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Figure 1. The Canadian Cordillera
showing terranes studied here. Rect-
angles denote sampling regions: 1—
southeastern British Columbia for
Cache Creek, Quesnel, and Koote-
nay samples (KO � Kootenay ter-
rane proper); 2—Wells-Barkerville
region for Quesnel, Slide Mountain
and Kootenay/Cassiar-equivalent
samples; 3—Nisutlin assemblage at
Little Salmon Lake, Yukon.

the situation is more complex. This is because 1995; Smith et al. 1995), but the combination of
sedimentary rocks, granitoids, and their metamor-rocks of undoubted oceanic affinity, island arc af-

finity, or other juvenile origin are juxtaposed tec- phosed equivalents form at least half of the mass
of terranes inboard of Stikine, and isotopes showtonically with terrane elements and assemblages

from the North American margin (e.g., Tempel- that they mostly have a complex mixed origin
(Brandon and Smith 1994; Ghosh, 1995; Stevens etman-Kluit 1976; Struik 1986; Monger et al. 1991;

Roback et al. 1994). In most of these more inboard al. 1996; Creaser et al. 1997). Because of this, mod-
eling of juvenile vs. recycled elements in these in-terranes, granitoids have a complex origin, showing

mixing of arc-related materials with remelted con- board terranes is more difficult.
Exacerbating the problem from the point of viewtinental crust or metasediments (e.g., Armstrong

1988; Brandon and Smith 1994). Studies using Nd, of modeling crustal growth is the fact that critical
isotopic data for sedimentary assemblages have of-Sr, or Pb isotopes to determine large-scale crustal

origins in the regions inboard of Stikine are there- ten not been available. The volcanic lithologies of
the Cache Creek, Quesnel, and Slide Mountain ter-fore more complex. The results seem to show co-

mingling of juvenile and craton-related materials in ranes have been characterized both isotopically and
chemically/petrologically (Mortimer 1987; Smithall or most terranes, even where only one of the

major sources might have been expected (e.g., and Lambert 1995; Smith et al. 1995 and references
therein). Yet sedimentary assemblages of these ter-Ghosh and Lambert 1989; Stevens et al. 1996;

Creaser et al. 1997). Mafic and intermediate igne- ranes, critical for tectonic interpretation (e.g.,
Struik 1985; Roback et al. 1994) as well as crustalous rocks are often juvenile (Smith and Lambert
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Most terrane maps focus on Canada; map at right extends this into US





Paleomagnetism and latitude

A cooling igneous rock or a new

sedimentary rock can record the 

direction of the magnetic field
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Paleomagnetism is one of the most powerful physical observations of ancient rocks, 

as it is capable of revealing paleolatitude independent of climatic inference, rotation of 
large regions, and can provide resolve stratigraphic ties to under 10,000 years under the 
right conditions.  The idea is that the rocks record the Earth's magnetic field faithfully; 
that field tells of the position of the magnetic pole and the polarity of the Earth’s field.  
The problem is, sometimes it doesn’t work out that way.  To use this tool correctly, you 
need to know how to figure out when it works and when it does not. 

Reference for this is M. W. McElhinny, Palaeomagnetism and plate tectonics, 
Cambridge Univ. Press, 1973, or the successor text, M. W. McElhinny and P. L. 
McFadden, Paleomagnetism: Continents and Oceans, Academic Press, 2000. 

The Earthʼs Magnetic Field 
 The basic field of the Earth is that of a dipole; thus the strength of the Earth’s field is 

 F =
M
a3
1 +3sin2 !( )1/ 2  (1) 

where λ is the latitude, M is the Earth’s dipole moment, and a is the radius of the Earth.  
The direction of the field is towards the north (magnetic) pole, so the declination of the 
dipole field is 0°, and the inclination of the field, I, is 

 I = tan!1 2tan"( )  (2) 

So far as we know, this part of the Earth’s field remains pretty sensible over geologic 
time other than the amplitude and the polarity.  There are higher harmonics of the modern 
field, and they change with time (there is some debate over whether a couple of those 
terms exist at very long (million year) time scales).  These somewhat smaller changes are 
termed secular variation, and the changes in inclination and declination they produce are 
observed by magnetic measurements over the past few centuries.  Thus an instantaneous 
measurement of the Earth’s magnetic field will not point to geographic north, but one 
averaged over thousands of years will.  When using a paleomagnetic direction for 
estimating paleolatitude or rotations, it is necessary that the measurement average enough 
time that equation (2) holds true. 

While at this point, we note the equations governing the position of the apparent pole 
at latitude λ’ and longitude φ’ from a measurement of the paleomagnetic field declination 
D and inclination I made at a latitude λ and longitude φ: 

 

sin !" = sin" cos p + cos" sin pcosD
!# = # + $  when cos p % sin" sin !"  

or !# = # +180°& $  when cos p < sin" sin !"
where sin$ = sin psinD / cos !"

and tan I = 2cot p where 0° ' p '180°

 (3) 
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International Geomagnetic Reference Field Model --  Epoch 2020
Main Field Declination (D) 

Map Date : 2020
Units (Declination) : degrees (red contours positive (east) blue negative (west))
Contour Interval : 2 degrees
Map Projection : Mercator
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If Tb>300°C



to the geomagnetic field. As subsequent material is deposited on top of it, the dip the grain

initially had from the horizontal may be flattened significantly, leading to shallowing of

the inclination of the paleomagnetic vector (Fig. 1). Several authors have explored the

issues related to inclination shallowing and developed statistical techniques to calculate

the degree of shallowing expected for various sediments (e.g., King, 1955; Anson and

Kodama, 1987; Deamer and Kodama, 1990; Jackson et al., 1991; Sun and Kodama;

1992; Hodych and Bijaksana, 1993; Kodama and Davi, 1995; Tan et al., 2002, 2007;

Kent and Tauxe, 2005; Bilardello and Kodama, 2010; Kent and Irving, 2010).

Water

Depositing
sediments

Deposited
sediments

(A)

(B)

Fig. 1 (A) Schematic diagram of detrital remanent magnetization showing magnetic mineral grains
settling out of a water column with some compaction (and thus inclination shallowing) in the lower
sediments. (B) Schematic diagram of chemical remanent magnetization showing development of a
magnetic mineral cement, such as hematite, in interstitial spaces. In both, large arrow represents
the ambient magnetic field and smaller arrows represent the magnetization of the grain or cement.

211Paleomagnetism and Magnetostratigraphy for Terrestrial Strata

Ziegler and Kodama, Terrestrial Depositional Systems, 2017

Earth’s field 

magnetic grains
Sedimentary remanent paleomagnetism





GEOL5690 Paleomagnetism notes p. 2 

Note that the latitude of the pole must be between –90° and +90° and that the 
paleocolatitude is p (compare the last equation with eqn 2). You can also worry about the 
reverse problem of predicting the direction given an apparent pole position: 

 

cos p = sin! sin "! + cos "! cos! cos "# $#( )
tan I = 2cot p where 0° % p %180°

cosD = sin "! $ sin! cos p
cos! sin p

where 0° % D %180° for 0° % "# $#( ) %180°
and 180° < D < 360° for 180° < "# $#( ) < 360°

  (4) 

 

Magnetic Minerals 
Almost every mineral has some response to a magnetic field, but for nearly all that 

response is insignificant.  The few that do have a significant response are the critical 
minerals for paleomagnetism.: 

 
Mineral Composition Curie Point Origin 

Magnetite Fe3O4 580°C Magmatic, occasional 
metamorphic and 
chemical 

Titanomagnetite Fe2 Fex Ti1-xO4 150-580°C “ 
Hematite α-Fe2O3 675°C Often sedimentary, 

chemical, sometimes 
magmatic, metamorphic 

Maghemite γ-Fe2O3 590-675°C —goes to 
hematite above 250-750°C 

Chemical 

Pyrrhotite FeS1+x, 0<x≤0.14 320°C Magmatic, chemical 
Goethite α-FeOOH 120°C (dehydrates 100-

300°C) 
Chemical (weathering) 

Lepidocrocite γ-FeOOH Below room temperature 
(dehydrates 250°C to 
maghemite) 

Chemical (weathering) 

Greigite Fe3S4 ~330°C Chemical (anoxic 
sediments) 

 
Of these minerals, magnetite (titanomagnetite) and hematite are the main players for 

paleomagnetism.  The other minerals are either too uncommon or reflect secondary 
events such as weathering that are not of interest.  The Curie point is the temperature 
above which the mineral will not have a magnetic response of any kind; below that 
temperature the mineral can produce both an induced response and a remanent response.  
An induced response is one that exists only when a magnetic field is applied and goes 
away once the field is removed (as in a shielded lab). The remanent response remains 
when the applied field is removed, and it reflects a magentization acquired sometime in 
the geologic past. 



