
Lett. 83, 137 (1 987). 
3. J. Phipps Morgan, Geophys. Res Lett. 14, 1238 

11 987). 
4. D. W.'Snarks and E. M. Parmenter. Eaiih PlanetSci. 

Lett. 105, 368 (1 991). 
5. D. McKenze, J. Petrol. 25, 713 (1984): N. M. Rbe, 

Geophys. J. R. Astron. Soc. 83, 487 (1985). M .  J. 
Danes and F. M. Rchter, Geophys. Res. Lett. 15, 
1459 (1 988). 

6. W. Su and W. R. Buck, J. Geophys. Res 98, 12191 
(1 993). 

7. E. M. Parmentier and J. Phipps Morgan. Nature 348, 
325 (1 990). 

8. X. Wang, J. R. Cochran, G. A. Barth. J Geophys. 
Res. 101. 17927 (1 996): G A. Barth and J. C. Mut- , , 

ter, ibid., p. 17951 
9. P. C. Hess, in Mantle Flow and Melt Generation at 

Mid Ocean Ridges, J. Phpps-Morgan, D. K. Black- 
man, J. Sinton, Eds. (American Geophysical Unon, 
Washington, DC, 1992), pp. 67-102. 

10. V. J. M. Salters and S. R. Hart. Nature 342, 420 
(1989); P. D. Beattle /bid. 363, 63 (1993); R. S. 
White, D. McKenzle, R. K. O Nlons, J. Geophys 
Res. 97 19683 (1 992). 

11. P. J. Wylie, J Geophys. Res. 76, 1328 (1 971). 
12. W. J. Su, R. L. Woodward, A. M. Dziewonski Nature 

360, 149 (1 992). 
13. Fifty of the 51 OBSs were equpped with three-com- 

ponent, 1 -Hz sesmometers (model L4C, Mark Prod- 
ucts) as well as elther a hydrophone or Cox-Webb 
dfferenta pressure gauge (DPG) to record pressure 

varlatons. One was equpped only wlth a hydro- 
phone. Several methods for depoyng, leveling. fil- 
terng, and recording were used by four instrument 
groups. Data were recorded at ether 16 or 32 sam- 
ples persecond, except durng the seismic refracton 
phase of tile experiment when hlgher rates were 
used. Instrument response characterstics were de- 
rived for each type of Instrument and tested by com- 
paring corrected waveforms of earthquakes at adja- 
cent statons. The OBSs operated independently on 
battery power, and no data were transmtted back to 
the recording ship. After correction for clock drift, the 
timng errors are estimated to be less than 0.01 s. 
Aiter reaching the sea floor, each OBS was located 
precsely by acoustcally ranging to a transponder 
from the ship, which was navigated with the P-code 
Global Postioning System. Locatons are estimated 
to be accurate withn about 10 m.  At the end of the 
exnerment, acoustic sianals were sent to release the 
we~ghts (anchors) of e&h OBS. Flity of the 51 OBSs 
were recovered. To reduce nose, In three of the four 
basic OBS desgns we deployed the sesmometer 
package separately from the recording package af- 
ter reaching the sea floor. Ths mechanical depoy- 
ment procedure was the most serious instrumental 
problem in the experiment. The sesmometer pack- 
age did not deploy properly at 20 sites. Selsmlc 
records from these OBSs were imted to the waves 
with pressure components, incudng P waves S- 
to-P converted phases, and Rayeigh surface waves. 

14. D. S. Scheirer, D. W. Forsyth, M.-H. Cormer, K. C. 

Off-Axis Crustal Thickness Across and Along the 
East Pacific Rise Within the MELT Area 
J. Pablo Canales," Robert S. Detrick, Sara Bazin, 

Alistair J. Harding, John A. Orcutt 

Wide-angle seismic data along the Mantle Electromagnetic and Tomography (MELT) 
arrays show that the thickness of 0.5- to 1.5-million-year-old crust of the Nazca Plate 
is not resolvably different from that of the Pacific Plate, despite an asymmetry in depth 
and gravity across this portion of the East Pacific Rise. Crustal thickness on similarly aged 
crust on the Nazca plate near a magmatically robust part of the East Pacific Rise at 
17O15'S is slightly thinner (5.1 to 5.7 kilometers) than at the 15'55's overlapping spread- 
ing center (5.8 to 6.3 kilometers). This small north-south off-axis crustal thickness 
difference may reflect along-axis temporal variations in magma supply, whereas the 
across-axis asymmetry in depth and gravity must be caused by density variations in the 
underlying mantle. 

