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 An analysis has been made of all archeomagnetic intensity data for the past 50,000 

years. There are 1,175 results from different parts of the world covering the past 12,000 

years but these are heavily biased to the region of the northern hemisphere between 0 and 
90E (64% of data). The global means show a broad maximum about 6,500 years B.P. 

There is no evidence from data older than 7,000 years that a quasi-cyclic variation with 

period about 104 years exists. 
 A careful analysis of 472 dipole moments covering the 2,000 year period between 

1000 A.D. and 1000 B.C. shows that they have a normal distribution with standard 

deviation of 19.7%. The estimate of the standard deviation of results within each 1,000-

year-interval for the past 10,000 years is 21.2%. Analysis of the present field suggests a 
standard deviation of dipole moments of 17.5% would apply if the present field is 

representative of the past. This suggests the standard deviation due to experimental errors 

in archeomagnetic results is about 10%, a value that concurs with independent analysis. 

The ten 1,000-year-mean dipole moments have mean 8.75x1022 Amt and estimated 

standard deviation 18.0% which may be attributed to dipole intensity fluctuations. 

 Over the period 15,000 to 50,000 years B.P. the earth's dipole moment was low, the 14 

results available having mean value 4.44x1022 Am2 with estimated standard deviation 

26.5%. This is precisely the scatter to be expected from a combination of dipole intensity 

fluctuations of 18.0% non-dipole variations of 17.5% and experimental errors of 10% as 

deduced for the past 10,000 years. The conclusion therefore is that variations in the non-

dipole field always remain in the same proportion to the dipole field irrespective of its 

magnitude. Furthermore, the time scale of changes in the earth's dipole moment must be 

very much longer than has previously been supposed and must be at least 105 years.

 1. Introduction 

 The earliest archeomagnetic intensity measurements showed that the earth's dipole 

moment was very much higher about 2,000 years ago than its present value and probably 

much lower between 5,000 and 6,000 years ago (BUCHA, 1967, 1969; SMITH, 1967; Cox, 

1968). This was taken to indicate that the variations might be sinusoidal with periodicity 

of between 8,000 and 9,000 years and with maximum and minimum respectively about 1.5 

and 0.5 times the present dipole moment. Work in archeomagnetism increased over the 

succeeding ten years and many new results have been produced, although they are still 
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heavily concentrated in the European region. BURLATSKAYA and NACHASOVA (1977) 

produced a catalogue of world-wide data and this was analysed by BARTON et al. (1979). 
About 600 intensity values were analysed and they argue strongly that inadequacies in the 

archeomagnetic data are such that the periodicity deduced by previous analysts should be 

regarded as highly speculative. 

 A closer examination of the BURLATSKAYA and NACHASOVA (1977) catalogue shows 

that it has many shortcomings, with much duplication and omission. The data listed are 

heavily biased towards those obtained in the Soviet Union and in recent years many 

more intensity values have become available from different parts of the world which 

extend that global coverage of the catalogue quite considerably. However, even when 

these new results are added the resulting global data are still very concentrated' in the 

European region (0-90E) to the extent that they outweigh data from the rest of the world 

by a factor of nearly two to one. In this paper we have analysed 1,175 archeomagnetic 

intensity results covering the past 12,000 years and we compare the overall picture that 

emerges with the few results that are available between 15,000 and 50,000 years ago. 

 2. The Period 0-12,000 Years 

 It is convenient to divide the data into two sets, one being the European region 

(defined here as the whole of the northern hemisphere between 0 and 90E) and the other 
the rest of the world combined. This enables a comparison to be made between the main 

concentration of data from one eighth of the earth's surface (748 results) with what 

amounts to a random sampling both in time and space of the rest of the world (427 

results). 

