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 ABSTRACT 
 

 

REB-bulletins of CTBTO from the period 2000-2023 were used for simple statistical evaluation 

of the travel time residuals of P-waves detected at the epicentral distance from 30° to 90° arrived 

from the seismic events of magnitude 5 or greater, with hypocentre no deeper than 50 km. While 
histograms of time residuals calculated for individual stations of the International Monitoring 

System CTBTO show expected unimodal (Gaussian) distribution, curves expressing distribution 

of the arithmetic means and medians calculated from data of these individual stations are bimodal. 
This bimodality can be explained by the sum of two Gaussian curves related to groups of “fast” 

and “slow” stations, with a modus difference of about 0.4 to 0.5 seconds. Although discussed 

bimodality is best visible on residuals related to phases detected at the epicentral distance 70° to 
90°, it is evident that also curves related to the nearest evaluated phases (from 30° to 50°) are the 

sum of two Gaussian curves. So, the reason for bimodality should be sought in the upper mantle 
or crust, which is consistent with the assumption of “two kinds” of the continental lithosphere 

(Poupinet et al., 2003). The distribution of “fast” and “slow” stations on the map corresponds with 

published results of global seismic tomography studies. 
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INTRODUCTION 

REB-bulletins (Reviewed Event Bulletins) of 

CTBTO (Comprehensive Nuclear-Test-Ban Treaty 

Organization), compiled in the International Data 

Centre (IDC) since the year 2000 as a list of seismic 

events located by the seismic network of the 

International Monitoring System CTBTO (see Koch, 

2012), including information about seismic phases 

associated with the individual events, represent 

a unique set of seismological data. Tens of thousands 

of seismic events are listed in the REB-bulletins of 

CTBTO every year. These bulletins thus provide 

useful information not only about individual seismic 

events or characteristics of global seismicity, but also 

about other phenomena related to the origination, 

transmission and detection of seismic waves. 

The aim of this article is to inform about an 

interesting result of a simple statistical evaluation of 

P-wave travel time residuals, for which the global data 

contained in the REB-bulletins of CTBTO were used. 

Travel time residuals of detected seismic phases are 

affected by lateral inhomogeneities in the Earth’s 

interior, and even simple statistic evaluation of travel 

time residuals listed in the REB-bulletins can inform 

us about some interesting effects of these 

inhomogeneities in a global scale. The most important 

result of the statistical study, which this article 

primarily wants to point out, is an illustrative example 

of bimodality visible in P-wave time residual data 

(using evaluation of arithmetic means and medians of 

P-wave time residuals calculated for individual 

stations). This result is analogous to the bimodality of 

S-wave vertical travel time delays presented by 

Poupinet and Shapiro (2009). 

 
DATA SELECTION AND EVALUATION 

The data from REB-bulletins of CTBTO from 

years 2000 to 2023 were statistically evaluated, 

specifically P-wave travel time residuals related to 

11,411 seismic events of magnitude 5 or greater, with 

hypocentre no deeper than 50 km (Fig. 1), were used. 

Since the data analysis was focused on the evaluation 

of seismic waves passing through the Earth’s mantle, 

the analysed data set was limited to the time residuals 

calculated for stations situated at epicentral distances 

from 30° to 90°. This way, the data set of 229,829 

P- wave residuals compiled for 147 seismic stations of 

the International Monitoring System CTBTO (one 

of them is station VRAC operated by the Institute of 

Physics of the Earth, Masaryk University, and situated 

near Brno), located around the world (mainly on the 

continents), were selected and subsequently analysed 

using simple statistical methods. The author of this 

article is aware of problems using data that are not 

primarily collected for the purpose of seismic 

tomography studies (for instance, of the problem of 

a higher percentage of large time residuals due to great 

station spacing as was reviewed by Pan et al. (2023), 

etc. and the resulting uncertainties. However, the easy 

availability of the data (for institutions participating in 

CTBTO seismic monitoring) and simplicity of chosen 

methods give a great chance that the statistical 
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evaluation of even an imperfect data set can bring 

useful results, as after all happened also in the case of 

this study. 

