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Key Points:6

• A narrow high seismic velocity anomaly near the 660-km phase boundary splits a mantle-7

wide low seismic velocity anomaly beneath Samoa.8

• Harzburgite enrichment below the base of transition zone within a continuous hot ther-9

mochemical upwelling can explain the ‘Samoa gap’.10

• Anomaly strength can be matched by a harzburgite fraction of at least 0.925 and a tem-11

perature elevated by 125–175◦C.12
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Abstract13

Various changes in seismic structures across the mantle transition zone (MTZ) indicate it may14

hamper thermal and chemical circulation. Here we show how thermal elevation of the post-15

spinel phase transition at 660 km depth plus harzburgite segregation below this depth can project16

as narrow high-velocity anomalies in tomographic images of continuous thermochemical man-17

tle upwellings. Model S40RTS features a narrow high-velocity anomaly of +0.8% near 66018

km depth within the broad low-velocity structure beneath the Samoa hotspot. Our analyses in-19

dicate that elevation of the 660 phase boundary in a hot pyrolitic plume alone is insufficient20

to explain this anomaly. An additional effect of harzburgite enrichment is required and con-21

sistent with geodynamic simulations that predict compositional segregation in the MTZ, es-22

pecially within thermochemical upwellings. The Samoa anomaly can be modelled with a 125–23

175◦C excess temperature and a harzburgite enrichment below 660 of least 60% compared to24

a pyrolitic mantle.25

1 Introduction26

It is well established that the upper mantle transition zone has a profound influence on27

the structure of mantle flow. Seismic tomography has been successful in imaging the variable28

descent of subducting slabs into the deep mantle [e.g., Grand, 1994; Sigloch and Mihalynuk,29

2013; Fukao and Obayashi, 2013] but tomographic constraints on the origin of mantle upwellings30

have remained ambiguous [e.g., Montelli et al., 2004; Wolfe et al., 2009; Styles et al., 2011; French31

and Romanowicz, 2015].32

In this paper, we investigate the effects of compositional layering in the upper mantle33

transition zone on images of mantle upwellings. We consider a thermochemical upwelling from34

the lower mantle that has transported compositionally distinct material into the transition zone35

[e.g., Xie and Tackley, 2004; Brandenburg and van Keken, 2007; Nakagawa et al., 2010]. The36

layering originates from thermal perturbations of the 660-km phase boundary (i.e., the 660)37

and from the segregation of basaltic and harzburgitic components with intrinsically different38

densities [Irifune and Ringwood, 1993]. Using a forward modeling approach, we illustrate how39

anomalous layering near the 660 can project as a high-velocity seismic anomaly embedded40

within a whole-mantle low-velocity structure and be reminiscent of discontinuous flow across41

the transition zone.42
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Figure 1a is the working example of our analysis. It shows the shear-velocity structure43

in the mantle beneath the southwestern Pacific according to S40RTS [Ritsema et al., 2011].44

The dipping high-velocity anomaly between 10o and 35o is the subducting Pacific Plate. A45

broad low-velocity anomaly extends from the core-mantle boundary to the surface beneath the46

Samoa hotspot. We interpret this mantle-wide structure as a large-scale mantle upwelling re-47

lated to hotspot volcanism on Samoa and call it the Samoa plume for simplicity. There is a48

gap in the Samoa plume near the base of the upper-mantle transition zone, manifested as a pos-49

itive wave speed anomaly with a maximum amplitude of δVS = 0.8%. We will call this the50

Samoa gap from here on. The Samoa gap may imply that upward mantle flow is blocked near51

the 660. Here, we hypothesize that the Samoa gap is due to the thermal elevation of the 66052

and compositional heterogeneity around the base of the transition zone within a continuous53

thermochemical upwelling. Our modeling is informed by seismic estimates of 660 topogra-54

phy, geodynamic simulations of mantle mixing, and estimates of image resolution in tomo-55

graphic model S40RTS.56

2 Models of the Samoa gap57

2.1 Temperature induced phase boundary topography58

The mineral phase transformation of ringwoodite (ri) to the post–spinel phases bridge-59

manite (br) plus magnesiowüstite (mw) is responsible for the deepest global seismic discon-60

tinuity in the upper mantle at 660 km depth. Recent estimates indicate that this transition has61

a negative Clapeyron slope −2.9 ≤ γ660 ≤ −2.1 MPa K−1 [Ye et al., 2014]. Hence, a tem-62

perature increase in the upper mantle of ∆T = 250◦C would elevate the 660 by 13–18 km.63