Earth’s field 

magnetic 
grains

Igneous remanent paleomagnetism
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If Tb<300°C



Igneous remanent paleomagnetism
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800°C

Curie 
temperature
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Why the two responses?  Well, the simplest answer is that it takes some amount of 
energy for an individual mineral grain to change the direction of its magnetization.  For 
very large grains, there are domains of uniform magnitization within the mineral that can 
have differing magnetizations.  Moving the boundaries (domain walls) within these 
multidomain grains is relatively easy to do, so the grains will tend to return to a neutral 
(nonmagnetic) state in the absence of an external field with time scales of minutes to 
hundreds of years.  Smaller grains can be too small to have two domains—these single-
domain crystals are much harder to change as the entire domain has to change direction at 
once.  These will tend to hold a direction a lot longer and are often the source of the 
remanent response we are interested in.  If these crystals get too small, they no longer 
have much of an energy barrier to changing direction, and their behavior is 
superparamagnetic, which once again tends to respond to the existing field.  In practice, 
it is found that grains larger than single domain grains behave much like single domain 
grains rather than the weak behavior expected of multidomain crystals.  These pseudo-
single domain crystals probably carry most of the paleomagnetization from magnetite in 
igneous rocks. 

There is yet another wrinkle: the length of time the crystal can hold on to a direction 
depends on the temperature.  This is similar to diffusion of atoms in crystal structures that 
is related to the closing temperature of minerals for radiometric age dating.  One way to 
think of this is quite similar to radioactivity: after a time 0.693τ at a temperature T 
without an applied magnetic field, half of the crystals will have gone to a random state 
and the magnetic moment of the rock will have dropped by half.  Expressed 
mathematically for single domain grains, 

 

M(t ) = M0e! t /"

" =
1
C
e

vK
kT

# 
$ 

% 
& 

 (5) 

where k is Boltzman’s constant, C is a frequency factor of about 1010 s-1, v is the volume 
of the grain, and K is an anisotropy constant for a grain (K= 2JsHc, which is the saturation 
magnetization Js (the maximum magnetization the grain gets) and Hc (the coercivity, 
which is the magnetic force that has to be applied to get the grain to Js)).  The relation of 
this time to the coercivity is used in one style of demagnetization of rocks, alternating-
field demagnetization. 

These relations reveal a lot about how paleomagnetism works.  For a grain of specific 
volume, we might define a blocking temperature TB where τ ≈ 100s or so; this represents 
a temperature below which the grain’s magnetization is essentially frozen in:  

 TB =
vK

k ln(C[100s])
 (6) 

Note that smaller grains will have a lower blocking temperature; also note that this 
temperature is frequently well below the Curie temperature. 

A second relation is that the effect of temperature over time can be mimicked at 
higher temperatures over a longer time.  If we rearrange (3) to put the constants on one 
side, we find that 

 T1 lnC!1 = T2 lnC! 2  (7) 

No magnetic remanence 
acquired at 800°C
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Why the two responses?  Well, the simplest answer is that it takes some amount of 
energy for an individual mineral grain to change the direction of its magnetization.  For 
very large grains, there are domains of uniform magnitization within the mineral that can 
have differing magnetizations.  Moving the boundaries (domain walls) within these 
multidomain grains is relatively easy to do, so the grains will tend to return to a neutral 
(nonmagnetic) state in the absence of an external field with time scales of minutes to 
hundreds of years.  Smaller grains can be too small to have two domains—these single-
domain crystals are much harder to change as the entire domain has to change direction at 
once.  These will tend to hold a direction a lot longer and are often the source of the 
remanent response we are interested in.  If these crystals get too small, they no longer 
have much of an energy barrier to changing direction, and their behavior is 
superparamagnetic, which once again tends to respond to the existing field.  In practice, 
it is found that grains larger than single domain grains behave much like single domain 
grains rather than the weak behavior expected of multidomain crystals.  These pseudo-
single domain crystals probably carry most of the paleomagnetization from magnetite in 
igneous rocks. 

There is yet another wrinkle: the length of time the crystal can hold on to a direction 
depends on the temperature.  This is similar to diffusion of atoms in crystal structures that 
is related to the closing temperature of minerals for radiometric age dating.  One way to 
think of this is quite similar to radioactivity: after a time 0.693τ at a temperature T 
without an applied magnetic field, half of the crystals will have gone to a random state 
and the magnetic moment of the rock will have dropped by half.  Expressed 
mathematically for single domain grains, 

 

M(t ) = M0e! t /"

" =
1
C
e

vK
kT

# 
$ 

% 
& 

 (5) 

where k is Boltzman’s constant, C is a frequency factor of about 1010 s-1, v is the volume 
of the grain, and K is an anisotropy constant for a grain (K= 2JsHc, which is the saturation 
magnetization Js (the maximum magnetization the grain gets) and Hc (the coercivity, 
which is the magnetic force that has to be applied to get the grain to Js)).  The relation of 
this time to the coercivity is used in one style of demagnetization of rocks, alternating-
field demagnetization. 

These relations reveal a lot about how paleomagnetism works.  For a grain of specific 
volume, we might define a blocking temperature TB where τ ≈ 100s or so; this represents 
a temperature below which the grain’s magnetization is essentially frozen in:  

 TB =
vK

k ln(C[100s])
 (6) 

Note that smaller grains will have a lower blocking temperature; also note that this 
temperature is frequently well below the Curie temperature. 

A second relation is that the effect of temperature over time can be mimicked at 
higher temperatures over a longer time.  If we rearrange (3) to put the constants on one 
side, we find that 

 T1 lnC!1 = T2 lnC! 2  (7) 

No magnetic remanence 
acquired at 800°C Magnetic remanence at high 

sub-Curie temperatures



Igneous remanent paleomagnetism
Earth’s field 

magnetic 
grains

m
u
s
c
o
v
i
t
e
 
b
e
c
a
u
s
e
 
t
h
e
y
 
m

a
y
 
n
o
t
 
h
a
v
e
 
e
n
o
u
g
h
 
a
l
u
m

i
n
u
m

 
o
r
 
e
n
o
u
g
h
 
h
y
d
r
o
g
e
n
 
t
o
 
m

a
k
e
 
t
h
e
 
O

H
 
c
o
m

p
l
e
x
e
s
 

t
h
a
t
 
a
r
e
 
n
e
c
e
s
s
a
r
y
 
f
o
r
 
m

i
c
a
 
m

i
n
e
r
a
l
s
.
 
T

y
p
i
c
a
l
 
f
e
l
s
i
c
 
r
o
c
k
s
 
a
r
e
 
gr

an
ite

 
a
n
d
 
rh

yo
lit

e 
(
F

i
g
u
r
e
 
3
.
3
.
5
)
.
 

T
h
e
 
c
o
o
l
i
n
g
 
b
e
h
a
v
i
o
u
r
 
o
f
 
i
n
t
e
r
m

e
d
i
a
t
e
 
m

a
g
m

a
s
 
l
i
e
 
s
o
m

e
w

h
e
r
e
 
b
e
t
w

e
e
n
 
t
h
o
s
e
 
o
f
 
m

a
f
i
c
 
a
n
d
 
f
e
l
s
i
c
 

m
a
g
m

a
s
.
 
T

y
p
i
c
a
l
 
m

a
f
i
c
 
r
o
c
k
s
 
a
r
e
 
g
a
b
b
r
o
 
(
i
n
t
r
u
s
i
v
e
)
 
a
n
d
 
b
a
s
a
l
t
 
(
e
x
t
r
u
s
i
v
e
)
.
 
T

y
p
i
c
a
l
 
i
n
t
e
r
m

e
d
i
a
t
e
 
r
o
c
k
s
 

a
r
e
 
di

or
ite

 
a
n
d
 
an

de
si

te
.
 
T

y
p
i
c
a
l
 
f
e
l
s
i
c
 
r
o
c
k
s
 
a
r
e
 
g
r
a
n
i
t
e
 
a
n
d
 
r
h
y
o
l
i
t
e
 
(
F

i
g
u
r
e
 
3
.
3
.
5
)
.
 

