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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 “students of paleomagnetism.” In this context, “student” means 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 s 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,
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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. (¢) 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.
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D  H.=H cosl Figure 1.2 Description of the direction of the mag-
h= netic field. The total magnetic field vector H
I can be broken into (1) a vertical component,
» East H,= Hsin | and (2) a horizontal component,
H), = H cos [; inclination, /, is the vertical
H angle (= dip) between the horizontal and H;
pas declination, D, is the azimuthal angle be-
] tween the horizontal component of H (= H,)
(f and geographic north; the component of the
5 magnetic field in the geographic north

direction is H cos I/ cos D; the east compo-
nent is H cos /sin D. Redrawn after
McElhinny (1973).
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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).
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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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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
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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S 104 Figure 1.10 Geomagnetic dipole moment
% over the past 10,000 years. Means
> 9 for 500-yr intervals are shown to
= 4000 yr B.P.; 1000-yr means are

S 8- shown from 4000 to 10,000 yr B.P;
% error bars are 95% confidence

g 74 limits. Redrawn after Merrill and
8 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,
Copyright American,
Inc. All rights reserved.)
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e M. W. McElhinny, Palacomagnetism and Plate Tectonics, Cambridge, London, 356 pp., 1973.
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e R. T. Merrill and M. W. McElhinny, The Earth’ s Magnetic Field, Academic Press, London,
401 pp., 1983. An excellent text on geomagnetism.
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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. (¢) Jversus H for a ferromagnetic substance. The path
of magnetization exhibits hysteresis (is irreversible), and magnetic susceptibility, x, is not a simple
constant.

15



16

020 00000

udn

00000000000 HOOOODOOOOODOOOOO J, 000000000 (0212000000
00000000000000000000 000000000000000000000000000
O00000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000
O0000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000 cgs0000
~—10"¢(SI000 ~-08x10"7)0000O

udn

0000000000000000 (000000000000000000000000000)00
000000000000 HOOOOOOOO J; 0000 (021b)0000000000000000
000 J;0 HOODODOOOOODOOOOOOO0O000000000000000000000000
0000 FepSiO4 0000000000 cgs0000 ~44x1074(SI0OO0 ~3.5%x107°)0000

O0000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000 J; 00
0000

00000000000000000000000000000000000 (0 (1.3))00000
00000 MOOO HOOOOODDODOOOOOOOD (14000000 E=—-MHcosf O
00 (0 MO HOOOO)I100 Oe (=1072T,000000 1000) 000000000000
00 M =2Mp = 1.85 x 107?°Gem3(= 1.85 x 1072*Am?2) 000000000000 OCOOOOO
MH = (1.85x 10720 G em?) x (102 Oe) = 1.85 x 107 ¥ erg(=1.85x 10727 J) 000 00 0 0300K (O
000000000000000000000000)00000000000000000 kOoOOOO
kT = (1.38 x 10716 erg/K)(300K) = 4.14 x 107 erg 00000000000 40000000000
0000000000000000000000000000

000000000000000000000000000000000 NOOOOOOOOO0O000
00000000000000000000 MOOOO0O0OO0 HOOO AOOODOOODOOOO P(9) 0
ooooood

(2.1)

Po) = e (2520

kT
gogbooobooboobbooboobooobooboobbooboobbooboobboob
000 NOOOOMO HOOOUOOOODAOODODOOD 0UOD #00000OO0OOO0ODOOOOOOOOO

ooooooooo
J = NML(c) (2.2)

DDDDL(a):coth(a)—é
L _MH

kT
00 L) 0 0000000000 2200000000 (22)0000000000000000 (1)
H=000 a=0000 L0)=0000 J=00000(2)a=0c000 L(co)=1000J=NMDO
gogbooooboobbooboobooobooboooboon



gooogoog

17

L(a)
1.0

0.8

0-61 Figure 2.2 The Langevin function, L(c).

Notice that for a< 1, L(a) = a/ 3.
0.4+

000000000000000000 a=MH/KTO <10°°0000000000000 a< 1
00 L(a) = /3000000 (22)0000000000000

NMa NM?H

J = NML(a) = == = —— (2.3)
J NM?
X= T (24)

goboooooooooboooobodooobooooooooOooboooobooOooboooOoooDoboOoooDoboo
ooboooooooooooobD yooooooobooooooooooooooooooo

udn

0000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
000000000000000000000000000000000=0000 4,000000 (0
2.1c)0000 j, 00000000000 HOOODODOOOODOOOOOOOO0O0O000000000
00 1.8x10%°G (1.8x10°A/m) 00D ODDO0DO0O0OO

0000000000000000000000000000000000000 7000000 (O
0000 580°CO00000 680°C)*'\0 000000 0O j,00000000230000000000
0000000000000000000

00000000000000000000000000000000000000000000000
000000000000000000000000000 HOOODOOODOOOO JOOODOOO0OO0O
(000000000)00000000000000000000000000000000000000
O0000000000000000000000000000000

00000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000

0000000000000000000000000 n,l,l,,s,00000000000000000
O00000000000000000000000000000000000000000000000

*100: Dunlop and Ozdemire (1997) 00000000 Te O 675°CO0000000 (aFe) O 765°CO



18

020 00000

Figure 2.3 Normalized saturation magneti-
zation versus temperature for
magnetite and hematite. j o =
saturation magnetization at room
temperature; for hematite, j;o ~ 2
G; for magnetite, j;o = 480 G.
Redrawn from Pullaiah et al. (Earth
Planet. Sci. Lett., v. 28, 133+143,
1975).
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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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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. O*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.
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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 (j); the right axis
indicates Curie temperature (T;). 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 (j;); the right axis
indicates Curie temperature (T;); 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 ulvspinel (gray). (¢) 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-Fe,O4 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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e S. Chikazumi, Physics of Magnetism, Wiley, New York, 554pp., 1964.
An excellent introduction to physics of magnetism.

e D. H. Lindsley, The crystal chemistry and structure of oxide minerals as exemplified by the Fe-Ti
oxides, in: Oxide Minerals, ed: D. Rumble, III, Mineralogical Society of America, Washington,
D.C., 1976a, pp.L1-L60.

e D. H. Lindsley, Experimental studies of oxide minerals, in: Oxide Minerals, ed: D. Rumble, III,
Mineralogical Society of America, Washington, D.C., 1976b, pp.L61-L88.

These two articles present in-depth discussion of mineralogy of Fe—Ti oxides and experimental
data pertaining to exsolution.

e S. E. Haggerty, Oxidation of opaque minerals in basalts, in: Oxide Minerals, ed: D. Rumble,
ITI, Mineralogical Society of America, Washington, D.C., 1976a, pp.Hgl-Hg100.

e S. E. Haggerty, Opaque mineral oxides in terrestrial igneous rocks, in: Oxide Minerals, ed: D.
Rumble, I, Mineralogical Society of America, Washington, D.C., 1976b, pp.Hg101-Hg300.
These two articles present detailed observations of deuteric oxidation; they include many in-
sightful polished section photomicrographs.

e T. Nagata, Rock Magnetism, Maruzen Ltd., Tokyo, 350pp., 1961.

Chapters 1-3 provide a thorough (although sometimes outdated) introduction to magnetic prop-
erties of ferromagnetic minerals.

e F. D. Stacey and S. K. Banerjee, The Physical Principles of Rock Magnetism, Elsevier, Amster-
dam, 195pp., 1974.

Chapters 1 and 2 concern magnetic properties of solids and magnetic minerals.

e R. Thompson and F. Oldfield, Environmental Magnetism, Allen and Unwin, London, 227pp.,

1986.

