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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
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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) 

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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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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side, we find that 
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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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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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Igneous remanent paleomagnetism: Paleohorizontal ambiguity



So paleomag can reveal discrepant chunks of crust.


While this has been critical in Baja-BC story (which we’ll try not to get too 
buried in), identification of and determining the history of exotic terranes 

requires other tools, too.


Let’s look at a terrane that has been associated with the Sierra and 
Klamath rocks, the Alexander terrane.
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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

Patchett and Gehrels, J. Geol. 1998

Colpron and Nelson,  
Geol Soc Lond Spec 

Pub 318, 2009

Most terrane maps focus on Canada; map at right extends this into US
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Alexander Terrane

Detrital zircon geochronology of the Alexander terrane,
southeastern Alaska

George E. Gehrels } Department of Geosciences, University of Arizona, Tucson, Arizona 85721Robert F. Butler
David R. Bazard Science Department, College of the Redwoods, Eureka, California 95501

ABSTRACT

U-Pb analyses of 101 detrital zircon
grains from Paleozoic and Triassic clastic
strata of the Alexander terrane indicate that
most detritus in the terrane was derived
from intraterrane igneous rocks, although
the occurrence of 1.0–3.0 Ga grains in a
Lower Devonian sandstone indicates prox-
imity to a continental region during the Si-
lurian–Devonian Klakas orogeny. Because
these Precambrian grains are not the same
age as grains that were accumulating along
the western margin of North America, it ap-
pears unlikely that the terrane was in prox-
imity to the Cordilleran margin during
Early Devonian time. Continental regions
that could have shed grains of the appro-
priate ages, and that also record Silurian–
Devonian orogenic activity, include the pa-
leo-Pacific margin of Australia and the
Scandinavian portion of Baltica. Existing
paleomagnetic data are consistent with ei-
ther paleoposition, whereas previous bio-
geographic studies suggest closer ties with
Baltica.

INTRODUCTION

The Alexander terrane is a large crustal
fragment that underlies much of southeast-
ern Alaska and adjacent regions of Yukon,
eastern Alaska, and coastal British Colum-
bia (Fig. 1) (Berg et al., 1972). It grades lat-
erally into, or is faulted against, rocks of the
Wrangellia terrane to the north and south,
and is juxtaposed against a variety of other
terranes to the east along middle Creta-
ceous thrust faults that record the accretion
of the terrane to western North America
(Berg et al., 1972; Monger et al., 1982;
Wheeler and McFeely, 1991).

The Alexander terrane is distinctive in the
Cordillera in that it contains a long, com-

plete, and well-preserved geologic record,
ranging from Late Proterozoic to Jurassic
time. The distinctive nature of the terrane
led to its recognition initially as a separate
element of the Cordilleran geosyncline, the
Alexandrian embayment (Schuchert, 1923),
and more recently as a disparate terrane
bounded by major faults (Berg et al., 1972).
In spite of the long recognition that the Al-
exander terrane is tectonically out of place,
there is little consensus about its displace-
ment history. Jones et al. (1972) first pro-
posed that it was located near the Sierra-

Klamath region of California during much
of Paleozoic time on the basis of apparent
similarities of lower Paleozoic stratigraphy.
This scenario received support from studies
of the Paleozoic tectonic evolution of the
California-Nevada region (Schweikert and
Snyder, 1981), reconnaissance paleomag-
netic studies of Paleozoic strata of the Al-
exander terrane (Van der Voo et al., 1980),
and a proposed detrital zircon provenance
link between Silurian strata in the Sierra Ne-
vada and early Paleozoic plutons of the Al-
exander terrane (Girty and Wardlaw, 1984).

Churkin and Eberlein (1977) proposed
that the terrane formed and evolved near its
present position in the northern Cordillera,
and displacements were only toward and
away from the North American continent
during the opening and closing of marginal
basins. A northern Cordilleran paleoposi-
tion is compatible with some versions of the
tectonic evolution of inboard terranes (Mi-
halynuk et al., 1994) and appears to be most
consistent with the biogeographic affinity of
Silurian and Devonian fauna of the terrane
(Savage, 1990, 1993, 1994; Soja, 1994). Soja
(1994) reported that distinctive Silurian
stromatolites and sphinctozoans are found
only in the Alexander terrane, the Nixon
Fork terrane of south-central Alaska, and
the Urals. This is interpreted as evidence
that strata of the Alexander terrane accu-
mulated in a seaway connecting northwest-
ern North America and the Uralian margin
of Baltica (Soja, 1994).

In contrast to a paleoposition near west-
ern North America, Gehrels and Saleeby
(1987) argued that the geologic history of
the Alexander terrane is incompatible with
formation along the Cordilleran margin,
and is more consistent with: (1) residence
during early Paleozoic time near the Gond-
wana margin of the paleo-Pacific ocean ba-
sin, perhaps in proximity to eastern Austra-

Figure 1. Location map of the Alexander
terrane (from Berg et al., 1972).

GSA Bulletin; June 1996; v. 108; no. 6; p. 722–734; 10 figures; 3 tables.

722First, how do we know they are exotic?  First big clue (well, maybe second) was very different geologic histories.  While many terranes are relatively young, the Alexander terrane has a history going into the pC.  Not a WUS history....
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145 �m size range. All of the grains analyzed
were 175–250 �m.

Of the 18 grains analyzed from this sam-
ple, 14 appear to be analytically concordant
between 405 and 440 Ma (Fig. 4 and Ta-
ble 1). The main cluster of ages is between
420 and 430 Ma, although most of the anal-
yses are of fairly poor precision due to a
large (⇥60 pg) common Pb correction. Four
additional grains are discordant, apparently
due to Pb loss.

PROVENANCE OF DETRITAL
ZIRCONS

The ages of most grains analyzed from all
four stratigraphic levels are consistent with
derivation from Ordovician–Silurian plu-
tonic rocks that are widespread in the south-
ern part of the terrane (Figs. 2 and 3). As
shown in Figure 4, there is good agreement
between the detrital zircon ages and U-Pb
ages of dated plutons. Hence, it appears
likely that most of the clastic detritus in the
Descon, Karheen, Klawak, and Nehenta for-
mations was intraterrane in origin. This is
consistent with Nd-Sr isotopic data that sug-
gest that most clastic strata and their prob-
able igneous source rocks have similar juve-
nile isotopic signatures (Samson et al.,
1989). In addition to these intraterrane zir-
cons, the Karheen samples contain a small
proportion of Precambrian grains derived
from rocks that are not currently part of the
Alexander terrane. Specific provenances of
grains in each unit are outlined below.

Figure 5. Schematic diagram showing the interpreted juxtaposition of the Alexander terrane with continental or continental-margin
rocks during the Middle Silurian–earliest Devonian Klakas orogeny. The Karheen Formation is interpreted to be a clastic wedge shed
from this orogen. The unusual geometry of clastic strata accumulating in the hinterland of the thrust system derives from the observations
that Klakas-age thrusts are apparently southwest vergent, whereas Karheen strata were shed from source areas to the south or southwest.

Figure 6. Nd isotope evolution diagram showing that the �Nd values of the two Karheen
detrital zircon samples are equivalent to the �Nd of both older and younger strata of the
Alexander terrane (Samson et al., 1989), and are quite different from craton-derived strata
such as are present in the Cordilleran miogeocline (Boghossian et al., 1994). The Nd
analyses were conducted by J. D. Gleason (see Table 2).
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Second clue fauna--lots of stuff looks wrong
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Fig. 2. Composite stratigraphic columns for terranes of peri-Laurentian, Siberian, Baltican and Caledonian affinities in
western and northern North America (compiled from sources cited in the text). AMQ, Antelope Mountain
Quartzite; AX, Alexander terrane; EK, Eastern Klamath terrane; NS, Northern Sierra terrane.
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Third clue paleomag--often messed up relative to NAM
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Klakas orogeny, suggest that the cratonal
source rocks were probably southwest (in
present coordinates) of the Karheen sample
sites and overridden by rocks of the Alex-
ander terrane. It is envisioned that the Pre-
cambrian zircons were: (1) eroded from an
orogenic highland that included uplifted
cratonal or continental-margin rocks; (2)
transported, apparently toward the hinter-
land of the thrust system, across the lower
Paleozoic arc-type basement in river sys-
tems; and (3) deposited in a fluvial-deltaic
setting. The cratonal rocks were apparently
removed (by rifting?) soon after juxtaposi-
tion or remain buried beneath younger

strata, because they did not contribute sig-
nificant detritus to younger strata and are
not recognized today.

The original data set of Samson et al.
(1989) cannot be used to evaluate the pro-
portions of terrane- versus continent-de-
rived detritus in the Karheen sandstones be-
cause Lower Devonian clastic strata were
not analyzed. J. D. Gleason has accordingly
analyzed Nd isotopes from both Karheen 1
and Karheen 2 (Table 2), which are com-
pared with other clastic strata from the ter-
rane in Figure 6. This figure also shows the
Nd isotopic composition of Upper Protero-
zoic to Triassic clastic strata of the Cordil-

leran miogeocline (from Boghossian et al.,
1994), which serves as a reference for clastic
strata consisting predominantly of craton-
derived detritus. The lack of a downward
shift of the two Karheen samples indicates
that most of the detritus in the Karheen sand-
stones is intraterrane in origin, which is con-
sistent with the dominance (�99%) of in-
traterrane zircons in the two samples.

The occurrence of craton-derived zircons
in the two Karheen samples provides an op-
portunity to determine where the terrane
may have been located during Early Devo-
nian time. Figure 7 is an Early Devonian
continental reconstruction that shows the
distribution of Precambrian rocks capable of
sourcing the 1.0–1.2, 1.35–1.39, 1.48–1.58,
1.62–1.68, 1.73–1.77, 1.8–2.0, and 2.5–3.0
Ga grains in the Karheen samples. The first
conclusion from this compilation is that all
continents consist of large tracts of crust ca-
pable of yielding 1.8–2.0 and 2.5–3.0 Ga
grains. Hence, the presence of grains of this
age in the Karheen Formation is not useful
in identifying possible source regions. A sec-
ond conclusion is that only a few regions of
the world are known to contain rocks of 1.0–
1.45 Ga, 1.45–1.60 Ga, and 1.6–1.8 Ga.
These include Australia-Antarctica and the
western Baltic shield. Hence, the detrital zir-
con data are consistent with an Early Devo-
nian paleoposition in proximity to either of
these continents. It should be pointed out,
however, that some regions such as the Am-
azonian craton (Teixeira et al., 1989) are
known to contain most of the requisite ages,
and that few constraints on the ages of base-
ment rocks exist for many parts of the world,
particularly Antarctica and large portions of
Asia. The distribution of rocks with the crit-
ical ages may therefore be highly underes-
timated in Figure 7.

A more detailed assessment of potential
ties between the Alexander terrane and
western North America can be made by
comparing the ages of detrital zircons from
the two regions. The ages of grains that were
accumulating along the western margin of
North America during Paleozoic time have
been determined by analyzing single zircon
grains from miogeoclinal strata between
northern Sonora and eastern Alaska (Geh-
rels et al., 1995). This detrital zircon refer-
ence for western North America is shown in
Figure 8, in comparison with the interpreted
ages of grains in the two Karheen samples.
It is apparent from this comparison that a
paleoposition near northwestern North
America is not supported by the detrital zir-
con data, the main inconsistencies being: (1)

Figure 8. Comparison of Precambrian detrital zircons in the Alexander terrane, mio-
geoclinal strata of western North America, and eastern Australia. The miogeoclinal ref-
erence for western North America is from Gehrels et al. (1995). The Australian age ranges
include isotope dilution analyses (from Table 3) and ion probe analyses (from Ireland,
1992; Ireland et al., 1994).
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A more recent approach is our old friend detrital zircons.  Here we see a lousy fit to NAM, and not great to Australia (other areas in Aus better)
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Newer work has focused on Baltica and the northern Calidonides.
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Klakas orogeny, suggest that the cratonal
source rocks were probably southwest (in
present coordinates) of the Karheen sample
sites and overridden by rocks of the Alex-
ander terrane. It is envisioned that the Pre-
cambrian zircons were: (1) eroded from an
orogenic highland that included uplifted
cratonal or continental-margin rocks; (2)
transported, apparently toward the hinter-
land of the thrust system, across the lower
Paleozoic arc-type basement in river sys-
tems; and (3) deposited in a fluvial-deltaic
setting. The cratonal rocks were apparently
removed (by rifting?) soon after juxtaposi-
tion or remain buried beneath younger

strata, because they did not contribute sig-
nificant detritus to younger strata and are
not recognized today.