T h e  MELT area between 15" to  19"s  (1- 
7)  shows a pronounced asymmetry across 
the East Pacific Rise (EPR) in several char- 
acteristics such as spreading rate (faster to  
the east) (5, 8), subsidence rate (slower o n  
the west) ( 6 ) ,  and gravity anomaly [a less 
pronounced increase of the mantle Bouguer 
anomaly (MBA) away from the ridge axis 
o n  the Pacific Plate than on  the Nasca 
Plate] (7) .  This asymmetry in MBA across 
the EPR in the MELT area can be inter- 

preted in terms of variations in crustal 
thickness or in crustal or mantle density. 
T h e  lower MBA and shallower seafloor on  
the Pacific Plate --lo0 km west of the rise 
axis (7)  could mean that the oceanic crust 
is - 1 krn thicker than similarly aged crust 
east of the rise axis or that the mantle there 
is hotter and less dense (9) .  W e  used wide- 
angle seismic data collected as part of the 
MELT experiment to determine the crustal 
thickness variations across and along the 
EPR to  evaluate the crustal contribution to 
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EPR a few kilometers north of the 15"55'S 
overlapping spreading center (OSC),  and in- 
cluded five instruments (OBS sites 3, 4, 5, 7,  
and 8 )  spaced 40 to 90 kin apart (hereafter 
referred to as line 1).  Ten  instruments were 
deployed along the primary MELT array, 
which intersects the rise axis near 17'15's 
where a shallow and robust axial high is 
present (7).  Four of these instruments (OBS 
sites 21, 23, 24, and 26), spaced 15 to 50 km 
apart, were located on  the Nasca Plate along 
a line -160 km in length (line 2). The  
remaining six instruments (OBS sites 39, 40, 
42,43,45,  and 46), spaced 15 to 80 km apart, 
were located on  the Pacific Plate along a line 
-230 km in length (line 3) .  

The  seismic source for this experiment 
was a 4450-in3 airgun array aboard the R/V 
Melville fired at a 100-s repetition rate. All of 
the OBS record sections showed clear crustal 
refractions (Pg arrivals) and Moho reflec- 
tions (PmP arrivals); upper rnantle refrac- 
tions (Pn arrivals) were observed on  some of 
the receivers (Table 1).  The  selected picks 
were analyzed by ray trace inodeling (1 1) .  
W e  determined the crustal velocity structure 
from Pg arrivals of diving waves turning up 
to -3.0 to 3.5 km below the seafloor (Fig. 
2). Despite some differences along each pro- 
file, the data showed that the top of the crust 
consists of a layer -200 in thick in which 
the velocities increase from 2.5 to 4.0 km/s. 
These velocities are not directly constrained 
by turning rays in the uppermost crust, but 
this combination of velocity and thickness is 
required to match the delay of the Pg arrivals 
at the smallest shot-receiver ranges. Below 
this layer, crustal velocities increase from 4.0 
to 7.0 km/s at a sub-seafloor depth of 3.0 to 
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3.5 km (Fig. 3). Our interpretation of the crust with a -2.5-km-thick layer with P- 
upper and middle crustal velocity structure wave velocities from 7.0 to 7.1 km/s on the 
agrees with that reported by Bazin et al. (12), Nazca Plate and up to 7.2 km/s on the Pa- 
who used a tomographic inversion, along cific Plate (1 3), although diving waves alone 
lines 2 and 3. We modeled the lowermost do not constrain lower crustal velocities be- 

Fig. 1. Location map. 
Thick solid lines are seis- 
mic refraction profiles 
line 1, line 2, and line 3; 
stars show the location 
of the receivers used in 
this study, and the dark 
gray area indicates the 
location of the ridge axis 
(depths shallower than 
2800 m). Dashed lines 
are isochrons labeled in 
mega-annum. Note that 
line 1 crosses the EPR a 
few kilometers north of 
the 15"55'S OSC (a 
deep and narrow section 
of the ridge), while lines 2 
and 3 are located flankward of an inflated and shallow section of the ridge. Light gray arrows show the 
off-axis trace of three OSCs (C, C1, C2) that affected the study area (5). Crust along line 2 was generated 
under the influence of OSC C and the early development of OSC C1. On the western flank, only a small 
segment at location 40 was affected by OSC C2. Thus, along-axis crustal thickness variations are more 
likely to occur on the Nazca Plate than on the Pacific Plate. 

