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This paper summarizes the results of the three previous papers in this series, which have 
shown the presence of a pattern of magnetic anomalies, bilaterally symmetric about the 
crest of the ridge in the Pacific, Atlantic, and Indian oceans. By assuming that the pattern is 
caused by a sequence of normally and reversely magnetized blocks that have been produced 
by sea floor spreading at the axes of the ridges, it is shown that the sequences of blocks 
correspond to the same geomagnetic time scale. An attempt is made to determine the absolute 
ages of this time scale using palcomagnetic and paleontological data. The pattern of opening 
of the oceans is discussed and the implications on continental drift are considered. This pattern 
is in good agreement with continental drift, in particular with the history of the break up of 
Gondwanaland. 

INTRODUCTION 

The three previous papers of this series [Pit- 
man et al., 1968; Dickson et al., 196.8; Le 
Pichon and Heirtzler, 19'68] have shown that 
a magnetic anomaly pattern, parallel to and 
bilaterally symmetric about the mid-oceanic 
ridge system, exists over extensive regions of 
the North Pacific, South Pacific, South Atlantic, 
and Indian oceans. It has been further demon- 

strated that the pattern is the same in each 
of these oceanic areas and that the pattern 
may be simulated in each region by the same 
sequence of source blocks. These blocks com- 
prise a series of alternate strips of normally 
and reversely magnetized material, presumably 
basalt (Figure 1). 

The symmetric and parallel nature of the 
an'omaly pattern and the general configuration 
of the crustal model conform to that pre'dicted 
by Vi.r•e and Matthews [1963] and may be re- 
•arded as strong support for the concept of 
ocean floor spreading [Dietz, 1961; Hess, 1962]. 

Figure 1 sh,ows sample anomaly pro,flies from 
t,he various regions under discussion. Also shown 
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are the mo,deI blocks, derived for the North 
Pacific profile and adjusted to fit the other 
o. ceans. The North Pacific profile is a c,omposite 
using sections at differen,t latitudes because of 
complex structure. 

It is our purpose in this paper to derive a 
time scale for the sequence of magnetic polarity 
even'rs predicted by the basic model and to 
discuss the concepts o.f continental drift. and 
o,cean floor spreading in terms of the anomaly 
pattern and the time scale. 

Following Vine and Matthews [1963], we will 
assume that all the linear magnetic anomalies, 
su'b-parallel to the ridge axis, are due to geo- 
magnetic field reversals. If that theory is b.asi- 
cally in error, the conclusions in this paper do 
not apply. Yet, if that theory is applied care- 
fully, many geophysical an'd geological observ'a- 
tions, previously thought to be unrelated or 
casually related, are seen to have a simple uni- 
fied explanation. 

C•o•cE OF TX•E SCALE 

The most obvi'ous method for deriving a 
detailed time scale for the magnetic anomaly 
is by extrapolati. on from well-dated palcomag- 
netic events. Pitman and Heirtzler [1966], Vine 
[1966], Pitman et al. [1968], Dickson et al. 
[1968], and Le Pichon and Heirtzler [1968] 
have demonstrated that, for the various sections 
of mi'd•oceanic ridge under discussion, the mag- 

2119 



2120 HEIRTZLER, DICKSON, HERRON, PITMAN, AND LE PICHON 

! .... •! •o •o •io •o • o 

0 -- 'J 



MAGNETIC ANOMALIES AND GEOMAGNETIC REVERSALS OF OCEAN 2121 

netJc anomaly pattern associated with the axial 
zone may always be related to the known se- 
quence •of magnetic polarity events of the past 
3.35 m.y. by assuming a constant spreading 
rate. The fault plane solutions of Sykes [1967] 
show that the movement between offset ridge 
axes is in agreemen.t with that predicted by 
Wilson [1965] for a transform fault, thus indi- 
cating that the spreading process is active in 
these. regions today. 

In Figure I are displayed observed magnetic 
profiles from the North and South Pacific, the 
South India•, an'd the Sou,th Atlan•i,c oceans 
and model bodies tha't could account for the ob- 

servations. The lati.tude and longitude of the 
end po,ints of each profile are noted on the fig- 
ure. Study of the theoretical profiles for the 
three models shows that these models can ac- 

count for the observed profiles immediately 
above them. With each model an age scale is 
given. Each scale is based on the date of 3.35 
m.y. for the beginning of the Gauss normal po- 
larity epoch [Doell et al., 1966]. The time scales 
obviously differ and are not linearly related, 
since the models for the South Pacific and the 
South Atlantic were derived from the basic 

model for the North Pacific by adjusting the set 
of model .blocks according to the curve for the 
relative spreading rate. The relative spreading 
rate curves (Figure 8, Pitman et al. [19'68] and 
Figure 2 of this paper) though nonlinear, are 

continuous. The problem is to choose the most 
reasonable time scale. 

T. Saito (personal communication) has pale- 
ontol•ogically determined the age at the bottom 
of a core (V 20-80) taken at 46ø30'N, 135øW as 
Lower to Middle Miocene (13-26 m.y.). The 
core location is on an, omaly 6. By the Nor,•h 
Pacific and South Atlantic standards the mag- 
netic basement at anomaly 6 should be 20-22 
m.y. old. The South Pacific time scale suggests 
an age of 14 m.y. for this basement, much 
younger th'an the age of the core. 

