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Abstract We have compiled all previous ultralow velocity zone (ULVZ) studies, and digitized their core-
mantle boundary (CMB) sampling locations. For studies that presented sampling locations based on infinite
frequency ray theory, we approximated Fresnel zones onto a 0.58 3 0.58 grid. Results for these studies were
separated according to wave type: (1) core-reflected phases, which have a single location of ULVZ sampling
(ScS, ScP, PcP), (2) core waves that can sample ULVZs at the core entrance and exit locations of the wave
(e.g., SPdKS, PKKP, and PKP), and (3) waves which have uncertainties of ULVZ location due to long CMB
sampling paths, e.g., diffracted energy sampling over a broad region (Pdiff, Sdiff). For studies that presented
specific modeled ULVZ geographical shapes or PKP scatter probability maps, we digitized the regions. We
present summary maps of the ULVZ coverage, as well as published locations arguing against ULVZ
presence. A key finding is that there is not a simple mapping between lowermost mantle reduced
tomographic velocities and observed ULVZ locations, especially given the presence of ULVZs outside of
lowermost mantle large low velocity provinces (LLVPs). Significant location uncertainty exists for some of
the ULVZ imaging wave types. Nonetheless, this compilation supports a compositionally distinct origin for
at least some ULVZs. ULVZs are more likely to be found near LLVP boundaries, however, their relationship
to overlying surface locations of hot spots are less obvious. The new digital ULVZ database is freely available
for download.

Plain Language Summary Nearly half way to the center of Earth, small and thin regions of
extremely anomalous mantle rock sit on top of Earth’s fluid core. The speeds of seismic waves are reduced
by tens of percent in these tiny zones, and for over 20 years have been interpreted as being partially mol-
ten. Here, we summarize all the past studies and show that the geographical distribution of the sluggish
patches is consistent with a requirement that they be compositionally distinct from the surrounding mantle.
Their composition remains unknown. Dubbed ‘‘ultra-low velocity zones’’, they remain enigmatic - less than
20% of Earth’s core mantle boundary has been explored in past investigations. However, this summary sug-
gests they have a preference of being located near the margins of two much larger anomalies, continental-
sized lowermost mantle low seismic wave speed provinces.

1. Introduction

1.1. ULVZ Properties and Origin
In the past two decades, seismic investigations of deep mantle heterogeneity have reported thin, patch-
like mantle-side seismic anomalies adjacent to the core-mantle boundary (CMB) with strong velocity
reductions. The reported ultralow velocity zone (ULVZ) properties vary: thicknesses range from 3 to
100 km, but are most commonly tens of kilometers (e.g., He & Wen, 2009; Rost et al., 2010a; Thorne &
Garnero, 2004), P wave velocity reductions are up to 25% (e.g., Brown et al., 2015; Ross et al., 2004),
S wave velocity reductions are up to 50% (e.g., Idehara, 2011; Rondenay & Fischer, 2003), density increases
are up to 20% (e.g., Idehara, 2011; Koper & Pyle, 2004), and lateral sizes range from tens of kilometers up
to around 900 km (e.g., Cottaar & Romanowicz, 2012; Jensen et al., 2013; Yuan & Romanowicz, 2017).
Occasionally, varying properties within ULVZs are proposed. These may include a diffusive top or a verti-
cal velocity gradient (e.g., Rondenay & Fischer, 2003; Rost et al., 2006), or multilayered structures (e.g., Ide-
hara, 2011; Pachhai et al., 2015; Ross et al., 2004). Using 2 1 D synthetic seismogram modeling, different
ULVZ three-dimensional shapes have been presented, including box-car, dome, and Gaussian shapes
(e.g., Cottaar & Romanowicz, 2012; Thorne et al., 2013; To et al., 2011; Wen & Helmberger, 1998b; Yuan &
Romanowicz, 2017).

Key Points:
� Previous seismic studies of ultralow
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Many possible origins to ULVZs have been proposed, and essentially emphasize the role of very high tem-
perature or chemically altered (and distinct) compositions. The modeled 3:1 ratio in S wave to P wave veloc-
ity reduction can be explained by 5–30% partial melting of the deepest mantle material (Berryman, 2000;
Williams & Garnero, 1996), with the amount of melt depending on actual melt geometry (e.g., Williams &
Garnero, 1996). Seismic wavefield scattering studies have also suggested a possible melt origin to small
scale heterogeneities (Thomas et al., 2009). ULVZs located beneath the surface locations of hot spots (e.g.,
Cottaar & Romanowicz, 2012; Rost et al., 2005; Yuan & Romanowicz, 2017) may point to a thermal origin
(Figure 1a), though this does not preclude compositionally distinct material having been advected to plume
root locations. The partial melt explanation faces difficulties in explaining ULVZs detected around the edge,
or away from presumably hotter lowermost mantle regions (i.e., the large low velocity provinces, LLVPs)
(Luo et al., 2001; Ni & Helmberger, 2001b; Rondenay & Fischer, 2003; Ross et al., 2004; Xu & Koper, 2009).
Also, we may expect to see more ULVZs in the center of LLVPs if their origin is related to the hottest mantle
temperatures. Thermodynamical arguments advocate the necessity of compositional distinction to ULVZs
(Hernlund & Tackley, 2007). Nonetheless, their existence around the edge of LLVPs (Figure 1b) combined
with a proposed density elevation (Havens & Revenaugh, 2001; Ross et al., 2004; Thorne & Garnero, 2004)
appears compatible with a compositional difference between ULVZs and the surrounding mantle (Li et al.,
2017; McNamara et al., 2010). Various hypotheses have invoked iron-enrichment to account for the
observed ULVZ density elevation (Dobson & Brodholt, 2005; Mao et al., 2006; Tsuchiya & Tsuchiya, 2006;
Wicks et al., 2017). The subduction of basaltic oceanic crust could bring chemically distinct materials to the

