
Exotic terranes

• How do we know they are “exotic”

• Where have they been?

• When and how did they arrive?
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Allochthons in western NAM.

Mountain Quartzite [Yreka terrane]) may have been derived
directly from basement rocks exposed along the continental mar-
gin, whereas more mature quartz sands were probably recycled
from miogeoclinal and/or platformal strata in the Peace River
arch region. 

Ordovician strata of the Roberts Mountains allochthon also
contain 1.8–1.4 Ga grains that originated in basement rocks of
the southwestern United States (provenance link 3). As con-
cluded by Finney and Perry (1991) on the basis of biostrati-
graphic and facies relations, there is a strong link between lower
Middle Ordovician rocks of the Vinini Formation and coeval
strata of the miogeocline directly to the east. Derivation of sedi-
ment from nearby continental sources apparently resulted from a
low sea-level stand, during which sand was eroded from either

exposed basement rocks or their platformal cover and transported
across the miogeocline via channels carved into the continental
shelf (Finney and Perry, 1991). 

Units in the Roberts Mountains allochthon and Shoo Fly
Complex also contain detrital zircons of 1.0–1.3 and ca. 0.7 Ga,
which were most likely shed from basement rocks exposed
along the southern continental margin (Wallin, 1990a) (prove-
nance links 1 and 6). The dominant source may have been a
westward continuation of 1.0–1.3 Ga rocks of the Grenville
province, perhaps now preserved in the Oaxaca terrane of Mex-
ico (Coney and Campa, 1987; Ruiz et al., 1988). The 0.7 Ga
grains in the Harmony Formation were originally reported to
have an uncertain provenance (Wallin, 1990a; Smith and
Gehrels, 1994), but the unique occurrence of a 0.7 Ga grain in

140 G.E. Gehrels et al.

Figure 5. Relative age-probability curves
for Paleozoic strata of Cordilleran mio-
geocline (Gehrels, this volume) and
lower Paleozoic strata of Roberts Moun-
tains allochthon (Gehrels et al., this vol-
ume, Chapter 1), Shoo Fly Complex
(Harding et al., this volume), and Yreka
terrane (Wallin et al., this volume). Ages
of Trinity terrane intrusive rocks are
from Wallin et al. (1995). B.C.—British
Columbia. Numbers in boxes refer to
provenance links listed in Table 1.
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population matches well the ages of intrusive and
metamorphic events in the northern Appalachians
and Caledonides, and resembles detrital mica
40Ar/39Ar ages from the Old Red Sandstone
(Sherlock et al. 2002). Silurian stromatolite–
sphinctozoan reef faunas resemble those in the
Ural Mountains, as well as the Farewell terrane
(Soja & Antoshkina 1997; Antonishka & Soja
2006). Early Devonian (Pragian–early Emsian)
rugose corals from Alexander terrane show strong
similarities with those of Siberia, Omulevka and
Baltica (Pedder 2006). An Early Devonian palaeo-
pole, integrated with the geological record of
igneous and orogenic events, fossil affinities and
detrital zircon signatures, led Bazard et al. (1995)
to favour a mid-Palaeozoic location for the
Alexander terrane near eastern Siberia and Baltica.

Devonian volcanic-derived strata and hypabys-
sal igneous rocks occur in a number of localities
in the southern Alexander terrane, indicating that
magmatic arc activity was re-established there
after the Klakas orogeny. They occur, from south
to north, on Prince of Wales Island (Eberlein &
Churkin 1970; Gehrels & Saleeby 1987), Kupreanof

Island (Muffler 1967), and Chigagof and Baranof
Islands (Loney 1964), and in the Glacier Bay area
(Brew & Ford 1985).

Palaeozoic strata in the northern Alexander
terrane of northwestern British Columbia are gener-
ally platformal, dominated by thick shallow-water
carbonate sequences with lesser clastic strata and,
particularly in the Cambrian section, basalt flows
and sills (Mihalynuk et al. 1993). Fossil data from
this section are sparse and generally non-diagnostic
of palaeogeographical affinity, and no detrital
zircon studies have been carried out. The lowest
unit comprises Cambro-Ordovician siliciclastic
rocks, typically fine sandstone–siltstone couplets
that display intricate cross-laminations and topsets.
Abundant basalt flows and sills are interbedded
with this unit. It is overlain by a thick unit of
Ordovician–Silurian pure and impure carbonates
deposited in shallow, subtidal marine environment.
Shallowing-upwards megacycles are noted in
some units. The lack of bioturbation and skeletal
debris could be due to hypersaline conditions. Intra-
clasts are abundant in some units. Sedimentologi-
cally, these carbonates are comparable with those
of the Farewell terrane as described by Dumoulin
et al. (2002), a possible connection that it is hoped
will be addressed in future studies. A minor
argillite–chert facies contains early Middle Ordovi-
cian graptolites, assigned to the Pacific province;
however, the almost cosmopolitan distribution of
these faunas does not lend itself to robust palaeogeo-
graphical assignment (Norford & Mihalynuk 1994).
Silurian siliciciclastic strata mark a transition from
shallow-water carbonate platform to deltaic and
possibly non-marine depositional environments
(Mihalynuk et al. 1993). Sandstones and coarse con-
glomerates are present in some areas, with clasts of
chert, argillite and pyritiferous volcanic(?) rocks.
They locally contain abundant fern fossils. This
clastic influx could reflect tectonism related to the
Klakas orogeny in the southern part of the terrane.
Late Devonian (Frasnian) and Mississippian
(Viséan) rugose corals in the Alexander terrane
resemble those of the western Canada sedimentary
basin, thus suggesting proximity of the terrane to
western Laurentia at that time (Pedder 2006).

At the northern end of the Alexander terrane
in eastern Alaska, a Pennsylvanian intrusion, the
c. 309 Ma Barnard Glacier pluton, cuts rocks of
the oldest unit of the Kaskawulsh Group, a lower
to mid-Palaeozoic metamorphic unit that forms
part of the terrane and continues southeastwards
into the Kluane Ranges of western Yukon
(Gardner et al. 1988). The pluton also intrudes
Pennsylvanian arc-related, and probably comag-
matic volcanic strata of the Station Creek Forma-
tion, which locally is the oldest unit in Wrangellia.
These relationships indicate that the late Palaeozoic

Fig. 7. Detrital zircon data for terranes of Caledonian
and Baltican affinities compared with data from
(a) Neoproterozoic–lower Palaeozoic sandstone from
western Baltica (data from Knudsen et al. 1997; Åhäll
et al. 1998; de Haas et al. 1999; Bingen et al. 2005) and
(b) Neoproterozoic metasedimentary rocks from the
Greenland Caledonides (northeastern Laurentia; after
Cawood et al. 2007); (c) Karheen Formation, Alexander
terrane (after Gehrels et al. 1996; Grove et al. 2008);
(d) Chase Formation, Okanagan terrane, southern British
Columbia (composite of samples 02TWL225,
02TWL313 and 04TWL025 of Lemieux et al. 2007);
(e) Yreka terrane, Eastern Klamaths (after Grove et al.
2008); (f) Sierra City mélange, Northern Sierra terrane
(after Grove et al. 2008). NAMG indicates the 1.49–
1.61 Ga North American magmatic gap (Van Schmus
et al. 1993).
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Reminder of this suggestion of a connection of the outboard terranes to Sonomia being tied to more exotic stuff. Colprin and Nelson connect allocthons in 
lower Shoo Fly with northern BC based on the older TIMS detrital zircon work. Here we compare with newer stuff, and maybe OK. Lang-Duncan Peak-
Culbertson 
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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
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Fig. 1. Palaeozoic to early Mesozoic terranes of the North American Cordillera. Terranes are grouped according to
faunal affinity and/or source region in early Palaeozoic time. Terrane and geological abbreviations: KB, Kilbuck; QN,
Quesnellia; RT, Richardson trough; SM, Slide Mountain; ST, Stikinia; YSB, Yukon Stable Block; YT, Yukon–Tanana
terrane in the Coast Mountains; WR, Wrangellia. Inset shows location of the Cordilleran orogen in western North
America with respect to Chukotka and Wrangel Island (WI), Pearya in the Arctic Islands, the Greenland Caledonides
(Cal.) and the Appalachians along the east coast.
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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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population matches well the ages of intrusive and
metamorphic events in the northern Appalachians
and Caledonides, and resembles detrital mica
40Ar/39Ar ages from the Old Red Sandstone
(Sherlock et al. 2002). Silurian stromatolite–
sphinctozoan reef faunas resemble those in the
Ural Mountains, as well as the Farewell terrane
(Soja & Antoshkina 1997; Antonishka & Soja
2006). Early Devonian (Pragian–early Emsian)
rugose corals from Alexander terrane show strong
similarities with those of Siberia, Omulevka and
Baltica (Pedder 2006). An Early Devonian palaeo-
pole, integrated with the geological record of
igneous and orogenic events, fossil affinities and
detrital zircon signatures, led Bazard et al. (1995)
to favour a mid-Palaeozoic location for the
Alexander terrane near eastern Siberia and Baltica.

Devonian volcanic-derived strata and hypabys-
sal igneous rocks occur in a number of localities
in the southern Alexander terrane, indicating that
magmatic arc activity was re-established there
after the Klakas orogeny. They occur, from south
to north, on Prince of Wales Island (Eberlein &
Churkin 1970; Gehrels & Saleeby 1987), Kupreanof

Island (Muffler 1967), and Chigagof and Baranof
Islands (Loney 1964), and in the Glacier Bay area
(Brew & Ford 1985).

Palaeozoic strata in the northern Alexander
terrane of northwestern British Columbia are gener-
ally platformal, dominated by thick shallow-water
carbonate sequences with lesser clastic strata and,
particularly in the Cambrian section, basalt flows
and sills (Mihalynuk et al. 1993). Fossil data from
this section are sparse and generally non-diagnostic
of palaeogeographical affinity, and no detrital
zircon studies have been carried out. The lowest
unit comprises Cambro-Ordovician siliciclastic
rocks, typically fine sandstone–siltstone couplets
that display intricate cross-laminations and topsets.
Abundant basalt flows and sills are interbedded
with this unit. It is overlain by a thick unit of
Ordovician–Silurian pure and impure carbonates
deposited in shallow, subtidal marine environment.
Shallowing-upwards megacycles are noted in
some units. The lack of bioturbation and skeletal
debris could be due to hypersaline conditions. Intra-
clasts are abundant in some units. Sedimentologi-
cally, these carbonates are comparable with those
of the Farewell terrane as described by Dumoulin
et al. (2002), a possible connection that it is hoped
will be addressed in future studies. A minor
argillite–chert facies contains early Middle Ordovi-
cian graptolites, assigned to the Pacific province;
however, the almost cosmopolitan distribution of
these faunas does not lend itself to robust palaeogeo-
graphical assignment (Norford & Mihalynuk 1994).
Silurian siliciciclastic strata mark a transition from
shallow-water carbonate platform to deltaic and
possibly non-marine depositional environments
(Mihalynuk et al. 1993). Sandstones and coarse con-
glomerates are present in some areas, with clasts of
chert, argillite and pyritiferous volcanic(?) rocks.
They locally contain abundant fern fossils. This
clastic influx could reflect tectonism related to the
Klakas orogeny in the southern part of the terrane.
Late Devonian (Frasnian) and Mississippian
(Viséan) rugose corals in the Alexander terrane
resemble those of the western Canada sedimentary
basin, thus suggesting proximity of the terrane to
western Laurentia at that time (Pedder 2006).

