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Preface to the Electronic Edition of
Paleomagnetism: Magnetic Domains to Geologic Terranes

This electronic version of Paleomagnetism: Magnetic Domains to Geologic Terranes is made
available for the use of Ostudentsof paleomagnetism. In this context, Ostudentiheans anyone
who has sufficient interest in paleomagnetism to read through this text in an effort to gain a basic
understanding of the subject.

Following the decision by Blackwell Science Inc., the original publisher, to no longer make the text
available in hardcopy, | obtained the copyright to the book in an effort to keep it available to inter-
ested parties. | was encouraged by several people, most notably Mark Besonen of the University
of Massachusetts Amherst, to reformat the text into PDF files which could be accessed using the
internet or via ftp. As with all such efforts, this operation took much longer than originally imagined,
although it was relatively straightforward. As is also often the case, someone other than the author
did most of the work. In this case, that someone was Norman Meader. Norm took on the task of
learning PageMaker and Adobe Acrobat in order to transform the book from text and graphics files
into PDF files. Many hours of Norm[3 time went into this effort. All | had to do was proof the
chapters as he completed the conversions. | am very grateful to Norm for his major effort on this
project and his careful attention to detail. | also thank Steve Sorenson for his management of the
computer system on which the files for this electronic version of the book are maintained.

Because | now hold the copyright to Paleomagnetism: Magnetic Domains to Geologic Ter-
ranes, it is within my legal right to permit users to make copies of this electronic version for their
personal use. | hereby grant permission to anyone making a hardcopy of these PDF files to make
additional hardcopies by xerography or other means for noncommercial use. The obvious impor-
tance of this permission is to allow instructors of classes or groups of students to make as many
hardcopies of this book as they wish at the lowest possible cost. If you wish to have hardcopies
made by a commercial firm, | recommend that you show this page to the personnel at such firms
to assure them that no copyright is being violated by making hardcopies for personal use or use in
formal or informal classes.

If you wish to make a citation to Paleomagnetism: Magnetic Domains to Geologic Terranes,
you should cite the original 1992 printed version using standard citation styles.

Sincerely,

(7 L

Robert F. Butler

Professor of Geosciences
University of Arizona
Tucson, AZ 85721
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Figure 1.1 (a) A magnetic dipole constructed from a pair of magnetic charges. The magnetic charge of
the plus charge is m; the magnetic charge of the minus charge is +m; the distance vector from the
minus charge to the plus charge is I. (b) A magnetic dipole constructed from a circular loop of
electrical current. The electrical current in the circular loop is /; the area of the loop is A; the unit
normal vector n is perpendicular to the plane of the loop. (c) Diagram illustrating the torque I'on

magnetic moment M, which is placed within magnetic field H. The angle between Mand His 6;I"
is perpendicular to the plane containing M and H.

gooooooooooooooboo JgobbooboooooooooobooobooooooooboooboooOoo
gobooboboobooboobooboobobooboobooon

jo I 05

M, 000000000000 O0OO0O0ODOobOoboOoOg
gooooooooooooooooooooooOobObOO00oo gHoooooooooooo J;,000
ubobooooboobooooono yobooooooo

ggobbobb yxoboobooobobbobooboboobobuoobooboobooboboooobo
goboobobooboobooboobooboboobooboobooboobobobooboboon
oooooobooooooo0oon0 J;0 HOOOOOOOOODODODDOOOOOOoOooooDDO2000
gbooooobodon «.00000000 y,z0000000000000000000000 3x30
goboobobooboobooobd

ooboooooooooooboboboobooooogobobobo J,OooODObOOoOOoooDbobOoo
booooboooooobooooboobooboobooboboooobooooobOobooooboOoobooon
booooboboooboobooooboboooboOobooooobOoooooOoon

gboogoobogobbooooboboobobooooboboo2000boboobobobg
ooboooob FOODOOODO H,ObOooooooo

H,=HsinIl (1.7)
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H, = HcosIsinD (1.10)
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Geographic
North Magnetic
/ North

D  H.=H cosl Figure 1.2 Description of the direction of the mag-
h netic field. The total magnetic field vector H
| can be broken into (1) a vertical component,
» East H, = Hsin | and (2) a horizontal component,

Hjp, = Hcos I, inclination, |/, is the vertical
H angle (= dip) between the horizontal and H;,

I declination, D, is the azimuthal angle be-

Il tween the horizontal component of H (= Hp)
L and geographic north; the component of the
2] LT . .

5 magnetic field in the geographic north

direction is H cos I cos D; the east compo-
nentis Hcos /sin D. Redrawn after
McElhinny (1973).
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M cos A

H, = 3 (1.12)
2M sin A
M

H = —V1+3sin®A (1.14)
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H, 2sin A
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an <Hh> ( p—" > an (1.15)
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Figure 1.3 Geocentric axial dipole model.
Magnetic dipole M is placed at the center
of the Earth and aligned with the rotation
axis; the geographic latitude is A; the
mean Earth radius is r,, the magnetic
field directions at the Earth's surface
produced by the geocentric axial dipole
are schematically shown; inclination, /, is
shown for one location; N is the north
geographic pole. Redrawn after
McElhinny (1973).
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Figure 1.4 Isoclinic chart of the Earth's magnetic field for 1945. Contours are lines of equal inclination of
the geomagnetic field; the locations of the magnetic poles are indicated by plus signs; Mercator
map projection. Redrawn after McElhinny (1973).

geomagnetic
north pole

north magnetic pole N (geographic pole)
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g (|I:0°)qu geographic
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geomagnetic g
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best-fitting
dipole

south magnetic pole
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\ geomagnetic
south pole

