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ABSTRACT 

A Paleomagnetic Study 

of Early Tertiary Basalts In West Texas 

Martha D. Winters 

The natural remanent magnetization of thirty-one 

early Tertiary lava flows from West Texas was measured. 

Stratigraphic controls and some potassium-argon dates were 

used to determine the relative age of the flows. Stability 

of magnetization was established by ac demagnetization. 

Because of large secondary magnetic components and 

chemical alteration it was not possible to obtain reliable 

remanent magnetic directions or pole positions for sixteen 

flows. Of the fifteen reliable flows, six are normally 

magnetized, seven are reversely magnetized, and two are 

intermediate. Seven of the reliable sites spanning a 

period of time from Eocene to Miocene yield remanent 

magnetic directions which are not significantly different. 

From these seven virtual geomagnetic pole positions an 

early Tertiary pole position for North America of 104°E 

and 75°N is deduced. The published European and North 

American pole positions have been examined on the basis of 

rigorous reliability criteria. No North American results 

were considered reliable, and a mean pole position of l45°E 



and 74°N was obtained from the reliable European early 

Tertiary results. The data is consistent with the 

hypotheses that the early Tertiary magnetic field was not 

aligned with the present spin axis, that North America has 

moved west relative to Europe a distance of 40° since 

early Tertiary time, and that the rate of sea floor 

spreading at present may be low relative to what it has 

been. 
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Introduction 

All rocks exhibit natural magnetic properties and 

some exhibit a magnetism which was instilled in the rock 

during its formation. In the latter case the magnetism 

of the rock at the time of its formation is aligned with 

the direction of the Earth's magnetic field. Under favorable 

conditions this magnetism is retained as a stable record of 

that field. For at least the past million years or so, 

paleomagnetic results indicate that the Earth's magnetic 

field has been predominantly that of a dipole aligned along 

the present spin axis (Cox and Doell, i960). Whether or not 

this is the case in early Tertiary time has not been dis¬ 

cerned due to unreliable and insufficient data. The results 

obtained here support the conclusion that the early Tertiary 

pole is significantly different from the present pole. 

Interest in paleomagnetism has recently been stimulated 

due to the discovery of periodic reversals of the earth's 

magnetic field and due to results interpreted in the light 

of two controversial geologic hypotheses--continental 

drift and polar wandering. There is now little doubt that 

reversals of polarity have occurred, and the chronology of 

reversals has been established for the past four million 

years by Cox, Doell, and Dalrymple (1967). It is desirable 

to extend this chronology back in time, and this undoubtedly 

will happen in a piecemeal manner. The paleomagnetic evidence 

for the hypotheses of polar wandering and continental drift 

depends upon the assumption that the earth's magnetic field 
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has always been a dipole nearly parallel to the earth's 

axis of rotation (Runcorn, 1962). 

The results reported here are from volcanic rocks In 

a tectonically stable area. The experimental tests per¬ 

formed In order to show that the flow mean directions re¬ 

present geomagnetic field directions are described. Since 

interpretations also depend on the age relationships of 

the flows, these are considered in the discussion. 

Results have been interpreted in terms of frequency of 

reversals in the early Tertiary, in terms of early Tertiary 

virtual geomagnetic pole positions, which are surface 

expressions of the hypothetical geocentric depole creating 

the observed direction of remanent magnetism, and in terms 

of the problems of continental drift and polar wandering. 
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Location and Geologic Setting 

Early Tertiary rocks which occur in three volcanic 

series are preserved in Big Bend National Park, Texas and 

in a larger area to the west and northwest. The basalt 

members of the series were sampled and the sampling sites 

are given in figure 1. Table 1 lists the members of the 

volcanic series and their ages. 

In the Buck Hill Quadrangle the Buck Hill volcanic 

series rests with angular unconformity on the Boquillas 

formation (Cretaceous). The Crossen trachyte, the Sheep 

Canyon basalt, and the Potato Hill andesite are intercalated 

in the Pruett sandstone and limestone beds. The lavas make 

up 300-400 feet of the Pruett formation in the northern part 

of the quadrangle but are nonexistent south of Crossen Mesa. 

The Cottonwood Spring basalt overlies the Pruett formation. 

The Pruett formation is placed in Eocene time on the basis 

of a collection of silicified gastropods, in particular 

Goniobases (Paul Bartsch, cited in Goldich and Elms, 194-9), 

which occur in fresh water limestone lentils in the upper 

part of the formation. The Duff formation overlying the 

Cottonwood Spring basalt is placed in Oligocène time on the 

basis of a smaller gastropod occurring in other areas 

associated with "Helix" hesperarche (Goldich and Elms, 1949). 

The Buck Hill volcanic series is equivalent at least in part 

to the Chisos beds in the Chisos Mountains which are 
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Figure 1. Index Map Showing Locations of Sampling Sites 



T
a
b
l
e
 
1.
 

V
o
l
c
a
n
i
c
 
S
e
r
i
e
s
 
in
 
W
e
s
t
 
T
e
x
a
s
 

-5- 

T3 
CP 

CQ 
(D 
p 
•H cd 
CQ m 

pq 
P 
p 
3 . 
o 6 

CO Pq 

CM 
o 

xi 
CD 

in 1—! 
<P CL 

• P £ 
O *H cd 
g CQ CQ 

0 
Pq 

CQ 
O 
CQ 
'H 
P 
O 

T3 
On CD 
O CQ 1—I 

CD Q, 
P B 

O *rl flj 
g CQ CQ 

CQ 
CD 

•H 
u 
0 

CO 

CD 
P 
’H Cd 
OOO 
>arH O 
P Pq 0 
pq u 

bnpq 
cd c 
CQ *H 
CD k 
g CL 

CO 
o 
U CL 
PH CQ 

3 cd 
pq 55 

CD 
p 
cd 
Cf 
CD 
B 
o 

I—I p 
ho f—I 
c Cd 
O CQ EH 

o cd 
pq cd 

N U 
•H £ CD 
*d cd P 
U p £ 
0 CD cd 
PH fl* PH 

0 
P 
!>> 
P 
O 
cd 

0 
pq g g o 

>> 
0 —1 r—1 1—Ip • 1 O cd g cd Pq 

Jbd -H Pq Cd 1—li—1 PH B 1 £ PQ 0 C 
O c P 0 0 Pq 1 c 0 0 P 
3 cd CQ O P P l 0 P CL CQ P 
pq 0 rH O O O <M 1 p cd 0 CQ 0 

1—1 ^ (QPP CM 1 p p 0 O 2 
0 cd Cd -H -H 3 l 0 0 p SH £H 
> pq EH g g Q 1 

1 
1 

0 Pn CO O PM 

• • 
0 bn 

1 
i 

0 O *H 1 0 
bD •H 1—1 1 0 
< g O 1 w 

1 CO 0O0O cd 
1 
1 

EH 

1 
1 0 0 
1 P P O 

<M 1 -H rH 0 0 
<M t bD CQ cd C O 0 
3 1 £ 0 CQ 0 0 O O 

EH 1 *H T3 cd P 0 O bD 0 
0 1 U c pq bD O •H O 

cd cd p 1 a < p < •H rH O 
CQ CQ *H 1 CO p CO g O pq 
0 0 1—1 1 1—11—1 0 cd 

T) Cd 
O CQ 

>> U 
G EH 

CQ 
PH 
0 
p 
S 
0 
g 

cd 
00 CQ 

cd 
pq 

<M 
p 0 

1 1—1 
>> cd c 
JQ -P CQ -P 0 
O (1) rH Cd rH •H 43 p 
Cd -p cd PQ cd p 1—1 1—1 

*H CQ X CQ cd CQ cd cd 
EH co cd bD Q) cd rH P CQ CQ 

CD pq c 0 pq 0 1—1 cd cd 
• 73 TH ^ u cd PQ pq 

•PC • p 0 u in 
g cd -p a 0 cd CQ 0 

g CO 0 0 pq 1—1 cd 
o B Ss p 
rH CD & cd cd 0 
3 CD CQ rH • pq Pq 

EH PQ < < CM 

0 

cd 
CQ 
cd 

pq 

bD 
c 

•H 
U 
a 

co 

o 
o 
£ 
c 
o 
p 
p 
o 

P
o
t
a
t
o
 
H
i
l
l
 
A
n
d
e
s
i
t
e
 

B
e
e
 
M
o
u
n
t
a
i
n
 
B
a
s
a
l
t
 

S
h
e
e
p
 
C
a
n
y
o
n
 
B
a
s
a
l
t
 
A
l
a
m
o
 
C
r
e
e
k
 
B
a
s
a
l
t
 



-6- 

considered Tertiary in age (Udden, 1907)* Occurring in the 

Tascotal Mesa Quadrangle is the younger Rawls basalt 

(Erickson, 1953)• Since these flows overlie the Duff forma¬ 

tion, they may be Upper Oligocène or Miocene in age. No 

diagnostic fossils have been obtained. 