At the northern end of the Alexander terrane
in eastern Alaska, a Pennsylvanian intrusion, the
c. 309 Ma Barnard Glacier pluton, cuts rocks of
the oldest unit of the Kaskawulsh Group, a lower
to mid-Palaeozoic metamorphic unit that forms
part of the terrane and continues southeastwards
into the Kluane Ranges of western Yukon
(Gardner et al. 1988). The pluton also intrudes
Pennsylvanian arc-related, and probably comag-
matic volcanic strata of the Station Creek Forma-
tion, which locally is the oldest unit in Wrangellia.
These relationships indicate that the late Palaeozoic

Fig. 7. Detrital zircon data for terranes of Caledonian
and Baltican affinities compared with data from
(a) Neoproterozoic–lower Palaeozoic sandstone from
western Baltica (data from Knudsen et al. 1997; Åhäll
et al. 1998; de Haas et al. 1999; Bingen et al. 2005) and
(b) Neoproterozoic metasedimentary rocks from the
Greenland Caledonides (northeastern Laurentia; after
Cawood et al. 2007); (c) Karheen Formation, Alexander
terrane (after Gehrels et al. 1996; Grove et al. 2008);
(d) Chase Formation, Okanagan terrane, southern British
Columbia (composite of samples 02TWL225,
02TWL313 and 04TWL025 of Lemieux et al. 2007);
(e) Yreka terrane, Eastern Klamaths (after Grove et al.
2008); (f) Sierra City mélange, Northern Sierra terrane
(after Grove et al. 2008). NAMG indicates the 1.49–
1.61 Ga North American magmatic gap (Van Schmus
et al. 1993).
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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, 
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tia and Baltica. Shown for reference are U-Pb data from detrital zircons and Paleozoic plutons of eastern Greenland (Rohr 
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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; 
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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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(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-
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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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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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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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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).

GEOCHRONOLOGY OF ALEXANDER TERRANE, SOUTHEASTERN ALASKA
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Does this all agree with the paleomag (which we will talk more about next time)?
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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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Beranek et al., Lithosphere, 2013

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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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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White et al., Lithosphere 2016

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 
Scandanavia [unfortunately this pub lacks a good comparison figure]
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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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of 58 Ma and probably less (time scale of Gradstein
et al. 2004). In this case average motion would need
to be about 5 cm a21, comparable with rates of
advance of short modern arc segments such as the
Scotia and New Hebrides arcs (Schellart et al.
2007).

Palaeogeographical implications

The evidence summarized above clearly points to
common, non-western Laurentian origins for a
number of western Cordilleran terranes, as has been
previously argued by many of the workers we cite.
Much of the geological history (Ordovician–
Silurian arcs, Cambrian–Ordovician and Silurian–
Devonian deformational events) and detrital zircons
from the Alexander terrane suggest early Palaeo-
zoic interactions with the Appalachian–Caledonian
orogen and a source region dominated by Mesopro-
terozoic and late Palaeoproterozoic igneous rocks,
including significant contributions from Grenvillian
(1.0–1.3 Ga) and 1.49–1.61 Ga sources (Figs 2 and
7; Wright & Wyld 2006; Grove et al. 2008). The

occurrence of Ediacaran arc-related rocks at the
base of the Alexander terrane contrasts, however,
with the Neoproterozoic history of either eastern
Laurentia or western Baltica, each of which was
characterized by rifting and development of a
passive continental margin at that time (e.g.
Cawood et al. 2001). Wright & Wyld (2006) pro-
posed an early affinity with Avalonia and other peri-
Gondwanan terranes. But when considering Silur-
ian–Devonian palaeomagnetic, faunal and detrital
zircon data together, a position near northern
Baltica, adjacent to the north end of the Caledonides,
seems to provide a better fit (Fig. 11; Bazard et al.
1995; Soja & Antoshkina 1997; Pedder 2006; Soja
& Krutikov 2008).

Neoproterozoic arc magmatism (c. 600–
550 Ma) and tectonism characterize the Timanide
orogen, which extends along eastern Baltica from
the southern Urals northward to the Barents–Kara
Sea region, where it is locally overprinted by the
Caledonian deformation front (Gee & Pease 2004;
Gee et al. 2006). The North Kara terrane is inferred
to underlie much of the Barents–Kara Shelf and

Fig. 11. Palaeogeographical setting of Cordilleran exotic terranes in Silurian time. Continental reconstructions in this
and subsequent figures are modified after Scotese (2002). Continent abbreviations: AFR, Africa; AVL, Avalonia; BAL,
Baltica; KAZ, Kazakhstania; LAU, Laurentia; SCH, South China; SIB, Siberia. Terrane abbreviations: AA, Arctic
Alaska; AX, Alexander; FW, Farewell; PE, Pearya; YR, Yreka (including Trinity, and parts of Shoo Fly and Okanagan).
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overcome by either gravity or compression, unless it
has been previously weakened (Stern 2004). Propa-
gation of a sinistral transform fault that apparently
nucleated out of the Northwest Passage in Devonian
time could have provided the weakness along which
the oceanic lithosphere collapsed and subduction
propagated southward (Figs 13 and 14). Onset of
subduction and its southward propagation is
recorded by magmatism of 380–400 Ma in the
Arctic Alaska terrane, 380–390 Ma in the
Yukon–Tanana terrane of the Coast Mountains
(which probably restored near present-day Alaska
in Palaeozoic time; Mihalynuk et al. 1994), 360–
370 Ma in the parautochthonous continental margin
of eastern Alaska and Yukon, and c. 360 Ma along
the entire margin of western Laurentia (Nelson
et al. 2006). These events were probably the result
of a global plate reorganization that followed
the Middle Devonian Acadian orogeny in the
Appalachians and continued with the Carboniferous
collision of Gondwana (Fig. 14). A narrow subduc-
tion zone that propagated westward through the
Northwest Passage in Silurian–Devonian time
could have provided the seed point from which

subduction was initiated along western Laurentia
(Figs 11–14).

Along northern Laurentia, this change in plate
motion led to a collision with an enigmatic crustal
block, the mythical Crocker Land of Arctic explo-
rers, and development of the Late Devonian–
Early Mississippian Ellesmerian orogeny as
Laurentia apparently tracked north during colli-
sion with Gondwana (Fig. 14). Crocker Land was
possibly one of the Caledonian crustal fragments
associated with the Alexander and other terranes
(Fig. 5). It apparently supplied sediments intermit-
tently to the Sverdrup basin to the south until mid-
Mesozoic time (Davies & Nassichuk 1991) and
was probably removed during Jurassic–Cretaceous
opening of the Arctic Ocean. Future provenance
studies will provide more information about the
nature and origins of Crocker Land (Omma et al.
2007).

Shortly after initiation of subduction along
western Laurentia, slab rollback is thought to have
caused extension in the back-arc region, which led
to rifting of parts of the distal continental margin,
such as the Snowcap assemblage (basement to

Fig. 12. Early Devonian palaeogeography and development of the Northwest Passage between Laurentia–Baltica and
Siberia. Light grey terrane with dashed outline represents possible additional crustal fragments now submerged in the
Arctic Ocean. ARB, Arabia; IND, India; MEX, Mexico; SEU, southern Europe. Other abbreviations as in Figure 11.
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Yukon–Tanana) and possibly the Shoo Fly
Complex (basement to the Northern Sierra terrane;
Fig. 14). This rifting culminated in opening of the
Slide Mountain ocean in Early Mississippian time
and hence migration of the late Palaeozoic peri-
Laurentian arcs away from the continental margin
(Figs 14 and 15). The Yukon–Tanana terrane
shares Late Devonian to earliest Mississippian
(370–355 Ma) magmatism with the Laurentian
margin, but younger Carboniferous to Permian arc
magmatism is unique to the terrane (Nelson et al.
2006). The western Kootenay terrane (Eagle Bay
assemblage; Fig. 3) of southern British Columbia
appears to be a portion of the Late Devonian–
earliest Mississippian remnant arc that remained
stranded on the Laurentian margin after opening
of the Slide Mountain ocean. The exact distribution
of the Slide Mountain terrane in southern British
Columbia has been obscured by the penetrative
Mesozoic deformation and severe early Cenozoic
extension that affected this region. However, the
occurrence of upper Palaeozoic arc sequences with
McCloud faunal elements overlying parts of the
Okanagan terrane (Harper Ranch and Attwood

groups, Mt. Roberts Formation; Figs 2 and 3)
requires a more southerly palaeolatitude in Early
Permian time (Belasky et al. 2002). The Havallah
and Schoonover basinal sequences in the Golconda
allochthon are probably the southern extension of
the Slide Mountain ocean (Figs 1 and 10; Miller
et al. 1984; Harwood & Murchey 1990).

The Slide Mountain ocean apparently reached
its maximum width in Early Permian time
(Fig. 15; Nelson et al. 2006). Differences between
the McCloud and western Laurentian faunas,
based on statistical analysis, suggest that the
McCloud belt probably lay 2000–3000 km west of
the continental margin (Belasky et al. 2002), provid-
ing a maximum estimate for the width of the Slide
Mountain ocean. By Middle Permian time (c.
270 Ma), subduction polarity was reversed and the
Slide Mountain lithosphere was being subducted
beneath the Yukon–Tanana and related terranes.
This is recorded in the belt of high-pressure rocks
that lies along the eastern edge of the Yukon–
Tanana terrane and Middle to Late Permian mag-
matic rocks of the Klondike arc (Fig. 2). By Triassic
time, the Slide Mountain ocean had closed and the

Fig. 13. Middle Devonian palaeogeography and development of a transform margin along western Laurentia. Light
grey terrane with dashed outline represents possible additional crustal fragments now submerged in the Arctic ocean.
Abbreviations as in Figures 11 and 12.
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late Palaeozoic peri-Laurentian arcs were accreted
to western Laurentia, by then a part of Pangaea,
during the Sonoma orogeny (Fig. 16; Dickinson
2004). Triassic synorogenic clastic rocks overlying
the Yukon–Tanana and Slide Mountain terranes,
as well as the Laurentian continental margin, and
amphibolite-facies metamorphism in the Yukon–
Tanana terrane provide records of the Sonoman
event in the northern Cordillera (Beranek & Morten-
sen 2007; Berman et al. 2007).

The Alexander terrane is inferred to have
migrated out of the Northwest Passage during Car-
boniferous time (Fig. 14). By Pennsylvanian time,
it had joined Wrangellia in northern Panthalassa,
where they apparently evolved in an isolated intra-
oceanic setting until their Middle Jurassic accretion
(Figs 15 and 16).

The Farewell terrane is thought to have origi-
nated from the northern margin of the Northwest
Passage, where it originally evolved as part of the
Siberian Platform until at least Early Permian
time, when it was deformed during the c. 285 Ma
Browns Fork orogeny, an event related to

development of the Uralian and Taimyr fold belts
(Figs 11–15; Bradley et al. 2003). Details of its
Mesozoic history are sparse. The Farewell terrane
may have been expelled from its site of origin
during or following Uralian tectonism (Figs 15
and 16).

By Middle to Late Triassic time, east-dipping
subduction was re-established along the entire
western margin of Laurentia (now part of Pangaea;
Fig. 16), giving rise to voluminous Triassic–
Jurassic arc magmatism of Stikinia, Quesnellia
and related terranes of the western USA, which
were in part built upon Palaeozoic basements of
the Yukon–Tanana, Okanagan, Eastern Klamath
and Northern Sierra terranes (Fig. 2). This more
stable, wide-slab geometry (Schellart et al. 2007)
apparently persisted more or less in its original
form along western North America until at least
early Cenozoic time.

Convergence between the North American plate
and the various oceanic plates that succeeded
Panthalassa (e.g. Farallon, Kula and Pacific) began
with the Jurassic opening of the North Atlantic

Fig. 14. Late Devonian to Early Mississippian palaeogeography. Development of the Antler and Ellesmerian orogens,
initiation of subduction along western Laurentia and onset of rifting in the back-arc region. BAR, Barentsia; CL,
‘Crocker Land’; OK, Okanagan terrane; SAM, South America; YT, Yukon–Tanana terrane. Other abbreviations as in
Figures 11 and 12.
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Ocean and the westward drift of North America over
its western subduction zone (Monger & Price 2002).

It is possible that another Caribbean- or Scotia-
style subduction system developed between
southern Laurentia and Gondwana (Wright &
Wyld 2006) and coexisted with the Northwest
Passage in Silurian–Devonian time (Figs 11–13),
much like the modern Caribbean and Scotia
systems developed at either end of South America.
However, our review of the geological evidence
leads us to conclude that Cordilleran terranes of
inferred Caledonian and Siberian affinities were
more probably introduced into eastern Panthalassa
via the Northwest Passage rather than its southern
equivalent.

