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Abstract

Seismic velocities in the upper mantle beneath mid-ocean ridges are known to exhibit anisotropy, especially at depths

shallower than 200 km. In this study, we present evidence for deeper anisotropy beneath fast-spreading ridges based on

simultaneous inversion of body wave travel times, waveforms, and surface wave phase velocities. The dverticalT (BSV) shear

wave speed is systematically faster (by more than 2%) than the dhorizontalT (BSH) one at depths of 200–300 km beneath the East

Pacific Rise, a result that is consistent with vertical alignment of the fast crystallographic axis of olivine. This anomaly is

especially coherent beneath the northern East Pacific Rise, where the observations also support the presence of a modest mantle

reflector near 260-km depth. The anisotropy may be associated with deep vertical flow or finite strain, and the presence of this

reflector could signal a rheological transition near the bottom of the asthenosphere, reflecting changes in flow direction,

development of partial melt, or the persistence of a deep pre-existing strain regime.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The conventional description of rigid oceanic

lithosphere moving coherently over weak astheno-
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sphere is supported by long-standing seismological

observations of a high-velocity oceanic lid overlying a

deeper low-velocity zone [1–3]. Pure-path inversions

of surface-wave phase velocities and tomographic

images of P- and S-wave speeds provide different

levels of details but consistently show that oceanic

crust thickens with increasing age. This is commonly

interpreted in terms of a thermal regime dominated by

the conductive cooling of the spreading oceanic plate.

This simple thermal model is incomplete in the

vicinity of mid-ocean ridges, however, as dynamic

mechanisms such as hydrothermal circulation, mag-
tters 232 (2005) 259–272
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magenesis, mass transport, and active/passive heat

flow impart significant effects on the formation of

oceanic lithosphere and organization of sea-floor

spreading. Dynamic proxies obtained from seismo-

logical observations, such as shear wave anisotropy,

impose direct constraints on the processes that

culminate in sea floor spreading. When anisotropy is

well resolved at depths in the upper mantle, it

becomes possible to relate the organization of sea-

floor spreading to larger-scale components of mantle

convection. Such resolution is difficult, however,

without access to regionally or locally targeted

deployments of seismometers near ocean ridges, or

through measurements of portions of the seismic wave

field that are particularly sensitive to the upper mantle

structure beneath ridges. This paper takes the latter

approach.

The theory of seismic anisotropy is well estab-

lished [4,5]. Finite strains or flow in the mantle are

manifested in the lattice-preferred orientation (LPO)

of anisotropic minerals such as olivine. The character-

ization of anisotropic wave speeds depends critically

on the mineralogy, temperature, and, potentially, the

presence of water [3,6–9]. Recent studies involving

shear wave splitting [10–18] and global inversions

[19,20] suggest that both dfossilT and present-day,

finite-strain-induced anisotropy exist in the upper

mantle and often correlate with past and ongoing

plate motions. For example, Plomerova et al. [21] and

Gung et al. [20] used the depth dependence of

anisotropy within the oceanic upper mantle to argue

for sub-horizontal asthenospheric flow beneath the

vast areas of oceanic plates away from ridges and

subduction zones.

However, the detailed relationship between plate

motion and deep mantle flow is less clear at mid-

ocean ridges, especially below 150 km. At depths

shallower than 150 km, global surface wave studies

using on-land recordings (e.g., [22]) and regional

analyses of data recorded by ocean bottom seis-

mometers [23] suggest 5–8% shear-wave anisotropy

in the upper 100 km beneath the southern EPR. In

the same region, Wolfe and Solomon [10] inferred

two zones of anisotropy with depth from core phase

splitting observations. They associated the shallower

zone beneath the Pacific side of the EPR with

spreading-induced flow and a deeper zone with

return flow potentially originating from the Pacific
Superswell. Using a global data set with limited

horizontal and vertical resolutions, Montagner and

Tanimoto [6] reported deep anisotropy at 200–300

km depths that they interpreted as representing

vertical flow beneath the ridges. While these results

brought important insights onto the thermal and

dynamical regimes, it is difficult to constrain the

multi-scale interactions beneath the ridge without

self-consistent joint inversions that examine the

tradeoffs among the heterogeneous data sets. In

particular, it is unclear how to assess the joint

resolution of these studies and vitiate discrimination

of changes in anisotropy with depth.