Fi
gu

re
 3

.3
.5

 E
xa

m
pl

es
 o

f t
he

 ig
ne

ou
s r

oc
ks

 th
at

 fo
rm

 fr
om

 m
af

ic
, i

nt
er

m
ed

ia
te

, a
nd

 fe
ls

ic
 m

ag
m

as
. 

A
 
n
u
m

b
e
r
 
o
f
 
p
r
o
c
e
s
s
e
s
 
t
h
a
t
 
t
a
k
e
 
p
l
a
c
e
 
w

i
t
h
i
n
 
a
 
m

a
g
m

a
 
c
h
a
m

b
e
r
 
c
a
n
 
a
f
f
e
c
t
 
t
h
e
 
t
y
p
e
s
 
o
f
 
r
o
c
k
s
 
p
r
o
d
u
c
e
d
 

i
n
 
t
h
e
 
e
n
d
.
 
I
f
 
t
h
e
 
m

a
g
m

a
 
h
a
s
 
a
 
l
o
w

 
v
i
s
c
o
s
i
t
y
 
(
i
.
e
.
,
 
i
t
’
s
 
r
u
n
n
y
)
—

w
h
i
c
h
 
i
s
 
l
i
k
e
l
y
 
i
f
 
i
t
 
i
s
 
m

a
f
i
c
—

t
h
e
 
c
r
y
s
t
a
l
s
 

t
h
a
t
 
f
o
r
m

 
e
a
r
l
y
,
 
s
u
c
h
 
a
s
 
o
l
i
v
i
n
e
 
(
F

i
g
u
r
e
 
3
.
3
.
6
a
)
,
 
m

a
y
 
s
l
o
w

l
y
 
s
e
t
t
l
e
 
t
o
w

a
r
d
 
t
h
e
 
b
o
t
t
o
m

 
o
f
 
t
h
e
 
m

a
g
m

a
 

c
h
a
m

b
e
r
 
(
F

i
g
u
r
e
 
3
.
3
.
6
b
)
.
 
T

h
e
 
m

e
a
n
s
 
t
h
a
t
 
t
h
e
 
o
v
e
r
a
l
l
 
c
o
m

p
o
s
i
t
i
o
n
 
o
f
 
t
h
e
 
m

a
g
m

a
 
n
e
a
r
 
t
h
e
 
t
o
p
 
o
f
 
t
h
e
 

m
a
g
m

a
 
c
h
a
m

b
e
r
 
w

i
l
l
 
b
e
c
o
m

e
 
m

o
r
e
 
f
e
l
s
i
c
,
 
a
s
 
i
t
 
i
s
 
l
o
s
i
n
g
 
s
o
m

e
 
i
r
o
n
-
 
a
n
d
 
m

a
g
n
e
s
i
u
m

-
r
i
c
h
 
c
o
m

p
o
n
e
n
t
s
.
 

T
h
i
s
 
p
r
o
c
e
s
s
 
i
s
 
k
n
o
w

n
 
a
s
 
fr

ac
tio

na
l c

ry
st

al
liz

at
io

n.
 
T

h
e
 
c
r
y
s
t
a
l
s
 
t
h
a
t
 
s
e
t
t
l
e
 
m

i
g
h
t
 
e
i
t
h
e
r
 
f
o
r
m

 
a
n
 
o
l
i
v
i
n
e
-

r
i
c
h
 
l
a
y
e
r
 
n
e
a
r
 
t
h
e
 
b
o
t
t
o
m

 
o
f
 
t
h
e
 
m

a
g
m

a
 
c
h
a
m

b
e
r
,
 
o
r
 
t
h
e
y
 
m

i
g
h
t
 
r
e
m

e
l
t
 
b
e
c
a
u
s
e
 
t
h
e
 
l
o
w

e
r
 
p
a
r
t
 
i
s
 
l
i
k
e
l
y
 
t
o
 

b
e
 
h
o
t
t
e
r
 
t
h
a
n
 
t
h
e
 
u
p
p
e
r
 
p
a
r
t
 
(
r
e
m

e
m

b
e
r
,
 
f
r
o
m

 
C

h
a
p
t
e
r
 
1
,
 
t
h
a
t
 
t
e
m

p
e
r
a
t
u
r
e
s
 
i
n
c
r
e
a
s
e
 
s
t
e
a
d
i
l
y
 
w

i
t
h
 
d
e
p
t
h
 

i
n
 
E

a
r
t
h
 
b
e
c
a
u
s
e
 
o
f
 
t
h
e
 
g
e
o
t
h
e
r
m

a
l
 
g
r
a
d
i
e
n
t
)
.
 
I
f
 
a
n
y
 
m

e
l
t
i
n
g
 
t
a
k
e
s
 
p
l
a
c
e
,
 
c
r
y
s
t
a
l
 
s
e
t
t
l
i
n
g
 
w

i
l
l
 
m

a
k
e
 
t
h
e
 

m
a
g
m

a
 
a
t
 
t
h
e
 
b
o
t
t
o
m

 
o
f
 
t
h
e
 
c
h
a
m

b
e
r
 
m

o
r
e
 
m

a
f
i
c
 
t
h
a
n
 
i
t
 
w

a
s
 
t
o
 
b
e
g
i
n
 
w

i
t
h
 
(
F

i
g
u
r
e
 
3
.
3
.
6
c
)
.
 

3
.3

C
ry

st
al

liz
at

io
n

o
f

M
ag

m
a 

  8
2

800°C

Curie 
temperature

Earth’s field 

m
u
s
c
o
v
i
t
e
 
b
e
c
a
u
s
e
 
t
h
e
y
 
m

a
y
 
n
o
t
 
h
a
v
e
 
e
n
o
u
g
h
 
a
l
u
m

i
n
u
m

 
o
r
 
e
n
o
u
g
h
 
h
y
d
r
o
g
e
n
 
t
o
 
m

a
k
e
 
t
h
e
 
O

H
 
c
o
m

p
l
e
x
e
s
 

t
h
a
t
 
a
r
e
 
n
e
c
e
s
s
a
r
y
 
f
o
r
 
m

i
c
a
 
m

i
n
e
r
a
l
s
.
 
T

y
p
i
c
a
l
 
f
e
l
s
i
c
 
r
o
c
k
s
 
a
r
e
 
gr

an
ite

 
a
n
d
 
rh

yo
lit

e 
(
F

i
g
u
r
e
 
3
.
3
.
5
)
.
 

T
h
e
 
c
o
o
l
i
n
g
 
b
e
h
a
v
i
o
u
r
 
o
f
 
i
n
t
e
r
m

e
d
i
a
t
e
 
m

a
g
m

a
s
 
l
i
e
 
s
o
m

e
w

h
e
r
e
 
b
e
t
w

e
e
n
 
t
h
o
s
e
 
o
f
 
m

a
f
i
c
 
a
n
d
 
f
e
l
s
i
c
 

m
a
g
m

a
s
.
 
T

y
p
i
c
a
l
 
m

a
f
i
c
 
r
o
c
k
s
 
a
r
e
 
g
a
b
b
r
o
 
(
i
n
t
r
u
s
i
v
e
)
 
a
n
d
 
b
a
s
a
l
t
 
(
e
x
t
r
u
s
i
v
e
)
.
 
T

y
p
i
c
a
l
 
i
n
t
e
r
m

e
d
i
a
t
e
 
r
o
c
k
s
 

a
r
e
 
di

or
ite

 
a
n
d
 
an

de
si

te
.
 
T

y
p
i
c
a
l
 
f
e
l
s
i
c
 
r
o
c
k
s
 
a
r
e
 
g
r
a
n
i
t
e
 
a
n
d
 
r
h
y
o
l
i
t
e
 
(
F

i
g
u
r
e
 
3
.
3
.
5
)
.
 

Fi
gu

re
 3

.3
.5

 E
xa

m
pl

es
 o

f t
he

 ig
ne

ou
s r

oc
ks

 th
at

 fo
rm

 fr
om

 m
af

ic
, i

nt
er

m
ed

ia
te

, a
nd

 fe
ls

ic
 m

ag
m

as
. 

