
However, the partitioning of the waveforms 
in our data set increases the variance of the 
observations, currently limiting the ability 
of this approach to resolve lateral variations 
in scattering strength. 
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Seismic Evidence of Partial Melt Within a 
Possibly Ubiquitous Low-Veloci ty Layer at the 

Base of the Mantle 
J. Revenaugh* and R. Meyer 

Three source regions show evidence of a low-velocity layer that is less than 15 kilometers 
retca Parrlval. Othersesmc phases, Including SS, thick on top of-the core-mantle boundary and require about a 3:l ratio of shear-to- 
SP, and SPP, overlap a portion of the tme-dstance 
window which the precursors were H o w  compressional velocity reduction, which is consistent with partial melt. Layer thickness 
ever, these phases have a dfferent move-out and are IS correlated with travel time residuals of the seismic phases that are most sensitive to 
notconsstenty 0bse-w at highfrequences (77) be- the lowermost mantle velocity. These observations suggest that the layer is thinned 
cause of the high attenuaton of the S phase. 

13, Elghty-nine percent of the CMB is of a beneath downwellings but is present everywhere along the core-mantle boundary. Low 
PKKP underside CMB reflection ~ ~ ~ ~ t .  However, viscosity accompanying partial melt can localize the upwelling of warmed mantle, making 
83Oh of the reflect~on points are /n the Southern 
Hemsphere, due to a concentration of seismic sta- 
tons in the Northern Hemsphere. 

14. E. R. Kanasewch, T,me Sequence Anaiysis in Geo- 
physics (Univ, of Alberta Press. Alberta. Canada, 
1981). 

15. We subtracted the average noise from a 60-s win- 

dow starting 140 s before the PKKPbc arrval. S h f -  
ing the noise window to a t m e  that overlaps w ~ t h  the 
precursory wave tran changes the precursors' zero 
offset but not their shape. 

16. The maxlmum amplitude was taken from the pro- 
cessed trace In a 15-s window stariing at the theo- 
retical PKKPbc arrval tme.  

17. The weght assigned to a processed trace was de- 
fined as the ratlo of the maximum value found in a 
s~gnal window to that taken In a noise w~ndow.  An 
Incorrect choce for the pos~ton of the noise window 
can bas  the amptude of the precursors, highghtng 
the importance of the P-wave test (Fig. 2C) A gap 
between the end ofthe nose window and the start of 
the reference phase will falsely amplify the observed 
precursors by -5%. Ths wasverified n stacks usng 
P a s  a reference phase Afase precursory wave tran 
was imaged, for d~stance ranges w~ th  poor STN. 
when usng a nose wndow ending 50 s before the P 

the low-velocity layer a plausible source of mantle plumes. 

R e c e n t  seismic work has mapped several 
anolnalously slow regions of the lowerlnost 
mantle, taking the form of an ultra-low- 
velocity layer 540 km thick on top of the 
core-mantle boundary (CMB) ( 1 ,  2). P 
wave velocity (v,) within the layer is as 
much as 1046 lower than that of the over- 
lying mantle. Partial melt offers an expla- 
nation of the layer (3)  and predicts a 30% 
shear wave velocity (v,) drop within the 
layer ( 3 ,  4). Because the CMB approxi- 

mates an isotherm, this hypothesis also pre- 
dicts layer ubiquity in the absence of sub- 
stantial colnpositio~~al heterogeneity. W e  
tested these predictions by searching for 
reflections from the layer in seislnograms 
recorded by California regional arrays. 