In this study, we describe the results of a radially

anisotropic study of broadband body and surface

waves that propagate or reflect in the vicinity of

mid-ocean ridges. Our method takes into account

the effect of along-path variation in kernel sensi-

tivity owing to ray direction. We invert for polar-

ization (or transverse) anisotropy, with a vertical

(radial) symmetry axis, and allow for a general

parameterization of the anisotropic structure as a

function of depth. Our results favor a transition of

mantle flow from a deeper, dominantly vertical

orientation to a horizontal orientation at shallower

depths. We also find evidence for a seismic

discontinuity/reflector at 260-km depth beneath the

EPR, coinciding with the approximate bottoming

depth of the anisotropic regime. The significance of

these findings and implications for mantle convec-

tion will be discussed.
2. Data and method

2.1. Data description

Given the relative paucity of direct seafloor

observations of regional waveforms, we have aimed

to increase the vertical resolution of our inversions by

including travel times and waveforms from body

wave phases with multiple reflections (also termed

bmantle wavesQ or higher-mode surface waves) in the

vicinity of the EPR. Our data set comprises more than

33,000 waveforms and 110,000 travel time measure-

ments fromMwN5 earthquakes during the past decade,

compiled by the Harvard Seismology Group (see

Table 1). We also include the measurements of



Table 1

Data sets used in the anisotropic inversion

Waveform/surface wave dispersion Absolute/differential

travel time

Body wave (TN45 s, V) 6606 S 26,462

Body wave (TN45 s, T) 5729 SS 11,410

Mantle wave (TN85 s, V) 3523 ScS 4422

Mantle wave (TN85 s, T) 2840 SS–S 5124

Mantle wave (TN135 s, V) 3353 ScS–S 3567

Mantle wave (TN135 s, T) 2810 S–SKS 3550

Mantle wave (TN200 s, V) 3470 SKKS–SKS 2232

Mantle wave (TN200 s, T) 1880 SS–S670S 21,042

Love wave (35–150 s) 15,473–23,228 SS–S400S 21,042

Rayleigh wave (135–150 s) 28,457–37,739 S400S–S670S 17,271

T=period; V=vertical; T=transverse.
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Fig. 1. Depth sensitivity kernels for toroidal mode 0T25 (top) and

spheroidal mode 0S25, (bottom), computed using PREM [4]. BISO

represents the mode sensitivity to the isotropic shear speed. Toroida

modes are highly sensitive to BSH, and spheroidal modes are

dominated by BSV. BISO represents the isotropic wave speed.
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Rayleigh and Love wave phase velocity dispersion

provided by Ekstrfm et al. [22].

2.2. Parameterization and modeling strategy

Isotropic and anisotropic velocity variations are

estimated using the inversion technique of Gu et al.

[24]. The need for anisotropy is confirmed by

successive inversions for velocity structure with

different anisotropic parameterization [25], and the

depth extent of anisotropy beneath 150 km is

verified using a posteriori resolution tests. Our

inversions are parameterized in terms of radial

anisotropy (i.e., polarization anisotropy with a radial

or vertical axis of symmetry). Such a parameter-

ization is useful when the path coverage averages out

azimuthal variations, a condition that is effectively

achieved by the comprehensive data set used in this

study.

Of the five elastic parameters normally required to

parameterize transverse isotropy (commonly, A, C,

N, L, and F) [3–5,26,27], our data set is primarily

sensitive to the shear velocity terms N, L, and F. For

transverse isotropy, SV and SH polarized shear

waves travel at different velocities and both veloc-

ities vary as a function of the ray angle from vertical.