4.0 - Line 1 

, Lines 2, P 

-250 -200 -150 -1 00 -50 0 50 100 150 
W Distance from ridge axis (km) E 

Fig. 2. (A) Observed (black dots) and predicted travel times (color bands: blue for Pg, orange for PrnP, 
and green for Pn arrivals) at the receivers on line 1. Vertical scale shows the travel time corrected for a 
velocity reduction of 8 km/s. (B) Ray coverage (only 1 of every 10 rays is plotted) along line 1. Pg rays 
(turning rays within the crust) are shown in blue, PrnP (reflected rays in the Moho) in orange, and Pn (rays 
turning below the Moho) in green. Triangles denote the position of the receivers, thin solid line is the 
seafloor topography, and thick solid line shows the Moho that best fits the data. (C) and (D) are the same 
as (A) and (B), respectively, for lines 2 and 3. 

low -3.0 to 3.5 km. 
We determined the crustal thickness 

along these lines by fitting the PmP and Pn 
arrivals for the upper crustal velocity struc- 
ture obtained from the Pg arrivals and vary- 
ing the thickness of the lower crust. We 
assumed that the Moho is a flat interface, 
and we modified its depth in 100-m steps to 
find the best fit to the PmP and Pn travel 
times (Fig. 4). We investigated several 
models in which the Moho dips toward and 
away from the ridge axis, but the results did 
not differ from a constant-depth Moho ex- 
cept along line 3, where a dipping Moho 
away from the ridge at a rate of 150 m every 
100 km improved the fit. 

Along line 1, PmP and Pn arrivals ob- 
served on receivers east of the ridge axis 
were fit with a crustal thickness of 5.8 to 6.3 
km, whereas on the Pacific Plate, data were 
fit with a crustal thickness of 5.4 to 6.2 km 
(Fig. 4). The best fitting crustal thickness 
along line 2 is 5.1 to 5.7 km, and it is 4.8 to 
5.6 km along line 3. These crustal thickness 
estimates are consistent with the two-way 
travel time to Moho of - 1.7 s observed on 
multichannel seismic reflection profiles in 
this area (12). There is a small (-0.6 km 
maximum) difference in crustal thickness 
between the northern and southern lines 
(Fig. 4). This difference is most apparent on 
the Nazca Plate; there is not a resolvable 
north-south difference in crustal thickness 
on the Pacific Plate. Upper crustal veloci- 
ties at OBS site 26 on line 2 are also slightly 
lower than at OBS site 3 on line 1 (both 
sites are located on crust of comparable age) 
(Figs. 1 and 3). Thus, on average, the crust 
on the eastern flank of the EPR at 17O15'S 
is slightly thinner and has somewhat lower 

Fig. 3. Velocity-depth functions at OBS site 26 on 
line 2 (solid line) and site 3 on line 1 (dashed line). 
Note that, on average, the crust on the Nazca 
Plate at 17"15'S is slightly thinner and has lower 
upper crustal velocities than the Nazca Plate crust 
at 15"55'S. 
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upper crustal velocities than the crust east 
of the rise axis at 15'55's. 

PmP and Pn travel times depend not only 
on crustal thickness but also on the velocity 
in the lowermost crust and uppermost man- 
tle. An increase of 0.4 km/s in the lowermost 
crust P-wave velocity yields a crustal thick- 
ness -0.5 km greater than our estimates, but 
increases the overall root mean square (rms) 
misfit by -20 ms. Best fits were obtained on 
every profile for velocities in the lowermost 
crust of 7.1 and 7.2 km/s in the Nazca and 
Pacific plates, respectively. Crustal thickness 
estimates are less sensitive to variations in 
the upper mantle P-wave velocity, because 
our data set consists of more PmP than Pn 
picks (Table I), but the overall rms misfit 
depends on such velocity. Best fits were ob- 
tained for an upper mantle velocity of 7.7 to 
7.8 km/s along the eastern section of line 1 
and 7.9 to 8.1 km/s along the rest of the 
profiles. Our modeling effectively measures 
the depth to the Moho considered as a ve- 

locity discontinuity. Alternatively, the 
Moho may represent a transition zone with a 
velocity gradient from 7.2 to >7.7 kmls, but 
the lack of turning rays in the lower crust did 
not allow us to discriminate between these 
models. However, Bazin et al. (1 2) obtained 
similar crustal thicknesses along lines 2 and 
3, using a tomographic inversion that con- 
siders the Moho as a transition zone. We do 
not believe that differences in the nature of 
the Moho (discontinuity or transition zone) 
can explain the differences in crustal thick- 
ness between lines 1 and 2. 

The small along-axis difference in crustal 
thickness found on the Nazca Plate was un- 
expected, because line 2 is located flankward 
of a morphologically inflated part of the EPR 
where a shallow magma chamber has been 
mapped (14, 15), whereas line 1 is close to 
the 15'55's OSC where the axial magma 
chamber reflector disappears (14). A shal- 
low, inflated ridge axis is often interpreted as 
reflecting a high magma supply, which re- 

Table 1. Number of picks for each type of ray, coverage, and n s  misfit for the best fit models. The travel 
time picks were obtained from all the seismic traces that show avisually reasonable signal-to-noise ratio. 