Chapters 2 through 4 discuss magnetic properties of solids and magnetic minerals.
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a b c

o]

Figure 3.1 (a) Uniformly magnetized sphere of ferromagnetic material. The direction of saturation
magnetization jg 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 jg 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 (A) on the
left ordinate and in microns (um) 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 =4.5b.y. and =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 jg; 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. (e¢) 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 jg; 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 jg; 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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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 J; 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 jg 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 j5 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 jg 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/ein time 1. (b) Relaxation times of SD grains on diagram plotting SD grain
volume, v, against SD grain microscopic coercive force, he. Lines of equal 1 are lines of equal
product vhg; grains with short 7 plot toward the lower left; grains with long 1 plot toward the upper
right; superparamagnetic grains with 7 < 75 plot to the lower left of 7= 15 line; stable SD grains
with 7> 75 plot to upper right of 7= 15 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=vj_H SD grains are parallel or antiparallel to
m s applied magnetic field H; energies of
interaction En 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; js is the saturation magnetization

E=-vjH 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 = 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 3.12 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, 126, 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 r=100 s and
7= 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. mis the

magnetic moment of the ferromagnetic grain; H is magnetic field;
Bis angle of m from H, resulting aligning torque is '= m x H.
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tan I,

Figure 3.15 (a) The relationship between inclination (/;) of DRM in redeposited glacial sediment and the
inclination of the applied magnetic field (/). The solid line is the graph of tan fy = 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.
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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

i 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
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 timef 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 ™VRM have

acquired VRM.
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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 () 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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ARG < [
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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M = /M2 + M2+ M? (4.1)
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o0

N (4.2)
v

Table 4.1 Data for Sample Coordinates to Geographic Coordinates Transformation

Sample orientation: Hade = 37°; Azimuth of +horizontal projection of +x = 25°
Specimen volume: 10 cm3
Components of magnetic moment:
M,=2.3x 103G cm3 (2.3 x 1076 A m?)
M,=-12x 108G cm3 (-1.2 x 1076 Am?)
MZ: 2.7x 103G cm3 (2.7 x 1076 Am?2)
Sample coordinates direction: Ig=46°; Dg=332°
Geographic coordinates direction: /= 11°; D = 6°
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horizontal
projection
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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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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. (¢) 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). (b) 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). (c) 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. (¢) 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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e S. Marshak and G. Mitra, Basic Methods of Structural Geology, Prentice Hall, Englewood Cliffs,
N. J., 446 pp., 1988.

In-depth treatment of instruments and laboratory techniques of paleomagnetism.
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e D. J. Dunlop, Magnetic mineralogy of unheated and heated red sediments by coercivity spectrum
analysis, Geophys. J. Roy. Astron. Soc., v. 27, 37-55, 1972.
This publication introduced the technique and showed its utility.

e W. Lowrie and F. Heller, Magnetic properties of marine limestones, Rev. Geophys. Space Phys.,
v. 20, 171-192, 1982.

Numerous applications of coercivity spectrum analysis.
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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,f; 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 —199 Oe; 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 (hg) for a hypothetical population of SD grains. Solid contours
are of concentration of SD grains; stippled lines are contours of 1 (and Tg) with values increasing
from lower left to upper right; grains with low r and low Tg 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 Tdemag, NRM in SD grains with TB < 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. (¢) 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. (¢) 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

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. (¢) 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 /=-25°, 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 J4 and Jg with
demagnetization spectra shown in part (e). Modified from Dunlop (1979).
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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. (¢) 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).
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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

mml- Primary component is shown by the lightly stippled
arrows; the resultant NRM directions are
Secondary shown by the heavily stippled arrows.
Redrawn from McElhinny
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, 495-498, 1978).




ggod

ugoboboogooboood

gboobooooooobgobobobobooooooooooboboboboboboboooooooDoooD
oooooooooO0ooooo TRMOOOOOOODOOOOODOOOOO0OODOOOOOOO0DOoODOOOO
0000 NRMOOOOOOO ChRMOOOOODOOOOOOOOOODOOOOOOOODOOOOOOO
ooo0o0oooOooOooooo ChRMOOOOOOOOOO ChkRMOOOOOOOOOOOOOOO
gobooooboobooobbooboobobooboobooobooboobbooboobbooo
gooboboboooooboooobobobobobobooobooooboobobobobobooobog
gobooobooboobboobooboboobooboobbooboobbooboobboob
00000000 0000000000000 0000 ChRMODOODODOOODOOOOO0OO0O000O0
gooooooo

0000000000000 0000D00000D0O00DO00000D (DODOoDOOoODODOoDOoOooDO)
ChRM O00O00O000D0O0000O00O0O00OO0O0O0O0O0O0O00O00Oo0o0ooO0oooOoUoooO
OooChRM OO0OO0O0O0O0O0OOOODOOODOOOOOODOOOO ChRMOOODODOOOODODODOOO
00ooO0oooO0oOo0 «CchRMOOOOOOOOOOOOOOOOOOO’0O0OO0OOO ChRMOOO
gogbooobooboobbooboobooobooboobbooboobbooboobboob
gobooooboobobobobooboobobooboobboobuooboboon

goon
ugooogd:

e D. W. Collinson, Methods in Rock Magnetism and Palacomagnetism, Chapman and Hall, Lon-
don, 503 pp., 1983.
Theory, instrumentation, and techniques of partial demagnetization are covered in considerable

detail.

ugobooooaono:

e H. C. Halls, A least-squares method to find a remanence direction from converging remagneti-
zation circles, Geophys. J. Roy. Astron. Soc., v. 45, 297-304, 1976.

e H. C. Halls, The use of converging remagnetization circles in palaecomagnetism, Phys. Earth
Planet. Int., v. 16, 1-11, 1978.

Present theory and applications of remagnetization circle analysis.

goooooobobobobog:

e D. J. Dunlop, On the use of Zijderveld vector diagrams in multicomponent paleomagnetic sam-
ples, Phys. Earth Planet. Sci. Lett., v. 20, 12-24, 1979.
Powers and limitations of vector component diagrams are discussed with many examples given.
e J. D. A. Zijderveld, A.C. demagnetization of rocks: Analysis of results, In: Methods in Palaeo-
magnetism, ed D. W. Collinson, K. M. Creer, and S. K. Runcorn, Elsevier, Amsterdam, pp.
254-286, 1967.
gobobooboobobuoobboobo



94

050 00000000

e K. A. Hoffman and R. Day, Separation of multicomponent NRM: A general method, Earth
Planet. Sci. Lett., v. 40, 433-438, 1978.
goooooooooo

e J. L. Kirschvink, The least-squares line and plane and the analysis of palacomagnetic data,
Geophys. J. Roy. Astron. Soc., v. 62, 699-718, 1980.
goobooboobobooboo

e J. T. Kent, J. C. Briden, and K. V. Mardia, Linear and planar structure in ordered multivariate
data as applied to progressive demagnetization of palacomagnetic remanence, Geophys. J. Roy.
Astron. Soc., v. 75, 593-621, 1983.
gl ooooooo

goooooobobobobog:

e E. Irving, Paleomagnetism and Its Application to Geological and Geophysical Problems, Wiley
& Sons, New York, 399 pp., 1964.
0400000000D000000D00D0O0DOODOODODOOOOO

e J. W. Graham, The stability and significance of magnetism in sedimentary rocks, J. Geophys.
Res., v. 54, 131-167, 1949.

