the magnitude of velocity
anomalies may be biased by the particulars of the in-
version such as damping parameters and the choice of
starting model, and even if identical techniques are used
for P and S waves, differences between the P and S data
sets will render anomaly amplitudes differently in the
two models. Furthermore, it is not feasible to perform
5 wave travel time tomography with the Tonga data
set because only the largest earthquakes produce good
S wave arrivals at stations in the \ow-Q back arc basin
and so leave a very sparse S wave data set. Therefore
we use a small, high-quality collection of P and S wave
travel times to compare the relative velocity variations.

2. Data
Data used in this study were recorded during the

Southwest Pacific Seismic Experiment (SPASE) [ Wiens
et al, 1995] and Lau Basin Ocean Bottom Seismome-

ter (OBS) deployments in 1993-1995. The SPASE
project consisted of a 2-year deployment of 11 broad-
band seismographs, and the Lau OBS project consisted
of 30 three-component 1-Hz seismographs deployed for
3 months. The station geometries of the deployments
are illustrated in Figure 1, along with the epicenters of
the 27 deep and intermediate depth events used in this
study (Table 1). Only events that generated a signif-
icant number of teleseismic arrivals are chosen, since
such data are crucial for generating high-quality loca-
tions.

We use three different groupings of the data for the
three main analyses. For the residual slope analysis of
the slab velocity anomaly, we use 78 P and S wave
arrival times from 11 deep events that occurred dur-
ing the 3-month period of overlap between the SPASE
and Lau basin OBS deployments. The arrival times
are picked from stations near the Tonga Trench (Fig-
ure 1); thus these rays travel almost entirely within the
high-velocity Tonga slab. For the residual slope anal-
ysis of the mantle wedge anomaly we use arrival times
recorded at Fiji land stations LKBA and LBSA from
16 large intermediate events which occurred during the
2-year SPASE deployment, yielding 23 P and S wave
arrival times. The ray paths from these events are al-
most entirely within the low-velocity mantle wedge re-
gion, beneath the active Lau back arc spreading center.

Table 1. Events Studied

Day

94/005
94/019
94/055
94/056
94/071
94/223
94/236
94/272
94/273
94/274
94/289
94/292
94/313
94/319
94/326
94/331
94/334
94/336
94/355
95/075
95/137
95/145
95/174
95/196
95/197
95/207
95/216

Origin
Time, UT

08 14:45.9 (2)
01 18:57.1 (2)
15 25:36.7 (2)
00 40:30.6 (2)
09 39:29.4 (2)
19 32:53.4 (2)
03 46:21.9 (2)
17 16:06.5 (1,3)
19 30:18.5 (1,3)
14 54:29.6 (1,3)
12 40:42.8 (1)
06 06:24.8 (1)
14 41:44.1 (1,3)
14 37:07.1 (1,3)
05 04:21.7 (1,3)
11 39:55.1 (1)
06 37:18.9 (1,3)
12 54:52.1 (1)
20 34:16.9 (2)
04 34:46.2 (2)
03 52:56.8 (2)
03 14:54.9 (2)
10 15:18.0 (2)
01 35:16.5 (2)
23 46:55.6 (2)
09 09:51.8 (2)
10 31:23.9 (2)

Latitude, °S

18.61
20.00
17.50
17.47
20.22
21.83
16.18
17.80
21.08
18.20
17.91
19.34
17.84
20.85
20.64
20.51
17.99
17.98
19.87
21.48
15.08
18.79
18.09
19.81
18.11
16.44
17.26

Longitude, °W

174.96
175.47
174.01
173.96
176.18
176.53
174.75
178.52
179.12
178.39
178.53
177.41
178.38
178.74
178.31
178.50
178.26
178.29
175.74
176.27
173.95
175.41
174.33
177.48
174.46
174.62
174.05

Depth, km

260
223
129
125
280
182
305
563
626
642
563
569
600
603
538
602
606
595
247
184
123
242
128
369
131
239
138 15091

Day is year and day of year. Numbers in parentheses refer to the group that
the data belong to.
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For the finite difference travel time analysis of the en-
tire region we use 146 P wave and 129 S wave arrival
times recorded across the linear array of seismometers
from the seven best located, deep events. Because this
procedure is more dependent on event location than the
residual slope analysis, we use a smaller, better located
group of earthquakes. The ray paths from these events
sample a combination of slab and mantle wedge struc-
ture.

For each P and S arrival time we define an uncer-
tainty between 0.1 s and 1.0 s based on the quality of
the pick. We use these uncertainties as weights in gen-
erating the linear relationship between P and S residu-
als, as well as in relocating the events. There are several
reasons why the P wave arrival times are more accurate
than the S wave arrival times: (1) the S waves are more
attenuated and emergent than the P waves, especially
at stations in the back arc basin, (2) often a significant
P wave coda exists when the S wave arrives, (3) the S
arrivals are picked from horizontal components, which
have a larger background noise level, and (4) S waves
are subject to the effects of transverse anisotropy. Fis-
cher and Wiens [1996] and Smith et al [1998] report
shear wave splitting times of 0.5-1.8 s for intermedi-
ate and deep Tonga events recorded at the Fiji stations
and OBSs; however, for the ray paths used in this study
the vast majority of S wave arrival times differ by <1
s between horizontal components. In cases where the
arrival times are different, we choose the earlier of the
two. Since the raw S wave anomalies range up to 10
s, the uncertainties posed by splitting are small relative
to the velocity heterogeneity signal.

3. Slope Analysis of Travel Time
Residuals

By Fermat's principle the path a seismic ray trav-
els represents a stationary point with respect to travel
time; thus the derivative of travel time with respect to
path geometry is small near ray paths. Because of this,
changes in ray paths induced by velocity heterogeneities
give rise to second-order effects in travel time residuals.
To first order the perturbation in travel time (6t) for a
given perturbation in velocity (Sv) is given by

5t= -D 8v

where v is the path-averaged velocity in a reference
model and D is the path length of the seismic ray. As-
suming that the effect of different path geometries is
much smaller than the effect of anomalous velocities,
a linear relation exists between tt).e P and S residuals,
Sts = aStp -f b, with a an explicit function of the relative
variation of velocities [Hales and Doyle, 1967],

a = Wpv?~ (2)

The ratio VP/VS varies only slightly in the upper man-

tle; for example, VP/VS ranges from 1.73 to 1.85 in the
upper mantle of the IASP91 model [Kennett and Eng-
dahl, 1991]. Because of this, observed values of a are
primarily indicative of the relative size of the P and S
velocity anomalies and thus sensitive to their underlying
cause. Note that a = v(Vp/Vs), where v is a parame-
ter that is often used in interpreting global tomographic
models and is defined as 6luVs/6lnVp. Throughout this
paper we compare a and v values assuming VP/V8 is
1.75. Using a slightly different value of VP/VS does not
significantly change the results.

