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SUMMARY

We report single-station measurements of group velocity for fundamental mode
Rayleigh waves that propagaied along two ‘aseismic ridges’ in the eastern Pacific
QOcean basin: the Nazca ridge and the Sala y Gomez chain. We find that the Nazca
ridge dispersion curves, when regionalized to isolate the ridge contribution, indicate
group velocities of about 3.5 kms™! for short periods. These values are slower than
predicted for the geometry of the propagation paths. Interpreting this velocity
heterogeneity is complicated by the recognition that the Nazca ridge is about
1000 km longer than previously thought, but models of Vi, for the ridge derived by
inverting the dispersion curves reveal abnormally thick (18 £ 3 km) oceanic crust
along its longitudinal axis. This value compares favourably with previously published
results over the Tuamotu plateau, thus strengthening the hypothesis that the Nazca
ridge and Tuamotu plateau are mirror images, formed by a hotspot coincident with
the Farallon-Pacific spreading centre before 20 Ma. In contrast, the measurements
along the Sala y Gomez chain are consistent with typical oceanic crust and mantle.
When these values are inverted, they reveal no thick crust (6 km) along the Sala y
Gomez chain. We conclude from this result that the chain was likely formed as a
leaky fracture zone, not as a simple hotspot track.
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INTROBUCTION

Since the seminal work of Wilson (1963a, 1963b, 1963¢) it
has been thought that oceanic plateaus and ‘aseismic ridges’
are formed when hotspot plumes coincide with active
spreading centres. Many such structures are found in the
southeastern Pacific Ocean basin, and two of these, the
Nazca ridge and the Sala y Gomez seamount chain, are the
topic of this paper. We have investipated the crustal
thickness and upper mantle velocity structure along these
bathymetric features using the geometric dispersion of
Rayleigh waves, for with the continued interest in the nature
of mantle plumes (e.g. Sleep 1992), especially in their
interaction with oceanic lithosphere, it seems beneficial to
put the tightest constraints possible on observable surface
structures that are thought to result from plume action.
Many studies have demonstrated that other aseismic
plateaus and ridges are underlain by anomalously thick
crust. For example, Talandier & Okal (1987) determined
that the crustal thickness of the Tuamotu plateau on the
Facific plate is about 22-27 km, comparable with that found
in Iceland and along the Iceland-Faeroe ridge {e.g. Béith

1960; Tryggvason 1962; Bott & Gunnarsson 1980). This
result s significant for the present study because the
Tuamotu plateau is the mirror image of the Nazca ridge in
various reconstructions of the kinematic evolution of the
Nazca (Farallon)-Pacific spreading centre (e.g. Herron
1972, Morgan 1972; Handschumacher 1976; Okal &
Cazenave 1985). If these two edifices were indeed formed by
a single hotspot coincident with the spreading centre, a
similar crustal thickness along the Nazca ridge might be
expected. Expectations of thick crust along the Sala y
Gomez chain are less sure; it has no clear mirror image
edifice on the Pacific plate. Moreover, several reconstruc-
tions are incompatible with the hypothesis that it is a simple
hotspot track (e.g. Pilger & Handschumacher 1981).
Previous attempts at determining the crustal thickness
along these structures with refraction sonobuoy arrays have
yvielded mixed results. Principal (1974) found no clear
evidence of abnormally thick crust along the Sala y Gomez
chain, and she concluded that it is at most 8km. Cutler
{1977), however, found that the thickness along the Nazca
ridge may be 13km or more. Given that both surveys
employed only a few profiles perpendicular to the
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structures, these results may refiect only local conditions.
The dispersion of seismic surface waves in the period range
15=T=80s, with their ability to sample to depths of
~100 km, provides a suitable probe of the ridges’ average
velocity structures along their longitudinal axes. Knowing
their average structures might then allow us to place bounds
on the hotspot’s volcanic production rate, which in turn
could help constrain models of the heat and mass flux of
mantle plumes.

It is important to note that these structures are large, with
lengths of about 1200 km for the Nazca ridge, and about
2500 km for the Sala y Gomez chain. Thus, if the oceanic
crust is indeed abnormally thick along their longitudinal
axes, they should represent significant lateral heterogeneities
in the distribution of group and phase velocities within the
Pacific basin. Nevertheless, they do not appear in currently
available tomographic images of the bhasin for several
reasons. Crustal thickness affects most strongly the shortest

(a) \ %
10°5] BATHYMETRY - o -

East Pacific
Rise

¥
2
=,

;
Saia, y Gomez
Ch,afm _

20°%

30°5 ?
‘!
1 10°W 100°W S0°W 80°W ) .70°W
(o
10°S| RESIDUAL + +
BATHYMETRY
Nazca
Ridge
Sala y Gomez
20°S + '

Chain

30°5

100°W 30w 8O°W oW

110°W

Figure 1. (a) Map {Mercator projection} of DBDBS bathymetry over study area. Contour interval is 1000 m beginning at 560 m. Clearly visible
are the Nazca ridge and the Sala y Gomez chain. Note also the extension of the 3500 m isobath from the Nazca ridge to the extinct Roggeveen
rise. The filled circles on the Roggeveen rise represent verified intraplate earthquake epicentres. (b) Map (Mercator projection) of residual
bathymetry over study area. Contour interval is 250 m; heavy contour is O m residual. The Nazca ridge and its proposed extension are visible as
500 m isobath. The Sala y Gomez chain is contained by the 250 m isobath. Note also that much of the Nazca plate between 25°S and 35°S is
anomalously shaliow,




periods (10=T =205) of dispersed Rayleigh and Love
wave trains, Nishimura & Forsyth’s (1988) 20s Rayleigh
wave phase velocities should have sampled the structures
adequately, but the path coverage was not sufficiently dense
to resolve them. In contrast, the dense path coverage of
Zhang & Tanimoto {1989, 1991) is more than enough to
image the structures, but their data, with 757 =250s,
sampled only the upper mantle. Detailed regional-scale
studies, such as those we present here, supplement
global-scale tomographic work by sharpening the details of
the velocity distributions.

BATHYMETRIC SETTING

Examination of the bathymetry of the Nazca ridge and Sala
y Gomez chain raises several questions about the length and
breadth of the target structures, and thus their roles in the
evolationary history of the Nazca plate. Fig. 1{a) illustrates
DBDBS5 digital bathymetric data (UJ.S. Naval Ocean-
ographic Office 1985) over the study area, contoured with a
1060 m interval, and beginning at a depth of 500m. The
Nazca ridge is clearly visible, being about 300 km wide at its
base, standing about 1.5 km above the surrounding abyssal
plain, and extending south-west from the Chile trench to
where it intersects the Sala y Gomez chain at about 24°S,
83°W. This intersection is characterized by a zone of rugged
bathymetry, roughly oval in shape. Past the intersection,
however, the 3500 m isobath continues south-west to about
29°S, 90°W, thereby forming a linear feature of low relief
along the same geographic trend as the recognized Nazca
ridge, The extension appears to terminate at the relict
Roggeveen rise, which was abandoned in a plate
reorganization at about 20Ma (Mammerickx, Herron &
Dorman 1980), and where six intraplate earthquakes (shown
as filled circles) have occurred (Wysession, Okal & Miller
1991). The extension is also visible in the 500 m contour of
the residual depth map (Fig. 1b) constructed by Smith
(1990). To the best of our knowledge, this feature has never
been recognized or discussed in any evolutionary scenario
for the Farallon—Nazca—Pacific plate system. We therefore
propose that the Nazca ridge indeed extends to the
Roggeveen rise, so that it is nearly twice as long as
previously thought (e.g. Handschumacher 1976; Pilger &
Handschumacher 1981). Implications of this hypothesis wiil
be discussed later. Thus, for the interpretation of on-ridge
Rayleigh wave dispersion in this investigation, we shall
consider two cases: a short Nazca ridge, and a long Nazca
ridge.