A classic paper which introduces several field tests.

e A. Cox and R. R. Doell, Review of Paleomagnetism, Geol. Soc. Amer. Bull., v. 71, 645768,
1960.
goooooooogood



95

604

Jooodood

cooboodobooooboooooobooooobooooboooooooooooooooooobooOoooan
gooooooooooooobooooooooooooboboobooobooobOOoOoobOOobOoOooOooOoOoooag
goboooooooooboooobooooooooooooDbo0oooboobooooooooDoOooDoboo
gboboooocoooooooooooOoOobOOobOOoOooOoboOoOoOoOoOobOobOOobOOoOoboOoOoOooOOoDo
0:000000000000000000000000000O0O0D0O0D000000* 00000000
gobooooooooooooobooOooobooobooobooOooooooooOoOoOooboboOoooDon

0000000000000 0000 “0000”00000000000000DO00O0O (0DDOOoO
00000)0000000o0oO00oU00o00o0oU0Oo00Oo0o0OoU0ooD0o0DoOUOoOUooooo
gobooooooooooooboooobooooooOooOoOobooOoOobooOoobooOooOoOoDOOoOoOooboo
goboooooooooboooboooooooooooooboooobooooboooooDoOooDobo
gobooooooooboocooboooo

goon

000000000 (000000 0) 000000000 O00O0DO0OU0O0DOUOUOODOOOO
0000000000000000000000000000000000000000000 (D000
)00 6.10000000000000D0ODOO f(2) 0000 2000000 d200000D0000OO
0000 f(rdz000000O0O0OOOO

coooooooooobooooo

=) (61)

oad z =

r000000000p 000000 0000000000 000000 0000000 2000
000 0D00000DODOOOODOOODOOOODODOOODD (f()D0DODODODDOOOD)OO
000oo0068% 000 w00 ¢o0DOD0O0O0OD0O0O%% 000 w00 2000000000000000O

oobooo z00D0C0CO0O0DOOOOOO0OOOOO0OOOOO0OOOOOOOODOOOODOOOOOOODO
goodooooooboooooooodoooooobooobooooooooooooonooooog
gobooooooooooooboooobooooooOooOoOobooOoOobooOoobooOooOoOoDOOoOoOooboo
ooboooooooooo

*100: “00000000000000000000000” 000000
*200:000000000000000000000000000000000000



96 060 0O0O000O0OOOOOO

Figure 6.1 The Gaussian probability density function
(normal distribution, Equation (6.1)). The
proportion of observations within an interval dz
centered on zis f(z)dz; x
[J= true mean; o= standard deviation.
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Figure 6.2 The Fisher distribution. (a) F,4(6) is shown for k = 50, k = 10, and k = 5. P,4(6) is the prob-
ability per unit angular area of finding a direction within an angular area, dA, centered at an angle

8 from the true mean; P,,(6) is given by Equation (6.5); k = precision parameter. (b) Fyg(6) is

shown for k = 50, k = 10, and k = 5. P,4(0) is the probability of finding a direction within a band of

width d8between 6and 6+ db. Pyy(6) 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 agg5 confidence limits.
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Figure 6.5 Dependence of estimated angular
standard deviation, s, and confidence
limit, ags, 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 G55 = 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 ag5 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 “good” site-mean direction from a Late Cretaceous basalt flow in southern Argentina.
(c) Site-mean direction determined with “fair” precision from a bed of red siltstone in the Early
Jurassic Moenave Formation of northern Arizona. (d) A “poor”-quality site-mean direction from a
bed of the Late Triassic Chinle Formation in eastern New Mexico.
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INTRODUCTIONS TO STATISTICAL METHODS APPLIED TO DIRECTIONAL DATA:

e R. A. Fisher, Dispersion on a sphere, Proc. Roy. Soc. London, v. A217, 295-305, 1953.
The classic paper introducing the Fisher distribution.

e E. Irving, Paleomagnetism and Its Applications to Geological and Geophysical Problems, John
Wiley and Sons, New York, 399 pp., 1964.
Chapter 4 contains an excellent introduction to statistical methods in paleomagnetism.

e D. H. Tarling, Palacomagnetism: Principles and Applications in Geology, Geophysics and Ar-
chaeology, Chapman and Hall, 379 pp. 1983.
Chapter 6 presents a discussion of statistical methods.

e G.S. Watson, Statistics on Spheres, Univ. Arkansas Lecture Notes in the Mathematical Sciences,
Wiley, New York, 238 pp., 1983.

e N. L. Fisher, T. Lewis, and B. J. J. Embleton, Statistical Analysis of Spherical Data, Cambridge,
London, 329 pp., 1987.

More advanced texts on statistical analysis of directional data.

SIGNIFICANCE TESTS:

G. S. Watson, Analysis of dispersion on a sphere, Monthly Notices Geophys. J. Roy. Astron.

Soc., v. 7, 153— 159, 1956.

e G. S. Watson and E. Irving, Statistical methods in rock magnetism, Monthly Notices Geophys.
J. Roy. Astron. Soc., v. 7, 289-300, 1957.

e G. S. Watson, A test for randomness of directions, Monthly Notices Geophys. J. Roy. Astron.
Soc., v. 7, 160-161, 1956.

e M. W. McElhinny, Statistical significance of the fold test in palacomagnetism, Geophys. J. Roy.
Astron. Soc., v. 8, 338-340, 1964.
The traditional approaches to statistical significance tests applied to paleomagnetism are intro-
duced in these articles.

e P. L. McFadden and F. J. Lowes, The discrimination of mean directions drawn from Fisher
distributions, Geophys. J. Roy. Astron. Soc., v. 67, 19-33, 1981.

e P. L. McFadden and D. L. Jones, The fold test in palaecomagnetism, Geophys. J. Roy. Astron.

Soc., v. 67, 53-58, 1981.

Revised treatments of the significance tests.
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SOME ADVANCED TOPICS:

e T. C. Onstott, Application of the Bingham distribution function in paleomagnetic studies, J.
Geophys. Res., v. 85, 15001510, 1980.

e T. Lewis and N. I. Fisher, Graphical methods for investigating the fit of a Fisher distribution
for spherical data, Geophys. J. Roy. Astron. Soc., v. 69, 1-13, 1982.

e P. L. McFadden, The best estimate of Fisher' s precision parameter k, Geophys. J. Roy. Astron.

Soc., v. 60, 397-407, 1980.

P. L. McFadden and A. B. Reid, Analysis of palacomagnetic inclination data, Geophys. J. Roy.

Astron. Soc., v. 69, 307-319, 1982.

P. L. McFadden, Determination of the angle in a Fisher distribution which will be exceeded with

a given probability, Geophys. J. Roy. Astron. Soc., v. 60, 391-396, 1980.
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North Pole

Figure 7.1 Determination of magnetic pole position from a magnetic field direction. Site location is at S
(Ag, @); site-mean magnetic field direction is /,,, D,,,; Mis the geocentric dipole that can account
for the observed magnetic field direction; P is the magnetic pole at (A, ¢,); p is the magnetic
colatitude (angular distance from Sto P); North Pole is the north geographic pole; Bis 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; dmis the
semi-axis of the confidence ellipse

The projection (for this and all global
projections to follow) is orthographic
with latitude and longitude grid in 30°
increments.
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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 Ags ; the region of

sampling is shown by the stippled square; the inset gives the location of the paleomagnetic pole

along with statistical parameters.

