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Observations of the dispersion of 
Rayleigh waves indicate that there is 
significant heterogeneity in the struc- 
ture of the upper mantle beneath the 
Pacific Ocean (1). The heterogeneity 
is sufficiently well correlated with litho- 
spheric age for this to form the most 
appropriate basis for inversion of the 
observations at this time. In a sense, 
the use of lithospheric ages provides 
one coordinate of a system for the 
Pacific Ocean. In the absence of any 
theory for the variation of dispersion 
in the Pacific, we see no particular 
reason to use surface harmonic or poly- 
nomial expansions of observations (2) 
or indeed to use functions of any co- 
ordinate system obtained from geo- 
graphical considerations as a basis for 
inversion. 

The geophysical inverse problem is 
a search for a certain class of models; 
specified mathematical operations on 
these models yield a set of values which 
fit the observations within a specified 
accuracy (3). Two methods of analy- 
sis can be considered for the inverse 
problem. In the most popular proce- 
dure, the observations of dispersion on 
paths crossing a large area are decom- 
posed into regional dispersion relations, 
which can then be inverted to give 
local structure (2, 4, 5). However, this 
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procedure may mask the fact that mod- 
els constructed for one region depend 
interactively on models constructed for 
other regions. The construction of re- 
gionalized dispersion curves may gen- 
erate a data base with apparently more 
degrees of freedom than are present in 
the original data set. In the case of a 
system with only 5 degrees of free- 
dom in the original dispersion data, one 
would not be able to adjust the 16 
parameters of lid and channel thickness 
and velocity in each of four geographic 
regions independently; however, the 
construction of regionalized dispersion 
curves from the original data set might 
give the illusion that 4 degrees of free- 
dom were present in each of the dis- 
persion curves. 

Table 1. Regionalized lithospheric ages and 
lengths of paths. 

Average Total 
Region age (million path length 

years) (km) 

1 150 26309 
2 120 18716 
3 100 60716 
4 70 34872 
5 50 44884 
6 30 39455 
7 15 19295 
8 5 23278 
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In the method of analysis we used, 
the dispersion measurements are in- 
verted directly into regional upper 
mantle structures; the interplay of re- 
gional structural parameters is adjusted 
so that the sums of the phase delays 
across each region match the observa- 
tions in an appropriate manner. The 
regional dispersion relations can then be 
derived from the regional structure. 

We used a subdivision of the Pacific 
Basin into eight zones, each having a 
different value of lithospheric age (6) 
(Table 1), plus a ninth zone which 
represents the marginal seas behind 
island arcs. The first eight regions rep- 
resent a subdivision of the tectonic his- 
tory of the upper mantle of the Pacific 
from ridge to trench. The input data 
were 182 Rayleigh wave phase veloci- 
ties, sampled at selected periods from 
30 seconds to the longest periods avail- 
able, for 31 paths; the longest period 
used was 190 seconds. The total length 
of the paths traversing each age region 
is given in Table 1. Since a significant 
fraction of the total path length is spent 
in region 9, independent measurements 
were made of phase velocities for four 
paths wholly in the marginal seas and 
were used to correct the phase veloci- 
ties for the 31 paths in the eight regions 
(7). Corrections to the phase velocities 
were 5 0.02 km/sec. Each phase veloc- 
ity measurement was weighted in the 
inversion according to the total path 
length and period, the longer path 
lengths and shorter periods having the 
greater weighting factors. 

We report results for five related 
numerical inversion experiments, which 
differ in the nature of the constraints 
used in parameterizing the models. 
Certain features of the parameteriza- 
tion were preserved in all five experi- 
ments. The crust and upper mantle 
were divided into a small number of 
layers: the water layer, the crust in- 
cluding sediments, the lid to the low- 
velocity channel, the low-velocity chan- 
nel, and the subchannel regions. Below 
the subchannel, and beginning at a 
depth of ~ 450 km, there is a standard 
platform (8). The lithosphere consists 
of the crust and the lid, and the as- 
thenosphere is taken to be the low- 
velocity channel. In each region the 
thickness of crust and depth of water 
were chosen to match best local esti- 
mates. The P-wave velocities (Vp) and 
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Variations of Upper Mantle Structure under the Pacific Ocean 