 From the European region as defined above the data come from Bulgaria and 

Yugoslavia (KOVACHEVA, 1980), Czechoslovakia (BUCHA, 1967), the Ukraine and 

Moldavia (RUSAKOV and ZAGNIY, 1973), and other parts of Europe (U.K. and France) 

and the Soviet Union as summarized in NACHASOVA (1972) and BURLATSKAYA and 

NACHASOVA (1977). Results are also available from India (ATHAVALE, 1966), Egypt 

(ATHAVALE, 1969; GAMES, 1980) and Greece (WALTON, 1979). 
 From the rest of the world the data are fairly widely spaced with 23 results from 

Australia (BARBETTI et al., 1977, 1982) and 155 results from Japan (NAGATA et al., 1963; 

KITAZAWA, 1970; KINOSHITA, 1970; HIROOKA, 1971; DOMEN, 1977; TANAKA, 1978) and 

Mongolia and China (BURLATSKAYA et al., 1975; BURLATSKAYA and NACHASOVA, 1977). 

In the American hemisphere there are 117 results from Bolivia and Peru (NAGATA et al., 

1965; KITAZAWA and KOBAYASHI, 1968; LEE, 1975; WALTON, 1977; GUNN and MURRAY, 

1980), and from North America and Hawaii 132 results (SCHWARZ and CHRISTIE, 1967; 

BUCHA et al.,1970; COE, 1967; DOELL and COX, 1972; LEE, 1975; STERNBERG and BUTLER, 

1978; COE et al., 1978; CHAMPION, 1980). 

 All the results have been carefully examined to determine if Carbon 14 ages have 

been calibrated. If not these were corrected using the calibration curve of CLARK (1975). 

For radiocarbon ages older than 6,500 years there is no calibration available, so it has 

been assumed that true ages and radiocarbon ages converge again at 10,000 years ago. 

Calibration was made by using linear interpolation beyond radiocarbon ages of 6,500
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years. The method of analysis discussed below involves averaging data over 1,000-year-
intervals in this time bracket so that even a very crude calibration is quite adequate for the 

purpose. 
 BARTON et al. (1979) have summarized the various ways of representing archeomag-

netic intensity information so as to allow comparison of data from different geographic 

regions. Where possible Virtual Dipole Moments (VDMs) have been calculated making 

use of the measured inclinations. When inclinations are not available the Virtual Axial 

Dipole Movement (VADM) has been calculated. The advantage of the VDM repre-

sentation (SMITH, 1967) is that dipole wobble does not introduce a scatter in VDMS 

BARTON et al. (1979) have pointed out that the errors in VADMS due to tilting of the 

dipole axis will tend to cancel out when they are averaged from widely separated regions 

over short periods of time. However the standard deviations of VDMS will be less if 

dipole wobble has occurred. In the analysis here both VDMS and VADMS have been 

combined and they occur in about equal numbers. 

 The spectrum of fluctuations in the geomagnetic field extends from periods of a few 

years to periods of 106 years. The shorter periods from 10 to 103 years are associated with 
changes in the non-dipole field. Changes in the orientation and intensity of the main 

dipole contribute to the spectrum at about 104 years (Cox and DOELL, 1964). To remove 

the shorter period non-dipole changes from the data it is common to average intensity 

data over 500 or 1,000 year intervals. The use of Virtual Dipole Moments or Virtual Axial 

Dipole Moments allows a combination of averaging both in time and in space. This helps

Table 1. Average VDMS (VADM) for 500 year intervals (to 2000 BC) and 1,000 year intervals 

 (from 2000 to 10000 BC) from archeomagnetic intensity data for the European region (0-90E, 
 northern hemisphere) and the rest of the world calculated separately.

 N is the number of points in each interval, dipole moments are in units of 1022 Amt, and SD is the estimated 

standard deviation for each interval.
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to maximise the smoothing of the short period fluctuations (Cox, 1968). 

 The results are summarized in Tables 1 and 2. Table 1 gives the separate data for the 

European region and the rest of the world. 500-year-intervals are used back to 2000 B.C. 

but for earlier times 1,000-year-intervals are used where the data become more sparse. 

These means are illustrated in Fig. 1. Both sets of data show the same broad trend of a 

high around 0 to 1000 B.C. and a low around 5000 B.C., but prior to that the data are too 

few to draw any conclusions. Indeed there seems no clear evidence for any sinusoidal 

variation, a point that was emphasized by BARTON et al. (1979). If the two data sets are 

combined into a global average, the variation is listed in Table 2 and illustrated in Fig. 2. 

The overall data suggest a maximum in the dipole moment occurred around 2500 B.P. 

