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ABSTRACT 

• 
Graphs of the number of volcanoes in eruption per annum 

from 1900 through 1968 for volcanic areas of the circum-Pacific 

• · belt show fluctuations which, in 16 out of 21 areas studied, are 

statistically significant. The significance of the amplitude of these 
C> 

fluctuations was tested using a chi-square test, the null hypothesis 

• 
being that the number of volcanoes tn eruption per annum in each 

area ts equal to their arithmetic mean. Calculation of serial 

• correlation coefficients at var1ous lags tested the ser1es for serial 

correlation and periodicity. 

It was found that the time ser1es for the number of volcanoes 

• in eruption per annum in the areas of the western Pacific margin 

have periods approximately half those found for areas of the 

• eastern Pacific margin, the periods being around 17 years and 

34 years respectively. 

. A similar statistical analysis was done for shallow, interme-

diate and deep seismic activity in South America, the data being 

divided into three categories: number of M > · 6 earthquakes per 

annum, number of M ~ 7 earthquakes per annum and annual M > 

• 7 earthquake energy release. 

In most cases, the amplitudes of the fluctuations of these 

• ser1es are statistically significant, but they show very little 

• 
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ser-ial correlation . However, M > 6 earthquakes possibly have a 

30-year periodicity. 

On both the eastern and western Pacific margms, large 

pulses of volcanic activity tend to migrate south with time, this 

tendency being more pronounced in the east than in the west 

where there is more simultaneity in volcanic activity . 

No such well-marked pattern of migrating pulses was found 

for setsmtc activity in South America, although large pulses in 

the number- of shallow and of intermediate M > 6 earthquakes per 

annum may have a tendency to migrate from south to north and 

then north to south, and large pulses in M > 7 shallow earth

quake energy release tend to be simultaneous or to migrate south 

with time. 

Cross correlation was performed between shallow, interme

diate and deep earthquake activity, and it was found that interme

diate seismic pulses tend to occur before deep seismic pulses, 

and often also before shallow pulses. This does not fit early 

theories of crustal material being pushed or sucked as a single, 

coherent plate under the Andes, because this would be expected 

to generate the respective sequences shallow, then intermediate, 

then deep, or deep, followed by intermediate, followed by shallow 

earthquakes, or else approximately simultaneous pulses if trans-

mission of energy is rapid. However, recent work indicates that 

the descending slab may not remain coherent . 
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The ser1es for the number of volcanoes in eruption per 

annum in South America was cross correlated with the South 

American large magnitude seismic data and the correlation was 

found to be low, the maximum cross correlation coefficient, 0. 54, 

occurring at zero lag by cross correlating the number of volca

noes tn eruption per annum ( 1904 to 1968) with the annual M > 7 

shallow earthquake energy release for the same period. This 

correlation arises mainly from the fact that 1906 and 1960 were 

years both of maximum volcanic activity and sei~mic energy 

release. The tectonic activity of 1906 was widespread throughout 

South 'America, whereas that of 1960 tended to be localized m 

Chile • 
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I. INTRODUCTION 

The circum-Pacific volcanic belt, including the Indonesian arc, 

contains 88 percent of the world's active volcanoes . 

The first aim of the present study is to determine the statis

tical significance of fluctuations in the number of volcanoes m 

eruption per annum in individual volcanic areas of the Pacific 

margin and, if they be significant, to investigate the space-time 

relationship between pulses of volcanic activity. This may give 

some clue as to whether causes of volcanism are global or local 

and as to their nature. 

The second aim is to carry out a similar study of large 

magnitude seismic activity in South America. 

The final aim 1s to investigate the relationship between 

volcanic activity and large magnitude se1sm1c activity m South 

America. 

The analyses of data by calculation of serial cor;."'elation and 

cross correlation coefficients are described later in the text. 

Alternate techniques would have been to perform spectra! and 

cross spectral analyses using computer program£ available at the 

University of Hawaii Computing Center. However, the author 

prefers the serial and cross correlation methods becnuse she 

understands them better, was able to write the programs and 

finds them easier to interpret than spectral estimates. Als':), to be 
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. ideal for spectral analysis, the series should be longer . 

Data on volcanoes from 1900 to, in most cases, the early 

1960's were obtained from the Catalogue of Active Volcanoes of 

the World, except for the Aleutians where data came from Coats 

( 1950), and for New Zealand. The New Guinea-Solomons data 

were augmented by later information from the Rabaul Observatory . 

The data were brought up to date to the end of 1968 from a 

computer printout lent to me by Dr. John H. Latter of tHe 

Department of Scientific and Industrial Research Geophysics Divi

sion, Wellington, New Zealand. He also supplied data and 

references on New Zealand volcanic activity. Data are very 

reliable for some areas, such as Japan, but rather vague for 

others, such as the Aleutians and Colombia-Ecuador. 

Earthquake data from 1904 through 1952 were obtained from 

Gutenberg and Richter ( 1954). From 1953 to 1959 the computer 

printout from the Hypocenter Data File of the Environmental Data 

Service, U. S. Department of Com'.nerce, was my only data 

source. From 1960 to 1962, I obtained earthquake do.ta from 

Seismological Notes in the Bulletin of the Seismological Society of 

America. Finally, from 1963 to 1971, I again used the computer 

printout from the Hypocenter Data File, but supplemented the data 

with magnitudes (determined by the Seismological Labor~tory at 

Pasadena) from Seismo logical Note s , up to the e:nd of October 

1971. A great difficulty in obtaining meaningful earchquake :lrita 
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for time series analysis lies in the lack of uniformity of magnitude 

• data. This is discussed further in Chapter IV, section 1. 

Very little work has been done on volcanic periodicity on a 

• global scale. Eggers and Decker ( 1969) found that "the apparent 

frequency of eruptions increases with time to the present" prob-

ably due to "better observation and recording of more recent 

• events. 11 Machado ( 1967) noted that there has been a "remark-

able sequence of volcanic eruptions . . • in the Atlantic during the 

last twenty years" and concluded that "the long period components • 
of the earth tide seem to influence the eruptive epochs, acting as 

trigger forces." Rinehart (1972) found "that the 18.6-year tidal 

• component strongly regulates the frequencies of eruption of Grand 

and Steamboat geysers" in Yellowstone National Park, Wyoming. 

Jaggar (1931a, 1931b, 1932, 1947), referring to the 

• Hawaiian volcanoes, remarked that Green ( 18-87) and Wood 

(1917) had commented on possible 7-year, 9-year, 18.6-year, 

• 65-year and 130-year periodicities, and he himself suggested 11-

year, 33-year 66-year and 132-year cycles. He noteci 11 a 

general similarity between the curves of frequency of sunspots 

• and of frequency of volcanic eruptions. 11 

Latter ( 1971) plotted a cumulative graph of 'Norldwide 
. . 

se1smo 

-volcanic energy release which showed that 11 e:iergy release 1s 

• significantly clustered, tending to occur in bursts rather· than 

evenly spread along the time axis. 11 These bursts of energy 

• 
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release "include events over a wide geographic range, suggesting 

that their immediate cause lay in variation of a first order param

eter on a global scale ..•. 11 He noted that "the Americas as a 

whole suffer periods of increased activity" such as "the marked 

instability in the Caribbean area in 1902 .... Other periods of 

widespread activity in the Americas were 1898 to 1899, 1906, 

1916 to 1917, 1924 to 1927, and 1943 to 1951 .... 11 

Some work has been done on the distribution of earthquakes 

m space. For example, Tsuboi (1958) divided Japan into 44 

compartments and, by cross correlating yearly numbers of earth

quakes in these compartments, was able to establish six earth

quake provinces, these being groups of compartments having 

sympathetic seismic activity. Lomnitz ( 1966) states that "similar 

results were obtained in Chile by Gajardo and Lomnitz ( 1960) . 

The earthquake provinc-es obtained by this method are influenced 

by the selection of the time interval and grid size and by the 

presence of aftershock sequences. 11 Kelleher ( 1970) investigated 

the space-time distribution of large magnitude earthquakes in the 

Alaska-Aleutian seismic zone and stated that "the evidence sug

gests that major earthquakes of this zone tend to progress in time 

from east to west. 11 According to Heck ( 1936) "Omori made 

one of the few correct earthquake predictions of history. Taking 

into account a series of great earthquakes around the Pacific up 

to and including the California earthquake in April 1906, he said 
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that the next great earthquake should occur tn the northern part 

of the trans-Pacific belt and in Peru or Chile. Earthquakes 

occurred in both these regions on the same day of August 1906. 11 

Many workers have tried to establish periodicities in earth

quakes usually related to astronomical frequencies, but, according 

to Lomnitz ( 1967) most of these have now been rejected on solid 

statistical considerations. One recent publication by Whitten 

( 1971) suggests a strong "correlation between the total energy 

release and the daily movement of the pole during the last 20 

years. II This mean daily polar shift has an approximate period 

of seven years. 

Walker, Sutton, Woollard and leTourneau ( 1972) compared 

seismic energies released (from 1964 through 1970) on the rising 

and on the sinking edges of the Nasca Plate and found a temporal 

relationship between them. . They .obtained similar results for the 

rising and the sinking or shearing edges of the Cocos Plate and 

part of the Main Pacific Plate and also found a possible relation

ship m time between world activity and the activity along various 

individual plate edges. 

I am very grateful to Dr. John Latter for the assistance 

mentioned previously. His help has saved me months of data 

collection. I would also like to thank Mr. Carl A. von Hake of 

the National G eophysical Data Center of the Environmental Data 

Service, U. S. Department of Commerce, for supplying me 
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with the computer printouts from the Hypocenter Data File, and 

Dr. D. I. J. Mallick, Senior Geologist in the Geological Survey 

Departme~t of the New Hebrides for giving me data on Yasour 

volcano. My thanks go also to Professor R. H. Clark, 

Professor of Geology, Victoria University of Wellington, Welling

ton, New Zealand, for information on White Island . 
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II. STATISTICAL SIGNIFICANCE OF FLUCTUATIONS IN 

VOLCANIC ACTIVITY IN THE INDIVIDUAL AREAS 

OF THE CIRCUM-PACIFIC REGION 

1. Method of Analysis of Data 

Two complementary statistical procedures, the chi-square 

test, and the calculation of serial correlation coefficients, were 

applied to determine whether fluctuations in the number of 

volcanoes in eruption each year versus years from 1900 through 

1968, for an individual area (Figs. 1 through 4), were signifi

cantly different from simply random departures from the mean 

number of volcanoes in eruption each year for that area. For 

U. S . A. and New Zealand, data are available from 1900 

through 1971. The mean, variance, standard deviation and the 

years for which the number of volcanoes in eruption is more 

than two and more than three standard deviations away from the 

mean are given in Table I. 