Contrasted with the massive edifice of the Nazca ridge,
the Sala v Gomez chain consists of small, disconnected and
elongated seamounts sitting atop a narrow ridge delineated
by the 3500m isobath. It is best defined in the DBDBS
bathymetry along 25°S between about 87°W and 100°W,
where it merges with a broader swell extending eastward
from the East Pacific rise. Astride this swell are Sala y
Gomez Island, Easter [sland, and several small seamounts.
Connecting the broad swell with the Roggeveen rise is a line
of closed 3500 m isobaths, presumed to be seamounts. If the
Nazca ridge indeed extended to the Roggeveen rise, then
these seamounts may be remnants of the Pacific-side mirror
image. Therefore they, not the Sala y Gomez chain, trace
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Figere 2. Bathymetric cross-sections of the Sala y Gomez chain
constructed from DBDBS data along three longitudes. Note the
narrow width (~100km} of the Sala y Gomez chain, the proximity
of the Easter fracture zone (the 500 m discontinuity in depth at
25°5), and the appearance of the proposed extension to the Nazca
ridge.

the Pacific-hotspot motion. Neither these unnamed
seamounts nor the Sala v Gomez chain are visible on the
map of residual bathymetry because they are so small, They
are enclosed, however, by the 230 m contour hetween 90°W
and 110°PW.

The narrow width of the Sala v Gomez chain is
particularly clear when the bathymetry is examined in
cross-section. Fig. 2 presents three representative cross-
sections, at longitudes 90°W, 100°W and 110°W. In two of
these figures, the chain is double peaked, with a deep
between two highs. This feature is repeated in other
cross-sections that are not illustrated. The width of the chain
{=100km) is a potential problem for investigating its
structure with surface waves, because it approaches the
wavelengths to be used. Another potential problem is that
the chain lies on the porthern edge of a depth discontinuity
in the ocean floor. Sometimes identified as the Easter
fracture zone, the discontinuity is sharpest in the
westernmost cross-section, where the ocean floor appears to
be about 500 m deeper north of Iatitude 25°S. Surface waves
propagating along such a discontinuity may be scattered or
refracted laterally, and thus deviated from the ideal great
circle propagation path.
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DATA SELECTION AND ANALYSIS

Selection of propagation paths

For this study we used Rayleigh waveforms generated by 31
earthquakes along the Bast Pacific rise and the Chile rise,
and recorded by the WWSSN stations ANT, ARE, and
NNA. The propagation paths are illustrated in Fig. 3, where
for clarity only schematic outlines of the targeted structures
are shown. The paths crossing the Nazea ridge do a fair job
of sampling the structure; roughly one fourth to one third of
each path is over the ridge. The paths traversing the Sala y
Gomez chain do not sample it as well. The southernmost
paths merely graze the southern margin of the seamount
chain. They do sample, however, the broader Sala y Gomez
structure visible in the 250 m residual isobath.

Because seismograph stations are situated only on the
South American coast, only single-station velocity measure-
menis can be made. Two-station measurements, in which
instruments are located at either end of the target structure,
are not possible. Thus, to isolate the contributions of the
aseismic ridges, we must make a two-province, pure-path
regionalization of the measurements. Presumed normal
crust and mantle are represented by the paths to stations
ARE and ANT in the Nazca ridge suite; no such paths are
used in Sala y Gomez suite.,

The hypocentres obtained from the NEIC and ISC

catalogues for the eariiest of these earthquakes routinely lis-
ted the focal depths as 33 km, too deep for ecarthquakes
along divergent and transform plate boundaries. A more
appropriate value is 10km, a lower limit along such
boundaries which can be explained in terms of their rapidly
evolving, temperature-dependent rheoclogical properties (see
Stein & Wiens (1986} for a review of the relevant
literature). We therefore relocated each earthquake with the
focal depth fixed at this value using arrivai times culled from
the Bulletin of the International Seismological Centre.
Table | lists the revised epicentres used in the present study.
For the Nazca ridge suite, the relocation vectors averaged
34.3 £ 16.4 km at a mean azimuth of 310 + 39°. The revised
origin times averaged 2.90 £ 1.35s ecarlier than published.
For the Sala y Gomez suite the average relocation vector
was 21.1 £ 10.5km with a mean azimuth slightly more to
porth, at 352+ 27°. The revised origin times averaged
0.22+0.50s later than published. As discussed by Forsyth
(197%), had the epicentres remained systematically south-
east and south of their actual locations, velocities measured
over paths from west to east would have appeared to be
anomalously slow, and velocities measured from south to
north would have been anomalously fast. By first relocating
the epicentres we removed this bias, which would have been
interpreted erroncously as azimuthal anisotropy.

The listed earthquakes occurred on the spreading axis of
either the East Pacific rise or the Chile rise, or on transform
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Figure 3. Map (Mercator projection) iflustrating the propagation paths used in this study. The Nazca ridge suite consists of paths from
carthquakes on the Chile rise to the WWSSN stations ANT, ARE and NNA. The ARE and ANT waveforms provide an off-ridge comparison
with the on-ridge NNA data. The Sala y Gomez suite consists of paths from events on the East Pacific rise to ANT only. Note that the
sampling of the Nazca ridge is more complete than for the Sala y Gomez chain.
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Table 1. Revised earthquake locations with 10 km focal depths.

No. Date Origin Time

UT.C.
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Lat. Lon. Cpps M 5
(° 5) W) (s)

Nazca Ridge Suite

36.95 96.14 1.10 5.3%
36.18 97.95 1.00 5.4%
36.35 97.83 1.78 5.4
38.11 94.00 0.97 5.1%
38.71 92.15 1.89 5.1%
36.55 97.43 0,92 5.0*
36.28 97.89 1.60 5.5
40.99 91.44 1.32 5.0%
36.96 95.32 1.10 5.0
37.05 95.30 1.14 55
38.27 93.45 1.08 5.1
35.83 97.63 178 54
38.04 93.7¢ .04 4.7
38.04 94.05 1.24 4.7
36.83 96.45 1.49 5.1
38.71 91.66 126 5.5
37.81 93.90 1.33 5.0
37.99 93.97 1.19 5.6
36.02 97.89 1.42 6.0

Sala y Gomez Suite

i 1965 Jun 25 20:26:59.5
2 1965 Sep 12 20:21:164
3 1965 Sep 13 16:15:41.5
4 1966 Jul 18 22:15:353
5 1966 Nov 24 16:45:42.8
G 1967 Feb 22 03:51:11,
7 1970 Jun 17 21:30:12.1
8 1970 Dec 13 23:08:19.3 -
9 1972 Jun 18 00:58:31.3
10 1972 Jun 18 01:00:40.5
11 1972 Oct 08 02:45:38.6
12 1972 Dec 29 06:47:39.6
13 1974 Apr 18 20:32:58.3
14 1974 Apr 18 21:05:55.1
15 1975 Feb 08 02:05:42.3
16 1976 Nov 23 20:24:26.5
17 1978 Mar 18 07:09:28.9
18 1978 Mar 18 09:13:11.2
19 1979 Jun 10 06:32:52.0
1 1979 May 10 02:09:50.6
2 1979 May 10 07:15:55.3
3 1980 Nov 24 09:33:05.1
4 1984 Mar 27 20:51:37.5
5 1984 Apr 13 05:54:51.6
6 1984 Sep 05 22:27.54.7
7 1985 Nov 27 00:32:33.6
8 1987 Jutl 06 01:06:08.7
9 1987 Jul 08 11;50:15.3
10 1988 May 05 22:32:49.5
11 1988 Jui 30 02:45:14.0
12 1988 Aug 10 11:46:47.3

* Unified magnitude

faults, so they likely result from either normal or strike-slip
fault motion. The earthquakes were, however, only
moderately sized, so it was not possible to construct reliable
focal mechanisms from either first-motion polarities or from
surface-wave radiation patterns. Accurate source phases ¢,
are therefore unknown, and so single-station measurements
of phase velocity would be strongly biased by the assumed
¢, values. We therefore rely on measurements of group
velocity only.