Conclusions

Palaeozoic to early Mesozoic terranes of the
North American Cordillera are proposed to have

originated from three major regions in Palaeozoic
time: (1) the western peri-Laurentian margin; (2)
western Panthalassa in proximity to the Palaeo-
Tethys realm; (3) in proximity to the northern
Caledonides, occupying an intermediate position
between NE Laurentia, Baltica and Siberia
(Figs 1 and 11). Dispersion of the Caledonian–
Siberian terranes and their westward migration
into eastern Panthalassa is interpreted to result
from development of a Caribbean- or Scotia-type
subduction system between northern Laurentia–
Baltica and Siberia in mid-Palaeozoic time: the
Northwest Passage. This system was probably
driven by upper mantle outflow from the closing
Iapetus–Rheic oceans along eastern Laurentia, as
Pangaea was being amalgamated (Figs 11–14).
The rapid westward migration of a narrow subduc-
tion zone through the Northwest Passage entrained
Caledonian and Siberian terranes into eastern
Panthalassa and provided a seed point for propa-
gation of subduction along western Laurentia in

Fig. 15. Pennsylvanian to Early Permian palaeogeography. By this time, the Slide Mountain ocean had reached its
maximum width and volcanic arcs of the McCloud belt (late Palaeozoic sequences of Stikinia (ST), Quesnellia (QN),
Eastern Klamaths (EK) and Northern Sierra (NS) terranes) were developing on top of pericratonic mid-Palaeozoic and
older fragments of Yukon–Tanana (YT), Yreka–Trinity and Shoo Fly terranes. Onset of Uralian tectonism along
northern Baltica, Kazakhstania and Siberia, and inferred expulsion of the Farewell terrane (FW) from the Siberian
margin. OM, Omulevka ridge; WR, Wrangellia. Other abbreviations as in Figures 11–14.
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Late Devonian–Early Mississippian time. Subduc-
tion along western Laurentia is inferred to have
been initiated as a result of a global plate reor-
ganization related to Devonian convergence in
the Appalachian orogen of eastern Laurentia and
Carboniferous collision with Gondwana. By early
Mesozoic time, this subduction system had
evolved to a stable, wide-slab geometry that per-
sisted along western North America at least until
early Cenozoic time.

This paper, as indeed our entire learning experience in
the Cordillera, has been shaped by the observations and
inferences of many others. As well as citing their papers,
we highlight here some principal influences on our grasp
of the Caledonian–Siberian terranes: P. Belasky,
D. Bradley, J. Dumoulin, G. Gehrels, D. Harwood,
E. Katvala, L. Lane, N. Lindsley-Griffin, W. McClelland,
M. Mihalynuk, E. Miller, M. Miller, J. Monger,
T. Moore, B. Murchey, and C. Soja; it is hoped that their
ideas appear here in forms that are true to the originals.
In particular, we wish to acknowledge recent conversations

with J. Wright, whose innovative solution to some pro-
blems of Cordilleran terrane origin was the spark for the
present endeavour. Thanks to P. Cawood for encouraging
us to submit a western Laurentian story to this volume.
We are grateful to N. Lindsley-Griffin for her careful cor-
rections to the section on the eastern Klamaths. Formal
reviews by D. Bradley, G. Gehrels and C. van Staal have
helped to clarify our arguments. This is Yukon Geological
Survey Contribution YGS2008-001.
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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
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Figure 3. Values of εNd(t), or initial
εNd, for Slide Mountain, Quesnel,
and Cache Creek terranes deter-
mined in this study. Five additional
argillites from northern Cache
Creek, with εNd values around �7,
are from Jackson (1992). The sedi-
mentary samples are either similar
to juvenile igneous rocks, or corre-
spond to the miogeocline of North
America from Devonian to Jurassic
time.

ing area 2 on figure 1) as part of a paleomagnetic values in the �6 to �10 range in the late Paleozoic.
The only samples of this study we have omittedstudy by David Richards and Robert Butler. The ar-

gillites studied by Jackson (1992) from the northern from figure 4 are the metasediments from the Ni-
sutlin assemblage, whose sedimentation age is pre-Cache Creek include two samples of Pennsylva-

nian-Permian and Permian age, and three Middle to 350 Ma, but otherwise poorly constrained. The
next section of the paper discusses miogeocline vs.Late Triassic argillites, on the basis of unpublished

radiolarian and conodont data (Jackson 1992). The terrane sedimentary evolution in the light of this
correlation.Cache Creek samples reported in this paper are a

presumed Triassic argillite from the mélange of the
Bonaparte subterrane (Monger et al. 1991), and a

Influence of the North American Miogeocline
Middle to Late Triassic sample from the Marble
Canyon section along the east side of Pavilion Lake The most significant observation of this paper is

that the sedimentary rocks of Cordilleran terranes(R5 of Cordey et al. 1987), both of which are in
south-central British Columbia (collecting area 1 as far outboard as Cache Creek seem to mimic the

Nd isotopic evolution of the North American mio-on figure 1). The Quesnel sample that gives nega-
tive εNd comes from the Triassic Nicola Group at geocline (figure 4).

The data for terranes related to the continentalField Trip stop 6 of Struik (1985) in collecting area
2 of figure 1, where Nicola Group sedimentary li-
thologies are thrust over Barkerville terrane. From
the Quesnel terrane, Harper ranch samples pre-
dating the Triassic arc, and Ashcroft samples post-
dating the arc, both give juvenile εNd values (table
1), while this Nicola Group argillite was the only
sedimentary rock analyzed that formed at any time
close to the main Triassic arc phase.

All these sediments have εNd values between �5
and �10. This range is very similar to that shown
by the Cordilleran miogeocline from 450 or 400 Ma
to 140 Ma (Boghossian et al. 1996). Figure 3 gives
the strong impression, which we believe represents
the real situation in the assemblages, that there
was a continent-derived sediment component that

Figure 4. Evolution of the Canadian Cordilleran mio-
was added to, but not significantly mixed with geocline in Alberta (Boghossian et al. 1996) compared
other sediment in the terranes. Figure 4 shows the to the sedimentary samples of this study having neg-
Nd isotopic signature of the Cordilleran miogeo- ative εNd values. Five northern Cache Creek samples
cline in Alberta, and it is clear that the sediments are from Jackson (1992). Nisutlin assemblage samples,
with negative εNd values in our study mimic this with poorly constrained sedimentation age, have been

omitted.evolution, with a jump from εNd less than �14 to
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Figure 5. Comparison of the initial
εNd signatures seen in this study with
those for the miogeocline, and for ju-
venile outboard terranes (Samson
and Patchett 1991). The new results
of this study, plus five northern
Cache Creek sediments from Jack-
son (1992), are represented by a black
field. Note the juvenile field for ter-
ranes studied here includes sedi-
mentary as well as igneous rocks.

margin, and for Slide Mountain, Quesnel, and mian to Triassic time would admit three con-
trasting interpretations. In the first interpretation,Cache Creek terranes are compared to published

data for both the miogeocline and the juvenile Al- the εNd signatures did in fact originate in water-
borne terrigenous detritus from the North Ameri-exander, Wrangellia, and Stikine terranes in figure

5. As in figure 3, the two isotopic families of sam- can miogeocline. In this hypothesis, the Slide
Mountain sediments and those of Cache Creek andples from Slide Mountain, Quesnel, and Cache

Creek terranes are evident. While it is true that the Quesnel are similar because they had the same
source. For this explanation, it is required thatleast εNd-positive samples of Wrangellia, Alexander,

and Stikine terranes are usually sediments (Samson Cache Creek lay within range of North American
terrigenous sedimentation. Although this distanceet al. 1989, 1990), there is no sign, even in the

Stikine terrane, of the negative εNd values seen from would depend on sizes of rivers, widths of conti-
nental shelf and slope, and other factors, 1500 kmCache Creek inward to the miogeocline. It is clear

that terranes from Stikine outward were not ex- seems to be a reasonable limit in most cases today
(e.g., Barron and Whitman 1981; McLennan et al.posed to the substantial continental influence that

affected farther-inboard terranes. 1990). It is plausible that Cache Creek was within
this limit in Triassic time, after some convergenceThat Kootenay- and Cassiar-equivalent terranes

should show a North American sedimentary tie is with North America, but it may have been farther
away in Permian time. It is therefore critical to de-expected, because they have generally been inter-

preted as having formed somewhat close to North termine for certain whether argillites from Cache
Creek that have negative εNd are, in part, of PermianAmerica, as distal parts of the miogeocline, or in

other related environments. The Slide Mountain age, as suggested by the preliminary paleontology
of Jackson (1992).terrane is interpreted to have formed in a marginal

basin, which also would plausibly have received The other two explanations for the Miogeocline-
like signatures in the Cache Creek terrane involvesediment from the miogeocline. The more surpris-

ing element of the present results is that miogeo- very far-traveled sediment carried by water orwind.
In both cases, North America is not the only possi-cline-like signatures appear in Quesnel and Cache

Creek terranes. In Cache Creek, unpublished pale- ble source, and the material could also have origi-
nated in other continents. The Cache Creek terraneontology indicates that some argillites with nega-

tive εNd are Permian or even Pennsylvanian in age could have elements that were at one time close
to other continents in the paleo-Pacific region. The(Jackson 1992), whereas ‘‘Tethyan’’ Permian faunas

suggest that Cache Creek lay several thousand ki- distance that hemipelagic clay could be transported
is more poorly constrained than terrigenous sedi-lometers to the west of North America (for discus-

sion of these issues for Cache Creek and other out- ment aprons, but studies in the North Pacific sug-
gest that waterborne clay does not extend moreboard terranes see Newton 1988; Gabrielse and

Yorath 1991; Belasky and Runnegar 1994). than about 3000 km from continents (Jones et al.
1994). Nevertheless, in the scenario where theThe occurrence of miogeocline-like Nd isotopic

signatures in the Cache Creek terrane from Per- Cache Creek εNd-negative argillites do have North

One clue is stuff separating the really exotic from the not-so-exotic.  Black terranes are juvenile oceanic terranes.  In contrast, stuff to east shows signs of 
looking like NAM
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Fig. 1. Palaeozoic to early Mesozoic terranes of the North American Cordillera. Terranes are grouped according to
faunal affinity and/or source region in early Palaeozoic time. Terrane and geological abbreviations: KB, Kilbuck; QN,
Quesnellia; RT, Richardson trough; SM, Slide Mountain; ST, Stikinia; YSB, Yukon Stable Block; YT, Yukon–Tanana
terrane in the Coast Mountains; WR, Wrangellia. Inset shows location of the Cordilleran orogen in western North
America with respect to Chukotka and Wrangel Island (WI), Pearya in the Arctic Islands, the Greenland Caledonides
(Cal.) and the Appalachians along the east coast.
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with that from Cretaceous rocks of MacCoil Ridge [Panuska, 
1985] which overlie Alaskan Wrangellia terrane (MR, Figure 3), 
indicating that the Peninsular terrane and ,alaskan Wrangellia 
were close together in the Late Cretaceous, as P!ajker and Berg 
[1994] proposed. 

Butler et al. [1989] have invoked general tilting down to the 
southwest by about 30' to explain the large Cretaceous apparent 
displacements of Figures 2 and 3. This hypothesis is no longer 
tenable, for three reasons. First, tilt-corrected results (DI, SPC, 
MR, MS, Table 1) yield very large offsets (Figure 4). Second, 
in those instances where detailed studies of plutons have been 
made, tilts have been discovered, but not in the direction required 
by the tilt hypothesis (MS, PT). Third, the tilt hypothesis does 
not explain results from the bedded sedimentary and volcanic 
rocks (SB, CK, DI, SPC, MR), all of which pass tilt tests and 
yield large southerly offsets. 