Abstract. The inversion of Rayleigh wave dispersion data for the Pacific Ocean 
shows that lithospheric thickness increases systematically with age. The lid to the 

low-velocitt channel is very thin or absent near the ridge crest; the low-velocity 
channel may be absent in the oldest parts of the ocean. 
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Fig. 1. Variation of upper mantle structure as a function of lithosphe-ic age for the 
second inversion. Depths are measured from the top of the lithosphere. Region numbers 
are shown beneath the age scale. 

were allowed to vary or were specified. 
To reduce the number of parameters 

involved in the inversion, only the up- 
per mantles under regions 1, 3, 6, and 
8 were parameterized. The structures 
in 2, 4, 5, and 7 were derived from 
those in the adjoining regions by a 
linear interpolation by age on the val- 
ues in regions 1, 3, 6, and 8. This pro- 
cedure is a compromise between de- 
tailed spatial resolution and the small 
number of structural parameters con- 
sistent with our data. 

In the first inversion experiment, Vs 
in the lid was fixed at 4.6 km/sec. The 
depth to the channel-subchannel inter- 
face was fixed at 1 80 km below sea level 
with a subchannel V4 of 4.55 km/sec 
(8). The eight parameters used in this 
inversion were the depth from sea level 
to the, lid-channel interface and the 
channel velocity in each of the four 
regions. 

A least-squares fit to the input data 

provides a starting structure for a sub- 
sequent detailed inversion. The eight- 
parameter analysis gave a model in 
which the lithospheric thickness in- 
creased monotonically with age; Vs in 
the channel varied between 4.0 and 
4.2 km/sec in a nonmonotonic way. 
This range of channel velocities was 
considered sufficiently narrow that 
we fixed the channel velocity at 4.1 

km/sec in the remaining four numeri- 
cal experiments. 

In the second experiment, V, in the 
lid, channel, and subchannel was fixed 
at 4.6, 4.1, and 4.55 km/sec, respec- 
tively, and the depth to the channel- 
subchannel interface was fixed at 180 
km as before. The results of the least- 
squares fit to the data for this four- 
parameter experiment is shown in Table 
2, along with a list of the other param- 
eters used in the analysis. An Edge- 

hog analysis (9) gave the error esti- 
mates for the four variable lid thick- 
ness parameters as well as the four 
interpolated lid thicknesses. The least- 
squares fit and the maximum range of 
these thicknesses are shown in Fig. 1. 
The error bars give the extreme values 
of a regional lid thickness if all four 
parameters are allowed to vary simul- 
taneously. 

The most striking result is that the 
thickness of the lithosphere in the Pa- 
cific Basin grows from a few kilometers 
in region 8 to well over 100 km in the 
oldest parts. The span of models in- 
cludes some in which the low-velocity 
channel disappears completely beneath 
the oldest parts, and thus we cannot 
say whether a low-velocity channel is 
present in region 1. 

The large error bars in region 1 are 
due to at least two effects; the relatively 
short overall path length in this region 
and the dependence of the determina- 
tion of deep structures on increasingly 
sparse and uncertain long-period mea- 
surements. In addition, the almost zero 
thickness of lithosphere in the neigh- 
borhood of the ridges may be a conse- 
quence of assuming a chahnel velocity 
of 4.1 km/sec for this region; if the 
channel velocity were as low as 3.9 or 
4.0 km/sec, values which have been 
suggested (5, 10), then a high-velocity 
lid about 10 to 20 km thick might be 
appropriate. 

Our result shows that the lid grows 
rapidly in the first 30 million years after 
its formation, then thickens more gradu- 
ally, and then apparently grows at an 
increasing rate again after 100 million 
years. The division into three straight- 
line segments in Fig. 1 is arbitrary, and 
a smooth curve would probably be 
more plausible. We cannot resolve the 
nature of the corners at 30 and 100 
million years any better than we have. 
An increase in the number of param- 
eters corresponding to an increase in 

Table 2. Regional models. 