Interpretation of the intercept b is more difficult. If
the residuals are calculated with respect to a velocity
model that is a poor average representation of the re-
gion, then it is possible that nonzero values of b are
produced; however, these values are not necessarily in-
dicative of velocity heterogeneities but are rather due to
inadequacies in the reference model [Hales and Doyle,
1967]. Romanowicz and Cara [1980] find that for suffi-
ciently complex lateral velocity variations, b is theoret-
ically nonzero, and its value can be directly related to
velocity perturbations. In this work, however, we inter-
pret only the first-order velocity heterogeneities defined
by a and do not use b values for quantitative analysis
of the velocity anomalies.

Previous work on the relative variation of P and S
travel time residuals (or station corrections) has gen-
erally been carried out on a larger scale than in the
work presented here. Several researchers have estimated
a on a continental scale, using either hand-picked ar-
rival times or carefully selected International Seismo-
logical Centre (ISC) times, reporting values of ~3.5-
4.5 for Canada, the United States, and Europe [Doyle
and Hales, 1967; Hales and Roberts, 1970; Jeffreys and
Singh, 1973; Romanowicz and Cara, 1980; Wickens and
Buchbinder, 1980; Souriau and Woodhouse, 1985]. A
global estimate of a, 3.61 ± 0.13 [Souriau and Wood-
house, 1985], derived using P station corrections and
a tomographic mantle S wave model [ Woodhouse and
Dziewonski, 1984], is also in this range. These a values
correspond to v — 1.9-2.5, a result which is seemingly
confirmed by long-wavelength, global mantle models,
which report v values of 2.0-2.5 [Dziewonski and Wood-
house, 1987; Giardini et al, 1987; Li et al, 1991]. How-
ever, the v values from the low-order mantle models are
more indicative of lower mantle variations, while the v
values from the residual slope analyses are more indica-
tive of upper mantle variations, so it is not clear that
they should be expected to agree. Robertson and Wood-
house [1996] have recently performed a joint inversion
of P and 5 arrival times for 3-D mantle velocity mod-
els and find that v linearly increases from 1.7 to 2.6
in the depth range of 700 to 2600 km, implying that
v is smaller in the upper mantle than in lower mantle,
as is expected for thermally induced velocity anomalies
[e.g., Agnon and Bukowinski, 1990; Isaak ei£lqJ.992].
This is further supported by the forward moaeung work
of Bokelmann and Silver [1993] who find v ~ 1.7 for a
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specific region (the Caribbean) in the uppermost lower
mantle. However, in contrast to Roberston and Wood-
house [1996], Kennett, et al [1998] jointly inverted P
and S wave travel times from the ISC with a high-
resolution cellular parametrization and found no depth
dependence for depth-averaged values of v (a nearly
constant average of 2.1) but did report large lateral vari-
ations in a given layer.

The likely explanation for large values of a reported
by previous researchers is the broadness of the regions
from which data were used. If i/, and thus a, has signif-
icant variation on a scale that is smaller than the model
region, then the observed values may not be useful for
making inferences on the underlying causes of velocity
anomalies. For instance, Romanowicz and Cara [1980]
report a — 4.75 ± 1.0 for North America as a whole, but
when the data are separated into geographical regions,
they find values of 2.54 ± 0.8 (y ~ 1.5) for the west-
ern province and 2.33 ± 1.1 (y ~ 1.3) for the central
eastern province. This is important in the sense that
the overall value (4.75) is vastly different from the aver-
age of the two provinces (2.44) and probably is not in-
dicative of any velocity heterogeneities but is simply an
artifact of combining disparate tectonic regions. Simi-
larly, Souriau and Woodhouse [1985] report a large vari-
ation in a values (2.44-5.69) when the data are binned
according to various, well-sampled, tectonic provinces
(i.e. subduction zones, shields, oceans). Most recently,
Robertson and Woodhouse [1997] find a global value of
a — 2.85 (y ~ 1.6), significantly lower than previous
global estimates and close to the regional estimates of
Romanowicz and Cara [1980], when tectonic regional-
ization of the data is accounted for and high-quality
data are used.

3.1. Estimating v for the Tonga Slab

We examine the Tonga slab anomaly by analyzing P
and S residuals only from stations that record phases
which have primarily sampled the slab (group 1 of
the data in Table 1). Waveforms recorded at these
near-trench stations have higher frequency contents and
more negative travel time residuals than those recorded
at neighboring stations, indicating that they are repre-
sentative of the slab anomaly. By using events and sta-
tions which vary in distance along strike, a wide range of
P and S residuals is observed, making the relationship
between the two (Figure 2) robust. We fit a line to these
data by minimizing the sum of the weighted, squared
errors (equation (7) of York [1966]) using a modified
gradient search algorithm which accounts for the des-
ignated uncertainties in both the P and S residuals.
The best fitting values for a and b are reported in Ta-
ble 2, along with standard error estimates generated
using a bootstrap (data resampling with replacement)
technique. These standard errors are only indicative of
uncertainties in the arrival time picks themselves and
do not account for uncertainties in the residuals caused
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Figure 2. P and S travel time residuals from the group
1 events. A total of 78 P and S wave travel times, gener-
ated from 11 deep events and recorded at the 10 "slab"
stations are shown. The error bars are defined by un-
certainties in the arrival time picks. These residuals are
defined based on the least biased locations: only tele-
seismic P waves and and P waves recorded at the Fiji
stations were used. A gradient search algorithm which
accounts for uncertainties in both types of residuals was
used for the linear regression. The slope of this line,
which is insensitive to uncertainties in the hypocentral
parameters, provides an estimate of v for the slab.

by mislocation related to velocity heterogeneities in the
Earth.