PCP, the high-frequency compressional- 
wave reflection from the CMB, is often used 
to study the detailed structure of the bound- 
ary (5). Its typically low signal-to-noise ratio 
necessitates the use of array data to avoid . . 

misinterpretation of noise as an a~lo~nalous 
J. Revenaugh, Institute of Tectonics. University of Calfor- 
nia, Santa Cruz. CA 95064. USA. structure. Precursors to PCP due to reflection 
R. Meyer. Department of Geoogcal Sciences, Universty or scattering from lowermost mantle struc- 
of Cafornia, Santa Barbara, CA 93106, USA tures are further buried in noise (2,  6).  T o  
"To whom correspondence should be addressed. detect them and measure their amplitude 
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Fig. 1. Mercator projec- 
tion showing the earth- 
quakes (triangles), sta- 
tions of the California re- 
gional seismic networks 
(inset; dots), and outlines 
of bins used to stack 
the CMB bouncing PCP 
phases, each contain- 
ing an average of 512 
bounce points. 

and phase, we used a stacking algorithm 
that, unlike traditional and double-beam 
forming (7), presupposes a target phase. Here 
that phase is PdP, a PCP-like reflection from 
a lower mantle discontinuity. 

Defining 7; as the travel time of P for 
the ith event recorded by the jth station and 
~fl"" (d) as the arrival time of PdP reflected 
$om' a' discontinuity at depth d (8), we 
obtained the stack from 

R(d) = C . 2 . Sij [T, + 7idP (d) - T;] (1) 
L I 

where the 'seismograms Sij(t) (where t is 
time) are aligned with P at time T~ and R is 
the mean reflector strength (9). When the 
source and receiver arrays are small and the 
paths of P and PdP are similar, the amount 
of stack degradation due to travel time het- 
erogeneity is small. As used here, both ar- 
rays are large, and the paths of P and PdP 
diverge by as much as 1000 km. To reduce 
the effect of incoherence on the stack, we 
summed wave forms in small PdP bounce- 
point bins that measure 2' to 6' on a side 
(Fie. 1). Once obtained. these bin stacks . - ,  
were aligned on peak amplitude and summed 
to produce a final composite stack. Align- 
ment on peak amplitude is justified by the 
consistency of stack shape and the small 
dispersion of peak amplitude depths (<20 
km, equivalent to travel time shifts of <1 s). 
Bins with fewer than 150 hits or poorly 
defined peaks were not summed. Modeling 

with randomly time-shifted synthetic data 
suggests no more than 20.6 s of remaining 
travel time variability. 

For the Tonga-Fiji (TF) subduction 
complex, a peak above the 95% confidence 
level in the lowermost mantle was identi- 
fied as PCP, and a precursory shallower 
trough was identified as a reverse-polarity 
reflection (the sign opposite of P and PCP) 
from a discontinuity about 14 km above the 
CMB (Fig. 2A). A precursor is needed to 
explain the stack because, although the 
stacked synthetic PCP wave form is slightly 
asymmetric (1 O), the magnitude of the shal- 
low trough is much less than observed and 
it is not possible for us to mimic the trough 
simply by summing variably delayed PCP 
phases. This is consistent with a previous 
studv of this region that modeled wave - 
forms for two nearly co-located events in- 
cluded in our data set (2). The ~rimarv . , 
difference between our results and those of 
(2) is in the peak stack amplitude, which is 
only 2.5% of P in this study. We take this as 
evidence of stack degradation due to travel 
time heterogeneity. 

Peak PCP amplitude depths range from 
27 to 11 km below the CMB in the five bin 
stacks for events in TF (Fig. I), signifying a 
delayed PCP arrival and lower-than-average 
velocities in D", the lowermost 200 to 300 
km of the mantle (Fig. 2B). Peak aligned 
stack amplitude is increased over that of the 

o"w - - 2 -0.02 
al 
u 3 -004 PdP .- .- - 

C 

0.00 

-0 02 
PdP 

-60 40 -20 0 20 40 6 0 6 0 4 0  -20 0 20 40 60 

Height above CMB (km) 