Figure 1.5 Inclined geocentric dipole model. The best-fitting inclined geocentric dipole is shown in
meridional cross section through the Earth in the plane of the geocentric dipole; distinctions
between magnetic poles and geomagnetic poles are illustrated; a schematic comparison of
geomagnetic equator and magnetic equator is also shown. Redrawn after McElhinny (1973).
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Figure 1.6 The nondipole geomagnetic field for 1945. Arrows indicate the magnitude and direction of
the horizontal component on the nondipole field; the scale for the arrows is shown at the lower
right corner of the diagram; contours indicate lines of equal vertical intensity of the nondipole field;
heavy black lines are contours of zero vertical component; thin black lines are contours of positive
(downward) vertical component, while gray lines are contours of negative vertical component; the
contour interval is 0.02 Oe. Notice the clown-face appearance with the nondipole magnetic field
going into the eyes and mouth and being blown out the nose. Redrawn from Bullard et al. (Phil.
Trans. Roy. Soc. London, v. A243, 67-92, 1950).
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Declination (°)

Figure 1.7 Historic record of geomagnetic field direction at Greenwich, England. Declination and
inclination are shown; data points are labeled in years A.D.; azimuthal equidistant projection.
Redrawn after Malin and Bullard (Phil. Trans. Roy. Soc. London, v. A299, 357+423, 1981.)
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Figure 1.8 Record of Holocene geomagnetic secular variation recorded by sediments in Fish Lake in
southeastern Oregon. Declination and inclination are shown against radiocarbon age. Data
kindly provided by K. Verosub.
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Figure 1.9 Positions of the north geomagnetic pole over the past 2000 yr. Each data point is the mean

Dipole moment (X102% G cm3)

geomagnetic pole at 100-yr intervals; numbers indicate date in years A.D.; circles about geomag-
netic poles at 900, 1300, and 1700 A.D. are 95% confidence limits on those geomagnetic poles;
the mean geomagnetic pole position over the past 2000 yr is shown by the square with stippled
region of 95% confidence. Data compiled by Merrill and McElhinny (1983).
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10 Figure 1.10 Geomagnetic dipole moment
over the past 10,000 years. Means
9 4 for 500-yr intervals are shown to
4000 yr B.P.; 1000-yr means are
8 - shown from 4000 to 10,000 yr B.P;;
error bars are 95% confidence
74 limits. Redrawn after Merrill and
McElhinny (1983).
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Figure 1.11 Self-exciting disk dynamo. The
copper disk rotates on an electrically
conducting axle; electrical current is
shown by bold arrows; the magnetic field
generated by the coil under the disk is
shown by the fine arrows. (Adapted from
The Earth as a Dynamo, W. Elsasser,
Copyrightd 1958 by Scientific American,
Inc. All rights reserved.)
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Figure 2.1 (a) Magnetization, J, versus magnetizing field, H, for a diamagnetic substance. Magnetic
susceptibility, x, is a negative constant. (b) Jversus H for a paramagnetic substance. Magnetic
susceptibility, x, is a positive constant. (c) Jversus H for a ferromagnetic substance. The path
of magnetization exhibits hysteresis (is irreversible), and magnetic susceptibility, x, is not a simple
constant.
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0.6 Figure 2.2 The Langevin function, L(«).
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Figure 2.3 Normalized saturation magneti-
zation versus temperature for
magnetite and hematite. jso =
saturation magnetization at room
temperature; for hematite, jsq ~ 2
G; for magnetite, j;o = 480 G.
Redrawn from Pullaiah et al. (Earth
Planet. Sci. Lett., v. 28, 1331143,

(M,

1975).
00 T I T T I I 1
0 100 200 300 400 500 600 700
Temperature(°C)
a b c
Ferromagnetism Antiferromagnetism Ferrimagnetism

RRAREERAIRRENRATEN
RRAREEEEEEE AN

b

) Antiparallel
Parallel Antiparallel coupling;
coupling coupling layers of
unequal M

Figure 2.4 Exchange couplings for (a) ferromagnetic, (b) antiferromagnetic, and (c) ferrimagnetic
materials. The net magnetization for ferrimagnetic material is shown at right; the net magnetiza-
tion of antiferromagnetic material is zero.
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TiO

Figure 2.5 TiO,*FeO+Fe,O4 ternary diagram. Com-
positions of important FeTi-oxide minerals are
labeled along with mineral names; titano-
magnetite and titanohematite solid solution
series are indicated.
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Figure 2.6 Coordinations of Fe cations
with O%2 anions in magnetite. 0*2
anions are lightly shaded spheres;
A-sublattice cations (medium
shaded spheres) are in tetrahedral
coordination with four O*2 anions;
B-sublattice cations (dark spheres)
are in octahedral coordination with
six O*2 anions; the unit cell dimen-
sion of the spinel crystal structure
is shown by the dashed lines.

Normal Spinel Inverse Spinel
ZnFe O, Fe,0, Fe,Ti0,
A B A B A B
Zn*2 Fe*3 Fe*? Fery AFe's Fe'24 Fes2) fFe+2Ti +4
Ferrimagnetic Antiferromagnetic