In the first step, the histogram of P-wave travel 

time residuals was plotted, and the arithmetic mean 

and median of these P-wave residuals were calculated 

for each individual station as well as for the whole data 

set. Only time residuals of less than 5 seconds (in 

absolute value) were included in this calculation. In 

addition, arithmetic means and medians of travel time 

residuals calculated for individual stations were also 

statistically evaluated. Histograms of time residuals 

plotted for individual stations show unimodal, more or 

less Gaussian distribution, as expected (Fig. 2). But 

weak bimodality can be observed on the histograms 

compiled for arithmetic means and for medians 

calculated from data of individual stations (Fig. 3). 

Subsequently, with the intention to check the 

mentioned weak bimodality more closely, the data set 

was divided into three subsets according to the 

epicentral distances of stations detecting the P-wave: 

“nearest” 30° to 50°, “intermediate” 50° to 70° and 

“farthest” detections 70° to 90° (category names were 

chosen in respect of the data set consisting time 

residuals corresponding with detections from 

epicentral distances 30°to 90°). For each subset, the 

same simple evaluation was carried out as in the case 

of the whole set of data. So, the arithmetic means and 

medians of the P-wave travel time residuals were 

calculated again for each station and the data set of 

these arithmetic means and medians were statistically 

evaluated. Histograms plotted for the arithmetic 

means and medians for the mentioned subsets (Fig. 4) 

confirm the weak bimodality observed in the whole 

data set. 

 
BIMODALITY AS AN EFFECT OF “FAST” AND 

“SLOW” LITHOSPHERE 

A noticeable bimodality is clearly visible in the 

histograms plotted for arithmetic means and for 

medians calculated for time residuals of individual 

stations in the “farthest” category of epicentral 

distance from 70° to 90°, the less visible bimodality is 

evident in the case of subset formed for “intermediate” 

category of epicentral distances from 50° to 70°. The 

shape of these histograms evokes the sum of two 

Gaussian curves. The same explanation of the 

bimodality of time residuals was presented by 

Poupinet and Shapiro (2009), in that case it was the 

bimodality of the S-wave vertical travel time delays. 

The strong bimodality of the arithmetic means 

and the medians of P-wave timer residuals calculated 

for individual stations in the case of a subset of the 

“farthest” category, i.e. for detections at an epicentral 

distance from 70° to 90°, allow these stations to be 

divided into two groups, the group of “fast” and the 

group of “slow” stations. The time difference of the 

modus of both Gaussian curves (for “fast” and “slow” 

stations), forming the bimodal curves of arithmetic 

means and medians of P-wave time residuals, is about 

0.4 to 0.5 seconds (it is three to four time smaller value 

then modus difference found for S-wave vertical travel 

time delays by Poupinet and Shapiro (2009), which 

was 1.5 seconds). But the standard deviation of the 

arithmetic means of both (“fast” and “slow”) group 

stations is only 0.2 to 0.25 second in the case of the 

subset of the “farthest” epicentral distances. That is 

why the individual peaks of the Gaussian curves are 

well visible in the histogram representing their sum. In 

the case of time residuals corresponding to subsets of 

“intermediate” detected phases (epicentral distances 

from 50° to 70°) or even “nearest” detected phases 

(epicentral distances 30° to 50°), the standard 

deviation is higher. For a subset of time residuals of 

the “nearest” category (30° to 50°), the standard 

deviation is comparable with the modus difference of 

the individual Gaussian curves of groups of “slow” 

and “fast” stations. The peaks of individual Gaussian 

curves are thus too close to each other, and the bimodal 

nature of distribution cannot be distinguished on this 

Fig. 1 Schematic map of epicentres of seismic events (red circles) and seismic stations of the International Monitoring 

System CTBTO (yellow triangles) used for the statistics of P-wave time residuals. 
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Fig. 2 Examples of histograms of P-wave travel time residuals plotted for four seismic stations of the International 

Monitoring System CTBTO on the basis of REB-bulletins CTBTO from 2000 to 2023 (phases of events from 

epicentral distances from 30° to 90°, magnitude 5 or greater, hypocentre no deeper than 50 km). For each station, the 

arithmetic mean and median of residuals is marked by a dashed (or dotted, respectively) line. Positive travel time 

residual means the delay with respect to the theoretical arrival time assumed by model IASPEI91 (Kennett, 1991). 