The Chisos formation has not been precisely dated. 

Fresh water snails, wood, mammal, and turtle remains have 

been collected and suggest a Middle to Upper Eocene age 

(Maxwell et al., 1967). Several potassium-argon dates are 

available. Four dates on the Alamo Creek basalt yield an 

age ranging from 38.7 million years to 42.7 million years. 

Two determinations on the Bee Mountain basalt give an average 

age of 22.6 million years, however, this age is believed to 

be anomalously young due to argon leakage (J. H. Halsey 

cited in Maxwell et al., 1967, page 137). 

The South Rim formation including the Petan basalt is 

probably of Oligocène or younger age (Maxwell et al., 1967). 

Although no direct correlation between the formations 

has been done, it is possible in a general way to establish 

a correlation of the basalt members based on the ages and 

sequences within each volcanic series. The Pruett formation 

is considered Eocene and equivalent partly to the Chisos 

formation which is Middle to Upper Eocene. The Duff forma¬ 

tion overlies the Pruett formation and is Oligocène in age. 

This places the Potato Hill Andesite and Sheep Canyon basalt, 

which are in the upper part of the Pruett formation in Middle 
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to Upper Eocene and about the same age as the Alamo Creek 

basalt and Bee Mountain basalt of the Chisos formation. 

The Cottonwood Spring basalt is then younger than any of the 

other basalts in either the Pruett formation or the Chisos 

formation. The Rawls basalt is Upper Oligocène or Miocene 

and the Petan basalt is considered Oligocène but may be 

younger. Consequently, the Petan basalt is probably older 

than the Rawls, but may be equivalent to it. Table 2 

indicates the relative age of the basalts studied here, 

based on the above reasoning. 

Petrology of basalts sampled 

The Sheep Canyon basalt is typically dark greenish 

black, fine to medium grained, and usually even-textured. 

Locally it contains large green plagioclase phenocrysts. 

The groundmass is mainly feldspar with the plagioclase being 

labradorite (An^). Pyroxene and magnetite often occur as 

zonal inclusions in the feldspar phenocrysts. Other primary 

minerals include augite, olivine, and magnetite. Apatite 

occurs as an accessory mineral. Magnetite is abundant being 

10-15 percent of the rock (Goldich and Elm, 19^9)• Goldich 

did three chemical analyses on the Sheep Canyon basalt and 

found the expected high iron content as well as a high 

percentage of Ti02* 

The Potato Hill andesite is dark reddish-brown. 
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Plagioclase phenocrysts up to one inch in length are 

prominent. Fine-grained hematite has developed by oxida¬ 

tion of the primary ferromagnesian minerals. Andesine is 

the chief mineral occurring with more silicic feldspar, 

apatite, and magnetite-ilmenite. Chemical analyses show 

a large percentage of ferric iron further supporting 

oxidation of the rock developing hematite (Goldich and Elms, 

19^9). 

The flows of the Cottonwood Spring basalt are vesicular 

and amygdaloidal at the top. This vesicular rock is reddish- 

gray to reddish-brown. The massive dense phase is grayish 

black to dark greenish-black. Composition varies from 

trachyandesite to olivine basalt usually fine to medium 

grained. Some of the flows particularly the reddish- 

brown ones are highly oxidized, and the original ferro¬ 

magnesian minerals are altered to hematite. Primary 

magnetite is still abundant, however (Goldich and Elms, 

19^9) • 
The Rawls basalt varies from a dense basalt to a 

trachybasalt porphyry. The flows sampled on Tascotal 

Mesa (sites 5-8) are trachybasalt porphyry forming massive 

sheer cliffs. A diabasic texture is evident with glassy 

plagioclase phenocrysts. Amygdaloidal tops and bottoms 

have calcite and chalcedony fillings. Magnetite-ilmenite 

is abundant being 10-15$ of the rock. 
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The Alamo Creek basalt Is a fine-grained, dark lava 

with small phenocrysts and ranges In thickness from 20 to 

208 feet In the measured sections (Maxwell et al., 1967). 

The Bee Mountain basalt Is fine to medium grained and 

is often scorlaceous along contacts. Fractures filled 

with quartz occur in the basal few feet of each flow. 

In the Chisos Mountains the Bee Mountain Member ranges 

from 25 to 80 feet thick (Maxwell et al., 1967). 

The Petan basalt flows are dark gray or brownish-gray, 

fine-grained, vesicular and porphyritic. They weather dark 

brown to dark gray. Also present is a reddish brown phase 

with abundant spheroidal calcite amygdules. Maximum 

thickness is 500 feet (Amsbury, 1958). 



-10- 

Magnetization of Rocks 

Different magnetizing processes may operate on a rock 

at different times during its history. A brief description 

of the processes important in this study is presented; 

for details of the theory of production of the different 

magnetizations see Nagata, 1961. 

The process of thermo-remanent magnetization (TRM) 

is the most important process in paleomagnetic studies. 

The TRM of a rock is the remanence acquired upon cooling 

through a certain temperature interval in the presence of 

a magnetic field. The rock acquires a total TRM over the 

temperature interval ranging from the maximum-Curie point 

to room temperature (Irving, 1964). As the rock cools 

through this interval in the earth's magnetic field, it 

develops a preferential alignment of domains parallel to 

the field (Cox and Doell, i960). 

Three types of secondary magnetization are important 

in this study. Chemical remanent magnetization (CRM) is 

acquired by magnetic minerals undergoing a chemical change 

at constant temperature in a weak magnetic field. An 

example which is applicable here is the oxidation of 

magnetite to hematite. A rock then acquires a CRM during 

alteration taking place below its Curie point. Haigh 

(1958) and Kobayashi (1959) have shown that CRM is stable 

and behaves similarly to TRM under the effects of de¬ 

magnetizing fields. 
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If a rock Is placed In a magnetic field at any 

temperature it may acquire Isothermal remanent magnetization 

(IRM), because the magnetic moment of any domain which has 

a coercive force less than the applied field will align 

itself with the field (Cox and Doell, i960). The earth!s 

field of about 0.5 oersteds is not important here since 

magnetic minerals usually have coercive forces of 100 

oersteds or more; however, lightning bolts are associated 

with large magnetic fields and may give a rock an IRM (Cox 

and Doell, i960). IRM may be removed by demagnetization 

in a field as large as that which produced it. 

Over long time spans remanence may be affected by the 

earth's field (Irving, 1964). This process is known as 
1 

viscous remanent magnetization (VRM) and may build up in 

basalt over a period of years resulting in secondary 

magnetization in the direction of the field in which the 

rock has been stored -- usually the earth's field. It is 

recognized by a smearing of directions toward the present 

field direction and is removed at low demagnetization field 

strengths. 

The natural remanent magnetization acquired by thermal 

and chemical processes is "hard" and is removed only at high 

demagnetization field strengths. Isothermal remanent mag¬ 

netization and viscous remanent magnetization are "soft" and 

readily removed at low demagnetization field strengths. The 
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magnetization of a rock is "stable" if it is principally 

due to TRM or CRM, but the rock yields a "reliable" 

direction only if TRM is the principal remanence. 
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Procedures 

Field and Laboratory Methods 

A total of 172 cores from 31 flows were obtained by 

means of a water cooled diamond core drill powered by a 

gasoline motor. The cores were oriented before being 

broken from the outcrop using a procedure described by 

Doell and Cox (1963)- The accuracy in orienting by this 

method is estimated to be i 2° (s.d.). Each core is 2.49 

cm. in diameter and 5 to 15 cm. in length. For remanent 

magnetization measurements the cores were cut into cylinders 

2.28 cm. in length. A spinner magnetometer, constructed 

in the Rice geological laboratories and similar to the type 

described by Cox and Doell (1965) was used to measure 

remanent magnetic directions and intensities. Data was 

reduced graphically and by digital computer (Appendix A). 

In order to obtain meaningful paleomagnetic information, 

it is essential to examine completely the stability of the 

remanent magnetization of the rocks. AC demagnetization 

was used successfully for this purpose. The coercive force, 

which indicates the energy required to change the magnetic 

state of a grain, varies from grain to grain due to dif¬ 

ferences in size, shape, mineralogy, and magnetic behavior 

between grains. Hence, stability of remanence is best 

represented by examining a range of coercive forces rather 
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than Just one bulk coercive force. 