23.77 111.88 1.82 4.9
24.12 112.34 0.50 4.7
22.58 113.50 0.98 54
23.64 115.51 1.14 5.6
24.77 112.24 0.77 4.8
25.35 116.11 1.35 54
2391 115.63 1.19 47
26.81 108.24 1.40 6.3
26.65 108.10 0.68 5.9
26.71 113.66 1.20 5.8
2420 116.12 1.58 53
28.03 112,67 1.08 59

Group velocity analysis

After digitizing the analogue waveforms, we computed their
amplitude spectra, and removed the instrument responses.
Group velocities were then calculated from the corrected
spectra in two ways. First, we applied multiple-filter analysis
(MFA) (e.g. Dziewonski & Hales 1972; Herr-
mann 1973) to establish the gross dispersion characteristics
of the individual spectra. To eliminate the interference
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effects of multipath propagation, we also performed velocity
analyses with phase match filters (PMF) (Herrin & Goforth
1977), using the variable-frequency windows advocated by
Russell, Herrmann & Hwang (1988) and allowing for a 10
per cent bias in the amplitude specirum. The PMF extract
fundamental mode signals with smooth spectra so that the
levels of incoherent noise are reduced; increases in the
signal-to-noise ratio were as large as 120dB. The results
from the two techniques were consistent with one another,
but the MFA values were considerably more scattered
because of the cumulative effects of small signal-to-noise
ratios, the trade-off between resolutions in the time and
frequency domains for the Gaussian filters, and multipath-
ing. We therefore prefer to use the PME group velocities,
which are presented below.

GROUP VELOCITY RESULTS

MNazea ridge suife

The group velocities measured atf the stations ANT, ARE,
and NNA from the Nazca ridge suite were averaged by
station, and are presented in Fig. 4{a) to illustrate the
general features of the dispersion off and on the ridge.
Although there is some overlap of the standard errors for
T =35s, it is clear that the maximum velocities observed at
NNA for paths intersecting the ridge are only ~3.9kms™",
or about 2.5 per cent slower than at ANT and ARE
(~4.0km s™'). Moreover, in the period range most sensitive
to the crustal velocity structure (15< 7T =20s), the NNA
values are 3-5 per cent slower than observed at the other
two stations. Some of this difference can be attributed to the
anisotropic fabric of the oceanic lithosphere. Because the
fast g-axes of olivine crystals [100] in the crustal and upper
mantle rocks of the lithosphere are expected to be parallel
to the direction of sea-floor spreading, propagation paths in
this direction should vield velocities that are about 1.5-2 per
cent faster than do paths perpendicular to the spreading
direction (Forsyth 1975; Yu & Mitchell 1979; Mitchell & Yu
1980; Nishimnra & Forsyth 1988, 1989). However, because
the maximum difference in propagation azimuths in this
study is 26° we would expect only about 0.6 per cent
difference in the measured group velocities.

Sala vy Gomez suite

The group velocities measured for paths that intersect the
Sala y Gomez chain were also averaged, and are illustrated
in Fig. 4(b). Although only one station, ANT, was used,
three average curves are shown; the solid circles represent
the mean of all observations at each frequency. Observa-
tions appeared, however, to group into two populations with
maximum values of 3.98 +£0.01 and 3.93+0.01 kms™ !, so
averages of the subgroups are also shown. The differences
between the subgroups cannot be attributed to anisotropy
because the propagation azimuths for all paths are nearly
constant; they average 97.2 £ 2.6° It is, however, difficult to
interpret the velocity differences in terms of on-ridge or
off-ridge propagation because of the discontinuous nature of
the Sala y Gomez chain, and especially the proximity of the
Easter fracture zone. The four paths with significant
fractions north of the fracture zone perhaps exhibit faster
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Fignre 4. Summary of measured group velocity dispersion. (a)
MNazea ridge suite; values represent means computed for all
observations at a single station. (b) Sala y Gomez suite; values
represent means computed for all paths, and for two subgroups of
paths as discussed in text. Error bars represent two standard
deviations. Note: all dispersion curves illustrated in this paper wilt
use these velocity and period scales to facilitate comparison.

group velocities because they sample older lithosphere.
Regardless, in the period range most sensitive to crustal
structure (15=T7=20s) all three curves exhibit similar
group velocities, with a minimum about 3.7kms™". This
value does not suggest abnormally thick oceanic crust
anywhere along the propagation paths.

PURE-PATH REGIONALIZATION

To assess the contributions of the aseismic ridges to the
observed dispersion curves, we applied the sequential
pure-path technique. As outhlined by Forsyth (1975} and
Nishimura & Forsyth (1988, 1980) the pure-path delay %
along a great circle propagation path i is the sum of two
terms:

= a) )




where £* represents the contribution from the well-
understood dependence on age and anisotropy, and
represents  the unknown contribution from lateral
heterogeneity.

The first term of the right-hand side in eq. (1) is the sum
of contributions through distinct age zones:

aa _ & _I:_{ 7
4 gl U, @)
where L, is the length of the ith path in the jth age zone,
and U; is the anisotropic group velocity in the jth age zone.
It is important to note that the anisotropic nature of U, leads
to a non-linear problem. Smith & Dahlen (1973) showed
that group (and phase) velocity is a function of the average
propagation azimuth 6:

U=Uj+acos20+bsin28 +ccos48 + d sin 48, (3)

Forsyth (1975} argued that path coverage is usually
insufficient to resolve the 48 terms in eq. (3}, so they may be
neglected, If the azimuthal dependence is then assumed to
be weak (U,>>a, b) and uniform throughout the region of
study, t7* becomes

mord ay L;{cos28;) b\ L;{sin286,)
,Z% (U) 7\, £evs ushs

4)

and inverting velocity observations for pure-path values
becomes a linear problem in 1/U,, a/U, and b/U,,.

The second term of the right-hand side in eq. (1) is also a
summation, being over the zones of lateral heterogeneity:

-1
= E}Ek2l OU Ly, (5

where SU, is the group velocity perturbation in the kth
anomalous zone, and L, is the length of the ith path in the
kth anomalous zone.

Two sets of age-dependent velocities and anisotropy
coefficients available in the literature are inadequate for
application in eqs (1)—(5). Forsyth’s (1975) values for the
eastern Pacific are obsolete because the magnetic isochron
maps used to parameterize the plate ages and the Euler
poles to which the anisotropy coefficients were referenced
have been revised. Nishimura & Forsyth's (1989) expanded
results for the Pacific basin incorporate more recent age
regionalizations and relative motion Euler poles, but
tabulate only phase velocities.

Because pure-path group velocities are required in this
investigation, we first inverted Forsyth’s (1975) observed
data set (whose sampling of the Nazca ridge was checked to
be insignificant), to obtain revised pure-path values using a
new age map of the ocean basin (Acton & Petronotis 1991).
Based on the recent compilation of magnetic isochrons by
Cande er al. (1989), this map is similar to the one by Larson
et al. (1985), but differs in detail from the map of Sclater er
al. (1981}. For calculation of the propagation azimuths in a
plate-kinematic reference frame, we used Fuoler poles for
major plates of young lithosphere from the NUVEL-1
modef (DeMets er al. 1990). For older lithosphere formed at
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the Farallon—Pacific (Far-Pac) spreading centre, we
averaged poles for Chrons 7-13 (Pardo-Casas & Molnar
1987}, and for relative motions between the FEaster
microplate and its neighbours we used the poles reported by
Fngeln & Stein (1984). Thus, an internally consistent set of
pure-path group velocities and anisotropy coefficients was
obtained with which we can model the group velocities
reported above, The age-dependent group velocities
obtained from this regionalization and inversion differ only
slightly from those originally obtained by Forsyth. The
coefficients of anisotropy differ significantly, however,
primarily because of the addition of the Far-Pac Euler pole.