Fig. 2. (A) Stack of 5509 seismograms for events 
in the TF subduction complex for target reflectors 
in the lowermost mantle (solid line). Only a single 
midpoint bin was used, which ignored structural 
variation near the bounce points of PdP. Gray 
shading denotes 95% confidence intervals of the 
data stack as determined by the bootstrap meth- 
od. Synthetic stack (dashed line) contains only 
PCP arrivals. (B) As in (A), except that data were 
separately stacked in five 3" by 3" bounce point 
bins and aligned before final stacking. (C) Binned 
stack of 2892 seismograms of events in the IJK 
subduction complex. (D) Binned stack of 1607 
seismograms of events in SA. Note the normal- 
polarity, closely spaced precursor to PCP (arrow). 

nonbin stack, and there is noticeable com- 
paction of the stack peaks, which indicates 
reduction in travel time variability due to 
binning. 

To estimate the mean depth, reflection 
coefficient, and remaining travel-time vari- 
ability of PCP and the precursory PdP phase, 
20,000 Monte Carlo synthetic data sets 
were generated, stacked, and compared 
with the observed stack. For PCP and PdP, 
there exist trade-offs between R and the 
travel-time variability (a) (1 1). There is 
also a trade-off between R and the thickness 
of the layer [the low-velocity layer (LVL)] 
separating the CMB from the PdP reflector 
(H,) because PCP and PdP are separated 
in time by less than the dominant period 
(-1 s). Models were accepted if they ac- 
counted for greater than 80% of stack vari- 
ance, a value chosen with reference to the 

Table 1. Means, standard deviations, and ranges of the adjustable parameters for the acceptable model subset. 

Source Events Records PCP PdP 

region (4 (n) HLM (km) 
d (km) R t~ (s) d (km) R t~ (s) 

TF 11 1 421 7 2895 + 7 0.01 to 0.13 0.3 + 0.1 2880 + 5 -0.1 4 to 0.00 0.3 + 0.1 14 + 5 
0.05 + 0.03 -0.05 + 0.03 

IJK 83 2892 2893 + 9 0.00 to 0.13 0.2 + 0.1 2881 2 7 -0.1 2 to 0.00 0.3 + 0.1 11 2 6  
0.02 + 0.02 -0.02 + 0.02 

SA 52 1607 2887 -t 6 0.00 to 0.1 1 0.2 + 0.1 2880 + 8 -0.03 to 0.1 2 0.3 + 0.1 8 + 3 
0.04 + 0.02 0.02 + 0.03 
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bootstrap confidence intervals. Table 1 lists 
the  means, standard deviations, and ranges 
of the  six adjustable parameters for the  ac- 
ceptable rnodel subset. T h e  basal layer has 
velocities possibly much lower than 
IASP91 (8 ) ,  so HLvL could be in error by as 
much as 10 to  30%. Nonetheless, our esti- 
mate agrees with previous work (2 ) .  

T h e  composite bin stack for events in  
the  Iiu-Japan-Kurile (IJK) subduction 
complex (Fig. 2 C )  resembles the  T F  
source region stack, although t h e  IJK stack 
is somewhat more cornpact because of dif- 
ferent ray-parameter coverage. '4 Monte  
Carlo exploration of model space (Table 
1 )  results in  a mean layer thickness of 
11 i- 5 kin for IJK. Al though the  range of 
acceptable models is large, it also appears 
tha t  the  precursory reflection is weaker in 
this stack. T h e  stack of Sou th  American 

Fig. 3. (A) Dots indicate acceptable velocity vari- 
atons across a first-order dscontnuty that IS as- 
sumed to be responsble for the PdP precursor to 
PCP for events n TF. Negative values sign~fy a 
velocity decrease across the discontinuity. (5) As 
In (A), except that the discontinuity is modeled as 
a 5-km-w~de transition zone. (C) As In (A) for 
events in the IJK subduction complex. (B) As in (A) 
for events In SA. 