Layer thickness (km) in region Density V, V 
Layer 

1 2 3ay 4 5 6 7 8 (g/cm3) (km/sec) (km/sec) 1 2 3 4 5 6 7 8 

Water 5.8 5.8 5.8 5.4 5.1 4.4 3.8 3.1 1.03 1.52 0 

(Sediment 0.3 0.3 0.3 0.2 0.2 0.1 0.1 0 2.00 1.65 1.00 
Crust 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 2.60 5.15 3.00 

4.7 4.7 4.7 4.7 4.7 4.7 4.7 4.7 2.90 6.80 3.90 

Lid 135 103 81 68 60 51 23 3 3.40 8.10 4.60 

Channel 33 65 87 100 109 118 147 168 3.40 7.60 4.10 
Subchannel 275 275 275 275 275 275 275 275 3.50 8.20 4.55 

250 250 250 250 250 250 250 250 3.96 9.80 5.40 
Deeper 150 150 150 150 150 150 150 150 4.21 10.00 5.90 

mantle o00 00 00 00 o0 00 00 00 4.95 11.48 6.38 

I I I 
1 2 3 

.._ --..._ ...._ . . . . . ... _ _ _ 

Lithosphere 

Asthenosphere 
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the number of chronologic regions mere- 
ly increases the size of the error bars. 

Hart and Press (11) have proposed 
that in the Atlantic the velocity of Sn, 
the S-wave in the lid, varies with age, 
being 4.58 km/sec in the regions 
younger than 50 million years and 4.7 
km/sec in the regions older than 50 
million years. At the epicentral dis- 
tances used by Hart and Press, Sn trav- 
els at the highest S-wave velocity within 
the lid. If the S-wave velocity increases 
with depth in the lid, the body wave 
observations can be explained while 
preserving the notion of a constant 
S-wave velocity at the same depth 
throughout the basin. In our third ex- 
periment we allowed the lid density, Vp, 
and Vs to be linear functions of depth 
in the lid; the same set of relations was 
used for the entire Pacific. The increase 
of properties with depth was abruptly 
truncated by the start of the channel. 
The properties of the channel and sub- 
channel were as before. The gradient 
of Vs in the lid was adjusted to match 
the values quoted by Hart and Press 
for the bottom of the lid at 25 and 75 
million years. The results of the least- 
squares inversion gave only small 
changes from the result of Fig. 1. In 
the youngest region, the lid is so thin 
that a new lid velocity does not affect 
the thickness. At 50 million years (re- 
gion 5), the average lid velocity is 4.6 
km/sec, as in the preceding calculation, 
and the thickness is the same as in Fig. 
1. In any case, the new least-squares 
fit lies well within the error bars of 
Fig. 1. 

In the fourth calculation, we tested 
the assumptions regarding the channel- 
subchannel interface. We continued to 
assume that the depth to this interface 
is a constant throughout the Pacific; to 
make this depth a separate variable in 
each of the four regions leads to un- 
stable solutions. The other parameters 
were fixed as before. A least-squares 
fit to the five-parameter system (four 
lid ,thicknesses and the depth to the 
subchannel) gave a depth to the sub- 
channel of 175 km, virtually identical 
with the constrained estimate of the 
second calculation (180 km). 

In the fifth inversion experiment we 
raised V,^ in the subchannel to 4.75 
km/sec, with the other parameters fixed 
as in the fourth calculation. The result- 
ing five-parameter fit gave a depth to 
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values. Thus, an increase in the sub- 
channel velocity can be balanced by a 
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thicker channel and a thinner subchan- 
nel without significant change in lid 
thicknesses. 

Raitt (12) has stated that anisotropy 
may be present in the upper mantle of 
the central Pacific. There is also infor- 
mation bearing on this point from sur- 
face waves crossing the Nazca plate in 
a relatively dense pattern of paths (5). 
Unfortunately, with the present data 
we cannot distinguish between anisot- 
ropy and a more detailed regional vari- 
ation in structure. The introduction of 
anisotropy (or additional isotropic lay- 
ers) as an additional model parameter 
could not worsen the fit, but would 
lead to increased instability in the solu- 
tion. 