Nazea vdge suite

To determine quantitatively whether the difference between
off- and on-ridge velocities can be explained by azimuthal
anisotropy, we regionalized the measurements using egs
(1)-(5), and considered the two cases of a short and a long
Nazca ridge. Using the new set of pure-path group velocities
and anisotropy coefficients, we computed the group
velocities that would be expected at ANT, ARE and NNA.
These results are shown in Fig. 5(a). As expected,
differences in the age dependence and azimuth are too small
to account for the actwal differences observed in the
measured dispersion curves. For the shortest periods, the
model group velocities are in the range of 3.7-3.9kms ™,
which agrees reasonably well with the measurements at
ANT and ARE. The range disagrees with the measurements
at NNA, however, where values of about 3.5-3.7kms™!
were obtained. We conclude from this difference that the
velocity structure of the Nazca ridge severely retards
shert-period surface waves, most probably by a very thick
crust. Most surprising is that the pure-path modeal curves for
ANT and ARE in the period range 20T =55% are
significantly lower than was measured. For example, the
model curves indicate that U, at ANT should be about
3.95kms™", and that both ARE and NNA values should be
about 3.9 km s™'. We observed, however, that ARE values
are fastest, with U/ ~4.0kms™", and that the ANT values
are slightly less, ~3.95kms™. Thus, the fastest group
velocities in this vicinity occur along a direction about 15°N
of the fossil plate motion,

To make this pattern more clear, we graph the average
velocity residuals 8U = Uy, ~ U, 4 in Fig. 5(b). With
this definition, positive residuals result when measured vel-
ocities are faster than the model values. Here, the most
conspicuous residuals are for the values observed at ARE,
For T<20s they are negative, indicating slower-than-
expected group velocities, but for 20<T =8&0s, they are
strongly positive, reaching a maximum of 0.094 kms™' at
T ~30s. Such large residuals suggest that the group delays
measured at ARE are not well modelled with only the first
summation in eq. (2). The second summation must also be
included to model an upper mantle velocity heterogeneity
centred beneath the paths to ARE.

This uncxpected conclusion is supported by the velocity
residuals compuied for the ANT and NNA measurements.
Residuals for ANT are weakly positive (8U <0.05 kms™)
for 20 =T =45s. They are zero for T > 45 s, indicating that
the hypothesized heterogeneity does not extend very far
south or very deep. The pattern of residuals for the NNA




212 M. T. Woods and E. A. Okal

NAZCA RIDGE SUITE
MODEL GROUP DISPERSION

@ 4.1 \ T T \ I \
o~ 4.0 - ~
E 3.9 L %fﬁ“ﬁé - . i
X 38¢f b .
= 37 h 4
Q36 -
o 3.5 - AT |
= o
L 3.4 - o amE -
2 5.3 L -
S « NNA
£ 32 _
3.1 I \ i : \ | |
10 20 30 40 50 60 70 B0 80
PERIOD (s)
VELOCITY RESIDUALS
) 0.15 T f 1 ! 7 7
R H; -
~. 0 ldede
£ | ‘F 3 ?ﬂ
< 0.05 L W ;
> i LN ¢ % |
- g L
o 0 % i} s e
S EIRS : ;
¥ —0.05 | Pl |
< 5 AN;
o AR
= —0.10 ~
& - NNA
-0.15

! i \ ! i ] {
10 20 30 40 50 60 70 80 80
PERIOD {s)

Figure 5. (a) Nazca ridge suite model dispersion curves calcuiated
from age-dependent, anisotropic, pure-path values. Note that
differences among the mean curves, averaged over the paths to each
station, are less than 1 per cent. This agreement indicates that the
large differences among the observed curves cannot be explained
entirely by the effects of azimuthal anisotropy. Also note that the
short-period velocities computed for NNA are faster than are
observed. (b) Mazca ridge suite velocity residuals. Note, in
particular, the negative residuals for NNA for T=<20s, and the
positive residuals for ANT for T = 20s.

measurements is more complex, but consistent with the
requirement of velocity heterogeneity in the upper mantle
not directly related to the Nazea ridge structure. For
T<<20s the residuals are strongly negative, reflecting,
presumably, the thick crust along the ridge’s longitudinal
axis. For 20=T =33 s, the residuals are weakly positive
(~0.02km ™), in concert with the residuals at ANT. For
33=T=80s, the residuals are again slightly negative.
Overall, the pattern of residuals indicates slow, poorly
modelled short-period velocities along the Nazca ridge, and
fast, poorly modelled intermediate-period group velocities
in a previously unsuspected zone centred along the paths to
ARE.

This data set is not adequate o localize the intermediate
period (upper mantie} heterogeneity because all of the paths
traverse the Nazca plate in the same direction; it
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Figare 6. Nazca ridge suite dispersion curves, regionalized using
egs {1)-(5) to isolate the off-ridge and on-ridge group velocities.
Assuming either a short or a long Nazca ridge vields the same
off-ridge group velocities, but distinctly different on-ridge values.
For both the shert and long ridge cases the short-period group
velocities are much slower than predicted.

contains 1o crossing paths. We can, however, compare the
group velocity measurements with available tomographic
images of the upper mantle. Our results are inconsistent
with those of Nishimura & Forsyth (1988}, which show & low
velocity zone (~—2 per cent) for periods of 33, 59, and 915
off the central coast of South America. They are, however,
consistent with the results of Zhang & Tanimoto (1989,
1991}, and of Anderson, Tanimoto & Zhang (1992), which
display a salient of faster (~+1 per cent) velocities at depths
of 40-50km, centred over the continental margin near
ARE, and extending seaward to about 25°S, 85°W. The
recognized Nazca ridge lies partly along the northwestern
edge (average velocity) of this zone, which explains why the
NNA data cxhibit the smallest positive residuals in Fig.
5(b). Most importantly, it is clear that neither the ANT nor
the ARE group velocities should be taken as representing
typical lithosphere.

Figure 6 illustrates the dispersion curves constructed
with eqs (1)-(5) and assigning the deviations from the
NNA model curves to a short and a long Nazca ridge. Dis-
tributing the velocity residuals throughout the short, recog-
nized edifice yields a sharply peaked dispersion curve
with velocities varying from a minimum of 3.19kms™"
at T=16s5 to a maximum of 3.95kms™" at T =28s.
Distributing the velocity residuals throughout the longer,
hypothetical edifice yields a curve that is less sharply
peaked. It varies from 3.42kms 'at T=16s 10 3.92km s~}
at T=28s. Both curves exhibit group velocities that are
slightly less than the model values at longer periods, but
approach them at 90s (Table 2).

Sala y Gomez suite

Isotating the group dispersion along the Sala y Gomez chain
is made difficult because of the division of the measurements




Table 2. Age-dependent, anisotropic regionalized group velocities,
MNazca ridge suite.

Short Nazca Ridge Long Nazca Ridge
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into subgroups A and B. This division appears to be real. It
is not caused by detectable errors in the revised epicentres;
these were checked and verified. Thus, the immediate
problem is to decide which of the groups, A or B, better
samples the velocity structare along the Sala y Gomez chain.
Group A consists of the four most northerly paths which
may have been affected by the Easter fracture zone. Some
of the paths in Group B, however, might have failed to
sampte the chain because of its narrow width.

To resolve this question, we computed the model
dispersion curve for each path in the suite using eq. {4).
These curves were then averaged in three ways: combining
all model values, combining all values from Group A, and
combining all values from Group B. Fig. 7(a) illustrates
these mean curves, which are nearly identical, Based on the
geometry of the propagation paths, no differences among
the curves should be expected.

i the velocity residuals are computed, the patterns
illustrated in Fig. 7(b) emerge. When all of the paths are
included, the average residuals are about zero, except
perhaps at the shortest periods. When the two subgroups of
results are treated separately, Group A exhibits residuals of
~+0.05kms™! for 7=30s, whereas Group B exhibits
shightly negative residuals for the entire period range. The
negative residuals of Group B are what would be expected if
the Sala y Gomez chain retards Rayleigh waves in the same
way as the Nazca ridge.

Attributing Group A’s positive residuals to the structure
of the Sala y Gomez chain results in maximum group
. velocities along the chain of ~4.03kms™" (7 ~355s), about
& per cent faster than calculated for the path geometry. This
value imphes relatively fast upper mantle shear velocities in
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Figure 7. (a) Sala y Gomez suite model dispersion curves calculated
from age-dependent, anisotropic pure-path values. Note that the
curves iHustrated here are averaged in three ways: over the total
number of paths, over subgroup A and over subgroup B.
Regardiess of the averaging scheme, the curves are ideatical, (b)
Sala y Gomez suite velocity residuals. Note that the residuals for
the total suite average are ncarly zero across the bandwidih. In
contrast, the residuals for subgroup A are positive; those for
subgroup B are weakly negative.

a relatively small area. More likely is that some other
heterogeneity along the paths comprising Group A is
responsible for the positive residuals.