All specimens considered here were demagnetized in 

alternating fields. The apparatus used consists of a two 

axis tumbler with the current in the coils controlled by a 

variable transformer. The field is smoothly reduced from 

a peak value. Demagnetization of two specimens per flow 

was done by step-wise increasing the peak value of the 

field from 25 to 800 oersteds and in a few cases to l600 

oersteds. Thus the optimum field to remove the secondary 

components of magnetization was determined for a flow. 

The remainder of the specimens in that flow were then 

demagnetized at this optimum field. 

The reliability of tumbler demagnetization has been 

questioned because of the possibility of introducing an 

anhysteritic remanent magnetic component in a preferred 

direction (Irving, 1964). The apparatus used here was 

tested by applying a known thermo-remanent magnetization to 

a specimen and then an isothermal remanent magnetization. 

Removal of the IRM was done using the described apparatus 

and the original TRM was obtained. For details of the 

demagnetization apparatus and the tests performed see 

Appendix B. 

Statistical Analysis 

Fisher (1953) has developed an analytical tool for the 
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analysis of data points on a sphere. Paleomagnetlc data 

deals with an analysis of directions. Each datum or each 

direction is given unit weight by representing it as a vector 

with unit length; more intensely magnetized specimens carry 

no extra weight. This is equivalent to regarding each 

datum as a point on a sphere, thus Fisher's analytical 

method is applicable. To justify the use of Fisher's 

statistics, the site population must satisfy three con¬ 

ditions; 1. The data points must be selected at random 

from a population of unit vectors describing the geo¬ 

magnetic field. 2. The vectors in the population must be 

distributed with axial symmetry about their mean direction; 

3. the density of the vectors in the population must 

decrease with increasing angular displacement from 

the mean direction according to the probability density 

function 

p = 1 -if.:. ■•\-1  exp(kcos y ) 4‘irsmh k 1 

where k is the precision parameter describing the tightness 

of the group of vectors about their mean direction. 

Provided the conditions of the model are satisfied, Fisher 

(1953) shows that the direction of the vector sum of the N 

unit vectors of the sample is the best estimate of the 

true mean direction of the population. A large number of 

data points at each site is needed for a definitive 

statistical test (Creer et al., 1959; Watson and Irving, 
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1957)> therefore the conditions have not been tested for 

the sites examined here. However, Cox (1964) has shown 

that, if a large number of random vectors are added to a 

fixed vector, the resulting distribution approximates a 

Fisherian distribution. Although the significance of the 

results cannot be rigorously defined by Fisher's method, 

Fisher's statistics should yield usable parameters, if the 

magnetic variations within each statistical group are 

random. 

The alpha-95 circle of confidence is an index of 

scatter within the site and is determined by the equation 

In order to determine whether the paleomagnetically de¬ 

termined mean direction at the sampling site differs 

significantly from some known direction such as the present 

earth's field, alpha may be used directly (Cox and Doell, 

i960). Directions are significantly different if the alpha 

95 confidence circles do not intersect. This same concept 

may be applied to the position of virtual geomagnetic poles. 

The mean position of the virtual geomagnetic pole differs 

significantly from some known position, such as the north 

geographic pole, if the distance between them exceeds 

alpha. 

cos ot^=l N-R 
R 
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Paleomagnetic Measurements 

At all sites, the flows possess secondary magnetization 

and exhibit large initial scatter in the original magnetic 

directions. This is due to a variety of unstable remanent 

components. Thunderstorms occur frequently in the area, 

and the basalt flows often cap mesas. As a result the 

basalts are particularly susceptible to lightning and thus 

to isothermal remanent magnetization. Unless the IRM 

component is very large, demagnetization at 25 to 400 

oersteds peak field strength removes it completely re¬ 

sulting in decrease in scatter and a sharp decrease in 

intensity. Chemical remanent magnetization (CRM) is also 

present in the oxidized flows which contain abundant 

hematite. It has not been possible with any certitude to 

remove this component and obtain a reliable TRM. Presence 

of a viscous remanent magnetization (VRM) is also exhibited 

by a smearing of the original magnetic directions toward 

the present field direction, and, in the case of reversed 

flows by an increase in intensity at low demagnetization 

fields. VRM resides in low coercivity domains and is 

readily removed during progressive demagnetization. 

A summary of the results at all 31 sites is presented 

in Table 3» For sites 6, 20, 25, and 30 the dispersion 

of NRM directions prior to demagnetization is too great 

to permit the calculation of Fisher statistics. 
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The remanent magnetization of 15 of the 31 flows 

sampled and measured is considered reliable. These 15 flows 

yield credible paleomagnetic directions and pole positions. 

Failure to remove the secondary magnetization in l6 flows 

is due either to the presence of an unusually large IRM 

component or to the presence of a CRM component. In some 

cases, a combination of the two is present. 

Macroscopic examination shows that all eight of the 

Cottonwood Spring basalt flows are oxidized. Hematite 

is abundant. These flows actually exhibit a stable be¬ 

havior when demagnetized in an ac field as exhibited in 

Figure 2. Kobayashi (1959) has shown that both TRM and CRM 

give the same ac demagnetization curves. All the flows 

except two (sites 22 and 23) remain scattered after de¬ 

magnetization. These two sites exhibit little dispersion 

and are normally magnetized. In both cases the alpha 95 

circle of confidence includes the present pole (figure 3)> 

a result which is to be expected if CRM is the principal 

contributing component to the remanence. Since the 

directions represent the field at some unknown time later 

than the time of extrusion and cooling of the flows, they 

can not be considered reliable in this study. 

Of the eight unstable sites five outcrop at the top 

of mesas, consequently are susceptible to lightning bolts 

and thus to the acquisition of a strong IRM component. 

Site 5 of the Rawls basalt outcrops on the top of Tascotal 
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NORTH 

Figure 3. Equal area projection of specimen NRM directions 
for a typical oxidized flow after demagnetization, 
showing the associated 95$ confidence circle 
which includes the present pole A . 

Figure 2. Effect of ac demagnetization on oxidized flows. 
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Mesa; site 4 of the Petan basalt, site 13 of the Alamo 

Creek basalt, site 28 of the Potato Hill andesite, and site 

18 of the Sheep Canyon basalt outcrop on the top of hills 

with considerable topographic relief. The intensity of the 
_2 

original magnetization of these five sites is in the 10 

to 10”^ emu/cc range, a high value for basalts. Within site 

magnetic directions are scattered. Upon progressive 

demagnetization intensities decrease two orders of 

magnitude and dispersion remains large. A typical de¬ 

magnetization curve for these five sites showing the steep 

initial decrease in tensity is illustrated in figure 4. 

A peak field value of 400 oersteds is required to obtain an 

intensity in the 10”^ to 10“^ emu/cc range. Evidently the 

IHM component resides in some of the high coercivity domains 

and, thus, has partially and preferentially destroyed the 

TRM so that directions remain dispersed. 

The three other unstable sites contain both large IRM 

components and CRM components. Oxidation is seen around 

mineral grains in one Potato Hill andesite flow (site 21), 

one Sheep Canyon basalt flow (site 29), and one Rawls basalt 

flow (site 9)- An increase in dispersion is observed upon 

progressive demagnetization in all cases. In addition to 

the presence of CRM, the demagnetization curves manifest the 

presence of an IRM component. Figure 5 illustrates the 

combination of IRM and TRM components, showing a sharp 
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decrease in intensity at low fields, which implies the 

presence of a typical IRM residing in low coercivity domains, 

followed by a leveling off at higher fields which can be 

interpreted as either CRM or TRM, in this case probably 

CRM. 

Typical demagnetization curves for each of the three 

categories which result in unstable sites and the behavior 

of each site during progressive demagnetization are 

summarized in Table 4. For each category the peak de¬ 

magnetization field required to remove 10$ and 90$ of the 

initial intensity is given. The rocks containing principal¬ 

ly CRM require relatively large fields to remove 10$ and 90$. 

The sites which contain IRM and CRM require low fields to 

remove 10$ of the magnetization and large fields to remove 

90$ of it. Low demagnetization fields remove both 10$ and 

90$ of the magnetization of rocks containing large IRM 

components and exhibiting steep demagnetization curves. 

In all cases this is the expected result when the magnitude 

of the coercive force which each type of magnetization 

effects is considered. 

Of the 15 flows considered stable, 6 are normally 

magnetized, 7 are reversely magnetized and 2 are intermediate. 

A summary of the directions, pole positions, and statistics 

for the stable sites is presented in Table 5- The grouping 

of directions at the site level and the assumption that 
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Table 4. Demagnetization Behavior of Sites which yield 
Unreliable Directions. 