To investigate the effect of systematic mislocation on
the values of a and 6, we relocate the events in three
different ways using the IASP91 velocity model. In the
first relocation we include only teleseismic data and the
P waves recorded at the Fiji stations. The Fiji stations
are the least biased of the local stations, since they are
located near neither the slab nor the back arc spreading
center, and provide a strong constraint on the depth of
the events in the location process. Next, we add the
remaining local P waves to the set of arrival times and
relocate the events. Many of these times are biased by
the slab anomaly and cause the locations to move to
the east and upward [Koper et al, 1998]. The third
set of locations is constructed by including all the lo-
cal S wave arrival times as well the P wave data. This
further biases the locations because the slab anomaly
has a larger effect on S wave residuals than on P wave
residuals. The best fitting values for a and 6, as well
as the mean P and S residual of the slab stations, are
presented in Table 2 for each of the three cases. The
primary effect of systematic bias in the locations of the
events is to change the magnitude of the travel time
residuals but not their relative variation. The absolute
values of the slab residuals are greatly reduced when bi-
ased arrival times are included in the relo;-^933; how-
ever, the value of a varies only from 1.86 to i.y/. Thus
the fact that we approximate the velocity structure of
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Table 2. Results of Travel Time Residual Analysis

Set of
Residuals

Slab

Slab

Slab

Mantle Wedge

Mantle Wedge

Data Used in
Relocation

teleseismic and Fiji
stations P waves

all
P waves

all S and
P waves

all
P waves

all S and
P waves

Slope
a

1.89 ±0.09

1.97 ±0.12

1.86 ±0.11

2.00 ±0.19

2. 14 ±0.25

Intercept (s)
b

-1.19 ±0.28

-1.61 ±0.20

-1.78 ±0.14

0.08 ±0.52

0.01 ±0.47

Mean of P
Residuals, s

-2.9

-1.5

-0.5

2.3

1.3

Mean of S
Residuals, s

-6.6

-4.5

-2.8

4.8

2.9

the Tonga subduction zone with a 1-D reference model
(IASP91) for the purposes of event location does not in-
fluence the relative variation of velocities as measured
by a.

We next examine the effect of random uncertainties
in hypocentral parameters on the relative variation of P
and S residuals using a stochastic procedure. For each
group 1 event we randomly vary the hypocentral pa-
rameters within ranges that are typical of the standard
location errors for these events (determined from uncer-
tainties in arrival time data): latitude and longitude ±
0.2°, depth ± 5 km, and origin time ± 0.25 s. We im-
plement this procedure 10 times for each of the location
types described above and compute the corresponding
values of a and b. The maximum change in a for the
10 samples is only 0.2-0.25 for the three location types,
comparable to the standard errors defined for the linear
fits.

Thus the relative variation of P and S travel time
residuals produced by the slab velocity anomaly a is in-
sensitive to hypocentral uncertainties and uncertainties
in the arrival time picks themselves. Systematic loca-
tion errors produce uncertainties of 0.1-0.2, random lo-
cation errors produce uncertainties of 0.2-0.25, and the
direct effect of arrival time uncertainties produce uncer-
tainties of 0.1-0.15. The range of a values we observe
for the Tonga slab (1.86-1.97) imply that z/siab is 1.1-1.2.

The intercept estimates for the slab anomaly b vary
from -1.19 s to -1.78 s for the three location types and
have standard errors of 0.2-0.3 s. To investigate the
significance of these values, we perform linear regres-
sions with the intercept constrained to be zero. The
a values we retrieve (2.3-3.2) are higher than in the
two-parameter case, but the variance reduction is sig-
nificantly worse, as quantified by an F test, than in the
two-parameter case. Thus b for the slab is significantly
different than 0 and may be a function of the slab ve-
locity anomaly or source location errors.

3.2. Estimating v for the Tonga Mantle Wedge
We analyze travel time residuals induced by the man-

tle wedge velocity anomaly using 22 residuals recorded
at LKBA and LBSA (Figure 3) from intermediate-
depth events (group 2 in Table 1). The ray paths
have primarily sampled the upper 200 km of the man-
tle wedge, including the region directly beneath the Lau
spreading center where velocities are the slowest [Zhao

10
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I 6|-

C/D

- 2 0 2 4 6 8
P residual (s)

Figure 3. P and S travel time residuals from the
group 3 events. These 23 P and 5 wave residuals were
recorded at the Fiji stations LKBA and LBSA from 16
intermediate depth events. The error bars are defined
by uncertainties in the arrival time picks. The posi-
tive residuals are indicative of the low-velocity mantle
wedge region. A wide range of values is obtained by us-
ing an array of sources which varies substantially along
strike. These residuals are based on locations defined
using both teleseismic and local P wave data. Includ-
ing S wave arrival times in the locations 115094' does
not significantly affect the the value of the slope derived
from the linear regression.
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et al, 1997; Xu and Wiens, 1997]. We include only
the largest intermediate-depth events since the 5 waves
from smaller events are difficult to pick accurately ow-
ing to high attenuation. We do not include residuals
from deep events that are recorded by the back arc sta-
tions because these ray paths sample a combination of
deep slab and mantle wedge structure and thus do not
isolate the velocity anomaly as well as the ray paths
from the intermediate-depth events.

It is difficult to achieve high-quality locations for the
intermediate events using only teleseismic and Fiji sta-
tion arrivals, as we did for the deep events (group 1
data), so we initially relocate the events using all avail-
able P wave data, including teleseismic pP observa-
tions. Next, we relocate the events using all available
S wave arrival times as well as the P wave data. This
creates more bias in the data because of the larger mag-
nitude of the mantle wedge-induced (mw) 5 residuals;
however, both location types yield similar values for
amw (Table 2). This indicates that the main effect of
using a reference Earth model to define the travel time
residuals biases their absolute magnitudes and not their
relative variation, the same result that was obtained
with the slab-induced residuals. We apply the stochas-
tic procedure described in section 3.1 and find small
errors associated with random hypocentral uncertainty,
with a changing by ~ ± 0.25. Thus the value of arnw
is stable with respect to systematic location bias and
random location errors. The two values we observe for
amw, 2.00 and 2.14, imply that i/mw is in the range of 1.2
to 1.3, only slightly higher than our estimates of z/siab-

In contrast to the results for the slab data the b val-
ues for the mantle wedge regressions are nearly zero,
with values of 0.01 and 0.10 for the two location types.
The standard errors for these values, 0.5 in both cases,
indicate that b is not significantly different than zero.
To further check this, we perform a regression with b
constrained to be zero. We achieve only slightly differ-
ent a values than in the two-parameter case, 2.15 and
2.03, and an F test indicates that the variance reduc-
tion in using two parameters is not significant at the
95% level. Thus the mantle wedge anomaly produces
a direct correlation between P and S residuals with no
baseline difference.