The original data set of Samson et al.
(1989) cannot be used to evaluate the pro-
portions of terrane- versus continent-de-
rived detritus in the Karheen sandstones be-
cause Lower Devonian clastic strata were
not analyzed. J. D. Gleason has accordingly
analyzed Nd isotopes from both Karheen 1
and Karheen 2 (Table 2), which are com-
pared with other clastic strata from the ter-
rane in Figure 6. This figure also shows the
Nd isotopic composition of Upper Protero-
zoic to Triassic clastic strata of the Cordil-

leran miogeocline (from Boghossian et al.,
1994), which serves as a reference for clastic
strata consisting predominantly of craton-
derived detritus. The lack of a downward
shift of the two Karheen samples indicates
that most of the detritus in the Karheen sand-
stones is intraterrane in origin, which is con-
sistent with the dominance (�99%) of in-
traterrane zircons in the two samples.

The occurrence of craton-derived zircons
in the two Karheen samples provides an op-
portunity to determine where the terrane
may have been located during Early Devo-
nian time. Figure 7 is an Early Devonian
continental reconstruction that shows the
distribution of Precambrian rocks capable of
sourcing the 1.0–1.2, 1.35–1.39, 1.48–1.58,
1.62–1.68, 1.73–1.77, 1.8–2.0, and 2.5–3.0
Ga grains in the Karheen samples. The first
conclusion from this compilation is that all
continents consist of large tracts of crust ca-
pable of yielding 1.8–2.0 and 2.5–3.0 Ga
grains. Hence, the presence of grains of this
age in the Karheen Formation is not useful
in identifying possible source regions. A sec-
ond conclusion is that only a few regions of
the world are known to contain rocks of 1.0–
1.45 Ga, 1.45–1.60 Ga, and 1.6–1.8 Ga.
These include Australia-Antarctica and the
western Baltic shield. Hence, the detrital zir-
con data are consistent with an Early Devo-
nian paleoposition in proximity to either of
these continents. It should be pointed out,
however, that some regions such as the Am-
azonian craton (Teixeira et al., 1989) are
known to contain most of the requisite ages,
and that few constraints on the ages of base-
ment rocks exist for many parts of the world,
particularly Antarctica and large portions of
Asia. The distribution of rocks with the crit-
ical ages may therefore be highly underes-
timated in Figure 7.

A more detailed assessment of potential
ties between the Alexander terrane and
western North America can be made by
comparing the ages of detrital zircons from
the two regions. The ages of grains that were
accumulating along the western margin of
North America during Paleozoic time have
been determined by analyzing single zircon
grains from miogeoclinal strata between
northern Sonora and eastern Alaska (Geh-
rels et al., 1995). This detrital zircon refer-
ence for western North America is shown in
Figure 8, in comparison with the interpreted
ages of grains in the two Karheen samples.
It is apparent from this comparison that a
paleoposition near northwestern North
America is not supported by the detrital zir-
con data, the main inconsistencies being: (1)

Figure 8. Comparison of Precambrian detrital zircons in the Alexander terrane, mio-
geoclinal strata of western North America, and eastern Australia. The miogeoclinal ref-
erence for western North America is from Gehrels et al. (1995). The Australian age ranges
include isotope dilution analyses (from Table 3) and ion probe analyses (from Ireland,
1992; Ireland et al., 1994).
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145 �m size range. All of the grains analyzed
were 175–250 �m.

Of the 18 grains analyzed from this sam-
ple, 14 appear to be analytically concordant
between 405 and 440 Ma (Fig. 4 and Ta-
ble 1). The main cluster of ages is between
420 and 430 Ma, although most of the anal-
yses are of fairly poor precision due to a
large (⇥60 pg) common Pb correction. Four
additional grains are discordant, apparently
due to Pb loss.

PROVENANCE OF DETRITAL
ZIRCONS

The ages of most grains analyzed from all
four stratigraphic levels are consistent with
derivation from Ordovician–Silurian plu-
tonic rocks that are widespread in the south-
ern part of the terrane (Figs. 2 and 3). As
shown in Figure 4, there is good agreement
between the detrital zircon ages and U-Pb
ages of dated plutons. Hence, it appears
likely that most of the clastic detritus in the
Descon, Karheen, Klawak, and Nehenta for-
mations was intraterrane in origin. This is
consistent with Nd-Sr isotopic data that sug-
gest that most clastic strata and their prob-
able igneous source rocks have similar juve-
nile isotopic signatures (Samson et al.,
1989). In addition to these intraterrane zir-
cons, the Karheen samples contain a small
proportion of Precambrian grains derived
from rocks that are not currently part of the
Alexander terrane. Specific provenances of
grains in each unit are outlined below.

Figure 5. Schematic diagram showing the interpreted juxtaposition of the Alexander terrane with continental or continental-margin
rocks during the Middle Silurian–earliest Devonian Klakas orogeny. The Karheen Formation is interpreted to be a clastic wedge shed
from this orogen. The unusual geometry of clastic strata accumulating in the hinterland of the thrust system derives from the observations
that Klakas-age thrusts are apparently southwest vergent, whereas Karheen strata were shed from source areas to the south or southwest.

Figure 6. Nd isotope evolution diagram showing that the �Nd values of the two Karheen
detrital zircon samples are equivalent to the �Nd of both older and younger strata of the
Alexander terrane (Samson et al., 1989), and are quite different from craton-derived strata
such as are present in the Cordilleran miogeocline (Boghossian et al., 1994). The Nd
analyses were conducted by J. D. Gleason (see Table 2).
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We can also look at other isotopic systems.  So here measurements on detrital zircons of E-Nd show that stuff in the Karheen allocthon still don’t look 
North American [which is actually an interesting problem beyond our scope]
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Figure 8. Comparison of U-Pb ages and Hf isotope values of detrital zircons from the Alexander terrane (Beranek, 2013a, 
2013b; Tochilin et al., 2014; this study) and from various assemblages that formed along the paleo-Arctic margin of Lauren-
tia and Baltica. Shown for reference are U-Pb data from detrital zircons and Paleozoic plutons of eastern Greenland (Rohr 
et al., 2008; Kalsbeek et al., 2008; Rehnström, 2010; Corfu and Hartz, 2011; Andersen et al., 2011; Slama et al., 2011; Augland 
et al., 2012a; Andersen, 2013) and of Scandinavia (Bingen and Solli, 2009; Roberts et al., 2010; Corfu et al., 2011; Andersen 
et al., 2002, 2007, 2011; Augland et al., 2012b, 2014a, 2014b; Kristoffersen et al., 2014; Andresen et al., 2014; Gee et al., 2014; 
Lundmark et al., 2014; Slama and Pedersen, 2015). Hf isotope data were compiled from studies in Greenland (Rohr et al., 
2008; Rehnström, 2010; Slama et al., 2011) and Baltica (Kuznetsov et al., 2010; Andersen et al., 2002, 2007, 2011; Augland et 
al., 2012b, 2014b; Andersen, 2013; Andresen et al., 2014; Kristoffersen et al., 2014). Note that only data sets containing early 
Paleozoic ages are included in these compilations. In upper plot, curves show the sliding window averages of epsilon Hf(t) 
values through time. Dashed portions of curves are less well constrained. DM—depleted mantle (Vervoort and Blichert-Toft, 
1999); CHUR—chondritic uniform reservoir (Bouvier et al., 2008); VE—vertical exaggeration.
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cons in southern SE Alaska consistently yielding 
juvenile epsilon Hf(t) values, and grains in strata 
to the north yielding much more evolved epsilon 
Hf(t) values (Fig. 6). The patterns through time 
for 500–380 Ma grains are also very different, 
with SE Alaska showing the most juvenile val-
ues just as the northern assemblages show more 
negative values. The mismatches in magmatic 
ages, epsilon Hf(t) values, and epsilon Hf(t) trends 
collectively demonstrate that the juvenile igne-
ous rocks in SE Alaska were not the source of 
more-evolved grains in northern assemblages.

RESTORATION OF THE EARLY 
PALEOZOIC CONFIGURATION OF THE 
ALEXANDER TERRANE

The available U-Pb and Hf isotopic data 
yield important constraints on the origin of the 
Alexander terrane, especially when combined 
with geologic relations and paleomagnetic data. 
As summarized by Gehrels and Saleeby (1987), 
patterns of early Paleozoic magmatism, sedi-
ment transport, and deformation in southern SE 
Alaska suggest that: (1) the southern portion of 
the terrane evolved in a marine magmatic arc 
that faced southwest (in present coordinates) 
during Ordovician–Silurian time, (2) arc mag-
matism ceased during latest Silurian–earliest 
Devonian time, when SW-vergent thrust faults 
formed and a NW-SE–trending orogenic high-
land was created in the southern portion of the 
terrane, and (3) Lower Devonian conglomeratic 
strata (Karheen Formation and equivalents) 
accumulated in a clastic wedge that was shed 
northeastward (in present coordinates) from 
this orogenic highland. Rocks of the Saint Elias 
Mountains region were interpreted by Gehrels 
and Saleeby (1987) to have resided in a back-arc 
position relative to the magmatic arc.

Figure 7 is an attempt to reconstruct the 
early Paleozoic configuration of the Alexander 
terrane. The first feature to be accounted for is 
the Chatham Strait fault, which cuts diagonally 
across the Alexander terrane and has ~180 km 
of Tertiary dextral offset (Hudson et al., 1981; 
Karl et al., 2010). Second is the interpretation 
that rocks of the Banks Island assemblage were 
adjacent to the Saint Elias Mountains portion 
of the terrane prior to ~1000 km of left-lateral 
displacement on the Kitkatla shear zone and 
related Early Cretaceous structures (Monger et 
al., 1994; Tochilin et al., 2014). This provides 
a palinspastic restoration of the Early Devonian 
orogen and clastic wedge (Fig. 7D) and Ordo-
vician-Silurian arc system (Fig. 7E) that are in-
terpreted to trend at an oblique angle across the 
terrane (Fig. 7). Also shown on panel D of this 
diagram is the direction toward the geomagnetic 
north pole interpreted from paleomagnetic anal-

ysis of Lower Devonian red beds of the Karheen 
Formation, assuming that the terrane was in the 
Northern Hemisphere (Bazard et al., 1995; But-
ler et al., 1997).

The configuration of early Paleozoic tec-
tonic elements portrayed in Figure 7 suggests 
that the Alexander terrane consists of an oblique 
slice through an Ordovician–Silurian conver-

gent margin system and latest Silurian–Early 
Devonian collisional orogen and clastic wedge. 
The Ordovician–Silurian arc apparently faced 
southwest, and the Lower Devonian clastic 
wedge was shed from a source area to the south-
west (both in present coordinates). Using the 
paleomagnetic declination observed in Lower 
Devonian strata, and assuming that the terrane 
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Figure 7. Palinspastic restoration of the Alexander terrane. (A) Present configuration of the two 
main strike-slip faults that offset portions of the terrane. BIA—Banks Island assemblage; SEM— 
Saint Elias Mountains. (B) Restoration of 180 km of dextral offset along the Chatham Strait fault 
(Hudson et al., 1981; Karl et al., 2010). (C) Restoration of ~1000 km of sinistral offset on the Kitkatla 
shear zone and related Late Jurassic–Early Cretaceous structures (Tochilin et al., 2014). (D) Pro-
posed configuration of the Early Devonian orogen and clastic wedge preserved within SE Alaska. 
Also shown is the direction toward the geomagnetic pole (53° west of south) interpreted from 
paleomagnetic analysis of Lower Devonian red beds on Prince of Wales Island (Bazard et al., 1995; 
Butler et al., 1997). This arrow would point north if the terrane was located in the Northern Hemi-
sphere. (E) Proposed configuration of the Ordovician–Silurian arc system preserved within the 
southern portion of the terrane. Note that thin dashed lines within the Alexander terrane in each 
figure represent borders between Alaska–Yukon–British Columbia to the north and between Alaska 
and British Columbia to the south.

Actually quite a range in Alexander Terrane—some very immature stuff in SE Alaska
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cons in southern SE Alaska consistently yielding 
juvenile epsilon Hf(t) values, and grains in strata 
to the north yielding much more evolved epsilon 
Hf(t) values (Fig. 6). The patterns through time 
for 500–380 Ma grains are also very different, 
with SE Alaska showing the most juvenile val-
ues just as the northern assemblages show more 
negative values. The mismatches in magmatic 
ages, epsilon Hf(t) values, and epsilon Hf(t) trends 
collectively demonstrate that the juvenile igne-
ous rocks in SE Alaska were not the source of 
more-evolved grains in northern assemblages.