Rotations about vertical axes of displaced Cretaceous rocks are 
shown in Figure 5. Some are small or insignificant. Others, 
with one exception, are clockwise and variable, ranging up to 
90'. The variability cannot be ascribed to tilting uncertainties 

Figure 2. Latitudinal displacements relative to eratonic North because it is as great among those results obtained after America determined from Cretaceous rocks of the northern accurate tilt correction as those without tilt correction. These Cordillera. All data are plotted whether or not they have been 
satia•ffiy corrected for tilt. Results accurately corrected for tilt (diamonds) are listed in Table 1. The following are results which either cannot be corrected for tilt or to which less accurate 
tilt corrections have been applied: AX, Axelgold Intrusion, 120- 
90 Ma [Monger and Irving, 1980; Armstrong et al., 1985] corrected to cumulate layering but tilt test not possible; CC, 
Capta• Cove pluton, 109 Ma, [Syrnons, 1977]; GB, Germansen Batholith, 107 Ma, [Wynne et al., 1992a]; JL, Cretaceous intrusions near to Finlay-Ingenika Fault corrected to local 
s•ructure from fault and cleavage analysis [Zhang et al., 1996]; 

rotations indicate that dextral shear was not confined entirely to 
the neighborhood of large faults but was distributed across the 
Cordillera. The excelion (MR, Figure 1 [Panuska, 1985]) from 
eastern Alaska, has an 80' anticlockwise rotation. Note, 
however, that the result also could indicate a 260' clockwise 
rotation, and we have no means at present of distinguishing this 
from an 80' anticlockwise rotation. Data from Triassic rocks of 
this region (NI) show similar large anticlockwise rotations 
assuming that they derived from the southern hemisphere 
[Hillhouse, 1977; Hillhouse and Grommd, 1984]. 

Many paleomagnefc results from Paleocene and Eocene rocks 
have been obtained across the northern Cordillera. Eocene rocks LF, Longarm Formation, Lower Cretaceous (Hauterivian or Barremian), corrected to bedding but no tilt test [Haggart and (FV, SV, OL, MV, KV, see caption to Figure 1) from British Verosub, 1994]; PT1, PT2, Porteau Pluton, 101 Ma, minimum (PT2) and maximum (PT1) estimates of displacement made from directions distributed on small circle [Irving et al., 1995a]; SI, 

Stephens Island pluton, 102Ma, [Symons, 1977]; SP, Spuzzum pluton, 105 to 90 Ma, [ Irving et al., 1985]; ST, Spetch Creek Pluton, 102 Ma, [Vanda//, 1993]; VMB, VMC, Ventura Member, Midnight Peak Formation, Late Cretaceous, two areas, corrected separately to bedding give positive tilt test but there is poor 
agreement between them [Bazard et al., 1989]. 

the same inclination (SPC). We retain the MacCoil ridge result 
because it passes the tilt test. 

Results from Cretaceous rocks of Alaska have been reviewed 
by S•one et al. [1982] and Hillhouse and Coe [1994]. All show 
large displacements from the south. There are, however, no 
positive tilt tests, and results from different localities from the same formation often disagree, indicating incomplete removal of 
overprinted magnetizations (e.g. Chignik Formation [Stone and 
Packer, 1979]). Although such results are of limited accuracy, 
the large northward displacement observed across the collections is unmistakable and is broadly consistent with the results of 
Figure 3. The only Crc•ceous result from Alaska providing 
strong evidence (a reversal test) that the field at the time of depos'•n is accurately recorded is from the Hoodoo Formation of the Peninsular Terrane [•tone and Packer, 1979]. It yields an 
apparent displacement of 4300 -I- 1300 km, in good agreement 
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Figure 3. Latitudinal displacements from Cretaceous rocks for 
which tilt estimates can be made. Probability curves calculated 
by method of Marquis et al. [1990] which incorporates errors in the reference field (Table 1). Table 1 has rock unit names and 
references. 

Irving et al., JGR, 1996

Cretaceous paleomag

Paleomag often used.  Here is K from a compilation a few years back
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with that from Cretaceous rocks of MacCoil Ridge [Panuska, 
1985] which overlie Alaskan Wrangellia terrane (MR, Figure 3), 
indicating that the Peninsular terrane and ,alaskan Wrangellia 
were close together in the Late Cretaceous, as P!ajker and Berg 
[1994] proposed. 

Butler et al. [1989] have invoked general tilting down to the 
southwest by about 30' to explain the large Cretaceous apparent 
displacements of Figures 2 and 3. This hypothesis is no longer 
tenable, for three reasons. First, tilt-corrected results (DI, SPC, 
MR, MS, Table 1) yield very large offsets (Figure 4). Second, 
in those instances where detailed studies of plutons have been 
made, tilts have been discovered, but not in the direction required 
by the tilt hypothesis (MS, PT). Third, the tilt hypothesis does 
not explain results from the bedded sedimentary and volcanic 
rocks (SB, CK, DI, SPC, MR), all of which pass tilt tests and 
yield large southerly offsets. 

Rotations about vertical axes of displaced Cretaceous rocks are 
shown in Figure 5. Some are small or insignificant. Others, 
with one exception, are clockwise and variable, ranging up to 
90'. The variability cannot be ascribed to tilting uncertainties 

Figure 2. Latitudinal displacements relative to eratonic North because it is as great among those results obtained after America determined from Cretaceous rocks of the northern accurate tilt correction as those without tilt correction. These Cordillera. All data are plotted whether or not they have been 
satia•ffiy corrected for tilt. Results accurately corrected for tilt (diamonds) are listed in Table 1. The following are results which either cannot be corrected for tilt or to which less accurate 
tilt corrections have been applied: AX, Axelgold Intrusion, 120- 
90 Ma [Monger and Irving, 1980; Armstrong et al., 1985] corrected to cumulate layering but tilt test not possible; CC, 
Capta• Cove pluton, 109 Ma, [Syrnons, 1977]; GB, Germansen Batholith, 107 Ma, [Wynne et al., 1992a]; JL, Cretaceous intrusions near to Finlay-Ingenika Fault corrected to local 
s•ructure from fault and cleavage analysis [Zhang et al., 1996]; 

rotations indicate that dextral shear was not confined entirely to 
the neighborhood of large faults but was distributed across the 
Cordillera. The excelion (MR, Figure 1 [Panuska, 1985]) from 
eastern Alaska, has an 80' anticlockwise rotation. Note, 
however, that the result also could indicate a 260' clockwise 
rotation, and we have no means at present of distinguishing this 
from an 80' anticlockwise rotation. Data from Triassic rocks of 
this region (NI) show similar large anticlockwise rotations 
assuming that they derived from the southern hemisphere 
[Hillhouse, 1977; Hillhouse and Grommd, 1984]. 

Many paleomagnefc results from Paleocene and Eocene rocks 
have been obtained across the northern Cordillera. Eocene rocks LF, Longarm Formation, Lower Cretaceous (Hauterivian or Barremian), corrected to bedding but no tilt test [Haggart and (FV, SV, OL, MV, KV, see caption to Figure 1) from British Verosub, 1994]; PT1, PT2, Porteau Pluton, 101 Ma, minimum (PT2) and maximum (PT1) estimates of displacement made from directions distributed on small circle [Irving et al., 1995a]; SI, 

Stephens Island pluton, 102Ma, [Symons, 1977]; SP, Spuzzum pluton, 105 to 90 Ma, [ Irving et al., 1985]; ST, Spetch Creek Pluton, 102 Ma, [Vanda//, 1993]; VMB, VMC, Ventura Member, Midnight Peak Formation, Late Cretaceous, two areas, corrected separately to bedding give positive tilt test but there is poor 
agreement between them [Bazard et al., 1989]. 

the same inclination (SPC). We retain the MacCoil ridge result 
because it passes the tilt test. 

Results from Cretaceous rocks of Alaska have been reviewed 
by S•one et al. [1982] and Hillhouse and Coe [1994]. All show 
large displacements from the south. There are, however, no 
positive tilt tests, and results from different localities from the same formation often disagree, indicating incomplete removal of 
overprinted magnetizations (e.g. Chignik Formation [Stone and 
Packer, 1979]). Although such results are of limited accuracy, 
the large northward displacement observed across the collections is unmistakable and is broadly consistent with the results of 
Figure 3. The only Crc•ceous result from Alaska providing 
strong evidence (a reversal test) that the field at the time of depos'•n is accurately recorded is from the Hoodoo Formation of the Peninsular Terrane [•tone and Packer, 1979]. It yields an 
apparent displacement of 4300 -I- 1300 km, in good agreement 
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Figure 3. Latitudinal displacements from Cretaceous rocks for 
which tilt estimates can be made. Probability curves calculated 
by method of Marquis et al. [1990] which incorporates errors in the reference field (Table 1). Table 1 has rock unit names and 
references. 
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Figure 4. Latitudinal offsets estimated from Cretaceous rocks of 
the northern Cordillera (RPD of Table 1). Offsets plotted along 
the present western coastline of North America. 

Wrangellia, Peninsular, and Alexander Terranes of eastern 
Alaska. The Coast Domain corresponds approximately to the 
Wrangellia Composite Terrane of Plainer and Berg [1994]. The 
Outer Domain, comprising the Chugach and Prince William 
Terranes, corresponds to the Southern Margin Composite Terrane 
of P!afl•r and Berg [1994]. To the south is the Yakutat Terrane 
(YA). To the east of the Interior Domain, the Omineca Domain, 
comprises rocks that have undergone only small or negligible 
nordmrly disphcement, but which have been intensely deformed 
during the 83 to 45 Ma interval. It comprises the Omineca Belt 
west of the Rocky Mountain Trench. East of the trench, lies the 
Forehnd Fold and Thrust Belt formed during the interval about 
70 to 60 Ma and referred to as the Foreland Domain. The 
rehtionships between domains, terranes and belts are summarized 
in Table 2. 

We apply the term tectonic domain, as used by Hilihouse 
[1987], to a region that has had a broadly similar tectonic 
history during a specific time interval. Within an orogenic belt, 
a tecto• domain generally contains several tectonostratigraphic 
terranes in whole or in part, together with intrusive rocks, and 

volcanic and sedimentary overlap sequences. Because domain 
boundaries may cross termne. s, different parts of the same terrane 
may occur in different domains. Modern analogues are the 
transpressional trench sliver east of the Sunda arc [Fitch, 1972], 
and the Hellenic-A.qatolian domain that is being extruded 
westw•u-d betwe• the converging African-Arabian and Eurasian 
plates [Jaclcson and McKenzie, 1988]. The Oligocene to Early 
Miocene technic domain of Indo-China, that was extruded 1000 
km southeastward as India converged with Asia [Leloup et al., 
1995], is another example. Orogen-parallel motions of trans- 
current trench slivers are equal to or less than the tangential 
component of oblique convergence. Rate of motion of an 
extruded domain may ex• the convergence rate. 

Relative motions of domains would not, except for the briefest 
interval, occur along single faults, but along many faults distrib- 
uted across broad zones. Moreover, later fault motions, deposi- 
tion of younger strata, plutonism and penetrative strain would 
tend to obscure, even obliterate, evidence of earlier motions. 
Figure 6 provides an illustration of how posttranslational 
deformation and magmafism could obscure orogen-parallel strike- 
slip diap•t of a transp•sb• trench sliver. Suppose such 
a sliver develops in response to partial coupling between a 
foreare and an obliquely subdueting downgoing slab (Figures 6a 
and 6b). The domain, which resembles a wedge or flap, would 
be separated from the inboard regions of the overriding plate b• 
a listrie shear zone, along which large movement occurs. There 
is likely to have been arc magmatism during strike-slip displace- 
merit. Suppose now that strike-slip displacement ceases, and the 
disphcod flap is dissecled by large extensional faults, the uplifted 
parts of which are removed by erosion (Figure 6c). Suppose also 
that the region is subsequently shuffled by strike-slip faulting in 
an orientation different from that of the initial strike-slip displace- 
ment, then plutonized, and finally partly blanketed by volcanic 
flows (Figures 6d and 6e). All such processes were active at 
various times in the northern Cordillera during Late Cretaceous 
through Cenozoic time and could have reduced the once-continu- 
ous displacod domain to a jumble of blocks whose relationship to 
the autoehthon is now displayed by normal faults, and short, 
discontinuous strike-slip faults. The trace of the original strike- 
slip fault would now be represented only by dismembered relies 
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Figure 5. Relative rotations about vertical axes or Cretaceous 
units of the Interior and Coast Domains. Long lines based on 
accurate tilt colons. Short lines based on less accurate or no 
tilt corrections. Results listed in Table 1 and caption to 
Figure 2. 