Figure 1. Cartoons showing ULVZ detection locations and other phenomena. (a) ULVZs have been reported to exist beneath surface hot spots, associated with
mantle plumes. Arrows indicate large-scale mantle flow. These basal zones may be the hottest deep mantle locations, and relate to the origin of partial melt in
ULVZs. (b) Compositionally distinct ULVZs will advect to the margins of thermochemical piles, which have been advocated as the origin of LLVPs. (c) ULVZs in
relatively cold regions might be due to deeply subducted oceanic crust, or possible accumulated products of chemical reactions between the core and mantle.
Subduction-related flow can advect these ULVZs toward LLVP regions. (d) The possibility of widespread thin ULVZs. They are seismically imaged only when the
accumulated thickness of ULVZ material extends off the CMB above the seismic resolution limitations (roughly 5 km vertically, depending on the seismic phase
and ULVZ properties). This cartoon depicts a detectable ULVZ with lateral dimension of hundreds of kilometers.

Geochemistry, Geophysics, Geosystems 10.1002/2017GC007281

YU AND GARNERO 397



lower mantle, which may explain the sporadic ULVZ distribution as well as compositional uniqueness
(Andrault et al., 2014; Hu et al., 2016; Liu et al., 2016; Nomura et al., 2014). Other possibilities exist, e.g., prod-
ucts from chemical reactions between the silicate mantle and core (Buffett et al., 2000), which could give
rise to ULVZs far from LLVPs. These possibilities (and others) would result in ULVZ material which will then
be swept toward upwelling regions (Figure 1c). It is noteworthy to mention that resolution issues may be at
play that result in ULVZs erroneously going undetected (Figure 1d). That is, ULVZs may be missed if they
are especially thin, e.g., <3–5 km (Ross et al., 2004; Rost & Thomas, 2010), or if they have three-dimensional
structure that masks their detection. However, thin ULVZ possessing particularly anomalous properties have
a better chance at being detected, especially with waves that depend upon velocities right at the CMB, like
SPdKS. The focus of this work is a comprehensive assessment of ULVZ distribution and properties, which is
warranted before advocating any particular origin to ULVZs.

1.2. ULVZ Seismic Probes
A summary of seismic phases used in previous ULVZ studies is presented in Figure 2. These phases share a
common feature in that they interact with the CMB, and thus hold opportunity to detect and image ULVZ
structure. In this study, we group results from previous investigations according to the type of seismic
wave: namely, (1) a CMB reflection, (2) a core wave with different core entry and exit locations, (3) CMB dif-
fraction, and (4) scattering at the CMB. A reflected wave (including ScS, ScP, and PcP) samples the CMB
once, at the reflection point (Figure 2a). If the ULVZ has an abrupt discontinuity at the top (and is locally flat
to first order), a reflection off the top of the ULVZ will result in a precursory (early) arrival relative to the
main phase. Internal reflections or P-to-S or S-to-P conversions within the ULVZ layer can result in additional
delayed arrivals (post-cursors) relative to the main phase (Figures 2b–2d). Therefore analyses of CMB
reflected waves for investigating ULVZ structure commonly utilize the timings and amplitudes of precursors
and postcursors (e.g., Avants et al., 2006; Hutko et al., 2009; Rost et al., 2005). Diffracted phases encounter
the CMB either once (e.g., Pdiff and Sdiff) or twice (e.g., SPdKS and PKKPab_diff, Figures 2e and 2h). Reduced
seismic wave speeds at the very base of the mantle can cause delays and waveform distortions of the dif-
fracted arrivals. However, since the diffraction paths can be relatively long (e.g., Pdiff and Sdiff), or occur at
two separate CMB crossing locations (e.g., SPdKS and PKKPab_diff), there is uncertainty in uniquely identifying
the exact ULVZ location. To resolve the ambiguities of a source-side versus receiver-side location for ULVZ
structure (or both), either knowledge from crossing path sampling (e.g., Rondenay & Fischer, 2003) or incor-
poration of previously published models (e.g., Thorne et al., 2013) is typically required. Detailed waveform
modeling utilizing 2-D and 3-D models helps in the imaging, but introducing a larger model space can
introduce more trade-offs (e.g., Cottaar & Romanowicz, 2012; Thorne et al., 2013; To et al., 2011). PKP used
in waveform studies also encounter the CMB twice, and thus can involve source-side versus receiver-side
ULVZ location ambiguity (e.g., Thomas et al., 2009; Wen & Helmberger, 1998a). In contrast, scattered PKP
observed at precritical distance and identified by azimuth-slowness analyses (Figures 2j and 2k) circumvent
the source-receiver-side uncertainty by pointing to specific scattering heterogeneities.

1.3. ULVZ Distribution
The study of McNamara et al. (2010) summarized over 40 ULVZ studies and produced a ULVZ distribution
map, suggesting that ULVZs are preferably grouped around LLVP regions. However, as they also noted,
many ULVZs were not within or near LLVPs. The ULVZ regions presented in that study were graphically
redrawn from previous studies; that is, they were not digitally reproduced. In this study, we digitize these
regions (including ULVZ regions from more recent studies). This enables a more quantitative comparison of
ULVZ locations to other lower mantle related phenomena, such as LLVPs and hot spots. In addition to geo-
graphical comparisons, the database presented here is publically available (Yu & Garnero, 2017).

