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Few studies have addressed directly the 
attenuative properties of oceanic crust (13, 
14), although measurements of attenuation 
provide complementary information on the 
state of crustal material. Spatial variations 
in the levels of seismic attenuation can 
exceed an order of magnitude, much larger 
than those observed for seismic velocities. 
Measurements of attenuation do carry large 
uncertainties. However, they are particu
larly sensitive to the characteristics of re
gions of high attenuation that result from 
high porosities or near-solidus tempera
tures. In this report, we derive a 2-D model 
of compressional-wave (P-wave) attenua
tion across the East Pacific Rise. Our results 
provide constraints on the evolution of 
shallow oceanic crust and on the volume of 
the axial region that contains a significant 
fraction of partial melt. 

The data set for this study comes from an 
active seismic tomography experiment con
ducted at 9°30'N on the East Pacific Rise 
(Fig. 1). A total of 480 well-navigated 
explosive shots of uniform mass (54.5 kg), 
construction, and depth of detonation were 
recorded by 15 accurately located, ocean-
bottom hydrophones and seismometers (6). 
The experiment configuration was designed 
to optimize the resolution of delay-time 
tomographic velocity models (6) within a 
16 by 16 km area of crust centered on the 
rise axis. To obtain an accurate record of 
the source signature and to demonstrate its 
uniformity, we made several mid-water re
cordings of the explosive source. In addi
tion, the instrument response has been 
carefully determined for all of the receivers 
(15). 

Attenuation tomography relies on an 
inversion of measurements of the attenua
tion of waveforms t* for the quality factor Q 
(a physical property whose reciprocal mea
sures anelasticity) with the relation 

The Seismic Attenuation Structure of a 
Fast-Spreading Mid-Ocean Ridge 

William S. D. Wilcock,* Sean C. Solomon,! G. M. Purdy, 
Douglas R. Toomey 

The two-dimensional P-wave attenuation structure of the axial crust of the East Pacific Rise 
was obtained from an inversion of waveform spectra collected during an active-source 
seismic tomography experiment. The structure shows that attenuation near the surface is 
high everywhere but decreases markedly within 1 to 3 kilometers of the rise axis. The 
near-axis variation is attributed to the thickening of the surface basalt layer and possibly 
to in situ changes in porosity related to hydrothermal circulation. High attenuation is also 
observed beneath the rise axis at depths ranging from about 2 kilometers (less than 1 
kilometer beneath the axial magma lens) to the base of the crust. The levels of attenuation 
in this deeper region require at most only a small fraction of partial melt. 



where V is the seismic velocity and the 
integral is along the wave path s. We used 
a spectral technique to estimate t*. The 
power spectrum resulting from propagation 
through the Earth PE is related to the power 
spectrum of the recorded waveform P by 

where Ps and PI are the power spectra of the 
source and the instrument response, respec- 
tively, and f is frequency. If it is assumed 
that the sole frequency-dependent compo- 

Fig, 1. Slmpllfled Sea 
Beam bathymetr~c map 
(1 00-m contour Interval 
bold contours at 200-m 
Intervals) that shows the 
conflguratlon of the East 
Paclflc Rlse selsmlc to- 
mography experiment 
(6) Also shown are the 
positions of 480 explo 
slve shots (small clrcles) 
and 15 ocean-bottom 
receivers that Include 
elght analog ocean 
bottom hydrophones 
(AOBHs) (triangles) flve 
dlgltal ocean-bottom 
hydrophones (DOBHs) 
(squares) and two 
dlgltal ocean-bottom 
selsmometers (OBSs) 
(large clrcles) Solld 
symbols denote the 13 
Instruments for whlch 
t *  data were used In 
the lnverslons Instru- 

nent of seismic propagation is attenuation, 
then PE will decrease exponentially with f 
according to 

1 dln[PEif)l t *  = -- 
2~ df (3) 

We estimated P from a data window that 
was 0.3 or 0.6 s long (16), solved Eq. 2 for 
PE, and estimated t *  according to Eq. 3 
from a least-squares straight-line fit to a plot 
of ln(PE) against frequency. This method 
also yields estimates of the relative uncer- 
tainties in t *  values. 