(500 B.C.) and this is preceeded by a minimum around 6500 B.P. (4500 B.C.). This is 
consistent with independent evidence from radiocarbon data as summarized by BARTON 

et al. (1979). 

 3. Statistical Analysis of VDMs 

 The analysis of Table 2 shows that there is considerable scatter of dipole moments 

within each 1,000-year-interval that has been averaged. BARTON et al. (1979) discuss the

Table 2. Global average VDMs (VADM) using all the data of Table 1.
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various sources of error that can arise and have concluded that rock magnetic-

experimental errors could well be the greatest source of this scatter. However, there are a 

number of factors that suggest that this may be a rather pessimistic view. 

 There is now increasing evidence that at any one locality the geomagnetic field 

intensity may change rapidly by factors of two or three over only a few hundred years. 

Careful and very well dated archeomagnetic results from Egypt (GAMES, 1980) and from 

Australia (BARBETTI et al., 1982) have independently shown this effect. This supposes that 

the growth and decay of isoporic foci of the non-dipole field can produce departures from 

the expected dipole field strength at any one locality by as much as 50%. However, before 

considering the effect of such variations on the scatter of observed dipole moments, it is 

necessary to examine the statistics of the archeomagnetic data in some detail. 

 Assume that each 1,000-year-interval of Table 2 represents a period in which changes 

in the dipole moment are negligible. The scatter of dipole moments within each interval 

will then represent the scatter to be expected from the non-dipole field variations and 

from experimental and other errors. This assumes that 1,000 years is sufficient time to 

average out non-dipole effects. However, the variation of the mean dipole moment 

suggested by Fig. 2 is such that any longer time interval will produce significant effects 

due to changes in the mean dipole moment. Using the first ten listed values of the

Fig. 1. Comparison of average dipole moments from archeomagnetic data from the European 

 region (defined as the northern hemisphere from 0-90E) and the Rest of the World combined. 

 The numbers are the number of data averaged in each 500-year-interval (to 2000 B.C.) or 

 1,000-year-interval (prior to 2000 B.C.). Data listed in Table 1.

O EUROPEAN REGION (O-90E) 

0 REST OF WORLD
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percentage standard deviations (pi) in Table 2, an estimate P of the within interval scatter 
may be calculated from

P=√∑Pi2(Ni-1)=21.2%

where Ni are the number of values in each of the intervals and N is the total number of 

measurements. 

 Note that in Table 2 and Fig. 2 there is a fairly broad maximum in dipole moment 

between 1000 A.D. and 1000 B.C. The successive 1,000-year-mean dipole moments do 

not differ significantly, and we can therefore assume constant dipole moment over this 

2,000 year interval. Since there are 472 results from this interval with good global 

distribution, it is convenient to examine their statistical distribution in some detail as they 

represent 40% of all the data. The statistical parameters are listed at the bottom of Table 

2 and we note that the estimated standard deviation of all 472 values is 19.7% of the mean 

value. A histogram of these values using intervals of equal width is shown in Fig. 3 and we 

can test the null hypothesis that they have a Gaussian distribution. If of and ei are the 

observed and expected numbers that appear in the ith interval, then the statistic

X2=E(oi-ei)2

is approximately x2 distributed with (m-3) degrees of freedom where m is the number of

Fig. 2. Global mean dipole moments with 95% errors for 500-year-intervals (to 2000 B.C.) or 

 1,000-year-intervals (prior to 2000 B.C.) from archeomagnetic data. Data listed in Table 2.
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cells being used. Using the data of Fig. 3 and m=14 cells (combining the first three and 

last five intervals so that no cell has less than 5 values), then X2=10.78. The probability 

of such a x2 distributed variable exceeding the observed value of the test statistic is 46%. If 

the data are subdivided into 20 cells of equal expectation ei=23.6 values, then X2=17.83 

and the probability becomes 40%. Since the probability exceeds 5% the data give no 

reason to suppose that they do not have a normal distribution. 

 The variation between the 1,000 year intervals should reflect the variation in the 

dipole moment over the past 10,000 years. The statistical parameters of the ten means are 

shown at the bottom of Table 2. The mean dipole moment is 8.75x1022 Amt and the 

standard deviation of dipole intensity fluctuations is 18.0%. 