Number of picks 
Line Off-axis distance of rms for 

pg PmP Pn 
Pg-ray coverage (km) Pg (ms) 

1 1033 1671 276 20-70 and 11 0-1 70 26 

Fig. 4. Rms misfit be- 80 
tween observed and pre- 
dicted PmP and Pn travel 
times for the eastern and 
western side of line 1 70 
(thick and thin solid lines, 
respecthely), line 2 (thick 
dashed line), and line 3 
(thin dashed line) plotted 60 
as a function of the mod- 
eled crustal thickness. 2 The crustal thickness on ; 
the eastern side of line 1 is 
5.8 to 6.3 km (minimum 
rms = 42 ms), and on the 
westem side, it is 5.4 to 40 
6.2 km (minimum n s  = 
46 ms). The crustal thick- 
ness along line 2 is 5.1 to 
5.7 km (minimum rms = 30 
35 ms), and along line 3 it 
is 4.8 to 5.6 km (minimum 
n s  = 29 ms). Thus, there 
is not a resolvable across- 20 
axis crustal thickness dif- 4.0 4.5 

ference along line 1 or be- 

5.0 5.5 6.0 6.5 7.0 
crustal thickness (km) 

tween lines 2 and 3. 
Crustal thickness uncertainties are shown as gray bands, and they were obtained by selecting those crustal 
thicknesses for each line that predict residual travel time distributions that have a statistical mean with an 
absolutevalue <30 ms. The error bands are not centered about the minimum rms, because the residual mean 
increases more rapidly for crustal thicknesses less than the optimal value (minimum ns ) ,  due to the fact that 
models with thinner crust do not predict PmP arrivals at all of the offsets observed in the data. 

sults in the production of a thicker crust, 
whereas near a segment end, magma supply 
is expected to be lower resulting in thinner 
crust (16, 17). However, recent results sug- 
gest that the relation between morphological 
indicators of magma supply and crustal struc- 
ture is not this simple (18). Thinner crust 
has been reported on the flanks of an inflat- 
ed portion of the EPR at 9'50'N than near 
the ends of this same segment (19), and 
seismic reflection data from both the north- 
em EPR and Valu Fa ridge reveal wide mag- 
ma chamber reflectors beneath some OSCs 
(2622). On the EPR from 15' to 17"S, the 
depth and width of the midcrustal magma 
sill, often taken as an indicator of magma 
supply, is poorly correlated with axial mor- 
phology (20). 

Thus, we suspect that the slightly thin- 
ner -0.5 to 1.5 million-year (My)-old crust 
found east of the EPR on line 2 reflects the 
temporal variation in segmentation geome- 
try along this section of the EPR (Fig. 1). 
Over the past 1 My, axial discontinuities 
have migrated rapidly along this portion of 
the EPR (5). The -1 My-old crust on line 
1 may have been generated away from any 
axial discontinuity, whereas similarly aged 
crust on line 2 was formed in an OSC (5). 
Thus, the different crustal thicknesses ob- 
served between lines 1 and 2 may reflect a 
difference in magma supply between the 
end and center of a ridge segment when this 
crust was formed - 1 My ago. The presence 
of an OSC may have also produced lateral 
variations in the upper crustal velocity 
structure along line 2 (1 2). 

Within our estimated uncertainties, the 
crustal thickness on the Nazca and Pacific 
plates along both MELT arrays are similar. 
Along the primary MELT array, teleseismic 
body waves show that asymmetric P-wave 
delays are -0.6 s greater along line 3 than 
along line 2 (23). Averaged crustal travel 
times along both profiles, within our error 
estimates, could generate maximum differ- 
ences of -0.08 s. Thus, body-wave delay- 
time anomalies cannot have a crustal origin 
and must arise from deeper sources. About 
150 km from the ridge axis, the MBA is - 18 mGal greater on the Nazca Plate than 
on the Pacific Plate (7). This asymmetry 
cannot have a crustal origin, because crustal 
thicknesses and velocities (and therefore, 
densities) are similar on both plates; a sig- 
nificant east-west variation in mantle tem- 
perature or density must be present. 
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Shipboard Geophysical l ndica tions of 
Asymmetry and Melt Production Beneath the 
East Pacific Rise Near the MELT Experiment 

Daniel S. Scheirer," Donald W. Forsyth, Marie-Helene Cormier, 
Ken C. Macdonald 

Near the Mantle Electromagnetic and Tomography (MELT) Experiment, seamounts 
form and off-axis lava flows occur in a zone that extends farther to the west of the East 
Pacific Rise than to the east, indicating a broad, asymmetric region of melt production. 
More seamounts, slower subsidence, and less dense mantle on the western flank 
suggest transport of hotter mantle toward the axis from the west. Variations in axial 
ridge shape, axial magma chamber continuity, off-axis volcanism, and apparent man- 
tle density indicate that upwelling is probably faster and more melt is produced 
beneath 17O15'S than beneath 15"55'S. Recent volcanism occurs above mantle with 
the lowest seismic velocities. 