Two possible locations for this hypothetical zone are the
salient of fast, intermediate-period velocities observed
adjacent to the coast of South America, and the fractions of
ithe propagation paths north of the Easter fracture zone
{~25°8). We reject the ‘South American Salient’ as the
cause, for all paths in the suite intersect this area for aboui
one-third of their total length. Attributing the residuals to
the fractional path lengths north of the Easter fracture zone
yields ambiguous results with egs (1)-{5) because of the
small data set. However, when the mean dispersion curve
for Group A is graphed against the age-depen-
dent group velocities, it matches nearly exactly the curve for
oceanic Hthosphere with age =20 Myr. This match suggests
that the paths comprising Group A indeed sample a greater
fraction of older lithosphere than we can determine
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Figure 8. Sala y Gomez suite dispersion curves, regionalized using
egs (1)-(5) on subgroup B to isolate the off-ridge and on-ridge
group velocities. The differences between these two curves are
slight, being at most 3 per cent at T =80s. Note especially the
on-ridge values for T=20s.

Table 3. Ape-dependent, anisotropic regionalized group velocities,
Sala y Gomez suite.

T Off 2. On 2-G
(8) (kms™h  ms)  (kmsH)  (kmsh)

16.0 3.743 0.006 3.674 0.016
16.5 3.748 0.005 3.695 0.014
17.1 3.767 (.004 3.710 0.012
17.7 3.788 0.003 3.714 0.009
18.3 3.811 0.003 3.719 0.008
19.0 3.829 0.003 3.733 0.008
19.7 3.841 0.003 3.755 0.008
20.5 3.853 0.004 3.780 0.008
213 3.865 0.004 3.804 0.010
223 3.880 0.004 3825 0.01%
233 3.897 0.004 3.841 0.011
244 3.90% 0.004 3.861 0.011
256 3.919 0.004 3.881 0.011
269 3.927 0.004 3.899 0.011
284 3.934 0.004 3913 0.011
301 3.942 0.004 3918 0.010
32.0 3.945 0.004 3.923 0.010
341 3.942 0.004 3.926 0.0i1
366 3.936 (0.004 3923 0.010
394 3.927 0.004 3914 0.010
42.7 3.920 0.004 3.892 0.010
46.5 3.%05 0.004 3.868 0.010
512 3.882 0.004 3.842 0.010
569 3.852 0.004 3.813 0.011
64.0 3.825 0.004 3.766 0.011
73.1 3.791 0.005 3.715 0.013
853 3.761 0.006 3.647 0.015

from the age map of Acton & Petronotis (1991). Given the
grazing incidence of these four paths at the depth
discontinuity of the fracture zone, it seems possible that they
were deflected from the great circle, remained in the older
lithosphere north of the fracture zone, and consequently did
not sample the Sala y Gomez structure. We therefore
discard the Group A measurements, and use only the Group
B values to compute the velocity heterogeneity along the
Sala y Gomez chain,

Figure 8 illustrates the group dispersion off and on the
Sala y Gomez chain (Table 3}, computed using the velocity
measurements of Group B. Immediately apparent is that the
on-ridge structure departs only slightly from the average,
off-ridge structure. At T =83 s, the on-ridge group velocity
is about 3 per cent slower than the off-ridge value. For
T'=30s, the on-ridge structure is also slower, but only by at
most 2.5 per cent. The small notch in the on-ridge
dispersion curve at 7 < 20s is probably not real. It results
from the magnification of differences between the observed
dispersion curves and the model curves, which exhibit a
slight change in slope at these periods, Regardless, the

short-period velocities are about 3.7kms ™', about 16 per

cent faster than determined for the short Nazca ridge and
about 9 per cent faster than determined for the hypothetical
long Nazca ridge. In either case, it is clear that the Sala y
Gomez chain does not slow Rayleigh wave propagation
nearly as much as does the Nuzea ridge.

INVERSION FOR MODELS OF V.,

To determine the velocity structure along the Nazca ridge
and Sala y Gomez chain, we inverted the on-ridge
dispersion curves with a generalized least-squares program
(Herrmann 1987). This program uses the algorithm of Rodi
et al. (1975) to compute the partial derivatives of group
velocity for inclusion in the data kernel, and accepts a priori
information through a layer weighting scheme in which
model velocities are allowed to vary more or less depending
on available constraints. Following Russell (1987), we
damped the differences between successive model layer
velocities instead of individual values, thus constraining the
gradient of the solution vector, rather than its magnitude.
We thus obtained relatively smooth velocity models while
allowing discontinuities to occur where demanded by the
observations. Previous uses of this procedure (Woods,
Russell & Herrmann 1989; Woods er al. 1991) have vielded
reasonable results in continental and oceanic settings.

For these experiments, the modelling philosophy was to
begin by discretizing the model space as a water layer over a
stack of many flat, thin (e.g. 3km) layers with uniform
velocity. Such a parameterization approximates a half-space
continuum, and represents the least biased starting model
possible. After three or four iterations, groups of layers with
generally similar velocity often became apparent, and these
groups were sometimes separated by sharper discontinuities,
Thus, the first inversions served as guides for the
parameterization in subsequent inversions, where groups of
layers were comsidered as thicker blocks. Following this
procedure allowed us first, to explore the model space
systematically, second, to find the depth of the crust-mantle
interface with few preconceptions, and third, to construct




the simplest velocity models consistent with the observed
dispersion.

Mazea ridge swife

The low short-period group velocities for both the short-
and long-Nazca ridge cases suggest the presence of thick
crust along the edifice. At short periods, however, the
trade-off befween the effects of ocean depth and crustal
thickness warrant caution in this interpretation. We
therefore conducted a series of inverse experiments with
various parameterizations to ascertain the most likely values
of crustal thickness for the two cases.

The next figures illustrate the modelling philosophy. Fig,
9(a} shows a model constructed for the short Nazca ridge
using a single water layer (k; =3.75km), above 21 solid
fayers (f; = 3.0km). The dotted line represents the starting
model, in which model layers 2 and 3 (ml2, mi3) were
assigned average crustal velocities, and the remaining layers
were assigned average upper mantle values. Only the water
velocity was held fixed during inversion. We did not include
a sediment layer, because the thickness of the sediment
cover of the northern Nazca plate averages about 200m
(Hussong ef al. 1976), far thinner than is resolvable with the
current data. Seismic reflection profiles indicate that
sediment does accumulate to about 500 m in pockets at the
north-eastern tip of the ridge (Erlandson, Hussong &
Campbell 1981), but these do not extend along the axis, and
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Figure ®(a). Summary of finely lzycred inverse model for short
Nazca ridge. Top: filled circles represent on-ridge group velocities;
error bars represent two standard deviations; dashed line is inverse
fit to observations. Bottom: on left, dashed line represents starting
model of Vgy; solid line represents final result. On right, resofving
kernels normalized to maximum value,

Crustal structure of aseismic ridges 215

thus may be neglected. The solid fine represents the final
result, which is also listed in Table 4, along with the erross
of the estimated velocities and the widths of the resolving
kernels.

Most important to the present study are the model resuits
at shallow depth. First, a sharp discontinuity appears at
about 10 km below mean sea-level. Above this discontinuity
the velocities in mi2 and ml3 decreased from 3.9 to about
3.6kms '. Below the discontinuity to a depth of about
23 km, the velocities decreased as a group, from 4.5 kms ™'
(mantle values) to ~4.Tkms™' (crustal values). It is
therefore tempting to interpret the velocity grouping above
the discontinuity as greatly thickened ‘Layer 2’ of the
oceanic crust, and the grouping below the discontinuity as
‘Layer 3’. Although these layers are useful idealizations,
recent interpretations of marine refraction data (e.g. Lewis
1978; Spudich & Orcut 1980) show that Vp and Vs in Layer
2 increase linearly with depth; in Layer 3 they achieve some
uniformity, although there remains variation. Thus, the
interpretation of a thick Layer 2 is not strictly justified. The
accompanying resolving kernels illustrate, moreover, that
the values in mi2 and mi3 above the discontinuity are not
well resolved. All that may be concluded is that Vs is low.
Regardless, it is clear that if we require that the velocity
contributions from lateral heterogeneity be restricted to the
short, recognized Nazca ridge, then we must conclude that
the crust along the ridge is about 18-21 km thick.