The core was taken on an ou!tcrop where no 
sediment was detected by seismic reflection 
meth, ods. The seismic reflection technique em- 
ployed, however, was unable to resolve re- 
flectors less than 50 meters in thickness. Thus, 
allowing for some sediment beneath the core, 
we can ac.cept the older date for anomaly 6 
as more reasonable. 

Ewing et al. [1968] have found the eastern 
boundary of layer A' (as detected by reflection 
techniques) in the North Pacific to be just west 
of anomaly 32. They have proposed an Upper 
Cretaceous age (70 m.y.) for this layer. The 
South Pacific time scale would suggest an age 
of 47 m.y. for anomaly 32. Unless there has 
been a maj•o.r dkcontinuity in spreading rates, 
the South Pacific time scale i's in error at this 

point by a factor of 2. 
A Cretaceous core [Le Pichon et al., 1966] 
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taken at the base of the Rio Grande rise in the 

South Atlantic just west of anomaly 31 sup- 
ports the South Atlantic or the North Pacific 
time scale. 

As stated previ'ously, the curves shown plotted 
in Figure 8 of Pitman et al. [1968] and in Fig- 
ure 2 of this paper may be regarded as indica- 
tive of the relative spreading rates between 
several major sections of the mid-oceanic ridge 
system. In Figure 8 of Pitman et al. [1968] 
the North Pacific has been used as a standard 

and in Figure 2 of this paper the South Atlantic 
(V-20 SA) h'as been use'd. In both cases the 
South Pacific (EL-10S) follows the same gen- 
eral curvature, t.he points of inflection occur- 
ring in the vicinity of anomalies 5 and 24. The 
spreading rates for both the North Pacific and 
the South Atlantic relative to the spreading 
ra, e for the South Pacific may have varied in 
the same way with respect to time, the spread- 
ing rates in both the North Pacific and the 
South Atlantic may have remained relatively 
cons'rant and the South Pacific spreading rate 
may have varied with time, or both processes 
may have occurred simultaneously. To us it 
seems most likely that the South Pacific spread- 
ing rate has varied with time. For these reasons 
the South Pacific can be eliminated as a stand- 

ard. 

The Indian Ocean (V-16 SIO) has been 
eliminated because the anomalies extend only 
to number 16, at which point the profile ends 
a:t the base of the south Australian continental 

slope. 
It has been demonstrated [Pitman and Heirt- 

zler, 1966] that the ELT-19 N axial model may 
be applied to the Reykjanes Edge if a constant 
spreading rate of 1 cm/yr is assumed for this 
region. Dickson et al. [1968] have applied this 
mo'del to two regions of the mid-Atlantic ridge 
in the South Atlantic, again assuming a con- 
stant spreading rate. One case, V-20 S.A., is 
shown here (Figure 1). The other, V-18 (lati- 
tude 30.5øS, longitude 13.7øW), is shown in 
Figure 7 of Dickson et al. [1968]. In both 
cases, the fit between the measured and the 
c,omputed profiles is good. The applicability of 
this model to the North Atlantic (Reykjanes 
ridge) and the South Atlantic (mid-Atlantic 
ridge) indicates that the spreading rate in each 
of these regions has been constant for the 
past 10 m.y. 

Fine [1966], in comparing the details of the 
axial zone pattern of ELT-19 N and Juan de 
Fuea ridge, suggested that the spreading rate 
at the Juan de Fuea ridge has not. been e,on- 
stant over the past 10 m.y. but has decreased 
from 4.4 to 2.9 em/yr. 

The time scale extrapolated from the V-20 
S.A. profile has been selected as a standard 
because: 

1. The rela.tive spreading in the South Pa- 
cific appears to have varied considerably with 
time and the paleontological evidence suggests 
that the South Pacific time scale is too young 
by a factor of 2. 

2. The North Pacific profile is distorted at 
the ridge axis. 

3. The anomaly pattern for the South Indian 
Ocean is not sufficiently long. 

The bottom of Figure 1A shows the extrapo- 
lated time scale based on the 3.35-m.y. date for 
the end of the Gilbert. reversed epoch. The date 
of 80 m.y. just beyond anomaly 32 is close to 
the 73-m.y. date given by Vine [1966] for the 
same point. 

The possible error inherent in such an ex- 
trapolati, on cannot be over emphasized. By 
adopting the South Atlantic time scale we are 
assuming that the ocean rio,or has been spread- 
ing at a c.onstant rate in the locality of the V-20 
profile for the las• 80 m.y. 

Dividing the distance to the South Atlantic 
model magnetized bo'dies by the calculated 
axial zone spreading rate of 1.9 cm/yr [•ee 
Dickson et al., 1968] gives the times of the 
magnetic reversals and the corresponding ages 
for the normal and reversed magnetic intervals. 
The ages of the normally polarized intervals 
are given in Table 1. The intervening times are 
reversely polarized. 