A
 
n
u
m

b
e
r
 
o
f
 
p
r
o
c
e
s
s
e
s
 
t
h
a
t
 
t
a
k
e
 
p
l
a
c
e
 
w

i
t
h
i
n
 
a
 
m

a
g
m

a
 
c
h
a
m

b
e
r
 
c
a
n
 
a
f
f
e
c
t
 
t
h
e
 
t
y
p
e
s
 
o
f
 
r
o
c
k
s
 
p
r
o
d
u
c
e
d
 

i
n
 
t
h
e
 
e
n
d
.
 
I
f
 
t
h
e
 
m

a
g
m

a
 
h
a
s
 
a
 
l
o
w

 
v
i
s
c
o
s
i
t
y
 
(
i
.
e
.
,
 
i
t
’
s
 
r
u
n
n
y
)
—

w
h
i
c
h
 
i
s
 
l
i
k
e
l
y
 
i
f
 
i
t
 
i
s
 
m

a
f
i
c
—

t
h
e
 
c
r
y
s
t
a
l
s
 

t
h
a
t
 
f
o
r
m

 
e
a
r
l
y
,
 
s
u
c
h
 
a
s
 
o
l
i
v
i
n
e
 
(
F

i
g
u
r
e
 
3
.
3
.
6
a
)
,
 
m

a
y
 
s
l
o
w

l
y
 
s
e
t
t
l
e
 
t
o
w

a
r
d
 
t
h
e
 
b
o
t
t
o
m

 
o
f
 
t
h
e
 
m

a
g
m

a
 

c
h
a
m

b
e
r
 
(
F

i
g
u
r
e
 
3
.
3
.
6
b
)
.
 
T

h
e
 
m

e
a
n
s
 
t
h
a
t
 
t
h
e
 
o
v
e
r
a
l
l
 
c
o
m

p
o
s
i
t
i
o
n
 
o
f
 
t
h
e
 
m

a
g
m

a
 
n
e
a
r
 
t
h
e
 
t
o
p
 
o
f
 
t
h
e
 

m
a
g
m

a
 
c
h
a
m

b
e
r
 
w

i
l
l
 
b
e
c
o
m

e
 
m

o
r
e
 
f
e
l
s
i
c
,
 
a
s
 
i
t
 
i
s
 
l
o
s
i
n
g
 
s
o
m

e
 
i
r
o
n
-
 
a
n
d
 
m

a
g
n
e
s
i
u
m

-
r
i
c
h
 
c
o
m

p
o
n
e
n
t
s
.
 

T
h
i
s
 
p
r
o
c
e
s
s
 
i
s
 
k
n
o
w

n
 
a
s
 
fr

ac
tio

na
l c

ry
st

al
liz

at
io

n.
 
T

h
e
 
c
r
y
s
t
a
l
s
 
t
h
a
t
 
s
e
t
t
l
e
 
m

i
g
h
t
 
e
i
t
h
e
r
 
f
o
r
m

 
a
n
 
o
l
i
v
i
n
e
-

r
i
c
h
 
l
a
y
e
r
 
n
e
a
r
 
t
h
e
 
b
o
t
t
o
m

 
o
f
 
t
h
e
 
m

a
g
m

a
 
c
h
a
m

b
e
r
,
 
o
r
 
t
h
e
y
 
m

i
g
h
t
 
r
e
m

e
l
t
 
b
e
c
a
u
s
e
 
t
h
e
 
l
o
w

e
r
 
p
a
r
t
 
i
s
 
l
i
k
e
l
y
 
t
o
 

b
e
 
h
o
t
t
e
r
 
t
h
a
n
 
t
h
e
 
u
p
p
e
r
 
p
a
r
t
 
(
r
e
m

e
m

b
e
r
,
 
f
r
o
m

 
C

h
a
p
t
e
r
 
1
,
 
t
h
a
t
 
t
e
m

p
e
r
a
t
u
r
e
s
 
i
n
c
r
e
a
s
e
 
s
t
e
a
d
i
l
y
 
w

i
t
h
 
d
e
p
t
h
 

i
n
 
E

a
r
t
h
 
b
e
c
a
u
s
e
 
o
f
 
t
h
e
 
g
e
o
t
h
e
r
m

a
l
 
g
r
a
d
i
e
n
t
)
.
 
I
f
 
a
n
y
 
m

e
l
t
i
n
g
 
t
a
k
e
s
 
p
l
a
c
e
,
 
c
r
y
s
t
a
l
 
s
e
t
t
l
i
n
g
 
w

i
l
l
 
m

a
k
e
 
t
h
e
 

m
a
g
m

a
 
a
t
 
t
h
e
 
b
o
t
t
o
m

 
o
f
 
t
h
e
 
c
h
a
m

b
e
r
 
m

o
r
e
 
m

a
f
i
c
 
t
h
a
n
 
i
t
 
w

a
s
 
t
o
 
b
e
g
i
n
 
w

i
t
h
 
(
F

i
g
u
r
e
 
3
.
3
.
6
c
)
.
 

3
.3

C
ry

st
al

liz
at

io
n

o
f

M
ag

m
a 

  8
2

500°C

Ea
rth

’s 
fie

ld 

<300°C

m
u
s
c
o
v
i
t
e
 
b
e
c
a
u
s
e
 
t
h
e
y
 
m

a
y
 
n
o
t
 
h
a
v
e
 
e
n
o
u
g
h
 
a
l
u
m

i
n
u
m

 
o
r
 
e
n
o
u
g
h
 
h
y
d
r
o
g
e
n
 
t
o
 
m

a
k
e
 
t
h
e
 
O

H
 
c
o
m

p
l
e
x
e
s
 

t
h
a
t
 
a
r
e
 
n
e
c
e
s
s
a
r
y
 
f
o
r
 
m

i
c
a
 
m

i
n
e
r
a
l
s
.
 
T

y
p
i
c
a
l
 
f
e
l
s
i
c
 
r
o
c
k
s
 
a
r
e
 
gr

an
ite

 
a
n
d
 
rh

yo
lit

e 
(
F

i
g
u
r
e
 
3
.
3
.
5
)
.
 

T
h
e
 
c
o
o
l
i
n
g
 
b
e
h
a
v
i
o
u
r
 
o
f
 
i
n
t
e
r
m

e
d
i
a
t
e
 
m

a
g
m

a
s
 
l
i
e
 
s
o
m

e
w

h
e
r
e
 
b
e
t
w

e
e
n
 
t
h
o
s
e
 
o
f
 
m

a
f
i
c
 
a
n
d
 
f
e
l
s
i
c
 

m
a
g
m

a
s
.
 
T

y
p
i
c
a
l
 
m

a
f
i
c
 
r
o
c
k
s
 
a
r
e
 
g
a
b
b
r
o
 
(
i
n
t
r
u
s
i
v
e
)
 
a
n
d
 
b
a
s
a
l
t
 
(
e
x
t
r
u
s
i
v
e
)
.
 
T

y
p
i
c
a
l
 
i
n
t
e
r
m

e
d
i
a
t
e
 
r
o
c
k
s
 

a
r
e
 
di

or
ite

 
a
n
d
 
an

de
si

te
.
 
T

y
p
i
c
a
l
 
f
e
l
s
i
c
 
r
o
c
k
s
 
a
r
e
 
g
r
a
n
i
t
e
 
a
n
d
 
r
h
y
o
l
i
t
e
 
(
F

i
g
u
r
e
 
3
.
3
.
5
)
.
 

Fi
gu

re
 3

.3
.5

 E
xa

m
pl

es
 o

f t
he

 ig
ne

ou
s r

oc
ks

 th
at

 fo
rm

 fr
om

 m
af

ic
, i

nt
er

m
ed

ia
te

, a
nd

 fe
ls

ic
 m

ag
m

as
. 

A
 
n
u
m

b
e
r
 
o
f
 
p
r
o
c
e
s
s
e
s
 
t
h
a
t
 
t
a
k
e
 
p
l
a
c
e
 
w

i
t
h
i
n
 
a
 
m

a
g
m

a
 
c
h
a
m

b
e
r
 
c
a
n
 
a
f
f
e
c
t
 
t
h
e
 
t
y
p
e
s
 
o
f
 
r
o
c
k
s
 
p
r
o
d
u
c
e
d
 

i
n
 
t
h
e
 
e
n
d
.
 