Figure 8. Latitudinal displacements with respect to their present positions of formations from southern
Wrangell and Stikine terranes based on the new composite APW path of Figure 4, and in the inset lat-
itudinal displacements relative to the craton with 95% error bars of results from southern Wrangellia and
Stikinia labeled W and S. Y is the Yukatat block and m is the zone of metamorphic rocks into which the
Cretaceous/Cenozoic Coast Belt plutons are intruded [Gabrielse and Yorath, 1992]. Triassic and Jurassic
results for Wrangellia are from the Karmutsen (KM, ∼225 Ma) and Bonanza (BZ, 195 Ma) formations,
and for Stikinia are from the Savage Mountain (SM, ∼210 Ma) and Hazelton (HZ, ∼195 Ma) formations.
Cretaceous results are from the Silverquick and Powell Creek formations (SPR) with no E/I evidence of I
error, and E/I‐corrected results from the Nanaimo Group of Vancouver Island (NM). Cenozoic results are
from Flores volcanics of Vancouver Island (FL), the Ootsa Lake volcanics of central British Columbia
(OL), and late Neogene basalts of southern British Columbia (SBC). To extend the time coverage, we
have added the Permian Asitka Group of the basement of Stikinia with a paleolatitude of 27 ± 4°giving a
not significant offset of 5 ± 6° [Irving and Monger, 1987]. See text for further details.
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We can in theory combine pmag and compare with NAM to see N-S motions….(this is based on a strongly revised NAM paleolatitude analysis)



1970; Burchfiel and Davis, 1972, 1975; Dickinson, 1977];
the oceanic lithosphere carried the far‐traveled terranes
which were accreted to the craton during the Mesozoic
[see, e.g., Coney, 1971; Monger et al., 1972; Nur and
Ben‐Avraham, 1982]. This essentially unanimous interpre-
tation has recently been vigorously challenged. Johnston
[2001, 2008] argues that during the early Mesozoic, a
“Cordilleran ribbon continent” was assembled far out in the
Panthalassa Ocean, and Hildebrand [2009] proposes an
extension south into the USA of this same former ribbon
continent. Both maintain that the convergence of the far‐
traveled terranes resulted from west‐facing subduction of an
oceanic plate attached to North America, the terranes col-
liding with the craton in the Cretaceous as Chamberlain and
Lambert [1985] had earlier maintained. The results summa-
rized in Figures 7, 8, and 9 help provide the paleogeograph-
ical framework for discussion of the generally accepted ideas
and these more recent speculations concerning Cordilleran
tectonics.

8. Concluding Remarks

[54] The advantage of using igneous rocks exclusively to
construct composite APW paths is that the record from
cratonic igneous rocks is not contaminated by I errors. The
disadvantage of using them exclusively is that the record is
not evenly spread in time; there are major gaps, in the Early
Jurassic as we have discussed, in the Late Jurassic and
through much of the Triassic during which igneous rocks
are poorly represented in the cratonic record. There is also

often a nagging concern about averaging secular variation.
The advantage of deriving composite APW paths from
cratonic sedimentary rocks is that in principle they provide
more complete time coverage and Steno’s principles for
attitude control and correlation can be applied; studies of
such rocks can ensure adequate averaging of secular varia-
tion and offer sweeping coverage over geological periods of
time. Consequently, sedimentary rocks are the more likely
to capture the salient features of motions of cratons relative
to Earth’s axis of rotation along which the geomagnetic field
tends to be aligned. The disadvantage of using cratonic
sedimentary rocks is that the record from them is likely to be
corrupted to some degree by I error.
[55] The concept of paleomagnetically derived APW

paths (first illustrated in Figure 1 of Creer et al. [1954])
combined with plate tectonic reconstructions for the modern
(Jurassic to recent) era of seafloor spreading, allows us to
summarize numerous paleomagnetic observations into a
single composite APW path; this approach was pioneered
by Phillips and Forsyth [1972] and subsequently greatly
extended by Besse and Courtillot [1991] and others. These
numerous paleomagnetic surveys doubtless were motivated
in the first place by general ideas (the need in the 1950s to
test the theory of continental drift for instance) and now to
address more specific tectonic, paleogeographic, and geo-
dynamic models as illustrated by Besse and Courtillot
[2002], Torsvik et al. [2008], and in this paper. A consid-
erable effort is needed, and one may wonder therefore where
future paleomagnetic surveys should be focused. Our
answer is twofold. First the study of igneous rocks in the

Figure 9. Paleogeographic cartoon (Mollweide projection) comparing latitudes of cratonic North Amer-
ica and southern Wrangellia and Stikinia (W/S). Craton latitudes as given in or by interpolation from
Figure 7. The four progressive paleopositions of W/S are based on results from the 225 Ma Karmut-
sen, the ∼195 Ma Hazelton, the 90 Ma Silverquick/Powell Creek formations, and the 50 Ma Flores
volcanics; they are keyed by color to the corresponding latitudinal positions of the North American craton
and labeled: lTr, Late Triassic; eJ, Early Jurassic; mid‐K, mid‐Cretaceous; Eocene. See text for discussion.
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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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with that from Cretaceous rocks of MacCoil Ridge [Panuska, 
1985] which overlie Alaskan Wrangellia terrane (MR, Figure 3), 
indicating that the Peninsular terrane and ,alaskan Wrangellia 
were close together in the Late Cretaceous, as P!ajker and Berg 
[1994] proposed. 

Butler et al. [1989] have invoked general tilting down to the 
southwest by about 30' to explain the large Cretaceous apparent 
displacements of Figures 2 and 3. This hypothesis is no longer 
tenable, for three reasons. First, tilt-corrected results (DI, SPC, 
MR, MS, Table 1) yield very large offsets (Figure 4). Second, 
in those instances where detailed studies of plutons have been 
made, tilts have been discovered, but not in the direction required 
by the tilt hypothesis (MS, PT). Third, the tilt hypothesis does 
not explain results from the bedded sedimentary and volcanic 
rocks (SB, CK, DI, SPC, MR), all of which pass tilt tests and 
yield large southerly offsets. 

Rotations about vertical axes of displaced Cretaceous rocks are 
shown in Figure 5. Some are small or insignificant. Others, 
with one exception, are clockwise and variable, ranging up to 
90'. The variability cannot be ascribed to tilting uncertainties 

Figure 2. Latitudinal displacements relative to eratonic North because it is as great among those results obtained after America determined from Cretaceous rocks of the northern accurate tilt correction as those without tilt correction. These Cordillera. All data are plotted whether or not they have been 
satia•ffiy corrected for tilt. Results accurately corrected for tilt (diamonds) are listed in Table 1. The following are results which either cannot be corrected for tilt or to which less accurate 
tilt corrections have been applied: AX, Axelgold Intrusion, 120- 
90 Ma [Monger and Irving, 1980; Armstrong et al., 1985] corrected to cumulate layering but tilt test not possible; CC, 
Capta• Cove pluton, 109 Ma, [Syrnons, 1977]; GB, Germansen Batholith, 107 Ma, [Wynne et al., 1992a]; JL, Cretaceous intrusions near to Finlay-Ingenika Fault corrected to local 
s•ructure from fault and cleavage analysis [Zhang et al., 1996]; 

rotations indicate that dextral shear was not confined entirely to 
the neighborhood of large faults but was distributed across the 
Cordillera. The excelion (MR, Figure 1 [Panuska, 1985]) from 
eastern Alaska, has an 80' anticlockwise rotation. Note, 
however, that the result also could indicate a 260' clockwise 
rotation, and we have no means at present of distinguishing this 
from an 80' anticlockwise rotation. Data from Triassic rocks of 
this region (NI) show similar large anticlockwise rotations 
assuming that they derived from the southern hemisphere 
[Hillhouse, 1977; Hillhouse and Grommd, 1984]. 

Many paleomagnefc results from Paleocene and Eocene rocks 
have been obtained across the northern Cordillera. Eocene rocks LF, Longarm Formation, Lower Cretaceous (Hauterivian or Barremian), corrected to bedding but no tilt test [Haggart and (FV, SV, OL, MV, KV, see caption to Figure 1) from British Verosub, 1994]; PT1, PT2, Porteau Pluton, 101 Ma, minimum (PT2) and maximum (PT1) estimates of displacement made from directions distributed on small circle [Irving et al., 1995a]; SI, 

Stephens Island pluton, 102Ma, [Symons, 1977]; SP, Spuzzum pluton, 105 to 90 Ma, [ Irving et al., 1985]; ST, Spetch Creek Pluton, 102 Ma, [Vanda//, 1993]; VMB, VMC, Ventura Member, Midnight Peak Formation, Late Cretaceous, two areas, corrected separately to bedding give positive tilt test but there is poor 
agreement between them [Bazard et al., 1989]. 

the same inclination (SPC). We retain the MacCoil ridge result 
because it passes the tilt test. 

Results from Cretaceous rocks of Alaska have been reviewed 
by S•one et al. [1982] and Hillhouse and Coe [1994]. All show 
large displacements from the south. There are, however, no 
positive tilt tests, and results from different localities from the same formation often disagree, indicating incomplete removal of 
overprinted magnetizations (e.g. Chignik Formation [Stone and 
Packer, 1979]). Although such results are of limited accuracy, 
the large northward displacement observed across the collections is unmistakable and is broadly consistent with the results of 
Figure 3. The only Crc•ceous result from Alaska providing 
strong evidence (a reversal test) that the field at the time of depos'•n is accurately recorded is from the Hoodoo Formation of the Peninsular Terrane [•tone and Packer, 1979]. It yields an 
apparent displacement of 4300 -I- 1300 km, in good agreement 
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Figure 3. Latitudinal displacements from Cretaceous rocks for 
which tilt estimates can be made. Probability curves calculated 
by method of Marquis et al. [1990] which incorporates errors in the reference field (Table 1). Table 1 has rock unit names and 
references. 
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Figure 4. Latitudinal offsets estimated from Cretaceous rocks of 
the northern Cordillera (RPD of Table 1). Offsets plotted along 
the present western coastline of North America. 

Wrangellia, Peninsular, and Alexander Terranes of eastern 
Alaska. The Coast Domain corresponds approximately to the 
Wrangellia Composite Terrane of Plainer and Berg [1994]. The 
Outer Domain, comprising the Chugach and Prince William 
Terranes, corresponds to the Southern Margin Composite Terrane 
of P!afl•r and Berg [1994]. To the south is the Yakutat Terrane 
(YA). To the east of the Interior Domain, the Omineca Domain, 
comprises rocks that have undergone only small or negligible 
nordmrly disphcement, but which have been intensely deformed 
during the 83 to 45 Ma interval. It comprises the Omineca Belt 
west of the Rocky Mountain Trench. East of the trench, lies the 
Forehnd Fold and Thrust Belt formed during the interval about 
70 to 60 Ma and referred to as the Foreland Domain. The 
rehtionships between domains, terranes and belts are summarized 
in Table 2. 

We apply the term tectonic domain, as used by Hilihouse 
[1987], to a region that has had a broadly similar tectonic 
history during a specific time interval. Within an orogenic belt, 
a tecto• domain generally contains several tectonostratigraphic 
terranes in whole or in part, together with intrusive rocks, and 

volcanic and sedimentary overlap sequences. Because domain 
boundaries may cross termne. s, different parts of the same terrane 
may occur in different domains. Modern analogues are the 
transpressional trench sliver east of the Sunda arc [Fitch, 1972], 
and the Hellenic-A.qatolian domain that is being extruded 
westw•u-d betwe• the converging African-Arabian and Eurasian 
plates [Jaclcson and McKenzie, 1988]. The Oligocene to Early 
Miocene technic domain of Indo-China, that was extruded 1000 
km southeastward as India converged with Asia [Leloup et al., 
1995], is another example. Orogen-parallel motions of trans- 
current trench slivers are equal to or less than the tangential 
component of oblique convergence. Rate of motion of an 
extruded domain may ex• the convergence rate. 