2. Digitizing ULVZ Regions

2.1. ULVZ Information Collection
We have surveyed all seismologically determined ULVZ regions from studies self-identifying their observa-
tions as ULVZs. We applied no filter regarding ULVZ properties such as the degree of velocity drop or ULVZ
height. Some ULVZ models do not have a particularly ‘‘ultra’’ velocity drop, but the velocity anomaly
exceeds typical maximum levels in lowermost mantle tomography models. This, combined with evidence in
many cases for an abrupt change to the reduced velocities, suggests the structure is consistent with the
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Figure 2. (continued)
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ULVZ concept. However, we do not set a filter since our database of past studies separately lists every study.
Thus, future work using the database can define ULVZs based on any criteria. A list of previous studies is
presented in Table 1. Studies are grouped according to the type of seismic probe, then further grouped by
sampling region (the region names in Table 1 are presented in Figure 3). Authors of all studies were emailed
with requests for digital ULVZ locations. For studies in which we did not receive digital locations, we pro-
ceeded with digitizing ULVZs from figures and tables in their papers. Our database includes three types of
raw information for ULVZ locations: (1) CMB reflection point locations for reflected waves, (2) CMB ray path
lines where diffraction occurs at the CMB for waves with diffraction, and (3) CMB areas, namely, for (a) PKP
wave scattering probability maps, and also for (b) past studies that presented specific ULVZ geographical
shapes. Each information entry is either a positive detection with ULVZ properties, a nondetection, or an
uncertain detection. The uncertain detections are for complex waveforms which could not be unambigu-
ously modeled, and were described as uncertain in original studies. In our online database, each CMB sam-
pling zone is a single file described by an individual entry in the online database table.

2.2. Digitizing ULVZs
We used the freeware software package GraphClick for Cartesian and Mercator map projections. For other
map projections, we utilized the Generic Mapping Tools (GMT) freeware plotting software package (Wessel
et al., 2013) and reproduced the map projection in published figures by trial and error (using coastlines and
political boundaries for guidance). Once the geographic projection was identified, we digitized ULVZ geo-
graphic information from the published figures. For studies of core-reflected waves, the CMB sampling
point locations were digitized (these came from 23 studies, corresponding to the following study numbers
in Table 1: 2, 4, 9, 12, 13, 15, 16, 18, 22, 24, 27, 28, 29, 30, 33, 34, 37, 38, 40, 41, 42, 50, and 51). If the study
binned the sampling points together, the centers of these bins were digitized (this corresponded to three
studies: numbers 3, 43, and 53 in Table 1). For studies involving diffraction along the CMB, the end points of
each diffraction path were digitized (from four studies: numbers 19, 23, 25, and 31 in Table 1). The ray theo-
retical diffraction path can be reconstructed by the end points. For studies that reported a specific preferred
ULVZ model region, the boundary of the ULVZ region was digitized as a series of points (this came from
five studies: numbers 45, 46, 47, 52, and 54 in Table 1). The same process was assumed for studies present-
ing general ULVZ detection areas, which includes two subcategories: computed Fresnel zone ULVZ areas
(four studies: numbers 1, 21, 26, and 49 in Table 1), and PKP scattering high probability regions (four studies:
numbers 10, 14, 20, and 48 in Table 1). Additionally, three PKP studies (numbers 6, 32, and 36 in Table 1)
and one SKKS study (number 39 in Table 1) designated approximate regions. We note that other studies
compared SKKS to SKS for low velocity inference, but did not advocate any particular region for the ULVZ
(Zhang et al., 2009) (though this may overlap with other ULVZ study regions) or the structure was not a
ULVZ (Silver & Bina, 1993). If a study reported a 2-D cross-section model, we placed the cross section at its
geographical position along the great circle path of the reported data, and digitized the two ULVZ edge
locations along the cross section (this was done for seven studies: numbers 5, 7, 8, 11, 17, 35, and 44 in
Table 1). Regions from study numbers 35 and 44 are further extended azimuthally from the great circle
plane to accommodate areas sampled by data (Sdiff and Pdiff) presented in those studies. This digital collec-
tion of ULVZ locations constitutes what we refer to as the ‘‘raw’’ ULVZ distribution information.

2.3. Approximating Fresnel Zones
As noted, many studies presented CMB sampling location information using infinite frequency ray paths
(e.g., reflection points and diffraction lines). Here we use the raw ray path information to approximate

Figure 2. Ray paths of seismic phases used in past ULVZ studies. Sources (red stars) are at 500 km. Receivers are red
reversed triangles. Red ray paths represent S waves, blue ray paths are P waves. Bold ray paths represent reference
phases. Gradient ULVZ color represents the uncertainties of its lateral size or top-side shape. (a) ScS, ScP, PcP at 508. ScS
and PcP are nearly identical. Multiple reflections and conversions arise due to a ULVZ layer, and are shown for a flat top
ULVZ for ScS in Figure 2b, PcP in Figure 2c, and ScP in Figure 2d. (e) SKS, SPdKS, SKPdS and Sdiff, Pdiff are shown at 1108.
(f) A zoom in the source-side of SKS and SPdKS in the present of ULVZ. (g) Horizontally propagating Sdiff and Pdiff interact
with the ULVZ at the CMB. Dashed lines represent diffracted wave fronts which can be delayed enough to affect the over-
all waveform. (h) PKKPbc and PKKPab_diff at 2608. (i) A zoom in at the receiver-side of PKKPab_diff depicting its interaction
with a ULVZ. (j and k) Examples of scattered PKP ray paths received before the PKP-caustic critical distance are depicted.
(l) A zoomed in look at source-side of PKPdf showing scattered P energy.
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Table 1
A Summary of all Past ULVZ Studies Surveyed Here, Grouped According to Seismic Wave Used to Probe ULVZ Structure