Figure 2.7 Comparison of cation distributions in normal spinel and inverse spinel. A and B indicate A
sublattice and B sublattice cations, respectively; arrows indicate directions of cationic magnetic
moments. Redrawn after McElhinny (Palaeomagnetism and Plate Tectonics, Cambridge,
London, 356 pp., 1973).
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Figure 2.8 Saturation magnetization and Curie temperature for titanomagnetite series. Composition is
indicated by parameter x; the left axis indicates saturation magnetization (jg); the right axis
indicates Curie temperature (7;). Redrawn after Nagata (1961).
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Figure 2.9 Coupling of cationic (Fe3*) magnetic moments in hematite. Planes of cations are basal
(0001) planes; magnetic moments are parallel within a particular basal plane; coupling of cationic
(Fe3*) magnetic moments between (0001) planes is shown on the right of the diagram; the
magnetic moment in the upper plane is shown by the dark gray arrow; the magnetic moment in
the lower plane is shown by the light gray arrow; the vector sum of these two nearly antiparallel
magnetic moments is shown by the bold black arrow using a greatly expanded scale.
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Figure 2.10 Saturation magnetization and Curie temperature for titanohematite series. Composition is
indicated by parameter x; the left axis indicates saturation magnetization (jg); the right axis
indicates Curie temperature (7:); compositions x < 0.45 have canted antiferromagnetic coupling;
compositions 0.45 < x < 1.0 have ferrimagnetic coupling. Modified from Nagata (1961) and
Stacey and Banerjee (1974).
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Figure 2.11 Micrographs of FeTi-oxide minerals. (a) Optical photomicrograph of exsolved rod-shaped
grains of titanomagnetite (small white grains) within a plagioclase crystal. (b) Optical photomicro-
graph of exsolution of magnetite grains (white) within ulv&pinel (gray). (c) Optical photomicro-
graph of Ti-rich titanohematite (dark-gray lenses) within light-gray host Fe-rich titanohematite. (d)
Optical photomicrograph of ilmenite lamellae within titanomagnetite grain; note the symmetry of
the ilmenite planes that are parallel to (111) planes of the host titanomagnetite. Photomicro-
graphs kindly provided by S. Haggerty.
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Figure 2.12 Compositional gaps for titanohematite and titanomagnetite. Compositions are indicated by
parameter x for each series; solid solution is complete within each series at temperatures above
the bold curves; exsolution occurs for intermediate compositions at temperatures below these
curves. Adapted from Nagata (1961) and Burton (Reviews in Mineralogy, v. 24, in press).
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Figure 2.13 TiO,—FeO—F®; ternary diagram.Composition of primary x = 0.6 titanomagnetite is shown
by the square; the stippled arrow shows the change in composition during deuteric oxidation; the
circles connected by solid lines show the mineral compositions resulting from deuteric oxidation.
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Figure 3.1 (a) Uniformly magnetized sphere of ferromagnetic material. The direction of saturation
magnetization j, is shown by the arrow; surface magnetic charges are shown by plus and minus
signs. (b) Sphere of ferromagnetic material subdivided into magnetic domains. Arrows show the
directions of j; within individual magnetic domains; planes separating adjacent magnetic domains
are domain walls. (c) Rotation of atomic magnetic moments within a domain wall. Arrows
indicate the atomic magnetic moments which spiral in direction inside the domain wall.
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Figure 3.2 Size and shape ranges of single-domain, superparamagnetic, and two-domain configurations
for parallelepipeds of magnetite at 290°K. Particle lengths are indicated in angstroms (O)on the
left ordinate and in microns (Cm) on the right ordinate; shape is indicated by the ratio of width to
length; cubic grains are at the right-hand side of diagram; progressively elongate grains are
toward the left; the curve labeled d, separates the single-domain size and shape field from the
size and shape distribution of grains that contain two domains; curves labeled d; are size and
shape distribution of grains that have 7= 4.5 b.y. and 7 = 100 s; grains with sizes below d, curves
are superparamagnetic. Redrawn after Butler and Banerjee (J. Geophys. Res., v. 80, 4049—
4058, 1975).
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Figure 3.3 (a) Surface magnetic charge distribution resulting from uniform magnetization of a spherical
ferromagnetic grain. The arrow indicates the direction of saturation magnetization js; plus and
minus signs indicate surface magnetic charges. (b) Internal demagnetizing field, Hp, resulting
from the surface magnetic charge of a uniformly magnetized sphere. Hp is uniform within the
grain. (c) Surface magnetic charge produced by magnetization of an SD grain along the long
axis of the grain. The arrow indicates the direction of saturation magnetization js; plus and minus
signs indicate surface magnetic charges; note that magnetic charges are restricted to the ends of
the grain. (d) Surface magnetic charge produced by magnetization of an SD grain perpendicular
to the long axis of the grain. The arrow indicates the direction of saturation magnetization js; plus
and minus signs indicate surface magnetic charges; note that magnetic charges appear over the
entire upper and lower surfaces of the grain.
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500

400— Figure 3.4 Magnetization of a single crystal of

magnetite as a function of the magnetizing
field. Magnetization curves are labeled
indicating the crystallographic direction of
the magnetizing field; [111] is the
magnetocrystalline easy direction; [100] is
the magnetocrystalline hard direction.
Redrawn after Nagata (Rock Magnetism,
Maruzen Ltd., Tokyo, 350 pp, 1961).
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Figure 3.5 (a) Hysteresis loop for synthetic sample containing 5% by volume of dispersed elongate SD
magnetite particles. The saturation magnetization of the sample is Jg, the remanent magnetiza-
tion of the sample is J,; the bulk coercive force is H, the points labeled are referred to in text and
illustrated below. (b) Magnetization directions within SD grains at point 1 on hysteresis loop.
Stippled ovals are schematic representations of elongate SD magnetite grains; arrows indicate
direction of j; for each SD grain; H is the magnetizing field; note that j, of each grain is rotating
toward H. (c) Magnetization directions within SD grains at point 2 on hysteresis loop. Sample is
at saturation magnetization Jg; note that j¢ of every grain is aligned with H. (d) Magnetization
directions within SD grains at point 3 on hysteresis loop. The magnetizing field has been re-
moved; sample magnetization is remanent magnetization J,, note that j; of each grain has rotated
back to the long axis closest to the saturating magnetic field, which was directed toward the right.
(e) Magnetization directions within SD grains at point 4 on hysteresis loop. The sample has
magnetization J = 0; note that j of every grain has been slightly rotated toward the magnetizing
field H (now directed toward the left).
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Figure 3.7 (a) Magnetic relaxation in an assemblage of SD ferromagnetic grains. Initial magnetization
Jro decays to Jrg/e in time 7. (b) Relaxation times of SD grains on diagram plotting SD grain
volume, v, against SD grain microscopic coercive force, hc. Lines of equal T are lines of equal
product vhg; grains with short 7 plot toward the lower left; grains with long 7 plot toward the upper
right; superparamagnetic grains with = < 75 plot to the lower left of T = 75 line; stable SD grains
with 7> 75 plot to upper right of T = 75 line; the schematic contoured plot of population of SD
grains is shown by the stippled regions.
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Figure 3.9 Model for TRM acquisition. SD
ferromagnetic grains have uniaxial