3.3. Estimating a Combined Regional v

Since our estimates of z/siab and z/mw are similar, it
is possible that the velocity heterogeneities in both re-
gions have the same cause and the two regions can be
combined in a single analysis. To compute an overall
z/, we use the same set of 11 deep earthquakes that we
used in estimating ^Siab5 however, we now include travel
time residuals recorded by all of the SPASE land sta-
tions and OBSs (Figure 1). This produces a total of 203
P and S wave travel times. The ray paths sample the
slab, a combination of slab and mantle wedge structure,
and the relatively homogeneous upper mantle beneath
Fiji. The relative residuals, shown in Figure 4, have a

CO ,J Back Arc Residuals

Slab Residuals

- 8 - 6 - 4 - 2 0 2 4 6 8
P residual (s)

Figure 4. P and 5 travel time residuals from the 11
deep events recorded at all of the stations. Simultane-
ously fitting a line to these two populations of residuals
gives a slope that is nearly equal to the slopes estimated
for each region individually. This is consistent with the
two regions, slab and back arc/mantle wedge, having
similar types of velocity anomalies.

slope of 2.39 ± 0.06, corresponding to v ~ 1.4, with a
b value not significantly different than zero. As was the
case with i/siab and z/mw, this value does not significantly
change if different data sets are used in the relocations:
the slope increases to 2.56 if locations are generated by
using local S arrivals as well as P arrivals. The similar-
ity of this v value to i/siab and i/mw is consistent with the
same mechanism being responsible for both the Tonga
slab anomaly and the overlying mantle wedge anomaly.

4. Three Dimensional Modeling of
Velocity Structure

The second analysis of the Tonga data consists of de-
tailed modeling of the P and S wave velocity structures
using 3-D finite difference code to compute first arriving
travel times. This method requires a priori information
on the structure of the Tonga subduction zone, but it
is not subject to the assumption of similar path ge-
ometries for the P and S waves. We assume that the
slab anomaly is due to a thermal anomaly, with variable
magnitude, and that the mantle wedge anomaly has the
depth dependence derived from waveform inversion by
Xu and Wiens [1997] with variable amplitude. We per-
form a series of independent grid searches using P and
S wave travel time data from the largest (best located)
deep earthquakes in the Tonga data set (group 3 in
Table 1). We estimate z/siab and i/mw by comparing the
optimal values of the model parameters that control the
slab and mantle wedge velocity anomalies.

We define the travel time residuals us^ 50956 least
biased of the locations discussed earlier, i.e., those in
which only teleseismic data and P waves recorded at
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the Fiji stations are used in the location. Since accurate
locations cannot be determined for some of the smaller
events without including the biased local arrival times,
we have reduced the data set to travel times from only
the larger, better located events, yielding a total of 146
P and 129 S residuals (Figure 5). This leads to a data
set that is slightly different from that in our previous
work [Koper et al, 1998] in which the biased locations
of the smaller events were accounted for by applying a
relocation operator to the synthetic residuals.

4.1. Construction of Velocity Models of the
Tonga Subduction Zone

A complete description of the construction of veloc-
ity models of the Tonga subduction zone is given by
Koper et al. [1998], and so we only briefly discuss
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Figure 5. Mean travel time residuals from the group
2 events, averaged across the seismometer line, for (a)
P waves and (b) 5 waves. Error bars represent ± 1 s.d.
of the observed residuals at each station. The residuals
are defined using the least biased locations, as discussed
in the text. The slab anomaly is clearly indicated by the
pronounced drop in residuals near the Tonga Trench.

the constraints here. The morphology of the slab is
determined from a database of local seismicity (J. J.
McGuire, unpublished data, 1995), the thermal struc-
ture is determined with code developed by N. H. Sleep
and K. C. Creager based on the finite difference algo-
rithm of Toksoz et al [1973] and using a plate model
[Stein and Stein, 1992] for the initial lithospheric profile,
and the mantle wedge low-velocity zone is modeled after
the work of Xu and Wiens [1997]. Since topography on
the 410-km discontinuity does not produce a discernible
signal in the arrival time data [Koper et al, 1998], we fix
the discontinuity at an equilibrium position (uplifted)
assuming a Clapeyron slope of 3.0 MPa/K, and the pre-
liminary reference Earth model (PREM) [Dziewonski
and Anderson, 1981] pressure model. Equilibrium mod-
els are implicitly faster than metastable wedge velocity
models or models with no 410-km discontinuity topog-
raphy; thus the best fitting temperature derivatives are
biased toward smaller magnitude values. Given a spe-
cific velocity model, we calculate first arriving P and S
wave travel times using a 3-D finite difference approach
[Vidale, 1990; Hole and Zelt, 1995].

Each velocity model evaluated in the grid search is
completely determined by the values of three param-
eters (dV/dT, Aivz, and a shift value) related to the
above mentioned a priori constraints. The effect of tem-
perature on the slab velocity structure is determined by
assuming a value for dV/dT (either S or P). The S/P
ratio of thermal derivatives, multiplied by VP/VS, gives
an estimate of z/siat>- Although the best fitting values of
the thermal derivatives found from the grid search de-
pend on the thermal, mineralogical, and morphological
constraints, the ratio of the two, and thus z/, is much
less model dependent. We define the mantle wedge ve-
locity model by choosing a value for A\vz (either S or
P), which is a number between 0 and 1 representing
the amplitude of the anomaly in the low-velocity zone
(Ivz). A value of 1 corresponds to the exact model of Xu
and Wiens [1997], while a value of 0.5 implements an
anomaly half as strong in amplitude but with the same
depth distribution. Setting A\vz equal to zero gives a
model with regular IASP91 velocities in the backarc.
The ratio of the 5 wave value of A\vz to the P wave
value of Aivz gives i/mw. We allow the S wave model
to vary from that of Xu and Wiens [1997] because of
strong anisotropy in the Lau Basin. A model for the
SH velocity from waves that generally travel horizon-
tally through the Lau basin (Y. Xu, unpublished work,
1997) is significantly faster than the SV model reported
by Xu and Wiens [1997]. Since our data travel vertically
and are polarized nearly horizontally, we expect faster
S wave velocities and thus a smaller velocity anomaly
than observed by Xu and Wiens [1997]. The third pa-
rameter, the shift value, allows the entire slab structure
to translate perpendicular to strike, accounting for un-
certainties in the morphological model as we.11 ~° "ncer-
tainties in the positions of the epicenters relative to the
velocity anomalies [Koper et al, 1998].
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4.2. Results of Grid Searches for P and S
Wave Velocity Models

We perform independent grid searches to find the best
fitting model parameters for the P and S wave data. We
vary the parameters in the same manner for both types
of data: A\vz is varied from 0.2 to 1.0 with increments
of 0.2, dV/dT is varied from -0.5 to -0.1 ms"1!^1 in
increments of 0.1 ms~"1K~1, and three shift values rep-
resenting a range of 40 km are used. A cross section
of the error landscape of the two searches is shown in
Figure 6.