In practice, the spectral estimates of t *  

include contributions from frequency-depen- 
dent components of propagation other than 

ment numbers identify 1 0 4 0 3 0 ~ ~  1 04°20'W 104"l  OOW 104"OO'W 
the two stations for 
which rise-perpendicular record sections and t *  data are shown in Figs. 2 and 3, respectively. 

W E Fig. 2. (Top) Record section for DOBH 15, 
located 9 km off axis (Fig. I ) ,  for a profile 
orlented perpendicular to the rise. We applied a 
water-path correction (32) to ranges and travel 
tlmes, scaled amplitudes llnearly with range to 
correct for wave divergence, and applied a 
reduction velocity of 7 kmls to the data. La- 
beled solid lines show the approximate arrival 
tlmes of phases Identified with the aid of full- 
waveform, finite-difference solutions (18) and 
ray-theoretical wave paths, Including a direct 
refracted crustal arrival and diffractions above 
(DA) and below (DB) the magma chamber. 
Dashed lhnes show the predicted times of ad- 
dlt~onal arrlvals that cannot be identified with 
certainty in the data Horizontal ticks delimit the 
tlme windows used for spectral estimation of t * ,  
and the vertical dotted line shows the approxl- 
mate location of the rise axis (Bottom) As for 
(top) except that the record section is for AOBH 
1, located 20 km off axis (Flg. 1) 

10 15 2 0 25 30 
Range (krn) 

anelasticity such as scattering, focusing, 
multipathing, reverberations, and phase 
conversions, and so yield measures of appar- 
ent rather than intrinsic attenuation (1 7). 
The effects of multioathing can be mini- - 
mized if one chooses a time window for the 
t *  estimate that is dominated bv a sinele 
arrival. It is essential that the cohect waie 
path be assigned to the t *  estimate. As an 

u 

example, Fig. 2 shows rise-perpendicular 
record sections for two ocean-bottom hydro- 
phones located 9 and 20 km off axis. The 
sections also show the time windows used for 
t *  estimates and the approximate arrival 
times of P phases identified by both full- 
waveform, finite-difference solutions (18) 
and ray tracing for a 2-D velocity model (5). 
For the receiver 9 km off axis (Fig. 2, top), 
the first arrival always passes above the 
magma chamber. However, at ranges greater 
than 11 or 12 km it is a diffracted phase 
whose amplitude decreases rapidly with 

I . . . . . .  I 

, AOBH 1 

g030'N - 

Fig. 3. (Top) Estimates of t *  for centrally locat- 
ed shots recorded by DOBH 15 (solid square). 
Values of t *  are plotted at the shot location as 
filled circles whose diameters increase lhnearly 
with t * .  Symbols for paths that do not cross the 
rise axls or that pass above the magma lens are 
in black and those for diffractions below the 
magma chamber are in gray Instruments are 
Indicated as In Flg. 1 .  (Bottom) Estimates of t * 
for AOBH 1 (located to the west of the area 
shown) both for paths that do not cross the rlse 
axls or that pass above the magma lens (black) 
and for Moho reflections (gray). 
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range, reaclung values similar to those of the 
ambient noise. The first arrival with signifi- 
cant amplitude at such ranges is a diffraction 
below the magma chamber and is character- 
ized by a marked decrease in high-frequency 
energy. Although no other P arrivals are 
clearly apparent at greater ranges, finite- 
difference models (18) suggest that both a 
high-amplitude PP phase, which includes a 
downward reflection off the sea floor near the 
rise axis and a reflection from the Moho, 
may be present. Therefore, a 0.6-s data 
window, which is long enough to include 
the full-source waveform, was used for 