 

Fig. 3 Histograms of arithmetic means (left) and medians (right) of P-wave travel time residuals calculated for 147 

individual seismic stations of the International Monitoring System CTBTO on the basis of REB-bulletins CTBTO 

from 2000 to 2023 (phases of events from epicentral distances from 30° to 90°, magnitude 5 or greater, hypocentre 

no deeper than 50 km). Positive travel time residual means the delay with respect to the theoretical arrival time 

assumed by model IASPEI91 (Kennett, 1991). 

 

sum curve. But the curves representing the distribution 

of arithmetic means and medians of P-wave time 

residuals of “slow” stations (and “fast” stations, 

respectively) keep the Gaussian feature, and the 

modus difference of about 0.4 to 0.5 seconds remains 

the same for all three categories as well, including 

“nearest” category of detections at the epicentral 

distance from 30° to 50°. 

These facts indicate that the source of observed 

bimodality affect also seismic waves of the “nearest” 

category, passing through the upper mantle, and 

should be sought in differences in the material 

characteristics of the upper mantle and/or crust. It is 

consistent with the assumption of “two kinds” of the 

continental lithosphere that affects large-scale 

seismological observations, explicitly stated by 

Poupinet et al. (2003), but the effect of “fast” and 

“slow” continental lithosphere on the travel times of 

seismic waves has also been discussed (at least 

partially) in other papers (for example Poupinet, 1979; 

Poupinet and Shapiro, 2009; Romanowicz and Cara, 

1980). 
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Fig. 4 Histograms of arithmetic means (left) and medians (right) of P-wave travel time residuals (green lines) calculated 

for individual seismic stations of the International Monitoring System CTBTO and for three intervals of the epicentral 

distances (73,706 phases from 30° to 50°, 74,409 phases from 50° to 70° and 95,565 phases from 70° to 90° related 

to 11,411 seismic events, picked on 147 stations) on the basis of REB-bulletins CTBTO from 2000 to 2023 

(magnitude 5 or greater, hypocentre no deeper than 50 km). Red lines show a number of arithmetic means or medians 

calculated for “fast” stations (i.e. stations whose arithmetic mean of residuals calculated for phases detected at an 

epicentral distance from 70° to 90° is negative), blue lines show number of arithmetic means or medians calculated 

for “slow” stations (i.e. stations whose arithmetic mean of residuals calculated for phases detected at an epicentral 

distance from 70° to 90° is positive). Note that separate curves determined for groups of “fast” and “slow” stations 

are more or less Gaussian, even for the interval of epicentral distances of 30° to 50° (see text for more information). 

Positive travel time residual means the delay with respect to the theoretical arrival time assumed by model IASPEI91 

(Kennett, 1991). 

 

 
DISTRIBUTION OF THE “FAST” AND “SLOW” 

AREAS 

On the map, the “fast” and “slow” stations are 

grouped into the “fast” and “slow” areas, which can be 

distinguished in some parts of the global map (Fig. 5) 

despite a relatively small number of seismic stations 

of the International Monitoring System CTBTO. 

These areas correspond to upper mantle velocity 

anomalies resulting from the published global seismic 

tomography studies (e.g. Antolik et al., 2003; 

Dziewonski and Anderson, 1983; Engdahl et al., 1998; 

Hosseini et al. ,2020; Houser et al., 2008; Li et al., 

2008; Li and Romanowicz, 1996; Poupinet and 

Shapiro, 2009; Ritsema et al., 2011; Simmons et al., 

2012; Vasco et al., 1994; Zhao et al., 2013). Above all, 

strong contrast of the “slow” western part and the 

“fast” eastern part of North America is clearly visible 

from data presented in this article, in accordance with 

the above-mentioned papers and with some others 

focused on this problem at the regional scale (e.g. 