 4. Statistical Analysis of the Present Geomagnetic Field 

 SMITH (1967) has analysed the present geomagnetic field for the purpose of 

comparison with paleointensity information. He averaged field strengths around lines of 

latitude using the parameters of the 1945 field to see how the scatter varied with latitude. 

There was a marked difference between the northern and southern hemisphere. The 

estimated standard deviation of variations in the northern hemisphere lie between 3.4 and 

10.6%, but in the southern hemisphere they lie between 7.4 and 27.8%. This reflects the

Fig. 3. Histogram of dipole moments from world-wide archeomagnetic data in the time interval 

 1000 A.D, to 1000 B.C. The expectation of a normal distribution having the same mean and 

 standard deviation as that estimated from the data is shown.
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present asymmetry in the non-dipole field between the northern and southern hemi-
spheres. Since this is generally regarded as a temporary phenomenon, because they were 

probably essentially symmetric about three hundred years ago (MCDONALD and GUNST, 
1968), an average over a 1,000-year-interval, relevant to the analysis of archeomagnetic 

data, is more likely to be reflected by the mean north and south variation. 

 BARTON et al. (1979) have carried out a similar analysis calculating both VDMs and 

VADMs around lines of latitude using the 1965 IGRF. They calculated a mean VDM and 

VADM for each of 17 circles of latitude at 10 intervals from 80N to 80S. The global 

average VDM and VADM calculated by averaging these 17 values were found to be 

indistinguishable from one another. The estimated standard deviation of the 17 VDM 

means was 11% and the VADM means was 15%. They then used these values as 

representative of the scatter of dipole moments due to the present field for comparison 

with archeomagnetic results. Unfortunately, this procedure is incorrect because the 

estimated standard deviations have been calculated at the wrong hierachical level. We

Fig. 4. Standard deviations (SD) of VDMs and VADMs calculated by sampling the present 

 geomagnetic field (1975 IGRF) around lines of latitude at 10 longitude intervals. (a) Actual 
 variation of SD with latitude. (b) Average northern and southern hemisphere variation.

- VDM 

-- VADM

(a)

(b)



Variations in the Geomagnetic Dipole 1 47

have therefore redone this analysis using the 1975 IGRF. 

 The inclination and total field intensity were computed at 36 points (10 longitude 

intervals) around lines of latitude at 10 intervals between 80N and 80S using the 

parameters of the 1975 IGRF. From these values the equivalent VDM and VADM at 
each point was calculated. The estimated standard deviations of the 36 values at each 

latitude circle were then computed and are shown in Fig. 4a. The present marked 

asymmetry between the northern and southern hemispheres is apparent with VADM 

scatter slightly larger than VDM scatter as would be expected. The mean north-south 

variation appropriate for comparison with 1,000-year-average archeomagnetic data is 

illustrated in Fig. 4b. The greatest difference between the VDM and VADM scatter is 

about 7% between latitudes 50 and 65. Fortunately as far as the archeomagnetic data are 

concerned, the higher latitude information is from the European region where inclination 

information is almost always available. Thus in practice the additional scatter introduced 

by using VADMs in some cases is minimized. As there is virtually no archeomagnetic 

data from latitudes greater than 60, the VDM scatter can be regarded as varying from 

11% to 20% and the VADM scatter from 11% to 23%. 

 The global archeomagnetic data of Table 2 and Figs. 2 and 3 have been obtained 

from a large number of localities around the world. When the data are averaged globally 

the problem arises as to how one uses the information of Fig. 4 to compare with the 

global average. For this purpose we have made a number of random samplings of the 

present field at the earth's surface as follows. If x and y are random variables from a 
uniform distribution in the range 0 to 1, then a random 0 (colatitude) and (longitude) 

are given by 0=cos-1 (1-2x) and 4=360y. Using 100 such points chosen from the 

earth's surface, the corresponding 100 VDM and VADM values were calculated and the 

means and estimated standard deviations determined. The determinations were then 

repeated for 50 sets of random data and are summarized in Table 3. 