In the upper mantle, the model shows the development of
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216 M. T Woods and E. A. Okal

Table 4. Inverse models for Vy,., short Nazca ridge.

layer kB Vi vt G Wy
ml;  (m) (s Gms)  kms)  (km)

Detailed Parameterization

1 3.75 0.00 0.00 0.04 36
2 3.00 3.90 3.58 0.04 36
3 3.00 3.90 361 0.04 34
4 3.00 4.50 4.17 .04 30
5 3.00 4.50 4.09 0.03 23
6 3.00 4.50 4.04 0.01 14
7 3.00 4.50 4,07 0.01 10
8 3.00 4.50 423 0.02 i6
o 3.00 4.50 4,46 0.02 20
10 3.00 4.50 4,72 0.02 20
11 3.00 4.50 4.92 0.02 19
12 3.00 4.50 5.03 0.02 18
13 3.00 4.50 5.02 0.02 22
14 3.00 4.50 4.89 0.02 26
15 3.00 4.50 4.67 0.02 27
16 3.00 4.50 4,39 0.01 26
17 3.00 4.50 4.12 0.01 25
i8 3.00 4.50 1.89 0.02 25
i9 3.60 4.50 3.76 0.02 24
20 3.00 4.50 3.76 0.02 22
21 3.00 4.50 3.89 0.02 11
22 - 4.50 4.15 0.02 ---
Simplified Parameterization
1 375 0.00 0.00 0.16 21
2 6.00 3.0 3.74 0.16 21
3 15.00 3.90 4,04 0.04 i5
4 6.00 4.50 4.48 0.25 14
5 12.00 4.50 4,98 .11 12
6 6.00 4.50 498 0.11 10
7 12.00 4.20 3.66 0.06 15
8 --- 4.20 4,20 0.03 “es

a high-velocity lid. Note that at z ~38km V. increased
from 4.5kms™' to about 5.0kms™' to fit the group
velocities (25 = T =355) that generate the positive residuals
in Fig. 5(b). We estimate that the ld is about 27 km thick.
The model also displays a strongly developed low-velocity
zone (L.VZ), in which Vg, decreases to about 3.8 kms™".
The resolving kernels generally indicate, however, that
the shear velocities of the relatively thin layers used in this
parameterization are not well resolved. Each of the kernels
is low amplitude and spans a range of depths wider than a
single layer thickness. This is especially true for z > 30 km,
Note, however, that the kernel for mi6, in the centre of the
lower crust, spans 10 =z <25 km, the depth range between
the upper crustal discontinuity and the crust-mantle
interface. Reparameterizing the crust to reflect this
limitation should result in a viable model. Note also that the

error bars on the layer velocities are underestimates,
because the final damping values were not relaxed to zero.
This was done to prevent small eigenvalues from
contaminating the solution.

Figure 9(b} shows a reparameterization of the model
space into thicker blocks as guided by the results in the first
inversion (Table 4). Here, we have kept the ocean depth
fixed, and have assigned crustal velocities (3.9kms™") to
the next two layers, which have thicknesses of 6 and 15 km.
The high-velocity lid was assigned a typical upper mantle
velocity (4.5 kms™ "), and was divided into three fayers of 6,
15, and 6 km. Below, the mantle low-velocity zone (LVZ)
was assigned a value of 42kms™.

Upon inversion, the velocity model changed little at
shallow depths. Vg in the hypothetical, thick crustal
sequence increased only to 4.04kms™!, remaining in the
range for values within the Jower crust. It is important to
note that mi3 contrels the fit to the observations at short
periods. There is no resolution of the ocean layer or of the
6 km upper crust. The resolving kernels for these layers are
both centred on mi3. Moreover, mi3 appears to be well
resolved; its kernel is large amplitude (~0.93) and spans its
depth range. Although this image is not perfectly resolved,
it again seems clear that if the lateral heterogeneity required
to explain the observations is assigned to the short Nazca
ridge, then the ridge must be about 20 km thick.

The largest changes in the inverse model occurred in the
lid and LVZ. In the lid, mt5 and ml6 increased by ~10 per
cent to 5.0kms™*, reflecting the ‘South American Salient’
discussed above. The upper two layers of the lid (ml4 and
mi5) are fairly well resolved, but Vi in ml6 appears to
depend strongly on information from mil5. Shear velocity in
the LVZ decreased ~13 per cent to 3.7 km s~ this value is
also fairly well resolved. It is important to realize, however,
that the strong velocity contrast between the lid and the
LVZ (~30 per cent) is forced upon the model by the
requirement that the velocity heterogeneity at all periods be
explained by the Nazca ridge.

We next examine the hypothesis that the Nazca ridge
actually extends to the extinct Roggeveen rise by inverting
the on-ridge group dispersion curve constructed for the long
Nazea ridge. Here we follow the same procedure in the
inversion experiments: first parameterizing the model space
as many thin layers, then simplifying the parameterization to
optimize the resolution,

Because in this regionalization the heterogeneity is
distributed over a larger area, the on-ridge dispersion curve
is not so sharply peaked. As a consequence, the trial
velocity model, shown as the solid line in Fig. 10(a), does
not exhibit the extreme values as did the trial model for the
short ridge. Again, the dotted line shows the starting model
(Table 5}. In this case we used a slightly thinner water
layer (k, = 3.0 km) to reflect the average ocean depth along
the hypothetically longer ridge structure. In the crust
Vey =3.9kms™, and in the mantle Vi, was a oniform
4.5kms™'. Upon inversion, Vg, in ml2 and ml3 decreased
to about 3.5kms™}, and in ml4, ml3, and mi6 it decreased
to about 4.0km s~ '. Thus it appears that the crust is about
15km thick, although ml7 might be included for a total
thickness of 18 km. Below, Vi, increases gradually to form
the mantle lid, with maximum values of about 4.7 kms™!.
The mantle LVZ then appears, where Vg, decreases to
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Figure 10(a), Summary of finely layered inverse model for tong
Nazca ridge. Top: filled circles represent on-ridge group velocities;
error bars represent two standard deviations; dashed line is inverse
fit to observations. Bottom: on left, dashed kine represents starting
model of Vi solid line represents final result. On right, resolving
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about 4.0kms™!'. WNote apain that with the model
parameterization being thin layers, the errors are under-
estimated, Moreover, the resolution is poor, the best being
achieved in the lower crust {mi5 and mi6).

By reparameterizing the model space as thicker blocks,
the model iHustrated in Fig. 10{(b) was obtained. We
consider this model to be the best of the four presented,
because it balances fit to the observed dispersion curve,
simplicity, and resoiution. It also deparis least from the
starting model (Table 5). Only in ml2, the shallow crustal
layer, does the final Vi, differ move than 5 per cent from its
starting value. This large adjustment reflects the lack of
resolution for z=10km. Once again the lower crust
controls the fit to the observations for T =20s. The lid and
the LVYZ are also relatively well resolved. Vg, in the lid is
probably underestimated, however, because the on-ridge
group velocities in the period range 20=T=350s are
affected by the ‘South American Salient’, which does not
extend as far westward as the long Nazca ridge. In other
words, attributing the fastest group velocities {0 the jong
ridge smears the heterogeneity over a larger space than it
actually covers. Nevertheless, inverse models constructed
with the assamption of a long Nazca ridge yield an average
crustal thickness of 15-18 k.