RESTORATION OF THE EARLY 
PALEOZOIC CONFIGURATION OF THE 
ALEXANDER TERRANE

The available U-Pb and Hf isotopic data 
yield important constraints on the origin of the 
Alexander terrane, especially when combined 
with geologic relations and paleomagnetic data. 
As summarized by Gehrels and Saleeby (1987), 
patterns of early Paleozoic magmatism, sedi-
ment transport, and deformation in southern SE 
Alaska suggest that: (1) the southern portion of 
the terrane evolved in a marine magmatic arc 
that faced southwest (in present coordinates) 
during Ordovician–Silurian time, (2) arc mag-
matism ceased during latest Silurian–earliest 
Devonian time, when SW-vergent thrust faults 
formed and a NW-SE–trending orogenic high-
land was created in the southern portion of the 
terrane, and (3) Lower Devonian conglomeratic 
strata (Karheen Formation and equivalents) 
accumulated in a clastic wedge that was shed 
northeastward (in present coordinates) from 
this orogenic highland. Rocks of the Saint Elias 
Mountains region were interpreted by Gehrels 
and Saleeby (1987) to have resided in a back-arc 
position relative to the magmatic arc.

Figure 7 is an attempt to reconstruct the 
early Paleozoic configuration of the Alexander 
terrane. The first feature to be accounted for is 
the Chatham Strait fault, which cuts diagonally 
across the Alexander terrane and has ~180 km 
of Tertiary dextral offset (Hudson et al., 1981; 
Karl et al., 2010). Second is the interpretation 
that rocks of the Banks Island assemblage were 
adjacent to the Saint Elias Mountains portion 
of the terrane prior to ~1000 km of left-lateral 
displacement on the Kitkatla shear zone and 
related Early Cretaceous structures (Monger et 
al., 1994; Tochilin et al., 2014). This provides 
a palinspastic restoration of the Early Devonian 
orogen and clastic wedge (Fig. 7D) and Ordo-
vician-Silurian arc system (Fig. 7E) that are in-
terpreted to trend at an oblique angle across the 
terrane (Fig. 7). Also shown on panel D of this 
diagram is the direction toward the geomagnetic 
north pole interpreted from paleomagnetic anal-

ysis of Lower Devonian red beds of the Karheen 
Formation, assuming that the terrane was in the 
Northern Hemisphere (Bazard et al., 1995; But-
ler et al., 1997).

The configuration of early Paleozoic tec-
tonic elements portrayed in Figure 7 suggests 
that the Alexander terrane consists of an oblique 
slice through an Ordovician–Silurian conver-

gent margin system and latest Silurian–Early 
Devonian collisional orogen and clastic wedge. 
The Ordovician–Silurian arc apparently faced 
southwest, and the Lower Devonian clastic 
wedge was shed from a source area to the south-
west (both in present coordinates). Using the 
paleomagnetic declination observed in Lower 
Devonian strata, and assuming that the terrane 
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Figure 7. Palinspastic restoration of the Alexander terrane. (A) Present configuration of the two 
main strike-slip faults that offset portions of the terrane. BIA—Banks Island assemblage; SEM— 
Saint Elias Mountains. (B) Restoration of 180 km of dextral offset along the Chatham Strait fault 
(Hudson et al., 1981; Karl et al., 2010). (C) Restoration of ~1000 km of sinistral offset on the Kitkatla 
shear zone and related Late Jurassic–Early Cretaceous structures (Tochilin et al., 2014). (D) Pro-
posed configuration of the Early Devonian orogen and clastic wedge preserved within SE Alaska. 
Also shown is the direction toward the geomagnetic pole (53° west of south) interpreted from 
paleomagnetic analysis of Lower Devonian red beds on Prince of Wales Island (Bazard et al., 1995; 
Butler et al., 1997). This arrow would point north if the terrane was located in the Northern Hemi-
sphere. (E) Proposed configuration of the Ordovician–Silurian arc system preserved within the 
southern portion of the terrane. Note that thin dashed lines within the Alexander terrane in each 
figure represent borders between Alaska–Yukon–British Columbia to the north and between Alaska 
and British Columbia to the south.
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Retrodeform Alexander Terrane to see what the Paleozoic gradients look like.
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proterozoic and Mesoproterozoic detrital zir-
con grains. This event, referred to as the Klakas 
orogeny, is interpreted to record the collision of 
the southern Alexander terrane with a continen-
tal landmass (Gehrels and Saleeby, 1987).

(5) Regional patterns of early Paleozoic mag-
matism, deformation, and uplift suggest that the 
Alexander terrane consists of an oblique slice 

through an Ordovician–Devonian convergent 
margin/collisional system.

(6) The Neoproterozoic–early Paleozoic his-
tory of the northern portion of the terrane (Be-
ranek et al., 2012, 2013a, 2013b; Tochilin et al., 
2014) records a very different history, with Lower 
Paleozoic strata yielding abundant Precambrian 
detrital zircons and Neoproterozoic and Ordovi-

cian–Silurian grains with highly evolved Hf iso-
topic signatures. This suggests that the northern 
portion of the terrane evolved in proximity to, and 
received abundant detritus from, a continental re-
gion that experienced very similar ages of Neo-
proterozoic and Ordovician–Silurian magmatism 
as the southern portion of the terrane.

(7) The detailed patterns of magmatism re-
corded in the arc-affinity and continental-mar-
gin–affinity portions of the Alexander terrane 
are somewhat different (Fig. 6). Magmatism 
in the southern portion of the terrane is more 
restricted in time, with main phases from 630 
to 530 Ma (maximum at 579 Ma) and 480 to 
400 Ma (maximum at 441 Ma). In contrast, 
magmatism in the continental margin arcs (as 
recorded in sandstones of the Saint Elias–Banks 
Island assemblages) started and ended earlier 
during Neoproterozoic time (duration from 760 
to 550 Ma, with maxima at 640–571 Ma) and 
started earlier and continued later during Ordovi-
cian–Early Devonian time (duration from 520 to 
390 Ma, with maxima at 480, 443, and 412 Ma).

(8) The Hf isotopic compositions of southern 
and northern portions of the terrane are also very 
different (Fig. 6). In terms of value, epsilon Hf(t) 
values are highly juvenile for both Neoprotero-
zoic and early Paleozoic magmatism in southern 
SE Alaska, whereas the Saint Elias–Banks Island 
assemblages yield grains with intermediate to 
highly negative epsilon Hf(t) compositions. The 
patterns through time are also different for the 
main phase of Ordovician–Silurian magmatism, 
with continental-affinity zircons pulling down to 
more negative values at the same time that ju-
venile zircons pull up to higher values (Fig. 6).

(9) The similarity of the detrital zircon U-Pb 
and Hf isotope data from the Alexander terrane 
with results from Baltica and Greenland is con-
sistent with the popular view that the Alexander 
terrane formed in proximity to Baltica, the Ti-
manide orogen, and the northern Caledonides, as 
suggested by Soja (1994), Bazard et al. (1995), 
Gehrels et al. (1996), Butler et al. (1997), Soja 
and Krutikov (2008), Colpron and Nelson 
(2009, 2011), Miller et al. (2011), Beranek et al. 
(2012, 2013a, 2013b), Nelson et al. (2013), and 
many others. Integration of the detrital zircon 
data with the paleomagnetic results of Bazard 
et al. (1995) and Butler et al. (1997) and fau-
nal data of Soja (1994) and Soja and Krutikov 
(2008) supports a more specific conclusion that 
Neoproterozoic–Lower Paleozoic strata in the 
northern portion of the terrane (Banks Island–
Saint Elias assemblages) consist largely of de-
tritus that was shed from Baltica, the Timanide 
orogen, and Caledonian magmatic arcs and 
collisional magmatism, whereas the SE Alaska 
portion of the terrane evolved in a north-facing 
oceanic arc farther out in the paleo-Arctic. Dur-
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proterozoic and Mesoproterozoic detrital zir-
con grains. This event, referred to as the Klakas 
orogeny, is interpreted to record the collision of 
the southern Alexander terrane with a continen-
tal landmass (Gehrels and Saleeby, 1987).

(5) Regional patterns of early Paleozoic mag-
matism, deformation, and uplift suggest that the 
Alexander terrane consists of an oblique slice 

through an Ordovician–Devonian convergent 
margin/collisional system.

(6) The Neoproterozoic–early Paleozoic his-
tory of the northern portion of the terrane (Be-
ranek et al., 2012, 2013a, 2013b; Tochilin et al., 
2014) records a very different history, with Lower 
Paleozoic strata yielding abundant Precambrian 
detrital zircons and Neoproterozoic and Ordovi-

cian–Silurian grains with highly evolved Hf iso-
topic signatures. This suggests that the northern 
portion of the terrane evolved in proximity to, and 
received abundant detritus from, a continental re-
gion that experienced very similar ages of Neo-
proterozoic and Ordovician–Silurian magmatism 
as the southern portion of the terrane.

(7) The detailed patterns of magmatism re-
corded in the arc-affinity and continental-mar-
gin–affinity portions of the Alexander terrane 
are somewhat different (Fig. 6). Magmatism 
in the southern portion of the terrane is more 
restricted in time, with main phases from 630 
to 530 Ma (maximum at 579 Ma) and 480 to 
400 Ma (maximum at 441 Ma). In contrast, 
magmatism in the continental margin arcs (as 
recorded in sandstones of the Saint Elias–Banks 
Island assemblages) started and ended earlier 
during Neoproterozoic time (duration from 760 
to 550 Ma, with maxima at 640–571 Ma) and 
started earlier and continued later during Ordovi-
cian–Early Devonian time (duration from 520 to 
390 Ma, with maxima at 480, 443, and 412 Ma).

(8) The Hf isotopic compositions of southern 
and northern portions of the terrane are also very 
different (Fig. 6). In terms of value, epsilon Hf(t) 
values are highly juvenile for both Neoprotero-
zoic and early Paleozoic magmatism in southern 
SE Alaska, whereas the Saint Elias–Banks Island 
assemblages yield grains with intermediate to 
highly negative epsilon Hf(t) compositions. The 
patterns through time are also different for the 
main phase of Ordovician–Silurian magmatism, 
with continental-affinity zircons pulling down to 
more negative values at the same time that ju-
venile zircons pull up to higher values (Fig. 6).

(9) The similarity of the detrital zircon U-Pb 
and Hf isotope data from the Alexander terrane 
with results from Baltica and Greenland is con-
sistent with the popular view that the Alexander 
terrane formed in proximity to Baltica, the Ti-
manide orogen, and the northern Caledonides, as 
suggested by Soja (1994), Bazard et al. (1995), 
Gehrels et al. (1996), Butler et al. (1997), Soja 
and Krutikov (2008), Colpron and Nelson 
(2009, 2011), Miller et al. (2011), Beranek et al. 
(2012, 2013a, 2013b), Nelson et al. (2013), and 
many others. Integration of the detrital zircon 
data with the paleomagnetic results of Bazard 
et al. (1995) and Butler et al. (1997) and fau-
nal data of Soja (1994) and Soja and Krutikov 
(2008) supports a more specific conclusion that 
Neoproterozoic–Lower Paleozoic strata in the 
northern portion of the terrane (Banks Island–
Saint Elias assemblages) consist largely of de-
tritus that was shed from Baltica, the Timanide 
orogen, and Caledonian magmatic arcs and 
collisional magmatism, whereas the SE Alaska 
portion of the terrane evolved in a north-facing 
oceanic arc farther out in the paleo-Arctic. Dur-
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Figure 9. Reconstruction of possible paleoposition of the Alexander terrane dur-
ing Early Devonian (A) and Late Silurian (B) time. Positions of Laurentia and 
Baltica, and distribution of the Caledonian orogen and Iapetus suture, are from 
Cocks and Torsvik (2011) and Torsvik et al. (2012). Paleolatitude and azimuthal 
orientation of the Alexander terrane during Early Devonian time are from paleo-
magnetic data of Bazard et al. (1995) and Butler et al. (1997), assuming that the 
terrane was in the Northern Hemisphere. The east-west (longitudinal) position 
of the terrane is unconstrained. Orientation of the terrane during Late Silurian 
time is based on the assumption that it was in the same orientation relative to 
Laurentia and Baltica as during Early Devonian time. Internal configuration of 
the Alexander terrane in both time slices is from reconstruction in Figure 7.
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So early part of history of Alexander Terrane seems to be coming into focus…
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Klakas orogeny, suggest that the cratonal
source rocks were probably southwest (in
present coordinates) of the Karheen sample
sites and overridden by rocks of the Alex-
ander terrane. It is envisioned that the Pre-
cambrian zircons were: (1) eroded from an
orogenic highland that included uplifted
cratonal or continental-margin rocks; (2)
transported, apparently toward the hinter-
land of the thrust system, across the lower
Paleozoic arc-type basement in river sys-
tems; and (3) deposited in a fluvial-deltaic
setting. The cratonal rocks were apparently
removed (by rifting?) soon after juxtaposi-
tion or remain buried beneath younger

strata, because they did not contribute sig-
nificant detritus to younger strata and are
not recognized today.