We parameterize our inversions in terms of the

velocities of horizontally traveling SV and SH

waves, BSV and BSH. Expressing the velocity as

V(h), where h is the ray angle from vertical, we note

that BSV=VSV(90)=VSV(0)=VSH(0). In other words,

for vertically traveling waves, both SH and SV

polarized shear waves travel at the same speed,
identical to the speed of horizontally traveling SV

polarized shear waves.

Perturbations to BSV and BSH are often found by

separate inversions of Rayleigh and Love wave data

sets, respectively (see, for example, [19]). However,

the mantle waves (higher-mode surface waves at low

wavenumbers and frequencies) included in our study

are sensitive to both BSV and BSH, as depicted in Fig.

1. Thus our insistence on a joint inversion mandates

that we use the full kernel representation, rather than

separate inversions of BSV and BSH using polarized

kernels. Such an approach automatically accounts for

the variation of BSV and BSH sensitivity along the ray

path of a multiply reflected mantle wave and

minimizes unmodeled correlations between them.
l
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For a given mode type (i.e., toroidal or spheroidal),

the sensitivities to BSV and BSH speeds are nonzero

and vary in a complex manner as a function of depth

(see Fig. 1). The sample ray-theoretical travel time

kernels account for both BSV and BSH contributions in

response to wave polarization and propagation direc-

tions (Fig. 2). This is especially important for SH-

polarized waves near the source and the receiver,

where the wave vectors are close to vertical, and the

turning points where the wave vectors are perpendic-

ular to the symmetry axis. This implies that the

approach to divide the data into BSV- and BSH-
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direction of the wave vector.
sensitive subsets is, strictly speaking, inaccurate. SV

polarized waves are only sensitive to BSV but the

sensitivity varies as a function of ray propagation

angle (see Fig. 2, bottom right).

In addition, the weak dependence on compres-

sional wave speeds is incorporated into our inversion

through an implicit scaling relationship yVP/VP=0.55

yVS/VS in the calculation of the mantle waveform

kernels. Varying the proportionality constant between

0.0 and 1.0 does not affect the shear wave inversion

results significantly [19,20]. The deeper variations in

vertical and horizontal wave speeds are primarily
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Fig. 3. Cumulative BSH and BSV sensitivities averaged over all

mantle depths. These values are computed from the diagonal

averages of the inner product matrices (ATA). The waveform data

set includes both mantle (dMT) and body (dBT) waves. Two subsets

compiled for different periods will be referred to as doldT (1980–
1989) and dnewT (1990–2003). The numbers represent: 1=SS, 2=S,

3=SS–S, 4=waveform (new, M, TN85 s, T), 5=love, 6=SS–S670S,

7=ScS–S, 8=waveform (old, M, TN135 s, T), 9=waveform (old, B,

TN45 s, T), 10=S–SKS, 11=waveform (new, B, TN45 s, T),

12=SS–S400S, 13=S400S–S670S, 14=waveform (new, M, TN200

s, T), 15=SKKS–SKS, 16=ScS, 17=waveform (new, M, TN200 s,

V), 18=waveform (old, B, TN45 s, V), 19=waveform (new, B,

TN45 s, V), 20=waveform (old, M, TN135 s, V), 21=Rayleigh,

22=waveform (new, M, TN85 s, V). T represents the wave period,

and T and V represent transverse and vertical components,

respectively. The only data set that does not constrain BSH is

SKS since it is exclusively measured on the vertical component

(P–SV) seismograms.
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constrained by Love and Rayleigh waves and very

long-period, reverberative body waves.

2.3. More on inversion method

Following Gung et al. [20], we invert simulta-

neously for Voigt average velocity perturbations

(0.33yBSH/BSH+0.67yBSV/BSV) and the anisotropic

parameter (yBSV/BSV�yBSH/BSH). This approach

provides a structure to balance the differences in the

path coverage of Love and Rayleigh wave data.