Stable 
CRM Component 

Field required 
for removal of 

10$ 
of J 

90$ 
of J 

Site 
20 50 oe 200 
22 110 800 
23 150 800 
24 450 8oo 
25 50 8oo 
27 100 800 
30 50 200 
31 50 300 

5 
4 

13 
28 
18 
21 
29 
9 

Large Unstable 
IRM Component 

Field required 
for removal of 

10$ 90$ 
of J of 

25 100 
30 200 
20 400 
100 200 
25 30 

Unstable IRM 
and Stable 

CRM Component 

Field required 
for removal of 

10$ 90$ 
of J of J 

25 8oo 
25 300 
40 800 
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each site acquired its magnetization at essentially one 

point in time indicates that Fisher statistics have meaning 

at that level (Cox and Doell, i960). The radius of the 

alpha-95 circle of confidence, which is an index of within 

site scatter, is markedly reduced in all cases by 

alternating field demagnetization. Table 6 lists the alpha- 

95 circles of confidence for each site obtained from the 

original magnetizations and after demagnetization at the 

optimum field. The difference in behavior between the 

unstable sites and stable sites is evident. 

In the majority of cases, most of the secondary 

magnetization resides in the low coercivity portion of the 

range. An example of the value of ac demagnetization here 

is illustrated in figure 6. This is site 1 which is 

representative of the behavior of all flows which yield 

credible directions. Before any demagnetization, dis¬ 

persion is large. After demagnetization at a peak field 

strength of 200 oersteds, the scatter decreases markedly. 

The demagnetization curve (figure 7)> which is representative 

of one of the normally magnetized flows, is typical of a 

stable TRM, although it is not diagnostic of it (Kobayashi, 

1959)* It is believed for several reasons that CRM is not 

present in any significant amount at these fifteen sites. 

In the first place all of these sites manifest coherent 

groups before any demagnetization and particularly after 

demagnetization. TRM is acquired at essentially one point 
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Table 6. Radii of 95$ confidence circles for all sites 
sampled before any demagnetization and after 
demagnetization at the optimum field strength 
for the site. 

Alpha 95 
Unstable Plows 

Site Original 
Magnetization 

Optimum 
Field 

20 _ 85.9 
22 29-3 9.7 
23 8.1 10.6 
24 9-7 8.5 
25 - 58.5 
27 50.7 38.5 
30 23.9 - 

31 55.2 74.2 
5 69.0 89.4 
4 99.8 83.1 

13 70.9 84.2 
28 99.8 59.1 
18 59 30.5 
21 20.7 27.8 
29 77.2 99.8 
9 65.0 67.5 

Alpha 95 
Stable Plows 

Site Original Optirm 
Magnetization Field 

10 51.3 6.75 
6 - 11.5 
7 39.1 7.4 
8 68.5 9.3 
1 35.2 7.6 
2 16.9 6.3 
3 71.5 11.1 

11 7.7 7.6 
12 12.3 12.4 
17 17.0 10.4 
14 10.2 8.3 
15 46.0 9.4 
19 25.2 7.4 
26 60.0 18.9 
16 14.6 9.1 
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ac demagnetization. 

JxlO-^ emu/cc 
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in time whereas CRM may have been acquired over a period 

of time involving millions of years. If the specimens are 

magnetized in a short period of time, as in the case of the 

acquisition of TRM, coherent groups would be expected. As 

CRM is acquired over long periods of time while long term 

variation of the geomagnetic field is taking place, six 

specimens taken from one flow might be expected to yield a 

non-coherent group. An example of this is shown in figure 

8, which represents the original magnetization directions 

of site 25 of the altered Cottonwood Spring basalt and site 

16 of the stable Alamo Creek basalt. In these basalts the 

TRM and hypothetical CRM would be in different materials. 

Kobayashi's (1959) discussion of TRM versus CRM suggests 

that the CRM might have a higher range of coercivity than 

TRM. For reversed flows this would mean that at high de¬ 

magnetization field strengths NRM directions should move 

away from the mean or away from the reversed axial dipole 

(Gromme, 1965). All of the ac demagnetization experiments 

on reversed flows have shown that this is not the case. In 

the case of normally magnetized flows if the CRM has been 

acquired recently, a smearing toward the present pole would 

be observed at high demagnetization field strengths. This 

is not the case and, in fact, the site directions are well 

grouped and significantly displaced from the present field 

directions at high demagnetization levels. 
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The ability of ac demagnetization to remove viscous 

remanent magnetism is observed upon demagnetization of a 

reversely magnetized flow. The change in sign of the slopes 

of the demagnetization curves for all reversed flows examined 

here reflects the preferential removal of a normal com¬ 

ponent - the VRM at low ac fields. Gromme (1965) states 

that the value of the ac field sufficient to remove all 

but an insignificant amount of the viscous component is 

considered to be that at which the NRM direction stops 

moving in a plane and instead starts moving in small, random 

jumps, and furthermore that this value is usually two to 

three times the ac field strength that produces maximum 

resultant intensity of NRM in reversed specimens. In all 

reversed flows presented here this is the same field 

strength for which dispersion of directions is at a 

minimum. This is illustrated in figure 9» Specimen 7A121 

moves along a great circle until a peak field strength of 

200 oersteds is reached and then begins to move in random 

jumps. The maximum NRM intensity of the specimen is reached 

at 25 oersteds field strength and minimum dispersion in the 

entire flow is found at the expected ac demagnetization 

peak field of 200 oersteds. 

In the case of the normally magnetized flows the 

presence of a VRM component is exemplified in the original 

magnetization directions by a smearing of the directions 
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NORTH 

Figure 9. Behavior of a typical reversely magnetized 
specimen showing the changes in direction 
and intensity of remanent magnetization 
during demagnetization. 
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toward the present pole followed by movement away from the 

present pole at low demagnetization fields. This is 

illustrated in figure 10. Site 19 is initially dispersed 

and displaced toward the present pole. With demagnetization 

at 100 oersteds peak field, dispersion decreases and the 

group moves away from the present pole. This is generally 

the case in all sites examined. 

Demagnetization curves show that isothermal remanent 

magnetization also contributes to the secondary magnetization. 

Widely divergent behavior, particularly where shallow 

inclinations are observed, and intensities an order of 

magnitude higher than the other specimens indicate the 

presence of IRM (Cox and Doell, I960). Although IRM is 

initially present in virtually all fifteen of the "stable" 

flows, it has been possible to remove it entirely. This 

component is selectively destroyed in successively higher 

fields with the direction of magnetization of the sample 

moving progressively and systematically toward the 

directions of the more stable TRM component. Figures 11 

and 12 show widely divergent specimens with initial shallow 

inclinations moving toward the mean. Typical demagnetiza¬ 

tion curves show the presence of IRM requiring from 25 to 

400 oersteds peak field value for removal, depending on 

the initial intensity. 
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NORTH 

Figure 10. Behavior of a typical normally magnetized site 
showing movement of the site mean direction 
away from the present pole during demagnetiza¬ 
tion . 
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Figure 11. Summary diagrams for site 10, which contains 
a small IRM component, showing specimen 
directions before and after demagnetization 
and behavior during demagnetization. 
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NORTH 

Figure 12. Summary diagrams for site 6, which contains 
a large IRM component, showing specimen 
directions before and after demagnetization 
and behavior during demagnetization. 
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Summary 

The gradual decrease In intensity of magnetization 

as the alternating field strength is increased and the 

systematic change in direction of dispersed specimens to 

a common direction is evidence for secondary unstable 

components of magnetization. Based on the observations 

presented above it can be said that these components are 

selectively destroyed and the stable TRM component is 

obtained in the flows which are accepted as stable. 
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Interpretation 

Average Magnetization of Plows 

The mean NRM directions at each site after partial 

demagnetization are summarized in figure 13. Each flow 

average is based on the measurement of one specimen from 

each of the cores collected from the flow. The flow-mean 

directions of the stable flows separate into three groups. 

Six are normally magnetized, seven are reversely magnetized, 

and two are intermediate in direction. An interpretation 

depends on the age relationship among the sampled flows. 

A general age relationship has been postulated; however, 

except for the cases involving successive flows, field 

relationships do not allow the determination of age relation¬ 

ships within one volcanic unit. Consequently, although it 

is known that the Alamo Creek basalt is older than the Bee 

Mountain basalt, it is not known which flow of the three 

Alamo Creek flows or of the three Bee Mountain flows is 

youngest. There is enough difference in mean directions 

of flows in the same unit to make this information useful, 

were it is available. 