No. Reference Phase and methoda Region and detectionb

54 Yuan and Romanowicz (2017) Sdiff (t,w) Iceland (y)
45 Cottaar and Romanowicz (2012) Sdiff (a,t,w) Central Pacific (y)
44 To et al. (2011) Sdiff (t,w) Central Pacific (y,c)
35 Xu and Koper (2009) Pdiff (a,t) Northwest Pacific (y)
31 Rost and Garnero (2006) PKKPab_diff (a,t) North Atlantic (y)
46 Thorne et al. (2013) SKS (w) Southwest Pacific (y)
7 Wen and Helmberger (1998b) SKS (w) Southwest Pacific (y)
47 Jensen et al. (2013) SKS (w) Coral Sea (y), Philippine Sea (n),

South China Sea (y), Celebes Sea (y)
25 Thorne and Garnero (2004) SKS (w) Global (y,n,c)
23 Rondenay and Fischer (2003) SKS (w) North America (y,n), Northwest Pacific (n)
19 Ni and Helmberger (2001b) SKS (w) Central Africa (y,n)
11 Helmberger et al. (2000) SKS (w) Central Africa (y), North Atlantic (y)
5 Helmberger et al. (1998) SKS (w) Iceland (y)
52 Vanacore et al. (2016) SKS (w) South Atlantic (y), West Pacific (c),

South America (c)
36 Thomas et al. (2009) PKP (a,w) Coral Sea (y), West Pacific (c), Tasman Sea (n)
32 Zou et al. (2007) PKP (a,s) Amazon (y)
48 Yao and Wen (2014) PKP (t,s) South China Sea (y), Celebes Sea (y)
20 Niu and Wen (2001) PKP (s) Central America (y)
14 Wen (2000) PKP (s) North Madagascar (y)
17 Luo et al. (2001) PKP (t,w) Central Pacific (y,n,c)
10 Thomas et al. (1999) PKP (s) Southwest Pacific (y), Europe (y)
6 Vidale and Hedlin (1998) PKP (s) Southwest Pacific (y)
8 Wen and Helmberger (1998a) PKP (w) Southwest Pacific (y)
39 Sun et al. (2009) SKKS (t) South Africa (c)
26 Ross et al. (2004) PcP (w) North Siberia (y), West Siberia (n,c)
41 Rost et al. (2010b) PcP (w) Northeast Pacific (n)
40 Rost and Thomas (2010) PcP (m) Alaska (n)
1 Vidale and Benz (1992) ScP (w) Alaska (n)
3 Revenaugh and Meyer (1997) PcP (t,m) Alaska (y), Central America (c), Central Pacific (y)
37 Hutko et al. (2009) PcP (w) Alaska (c), Central America (n), Central Pacific (y)
21 Persh et al. (2001) SdP/ScP (r), PdP/PcP (r) Alaska (n), Central America (n)
12 Castle and Van Der Hilst (2000) ScP/P (r) Alaska (n), Central America (n)
4 Kohler et al. (1997) PcP (w) Alaska (n), Central Pacific (y)
16 Havens and Revenaugh (2001) PcP (m) Central America (y,n,c)
29 Avants et al. (2006) ScS (m) Central America (n), Central Pacific (y)
2 Mori and Helmberger (1995) PcP (w) Central America (n), Central Pacific (y)
33 Courtier et al. (2007) ScS (m) Central Pacific (c)
53 Zhao et al. (2017) ScS (w) Central Pacific (y)
49 Gassner et al. (2015) PcP (w) Europe (y,n)
43 Idehara (2011) ScP (w) Philippine Sea (y,n,c)
34 Idehara et al. (2007) ScP (w) Celebes Sea (y,n), Philippine Sea (y,n),

Coral Sea (y,n), Banda Sea (n)
50 Pachhai et al. (2015) ScP (w) Philippine Sea (y), Tasman Sea (y)
28 Rost et al. (2005) ScP (w) Coral Sea (y,n,c)
30 Rost et al. (2006) ScP (w) Coral Sea (y,n,c)
42 Rost et al. (2010a) ScP (w) Coral Sea (y,n)
51 Brown et al. (2015) ScP (w) Coral Sea (y)
24 Rost and Revenaugh (2003) ScP (w) Coral Sea (y,n)
15 Rost and Revenaugh (2001) ScP (w) Coral Sea (y)
27 Koper and Pyle (2004) PKiKP/PcP (r) Coral Sea (y)
38 He and Wen (2009) ScS (t,w) West Pacific (y)
13 Reasoner and Revenaugh (2000) ScP (w) Southwest Pacific (y,n,c), West Pacific (c)
9 Garnero and Vidale (1999) ScP (w) Southwest Pacific (y,n,c), West Pacific (n)
18 Ni and Helmberger (2001a) ScS (t,w) South Atlantic (y,c)
22 Simmons and Grand (2002) ScS, PcP (t) South Atlantic (y)

aMethods used: (a)rray-analysis, 1-D (m)igration, (s)catters, (t)ravel-time, (w)aveform modeling, amplitude
(r)atio. bDetection classification: (y)es detection, (n)o detection, (c)omplex or uncertain observations.
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Fresnel zones, in order to more realistically consider the spatial distribution of ULVZs. For CMB reflected
phases, we conduct a grid search on the CMB around the ray theoretical bounce point location to find all
grid points rendering source-to-CMB-to-receiver travel times within a quarter of the dominant period (Fig-
ure 4a). The dominant periods were either discerned from data shown in the original papers, or assumed,
using the published corner frequencies in filters used on the seismic data. The path geometry (i.e., great cir-
cle distance and azimuths for different studies) was either calculated from event-station location informa-
tion or measured on maps (see online database table for the values of dominant periods, azimuths, and
distances of each study). In practice, we found the resulting Fresnel zones could be well approximated by
ellipses. Thus, using the period and path geometry information, we found the elliptical estimate of the Fres-
nel zone for each reflected wave. For diffracted wave studies, we similarly constructed ellipses to

Figure 3. Map showing location region naming convention used in Table 1.