[\ anisotropy, so magnetic moments m of
@ E=v js H SD grains are parallel or antiparallel to
m

.

applied magnetic field H; energies of
interaction Ey between magnetic mo-
ments of SD grains and the applied

H magnetic field are shown for the parallel
and antiparallel states; vis the SD grain

@m volume; s is the saturation magnetization

E=zv js H of ferromagnetic material.
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Figure 3.10 Migration of SD grain population towards increasing h; between (a) high temperature and
(b) low temperature. Lines of 7= 100 s and 7= 10 b.y. are schematically shown; SD grains in the
dark stippled region of (b) experience blocking of their magnetic moment during cooling and

acquire TRM.
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/ Figure 3.11 Distribution of blocking tempera-
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TRM has blocking temperatures
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PTRM corresponding intervals of blocking
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Figure 3.12 Dependence of intensity of TRM on particle diameter of magnetite. Magnetite particles were
dispersed in a matrix; the intensity of TRM is determined per unit volume of magnetite to allow
comparison between experiments that used varying concentrations of dispersed magnetite; the
magnetizing field was 1 Oe. Redrawn after Dunlop (Phys. Earth Planet. Int., v. 26, 1+26, 1981).
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Figure 3.13 Migration of SD grain population toward increasing grain volume, v, between (a) beginning of
chemical precipitation and (b) an advanced stage of grain precipitation. Lines of = 100 s and
=10 b.y. are schematically shown; SD grains in the dark stippled region of (b) have grown
through blocking volumes and have acquired CRM.
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m Figure 3.14 Detrital ferromagnetic grain in magnetic field. m is the

magnetic moment of the ferromagnetic grain; H is magnetic field;
6 is angle of m from H, resulting aligning torque is '= m x H.
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Figure 3.15 (a) The relationship between inclination (/) of DRM in redeposited glacial sediment and the

pDRM inclination (°)

inclination of the applied magnetic field (/). The solid line is the graph of tan /[y = 0.4 tan /.
Redrawn from Verosub (1977). (b) Schematic representation of ferromagnetic grains with
magnetic moments m settling in magnetic field H. Elongate grains with m along long axis tend to
rotate toward the horizontal plane, resulting in shallowed inclination of DRM.

N Figure 3.16 Inclination of pDRM versus inclination
of applied magnetic field. Samples were
dry synthetic quartz-magnetite mixtures
N flooded with water in a magnetic field of
varying inclination; vertical error bars are
confidence limits on measured pDRM
-30 inclination; the solid line is the expected
result for perfect agreement between
inclinations of pDRM and the applied
magnetic field. Redrawn from Verosub
(1977).
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Figure 3.17 Declination of DRM recorded by
redeposited deep-sea clay compared with
declination of an applied magnetic field
during redeposition. The ordinate indi-
cates the number of days since com-
mencement of the redeposition experi-
ment; the declination of the applied
magnetic field was changed by 180° on
day 62; sediment deposited at least 10
days before the change in magnetic field
declination partially recorded the new
magnetic field direction. Redrawn from

40 I I | Verosub (1977).
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Figure 3.18 (a) Theoretical fractional saturation of pDRM in Brownian motion theory. The solid line is a
plot of Equation (3.42); for small x, slope is 1/6. (b) DRM acquired by redeposited glacial varved
clay as a function of applied magnetic field. The solid line is Equation (3.42) with parameters
adjusted to best fit observed DRM. Redrawn from Verosub (1977).
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Figure 3.19 Progressive acquisition of VRM by synthetic sample of dispersed 2-mm diameter grains of
magnetite. Data points show VRM acquired at corresponding time since the beginning of exposure
to the magnetic field; lines show the trend of VRM for a particular VRM acquisition experiment at the
temperature indicated; the magnetic field was 3.3 Oe; zero on the ordinate is arbitrary (the absolute
value of VRM was adjusted so that results of all VRM acquisition experiments could be conveniently
shown on a single drawing). Redrawn from Stacey and Banerjee (1974).
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Figure 3.20 Schematic representation of VRM
acquisition on a diagram of SD grain
volume (v) versus microscopic coercive
force (h.). As the time of VRM acquisi-

=10 b.y. tion increases, the bold line labeled

¥ = acquisition timel] sweeps through the

SD grain population from lower left to

upper right; grains with progressively

longer T can acquire VRM as acquisition
=100 s time increases; SD grains in the dark
stippled region labeled ™VRM0O have
acquired VRM.

Grain volume, v
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Coercive force, hC
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Figure 3.21 Blocking diagrams for (a) magnetite and (b) hematite. Lines on the diagrams connect combined
temperature and relaxation time (t) conditions that can unblock (reset) the magnetization in a given
population of SD grains. See text for explanation. Redrawn from Pullaiah et al. (1975).
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Figure 4.2 Core sample collection procedures. (a) Portable gasoline-powered drill with diamond drilling
bit; a pump can is used to force cooling water through the drill bit. (b) Unskilled laborer drilling a
core. (c) Orientation stage placed over in situ core. Notice the inclinometer on the side of the
orientation stage; the magnetic compass is under a Plexiglas plate; the white ring on the
Plexiglas plate is used to measure the azimuth of the shadow cast by the thin rod perpendicular
to the plate. (d) Core sample with orientation markings.
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z
into outcrop

Figure 4.3 Orientation system for sample collected by portable core drill. Diagram on the left is a schematic

representation of core sample in situ. The z axis points into outcrop; the x axis is in the vertical
plane; the y axis is horizontal. Diagram on the right shows orientation angles for core samples. The
angles measured are the hade of the z axis (angle of z from vertical) and geographic azimuth of the
horizontal projection of the +x axis measured clockwise from geographic north.
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Figure 4.4 Plotting a direction on the equal-
area projection. Declination is
measured around the perimeter of
the projection (clockwise from north);
inclination is measured from 0° at the
perimeter of the projection to +90° at
the center of the projection.
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horizontal
projection
of +x axis