The original data set of Samson et al.
(1989) cannot be used to evaluate the pro-
portions of terrane- versus continent-de-
rived detritus in the Karheen sandstones be-
cause Lower Devonian clastic strata were
not analyzed. J. D. Gleason has accordingly
analyzed Nd isotopes from both Karheen 1
and Karheen 2 (Table 2), which are com-
pared with other clastic strata from the ter-
rane in Figure 6. This figure also shows the
Nd isotopic composition of Upper Protero-
zoic to Triassic clastic strata of the Cordil-

leran miogeocline (from Boghossian et al.,
1994), which serves as a reference for clastic
strata consisting predominantly of craton-
derived detritus. The lack of a downward
shift of the two Karheen samples indicates
that most of the detritus in the Karheen sand-
stones is intraterrane in origin, which is con-
sistent with the dominance (�99%) of in-
traterrane zircons in the two samples.

The occurrence of craton-derived zircons
in the two Karheen samples provides an op-
portunity to determine where the terrane
may have been located during Early Devo-
nian time. Figure 7 is an Early Devonian
continental reconstruction that shows the
distribution of Precambrian rocks capable of
sourcing the 1.0–1.2, 1.35–1.39, 1.48–1.58,
1.62–1.68, 1.73–1.77, 1.8–2.0, and 2.5–3.0
Ga grains in the Karheen samples. The first
conclusion from this compilation is that all
continents consist of large tracts of crust ca-
pable of yielding 1.8–2.0 and 2.5–3.0 Ga
grains. Hence, the presence of grains of this
age in the Karheen Formation is not useful
in identifying possible source regions. A sec-
ond conclusion is that only a few regions of
the world are known to contain rocks of 1.0–
1.45 Ga, 1.45–1.60 Ga, and 1.6–1.8 Ga.
These include Australia-Antarctica and the
western Baltic shield. Hence, the detrital zir-
con data are consistent with an Early Devo-
nian paleoposition in proximity to either of
these continents. It should be pointed out,
however, that some regions such as the Am-
azonian craton (Teixeira et al., 1989) are
known to contain most of the requisite ages,
and that few constraints on the ages of base-
ment rocks exist for many parts of the world,
particularly Antarctica and large portions of
Asia. The distribution of rocks with the crit-
ical ages may therefore be highly underes-
timated in Figure 7.

A more detailed assessment of potential
ties between the Alexander terrane and
western North America can be made by
comparing the ages of detrital zircons from
the two regions. The ages of grains that were
accumulating along the western margin of
North America during Paleozoic time have
been determined by analyzing single zircon
grains from miogeoclinal strata between
northern Sonora and eastern Alaska (Geh-
rels et al., 1995). This detrital zircon refer-
ence for western North America is shown in
Figure 8, in comparison with the interpreted
ages of grains in the two Karheen samples.
It is apparent from this comparison that a
paleoposition near northwestern North
America is not supported by the detrital zir-
con data, the main inconsistencies being: (1)

Figure 8. Comparison of Precambrian detrital zircons in the Alexander terrane, mio-
geoclinal strata of western North America, and eastern Australia. The miogeoclinal ref-
erence for western North America is from Gehrels et al. (1995). The Australian age ranges
include isotope dilution analyses (from Table 3) and ion probe analyses (from Ireland,
1992; Ireland et al., 1994).
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Descon Formation

Grains in the Descon Formation were ap-
parently shed from two suites of igneous
rocks, a younger suite at 460–470 Ma, and
an older suite at 480–490 Ma. Because of
the large size of the zircon grains and the
feldspathic composition of the sandstone,
most grains were probably shed from plu-
tonic rather than volcanic rocks. Volcanic
rocks of the Descon Formation are also no-
toriously poor in zircons—of the three rhyo-
lite samples processed to date, none have

yielded more than a few tiny zircon grains.
Plutons of 460–470 Ma have been recog-
nized in a number of places in the southern
part of the terrane, and were therefore pre-
sumably widespread at the time of deposi-
tion. Uplift and erosion of these plutons
must have occurred soon after emplace-
ment, because the depositional age of the
sampled unit is approximately the same as
the crystallization age of the plutons. Uplift
and erosion of the granitoids may have oc-
curred during waning phases of deformation
related to the Wales orogeny, or in response

to local, synvolcanic faulting within the mag-
matic arc. Igneous activity at 480–490 Ma
likely was widespread, because basaltic and
rhyolitic volcanic rocks are common near
the base of the Descon Formation, which is
as old as middle Early Ordovician (ca. 490
Ma on time scales of Palmer, 1983; and Har-
land et al., 1990). Plutons of the older age,
however, have not been recognized.

Karheen Formation

Paleozoic grains in the Karheen Forma-
tion were apparently derived from Ordovi-
cian–Silurian plutons that are widespread in
the southern part of the terrane and are lo-
cally overlain unconformably by basal Kar-
heen strata. The uplift and erosion of these
granitoids are ascribed to the Klakas orog-
eny, which is manifest as an influx of con-
glomeratic material in Upper Silurian shal-
low-marine strata, southwest- and locally
northeast-vergent (in present coordinates)
thrust faulting, regional metamorphism to
amphibolite facies, widespread hydrother-
mal alteration, generation of large syntec-
tonic trondhjemite plutons, and deposition
of the Early Devonian Karheen clastic
wedge. Paleocurrents and patterns of uplift
suggest that most grains in the Karheen
samples were shed from plutonic rocks that
were exposed south or southwest of the sam-
ple sites.

In addition to the Paleozoic plutons, ig-
neous rocks of 1.0–3.0 Ga were also present
in the source region for detritus that makes
up the Karheen Formation. Because no
rocks older than ca. 595 Ma have been found
within the terrane, and Nd-Sr isotopic data
indicate that Precambrian rocks are not
widespread (Samson et al., 1989), the older
grains must have been shed from rocks that
are not currently part of the terrane. The
broad spectrum of ages of these older grains
suggests that the nonterrane source was
probably a large area of continental crust or
perhaps a continental margin sequence
comprising detritus derived from a large
cratonal area. This cratonal provenance,
combined with the evidence for regional de-
formation, metamorphism, uplift, and ero-
sion prior to and during deposition of the
Karheen Formation, raises the possibility
that the Klakas orogeny records juxtaposi-
tion of the Alexander terrane with a conti-
nental region. As shown schematically in
Figure 5, the existing paleocurrent data, fa-
cies trends, and ages for the Devonian
strata, combined with scant information on
structural trends and vergence during the

Figure 7. Paleogeographic map
showing the distribution of conti-
nents during Early Devonian time.
Gray bands on the map are the 14� �
5� paleolatitudes determined from
the Karheen Formation (Bazard et
al., 1995), assuming both loop-
present and no-loop apparent polar
wander (APW) paths for North Amer-
ica and Gondwana (Van der Voo,
1990, 1993). Precambrian rocks are
shown in the age groupings repre-
sented by detrital zircons in the Kar-
heen Formation (compiled from Hoff-
man, 1989; Goodwin, 1991).
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Does this all agree with the paleomag?
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Yes, it does.
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The two British Columbia samples each contain 390–395 Ma zircon age 
groupings (Figs. 2D–2E) and with the available fossil constraints suggest 
Middle Devonian stratigraphic ages.

Figure 3A shows the εHf(t) values for 176 zircons that span 390–3372 
Ma. As an age group, the 405–490 Ma detrital zircons can be divided into 
two subpopulations based on initial Hf isotopic composition and strati-
graphic age. Upper Silurian to Lower Devonian strata contain 405–490 
Ma zircons with mainly negative εHf(t) values (84%) and Hf model ages 
that suggest Mesoproterozoic to Paleoproterozoic crust was involved 
in their genesis (Fig. 3B). Middle Devonian strata contain 405–490 Ma 
zircons with mostly positive εHf(t) values (79%) and Neoproterozoic and 
younger Hf model ages (Fig. 3B).

DISCUSSION AND CONCLUSIONS

The detrital zircon Hf isotopic compositions of the Icefi eld assemblage 
record a major shift in the source of sediment between Late Silurian–Early 
Devonian and Middle Devonian time. This shift was likely the result of 
fi rst-order changes in tectonic setting and paleogeography of the Alex-
ander terrane. To explain these data, we interpret the Late Silurian–Early 
Devonian Klakas orogeny to manifest Scandian-Salinic deformation in 
the region of northeast Baltica, east of the Appalachian-Caledonian con-
vergent margin (Fig. 4A). An unresolved problem concerning the Klakas 
orogeny is how the Late Cambrian–Early Silurian upper-plate setting 
for the Alexander terrane above a subduction zone fi ts in with the over-
all lower-plate setting for Baltica in the Scandian-Salinic collision. Arc 
magmatism in the Alexander terrane ceased by ca. 430 Ma (Gehrels and 
Saleeby, 1987), 15–20 m.y. prior to the Klakas orogeny, and the termina-
tion of subduction probably records a change in plate dynamics related to 
the closure of Iapetus, such as a subduction polarity reversal.

Upper Silurian to Lower Devonian molasse strata of the Alexander ter-
rane are herein viewed as now-displaced equivalents of the Old Red Sand-
stone that covered much of the northern Appalachian-Caledonian orogen 

(cf. Soja and Krutikov, 2008). The negative εHf(t) values and Mesoprotero-
zoic to Paleoproterozoic Hf model ages of 405–490 Ma detrital zircons in 
rock samples 09VL26, 09VL40, and 09VL42 accordingly support prov-
enance connections with crustally contaminated granites in the Greenland, 
Svalbard, or British Caledonides. For example, both arc-type and anatec-
tic granite suites in Greenland (GL in Fig. 4A) incorporated material from 
surrounding Precambrian basement rocks and yield high initial Sr isotopic 
ratios (0.709–0.711), magmatic zircons with εHf(t) values of −11.9 to −5.5, 
and Paleoproterozoic Hf model ages (Rehnström, 2010; Augland et al., 
2012). Caledonian anatectic granites in Svalbard (SV in Fig. 4A) have 
peraluminous geochemical signatures, negative εNd(t) values, and inherited 
Proterozoic zircons that together provide strong evidence for crustal melt-
ing and contamination (Johansson et al., 2005). Although detrital zircon 
Hf isotopic data for Old Red Sandstone units are lacking, we note that our 
U-Pb age populations are broadly similar to relevant Silurian–Devonian 
molasse strata in Svalbard (Pettersson et al., 2010), Scotland (Phillips et 
al., 2009), and Severnaya Zemlya (Lorenz et al., 2008b).

The Devonian period was a time of rifting in northern Laurussia and 
transcurrent displacement within the Caledonides (Nikishin et al., 1996; 
Dewey and Strachan, 2003). Devonian rifts notably formed part of the 
extensive Slide Mountain–Angayucham backarc system, which accom-
panied an arc chain situated along much of the length of northwest Lau-
russia (Colpron and Nelson, 2011; Miller et al., 2011). We propose that 
this arc chain formed by a Devonian subduction polarity reversal along 
the northern extension of the Caledonian convergence system, following 
the terminal Scandian-Salinic collision that created Laurussia (Fig. 4B). 
The presence of Middle to Late Devonian arc-type rocks in southeastern 
Alaska (Gehrels and Berg, 1992; Saleeby, 2000; Cecil et al., 2011), locally 
possibly as old as Early Devonian (Nelson et al., 2012), along with exist-
ing biogeographic and paleomagnetic constraints, provide evidence for 
the Alexander terrane to comprise part of this magmatic system (Fig. 4B).