( S A )  events (Fig. 2D) shows tha t  the  pre- 
cursory phase is no t  reversed and  arrlves 
close to  PCP. These  observations are borne 
out  by the  Monte  Carlo simulations, 
which have a mean layer thickness of 8 i 
3 km and PdP reflection coefficients rang- 
ing from -0.03 to  0.12 with a mean value 
of 0.02 (Table 1 ) .  

For the  T F  and IJK stacks (Flg. 2, B and 
C ) ,  all acceptable models have reversed- 
polarity PdP. T h e  amplitude of PdP relative 
to P can be used to  estimate the  velocity 
and density contrasts of the  reflector. A grid 
search was conducted over us, up, and den- 
sity perturbations, in which a mean reflec- 
t ion coefficient was conlputed for each per- 
turbation triplet (1 2 ) .  T r~p le t s  predict~ng R 
to within a factor of 2 of the  observed range 
of PdP reflection strengths were accepted 
(1 3 ) .  Both us and up must drop across the  
layer to  produce the  observed reversed po- 
larity reflections (Fig. 3,  A and C ) .  Further- 
more, a nearly 3 : 1 ratio of v, to vp decrease 
is needed. Density was allowed to  vary be- 
tween -3% and 10% and was f o ~ m d  to 
have little effect o n  the  sign or lnagnitude 
of computed reflection coeff~cients. W e  also 
addressed the  effects of a 5-km-wide PdP 
transition for the  T F  source region (14) .  
T h e  effect of a broadened transltion is to 
increase the  rninirnum acceptable velocity 
perturbations and the  range of acceptable us 
to up ratios (Fig. 3B). 

It would appear that the  stack for SL4 
(Fig. 2D) IS fundainentally different from 
T F  and IJK. Reflectlon coefficient model- 
ing, however, belies this inltial impression 
(Fig. 3D) .  Although the  precursory arrival 
in the  SA stack apparently has normal po- 
larity, an  LVL atop the  C M B  is still favored 
(15) .  Broadening the  width of the  PdP tran- 
sition to  5 km further extends the  range of 
acceptable solutions to  small positlve us and 
v, perturbations, such that we cannot rule 
out a slightly faster ( 5 2 . 5 % )  than normal 
layer o n  top of the  ChIB, but the  results are 
still consistent with a n  LVL for SA.  

Analysis of PCP precursor amplitudes re- 
quires about a 3 : 1 ratio of vs to  up decrease 
in a thin layer o n  top of the  CMB. Our  
modeling approach does not  constrain the  
absolute drops, but work with core-diffract- 
ed phases 111 other areas (1 ) requires as large 
as 10% up drops within the  LVL. Extrapo- 

Fig. 4. (A) Comparison of the mean P,,, veloc- A B 
t v  uerturbation and thickness of the LVL 201 1 . I 0,8- , ,  

(H,,). (5) Comparison of the mean P,,,veloc- 
- 1 6 -  

ity perturbation (2) and PCP residual relative to E 
ASP91 at vertical ncdence ( 6 ~ ~ ~ ) .  Although f 12 1 TF 
the latter is subject to large uncertainty, the 

$ 8 :  
IJK S A 

sense of the delay is cons~stent with known D" 
heterogeneity. 

lating those results to  this study suggests vs 
drops of 30  to  50%. These numbers are 
consistent with the  presence of partial melt 
( 3 ,  4 ) .  Whether similar ratios can be 
achieved solely by cornpositlonal variation, 
S L I C ~  as Iron enr ichrnen~ in  a basal rnixing 
laver 13. 16) .  is uncertain. , ~ 

A n  inverse relation exists between HL\IL 
and long-wavelength diffracted P velocity 
(up,,,) (1 7) in  D (Fig. 4A) .  T h e  layer is 
thicker in  regions of low consistent 
with depressed up n'1th111 it. W e  observed a 
similar correlation between vp,;,,, and PCP 
travel-time delays (S~p,p) (Fig. 4B). T h e  
~nagnitudes of the  inferred 87p,p are larger 
by a factor of 2 than those that would be 
produced bv a t h ~ n  ( 5 1 5  kin) laver 1 ~ 1 t h  a 
10% up decrease, ~vh ich  ~mplies a correla- 
tion between the  D velocity structure and 
a basal layer thickness in  which the  layer is 
thickened under up\\,ellings (TF)  and 
thinned under down~vellings (SL4) but is 
potentially u b ~ q u ~ t o u s .  