We perform two additional grid searches, on both
data sets, with progressively smaller increments in the
model parameters, giving about 350 model evaluations.
We center the search intervals for the model parameters
on the best fitting values from the previous grid search.
The best P model reduces the root-mean-square error
of the residuals from 2.02 s to 0.57 s (72%), while the
best S wave model reduces the error from 4.86 s to
1.32 s (73%). These models are illustrated in Figure 7.
The remaining travel time residuals are probably due to
shallow site effects that were not accounted for in our
modeling, as well as uncertainties in the arrival time
picks.

To estimate the effect of arrival time uncertainty on
the optimal parameter values, we use a stochastic, re-
sampling method based on the bootstrap technique. We
construct an artificial data set of P and S travel times
by generating a set of Gaussian random numbers using
the actual travel time values as means and the desig-
nated uncertainties as standard deviations. We then
compute the fit of each parameter combination with re-
spect to the synthetic data and choose the one with
the lowest value as the best solution. The procedure
is repeated N times, and the mean and standard de-
viation of the model parameters of the population of
best solutions are calculated. We use these standard
deviations as proxies for the actual uncertainties in our
model parameters. This procedure is computationally
quick to implement because we do not have to recalcu-
late the synthetic travel times for each parameter com-
bination. We use N — 500 and find that the standard
deviations of the model parameters converge after ~
200 iterations. Our model parameter estimates become
dV/dT = -0.23 ± 0.01 ms^R-1, Alvz = 0.50 ± 0.03
for P waves, and dV/dT = -0.20 ± 0.01 ms^R"1,
AIVZ = 0.67 ± 0.03 for S waves.

These error estimates do not include the effect of un-
certainties in our a priori constraints but only account
for errors in the picking of arrival times and so are only
lower bounds on the overall uncertainties. For exam-
ple, by using a velocity model containing a metastable
wedge of olivine, instead of the equilibrium-type mod-
els used in this study, optimal estimates of dV/dT for
P waves can vary by as much as 0.175 ms~1K~1 [Koper
et a/., 1998]. Thus a range of -0.2 to -0.4 ms"^"1 is
a more realistic estimate for the the possible values of
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Figure 6. Results of the coarsest grid searches for (a)
the P wave data and (b) the 5 wave data. The error
landscapes are produced by averaging over the three
shift values and then using bicubic interpolation to re-
sample the 25 points to a much finer spacing. The con-
tours represent error values defined as the root-mean-
square difference of theoretical and observed travel time
residuals. The trend of the contours indicates that
(A\vz)p and dVp/dT are negatively correlated. This
is opposite to the correlation of Koper et al. [1998] be-
cause no relocation operator was used in the present
study.

of the temperature derivatives. The fact that we have
used equilibrium type models, implicitly the fastest type
of model because of the large uplift of the 410-km dis-
continuity, biases our temperature derivatives toward
smaller magnitude values, but the ratio ^5997deriva-
tives, which determines zAjiab, is much less dependent on
model assumptions.
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Figure 7. Cross sections of the optimal 3-D models
found during the grid search for (a) P wave velocity
and (b) 5 wave velocity. The velocities are shown hav-
ing been flattened for use in a Cartesian grid. Travel
time errors associated with applying an Earth flattening
transformation to a 3-D velocity model are discussed by
Koper et al [1998]. Both models are equilibrium mod-
els meaning the 410-km discontinuity is uplifted because
of the exothermic nature of the a —> /3 phase transition.
Intraslab variations of the discontinuity are not resolv-
able with the Tonga travel time data set [Koper et al,
1998]

The 1-D velocity models corresponding to the opti-
mal A\vz values are shown in Figure 8. The maximum
velocity reduction is ~7% for P waves and ~10% for S
waves. Our inferred S wave model is thus only ~70% as
strong as the SV model of Xu and Wiens [1997]. Our
model is comparable in magnitude to an SH model for
the region constructed from waveform inversion (Y. Xu,
unpublished work, 1997). Computing the S:P ratio of
the amplitudes of the low-velocity zones gives z/mw ~1.3,
in good agreement with the residual slope analysis es-
timate of 1.2-1.3.

With the optimal temperature derivative values the
maximum velocity increase in the slab is 3.3% for P
waves and 5.1% for S waves. Thus the maximum veloc-
ity difference between the slab and the mantle wedge is
~10% for P waves and 15% for 5 waves. Using the S:P

ratio of thermal derivatives yields z/siab ~ 1.5, which is
somewhat higher than our slope analysis estimate of ~
1.1-1.2. The optimal parameter values for the P wave
models are slightly different than those reported in our
previous analysis [Koper et al, 1998]. In that study we
found dVp/dT — —0.27 ms~1K~1 for equilibrium mod-
els and a value of 0.40 for A\vz which corresponded to
a maximum P wave velocity decrease of ~5% in the
mantle wedge. The discrepancy results from the use
of slightly different sets of earthquakes and methodolo-
gies, but the differences are smaller than the effect of
our particular model assumptions and so not significant.