(6.15)) 00000 VGPOUOOLODDOOUO VGPUODUOODODDOUODODDOUODOD

00000 VGP O (D0O0OD0O0)0000O0DOO00OD0OOO0ODOODOO (6.16)00 (6.22) 0000000
ooo0oooooooo0 N=00000 VGPOO; R=NOOOOOOO VGPOOOOOODOO,
oooooooooOooOoooooOo0ooooovVGPOOODODODODODOOODODODOODDOOOOOODOO
O000D0KOOOOOoOO vGPpOOOOODOOOOOOOOOO, SO VGpOUOOOODOOOOOOOO
(6.18) 0 (6.19)0000; Ags DODODODOUO 9% 0000000 (DO0DODOOODOO%%%O0O00
0 Agps 00D0O0O0O0)0DO00OO0DOOODO

07300000000 VGPOOOODOOODODODO (0D Ags 0D00)0DDO0ODOODOODOOCOO
00000000000ooooooooDoooooO0n Moenave 0000000000 OOOOO
000000o0o0oooooooOoOO0O0OC0OO00O000000s7addd0nnooooono23000000
000000 ChRMOOOOODOOOOOODOOOO ags O <10°00000CKRRMO 400000
o000 19o00o00o0o0oooooobooooooooobooooobooOooooDoO 23000000
VeGP OOOOOOOOODOOOO0O A, =582°N, ¢,=519°F 000000000000 VGPOOO
000000000 K=453,5=12.0° 495 =45°00000



120

o770 0O0O00O0O0O

goobooooogooo

00000oooO0000oooOo000oooO0O0oo0ooOD ChRMOOOOOOOODOODODOO
bobooboooobooobOoobOobobo0obOo0nodn agps UOOOOOOOOOOOOOOOOOO0
o000 vGpOOOOOODOOOOODOOOODODOOOODOOOOOOODOOODDOOOOODOOOODO
000 vGpOOUOOOOODOOOOODOOOODODODOOOOODODOOOODODOOOODODODOOODDODOO
oboooooooooocooboooooo

0000000000000 ooo0O000oD VGPpOOOOOOOODOODODODOOODODODDODOOODODO
00000D0000000000000000000000000D000000000000D0000 10°
0000000000000000000000000000 10°000 10°0000000000000
0000000000000 000000000000000O00D00000000 (DODOD)DODOO
gobooooooooboocooboOoobooOooooOooOoOoobooOoobooOoobooooOoDoOoOoooboo
00000000000 (D00 260+£15Ma) 00 0000000000000 OOODODOOOODOOOO
goboooooooooboocooboOooooOooooOooOoOobOoOoobOboOoobooOooOoOoDOOoOoOooDobo
ooboooooooobo

0000000000000 000000D0O00000O0DO0OD0O00O() 0000000 DOOOoD(?)
0000000000 00O000O0@B) 000000000004 0000000000 DODOoOOoOoO
goboooooooooodooboooooooooooooooooooooooooooooonoa
gobooooooooooooboooobooooooOooOoOobooOoOobooOoobooOooOoOoDOOoOoOooboo
gooooooboooooooooobooobooooooobooooobDooobooooooboOooobOooog
gobooobooooooOoocOoobOoooobooOooOooOoCcOoOoOoOoOobOboOoobOooOoOoOoOoDOOoOoOooDobO
gobooooooooboooobooobooooooooooboooooboboooboooooog

ggoboooon

gboboooooooobooobooboboboooooooooobooboboboboboboooooooDooD
gooooooooooboboobobbbobodooooooooobbbboooooooooLoDDbbLbDbOD
gog

00000000 0ooO00oooO00oooO0o0ooDOo0 7400000000 BMaDOO 23820
goboooobooboobobooboobboobdooboobobooboobbooboobbooo
gooboobobooooboooobobobobobobooboboooobooboboboboboboobog
0000000000000 000D (D0DO0O00DO0O0OD0D0D0O00O0DOO0OODOOOOoDD)O

074000000000000000000O00O:

1. VGP OOOO 10°< S<20° 000000000
2.vGpO0OO0O0OO0O0OOOO0O0OOOOO0O0OOO0OODOOOOOOOOODOOOOOOO

O0o000 o000 SMalU0O0O0O0OO0OO0OOOOOOOODOOOOOODOOOOO VGPOOOOOOOO
gooboboboooooboobobobobobooooooboobobo

0000000000000 000000000000D0D00D000D000DoDooo0? D0O0O0OOoOOn
gobooobooobooboooboobbooboboobooobooobooboboobobobooDbd
ooo000o0oooo0o000ooooOO000ooOoOO0O000oDOoDOO000O0OODOOO0500 45Ma
O00oooovGPUOOOOOODOOOODODODOOOUOD 000 BMalID0O0OOODODOO4500 110Ma
ooo0oO0ooOoOoooooopol°e00000ooooo0 VGPOOOOOOD 5MalO ~13° 000



gooogooogooobgd

121

22+

201

Figure 7.4 Global compilation of paleosecular
variation during past 5 m.y. Each data
181 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

VGP angular dispersion (°)

167 smooth curve is a fit of the observa-
tions to a model of paleosecular
variation. Redrawn from Merrill and

144 McElhinny (1983).
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Figure 7.5 “Synthetic paleomagnetic poles” 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 “paleomagnetic pole” shown by the
solid square; the stippled circle about the paleomagnetic pole is the region of 95% confidence
with radius Agg; 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. (¢) 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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Ap=81.8°N; ¢, = 181.4°E
N =36; K=20.2; Ag5=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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N= 12, K=496,A95 = 6.2°; S=115°

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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Plat. = 77.0°N; Plong. = 201.6°E
N = 25; K = 388; Agg=1.4° S = 4.1°

Figure 7.8a Example 1 of a “paleomagnetic 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. = —-65.2°N; Plong. = 75.9°E
N=3;K=86.7;Ag5=8.7°,S =8.7°

Figure 7.8b Example 2 of a “paleomagnetic pole” based on problematical data. The mystery pole based
on just three site-mean VGPs. Symbols as in Figure 7.3.
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Figure 8.3 Shallowing of DRM inclination and porosity versus depth in a core of deep-sea sediment. The
core is from DSDP Site 578 in the northwestern Pacific Ocean; the oldest sediment has an age of
5.6 Ma; the bold line is a 1-m.y. sliding time-window average of inclination shallowing compared with
geocentric axial dipole field inclination (corrected for Pacific plate movement); porosities are means
calculated every 0.2 m using a 10-m sliding-depth window; stippled envelopes show 95% confidence
limits. Redrawn after Arason and Levi (1990), with permission of the American Geophysical Union.
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Figure 8.4 Size and shape distribution of biogenic magnetite grains. Distribution of grains in magneto-
tactic bacteria is shown by lightly stippled fields; distribution of grains in other organisms is shown
by darker stippled fields; distribution of two-domain, single-domain, and superparamagnetic fields
is from Figure 3.2. Redrawn from Chang and Kirschvink (1989). Reproduced, with permission,
from the Annual Reviews of Earth and Planetary Sciences, Vol. 17, copyright 1989 by Annual
Reviews Inc.
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Figure 8.5 (a) Transmission electron micrograph of biogenic magnetite crystals from a deep-sea
sediment. Kindly provided by H. Vali. (b) Scanning electron micrograph of botryoidal
authigenic magnetite in the Helderberg Group (Devonian) of New York state. Kindly pro-
vided by C. McCabe.
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Figure 8.6 Equilibrium diagram of the Fe-S—H,0 system. pH < 7 indicates acidic conditions; pH > 7
indicates basic conditions; pE > 0 indicates oxidizing conditions; pE < 0 indicates reducing
conditions; stability fields for precipitation of goethite, magnetite, pyrite, and pyrrhotite are shown;
normal seawater conditions are within the stippled region. Redrawn from Henshaw and Merrill
(1980) with permission of the American Geophysical Union.
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accumulation rate was ~120 cm/1000 yr;
NRM intensity is after alternating-field
demagnetization to peak field of 150 Oe
(15 mT). Redrawn from Karlin and Levi
(1985), with permission of the American
Geophysical Union.
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Figure 8.8 Optical and SEM photomicrographs of hematite and associated minerals in red sediments.
(a) Detrital grain exhibiting “tiger-striped” ilmenite-hematite intergrowth; darker iimenite layers
alternate with lighter layers of hematite. (b) Polycrystalline martite grain showing crystalline units
intersecting along octahedral planes inherited from replacement of parent magnetite; the entire
grain is hematite; differing shades of gray result from different crystallographic directions for
different portions of the grain; (¢) SEM photomicrograph of martite grain with overgrowths of
authigenic specular hematite. (d) SEM photomicrograph of interlocking hematite crystals within a
sand-size void. All samples are from the Wupatki Member of the Moenkopi Formation. Photomi-
crographs kindly provided by T. Walker.
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Mineralogical maturity at deposition —3»-