Figure 4. Schematic plot depicting addition of Fresnel zone approximations. Stars represent events and reversed triangle
represents the seismic station at Earth’s surface. The lower grid represents the CMB. (a) Fresnel zone approximation ellipse
around sampling points of PcP, ScP, and ScS. An ellipse on the CMB is found such that for each point on it, the travel time
difference between original ray path (brown) and an alternative ray path (dashed purple) is equal to one quarter domi-
nant period of the data. (b) Fresnel zone approximation ellipse around a CMB diffraction segment; this segment could be
the P-diffraction part of SPdKS (shown), as well as SKPdS and PKKPab_diff.
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approximate Fresnel zones for the diffracted segment of the wave path (again, assuming quarter wave-
length for the time of the diffraction sampling the elliptical zone, Figure 4b). This technique was also
applied to studies whose raw information involved ULVZ edge locations from published 2-D cross-section
models. We emphasize this method is approximate, but adequate given (a) the diverse and sometimes
incomplete nature of the information provided from the past studies; (b) the CMB is not well sampled by
ULVZ probing studies due to limitations in source-receiver geometries, thus the conclusions based on our
derived sampling zones will not be compromised; (c) ULVZ structure can vary over sub-Fresnel zone scales,
thus overemphasizing a computed Fresnel zone for any one study may not be warranted; (d) a majority of
past ULVZ studies employed 1-D modeling approaches, thus ULVZ locations and shapes may be offset from
solution models (and thus, that which is estimated here), e.g., see (Brown et al., 2015) supplementary infor-
mation; and (e) a ULVZ nondetection does not preclude ULVZ presence with a thickness smaller than 5 km
or so. These interesting but complicating factors are discussed further later in this paper.

3. Results

We present the raw digitized ULVZ distribution information in Figure 5a (Figure 5b presents the same map
with numbers corresponding to studies in Table 1). Both detections and nondetections are shown. The sam-
pling area size differs among studies: ULVZs mapped with diffracted waves, including Sdiff, Pdiff, and SPdKS,
account for a large portion of the sampled area, while studies based on reflected waves amount to much
smaller areas. Some regions are characterized as both having and lacking a ULVZ. These disagreements
may be due to the ULVZ location detection ambiguity mentioned in section 1.2. Alternatively, fine-scale var-
iations in ULVZ structure may be at play, since different probes are sensitive to structure at different lateral
scales (thus may be visible to one probe, but not another).

Most studies have their sampling locations in and around the Pacific Ocean, due to the dominance of
source-receiver geometries sampling there. Large low shear velocity provinces (LLSVPs) are shaded pink,
and appear to be near most of the positive detections. However, the pattern has some complexities. For
example, many ULVZs are detected outside of LLSVPs, suggesting an origin that is independent from
LLSVPs for those zones. Also, many non-ULVZ zones are within LLSVPs.

Figure 6 displays the Fresnel zone approximated ULVZ locations, along with mapped ULVZ model locations,
resulting in a larger CMB sampling (compare to Figure 5a). The ULVZs outside of LLSVPs are more apparent
(Figure 6a), which has a strong contribution from the globally distributed SPdKS diffraction paths. While many
nondetections occur within LLSVPs, a majority of them occur outside of LLSVPs (Figure 6b). Data that are
deemed complex (which thus yield uncertainties in ULVZ presence) are presented in Figure 6c, but not inter-
preted here. The total percentage of CMB area sampled by past ULVZ studies as presented in Figure 6 is 17.1%.

The level of detail about the ULVZ model properties presented in past studies is variable. Some studies pre-
sent only the P wave velocity reduction (dVP), others, only the S wave reduction (dVS). Some present both,
and some additionally report a density increase. Most (but not all) studies provide an estimate of ULVZ
thickness. Trade-offs between these parameters have been explored in many studies (e.g., Garnero & Helm-
berger, 1998; Idehara et al., 2007; Rost et al., 2005; Thorne et al., 2013; Vidale & Hedlin, 1998). We summarize
published ULVZ model properties in Figure 7. Plotted properties include S wave and P wave velocity reduc-
tion, density elevation, and ULVZ thickness. While many studies present a range of models that could fit
their data reasonably well, only the properties of stated best fitting models are included in this summary fig-
ure. A large number of studies advocate a density increase. ULVZ model thicknesses are up to more than
50 km, and as thin as 2.5 km. A majority of the studies that present both P and S wave reductions conclude
the S velocity drop is 2–3 times (or more) of the P velocity drop, plotting with a dVS:dVP ratio of 3:1 or 2:1.
We note that in many studies, dVS:dVP values are a priori fixed at integer levels and not necessarily well
constrained.

4. Comparison with Other Phenomena

4.1. ULVZ Relationship With Lowermost Mantle S Wave Heterogeneity
Here we explore the possibility of a spatial relationship between ULVZs and larger scale deep mantle het-
erogeneity, by measuring distances between ULVZs and lowermost mantle S wave velocity contours in dVS
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Figure 5. (a) Summary map of ULVZ distribution information from the 54 digitized ULVZ studies in Table 1. Three kinds of ULVZ geographic information are shown
here: small circles represent core-reflection locations; lines correspond to CMB diffraction locations as well as regions of 2-D cross-section ULVZ models; and filled
areas represent ULVZ models presented in some studies. Colors indicate the presence (red) or absence (blue) of ULVZs; yellow corresponds to complex or uncer-
tain observations. The larger pink regions in the background denote large low shear wave provinces (LLSVPs) from model S40RTS (Ritsema et al., 2011) at depth of
2,800 km. These LLSVPs occupy 30% of the CMB surface area; this corresponds to regions with dVS � 20.27%. For plotting clarity, smaller sampling areas are plot-
ted on top of larger ULVZ zones. (b) As in Figure 5a, with the addition of study numbers for each CMB sampling zone, which correspond to first column of Table 1.
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tomography models. This is motivated in part because geodynamic studies argue ULVZ material, if chemi-
cally dense, will be swept toward thermochemical pile margins (e.g., Hernlund & McNamara, 2015; Li et al.,
2017; McNamara et al., 2010), and thermochemical piles are an interpretation for LLVPs (e.g., Garnero et al.,
2016; McNamara & Zhong, 2005; Torsvik et al., 2014). On the other hand, if ULVZs are solely due to partial
melt of some major lower mantle component (though, argued unlikely, Hernlund & Tackley, 2007), then
they would be expected in the hottest regions of the deep mantle, which should be within LLVPs (Li et al.,
2017).