Through perturbations to BSV and BSH, we are able to

choose regularization constants that smooth the results

by damping the sparser coverage with constraints

from the denser coverage. The style of inversion

differs significantly from earlier anisotropic shear

wave inversions [3,6,19] that relied on different

regularization constants for separate polarizations.

We expand the lateral variations of velocity and

discontinuity topography using spherical B-splines

with 362 nodes uniformly distributed on a sphere. The

radial variations are represented using 14 B-splines,

six in the upper mantle and eight in the lower mantle,

as in [25]. We express a shear velocity perturbation

yBx (x represents SH or SV) relative to reference

velocity Bx0 as:

dBx r; h;/ð Þ
Bx0 r; h;/ð Þ ¼

X

ij

Cijbi rð ÞSj h;/ð Þ;

where Cij is the unknown coefficient of a wave speed,

bi(r) is the ith radial B-spline, Sj(h,/) is the jth

spherical B-spline, and Bx0 is the appropriate aniso-

tropic PREM velocity [4]. In general, differences in

the modeling results using local and global parameter-

izations (with comparable degrees of freedom) are

relatively small [28]. Parameterization using local

basis functions, however, enables the convenient

computation and storage of sparse matrices. Prior to

inversions, each data set is corrected for the effect of

crust using CRUST-5.1 [29], as well as for topography

and bathymetry. Our inversion regularizes toward

both a smooth horizontal perturbation and minimum

model, with smoothing and size norms calculated for

linear combinations of the velocity perturbations as

defined above.

The inversion minimizes the least squares misfit

between observed and predicted travel times, disper-
sion, and waveforms. Since true observational and

modeling errors are largely unknown, the different

data sets are combined using weighting coefficients

determined empirically. The cumulative sensitivity

(Fig. 3) of different data sets, averaged over all mantle

depths, varies as a function of wave type and size of

the data set. For example, Rayleigh and Love wave

dispersion measurements greatly improve the upper

mantle resolution of dverticalT and dhorizontalT wave
speeds, respectively. The mantle and body wave

waveforms contribute slightly smaller but significant

constraints in the upper mantle. The travel times of S

and SS, measured on the transverse component, are

functions of both velocities, whereas SKS is exclu-

sively sensitive to BSV. The diversity of the data set

greatly enhances azimuthal averaging, justifying the

parameterization of the model in terms of transverse

isotropy. Anisotropic inversions reduce the variance
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of fit by approximately 10% relative to the best-fit

isotropic model, with significant improvements

obtained for long-period travel times.
3. Model results: deep asthenospheric anomalies

beneath EPR

3.1. Resolution and radial anisotropy

Fig. 4 shows the relative BSH and BSV perturba-

tions to the laterally homogeneous anisotropic

reference model, PREM [4], between 200 km and

400 km. The third column shows the anisotropic

perturbation, which we define by their difference

(yBSV�yBSH)/B0; only one reference speed is needed

for the depths shown in Fig. 4 since PREM is

isotropic beneath 220 km. The large-scale patterns of

anisotropy are generally consistent with [19,20]:

while lateral changes to BSV and BSH tend to track

each other in most areas of the upper mantle, with

BSH being generally greater than BSV, the anisotropic
Fig. 4. Anisotropic perturbations yln(BSH) (left), yln(BSV), and their diffe

each other in the top 300 km, but differences exist beneath the major mid-o

signature than BSV, especially under the EPR. This model shows virtually
parameter changes sign at depths greater than ~180

km beneath the EPR. The strength of the relative

anisotropy under the EPR (~2.5%) is at least

comparable in size with that beneath the central

Pacific and most continents, although of opposite

sign.

The anomaly with respect to anisotropic PREM is

the most pronounced beneath the northern EPR (Fig.

5a). Fig. 5b shows a cross section through the

northern EPR, positioned near the Guatemala basin.