Analyses of P and S wave reflections [e.g., Flanagan and Shearer, 1998; Gu and Dziewonski,64

2002; Deuss, 2009] and conversions [e.g., Schmandt et al., 2012; Mulibo and Nyblade, 2013;65

Jenkins et al., 2016] indicate that topography on the 660 in the mantle is as high as 30 km.66

In seismic images (Figure 1b), a locally elevated 660 would be visible as a thin high-67

velocity anomaly with respect to a mantle in which the 660 is unperturbed. Its vertical width68

is equivalent to the elevation of the 660 and the velocity contrast is determined by the shear69

velocity increase across the 660. The expected concurrent depression of the 410 due to the exother-70

mic phase transition around that depth would produce a low-velocity anomaly. We ignore such71

an anomaly because it would likely not be observable within a large-scale low-velocity anomaly72

(i.e., the Samoa plume).73
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2.2 Basalt depletion below the 66074

Melting of mantle peridotite generates a stratified oceanic lithosphere with layers of basalt75

and harzburgite. After plates subduct these two components are recycled back into the man-76

tle to become a folded and stretched mechanical mixture (see Xu et al. [2008] for a discus-77

sion). Since harzburgite is denser than mid-ocean ridge basalt for a narrow depth range (∼ 10078

km) beneath the 660, the two components may segregate near the 660 [Irifune and Ringwood,79

1993]. As a result the lower mantle will have a harzburgite enriched composition between about80

660 and 800 km depth and basalt enrichment directly above 660. Numerical simulations of81

thermochemical mantle convection [e.g., Xie and Tackley, 2004; Brandenburg and van Keken,82

2007; Nakagawa et al., 2010] demonstrate that a compositional gradient forms in the mantle83

and that basalt–harzburgite partitioning can be particularly strong within upwelling regions of84

the mantle and when γ660 or the density contrast between basalt and harzburgite are high [e.g.,85

van Summeren et al., 2009]. The shear velocity of a basalt-enriched composition above 66086

will be lower than the background mantle and would contribute to the overall low velocities87

of a hot upwelling. By contrast, the shear speed in a harzburgite-enriched layer beneath the88

660 is higher than in a mantle with a pyrolite composition, as illustrated in Figure 1c.89

3 Analysis90

3.1 Mineral physics constraints91

Experimental mineral physics results constrain our seismic models of the elevation of92

the 660 and harzburgite enrichment in the uppermost lower mantle. We compute theoretical93

profiles of shear velocity as described in Cobden et al. [2008], i.e., using PerPle X [Connolly,94

2005], with the thermodynamic parameter database from Stixrude and Lithgow-Bertelloni [2011]95

and estimates of temperature and pressure-dependent anelasticity from Goes et al. [2004]. As96

in Xu et al. [2008], the mantle is composed of the Na-Ca-Fe-Mg-Al-Fi (i.e, NCFMAS) oxides97

and regarded as a mechanical mixture of basalt and harzburgite in proportions f and 1–f , re-98

spectively. We calculate the reference profile for an adiabat with a potential temperature of 1300◦C,99

suitable for the convective MORB-source mantle, and for a basalt fraction f = 0.2, roughly100

equivalent to the composition of pyrolite. We compute the elevation of the 660 due to a tem-101

perature increase using a Clapeyron slope of γ660 = −2.9 MPa K−1 and velocity anoma-102

lies due to changes in the composition of the uppermost lower mantle by changing f .103
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Figure 2a compares profiles of shear velocity for basalt fractions f between 0 and 0.4104

and an adiabat for the reference potential temperature of 1300◦C. In a purely harzburgitic man-105

tle (i.e., f = 0), the 660 phase transition is entirely controlled by the ri→ bm+mw tran-106

sition with a shear velocity jump of 9.0% at the 660. The shear velocity is up to 2% higher107

than in a pyrolitic mantle between 660 km and 760 km depth. In a mechanical mixture of basalt108

and harzburgite (i.e., f > 0), the phase transformation at the 660 is distributed over a finite109

pressure range because the gt→ mw in basalt occurs near 760 km depth. The shear veloc-110

ity jump at the 660 decreases with increasing basalt fraction f from 7.2% for f = 0.2 to 5.4%111

for f = 0.4. Figure 2b compares profiles of shear velocity for adiabats with potential tem-112

peratures between 1300◦C (our reference geotherm) and 1600◦C (expected within a hot man-113

tle upwelling). The basalt fraction f = 0.2. The elevation of the 660 increases with temper-114

ature but the velocity increase across the 660 is not very sensitive to temperature.115