The youngest unit, the Rawls basalt, shows what is 

probably a transition between normal and reversed polarity 

epochs -- Figure 14. Site 6 is normal, site 7 is inter¬ 

mediate, and site 8 is reversed. These represent three 
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successive flows on Tascotal Mesa. It is unlikely that 

site 7 represents secular variation during the normal or 

reversed epoch, since it is significantly displaced from 

both the other flows and positioned along a great circle 

between them. The other transition zones which have been 

found occur in the Torridonian Sandstone Series (Irving 

and Runcorn, 1957)* in the Iceland lavas (Sigurgiersson, 

1957 and Byrnjolfsson, 1957), in the Stromberg lavas 

of South Africa (Van Zijl, et al., 1962), in the Pliocene 

lavas of Japan (Momose, 1963), in the Neogene sediments of 

Turkmenia (Khramov, 1958), in the Okler Series of Siberia 

(Vlassov and Kovalenko, 1963), in the Miocene lavas of 

Oregon (Watkins, 1965), and Heinrichs,(1967) has recently 

found one in the Lousetown Creek flows of Nevada. There 

is now little doubt that the geomagnetic field has reversed 

polarity many times, but as yet little is known about the 

behavior of the field during a transition. Two types of 

behavior have been hypothesized. 1. The main dipole 

component decreases in intensity to zero during the 

transition increasing again with opposite polarity. 2. The 

geomagnetic field behaves like a dipole during the transition 

retaining its intensity and simply rotating l80°. The 

results obtained here are consistent with either model. In 

order to discern which model is correct the same transition 

must be found at two localities. Momose (1963) and Van Zijl 



Fig. l4. Specimen directions 
for three successive Rawls 
basalt flows after 
demagnetization. 

Fig. 15- Site mean directions 
with associated 95$ confi¬ 
dence circles of three 
Petan basalt flows. 
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et al. (1962) have suggested that the Intensity of the 

geomagnetic field may decrease by a factor of 2 to 5 during 

a transition. After demagnetization the normally magnetized 

flow (site 6) has an average intensity of 9-0 x 10"^ emu/cc, 

the reversely magnetized flow (site 8) an average intensity 

of 2.0 x 10“3 emu/cc, while the flow which is intermediate 

in direction has an intensity of 4.0 x 10“^ emu/cc. The 

difference is not significant due to the qualitative nature 

of the data. 

The Petan basalt flows which are probably Oligocène 

in age were extruded during a period of time in which the 

earth's magnetic field was reversed. Sites 2 and 3 which 

are successive flows on a hill yield the same declination 

and inclination (D=177 to 178, Is -30 to -33)• However, 

site 1 of the Petan basalt is displaced about 13° in 

declination and 7° in inclination from sites 2 and 3 

(figure 15). Unfortunately the age relationship between 

sites 1 and 2 and 3 is not known. It is possible that the 

difference is due to errors in determining the mean 

directions of the sites, however, it is more likely that 

the difference represents variations in the field direction 

during the time span between the magnetization of site 1 

and sites 2 and 3. 

The Petan basalt is older than the Bee Mountain basalt 

which yields one normally magnetized site, one reversely 

magnetized site, and one anomalous site. Since the age 
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relationship of these three sites is not known, the 

anomalous site may represent either a transition zone or 

simply an excursion of the geomagnetic field during one 

polarity epoch. 

The Potato Hill andesite may be correlative with the 

Alamo Creek basalt and both are older than the Bee Mountain 

basalt. Three normally magnetized sites and one reversely 

magnetized site are present in Potato Hill and Alamo Creek 

time. The age relation of the four sites is not known. 

The reliable site of the Sheep Canyon basalt which is the 

oldest of the flows studied here is reversely magnetized. 

The sites studied here indicate that both normally 

and reversely magnetized flows existed in the early 

Tertiary from Eocene to Lower Miocene, a result which is 

in agreement with the work of others (Irving, 1964). 

Pole Positions 

One of the fundamental assumptions of paleomagnetism 

is that the non-axial dipole component of the geomagnetic 

field will average out the spin axis if observations span 

a long enough period of time (Irving, 1964). If the 

assumption that the magnetic poles are allied with the 

spin axis of the earth is valid, the locations of the 

magnetic poles should indicate the locations of the geo¬ 

graphic poles. Consequently, whether rock magnetism as such 
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is applicable to the theories of polar wandering and/or 

continental drift depends greatly on the validity of the 

axial dipole assumption. Hospers (1955) has demonstrated 

that the assumption is valid for at least the last million 

years. Whether an axial dipole can be postulated for all 

of geologic time depends on the magnitude and character of 

secular variation of the main dipole and non-dipole com¬ 

ponents, on the possibility of the existence of multipolar 

fields in ancient times, and on the theories for the origin 

of the geomagnetic field. 

The possibility of axial multipolar fields has been 

examined by Runcorn (1959)i who has concluded that, if they 

have existed, the paleomagnetic and paleoclimatological 

evidence could not be reconciled in the Mesozoic and 

Paleozoic eras. Blackett et al. (i960) do not believe that 

large multipolar fields could have persisted for periods 
0 

of the order of 10 years. The theoretical dynamo models 

for the origin of the earth's field imply the existence of an 

axial dipole through time (Irving, 1964). Little is known 

about the magnitude of the geomagnetic secular variation 

in remote periods. Movement of the main dipole component 

has not been observed directly, however, non-dipole 

components appear to move rapidly. The character of the 

secular variation is obviously time dependent, and Cox 

(1962) emphasizes that it may be different in different 
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geographical locations as exemplified by the almost complete 

lack of geomagnetic secular variation in the Pacific basin 

at present. Watkins (1965) asserts that the Miocene geo¬ 

magnetic field may be subject to very sudden movement. 

In order to consider the results obtained in this 

study in terms of virtual geomagnetic poles, polar wandering, 

and continental drift, the existence of an axial dipole 

field must be assumed. If directions of magnetization of 

samples cover a sufficient amount of geologic time, the 

deviations due to secular variation of the magnetic field 

are eliminated. The mean directions of flows within one 

basalt member are significantly different from each other; 

the alpha-95 circles of confidence do not intersect except 

in the cases of successive flows. Consequently, each flow 

within a member must represent a distinct point in time; 

therefore, it is believed that the lavas were extruded 

during typical secular variation of the geomagnetic field. 

Although the above discussion emphasizes the danger in 

attempting to define the position of the spin axis from 

paleomagnetic data for limited sections of rocks, there is 

enough consistency here and enough time involved to de¬ 

termine which directions represent true axial dipoles and 

which represent excursions. No pattern is observed within 

individual epochs, but taking the early Tertiary as a unit 

a pattern can be discerned. 
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Figure 13* which represents the mean paleomagnetic 

directions of the stable sites, shows 2 groups of directions 

and 2 anomalous sites (sites 7 and 12). It has been 

established that site 7 probably represents a transition 

between polarity epochs in Rawls time. Site 12 may either 

represent large secular variation or a transition zone in 

Bee Mountain time. In order to distinguish which is the 

case, the stratigraphic relationship of the two flows is 

needed. This is not known. Seven sites, four normally 

magnetized (sites 6, 11, 13* and 19) and three reversely 

magnetized (sites 2, 3* and 8), are approximately the same; 

the alpha-95 circles of confidence intersect or are l80° 

opposite (figure l6). These seven sites yield an average 

virtual geomagnetic pole of 104°E and 75°N (figure 17). 

Fortuitously, sites 10 and l6 fall on either side of the 

mean and may represent part of the expected normal scatter. 

Because of the limited number of data points, it is not 

possible to discern whether or not they represent excursions 

of the field or a real scatter in the mean. Since it is 

desirable to define the mean as rigorously as possible, 

sites 10 and l6 have not been included. Besides this group 

a group of four reversely magnetized sites is present (sites 

1, 14, 17* and 26). These four sites are not significantly 

different since their alpha-95 circles of confidence inter¬ 

sect. The directions yield a mean virtual geomagnetic pole 
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ig. 16. 
Site mean 
directions with 
associated 95$ 
confidence circles 
of the 7 reliable 
sites which are 

fin°N nok significantly u different. 