A strong negative (ylnBSVbylnBSH) anomaly is

present above 100 km, with the maximum variation

near 50-km depth (Fig. 5c) and resolved lateral

dimensions of approximately 2000 km (east–west)

by 4000 km (north–south). This negative anomaly

spans nearly the entire Cocos plate and the strength

decreases with depth until the difference between BSV

and BSH changes sign near 150 km. Below 150 km,

the positive (ylnBSVNylnBSH) anisotropy increases

gradually and reaches its maximum amplitude of

2.5% at 230 km (see Fig. 5c). The fast vertical pattern

spans 2500 km laterally and more than 150 km
rence (yln(BSV)�yln(BSH)) (right). These two models tend to track

cean ridges where the BSH perturbations show a much stronger ridge

zero anisotropy at 400 km.



Fig. 5. (a) Map view of the eastern Pacific. The numbered circles indicate the centers of the stacking caps (with 108 radius) for an SS precursor

analysis (see Section 3.2). (b) A cross section of the anisotropic perturbations (relative to PREM) through the northern EPR. The definition of

anisotropy follows that of Fig. 4. We observe two distinct anomalies: a negative (BSHNBSV) anomaly above ~100 km, suggesting sub-horizontal

foliation planes, and a strong positive anomaly (~2.5%) close to 200 km beneath the surface. The location of the triple junction between the

Pacific, Cocos, and Nazca plates is indicated by the inverted triangle. (c) Regional maps of radial anisotropy under the eastern Pacific.

Y.J. Gu et al. / Earth and Planetary Science Letters 232 (2005) 259–272 265
radially. A similar anisotropic pattern is present in

Plate 1 of Montagner and Tanimoto [6] and Fig. 3 of a

recent global anisotropic inversion by Gung et al.

[20], although neither study discussed the robustness

and potential implications of this pattern.
We further examine the depth variation of radial

anisotropy under the EPR and compare it with that

beneath various other ocean basins. Fig. 6a shows

the average one-dimensional (1-D) anisotropic wave

speeds beneath four different oceanic regions. The
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Fig. 6. (a) The average 1D anisotropic wave speeds beneath the

central Pacific and global ridge systems. In addition to large

differences between BSV and BSH in the top 150 km, the structure

beneath the EPR shows substantially greater BSV than BSH in the

depth range 200–350 km. (b) Left: Root mean square (RMS)

amplitude of anisotropy (BSV�BSH) beneath the EPR. The shaded

region marks the approximate depth range of the lower-astheno-

sphere anomaly. Middle: The first set of resolution test. The solid

black line shows the RMS of an input anisotropic structure similar

to the observed. The blue line shows the recovered RMS using the

same data sets and damping scheme. Nearly 75% of the input

structure is resolved. In the second test, we construct a purely

isotropic input model with the RMS shown by the black curve. The

RMS of the output anisotropic variations, shown in red, indicates

that the isotropic part of the model only causes minor artifacts to the

final anisotropic structure. Right: Depth resolution analysis. In this

test, we move the input anisotropy well above (black) and below

(brown) the depth of observed anomaly. The output models (blue

and red, respectively) recover the peak locations quite well. This

suggests that the vertical anisotropy we observe most likely resides

within the shaded depth range.
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vast regions in central Pacific show nearly zero

anisotropy immediately beneath the crust but strong

anisotropy in the depth range 100–150 km. This

structure was first reported by [19] and corroborated

by [20]. The most probable cause is the transition

from anisotropy frozen into the cooling oceanic

lithosphere to a sub-horizontal flow regime within

the asthenosphere immediately below, correlating

with present-day plate motion. In contrast, the EPR

shows significant anisotropy in the upper 50–100

km, much shallower than beneath the body of the

plate. The anisotropic wave speeds converge at ~160

km, below which a significantly faster BSV wave

speed (with respect to BSH) persists down to ~300

km. This behavior is not clearly observed at slower-

spreading ridges, where the averaged BSV and BSH

over the entire ridge segments appear to be

consistent between 200 and 400 km. The average

strength of anisotropy beneath EPR is highlighted by

its root mean square (RMS) values with depth (Fig.