3.2 Model parameterization116

We parameterize the elevation of the 660 and a layer below the 660 with a harzburgite-117

enriched composition as narrow rectangular blocks. The rectangular blocks have horizontal118

side lengths of 1000 km which corresponds to the minimum horizontal scale that can be re-119

solved by S40RTS. The vertical thickness H and the uniform velocity perturbation δVIN are120

free parameters.121

For a model that represents a 660 perturbation, H corresponds to the elevation of the122

660. The shear velocity jump δVB at the phase boundary (see Figure 2c) and the shear ve-123

locity reduction δVT due to the increased temperature determine δVIN (see Figure 2d). δVIN =124

δVB+δVT. For a model that represents a harzburgite-enriched layer beneath the 660, H is125

the layer thickness and the shear velocity anomaly δVIN depends on the composition (δVC)126

and temperature δVT. Thus, δVIN = δVC+δVT, where δVC and δVT have opposite signs.127

If the layer is pure harzburgite (f = 0) and there is no temperature anomaly, then δVIN is128

about 2%. If ∆T exceeds about 200◦C, the shear velocity in the harzburgite-enriched layer129

is lower than in the reference model and the layer may not be visible.130

3.3 Tomographic filtering131

To estimate how phase boundary topography and harzburgite enrichment in the upper-132

most lower mantle would be imaged tomographically, we use the model resolution matrix R133
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of S40RTS. We first project the test structure (i.e., the rectangular block) into the model pa-134

rameterization of S40RTS, which consists of spherical harmonics up to degree 40, and 21 ver-135

tical spline basis functions. After projection into S40RTS parameterization the linear opera-136

tor R is applied to produce a tomographically filtered version of the input model. Applica-137

tion of R distorts and dampens the input model due to incomplete and heterogeneous data cov-138

erage, and model regularization, but it does not include the effects of inaccurate forward mod-139

eling [Ritsema et al., 2007].140

Figure 3 shows how a 30-km elevation of the 660 (in Figure 3a) and a 100-km thick layer141

of compositional heterogeneity below the 660 (in Figure 3b) would be imaged in S40RTS. Af-142

ter projection into S40RTS parameterization (Figure 3c and 3d) the high-velocity rectangu-143

lar blocks are thicker and the velocity anomalies are weaker because the spacing of the ver-144

tical splines in S40RTS is large compared to H . The amplitude reduction is strongest for the145

thinnest layer. After filtering (Figure 3e and 3f), the velocity perturbations have been reduced146

further by a factor of about two.147

4 Results148

The contours in Figure 4 show how the peak recovered velocity anomaly, which we re-149

fer to as δVOUT, varies as function of H and δVIN. δVOUT depends linearly on δVIN and150

non-linearly on H . It is highest for the thickest layers when re-parameterization affects the am-151

plitude reduction the least.152

In Figure 4a, the highest value for δVOUT of 1.7% is obtained when the 660 is elevated153

by 30 km and the shear velocity jump across the 660 is 10%. The Samoa gap of 0.8% (see154

Figure 1) can be explained if the 660 is elevated by at least 15 km. For a shear velocity jump155

as small as 5%, the 660 elevation must be 25 km or more. The smallest shear velocity per-156

turbation δVIN in combination with the smallest H for which δVOUT = 0.8% are 7% and157

18 km, respectively. The combinations of H and δVIN consistent with a temperature induced158

elevation of the 660, as discussed in Section 3.1, are indicated by dashed lines in Figure 4a.159

We consider a mantle mixture with a pyrolitic composition (f = 0.2) and a harzburgitic man-160

tle (f = 0) and assume that γ660 = -2.9 MPa K−1. The highest values of δVOUT are obtained161

when ∆T is about 200–250◦C, depending on composition. Within this temperature range, the162

