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[1] Combined ScS-S differential attenuation and travel-
time studies, with data from temporary and permanent
arrays, produce quality factor, Qm(D

00), estimates for D00

beneath Central America. Similarities between S and ScS ray
paths through the upper mantle reduce the upper mantle
elastic and anelastic contributions to differential studies.
Differential attenuation correlates with ScS attenuation but
not S attenuation, indicating that the attenuation primarily
stems from lower mantle interactions. We image a �250 km
wide high-attenuation low-velocity anomaly within a �600
km wide low-attenuation high-velocity region at the core-
mantle boundary (CMB). The observed inverse exponential
relationship between attenuation and velocity is consistent
with a 200 ± 50 km thermal anomaly, but does not preclude
chemical, phase, or structural variations. Observation of a
small-scale thermal anomaly within D00 may provide
significant evidence in favor one kind of plume formation
at the CMB. INDEX TERMS: 5144 Physical Properties of

Rocks: Wave attenuation; 7203 Seismology: Body wave pro-

pagation; 7207 Seismology: Core and mantle; 8121 Tectono-

physics: Dynamics, convection currents and mantle plumes; 8124

Tectonophysics: Earth’s interior—composition and state (8105).
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1. Introduction

[2] The past 30 years of seismological research have
revealed striking variations in thickness, P- and S-wave
velocities, anisotropy, and velocity gradients within D00 on
many length-scales [Garnero, 2000]. Nevertheless, many
key questions remain unanswered regarding the properties
of D00. Are the observed variations within D00 thermally or
chemically derived? How does D00 and the rest of the mantle
interact? What effects do subducted slabs have on D00? Do
some plumes originate within D00? This paper presents a
method and case study that aids the identification and
characterization of thermal contributions to D00 anomalies,
and therefore provide improved investigations into these
fundamental questions.
[3] This study analyzes the elastic (i.e. velocity) and

anelastic (i.e. attenuation) properties of the lower mantle
through a combined differential ScS-S travel-time and
attenuation technique. The advantage of differential studies
stems from the similarity between the S and ScS ray paths

through the crust and upper mantle and the removal of
effects from uncertainties in source location and rupture
processes. There are several benefits to examining attenu-
ation in conjunction with travel-time. 1) The dispersive
effects of attenuation alter travel-time measurements [Kuo
et al., 1987; Karato, 1993]. 2) Attenuation in the upper
mantle varies exponentially with temperature (relative to the
homologous temperature), while velocity is inversely pro-
portional to temperature [Karato and Spetzler, 1990]. We
assume these relationships are true for the lower mantle as
well. The exponential nature of attenuation makes combined
studies more sensitive to thermal anomalies than pure
travel-time studies. 3) The respective linear and exponential
relationships of elastic and anelastic properties provide a
basis to distinguish between thermal and chemical anoma-
lies. The observation of an inverse exponential relationship
between attenuation and velocity may indicate variations of
temperature [Romanowicz, 1995].
[4] The indication of a thermal anomaly through the use

of our technique may provide evidence for plume forma-
tion, mantle-D00 interactions, or phase change. Variations in
temperature relative to homologous temperature, measured
by the inverse exponential relationship described above,
may indicate thermal proximity to partial melt. Wysession et
al. [2001] recently imaged a small-scale (�500 km diam-
eter) low velocity anomaly at the CMB beneath Central
America using ScS-S travel-time residuals. This purely
elastic analysis could not distinguish between a composi-
tional and thermal source for the observed anomalies. In our
study, we isolate ScS-S differential attenuation in combina-
tion with differential travel-time anomalies to characterize
the anomaly beneath Central America (Figure 1) as a likely
thermal anomaly.

