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Structure of the Upper Mantle Under the EPR 
from Waveform Inversion of Regional Events 

Spahr C. Webb* and Donald W. Forsyth 

Waveform inversions of seismograms recorded at the Mantle Electromagnetic and 
Tomography (MELT) Experiment ocean bottom seismometer array from regional events 
with paths following the East Pacific Rise (EPR) require that low shear velocities (<3.7 
km/s) extend to depths of more than 100 km below the rise axis. Velocities increase with 
average crustal age along ray paths. The reconciliation of Love and Rayleigh wave data 
requires that shear flow has aligned melt pockets or olivine crystals, creating an aniso- 
tropic uppermost mantle. 

Earthquakes on transform faults along the 
EPR during the 6-month-long deployment 
of ocean bottom seismometers (OBSs) of 
the MELT Experiment provided ray paths 
that closely follow the ridge crest and al- 
lowed direct observation of near-axis, upper 
mantle structure (Fig. 1). Previous models 
of ridge crest upper mantle structure (1-3) 
derived with surface wave observations 
from land have been limited in horizontal 
resolution to scales of 1000 km or more (4). 

Three transform earthquakes on the EPR 
provided good records at the ocean bottom 
array (Fig. 1). Noise levels varied substantial- 
ly across the array, reflecting differences 
among instruments and between sites. We 
selected a subset of the MELT array wave- 
forms with good signal-to-noise ratios 
(SNRs) for each event (5). Horizontal com- 
ponent noise levels were higher and more 
variable than vertical noise levels because of 
current-induced tilt noise, but good-quality 
horizontal records were obtained on a small 
subset of the array (Fig. 2). 

The vertical waveforms include both 
Rayleigh surface waves and S phases that 
are polarized with a radial and vertical 
component (SV). These waves were also 
recorded on the radial component of hor- 
izontal motion, but we used only the ver- 

tical component because the SNR was 
better. Rayleigh wave velocities depend 
on density and both compressional and 
shear velocity, but the primary sensitivity 
is equivalent to that of a vertically polar- 
ized, horizontal traveling S wave (6). Love 
surface waves and the horizontal (SH) 
component of S phases are polarized so 
that they are transverse to the direction of 
propagation and can be detected only on 
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the noisier, horizontal components (5). 
Wave speeds in mantle rocks are aniso- 

tropic; shear and compressional wave veloc- 
ities depend on the direction of travel, and 
shear wave velocities depend on the sense 
of polarization. The effects of weak anisot- 
ropy result in an apparently different model 
for shear wave velocities for the Love wave 
measurements than for the Rayleigh wave 
observations. The ratio of the shear veloc- 
ities in the two models provides an estimate 
of the anisotropic component, although in 
strongly anisotropic material, Love and 
Rayleigh wave data are better modeled as 
coupled modes (7, 8). 

We fit the observed waveforms to svn- 
thetic seismograms calculated for laterally 
homogeneous models with a reflectivity 
code (9) modified by the incorporation of 
the instrument responses into the code. We 
applied a bandpass filter (0.008 to 0.06 Hz) 
to suppress the long-period noise and the 
short-period Rayleigh waves strongly affect- 
ed by multipathing and horizontal refrac- 
tion (1 0). The OBS instrument resDonse in 
this band is proportional to acceleration 
(1 1 ). Models were iterativelv modified to 
bes; fit the data with the use'linear inverse 