Hales, 1972; Poupinet, 1979; Shinevar et al., 2023; 

Tauzien et al., 2013). Similarly, “fast” regions in 

Australia, the northern part of Asia and southern 

Africa and “slow” regions in the north-eastern Africa, 

and the easternmost Mediterranean area can also be 

well distinguished. “Fast” region in the central part of 
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Fig. 5 Schematic map of seismic stations of the International Monitoring System CTBTO with marked “fast” (red) and 

“slow” (blue) stations. “Fast” stations are those for which the arithmetic mean of residuals calculated for phases 

detected at an epicentral distance from 70° to 90° is negative (light red colour marks the arithmetic means only 

between -0.2 and 0 seconds). “Slow” stations are those for which the arithmetic mean of residuals calculated for 

phases detected at an epicentral distance from 70° to 90° is positive (light blue colour marks the arithmetic means 

only between 0 and 0.2 seconds). Positive travel time residual means the delay with respect to the theoretical arrival 

time assumed by model IASPEI91 (Kennett, 1991). 

 

 South America is consistent with some published P-

wave mantle models (e.g. Li et al., 2008; Simmons et 

al., 2012), but differs from the results of S-wave 

studies of Poupinet et al. (2003). 

The existence of the “fast” and “slow” areas 

corresponding to the “fast” and “slow” continental 

lithosphere is already known and some authors explain 

it as the effect of different seismic wave velocities in 

the older (Archean) continental shields (and Poupinet 

and Shapiro (2009), have pointed out, that also on 

subduction zones) and in the younger (post-Archean) 

platforms and tectonically active zones (Artemieva, 

2009; Condie, 2016; Currie and van Wijk, 2016; 

Poupinet et al., 2003; Poupinet and Shapiro, 2003).  

Of course, there must also be some other 

phenomena influencing the observed time residuals, 

just because a few stations are situated on islands in 

oceanic regions. Rather phenomena such as higher-

temperature areas, elastic anisotropy etc. (for instance 

see Ekström and Dziewonski (1998)) in the mantle 

beneath the “slow” stations represent a possible 

explanation in the case of oceanic regions. However, 

due to a small number of the stations situated in the 

oceanic region, the influences of these other 

phenomena on the results of statistics presented here 

are surely overshadowed by the effect of the “two 

kinds” of the continental lithosphere. 

Matters of the continental lithosphere 

composition, age and temperature, and their influence 

on the seismic wave velocities far exceed the scope of 

this article, which only has the ambition to show 

interesting example of effect of the continental 

lithosphere variability leading to the bimodal feature 

of P-wave travel time residuals distinguishable on the 

data of the global seismic network CTBTO. However, 

in the context of the already published studies and 

theories based on them, the importance of the 

discussed bimodality of the P-wave travel time 

residuals as a new piece to the puzzle of general 

knowledge about the properties of the lithosphere is 

well noticeable. 
 

CONCLUSION 

Statistical evaluation of arithmetic means and 

medians (calculated for individual stations) of the 

P- wave travel time residuals listed in the REB-

bulletins (CTBTO) shows bimodal distributions. This 

bimodality is clearly visible in the cases of phases 

detected at the epicentral distances from 50° to 70°, 

and from 70° to 90° and it could be easily explained 

by the sum of two Gaussian curves. The modus 

difference observed in the bimodal curves of 

arithmetic means and medians of the P-wave residuals 

calculated for individual stations is 0.4 to 0.5 seconds. 