The chi-square test (Dixon, W. J. and Massey, F. J., Jr., 

1969, p. 238) is used for testing hypotheses concerrnng situations 

where the number' oi' of observations in n differE::nt categories 

are noted. It is assumed that each observation can fa.II into one 

and only one category. Under the null h y pothesis, a cer-ta in 

number, Ei, of observations is expected in each c ategory. The 

sample s ize should be such that not more than 20 percent of the 



• 
8 

.-

• 
Fig. 1. Locations of the circum-Pacific volcanic areas dis-

• cussed in the text: 

1. Aleutians 
2. Kamchatka 
3. Kuriles 

• 4. Kyusyu-Honsyu-Hokkaido 
5. Ryukyu Islands 
6. lzu-Mariana Islands 
7. Philippines 
8. Indonesia 
9. New Guinea-Solomons 

10. Santa Cruz-New Hebrides-Matthew Island • 
11. Kermadec-Tonga-Samoa 
12. New Zealand 
13. U. S. A. 
14. Mexico 
15. West Indies • 
16. Central America 
1 7. Colombia-Ecuador 
18. Peru 
19. Northern Chile • 20. Central Chile 
21. Southern Chile -

• 

• 

• 
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Fig. 2. Number of volcanoes in eruption per annum m some 

areas of the western Pacific margin: 

• 1 . Aleutians 
2. Kamchatka 
3. Kuriles 
4. Kyusyu-Honsyu-Hokkaido 

• 5. Ryukyu Islands 
6. lzu-Mariana Islands 
7. Philippines 
8. Indonesia 

• 

• 

. ~ 

• 

• 
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Fig. 3. Number of volcanoes tn eruption per annum m some 

areas of the south-west Pacific: 

• 1. New Guinea-Solomons 
2. Santa Cruz-New Hebrides-Matthew Island 
3. Kermadec-Tonga-Samoa 
4. New Zealand 
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• 

• / 

• 

• 

• 
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Fig. 4. Number of volcanoes in eruption per annum m some 

areas of the eastern Pacific margin and Caribbean: 

• 1. U. S. A. 
2. Mexico 
3. West Indies 
4. Central America 

• 5. Colombia-Ecuador 
6. Peru 
7. Northern Chile 
8. Central Chile 
9. Southern Chile 
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• 

• 

• 

• 
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Table I 

Number of Volcanoes in Eruption Per Annu'Tl in Individual Areas of the Circum-Pacilic Belt--Arithmetic Mean, Variance, Standard Deviation, 
and Years for Which the Number ol Volcanoes in Eruption is More Tlian Two and More Than Three Standard Deviations Above the Mean 

Area Arithmetic Variance, s 2 Standard X+2S X+JS Years lor Which No. ol Veers for Which No. of 
Meen, X Deviation, S Volcanoes in Eruption Volcanoes in Eruption 

is Greeter Then X + 2S is Greater Then X +JS 

Aleutians 1. 23 1. 27 1.13 J.48 4.61 1963. 1964 1963 

Kemchetka 1. 88 2 . 19 1.48. 4.85 6.JJ 1923, 1929, 1945, 1964 

Kuriles 0.49 0.58 0.76 2.01 2.77 1924, 1952 1924, 1952 

Kyu s yu-Honsyu-Hokkaido 2 . 75 1. 95 1.40 5.55 6.95 1950, 1962, 1963 

Ryukyu Islands 0.54 0.52 0.72 1.97 2.69 1914, 1925, 1934, 1935, 1934 
1949' 1966. 1967 

I zu-Mariana Islands 0.59 0.54 0.73 2.06 2.80 1901 1901 

Philippines 0.58 0.51 0.72 2.01 2.73 1902 1902 

Indonesi a 5 . 32 10.37 J.22 11. 76 14.98 1921, 1940 

t-;ew Guinea-Solomons 1.19 2.07 1.44 4.06 5.50 1953, 1954, 1955 

S a nta Cruz-New Hebrides- 1. 67 1.28 1.13 J.93 5.07 1953, 1960, 1963, 1965, 1965 
Matthew Island 1966, 1967 

Kermadec-Tonga-Samoa 0.41 0.39 0.63 1.66 2.28 1906, 1907, 1911, 
1912, 1943 

New Zealand 1.06 0.67 0.82 2.70 J.52 1926, 1968 

U. S. A. 0.10 0.09 O.JO 0.69 0.99 1914, 1915, 1916, 1917, 1914, 1915, 1916, 1917, 
1919, 1920, 1921 1919, 1920, 1921 

Mexico 0.51 0.31 0 .56 1.63 2.18 1920. 1952 

W .. s t Indies 0.26 0.37 0.61 1.48 2.09 1902. 1903 1902, 1903 

Central America 2.41 1.94 1.39 5.19 6.59 

Colombia-EcuaO:or 1.49 1.19 1.09 J.68 4. 77 1906, 1926, 1936 1926 

Peru 0.09 0.08 0.28 0.65 0.94 1902, 1906, 1907, 1902, 1906, 1907 
1937, 1951, 1956 1937, 1951, 1956 

Nort.ilern Chile 0.19 O.JO 0.55 1.29 1.84 1913, 1959, 1960 1913, 1959, 1960 

C entral Chile 0.80 0.96 0.98 2.75 J.73 1907, 1929, 1959. 1960 1960 

Soutl.ern Chile 0.16 0.17 0.41 0.97 1.38 1906, 1907, 1909, 1910, 1906 
1911, 1912, 1917, 1920, 

1929. 1961 

• 

<S°'\ 
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E·' s are less than five and none is less than one. The chi
t 

square statistic 1s defined as 

n 

X2 =). 
i=l 

2 
(Q. - E·) 

l I 

Its value can be compared with tables of percentiles of the 

17 

chi-square distributions, the number of degrees of freedom being 

(n - 1 - number of parameters estimated from the data). 

For the data on volcanoes, the chi-square test is used to 

determine .whether the amplitude of the fluctuations is significant, 

the null hypothesis being that the number of volcanoes in eruption 

per annum is equal to the arithmetic mean, X. Because X is 

estimated from the data, the number of degrees of freedom is 

( n - 2). For most of the series, there are 69 years of obser-

vation, so the number of degrees of freedom is 67 in this case 

and the formula for chi-square then becomes 

-2 ( o. - x) 

x 

the Oi' s being the number of volcanoes in eruption in each of the 

years of observation. Because of the low value of X in most 

, cases, the restriction on the values of the Ei' s is not adhered to, 

and the test may not be as powerful as it may otherwise have 

been, possibly c ausing acceptance of the null hypothesis more 

often than necessary . 
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The chi-square test takes no account of whether the volcanic 

activity in one year affects that in another. 

An alternate to the · chi-square test with the null hypothesis as 

described above would have been to test whether the series for 

the number of volcanoes in eruption per annum have a Poisson 

distribution because, if this is so, the series are random with 

respect to fluctuations in amplitude. The Poisson distribution is 

used for rare events and is a discrete distribution whose mean is 

equal to its var1ance. If the series under discussion are Poisson 

distributed, the probability that x volcanoes are m eruption ts 

given by 

P(x) 
x -f' µ e 

=I 
x! 

where f is the mean and variance of the number of volcanoes in 

eruption per annum. A compar1son of the means and variance m 

Table I ipdicates that some are very nearly equal (in which case 

the series maybe has a Poisson distribution) whereas others are 

not. To test whether a series has a Poisson distribution, the 

expected frequencies under this hypothesis are calculated and 

compared with the actual frequencies, using a chi-square test for 

goodness of fit. This method would be much more laborious than 

the chi-square test with the null hypothesis that the number of 

volcanoes in . eruption per annum is equal to the arithmetic mean, 
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and it is not very powerful because the series could still be 

random but have a probability distribution other than a Poisson 

distribution. 

The serial correlation coefficient, R ( L) , at lag + L years, 

measures the degree of relatedness between the number of 

volcanoes in eruption per annum for a given year, i, and that 

for year ( i + L), using the formula: 

where R ( L) is the serial correlation coefficient at lag L years, 

X. is the number of volcanoes in eruption in year i, and N is the 
1 . 

number of ·years for which data are available (Ralston, A. and 

Wilf, H. S. , 1966, p. 214). Note the similarity of the formula 

for R ( L) to that for the ordinary sim pie correlation coefficient, r, 

used in simple linear regression of series Y on .series X tc 

measure the goodness of fit of the data to a straight line, the 

slope and y-intercept of which are determined by the method of 

least squares: 

N Lxy - ( 2.x) ( l.y) 
r = 

( Rals to n , A. and Wilf, H. S . , 1966 , p . 214.) 
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We are simply comparing a single series with itself by corre-

• lating series Xj ( i = 1 to N-L) with the same series x· (i = L + 
I 

1 to N) • · R ( L) ranges from -1 (perfect negative serial corre-

• lation, through 0 (no serial correlation), through +1 (perfect 

positive serial correlation) . The fluctuations in the time series 

are assumed to be normally distributed about the trend line . 

• For a test series with a well-defined period, T, R ( T) will be 

a maximum having a very high positive value, whereas R(T/2) 

will have a very high negative value and R ( L) will, itself, be a 

• · periodic function of L, with period T. Thus, calculation of the 

serial correlation coefficient for various lags can indicate periods 

• m a time series . 

Also, if the series has high serial correlation coefficients for 

very small lags, e.g. , 1 or 2 years, this indicates that the 

• volcanic activity in one year affects the volcanic activity for the 

one or two years following it. 

• Hence, high serial correlation coefficients indicate non-

randomness 1n a time series. 

It was not possible to calculate and study volcanic energy 

• release because data on volcanic eruptions are, in general, not 

detailed enough and, for many volcanoes, very vague. 

• 2 . Results 

Chi-square and serial correlation results are given for the 

• 
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following 21 circum-Pacific areas: Aleutians, Kamchatka, 

K uriles, K yusyu-H onsyu-Hokkaido (including volcano 0-sima) , 

Ryukyu Islands, Izu-Mariana Islands (excluding 0-sima), 

Philippines, Indonesia, New Guinea-Solomons, Santa Cruz-New 

Hebrides-Matthew Island, Kermadec-Tonga-Samoa, New Zealand, 

U. S. A. , Mexico, West Indies, Central America, Colombia

Ecuador, Peru, Northern Chile, Central Chile and Southern 

. Chile. 

The geographic areas (Fig. 1) are the ones used m the 

Catalogue of Active Volcanoes, the boundaries between the three 

regions of Chile being those chosed by Casertano ( 1963) . The 

volcanoes of Northern and those of Central Chile are separated 

by a gap in active centers between 26 ° and 33 ° S. There is no 

obvious natural boundary between those of Central and Southern 

Chile, so it was taken to be the northern border of the depres

sion containing Lakes Llaniquihue, Todos los Santos and Nahuel 

Huapi . 

The data tested are shown graphically m Figs. 2 to 4. 

2.1. Chi-Square Results 

For Indonesia, New Guinea-Solomons, West Indies 

and Northern Chile, the null hypothesis was rejected at the 10 

percent, or better, level of significance . 
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For Kuriles, Kamchatka and Central Chile, the null 

hypothesis was rejected at the 25 percent level, but not at the 10 

percent le-vel, of significance. 

Hence, for the seven areas mentioned above, the 

amplitudes of the fluctuations about the mean number of volcanoes 

in eruption per annum are significant at the 25 percent level or 

better, and for the 14 other areas they are not. 

2. 2. Serial Correl ation Results 

• Figures 5 through 8 show the serial correlation 

• 

• 

coefficients for lags 0 through 34, and a graph of the serial 

correlation coefficient, R ( L), versus lag, L, in years, rounding 

off the values of R ( L) to the nearest 0. 05. Only graphs which 

show some salient feature have been included. Kurile Islands, 

lzu-Mariana Islands, New Zealand, Peru, Northern Chile and 

Southern Chile have no serial correlation results worthy of note. 

It was not possible to plot a graph for the U. 3. A. because of 

the large number of zeroes in the original data. 

(a) Serial Correlation at Small Lags 

• The following areas have serial corrala.tion 

• 

• 

coefficients which plot greater than or equal to 0 , 5, for lags of 

one, and sometimes also two, years: lndones!a, NE:w Guinea-

Solomons, Santa Cruz-New Hebrides-Matthew Island, Mexico, 

West Indies, Central America and Colombia-Ecuador . 
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Hence, tn these seven areas, the number of 

volcanoes in eruption in one year affects the number of volcanoes 

in eruption in the following one, and sometimes two, years. 

Note that these are areas of the southwestern 

Pacific, and eastern Pacific, margins. 