Detrital remanent magnetism

. 10" Figure 8.9 Mechanisms of magnetization in
> \ red sediments. Mineralogical
g 1077 \ maturity relates to the oxidation state
Z 1094 of the deposited sediment; highly
§. "Early" chemical remanent magnetism oxidized sediments have higher
o 10% mineralogical maturity; demarcations
o) between fields of different magneti-
T 105 zation mechanisms are highly
GE) schematic. Adapted from Turner
£ 10°— "Prolonged" chemical remanent magnetism (1980).
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Figure 9.6 Magnetostratigraphic results from the Upper Cretaceous portion of the Scaglia Rossa section
in the Umbrian Apennines near Gubbio, Italy. The virtual geomagnetic pole (VGP) latitude
determined from the ChRM direction from each paleomagnetic sample is plotted against the
stratigraphic level; the sequence of interpreted polarity zones is shown by the polarity column with
stratigraphic levels of polarity boundaries (in meters) noted on the right side of the column;
polarity zones are designated by the alphabetical system on the left side of column; the position
of the Cretaceous/Tertiary boundary is noted at the right. Redrawn from Lowrie and Alvarez
(1977) with permission from the Geological Society of America.
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Figure 9.7 Correlation of magnetic polarity

zones at the Gubbio section with
polarity sequences interpreted from
analyses of marine magnetic anomaly
profiles in three oceanic areas. Mag-
netic anomaly numbers and magnetic
profiles are shown to the right of each
interpreted polarity sequence; linear
scales of magnetic profiles are shown
to the left of polarity sequences;
polarity sequences are scaled so that
the polarity boundaries at the begin-
ning and end of the sequence are
connected by horizontal lines. Re-
drawn from Lowrie and Alvarez (1977)
with permission from the Geological
Society of America.
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phic sections in the Umbrian
Apennines with the marine magnetic
anomaly sequence. Age from
foraminiferal zonation is shown at left;
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stratigraphic column (scaled in
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anomaly numbers and paleontologi-
cal calibration points (shown by the
arrows) are noted at the left side of
this column); the section numbers
noted at the top of the columns are
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Contessa road; 3 Contessa highway;

4 Bottaccione; 5 Moria; 6 Furlo upper

- road. Adapted from Lowrie and

Alvarez (1981) with permission from
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Figure 9.9 Geomagnetic polarity time scale of Cox (1982) from 0 to 118 Ma. Geologic time divisions are
shown to the left of the polarity column; magnetic anomaly numbers (polarity chron humbers) are
shown in italics at the left of the polarity column; age (in Ma) is shown by the scale to the right of
the polarity column. Redrawn from Cox (1982).
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Figure 9.11 Polarity bias superchrons during the Proterozoic and Phanerozoic. Geologic time
divisions are shown to the left of the polarity bias column; Q = Quaternary; Ng = Neogene;
absolute age is shown to the left of the polarity bias column with age limits of polarity
superchrons shown in bold type; names of polarity bias superchrons are given to the right of
the column. Redrawn from Cox (1982).
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Figure 9.12 Site-mean ChRM declination versus stratigraphic position at Curtis Ranch, San Pedro Valley,
Arizona. The interpreted polarity column and correlations to the GPTS are shown at the right.
Redrawn from Johnson et al. (1975) with permission from the Geological Society of America.

gobobobobooooooooboboboboboobooooooobooboboboboboooog
oo obbobobbobbbobobbbddddi o b
0000000000000 May et al. (1985) O Badgley et al. (1986) 0000000

gogooooooo

coooboooobooooooooooboooooboboooobooOooooooooOoboOoOoobooOooboboOoooon
goboooooooooodooboooooooooooooooooooooooooooooonoa
gobooooooooooooboooobooooooOooOoOobooOoOobooOoobooOooOoOoDOOoOoOooboo
goboooooooobbooobooooooooooooon

coooboooobooooooooOooOOoOoOoOboOoOobOoO0OoOoOoOoOoOoOCcOoO0OOOoOoOobOoboOoOooon
O000Johnson et al. (1985) 00 000000000000 0OOOODOODOOODOOOOODOODOOO
gboboooodbdoboboooooooooooooboboooooobobOoboobooonoona
00(l) 0000000000000 (0ODO00OD0DD0O0O0DO0O0O0O0OO0)O(2)DU0O0OODO0ODOoOoOooOo
000000 @3) 0000000000 b00D04) 00000000 DDO00ODO0D0OD0D0ODOOO0DODO



172 090 DOOO0O0O0OO0O0O0

» Age

2 (Ma)

C

2

53

0.69

FOSSIL LOCALITIES
Prospect ——— » FAUNAL DATUM . )

£ Figure 9.13 Occurrences of fossil-
Glyptotherium Sl 1.71 mammal localities in San Pedro
Gidley\\: g-we — Lepus Valley with respect to the GPTS.
Johnson Pocket ——p. Ondatra ldah , Absolute ages of polarity intervals
82:#_'9(;2? Wash —» < naatra laanoensis are indicated on the right side of
Wolf Ranch——— 243 4—— Nannippus (extinction) the polarity column. Redrawn
Horsey Green Bed — from Johnson et al. (1975) with
McRae Wash ——» permission from the Geological
Honey's Hummock— Society of America.
Bonanza ———— p S 5>

[
Mendevil Ranch ——» N

3.00

Post Ranch ——» 3.08 -#—— Sigmodon medius

3.32

goboooooboooooboobooobo0o:-obooooobobo0oobbo0oooooooobOboOooDoboOoo

0000000000000 oo0o0o00ooo0O00 NRMOOODOOOOOOOO0OO0OO0OO00ODOO
“000”0000Tauxeet al. (1980) 00000000 0OO0OODOONRMOOOODOODODOOOONRM
oooooo0oo “obooo0”0 “00000”000000000000DO000000O00DOODOOO
~400°CO000000DO0O0OOO (T) U NRMOOOOTeOOO 675°CO ChRMOODOOOOOOO
00o0o00o0oooooooooooooogoo Tp oo VRMOOOOOOOoOoooooooooo
oo0o0oo 70000000000 NRMOOOOODOOOOODOOOOODOOOODOOOODOO
000000 52°CO600°COOOODOOO00OOODOOOOOODOOEROCOOODODOOODOODODOO
000 ChRMOOODOO NRMOOOUOOOOOOOOO

Tauxe et al. (1980) 0000000 0DOOO00OODOOOOOOOODOOOOOODOOOOOOOO (04
0)0000000000000000000 535°CO0600°COO00 T 0000000OCKRM OO
0000000000000 D0O0OOO0OOChRM (O Tp O 525°CO0O 600°COO0O)000OODOOOO
ONRMOOODOOOOODOOOOODOOOOODDOODOOOO NRMOOOOOOD ChRMODOOOOOO
gobooooooooboooooao

O000o0ooooO0o0o0oooooO0o0oooo ChRMOODOODOOOODOODOOOOOOOODODOO
00000000 Tauxe et al. (1980) O ChRM O DRMOOOO CRMOOOOODOOOOOOOO
ooooooooOoOooooooeco°cCOOOOOOOOOODO ChRMOOOOOOOOOOODOODOO
goboo0oooOoOooboooboooooooooo