Sala y Gomez suite

As stated earlier, the average on-ridge dispersion curve for
the Sala y Gomez Chain departs only slightly from the

{

DEPTH (km)

Crustal struciture of aseismic ridges 217

LONG NAZCA RIDGE; INVERSE FIT; BLOCKS
GROUP DMSPERSION

GROUP VELOCITY {km/s)

14 1

80

i | L 1, L
363646 50 60 70
PERIOD (s}

VELOCITY (km/s)
3.0 3.5 4.0 45 5.0 55
T T

K=A

RESOLVING KERNELS
BY LAYER

10.0 |

200 |

30.0
40,0 L

50.0 | 1

60.0 L + /

70.0 s E

Figure 16(k). Summary of simplified inverse model for long Nazca
ridge. Top: filled circles represent on-ridge group velocities; error
bars represent two standard deviations; dashed line is inverse fit to
ohservations. Bottom: on leff, dashed line represents starting model
of Vi solid line represents final result. On right, resolving kernels
normalized to maximum value.

model dispersion curve. Thus, it appears that little is
anomalous about Rayleigh wave propagation along this
structure, a conclusion substantiated by the following two
velocity models.

Figure 11(a) illustrates a trial model constructed with
equal-thickness layers. In this case the layers were relatively
thick, 15 km, because there are few details in the dispersion
curve to understand. The most difficult choice in
constructing this model was the selection of the ocean
depth. To reiterate, bathymetry along the structure is
rugged. Although individual seamounts comprising the
chain often stand high above their surroundings (500—
1000 m), they are small in area, so the mean ocean depth is
not accurately represented by the value over the seamounts.
Using that value in the starting model would result in
artificially low crustal Vi, or m thick crust because of the
trade-off between the effects of ocean depth and crust.
Therefore, we averaged the DBDB35 wvalues in the
rectangular region defined by 25°S, 27°S, 105°W and 85°W,
to determine a mean ocean depth of 3.5km. The starting
velocities were as in the Nazca ridge inversions: 3.9 kms™"
in the crust and 4.5km s in the uniform mantle (see Table
6 for model parameters).

As seen in the illustration, a reasonably good fit to the
observed dispersion curve was achieved with this model, and
it remained relatively simple. Beneath the water laver is a
6km thick crust with normal values of Vg, ~3.8kms .
Beneath the crust, the mantle velocity is also typical,
~4.45 kms ', These values are only about 2 per cent slower
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Table 5. Inverse models for Vi, long Nazca ridge.

layer k; Vi vt o Wi
ml; (km) (kms™) (ms?)  (kms?)  (km)

Detailed Parameterization

I 3.00 0.00 0.00 0.04 24
2 3.00 3.50 3.50 0.04 24
3 3.00 3.90 3.48 0.05 20
4 3.00 4.50 4.02 0.05 16
5 3.00 4.50 i 0.03 13
6 3.00 4,50 3.99 0.01 12
7 3.00 4.50 4.10 0.01 12
8 3.00 4.50 4,28 0.03 13
9 3.00 4.50 4.48 0.03 i5
10 3.00 4.50 4.65 0.02 18
11 3.00 4.50 4.74 0.01 20
12 3.00 4.50 4.73 0.02 20
13 3.00 4.50 4.65 0.03 17
14 3.00 4.50 4.51 0.03 17
15 3.00 4.50 4.37 0.03 22
16 3.00 4.50 4.24 6.02 24
17 3.00 4.50 4,17 0.01 23
18 3.00 4.50 4.15 0.03 21
19 3.00 4.50 4.17 0.04 20
20 3.00 4.50 4.19 0.04 20
21 3.00 4.50 4.17 0.03 i2
22 - 4.50 4.07 0.01 -
Simplified Parameserization
i 3.00 0.00 0.00 .00 12
2 6.00 3.50 4.06 0.10 12
3 12.00 3.90 3.90 0.0z 12
4 6.00 4.50 4.44 0.09 14
5 12,00 4.50 4.72 0.02 12
6 6.00 4.50 4,33 0.09 18
7 18.00 420 4.14 0.03 18
9 --- 420 4.07 0.01 -

than the starting values. Unlike the observations along the
Nazca ridge, the observations along the Sala y Gomez chain
do not require an anomalously thick crust. Deeper in the
mantle, Vi decreases to a minimum of 3.9kms™! at
z=75km. One curious aspect of the model is the apparent
secondary low-velocity zone centred at z ~33km. This
feature emerged as damiping was relaxed in this inversion,
and in other trials using fine layering. Such a reversal seems
implausible, and probably results from poor resolution at
these depths. As seen in the resolving kernels for mi4 and
mi5, the estimates for Vg, in these layers depend to a large
degree on information from the layers immediately above
and below them. The best resolved layer is mi3, the lid cap,
where the kernel spans ml3 and only about one-half of ml4.
Note that neither the water layer, mll1, nor the crust, mi2,
ar¢ really well resolved, however.

Attempts to opfimize the resolution matrix by re-
parameterizing the model space met little success. Fig. 11(b)
{and Table 6b) shows one such attempt, in which mi3, mi4,
and ml5> of the previous inversion were considered as a
single block, 45 km thick. As expected, this resulted in a
slightly worse fit to the observed dispersion curve because
there were two fewer adjustable parameters. Not expected,
however, was that the degraded fit occurred at the
short-period end of the curve. This degradation and the
resolving kernet for mi2, which spans the depth range for
mi3, 10z =54 km, suggest that the Sala y Gomez group
velocities cannot resolve the shallow velocity structure.
Nevertheless, the deeper structure is well resolved, and it
appears to be typical. In neither of the Sala v Gomez
inversions did the upper mantle appear to be anomalously
slow.

DISCUSSION

The investigations reported above have established that the
dispersion of short-period Rayleigh waves in the vicinity of
the Nazca ridge requires lateral velocity heterogeneity. If
this heterogeneity is attributed to the recognized, 1200 km
long edifice, the crust along the ridge must be about 20 km
thick. If, however, the heterogeneity is attributed to the
longer, 2200 km edifice hypothesized in this paper, the crust
is 15~18 km thick, In contrast, there does not appear to be
appreciable heterogenecity along the Sala v Gomez chain;
the crust along this structure is of normal thickness. These
estimates of crustal thickness, h., substantiate values
derived earlier from sonobuoy data (Principai 1974; Cutler
1977).

Our estimates of h,. also compare favourably with
estimates made from isostatic balance calculations. Haxby’s
{1987} map of oceanic free-air gravity anomalies shows that
over the Nazca ridge, and over its hypothetical extension,
8gpa =10 mgal. Thus, this structure appears to be nearly in
isostatic equilibrium. Gver some of the small seamounts of
the Sala y Gomez chain, dgp, is as large as 30 mgal, which
indicates that they are not completely compensated.
Nevertheless, the broader region of shallow residual
bathymetry on which the chain sits (250 m isobath; Fig. 1b)
exhibits dgp, = 10mgal, so it is nearly in equilibrium. If we
assume equilibrium for the average structures, and
representative values for the crust and wpper mantle
(h.=6km, p,=3000kgm >, and p,=3300kgm ), then
we obtain the following. Along the Sala y Gomez chain,
h.=8km. Along the recognized Nazca ridge, k.= 18km,
but along its hypothetical extension, &, = 12 km. If the last
two values are averaged, .= 15km, in agreement with the
lower estimate from surface waves along the extended ridge,
and with the value derived independently by Couch &
Whitsett (1981) from free-air gravity.