( b) Periodicity 

The following areas show a poorly-defined 

periodicity, the periods being tabulated in Table II: Aleutians, 

Kamchatka, Kyusyu-Honsyu-Hokkaido, Ryukyu Islands, Philip

pines, New Guinea-Solomons, Santa Cruz-New Hebrides

Matthew Island, Kermadec-Tonga-Samoa, Mexico, West Indies, 

Colombia-Ecuador and Central Chile. 

ln Table II, the serial correlation coefficients 

are shown at the lags which correspond to the periods. Most of 

these are very small but the periods may be . recognized on the 

graphs of the number of volcanoes in eruption each year versus 

years (Figs. 2, 3, 4). On these figures, years which should 

have a comparatively high value for the number of volcanoes in 

eruption, according to the computer-determined periodicity, 

are marked "H, 11 and years which should have a low value, 

"L. 11 The placement of the 11 H 111 s and 11 L 111 s was decided 

subjectively, but their spacing is determined by the tabulated 

periodicity . For Aleutians, Kyusyu-Honsyu-Hokkaido, New 
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Table II 

Periodicity in Number of Volcanoes in Eruption Per Annum 
m Areas of the Circum-Pacific Belt 
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Serial Correlation 
Area Period (Years) Coefficient 

Aleutians 17 0.43 
Kamchatka 17 0.24 
Kuriles 
Kyusyu-Honsyu-Hokkaido 12 0.30 
Ryukyu Islands 18 0.29 
lzu-M ariana Islands 
Philippines 16 0.23 
Indonesia 
New Guinea-Solomons 9 0.49 
Santa Cruz-New 

Hebrides-Matthew Island 14 0.70 
Kermadec- Tonga-Samoa 31 0.45 
New Zealand 

U. s. A. 
Mexico 30 0.42 
Central America 
Colombia-Ecuador 34 0.47 
Peru 
Northern Chile 
Central Chile 34 ·o. 24 
Southern Chile 

West Indies 27 0.55 
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Guinea-Solomons, and Santa Cruz-New Hebrides-Matthew Island, 

the periodicity is relatively convincing only in the later years of 

the graph. For Indonesia (Fig. 2), three highs and two lows, 

17 years apart, have been marked on the graph. Apparently 

this 17-year pattern is not pervasive enough to constitute a 

periodicity . 

It is interesting to note that, with very few 

exceptions, the periods for the western Pacific areas are 

approximately half those for the eastern Pacific areas . 

3. Conclusions 

3.1. Causes of Periodicity 

It is usual, in a study of this kind, to attempt to relate 

periodicities to astronomical phenomena and their effects on the 

earth. 

Fluctuations in gravity due to tidal forces are affected 

by the 18. 6-year lunar nutation. The Ryukyu Islands graph has 

a period of 18 years so that maybe the number of volcanoes in 

eruption each year in the Ryukyu Islands is influenced by this 

18. 6-year component. This would agree with the findings of 

Rinehart ( 1972) in his study of the eruption frequency of geysers 

(refer to Chapter I) . 

The earth tidal force also has an 8. 8-year com ponent 

(Rinehart , 1972). This is close to New Guinea-Solomons' 
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9-year periodicity and so perhaps there ts a causal relationship 

here. 

It must be emphasized that the above are merely 

suggestions; just because two phenomena have approximately the 

same period, they need not necessarily be related. For example, 

the sunspot cycle has a period of approximately 11 years. Japan 

has a volcanic period of 12 years, but its highest peaks do not 

correspond consistently to sunspot maxima or m1mma. 

Munk and Macdonald ( 1960) mention "large irregular 

variations in the l.o.d. (length of day)" "with a decade time

scale" which "may be due to electromagnetic coupling of the 

mantle to a turbulent, fluid core. 11 These variations have a con

tinuous spectrum, the periods ranging from about six years to 

about 90 years . This would include all the volcanic periodicities 

in Table II, but their "decade variations" have a longer period 

after about 1906, the length of day increasing from a sharp 

maximum in about 1906 to a broad minimum at around 1930 and 

then increasing up to about 1948, where the data ends . Hence, 

this variation in the length of day does not explain the short term 

fluctuations in the volcano graphs. 

A possible relationship between periodicity and global 

tectonics is discussed in section 3. 2 . 
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Results 
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Three areas, Indonesia, New Guinea-Solomons and 

West Indies, have significant amplitudes of fluctuations in the 

number of volcanoes in eruption per annum and also serial corre-

lation coefficients of 0. 5 o:r greater, rounding to the nearest 0. 05. 

Hence, the number of volcanoes in eruption pe:r annum in each of 

these th:ree areas certainly does not appear to be random. It is 

interesting to note that thei:r tectonic setting is rather different 

from that of the other circum-Pacific areas, in that Indonesia ts 

an island arc extending east-west into the Indian Ocean, New 

Guinea-Solomons lies along the east-west, offsetting part of the 

andesite line, and West Indies is on an extension of the andesite 

line into the Caribbean, and all th:ree lie in the tropics. Maybe 

their non-random volcanic behavior is due in some way to their 

near-equatorial location. Carey (195S), for example, has 

proposed a sinistral equatorial shear system between the no:rthe:rn 

and southern hemispheres and has stated that New Guinea lies 

right in the shea:r zone. 

Note also that the New-Guinea Solomons and West 

Indies g:raphs a:re somewhat periodic, with periods of nine and 27 

years :respectively, so that the West Indies' period is three times 

that of New Guinea-Solomons . 
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Five areas, Izu-Mariana Islands, New Zealand, 

U. S. A. , Peru and Southern Chile, do not seem to have statis

tically significant series for the number of volcanoes in eruption 

per annum . The amplitudes of the fluctuations do not seem to be 

significant, and there does not appear to be significant serial 

correlation or periodicity . 

Hence, 16 out of the 21 areas analyzed seem to show 

some indication of non-randomness in their series although, m 

five of these (Aleutians, Kyusyu-Honsyu-Hokkaido, Ryukyu 

Islands, Philippines, Kerma.dec-Tonga-Samoa) this is merely a 

very poorly-defined periodicity. 

The periodicities in the volcano graphs do not seem to 

be attributable to astronomical phenomena, except in the case of 

Ryukyu Islands, where the number of volcanoes in eruption per 

annum seems to be related to the variation in .gravity, particularly 

to the 18. 6-year lunar nutation, and possibly for New Guinea

Solomons, where the fluctuations may be related to the 8. 8-year 

tidal component. 

Because, m general, the periods vary from area to 

area and not all areas have periodic series, it is difficult to 

relate these periodicities to an overall periodicity m some very 

large scale phenomenon such as sea floor spreading . H0wever, 

the fact that, with very few exceptions, the periods fer the 

western Pacific areas are approximately half those for the 
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eastern Pacific areas does suggest a global cause . 

Maybe the pattern of currents within the earth's mantle 

ts such that the currents descending under the western Pacific 

margin are irregular and not coherent as one goes from north to 

south, so that one portion has a periodicity of 17 years, another 

of 12 years and so on. Those going under the eastern Pacific 

margin are likewise irregul ar but have longer periods, maybe 

due in some way to the fact that the East Pacific Rise, where 

the upwelling takes place, is closer to the eastern Pacific margin 

than to the western. Because of the position of the East Pacific 

Rise, the mantle flow regime to the east of it woul d be expected 

to be different from that to the west of it . 
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III. SPACE-TIME RELATIONSHIP BETWEEN PULSES 

OF VOLCANIC ACTIVITY IN THE INDIVIDUAL 

AREAS OF THE CIRCUM-PACIFIC MARGIN 

1. Method of Analysis of Data 

Having established the non-randomness of most of the series 

for the number of volcanoes in eruption each year, it seemed 

reasonable to compare the graphs for different areas, to see 

whether the pulses of volcanic activity are local or regional . 

Two different methods of investigation were used: ( 1) 

determination of cross correlation coefficients between two areas 

for various lags, and ( 2) comparing the years for which the 

maximum or one less than the maximum number of volcanoes ts 

in eruption in each area. 

The first method is strictly statistical and non-intuitive. The 

second method is subjective, rather than statistical. 

The cross correlation coefficient, r ( L), at lag + L years, 

measures the degree of relatedness between the number, Xi, of 

volcanoes in eruption per annum in an area X for a given year, 

i, and the number, Yi+L' in another area Y for year (i+Lj, 

using the formula, 

r(L) = 
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(Hoel, P. G. and Jessen, R. J., 1971, p. 221). R(L) ranges 

from -1 (perfect negative correlation), through 0 (no correlation), 

through +1 (perfect positive correlation), and the Y 1 s are said to 

be lagged positively relative to the X's. N is the number of 

years for which data are available . 

. The basic computer program, "Volcross, 11 written by me, 

calculates and tabulates r ( L) for values of L ranging from -10, 

·through 0, to +10. By inspection of this table , the lag for which 

r(L) has a maximum positive value may be determined . 

If r(L) is a maximum for, say, L = 5, then volcanic maxima 

m area Y will tend to occur five years later than the · corre

sponding maxima in area X. If, however, r ( L) ts a maximum 

for L = -1, then volcanic maxima in area Y will tend to occur 

one year earlier than the corresponding maxima in area X . 

Note that when L is put equal to zero, r ( L) becomes the 

simple correlation coefficient, r, used in simple linear regression. 

(For more details, refer to Chapter II, section 1. ) 

,· 

2. Results 

2.1. Cross Correlation Results 

The cross correlation results are given m Tables III, 

IV and V . 

In Table III, the areas listed have been crossed with, 

and lagged positively to, Central America, in Table IV with 
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Table III 

Cross Correlation Results for Areas Cross Correlated 
with Central America and Lagged Positively Relative 

to Central America 

Western Pacific Margin Lag ( 1) Lag (2) 

Aleutians 0 (r = 0.24) + 2 (r = 0.22) 
Kamchatka + 7 (r = 0.23) + 8 (r = 0.22) 
Kuriles +10 {r = 0.23) 
Kyusyu-Honsyu-Hokkaido + 8 (r = 0.22) + 9 (r = 0.20) 
Ryukyu Islands +10 (r = 0.22) + 4 (r = 0.20) 
lzu-Mariana Islands 8 (r 0.29) 
Philippines - 3 (r = 0.31) 2 {r = 0.31) 
Indonesia + 9 (r = 0.14) 
New Guinea-Solomons -10 (r = 0.42) 
New Hebrides 1 {r = 0.35) 2 {r = 0.33) 
Kermadec-Tonga-Samoa + 4 {r = 0.20) + 3 (r = 0.18) 
New Zealand + 4 (r = 0.40) 

Eastern Pacific Margin Lag ( 1) Lag (2) 

u. s. A. 6 {r = . 0. 41) 5 (r = 0.41) 
Mexico 4 {r = 0.27) 3 (r = 0.25) 
Central America 0 (r = .1. 00) 
Colombia-Ecuador 8 (r = 0.03) + 2 (r = 0.03) 
Peru + 4 {r = 0.13) 
Northern Chile + 6 (r = 0.24) -10 {r = 0.24 ) 
Central Chile + 7 (r = 0.31) + 6 (r = 0.30) 
Southern Chile + 7 (r = 0.26) 

Caribbean Lag ( 1) Lag (2) 

West Indies + 9 (r = 0.29) 
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Table IV 

Cross Correlation Results for Areas Cross Correlated with 
K yusyu, Honsyu and Hokkaido and Lagged Positively 

Relative to Kyusyu, Honsyu and Hokkaido 

Western Pacific Margin Lag ( 1 ) Lag ( 2) 

Aleutians + 9 (r = 0. 31) 

Kamchatka 6 (r = 0.27) 

Kuriles 5 (r = 0.30) 

Kyusyu, Honsyu and Hokkaido 0 (r = 1.00) 

Ryukyu Islands 0 (r = 0.22) 

lzu-Mariana Islands + 4 (r = 0.17) -10 (r = 0.16) 

Philippines -10 (r = 0.06) + 2 (r = 0.05) 

Indonesia + 8 (r = 0.12) 

New Guinea-Solomons + 2 (r = 0.38) 

New Hebrides 0 (r = 0.29) + 2 (r = 0.29) 

Kermadec-Tonga-S amoa 7 (r = 0.16) + 8 (r = 0.16) 

New Zealand 4 (r = 0.22) 



• 

• 

·• 

• 

• 

• 

• 

• 

• 

• 

• 

38 

Table V 

Cross Correlation Results for Areas Cross Correlated 
with Indonesia and Lagged Positively Relative 

to Indonesia 

Western Pacific Margin Lag ( 1 ) Lag ( 2) 

Aleutians - 1 (r = 0.02) 

Kamchatka -10 (r = 0.13) 

Kuriles + 6 (r 0.03) + 7 (r = 0.02) 

Kyusyu, Honsyu and Hokkaido 8 (r = 0.12) 

Ryukyu Islands +10 (r = 0.11) 

lzu-Mariana Islands 4 (r = 0.16) - 6 (r = 0.14) 

Philippines 2 (r = 0.20) 

Indonesia 0 (r = 1.00) 

New Guinea-Solomons + 6 (r = -.14) + 7 (r = -.16) 

New Hebrides -10 (r = -.15) 

Kermadec-Tonga-Samoa + 1 (r = 0.29) + 2 (r = 0.28) 

New Zeala nd + 7 (r = 0.10) 
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Kyusyu-Honsyu-Hokkaido, and in Table V with Indonesia . 