In Figure 3 anomaly numbers are shown with 
their corresponding geologic and absolute ages. 
If the ages of these anomalies are placed on a 
map for the areas where anomalies had pre- 
viously been identifie'd only by number, the age 
map of Figure 4 results. 

There are three principal observations that 
c'onfiict with the proposed time scale. The first 
of these is the age of 27 m.y. determined by 
the potassium-argon method for a basalt. boulder 
from Cobb seamount on the East Pacific rise 

[Budinger and Enbysk, 1967]. According to the 
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TABLE 1. Intervals of Normal Polarity (m.y.) 

0.00- 0.69 18.91-19.26 40.03-40.25 
0.89- 1.93 19.62-19.96 40.71-40.97 
1.78- 1.93 20.19-21.31 41.15-41.46 
2.48- 2.93 21.65-21.91 41.52-41.96 
3.06- 3.37 22.17-22.64 42.28-43.26 

4.04- 4.22 22.90-23.08 43.34-43.56 
4.35- 4.53 23.29-23.40 43.64-44.01 
4.66- 4.77 23.63-24.07 44.21-44.69 
4.81- 5.01 24.41-24.59 44.77-45.24 
5.61- 5.88 24.82-24.97 45.32-45.79 

5.96- 6.24 25.25-25.43 46.76-47.26 
6.57- 6.70 26.86-26.98 47.91-49.58 
6.91- 7.00 27.05-27.37 52.41-54.16 
7.07- 7.46 27.83-28.03 55.92-56.66 
7.51- 7.55 28.35-28.44 58.04-58.94 

7.91- 8.28 28.52-29.33 59.43-59.69 
8.37- 8.51 29.78-30.42 60.01-60.53 
8.79- 9.94 30.48-30.93 62.75-63.28 

10.77-11.14 31.50-31.84 64.14-64.62 
11.72-11.85 31.90-32.17 66.65-67.10 

11.93-12.43 33.16-33.55 67.77-68.51 
12.72-13.09 33.61-34.07 68.84-69.44 
13.29-13.71 34.52-35.00 69.93-71.12 
13.96-14.28 37.61-37.82 71.22-72.11 
14.51-14.82 37.89-38.26 74.17-74.30 

14.98-15.45 38.68-38.77 
15.71-16.00 38.83-38.92 
16.03-16.41 39.03-39.11 
17.33-17.80 39.42-39.47 
17.83-18.02 39.77-40.00 

74.64-76.33 

magnetic an, omaly pattern, the seamount should 
be no older than 3.5 m.y. [Vine, 1966]. The 
boulder may not have developed as part of the 
seamount but m'ay be a glacial erratic. Further, 
Dymond et al. [19'68] have dated two basalt 
samples drilled from the top of Cobb seamount 
as less than 2 m.y. Ewing et ah [1966] and Saito 
ei al. [1966] have pointed out that a Lower 
Miocene boulder was dredged at the intersec- 
tion of the Atlantis fracture zone and the rift 

valley of the mid-Atlantic ridge. Although the 
magnetic anomalies near the Atlantis fracture 
zone in the North Atlantic have not been 

studied, one would assume that spreading has 
occurred there just as it hals immediately to 

Fig. 3. The geomagnetic time scaleß From left 
to right: Phanerozoic time scale for geologic eras, 
numbers assigned to bodies and magnetic anom- 
alies, geomagnetic field polarity with normal po- 
larity periods colored black. 
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the south [Phillips, 1967; Van Andel et al., 
1967]. L. R. Sykes (personal communication) 
has pointed out that although the boulder was 
located within 10 km of the axis on the north 

side of the fracture Zone, it is about 60 km 
from the axis on the south side. Hence, it is 
impossi•ble to predict the age of such a boulder 
if we assume the existence of sea floor spread- 
ing. 

Recently, Ewing and Ewing [1967] have 
documented the existence of a significant in- 
crea'se in sediment thickness occurring near 
anom'aly 5, approximately 10 m.y. ago, and 
have interpreted this as probably marking an 
interruption in spreading. Our data cannot ex- 
clude •he possibility of such an interruption, 
provided that it occurred simultaneously every- 
where. Thus, this fact introduced a further re- 
striction in the interpretaft. on of our time scale. 

CI-IARACTE/RISTICS OF SEQUENCE OF 
GEOMAGNETIC FIELD REVERSALS 

Al'though it is important to substantiate this 
his.to.ry of geomagnetic reversals by other, inde- 
pendent means, it will be difficult to d•o so in 
any detailed fashion. The numerous and rela- 
tively rapid reversals make it difficult to dis- 
tinguish any particular magnetic event from 
its neigh. bors. Even if samples of the magnetic 
b•sement can be recovered by deep drilling 
operations, age determinations by the present 

techniques probably cannot be made with suffi- 
cient precision. 

For example, a da.ting technique that can 
ascertain age to within 10% could identify sev- 
eral events that are less than 10 m.y. old, but 
this technique would have insufficient accuracy 
to identify a particular event older than 10 
m.y. If the dating technique could identify an 
even't w•h.ose length is only 5'% of its age, we 
might be zble •o identify an event as old as 
the long reversed period at 49.6 to 52.4 m.y. 
but nothing older. With drilling, to•), one can 
never be sure of sampling the magnetic base- 
ment instead of a local magnetic inhomogeneity. 