Flg. 4. Results of inversions for an axisymmet- 
ric, 2-D 0-I model. (A) The 1-D starting model, 
derived from an inversion of data from rise- 
parallel paths located 20 km off axis. (B) The t * 
data misfit (normalized to the nominal data 
uncertainties and the number of t*  observa- 
tions) versus the smoothing weight p (20). (C) 
A model of the apparent P-wave 0-I structure 
for p = 100. Examples of the approximate wave 
paths illustrate the spatial sampling. @) As for 
(C) except p = 10. (E) As for (C) except p = 1. 

most estimates of t * .  However, a window 
0.3 s long was used for the difiaction 
beneath the magma chamber to minimize 
possible contributions from later arrivals. 
For the receiver 20 km off axis (Fig. 2, 
bottom), the record section at ranges 
greater than -22 km is dominated by a 
high-amplitude, low-frequency Moho re- 
flection, arriving about 0.2 s after the 
difiaction below the magma chamber. 
Because this time interval is too short for 
us to obtain an unbiased estimate oft* for 
the difiaction beneath the magma cham- 
ber, the t* estimate was obtained for the 
Moho reflection with a window 0.6 s long. 

The low frequencies of diffractions be- 
low the magma chamber and of the Moho 
reflections result in high t* values for these 
phases (Fig. 3). Although the t* estimates 
for waves that do not propagate across the 
rise axis are markedly lower, they are ap- 
preciably larger than zero and appear sub- 
stantially independent of range, a charac- 
teristic that requires seismic attenuation off 
axis to be concentrated in the u~wrmost . . 
crust. The data also commonly show a 
significant decrease in t* values for shots 
located near the rise axis. 

The inversion of t* data for Q-' struc- 
tures requires knowledge of both the veloc- 
ity structure and the wave paths. We used 
the nodal velocitv model obtained bv travel 
time tornograph; (6) and extended i t  from 
depths of 5 to 8 km using a 2-D velocity 
model (5). Exact ray theory does not yield 
stable paths for many of the diffractions 
above and below the magma chamber, 
whereas the limited constraints on deeper 
velocitv structure do not warrant the calcu- 
lation Af precise paths for the Moho reflec- 
tion. We therefore used a modified version 
of the approximate ray-tracing algorithm 
used in the delay-time tomography (1 9). 
The resulting wave paths (Fig. 4, C to E) 
are generally good approximations of those 
deduced from ray theory and finite-differ- 
ence calculations (18). For the phase dif- 
fracted beneath the magma chamber, the 
finite-difference solutions show that the 
wave is guided by the low-velocity region in 
and beneath the magma chamber. The 
waves propagate in this region between 
depths of 1.5 and 3 km before being strong- 
ly difiacted on the far side of the low- 
velocity region. We chose a depth beneath 
the rise axis of 2 to 2.5 km for this phase, a 
value that lies near the middle of the 
observed range of propagation depths in the 
finite-difference models and that is similar 
to that of an unstable exact ray path. 

The t* data set to be inverted comprises 
nearlv 4000 waveforms recorded bv 13 in- , . 
struments. From the patterns in the data 
(Fig. 3). we chose to invert the observa- 
tions for an axisymmetric, 2-D model. We 
calculated parameters for the attenuation 

structure using linear interpolation between 
values at nodes s~aced 0.5 to 1.0 km aDart 
in a rectangular grid that was sheared ver- 
tically to conform with the sea floor. To 
ensure that the final model did not include 
physically unrealistic negative values for Q, 
the model was parameterized in terms 'of 
ln(Q-I), a procedure that sacrificed the 
linearitv of Eo. 1. Constant t* corrections 
for each receiver were also included in the 
inversion to account for local variations in 
structure beneath the receiver and for errors 
in the instrument responses. A smoothest 
model solution (20) was sought to the 
discrete version of Eq. 1. 