Lag { 1) and lag { 2) are the lags for which the highest 

and the second highest cross correlation coefficients (given in 

parentheses) were obtained, provided that these cross correlation 

coefficients differ by no more than 0. 02 because, with these two 

cross correlation coefficients being so nearly equal, the lags were 

both used as data in the linear regressions discussed below. It 

must be noted that the cross correlation coefficients are all low 

(less than 0 . 5) and some are very low {less than 0. 1) . 

The areas are listed geographically, and then m order 

of increasing angular distance from . the North Pole. 

A cursory examination of Tables III, IV and V does 

not show a well-defined pattern, except in the case of the eastern 

Pacific margin areas crossed with Central America, where the 

lag tends to become increasingly more positive the greater the 

angular distance of the area from the North Pole. This indicates 

that a given pulse of volcanic activity would tend to occur later, 

the more southerly the area. / 

To test the observations m the preceding paragraph, 

multiple linear regressions were performed, using a Basic 

statistics program, "M ulreg" (a Hewlett-Packard library program 

to compute o ne or more multiple linear regressions on data), 

with angular distance from the North Pole (Xl) and angular 

distance from the Greenwich meridian ( x
2

) as independent 

.: 
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variables, and lag as the dependent variable ( X 3 ) . 

For all the Circum-Pacific areas listed in Table III 

crossed with Central America, for the western Pacific areas 

crossed with Kyusyu-Honsyu-Hokkaido (Table IV) and for the 

western Pacific areas crossed with Indonesia (Table V), the 

zero-order correlation coefficients r
31 

and r
32

, for x3 regressed 

on X 2 , respectively, were so low (less than 0. 2) that the pro

gram would not run to completion. 

For the eastern Pacific areas crossed with Central 

America (see Table III), however , the relationship between lag 

and angular distance from the North Pole was confirrried. The 

following results were obtained, with X 2 taken to be the angular 

distance west of Greenwich: 

(a) x3 Regressed on X1 

The least squares regression line 

x 3 =-13.06 + 0.136 x 1 

was obtained, both regression coefficients being significantly 

different from zero at th e one percent · level. The zero order 

(simple) correlation coefficient is 

r 31 = 0.657 

The m ultiple c o rrelation coefficient ( x 2 cons tant ) is 
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A Durbin-Watson Statistic of 2. 7 5 was obtained so that, usmg a 

two tailed test at the two percent level, the degree of serial 

correlation is not significant (Durbin, J. and Watson, G. S., 

1951, pp. 162 and 175). 

The Durbin-Watson statistic ts defined as 

where z is the residual from regression and b. z is the difference 

between successive residuals. This statistic is used to test for 

serial correlation in the error terms of a regression model. In 

order to use d, the independent variables in the regression model 

must be regarded as "fixed variables" and hence d cannot be 

used in schemes where independent variables are lagged values 

of the dependent variable. Upper and lower bounds (du and d 2 

respectively) to critical values for d are tabulated for various 

· levels of significance such that, if d is less than d 2 , .there is 

significant positive serial correlation, if d is greater than du, the 

degree of positive serial correlation is not significant and, if d 

has a value between d 2 and du, the test is not conclusive. 

Similar tests may be applied for negative serial correlation . 
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(b) x3 Regressed on X 2 

The least squares regression line 

x 3 = 12. 76 - 0.153 x 2 

was obtained, both regress1on coefficients being significantly 

different frorr. zero at the five percent level. The zero order 

correlation coefficient is 

r
32 

= -0.506 

The multiple correlation coefficient ( x
1 

constant) ts 

. r 32 . 1 = 0.434 

The Durbin-Watson Statistic is 2. 35 and therefore there 1s no 

significant serial correlation at the two percent level . 

(c) X 3 Regressed on x 1 and x 2 

The equation for the least squares regression 

plane ts ./ 

x3 = -32.21 + 0.219 x1 + 0.133 x2 

42 

Only the coefficient of X 1 (angular distance from the North Pole) 

is significantly different from zero at the five percent level. The 

constant is significant at the 10 percent level, but the coefficient 

of x 2 is not sigr.ificant, even at the 20 percent level . 
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The multiple correlation coefficient 1s 

R
3

. 21 = 0.603 

The Durbin-Watson Statistic is 2. 740, and therefore there 1s no 

significant serial correlation at the two percent level. 

The conclusion from the results given above is 

that the best results (and highest correlation coefficients) are 

obtained if x 2 , the angular distance west of Greenwich, is not 

included as an independent variable. Hence, lag is not signifi

cantly dependent on longitude even at the 20 percent level, but 

may be related to angular distance from the North Pole using the 

least squares regression line 

x3 = ( .... 13.06 ± 9.96) + (0.136 ± 0.102) x1 

when 95 'percent confidence limits on the regression coefficients 

are included. This means possible variations of about 75 percent 

in both the constant term and the coefficient of x1 . 

The zero order correlation coefficient between 

lag and angular distance from the North Pole is 

r 31 = 0.657 

H ence, on the eastern Pacific margir., volcanic 

pulses tend to travel south at the rate of 0 .136 yef.lrs per degree , 

or approximately seven degrees per year . 
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2.2. Comparison of Years for Which the Maximum or One 
Less than the Maxim um Number of Volcanoes are in 
Eruption in Various Areas 

Figure 9 (A) is a plot of the years for which the 

maximum or one less than the maximum number of volcanoes 1s 

in eruption in the eastern Pacific and Caribbean areas listed on 

the facing page, in order of increasing angular distance from the 

North Pole. 

Figure 10 (A) 1s a similar plot for the western Pacific 

areas . 

These figures both indicate (by diagonal series of 

pulses, sloping downwards from left to right) that volcanic pulses 

·occur earlier in the northern areas than in the more southern 

ones, a fact confirmed for the eastern Pacific areas by the serial 

correlation results . 

In Figs. 9{B) and 10(8), Figs. 9(A) and lO(A) 

have been replotted with an eye-estimated lag correction (the 

value of which, in years, is tabulated on the right-hand sides of 

- the figures), applied. The simultaneity of the pulses · has been 

improved, as can be seen by the now almost vertical alighment of 

corresponding pulses, as compared with the diagonal alignment of 

Figs. 9(A) and lO(A). 

Figures ll(A) and 12(A) are histograms of the 

number of areas having the maximum or one less than the 
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Fig. 9 

(A) Years in which the maximum (solid squares) or one less 
than the maximum (open squares ) number of volcanoes are 
in eruption during the period 1900 to 1968 in some areas 
of the eastern Pacific margin and Caribbean: 1. U. S. A., 
2. Mexico, 3. West Indies, 4. Central America, 5. 
Colombia-Ecuador , 6, Peru, 7. Northern Chile, 8. Central 
Chile, 9. Southern Chile. X is the angular distance (in 
degrees) of the area from the North Pole . 

( B) Similar to (A) but corrected for lag. The lag corrections 
applied relative to U. S. A. are tabulated in years. 

( C) Lag plotted as a function of angular distance, X, from the 
North Pole . 
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Fig. 10 

(A) Years in which the maximum (solid squares) or one less 
than the maximum (open squares) number of volcanoes are 
in eruption during the period 1900 to 1968 in some areas of 
the western Pacific margin: 1. Aleutians, 2. Kamchatka, 

• 3 ,. Kuriles, 4. Kyusyu-Honsyu-Hokkaido, 5. Ryukyu 
Islands, 6. submarine volcano north of Taiwan, 7. Izu
Mariana Islands, 8. Philippines, 9. Indonesia, 10. New 
Guinea-Solomons, 11. Santa Cruz-New Hebrides-Matthew 
Island, 12. Kermadec-Tonga-Samoa, 13. New Zealand . 
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• 

( B) Similar to (A) but corrected for lag relative to the 
Aleutians. The lag corrections applied are tabulated tn 

years. 

( C) Lag plotted as a function of angular distance, X, from the 
North Pole . 
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( B) Similar to (A) but with the lag co~rections applied. 
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max1mum number of volcanoes m eruption per annum in the 

eastern Pacific-Caribbean and the western Pacific respectively. 

They are obtained from Figs. 9 (A) and 10 (A) by vertical addi

tion of the solid squares . 

Figures 11(8) and 12(8) are similar histograms, 

with the lag corrections applied before addition. 

Chi-square tests were applied to the data plotted in 

Figs. ll(A), 11(8), 12(A) and 12(8), the null hypothesis in 

each case being that the number of areas each year having the 

max1mum or one less than the maximum number of volcanoes m 

eruption per annum 1s equal to the arithmetic mean. 

For the .!!S?.!! lag-corrected data of Figs. 11 (A) and 

12 (A), the fluctuations about the mean were found not to be 

significant even at the 25 percent level, indicating that the pulses 

tend not to be simultaneous on a large regiona_l scale. 

However, for Figs. 11 ( B) and 12 ( 8) , the fluctua.tions 

about the mean for the ·lag-corrected data are significant at the 

five percent and 0. 5 percent levels respectively. 

Hence, the lagged effects predominate over the 

simultaneous effects . 

It is interesting to note that the eastern Pacific margin 

lag-corrected data of Fig. 11 ( B} has a 30-year periodicity with 

a seri a l correlation coefficient of 0. 72 , as may bE: deduced from 

Fig. 13. This is probably the result of two pul ses seen ir: 
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maximum number of volcanoes in eruption per annum 
--serial correlation coefficient, lags 0-30. The 
original data have been corrected for lag . 
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Fig. 9, having the approximate ranges 1915 to 1930, and 1945 

to 1960 respectively. These pulses are both quite general in the 

areas of the eastern Pacific margin, occurring in six out of the 

nine areas. 

The lag corrections applied are the negative values of 

the lags referred to in the section on cross correlation . 

The lags are plotted as a function of angular distance 

from the North Pole in Figs. 9( C) (eastern Pacific and 

Caribbean) and 10 ( C) (western Pacific). Because these lags 

are subjective estimations only, no rigorous statistical analyses of 

these plots have been made but the pulses seem to have a travel 

time of approximately five degrees per year in the eastern Pacific 

-Caribbean and four degrees per year in the western Pacific, 

both of which are of the same order of magnitude as the seven 

degrees per year, for the eastern Pacific, derived by cross 

correlation and linear regression analysis. 

The question arises as to why this pattern did not 

show up in the cross correlation analysis of the western Pacific 

areas. It must be remembered that the. data analyzed here is 

filtered data--only the largest pulses, those in which the maximum 

and one less than the maximum number o~ volcanoes are m 

eruption in each area, are considered, whereas cross corre

lation utilizes the small values, as well as the large. Maybe 

many of the large pulses are c a used by some large regional 
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effed which moves south with time, whereas the smaller pulses 

may often be caused by some local effect, peculiar to one 

particular area. 

It is interesting to note that the non-lag corrected 

eastern Pacific-Caribbean data of Fig. ll(A) have a slight 30-

year periodicity, and possibly also a 42-year periodicity (refer 

Fig. 14). The non-lag corrected western Pacific data of Fig. 

12(A) have a slight 15-year periodicity (see Fig. 15), which 1s 

half the period of the eastern Pacific data. This is consistent 

with the findings, of Table II, for the number of volcanoes in 

eruption per annum in the individual areas of the western and 

eastern Pacific. 

There thus seems to be an east-west asymmetry, 

around the Pacific, in periodicity in volcanic activity . 

3. Conclusions 

· On both the eastern and western Pacific margms, pulses in 

volcanic activity in the individual areas tend to travel south with 

time at rates of the order · of five degrees per year. 