Figure 3 shows the geomagnetic time scale 
with geologic ages according to the Phanero- 
zoic time scale [Anonymous, 1964]. Among the 
171 reversals there are many short events 
throughout the geomagnetic time scale, some 
as short as 30,000 years. As shown in Figure 5, 
however, in which the frequency of reversals 
has been plotted as a function of time, the older 
events are generally longer. The graphs were 
constructed by determining the average num- 
ber of reversals that occurred during periods 
of 2, 5, and 10 m.y., respectively. The frequency 
of reversals was appreciably lower pri.or to 40 
m.y. ago. 

The distribution of the lengths of normal 
and reversed intervals is illustrated by the his- 
tograms o.f Figure 6. The average normal in- 
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Fig. 6. Distributions of the lengths of magnetic states for normal polarity and reversed 
polarity and for the length of intervals regardless of polarity. 

terval is 0.42 m.y. and the average reverse'd The completeness with which the time scale ac- 
interval is 0.48 m.y. These nearly identical c'ounts for deiails in the marine anomaly pro- 
average lengths and the similar shapes of the file near the axis is illustrated in Figure 7. 
normal and reversed distri•butions suggest that Ten observed profiles are compared with the 
there is no fundamental difference in the sta- theoretical profile for the axial region of the 
bility of the normal and reversed magnetic South Pacific and Indian oceans, where the 
states. 0nly 15% of the n•orm'al intervals were spreading is relatively fast and small anomalies 
longer than the present normal 700,000-year are well displayed. Anomalies that occur with 
interval, although some existed for nearly 3 some consistency are labeled 'X' and 'Y.' These 
m.y. an•omalies would presumably be respectively 
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due to splits in the Olduvai and Monmouth 
events within the Matuyama and Gauss epochs. 
Since they are identified with more difficulty and 
less c•onsistency than other anomalies, we hesi- 
tate to interpret them as due to magnetic po- 
larity events. McDo•ugall and Chamalaun [1966] 
and Vine [1966] have postulated a normal mag- 
netic polarity event corresponding to Y named 
by M,cDougall and Chamalaun the 'Kaen'a' 
event. N. D. Op'dyke (personal communication) 
has found evidence for the Kaena from palco- 
magnetic studies of deep-sea cores. McDougall 
and Wensink [1966] have proposed a Gilsa 
event, a period of normal magnetic polarity, 
between the Jaramillo and Olduvai. We find 

no consistent evidence for such an event in the 

magnetic profiles studied. To date no palco- 
magnetic evi'dence has been presented for an 
event of positive polarity corresponding to the 
anomaly X. 

Comparison of the geomagnetic time scales 
presented here and the time scale as determined 
by Hays and Opdyke [1967] from the direction 
of magnetization of o, cean cores emphasizes 
that the magnetic anomalies are due to mag- 
netic reversals. Figure 8 illustrates the magnetic 
stratigraphy of three Pacific-Antarctic cores. It 
also shows the history of the magnetic reversals 
that Pitman and Heirtzler [1966] found from 
marine anomalies and the polarity history ac- 
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Fig. 8. Geomagnetic field reversals for the last 
5 m.y. from ocean sediment cores compared with 
field reversals according to the magnetic anomaly 
pattern. Column A represents the geomagnetic 
time scale according to this paper; column B, ac- 
cording to Pitman and Heirtzler [1966]; column 
C, according to sediment cores [Hays and Opdyke, 
1967]. Columns D, E, and F show the magnetic 
states of the three cores used by I-Iays and Op- 
dyke. 

c.ording to this paper. The scale used by Pitman 
and Heirtzler [1966] for these axial and near- 
axial anomalies differs slightly from the scale 
reported here in the first part of Table I be- 
cause more profiles have since been examined. 

Dalrymple et al. [1967] have studied Plio- 
cene geomagnetic ep'ochs from forty-five rock 
samples of the western United States. The 

polarities and ages that they found are illustrated 
in Figure 9 along with the geomagnetic time 
scale of this paper. When the probable error 
of the age determinations, shown by the bar, 
is considered, the correspondence is generally 
good. C'ontra'dic•i•ons in the two scales are evi- 
dent with the specimens W 10, W 23, and W 24. 
These discrepancies might be explained by the 
existence of magnetic po.larity events of very 
short duration. It is also possible that the 
spreading has been discontinuous [Ewing and 
Ewing, 1967]. As pointed out previously, ho.w- 
ever, this section of the model (from 10 m.y. 

m.y 
o 

my my 

12 

Fig. 9. Geomagnetic field polarity of Pliocene 
rock specimens [Dalrymple et al., 1967] compared 
with field polarity according to the magnetic 
anomaly, pattern. 
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B. P. to the present) has been shown to be 
applicable to the South Pacific and Reykjanes 
ridge [Pitman and Heirtzler, 1966], to the Juan 
de Fuca ridge [Vine, 1966], and to the South 
Atlantic [Dickson et al., 1968], suggesting that 
the sprea.ding has been continuous and at a 
constant rate in each region or that, if dis- 
continuities have .occurred, they have been 
simultaneous in all these regions. 