The starting model (Fig. 4A) included 
average Q values of less than 50 in the 
uppermost 1 km and a constant Q of 500 
below 3 km depth and was derived from a 
1-D inversion of t* estimates for shot- 
receiver pairs located 20 km off axis. Be- 
'cause the absolute uncertainties in t* are 
not well known, an entirely objective 
choice of the smoothing weight p., which 
reflects the relative importance of the mod- 
el smoothness versus data misfit, cannot be 
made (Fig. 4B). The smoothest solution 
(Fig. 4C) lies at a point where the data 
misfit decreases rapidly with decreasing p., 
whereas the data misfit for the roughest 
solution (Fig. 4E) is little changed from 
that of smoother solutions. The intermedi- 
ate solution (Fig. 4D) might be considered 
preferable because it lies close to the point 
at which further reductions in p. no longer 
produce significant reductions in the data 
misfit. The variance reduction achieved by 
this solution is about 55% for all paths and 
nearly 75% for paths crossing the rise axis. 

A marked feature common to all three 
solutions is the pronounced decrease in 
near-surface attenuation near the rise crest. 
In addition, the solutions show a region of 
low Q at depths greater than 2 km beneath 
the rise axis. This feature is not fully devel- 
oped in the smoothest solution (Fig. 4C) 
because of the greater uncertainties associ- 
ated with high t* values. Complexities in 
the roughest solution (Fig. 4E) reflect the 
distribution of wave paths and are not well 
resolved because of the uncertainties asso- 
ciated with the velocity structure and wave 
paths in the lower crust. 

Average Q values in the uppermost crust 
off axis are about 35, whereas the value on 
the axis doubles to about 70. In the inver- 
sion solutions, the anomalous region ex- 
tends 2 to 3 km off axis, but, because 
smoothing broadens tbe anomaly, this 
width represents only an.hpper bound. The 
requirement that Q remain positive con- 
strains the anomaly to extend at least 1 to 
1.5 km off axis, a value in good agreement 
with the width of the axial high-velocity 
anomaly deduced from refraction experi- 
ments on the sea floor (1 1). Earlier workers 
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Fig. 5. Schemat~c cross Hydrothermal Sea floor 
section of the East Pa- circulation I Highly 
cific Rise with a geolog- 
ical interpretation of the 
low-Q anomalies. The 
increase in near-sur- 
face attenuation off axis 
is attributed to an in- 
crease in the thickness 
of basalts and to the 
effects of hydrothermal 
circulation. A small up- 
per crustal magma lens 
is required by other 
data (2, 5, 9) but 1s not 
imaged in the Q-' in- 
versions, This lens and 

any underlying region 
of high melt fraction or 
crystal mush (12) must 
be confined to the small 
area centered beneath 
the rise ax~s at 1 to 2 km Moho transition 

depth that IS devoid of 
wave paths (Fig. 4, C to E). An extensive low-Q region, whose preclse shape IS not well resolved, 
underlies the magma chamber and extends at least to the base of the crust. Here Q values are 
primarily the result of elevated temperatures, although the reglon may conta~n a small fraction of 
partial melt. 

have suggested that the evolution in upper- 
crustal properties may result from either in 
situ changes in porosity that come from 
faulting (10) or from constructional thick- 
ening off axis of a basaltic layer with high 
porosity (6). Two observations support the 
second hypothesis. First, the narrow axial- 
summit graben observed in the area (2 I ) ,  
coupled with models of mid-ocean ridge 
magmatism (22), suggests that the basalt 
layer is relatively thin at the rise axis (6). 
Second, the depth of a seismic reflector 
interpreted as the base of a surface basalt 
layer increases from between 100 and 200 m 
on axis to between 300 and 600 m off axis 
(1 1, 23, 24), whereas the thickness of 
underlying units remains constant (23). 
Thickening alone may not explain fully the 
change in attenuation, however, because Q 
values in the thickening layer would need 
to be 10 to 20, a range that is lower than 
near-surface values of 20 to 50 measured 
directly near the Juan de Fuca Ridge (13). 
Thus, in situ processes may also contribute 
to attenuation changes. Because large faults 
develop several kilometers off axis and show 
increased throws to distances of at least 20 
km off axis at this location (25), faulting is 
unlikely to account for such rapid changes. 
It is more likely (Fig. 5) that increased 
attenuation in the upper 1 km off axis is 
related to high levels of hydrothermal cir- 
culation (21).  Off axis, cool downflowing 
fluids induce cracking of host rocks and thus 
increase porosity (26), whereas hot fluids 
that ascend along the axis will heat the 
surrounding rocks and may reduce preexist- 
ing porosity both by thermal expansion 
(27) and by the rapid deposition of hydro- 