Even if this phenomenon 1s connected with migrating pulses 

of activity on spreading ridges, the latter would still require 

explanation . Maybe it is caused by circulation in the outer core, 

as is the Earth's dipole magnetic field whose lines of force have 

a north- south trend. Indeed, Gorshkov { 1972) suggests that the 
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Fig. 14. Eastern Pacific margin and Caribbean. Number of 
areas having the maximum or one less than the 
maximum number of volcanoes in eruption per annum 
--serial correlation coefficient lags 0-34 . 
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• 

• 

• 

• 

• 

• 

• 

• 

•• 

• 

• 

57 

11 pri~nary heat sources 11 for volcanism "may be very deep and 

may be, in particular, connected with gravitational differentiation 

at the core-mantle boundary (Artyushkov, 1970). 11 

It is interesting to note that there are variations with latitude 

in the spreading rate of the East Pacific Rise. Herron ( 1972) 

found that the yearly half-spreading rate of the eastern part of 

the East Pacific Rise increases monotonically from 4. 5 cm at 

about 13 ° N to 10 cm at about 28 ° S, while that of the western 

part increases monotonically from 4.5 cm at about 13°N to nine 

cm at about 18 ° s but decreases to eight cm at about 28 ° s. 

However, it is difficult to see how this has any bearing on the 

southward migration of volcanic pulses . 
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IV. ANALYSIS OF VOLCANIC ACTIVITY IN LARGE 

REGIONS OF THE CIR CUM-PACIFIC BELT 

Method of Analysis of Data 

Having analyzed the series for the nurriber of volcanoes in 

eruption per annum for the individual areas of the circum-Pacific 

belt, and finding that most of these series are statistically signifi

cant, it seemed logical to investigate the fluctuations in the number 

of volcanoes in eruption per annum in larger portions of the 

circum-Pacific belt. These data were obtained by adding together 

the data for various individual areas in the circum-P a<;:ific region . 

. The 1916 activity of the submarine volcano north of Taiwan was 

also included. 

The large regions to be considered are: ( 1) the entire 

circum-Pacific belt (excluding Antartica and the Scotia Arc), 

( 2) the eastern Pacific margin (including the West Indies) , ( 3) 

the South American continent, (4) the western Pacific margin, 

( 5) Indonesia and the south-west Pacific (New Guinea-Solomons 

-Santa Cruz-New Hebrides-Matthew lsland-Kermadec-Tonga

Samoa-New Zealand), and (6) the south-west Pacific . 

The arithmetic means, variances, standard deviations and 

years for which th e numbers of volcanoes in eruption are more 

than two and more than three standard deviations away from the 

mean are given in Table VI . 
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Table VI 

Number of Volcanoes in Eruption Per Annum in Large Regions ol th., Circum-Pacific Belt--Arithmetic Mean, Variance, Standard Deviation, 
and Years for Which the Number of Volcanoes in Eruption is More Th .in Two and More Than Three Standard Deviations Above the Mean 

Area 

Circum-Pacific 

We stern Pacific Margin 

Arithmetic 
Me an , X 

2J.7 

17.7 

Eas tern Pacific Margin 6.0 

South America 2.7 

South-West Pacific 
ff Indonesia 9.6 

South-West Pacilic 4.J 

Variance, 
52 

22 . 9 

20.7 

5.J 

J.2 

10.4 

5.6 

Standard 
Deviation, S 

4.8 

4 . 5 

2.J 

1.8 

J.2 

2.4 

x t 2S X +JS 

JJ.J J8.1 

26.8 Jl.4 

10.6 12.9 

6.J 8.1 

16.1 19.J 

9 . 05 11.4 

Years for Which No. of 
Volcanoes in Eruption 

> x + 25 

1966 

196J, 1966 

1902, 1906, 1920 

1906, 1907, 1960 

1966 

195J, 1964, 1965, 
1966, 1967 

Years lor Which No. of 
Volcanoes in Eruption 

> X +JS 

1966 

1906 

1966 

01 
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The same two methods of analysis of the fluctuations were 

used as in the case of the individual areas, namely: the chi

square test with the null hypothesis that the number of volcanoes 

in eruption each year 1s equal to the arithmetic mean, and the 

calculation of serial correlation coefficients. 

The histograms of the number of volcanoes m eruption per 

annum in these six regions are shown in Figs. 16 and 17 • 

2. Results 

2.1. Chi-Square Results 

For the South American continent and for the western 

Pacific margin, the null hypothesis was rejected at the 25 percent 

level of significance, and for the south-west Pacific it was 

rejected at the five percent level . 

Hence, for South America, the western Pacific 

margm, and the south-western Pacific, the fluctuations in the 

number of volcanoes in eruption per annum appear to be 

statistically significant. / 

However, for the circum-P acific belt, the eastern 

Pacific margin, and the south-west Pacific including Indonesia, 

the null hypothesis was accepted at the 25 percent level, and 

hence the fluctuations in volcanic activity are not significar.t, and 

the pulses in volcanic a ctivity in the individual regions which 

make up these larger regions tend not to be notably simuHancous . 
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Fig. 16. Number of volcanoes in eruption per annum during the 
period 1900 to 1968 in 1. the circum-Pacific, 2. the 
eastern Pacific margin and Caribbean and 3. the 
western Pacific margin . 
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· Fig. 17. Number of volcanoes in eruption per annum during 
the period 1900 to 1968 in 1. the south-west Pacific, 
2. the south-west Pacific and Indonesia and 3. South 
America . 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

63 

2. 2. Serial Correlation Results 

Figure 18 tabulates and graphs the serial correlation 

coefficients for lags 0 through 34 years . The graphs for the 

ea~tern Pacific margin and for South America are not included, 

as they show no salient features. 

(a) Serial Correlation at Small Lags 

The south-west Pacific is the only reg1on with 

serial correlation coefficients (for any of the calculated lags) 

plotting greater than or equal to 0. 5. The serial correlation 

coefficients at lags of one and two years are 0. 72 anq 0. 66 

respectively so the number of volcanoes in eruption in one year 

affects the number of volcanoes in eruption in the next two years. 

(b) Periodicity 

The series for the num her of volcanoes in 

eruption on the eastern Pacific margin and in South America do 

not seem to be periodic . 

The circum-Pacific reg1on has a poorly-defined 

25-year periodicity, indicated by Fig. 18 and marked on Fig. 16 

by "H" (for corresponding high points) and "L" for .corre

sponding low points. 

The western Pacific margm has an indistinct 13-

year periodicity (Figs. 18 and 16) . 
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The south-west Pacific including Indonesia has 

a 14-year periodicity and a 29-year periodicity, as indicated by 

Fig. 18. The highs corresponding to the 14-year periodicity 

are marked on Fig. 17 as "h" and the lows of the 29-year 

periodicity as L. 

The south-west Pacific has a 29 and 13-year 

periodicity (see Fig. 18). The highs corresponding to the 13-

year periodicity are marked as "h, 11 and the highs and lows 

corresponding to the 29-year periodicity as 11 H 11 and 11 L 11 

respectively on Fig. 17. 

Note that here again there is a bimodal distri

bution of periods; they are either 13 or . 14 years, or else 25. or 

29 years. 

It is interesting to note (Fig. 18) that the corre

lation coefficient versus lag graph for the circum-Pacific has a . 

relative minimum at a lag of 21 years, and that the graphs for 

the western Pacific margin and the south-west Pacific including 

Indonesia have absolute minima at lags of 22 and 21 ye3.rs 

respectively. This may indicate periodic ities of about 42 years 

in these areas, but the data do not extend over a long E:!ncugh 

time scale to confirm this . 
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3. Comparison of Volcanism on the Eastern Pacific Margin with 
that on the Western Pacific Margin 

Figure 16 shows the number of volcanoes in eruption per 

annum on the eastern Pacific margin (including the West Indies) 

and the western Pacific margin respectively. 

The first thing to note is that there is a higher level of 

activity on the western Pacific margin (the number of volcanoes 

in eruption per annum rangmg between 9 and 32) than on the 

eastern Pacific ( 2 to 11 volcanoes in eruption per annum). 

On the western Pacific margin, the year when the maximum 

number of volcanoes was · in eruption was 1966, a yea~ of 

relatively low activity on the eastern Pacific margin . 

Conversely, the years 1902, 1906 and 1920, when the 

maximum number of volcanoes was in eruption on the eastern 

Pacific margin, were not years during which volcanoes were 

particularly active on the western Pacific margin. 

This suggests a negative correlation between volcanic activity 

on the eastern and western Pacific margins and, to test this, 

cross correlation coefficients were calculated, using the program 

"Volcross, 11 mentioned previously. The cross correlation 

coefficient at zero lag is -0 .15·, confirming the suggestion, but its 

magnitude is very small. The highest cross correlation coeffi-

cient (the western Pacific being lagged positively relative to the 

eastern Pacific) is 0.09 at lag +3. The highest magnitude 
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negf' .. tive cross correlation coefficient is -0. 34 at lag -4 . 

Thus, it appears that there is little correlation between the 

number of volcanoes in eruption on the western and eastern 

Pacific margins • 

4. Conclusions 

67 

Both chi-square and serial correlation results show the 

fluctuations in the number of volcanoes in . eruption per annum, for 

the south-west Pacific, to be statistically significant. 

Similarly, the seri e s for the western Pacific margm has 

significant fluctuations according to the chi-square test, and has a 

slight periodicity • 

The circum-Pacific belt and also the southwestern Pacific 

including Indonesia have only a slight periodicity. 

The series for the South American continent has significant 

fluctuations at the 25 percent level according to the chi-square 

test, but shows little serial correlation • 

Hence, only the series for the eastern Pacific margm 

appears not to be statistically significant, probably due to the 

pronounced lagging in volcanic pulses from one individual area to 

another (see Chapter III) . 

There is a h igher level o f activity on th e western Pacific 

marg in ( 9 to 32 vol c anoes in eruption per a nnum ) than on the 

e a s tern ( 2 to 11 volcanoes in eruption p er annum ) , and th e re ts 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

68 

little correlation between the number of volcanoes in eruption per 

year on the two sides of the Pacific, possibly because the mantle 

currents <lescending under the western Pacific margin and those 

going down under the eastern belong to two different flow regimes 

as discussed in Chapter II . 

There is a bimodal distribution of periods in the large 

reg1ons of the circum-Pacific; they are . either 13 or 14 years, 

or else ·25 or 29 years, and there 1s also a possible 42-year 

period m some areas . 
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V. PERIODS OF VOLCANIC SERIES 

Figure 19 contains histograms of the distributions of the 

periods found in Chapters II, III and IV . 

The top histogram shows the periods for the number of vol-

canoes in eruption per annum for the individual areas of the 

circum-Pacific region (see Table 11). The distribution is bimodal, 

with a mode at 17 years for the western Pacific areas, and a 

mode at 34 years for the eastern Pacific areas. 

The middle histogram is a plot of the periods of the number 

of volcanoes in eruption per annum for the larger regions of the 

circum-Pacific belt. Again, the distribution is bimodal, with 

modes at 13 and 29 years, in this case both for western Pacific 

areas. 

The bottom histogram shows the periods for the number of 

areas having the maximum or one less the maximum number of 

volcanoes in eruption per annum . The western Pacific has a 

period of 15 years, and the eastern Pacific has a period of 30 
/ 

years. 

Note that in each of these three histograms a bimodal distri-

bution is indicated, with one mode double or nearly double the 

other mode, the larger period usually being for the eastern 

Pacific, and the small er period for the western Pacific. A pos-

sible reason for this has been suggested in Chapters II and IV . 
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Fig. 19. Periods of volcanic time series in the circum-Pacific 
area: number of volcanoes in eruption per annum in 
the individual areas of the Pacific margin (top), 

• number of volcanoes in eruption per annum in larger 
regions (middle), and number of areas having the 
maximum or one less than the maximum number of 

. volcanoes in eruption per annum (bottom) . 
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VI. ANALYSIS OF THE SIGNIFICANCE 

OF FLUCTUATIONS IN THE NUMBER OF 

EARTHQUAKES PER ANNUM IN SOUTH AMERICA 

1. Method of Analysis of Data 

The area under discussion ts that portion of South America 

bounded by the parallels 6 °N and 53 ° S and the meridians 55 °W 

and 85 °W, that 1s, the South American part of the circum-Pacific 

seismic zone . 

The data to be analyzed were divided into two mam groups: 

M~ 6 earthquakes ( 1931 to 1971) and M~ 7 earthquakes , M being 

the surface wave magnitude of the earthquake. Each of these 

groups was subdivided into shallow ( H < 60 km}, intermediate 

( 6.0 km< H < 300 km) and deep ( H > 300 km) earthquakes, where 

H is the depth of focus of the earthquake. Their means, 

variances, standard deviations and the years for which the 

number of earthquakes per annum is more than two and more 

than three standard deviations above the mean are shown m 

Table VII. 