COUPLING BETWEEN MOVING OCEAN FLOOR AND 
CONTINENTAL MASSES: RELATION OF SEA 
FLOOR SPREADING TO CONTINENTAL DRIi•r 

It is most important to determine if coupling 
is present between the m'oving ocean floor and 
the continental blocks. If such c,oupling exists, 
the magnetic patiern in the ocean floor can be 
used to reconstruct the detailed motion of the 

continents. Not ,only would the magnetic pat- 
tern give the detailed paths foil. owed by the 
continents but also the extent of marine mag- 
netic data availalble today would permit a study 
of the synoptic motions of continents. 

It was assumed by Hess [1962] and Dietz 
[1961] that sea floor spreading was responsible 
for the drift of some of the c'ont•nents. They 
assumed that the moving ocean floor in all 
oceans, except the Pacific, rafted the bordering 
continents ahead of it. In the Pacific, however, 
the moving floor did not push the continents; 
on the contrary, the continents encroached 
up,on the ocean floor. The circum-Pacific 
trenches were interpreted as the places where 
the moving ocean floor turned down under the 
advancing bl'ocks of crust. Although t,his study 
does not answer the question of why most cir- 
cum-Pacific continental masses are encroaching 
on the Pacific instead of drifting away from it, 
the distribuiion of relative o,cean floor spreading 
rates suggests that the oceanic crust that is 
rafting or pushing a continental block has the 
slower spreading rate. 

If the southern continents have been drift- 

ing away from a fixed Antarctica while main- 
taining a median ridge, the ridge must also 
have been drifting [Wilson, 1965] and the ap- 
parent ocean floo.r spreading rates are only 
relative to the moving axis of this ridge. Various 
data support the thesis that the New Zealand 
plateau was once against Aniarctica' the direc- 
tion and length o,f fracture zones east of New 
Zealand, the continental nature of the plateau 

[Brodie, 1964], the match of the 80-m.y. iso- 
chron lines (Figure 4) against the plateau, and 
the correlation of structural units and petro- 
graphic provinces [Wriqht, 1966]. 

If only the continents have moved, the 
amount of offset along any fracture zone should 
be constant.. Study of Figure 4 shows, however, 
that the offset along the fracture z,ones at the 
base of the New Zea}and plateau gradually 
increases to the southeast. If ocean riGor spread- 
ing does not involve large-scale distortion of the 
oceanic crust [Morgan, 1968] and if the direc- 
tion of molion o,f the continents is parallel to 
the fracture zones, the increase in offset of the 
anomalies to the southeast from, the New Zea- 

land plateau suggests that the P•cific-An't- 
arctic ridge has migrated to the southeast away 
from New Zealand. 

It is also possible that the variation in offset 
results from different spreading rates across the 
fracture zones. If the rate of sea floo.r spreading 
in an area between two fracture zones has var- 

ied independently of that in adja'cent areas, the 
observed is'oehron displaeeme.nt pattern shown 
in Figure 4 could result without eastward mi- 
grantion of the ridge axis. Such a pattern of 
spreading would result, however, in seismically 
active fracture z, ones along their whole length 
and in distortion of the adjacent continents. 
There is no evidence that this is so. 

PATTERN OF RECENT OCEAN FLOOR 
AND CONTINENTAL MOTION 

The pattern o.f recen't motion in the oceans 
is summarized in Figure 10 and T•bl.e 2. Con- 
sidered on a worldwide scale, one can recog- 
nize f. our active lines of spreading in the At- 
lantie Ocean, the Arctic Ocean, the Indian 
Ocean, and the Pacific Ocean. With the excep- 
tion of the Arctic Ocean, both spreading ra%es 
parallel to the fracture z,ones for the la.s't 10 m.y. 
and the strikes of fracture zones have n,o.w been 
determined along their whole length. Although 
in many places the knowledge of the pattern 
of spreading is still rather poor, no major gap 
in geographic e,overage exists. It is now pos- 
sible to test critically the spreading floor hy- 
pothesis by examining whether the geometry 
of this l•attern o.f spreading is compa'tible with 
the Observation that, in general, no major large- 
scale distortions of continental blocks or of 
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TABLE 2. Spreading Ra•s 

2131 

Pacific Ocean Atlantic Ocean Indian Ocean 

Lat. Long. Rate Lat. Long. Rate Lat. Long. Rate 

48øN 127øW 2.9 28øN 44øW 1.25 
17øS 113øW 6.0 22øN 45øW 1.4 
40øS 112øW 5.1 25øS 13øW 2.25 
45øS 112øW 5.1 28øS 13øW 1.95 
48øS 113øW 4.7 30øS 14øW 2.0 
51øS 117øW 4.9 38øS 17øW 2.0 
58øS 149øW 3.9 41øS 18øW 1.65 
58øS 149øW 3.7 47øS 14øW 1.60 
60øS 150øW 4.0 50øS 8øW 1.53 
63øS 167øW 2.3 
65øS 170øW 2.0 
65øS 174øW 2.8 