I
f
 
t
h
e
 
m

a
g
m

a
 
h
a
s
 
a
 
l
o
w

 
v
i
s
c
o
s
i
t
y
 
(
i
.
e
.
,
 
i
t
’
s
 
r
u
n
n
y
)
—

w
h
i
c
h
 
i
s
 
l
i
k
e
l
y
 
i
f
 
i
t
 
i
s
 
m

a
f
i
c
—

t
h
e
 
c
r
y
s
t
a
l
s
 

t
h
a
t
 
f
o
r
m

 
e
a
r
l
y
,
 
s
u
c
h
 
a
s
 
o
l
i
v
i
n
e
 
(
F

i
g
u
r
e
 
3
.
3
.
6
a
)
,
 
m

a
y
 
s
l
o
w

l
y
 
s
e
t
t
l
e
 
t
o
w

a
r
d
 
t
h
e
 
b
o
t
t
o
m

 
o
f
 
t
h
e
 
m

a
g
m

a
 

c
h
a
m

b
e
r
 
(
F

i
g
u
r
e
 
3
.
3
.
6
b
)
.
 
T

h
e
 
m

e
a
n
s
 
t
h
a
t
 
t
h
e
 
o
v
e
r
a
l
l
 
c
o
m

p
o
s
i
t
i
o
n
 
o
f
 
t
h
e
 
m

a
g
m

a
 
n
e
a
r
 
t
h
e
 
t
o
p
 
o
f
 
t
h
e
 

m
a
g
m

a
 
c
h
a
m

b
e
r
 
w

i
l
l
 
b
e
c
o
m

e
 
m

o
r
e
 
f
e
l
s
i
c
,
 
a
s
 
i
t
 
i
s
 
l
o
s
i
n
g
 
s
o
m

e
 
i
r
o
n
-
 
a
n
d
 
m

a
g
n
e
s
i
u
m

-
r
i
c
h
 
c
o
m

p
o
n
e
n
t
s
.
 

T
h
i
s
 
p
r
o
c
e
s
s
 
i
s
 
k
n
o
w

n
 
a
s
 
fr

ac
tio

na
l c

ry
st

al
liz

at
io

n.
 
T

h
e
 
c
r
y
s
t
a
l
s
 
t
h
a
t
 
s
e
t
t
l
e
 
m

i
g
h
t
 
e
i
t
h
e
r
 
f
o
r
m

 
a
n
 
o
l
i
v
i
n
e
-

r
i
c
h
 
l
a
y
e
r
 
n
e
a
r
 
t
h
e
 
b
o
t
t
o
m

 
o
f
 
t
h
e
 
m

a
g
m

a
 
c
h
a
m

b
e
r
,
 
o
r
 
t
h
e
y
 
m

i
g
h
t
 
r
e
m

e
l
t
 
b
e
c
a
u
s
e
 
t
h
e
 
l
o
w

e
r
 
p
a
r
t
 
i
s
 
l
i
k
e
l
y
 
t
o
 

b
e
 
h
o
t
t
e
r
 
t
h
a
n
 
t
h
e
 
u
p
p
e
r
 
p
a
r
t
 
(
r
e
m

e
m

b
e
r
,
 
f
r
o
m

 
C

h
a
p
t
e
r
 
1
,
 
t
h
a
t
 
t
e
m

p
e
r
a
t
u
r
e
s
 
i
n
c
r
e
a
s
e
 
s
t
e
a
d
i
l
y
 
w

i
t
h
 
d
e
p
t
h
 

i
n
 
E

a
r
t
h
 
b
e
c
a
u
s
e
 
o
f
 
t
h
e
 
g
e
o
t
h
e
r
m

a
l
 
g
r
a
d
i
e
n
t
)
.
 
I
f
 
a
n
y
 
m

e
l
t
i
n
g
 
t
a
k
e
s
 
p
l
a
c
e
,
 
c
r
y
s
t
a
l
 
s
e
t
t
l
i
n
g
 
w

i
l
l
 
m

a
k
e
 
t
h
e
 

m
a
g
m

a
 
a
t
 
t
h
e
 
b
o
t
t
o
m

 
o
f
 
t
h
e
 
c
h
a
m

b
e
r
 
m

o
r
e
 
m

a
f
i
c
 
t
h
a
n
 
i
t
 
w

a
s
 
t
o
 
b
e
g
i
n
 
w

i
t
h
 
(
F

i
g
u
r
e
 
3
.
3
.
6
c
)
.
 

3
.3

C
ry

st
al

liz
at

io
n

o
f

M
ag

m
a 

  8
2

GEOL5690 Paleomagnetism notes p. 3 

Why the two responses?  Well, the simplest answer is that it takes some amount of 
energy for an individual mineral grain to change the direction of its magnetization.  For 
very large grains, there are domains of uniform magnitization within the mineral that can 
have differing magnetizations.  Moving the boundaries (domain walls) within these 
multidomain grains is relatively easy to do, so the grains will tend to return to a neutral 
(nonmagnetic) state in the absence of an external field with time scales of minutes to 
hundreds of years.  Smaller grains can be too small to have two domains—these single-
domain crystals are much harder to change as the entire domain has to change direction at 
once.  These will tend to hold a direction a lot longer and are often the source of the 
remanent response we are interested in.  If these crystals get too small, they no longer 
have much of an energy barrier to changing direction, and their behavior is 
superparamagnetic, which once again tends to respond to the existing field.  In practice, 
it is found that grains larger than single domain grains behave much like single domain 
grains rather than the weak behavior expected of multidomain crystals.  These pseudo-
single domain crystals probably carry most of the paleomagnetization from magnetite in 
igneous rocks. 

There is yet another wrinkle: the length of time the crystal can hold on to a direction 
depends on the temperature.  This is similar to diffusion of atoms in crystal structures that 
is related to the closing temperature of minerals for radiometric age dating.  One way to 
think of this is quite similar to radioactivity: after a time 0.693τ at a temperature T 
without an applied magnetic field, half of the crystals will have gone to a random state 
and the magnetic moment of the rock will have dropped by half.  Expressed 
mathematically for single domain grains, 

 

M(t ) = M0e! t /"

" =
1
C
e

vK
kT

# 
$ 

% 
& 

 (5) 

where k is Boltzman’s constant, C is a frequency factor of about 1010 s-1, v is the volume 
of the grain, and K is an anisotropy constant for a grain (K= 2JsHc, which is the saturation 
magnetization Js (the maximum magnetization the grain gets) and Hc (the coercivity, 
which is the magnetic force that has to be applied to get the grain to Js)).  The relation of 
this time to the coercivity is used in one style of demagnetization of rocks, alternating-
field demagnetization. 

These relations reveal a lot about how paleomagnetism works.  For a grain of specific 
volume, we might define a blocking temperature TB where τ ≈ 100s or so; this represents 
a temperature below which the grain’s magnetization is essentially frozen in:  

 TB =
vK

k ln(C[100s])
 (6) 

Note that smaller grains will have a lower blocking temperature; also note that this 
temperature is frequently well below the Curie temperature. 

A second relation is that the effect of temperature over time can be mimicked at 
higher temperatures over a longer time.  If we rearrange (3) to put the constants on one 
side, we find that 

 T1 lnC!1 = T2 lnC! 2  (7) 

No magnetic remanence 
acquired at 800°C Magnetic remanence at high 

sub-Curie temperatures

Overprinting magnetic 
remanence acquired by low-

blocking temperature 
minerals
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GEOL5690 Paleomagnetism notes p. 3 

Why the two responses?  Well, the simplest answer is that it takes some amount of 
energy for an individual mineral grain to change the direction of its magnetization.  For 
very large grains, there are domains of uniform magnitization within the mineral that can 
have differing magnetizations.  Moving the boundaries (domain walls) within these 
multidomain grains is relatively easy to do, so the grains will tend to return to a neutral 
(nonmagnetic) state in the absence of an external field with time scales of minutes to 
hundreds of years.  Smaller grains can be too small to have two domains—these single-
domain crystals are much harder to change as the entire domain has to change direction at 
once.  These will tend to hold a direction a lot longer and are often the source of the 
remanent response we are interested in.  If these crystals get too small, they no longer 
have much of an energy barrier to changing direction, and their behavior is 
superparamagnetic, which once again tends to respond to the existing field.  In practice, 
it is found that grains larger than single domain grains behave much like single domain 
grains rather than the weak behavior expected of multidomain crystals.  These pseudo-
single domain crystals probably carry most of the paleomagnetization from magnetite in 
igneous rocks. 