90°E 90°W 

Pig. 17- Positions of virtual geomagnetic poles 
calculated from the mean directions of 
the seven sites shown in figure l6. 
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position of 77*8°N and 30.0°W. Both groups of consistent 

data involve sufficient time (Eocene to Miocene) to average 

out the non-dipole components. An alternative method of 

analysis is to average all the mean directions with the 

exception of sites 7 and 12, but the fact that two groups 

are significantly different indicates that this is not the 

best approach. The results, then, yield two different pole 

positions for early Tertiary. The cause of the difference 

is likely to be one of four possibilities. 1. The early 

Tertiary magnetic field was multipolar. The number of data 

points here is not sufficient enough to substantiate this 

nor does it seem likely when the work of Runcorn (1959) and 

Blackett et al. (i960), as previously discussed, is con¬ 

sidered. 2. The sections represented by the two groups 

have rotated relative to each other. Tectonic modification 

of sections is commonly discussed in the literature but is 

unlikely here. Although Tertiary block faulting has 

occurred in West Texas, the flows have no dip and no 

rotation is indicated. 3- The two virtual geomagnetic 

poles are actually expressions of axial dipoles but the 

sections are not at all contemporaneous and the difference 

is due to rapid movement of the spin axis with respect to 

the crust of the earth. Rapid polar wandering of this type 

seems doubtful (Blackett et al., i960), however, the sections 

are not exactly contemporaneous although they span about 

the same amount of time. 4. Insufficient time is involved 
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in some sections to average out non-dipole components. A 

combination of the last two possibilities can explain the four 

reversely magnetized sites which yield a pole position of 

77.8°N and 30.0°W. Stratigraphic control between sections 

is not good and the existence of a non-dipole source which 

has similar character in reversed epochs in Eocene time is 

possible. The fact that the one group is represented only by 

sites which are reversely magnetized leads one to suspect 

a source other than the main axial dipole. An early Tertiary 

pole position based on normal and reversed directions which 

are exactly l80° opposite is far more reliable. For this 

reason the pole position of 75°N and 104°E which represents 

the seven sites with both polarities is taken as an average 

early Tertiary pole. In general, then, we agree with those 

workers who have stated that the early Tertiary field is not 

aligned with the present dipole as opposed to the late 

Tertiary and Quarternary field and conclude that the early 

Tertiary pole was located at 75°N and 104°E. 

If the coincidence of the earth's axis of rotation and 

the geomagnetic dipole is taken as a fundamental hypothesis, 

the ancient poles of the earth have not been in the same 

relative position with respect to the land masses as at 

present (Runcorn, 1955)* If the land masses have not moved 

relative to each other then the whole crust or the whole earth 

has moved relative to the axis of rotation. This has become 



-52- 

known as the hypothesis of polar wandering. On the other 

hand, the theory of continental drift is based on relative 

movement between continents. The data obtained from paleo- 

magnetic measurements have shown that younger geologic forma¬ 

tions are magnetized in directions close to that of the 

present earth's magnetic field. Remanent magnetic measure¬ 

ments in the late Tertiary (Pliocene and Miocene) indicate 

that the dipole has been close to the present axis of 

rotation (Kalashnikov, 1961). In the early Tertiary, how¬ 

ever, there is evidence that this is not the case. 

A series of pole positions based on successively 

younger rock formations may be joined by a polar wandering 

curve terminating at the present geographical pole. Thus 

any single curve may be produced only by polar wandering. 

However, polar wandering alone would produce the same curve 

for all land masses. Continental drift is then inferred 

when polar wandering curves from different land masses 

(say Europe and North America) are compared. When this is 

done it is found that the curves diverge. Deutsch (1966) 

states that this divergence between different curves is 

statistically significant. If this is correct, polar 

wandering without any drift cannot account for the results. 

Since continental drift has never been observed directly, 

it remains an unproven hypothesis; however, rock magnetism 

supports the occurrence of drift since the Precambrian 

(Runcorn, 1962). 
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In order to use paleomagnetism in interpretations, 

four factors must be known: 1. the stability of the 

remanence, 2. the age of the rocks, 3- the virtual 

geomagnetic pole that the direction yields, if the geo¬ 

magnetic field has been a geocentric dipole, and 4. the 

tectonic stability of the regions sampled. Thus the 

fundamental problem in using paleomagnetism is assessing 

the reliability of the rock magnetic data. 

All the virtual geomagnetic poles obtained from 

European data and the U.S.S.R.'s results for the early 

Tertiary are listed in Table 7 and plotted in figure 18. 

Figure 19 represents the poles from the group that the 

writer considers reliable after having analyzed the 

stability tests given in the literature by the contributors 

for each pole. Poles are considered reliable here if ac 

or thermal demagnetization tests have been done, if the 

ovals of confidence are less than 20°, and if the 

contributor himself believes the pole represents a virtual 

geomagnetic pole. Only data ranging in age from Eocene 

to Lower Miocene are considered. The reliable European 

poles give a mean pole position of l45°E and 74°N for the 

early Tertiary. 

The writer does not believe that any of the pole 

positions published in the literature for North America 

represent reliable virtual geomagnetic poles for early 
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Figure l8. Positions of early Tertiary virtual geomagnetic 
poles for Europe and the U.S.S.R. referenced 
in Table 7- 

Early Tertiary pole 
reliable for Europe 

positions considered 
and the U.S.S.R. 

Figure 19. 
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Tertiary. The published pole positions for North America 

are listed in Table 8. Of the Eocene to Lower Miocene poles, 

only one has been tested for stability. This is Cox's (1957) 

Eocene pole for the Siletz River Volcanics in Oregon. 

Irving (1964) suggests that it may be anomalous due to the 

tectonic unstability of this area. Carey (1955) contends 

that the Mendocino orocline, which is in this area, was once 

straight meaning that the Siletz lavas have rotated in Middle 

Eocene to Miocene time (Irving, 1964). Watkins (1965) from 

his study of the paleomagnetism of the Columbia Plateaus 

contends that this region has been subject to tectonic change 

and that tectonic movement of the orocline has taken place 

since the Miocene period. Consequently, Cox's result is not 

considered here to be a reliable indication of the geo¬ 

magnetic pole for North America in early Tertiary. 

As has been stated earlier, the mean virtual geomagnetic 

pole obtained in this study of lavas in West Texas is 104°E 

and 75°N. Thus, the latitudes of the European and North 

American poles are essentially the same, but the North 

American pole lies 4l° west of the European pole. Figure 

20 shows the early Tertiary geomagnetic poles for Europe 

and North America as obtained here. Because of the rigorous 

criteria used to determine the mean poles, the writer 

believes the difference between the two poles is real and 

implies relative movement of North America 4l° west from 
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o° 

Fleure 20. Equal-area map of the northern hemisphere 
showing the early Tertiary geomagnetic pole 
positions for North America (obtained from 
the data in this study) and for Europe 
(obtained from a study of all published 
European pole positions). 
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Europe since early Tertiary time. 

Even if secondary magnetization is still a contributing 

factor to the directions obtained from the reliable data, 

the difference between the polar wandering curves for North 

America and Europe cannot be explained, because any 

systematic secondary component cannot offset the longitude 

of the pole positions (Runcorn, 1956). 

Du Bois (1957) and Runcorn (1962) contend that the 

difference between the two polar wandering paths for Europe 

and North America would be negligible if the two continents 

were very near or in contact before Middle Mesozoic time. 

Du Bois's results further imply that North America has 

drifted westward with respect to Europe by about 45° since 

Triassic time. 

These results are of further interest because of the 

recent theories on sea floor spreading. If it is taken as 

fact that Europe and North America have drifted apart 40 

degrees since early Tertiary (say 50 million years), the 

rate of drift can be calculated. A drift of 40° in 50 

million years yields a drift rate of about 6 cm/year, 

calculated at 45°N latitude which is where the magnetic 

profiles discussed by Vine and Mathews (1963) were measured. 

This is higher than the rates of 2 to 4 cm/year proposed to 

account for the magnetic anomalies over oceanic rises (Vine 

and Mathews, 1963; Vine and Wilson, 1965; and Vine, 1966). 

These models necessarily assume a uniform rate of spreading 
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and the anomalies indicate that a uniform rate probably- 

existed back as far as the models extend in time, which is 

on the order of 10 million years; however, there is no 

reason to assume a uniform rate has persisted beyond this. 

In fact Ewing and Ewing (1967) interpret the abrupt change 

in sediment thickness that exists between the crests and 

flanks of the mid-ocean ridges as a discontinuity in the 

rate of sea floor spreading. They believe that the process 

of spreading is intermittent. If both the average rate of 

6 cm/year for drift since early Tertiary time and the rate 

of 3 cm/year for recent drift are real, a reduction in the 

rate of continental drift is implied. Values for rates of 

drift allow the calculation of the total time required for 

the continents to drift to their present position -- about 

45° apart. If a constant drift rate is assumed for the 

calculations, the rate of 6 cm/year calculated here yields 

a time of 71 million years. The former is somewhere in the 

Late Cretaceous and the latter in the Jurassic period. 

Consequently, it is reasonable to assume that, if sea floor 

spreading and continental drift exist and are related, 

initiation of the process during the Middle to Upper 

Mesozoic as proposed by Runcorn and Du Bois and substantiated 

here is in fact justified. 