19øN 40øW 1.0 
13øN 50øW 1.0 
7øN 60øW 1.5 
5øN 62øW 1.5 

22øS 69øW 2.2 
30øS 76øW 2.4 

oceanic blocks are currently observed. For ex- 
ample, if the Atlantic Ocean is o,pening at the 
mid-Atlantic ri'dge, the movement should occur 
in such a way that it does not deform or distort 
the large bodies of horizontally stratified sedi- 
ments lying in its basins and on the continental 
m'argins. Advocates of continental drift have 
long recognized tha,t the continents should be 
displaced as rigi'd crustal blocks. Recent studies 
of the physiography of the .ocean rio.or and the 
distribution of sediment have demonstrated that 

most oceanic crustal blocks do no.t show evi- 

dence of maj'or compression or distortion. Thus, 
as pointed out by Morgan [1968], the motion 
can be described as the rotation of rigid blocks 
on the spherical surface of the earth, with the 
only modification of these blocks occurring at 
the crests of the ridges, along the trenches, and 
within regions of major compressire folding. 
Within a rigid bl'ock, motion everywhere should 
parallel the fracture zones, which should form 
small circles centered on the pole of rotation 
of this movement. Also, the angular velocity of 
rotation about some pole should be the same 
everywhere in the absence of relative movement 
along fracture zones outside the region between 
the offset ridge axes. In the region between the 
offset ridge axes, the motion is that of a trans- 
form fault [Wilson, 1965]. This implies that 
the spreading velocity increases as the sine of 
the distance from the pole of rota,tion and 
reaches a maximum at the equator of rotation. 
Morgan [1968] has shown that the fracture 
zones in the Atlantic Ocean between 30øN and 

10øS approximate small circles centered at a 

pole near the southern tip of Greenland and 
that the previously determined spreading ve- 
locities roughly agree with the velocities pre- 
dic'ted by opening o.f the Atlantic Ocean about 
this pole. Similarly, Morgan showed that the 
sets of faults along the west coast of Noah 
America (e.g., the San Andreas and Deneli 
fault systems) are centered about a pole of 
rots•tion situated near the southern tip of Green- 
land. 

The more evenly distributed information now 
available on the spreading rates and strikes of 
fracture zones along three of the four active 
lines of spreading enable us to carry this anal- 
ysis further. For the Atlantic, Indian, and 
Pacific oceans one can determine whether one 
pole of rotation can account for the variation 
of spreading rates and strikes of fracture zones 
along the a.ctive line of spreading. 

Using least squares, we have indepen'denfiy 
obtained the pole best fitting the spreading 
rates and the pole best fitting the strikes of the 
fracture zones [see Le Pichon, 1968, for details]. 
Ideally, these two poles should coincide. Table 
3 lists the positions of the poles of rotation so 
obtained and Figure 10 shows their location. 
In general, the distribution of spreading rates 
and fracture zones within each ocean agrees 
well with a simple rotation about a pole. The 
disagreement is largest in the Indian Ocean, 
where the fracture zones east of the Owen 

fracture zone do not obey a simple pattern and 
where the spreading rates continue to increase 
along the southern part of the ridge south of 
Australia at a distance greater than 90 ø from 
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TABLE 3. Poles of Rotation 

Position 
Method of Number of 

Determination* North South Observations 

Standard 

Deviation, 
deg 

North Pacific 
South Pacific 
South Pacific 
North Atlantic 
South Atlantic 
Indian Ocean 
Arctic Ocean 

F.Z. 53øN, 47øW 53øS, 133øE 32 
F.Z. 70øN, 62øW 70øS, 118øE 6 
S.R. 69øN, 57øW 69øS, 123øE 11 
F.Z.$ 58øN, 37øW 58øS, 143øE 18 
S.R. 70øN, 65øW 70øS, 115øE 9 
F.Z. 26øN, 21øE 26øS, 159øW 5 
F.Z. 78øN, 102øE 78øS, 78øW 5 

5.7 
4.5 
0.06 
2.9 
0.07 
5.1 

10. 

* S. R. indicates spreading rate; F.Z., fracture zone. 
t From Morgan [1968]. 

the pole of rotation at 30øN, 10øE. By con- 
trast, in the South Pacific the whole pattern 
is simply explained by a single rotation. Simi- 
larly, in the equatorial and northern Ariantic 
Ocean the strike of the fracture zones is satis- 

fied by a single north pole of rotation located 
near Greenland. Although the distribution of 
spreading rates in the South Atlantic agrees 
essentially with this rotation, it implies a north 
pole situated about 10 ø farthor north. Simi- 
larly, the south pole for the South Pacific 
seems to lie abou• 10øS of the south pole for 
the North Pacific (see Figure 10). Within the 
accuracy of the determination the poles for the 
North Pacific and the equatorial and northern 
Atlantic (south of 30øN) coincide, and the 
poles for the South Pacific and South Atlantic 
coincide. All poles for both Atlantic and 
Pacific oceans lie within a circle centered in 

the Labrador Sea having a radius less than 
10 ø . This result indicates that the two major 
movements of spreading in the Ariantic and 
Pacific oceans open about the same axis of 
rotation. Consequently, the general picture 
emerging from this analysis is one of great 
simplicity with the At.lantic and Pacific oceans 
opening about the same axis, which is slightly 
inclined to the rotati. onal axis of the earth, an'd 
the Indian Ocean opening 's:bout an axis 'between 
the Pacific 'and Atlantic oceans. 