Although the  large errors preclude any 
sort of quantitative analysis, we note that 
the  estlrnates of range-adjusted mean PdP 
reflection coeff~cients decrease as the  layer 
thins, implying di~ninished velocity drops 
with111 the  basal layer. If melt rains down 
from the  01-erlying rnantle (18) ,  a thlck, 
melt-rich, and seisinically very slow layer 
would accumulate beneath hot  D and 
inantle upwelling, ahereas  a thin melt-poor 
lave1 aou ld  accuinulate beneath downbell- 
inks. This does not,  however, account for 
the  sharp upper boundary of the  LVL (2) .  
A n  alternative is iron enrichment within 
the  LVL. Chemical reactions between sili- 
cate l iqu~ds and lron readily occur (1 9) .  ,411 
LVL partially isolated from general rnantle 
circulation by negatively buoyant melt and 
low v~scosity (26) could become iron en- 
riched, increasing density and further de- 
creasing seis~nic velocities (3). Lateral flow 
within the  LVL could collect iron-rich ma- 
terial beneath upwellings, relating layer 
thickness to  velocity drop. 

hlodels of deep-mantle plume forrnatlon 
emphasize the  role of a thin low-viscosity 
channel (21).  W i t h  increasing thermal age, 
the  channel thickens, becoines dynarnlcally 
unstable, and eventually erupts hot materi- 
al. W e  suggest that the  partially inolten 
LVL, with its attendant low v~scoslty, is this 
channel and is thus a source of mantle 
plumes. 
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latter restriction, stacking over receiver and source 
arrays and resulting in improved slowness and azi
muth resolution. The source array aperture, howev
er, must be small in comparison with epicentral dis
tance. With an assumption of a target phase, we can 
use our approach to stack over large arrays. 

8. B. L. N. Kennett, in International Association of 
Seismology and Physics of the Earth's Interior 
(IASPEI) 1991 Seismological Tables, B. L. N. Ken
nett, Ed. (Research School of Earth Sciences, Aus
tralian National University, Canberra, Australia, 
1991), pp. 164-167. We modified the model by 
depressing the CMB 100 km while retaining the 
lowermost mantle velocity gradients. This allowed 
us to compute PcP and PdP times appropriate for 
a slow D" velocity layer without having to alter the 
overlying velocity structure (for example, slow PcP 
would map as a reflector below the nominal CMB). 
Ellipticity corrections were applied to the predicted 
P and PdP times, the latter approximated by the 
tabulated correction for PcP. Because our focus 
was on the lowermost mantle, the error in this ap
proximation was <0.01 s. 

9. Stacking was preceded by alignment of P wave 
forms and deconvolution of the source-time func
tion. Alignment of P reduced travel-time variability 
due to shallow velocity structure and source mislo-
cation. Aligned wave forms were averaged to elimi
nate variable station-side contributions, leaving the 
source-time function convolved against a mean 
mantle response. This was deconvolved from the 
aligned wave forms, reducing interevent variation of 
wave form shape to <10% of peak amplitude. 

10. To obtain the synthetic stack, we generated ray-
theory synthetic data matching the distance distribu
tion of the source region data set and consisting of P 
and PcP, the only phases occurring in the absence 
of a lower mantle reflector. The synthetic seismo-
grams were convolved with the mean deconvolved P 
wave form (9) before they were stacked. 

11. Residual travel-time variability is parameterized as 
the standard deviation of a zero-mean Gaussian per
turbation applied to delay time in the synthetics. 