S

Figure 4.5 Determination of in situ (geographic) NRM direction from direction in sample coordinates. (a)
Inclination and declination of NRM direction in sample coordinates (/, D) rotates to /', D’ as z axis
is rotated to the in situ hade; this rotation is about the y axis of the sample; amount of rotation
equals the hade of the z axis. (b) Sample axes are returned to in situ (geographic) positions by
rotating the horizontal projection of the +x axis to its measured azimuthal orientation; the direction
of NRM is rotated along with sample coordinate system.
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Figure 4.6 Examples of structural corrections to NRM directions. The bedding attitude is specified by dip
and dip azimuth (squares on the equal-area projections); the azimuth of the strike is 90° clock-
wise from the dip azimuth; the rotation required to restore the bedding to horizontal is clockwise
(as viewed along the strike line) by the dip angle and is shown by the rotation symbol; the in situ
NRM direction is at the tail of the arrow, and the structurally corrected NRM direction is at the
head of the arrow; solid circles indicate NRM directions in the lower hemisphere of the equal-area
projection; open circles indicate directions in the upper hemisphere.
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Resultant
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Figure 4.7 Examples of distributions of NRM directions before and after partial demagnetization. (a)
Equal-area projection of NRM directions in multiple samples from a paleomagnetic site in a
Mesozoic red sediment; the square shows the direction of the present geomagnetic field at the
collecting locality; stippling indicates the great circle along which the NRM directions are
streaked; the inset shows how the addition of varying amounts of ChRM and secondary NRM
produces resultant NRM vectors distributed in the plane connecting these two component vec-
tors. (b) ChRM directions determined from samples shown in part (a) following erasure of
secondary NRM components. (c) Equal-area projection of NRM directions in multiple samples
from a paleomagnetic site in Miocene basalt. (d) ChRM directions determined from samples
shown in part (c) following erasure of secondary NRM components.
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Figure 4.8 Strong-field thermomagnetic behaviors. (a) Sample is a magnetic separate from Pliocene
continental sediment of northwestern Argentina; the magnetizing field was 3000 Oe; arrows indicate
the direction of temperature change (heating or cooling). Redrawn from Butler et al. (J. Geol., v. 92,
623—636, 1984). I¢) Sample is a magnetic separate from Paleocene continental sediment of
northwestern New Mexico; the magnetizing field was 2000 Oe. Redrawn from Butler and Lindsay (J.
Geol., v. 93, 535—554, 1985). ¢) Thermomagnetic behavior of magnetic separate from Cretaceous
submarine volcanic rocks of coastal Peru; the magnetizing field was 3000 Oe. Redrawn from May
and Butler (Earth Planet. Sci. Lett., v. 72, 205—218, 1985). d) Sample is a magnetic separate from
Berriasian marine micritic limestone from southeastern France; the magnetizing field was 3000 Oe.
Redrawn from Galbrun and Butler (Geophys. J. Roy. Astron. Soc., v. 86, 885—892, 1986).
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Figure 4.10 Coercivity spectrum analysis of two samples of Jurassic limestone from Bavaria. (a and b)
Acquisition of IRM by two separate samples; note very high coercivities. (c) Thermal demagneti-
zation of IRM acquired by the sample shown in part (a). (d) Thermal demagnetization of IRM
acquired by the sample shown in part (b). Redrawn from Lowrie and Heller (1982).
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Figure 5.1 Schematic representation of alternating-field demagnetization. (a) Generalized waveform of
the magnetic field used in alternating-field (AF) demagnetization showing magnetic field versus
time; the waveform is a sinusoid with linear decay in amplitude; the maximum amplitude of
magnetic field (= peak field) is H,; the stippled region is amplified in part (b). (b) Detailed
examination of a portion of the AF demagnetization waveform. Two successive peaks and an
intervening trough of the magnetic field are shown as a function of time; the peak field at point 1
is 200 Oe; the peak field at point 2 is —1990e; the peak field at point 3 is 198 Oe.
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Figure 5.2 Schematic explanation of thermal demagnetization. (a) Diagram plots grain volume (V)
versus microscopic coercive force (h¢) for a hypothetical population of SD grains. Solid contours
are of concentration of SD grains; stippled lines are contours of T (and Tg) with values increasing
from lower left to upper right; grains with low t and low Tpg preferentially carry VRM; these grains
occupy the lightly stippled region in the lower left portion of the diagram; grains with high T and
high Tpg preferentially carry ChRM; these grains occupy the heavily stippled region. (b) Following
thermal demagnetization to temperature Tgemag, NRM in SD grains with T < Tgemag is
erased. Only the ChRM in the SD grains with higher Tg remains.
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Figure 5.3 Perspective diagram of NRM vector during progressive demagnetization. Geographic axes
are shown; solid arrows show the NRM vector during demagnetization at levels 0 through 6; the
dashed arrow is the low-stability NRM component removed during demagnetization at levels 1
through 3; during demagnetization at levels 4 through 6, the high-stability NRM component
decreases in intensity but does not change in direction.
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Figure 5.4 Equal-area projection and NRM intensity plot of progressive demagnetization results. (a)
Equal-area projection of the direction of NRM. Numbers adjacent to NRM directions indicate the
demagnetization level; the NRM direction changes between levels 0 and 3 but is constant direc-
tion between levels 3 and 6. (b) NRM intensity versus demagnetization level. A slight break in
slope occurs at demagnetization level 3.
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Figure 5.5 Construction of vector component diagram. (a) Projection of the NRM vector shown in Figure
5.3 onto the horizontal plane. The scale on the axes is in A/m; the lightly stippled arrow is the
horizontal projection of the NRM vector removed during demagnetization at levels 1 through 3;
the heavily stippled arrow is the projection of the NRM vector remaining at level 3. (b) Projection
of the NRM vector onto a vertical plane oriented north-south. The solid arrow is the vertical
projection of the NRM vector prior to demagnetization; the lightly stippled arrow is the projection
of the NRM vector removed during demagnetization at levels 1 through 3; the heavily stippled
arrow is the projection of the NRM vector remaining at level 3. (c) Horizontal and vertical projec-
tions combined into a single vector component diagram. Solid data points indicate vector end
points projected onto the horizontal plane; open data points indicate vector end points projected
onto the vertical plane; numbers adjacent to data points are demagnetization levels.
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Figure 5.6 Construction of an alternative form of vector component diagram. (a) Projection of the NRM
vector shown in Figure 5.3 onto the horizontal plane. This diagram is identical to Figure 5.5a;
angle D is the declination of the low-stability NRM component removed during demagnetization at
levels 1 through 3. (b) Projection of NRM vector onto a vertical plane cutting directly through the
NRM vector. The scale on the axes is in A/m; the distance of each data point from the origin
indicates the total NRM intensity; angle /is the inclination of the low-stability NRM component
removed during demagnetization at levels 1 through 3. (c) Horizontal and vertical projections
combined into a single vector component diagram. Solid data points indicate vector end points
projected onto the horizontal plane; open data points indicate vector end points projected onto the
vertical plane; numbers adjacent to data points are demagnetization levels.
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Figure 5.7 Example vector component diagrams. In all diagrams, numbers on axes indicate NRM