Figure 11 illustrates this opening 'by using a 
Mercator projection centered on the axis pass- 
ing through 'the South Pacific pole .of rotation 
(69øN, 57øW). On a Merc'ator projection, lati- 
tudes are horizontal lines, longitudes are ver- 
tic'al lines, and the scale is everywhere pro- 

porttonal to the inverse of the sine of the 
distance from the pole. Thu.s, if the projection 
is centered on the pole of rotation, fracture 
zones should coincide with latitudes, ridge 
crests should coinci'de with longi,tudes, and •he 
distance between the ridge crest and a nearby 
magnetic anomaly (on the map, 'anomaly 5, 
about 10 m.y. ago) should be everywhere con- 
stant. Figures 10 and 11 should be compared 
to see how all these requirements are met. Be- 
cause ihe pole of rotation chosen was the one for 
the South Pacifi. c, the agreement is best in the 
South Pacific. The present ridge crest and asso- 
ciated set of fracture zones (e.g., the San An- 
dreas fault system) in the equaiorial and north- 
ern Pacific Ocean also fit this pole of rot'ation 
well. The Juan de Fuca and Gorda ridges agree 
particularly well, and the San Andreas also 
essentially agrees with this pattern of movement. 
By c'ontrast, the set of fracture zones in the 
northern and equatorial Pacific (e.g., the Men- 
docino and Clipperton fractu. re zones), which, 
according to Morgan [1968], fits a pole near 
79øN, 111øE, completely disagree with the 
present pattern of movement (see Figure 11). 
Because the posiiion of anomaly 5 in the north- 
ern and equatorial Pacific agrees with the o.ld 
pattern of movement shown 'by these fracture 
zones, the present pattern must have established 
itself since 10 m.y. ,ago. Prior to 10 m.y. the 
South Pacific was moving about the same pole 
as now, but the North Pacific was moving 
about a .different pole. Perhaps as a result of 
the shift in the North Pacific pole in the Plio- 
cene the area near the Galapagos Islands has 
been subjected to extension, and the observed 
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symmetric magnetic pattern records crustal 
material upwelling along an east-west line on 
the east side of the ridge axis for at least 5 m.y. 
[Herton and Heirtzler, 1967]. 

In the Atlantic Ocean, the agreement is not 
as good because the pole chosen was the one 
for ,the South Pacific. South of 30øN, however, 
the agreement is fair. North of 30øN, there is 
disagreement as noted by Morgan [1968], and 
this should ,be expected as the relative move- 
ment of Eurasia away from America cannot be 
the same as 'the movement of Africa away from 
America. Africa and Eurasia are now involved 

in the opening o.f ,the In'dian Ocean around a 
pole situated near 26øN and 21øE. The small 
but systematic difference ,between the poles de- 
termined for South Pacific and South Atlantic 

and the poles determined from North Pacific and 
North Atlantic might suggest a small differen- 
tial movement of North America and South 

America. 

The fact that the spreading in the. Indian 
Ocean does no't ,obey a single pattern of rota•tion 
accounts for the complexity of the physiography 
o,f this ocean and can be taken into account 

when one recognizes the presence of lhe Java 
trench north of the only fast spreading ridge 
segment running essentially east-west '[Le 
Pichon and Heirtzler, 1968]. In spite of these 
complications, however, the main mo.vement 
in the Indian Ocean is one of opening around a 
pole situated somewhere near the present loca- 
tion of Libya. The Alpine fault and Macquarie 
ridge must result from the conflicting movement 
of the Indian and Pacific Ocean crustal plates. 
The absence of a fast spreading ridge around 
the southern tip of Africa removes one of the 
major geometrical dif•culties posed by the dis- 
tribution of the mid-ocean ridges. 

To summarize, Figure 10 illustrates how the 
present pattern of relative movement over the 
world can be described by a few rotations. The 
main rotations are in the Atlantic and the Pa- 

cific (about slightly different poles), with a third 
major rotation in the Indian Ocean. The rates 
of angular opening are, however, quite differ- 
ent, 3.6 X 10-' deg/yr in the Atlantic Ocean 
and 4.0 X 10-' deg/yr in the Indian Ocean 
compared with 10.8 X 10-' deg/yr in the South 
Pacific Ocean. Figure 11 also shows that the 
active trenches run either north-south or east- 

west in this new system of coordinates, essen- 

tially absorbing the movements of the Pacific 
crustal blocks and of the south Indian Ocean 

crustal blocks. 