Inversions of these surface wave ob- 
servations are incapable of giving si- 
multaneous determinations of lid and! 
channel velocity and thickness, plus 
anisotropy, as a function of age. How- 
ever, any reasonable assumption leads 
to the result that the lid is very thin or 
absent near the ridge crest. The lid 
must thicken with age, reaching a 
thickness of about 60 km after 50 mil- 
lion years and about 85 km after 100 
million years. After this age the lid 
continues to grow, although the thick- 
ness we get depends sensitively on the 
assumptions we make. 

ALAN R. LEEDS* 
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Institute of Geophysics and Planetary 
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Unfortunately, with the present data 
we cannot distinguish between anisot- 
ropy and a more detailed regional vari- 
ation in structure. The introduction of 
anisotropy (or additional isotropic lay- 
ers) as an additional model parameter 
could not worsen the fit, but would 
lead to increased instability in the solu- 
tion. 

Inversions of these surface wave ob- 
servations are incapable of giving si- 
multaneous determinations of lid and! 
channel velocity and thickness, plus 
anisotropy, as a function of age. How- 
ever, any reasonable assumption leads 
to the result that the lid is very thin or 
absent near the ridge crest. The lid 
must thicken with age, reaching a 
thickness of about 60 km after 50 mil- 
lion years and about 85 km after 100 
million years. After this age the lid 
continues to grow, although the thick- 
ness we get depends sensitively on the 
assumptions we make. 
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Since the reports (1) that d- and l- 
quartz are capable of adsorbing optical 
enantiomers to different extents have 
recently been called into question (2), 
we have undertaken to investigate the 
possible "asymmetric adsorption" of 
amino acids by d- and I-quartz; we 
have used a novel technique that does 
not depend (as have earlier studies) on 
the polarimetric measurement of opti- 
cal activity (3). We measured the 
radioactivity of very dilute (about 
10-5M) solutions of 14C- and 3H- 
labeled D- and L-alanine in anhydrous 
dimethylformamide (DMF) before 
and after equilibration with dried, 
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powdered d- and /-quartz samples. The 
difference in radioactivity count before 
and after exposure to the quartz then 
provided a direct measure of the frac- 
tion of the total alanine adsorbed, and 
the variation in the fraction adsorbed 
for the D- versus the L-alanine likewise 
afforded an indication of any asym- 
metric bias in the adsorption process. 
Two typical experiments with both d- 
and /-quartz (4), with results shown 
in Table 1, were conducted as follows. 
A dried" sample of radioactive alanine 
hydrochloride was dissolved in sufficient 
anhydrous DMF (dried by molecular 
sieve; water content about 26 parts per 

143 

powdered d- and /-quartz samples. The 
difference in radioactivity count before 
and after exposure to the quartz then 
provided a direct measure of the frac- 
tion of the total alanine adsorbed, and 
the variation in the fraction adsorbed 
for the D- versus the L-alanine likewise 
afforded an indication of any asym- 
metric bias in the adsorption process. 
Two typical experiments with both d- 
and /-quartz (4), with results shown 
in Table 1, were conducted as follows. 
A dried" sample of radioactive alanine 
hydrochloride was dissolved in sufficient 
anhydrous DMF (dried by molecular 
sieve; water content about 26 parts per 

143 

Asymmetric Adsorption of Alanine by Quartz 

Abstract. Radioactive D- and L-alanine hydrochloride in 10-5 molar dimethyl- 
formainide solution was adsorbed by d- and 1-quartz to the extent of 20 to 30 
percent, as shown by radioactivity loss. d-Quartz preferentially adsorbs D-alanine 
and 1-quartz adsorbs L-alanine. The extent of asymmetric preferential adsorption 
is about 1.0 to 1.8 percent, at the 99.9 percent confidence level. 
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