It seems likely that the opening of the Slide Mountain–Angayucham 
backarc rift led to the tectonic separation of the Alexander terrane from 
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Can start to see when departed. Argue that the big change in epsilon Hf from lower Dev to Mid Dev is departure from scandinavian margin and creation of 
arc--think this agrees well with Scandinavia [unfortunately this pub lacks a good comparison figure]. Ice field is in St. Elias area.
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The two British Columbia samples each contain 390–395 Ma zircon age 
groupings (Figs. 2D–2E) and with the available fossil constraints suggest 
Middle Devonian stratigraphic ages.

Figure 3A shows the εHf(t) values for 176 zircons that span 390–3372 
Ma. As an age group, the 405–490 Ma detrital zircons can be divided into 
two subpopulations based on initial Hf isotopic composition and strati-
graphic age. Upper Silurian to Lower Devonian strata contain 405–490 
Ma zircons with mainly negative εHf(t) values (84%) and Hf model ages 
that suggest Mesoproterozoic to Paleoproterozoic crust was involved 
in their genesis (Fig. 3B). Middle Devonian strata contain 405–490 Ma 
zircons with mostly positive εHf(t) values (79%) and Neoproterozoic and 
younger Hf model ages (Fig. 3B).

DISCUSSION AND CONCLUSIONS

The detrital zircon Hf isotopic compositions of the Icefi eld assemblage 
record a major shift in the source of sediment between Late Silurian–Early 
Devonian and Middle Devonian time. This shift was likely the result of 
fi rst-order changes in tectonic setting and paleogeography of the Alex-
ander terrane. To explain these data, we interpret the Late Silurian–Early 
Devonian Klakas orogeny to manifest Scandian-Salinic deformation in 
the region of northeast Baltica, east of the Appalachian-Caledonian con-
vergent margin (Fig. 4A). An unresolved problem concerning the Klakas 
orogeny is how the Late Cambrian–Early Silurian upper-plate setting 
for the Alexander terrane above a subduction zone fi ts in with the over-
all lower-plate setting for Baltica in the Scandian-Salinic collision. Arc 
magmatism in the Alexander terrane ceased by ca. 430 Ma (Gehrels and 
Saleeby, 1987), 15–20 m.y. prior to the Klakas orogeny, and the termina-
tion of subduction probably records a change in plate dynamics related to 
the closure of Iapetus, such as a subduction polarity reversal.

Upper Silurian to Lower Devonian molasse strata of the Alexander ter-
rane are herein viewed as now-displaced equivalents of the Old Red Sand-
stone that covered much of the northern Appalachian-Caledonian orogen 

(cf. Soja and Krutikov, 2008). The negative εHf(t) values and Mesoprotero-
zoic to Paleoproterozoic Hf model ages of 405–490 Ma detrital zircons in 
rock samples 09VL26, 09VL40, and 09VL42 accordingly support prov-
enance connections with crustally contaminated granites in the Greenland, 
Svalbard, or British Caledonides. For example, both arc-type and anatec-
tic granite suites in Greenland (GL in Fig. 4A) incorporated material from 
surrounding Precambrian basement rocks and yield high initial Sr isotopic 
ratios (0.709–0.711), magmatic zircons with εHf(t) values of −11.9 to −5.5, 
and Paleoproterozoic Hf model ages (Rehnström, 2010; Augland et al., 
2012). Caledonian anatectic granites in Svalbard (SV in Fig. 4A) have 
peraluminous geochemical signatures, negative εNd(t) values, and inherited 
Proterozoic zircons that together provide strong evidence for crustal melt-
ing and contamination (Johansson et al., 2005). Although detrital zircon 
Hf isotopic data for Old Red Sandstone units are lacking, we note that our 
U-Pb age populations are broadly similar to relevant Silurian–Devonian 
molasse strata in Svalbard (Pettersson et al., 2010), Scotland (Phillips et 
al., 2009), and Severnaya Zemlya (Lorenz et al., 2008b).

The Devonian period was a time of rifting in northern Laurussia and 
transcurrent displacement within the Caledonides (Nikishin et al., 1996; 
Dewey and Strachan, 2003). Devonian rifts notably formed part of the 
extensive Slide Mountain–Angayucham backarc system, which accom-
panied an arc chain situated along much of the length of northwest Lau-
russia (Colpron and Nelson, 2011; Miller et al., 2011). We propose that 
this arc chain formed by a Devonian subduction polarity reversal along 
the northern extension of the Caledonian convergence system, following 
the terminal Scandian-Salinic collision that created Laurussia (Fig. 4B). 
The presence of Middle to Late Devonian arc-type rocks in southeastern 
Alaska (Gehrels and Berg, 1992; Saleeby, 2000; Cecil et al., 2011), locally 
possibly as old as Early Devonian (Nelson et al., 2012), along with exist-
ing biogeographic and paleomagnetic constraints, provide evidence for 
the Alexander terrane to comprise part of this magmatic system (Fig. 4B).

It seems likely that the opening of the Slide Mountain–Angayucham 
backarc rift led to the tectonic separation of the Alexander terrane from 
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northern Laurussia. In addition to the generation of juvenile arc-type 
rocks, we predict that the timing of this separation is indicated by the rela-
tive absence of Caledonian-derived zircons in Middle Devonian sequences 
of the Alexander terrane (samples 09VLB27, 09VLB28). These samples 
instead contain 390–490 Ma detrital zircons with juvenile Hf isotopic 
compositions that are consistent with the erosion of local basement rocks. 
This hypothesis agrees with studies that consider the Alexander terrane to 
have evolved apart from the northern Laurussia cratons during the mid-
Paleozoic to Mesozoic (Gehrels and Saleeby, 1987). Arc-type magmatism 
in southeastern Alaska ended by the Late Devonian, and the Alexander ter-
rane evolved in a tectonically stable environment until the late Paleozoic.

IMPLICATIONS FOR FUTURE DETRITAL ZIRCON Hf ISOTOPE 
STUDIES

Building upon the conclusions of this investigation, we predict that 
future detrital zircon Hf isotope studies will be able to more accurately 

evaluate the crustal evolution and paleogeography of Cordilleran terranes. 
Paleozoic detrital zircon age populations that characterize the Icefi eld 
assemblage are also recognized in Silurian–Devonian strata of the Arctic 
Alaska-Chukotka terrane of Alaska (Amato et al., 2009), eastern Klamath 
terrane of California and Oregon (Grove et al., 2008), Chilliwack com-
posite terrane of Washington and southern British Columbia (Brown et 
al., 2010), and Quesnellia of southern British Columbia (Lemieux et al., 
2007). Along with Alexander, these Cordilleran terranes contain Devonian 
magmatic rocks and biogeographic signatures that suggest proximity to 
an arc system along the trenchward side of the Slide Mountain–Anga-
yucham backarc rift. Detrital zircon Hf isotope studies of these terranes 
may shed new insights into their evolved or juvenile crustal sources and 
the overall signifi cance of Cordilleran-Caledonian connections to global 
paleogeography.
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northern Laurussia. In addition to the generation of juvenile arc-type 
rocks, we predict that the timing of this separation is indicated by the rela-
tive absence of Caledonian-derived zircons in Middle Devonian sequences 
of the Alexander terrane (samples 09VLB27, 09VLB28). These samples 
instead contain 390–490 Ma detrital zircons with juvenile Hf isotopic 
compositions that are consistent with the erosion of local basement rocks. 
This hypothesis agrees with studies that consider the Alexander terrane to 
have evolved apart from the northern Laurussia cratons during the mid-
Paleozoic to Mesozoic (Gehrels and Saleeby, 1987). Arc-type magmatism 
in southeastern Alaska ended by the Late Devonian, and the Alexander ter-
rane evolved in a tectonically stable environment until the late Paleozoic.

IMPLICATIONS FOR FUTURE DETRITAL ZIRCON Hf ISOTOPE 
STUDIES

Building upon the conclusions of this investigation, we predict that 
future detrital zircon Hf isotope studies will be able to more accurately 

evaluate the crustal evolution and paleogeography of Cordilleran terranes. 
Paleozoic detrital zircon age populations that characterize the Icefi eld 
assemblage are also recognized in Silurian–Devonian strata of the Arctic 
Alaska-Chukotka terrane of Alaska (Amato et al., 2009), eastern Klamath 
terrane of California and Oregon (Grove et al., 2008), Chilliwack com-
posite terrane of Washington and southern British Columbia (Brown et 
al., 2010), and Quesnellia of southern British Columbia (Lemieux et al., 
2007). Along with Alexander, these Cordilleran terranes contain Devonian 
magmatic rocks and biogeographic signatures that suggest proximity to 
an arc system along the trenchward side of the Slide Mountain–Anga-
yucham backarc rift. Detrital zircon Hf isotope studies of these terranes 
may shed new insights into their evolved or juvenile crustal sources and 
the overall signifi cance of Cordilleran-Caledonian connections to global 
paleogeography.
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proterozoic and Mesoproterozoic detrital zir-
con grains. This event, referred to as the Klakas 
orogeny, is interpreted to record the collision of 
the southern Alexander terrane with a continen-
tal landmass (Gehrels and Saleeby, 1987).

(5) Regional patterns of early Paleozoic mag-
matism, deformation, and uplift suggest that the 
Alexander terrane consists of an oblique slice 

through an Ordovician–Devonian convergent 
margin/collisional system.

(6) The Neoproterozoic–early Paleozoic his-
tory of the northern portion of the terrane (Be-
ranek et al., 2012, 2013a, 2013b; Tochilin et al., 
2014) records a very different history, with Lower 
Paleozoic strata yielding abundant Precambrian 
detrital zircons and Neoproterozoic and Ordovi-

cian–Silurian grains with highly evolved Hf iso-
topic signatures. This suggests that the northern 
portion of the terrane evolved in proximity to, and 
received abundant detritus from, a continental re-
gion that experienced very similar ages of Neo-
proterozoic and Ordovician–Silurian magmatism 
as the southern portion of the terrane.

(7) The detailed patterns of magmatism re-
corded in the arc-affinity and continental-mar-
gin–affinity portions of the Alexander terrane 
are somewhat different (Fig. 6). Magmatism 
in the southern portion of the terrane is more 
restricted in time, with main phases from 630 
to 530 Ma (maximum at 579 Ma) and 480 to 
400 Ma (maximum at 441 Ma). In contrast, 
magmatism in the continental margin arcs (as 
recorded in sandstones of the Saint Elias–Banks 
Island assemblages) started and ended earlier 
during Neoproterozoic time (duration from 760 
to 550 Ma, with maxima at 640–571 Ma) and 
started earlier and continued later during Ordovi-
cian–Early Devonian time (duration from 520 to 
390 Ma, with maxima at 480, 443, and 412 Ma).

(8) The Hf isotopic compositions of southern 
and northern portions of the terrane are also very 
different (Fig. 6). In terms of value, epsilon Hf(t) 
values are highly juvenile for both Neoprotero-
zoic and early Paleozoic magmatism in southern 
SE Alaska, whereas the Saint Elias–Banks Island 
assemblages yield grains with intermediate to 
highly negative epsilon Hf(t) compositions. The 
patterns through time are also different for the 
main phase of Ordovician–Silurian magmatism, 
with continental-affinity zircons pulling down to 
more negative values at the same time that ju-
venile zircons pull up to higher values (Fig. 6).

(9) The similarity of the detrital zircon U-Pb 
and Hf isotope data from the Alexander terrane 
with results from Baltica and Greenland is con-
sistent with the popular view that the Alexander 
terrane formed in proximity to Baltica, the Ti-
manide orogen, and the northern Caledonides, as 
suggested by Soja (1994), Bazard et al. (1995), 
Gehrels et al. (1996), Butler et al. (1997), Soja 
and Krutikov (2008), Colpron and Nelson 
(2009, 2011), Miller et al. (2011), Beranek et al. 
(2012, 2013a, 2013b), Nelson et al. (2013), and 
many others. Integration of the detrital zircon 
data with the paleomagnetic results of Bazard 
et al. (1995) and Butler et al. (1997) and fau-
nal data of Soja (1994) and Soja and Krutikov 
(2008) supports a more specific conclusion that 
Neoproterozoic–Lower Paleozoic strata in the 
northern portion of the terrane (Banks Island–
Saint Elias assemblages) consist largely of de-
tritus that was shed from Baltica, the Timanide 
orogen, and Caledonian magmatic arcs and 
collisional magmatism, whereas the SE Alaska 
portion of the terrane evolved in a north-facing 
oceanic arc farther out in the paleo-Arctic. Dur-
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Cocks and Torsvik (2011) and Torsvik et al. (2012). Paleolatitude and azimuthal 
orientation of the Alexander terrane during Early Devonian time are from paleo-
magnetic data of Bazard et al. (1995) and Butler et al. (1997), assuming that the 
terrane was in the Northern Hemisphere. The east-west (longitudinal) position 
of the terrane is unconstrained. Orientation of the terrane during Late Silurian 
time is based on the assumption that it was in the same orientation relative to 
Laurentia and Baltica as during Early Devonian time. Internal configuration of 
the Alexander terrane in both time slices is from reconstruction in Figure 7.
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proterozoic and Mesoproterozoic detrital zir-
con grains. This event, referred to as the Klakas 
orogeny, is interpreted to record the collision of 
the southern Alexander terrane with a continen-
tal landmass (Gehrels and Saleeby, 1987).