R•SUM• OF SPREADING HISTORY AND 

CONTINENTAL MOVEMENTS IN SOUTHERN 

HEMISPHERE SINCE LOWER MESOZOIC 

The magnetic evidence for ocean floo,r spread- 
ing presented in the c,ompanion papers places 
several restrictions on the allowed paths o,f 
continental movements since the break up of 
Gondwanaland. It is thus possible to synthesize 
a picture of continental movement in the south- 
ern hemisphere since the early Meso.z,oic. 

Palcomagnetic reconstructions ,by Irving 
[1964] and Creer [1965] have the continents 
of Africa, Antarctica, Australia, India, and 
South America united and close t,o the south 

geographic pole in the Early Permian. Gough 
et al. [1964] show that there has been little 
change in the palcomagnetic latitude of Africa 
since the middle of the Mesozoic. They also 
show evidence of rapid northward movement 
of Africa during the early Mesozoic and Per- 
mian. Studies by Creer [1965] suggest that 
there has not been appreciable .change in the 
palcolatitude o,f South America since Triassic- 
Jurassic times but that large northward move- 
ments did take place in the Lower and Middle 
Permian. Investigations .on the Triassic-Jurassic 
lavas that appear in all the Gondwanic con- 
tinents indicate that the breakup of Gondwana- 
land had already occurred by this time. 

From the study of the magnetic pa•ttern in 
the Indian Ocean the initial northward move- 
ment of the Africa-South America block in 
Mesozoic-Permian times ,occurred as a result 

of spreading about the southwest ,branch of the 
mid-Indian ridge. The .break from the initial 
mass started at the Horn of Africa and then 

opened down the east coast of Africa. At pres- 
ent there is little or no spreading about this 
branch of .the mid-Indian ridge, and, on the 
basis of palcomagnetic evidence, it appears that 
it was active during .the lo•ver Meso.zoic and 
Permian but that 'by Jurassic the spreading 
had mainly ceased. The split in •he Sou•h 
American and African continents may have 
begun in early Mesozoic almost simultaneously 
with the. break away of the African-South Amer- 
ican block. Thus, the Argentine and Cape basins 
were born. The cessation of sprea'ding abo.ut the 
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southwest branch of the mid-Indian ridge in 
Cretaceous and the development of a major 
part of 'the Argentine and Cape basins ended 
the first major phase .of spreading in the south- 
ern Indian and South Atlantic oceans. 

The second phase of spreading involved the 
further separation of South America from 
Africa and the northward movement of In,dia 

in the Indi,an Ocean. The direction of spreading 
in the South Atlantic underwent a major change 
in the Upper Cretaceous (80 m.y.), becoming 
nearly east-west, and there was little change 
in the paleolatitudes of either South America 
or Africa. The Upper Cretaceous also saw the 
separation of the New Zealand block from 
Antarctica. The spreading on the west side of 
the mid-Atlantic ridge was smooth and con- 
tinuous, an'd South America was able ,to drift 
westward over what was then a large Pacific 
Ocean. Spreading on the east side of the ridge 
was not as smooth, and the east-west spread- 
ing on that side is not evident until the Early 
Eocene. Perhaps the restrictions placed on the 
African block .by activity in the Indian Ocean 
caused this hiatus in the spreading history and 
resulted in the initial formation of the Walvis 

ri'dge. The northward trek of India was ac- 
commodated by a major change in the spread- 
ing pattern of the Indian Ocean. Spreading on 
the southwest branch of the mid-Indian Ocean 

ridge had almost ceased, and it now began to 
act as a large series of fracture zones that es- 
sentially marked the locus of the west .coast 
of India in the northwa.rd movement. Le Pichoq• 

and Heirtzler [1968] suggest that the movement 
of India was accomplished by spreading about 
a now subsided east-west striking ridge situated 
in the Java basin. 

The third major readjustment to the spread- 
ing in the Indian Ocean occurred at the end of 
the Eocene (40 m.y.) with the commencement 
o,f spreading about the southeast an'd northwest 
branches of the mid-Indian Ocean ridge. The 
readjustment was occasioned by the abutting 
of the Indian subcontinent against the Asian 
block. This new stage of spreading resulted in 
the .rapid separation of Australia from Antarc- 
tica and Broken ridge from the Kerguelen 
pl, ateau. Much of the differential movement re- 
sulting from different directions and unequal 
rates of spreading on these two limbs has been 
absorbed by the Amsterdam fraet,ure zone. 

Ninetyeast ridge was f•rmed by the differential 
movement of the blocks on either side ,of it. A 

result ,of the various stages of spreading in the 
Indian Ocean is that India moved much farther 

north than Antarctica moved south. Spreading 
about the southeast 'branch of the rot'd-Indian 

ridge alone does not satisfy the palcomagnetic 
evidence of high latitudes for Australia during 
the Permian; it seems likely that the ridge 
itself has migrated northward. Interaction be- 
tween the nor, thward movement of Australia 
and the northwest movement o.f the New Zea- 

land plateau has probably resulted in the Al- 
pine fracture zone in western New Zealand.. 
Finally, during the last 10 m.y., the Atlantic, 
south of 30øN, and ,the Pacific oceans have been 
rotating about the same pole, while the Indian 
Ocean has been rotating a•b,out a different pole. 
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