A great difficulty in obtaining meaningful earthquake data for 

time series analysis lies in the lack of uniformity of magnitude 

data. Up to the end of 1959, the magnitudes were mainly 

Richter surface wave magnitudes, M, determined by the Seismo

logical Laboratory at Pasadena, and so have given these 
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TablE· VII 

Number of M~ 6 and M~ 1 Earthquakes Per Annum in South America (6'N-53°S, 55°W-85°W)--Arithmetic Mean, Variance, Standard Deviation, 
and Years !or Which the ·Number of Earthquakes is More Than T oNC> and More Than Three Standard Deviations Above the Mean 

C ategory Arithmetic Vari~ce, Standard X+2s X+.3S Years for Which No. Years for Which No. 
for Number of Earthquakes Mean, X s Deviation, S of E~thquakes of E~thquakes 

Per Annum > x + 25 > x + 35 

M~ 6 Shallow Earthquakes 5.0 17.2 4.2 13.3 17.4 1960 1960 

M~ 6 Intermediate Earthquakes 5.0 9 . 9 3.1 11. 3 14.5 1960 

M~ 6 Deep Earthquakes 1.0 1. 2 1.1 3 . 3 4.4 1950 

M~ 6 Total Earthquakes 11.0 35.5 6.0 22.97 28.9 1960 1960 

M~ 7 Shallow Earthquakes 1.0 1. 5 1.2 J.5 4.7 1922, 1928, 1960 1960 

M~ 1 Intermediate Earthquakes 0.76 0.63 o. 79 2.4 3.1 1943, 1960 

M~ 7 Deep Earthquakes 0.24 0.36 0.60 1.4 2.04 1950, 1961 1950, 1961 

M~ 1 Total E arthquakes 2.0 2.1. 1.6 5.3 6.9 1922, 1960 1960 
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preference whenever they were available. When only surface 

wave magnitudes determined by the Lamont Geological Observa

tory at Palisades were given, I converted them into a magnitude 

equivalent to a Pasadena magnitude using a least squares regres

sion equation, as Palisades magnitudes are usually lower than the 

corresponding Pasadena magnitude. Similarly, I converted body 

wave magnitudes determined by the Coast and Geodetic Survey 

( CGS) into Pasadena magnitudes and used thes e equivalent 

magnitudes to calculate energy release, when sudace wave data 

were not avail a ble, but difficulty was experienced in trying to 

count numbers of earthquakes with M~ 6 and M > 7 for various 

years, because the data obtained using body wave magnitudes 

equivalent to a Pasadena magnitude of 6 or 7 gave results for the 

19601s which were inconsistent with the number of earthquakes 

obtained for previous years- - many more M > 6 _earthquakes and 

much fewer M2' 7. This happened when taking CGS body wave 

magnitudes of 5. 2 and 6. 5 as equivalent to Pasadena magnitudes 

of 6. 0 and 7. 0 respectively. 

To obtain more reliable equivalent m a gnitudes an averaging 

process was used. All the CGS body wave magnitudes for 

which a surface wave magnitu de of 6 had also been determined 

were added and then averaged, a nd simi larly for those equivalent 

to a m agnitude of 7 . A CGS b o dy wave magnitude ~f 5. 7 was 

found to b e equivalent to a Pasadena magnitude o f 6. 0, and a 
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CGS body wave magnitude of 6. 3 was found to be equivalent to 

a Pasadena magnitude of 7. 0. These values gave consistent 

figures for the number of earthquakes with M > 6 and M > 7 tn the 

years after 1962 when few surface wave magnitudes were gtven . 

Hence, earthquakes with body wave magnitudes greater than or 

equal to 5. 7 and 6. 3 were assumed to have M > 6 and M > 7 

respectively and their energy release was then calculated from 

the energy-magnitude relationship for surface wave magnitudes, 

by finding the Pasadena equivalent magnitude using a least 

squares regression equation linking CGS body wave magnitudes 

and Pasadena surface wave magnitudes. 

The methods of analysis of these data were the same as 

those discussed in detail in Chapter II, namely, the chi-square 

test with the null hypothesis that the number of earthquakes per 

annum is equal to the arithmetic mean and the determination of 

serial correlation coefficients • 

2. Results 

2.1 ~ Chi-Square Results 

For the total number of M?_ 6 earthquakes per annum, 

the null hypothesis was rejected at the 0. 5 percent level of 

significance. Also in the M > 6 earthquake category, the null 

hypothesis was rejected at the 0. 5 percent level for shallow and 
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for intermediate earthquakes, and at the 25 percent level for deep 

earthquakes. 

The null hypotheses were rejected at the five percent 

level for the total number of M _.::: 7 earthquakes per annum; and at 

the 0. 5 percent level for the shallow and for the deep sub

categories. However, it was accepted at the 25 percent level 

for M > 7 intermediate earthquakes. 

The graphs for these time series are shown m Figs. 

20 and 21 . 

2. 2. Seria l Correlation Results 

e (a) · Serial Correlation at Small Lags 

• 

• 

• 

• 

• 

For the M.2: 6 earthquakes, only the shallow 

earthquake category had a serial correlation coefficient greater 

than or equal to 0. 5 when rounded to the nearest 0. 05. This 

occurs at a lag of two years. Thus the number of earthquakes 

in one year tends to affect the number of earthquakes two years 

later. _, 

None of the categories of M~ 7 earthquakes had 

a serial correlation coefficient greater than or equal to 0. 5 when 

rounded to the nearest 0. 05 . 

(b) Periodicity 

The relevant serial correlation coefficient versus 
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Fig. 20. Number per annum of M > 6 1. shallow, 2. ir.terme
diate, 3. deep, and 4 . total earthquakes (1931 to 
1971) and of 5. volcanoes in eruption ( 1931 1.o 1968) 
in South America . 
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Fig. 21. Number per annum of M > 7 1. shallow, 2. interme
diate, 3. deep, and 4. total earthquakes ( 1904 to 
1971) and of volcanoes in eruption ( 1900 to 1968) in 
South America . 
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lag graphs are shown in Fig. 22. Only the M > 6 total (shallow 

• + intermediate + deep) earthquakes, shallow earthquakes and 

intermedia~e earthquakes have any indication of periodicity. 

• Unfortunately, the time period for which numbers 

of M > 6 earthquakes per annum has been recorded accurately 

has been too short to determine periodicities with any certainty 

• but examination o f the serial correlation coefficient graphs in Fig. 

22 combined with a study of the .number of earthquakes per 

annum graphs of Fig. 20 indicate a 30-year periodicity in total 

• . . 

M,.::: 6 earthquakes (a serial correlation . coefficient of -0. 49 being 

obtained at a lag of 15 years) and in M2: 6 shallow ea:rthquakes, 

• and a 25-year periodicity in M > 6 intermediate earthquakes. The 

JO-year periodicity in total M > 6 earthquakes is due to the hump 

in intermediate earthquake activity in the early 19301s through 

• middle 19401s and the hump in shallow earthquake activity in the 

late 1950 1s through early 19701s . 

• 3. Conclusions 

The chi-square test indicates that the amplitude of the fluctu-

ations about the mean number of earthquakes per annum is 

• significant for total M..::: 6 earthquakes and for M > 6 shallow earth-

quakes, intermediate earthquakes and deep earthquakes. 

• It is also significant for M_? 7 total earthquakes, shallow 

earthquakes and deep earthquakes, but not for M > 7 

• 
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-Fig. 22. Serial correlation coefficient, lags 0-20, for the 
number per annum (1931 to 1971) of iv\> 6 
1. total, 2. shallow, and 3. intermediate ertrth
quakes in South America . 
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intermediate - earthquakes . 

The only group of earthquakes having serial correlation at 

small lags is the M > 6 shallow earthquakes, with a serial corre

lation coefficient greater than 0. 5 at a lag of two years. Hence, 

the number of shallow M > 6 earthquakes in one year tends to 

affect the number two years hence. 

None of the groups of M > 7 earthquakes appear to be 

periodic, and neither do the M > 6 deep earthquakes. 

The total M > 6 earthquakes, and the M > 6 shallow earth~ 

quakes have possible 30-year periodicities, and the M > 6 interme

diate earthquakes have a possible periodicity of 25 years. These 

periodicities are of the same order as those for the number of 

volcanoes in eruption for areas of the eastern Pacific margin and 

thus may have a similar cause (see Chapter II) . 

The only time series whose fluctuations do not appear to be 

statistically significant is that for the number of M > 7 intermediate 

earthquakes per annum . 

/ 
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VII. ANALYSIS OF THE SIGNIFICANCE OF 

, FLUCTUATIONS IN EARTHQUAKE ENERGY 

RELEASE IN SOUTH AMERICA 

1. Method of Analysis of Data 

Because magnitude 1s a logarithmic function of energy, only 

the energy released by earthquakes with a surface wave magni

tude of 7 or greater was considered as this constitutes the bulk 

of the energy. The · energy ·release was calculated from the 

magnitude using the formula 

loglO E = 11. 4 + 1. SM , 

where M 1s the surface wave magnitude and E 1s the energy m 

·ergs. 

The area of · South America under consideration is the same 

as that for Chapter VI and the period of time is 1904 to 1971. 

· Because the chi-square statistic, as defined in Chapter II, 

has squared quantities in the numerators and non-squared 

quantities in the denominators of the fractions which are summed, 

the chi-square test can only be used for dimensionless numbers, 

it could not be applied to the e nergy release data, as these are 

all given in ergs. Hence, o nly the seri al correlation coefficients 

(refer to Chapter II) were calculated . 

The histograms of the energy release from shallow, 
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intermediate and deep earthquakes are shown in Figs. 23, 24 

• and 25. The total M > 7 earthquake energy release is shown in 

Fig. 26. . The arithmetic means, variances, standard deviations, 

• and the years for which the energy release is more than two, 

and more than three standard deviations above the mean are 

given in Table VIII . 

• 
2. Results 

2 .1. Serial Correlation Results 

• None of the serial correlation coefficients were greater 

than, or equal to 0. 5, when rounded to the nearest 0. 05, and 

• the series do not appear to be periodic . 

3. Conclusions 

• The shallow, intermediate, deep and total earthquake energy 

release in South America do not appear to be periodic or 

serially correlated . 

• Although the data were not suitable for perforIT-ing a chi -

square test, it is obvious from inspection of Figures 23 to 26 that 

large fluctuations in annual energy release have occurred, 

• 
particularly for shallow earthquakes. 

The years of greatest energy release m South America were 

• 24 24 1906 and 1960 when 3.0 x 10 ergs and 2.3 x 10 ergs 

respectively were liberated. These are about three tim8s 

• 
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Fig. 23. M > 7 shallow earthquake energy release per annum in 

South America during the period 1904 to 1971 . 
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Tablu VIII 

Annual M~ 7 Earthquake Energy Release in South America (6•N-5J "S, ss•W-85°W)--Arithmetic Mean, V~riance, Standard Deviation 
and Years for Which the Energy Release is More Than Two and More Than Three Standard Deviations Above the Mean 

E a r thquake Ene r gy Release Arithmetic Variance, Stanford x + 2S X +JS Years for Which Years for Which 
( x102l Ergs) Mean, X s2 Deviat 011, S Energy Release Ener21 R e lease 

> x + 2S > X + JS 

M ~ 7 Shallo w Ene r gy R e le ase lJl 211087 4;9 1050 1509 1906, 1960 1906, 1960 

M~ 7 Inte rmediate Energy Release 19 1400 n 94 1Jl 1950, 1957 1950 

M~ 7 Deep Ene rgy Release 8 413 w 48 69 1921, 1922, 196J 
1961, 196J 

M~ 7 T otal Energy Release 158 218886 41i8 109J 1561 1906, 1960 1906, 1960 

00 
Oo 

• 
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greater than the next largest energy release: 8. 4 x 1023 ergs 

in 1922. Most 'of the energy released in these three years ts 

due to shallow earthquake activity . 
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VIII. RELATIONSHIP BETWEEN SHALLOW, 

INTERMEDIATE AND DEEP SEISMIC 

ACTIVITY IN SOUTH AMERICA 

1. Method of Analysis of Data 

The data were divided into three mam groups: number per 

annum of M > 6 earthquakes ( 1931 to 1971), number per annum 

of M> 7 earthquakes ( 1904 to 1971), and annual M > 7 earthquake 

energy release (1904 to 1971). Each of these three groups was 

subdivided into shallow, intermediate and deep, using the 

categories described in Chapter VI. 