thermal minerals (28). If there is also an 
increase off axis in the spatial variations in 
porosity on the scale of a seismic wave- 
length (-100 to 500 m),  the observed 
increase in attenuation may include a con- 
tribution from scattering by velocity heter- 
ogeneities. 

Although Q cannot be imaged in or 
immediately adjacent to the magma lens 
because of the absence of wave ~ a t h s  in this 
region, low axial Q values of 20 to 50 are 
resolved at depths ranging from -2 km to 
the base of the crust. Such values uresum- 
ably result from elevated temperatures and 
possibly the presence of partial melt associ- 
ated with magmatic injection. Because Q 
may be strongly frequency-dependent, 
quantitative interpretation necessitates lab- 
oratory measurements not only at the ap- 
propriate compositions, temperatures, and 
pressures but also at seismic frequencies. 
Although no experiments to date fully sat- 
isfy these requirements, torsional oscilla- 
tion measurements on basalts and gabbros 
(29) have been obtained at seismic frequen- 
cies, ambient pressure, and temperatures up 
to or just above the solidus. For a ratio of 
P-wave Q to S-wave Q of 2.25 (30), the 
results suggest that as temperature increases 
by several hundred degrees to the solidus, 
Qp at 10 Hz decreases from 500 to 1000 to 
approximately 20 to 40 at the solidus. 
Because the latter range overlaps the lowest 
values imaged in the axial low-Q zone and 
Q can be expected to decrease further in 
the presence of partial melt (3 1 ) , the labo- 
ratory data (29) suggest that the inversion 
results require at most only a few percent 
partial melt (Fig. 5). Because the diffrac- 

tions below the magma chamber pass with- 
in 1 km of  the roof of the magma lens (Fig. 
4, C to E), the results constrain the magma 
chamber, shown schematically in Fig. 5 to 
include the magma lens and an underlying 
crystal mush zone (12), to have a thickness 
of less than 1 km. Therefore, models of 
oceanic crustal generation must account for 
the efficient delivery of melt through the 
lower crust to a small upper crustal magma 
chamber. 
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Photoinduced Electron Transfer from a Conducting 
Polymer to Buckminsterfullerene 

N. S. Sariciftci, L. Smilowitz, A. J. Heeger, F. Wudl 
Evidence for photoinduced electron transfer from the excited state of a conducting polymer 
onto buckminsterfullerene, C,,, is reported. After photo-excitation of the conjugated poly- 
mer with light of energy greater than the r-rr* gap, an electron transfer to the C,, molecule 
is initiated. Photoinduced optical absorption studies demonstrate a different excitation 
spectrum for the composite as compared to the separate components, consistent with 
photo-excited charge transfer. A photoinduced electron spin resonance signal exhibits 
signatures of both the conducting polymer cation and the C,, anion. Because the pho- 
toluminescence in the conducting polymer is quenched by interaction with C,,, the data 
imply that charge transfer from the excited state occurs on a picosecond time scale. The 
charge-separated state in composite films is metastable at low temperatures. 