Reliable early Tertiary paleomagnetic data for North 

America has been lacking. As a result the polar wandering 

curves presented by Runcorn (1962) and Deutsch (1966) have 
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been drawn from the Mesozoic pole positions to the present 

pole following the general trend of the curve without Tertiary- 

data. As a result of data which appeared to be inconsistent, 

most workers speak of continental drift as being pre-Tertiary 

and even spanning only the short period of time from Middle 

Mesozoic to the Tertiary. Uyeda, Kanamori, and Takeuchi 

(1967) have stated that the polar wandering curves for 

Europe and North America are joined by the Tertiary period 

at or very near the present pole. The results obtained in 

this study indicate that this is not the case, but that drift 

continued into the Tertiary, which may imply that drift is 

continuing now, but at a slower rate. These results do not 

change the shape of either Runcorn's or Deutsch's polar 

wandering curves, but place early Tertiary poles on them. 

Summary 

The most significant result of this study is the 

establishment of reliable data for the early Tertiary in 

North America. The results indicate that reversals of the 

geomagnetic field in the early Tertiary are common and 

probably occurred as frequently in early Tertiary time as 

in late Tertiary and Quarternary time. Furthermore, the 

results indicate that the early Tertiary earth's magnetic 

field was not aligned with the present spin axis. Although 

it is possible to interpret the data points in several ways, 
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the writer believes for the reasons given that the interpreta¬ 

tion presented here is the best one. This interpretation 

supports continental drift in general and indicates move¬ 

ment of North America west from Europe since early Tertiary 

time. 
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APPENDIX A 

Computer Programs 

1. To compute the declination, inclination, 
and intensity of the magnetic vector of 
a specimen. 

2. To compute the mean declination and 
inclination of a site and to compute 
the Fisher statistics for that site. 
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FORTRAN SOURCE LIST 
ISN SOURCE STATEMENT 

0 $1BFTC PALEOM DECKyREF 
C COMPUTE FINAL OECLINAT ION AND INCLINATION AND THE INTENSITY OF A SAMPLE 
C DSPIN*DECLINATION DETERMINED FROM SPINNER 
C BINCL = INCLINATION DETERMINED FROM SPINNER 
C ZF*FIELOZ, ZFR* FIELD Z IN RADIANS 
C YF * FIELD Y, YFR* FIELD Y IN RADIANS 
C QZP * QUADRANT OF HORIZONTAL PROJECTION OF FIELD Z 
C DELTA * QUADRANT OF FIELD Y 
C OCX« DCY, DCZ* DIRECTION COSINES FOR Xy Yt Z 

1 H3 1*0 
2 PRINT 84 
3 84 FORMAT<IHl,2X y 3HN0.y6X y1HX,9X yIHYy 9X ylHZ ,6X y6HSDECL.y4Xy6HSINCL« y 

I4X y6HYFIELDy 4X,6HZFIELDy 5Xy 5HDECL•y5Xy 5HINCL «y 5X, 5HDEMAG,6X,3HINTI 
4 14 READ 27yN,XfYyZyYFyZFyVOLyDEMAG 
6 21 FORMATII3y5F8.3yF5.2yI5) 
7 01*3.1416 
10 RAD*57.2958 
11 C*.0036367 
C FIRST COMPUTE D AND I WITH Z AXIS VERT ICAL-IE* FROM SPINNER 
C ESTABLISH SIGN ANDyTHEREFOREyQUADRANT OF H, IE Xy Y» RESOLVED 
12 IFCXJ5,10,15 
13 5 IF< Y)20y25y30 
14 15 IF(YI 35,55y45 
15 10 IF<Y)50,55,60 
16 20 S*ABS(X) 
17 T*ABS(Y) 
20 DSPIN*PI+ATAN2«T,SI 
21 GO TO 80 
22 30 S*ABS(X) 
23 T *ABS(Y) 
24 DSPIN*PI-ATAN2(T,SI 
25 GO TO 80 
26 25 DSPIN*PI 
27 GO TO 80 
30 35 S*ABS(X) 
31 T*ABS(YI 
32 DSPIN»2.*Pl-ATAN2<TyS) 
33 GO TO 80 
34 45 0SPIN*ATAN2(Y,X) 
35 GO TO 80 
36 50 DSPIN*(3.*PI>/2. 
37 GO TO 80 
40 55 DSPIN*0. 
41 GO TO 80 
42 60 DSPIN*PI/2. 
43 GO TO 80 
44 80 F«SQRTIX*X+Y*Y| 
45 BINCL*ATAN2CZ,FI 
46 OSPIND*DSPIN*RAD 
47 BINCLD*BINCL*RAD 
50 ZFR*ZF/RAD 
51 YFR*YF/RAD 
C SECOND CORRECT FOR FIELD ORIENTATION AND COMPUTE FINAL D AND I USING 
C COX AND DOELL METHOD AS IN USGS BULLETIN 1203-A 

IF(P!/2.-YFR)l,ly2 52 
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FORTRAN SOURCE LIST PALEON 
ISN SOURCE STATEMENT 

53 2 QZP*4. 
54 GO TO 90 
55 1 IF(PI-YFR)3,3,4 
56 4 QZP*l. 
57 GO TO 90 
60 3 IF(3.*PI/2.—YFR)6*6,7 
61 7 QZP*2. 
62 GO TO 90 
63 6 QZP*3. 
64 90 IF(PI/2.-YFR)8,9,9 
65 9 DELTA-1. 
66 GO TO 95 
67 8 IFIPl—YFR)ll,12*12 
70 12 DELT A-2. 
71 GO TO 95 
72 11 IF(3.*PI72.-YFR)13f24,24 
73 24 DELTA-3. 
74 GO TO 95 
75 13 DELTA-4. 
76 95 DIFF-DELTA-QZP 
77 IFC01FF-1.116,17,16 
100 17 ESPLN-O. 
101 GO TO 96 
102 16 IF(DIFF+3.) 18,19,18 
103 19 ESPLN-O. 
104 GO TO 96 
105 18 ESPLN-i. 
106 96 CHI-<PI/2.-ZFR)+ESPLN*(2.*ZFR+PI) 
107 DIV-SQRT(X*X*Y*Y+Z*Z) 
110 DCX-X/D1V 
ill DCY-Y/DIV 
112 0CZ-Z/D1V 
113 RICH*IDCX)*CO$(CHI)+<DCZ)*$INICHI) 
114 GILL—IDCX)*SINICHI )«•< DCZ ) *COS ( CHI) 
115 FI“ARSINIGILL) 
i 16 FI»Fl*RAD 
117 FX=(DCY)*COS(YFR)+(RICH)*$IN< YFR) 
120 FY=(DCY)*$IN(YFR)—(RICH)*C0$(YFR) 
121 D»ARCOS(FX/<SQRT(FX*FX*FY*FY)) ) 
12? IF(FY)21,22,22 
123 22 D«D 
124 GO TO 98 
125 21 0«?.*PI-D 
126 98 0=D*RAD 
127 RMOM=(SQRT(X*X*Y*Y+Z*Z) ) *C 
130 TINT-RMOM/VOL 
131 PRINT 85,N,X,Y,Z,DSPIND,BINCL0*YF,ZF,0,FI,DEMAG,TINT 
132 85 FORMATC3X,I3,9(2X,F0#3),2X,IlO,2XtF12.8) 
133 WRITE(7,B6)N,D,FI 
134 b6 FORMAT(I3,?F8«3) 
135 i*m 
136 IF 11-50) 14,14,83 
137 END 
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FORTRAN SOURCE UST 
ISN SOURCE STATEMENT 

0 $IBFTC FISHER DECK,REF 
C N*SAMPLE NUMBER 
C D=DECLINATIÜN OF SAMPLE 
C FI * INCLINATION OF SAMPLE 
L SLONb- LONGITUDE OF SITE OF SAMPLE 
C SLAT * LATITUDE OF SITE OF SAMPLE 
L S*NUMBER OF SAMPLES IN GROUP 
C ZMS*SUM OF SIN'S OF Z'S IN GROUP 
C X*COS OF INLL X COS OF OECL FOR A SAMPLE 
C XMS* SUM OF X'S FOR A GROUP 
C Y * COS Ol- INCL X SIN OF OECL FOR A SAMPLE 
C YMS* SUM OF Y»S FOR A GROUP 
1 PRINT 80 
2 BO FORMAT!IH1,6X,6HMEAN I«4X,6HMEAN D,6X,1HK,6X,8HALPHA 95,4X,3HLAT, 