There is yet another wrinkle: the length of time the crystal can hold on to a direction 
depends on the temperature.  This is similar to diffusion of atoms in crystal structures that 
is related to the closing temperature of minerals for radiometric age dating.  One way to 
think of this is quite similar to radioactivity: after a time 0.693τ at a temperature T 
without an applied magnetic field, half of the crystals will have gone to a random state 
and the magnetic moment of the rock will have dropped by half.  Expressed 
mathematically for single domain grains, 

 

M(t ) = M0e! t /"

" =
1
C
e

vK
kT

# 
$ 

% 
& 

 (5) 

where k is Boltzman’s constant, C is a frequency factor of about 1010 s-1, v is the volume 
of the grain, and K is an anisotropy constant for a grain (K= 2JsHc, which is the saturation 
magnetization Js (the maximum magnetization the grain gets) and Hc (the coercivity, 
which is the magnetic force that has to be applied to get the grain to Js)).  The relation of 
this time to the coercivity is used in one style of demagnetization of rocks, alternating-
field demagnetization. 

These relations reveal a lot about how paleomagnetism works.  For a grain of specific 
volume, we might define a blocking temperature TB where τ ≈ 100s or so; this represents 
a temperature below which the grain’s magnetization is essentially frozen in:  

 TB =
vK

k ln(C[100s])
 (6) 

Note that smaller grains will have a lower blocking temperature; also note that this 
temperature is frequently well below the Curie temperature. 

A second relation is that the effect of temperature over time can be mimicked at 
higher temperatures over a longer time.  If we rearrange (3) to put the constants on one 
side, we find that 

 T1 lnC!1 = T2 lnC! 2  (7) 
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acquired at 800°C Magnetic remanence at high 

sub-Curie temperatures
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measured on raw sample: 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Why the two responses?  Well, the simplest answer is that it takes some amount of 
energy for an individual mineral grain to change the direction of its magnetization.  For 
very large grains, there are domains of uniform magnitization within the mineral that can 
have differing magnetizations.  Moving the boundaries (domain walls) within these 
multidomain grains is relatively easy to do, so the grains will tend to return to a neutral 
(nonmagnetic) state in the absence of an external field with time scales of minutes to 
hundreds of years.  Smaller grains can be too small to have two domains—these single-
domain crystals are much harder to change as the entire domain has to change direction at 
once.  These will tend to hold a direction a lot longer and are often the source of the 
remanent response we are interested in.  If these crystals get too small, they no longer 
have much of an energy barrier to changing direction, and their behavior is 
superparamagnetic, which once again tends to respond to the existing field.  In practice, 
it is found that grains larger than single domain grains behave much like single domain 
grains rather than the weak behavior expected of multidomain crystals.  These pseudo-
single domain crystals probably carry most of the paleomagnetization from magnetite in 
igneous rocks. 

There is yet another wrinkle: the length of time the crystal can hold on to a direction 
depends on the temperature.  This is similar to diffusion of atoms in crystal structures that 
is related to the closing temperature of minerals for radiometric age dating.  One way to 
think of this is quite similar to radioactivity: after a time 0.693τ at a temperature T 
without an applied magnetic field, half of the crystals will have gone to a random state 
and the magnetic moment of the rock will have dropped by half.  Expressed 
mathematically for single domain grains, 
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where k is Boltzman’s constant, C is a frequency factor of about 1010 s-1, v is the volume 
of the grain, and K is an anisotropy constant for a grain (K= 2JsHc, which is the saturation 
magnetization Js (the maximum magnetization the grain gets) and Hc (the coercivity, 
which is the magnetic force that has to be applied to get the grain to Js)).  The relation of 
this time to the coercivity is used in one style of demagnetization of rocks, alternating-
field demagnetization. 

These relations reveal a lot about how paleomagnetism works.  For a grain of specific 
volume, we might define a blocking temperature TB where τ ≈ 100s or so; this represents 
a temperature below which the grain’s magnetization is essentially frozen in:  

 TB =
vK

k ln(C[100s])
 (6) 

Note that smaller grains will have a lower blocking temperature; also note that this 
temperature is frequently well below the Curie temperature. 

A second relation is that the effect of temperature over time can be mimicked at 
higher temperatures over a longer time.  If we rearrange (3) to put the constants on one 
side, we find that 

 T1 lnC!1 = T2 lnC! 2  (7) 
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Thermal demagnetization 
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where k is Boltzman’s constant, C is a frequency factor of about 1010 s-1, v is the volume 
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volume, we might define a blocking temperature TB where τ ≈ 100s or so; this represents 
a temperature below which the grain’s magnetization is essentially frozen in:  
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side, we find that 
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Even though this is most  
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igneous rocks, thermal 
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effective on sedimentary 
rocks as well (many low-
temperature overprints 
are from weathering 
minerals than lose 
remanence at higher 
temperatures)
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Figure 8. Vector end-point plots showing laboratory demagnetization behavior of samples from type A or type B sites. (A–F) 
Thermal and alternating fi eld (AF) demagnetizations of companion specimens. The samples are from three sites in the 
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Rusmore et al., Lithosphere, 2013

Solid are horizontal projection, open are vertical.
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to the geomagnetic field. As subsequent material is deposited on top of it, the dip the grain

initially had from the horizontal may be flattened significantly, leading to shallowing of

the inclination of the paleomagnetic vector (Fig. 1). Several authors have explored the

issues related to inclination shallowing and developed statistical techniques to calculate

the degree of shallowing expected for various sediments (e.g., King, 1955; Anson and

Kodama, 1987; Deamer and Kodama, 1990; Jackson et al., 1991; Sun and Kodama;

1992; Hodych and Bijaksana, 1993; Kodama and Davi, 1995; Tan et al., 2002, 2007;

Kent and Tauxe, 2005; Bilardello and Kodama, 2010; Kent and Irving, 2010).

Water

Depositing
sediments

Deposited
sediments

(A)

(B)

Fig. 1 (A) Schematic diagram of detrital remanent magnetization showing magnetic mineral grains
settling out of a water column with some compaction (and thus inclination shallowing) in the lower
sediments. (B) Schematic diagram of chemical remanent magnetization showing development of a
magnetic mineral cement, such as hematite, in interstitial spaces. In both, large arrow represents
the ambient magnetic field and smaller arrows represent the magnetization of the grain or cement.

211Paleomagnetism and Magnetostratigraphy for Terrestrial Strata

Ziegler and Kodama, Terrestrial Depositional Systems, 2017
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P A L E O M A G N E T I S M: REVIEW AND TECTONIC IMPLICATIONS 

7 7~~ / T v n i r ^ T T 
LATE TRIASSIC PALEOLATITUDES 

/ A N D PALEODECLINATIONS'OTST1; 

Figure 3.17. Alternative paleolatitude maps for the Late 
Triassic. In A the four reference paleopoles used are M, C1, L 
and P of Table 3.1 and Figure 3.16. Their mean is 69°N,108°E, 
k = 61, A95=12° and has been used to calculate the grid. 
Paleolatitudes for Cordilleran localities are plotted along the 
west coast of Pangea for both northern and southern options. 
They are as follows: ST1, ST2 = Stuhini Group; KX = 
Karmutsen Formation; NV = Nicola Volcanics (see Table 
3.1). Rotations are shown in the insets. In B the paleopole 
used is the mean of M and C1 only. 

Plate (Fig. 3.3). The motion occurred between about 85 
and 50 Ma ago. The Canadian data contain no direct 
estimates of paleohorizontal which is the main weakness 
of the argument; it is the agreement over a wide area that 
supports the hypothesis. However, recent data from Upper 
Cretaceous bedded sedimentary rocks in Alaska and 
Washington are consistent with the displacement hypoth-
esis. Alternatively it may be supposed that Baja British 
Columbia tilted to the southwest by about 30°. No current 
geological evidence unequivocally supports the tilt hypoth-
esis. In cases where paleohorizontal can be estimated, the 
paleopole is brought into agreement not with the cratonic 
paleopole, but with those from Baja British Columbia (MS 
of Fig. 3.8). Many of the bodies studied are large, presum-
ably deeply rooted batholiths, but the possibility that tilt-
ing could have occurred in these tectonically disrupted 
terranes will remain until there are def in i t ive 
determinations to the contrary from stratified sequences. 

Rotations 
Rotations, relative to the craton, observed in Lower 
Jurassic, Upper Triassic and Permian rocks can be com-
pared with those observed in Cretaceous rocks (Fig. 3.20). 
The rotations for the former are large and variable, even 

77 

In tectonically active 
areas, large rotations 
about a vertical axis are 
possible, so could be in 
either hemisphere.