In each of the three main groups, shallow earthquake data 

were cross correlated with intermediate and with deep earthquake 

data, and intermediate earthquake data were cross correlated 

with deep earthquake data, as described in Chapter III. The lag 

for which the highest cross correlation coefficient, r, was 

obtained was noted in each case . 

2. Results 

2.1. Number of M ~ 6 Earthquakes per Annum 

When intermediate earthquakes are lagged positively 

with respect to shallow earthquakes, the highest cross correlation 

coefficient ( r = 0. 29) is obtained for a lag of 0 years. H e nce, 

shallow and interm ediate e arthquake pulse s tend to be simulta neous . 
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When deep earthquakes are lagged positively with 

respect to shallow earthquakes, th€'. maximum cross correlation 

coefficient (r . = 0. 38) is obtained at .a lag of +7 years, so that 

shallow earthquake pulses tend to occur seven years before deep 

earthquake pulses. 

When deep earthquakes are lagged positively with 

respect to intermediate earthquakes, the highest cross correlation 

coefficient ( r = 0. 36) occurs at a lag of +7 years. Therefore, 

intermediate earthquake pulses tend to occur seven years before 

deep earthquake pulses. 

The results are shown pictorially in Fig. 27, from 

which it may be seen that the three results are internally 

consistent. 

2. 2. Number of M~ 7 Earthquakes Per Annum 

When intermediate earthquakes are . lagged positively 

with respect to shallow earthquakes, the highest cross correlation 

coefficient ( r = 0. 20), is obtained at a lag of - 7 years, so that 

intermediate earthquake pulses tend to occur seven years before 

shallow earthquake pulses . 

When deep earthquakes are lagged positively with 

respect to shallow earthquakes, the maximum cross correlation 

coefficient ( r = 0. 41) occurs at a lag of -10 years. HencE1' 

deep earthquake pulses tend to occur 10 years before shallow 
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Later 

Fig. 27. Summary of cross correlation results. Time relation
ships between shallow ( S), intermediate (I} and deep 
( D) earthquakes based on the lag for which the cross 
correlation coefficient ( r) is a maximum . 
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earthquake pulses . 

When deep earthquakes are lagged positively with 

respect to intermediate earthquakes, the highest cross correlation 

coefficient ( r = 0. 35) is obtained at a lag of +1 year. There-

· fore, intermediate earthquakes tend to occur one year before 

deep earthquakes • 

A study of the pictorial representation of these results 

m Fig . 27 shows the relationship between intermediate and deep 

earthquakes to be inconsistent, probably because the correlation 

coeffic ients are all so low~ 

2.3. Annual M2': 7 Earthquake Energy Release 

When intermediate earthquake energy release is lagged 

positively with respect to shallow energy release, the highest 

cross correlation coefficient (r = 0.72) is obtained at a Ing of -10 

years, so that intermediate earthquake energy pulses tend to 

occur 10 years before shallow pulses • 

When deep earthquake energy release is lagged. posi

tively with respect to shallow energy release, the maximum cross 

correlation coefficient (r = 0.32) is obtained at 3. lag of +3 years • 

Hence, shallow energy pulses tend to occur three years before 

deep energy pulses • 

When deep energy release is lagged positivery with 

respect to intermediate energy release , the highest cress 
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correlation coefficient (r = 0. 30) occurs at a lag of +6 years • 

Therefore, pulses in intermediate earthquake energy release tend 

to occur six years before pulses in deep earthquake energy 

release . 

An inspection of Fig. 27 shows there to be an 

inconsistency in the relationship between shallow and deep earth-

quake energy release. This is possibly because the correlation 

between deep and . shallow, and deep and intermediate energy 

release is low and not very meaningful . 

3. Conclusions 

3. 1 . Internal Consistency of Results 

The results for the number of M > 6 earthquakes per 

annum are internally consistent, whereas those for the number of 

M2:_ 7 earthquakes per annum and for the annual M.2:: 7 earthquake 

energy release are not • 

3. 2. Degree of Correlation between Shallow, Intermediate 
and Deep Earthquakes 

In all cases, the correlation coefficients at lag 0 are 

very small Oess than 0. 3}. 

The maximum correlation coefficients are shown on 

Fig. 27 and they are all less than 0. 5, except for a value of 

0. 72 obtained at a lag of 10 years when intermediate earthquake 
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energy release 1s crossed with shallow earthquake energy 

release. 

3. 3. Time Relationships between Shallow, Intermediate and 
Deep Earthquakes 

In all three cases, pulses in intermediate earthquake 

activity tend to occur before pulses in deep earthquake activity, 

although the length of the lag varies. 

In two out of the three cases, pulses in intermediate 

earthquake activity tend to occur earlier than pulses in shallow 

earthquake activity; in the . third case, there is zero lag between 

them • 

Also, in two out of the three cases, shallow earth-

quake pulses tend to occur before deep earthquake pulses, but in 

the other case the reverse ts indicated, ·and the correlation 

coefficient is higher than in the first two cases. 

Hence, it appears that pulses in intermediate earth-

quake activity tend to occur earlier than pulses in both deep and 

shallow earthquake activity. If these results are meaningful, they 

seem to contradict earlier theories of crustal mate1•ial descending 

under the Andes as a single, coherent plate be~ause, if the 

se1sm1c activity is caused by rapid spreading occnrring at the 

oceamc ridge, this would be expected to generate shallow, then 

intermediate , then deep earthquakes. However ~ if convection 

suddenly sucks the lithospheric plate under the continent, one 
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would expect deep earthquakes first, then intermediate, then 

shallow. If transmission of energy along the underthrusting plate 

is rapid compared with a time scale of a year, the pulses m 

shallow, intermediate and deep seismic activity will appear 

·simultaneous. However ·recent work indicates that the descending 

slab may, at least in some parts of the Pacific margin, not 

remain coherent (Barazangi et al., 1973). 

3. 4. Correlation between M~ 6 Shallow and Intermediate 
Earthquakes 

As was mentioned previously, the highest cross 

correlation coefficient for M > 6 intermediate and shallow earth-

quakes during the period 1931 to 1971 was obtained at zero lag, 

but was only 0. 29. 

This is surprising, because a visua:l inspection of the 

graphs of numbers of earthquakes per annum (Fig. 20) shows 

there to be a noticeable correspondence between relative maxima 

and minima in numbers of shallow and intermediate earthquakes, 

during the period 1931 to 1961. However, there seems to be 

very little correlation between M > 6 . shallow and intermediate 

earthquake pulses during the last 10 years, and this 1s apparently 

why such a low correlation coeffi c ient was obtained. 

When the numbe r per annum of M > 6 shallow earth-

quakes 1s cross cor r e la te d with the num ber p e r annum of M > 6 
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intermediate earthquakes, only for the period 1931 to 1961, a 

maximum cross correlation coefficient of 0. 54 is obtained at zero 

lag. This is still lower than might have been anticipated from 

comparison of the graphs • 
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IX. SPACE-TIME RELATIONSHIP BETWEEN PULSES 

OF SEISMIC ACTIVITY IN SMALLER REGIONS 

OF SOUTH AMERICA 

1 . Discussion 

In Chapter III it was suggested that pulses of volcanic activity 

in the areas of both the eastern and western Pacific margin seem 

to travel south with time. 

Hence, it seemed logical to investigate whether a similar 

situation exists with earthquake activity in South America. 

For the purpose, the area bounded by the parallels 6 °N and 

53°S, and the meridians 55°W and 85°W was divided from north 

to south into six regions: region A ( 6 ° N - 5 ° S), region B 

( S+ 0 S _-lS 0 S), region C ( 15+ 0 S- 25 °S), region D ( 25+ 0 S-32° 

S), region E (32+ 0 S-41°S), and region F (41+ 0 S-53°S), as 

shown in Fig. 28. 

As in Chapter VIII, the shallow, intermediate and deep 

earthquake activity was considered under three categories: 

number of M > 6 earthquakes per annum ( 1931 to 1971), number 

of M > 7 earthquakes per annum ( 1904 to 1971) ~nd annual M~ 7 

earthquake energy release ( 1904 to 1971). These are graphed 

in Figs. 29 to 37 . 

2. Method of Analysis of Data 

The first and simplest method was by visual study of 
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Figs. 29 to 3 7 to see if there was any obvious pattern of pulses • 

In the cases of the number per annum of M > 6 and M~ 7 

earthquakes, graphs were also drawn showing the years for 

which the maximum or one less than the maximum number of 

earthquakes occurred in · a particular category (Figs. 38 and 39). 

This e_mphasizes only the largest pulses and filters out smaller 

ones which may be due merely to local effects. It was not 

possible to do this for energy release because it does not have 

integer values • 

Because of the lar ge volume of data, the cross correlation 

technique was used only if there appeared to be a convincing 

pattern, with the presumed same pulse occurring in a large 

number of areas. 

3. Results 

3 .1. Number of M.,2: 6 Earthquak es Per Annum 

e The diagonal lines of markers in the three graphs in 

• 

• 

• 

Fig. 38 indicate the possibility of a pattern of migration of pulses. 

For deep earthquakes they appear to occur earlier m 

the south and travel north, but the pattern is not very well 

defined. 

For sha llo w a nd for inte rmediate earthquakes of 

r e gions A, B , C and D, the inverted V s , made up o f diagonal 

lines of pulses, suggest that pulses m a y tr a vel from south to 
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north and then from north to south. For shallow earthquakes m 

regions E and F, the pulses may be simultaneous. 

Cross correlation was performed on the shallow, 

intermediate a nd deep earth quake data and the results are shown 

in Tables IX, X and XI--no such pattern of pulse migration is 

revealed, but the s imultane ity of shallow earthquake pulses in 

regions E and F is confirmed. However, a south-north then 

north-south migration of pulse s would not be expected to show up 

clearly with c r o s s correl a tion. It is interesting to note that for 

the shallow e a rthquakes, the maximum cross correlation coeffi

cients obtained for regions D, E and F (at lags of -3, +2 and 

+2 years respective ly relative to region A) are quite high 

(greater than 0. 6) • For the inte rmediate earthquakes, for which 

the regions were cross cor related with region C, the maximum 

cross correlation coefficie nts become smaller with increasing 

distance north or south of region C. A similar result was 

obtained at zero lag by Tsuboi (1958) in Japari • 

3.2. Number of M.2: 7 Earthqu akes P e r Annum 

Figure 39 does not reveal a consistent pattern of pulse 

migration. 

3. 3. A nnual M.2: 7 Ear-thquake Energy Releas e 

Comparison of the higher maxima in the graphs for 

shallow earthquakes in Fig . 3 5 suggests that these pulse.s tend to 
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Table IX 

South America--Number of Shallow 
M > 6 Earthquakes Per Annum 

Cross Correlation Results 

Areas being cross correlate d with, and lagged positively with 
respect to region (A). Lags ( 1) and ( 2) are the lags for 

· which the highest and second highest cross correlation coeffi
cients ( r) occur, provided that these differ by no more than 
0.02 . 

Area Lag ( 1) Lag (2) 

Region (A) 0 

Region (B) +7 (r = 0.32} 
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Region ( C) +4, +2 (r = 0.31) -2 (r = 0.31) 

Region (D} -3 (r = 0.67) 

Region (E) +2 (r = 0.64) 

Region ( F) +2 (r = 0.62) 
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Table X 

South America--Number of Intermediate 
M > 6 Earthquakes Per Annum 

Cross Correlation Results 

Areas being cross correlated with, and lagged positively with 
respect to, region ( C) . Lags ( 1) and ( 2) are the lags for 
which the highest and second highest cross correlation co~Hi
cients ( r) occur, provided that these differ by no more than 
0.02 . 