ljoo 350 400 450. 500 5; 
seconds 

S. C. Webb, Scripps Institution of Oceanography, Univer- Fig. 2. Love wave (tangential component, top five 
sity of California, San Diego, La Jolla, CA 92093, USA. traces) records and Rayleigh wave (vertical com- 
D. W. Forsyth, Department of Geological Science, Brown ponent, bottom eight traces) records for the 364  
University, Providence, RI 02912, USA, Fig. 1. Location of the three regional events along 95 event, with synthetic seismogram fits based on 
*TO whom conespondence should be addressed at the EPR and the MELT Experiment OBSs used in the models shown in Fig. 3. Site number is shown 
scwebb@ucsd.edu this study. Approximate ray paths are shown. for each trace. 
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theory with a smoothing constraint in the 
vertical (12). The reflectivity code models 
both the body wave (P and S waves) and 
surface wave data. This is necessarv because 
the shear wave and surface wave arrivals at 
regional distances are not substantially sep- 
arated in time. Modeling body waves and 
surface waves together provides stronger 
constraints on upper mantle structure than 
can be obtained from the analysis of surface 
wave data alone. The inversion scheme used 
calculations of the change in the synthetic 
waveform with changes in model parameter 
(synthetic derivatives) to make changes in 
the starting model to best fit the observed 
wavefor~ns. Grouos of OBS records from 
each event were fit to obtain estimates of the 
average Earth model between the event and 
the arrav. 

Event locations and mechanisms were 
obtained from the Harvard C M T  catalog 
(13). Errors in the models associated with 
event ~nislocation and origin time should be 
less than 0.5 % (root mean square). The ray 
paths from an event (364195) on the Gofar 
transform fault lie solely under ocean crust 
less than 2 million years old (Fig. 1) .  The 
structure determined from these wavefor~ns 
gives an unambiguous picture of the struc- 
ture directly under the rise axis. We fit the 
vertical component wavefor~ns from eight 
OBSs for this event with three models to 

Fig. 3. Shear wave models for the 364/95 event. 
Three SV (Rayleigh wave) models are shown as 
solid or dashed lines; one SH (Love wave) model 1s 
shown in gray. The percentage of SH-SV anisot- 
ropy Inferred from one SV model and from the SH 
model is shown on the left The SV models are 
from near-axis OBSs in the northern MELT array 
(N)  and from OBSs on the Nazca (SE) and Pacific 
plates (SW) from the southern array. The 364 SE 
model is repeated on the right (heavy line) and 
shown with a standard isotropic Pacifc shear ve- 
locity model (16) in gray and with the SV (fine line) 
and SH (dashed line) components of an anisotro- 
pic model (21). 

account for the lateral variations in structure 
across the array and between the array and 
the source (Fig. 3) .  The subtle variations in 
velocities between the models are nri~narilv 
required to account for the lateral variations 
in shallow structure in the vicinity of the 
array. 

The shear wave velocities (SV) found for 
the 364195 event (<3.7 kinls) in the low- 
velocity zone (LVZ) are considerably lower 
than nrevious estimates of shear velocitv in 
the L ~ Z  based on data from land stations'but 
are similar to results from the Lau and Fiji 
basins obtained by applying a similar tech- 
nique to regional data from island stations 
(12, 14). A progression in the shear velocity 
in the LVZ and in the overlying lid (the 
higher velocity lithosphere) is evident in the 
models for the three events that involve ray 
paths traveling on progressively older aver- 
age age crust (Fig. 4). These observations are 
consistent with a thickening lithosphere as 
the plate cools away from the rise axis but 
require a broad LVZ under the rise axis. 

A n  analysis of the expected change in the 
model due to a small change in the true 
Earth model at different depths ("the resolu- 
tion kernels") reveals the usefulness of each 
data set for constraining structure in the 
upper mantle (Fig. 5).  The structure in the 
upper 100 km from all three events is well 
constrained by the amplitude and phase of 
the Rayleigh wave train (the last set of ar- 
rivals in each record), but the vertical reso- 
lution from surface waves alone becomes 
poor below 125 km. Body waves provide 
additional constraints on deeper structure for 
the 364195 event down to about 200 km. 
The structure between 200 and 300 km is 
only weakly resolved because no arrivals turn 
in this depth range with nearly constant 
velocity. The deeper structure for the SV for 
the 364195 event model is constrained by 

Fig. 4. Best-fitting shear velocity (SV) model for 
the three events 364/95 (heavy line), 335/95 (fine 
ne) ,  and 345/95 (dashed line). There is a system- 
atic progresson in shear velocity with average age 
of the oceanic crust. 