2. Method

[5] We assume differential attenuation and travel-time
anomalies accumulate near the ScS bounce point where
the two ray paths diverge most. The differential travel-time
residual is expressed as dT = [TScS -TS]Obs - [TScS -TS]PREM,
where TScS and TS are the observed and PREM travel times
for each ray path. We measure the observed travel-time
residuals with the cross-correlation method following
Wysession et al. [2001]. Each ray path is traced through
an PREM model [Dziewonski and Gilbert, 1976] to produce
the theoretical travel times.
[6] Differential attenuation is expressed in a similar

manner, dt* = t*ScS � t*S, where t*ScS and t*S are the observed
attenuation values for the ScS and S phases, respectively.
We measure differential attenuation in the frequency
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domain using two techniques. We assume the S phase
matches the ScS phase after convolution with a smoothed
filter, T(t). We estimate this filter, or transfer function,
through ScS/S spectral division. Prior to spectral division
we apply a moving-average filter to each phase to reduce
the effects of narrow band spectral gaps. Each phase is
windowed, tapered, and padded following Wysession et al.
[2001] to retain maximum spectral information. The first
method measures differential attenuation as the slope of the
linearized ScS/S transfer function in the frequency domain
between 10 and 150 mHz [Bhattacharyya and Masters,
1996]: dt* ¼ � log T wð Þ½ �ð Þ

�w . The slope of the linearized ampli-
tude spectrum of each phase represents the attenuation of that
phase for the same frequency range. The second method
measures differential attenuation as the difference between
the attenuation values of the two phases [e.g., Flanagan and

Wiens, 1994]: dt* ¼ � log ScS wð Þ½ �ð Þ
�w � � log S wð Þ½ �ð Þ

�w :When the two
techniques return identical results for dt*, the amplitude
spectrum is well represented for all frequencies of both
phases. Otherwise, spectral gaps render the data unreli-
able. We attenuate the S phase by the attenuation operator,
dt*, to determine an improved ScS-S travel-time residual
using the cross-correlation method. This residual is also
corrected by dt* to remove the dispersive effects of
attenuation.
[7] For each reliable record we trace S and ScS ray paths

through the elipticity-corrected PREM radial quality factor
model, which provides theoretical differential attenuation
operators, dt*PREM ¼

R TScS
0

1=QPREMdt �
R TS
0

1=QPREMdt. By
changing the D00 quality factor, Qm(D

00), from 4% to 400% of
the PREM value at an interval of 4%, we obtain a wide
range of theoretical differential attenuation operators. We
also change the thickness of D00 from 50 km to 350 km at
intervals of 50 km. The values of theoretical dt* vary with
distance. The most representative Qm(D

00) and D00 thickness
pair for a particular lateral sub-region is such that the least-
squares error between theoretical and observed dt* for all
epicentral distances is minimized. For the purpose of sim-
plicity we choose a single D00 thickness for the entire region
and allow only Qm(D

00) to change. We determine velocity in
the exact same manner as quality factor, but with Vb(D

00)

bounds running from 70% to 130% of PREM at an interval of
1%, where dT ¼

R TScS
0

x=VPREMdt �
R TS
0

x=VPREMdt.
[8] We select only seismic records with high signal-to-

noise ratios, where both the S and ScS phases may be clearly
isolated. Event criteria include earthquakes with Mb 	 5.8,
recorded at epicentral distances between 40 and 80 degrees,
where the ScS bounce points lay within the study region. The
epicentral distance restriction reduces the chance of contam-
ination due to SS and SKS interference. Records with low
normalized ScS-S correlation are omitted. Broadband data
from both temporary and permanent seismic arrays (GSN)
increase the detail and breadth of the study area. The tighter
station spacing of temporary seismic arrays, such asMissouri-
to-Massachusetts (MOMA) and Lithoprobe Abitibi-Gren-
ville geologic transect (ABITIBI), allows for better sampling
in a small area from a single earthquake. This experiment uses
292 tangential component ScS and S records that fit the
described criteria between 1993 and 1998 (Figure 1).
[9] We ensure the robustness of the data by normalizing

and stacking S and ScS phases with similar paths in both the
time and frequency domain. The normalization prior to
stacking equalizes the weighting of each spectrum and
therefore each attenuation operator. We stack in both the
frequency and time domain to ensure that the resultant
stacked signal is independent of the stacking method.