The best fitting dVp/dT value (-0.23 ms^R"1) is
lower than previous seismological estimates of dVp/dT
which include -0.5 ± 0.1 ms~1K~1 [Creager and Jordan,
1986] and -0.5 ± 0.2 ms^R-1 [Fischer et al.,, 1991].
Both estimates were made using standard thermal mod-
els and a residual sphere analysis of travel times. Since
that technique relies on teleseismic data, it is possi-
ble that heterogeneities away from the source could be
mapped into near source contributions, artificially en-
larging the slab anomaly [Zhou et al, 1990; Schwartz
et al., 1991] and thus the magnitude of dVp/dT. The
estimate of dVp/dT = -0.9 ms^R"1 for the Aleutian
slab [Sleep, 1973] may be artificially enlarged because
Sleep [1973] considered a slab thermal model that only
extended to a depth of ~200 km. The dVp/dT value re-
ported here is consistent with laboratory estimates on
a variety of rock samples [Kern and Richter, 1981] but
slightly smaller than single-crystal elastic measurements
[Anderson et al, 1992]. Likewise, our estimated value
of dVs/dT (-0.2 ms~1K~~1) is more consistent with the
rock data than the single-crystal experiments; however,
it is significantly smaller in magnitude than the value
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Figure 8. The optimal 1-D velocity models for the
mantle wedge region. The models are scaled versions of
the modeled derived by Xu and Wiens [1997] through
waveform inversion. These models correspond to a con-
stant v value of ~1.2. The magnitude of l15098.ocity
reduction trades off slightly with the magnitude of the
slab velocity anomaly.



KOPER ET AL.: TONGA P AND S VELOCITY ANOMALIES 15,099

of -0.6 ± 0.1 ms~1K~1 reported by McNutt and Judge
[1990] from a surface wave analysis of the Pacific ocean
lithosphere.

5. Discussion
Both the residual slope analysis and the finite differ-

ence travel time modeling show that the relative vari-
ation of P and S velocities in the mantle wedge, as
defined by v, is in the range of 1.2-1.3. The z/ estimates
for the Tonga slab are less consistent, with the residual
slope analysis yielding a value of 1.1-1.2 and the velocity
modeling procedure yielding ~1.5. Nevertheless, a dis-
tinct change in v between the slab and mantle wedge is
ruled out. The type of velocity anomaly most consistent
with v — 1.1-1.5 is that due to a thermal perturbation.

5.1. Theoretical Estimates of v for Thermal
Anomalies

The theoretical v value for thermally induced veloc-
ity anomalies is given by the S to P ratio of temper-
ature derivatives of seismic velocity, scaled by VP/VS.
Since VP/VS is relatively constant in the upper mantle,
it is the ratio of thermal derivatives that controls the
v value. Excluding ab initio modeling, there are two
main sources of information on the temperature deriva-
tives of seismic velocity: (1) low-pressure, single-crystal
elastic measurements of mantle minerals and (2) cor-
responding low-pressure measurements of igneous and
metamorphic rocks. Anderson et al [1992] summa-
rize single-crystal elastic measurements on MgO, CaO,
A1203, garnets, and two olivine samples and find that at
low temperatures (300 K), dVp/dT varies from -0.58 to
-0.35 ms^K-1, that dVs/dT varies from -0.46 to -0.20
ms~1K~1, and that the S/P thermal derivative ratio is
relatively constant varying from 0.55 to 0.95. At higher
temperatures the magnitude of the derivatives generally
decrease (except for the olivine derivatives), but the ra-
tios are similar to the low-temperature case and vary
from 0.55 to 0.84, except for Al20s. This corresponds
to a ^thermal in the range of 0.95-1.6. For olivine, the
dominant mineral in the upper mantle, a direct value
of 1.18 is reported for i/thermai [Anderson et al., 1992].

Kern and Richter [1981] measured the low-pressure
(6 kbar) elastic velocities of 15 igneous and metamor-
phic rocks, having a wide range of mineralogical and
chemical composition, up to ~1000 K. The temper-
ature derivatives of the seismic velocities are smaller
than those derived from the single-crystal elastic data
with dVp/dT ranging from -0.40 to -0.17 ms^R'1 and
dVs/dT varying between -0.39 and -0.15 ms"^"1, but
the S/P thermal derivative ratios of 0.59-0.89 are al-
most identical to the single-crystal data. (We do not
consider three of the fifteen samples used by Kern and
Richter [1981] that show anomalous values for the S/P
thermal derivative ratio: two eclogite samples with ra-
tios of 1.3 for which the measured dVp/dT value is
several times smaller than reported elsewhere [Chris-

tensen, 1979], and an amphibolite sample with a ra-
tio of 1.9.) The most olivine-rich samples of Kern and
Richter [1981] (dunite-1675 and peridotite-475) show a
^thermal of 1.16 and 1.26, in close agreement with the
single-crystal measurement of 1.18. Thus the labora-
tory estimates of the effect of temperature on the rela-
tive variation of velocities are in agreement and point to
a general ^thermal value of 0.9-1.6 and a value of 1.1-1.2
for olivine in particular.

There are two important considerations concerning
the above mentioned experimental values. First, these
values are measured at near zero pressure and so may
not be valid at mantle pressures; however, although
there is evidence that the magnitudes of temperature
derivatives decrease with depth in the lower mantle
[Duffy and ^4/&rens,1992, and references therein], it is
likely that the pressure dependence of thermal deriva-
tives in the upper mantle is small [Knoche et al, 1997].
Second, the laboratory estimates of thermal derivatives
of seismic velocity, and thus ^thermal? are niade at much
higher frequencies than seismological observations and
so do not include the anelastic effects of temperature
anomalies [Karato, 1993]. At the lower seismic frequen-
cies the dispersion associated with the increase of atten-
uation with temperature can significantly amplify the
magnitude of the dVp/dT and dVs/dT, and so the ef-
fective thermal derivatives depend on Q, and ^thermal
depends on QP/QS [Karato, 1993]. Thus in the high-
Q Tonga slab the laboratory values for z/thermai should
apply, while in the low-Q mantle wedge and back arc
region, i/thermai will be increased based on the relative
attenuation of P and 5 waves. Roth et al. [1999] have
inferred an average Qp value of 150 and a QP/QS of
1.75 for the Tonga mantle wedge region. Using these
numbers with Karato's [1993] calculations for olivine
implies that ^thermal should change from ~1.2 in the
slab to ~1.4 in the mantle wedge, a difference that is
comparable to the errors in our seismically determined
values and so is not resolvable.

5.2. Theoretical Estimates of v for Nonthermal
Anomalies

Other possibilities for generating the large-scale ve-
locity anomalies observed in Tonga include mineralogi-
cal variations and the presence of partial melt or fluid.
Undulations in upper mantle discontinuities, including
the Moho, or anisotropy induced by mantle flow in the
region, cannot generate the observed amplitude and
range of travel time residuals.