HEN

intensities in A/m, solid data points indicate projection onto the horizontal plane, and open data
points indicate projection onto the vertical plane. (a) Progressive thermal demagnetization of a
sample from the Moenave Formation. Numbers adjacent to data points indicate temperature in
degrees Celsius. (b) Progressive thermal demagnetization of a sample from the Chinle Forma-
tion. Numbers adjacent to data points indicate temperature in degrees Celsius. (c) Progressive
AF demagnetization of a sample of Miocene basalt. Numbers adjacent to data points indicate
peak demagnetizing field in mT; region of diagram outlined by stippled box is amplified in part (d).
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Figure 5.8 Schematic representation of effects of overlapping demagnetization spectra. A lower-stability

component, J,, has direction /= —28, D= 15°. A higher-stability component, Jg, has direction
I=70° D=155°. (a) Demagnetization spectra of the two NRM components. NRM component J, is
removed during demagnetization levels 2 through 5; NRM component Jg is removed during demag-
netization levels 7 through 9. (b) Vector component diagram resulting from progressive demagneti-
zation of NRM composed of components J, and Jg with demagnetization spectra shown in part (a).
(c) Demagnetization spectra of the two NRM components with small interval of overlap. NRM
component J, is removed during demagnetization levels 2 through 6; NRM component Jg is re-
moved during demagnetization levels 5 through 9. (d) Vector component diagram resulting from
progressive demagnetization of NRM composed of components J, and Jg with demagnetization
spectra shown in part (c). (e) Demagnetization spectra of the two NRM components with large
interval of overlap. NRM component J, is removed during demagnetization levels 2 through 9; NRM
component Jg is removed during demagnetization levels 3 through 9. (f) Vector component diagram
resulting from progressive demagnetization of NRM composed of components J, and Jg with
demagnetization spectra shown in part (e). Modified from Dunlop (1979).



84 os0 00000000

Up, N Figure 5.9 Vector component diagram on a three-component

0 NRM. The sample is a red argillite from the Precam-

brian Spokane Formation of Montana; numbers on

/l4 2 2 axes indicate NRM intensities in A/m; solid data

676 points indicate projection onto the horizontal plane;

670 open data points indicate projection onto the east-

50 665 west oriented vertical plane; numbers 0 through 1000
indicate peak field (in Oe) used in alternating-field
demagnetization; numbers 665 through 676 indicate

-4 temperatures (in degrees Celsius) used in subse-
quent thermal demagnetization. Modified from

L 6 Vitorello and Van der Voo (Can. J. Earth Sci., v. 14,

50 100 1000

ggobobuooooooo

ooboooobooooboooboooooooooooboooOooboooooooooooooooon
000000000o00o00o0o0 ChRM (DOOO0OO0OOO0OOD0OOD0OD0OOO0)0D0O0DO0ODO0OO0ODOOO
gboooooooboooooooooobobooo NRMOODOOODOOOOOOOoDOOoOoDOooo
gooooOoooooOoobOo0oOoOooOOo0o0ooO0o0OoDOoOoOoDOO0o0DOOO0OoOoOb0Oo0ODOO NRM
gooooooo0ooOoooooo0ooooooOooooooDooOoboo0ooOoDDO 300000 NRMOO
gboooooooboobooboooobooo

os90ooooooooobooobboooooobooooooboboobooooobDOooooDo
0000000O000000U000o000O00U00o0U00O000000U00D (OoooUooUoooo
00000000000 000000000000000)050 0e (5mT)0000O0O0OTI &50°D = 15°
gbooooobooobooobooobooooboboobooboobooDobooooobUobbOoOoDOobDooo
VRM OOOOO

50 Oe (5 mT) OO 1000 Oe (100 mT) OO0OOO0OOOO0OOUOODOOOOUOOOOOOOOOOOOO
o00 I=10°,D=27° 0000000000000 0O0O0ODO0O0ODOOO0O0O0OODO0O 300°C OO0 500
ccO000000DOO00U0ODOoOU00DOO0UO0ODOO00D0DOOO0DO0ODODOUODODODODOODOO ChRM
0O 665°CO0O 680°CUO0O0O0O0OOOOOCRRMOOOOOOOOOO 1300 MaOOOOOO (OO
000000)000o00oooo CcRMOOOOOOOOOO

oobooooobooooooooooooobobooooboobooooboooooDobbooooDboo
gboooobooobooooobooooboboobooboobooDobooooobobbOoOoDOobooob
gbooooboobooooboooobooboobooboboboooobooooobOobooooboOobooon
o000 NRMOOOOOOODOOOOOOODOOOOOODOOOODOODOOOOOOO “pogr
ONRMOODOODOOOOODOOOODOOOODOODODODOOODOODOOODOO 2000 NRM OO
gooobooooob NEMOODOOODOODODOOOOoobOooOoOooooboooooooobooobooo
gboooobobooooobooooobooboooobobooooobooo

goobooo

0570 5900000000000 00O0O00O0OOOO0OOOO0OOOODOOODOOOODOOOOOO
J0000DoDOo0oDOooDOooDOoo0D ChRMO NRMOOOODOODODODOODODODOODOOO
gooooooboooooooobobbbooooooobObOo00ooUoDoD bbb oUoooboooo
O (princiapl component analysis 000 p.c.a) 00000000000 O0O0OO