Relative motions of domains would not, except for the briefest 
interval, occur along single faults, but along many faults distrib- 
uted across broad zones. Moreover, later fault motions, deposi- 
tion of younger strata, plutonism and penetrative strain would 
tend to obscure, even obliterate, evidence of earlier motions. 
Figure 6 provides an illustration of how posttranslational 
deformation and magmafism could obscure orogen-parallel strike- 
slip diap•t of a transp•sb• trench sliver. Suppose such 
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the autoehthon is now displayed by normal faults, and short, 
discontinuous strike-slip faults. The trace of the original strike- 
slip fault would now be represented only by dismembered relies 
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Figure 5. Relative rotations about vertical axes or Cretaceous 
units of the Interior and Coast Domains. Long lines based on 
accurate tilt colons. Short lines based on less accurate or no 
tilt corrections. Results listed in Table 1 and caption to 
Figure 2. 
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(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.
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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 
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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
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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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of North America. MSL  is shown rotated back to western 

Mexico about this pole. 
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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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moving northward past North America at speeds 
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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 
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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. 

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).

AGUE AND BRANDON

482 Geological Society of America Bulletin, April 1996

Beck et al.,  EPSL, 1981

Ague & Brandon, GSA Bull, 1996



Cowan et al., Am J. Sci., 1997



Cowan et al., Am J. Sci., 1997



Cowan et al., Am J. Sci., 1997



Cowan et al., Am J. Sci., 1997



Cowan et al., Am J. Sci., 1997

So suggestion that detrital zircons should be the answer....



dominated by 1.67–1.87 Ga (Yavapai-Mazatzal
age) and 1.0–1.2 Ga (Grenville age) crust. Older
crust in this region is unknown, with the excep-
tion of a layered gneiss complex in the Turtle
Mountains (2.0–2.3 Ga) (TM in Fig. 3; Reed,
1993). Regions north of ~40°N are dominated
by >2.05 Ga crust, including extensive areas of
Archean (>2.5 Ga) crust, although areas of
1.6–1.8 Ga crust are present.

A clear test of terrane translation is to exam-
ine Cretaceous strata associated with the Insular
superterrane for >2.05 Ga detrital grains (Cowan
et al., 1997). Cowan et al. (1997) specified that
detrital zircon of Archean age be derived directly
from Archean crust. However, it is extremely un-
likely that a significant amount of Archean crust

was exposed in western North America during
the Late Cretaceous. This time corresponds to
the main phase of east-vergent thrusting of
miogeoclinal strata during the Sevier orogeny.
Archean basement was not directly involved in
the thrusting and was thus not exposed within
the fold and thrust belt. The basement was cov-
ered by Mesozoic sediments in the foreland and
was therefore unavailable for erosion. However,
uplift of the Middle Proterozoic Belt–Purcell
Supergroup and the Late Proterozoic Windermere
Supergroup in the northern Cordillera during
Late Cretaceous time provided a major source of
Archean and earliest Proterozoic detrital zircons
(e.g., Ross et al., 1992). These zircons would
have been readily available to basins situated

north of 40°N, but thousands of kilometers from
basins in southern latitudes.

DETRITAL-ZIRCON RESULTS
Examination of detrital zircons from three

Cretaceous sedimentary basins associated with
the Insular superterrane (Figs. 1, 2) indicates the
following. Late Cretaceous sedimentation in the
Methow basin occurred directly adjacent to the
Insular superterrane; the basin was structurally
imbricated along the eastern edge of the super-
terrane between ca. 97 and 91 Ma (Journeay and
Friedman, 1993). The Upper Cretaceous Nanaimo
Group was deposited directly on the Insular super-
terrane; sediment accumulation partially overlaps
the timing of proposed translation (Mustard,
1994). The Jurassic-Cretaceous Queen Charlotte
basin also formed directly on the western edge of
the Insular superterrane (Haggart, 1991). Each of
these basins is directly linked to the Insular
superterrane before 90 Ma, prior to any proposed
translation.

Single-grain analyses using TIMS (thermal
ionization mass spectroscopy) were conducted
on samples from the Queen Charlotte and
Nanaimo basins at the Geological Survey of
Canada and the University of British Columbia.
Samples from the Methow and Nanaimo basins
were analyzed using SHRIMP (sensitive high
resolution ion microprobe) at Australian National
University. We report only the ages of the rele-
vant zircons; the data reduction methods and
tables are available separately.1
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Figure 1. Paleogeographic
maps modified from Cowan
et al. (1997). A: Present geo-
graphic positions of major
crustal elements, relevant
paleomagnetic sites, and
other features discussed in
text. B: Minor translation hy-
pothesis showing geologic
features discussed in text;
features are shown with
known strike-slip motion re-
stored on major Late Creta-
ceous–early Tertiary faults.
C: Major translation hypoth-
esis showing geologic fea-
tures discussed in text. Lati-
tudes for 1B and 1C are
relative to the middle Creta-
ceous (124–88 Ma) reference
pole for North America.
Nanaimo basin is restored
to paleolatitude position of
Ward et al. (1997); other
basins are as in Cowan et al.
(1997).
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1GSA Date Repository item 9922, zircon analytical
data, is available on request from Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301.
E-mail: editing@geosociety.org.

Queen Charlotte Basin
The Late Jurassic–Cretaceous Queen Char-

lotte basin was a marine depocenter that received
the majority of its detritus from the Coast Moun-
tains to the east (Fig. 2; Haggart, 1991). One sam-
ple was analyzed from the Hauterivian Longarm
Formation and one from the Albian Haida For-
mation (Fig. 2). Of the nine grains analyzed
from the Longarm Formation, seven are Jurassic-
Cretaceous and two are Early Proterozoic, with
near-concordant ages of about 2025 and 2033 Ma.
The 13 grains analyzed from the Haida Forma-
tion include 10 Jurassic grains, two Mississippian
grains, and one Archean grain with a near-con-
cordant age of ca. 2584 Ma.

Methow Basin
The Methow basin was a complex hybrid

basin characterized by Aptian-Albian forearc
marine sedimentation superseded by Albian-
Cenomanian marine to fluvial deposition. Albian
to Cenomanian strata of the Pasayten Group
(Figs. 1, 2) consist of easterly derived feldspathic
fluvial sands of the Winthrop Formation, locally
derived sediments of the Midnight Peak Forma-
tion, and westerly derived chert-rich detritus of
the sandstone of Lone Man Ridge. Two samples
from the Winthrop Formation yield Middle
Jurassic to Early Cretaceous grains (ca. 120–167
Ma). A sample from the Midnight Peak Forma-
tion yielded a diverse population of Jurassic and
Cretaceous grains and included a small yet sig-
nificant peak of Archean ages (ca. 2580 Ma), ac-
counting for 2 of the 50 grains analyzed.

Nanaimo Basin
The Nanaimo Basin was a northwest-trending

depocenter during Turonian to Maastrichtian
time (Fig. 1). Sediment was derived from a west-
vergent thrust belt within the Insular superterrane
(Mustard, 1994; Mustard et al., 1995). All but the
stratigraphically highest of the nine samples ana-
lyzed are from units older than the Spray Forma-
tion sampled during the Ward et al. (1997) paleo-
magnetic study, and thus reflect deposition when
the basin was theoretically at its most southern
position. The majority of the 140 detrital zircons
analyzed are Mesozoic in age, reflecting sources
from the adjacent Insular superterrane to the east
(Mustard et al., 1995). Significantly, ~36% of the
zircon population yields Precambrian ages, in-
cluding several >2.05 Ga and five >2.50 Ga ages
(Fig. 2). All units yield similar patterns of detrital
zircon ages, suggesting that the basin received
detritus from the same source area during Cam-
panian and Maastrichtian time.

DISCUSSION
These basins each received a small but signifi-

cant proportion of Archean detritus during Creta-
ceous time. The Queen Charlotte and Nanaimo
basins also contain earliest Proterozoic detritus.
The consistent presence of an Archean to earliest
Proterozoic detrital zircon population suggests

strongly that the basins were in northern latitudes
during deposition (Figs. 2, 3).

Three scenarios might permit the presence of
Archean to earliest Proterozoic zircons in basins
formed in southern latitudes: (1) a continental-
scale fluvial and/or marine transport system; (2)
occurrence of unidentified Archean and earliest
Proterozoic source areas within either the Insular
superterrane or the southern Cordillera; and (3)
recycling of Archean and earliest Proterozoic de-
trital zircons from Neoproterozoic and younger
strata within the southern Cordillera.

Widespread thrusting during the Sevier
Orogeny led to a complex array of rapidly sub-
siding margin-parallel sedimentary basins and
intervening highlands along the western margin
during the Late Cretaceous. Delivery of northerly
derived Archean and Early Proterozoic zircons to
southern latitudes would require either a major
2000–3000-km-long fluvial transport system, or
some combination of fluvial transport to the coast
followed by extensive shore-parallel transport.
Both cases are extremely unlikely. Late Creta-
ceous paleogeography of western North America
has been studied extensively, and there is no evi-
dence for a continental-scale fluvial system. Sedi-
ment derived from northern latitudes undergoing
long-shore transport would have to be trans-
ported through the Great Valley forearc basin,
where provenance studies clearly indicate a local
arc source (Linn et al., 1992).

Unrecognized Archean or earliest Proterozoic
source terranes within the southern Insular super-
terrane are extremely unlikely. Extensive neo-
dymium and strontium isotopic analyses of plu-
tonic, volcanic, and sedimentary rocks from the
southern Insular superterrane, including neo-
dymium data from plutons emplaced at several
different crustal depths, indicate the region is
underlain by juvenile crust (Friedman et al.,
1995; Mahoney et al., 1998). Metasedimentary
assemblages of continental margin affinity have
been identified in the northern Insular super-
terrane (Samson et al., 1991). Studies of Pre-
cambrian rocks in the southwestern United States
demonstrate that Archean sources are absent.
Grenville age crust (ca. 1.1 Ga) has recently been
documented in central Mexico (Ortega-Gutierrez
and Keppie, 1997), but older crust has not been
identified. The rarity of Archean or earliest
Proterozoic detrital zircons within Paleozoic mio-
geoclinal rocks of the Sonora region also indi-
cates that cratonic rocks of this age are not present
in southern latitudes (Gehrels et al., 1995).

Recycling of Archean and Early Proterozoic
detrital zircons into younger basins is well estab-
lished (Ross et al., 1992; Gehrels et al., 1995).
These studies have demonstrated that recycling,
while slightly increasing the geographic scatter of
the zircon population, tends to preserve the pat-
tern of basement crustal ages. Gehrels et al.
(1995) analyzed detrital zircons in Paleozoic
strata along the North American margin and
demonstrated that these strata preserve a distinct

variation of Precambrian detrital zircon ages from
south to north. Archean and earliest Proterozoic
zircons are extremely rare in Paleozoic strata in
southern regions and common in northern ones.
Not surprisingly, 1.6 to 1.8 Ga zircons are about
equally common from south to north (Fig. 3). The
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dominated by 1.67–1.87 Ga (Yavapai-Mazatzal
age) and 1.0–1.2 Ga (Grenville age) crust. Older
crust in this region is unknown, with the excep-
tion of a layered gneiss complex in the Turtle
Mountains (2.0–2.3 Ga) (TM in Fig. 3; Reed,
1993). Regions north of ~40°N are dominated
by >2.05 Ga crust, including extensive areas of
Archean (>2.5 Ga) crust, although areas of
1.6–1.8 Ga crust are present.

A clear test of terrane translation is to exam-
ine Cretaceous strata associated with the Insular
superterrane for >2.05 Ga detrital grains (Cowan
et al., 1997). Cowan et al. (1997) specified that
detrital zircon of Archean age be derived directly
from Archean crust. However, it is extremely un-
likely that a significant amount of Archean crust

was exposed in western North America during
the Late Cretaceous. This time corresponds to
the main phase of east-vergent thrusting of
miogeoclinal strata during the Sevier orogeny.
Archean basement was not directly involved in
the thrusting and was thus not exposed within
the fold and thrust belt. The basement was cov-
ered by Mesozoic sediments in the foreland and
was therefore unavailable for erosion. However,
uplift of the Middle Proterozoic Belt–Purcell
Supergroup and the Late Proterozoic Windermere
Supergroup in the northern Cordillera during
Late Cretaceous time provided a major source of
Archean and earliest Proterozoic detrital zircons
(e.g., Ross et al., 1992). These zircons would
have been readily available to basins situated

north of 40°N, but thousands of kilometers from
basins in southern latitudes.