In the case of mineralogical variations it has pre-
viously been assumed that Poisson's ratio varies lit-
tle between rock types, implying that VP/V8 would be
constant across velocity anomalies, yielding z/chem ~ 1
[Hales and Doyle, 1967; Hales and Herrin, 1972]. More
recent work has shown that Poisson's ratio is quite de-
pendent on chemical composition and tIi5Q99ere are
significant crustal variations both on global scales [e.g.,
Holbrook et a/., 1992; Zandt and Ammon, 1995] and
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regional scales [e.g., Koch, 1992]. These variations of
Poisson's ratio are large enough that no general theo-
retical estimate of z'chem can be made as is the case for
i/thermai- The variations are also large enough that dis-
tinct chemical heterogeneities can cause P and 5 wave
residuals to become uncorrelated. That our data show
a high degree of correlation (Figures 2,3, and 4) implies
that the Tonga velocity anomalies are not due to large
changes in Poisson's ratio.

In the case of partial melt (pm), if the primary ef-
fect is on the shear modulus //, then it is likely that
z/prtl=1.5 to 2.25 [Hales, 1964], A more sophisticated
model of the effect of partial melt on seismic velocities
gives i/pm ~ 1.65 [Hales and Herrin, 1972], and recent
experimental work reports that melt tends to form in
penny-shaped melt inclusions (z/pm ~ 1.8) rather than
triple junction tubules (^pm ~ 2.3) [Paul et al, 1994].
(Paul et al. [1994] compute v values for various melt ge-
ometries using the theoretical models of Mavko [1980].)
These theoretical estimates for v are illustrated in Fig-
ure 9, along with the observed values for the Tonga
subduction zone from this study.

5.3. Interpretation of the Tonga Slab Anomaly

Standard thermal models of subduction coupled with
reasonable values for the thermal derivatives of seismic
velocity provide good fits to the P and 5 wave data, ac-
counting for both the range and magnitude of the travel
time residuals. More importantly, the ratio of thermal
derivatives that we infer is consistent with the results
of mineral physics experiments. Thus the v values in-
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- Tonga Slab (this study)

-*• partial melt

thermal (general, low pressure)

thermal (olivine, low pressure)
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Figure 9. Theoretical estimates of v for various types
of velocity anomalies. References are given in the text.
The only types of anomalies that can produce the mag-
nitude, range, and correlation of the observed residuals
are partial melting and temperature variations; how-
ever, partial melting is ruled out unless theoretical z/pm
values overestimate the real Earth value. Both the slab
and mantle wedge anomalies are consistent with a ther-
mal perturbation.

ferred from both the slab modeling and the residual
slope analysis fall within the range expected for ther-
mal perturbations (Figure 9). This lends further cre-
dence to the generally accepted notion of slab velocity
anomalies being due to decreased temperatures.

5.4. Interpretation of Tonga Mantle Wedge
Anomaly

The seismic anomalies beneath the Lau back arc
spreading center have frequently been attributed to par-
tial melt [Aggarwal et al, 1972; Zhao et al, 1997]. Par-
tial melt can explain the correlation and magnitude of
the velocity anomalies, since a region with only 3% par-
tial melt might produce P wave reductions of 5.4% and
5 wave reductions of 9.9% for specific melt geometries
[Paul et al, 1994]; however, the observed values for vmw
are distinctly lower than what would be expected for the
presence of partial melt (Figure 9). Both the residual
slope and subduction zone modeling methods suggest a
v of 1.2-1.3 for the mantle wedge region, consistent with
the velocity anomaly being primarily due to a temper-
ature variation.

There are thus two possibilities for explaining the na-
ture of the mantle wedge anomaly. The first is that
current estimates of v for partial melt overestimate the
real Earth value. The expected partial melt value (^pm)
may be more suspect than the expected thermal value
(^thermal) because the estimates for ^thermal are based on
extensive laboratory experiments while estimates of i/pm
are based largely on theoretical considerations, owing to
the difficulty of conducting laboratory experiments on
the effect of partial melt on relative velocity variation.
For instance, the calculations of Mavko [1980] for z/pm

do not take into account the fact that as melt forms in a
medium, the remaining solid matrix becomes stiffer as
volatiles are extracted, an effect, which besides damp-
ening the magnitude of velocity anomalies generated
by partial melt, may affect their relative variation, and
thus z/pm, as well.

The second possibility is that the melt which is gen-
erated beneath the Lau spreading center is quickly re-
moved from the mantle, and thus the bulk signature
of the velocity anomaly is that of a temperature per-
turbation. This is supported by geodynamical calcula-
tions [Richter and McKenzie, 1984; Scott and Steven-
son, 1986] as well as experimental data [Kohlstedt, 1992]
which suggest that melt is efficiently removed from the
rock matrix after formation. Combining the Q values of
Roth et al [1999] with calculations on the anelastic am-
plification of seismic velocity temperature derivatives
Karato [1993], we find that a temperature increase of
400-600°C can account for the magnitude of the veloc-
ity anomalies observed in the mantle wedge.

Such a large temperature increase in the uppermost
mantle wedge, where the velocities are slowest, can
be accounted for by reduced lithospheric th151Q03 and
mantle up welling under the Lau spreading center. The
fact that the Lau basin is opening at a rate of 13 cm/yr
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[Bevis et al, 1995] implies that significant mantle up-
welling is occurring beneath the spreading center. Ther-
mal modeling of subduction also suggests that a coun-
terflow is initiated in the mantle wedge, with upwelling
in the back arc, and that the diffusion of heat from
the mantle wedge into the slab is limited to a small
area near the slab-athenosphere boundary [Kincaid and
Sacks, 1997]. Thus convective heat transfer is more
important than conductive heat transfer in the wedge
region, especially when the oceanic lithosphere is sub-
ducting at a quick rate (as in Tonga), and so the thermal
structure in the mantle wedge should be similar to, or
even hotter than, that of young oceanic lithosphere.