(5) Regional patterns of early Paleozoic mag-
matism, deformation, and uplift suggest that the 
Alexander terrane consists of an oblique slice 

through an Ordovician–Devonian convergent 
margin/collisional system.

(6) The Neoproterozoic–early Paleozoic his-
tory of the northern portion of the terrane (Be-
ranek et al., 2012, 2013a, 2013b; Tochilin et al., 
2014) records a very different history, with Lower 
Paleozoic strata yielding abundant Precambrian 
detrital zircons and Neoproterozoic and Ordovi-

cian–Silurian grains with highly evolved Hf iso-
topic signatures. This suggests that the northern 
portion of the terrane evolved in proximity to, and 
received abundant detritus from, a continental re-
gion that experienced very similar ages of Neo-
proterozoic and Ordovician–Silurian magmatism 
as the southern portion of the terrane.

(7) The detailed patterns of magmatism re-
corded in the arc-affinity and continental-mar-
gin–affinity portions of the Alexander terrane 
are somewhat different (Fig. 6). Magmatism 
in the southern portion of the terrane is more 
restricted in time, with main phases from 630 
to 530 Ma (maximum at 579 Ma) and 480 to 
400 Ma (maximum at 441 Ma). In contrast, 
magmatism in the continental margin arcs (as 
recorded in sandstones of the Saint Elias–Banks 
Island assemblages) started and ended earlier 
during Neoproterozoic time (duration from 760 
to 550 Ma, with maxima at 640–571 Ma) and 
started earlier and continued later during Ordovi-
cian–Early Devonian time (duration from 520 to 
390 Ma, with maxima at 480, 443, and 412 Ma).

(8) The Hf isotopic compositions of southern 
and northern portions of the terrane are also very 
different (Fig. 6). In terms of value, epsilon Hf(t) 
values are highly juvenile for both Neoprotero-
zoic and early Paleozoic magmatism in southern 
SE Alaska, whereas the Saint Elias–Banks Island 
assemblages yield grains with intermediate to 
highly negative epsilon Hf(t) compositions. The 
patterns through time are also different for the 
main phase of Ordovician–Silurian magmatism, 
with continental-affinity zircons pulling down to 
more negative values at the same time that ju-
venile zircons pull up to higher values (Fig. 6).

(9) The similarity of the detrital zircon U-Pb 
and Hf isotope data from the Alexander terrane 
with results from Baltica and Greenland is con-
sistent with the popular view that the Alexander 
terrane formed in proximity to Baltica, the Ti-
manide orogen, and the northern Caledonides, as 
suggested by Soja (1994), Bazard et al. (1995), 
Gehrels et al. (1996), Butler et al. (1997), Soja 
and Krutikov (2008), Colpron and Nelson 
(2009, 2011), Miller et al. (2011), Beranek et al. 
(2012, 2013a, 2013b), Nelson et al. (2013), and 
many others. Integration of the detrital zircon 
data with the paleomagnetic results of Bazard 
et al. (1995) and Butler et al. (1997) and fau-
nal data of Soja (1994) and Soja and Krutikov 
(2008) supports a more specific conclusion that 
Neoproterozoic–Lower Paleozoic strata in the 
northern portion of the terrane (Banks Island–
Saint Elias assemblages) consist largely of de-
tritus that was shed from Baltica, the Timanide 
orogen, and Caledonian magmatic arcs and 
collisional magmatism, whereas the SE Alaska 
portion of the terrane evolved in a north-facing 
oceanic arc farther out in the paleo-Arctic. Dur-
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the Alexander terrane in both time slices is from reconstruction in Figure 7.
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reported from age-equivalent strata of Novaya 
Zemlya (Fig. 1A), thought to be derived from 
igneous sources associated with the last stage 
of the Timanide orogeny (Gee and Pease, 2004; 
Kuznetsov et al., 2007; Pease and Scott, 2009) 
and/or inception of rifting to form the Ordovi-
cian passive margin of the Urals (Puchkov, 
1997). In contrast, the Devonian from the Polar 
Urals (sample 128) has only ~10% zircons that 
are younger than ca. 1.0 Ga; most are between 
ca. 1.0 and 2.0 Ga (Figs. 2 and 3A). The 
reduced Neoproterozoic zircon component can 
be explained by the fact that rocks of this age 
were mostly buried by shelf strata by the Devo-
nian (Fig. 2), while the interior part of the Baltic 
shield underwent broad uplift and local rifting in 
the Devonian (e.g., Nikishin et al., 1996).

Middle Cambrian strata near the St. Peters-
burg section (sample 059) have a high percent-
age (40%–50%) of Neoproterozoic zircons 
(ca. 500–700 Ma with age probability peaks 
ca. 531 and ca. 643 Ma), but also have a high 
percentage (>50%) of older Precambrian zir-
cons (Figs. 2 and 3A). These span ca. 1.0–2.0 Ga 
with a small population ca. 2.6–2.9 Ga and a 
couple of zircons older than 3.0 Ga (Figs. 2 and 
3A). Neoproterozoic zircons are less abundant 
(<10%) in the late Cambrian (sample 067) and 
zircons are mostly ca. 1.0–2.0 Ga, with fewer 
between 2.5 and 3.0 Ga. The Early Ordovi-
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Figure 2. Stratigraphic context of northern 
Baltica samples simplifi ed from Dronov et 
al. (2005) (St. Petersburg) and Shishkin et 
al. (2004, 2005) and Soboleva et al. (2008) 
(Polar Urals). Alaska columns simplifi ed 
from Dumoulin et al. (2002) and Amato et 
al. (2009). Y—York Mountains; KC—Kotze-
bue Coast; EB, WB—east and west Baird 
Mountains; L, M, and U—Lower, Middle, 
and Upper. Relative age probability distri-
butions and age histograms highlight age 
range of Neoproterozoic–Early Cambrian 
detritus (ca. 500–650 Ma) and presence 
of 1.49–1.62 Ga Laurentian magmatic gap 
age zircons in samples studied that are 
typical of Baltic shield–derived detritus (e.g., 
Grove et al., 2008, and references therein). 
Numbers of zircons dated in parentheses. 
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Figure 1. A: Index map with sections (black 
stars) and terranes discussed in text. A—
Arctida  Neoproterozoic basement fl anking 
Baltic shield (B); AAC—Arctic Alaska–Chu-
kotka; SP—Seward Peninsula; LH—Lisburne 
Hills; NZ—Nova Zemlya; SV—Svalbard; 
SZ—Severnaya Zemlya; W—Wrangel; SAZ—
South Annyui zone. Arrows in Arctic Ocean 
show approximate restored position of AAC 
(Miller et al., 2010). B: Hypothetical origin of 
terranes by Wright and Wyld (2006). C: Hy-
pothetical origin of terranes by Colpron and 
Nelson (2009).
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reported from age-equivalent strata of Novaya 
Zemlya (Fig. 1A), thought to be derived from 
igneous sources associated with the last stage 
of the Timanide orogeny (Gee and Pease, 2004; 
Kuznetsov et al., 2007; Pease and Scott, 2009) 
and/or inception of rifting to form the Ordovi-
cian passive margin of the Urals (Puchkov, 
1997). In contrast, the Devonian from the Polar 
Urals (sample 128) has only ~10% zircons that 
are younger than ca. 1.0 Ga; most are between 
ca. 1.0 and 2.0 Ga (Figs. 2 and 3A). The 
reduced Neoproterozoic zircon component can 
be explained by the fact that rocks of this age 
were mostly buried by shelf strata by the Devo-
nian (Fig. 2), while the interior part of the Baltic 
shield underwent broad uplift and local rifting in 
the Devonian (e.g., Nikishin et al., 1996).

Middle Cambrian strata near the St. Peters-
burg section (sample 059) have a high percent-
age (40%–50%) of Neoproterozoic zircons 
(ca. 500–700 Ma with age probability peaks 
ca. 531 and ca. 643 Ma), but also have a high 
percentage (>50%) of older Precambrian zir-
cons (Figs. 2 and 3A). These span ca. 1.0–2.0 Ga 
with a small population ca. 2.6–2.9 Ga and a 
couple of zircons older than 3.0 Ga (Figs. 2 and 
3A). Neoproterozoic zircons are less abundant 
(<10%) in the late Cambrian (sample 067) and 
zircons are mostly ca. 1.0–2.0 Ga, with fewer 
between 2.5 and 3.0 Ga. The Early Ordovi-
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Figure 2. Stratigraphic context of northern 
Baltica samples simplifi ed from Dronov et 
al. (2005) (St. Petersburg) and Shishkin et 
al. (2004, 2005) and Soboleva et al. (2008) 
(Polar Urals). Alaska columns simplifi ed 
from Dumoulin et al. (2002) and Amato et 
al. (2009). Y—York Mountains; KC—Kotze-
bue Coast; EB, WB—east and west Baird 
Mountains; L, M, and U—Lower, Middle, 
and Upper. Relative age probability distri-
butions and age histograms highlight age 
range of Neoproterozoic–Early Cambrian 
detritus (ca. 500–650 Ma) and presence 
of 1.49–1.62 Ga Laurentian magmatic gap 
age zircons in samples studied that are 
typical of Baltic shield–derived detritus (e.g., 
Grove et al., 2008, and references therein). 
Numbers of zircons dated in parentheses. 
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Figure 1. A: Index map with sections (black 
stars) and terranes discussed in text. A—
Arctida  Neoproterozoic basement fl anking 
Baltic shield (B); AAC—Arctic Alaska–Chu-
kotka; SP—Seward Peninsula; LH—Lisburne 
Hills; NZ—Nova Zemlya; SV—Svalbard; 
SZ—Severnaya Zemlya; W—Wrangel; SAZ—
South Annyui zone. Arrows in Arctic Ocean 
show approximate restored position of AAC 
(Miller et al., 2010). B: Hypothetical origin of 
terranes by Wright and Wyld (2006). C: Hy-
pothetical origin of terranes by Colpron and 
Nelson (2009).
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While that covers where a terrane might have come 
from, the next question is, when did it arrive?



Cowan et al., Am J. Sci., 1997
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OK, when did stuff arrive? Here is where controversy arises.  Overlap or stitching plutons usually what is used...



Gabrielse et al, DNAG v.G-2,  1991

By geologic measures, might think Intermontane terrane docked in J and Insular (Alex + Wrang) in early K.