Johnson et al. (1985) D0 ODO0OO0ODO0O 1590000000000000000 300000000
ooooeo0°COOOOOODODOOOODOOOOD ChRMOOOODOOOODOOOODODO 2000000
000000ooooo (3% 0000)000000000000 “000 A000000CKRMOOO
ooooooo0oooooooooOo200000 ChRMOOODOOOOOODOOO “cOO0B’OOOO
000000000000 00009Y 0000000 AD3r00000O0D BOOoOOoooOooo 230
000000o0o0oU0DO00o0UO0O0O0D ADO0U0O0OO0DOoOUOOOOUOOOOUDOOO0OODDOOOO

gooooooooooooooooooooooooooooooD Y. 14000000000000



gooog 173

OvVGPOOODODOOODODODODODODODOOOOOODODODODODODODODODOOOODOOOO 9140000000
ooo0oO0o0o0o0ooooOooO0O000000OooDOooOOO0; 0000 NFONSOOOOOOODODOO
goboooooooooboobooobboooooooooooooDoooooboooboOoooooOoOoooDn
O00O0ooo0o0ooooo GpPTSOOUOOOOO500000000000000O0O0DOOOOO
ooooOoOo95+05Ma0 0000000000 OODOOOOODOODDO GPTSOOOOKOODODOO
0000000000000 0O00DO0000o0ooO0ooOsBrOo0 CrO000OO0O0OOOOOOO
oo0000oooOO0000oooO0000ooO0O0000D 1800 8MaDIODO GPTSOOOOOO
0000 915000000000000000000000D0DOO0 Johnson et al. (1985) 000000
0000000000000 000000000000000ODO0O0OO/O0O0O0O0OD 143Ma; OO0O/0O
00000 98Ma; 000 /00000000O8SMaO000ODODOOOODODO
oooooooo9lebObOOO0OOODOOCOOOOODOCOOOOO0OOOOOOOOOODOOOOOOO

VGP Latitude (°)
-60 -30 0 30 60
RN N I I E— —

] ° N3
1.8- Dhok Pathan Fm E:; N2
) 0< ;
— N
1.6- . 5 il
1 -
149 ] No S
_ ] Nagri Fm g
1.24 i 8
— 7 ———e N-| E
§ 2 Lo :
= 1.0 0]
E i O e
D 7 . 0\.::3° N3
2 g VGP Latitude (°) — Ny
< U.oA —2 ]
8 -60-30 0 30 60 °"=§ Ng
2 o ——e
: _ == &
» o =j e 8 8
i — &, ° Ng &
T —» Nig 3
0.4 T <
©
- . T Nit €
<
0.2 g
Nio =
o g o 12
] %’ Ni3 6

Figure 9.14 Stratigraphic correlation and polarity stratigraphy of Chita Parwala and Gabhir Kas sec-
tions. Resistant sandstones are shown by the stippled pattern in the stratigraphic section; finer-
grained lithologies are shown in black; tracer sandstone units are shown connecting
lithostratigraphic sections; VGP latitudes for class A sites are shown by solid circles; VGP
latitudes for class B sites are shown by open circles; the interpreted magnetic polarity zonation
is shown at the right. Redrawn from Johnson et al. (1985) with permission from the Journal of
Geology. Copyright© 1985 by The University of Chicago.
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Figure 9.17 Stratigraphic sections of Middle Siwalik deposits near Khaur, Pakistan. The heaviest black
line shows the outcrop of U Sandstone; the medium black line shows the course of Soan River;
the thin, sinuous black lines show canyons cutting across the strike of deposits; stippled lines
indicate roads; initials label stratigraphic sections located by straight black lines and shown in
Figure 9.18; the region is within Potwar Plateau. Redrawn from Behrensmeyer and Tauxe (1982).
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Figure 9.18 Magnetostratigraphic correlation of DN4-DR4 polarity boundary along the strike of the U
Sandstone. Sheet sandstones on the southwest side of the cross section are assigned to the
Nagri Formation, while silts and clays (shown by white) are characteristic of the Dhok Pathan
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sites (within-site clustering of ChRM significant from random after AF demagnetization); black
indicates normal polarity; white indicates reversed polarity; the bold stippled line indicates the
position of the DN4-DR4 polarity boundary. Redrawn from Behrensmeyer and Tauxe (1982).
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Figure 10.2 Paleomagnetic pole from Holocene lavas of the western United States. The entire data set
of 77 VGPs from Holocene lavas was averaged; the paleomagnetic pole is located on the oppo-
site side of the geographic pole from the collecting sites in the western United States; note that
the geographic north pole is just outside the 95% confidence limit about the paleomagnetic pole;
latitude circles are shown in 10° increments and longitude lines in 30° increments. Modified from
Champion (1980).
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Figure 10.3 Comparison of four mid-Cretaceous paleomagnetic poles for North America. Sampling
locations are shown by solid circles; corresponding paleomagnetic poles determined from each
sampling location are shown with numbers labeling the stippled 95% confidence limits; 1 = alkalic
intrusions, Arkansas (Globerman and Irving, 1988); 2 = lamprophyric dikes, Newfoundland
(Prasad, 1981; Lapointe, 1979); 3 = alkalic intrusions, Quebec (Foster and Symons, 1979); 4 =
Niobrara Formation, Kansas (Shive and Frerichs, 1974); the mean of these four poles is shown
by the solid square with the surrounding lightly stippled 95% confidence region. Modified from
Globerman and Irving (1988) with permission from the American Geophysical Union.
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Figure 10.4 North American mid-Cretaceous and Eocene paleomagnetic poles and resulting paleogeo-
graphies. (a) Mid-Cretaceous paleomagnetic pole plotted on the present geographic grid; (b)
mid-Cretaceous paleogeographic position of North America resulting from rotating the mid-
Cretaceous paleomagnetic pole (and North America) so that the paleomagnetic pole coincides
with the axis of the grid; (¢) Eocene paleomagnetic pole of Diehl et al. (1983) plotted on the
present geographic grid; (d) Eocene paleogeographic position of North America.
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Figure 10.5 North American Mesozoic and Cenozoic apparent polar wander path of Irving and Irving
(1982) using the sliding-time-window technique. Ages of mean paleomagnetic poles are labeled
in Ma; the time window duration is 30 m.y.; 95% confidence limits are shown surrounding each

mean pole.
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Figure 10.6 North American Mesozoic and Cenozoic apparent polar wander path based on compilation
of the most reliable paleomagnetic poles. Stippled regions surrounding each pole are the 95%
confidence limits; Triassic poles have the lightest stippling of confidence limits, while Jurassic,
Cretaceous, and Cenozoic poles have progressively heavier stippling of confidence limits; Mio =
Miocene (Hagstrum et al., 1987); O = Oligocene (Diehl et al., 1988); E = Eocene and P = Pale-
ocene (Diehl et al., 1983); K = mid-Cretaceous (Globerman and Irving, 1988); uM and IM =
upper and lower Morrison Fm, respectively; GC = Glance Conglomerate; CC = Corral Canyon;
NT2 and NT1 = Newark trend group 2 and group 1 intrusives; KY = Kayenta Fm; MO = Moenave
Fm; C = Chinle Fm; MI = Manicoagan impact structure; M = Moenkopi Fm; SB = State Bridge
Fm; RP1 and RP2 = Red Peak Fm); for references to Jurassic and Triassic poles, see Ekstrand
and Butler (1989); arc and cusp interpretation of the APW pattern is shown in the upper diagram.
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Plate F