Figure 10 shows a comparison of a typical conductive
lithospheric geotherm [Turcotte and Schubert, 1982],
representative of the thermal structure for a continen-
tal velocity model such as IASP91, a geotherm for
old oceanic lithosphere (100 Myr), and a geotherm for
young (5 Myr) oceanic lithosphere, as might be ex-
pected for the mantle wedge region. Upper and lower
bounds (based on volatile content) of the solidus of peri-
dotite are also shown [Thompson, 1992]. Figure 10 il-
lustrates that in the shallow upper mantle (20-100 km)
there is room for large temperature increases with re-
spect to both ambient continental temperature and the
temperature of old oceanic lithosphere, of the order of
the 400-600°C required by the data, before the water-
saturated peridotite solidus is reached. Furthermore,
since it is clear that melt is being produced in the upper-
most mantle beneath the Lau spreading center, it fol-
lows that the temperature must be several hundred de-
grees warmer than typical mantle such that the water-
saturated peridotite solidus, at the least, is met. As
shown in Figure 10, the reduction of Tm with decreas-
ing depth is not significant enough to allow the existence
of decompression melting without a large temperature
anomaly relative to normal mantle. Thus the large,
convection-induced, temperature increase in the mantle
wedge region produces the bulk of the seismically ob-
served velocity anomalies, and the effect of partial melt
is negligible.

Deeper in the upper mantle (> 100 km), where tem-
peratures beneath the Lau spreading center are ex-
pected to be closer to global averages, it may be the
presence of volatiles released from the slab that explains
the observed low-velocity anomaly. It is well established
that the presence of water reduces the solidus curve of
peridotite [e.g., Olaffson and Eggler, 1983; Thompson,
1992], and it has also been proposed that dehydration
reactions can occur in subducting oceanic lithosphere to
depths of at least 400 km, implying that mantle wedge
regions are areas of high volatile content relative to the
ambient mantle [Nolet, 1994; Nolet and Zielhuis, 1994].
If seismic velocity can be approximated as a linear func-
tion of homologous temperature, as suggested by Sato
and Sacks [1989], then the reduction of the melting tem-
perature by the presence of water or other volatiles may
affect seismic velocity in a similar manner as an increase

Conductive
Continental
Geotherm

200 400 600 800 1000 1200 1400 1600
Temperature °C

Figure 10. Comparison of continental and .oceanic
geotherms with solidus curves for peridotite. The con-
tinental geotherm is indicated by the dotted line, the
oceanic geotherms are indicated by the solid lines, and
the solidus curves are indicated by the dashed lines. The
continental geotherm is taken from Turcotte and Schu-
bert [1982] and is typical for the continental lithosphere
that the IASP91 velocity model is based on; the warm
oceanic geotherm is constructed for 5 Myr old oceanic
lithosphere, assuming a half-space cooling model, and
should be appropriate for the actively spreading back
arc region; the cold oceanic geotherm is constructed for
100 Myr old lithosphere, again using a half-space cool-
ing model, and illustrates the large variation in temper-
ature which exists for oceanic lithosphere; the peridotite
solidi are taken from Thompson [1992] and illustrate the
influence of volatiles on melting temperature.

in absolute temperature: both types of perturbations
weaken the chemical bonds of mantle material. If we
assume that

V = c*
J- m

CQ, (3)

where V is seismic velocity, T is the absolute temper-
ature, Tm is the melting temperature, and en and c\
are compositionally dependent constants, then to first
order

rm. (4)
Thus the magnitude of a velocity change caused by a
decrease in Tm is equal to a similar increase in absolute
temperature, scaled by the original homologous tem-
perature (T/Tm). Since the homologous temperature is
the same for P and S waves, the v value for changes
in melting temperature is the same as for changes in
absolute temperature.

If we assume that Tm in the mantle wedge decreases
by 300-400°C because of increased volatile^ Qx.it with
respect to the ambient mantle and we assume a Homolo-
gous temperature 0.8, then by (4), this is equivalent to
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an absolute temperature increase of 240-320°C. Com-
bining Q values from Roth et al. [1999] with temper-
ature derivatives from Karato [1993], this temperature
anomaly results in 3-5% and 5-7% reductions in P and
5 wave velocity, respectively. Thus this mechanism can
explain the magnitude of the observed velocity anoma-
lies in the deeper part of the mantle wedge. Increased
volatile content may contribute somewhat to the reduc-
tion of seismic velocities at shallower depths as well,
but it is likely that the concentration of volatiles in the
shallow mantle wedge has been greatly reduced via melt
production and extraction.

6. Conclusions
Two temporary deployments of seismometers in the

southwest Pacific have produced a set of high-quality P
and 5 travel times from deep and intermediate events
which clearly identify the mantle wedge and slab ve-
locity anomalies of the Tonga subduction zone. Us-
ing a standard thermal model of subduction (slab tem-
peratures 500-1000 K colder than the ambient man-
tle), we find estimates of the temperature derivatives
of P and S wave velocity that are consistent with
laboratory values determined with rock samples and
somewhat smaller than previous seismic estimates and
single-crystal laboratory experiments: dVp/dT — -0.23
ms-iR-1 and dVs/dT = -0.20 ms^R-1. Standard
error estimates associated with arrival time uncertainty
are significantly smaller than those due to model biases
which give a range of accepted values of -0.2 to -0.4
ms~1K~1 for P waves. The ratio of values is more sta-
ble, however, and falls within the range predicted by
mineral physics experiments on the effect of tempera-
ture on seismic velocity. A linear regression of 5 and P
residuals yields an independent estimate of the relative
velocity variation of the Tonga slab that is somewhat
smaller (y ~ 1.1-1.2 as opposed to v ~ 1.5) but is still
consistent with the bulk of the slab anomaly being due
to a temperature perturbation.

For the mantle wedge velocity anomaly, both the
residual slope analysis and the finite difference travel
time modeling yield v values of 1.2-1.3. Errors associ-
ated with location uncertainty and model assumptions
are unable to increase the inferred values above 1.5,
indicating that v is not distinctly different in the man-
tle wedge than in the slab. These v values are smaller
than what is theoretically predicted by models of par-
tial melt but agree with thermal predictions based on
laboratory experiments. Accounting for the anelastic
amplification of temperature derivatives of seismic ve-
locity, a 400-600°C temperature anomaly is required to
generate the observed amplitude of the velocity reduc-
tions in the upper (<100 km) part of the mantle wedge.
Such a large temperature increase with respect to the
ambient mantle is possible because of the convective
upwelling in Lau back arc basin. The thermal struc-

ture of the region should be closer to that of young
oceanic lithosphere, and thus several hundred degrees
warmer, than that of typical continental lithosphere.
In the deeper part of the mantle wedge (100-400 km),
it is likely that the low-magnitude velocity reductions
are caused by increased volatile content with respect to
normal mantle. Volatiles can significantly decrease the
melting temperature and thus generate velocity anoma-
lies with a thermal signature.
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