We approximate the boundaries of LLSVPs as in Garnero et al. (2016), by choosing a dVS contour value
which encloses 30% of the area of the CMB that contains the lowest velocities in the model. A similar thing
is done for the highest dVS values, which can be speculated to correspond to the coldest lower mantle

Figure 6. ULVZ distribution information (color scheme as in Figure 5), with the ULVZ point and line information converted to Fresnel zones, for (a) regions with
detected ULVZs, (b) regions where ULVZs were not detected, (c) regions with complex waveforms, and (d) the combined information from plots (a) and (b) show-
ing regions possessing and lacking evidence for ULVZs. (e) shows the same regions as in Figure 6d, but the ULVZ and non-ULVZ zones are dark and light gray,
respectively, with green regions representing areas showing evidence for both a ULVZ (from plot (a)) and lacking ULVZ (from plot (b)). The pink regions are the
LLSVPs as in Figure 5.
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regions beneath subduction-related downwellings. For example, in S40RTS (Ritsema et al., 2011) at
2,800 km depth, the contour values for the lowest and highest velocity regions amounting to 30% area
each are 20.27% and 0.44%, respectively (Figure 8a). Due to ULVZ detection location ambiguities men-
tioned in section 1.2, only ULVZs identified from reflected wave phases are selected for a calculation of
proximity to these velocity regions (Figure 8b). We first decimate ULVZ models and Fresnel zones onto a
0.58 by 0.58 grid at the CMB, then for each ULVZ grid cell, calculate the area and CMB distance to the nearest
high and low velocity 30% area dVS contour. We summarize this information in histograms of fractional
accumulated ULVZ area versus distance (Figure 8c). Distances are plotted relative to the low and high dVS

contours. The top plot of Figure 8c is for the low velocity contour (and thus the proxy for LLSVP boundaries).
To put the distance scale into perspective, the average distance between the Pacific and African LLSVP
boundaries is 4,250 km for model S40RTS (thus �2,100 km is the average midpoint between the two
LLSVPs). The top plot of Figure 8c shows that ULVZs (mapped with reflected seismic waves) tend to be
located near LLSVP boundaries, with comparable amounts locating within (�49%) and outside (�51%) of
the LLSVPs. On the other hand, the bottom plot of Figure 8c shows the same ULVZs tend to group away
from (outside of) the high dVS (plausibly downwelling) regions. Nonetheless, there is still �11% of ULVZ
areas located within (and near) high dVS regions.

We explore the stability of this conclusion using two types of tests. In Test I, we randomly populate the CMB
with circular shaped ULVZs that add up to the ULVZ area modeled by reflected phases. In reality, due to
events and stations having limited spatial distribution, data from reflected phases sample limited CMB

Figure 7. Summary of reported ULVZ properties including P wave and S wave velocity reduction, density elevation, and
ULVZ thickness. Each symbol represents the preferred model from each distinct result in surveyed studies. For studies
that only report a P wave velocity reduction but no S wave information, symbols are plotted along the gray dashed line to
the left of the plot domain y axis, Similarly, studies only reporting an S wave velocity reduction are plotted on the gray
dashed line below the plot domain x axis. Studies reporting a density elevation are plotted in pink/red symbols, otherwise
the symbol color is white. Studies that report a ULVZ thickness are plotted in circles, and sized according to thickness,
otherwise they are plotted as small squares. Bold gray lines in the background represent a dVS:dVP ratio of 1:1, 2:1, and 3:1.
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regions. Therefore, the location of observed ULVZs could be biased by limited path coverage possibilities.
To account for this issue, we restrict the locations of randomly populated ULVZs to the CMB regions where
CMB sampling is possible (see Figures 9a and 9b, for details). The radius of these circular ULVZs are ran-
domly chosen from 18 up to 6.58, which spans the range of modeled ULVZ sizes (Figure 9c). Then we calcu-
late the distance-area pattern for this synthetic random ULVZ location scenario in the same way as before.
In Test II, 3 random angles are generated, then the contours are rotated around the three perpendicular

Figure 8. Spatial relation between lowermost mantle structure and ULVZs. Only studies using reflected phases are included (i.e., ScS, ScP, PcP, see text for details).
(a) S40RTS (Ritsema et al., 2011) S wave anomalies at 2,800 km. Orange lines are S wave velocity contours enclosing 30% of the CMB’s area containing the lowest
wave speeds at 2,800 km depth. Green lines similarly surround 30% of the CMB’s area with the highest velocities. The orange contour has value dVS 5 20.27%, the
green contour corresponds to dVS 5 0.44%. (b) The contour enclosed areas in Figure 8a are colored in pink (low velocity) and light blue (high velocity). ULVZs from
reflection studies are plotted on top as red regions. (c) Minimum distance of ULVZ areas to the (top plot) low and (bottom plot) high velocity contours. Negative
distance means ULVZ areas are located outside of contour enclosed regions, positive means inside. The cumulative ULVZ area outside and inside the contoured
regions is shown in the italicized light blue numbers for this model (left is outside contoured regions, right is inside). Orange and dark-green circles represent
results from an identical distance measurement calculation, but on random ULVZ distributions: orange corresponds to a random distribution of circular shaped ULVZs;
dark-green corresponds to the actual ULVZ data set and distances to random rotations of the tomographic velocity contours (which correspond to Tests I and II in the
text). Error bars correspond to the standard deviation of the average of fractional ULVZ area estimated after 1000 random tests (for each of Test I and II).