12. Velocities above the reflector were fixed at IASP91 
values for the mean discontinuity depth. We ob
tained the mean plane-layer reflection coefficient by 
averaging over the ray parameter weighted by the 
ray-parameter distribution of stacked data. 

13. Amplitudes of PdP are affected by variations in low
ermost mantle attenuation, velocity heterogeneity, 
and reflector topography. The factor of 2 expansion 
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approximations inherent to ray theory. We also re
quired that the resulting mean PcP reflection coeffi
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we applied the same perturbations to velocity and 
density at the CMB. This constraint eliminates mod
els with large compressional to shear velocity varia
tion ratios. The maximum value for each source re
gion is a factor of 3 greater than the largest accepted 
estimate (Table 1) to allow for unmodeled variations 
in geometric spreading and possibly severe attenu
ation within the LVL. 

14. Velocity and density vary linearly across the transi
tion. To compute the mean reflection coefficient, we 

took the magnitude of the complex reflection coeffi
cient at peak frequency and ignored wave form dis
tortion effects. 

15. vs and vp increases produce PdP and PcP reflection 
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Distance-Dependent Electron Transfer 
in DNA Hairpins 

Frederick D. Lewis,* Taifeng Wu, Yifan Zhang, 
Robert L. Letsinger, Scott R. Greenfield, 

Michael R. Wasielewski 

The distance dependence of photoinduced electron transfer in duplex DNA was deter
mined for a family of synthetic DNA hairpins in which a stilbene dicarboxamide forms a 
bridge connecting two oligonucleotide arms. Investigation of the fluorescence and tran
sient absorption spectra of these hairpins established that no photoinduced electron 
transfer occurs for a hairpin that has six deoxyadenosine-deoxythymidine base pairs. 
However, the introduction of a single deoxyguanosine-deoxycytidine base pair resulted 
in distance-dependent fluorescence quenching and the formation of the stilbene anion 
radical. Kinetic analysis suggests that duplex DNA is somewhat more effective than 
proteins as a medium for electron transfer but that it does not function as a molecular 
wire. 

The occurrence of long-range electron 
transfer (ET) in duplex DNA remains con
troversial (I) . Does the TT system of stacked 
base pairs in B-form DNA function as a 
molecular wire or as an insulator? Barton 
and co-workers (2-5) have reported several 
lines of evidence in support of efficient 
long-range ET involving an electronically 
excited intercalated metal complex and ei
ther a second intercalated metal complex or 
a "natural" electron donor such as guanine 
or thymine dimer. The observation of effi
cient fluorescence quenching in systems 
with randomly intercalated metal complex
es (2) and a synthetic 15-base pair duplex 
in which a donor complex was tethered to 
the 5' end of one oligomer and an acceptor 
complex was tethered to the 5' end of its 
complement (3) was attributed to the oc-
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currence of long-range ET. This interpreta
tion has recently been questioned on both 
experimental (6-8) and theoretical (9) 
grounds. Current commentaries on this 
controversy have pointed out the need to 
determine systematically the dependence of 
the ET rate constant on the distance sepa
rating the donor and acceptor in a series of 
structurally well-defined supramolecular 
systems in which the ET process can be 
directly monitored (I) . 

We report here the results of our inves
tigation of the distance dependence of the 
photoinduced ET in a family of synthetic 
DNA hairpins in which a stilbenedicarbox-
amide forms a bridge connecting two oligo
nucleotide arms. One of our laboratories 
previously described the synthesis of ther-
modynamically stable stilbene-containing 
hairpins with stems consisting of three or 
more dA-dT or dG-dC base pairs (10). 
Hairpins with dA-dT stems are fluorescent, 
whereas hairpins with dG-dC stems are 
nonfluorescent. Photoinduced ET from 
guanine to the stilbene singlet state pro
vides a plausible but untested mechanism 
for fluorescence quenching. Because the 
transient absorption spectra of both the stil
bene singlet state (11) and its anion radical 
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