Figure 10.7 Paleomagnetic Euler pole model of apparent polar wander paths. The geographic grid is
shown centered on the present rotation axis; Plate F is fixed, while Plate M is rotating about an
Euler pole that is fixed in position (with respect to Plate F and the underlying mantle); the direction
of absolute motion of Plate M is shown by the bold arrow; directions of relative plate motion along
plate boundaries are shown by small arrows; ridge boundaries are shown by double lines; trans-
form fault boundaries are shown by single lines; the convergent plate boundary is shown by the
thrust fault symbol with teeth on the overriding plate; a hotspot under the active seamount labeled
0 Ma is fixed to the mantle and produces a seamount chain (hotspot track) with ages indicated;
the recent paleomagnetic pole for Plate M is located at the rotation axis, while older paleomag-
netic poles fall on the APW path with ages of poles indicated; the APW path, transform faults, and
hotspot track all lie on circles of latitude (small circles) centered on the Euler pole. Modified from
Gordon et al. (1984) with permission from the American Geophysical Union.
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Figure 10.8 Paleogeographic reconstruction from apparent polar wander paths. (a) Continents A and B

were joined together at geologic time T,; the paleomagnetic pole for rocks of age T, on conti-
nents A and B records the position of the rotation axis; during the time interval from T to T, the
continents rotate about Euler pole #1 at a rate of 10° per time unit (e.g., T; to T = one time unit).
(b) The APW paths for continents A and B have recorded the past positions of the rotation axis
during the interval T, to T,; these APW paths are rotated along with continents A and B during
subsequent rotations; at geologic time T,, continents A and B rift apart; continent A begins to
rotate about Euler pole A (rate = 10°/time unit), and continent B begins to rotate about Euler pole
B (rate = 8°/time unit). (c) At geologic time Tg (present), continent A has the APW path indicated
by the open circles while continent B has the APW path indicated by the solid circles; the form of
the APW paths during the T, through T, interval and the geometric relationships between the
APW paths and the continents to which they belong are the same as at time 7,. (d) Paleogeo-
graphic reconstruction for time T,; continent A was fixed in position, and continent B was rotated
until the APW paths of continents A and B overlapped during the T to T, interval; the axis of the
geographic grid was then placed on paleomagnetic pole T, to produce paleolatitude lines for time
T,4; the absolute values of the longitude lines are indeterminate; note that the relative placements
and paleolatitudes of continents A and B are the same in (b) and (d). Modified from Graham et
al. (1964) with permission from the American Geophysical Union.
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Figure 10.9 (a) Paleozoic and Mesozoic APW paths of North America and Europe. North American
poles are shown by solid circles; European poles are shown by open circles; the Euler pole of
Bullard et al. (1965) for reconstruction of the North Atlantic prior to Cretaceous and Cenozoic
opening is shown by the solid square; the Euler pole location is 88.5°N, 27.7°E; in (b), Europe is
rotated 38° clockwise about the Euler pole toward a fixed North America (upper bold arrow);
during this rotation, the European APW path also rotates clockwise about the Euler pole (lower
bold arrow). (b) Middle Jurassic paleogeographic reconstruction of North America and Europe;
O = Ordovician; S = Silurian; D = Devonian; C = Carboniferous; P = Permian; Tr = Triassic; J =
Jurassic; | = lower; m = middle; u = upper. Modified from Van der Voo (1990) with permission
from the American Geophysical Union.
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Figure 10.11 Paleozoic APW paths and paleogeographies for Gondwana. (a) The APW path shown by
the bold curve contains a loop in the Silurian through Early Devonian; “traditional” interpolation of
the Silurian through Early Devonian portion of the APW path is shown by the dashed line; the
paleomagnetic south poles are plotted on the present geographic grid fixed to Africa; labels on
paleomagnetic poles are as in Figure 10.9. (b) Ordovician paleogeography of Gondwana and
North America; the Avalon terrane is adjacent to northwest Africa; the paleogeographic grid is
centered on the Gondwana paleomagnetic pole. (c) Early Devonian paleogeography of
Gondwana and North America; northern Africa has moved rapidly north into subtropical to equato-
rial paleolatitudes during latest Ordovician—Early Silurian; the Africa—North America collision
causes the Acadian orogeny and transfers the Avalon terrane to North America; the paleogeo-
graphic grid is centered on the Early Devonian paleomagnetic pole for Gondwana. (d) Late
Devonian paleogeography of Gondwana and North America; during the Devonian, a medium-
width ocean opens between North America and northern Gondwana; the paleogeographic grid is
centered on the Late Devonian paleomagnetic pole for Gondwana. Modified from Van der Voo
(1988) with permission from the Geological Society of America.
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Figure 11.1 Discordant paleomagnetic directions resulting from tectonic movements. PP = paleomag-

netic pole. (a) Meridional cross section of the Earth showing the directions of a dipolar magnetic
field with magnetic pole at PP; the expected magnetic field directions are shown by the stippled
arrows; a terrane magnetized at low paleolatitude acquires a magnetization in the direction of the
black arrow; transport of the terrane toward the paleomagnetic pole by the angle p results in its
magnetization being shallower than the expected direction by the angle F (flattening); note that
the angle of flattening F does not equal the angle of poleward transport p. (b) Rotation of the
paleomagnetic declination by tectonic rotation about a vertical axis internal to the crustal block.
The original orientation of the block is shown by the partially hidden outline; the present orienta-
tion is shown by the outline filled with the heavier stippling; the crustal block was magnetized
along the paleomeridian in the direction of the partially hidden arrow; vertical-axis rotation has
caused the paleomagnetic declination to rotate clockwise by the angle R to the direction indicated
by the arrow drawn from the center of the block; the projection (for this and all global projections
to follow) is orthographic, with the latitude and longitude grid in 30° increments. (c) Rotation of a
crustal block about an Euler pole external to the block. Rotation by the angle 2 about an external
Euler pole results in rotation of the paleomagnetic declination by the angle R and a poleward
translation by the angle p.
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Figure 11.2 Direction-space versus pole-space
analysis of paleomagnetic discordance. (a)
Equal-area projection of an observed
discordant paleomagnetic direction with
inclination /, and declination D, compared to
an expected direction with inclination /, and
declination D,; the observed direction is
shallower than the expected direction by the
flattening angle F (= I, — 1,); observed
declination is clockwise from the expected
declination by the rotation angle R. (b)
Comparison of observed and reference
paleomagnetic poles. The discordant
paleomagnetic pole OP (observed pole) was
determined from paleomagnetic analysis of
rocks at the collection location labeled S; RP
is the reference paleomagnetic pole; the
spherical triangle with apices at S, OP, and
RPis shown by the heavy lines; p, = great-
circle distance from Sto RP; p, = great-
circle distance from Sto OP; poleward
transport p = p, — p,; vertical-axis rotation R
= angle of spherical triangle at S.
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Figure 11.3 Map of southern California. Major Neogene faults are shown by heavy lines; the state boundary
of California is shown by the thin line; the Transverse Ranges are shown by the stippled pattern.
Redrawn from Luyendyk et al. (1985) with permission from the American Geophysical Union.
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Figure 11.4 (a) Equal-area projection of site-
mean ChRM directions from the Conejo
Volcanics of the Santa Monica Moun-
tains, western Transverse Ranges.
Directions in the lower hemisphere are
shown by solid circles; directions in the
upper hemisphere are shown by open
circles. (b) Comparison of discordant
formation-mean ChRM direction from the