 Our analysis of the archeomagnetic data over the 2,000 year period 1000 A.D, to 

1000 B.C, showed a scatter of dipole moments with estimated standard deviation of 

19.7% (Table 2). Over the past 10,000 years the estimate of the within 1,000 year standard 

deviation is 21.2%. Both of these values will include a factor due to experimental and rock 

magnetic errors as well as the variations to be expected from the non-dipole field. The 

estimated standard deviations of VDMs and VADMs of Table 3 differ by only 3 to 4% 

and for a global random sampling of mixed VDMs and VADMs a combined estimated 

standard deviation of 17.5% can be taken as representative of the variations to be

Table 3. Statistics of VDM and VADM found by random sampling of the present geomagnetic 

 field (1975 IGRF),

 100 points were sampled and this was repeated 50 times. The statistics of these 50 samplings are given where 

VDM and VADM are in units of 1022 Amt, and the estimated standard deviation (SD) is given as a percentage.
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expected from the present field. This indicates values of 9.0% and 12.0% respectively that 

might be attributed to experimental and rock magnetic errors in the archeomagnetic 

determinations. This accords very well with average values of 10% calculated by 
SENANAYAKE et al. (1982) for paleointensity determinations on basalts less than 5 million 

years old. This is rather less than that supposed by BARTON et al. (1979) who were forced 
to the conclusion that experimental errors were very much greater by reason of 

underestimating the present field variations. 

 5. The Period 15,000-50,000 Years 

 BARBETTI and FLUDE (1979b) have noted that the dipole moment appears to have 

been very much lower in the period 10,000 to 50,000 years ago than it is today. Since there 

are no data between 12,000 and 15,000 years we shall limit the discussion here to the 

period 15,000 and 50,000 years. There are 18 values available for this interval and they are 
listed in Table 4. Four of these are the unusually high values associated with the Lake 

Mungo Excursion (BARBETTI and MCELHINNY, 1976). Since these values are associated 

with wide departures from the average geomagnetic field direction at that time, they have 

not been included in the discussion that follows. All the 18 values are shown in Fig. 5 and 

compared with variation deduced for the past 10,000 years. Excluding the Excursion all 

14 values are very low and their mean is 4.44x1022 Amt, only one half the average value

Table 4. Dipole moments determined for the period 15,000 to 50,000 years ago either as VDM or 

 VADM in units of 1022 Amt.

 * 95% limits. 

 Values in brackets are those from the Lake Mungo Excursion and are not used in calculating the mean 

given at the bottom. Ages given are radiocarbon or thermolumine scence when given in brackets.
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of 8.75x1022 Amt for the past 10,000 years. 

 BARBETTI (1980) has summarized 14C and comparative thermoluminescence or 

uranium series (230Th/234Th) ages between 40,000 and 10,000 years ago. Atmospheric 14C 

concentrations deduced from these comparisons are almost all much higher than their 

present value implying a prolonged period of reduced dipole moment (see BARTON et al., 
1979 for discussion of this point). Therefore these age comparisons confirm quite 

independently the results from the 14 intensity values. 

 The most interesting aspect of Table 4 is the estimated standard deviation of the 14 

values which is 26.5% of the mean. Assuming that dipole intensity fluctuations are similar 

to that observed over the past 10,000 years at 18.0% (Table 2), then the net variation due 

to the non-dipole field plus experimental errors is 19.4%. This is remarkably close to the 

estimated standard deviation of dipole moments (19.7%) measured over the 2,000 year 

period from 1000 A.D. to 1000 B.C. (Table 2 and Fig. 3). This indicates that the 
variations in the non-dipole field always remain in the same proportion to the magnitude 

of the dipole field intensity at the earth's surface. 

 The results shown in Fig. 5 could be interpreted to indicate that the most recent 

trends in dipole moment over the past 10,000 years represent a broad maximum and those 

between 20,000 and 30,000 years a broad minimum in a much longer term variation with 

period around 5 x 104 or 105 years. Intensity variations in deep-sea sediments (KENT and 
OPDYKE, 1977) have also been interpreted to suggest such long secular variation periods 

in paleointensity. This aspect will be discussed more fully in the succeeding paper dealing 

with dipole moments over the past 5 million years (SENANAYAKE and MCELHINNY, 1982; 

MCFADDEN and MCELHINNY, 1982).

Fig. 5. Archeomagnetic dipole moments in the time range 10,000 to 50,000 years ago, using the 

 data listed in Table 4.
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