bodv waves turning iust above the 410-km - ,  
discontinuity. There is no indication of de- 
lays for waves bottoming near 410 km caused 
bv anomalous structure between 200 and 410 
km. If the shear velocity is assumed to be a 
monotonicallv increasing function of deoth 
in this deph'range, velocities between i 0 0  
and 300 km are restricted to lie between 
about 4.4 and 4.6 km/s, consistent with pre- 
vious models derived from Rayleigh wave 
observations (1. 15. 16). The two other , ,  , , 

events have a larger gap in resolution be- 
tween the upper 125 kin constrained by Ray- 
leieh waves and structure near the 410-km 
0 

discontinuity controlled by body waves, so 
the models in Fie. 4 are restricted to varv 
only in the upGr 125 kin. The vertical 
waveforms can be fit w ~ t h  the bottom of the 
LVZ 25 km shallower, but the S H  (Love) 
data from the 364195 event require the deep- 
er transition shown (Fie. 3 )  The S H  wave- , " ,  

forms (Fig. 2) require a pronounced shear 
velocity minimum at a depth of about 100 
km, which pushes the LVZ deeper unless the 
sense of the SH-SV discrepancy changes sign 
with denth. The Love wave trains cannot be 
fit by the Rayleigh wave model, arriving 
considerably earlier than predicted by any 
model consistent with the Rayleigh wave 
data. The earlier arriving Love waves can be 
fit if the shear velocitv is about 7% faster in 
the top 80 km than in the Rayleigh wave 
models (Fig. 3) ,  but the resolution (Fig. 5 )  of 
the Love waves is insufficient to discriminate 
how this polarization anisotropy is distribut- 
ed between lid and LVZ, and the location of 
the peak in anisotropy at 50-kin depth is not 
stronglv constrained br  the data. No anisot- - ,  

ropy is required at greater depths, but the 
limited resolution of the Rayleigh wave data 
orecludes detection of the small velocitv dif- 
terences below 125 km that would be asso- 
ciated with a few percentage of anisotropy. 

A polarization anisotropy of 7% is unex- 
pectedly large. S H  and SV velocities differ 

Depth (km) 

Fig. 5. Resolution kernels for the SV (heavy line) 
and SH data (f~ne line) from the 364/95 event 
showing how a variat~on in Earth structure at the 
location of the crosses is mapped into a model. 
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by up to 4.5% in the upper mantle in the 
average Earth reference model PREM (1 7 ) ,  
but nrevious observations of Love and Rav- 
leigh waves across ocean basins indicate that 
the extent of SH-SV anisotroov decreases 

s ,  

near spreading centers (1 ). The extent of 
anisotropy could be decreased by 1 or 2% by 
spreading it out over a greater depth range. 
Two other factors may contribute to exag- 
gerating the difference, but both still require 
the upper mantle to be anisotropic. First, 
both Rayleigh and Love waves are expected 
to be azimuthallv anisotronic. The velocitv 
of Rayleigh wavks varies i s  cos 2(0 - +i, 
where 0 is the azimuth of oro~aeation and 

& -  

the fast direction (+) is approximately per- 
pendicular to the ridge (1, 18). If this anisot- 
ropy is caused by the horizontal alignment of 
olivine in a shearlng flow, then Love wave 
propagation should be faster on average than 
would be predicted from a Rayleigh wave 
model but vary as cos 4(0 - +), with the 
fastest direction about 45" from the axis. The 
oblique ray paths from event 364195 travel- 
ing at an angle of about 25" from the average 
orientation of the ridge segments may be 
closer to the slow direction for Ravleieh , - 
waves and the fast direction for Love waves. 
Second, if there is polarization anisotropy, 
then the lateral gradients in velocitv away 

c7 

from the ridge may be different for SH and 
SV waves, causing the Love and Rayleigh 
waves to be refracted along substantially dif- 
ferent paths. Although the extent of the 
SH-SV discreoancv mav be uncertain be- . , ,  
cause of limited resolution and azimuthal 
coveraee, it is clear that there must be sub- - ,  

stantial anisotropy distributed throughout 
much of the upper 100 km. 