6b, left). The positive (BSVNBSH), deep astheno-

spheric anomaly is responsible for the major peak,

observed primarily in the shaded region between 150

and 350 km. The secondary peak near 75-km depth

results from the negative anomaly (BSH—fast) east

of the EPR ridge axis. It is worth noting that this

shallower peak corresponds to perturbations relative

to PREM—a starting model with strong horizontal

anisotropy in the top 220 km. When the starting

model is included, the absolute anisotropy in the top

120 km (N5%) is larger than that at 230 km [19].

However, regardless of whether absolute or relative

wave speed is considered, the RMS variations shown

here clearly support a relative simple, two-layered

anisotropic structure.

We assess the delineation of the anomalous

structure beneath the EPR by tracing rays through

an a priori anisotropic model and inverting the

synthetic data with identical weighting and smoothing

criteria, a standard procedure for determining the

resolving power of our data. This test provides a

measurable assessment of the seismic illumination of

the proposed anomaly (Fig. 6b, middle). The input

model contains fast-vertical anisotropy distributed

along the entire EPR (Fig. 7), with the maximum

amplitude at ~225 km, and is substantially recovered

by our inversion. The map inset and cross section of

the input model are shown in the left panel. Our
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inversion procedure recovers up to 75% of the input

amplitude, and the spatial mislocation of the anomaly

is minimal.

We further examine the tradeoff between iso-

tropic and anisotropic perturbations by inverting

synthetic data computed from a purely isotropic

model using an anisotropic parameterization. The

resulting anisotropic artifacts are less than 10% of

the input perturbation (see Fig. 6b, middle). We

further quantify our ability to constrain the depth

dependence of an anisotropic anomaly by inverting

synthetic data computed for a sequence of models

that place an anisotropic anomaly at different

depths (Fig. 6b, right). The results clearly state

that the inversion recovers the location of peak

amplitude with a depth uncertainty of approxi-

mately 50 km.
3.2. Mantle reflector

Our data, particularly the long-period mantle

waveforms, favor significant vertical anisotropy near

230-km depth beneath the EPR. The strength of the

anomaly decays quickly with depth, and the transition

to an isotropic depth regime (roughly, 300–400 km)

could potentially be associated with a gradient or

jump in shear velocity. The existence of mantle

discontinuities above 400 km, particularly the Leh-

mann and dXT discontinuities (e.g., [30]), is not

uniformly established everywhere. Studies of under-

side reflection or depth phases [31,32], ScS reverber-

ations [8,30], and P-to-S converted waves [17,33–36]

have quantified the strong spatial and depth variability

of mantle reflectors between 200- and 300-km depths.

Mostly observed under continents and island arc

regions, these mantle reflector(s) could represent a

rheological boundary that demarcates the rigid con-

tinental plate from a more plastic, convecting mantle

below.

Regional deep asthenospheric discontinuities such

as the Lehmann and dxT discontinuities are not

normally associated with mid-ocean ridges. However,

a global analysis of the Lehmann discontinuity using

SdS (d for discontinuity; Fig. 8a) stacks [37] provided

preliminary evidence for an asthenospheric reflector

beneath the northern EPR. This result and the

presence of anisotropy motivate a regional search

for such a reflector in this region. In the present study,

we utilize the broadband mantle waveform data used

in the inversions. We form 108 radius stacks of high
signal-to-noise ratio seismograms (signal-to-noise

ratio N5), and obtain regional transverse-component

stacks using a bootstrapping approach [38,39]. The

effective lateral resolution of these stacks is approx-

imately 1500 km. The presence of a detectable

bottom-side reflection in the resulting stacks of three

averaging caps (see yellow circles in Fig. 4a for center

locations) reinforces the earlier findings of [37] (Fig.