17X,4HL0NG» 7X,2HDP,8X,2HDM) 
3 10 S-0# 
4 XMS=0. 
5 YMS»0« 
6 ZMS*0* 
7 PI®3.1416 
10 RAD*57.2958 
11 9 READ11,N,D,F1,J,SLONG»SLAT 
14 11 F0RMAMI3,2F8.3,U,2F6.2) 
15 DR-D/RAD 
16 FIR=FI/RAD 
17 Z^SINCFIR) 
20 ZMS*ZMS+Z 
21 A=COS(FIR) 
22 C=SIN(DR) 
23 E-COS(DR) 
24 X=A*fc 
25 XMSaXMS+X 
26 Y=A*C 
27 YMS=YMS+Y 
HO S=S+1. 
C TO STOP AND DO STATISTICS AT END OF GROUP,PUT 0 ÜN LAST CARD OF GROUP,AND 
C ANY POSITIVE NUMBER IN OTHERS 

HI IF(J)2,2,9 
C R«LENGTH OF VECTOR 

32 2 R*SQRT< XMS*XMS+YMS*YMS*ZMS*ZMSJ 
C F» MEAN INCLINATIUN FOR A GROUP 
33 ZMSA=ABS(ZMS) 
34 F*ARSINIZMSA/R) 
35 IFIZMS)61,82,82 
36 81 F*-F 
37 GO TO 83 
40 82 F*F 
41 83 FQ*F*RAD 
C FIND ABSOLUTE VALUE UF SUM OF PRODUCTS SO CAN GET INVERSE FUNCTION 
42 XMSAaABSIXMS) 
43 YMSA*ABS(YMSI 
44 OMaATANC YMSA/XMSA) 
45 DMDaDM*RAU 

C COMPUTE MEAN DECL AND FIND WHICH QUADRANT IT,S IN BY KNOWING THAT THE SUM 
C UhCUS I TIMES COS D CAN ONLY BE NEGATIVE1F D IS IN THE 2ND UR 3R0 UUAU 
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FORTRAN SOURCE LIST FISHER 
ISN SOURCE STATEMENT 

C AND THE SUM OF COS I TIMES SIN 0 NEGATIVES 0 IN 3RÜ OR 41H QUAD 
C DMO=MEAN 0 FOR A GROUP » OUTPUT 
46 lFfXMS)l,3,3 
47 I IF!VMS)7« 8*8 
50 3 IF!YMS)4,6,6 
51 6 DMD»DMD+0. 
52 GO TO 14 
53 7 OMD-DMD+180. 
54 GO TO 14 
55 8 DMD*180.-DMD 
56 GO TU 14 
57 4 DMD*360*-0MD 
C PP* FlSHER*S PRECISION PARAMETER 

60 14 PP=(S-1.*/IS-R) 
61 EPX*l./!S-l.) 
62 H*i.-!!!S-R)/R)*<!ll./*05)**EPXI-l.)J 
63 ALPHA*ARCOS!H) 
C P* DISTANCE FROM SAMPLING SITE TO VIRTUAL GEOMAGNETIC POLE 
64 P»ATAN!2./TAN!F)) 
65 IF ! P ) 76f77»77 
66 77 P*P 
67 GO TO 78 
70 76 P*P+PI 
71 78 SLONG=SLONG/RAD 
72 SLAT«SLAT/RAD 
73 XLAT®! SIN! SLAT)*COS!P) '(‘COS ( SLAT)*S IN!P)*CQ$i DMD/RAD) ) 
74 IF IXLAT)17#18*18 
75 18 XLAT*ARSIN!XLAT) 
76 GO TO 19 
77 17 XLAT-ABSIXLAT) 
100 XLAT*-ARSINI XLAT) 
101 19 BETA»!SI N(P)*SIN(DMD/RAD))/COS(XLAT) 
102 IF(BETA)20,2l«21 
103 21 BETA=AR$IN!BETA) 
104 GO TO 22 
105 20 BETA*AB$!BETA) 
106 BE TA»-ARSIN!BETA) 
107 22 fEST*COS!P) 
110 ELSE*SIN!SLAT)*SIN!XLAT) 
111 IF ! ELSE-TEST)65 *65 »70 
112 65 XLQNG=SLGNG+BETA 
113 GO TO 71 
114 70 XLONG*SLONG+PI-BETA 
115 71 XLAT»XLAT*RAO 
116 XLONG®XLQNG*RAD 
117 CP*COS!P) 
C DP AND DM* AXES OF OVAL OF CONFIDENCE 

120 DP*!!1.+3**!CP*CP))♦ALPHA/2.)♦RAD 
121 DM»!ALPHA*SIN!P)/COSIF))*RAD 
122 ALPHA®ALPHA*RAD 
123 WRITE!6,75)FDtDMDtPPtALPHA,XLATtXLONG,DP»DM 
124 75 FORMAT!3X,8(2X»F8.3)) 
125 60 TO 10 
126 END 
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APPENDIX B 

Demagnetization Apparatus and Tests of Performance 

The remanent moment of a specimen usually has several 

components acquired in several modes. AC demagnetization 

is a systematic procedure which reveals the magnetizations 

associated with the different modes of development. Each 

magnetic grain in a rock consists of one or more magnetic 

domains (Nagata, 1961). The energy required to change the 

magnetic state of a domain may be supplied by a magnetic 

field (Nagata, 1961), and the critical value needed to change 

the states is termed the coercive force. For a single rock 

specimen the coercive force is characterized by a wide range 

of values and thus a wide coercive force spectrum. The 

natural remanent magnetization acquired by some processes 

is "hard" and the domains have high coercivities, whereas 

that acquired by other processes is "soft" and the domains 

have low coercivities (Nagata, 1961). Because of this range 

of coercivities, progressive demagnetization first of softer 

domains and then of harder ones is possible. If an 

alternating field which is slowly decreased from a peak 

value to zero is applied, the soft domains are remagnetized 

into many cancelling regions but the hard domains are not 

changed (Néel, 1955)• Therefore, in demagnetization the 
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alternating field intensity is increased stepwise and the 

rock is measured after each step making possible a full anal 

ysis of the magnetization of a specimen. The alternating 

field is directed in only one direction which is dependent 

on the axis of the coil. Consequently, more than one 

direction of the sample must be exposed. This helps avoid 

the possibility of superimposing an anhysteretic remanent 

magnetization on the remanent moment. In making the measure 

ments presented here the specimen is rotated about two axes 

at right angles and perpendicular to the axis of the coil, 

demagnetizing it in many directions. The demagnetization 

coil has an inner diameter of 100 mm. and is 102 mm. long. 

It contains 1500 windings in 18 layers. The current is 

controlled by a variable transformer and a maximum field of 

1600 oersteds is obtainable. 

In order to obtain the current needed in the trans¬ 

former to produce a given magnetic intensity in oersteds, 

a test coil is placed in the center of the demagnetization 

coil and is connected to a voltmeter. 

B = 
erms x 10® 
4.44(f)(N)(A) 

where f is the frequency (in this case 60), N is the number 

of turns on the test coil (24), A is the area of the test 

coil (.745)* and erms is measured from the voltmeter at a 

known amperage. B is calculated for several values of 
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current and, thus, the current needed to produce the re¬ 

quired peak values of magnetic intensity in the de¬ 

magnetization coil can be calculated. 

In order to test the reliability of the apparatus to 

randomize soft domains unpreferentially, two rock specimens 

were heated to 700°C and cooled in the earth's field, 

imparting a TRM to the rock. An IRM was added by placing 

the specimens near a large electro magnet. Progressive 

demagnetization using the apparatus described removed the 

IRM and the original TRM direction was obtained in both 

cases. Figure 21 shows the original TRM position, the 

position after IRM was put on, and the path taken for each 

sample during progressive demagnetization. 

The writer wishes to thank Esso Production Research 

for the ac demagnetization apparatus which they gave to 

the paleomagnetism laboratory at Rice University. 

Magnetometer Calibration 

In order to determine magnetic intensities, the 

magnetometer was calibrated using plastic samples containing 

small magnets. These standard samples were prepared and 

measured by H. C. Clark using the spinner magnetometers at 

Stanford University and the U.S.G.S. at Menlo Park. The 

magnetic direction of the samples in the X, Y, and Z 

directions was measured here and the resultant vector 
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NORTH 

Figure 21. Summary diagrams for the specimens used to 
test the demagnetization apparatus showing 
TRM directions, the direction after IRM was 
put on, and the path taken during demagnetiza¬ 
tion. 
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\j- x2+y2+z^ was obtained. The resultant vector divided 

into the intensities obtained on the same samples at 

Stanford and the U.S.G.S. yielded a calibration constant 

of 3*63667 X lO-^ for a signal in millivolts. The 

resultant vector of each rock specimen measured here was 

then multiplied by this constant to obtain intensities 

in emu. 
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