3. Results

[10] Comparison between data and stacks from similar
earthquake-to-station ray paths indicates that the described
criteria are sufficient to remove waveforms with spectral
gaps. The relative amplitudes of individual waveforms that
make up a stack often deviate from each other, but the shape
of the distribution often remains constant. This is expected
for sources with differing magnitudes and focal mechanisms.
After normalization, the least-squares error between stacked
attenuation operators and their constituent attenuation oper-
ators were less than 0.5 seconds for each of three distinct
regions. While high, this error is only 10–20% of the
observed anomalies. We find the same margin of error for
the attenuation corrected travel-time residuals. In Figure 2
we provide an example of a single waveform to demonstrate
the high quality of the data.
[11] Our un-attenuated travel-time residuals (Figure 3A)

are similar to those observed byWysession et al. [2001]. The
differential attenuation (Figure 3B) and attenuation corrected
travel-time residuals (Figure 3C) positively correlate with un-
attenuated travel-time residuals. Adjusting travel-time calcu-
lations with attenuation alters the travel-time distribution
from a positively skewed distribution with a mean dT of
0.25 s and maximum peak of �0.5 ± 0.25 s to a symmetric
distribution with mean and peak at �0.75 ± 0.25 s.
[12] As a result of including attenuation in this study, the

lateral scale of the positive travel-time anomaly decreases
by �50% to a diameter of �250 km (Figure 3A versus
Figure 3C). A larger high-velocity low-attenuation region
surrounds the low-velocity high-attenuation region. This
highly attenuating region (point X) has mean differential
attenuation and travel-time anomalies of 2.6 seconds each.
The low attenuating region (point Z) has mean differential
attenuation and travel-time anomalies of �0.7 and �2.3
seconds respectively. Both measurements for the mid point

Figure 1. A map of the study region (large square), events
(triangles), and stations (circles) used. The shaded squares at
the center represent to bounce points of the ScS ray path.
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(point Y) are indistinguishable from 0 seconds. While these
values change marginally depending on the locations
chosen, the structure remains essentially constant. Note that
Figures 3A and 3C use PREM as reference models, so
differences between the two are independent of the refer-
ence model. The resolution discussed here is at the level of
the Fresnel zones for the ray paths, so the exact shape of the
anomaly cannot be determined with this data set. The
differential attenuation anomalies and differential travel-

time residuals are more strongly correlated with the ScS
(R2 = 0.45) anomalies than the S anomalies (R2 = 0.10).

4. Discussion and Conclusions

[13] As with Wysession et al. [2001], we conclude that
similarities between S and ScS paths sufficiently remove
anomalies due to upper mantle anomalies such as the sub-
ducted Farallon slab. At the present time we have no ability to
correct differential attenuation for epicentral distance. While
the raw data may not account for epicentral distance, the
calculated velocity and quality factor for each data point do.
For this reason we analyze the relationship between D00

quality factor and velocity rather than differential attenuation
and travel time. The bias introduced by selecting a D00

thickness affects quality factor and velocity proportionally
for each data point. We reduce the bias by solving for quality
factor and velocity using multiple D00 thickness.
[14] Forward modeling indicates that a thick (�200 ±

50 km) thermal anomaly could easily explain the observed
attenuation and travel-time anomaly. Theoretical calcula-
tions show that dt* variations on the order of the observed
values are attainable by varying the D00 quality factor,
Qm(D

00). Romanowicz [1995] observes an inverse exponen-
tial relationship between quality factor and shear velocity,
which is associated with a thermal anomaly in the upper
mantle. We observe a similar relationship (Figure 4), and
infer a thermal anomaly in the lower mantle. Values for
Qm(D

00) vary depending on the starting model, but still
maintain an exponential relationship between velocity and
attenuation. Models with mean Qm(D

00) values comparable
to those found in the upper mantle (
110) require less
extreme values of Qm for the low-attenuation regions than
PREM [Dziewonski and Anderson, 1981]. Assuming that all
anomalies are due to thermal variations within a 200 km
thick isochemical D00 with mean Qm(D

00) of 110, the high-
attenuation anomaly has a Qm of �70, which is equivalent to
the asthenosphere, and the low-attenuation region has Qm of
�350, which is equivalent to PREM for the lower mantle.

