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Abstract 

A number of seismological studies have indicated that the ratio R of S-wave and P-wave velocity 
perturbations increases to 3–4 in the lower mantle with the highest values in the large low-velocity 
provinces (LLVPs) beneath Africa and the central Pacific. Traveltime constraints on R are based 
primarily on ray-theoretical modelling of delay times of P waves (ΔTP) and S waves (ΔTS), even for 
measurements derived from long-period waveforms and core-diffracted waves for which ray theory is 
deemed inaccurate. Along with a published set of traveltime delays, we compare predicted values of ΔTP, 
ΔTS, and the ΔTS / ΔTP ratio for ray theory (RT) and finite-frequency theory (FF) to determine the 
resolvability of R in the lower mantle. We determine the FF predictions of ΔTP and ΔTS using cross-
correlation methods applied to spectral-element method waveforms, analogous to the analysis of recorded 
waveforms, and by integration using finite-frequency sensitivity kernels. Our calculations indicate that 
RT and FF predict a similar variation of the ΔTS / ΔTP ratio when R increases linearly with depth in the 
mantle. However, variations of R in relatively thin layers (< 400 km) are poorly resolved using long-
period data (T > 20 s). This is because FF predicts that ΔTP and ΔTS vary smoothly with epicentral 
distance even when vertical P-wave and S-wave gradients change abruptly. Our waveform simulations 
also show that the estimate of R for the Pacific LLVP is strongly affected by velocity structure shallower 
in the mantle. If R increases with depth in the mantle, which appears to be a robust inference, the 
acceleration of P waves in the lithosphere beneath eastern North America and the high-velocity Farallon 
anomaly negates the P-wave deceleration in the LLVP. This results in a ΔTP of about 0, whereas ΔTS is 
positive. Consequently, the recorded high ΔTS/ΔTP for events in the southwest Pacific and stations in 
North America may be misinterpreted as an anomalously high R for the Pacific LLVP. 
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1 Introduction 

The ratio of S-wave velocity variations (i.e., dlnVS) and P-wave velocity variations (i.e., dlnVP) 
provides an important seismological constraint on the thermochemical structure of the mantle. This ratio 
is written as R = dlnVS / dlnVP, where dlnVS and dlnVP are perturbations from a 1-D reference model for 
the mantle, PREM (Dziewonski and Anderson, 1981) in case of this paper. R is related to the bulk 
modulus and rigidity, which have different sensitivities to thermal and compositional heterogeneity.  

A multitude of seismic models indicate that R increases from about 1–1.5 in the uppermost mantle to 
3–4 in the lowermost mantle and that R is highest in the so-called large-low-velocity-provinces (LLVPs) 
in the lower mantle beneath Africa and the central Pacific Ocean (e.g., Robertson and Woodhouse, 1996; 
Su and Dziewonski, 1997; Masters et al., 2000; Bolton and Masters, 2001; Ritsema and van Heijst, 2002; 
Antolik et al., 2003; Houser et al., 2008; Della Mora et al., 2011; Koelemeijer et al., 2016; Moulik and 
Ekström, 2016). Values of R higher than 2.5 were originally used to argue that the LLVPs have distinct 
compositions (see Garnero et al. (2016) and McNamara (2018) for recent reviews) based on mineral-
physics experiments on the effects of temperature on dlnVS and dlnVP. (e.g., Karato and Karki, 2001; 
Matas and Bukowinsky, 2007; Brodholt et al., 2007). However, the phase transition of bridgmanite to 
post-perovskite also influences the behavior of R in D" (e.g., Tsuchiya et al. 2004; Wookey et al., 2005; 
Koelemeijer et al. 2018). Therefore, it remains unclear whether LLVPs can be uniquely interpreted as 
thermochemical structures based purely on observations of R (e.g., Bull et al., 2009; Schuberth et al., 
2009; Davies et al., 2012, 2015; Koelemeijer et al., 2018). 

It is not trivial to estimate R in the mantle from an observational perspective. For example, in the 
upper mantle dlnVP is well resolved below subduction zones and regions with dense station coverage. In 
contrast, the resolution of dlnVS is superior in oceanic upper-mantle regions as surface waves and most 
normal modes are primarily sensitive to shear-wave velocity. In the lower mantle, shear-wave diffractions 
(i.e., Sdiff), reflections off the core-mantle boundary (CMB) (e.g., ScS) and core phases (i.e., SKS, 
SKKS) are recorded with higher amplitudes and over broader epicentral distance intervals than their P-
wave counterparts (i.e., Pdiff, PcP, PKP, PKKP). In addition, data sets of differential traveltimes that 
provide the best constraints on seismic structure in the deep mantle (e.g. S-SKS and ScS-S), as they are 
insensitive to errors in the hypocenter and heterogeneity in the crust and upper mantle, are much smaller 
for P-wave phases and only provide limited sampling of the lower mantle (e.g., Tkalčić and Romanowicz, 
2002; Simmons and Grand 2002; He and Wen, 2011). 

To accurately estimate R in the mantle it is essential to compare dlnVS and dlnVP from joint 
inversions (e.g., Masters et al., 2000; Antolik et al., 2003; Mosca et al., 2012; Koelemeijer et al., 2016; 
Moulik and Ekström, 2016). However, it is cumbersome to thoroughly explore modelling trade-offs due 
to differences in P-wave and S-wave data coverage and differences in the sensitivities of body waves and 
normal modes to dlnVS and dlnVP. For example, Koelemeijer et al. (2016) found that teleseismic P- and 
S-wave delay times point to high values of R in D", whereas normal modes, especially Stoneley modes, 
are explained best when R decreases from a maximum value of 3–4 near 2500 km depth to 1–2 at the 
CMB. They suspected this to be due to the neglected finite-frequency effects in their traveltime 
modelling. To and Romanowicz (2009), Malcolm and Trampert (2011), Schuberth et al. (2012), and Xue 
et al. (2015) also highlighted the finite-frequency effects on long-period direct and diffracted P- and S-
wave waveforms. In addition, Tesoniero et al. (2016) argued that constraints on R from seismic 
tomography are biased by choices in model parameterization and regularization of the inversion.  
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