The velocity models depend on the at- 
tenuation in the upper mantle. Fitting the 
waveforms reauires selection of an attenua- 
tion model, but because multipathing and 
focusing also affect the amplitude and phase 
of arrivals, the constraints on the attenua- 
tion model are weak. The vertical depen- 
dence of attenuation is poorly resolved for 
any event, but models that best fit the Ray- 
leigh wave amplitudes for the 364195 event 
have high attenuation (Qs .= 50) in the 
upper 100 km. This attenuation is greater 
than that inferred from multiple S phases for 
the upper mantle under the EPR (Q5 = 70) 
but less than that suggested for the upper 
mantle (Q5 .= 25) near the spreading center 
in the Lau back arc basin (12, 19). This 
attenuation is consistent with the low shear 
velocities seen in the LVZ and the presence 
of partial melt. The 335195 and 345195 
events traveling over progressively older av- 
erage age crust are best fit with Qs values of 
55 and 90, respectively, consistent with de- 
creasing melt concentrations beneath older 
oceanic crust. 

The two most important findings in this 

study are the low velocities in the LVZ and 
the depth to the bottom of the LVZ. Ve- 
locities at a depth of 50 km (Fig. 3 )  are 
-1.0 km/s less than those at the same depth 
beneath old sea floor (1 ), corresponding to 
a reduction in shear modulus of nearly 40%. 
These low velocities must be associated 
with substantial melt fraction below the rise 
axis. The actual melt fraction is difficult to 
assess because it depends strongly on the 
model of how melt is distributed within the 
matrix. If the melt were distributed in thin 
films with an aspect ratio of 0.01, only 
about 1% by volume would be required, but 
if the melt is distributed in more equant 
pockets that more weakly affect the shear 
velocity, more than 5% melt may be re- 
quired (20). 

The velocities in the LVZ are lower than 
would be expected from the propagation of 
Rayleigh waves from these and other events 
across the array (18). For example, the 
model for event 364195 shown in bold in 
Fig. 3 predicts that phase velocities at a 25-s 
period are about 0.2 km/s slower than are 
observed (18). Either the average upper 
mantle velocities between the earthquake 
source and the array are substantially lower 
than in the vicinity of the array, or the 
event-to-array velocities are biased by our 
implicit assumption of lateral uniformity in 
deriving a one-dimensional model. The 
Rayleigh wave energy may be trapped by a 
horizontal waveguide formed by a minimum 
in LVZ velocities and lid thickness near the 
rise axis, so that the actual ray path is longer 
than the great circle path. This possibility 
should be explored in the future. 

Low velocities requiring the presence of 
melt extend to depths of more than 100 km. 
There is a steep gradient in velocities be- 
tween about 100 and 180 km. If a discon- 
tinuity caused by a sudden onset in melting 
of upwelling mantle were present, it would 
be smeared out in our models by lack of 
resolution and the use of a smoothing cri- 
terion in inverting the data. Melting may 
either increase gradually above 180 km, or 
there could be a sharp drop in velocity and 
increase in melt concentration where the 
gradient is steepest, from depths of 130 to 
160 km. We require no anomaly below 
200-km depth. 

Our models predict that one-way travel 
times for vertically propagating S waves be- 
neath the ridge axis differ by more than 4 s 
from travel times through standard models 
for older sea floor (1 6, 21) just because of 
the structure shallower than 200 km. Pre- 
vious observations (22) of the seismic SS 
phase reflecting beneath the EPR found 
two-way delays of about 5 s compared with 
old sea floor. The large amplitude of this 
anomaly was cited as evidence that mid- 
ocean ridge shear velocity anomalies must 

extend to a depth of at least 300 km (23), 
but our results show that the delay can be 
explained entirely by a structure shallower 
than 200 km. 
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