660 elevation is about 15–20 km. δVOUT approaches 0.8% if the mantle is composed of pure163

harzburgite but it is smaller than 0.5% for a pyrolitic mantle.164
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Figure 4b shows that the Samoa gap of 0.8% can be better explained by a harzburgite-165

enriched layer with a thickness of at least 50 km. The highest value for δVOUT of 1.7% is166

obtained when shear velocity jump is 2.1% higher than in the ambient mantle within 100-km167

thick layer below the 660. The smallest values for δVIN and H for which δVOUT = 0.8%168

are 1.5% and 70 km, respectively. The shear velocity increase δVIN in this layer decreases with169

increasing basalt fraction f . If the layer has a thickness of 100 km, the harzburgite fraction170

must be higher than 0.925 to match the Samoa gap of 0.8%.171

5 Discussion and Conclusions172

In this paper, we have demonstrated that thermal elevations of the post-spinel phase tran-173

sition at 660 km depth and basalt segregation at the top of the lower mantle can project as nar-174

row high-velocity anomalies in tomographic images of continuous thermochemical mantle up-175

wellings. Even though our analysis used post–spinel Clapeyron slopes on the high end of those176

determined from mineral physics [Ye et al., 2014; Hirose, 2002; Weidner and Wang, 1998], the177

elevation of the 660 alone is not sufficient to explain the relatively high shear velocity in the178

Samoa gap. This is because of the competing effects of the phase transition and temperature179

on shear velocity in a pyrolytic mantle. A harzburgite-enriched layer within the uppermost lower180

mantle is an essential feature of the model. It is consistent with geodynamic simulations of181

mantle mixing which predict strong compositional layering around the 660 [e.g., Xie and Tack-182

ley, 2004; Nakagawa et al., 2010; van Summeren et al., 2009]. It may also help explain the change183

in the pattern of seismic velocity heterogeneity across the 660 [e.g., Gu et al., 2001; Ritsema184

et al., 2004].185

In Figure 5 we show which combinations of mantle temperature anomaly ∆T and com-186

position below 660 can explain the high velocity anomaly of 0.8% in the gap within the ther-187

mochemical Samoa plume (See Figure 1). The uppermost lower mantle is enriched in harzbur-188

gite due to compositional segregation across the 660. Assuming a Clapeyron slope for the 660189

phase boundary of γ660 = -2.9 MPa K−1, we find that if the average harzburgite fraction is190

> 0.925 (i.e., a basalt fraction of f < 0.075) between 660 and 760 km depth, a tempera-191

ture anomaly of ∆T = 125–175◦C in the transition zone can explain the Samoa anomaly. Al-192

though phase boundary topography plus high-velocity material below or around 660 km depth193

are required to match the Samoa gap, estimates of composition and thermal anomaly are sub-194

ject to substantial uncertainties associated with the mineral physics constraints on transition-195

zone shear velocities [Stixrude and Lithgow-Bertelloni, 2011; Cammarano et al., 2003].196
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Our analysis has focused on the mantle beneath the Samoa hotspot where image reso-197

lution in the transition zone is relatively high and where the effects are most obvious. The Samoa198

plume and gap are also apparent in tomographic models based on different data sets and mod-199

eling strategies (Supplementary Figure 1). However, a quantitative comparison of image res-200

olution for all models is necessary to determine whether these tomographic images are con-201

sistent with S40RTS and our analysis.202

While this study has concentrated on anomalies caused by phase boundary effects in re-203

gions of mantle upwelling, we expect that within a cold slab the ri→ bm+mw transition204

will occur at a greater depth, and thus introduce a thin low wavespeed anomaly. The Pacific205

slab anomaly (Figure 1a) is diminished by about 0.5% near 660, which is consistent with this206

interpretation. Figure 4a indicates that if the average slab composition is close to pyrolite, a207

velocity anomaly of 0.5% can be explained by a thermally induced phase boundary deflec-208

tion of 15 km, corresponding to a temperature decrease within the slab of ∆T = 200◦ C.209

If harzburgite-enrichment is important in the mantle, we should expect to see high-velocity210

anomalies in other regions of mantle upwelling. Anomalies similar to the gap in the Samoa211

plume are indeed apparent beneath the Azores, Canary, Galapagos, and Hawaii hotspots (Sup-212

plementary Figure 2) although they are much weaker and not as obviously layered, most likely213

due to the relatively poor tomographic image resolution in the transition zone beneath regions214

far from the western Pacific subduction zones [e.g., Ritsema et al., 2004; Houser et al., 2008]215