Gabrielse et al, DNAG v.G-2,  1991

...and this is the cartoon interpretation.
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Plate-tectonic processes involving Cordilleran terranes were predominantly contractional, including subduction and 
obduction, collision, crustal-scale delamination, and transcurrent or strike-slip faulting. A sense of the magnitude of litho-
spheric convergence along the western margin of North American is illustrated by Engebretson et al. (1992), who calculated 
that about 13,000 line-km of mostly oceanic crust have been consumed in subduction zones over the last 200 million years 
(Chapter 1, Fig. 24). The Jurassic and younger Cordilleran basins provide a record of these terrane accretion processes 

FIG. 1  (A) Map of the principal terranes discussed in this chapter, the accretion of which over the past 200 million years has given rise to the Canadian 
Cordillera. Terrane abbreviations are listed in Table 2. (B) The five morphotectonic belts making up the Canadian Cordillera. The western limit is the 
modern plate boundary to North America; the eastern limit is the stable North American craton. The main characteristics of each belt are summarized 
in Table  1. SCCT refers to the Lithoprobe Southern Canadian Cordilleran Transect shown in (C). (C) Interpreted Lithoprobe data for the Southern 
Canadian Cordilleran Transect shows the lithosphere mantle beneath Western Canada Sedimentary Basin in Alberta thinning dramatically towards central 
Cordillera. This means that Cordilleran sedimentary basins have formed on relatively thin, accreted, crustal slabs. (Modified from (A) Jones et al. (1986) 
and Monger (1989); (C) Cook et al. (2012) and Hammer et al. (2011).)
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Plate-tectonic processes involving Cordilleran terranes were predominantly contractional, including subduction and 
obduction, collision, crustal-scale delamination, and transcurrent or strike-slip faulting. A sense of the magnitude of litho-
spheric convergence along the western margin of North American is illustrated by Engebretson et al. (1992), who calculated 
that about 13,000 line-km of mostly oceanic crust have been consumed in subduction zones over the last 200 million years 
(Chapter 1, Fig. 24). The Jurassic and younger Cordilleran basins provide a record of these terrane accretion processes 

FIG. 1  (A) Map of the principal terranes discussed in this chapter, the accretion of which over the past 200 million years has given rise to the Canadian 
Cordillera. Terrane abbreviations are listed in Table 2. (B) The five morphotectonic belts making up the Canadian Cordillera. The western limit is the 
modern plate boundary to North America; the eastern limit is the stable North American craton. The main characteristics of each belt are summarized 
in Table  1. SCCT refers to the Lithoprobe Southern Canadian Cordilleran Transect shown in (C). (C) Interpreted Lithoprobe data for the Southern 
Canadian Cordilleran Transect shows the lithosphere mantle beneath Western Canada Sedimentary Basin in Alberta thinning dramatically towards central 
Cordillera. This means that Cordilleran sedimentary basins have formed on relatively thin, accreted, crustal slabs. (Modified from (A) Jones et al. (1986) 
and Monger (1989); (C) Cook et al. (2012) and Hammer et al. (2011).)
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Plate-tectonic processes involving Cordilleran terranes were predominantly contractional, including subduction and 
obduction, collision, crustal-scale delamination, and transcurrent or strike-slip faulting. A sense of the magnitude of litho-
spheric convergence along the western margin of North American is illustrated by Engebretson et al. (1992), who calculated 
that about 13,000 line-km of mostly oceanic crust have been consumed in subduction zones over the last 200 million years 
(Chapter 1, Fig. 24). The Jurassic and younger Cordilleran basins provide a record of these terrane accretion processes 

FIG. 1  (A) Map of the principal terranes discussed in this chapter, the accretion of which over the past 200 million years has given rise to the Canadian 
Cordillera. Terrane abbreviations are listed in Table 2. (B) The five morphotectonic belts making up the Canadian Cordillera. The western limit is the 
modern plate boundary to North America; the eastern limit is the stable North American craton. The main characteristics of each belt are summarized 
in Table  1. SCCT refers to the Lithoprobe Southern Canadian Cordilleran Transect shown in (C). (C) Interpreted Lithoprobe data for the Southern 
Canadian Cordilleran Transect shows the lithosphere mantle beneath Western Canada Sedimentary Basin in Alberta thinning dramatically towards central 
Cordillera. This means that Cordilleran sedimentary basins have formed on relatively thin, accreted, crustal slabs. (Modified from (A) Jones et al. (1986) 
and Monger (1989); (C) Cook et al. (2012) and Hammer et al. (2011).)
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in the following interrelated ways: the timing of basin subsidence records crustal loading by contraction; basins or strati-
graphic assemblages that extend across adjacent terrane boundaries (also called overlap  or successor basins) help to bracket 
the timing of the accretion events; sedimentation style and stratigraphic architecture provide critical information on paleo-
geography and the capacity for the basin to accommodate sediment; sediment composition provides a record of source rock 
and changes in source resulting from tectonic relocation or unroofing of terranes; paleontological and isotopic-radiometric 
records provide temporal constraints for accretion events; fossils also provide a measure of control on terrane paleolatitude 
prior to and during accretion. Paleomagnetic data provide independent constraints on terrane paleolatitudes.

The remainder of this chapter is organized as follows: elucidation of the five Cordilleran morphogeological belts is fol-
lowed by a conspectus of the major Cordilleran terranes, their accretion to North America, and the resulting sedimentary 
basins. The major basins are then examined in relation to associated terrane-accretion events in terms of their subsidence 
history, stratigraphic and sedimentologic architecture, and provenance (Fig. 2).

THE CORDILLERAN MORPHOGEOLOGICAL BELTS
The Canadian segment of the Cordillera has been divided into five belts. Each belt is identified by the congruence between 
its distinctive bedrock geology and its physiography; each belt is oriented parallel to the overall tectonic trend (Fig. 1) 
(Wheeler and Gabrielse, 1972; Monger et al. 1972; Tipper et al. 1981). As plate tectonic theory and subsequent models of 
terranes developed, it was recognized that the extent of the morphogeological belts correspond closely to the boundaries of 
two superterranes (the Insular and Intermontane superterranes), the two intervening swaths of plutonic and metamorphic 
rocks (the Omineca belt and Coast belt; Monger et al. 1982), and the easternmost Foreland belt that tapers eastward into 
undeformed rocks that overlie the stable craton (Fig. 1). The main characteristics of each morphogeological belt are sum-
marized in Table 1.
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The timing of Slide Mountain-Quesnellia-Cache Creek-Stikine terrane amalgamation (Fig. 3) and the timing of ac-
cretion of the resulting Intermontane Superterrane to the western margin of North America are still debated. Most agree 
that there was some interaction among the terranes as early as Late Triassic (e.g., Monger, 1989). Whitehorse Trough in 
the northern Intermontane belt (Fig. 2) is an Early Jurassic arc-marginal or forearc basin that overlies Stikinia and Cache 
Creek terranes, is located northeast of an active Stikinian arc, and provides evidence of arc-subduction links as early as 
Sinemurian among Cache Creek, Stikinia, Quesnellia, and the ancient North American margin (Fig. 3) (Tempelman-Kluit, 
1979; Monger et al., 1991).

The sedimentary record indicates that it was not until the late Early Jurassic to early Middle Jurassic that fundamental 
changes in the Cordilleran landscape occurred, with collision between Quesnellia and Stikinia, and subsequent delamina-
tion of the intervening Cache Creek oceanic crust during southwest-directed obduction over Stikinia (Monger et al., 1972, 
1982; Eisbacher, 1981), possibly as early as Aalenian (Ricketts et al., 1992). Blueschist metamorphism of Cache Creek 
rocks as young as Early Jurassic is dated at 173.7 Ma and was followed by rapid exhumation of the metamorphosed sub-
duction assemblage (Mihalynuk et al., 2004). In their interpretation of deep reflection seismic profiles across the northern 
Cordillera, Evenchick et al. (2005) show Stikinia overlying a westward-tapering wedge of North American crust. The upper 
contact of the crustal wedge is inferred to be the accretion surface resulting from the interaction between Stikinia, Cache 
Creek, and ancestral North America (Fig. 5).

In north-central British Columbia, flexure of Stikinian crust beneath the Cache Creek terrane load, in concert with ther-
moisostatic cooling of Stikinia, resulted in a foredeep—Bowser basin. Age constraints for this event are cemented where 
King Salmon fault and associated crustal-scale structures are cut by 160–172 Ma postkinematic plutons (Woodsworth 
et al., 1991). Collision of the contiguous Intermontane terrane with the North American margin took place about the same 
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A summary of the main provenance characteristics for each sedimentary basin (see text of relevant basins for sources of information). Black arrows indicate the generalized polarity of sediment supply into the basins. Additional abbreviations are CB, 
Coast belt; Casc. Arc, Cascade arc; Volc., volcanic source; N. Calif., northern California; OM, Omineca belt. Yellow arrows differentiate (generalized) Foreland Basin sediment flux.  Large arrows indicate the generalized polarity of sediment flux into 
the basins.
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Spences Bridge volcanics [Irving et al., 1995] and lower
Churn Creek rocks [Haskin et al., 2003] of the Intermontane
superterrane. Plotting the paleomagnetic poles for each of
these units, along with those calculated from the Gable
Creek and Hudspeth Formations (Figure 18a), we see that
the coeval poles from the Insular superterrane are signifi-
cantly more far-sided than those of the Blue Mountains.
This difference reflects the shallower inclinations, and lower
resulting paleolatitudes, of the Insular superterrane units
(Figure 18b). In contrast, the poles of the Intermontane
units, though slightly older, are more similar to the Blue
Mountain pole (Figure 18a). Comparing the Cretaceous
paleolatitudes of these units (Figure 18b), we find that the
amount of latitudinal translation and relative position of the
Blue Mountains compares more favorably with that of

the Intermontane superterrane. On this basis, we tentatively
conclude that our paleomagnetic study supports correlations
between the Blue Mountains province and the Intermontane
superterrane, as proposed by Mortimer [1986], and suggests
they shared a similar post mid-Cretaceous displacement
history.
[38] It is also important to consider the correlation be-

tween terranes of the Blue Mountains and Klamath Moun-
tains, SW Oregon, which has been suggested on the basis of
similarities between the mid- to Late Cretaceous Hornbrook
Basin in the Klamath Mts. and the Mitchell Inlier (Ochoco
basin) of the Blue Mountains [Kleinhans et al., 1984;
Nilsen, 1986]. Other paleogeographic models also link the
Klamaths and Blue Mountains during the Cretaceous [see
Dickinson, 1979, 2002, 2004; Wilson and Cox, 1980;

Figure 18. (a) Paleomagnetic poles calculated for tilt-corrected results from this study (MI pole). Also
plotted are the mid-Cretaceous NA reference pole [Housen et al., 2003], poles for units in the Insular
superterrane with high-quality results (MT, Mount Tatlow [Wynne et al., 1995]; UC, upper Churn Creek
[Enkin et al., 2003]; MSB, Mount Stuart batholith [Housen et al., 2003]) and poles from units in the
Intermontane superterrane with high-quality results (SB, Spences Bridge [Irving et al., 1995]; LC, lower
Churn Creek [Haskin et al., 2003]). (b) Paleogeographic map showing position of North America,
reconstructed using the Housen et al. [2003] NA pole. Paleolatitudes, with 95% confidence bars, for the
paleomagnetic results in Figure 18a and the paleolatitude of the Sierra Nevada (SNB) [Frei et al., 1984;
Frei, 1986] are shown. The ages of magnetization for each set of results and the post-Cretaceous amounts
of northward translation are also given. The labeled dots denote the study locality for each paleomagnetic
result.

B07102 HOUSEN AND DORSEY: CRETACEOUS PALEOGEOGRAPHY, BLUE MOUNTAINS

17 of 22

B07102

Housen and Dorsey, 
JGR, 2005

MI = Mitchell Inlier


Blue Mtns, Oregon

Based on some pretty ugly paleomag, find that Blue Mtns probably was south of Sierra Nevada and 1700 km south of present location. Infer this was part of Intermontane super terrain.

(a) Paleomagnetic poles calculated for tilt-corrected results from this study (MI pole). Also plotted are the mid-Cretaceous NA reference pole [Housen et al., 2003], poles for units in the Insular superterrane with high-quality results (MT, Mount Tatlow [Wynne et al., 1995]; UC, upper Churn 
Creek [Enkin et al., 2003]; MSB, Mount Stuart batholith [Housen et al., 2003]) and poles from units in the Intermontane superterrane with high-quality results (SB, Spences Bridge [Irving et al., 1995]; LC, lower Churn Creek [Haskin et al., 2003]). (b) Paleogeographic map showing position 
of North America, reconstructed using the Housen et al. [2003] NA pole. Paleolatitudes, with 95% confidence bars, for the paleomagnetic results in Figure 18a and the paleolatitude of the Sierra Nevada (SNB) [Frei et al., 1984; Frei, 1986] are shown. The ages of magnetization for each set 
of results and the post-Cretaceous amounts of northward translation are also given. The labeled dots denote the study locality for each paleomagnetic result.
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Cretaceous detrital-zircon age peaks, but it lacks the abundant 
Late Cretaceous grains that characterize the Hornbrook and 
Ochoco basin strata. A Cenomanian–Coniacian drainage divide 
along the axis of the Cretaceous Cordilleran arc may have pre-
vented westward transport of Late Cretaceous zircon from the 
eastern Sierra into the Great Valley forearc region (DeGraaff-
Surpless et al., 2002; Sharman et al., 2015), and relatively little 
Late Cretaceous zircon eroded from the western Idaho region 
may have traveled as far south as the Great Valley Group. Fol-
lowing Surpless (2015), we infer that some of the detritus eroded 
from the Late Cretaceous rocks of the Sierran Crest intrusive 
suite and/or coeval plutons in the northern Sierra Nevada may 
have been transported northward and westward into the com-
bined Hornbrook-Ochoco basin, while detritus eroded from the 
western Idaho shear zone and early phases of the Idaho batholith 
were transported southward into the basin.