DETRITAL-ZIRCON RESULTS
Examination of detrital zircons from three

Cretaceous sedimentary basins associated with
the Insular superterrane (Figs. 1, 2) indicates the
following. Late Cretaceous sedimentation in the
Methow basin occurred directly adjacent to the
Insular superterrane; the basin was structurally
imbricated along the eastern edge of the super-
terrane between ca. 97 and 91 Ma (Journeay and
Friedman, 1993). The Upper Cretaceous Nanaimo
Group was deposited directly on the Insular super-
terrane; sediment accumulation partially overlaps
the timing of proposed translation (Mustard,
1994). The Jurassic-Cretaceous Queen Charlotte
basin also formed directly on the western edge of
the Insular superterrane (Haggart, 1991). Each of
these basins is directly linked to the Insular
superterrane before 90 Ma, prior to any proposed
translation.

Single-grain analyses using TIMS (thermal
ionization mass spectroscopy) were conducted
on samples from the Queen Charlotte and
Nanaimo basins at the Geological Survey of
Canada and the University of British Columbia.
Samples from the Methow and Nanaimo basins
were analyzed using SHRIMP (sensitive high
resolution ion microprobe) at Australian National
University. We report only the ages of the rele-
vant zircons; the data reduction methods and
tables are available separately.1
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Figure 1. Paleogeographic
maps modified from Cowan
et al. (1997). A: Present geo-
graphic positions of major
crustal elements, relevant
paleomagnetic sites, and
other features discussed in
text. B: Minor translation hy-
pothesis showing geologic
features discussed in text;
features are shown with
known strike-slip motion re-
stored on major Late Creta-
ceous–early Tertiary faults.
C: Major translation hypoth-
esis showing geologic fea-
tures discussed in text. Lati-
tudes for 1B and 1C are
relative to the middle Creta-
ceous (124–88 Ma) reference
pole for North America.
Nanaimo basin is restored
to paleolatitude position of
Ward et al. (1997); other
basins are as in Cowan et al.
(1997).
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Figure 2. Stratigraphic columns of Nanaimo, Queen Charlotte, and Methow basins, and zircon
sample positions and detrital-zircon ages relevant to this study. Abbreviations for ages in strati-
graphic columns of Methow and Queen Charlotte basins refer to Berriasian to Maastrichtian
ages of the Cretaceous period.

1GSA Date Repository item 9922, zircon analytical
data, is available on request from Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301.
E-mail: editing@geosociety.org.

Queen Charlotte Basin
The Late Jurassic–Cretaceous Queen Char-

lotte basin was a marine depocenter that received
the majority of its detritus from the Coast Moun-
tains to the east (Fig. 2; Haggart, 1991). One sam-
ple was analyzed from the Hauterivian Longarm
Formation and one from the Albian Haida For-
mation (Fig. 2). Of the nine grains analyzed
from the Longarm Formation, seven are Jurassic-
Cretaceous and two are Early Proterozoic, with
near-concordant ages of about 2025 and 2033 Ma.
The 13 grains analyzed from the Haida Forma-
tion include 10 Jurassic grains, two Mississippian
grains, and one Archean grain with a near-con-
cordant age of ca. 2584 Ma.

Methow Basin
The Methow basin was a complex hybrid

basin characterized by Aptian-Albian forearc
marine sedimentation superseded by Albian-
Cenomanian marine to fluvial deposition. Albian
to Cenomanian strata of the Pasayten Group
(Figs. 1, 2) consist of easterly derived feldspathic
fluvial sands of the Winthrop Formation, locally
derived sediments of the Midnight Peak Forma-
tion, and westerly derived chert-rich detritus of
the sandstone of Lone Man Ridge. Two samples
from the Winthrop Formation yield Middle
Jurassic to Early Cretaceous grains (ca. 120–167
Ma). A sample from the Midnight Peak Forma-
tion yielded a diverse population of Jurassic and
Cretaceous grains and included a small yet sig-
nificant peak of Archean ages (ca. 2580 Ma), ac-
counting for 2 of the 50 grains analyzed.

Nanaimo Basin
The Nanaimo Basin was a northwest-trending

depocenter during Turonian to Maastrichtian
time (Fig. 1). Sediment was derived from a west-
vergent thrust belt within the Insular superterrane
(Mustard, 1994; Mustard et al., 1995). All but the
stratigraphically highest of the nine samples ana-
lyzed are from units older than the Spray Forma-
tion sampled during the Ward et al. (1997) paleo-
magnetic study, and thus reflect deposition when
the basin was theoretically at its most southern
position. The majority of the 140 detrital zircons
analyzed are Mesozoic in age, reflecting sources
from the adjacent Insular superterrane to the east
(Mustard et al., 1995). Significantly, ~36% of the
zircon population yields Precambrian ages, in-
cluding several >2.05 Ga and five >2.50 Ga ages
(Fig. 2). All units yield similar patterns of detrital
zircon ages, suggesting that the basin received
detritus from the same source area during Cam-
panian and Maastrichtian time.

DISCUSSION
These basins each received a small but signifi-

cant proportion of Archean detritus during Creta-
ceous time. The Queen Charlotte and Nanaimo
basins also contain earliest Proterozoic detritus.
The consistent presence of an Archean to earliest
Proterozoic detrital zircon population suggests

strongly that the basins were in northern latitudes
during deposition (Figs. 2, 3).

Three scenarios might permit the presence of
Archean to earliest Proterozoic zircons in basins
formed in southern latitudes: (1) a continental-
scale fluvial and/or marine transport system; (2)
occurrence of unidentified Archean and earliest
Proterozoic source areas within either the Insular
superterrane or the southern Cordillera; and (3)
recycling of Archean and earliest Proterozoic de-
trital zircons from Neoproterozoic and younger
strata within the southern Cordillera.

Widespread thrusting during the Sevier
Orogeny led to a complex array of rapidly sub-
siding margin-parallel sedimentary basins and
intervening highlands along the western margin
during the Late Cretaceous. Delivery of northerly
derived Archean and Early Proterozoic zircons to
southern latitudes would require either a major
2000–3000-km-long fluvial transport system, or
some combination of fluvial transport to the coast
followed by extensive shore-parallel transport.
Both cases are extremely unlikely. Late Creta-
ceous paleogeography of western North America
has been studied extensively, and there is no evi-
dence for a continental-scale fluvial system. Sedi-
ment derived from northern latitudes undergoing
long-shore transport would have to be trans-
ported through the Great Valley forearc basin,
where provenance studies clearly indicate a local
arc source (Linn et al., 1992).

Unrecognized Archean or earliest Proterozoic
source terranes within the southern Insular super-
terrane are extremely unlikely. Extensive neo-
dymium and strontium isotopic analyses of plu-
tonic, volcanic, and sedimentary rocks from the
southern Insular superterrane, including neo-
dymium data from plutons emplaced at several
different crustal depths, indicate the region is
underlain by juvenile crust (Friedman et al.,
1995; Mahoney et al., 1998). Metasedimentary
assemblages of continental margin affinity have
been identified in the northern Insular super-
terrane (Samson et al., 1991). Studies of Pre-
cambrian rocks in the southwestern United States
demonstrate that Archean sources are absent.
Grenville age crust (ca. 1.1 Ga) has recently been
documented in central Mexico (Ortega-Gutierrez
and Keppie, 1997), but older crust has not been
identified. The rarity of Archean or earliest
Proterozoic detrital zircons within Paleozoic mio-
geoclinal rocks of the Sonora region also indi-
cates that cratonic rocks of this age are not present
in southern latitudes (Gehrels et al., 1995).

Recycling of Archean and Early Proterozoic
detrital zircons into younger basins is well estab-
lished (Ross et al., 1992; Gehrels et al., 1995).
These studies have demonstrated that recycling,
while slightly increasing the geographic scatter of
the zircon population, tends to preserve the pat-
tern of basement crustal ages. Gehrels et al.
(1995) analyzed detrital zircons in Paleozoic
strata along the North American margin and
demonstrated that these strata preserve a distinct

variation of Precambrian detrital zircon ages from
south to north. Archean and earliest Proterozoic
zircons are extremely rare in Paleozoic strata in
southern regions and common in northern ones.
Not surprisingly, 1.6 to 1.8 Ga zircons are about
equally common from south to north (Fig. 3). The
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Figure 3. Precambrian craton map showing
ages in billions of years with addition of both
the Belt basin and Windermere Supergroup
and alternative positions of Cretaceous
basins discussed in this paper. TM—Turtle
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other labels as in Figure 1. Modified from Ross
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being in place at 50 Ma. Although Ward et al.
(1997) concluded that inclination flattening is not
likely, some flattening (10° of inclination for the
Pender Formation and 15° for the Spray) would
bring both the paleomagnetic data and the pre-
dicted location of the Nanaimo Group into close
agreement (Fig. 2). The existing paleomagnetic
data from the Nanaimo Group seems consistent
with our predictions. Additional studies of
Nanaimo Group paleomagnetism and potential
inclination shallowing need to be made in order
to perform more detailed tests.

Mahoney et al. (1999) presented U-Pb ages of
detrital zircons from the Protection and De-
Courcy Formations (with fewer [<20] results
from the younger Geoffrey and Gabriola Forma-
tions). Mahoney et al. (1999) stated that there
was no significant difference in the distribution
of ages of detrital zircons, so the sediment
source for the Nanaimo Group must have been
constant. They also concluded that the source of
the detrital zircons could not have been in the
southwestern part of North America. Therefore,
according to Mahoney et al. (1999), Baja B.C.
has failed a crucial test. 

From the detrital-zircon ages (Mahoney et al.,
1999; Mustard et al., 1995) (Fig. 3) we observe
the following. (1) In the Protection Formation,
Grenville age zircons are most abundant relative
to the younger units. (2) Zircons older than 2.0 Ga
are rarest in the oldest units and are more common
in the younger units. (3) The peak of the zircon
age distribution (ignoring ages of <200 Ma) is
1.5–1.6 Ga in the Protection Formation and
1.6–1.7 Ga in the DeCourcy, Geoffrey, and Gabri-
ola Formations. (4) In the Protection Formation,
detrital zircons with ages between 1.3 and 1.5 Ga
are very common. Zircons of this age are present
but less common in the DeCourcy Formation and
are absent in the Geoffrey and Gabriola Forma-
tions. Thus these data show a change in detrital
zircon source with age in the Nanaimo Group.
The key question then becomes how best to ex-
plain this change in terms of provenance.

Mahoney et al. (1999) cited the Belt Super-
group (Ross et al., 1992) as the probable source of
Proterozoic zircons for the Nanaimo sediments,
stating that there is no identified source of
1.5–1.6 Ga zircons in western North America. The
Belt data presented by Ross et al. (1992) have
abundant 1.4–1.8 Ga zircons and several Grenville
age zircons. Although the range in zircon ages is
similar to that reported from the Nanaimo Group,
the distribution of ages is dissimilar (e.g., the Belt
peak is 1.7 Ga). More important, there is no com-
pelling explanation for the observed change in zir-
con ages shown in Figure 3 if the Belt Group rocks
are the source of the Precambrian zircons and if
the Nanaimo Group has remained stationary rela-
tive to North America during its deposition. 

North American geology includes many po-
tential sources for the zircons in the Nanaimo
Group. By using the compilation of Hoffman

(1989), we propose the following explanation for
the data shown in Figure 3. As suggested by
Cowan et al. (1997), abundant Grenville age zir-
cons are expected if the basal units of the
Nanaimo Group were located as in Figure 3. The
decline in abundance of Grenville age zircons in
the upper units reflects movement of Baja B.C.
north, away from Grenville crust in southwestern
North America. In Arizona and New Mexico, the
Mazatzal orogeny produced abundant 1.6–1.7 Ga
metamorphic and igneous rocks. Farther to the
northwest, the Yavapai orogeny produced ig-
neous and metamorphic rocks of 1.7–1.8 Ga age.
Throughout the southwestern part of North
America, 1.3–1.5 Ga anorogenic volcanic rocks
also occur. The Protection Formation has a
1.5–1.6 Ga peak in zircon ages, consistent with
derivation from both the Mazatzal orogeny and
the anorogenic volcanic rocks. The slightly older
peak in zircon ages in the DeCourcy is consistent
with a change to a source that includes more of
the Yavapai orogeny, with continued contribution
by the anorogenic volcanic rocks. Both forma-
tions have detrital-zircon ages consistent with a
position near the southwestern margin of North
America, and with progressive translation north-
ward along this part of the margin. The younger
formations (Geoffrey and Gabriola) are lacking
in 1.3–1.5 Ga zircons, suggesting movement
away from a source in the southwest. Age distri-
butions similar to those of the Nanaimo Group

are also found in Paleozoic sedimentary rocks
from Sonora and Nevada, but not in southern
British Columbia (Gehrels et al., 1995). We con-
clude that the existing detrital zircon data are
consistent with a transport stratigraphy in the
Nanaimo Group reflecting Late Cretaceous mar-
gin-parallel transport.