(Supplementary Figure 3).216

While we suggest that high-velocity layering within broad low seismic velocity anoma-217

lies is consistent with dynamically predicted basalt–harzburgite segregation, this prediction de-218

pends on the post-spinel Clapeyron slope [Weinstein, 1992], mantle viscosity [Brandenburg219

and van Keken, 2007] and the relative densities of basalt, harzburgite and pyrolite as a func-220

tion of pressure and temperature, each with significant uncertainties. These parameters deter-221

mine whether or not global compositional stratification near 660 develops over the convective222

timescale of Earth [Nakagawa et al., 2010]. Further work should test our observation and in-223

terpretation of the compositional segregation within mantle plumes.224
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Figure1.pdf

Figure 1. (a) Vertical, SW–NE oriented cross-section through the shear velocity model S40RTS [Ritsema

et al., 2011] centered on the Samoa hotspot. The Samoa plume is a broad low shear velocity anomaly from

the core-mantle boundary to the surface and assumed to be a hot thermal upwelling. A high-velocity anomaly

breaks the Samoa plume near the 660-km discontinuity (dashed line). This feature is called the Samoa gap

in this paper. (b) Sketch of the expected 660-km phase boundary elevation due to the increased temperature

in the upper mantle beneath Samoa. (c) Sketch of a layer in the uppermost lower mantle with a harzburgite-

enriched composition. The 660 elevation (in b) and the harzburgite-enriched layer (in c) may be observed as

high-velocity anomalies.
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Figure2.pdf

Figure 2. Shear velocity profiles calculated for mechanical mixtures of basalt and harzburgite in propor-

tions f and 1–f , respectively. (a) The basalt fraction f is varied from 0 to 0.4. The geotherm is an adiabat

with a potential temperature of 1300◦C. (b) The potential temperature is varied between 1300◦C and 1600◦C.

The basalt fraction f = 0.2. (c) The shear velocity increase δVB across the 660 as a function of basalt fraction

f . (d) The shear velocity decrease δVT in the uppermost lower mantle as a function of temperature increase

∆T.
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Figure3.pdf

Figure 3. Resolution test showing how a rectangular block-shaped velocity anomaly above the 660 (in a)

and below the 660 (in b) would be imaged in S40RTS. The anomaly has horizontal side lengths of 1000 km.

In (a) the thickness H = 30 km and δVIN = 5%. In (b) the thickness H = 100 km and δVIN = 2%.

The anomalies are drawn with vertical exaggeration for clarity. Panels (c) and (d) show these anomalies after

projection into S40RTS parameterization. Panels (e) and (f) show the anomalies after re-parameterization and

filtering by R. The highest recovered anomaly in tomographically filtered model is δVOUT.
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Figure4.pdf

Figure 4. Contours of the peak recovered velocity anomaly δVOUT obtained by tomographic filtering

of input models using R. An input model is defined by the assumed layer thickness H (along the x-axis)

and velocity anomaly δVIN (along the y-axis) and represents (in a) an elevation of the 660 or (in b) a layer

in the uppermost lower mantle with a harzburgite-enriched composition. The 0.8% contour corresponds to

the Samoa gap near the 660 within the Samoa plume (see Figure 1). The red square is a corner point where

δVOUT = 0.8% for the smallest values of δVIN and H . In (a), the dashed lines show the combinations of

δVIN and H consistent with an elevation of the 660 due to the presence of a temperature ∆T, indicated with

solid circles. The yellow and white lines correspond to assumed basalt fractions of f = 0 and f = 0.2,

respectively. In (b), the dashed lines show the values of δVIN consistent with harzburgite enrichment below

the 660 for f = 0, f = 0.05, f = 0.10, and f = 0.15.
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Figure5.pdf

Figure 5. The expected values of δVOUT in the Samoa gap for a model of the Samoa plume as a contin-

uous thermochemical upwelling across the transition zone that has elevated the 660 and includes a 100-km

thick zone below the 660 with a harzburgite-enriched (basalt-depleted) composition. δVOUT is determined as

a function of the temperature anomaly ∆T and for variable basalt fraction. in the uppermost lower mantle.
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