Using  multibeam, swath measuremellts of 
bathymetry and sea-floor reflectivity, as well 
as gravity and magnetic field measurements 
( I ) ,  we can map the distribution of sea- 
lnounts and recent lava flows, determine the 
detailed geometry and history of the plate 
boundarv, and deduce where there are vari- , . 
ations in crustal thickness or mantle density. 
In addition to providing the context for the 
design of the MELT Experiment, these ob- 
servations yield indications of the pattern of 
mantle flow and melt wroduction beneath 
the axis that complement those from the 
seismological observations. 

The MELT experiment is centered on a 
linear, 800-km-long section of the East Pa- 
cific Rise (EPR) stretching from the Garrett 
Transform Fault at -13.5's to the large 
overlapping spreading center (OSC) at 
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20°40'S (Fig. 1). On  a finer scale, the plate 
boundary is disrupted by a series of small, 
left-stepping, en echelon discontinuities (2,  
3) ranging in offset from 1 to -5 km at the 
OSC at 15'55's (Fie. 2) .  As indicated bv . " ,  
subtle variations in sea-floor lava composi- 
tion, there may be a separate magma source 
or separate episodes of magma supply for 
each of the segments separated by these 
minor discontinuities (4). The morphology 
of the sea floor shows that the OSC loca- 
tions have changed with time through epi- 
sodes of rift propagation (5, 6). At l i O S ,  
the Pacific (to the west) and Nazca (to the 
east) Plates are spreading apart at a full rate 
of 145 mm/year, a fast rate for present-day 
mid-ocean ridges. Over the Dast 5 million " 

years, in this area, rapid rift propagation has 
transferred seafloor from the Pacific to the 
Nazca Plates, so that the effective sea-floor 
spreading rate has been on average 10 to 
20% faster to the east than to the west (2 ,  
7, 8). The combined effects of asymmetric 
spreading and asymmetric absolute plate 
motion (Fig. 1) have caused the EPR axis to 
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direction that would tend to keep the 
spreading center above the regions with the 
lowest seismic velocities (9, 10). 

The axis of the spreading center is along 
a 5- to 20-km-wide ridge (Fig. 2)  that stands 
200 to 300 m above the background subsi- 
dence of the sea floor. On  the basis of the 
gravity anomalies associated with this fea- 
ture, it has been suggested that this axial 
topographic high is isostatically supported 
by low densities in a narrow conduit filled 
with partial melt, extending tens of kilome- 
ters into the mantle ( 1  1-13). This partial 
melt zone would correswond to the narrow 
mantle upwelling center hypothesized in 
some dynamic models of the spreading pro- 
cess (14). However, other models have 
been suggested for the origin of the axial 
high that do not require support by buoyant 
partial melt (15). 

The axial topographic high is shallower 
and broader at the latitude of the primary 
ocean-bottom seismometer (OBS) array 
than anywhere else in the study area, except 
for a short, shallow section at about 1B030'S 
(Figs. 2 and 3). This inflation of the axial . u 

ridge is considered to be an indicator of 
magmatic robustness (1 6). If magma delivery 
to the crust is not uniform along-axis, inflat- 
ed areas may lie above centers of upwelling 
and melt ~roduction. Another indication of 
the overall magma supply, as well as the 
thermal state of the crust and uuuermost 
mantle, is the mantle Bouguer gravity anom- 
aly (MBA) (1 7). The dominant feature in 
the MBA is the increase awav from the 
spreading center that is caused'by cooling 
and contraction of the lithoswhere with in- 
creasing age (Fig. 2B). The lowest values 
occur where the primaq OBS array crosses 
the ridge, indicating that either the crust is 
slightly thicker there or the crust and mantle 
have lower densities. Axial MBA values in- 
crease to the north of 17's and to the south 
of 18"301S, reflecting either denser, colder 
mantle or a decrease in magma supply, lead- 
ing to thinner crust (the differences could be 
explained by crust about 400 m thinner near 
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