Remanent paleomagnetism: Hemispheric ambiguity

Irving and Wynne, DNAG v. G-2, 1991



(Beck et al., 1981; Irving et al., 1985). For example, Butler et al.
(1989) assessed regional structural, metamorphic, and geochrono-
logic relationships and concluded that the discordant paleomagnetic
data from the Mount Stuart, Spuzzum, Porteau, Captain Cove, and
Stephens Island plutons resulted from postemplacement tilting in a
down-to-the-southwest sense. Brown and Burmester (1991) came to
a similar conclusion based on their study of regional metamorphic
gradients around the Spuzzum pluton.

This ongoing debate has prompted new paleomagnetic studies
of units where paleohorizontal and the timing of magnetization can
be more directly assessed. For example, Wynne et al. (1995) re-
ported paleomagnetic data from bedded sediments and volcanics of
the middle Cretaceous Silverquick sediments and Powell Creek vol-
canics, indicating about 3000 km of postmagnetization northward
offset. In our opinion, the paleomagnetic data from plutons remain
central to the Baja BC debate because they provide a record from
a very different petrologic and thermal setting that can be used to
test for regional consistency of the discordant results.

Our contribution to this debate has been the development of a
new method based on geobarometry for determining paleohorizon-
tal in granitic batholiths (Ague and Brandon, 1992). Once paleo-
horizontal at the time of crystallization is determined, primary mag-
netization directions can be corrected for the effects of
postemplacement tilting. The highly discordant paleomagnetic data
from the Mount Stuart batholith (Beck et al., 1981), located in the
Cascades Mountains of western Washington State, have played a
pivotal role in the Baja BC controversy and are the focus of this
paper (Fig. 1). Our initial paleohorizontal determinations (Ague
and Brandon, 1992) were for the southern part of the batholith
because this area coincides with the paleomagnetic sites of Beck et
al. (1981). We concluded that the southern part of the batholith was
tilted ⇥8� in a down-to-the-southeast direction. Restoration of Beck
et al.’s (1981) paleomagnetic data according to this tilt indicated

major northward offset of ⇥3000 km—a result fully consistent with
the Baja BC hypothesis. In this paper, we extend our barometric
studies to the entire batholith in order to constrain more precisely
its emplacement, tilt, and offset history. As part of this effort, we
provide (1) a critical assessment of the aluminum-in-hornblende
barometer (Hammarstrom and Zen, 1986) and its application to
regional tectonic problems, and (2) a full discussion of the methods
used to evaluate paleohorizontal orientation.

REGIONAL GEOLOGIC RELATIONSHIPS

The Mount Stuart batholith (Figs. 2A and 2B) is part of a suite
of calc-alkaline plutons that intruded the metamorphic core of the
Cascades Mountains during early Late Cretaceous time (Arm-
strong, 1988; Zen, 1988; Haugerud et al., 1991; Walker and Brown,
1991; Brown and Walker, 1993). The batholith consists mostly of
tonalite, quartz diorite, and granodiorite but includes some granite,
gabbro, and ultramafite (Fig. 2B) (Pongsapich, 1974; Erikson, 1977,
Kelemen and Ghiorso, 1986). For descriptive purposes, the batho-
lith is commonly separated into three parts: an elongate southwest
lobe, a hook-shaped region that makes up the northwest part of the
northeast lobe, and a bulbous region that makes up the southeast
part of the northeast lobe. In this paper, we distinguish between a
southern part of the batholith, which is dominated by tonalite and
quartz diorite, and a northern part dominated by leucotonalite and
biotite granodiorite (Fig. 2B). U/Pb zircon determinations for the
Big Jim ultramafic complex and the tonalitic-granodioritic phases of
the batholith (Fig. 2B) are ca. 96 and ca. 93 Ma, respectively (Tabor
et al., 1982, 1987, 1993; Brown and Walker, 1993; R. B. Miller, 1993,
written commun.). K/Ar determinations for biotite-hornblende
pairs (Fig. 2B) are mostly concordant and range from ca. 90 to ca.
82 Ma, although one pair from the northeast lobe of the batholith
is strongly discordant.

Figure 1. Simplified geologic map of the Mount Stuart area, after Tabor et al. (1982, 1987, 1993) and Frizzell et al. (1984). MSB �
Mount Stuart batholith; WPT � Windy Pass thrust; S � Swauk basin; CRB � Columbia River basalts.

AGUE AND BRANDON

472 Geological Society of America Bulletin, April 1996

Ague & Brandon, GSA Bull, 1996
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3. Geology and paleomagnetism 

The Mt. Stuart Batholith is a composite pluton 

consisting of cogenetic phases ranging from gab- 

bro to granite; dominant lithologies are quartz 

diorite and granodiorite [ 12,13]. Emplacement took 

place in Late Cretaceous time as shown by radio- 

metric dating [14]. Unroofing occurred at about 55 

m.y.B.P.  [15]. Rocks of the Mt. Stuart Batholith 

intruded a complex terrane consisting of probable 

Late Paleozoic metasedimentary rocks, and mafic 

and ultramafic rocks, most likely Jurassic, assigned 

to the Ingalls Complex [16]. Uplifted rocks of the 

batholith are flanked on the southwest, south, and 

east by structural depressions containing early 

Tertiary arkosic sandstones, derived in part from 

the Mr. Stuart pluton. The Mt. Stuart Batholith 

currently is under study by Rowland Tabor and 

his colleagues from the U.S. Geological Survey. 

According to their unpublished mapping, the 

batholith appears to be traversed from northwest 

to southeast by a continuous septum of metamor- 

phic rock, separating it into two approximately 

equal segments. Rock northeast of the septum 

appears to be slightly older than rock to the south- 

west. 

The paleomagnetism of the Mt. Stuart Batho- 

lith was first investigated by Beck and Noson [17]. 

On the basis of five sites, only three of which were 

stable, they concluded that the Mt. Stuart direc- 

tion was strongly discordant and proposed a "mi- 

croplate" history calling for northward transport 

on a large scale, although the alternative possibil- 

ity that the batholith had undergone tilt to the 

southwest also was mentioned. In this report we 

present results for 14 new sites which confirm the 

original work, and in fact indicate that the Mt. 

Stuart direction is even more discordant than 

originally believed. All stable Mt. Stuart results 

are listed in Table 1 and plotted in Fig. 3; sites A, 

D, and E were published previously [17]. Sampling 

localities are shown in Fig. 4. The mean direction 

for the Mr. Stuart pluton is given in the next-to-last 

line in Table 1. The last line lists the "expected 

direction", calculated from the reference pole of 

Mankinen [19]. The observed Mt. Stuart magnetic 

vector is rotated clockwise 39.5 ° relative to the 

expected direction ("rotation", R = 39.5°). Like- 

o 

270 + 90 

180 

Fig. 3. Equal-area projection on the lower hemisphere, showing 

site-mean directions of magnetism for the Mt. Stuart batholith. 

Symbols are keyed to Fig. 4; eastern sites are shown by trian- 

gles, western sites by circles. The solid square represents the 

Cretaceous expected direction at the present latitude and 

longitude of the Mt. Stuart rocks, calculated from Mankinen 

[]9]. 

wise, its inclination is 28 ° shallower than expected 

("flattening", F :  28°). Error limits (95%) on R 

and F are 14 ° and 6 °, respectively. Thus the Mt. 

Stuart Batholith is unmistakably discordant and, 

furthermore, is discordant in the same sense 

(clockwise D, flattened I )  that pervades the entire 

western Cordilleran paleomagnetic data set [1,18]. 

We next examine whether this discordance is 

caused by long-distance tectonic transport or by 

simple in situ tilt. 

4. Discussion 

Fig. 5 illustrates a possible tectonic-transport 

("microplate") solution. In Fig. 5 the curve bisect- 

ing the Cretaceous paleomagnetic poles for the 

North American craton ( K )  and the Mt. Stuart 

Batholith (MS) is the locus of all rotation poles 

that can be used to transform one into the other 

by a single finite rotation. If one assumes that the 

Mt. Stuart Batholith originated on the edge of the 

Beck et al.,  EPSL, 1981

Igneous remanent paleomagnetism: Paleohorizontal ambiguity
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Fig. 5. A tectonic-transport ("microplate") solution. M S L -  

location of Mt. Stuart Batholith; M S P  = Mt. Stuart 

paleomagnetic pole; K-Cre taceous  reference pole for North 

America. The heavy curve bisects the distance between K and 

M S P  and therefore is the locus of all possible Euler poles about 

which K can be displaced to MSP by a single finite rotation. 