The Cenomanian(?) and younger Methow basin also 
includes a Middle to Late Jurassic age mode that is typical of 
the Ochoco basin, but it completely lacks the Late Cretaceous 
grains found in the Coniacian and younger Hornbrook and 
Ochoco basins, and it has few of the Early Jurassic grains that 
characterize the Coniacian and younger Ochoco and Hornbrook 
strata. The Methow strata also record a prominent 115 Ma age 

mode that is nearly absent in Coniacian and younger Ochoco 
strata (Fig. 11B). These data suggest that the Methow basin was 
not a northern continuation of the combined Hornbrook-Ochoco 
basin, but it remained a separate system with more local sources 
than the other basins. This interpretation is supported by the near-
complete lack of pre-Mesozoic zircon in the Cretaceous Methow 
basin (1%), the consistency of detrital-zircon age distributions 
throughout Cretaceous deposition in the Methow basin, east- or 
west-directed deposition in the Cretaceous Methow strata, and 
Methow sandstone compositions that plot within basin uplift 
and transitional arc fi elds (Surpless et al., 2014). Although the 
Methow and  Hornbrook-Ochoco basins may have shared some 
similar Jurassic and Early Cretaceous sources, our results indi-
cate that they were not part of the same depositional system.

Tectonic Implications

Ochoco basin provenance analysis suggests sediment 
sources in the Blue Mountains terranes, western Idaho shear zone, 
and early phases of the Idaho batholith, which would have been 
north and northeast of the basin during Late Cretaceous deposi-
tion. Additional sediment may have been derived from sources in 
northwestern Nevada and the northern Sierra Nevada, as well as 
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Figure 11. (A) Comparison of compos-
ite U-Pb relative probability curve for 
the Albian–Cenomanian Ochoco ba-
sin (downward-facing curves) with the 
Albian–Turonian Hornbrook Forma-
tion, Albian–Cenomanian Great Val-
ley Group, and Albian–Cenomanian(?) 
Methow basin. (B) Comparison of com-
posite U-Pb relative probability curve 
for the Coniacian and younger Ochoco 
basin ( downward-facing curves) with the 
Coniacian and younger Hornbrook For-
mation, Coniacian–Maastrichtian Great 
Valley Group, and Cenomanian(?) and 
younger Methow basin. Hornbrook For-
mation data are from Surpless and Bev-
erly (2013) and Surpless (2015); Great 
Valley Group data are from DeGraaff-
Surpless et al. (2002), Surpless and 
Augsburger (2009), and Surpless (2014); 
Methow basin data are from DeGraaff-
Surpless et al. (2003) and Surpless et 
al. (2014).
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Province. Our detailed provenance data are consistent with a sin-
gle Ochoco basin, and our detrital-zircon age data suggest depo-
sition occurred largely during Late Cretaceous time, from Albian 
through at least Santonian time (ca. 113–86 Ma and younger), 
rather than Albian–Cenomanian (ca. 113–94 Ma) deposition 
(Jones et al., 1965; Wilkinson and Oles, 1968; Kleinhans et al., 
1984). Provenance characteristics of the Ochoco basin are con-
sistent with northern sources in the U.S. and southern Canadian 
Cordillera, and Ochoco strata may represent the destination 
of much of the “missing” Idaho arc (cf. Giorgis et al., 2005; 
 Gaschnig et al., 2016) that was intruded and eroded during and 
following rapid transpression along the western Idaho shear zone 
from 105 to 90 Ma.

Our new provenance and depositional age data allow better 
comparison with coeval strata in other potentially related Cor-
dilleran forearc basins. Our provenance results suggest that the 
Hornbrook Formation and Ochoco basin formed two sides of the 
same depositional system, as has been previously suggested (e.g., 
Miller et al., 1992; Nilsen, 1993; Wyld et al., 2006). Our results 

indicate that the combined Hornbrook-Ochoco basin may have 
been linked to the Great Valley Group to the south, but not to the 
Methow basin to the north. These results suggest a limit to north-
ward displacement of the Ochoco basin of ~400 km.

GEOLOGIC SETTING

Cretaceous strata of the Ochoco basin rest nonconformably 
on accreted terranes of the Blue Mountains Province in eastern 
Oregon (Fig. 2; Dickinson and Vigrass, 1965; Oles and Enlows, 
1971; Dickinson et al., 1979; Kleinhans et al., 1984). The Blue 
Mountains Province includes late Paleozoic to early Mesozoic 
volcanic island-arc assemblages of the Wallowa and Olds Ferry 
terranes, a Paleozoic to early Mesozoic subduction-accretionary 
complex of the Baker terrane, and a Triassic–Jurassic clastic 
sedimentary succession called the Izee terrane (Fig. 2; e.g., Dick-
inson and Thayer, 1978; Silberling et al., 1984; LaMaskin et al., 
2011; Northrup et al., 2011). Plutons intruding the Blue Moun-
tains Province fall mainly into three age ranges: ca. 235–212 Ma, 
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Figure 1. Generalized map of the U.S. Cordillera (modifi ed from Wyld et al., 2006). Box shows location of Figure 2. State abbreviations: UT—
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Surpless and Gulliver clearly prefer this basin to link Idaho batholith and Klamath Mtns, limiting N-S translation.



are at the core of the Baja-British Columbia (BC) hypothesis, which postulates that crustal fragments presently
located in western Canada were translated northward from low latitudes to moderate latitudes during the
latest Cretaceous and Cenozoic. Despite the evidence for northward migration of parts of the Cordillera, a
lack of large strike-slip faults to accommodate these hypothesized displacements has prevented the

Figure 1. Simplified geologic map of western North America; stars mark the locations of the study area and other basins
mentioned in the text; ellipses A and B denote the approximate Late Cretaceous position of the Nanaimo basin as con-
strained by displacements on known faults in the Cordillera (A) and paleomagnetic data from the western Cordillera (B);
abbreviations from north to south: AX—Alexander terrane; CSZ—Coast shear zone; WR—Wrangellia terrane; CPC—Coast
Plutonic Complex; BP—Belt-Purcell basin; IB—Idaho Batholith; KM—Klamath Mountains; BR—Black Rock terrane; SNB—
Sierra Nevada Batholith; SAF—San Andreas Fault; MSR—Mojave Sonora Region; PRB—Peninsular Ranges Batholith; inset
map highlights physiographic belts; modified after Monger et al. [1982].

Tectonics 10.1002/2017TC004531

MATTHEWS ET AL. BAJA-BC REVISITED 855

Another example 
of using detrital 
zircons… 

This time Nanaimo 
basin (Wrangellia 
proper)

Matthews et al.
Tectonics, 2017
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Plutonic Complex; BP—Belt-Purcell basin; IB—Idaho Batholith; KM—Klamath Mountains; BR—Black Rock terrane; SNB—
Sierra Nevada Batholith; SAF—San Andreas Fault; MSR—Mojave Sonora Region; PRB—Peninsular Ranges Batholith; inset
map highlights physiographic belts; modified after Monger et al. [1982].
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Figure 4. Normalized probability density functions for the Campanian and Maastrichtian formations of the Nanaimo basin
and Zircon U-Pb age distributions for the major Mesozoic arcs of western North America (modified after Sharman et al.
[2014]); data from Premo et al. [1998], Silver and Chappell [1988], Grove et al. [2008], Chapman et al. [2012], Barth et al. [2013],
Kimbrough et al. [2015]; also shown are magmatic flux curves for the CPC west of the CSZ near Prince Rupert [Gehrels et al.,
2009] and the Sierra Nevada Batholith [Ducea, 2001].

Tectonics 10.1002/2017TC004531

MATTHEWS ET AL. BAJA-BC REVISITED 861Which matters most—presence of peak or height? And note that heights are of the age distributions of the arcs, not comparing to other sedimentary rocks. Note too lack 
of comparison to So Canada rocks.

Normalized probability density functions for the Campanian and Maastrichtian formations of the Nanaimo basin and Zircon U-Pb age distributions for the major Mesozoic arcs of western North America (modified after Sharman et al. [2014]); data from Premo et al. 
[1998], Silver and Chappell [1988], Grove et al. [2008], Chapman et al. [2012], Barth et al. [2013], Kimbrough et al. [2015]; also shown are magmatic flux curves for the CPC west of the CSZ near Prince Rupert [Gehrels et al., 2009] and the Sierra Nevada Batholith 
[Ducea, 2001].



Figure 7. Comparison of Nanaimo Group detrital zircon populations to similar age fore arc deposits in southwestern North America; palinspastically restored map of
the Late Cretaceous western United States [after Sharman et al., 2014; Jacobson et al., 2011]; normalized probability density functions for the Nanaimo basin
Campanian and Maastrichtian formations are compared to fore arc and trench slope deposits between southern Oregon and northern Mexico; N is the number of
samples; n is the number of measurements; curves>300 Ma are displayed at 10 times the scale; note the horizontal scale change at 300 Ma; for Nanaimo basin data
206Pb/238U dates are used <1200 Ma, 207Pb/206Pb dates >1200 Ma; curve fills correspond to colors in legend and highlight major arc magmatic phases; see
appendix F for details of sample groupings and data sources; abbreviations are as follows: NA—Nanaimo basin; HB—Hornbrook basin; CH—Chico; MD—Mount
Diablo; DP—Del Puerto Canyon; CO—Coalinga; GB—Gualala basin; CS—Cambria Slab; PS—Pfeiffer Slab; SR—San Rafael; SA—Santa Ana; SD—San Diego; NB—
Northern Baja; ER—El Rosario; LH—La Honda basin; SL—Santa Lucia; SG—San Gabriel; SY—Santa Ynez; SM—Santa Monica; SI—San Miguel; NF—Nacimiento Fault.
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Here comparison 
is to other 
sedimentary 
deposits

Matthews et al.
Tectonics, 2017
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Diablo; DP—Del Puerto Canyon; CO—Coalinga; GB—Gualala basin; CS—Cambria Slab; PS—Pfeiffer Slab; SR—San Rafael; SA—Santa Ana; SD—San Diego; NB—
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Here comparison 
is to subducted 
metasedimentary 
rocks

Matthews et al.
Tectonics, 2017

Figure 8. Normalized PDFs for the Nanaimo basin Maastrichtian formations (NA) are compared to composite PDFs of all
sample locations from the Pelona (PE), Orocopia (OR), and Rand (RA) schists, grouped according to Jacobson et al.
[2011]; sample locations included in each PDF are indicated by colored square; palinspastically restored map of the Late
Cretaceous Mojave region [after Sharman et al., 2014; Jacobson et al., 2011]; N is the number of samples; n is the number of
measurements; curves >300 Ma are displayed at 10 times the scale; note the horizontal scale change at 300 Ma; for the
Nanaimo basin data 206Pb/238U dates are used<1200 Ma, 207Pb/206Pb dates>1200 Ma; curve fills correspond to colors in
legend and highlight major arc magmatic phases; see appendix F in the supporting information for details of sample
groupings and data sources; MM denotes outcrops of the McCoy Mountains Formation; abbreviations for sample locations
as follows; RM—Rand Mountains; PR—Portal Ridge; SS—Sierra de Salinas; SP—Sierra Pelona; BR—Blue Ridge; OM—
Orocopia Mountains; EF—East Fork; MP—Mount Pinos; CM—Chocolate Mountains; TM—Trigo Mountains; CD—Castle
Dome; NR—Neversweat Ridge.
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FWIW, the text has to go through a lot of arguing to rule out rocks in NW US as source—basically, there are zircons of the right age in there (Lemhi Basin, parts of Idaho batholith) but they argue some other zircons would have shown up as well (esp. Archean).


Normalized PDFs for the Nanaimo basin Maastrichtian formations (NA) are compared to composite PDFs of all sample locations from the Pelona (PE), Orocopia (OR), and Rand (RA) schists, grouped according to Jacobson et al. [2011]; sample locations included in each PDF are indicated 
by colored square; palinspastically restored map of the Late Cretaceous Mojave region [after Sharman et al., 2014; Jacobson et al., 2011]; N is the number of samples; n is the number of measurements; curves >300 Ma are displayed at 10 times the scale; note the horizontal scale 
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CM—Chocolate Mountains; TM—Trigo Mountains; CD—Castle Dome; NR—Neversweat Ridge.