Photoinduced electron transfer has been 
extensively investigated in physics, chem- 
istry, and biology (and in the interdiscipli- 
nary areas of overlap between the tradition- 
al discinlines) because of fundamental in- 
terest in the photophysics and photochem- 
istry of excited states in organic molecules 
and because such studies provide a synthet- 
ic approach to a deeper understanding of 
solar energy conversion in green plants (1). 
A basic description of intramolecular or 
intermolecular nhotoinduced electron trans- 
fer is as follows: 

Step 1, excitation on  D: 

Step 2, excitation delocalized on the 
D-A complex: 

lnsttute for Polymers and Organic Sol~ds, Unversity of 
California, Santa Barbara, CA 93105 

Step 3, charge transfer initiated: 
1 , 3 ( ~ - ~ ) *  1 , 3 ( ~ 8 + - ~ 8 - ) *  

Step 4, ion radical pair formed: 
1,3(~8+-AS-)* -+ 1 , 3 ( ~ + - - ~ - - )  

Step 5, charge separation: 
l . j (~+'-A- ' )  -+ D+' + A-' 

In these equations the donor (D) and 
acceptor (A) units are either covalently 
bonded (intramolecular) or spatially close 
but not covalently bonded (intermolecu- 
lar); 1 and 3 denote singlet or triplet 
excited states, respectively. At  each step, 
the D-A system can relax back to the 
ground state either by releasing energy to 
the "lattice" (in the form of heat) or by 
emitting light (provided the radiative 
transition is allowed). Permanent changes 
that may occur from ion radical reactions 
beyond step 5 are not considered here, 

even though their importance in photo- 
cherllical reactions has been established. 
The  electron transfer (step 4) describes 
the formation of an ion radical pair; this 
does not occur unless lo* - AA - UC < 0, 
where I,, is the ionization potential of the 
excited state (D*) of the donor, A, is the 
electron affinity of the acceptor, and Uc is 
the Coulomb enerev of the senarated rad- -, 

icals (including polarization effects). The  
charge separation (step 5) can possibly be 
stabilized by carrier delocalization on  the 
D+ (or A p )  species and by structural 
relaxation. 

The possibility of using such charge sep- 
aration in molecular infonnation storage and 
optoelectronics has been suggested (2). Do- 
nor-bridge-acceptor-type "supemolecules" 
have been proposed as bistable "molecular 
infbrmation storage units," in which the 
separated ion radical pair state is visualized as 
one logic state and the ground state is the 
second logic state (3). For intrarllolecular 
photoinduced electron transfer, the require- 
ments on the sDacer between the donor and 
acceptor units are important (and demand- 
ing); for metastability, the molecular orbitals 
of the D and A components must be decou- 
pled so as to retard the back electron transfer 
process (4-6). 

The discovery of conducting polyrllers 
and the ability to dope these polymers over 
the full range from insulator to metal have 
resulted in the creation of a class of new 
materials that corllbines the electronic and 
optical properties of serniconductors and 
illetals with the attractive mechanical prop- 
erties and processing advantages of poly- 
mers (7). Moreover, the ability to control 
the energy gap and electronegativity 
through molecular design has made possible 
the synthesis of conducting polyrllers with a 
range of ionization potentials and electron 
affinities (7-9). The extended T-ixbitals of 
conjugated polymers result in a quasi-one- 
dimensional electronic structure with asso- 
ciated novel nonlinear excitations (soli- 
tons, polarons, bipolarons) (7-1 4 ) .  The 
unique combination of electronic, electro- 
chemical, and mechanical properties of 
these synthetic metals and serlliconductors 
plus the ability to expand the class of 
illaterials and control their properties 
through rational chemical synthesis have 
made conjugated polymers a promising field 
of interdisci~linarv research. 

As a new fc>rm of carbon, buckminster- 
fullerene, C,,, has generated considerable 
recent interest in  the scientific community 
(15-17). This molecule is an excellent 
electron acceptor capable of taking on  as 
many as six electrons (1 8, 19) ; C60, there- 
fore, forills charge transfer salts with a 
variety of strong donors. The  discovery of 
important solid-state properties in such 
charge-transfer salts of C,, has opened 
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