The values of h. along the Nazea ridge may also be
compared with those on its mirror image on the Pacific
plate, the Tuamotu plateau. There, Talandier & Okal
(1987) determined that 22 = h_ =27 km (their Models 2, 3
and 4). Local measurements of phase velocity beneath
Rangiroa Atoll on the western side of the platean suggested
h,~35km, but the atoll is not representative of the whole
structure. Thus, the larger values of i, for the Nazca ridge
agree with the smaller values (their Model 2} for the
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Figure 18(a). Summary of layered inverse model for Sala v Gomez
chain. Top: filled circles represent on-ridge group velocities; error
bars represent two standard deviations; dashed line is inverse fit to
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Table 6. Inverse models for Vg, Sala vy Gomez chain.

layer ki Vi v I} Wy
mi; km) (kms™) (kms™) msT)  (km)
Detailed Parameterization
1 3.50 0.00 0.00 0.00 1%
ps 8.00 3.90 3.83 0.02 19
3 15.00 4.50 445 0.02 i9
4 15.00 4.50 427 G.02 34
5 15.00 4.50 4.37 0.01 25
é 15.00 4.50 4.19 0.02 27
7 - 4.50 3.93 0.02
Simplified Parameterization
1 3.50 0.0 0.00 (.01 i2
2 6.00 3190 3.73 0.01 12
3 45.00 4.50 4.38 0.01 45
4 15.00 4.20 4.13 0.02 15
5 - 420 3.96 0.03 ---
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Tuamoto plateau to within ~20 per cent. Given the
uncertainties of the single-station measurements and the
resolution of the inverse models reported here, it is
reasonable o conclude that the crast along the Nazca ridge
and that along the Tuamotu plateau are of about the same
thickness. This conclusion, coupled with the apparent
correspondence in age progression along each of the two
structures, strengthens the idea that they shared a2 common
origin. We note, however, that the differences in their sizes,
and hence volumes, implies an asymmetry in their
production rates.

Also remaining unclear {s how the Nazca ridge and Sala y
Gomez chain fit into the kinematic evolution of the
Farallon-Nazca-Pacific plate system. One scenario for this
evolution begins with the observation that the Nazca ridge
infersects the Sala y Gomez chain at an oblique angle
(~130°) near the middle of the Nazca plate, thus appearing
to be continuous with that structure. This spatial
relationship led Morgan (1972) to suggest that the two
stractures formed as the Farallon (later Nazca) plate first
moved north-gast, then east relative to a hotspot astride the
Farallon-Pacific spreading centre. The change in strike of
the structures would be analogous to (but not coeval with)
the bend in the Hawaiian—Emperor seamount chain in the
north-central Pacific. Based on ages of magnetic lineations
{Cande er al. 1989) the change in plate velocity occurred
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Figere 12, Preliminary recopstruction of extended Nazca ridge and Tuamotu plateau. Top: current configuration of Nazca-Pacific spreading
centre, aseisimic ridge edifices, and fracture zones, Magnetic anomaly 7 (26 Ma) illustrated for reference. Bottom: configuration at Chron 6
(20 Ma) obtained by rotating Nazca plate and Pacific plate about total reconstruciion pole from Pilger & Handschumacher {1981). Note the
alignment of the northern arm of the Tuamotu plateau with the extended Nazea ridge.

between Chron 10 {30 Ma) and Chron 7 {26 Ma). Therefore,
by 26Ma, the Nazca ridge and Tuamotu plateau had
separated, and the Sala y Gomez chain began to form.
Although appealing in its simplicity, this model is
inconsistent with several observations. Wearly all authors
note that the Sala y Gomez chain is morphologically
dissimilar to either the Nazca ridge or the Tuamotu plateau.
As discussed earlier, it consists of small, irregularly shaped,
disconnected seamounts, whereas the other structures are
massive, coherent edifices. We have shown here that surface-
wave dispersion measured along the axis of Sala y Gomez
reveals no evidence of thickened oceanic crust, so it cannot
be nearly so massive as the other structures. Finally, the few
radiometric age dates for rocks along the chain (Baker,
Buckley & Holland 1974; Clark & Dymond 1977; Bonatti et
al. 1977) do not show a clear progression of ages from east
to west. Taken together, these lines of evidence suggest that
the Sala v Gomez chain is not a simple hotspot track.
Another, though weaker, argument against the Sala y
Gomez chain being a hotspot track is the apparent
discrepancy between the times of the changes m the
Farallon—Pacific relative plate velocities and the Farallon—
hotspot motion changed from north-cast to east at about
Chron 7 (26Ma). However, the presence of the
Mendoza-Roggeveen rise in the middle of the Nazca plate

indicates that the locus of active spreading between the
Pacific and Farallon plates remained stable until about
Chron 6 (20Ma), after which it jumped to ifs current
position on the East Pacific rise (e.g. Herron 1972;
Mammerickx ef al. 1980). Although changes in relative plate
velocities need not coincide with changes in absolute plate
velocities, it seems likely that they would,

if the Nazca ridge is extended to the Roggeveen rise, as is
proposed here, some of the geometric and kinematic
difficulties in the evolution of the plate system noted by
Pilger & Handschumacher {1981) are resolved. A detailed
scenario for the kinematic evolution is beyond the scope of
this paper, but a simple check of the concept is possible.
Using Pilger & Handschumacher’s total reconstruction poles
we rotated the Nazca and Pacific plates into their
configuration at Chron 6 {20 Ma). As seen in Fig. 12, the
previously unrecognized seamount chain that extends
west—north-west from the Roggeveen rise aligns with the
northern arm of the Tuamotu plateau (Tatakoto, Pukaruha
and Reao). The seamounts have not been dated, but the
alignment suggests that they comprise the old, Pacific side
mirrer image of the extended Nazca ridge, and were formed
by the Nazca hotspot on the Roggeveen rise. Moreover,
they exhibit dgp,. =< 10 mgal, indicating isostatic equilibrium
and a likely origin at the spreading centre. Thus, the portion
of the Nazca plate on which the seamounts reside is




probably old Pacific lithosphere which was added to the
Mazca plate during the reorganization of the spreading
centre. A key question js whether the seamounts are coeval
with the surrounding sea-floor; future investigations should
address this problem.

It seems clear, however, that the velocity of the Farallon
plate relative to the Nazca hotspot remained largely
unchanged until ~20Ma when the Mendoza-Roggeveen
rise was abandoned. Formation of the Nazca-Tuamotu
edifice was interrupted only briefly as the hotspot volcanism
moved from the Mendoza rise to the Roggeveen rise south
of the Nazca fracture zone. In addition, the velocity of the
Pacific plate relative to the Nazca hotspot appears to have
remained fairly constant until this time. Thereafter, the
complex reorganization of the Farallon-Pacific spreading
centre began, which likely involved progressive ridge jumips
and the formation and abandonment of various micropiates,

In this scenario, the Sala v Gomez chain does not track
the Farallon plate over the Nazea hotspot. Considering that
the chain sits on the edge of a depth discontinuity (Fig. 2)
similar to what is expected at large fracture zones, perhaps it
represents a leaky transform fault. Handschumacher (1976)
and Pilger & Handschumacher (1981} favoured this
explanation, claiming that the chain formed in response to
fractures propagating through the plate as its margins
changed, an idea resurrected from Betz & Hess’ (1942)
work on the Hawaiian Swell.

CONCLUSION

In this paper, we have presented single-station measure-
ments of Rayleigh wave group velocity made along two
aseismic ridges in the eastern Pacific Ocean basin: the Nazca
ridge and the Sala y Gomez chain. Using the pure-path
technique to model the age dependence and amisotropy of
the velocities along the propagation paths, we isolated the
dispersion along each of the target structures. These
dispersion curves, and the shear velocity models derived
from them, substantiate earlier, tentative conclusions that
the crustal thickness along the Nazea ridge is about
18+ 3 km, but is only about 6km along the Sala y Gomez
chain, These values were shown to be consistent with values
derived from free-air gravity anomalies.

An important result from this investigation is the
recognition that the Nazca ridge does not terminate at its
intersection with the Sala y Gomez chain, but extends
another 1000 km south-west to the extinct Roggeveen rise.
Extending north-west from the relict spreading centre is a
small chain of seamounts that parallels the Tuamotu
plateau. It therefore appears that the proposed extended
Nazca ridge has a mirror image west of the Roggeveen rise.
This scenario is compatible with the abandonment of the
Mendoza-Roggeveen spreading centre at Chron 6 (20 Ma),
but is inconsistent with the Sala y Gomez chain tracking the
hotspot. The Sala y Gomez chain more likely represents a
leaky transform fault. A detailed kinematic deseription of
this evolution remains to be established, and may require
the acquisition of more detailed magnetic and bathymetric
data for the central Nazca plate.
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