Geochemistry, Geophysics, Geosystems 10.1002/2017GC007281

YU AND GARNERO 407



axes with origin at the center of the earth using these three angles (thus, a Eulerian rotation, Figure 9d).
After the random rotation, we calculate the distance-area pattern as before. Tests I and II were each
repeated 1,000 times before averages and standard deviations were computed for each distance bin.
Results are shown as orange (Test I) and dark-green (Test II) filled circles in Figure 8c. The two randomized
tests give similar patterns. Both random tests result in the peak ULVZ accumulations shifted to outside
LLSVPs compared to observed locations (Figure 8c, top plot). This shift appears robust: the observed ULVZ
accumulations lie outside of the standard deviations of both random tests for the distance bins in the
range between 21,600 and 2800 km. This supports the idea that ULVZs show a likelihood of being spa-
tially correlated with LLSVP boundaries. For the high dVS regions (Figure 8c, bottom plot), the location of
the peaks in the random tests is close to the boundaries, which may relate to the tendency of the high
dVS regions being more linear and less concentrated compared to the particularly concentrated low dVS

regions. We also explore this spatial relationship in the same procedure for another five tomography
models: S362ANI 1 M (Kustowski et al., 2008), HMSL-S06 (Houser et al., 2008), GyPsum (Simmons et al.,
2010), SEMUCB-WM1 (French & Romanowicz, 2014), and SP12RTS (Koelemeijer et al., 2016). Results are
shown in Figures 10b–10f. The same general patterns are observed for these models. The observations as
well as the random test results for model SP12RTS have a broader character to the histogram peaks (Fig-
ure 10c, top plot). This is partially due to SP12RTS possessing less short wavelength structure. In contrast,
model SEMUCB-WM1 (Figure 10e, top plot) has increased short scale structures outside of the two main
LLSVPs—this results in shorter distances to the nearest LLSVP, and hence results in a more concentrated
histogram peak.

Figure 9. (a) Reflected phases sampling. Red stars: events are from 2005 to 2015 with magnitude greater than 5.7 and source depth greater than 100 km. Blue
triangles: 150 stations from the Global Seismic Network (GSN). Green points: calculated theoretical CMB reflection locations from event-station pairs with distance
greater than 308 using 1-D model PREM (Dziewonski & Anderson, 1981), for ScS, ScP, and PcP phases. (b) Light green shows the Test I restricted CMB sampling
regions, which include locations have at least 20 reflection points within any 28 radius neighborhood. (c) An example from Test I: randomly populated ULVZs
within the restricted CMB regions. (d) An example random contour rotation from Test II. In Figures 9c and 9d, the orange lines represent the S40RTS low velocity
contours corresponding to LLSVPs with an enclosing area 30% of the CMB. Red regions show ULVZs outside the LLSVPs, and magenta regions are ULVZs inside
the LLSVPs. Each of these tests is repeated 1,000 times (see text for more details).
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Figure 10. (a–f) Fractional area of observed ULVZs from reflected phases, and (g–l) all phases from all 54 studies with
respect to distance to high or low velocity contours in tomographic models (as in Figure 8c), for tomography models
(a) and (g) S40RTS (Ritsema et al., 2011), (b) and (h) S362ANI 1 M (Kustowski et al., 2008), (c) and (i) SP12RTS (Koelemeijer
et al., 2016), (d) and (j) GyPsum (Simmons et al., 2010), (e) and (k) SEMUCB-WM1 (French & Romanowicz, 2014), and
(f) and (l) HMSL-S06 (Houser et al., 2008).
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We also explore the pattern of ULVZ proximity to high and low velocity zone boundaries for ULVZs of all 54
studies (Figure 6a), which are presented in Figures 10g–10l for the six tomography models shown in Figures
10a–10f. Similar to Test I, we computed random populated ULVZ statistics but without sampling-region
restriction, mainly because the ULVZ location ambiguity for nonreflection phases used in ULVZ studies.
Since the ULVZs are more widely distributed than those of solely the reflected wave studies, the histograms
are somewhat more spread out than those of Figures 10a–10f. More rigorous tests are possible, however,
they would be warranted with a more geographically comprehensive ULVZ catalog.

4.2. Hot Spots and ULVZs
Hot spots have long been considered linked to whole mantle plumes (Morgan, 1971). While not every hot
spot may signify a surface to CMB connection (Courtillot et al., 2003), a connection to ULVZs has been made
in several studies (e.g., Cottaar & Romanowicz, 2012; Helmberger et al., 1998; Wen, 2000; Williams et al.,
1998; Yuan & Romanowicz, 2017). Also, a link between hot spots and LLSVP margins (Thorne et al., 2004;
Torsvik et al., 2014), combined with the ULVZs appearing to group near LLSVP margins (Figure 8a), moti-
vates a plot of minimum distance between ULVZs and hot spots (similar to that in Figure 8c). We use a com-
pilation of 61 hot spots locations from Morgan and Morgan (2007). Of those hot spots, seven possible deep-
sourced ones are identified in Courtillot et al. (2003). For the surface location of each hot spot, we find the
distance along the CMB to the nearest ULVZ. Figure 11 displays the results (similar to that done in Figure 8).
We conduct random ULVZ location and random hot spot rotation tests (similar to that with LLSVPs in Figure
8c). Figures 11a and 11b only consider ULVZs reported from reflected wave studies. There is no clear associ-
ation for ULVZs to be associated with hot spot locations, however, the CMB sampling coverage is low for
reflected wave analyses. The presumed deep plume hot spots (thick crosses in Figure 11b) are similarly