Figure 2. An example of the high-quality data used in this
study is shown here as (A) the windowed S and ScS phases,
(B) the S phase aligned with the ScS phases, (C) the smoothed
S and ScS amplitude spectra, and (D) the differential
attenuation, dt*, as the linearized slope of the ScS/S transfer
function amplitude spectrum.

Figure 3. The seismic anomaly is shown here as (A)
purely elastic travel time anomaly, (B) purely attenuation,
and (C) elastic travel time anomaly corrected for attenua-
tion. Grey sections had insufficient data. The same PREM
reference model was used for normalizing both A and C.

Figure 4. This figure shows the computed Qm(D
00) vs.

shear velocity as calculated for a 200 km thick layer at the
CMB, using PREM values for all non D00 layers. The
Qm(D

00) and velocity values are calculated from the six
observed dt* and dT values at and between points X, Y, and
Z shown in Figure 3. The equation demonstrates the
exponential least-squares relationship between Qm(D

00) and
shear velocity. While the constants change due to starting
with different models, the exponential nature does not.
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Choosing the radial PREM Qm(D
00) values as the mean value

for any reasonable D00 thickness requires extremely high
anomalous Qm values (in excess of 1200) to account for the
low-attenuation region and produces non-representative dif-
ferential attenuation values for the high attenuation region.
[15] The estimated value for quality factor trades off with

the thickness of the anomaly. This does not reduce the
effectiveness of our method because differential attenuation
detects the strength of a thermal anomaly, if not the size.
Some thickness constraints may be inferred by the stability
of theoretical results given the observed attenuation. An
ultra-thin (<50 km) low-velocity high-attenuation layer
requires extreme deviations in quality factor (Qm(D

00) <
3% Qm(D

00)PREM) and large variations in velocity (dVb% >
15%) to account for the observations. Models with thicker
anomaly thickness (�200 km) require more modest velocity
and attenuation anomalies. Nonetheless, the anomaly could
take the form of a narrow ULVZ at the CMB in the manner of
Garnero et al. [1998]. The apparent lack of lateral elongation
along the predominant ray path direction (north-south) sug-
gests that either the anomaly is confined to the CMB or is
actually elongated east-west. We choose a �200 km thick
anomaly to strike a balance between these two observations.
While the exponential relationship between anelastic and
elastic properties does not preclude other attenuating mech-
anisms, it lends credence to a thermal anomaly model.
[16] At least one mechanism must be responsible for

creating lateral variations in thermal structure. It is unlikely
that the convection patterns of the outer core could cause a
significant thermal anomaly in D00 [Bloxham and Gubbins,
1987]. Therefore, the mechanism must be mantle derived.
Subducted oceanic lithosphere may sink and pond as a
second order effect of lower mantle convection/advection
[Rigden et al., 1988]. Core-mantle Fe-exchange may change
the thermal conductivity and homologous temperature of
material at the CMB [Knittle and Jeanloz, 1991]. Ancient
subducted slabs may isolate lower mantle material from the
convection cell [Tan et al., 2001]. The latter hypothesis may
explain why 1) colder (high Qm, high Vb) material surrounds
a warm anomaly (low Qm, low Vb), 2) the thermal anomaly
does not buoyantly rise into the mid and upper mantle, and 3)
the anomaly is located near a historically active subduction
zone. Such a thermal anomaly would cause thermal expan-
sion, which could cause the volume to rise as a mantle
plume if the volume reached the critical Rayleigh number.
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