The triangle shows the unique rotation pole that results from 

assuming that the Mt. Stuart Batholith originated on the edge 

of North America. MSL is shown rotated back to western 

Mexico about this pole. 

direct, great-circle route. These velocities are 

roughly twice the rate at which the Pacific plate 

moves northwestward past North America today, 

but are approached by present absolute velocities 

of some oceanic plates [20]. Plate reconstructions 

for the Pacific basin by D.C. Engebretson (per- 

sonal communication, 1981) show the Kula plate 

moving northward past North America at speeds 

exceeding 10 c m / y r  for the period 85-55 m.y. 

B.P., and Coney [21] shows the Farallon plate 

moving northward at about the same rate for 

80-40 m.y.B.P.  Thus a "microplate" explanation 

for the discordant Mt. Stuart paleomagnetic direc- 

tion is feasible. It would entail the following steps: 

(1) creation of the Mt. Stuart Batholith as part of a 

magmatic arc along the western margin of Mexico 

during the late Cretaceous; (2) fragmentation of 

the arc and detachment of the fragments from 

North America by interaction with either the Kula 

plate (by transform faulting?) or the Farallon plate 

(by north-oblique subduction) sometime near the 

end of the Cretaceous; (3) transport of the frag- 

ments to their present location during Paleocene 

and earliest Eocene time, either as part of the 

Kula /Fara l lon plates or as independent micro- 

plates. Possible methods of transport are discussed 

in Beck [1]. Other displaced fragments of this 

hypothetical west Mexican batholith belt may in- 

clude the small Mesozoic plutons west of the San 

Andreas fault in central California ("Salinia"; [22]), 

as well as the Southern California Batholith [23,24]. 

Fig. 6 shows the basic geometry of a tilt solu- 

tion. Tilt downward to the southwest by 30-35 ° 

about an axis trending N59W would transform the 

Cretaceous expected direction into the direction 

actually observed in the Mt. Stuart rocks. If the 

batholith tilted as a rigid block, this would require 

that present-day exposures along its northeastern 

side originally were 10-12 km deeper in the crust 

than exposures on its southwestern side. Structural 

relief of nearly this magnitude may be present in 

the area, judging from differences in metamorphic 

grade of country rock near the pluton (Rowland 
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Fig. 6. A tilt solution. Circle is the Cretaceous expected direc- 

tion, with circle of confidence: triangle is the observed direc- 

tion for the Mr. Stuart Batholith, also with circle of confidence. 

A rotation of 34.5 ° about a fold-axis trending N59W will bring 

the two into coincidence. Tilt to the southeast or west does not 

reduce the discordance. 
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more precise because it is based on all of the depth determinations
across the full area of the batholith (see Taylor, 1982, for a discus-
sion of uncertainty versus random variation).

DISCUSSION

Regional Structural and Stratigraphic Relationships

The general stratigraphic succession in the vicinity of the
Mount Stuart batholith also bears on the question of regional tilt.
From north-northwest to south-southeast across the Mount Stuart
area, one moves in an up-section direction from the Chiwaukum
Schist through the Ingalls ophiolite into the unconformably overly-
ing sedimentary strata of the Swauk Formation (Figs. 1 and 10). We
take these relationships as evidence that, at the regional scale, the
Mount Stuart block presently dips gently to the south-southeast,
consistent with our results.

The Windy Pass thrust and superjacent Ingalls ophiolite prob-
ably originated as a near-horizontal structural sequence that ex-
tended across the entire Mount Stuart area. The present southerly
dip of the fault (Miller, 1985) and the outcrop pattern of the Ingalls
ophiolite (Figs. 1 and 2) are, therefore, compatible with our best-fit
tilt estimate. A subtle feature that we call attention to is the fact that
the Windy Pass thrust appears to climb from the 7 km contour in the
southwest to the 6 km contour in the northeast (Figs. 2A, 3A).
Because thrust faults are generally observed to climb in the direction
of transport, we interpret this relationship as indicating top-north-
east motion on the Windy Pass thrust. This direction is consistent
with the cross section reconstructions of McGroder (1991), which
show the Ingalls being thrust from the metamorphic core of the
Cascades in a top-northeast direction, but is contrary to the top-
north interpretation of Miller (1985). Miller’s (1985) interpretation
was based, in part, on the present southward dip of the Windy Pass
thrust, which we have shown is the result of postemplacement tilting
of the Mount Stuart area.

Summary of Inferred Sequence of Regional Tilting Events

Now we summarize the tectonic history of the Mount Stuart
area, starting with the top-northeast(?) thrusting of the Ingalls
ophiolite over the Chiwaukum schist at ca. 96–94 Ma (Miller, 1985).
This thrusting was followed by intrusion of the Mount Stuart batho-
lith at ca. 96–93 Ma (Tabor et al., 1982, 1993; Brown and Walker,
1993; R. B. Miller, 1993, written commun.). Our AH barometry
demonstrates that the batholith, as presently exposed, was every-
where emplaced at relatively shallow crustal levels (�12 km;
Figs. 2A and 3A). The 6–7 km depth for the Mount Stuart batholith
in the vicinity of the Windy Pass thrust (Figs. 2A and 3A) indicates
that emplacement of the Ingalls thrust sheet caused only modest
loading.

Intrusion of the batholith was followed by a second loading
event and subsequent rapid exhumation. The second loading is re-
corded by a metamorphic gradient, increasing to the northeast, with
the maximum grade marked by widespread kyanite in the Chiwau-
kum schist to the north and northeast of the batholith. In this area,
the exposed margin of the batholith was driven downward from an
initial depth of ⇥10 km to a maximum depth of 22 to 25 km—a total
burial of 10–15 km (Brown and Walker, 1993). U/Pb ages for met-
amorphic monazite indicate that peak metamorphism was at 90–88
Ma (Brown and Walker, 1993). K/Ar mica ages record postmeta-
morphic cooling at ca. 86–82 Ma. The northeast part of the batho-
lith shows clear evidence of having been affected by this load-related
metamorphism, as indicated by (1) discordant K/Ar hornblende/
biotite ages, (2) regional metamorphic overprinting of the contact
aureole (Evans and Berti, 1986; Brown and Walker, 1993), and (3)
chloritic alteration of igneous hornblende and biotite in the batho-
lith. Much of the southwestern part of the batholith was apparently
not affected, as indicated by (1) tight concordance between K/Ar
hornblende/biotite ages, (2) the absence of postintrusion metamor-
phism of the contact aureole along the southeast margin of the
batholith, and (3) well-preserved igneous hornblende and biotite.

These relationships show that the Mount Stuart area was af-
fected by regional-scale tilting in a northeast-down direction (Brown
and Walker, 1993). What remains unresolved is how much of the
batholith was affected. Tilting may have been confined to the north-
ern part of the batholith, which would imply a fold hinge located
between the two lobes of the batholith. On the other hand, the tilting
may have involved the whole batholith, which would imply a fold
hinge near the southwest margin of the batholith. Resolution of the
tilt geometry has an important bearing on the interpretation of the
paleomagnetic data, a point we return to below.

A remarkable aspect of this northeast-down tilting is that it was
nearly completely reversed during postmetamorphic exhumation.
This conclusion is supported by the following observations: (1) the
batholith is presently surrounded on all sides by an originally shal-
low contact aureole (Fig. 3A), (2) the isodepth surfaces determined
from the AH barometry appear to share a common planar attitude
throughout the batholith (Figs. 7 and 10), and (3) apatite fission-
track ages indicate that, by early Eocene time, the presently exposed
level of the batholith was within 3 km of the surface (Fig. 3B).

The cycle of tilting and untilting described above seems too
coincidental to have happened by chance alone. We suggest that
loading was caused by emplacement of a tapered thrust sheet that
decreased in thickness to the south-southeast (e.g., ‘‘supra-Nason’’
thrust sheet of McGroder, 1991). To account for the observed kya-
nite overprint, the thrust sheet would have to have been 10–15 km

Figure 10. Depth contours computed from the best-fit paleo-
surface by determining the intersection of the present topography
with surfaces of constant crystallization depth (cf. text and Fig. 2A).
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