Figure 11. Spatial relation between surface hot spots and ULVZs. (a) and (b) Are for ULVZ zones mapped using core-reflected phases (ScS, ScP, and PcP). In Figure
11a, ULVZs are shown as red regions and hot spot locations are black crosses; the larger and bold crosses are the seven hot spots noted for having possible deep
plume sources (Courtillot et al., 2003). The blue lines depict the shortest path between each hot spot and the nearest ULVZ. In Figure 11b, the number of hot spots
for different distance to ULVZ bins are shown (blue histogram bars), along with the same measurements for the random ULVZ distributions of Test I (orange-filled
circles, for sampling-region-restricted randomly located circular shaped ULVZs) and Test II (dark green-filled circles, for random rotations of the hot spots). The dis-
tance for the seven deep-sourced hot spots are denoted at the top as black crosses. Plots (c) and (d) are identical to (a) and (b), except computations are done
using ULVZs imaged with any seismic phase, also, with the geographic domain of ULVZs in Test I being global. In this case, hot spots show a relationship to ULVZ
locations, but statistical significance is not established.
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uncorrelated in distance. The random tests mimic the observed trend: ULVZs do not show distance prefer-
ence to hot spot locations (orange-filled circles); the random rotations of the hot spot reference frame
(green-filled circles), similarly does not demonstrate any trend with distance.

The story changes when all the ULVZ locations (from Figure 6a) are considered. Figures 11c and 11d show
the result, which indicates that significantly more hot spots are close to ULVZ locations than far away from
them. Some recent ULVZ studies beneath deep plume hot spot volcanoes have found the largest volume
ULVZs to date, namely, Hawaii (Cottaar & Romanowicz, 2012), Samoa (Thorne et al., 2013) and Iceland (Yuan
& Romanowicz, 2017). Here we find that the deep plume hot spots are no more than 1,000 km away from
any mapped ULVZ, and that more than 90% of the 61 hot spots (from Morgan & Morgan, 2007) are within
1,000 km of a ULVZ, and 38% of them are within 200 km away. Our random tests, however, suggest that
these correlations do not hold statistical significance. Both Test I (for the globally randomized ULVZ loca-
tions) and Test II (random rotation of hot spots) produce a similar pattern to that which is observed. It could
very well be that hot spots are well correlated to ULVZs, but that some of the ULVZs placed on source or
receiver sides of path (e.g., from some SPdKS analyses) are erroneous, thus yielding an artificially higher
small-distance hot spot count in our observation. Also, many ULVZs, especially if compositionally distinct,
may be initially far from plumes but advecting toward plume zones (Yuan & Romanowicz, 2017) or thermo-
chemical piles (Garnero et al., 2016; Li et al., 2017).

5. Discussion

5.1. Current CMB Coverage
Our Fresnel zone representations of ULVZs combined with defined ULVZ zones from published models
cover roughly 17.1% of the CMB, by area. Positive ULVZ detection amounts to over 10.3% of the total CMB,
and 6.5% of the CMB’s area lacks ULVZ evidence. The complex data regions account for 3.8% of the CMB’s
area (we note that some regions have multiple ULVZ classifications, i.e., presence, absence, and complex).
Other CMB areas may have been sampled, but normal and complex data regions may have been left
unreported.

A typical ULVZ detection threshold for reflected waves phase is around 5 km in thickness (though some
array methodologies using high frequency data can detect thinner ULVZs, e.g., Rost et al., 2010a). The mini-
mum thickness detection threshold will be larger for longer period waves, such as diffracted waves. It will
also be larger if the ULVZ properties are less extreme, owing to the classic trade-off between ULVZ thickness
and velocity reduction (e.g., Garnero & Helmberger, 1998; Rost et al., 2006). Therefore, it is possible that
ULVZs may exist in sampled areas that have been designated as lacking ULVZs, if the structure is thin and/
or the properties are not particularly anomalous. This raises the possibility of a global ULVZ layer that is too
thin to detect, but only appears where the mantle is hot, upwelling, or convection has generated accumula-
tions of distinct ULVZ material (Figure 1d).

5.2. Conflicting Results
We observed regions where ULVZ detection overlapped with ULVZ nondetection (Figure 6e). While our
Fresnel zones are reasonable approximations to the CMB area that contributes to waveform distortions
caused by ULVZs, it is always possible to have sub-Fresnel zone variations in structure. Such a dual classifica-
tion is not particularly common in the studies presented here: only 1.7% of the CMB area has models advo-
cating both ULVZ presence and absence (i.e., about 10% of the surveyed CMB area). Consideration of finite
frequency effects for the sensitivity of different probes to structure at the CMB will be an important next
step in future studies.

6. Conclusion

We digitized the locations and models of ULVZs in 54 past studies. Locations of ULVZ presence and absence
were digitized, as well as regions which authors depicted as unsure or uncertain, due to data complexities.
This database contains five types of information: (1) the digitized bouncing locations for the core-reflected
phases PcP, ScP, and ScS; (2) the digitized ray path segments for diffraction at the CMB associated with the
phases SPdKS, PKKPab_diff, Pdiff, and Sdiff; (3) the digitized high likelihood ULVZ zones for PKP scatterers; (4)
the digitized area associated with ULVZ model regions presented in some studies; and (5) estimation of
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Fresnel zones (digitized) for the information in (1) and (2). This database can be freely accessed (Yu &
Garnero, 2017). ULVZs appear to be mostly correlated with low velocity regions in the lowermost mantle,
and in particular, are commonly found near LLSVP margins. While not statistically significant with the distri-
bution of ULVZs studied, there is a preference for ULVZs to be found beneath or near many hot spots.
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