8b). We clearly identify an anomalous phase, sand-

wiched between the expected arrivals of S410S and

SS, which corresponds to a bottom-side reflection off

a mild asthenospheric reflector. The arrival time of the

reflection precedes the 220-km reflection computed

using PREM and suggests an average depth close to

260 km. Out of the three stacking bins, cap 3 is the

most interesting since the pre-stacked reflections are
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exclusively oceanic. The nature of the 20–30 km

topography exhibited by these three caps (see Fig. 8)

is still unclear, although the different distances from

the cap centers to the slower asthenospheric velocities

beneath the northernmost EPR (see Fig. 4) could be

partly responsible.

Despite the transverse character of the observed

particle motions, the above precursory arrival reflects

changes in both BSH and BSV due to the non-vertical

ray angles at the reflection points. The positive

polarity of the precursor is consistent with the PREM

S220S pulse, which infers a sharp increase of apparent

(a combination of BSH and BSV) shear speed with

depth that coincides with the lower boundary of the
fast-vertical anisotropic anomaly. In fact, the same

phase (SdS) was used by Lee and Grand [40] to

explore the lateral thickness variation of the transition

zone (400–700 km) beneath the northern EPR, with

many of the reflection points overlapping those of our

study. [40] exclusively focused on the thermal imprint

of EPR at greater depths, yet their plain (Fig. 5) [40]

and slant (Fig. 4) [40] stacks clearly show a coherent

seismic phase arriving within 1 min after S410S. The

delay time of the phase relative to S410S, a more

robust estimator than the absolute time, is well within

the range of our observations (50–60 s).

Further evidence of regional scale, upper mantle

reflectors beneath the EPR comes from Shen et al.

[41], who show a significant mantle arrival (Fig. 2 of

their study) in the MELT region of 188 S at a depth

slightly shallower than our interpretation. A direct

comparison of our SdS stacks with this result is

inconclusive owing to the lack of SdS data coverage

in the southern hemisphere. However, the northern

EPR does not appear to be the lone ridge segment

under which potential deep asthenospheric reflector(s)

exists. Several SdS stacks sampling the southern EPR

and mid-ocean ridges beneath the Atlantic Ocean (see

[39]) contain distinct arrivals between SS and S400S

that could reflect sudden changes in apparent shear

velocities between 160-km and 350-km depths. These

arrivals are rarely seen in stacks sampling the vast

ocean basins away from the ridge axis, most notably

in the central Pacific. We need more data to accurately

quantify the reflection characteristics beneath young

and old oceanic lithospheres.
4. Interpretation of anisotropy as horizontal and

vertical flow

The main observations of this study can be

summarized using a simple cartoon (Fig. 9). Beneath

the eastern Pacific, most notably the EPR, the radial

anisotropy shifts from a predominantly horizontal

orientation in the top 120 km to vertical below 200

km. This deep vertical-fast anisotropic anomaly is a

notable departure from the global average PREM

anisotropy, which is characterized by large-scale,

horizontal alignment of olivine above 220 km and

zero anisotropy below it. The strength and location of

the anomaly are consistent with the results of [6,20],
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although controversial features within PREM (e.g.,

the termination depth of anisotropy and a subsequent

seismic jump at 220 km) make the interpretation of

the anisotropy less intuitive. However, the vertical

anisotropic anomaly beneath the EPR appears to be

well resolved and independent of the starting model.

As evidence of this we compare our result (Fig. 10a)

with three recent global studies of anisotropy (Fig.

10b–d), obtained primarily using long-period surface

waves. The agreement among these models is

significant, in spite of obvious differences in data,

modeling philosophy, and parameterization. All four

models show strong vertical anisotropy at 250 km

beneath the EPR, although the first two models (Fig.