051000000000000000000 (COUDDOODUO0ODDOUO0ODDOODODOOOOOOUODOOO)O
600°C OO0 675°COODOODOODODOODO0ODODOODODDODODOODODDODODOO0DOnDO
000oOoDoOobO ChRMOODODOOOODOOOO0O0OO000O00DOO0ODOO0DOODOOO0DOODOOOODOODOOon




ogooo 85

Figure 5.10 Example of best-fit line to progressive demag-
netization data using principal component analysis.
The sample is from the Late Triassic Chinle Forma-
tion of New Mexico; numbers on axes indicate NRM
intensities in A/m; solid data points indicate projec-
tion onto the horizontal plane; open data points
indicate projection onto the north-south oriented
vertical plane; numbers adjacent to data points
indicate temperatures of thermal demagnetization in
degrees Celsius; the stippled lines show the best-fit
direction (/= 6.4°, D = 162.8°) calculated by using
the anchored option of principal component analysis
applied to the data.
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Figure 5.11 Schematic illustration of the fold and conglomerate tests of paleomagnetic stability. Bold
arrows are directions of ChRM in limbs of the fold and in cobbles of the conglomerate; random
distribution of ChRM directions from cobble to cobble within the conglomerate indicates that
ChRM was acquired prior to formation of the conglomerate; improved grouping of ChRM upon
restoring the limbs of the fold to horizontal indicates ChRM formation prior to folding. Redrawn
from Cox and Doell (1960).
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Figure 5.12 Example of ChRM directions that pass the fold test. Equal-area projections show mean
ChRM directions from multiple sites at each of five collecting localities in the Nikolai Greenstone,
Alaska; solid circles indicate directions in the lower hemisphere of the projection; open circles
indicate directions in the upper hemisphere. (a) ChRM directions in situ (prior to structural
correction). (b) ChRM directions after structural correction to restore beds to horizontal. Data
from Hillhouse (Can. J. Earth Sci., v. 14, 2578—2592, 1977).
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Figure 5.13 Synfolding magnetization. (a) Directions of ChRM are shown by arrows for pre-folding
magnetization. ChRM directions are dispersed in the observed in situ orientation; restoring
bedding to horizontal results in maximum grouping of the ChRM directions. (b) Directions of
ChRM for synfolding magnetization. ChRM directions are dispersed in both the in situ orientation
and when bedding is restored to horizontal; maximum grouping of the ChRM directions occurs
when bedding is partially restored to horizontal. (c) Equal-area projection of directions of ChRM
in Cretaceous Midnight Peak Formation of north-central Washington. Crosses are in situ site-
mean ChRM directions for ten sites spread across opposing limbs of a fold; squares are site-
mean ChRM directions resulting from restoring bedding at each site to horizontal; all directions
are in the lower hemisphere of the projection. (d) Site-mean ChRM directions in Midnight Peak
Formation after 50% unfolding. Data from Bazard et al. (Can. J. Earth Sci., v. 27, 330—343,

1990).
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Figure 5.14 Example of ChRM directions that pass the
conglomerate test. The equal-area projection shows
the ChRM directions in seven volcanic cobbles in a
conglomerate within a sequence of volcanic flows of
the Late Jurassic Glance Conglomerate; open circles
are directions in the upper hemisphere; solid circles
are directions in the lower hemisphere; the ChRM
directions are randomly distributed, indicating ChRM
formation prior to incorporation of the cobbles in the
conglomerate. Redrawn from Kluth et al. (J.
Geophys. Res., v. 87, 7079—7086, 1982).

Figure 5.15 Schematic illustration of the reversals
Reversals Test test of paleomagnetic stability. Solid
Reversed Normal arrows indicate the expected antiparallel
configuration of the average direction of
primary NRM vectors resulting from
magnetization during normal- and re-
versed-polarity intervals of the geomag-
netic field; an unremoved secondary NRM

mmmm-  Primary component is shown by the lightly stippled
arrows; the resultant NRM directions are
Secondary shown by the heavily stippled arrows.
Redrawn from McElhinny
mell- Resultant (Palaeomagnetism and Plate Tectonics,

Cambridge, London, 356 pp., 1973).
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Figure 5.16 Example of ChRM directions that pass
the reversals test of paleomagnetic stability.
Equal-area projection of site-mean ChRM
directions from 104 sites in the Paleocene
Nacimiento Formation of northwestern New
Mexico; solid circles are directions in the
lower hemisphere of the projection; open
circles are directions in the upper hemi-
sphere; the mean of the 42 normal-polarity