Nevertheless, the statistical analysis shows the 

effect of the discussed sum of Gaussian curves even in 

the data set for phases detected at the epicentral 

distance from 30° to 50°, although the small modus 

difference in respect to the width of individual 

Gaussian curves not allow to distinguish two modus in 

the sum curve in this case. So, the source of observed 

bimodality should be sought in the upper mantle 

and/or crust, which confirms the assumption of “two 

kinds” (“fast” and “slow”) of the continental 

lithosphere described by Poupinet et al. (2003). 

The presented result shows that even a simple 

statistical evaluation of the available data produced by 

the global network of the International Monitoring 



J. Havíř 

 

302 

  

System CTBTO can contribute to the knowledge of 

interesting details about the characteristics of the 

Earth’s interior. The bimodality of the P-wave travel 

time residuals found on the base of simple statistical 

evaluation of the REB-bulletins (CTBTO) represents 

another confirmation of the validity of bimodal model 

of the continental lithosphere in sense of Poupinet et 

al. (2003). 

 
ACKNOWLEDGES 

Research within this study was supported by 

CZ.02.1.01/0.0/0.0/16_026/0008459 and 

CZ.02.1.01/0.0/0.0/16_013/0001800 projects. 

 
REFERENCES: 

Antolik, M., Gu, Yu. J., Ekström, G. and Dziewonski, A.M.: 

2003, J362D28: a new joint model of compressional 

and shear velocity in the Earth’s mantle. Geophys. J. 

Int., 153, 2, 443–466.  

DOI: 10.1046/ j.1365-246X.2003.01910.x 

Artemieva, I.M.: 2009, The continental lithosphere: 

Reconciling thermal, seismic, and petrologic data. 

Lithos, 109, 23–46.  

DOI: 10.1016/j.lithos.2008.09.015 

Condie, K.C.: 2016, Earth as an Envolving Planetary 

System. Third edition, Academic Press, 418 pp. 

Currie, C.A. and van Wijk, J.: 2016, How craton margins are 

preserved: Insights from geodynamic models. J. 

Geodyn., 100, 144–158.  

DOI: 10.1016/j.jog.2016.03.015 

Dziewonski, A.M. and Anderson, D.L.: 1983, Travel times 

and station corrections for P waves at teleseismic 

distances. J. Geophys. Res., Solid Earth, 88, B4, 3295–

3314. DOI: 10.1029/JB088iB04p03295 

Ekström, G. and Dziewonski, A.M.: 1998, The unique 

anisotropy of the Pacific upper mantle. Nature, 394, 

168–172. DOI: 10.1038/28148 

Engdahl, E.R., van der Hilst, R. and Buland, R.: 1998, 

Global teleseismic earthquake relocation with 

improved travel times and procedures for depth 

determination. Bull. Seism. Soc. Am., 88, 3, 722–743. 

DOI: 10.1785/BSSA0880030722 

Hales, A.L.: 1972, The travel times of P seismic waves and 

their relevance to the upper mantle velocity 

distribution. Tectonophysics, 13, 1-4, 447–482.  

DOI: 10.1016/0040-1951(72)90033-9 

Hosseini, K., Sigloch, K., Tsekhmistrenko, M., Zaheri, A., 

Nissen-Meyer, T. and Igel, H.: 2020, Global mantle 

structure from multifrequency tomography using P, PP 

and P-diffracted waves. Geophys. J. Int., 220, 1, 96–

141. DOI: 10.1093/gji/ggz394 

Houser, C., Masters, G., Shearer, P. and Laske, G.: 2008, 

Shear and compressional velocity models of the 

mantle from cluster analysis of long-period 

waveforms. Geophys. J. Int., 174, 1, 195–212.  

DOI: 10.1111/j.1365-246X.2008.03763.x 

Kennett, B.L.N.: 1991, IASPEI 1991 Seismological Tables. 

Researcher School of Earth Sciences, Australian 

National University, 197 pp. 