10a and b) used PREM as the starting model and the

last two (Fig. 10c and d) did not. Ekstrfm and

Dziewonski [19] and Boschi and Ekstrfm [42] used

spherical harmonics and dblocks,T respectively, to

represent the lateral variation of anisotropic speeds.

Both studies were based on ray-theoretical approx-
imations, whereas Zhou et al. [43] inverted the phase-

delay measurements of Laske and Masters [44]

relative to 1066A [45] using finite-frequency 3D

kernels. The deepest extent of the vertical anisotropy

is approximately 300 km, consistent among all four

models.

Our result beneath the EPR conforms to PREM-

like horizontal flow at shallow depths (BSHNBSV), but

suggests vertical flow toward the bottom of the

asthenosphere. This pattern is repeated beneath only

parts of other ridges (see Figs. 4 and 6a), and a

systematic discussion of the anomaly with respect to

spreading velocity is the subject of a further analysis.

In general, the lateral scales of heterogeneities and

anisotropy beneath fast-spreading ridges are smaller,

but the thermal and compositional variations could

potentially be greater than those beneath the con-

tinents. The lateral extent of the asthenospheric

anomaly is on the order of 300–800 km, accounting

for the inherent lateral smoothing due to incomplete

data coverage. The depth of our anomaly corroborates

with the hypothesis of Evans et al. [46], who analyzed

magnetotelluric records from the MELT experiment

[23] and raised the possibility of a highly conductive

region at approximately 200-km depth west of the

EPR. The existence of a deep conductive layer could

suggest the presence of partial melt. Deep partial melt

situated in vertically aligned channels could account

for the fast-vertical anomaly observed in our data, and

the crossover of the solidus below the partial melt

zone could account for the observed velocity jump at

260 km. We interpret this coincidence as evidence that

melt may have, over time, channelized at much

greater depths than previously realized.

Even if partial melt is not present at these depths,

the depth extent of the fast-vertical anomaly and the

260-km discontinuity may suggest the presence of a

rheological change, perhaps related to changes in

strain rate, or the average orientation of finite strain.

Based on depth alone, this reflector could be

quantified as the dXT discontinuity [31], although it

is still unclear whether this discontinuity represents

the transitional depth of creep regimes [8,47], a

boundary layer of anisotropy induced by astheno-

spheric flow [19–21], or solid–solid phase transi-

tion(s) [48]. The potential presence of water makes it

more difficult to accurately quantify the cause of these

mild asthenospheric reflector(s) in general.
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What we do know is that the depths of the vertical

anisotropy and mantle discontinuity are within the

upper 200–300 km of the upper mantle. Results from

global and regional studies of mantle discontinuities

[24,40,41], which are strongly sensitive to thermal

variations, have shown little evidence for any sig-

nificant thermal signature under spreading ridges at

depths beneath 400 km. Our re-examination shows

that the lateral variation of discontinuity depth under

the northern EPR does not stand out from the ambient

mantle; the topography is characterized by a modest

depression of 2–3 km, well within the uncertainty of

the depth measurements (see also [24]). This suggests

that it is unlikely that major thermal influences (e.g.,
upwelling from a deeper mantle source directly

beneath the northern part of the EPR) could be

responsible for the observed anisotropy and jump in

apparent seismic velocity.

The history of melt transport may hold the key to

understanding the observed anisotropic pattern. We

may think of the 260-km discontinuity as the depth

above which mantle flow within the asthenospheric

system becomes organized vertically, eventually

shifting to dominantly horizontal flow at shallower

depths and at greater distances from the ridge.

Alternatively, this deep anisotropic signature may

also result from 3D deformations associated with

horizontal shear, that is, by forming weak and strong
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shear zones, a 908 shift of fast direction (to vertical)

could potentially take place during the process of melt

segregation [49]. The effect of such a mechanism on

the vertical shear wave speed will then become less

clear. Dense regional data coverage, particularly that

achievable from ocean bottom deployments, are

needed to confidently differentiate these possible

mechanisms.
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