N Conejo Volcanics of the Santa Monica

b Mountains with the expected direction

calculated from the Miocene reference

| R+AR=73.8°+09.6° pole for North America. Data from

Kamerling and Luyendyk (1979) with

permission from the Geological Society of

America.
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Figure 11.5 Schematic reconstruction of southern California in the Late Oligocene. The Pacific Plate is
moving northwest, and the Farallon Plate is subducting beneath the North America plate; separa-
tion of the Pacific and Farallon plates at the East Pacific Rise is shown by diverging arrows;
crustal panels are separated by strike-slip faults, including SAF = San Andreas fault; NF =
Nacimiento fault; HF = Hosgri fault; GF = Garlock fault; SYF = Santa Ynez fault; SYRF = Santa
Ynez River fault; MCF = Malibu Coast fault; SCI = Santa Cruz Island fault; NIF = Newport-
Inglewood fault; place names are BFL = Bakersfield; MRY = Monterey; SLO = San Luis Obispo;
SBA = Santa Barbara; SMM = Santa Monica Mountains; PVP = Palos Verdes Peninsula; SAN =
San Diego; ELC = El Centro. Redrawn from Luyendyk et al. (1985) with permission from the
American Geophysical Union.
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Figure 11.6 Geologic and physiographic provinces of the Pacific Northwest. Expected and observed
paleomagnetic declinations are compared at sites of paleomagnetic studies of Cenozoic layered
rocks; expected declinations are shown by the north-directed line; observed declinations are
shown by arrows; references to paleomagnetic studies are CB = Columbia River Basalt Group
(data compiled by Grommé et al., 1986); C = Clarno Formation (Grommé et al., 1986); OV =
Ohanapecosh Volcanics (Bates et al., 1981); GV = Goble Volcanics (Beck and Burr, 1979);
GVW = Goble Volcanics (Wells and Coe, 1985); WH = Crescent Formation (Wells and Coe,
1985); BH = Crescent Formation (Globerman et al., 1982); BP = Crescent Formation (Beck and
Engebretson, 1982); TV = Tillamook Volcanics (Magill et al., 1981); SV = Siletz River Volcanics
(Simpson and Cox, 1977); YB = Yachats Basalt (Simpson and Cox, 1977); TF = Tyee and
Flournoy formations (Simpson and Cox, 1977); WC1&WC2 = Western Cascades Volcanics
(Magill and Cox, 1980); WC3 = Western Cascades Volcanics (Beck et al., 1986); geologic/
physiographic provinces include NC = North Cascades; IB = Idaho batholith; CP = Columbia
Plateau; BR = Basin and Range. Modified from Grommé et al. (1986) with permission from the
American Geophysical Union.
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Figure 11.9 Tectonostratigraphic terranes of the North American Cordillera. The area of dark stippling in
southern Alaska is the Wrangellia terrane containing the Nikolai Greenstone locality. Definitions

and descriptions of terranes can be found in Coney (1981). Redrawn from Coney (1981).
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Figure 11.10 Comparison of the paleomagnetic pole from the Middle—Late Triassic Nikolai Greenstone
with the reference paleomagnetic pole from the Chinle Formation. The paleomagnetic pole from
Nikolai Greenstone is shown by the solid circle; the paleomagnetic pole from the Chinle Forma-
tion is shown by the solid square; locations of poles and radii of 95% confidence (Agg, shown by
the stippled circles) are listed; the collecting site in Alaska is shown by the small stippled square;
p, = great-circle distance from the site to the observed paleomagnetic pole; p, = great-circle
distance from the site to the reference paleomagnetic pole; implied poleward transport, p + Ap, of
the Nikolai Greenstone is p, — p, = 22.8° + 6.8°; implied vertical-axis rotation, R + AR, is counter-
clockwise by 80.3° £ 7.8°.
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Figure 11.12 Paleogeographic position of the Nikolai Greenstone in the Middle—Late Triassic. The
paleomagnetic pole from the Chinle Formation is used as the North American reference pole for
the Carnian/Norian stage of the Late Triassic; the Chinle pole is used as the pole of the paleogeo-
graphic grid; South America is placed in its Late Triassic paleogeographic position with respect to
North America; the Nikolai Greenstone paleolatitude (10.7° north or south) is shown by the heavy
line with confidence limits (£6.8°) shown by the stipple band of latitudes.
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Figure A.1 Geocentric axial dipole. The large arrow is the magnetic dipole moment, M; 6 is the polar
angle from the positive pole of the magnetic dipole; p is the magnetic colatitude; A is the geo-
graphic latitude; ris the radial distance from the magnetic dipole; H is the magnetic field produced
by the magnetic dipol; = is the unit vector in the direction of r. The inset figure in the upper right
corner is a magnified version of the stippled region. Inclination, /, is the vertical angle (dip)
between the horizontal and H. The magnetic field vector H can be broken into (1) vertical compo-
nent, H, = —H,, and (2) horizontal component, H), = H,.
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Figure A.2 Spherical triangle with apices at A,
B, and C and sides a, b, and ¢. The
inset figure shows the plane contain-
ing A, B, and the center of the sphere;
the angular distance cis the angle
subtended by side c at the center of

\

B the sphere. The projection (for this
¢ and all global projections to follow) is
orthographic with the latitude and

A longitude grid in 30° increments.
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Figure A.3 (a) Determination of a magnetic
pole from a magnetic field direction.
The site is at (44, ¢5); the magnetic pole
is at (45, 9p,); the north geographic pole
is at point N; the colatitude of the site is
ps; the colatitude of the magnetic pole is
Pp; B is the longitudinal difference
between the magnetic pole and the site.
(b) Ambiguity in magnetic pole longi-
tude. The pole may be at either (4,, ¢,)
or (4, ¢,); the longitude at ¢;+ 7/ 2 is
shown by the heavy line.
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Figure A.4 (a) Equal-area projection of direction
I, D and attendant confidence limits A/,
AD. The confidence limit surrounding the
direction is circular in direction space but
is mapped into an ellipse by the equal-
area projection. (b) Magnetic pole at
(Ap, ¢p) and attendant confidence limits dp
and dm. The site location is (44, ¢5); pis
the magnetic colatitude; the dark stippled
region is a spherical triangle with apices
(Ag 99), (Ap, ¢p), and T; the light stippled
region is a confidence oval about the
magnetic pole with semi-major and semi-
minor axes dm and dp, respectively; AD is
the angle at apex (A4, ¢).
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Figure A.5 Geometry used to determine the
expected magnetic field direction from a
magnetic pole. The magnetic pole is at
P (A, ¢p) with circular confidence limit
Ags; the site location is at S (4, ¢5); Nis
the geographic north pole; p is the
magnetic colatitude of the site; p; is the
geographic colatitude of the site; Pp is
the geographic colatitude of the mag-
netic pole; A¢ is the longitudinal differ-
ence between the magnetic pole and
the site; D, is the expected magnetic
field declination at the site with confi-
dence limit = AD,.
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Figure A.6 Equal-area projection of vertical axis
rotation, R, and inclination flattening, F.
The observed direction is /,, D,; the
expected direction is /,, D,; the confi-
dence regions about the directions are
shown by stippling; ¢ is the angular
distance of the confidence limit from the
vertical plane through /,, D,.
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Figure A.7 Geometry required to determine
vertical axis rotation and poleward
displacement by comparing observed
and reference paleomagnetic poles. RP
is the reference paleomagnetic pole at
(4,, ¢) with Agg = A,; OPis the observed
paleomagnetic pole at (4,, ¢,) with

Ags = A,; the site location Sis (A4, ¢4); N
is the north geographic pole; the dashed
longitudinal lines connect S, OP, and RP
to N; the dark stippled region is a
spherical triangle with apices S, OP, RP
and sides p,, p,, and s; the light stippled
circles are confidence circles about
observed and reference poles; the
vertical axis rotation is angle R.
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