Area Lag (1) Lag (2) 

Region (A) +4 (r = 0.30) +2 (r = o. 29) 

Region ( B) -8 (r = 0.42) 

Region ( C) 0 

Region (D) -1 (r = 0.40) 
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Region (E) +l (r = 0.15) +2 (r = 0.15) 0 (r = 0.14) 

Region ( F) -5 (r = 0.12) 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Table XI 

South America--Number of Deep 
M ~ 6 Earthquakes Per Annum 

Cross Correlation Results 

Areas being cross correlated with, and lagged positively with 
respect to, region ( D) . Lags { 1) and ( 2) are the lags for 
which the highest and second highest cross correlation coeffi
cients { r) occur, provided that these differ by no more than 
0.02 • 

Area Lag { 1) Lag ( 2) 

Region (A) Program would not run, but shows 
negative r at lag 0 • 
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Region (B) + 4 {r = 0.34) +1 (r = 0.32) 

Region ( C) -10 (r = 0.42) 

Region (D) 0 
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be simultaneous or to migrate south with time • 

The graphs for intermediate earthquakes (Fig. 36) do 

riot seem to indicate a pattern, and neither do those for deep 

earthquakes (Fig. 37). 

4. Conclusions 

e Omori ( 1923) suggested that, because they release excess 

• 

• 

• 

• 

• 

• 

• 

strain In the earth 1 s crust, great shallow earthquakes do not 

repeat at one and the same place in a seismic zone, and m this 

chapter it has been found that large pulses in the number of 

shallow and of intermediate M > 6 earthquakes per annum may 

indeed have a tendency to migrate from south to north and then 

from north to south with time. Pulses in M2: 6 shallow earth

quake activity tend to be simultaneous in regtons E and F • 

Large pulses in annual M > 7 shallow earthquake energy 

release tend to be simultaneous or to migrate south with time. 

For example, the 1906 pulse occurred in both .regions A and E, 

whereas the 1942 pulse of regions A and B occurred in 1943 in 

region O. 

However, the earthquake patterns are not nearly as well 

marked as the migration p atterns of circum-Pacific volcanic 

pulses (see Chapter III) . 
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X. RELATIONSHIP BETWEEN THE NUMBER OF 

VOLCANOES IN ERUPTION PER ANNUM AND LARGE 

MAGNITUDE SEISMIC ACTIVITY IN SOUTH AMERICA 

1. Method of Analysis of Data 

To compare volcanic and seismic activity, the cross corre

lation technique, described in Chapter III, was used . 

Again, the shallow, intermediate and deep earthquake data 

were grouped into three categories: number of M > 6 earth

quakes per annum (1931 to 1968), number of M> 7 earthquakes 

per annum ( 1904 to 1968), and annual M > 7 earthquake energy 

release ( 1904 to 1968). These were cross correlated with the 

data on the number of volcanoes in eruption per annum in South 

America for the same time periods. The reason for these 

series being truncated at 1968 is that the · South American volcano 

data stop at 1968. 

The relevant series are graphed tn Figs. 20, 21, 23, 24 

and 25. 

2. Results 

• The cross correlation results are shown in Tabl~ XII. 

• 

• 

For all three categories of shallow seismic activity, the 

highest cross correlation coefficient is obtained at lag C. Hence, 

pulses in volcanic activity tend to coincide with pulses in shallow 

earthquake activity • 
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Table XII 

South America 

Number of Volcanoes in Eruption Per Annum and Seismic 
Activity--Cross Correlation Results with Earthquake Data 

Being Lagged Positively Related to Volcano Data 

L r 

M>6 shallow earthquakes 0 0.26 

M>6 intermediate earthquakes 0 0.36 

M~6 deep earthquakes -10 0.46 

M.?: 7 shallow earthquakes 0 0.22 

M>7 intermediate earthquakes -10 0.15 

M> 7 deep earthquakes -10 0.45 

M>7 shallow earthquake energy release 0 0.54 

M~7 intermediate earthquake energy release -10 0.39 

M>7 deep earthquake energy release + 8 0.39 
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For M > 6 intermediate earthquakes, the highest cros~ 

correlation coefficient is obtained at lag 0 . Hence, pulses m the 

number of M > 6 intermediate earthquakes per annum tend to 

coincide with pulses in the number of volcanoes in eruption per 

·annum. 

For the number of M > 7 intermediate earthquakes per annum, 

and for the annual M > 7 intermediate earthquake energy release, 

the highest cross correlation coefficient is at lag -10, so pulses 

in earthquake activity tend to occur 10 years before pulses in 

volcanic activity. It was found in Chapter VIII that pulses in 

intermediate earthquake energy release also occur 10 years 

before pulses in shallow earthquake energy release, suggesting 

that the latter should coincide with pulses in volcanic activity--a 

fact confirmed above . 

For the number of M > 6 and M > 7 deep earthquakes per 

annum, the highest cross correlation coefficients were obtained at 

a lag of -10 years. Hence, the peaks in- deep earthquake 

activity tend to occur 10 years before peaks in volcanic activity. 

For M > 7 deep earthquake energy release, the highest 

cross correlation coefficient is obtained for a lag of +8 years, so 

that pulses in deep earthquake energy release tend to occur 

approximately 8 years after pulses in volcanic activity. 

The cross correlation coefficients for the M2: 6 shallow, 

intermediate and deep earthquakes are greater than the 
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corresponding M > 7 earthquake cross correlation coefficients • 

Hence the rnumber of volcanoes in eruption per annum correlates 

better with the numbers of M~ 6 shallow, intermediate and deep 

earthquakes per annum ( 1931 to 1968) than it does with the 

corresponding M > 7 earthquakes per annum ( 1904 to 1968). 

H?wever, the cross correlation coefficients for M > 7 shallow 

and for M~ 7 intermediate earthquake energy release are higher 

than the corresponding cross correlation coefficients for M.,2: 7 and 

M > 6 numbers of earthquakes per annum, so that it seems that 

the correlation between the number of volcanoes in eruption per 

annum and shallow or intermediate earthquake energy release is 

higher than that between the number of volcanoes in eruption per 

annum and the corresponding numbers of shallow or intermediate 

earthquakes per annum • 

3. Conclusions 

The m.aximum 

that there ts not a 

cross correlation coefficients are all low, so 

very strong correlation between the number of 

volcanoes tn eruption per annum and large magnitude se1sm1c 

activity in South America • 

The only m a ximum cross correlation coefficient exce eding 0. 5 

was a value of 0. 54 at zero lag obtained b y cross corr e lating the 

number o f vo lcanoes m eruption per annum ( 1904 to 1968 ) with 

annual M > 7 shallo w e a rthquake energy release fo r the 
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same period. Hence, the best correlation between volcanic 

adivity and large magnitude seismic activity is that for M~ 7 

shallow earthquake energy release • 
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When the -volcano graph (Fig. 17) ts compared with the 

·above-mentioned energy release graph (Fig. 23) it may be seen 

that the correlation arises mainly from the fact that 1906 and 1960 

were years both of maximum volcanic activity in terms of the 

number of volcanoes in eruption and maximum seismic energy 

release (both for M > 7 shallow earthquakes and for total M > 7 

earthquakes). Hence, perhaps high volcanic activity is connected 

with the occurrence c f M > 8 earthquakes, and shocks of lower 

magnitude may be considered as noise. 

These two years must have been times of extraordinary 

tectonic instability in the South American continent . 

1906 was a year of comparatively high volcanic activity in 

Colombia-Ecuador, Peru and Southern Chile, and two great 

earthquakes occurred, one with magnitude 8. 6 in region A (off 

the coast of Colombia-Ecuador) and one with magnitude 8 .4 m 

region E (Central Chile). Hence, the tectonic activity was 

widespread r ather th a n localized. 

1960 was a year of comparatively high volcanic activity in 

Nor the r n C hile a nd Central Chile a nd a m agnitude of 8. 25 to 8. 5 

earthquake , accompanied by many smaller o nes , occurred m 
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region E (Central Chile). Thus, the 1960 tectonic activity was 

more localized than that of 1906. 

It is interesting to note that after 1961, the volcanic activity 

m South America dropped to the lowest level this century; there 

were no volcanoes in eruption during the period 1962 to 1968, 

except . for 1964 when two were m eruption. The same is not 

true of earthquake energy release, nor did this happen after the 

1906 tectonic activity . 
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XI. CONCLUSIONS 

In 16 out of 21 circum-Pacific areas studied, fluctuations in 

the number of volcanoes in eruption per annum ( 1900 to 1968) 

appear to be statistically significant. 

In 12 of these areas, the time series for the number of vol

canoes m eruption per annum display a poorly-defined periodicity • 

The periods have a bimodal distribution, those of the western 

Pacific areas, with few exceptions, being approximately half those 

of the eastern Pacific areas. The periods range from nine 

through 34 years. 

If these short-term periodicities are due . to pulsations m sea 

floor spreading, they may be related to two maJor mantle flow 

regimes, one to the west of the East Pacific Rise, the other to 

the east of it. The East Pacific Rise is closer to the eastern 

Pacific margin and hence the pattern of mantle currents to the 

east of the Rise would be expected to be different from that to the 

west of it. This may account for the bimodal distribution of 

periods. Also, because of the probable complexity of . mantle flow 

under the Pacific· (for example, to the east of the Rise there ts 

more than one plate} the periods may be expected to differ from 

area to area. 

On both the eastern and western Pacific margins, the large 

pulses in volcanic activity tend to travel south with time, at rates 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

124 

of the order of five degrees per year. This tendency is more 

pronounced on the eastern Pacific margin than on the western, 

possibly because the amplitude of the fluctuations in the number of 

volcanoes in eruption per annum is statistically significant on the 

western Pacific margin, considered as a single unit, and not on 

the eastern Pacific margin, so that there is presumably more 

simultaneity in volcanic activity on the western Pacific margin 

whereas on the eastern Pacific m a rgin lagge d effects predominate. 

There is little correlation between the nurri.ber of volcanoes m 

eruption per annum on the western and easte rn Pacific margin; at 

zero lag, the correlation is slightly negative. 

Earthquake activity in South America was considered in thr ee 

main categories: number of M > 6 earthquakes per annum ( 1931 

to 1971), number of M > 7 earthquakes per annum ( 1904 to 1971) 

and annual M > 7 earthquake energy release . ( 1904 to 1971), and 

each of these was subdivided into shallow, intermediate and deep 

setsmtc activity . The fluctuations in most of these series have a 

significant amplitude, but little serial correlation or pe!"iodicity, 

except th a t the total (shallow + intermediate + dee p) M > 6 earth

quakes, and the M > 6 shallow earthquakes have a possible 30-

yea r periodicity, and the M > 6 intermediate e a r thauakes have a 

possible 25-year periodicity. T hese p er iodicities a re of the same 

o rder as p e rio dicities in volcanic activity on the east~rn Pacific 

m argin . 
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In all three of the mam categories, pulses · in intermediate 

earthquake activity tend to occur earlier than pulses in deep 

earthquake activity, and in two out of the three categories, pulses 

in intermediate earthquake activity tend to occur earlier than 

·pulses in shallow earthquake activity. This does not seem to fit 

in with theories of crustal material descending under the Andes 

as a single cohere nt li tho s pheric plate. 

Large pulses m th e number of shallow and of intermediate 

M > 6 earthquakes per annum, m South America, may have a 

tendency to migrate from south to north and then from north to 

south with time, and lar ge pulses in annual M > 7 shallow earth

quake energy release tend to be simultaneous or to migrate south 

with time. How ever, the earthquake pulse migration patterns 

are not nearly as well-marked as those of the circum-Pacific 

volcanic pulses. 

There is not a very strong correlation between pulses of 

volcanic and large magnitude seismic activity in South America • 

However, the highest cross correlation coefficient is 0. 54, 

obtained at lag 0 when a nnual M > 7 shallow earthquake energy 

release w a s cross correlated with the numbe r of volcanoes in 

eruption per annum. Thi s correl a tion a r ises main ly from the 

fact tha t 1906 a nd 1960 were year s both of m axim um volcanic 

activity (i n te rm s o f the number of volcanoes in eruptio n per 
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annum) and very high se1sm1c energy release, mainly from 

shallow M > 8 earthquakes. 
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The 1906 tectonic activity in South America was widespread, 

whereas that of 1960 tended to be localized in Chile . 
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