Late Proterozoic and Archean zircons are more
common in the DeCourcy Formation, which, ac-
cording to the Baja B.C. model, would have been
within 1500 km of the Archean Wyoming prov-
ince. Crust with Nd model ages of 2.1–2.3 Ga oc-
curs in the American southwest (Mojavia of Ben-
nett and DePaolo, 1987). Rocks with similar ages
are found in Mojavia (i.e., 2.0–2.3 Ga Turtle
Mountains Gneiss; Reed, 1993). Late Proterozoic
to Archean inherited zircons occur in igneous
rocks such as the Independence dikes (Chen and
Moore, 1979). Taken separately, Archean zircons
in the Nanaimo Group are not very diagnostic of
provenance. Taken as a whole, and integrated with
results from paleomagnetism and plate motion
studies, the zircon data provide valuable evidence
of the time table of tectonic transport of part of
western North America and are in full accord with
the Baja B.C. hypothesis.

CONCLUSIONS
Although many in the geological community

now regard the Baja-B.C. problem as insoluble,
this problem can be solved, given some willing-
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Figure 3. Histograms of U-Pb ages of detrital zircons from Mahoney et al.
(1999) and Mustard et al. (1995), and basement ages of North America modi-
fied from Hoffman (1989). Gray circles denote positions of Nanaimo Group
relative to margin of North America (taken from Fig. 2). Arrows denote loca-
tions of Nanaimo basin during deposition of units for which detrital zircon
ages are available.

Housen & Beck, 
Geology, 1999

not so fast say Housen and Beck--look at all these 1.2-1.7 Ga zircons… [but remember where the magmatic gap was? Do these look Baltica?]



sequence dominated by volcanic conglomerate and breccia.
Fine-grained interbeds within the chert pebble conglomerate
unit at the base of each section yield virtually identical late
Albian-Cenomanian palynomorph assemblages [Hickson et
al., 1991; Schiarizza et al., 1997]. All other geochronolog-
ical data overlap (see section 3). Geochemical analyses of
volcanic clasts from conglomerate and breccia at Churn
Creek, Battlement Ridge, and Mount Tatlow show colinear
major element trends, virtually identical trace element
patterns, and similar light rare earth element enrichments,
suggesting that volcanic conglomerates within Churn Creek
are derived from volcanic flows within the Powell Creek
Group [Danielson et al., 1997]. Both successions are cut by
a series of syndepositional Upper Cretaceous northwest
trending, northeast vergent folds and thrust faults. Both
successions record a basin evolution characterized by initial
deposition of chert-rich detritus in an anastomosing braided
stream environment that evolves into a complex tectonic
basin receiving proximal volcanic and plutonic debris from
active thrust sheets and coeval volcanic systems. Both
successions were deposited in tectonically active piggyback
basins characterized by rapid facies changes, abrupt shifts in
provenance, coeval volcanism and syndepositional contrac-
tional deformation [Schiarizza et al., 1997; Riesterer et al.,
2001].

[39] Thus lithostratigraphic, palynological, geochrono-
logic, geochemical, and structural data demonstrate that
Upper Cretaceous strata in Churn Creek are laterally equiv-
alent facies of the Silverquick/Powell Creek succession and
that the two successions were deposited in the same depo-
center in Late Cretaceous time. With this study, we con-
fidently add paleomagnetism to the list of points of
correlation between Upper Cretaceous strata in Churn Creek
and the Silverquick conglomerate/Powell Creek Group
succession.
[40] The Silverquick/Powell Creek succession at Mount

Tatlow [Wynne et al., 1995] holds two clearly distinguish-
able remanences. Rocks containing low stability magnet-
ization and revealing late alteration textures in thin section
hold a syndeformational remanence in the direction of latest
Cretaceous intrusions which cut through the region. The
majority of sites, however, hold a high stability remanence
and show primary deuteric textures in thin section. The sites
are distributed among three limbs which have undergone
relative vertical axis rotations. Site means illustrated in
Figure 9 show that the mean inclination is relatively con-
stant, but there is a wide range of declinations. Thus BRF
analysis is again the optimal method to determine the mean
inclination. (On reexamination, the Wynne et al. [1995] site
29, which sits across the Yalakom fault from Mount Tatlow,

Figure 8. Churn Creek and Mount Tatlow poles plotted in relation to the mid-Cretaceous cratonal
reference pole of Van Fossen and Kent [1992]. Note counterclockwise rotation of the Mount Tatlow pole
with respect to the Churn Creek pole. Both paleomagnetic poles are far sided with respect to the mid-
Cretaceous cratonal reference pole and suggest that these rocks are far traveled. Poles and displacement
estimates for both studies are indistinguishable at the 95% confidence intervals.
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of a primary paleomagnetic remanence in Upper Cretaceous
strata of the Methow-Tyaughton basin. We have not only
confirmed the shallow inclinations from the Mount Tatlow
study, but we have greatly enlarged the region over which
they are observed. Tectonic models that invoke tilting
instead of large-scale latitudinal transport to explain shallow
inclinations are viable in theory, but require identical
rotation vectors in three separate crustal blocks separated
by major fault systems. The combined Mount Tatlow and
Churn Creek results constitute the best defined Cretaceous
result in the Canadian Cordillera; a result that can not be
easily discounted.

8. Implications

[46] The key formation correlations are sketched in Fig-
ure 10. Detailed lithostratigraphic, palynological, geochro-
nologic, geochemical, structural, and, with this study,
paleomagnetic data prove that Upper Cretaceous strata in
Churn Creek are part of the Silverquick/Powell Creek
succession, which forms an overlap succession over the
Insular Superterrane.
[47] Upper Cretaceous strata in Churn Creek overlie

volcanic rocks of the Spences Bridge Group along a strati-
form disconformity characterized by a thin (<5 m) interval
of nonsheared, unbrecciated mudstone and siltstone that
grades upward into the chert pebble conglomerate character-
istic of the lower portion of the succession [Riesterer et al.,
2001; Haskin et al., 2003]. The Spences Bridge Group is an
overlap assemblage linking Quesnellia and Cache Creek
Terranes of the Intermontane Superterrane [Monger, 1989].
Therefore stratigraphic relations in Churn Creek demon-
strate that the Silverquick/Powell Creek succession is a
regional overlap assemblage linking terranes of the Insular
Superterrane with those of the Intermontane Superterrane in
Late Cretaceous time.

[48] The demonstration that these Upper Cretaceous strata
represent an overlap assemblage linking the Insular and
Intermontane Superterranes is crucial, as it eliminates the
potential for large-scale relative motion between the super-
terranes after 85 Ma. The model of differential strain across
the Cordillera [e.g., Irving et al., 1996] is negated. Paleo-
magnetic data require that, during the late Cretaceous, the
Insular and Intermontane Superterranes traveled as a single
crustal block of enormous proportions, informally named
‘‘Baja BC.’’
[49] The dimensions of this crustal block (>2500 km

long, >500 km wide) must be considered in any tectonic
model. Cowan et al. [1997] outline the evidence for oceanic
subduction below Franciscan Complex, Great Valley Group
and Sierra Nevada batholith in California between 110 and
80 Ma. In their model, the Intermontane Superterrane
completely lies north of the subduction zone while the
Insular Superterrane lies completely south of it until 80
Ma. Our results demonstrate that the two superterranes were
contiguous during this period, thus the possibility of this
mid-Cretaceous subduction ‘‘window’’ is not tenable.
[50] Perhaps more importantly, reconciliation of paleo-

magnetic data from both mid-Cretaceous and Upper Creta-
ceous stratigraphic packages in Churn Creek has profound
implications for tectonic models of terrane translation.
There are no observable variations in paleomagnetic incli-
nation with stratigraphic level in either the Spences Bridge
Group or in the Silverquick and Powell Creek Formations,
implying that there was no significant paleolatitude trans-
lation during the durations of deposition, and that all motion
occurred between their depositions. The combined paleo-
magnetic results of the Spences Bridge Group, including
data from Churn Creek yield a paleomagnetic inclination of
79.5! ± 1.9! or paleolatitude 53.2! ± 2.8! (N = 81 sites)
[Haskin et al., 2003], implying that the Spences Bridge
Group was deposited 1050 ± 450 km south of its current

Figure 10. Simplified stratigraphic columns across the Insular/Superterrane boundary showing
correlations and paleomagnetically determined offsets. The results from the present study are given in
the middle column, showing that the paleomagnetic differences between the Spences Bridge Group and
Silverquick/Powell Creek succession are not the result of a major transcurrent fault sitting between the
two superterranes.
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Even more extreme is the “yo-yo” model where Baja BC is close and then moves way south and then north again...



5.1. Upsection Trends in Provenance as a Proxy for
Mesozoic Exhumation
[31] Existing biostratigraphic age constraint and new

maximum depositional ages from the Kahiltna assemblage
allow us to examine changes in provenance during indi-
vidual stages of sedimentation and evolution of the Kahiltna
basin (Figure 7). The oldest stratigraphic interval in the
Kahiltna assemblage that was sampled for this study is
located in the easternmost part of the Alaska Range suture
zone (Figures 2 and 3) and is interpreted here to represent
the lowermost, basal stratigraphy in the Kahiltna basin
(Figure 7). Detrital zircon age populations from this strati-
graphic interval reveal that 100% of zircon grains are
Mesozoic in age and fall between an age range of 140–
180 Ma (Figures 5, 6, and 7). Possible sources for this
detritus include the Talkeetna, Chitina, Chisana arcs of the
Wrangellia composite terrane in southern Alaska as well as

age‐equivalent magmatic source areas of the Yukon‐Tanana,
Quesnellia‐Slide Mountain, Cache Creek, and Stikinia ter-
ranes of the Intermontane belt (Figure 1).
[32] It could be argued that the occurrence of 100%

Mesozoic age zircons at this stratigraphic interval represents
the initial exhumation of Mesozoic source areas both
inboard and outboard of the Kahiltna basin. However, given
the multiphase history of exhumation in the North American
Cordillera throughout the Phanerozoic it seems unlikely that
regions inboard of the Kahiltna basin have not undergone
extensive phases of exhumation and hence, would have
been exhumed to much deeper levels to expose Paleozoic
and Precambrian age sources by Late Jurassic–Early Creta-
ceous time. This argument together with the lack of Paleo-
zoic and Precambrian age detrital zircons in the basal parts
of the Kahiltna assemblage as compared to younger strati-
graphic intervals leads us to infer that detritus at this

Figure 7. Summary of relative age probability plots and age percent distribution showing the temporal,
upsection trends in detrital zircon ages from base to top of the Upper Jurassic–Cretaceous Kahiltna assem-
blage. Samples have been grouped according to their maximum depositional age. Trends in detrital zircon
ages from base to top of the Kahiltna basin show a relative decrease upsection in Mesozoic age grains
with a relative increase in Paleozoic and Precambrian age grains. Geologic time scale based on that of
Gradstein et al. [2004].
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These are from Wrangellia-affinity rocks (Kahiltna assemblage).  they don’t exactly land on either side but do argue this records suturing of Wrangellia to 
Intermontane terrane



Figure 8. A three‐stage conceptual model for sedimentary basin evolution associated with the accretion
of the Wrangellia composite terrane to the Intermontane belt and North American Cordillera during
Jurassic–Cretaceous time. The tectonic configurations of two parallel, north dipping subduction zones are
based on reconstructions of Trop and Ridgway [2007].
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