Koch, K.: 2012, The unique contribution of the International 

Data Centre reviewed event bulletin to global 

seismicity catalogs. Seismol. Res. Lett., 83, 6, 1023–

1029. DOI: 10.1785/0220110110 

Li, Ch., van der Hilst, R.D., Engdahl, E.R. and Burdick, S.: 

2008, A new global model for P wave speed variations 

in Earth’s mantle. Geochem. Geophys. Geosyst., 9, 5, 

Q05018. DOI: 10.1029/2007GC001806 

Li, X.-D. and Romanowicz, B.: 1996, Global mantle shear 

velocity model developed using nonlinear asymptotic 

coupling theory. J. Geophys. Res., Solid Earth, 101, 

B10, 22245–22272. DOI: 10.1029/96JB01306 

Pan, Y., Liu S., Yang, D., Wang, W., Xu, X., Shen W. and 

Li, M.: 2023, A review of the influencing factors on 

teleseismic traveltime tomography. Earthq. Sci., 36, 3, 

228–253. DOI: 10.1016/j.eqs.2022.12.006 

Poupinet, G.: 1979, On the relation between P-wave travel 

time residuals and the age of continental plates. Earth 

Planet. Sci. Lett., 43, 1, 149–161.  

DOI: 10.1016/0012-821X(79)90163-8 

Poupinet, G., Arndt, N. and Vacher, P.: 2003, Seismic 

tomography beneath stable tectonic regions and the 

origin and composition of the continental lithospheric 

mantle.  Earth Planet. Sci. Lett., 212, 1-2, 89–101. 

DOI: 10.1016/S0012-821X(03)00258-9 

Poupinet, G. and Shapiro, N.M.: 2009, Worldwide 

distribution of ages of the continental lithosphere 

derived from a global seismic tomographic model. 

Lithos, 109, 1-2, 125–130.  

DOI: 10.1016/j.lithos.2008.10.023 

Ritsema, J., Deuss, A., van Heist, H.J. and Woodhouse, J.H.: 

2011, S40RTS: a degree-40 shear-velocity model for 

the mantle from new Rayleigh wave dispersion, 

teleseismic traveltime and normal-mode splitting 

function measurements. Geophys. J. Int., 184, 3, 

1223–1236. DOI: 10.1111/j.1365-246X.2010.04884.x 

Romanowicz, B.A. and Cara, M.: 1980, Reconsideration of 

the relations between S and P station anomalies in 

North America.  Geophys. Res. Lett., 7, 6, 417–420. 

DOI: 10.1029/GL007i006p00417 

Simmons, N.A., Myers, S.C., Johannesson, G. and Matzel, 

E.: 2012, LLNL-G3Dv3: Global P wave tomography 

model for improved regional and teleseismic travel 

time prediction. J. Geophys. Res., Solid Earth, 117, 

B10, B01302. DOI: 10.1029/2012JB009525 

Shinevar, W.J., Golos, E.M., Jagoutz, O., Behn, M.D. and 

van der Hilst, R.D.: 2023, Mantle thermochemical 

variations beneath the continental United States 

through petrologic interpretation of seismic 

tomography. Earth Planet. Sci. Lett., 602, 117965. 

DOI: 10.1016/j.epsl.2022.117965 

Tauzin, B., van der Hilst, R.D., Wittlinger, G. and Ricard, 

Y.: 2013, Multiple transition zone seismic 

discontinuities and low velocity layers below western 

United States. J. Geophys. Res., Solid Earth, 118, 

2307–2322. DOI: 10.1002/jgrb.50182 

Vasco, D.W., Johnson, L.R., Pulliam, R.J. and Earle, P. S.: 

1994, Robust inversion of IASP91 travel time 

residuals for mantle P and S velocity structure, 

earthquake mislocations, and station corrections. J. 

Geophys. Res., Solid Earth, 99, B7, 13727–13755. 

DOI: 10.1029/93JB02023 

Zhao, D., Yamamoto, Y. and Yanada, T.: 2013, Global 

mantle heterogeneity and its influence on teleseismic 

regional tomography. Gondwana Res., 23, 2, 595–616. 

DOI: 10.1016/j.gr.2012.08.004 

 

 

 

 

https://doi.org/10.1016/j.jog.2016.03.015