E sites is shown by the solid square with
surrounding stippled circle of 95% confi-
dence; the mean of the 62 reversed-polarity
sites is shown by the open square with
surrounding stippled circle of 95% confi-
dence; the antipode of the mean of the
reversed-polarity sites is within 2° of the
mean of the normal-polarity sites (within the
confidence region). Redrawn from Butler
and Taylor (Geology, v. 6, 495—4981978).
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Figure 6.1 The Gaussian probability density function
(normal distribution, Equation (6.1)). The
proportion of observations within an interval dz
centered on zis (2)dz; x
o= true mean; o= standard deviation.
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Figure 6.2 The Fisher distribution. (a) P,4(0) is shown for x = 50, x = 10, and x = 5. P,,(0) is the prob-
ability per unit angular area of finding a direction within an angular area, dA, centered at an angle
0 from the true mean; P,,(0) is given by Equation (6.5); x = precision parameter. (b) P,4(0) is
shown for k = 50, x = 10, and x = 5. P,,(0) is the probability of finding a direction within a band of
width do between 0 and 6 + db. P,,(0) is given by Equation (6.8).
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Figure 6.4 Equal-area projections of six synthetic directional data sets, mean directions, and statistical
parameters. The data sets were randomly selected from a Fisherian population with true mean
direction / = +90° and precision parameter k = 20; individual directions are shown by solid circles;
mean directions are shown by solid squares with surrounding stippled ogg confidence limits.
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Figure 6.5 Dependence of estimated angular
standard deviation, s, and confidence
limit, a5, On the number of directions
in a data set. An increasing number
of directions were selected from a
Fisherian population of directions with
angular standard deviation g5 = 15°
(k = 29.2) shown by the stippled line.
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Figure 6.6 Equal-area projections showing mean directions and statistical quantities calculated from
increasing numbers of directions drawn from two synthetic directional data sets. The Fisherian
population had angular standard deviation 653 = 15° and true mean direction / = +90°; results
from one data set are shown in parts (a), (c), and (e) and for the other data set in parts (b), (d),
and (f); individual directions are shown by solid circles; mean directions are shown by solid
squares with surrounding stippled a5 confidence limits.
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Figure 6.7 Equal-area projections showing examples of sample and site-mean ChRM directions.

Sample ChRM directions are shown by circles; site-mean directions are shown by squares with
surrounding stippled agg confidence limits; directions in the lower hemisphere are shown by solid
symbols; directions in the upper hemisphere are shown by open symbols. (a) Unusually well-
determined site-mean direction from a single Late Cretaceous lava flow in southern Chile. (b)
More typical [dgood[] site-mean direction from a Late Cretaceous basalt flow in southerArgentina.
(c) Site-mean direction determined with Ofair(] precision from a bed of red siltstone in the Early
Jurassic Moenave Formation of northern Arizona. (d) A Opoor[J-quality site-mean direction from a
bed of the Late Triassic Chinle Formation in eastern New Mexico.
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North Pole

Figure 7.1 Determination of magnetic pole position from a magnetic field direction. Site location is at S
(As, ¢s); site-mean magnetic field direction is /,,, D,,,; M is the geocentric dipole that can account
for the observed magnetic field direction; P is the magnetic pole at (Ap, ¢p); p is the magnetic
colatitude (angular distance from S to P); North Pole is the north geographic pole; f3 is the
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Figure 7.2 Ellipse of confidence about mag-
netic pole position. pis the magnetic
colatitude; dp is the semi-axis of the
confidence ellipse along the great-
circle path from site to pole; dm is the
semi-axis of the confidence ellipse
perpendicular to that great-circle path.
The projection (for this and all global
projections to follow) is orthographic
with latitude and longitude grid in 30°
increments.
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RSN Dx
hp = 58.2°N; ¢, =51.9°E
N =23; K =45.3; Ags= 4.5°% S = 12.0

Figure 7.3 Paleomagnetic pole from the Moenave Formation. Solid circles show the 23 site-mean VGPs
averaged to determine the paleomagnetic pole shown by the solid square; the stippled circle
about the paleomagnetic pole is the region of 95% confidence with radius Ay ; the region of
sampling is shown by the stippled square; the inset gives the location of the paleomagnetic pole
along with statistical parameters.
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224

20+

Figure 7.4 Global compilation of paleosecular
variation during past 5 m.y. Each data
18+ point gives the angular dispersion of
VGPs averaged over a band of latitude
centered on the data point; the error
bars are the 95% confidence limits; the
smooth curve is a fit of the observa-
tions to a model of paleosecular
variation. Redrawn from Merrill and

14+ McElhinny (1983).
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Figure 7.5 OSynthetic paleomagnetic polest resulting from random sampling of an extensive set of
paleomagnetic data from Holocene lavas of the western United States. In each figure, the solid
circles show the site-mean VGPs averaged to determine the Opaleomagnetic polel] shown by the
solid square; the stippled circle about the paleomagnetic pole is the region of 95% confidence
with radius Ags; the inset gives the location of the paleomagnetic pole along with statistical
parameters. (a) Synthetic paleomagnetic pole resulting from randomly selecting five VGPs; the
region of sampling is shown by the stippled polygon. (b) Synthetic paleomagnetic pole resulting
from randomly selecting ten VGPs. (c) Synthetic paleomagnetic pole resulting from randomly
selecting 20 VGPs. (d) Synthetic paleomagnetic pole resulting from randomly selecting 30 VGPs.
Data from Champion (1980).
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hp=81.8°N; ¢, = 181.4°E
N =36; K = 20.2; Ags=5.4°% S = 17.8°

—7I

Figure 7.6 Paleomagnetic pole from Paleocene intrusives of north-central Montana. Symbols as in
Figure 7.3.
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hp=61.8°N; ¢, = 116.0°E
N =12; K =49.6;Ags = 6.2° S = 11.5°

Figure 7.7 Paleomagnetic pole from Middle Jurassic volcanic and volcaniclastic rocks of southeastern
Arizona. Symbols as in Figure 7.3.
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Figure 7.8a Example 1 of a Opaleomagnetic pole] based on problematical data. Paleomagnetic pole
from Paleocene lavas in southern Arizona. The region of sampling is shown by the stippled
square; this paleomagnetic data set has probably not adequately sampled geomagnetic secular
variation. Symbols as in Figure 7.3.
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Plat. = —65.2N; Plong. = 75.9°E
N=3;K=86.7; Ag5=8.7°, S =8.7°

Figure 7.8b Example 2 of a Opaleomagnetic pole[] based on problematical dataThe mystery pole based
on just three site-mean VGPs. Symbols as in Figure 7.3.
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