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[1] Understanding continental growth and convergent margin dynamics associated with
terrane accretion and modification of the Cordilleran margin of North America is
prevented by conflicts in paleogeographic models for major terranes, oceanic plates, and
the North American margin. We present new paleomagnetic data suggesting that the Blue
Mountains superterrane, located at an inboard portion of the Cordilleran margin, has
undergone substantial northward translation and clockwise rotation relative to North
America since mid-Cretaceous time. Positive baked-contact, conglomerate, and fold tests,
provide evidence that the magnetization of these rocks dates from their deposition. These
results yield a mean direction of D = 10.8�, I = 58.5�, k = 127, a95 = 4.1�, and N = 11.
Comparison of magnetic inclinations and magnetic fabrics shows no evidence for
inclination error. A paleolatitude of 39.2� +4.8�/�4.3�N is obtained, indicating a
paleolatitude anomaly of 15.9� ± 4.1� (northward translation of 1760 ± 460 km) and CW
rotation of 37� ± 7.3� with respect to North America since circa 93 Ma. Application of an
ad hoc 5� inclination error yields translation of 1200 ± 460 km. Through comparison
with other units in the western Cordillera we infer that the Mitchell Inlier was located
adjacent to the Sierra Nevada arc during mid-Cretaceous time and that the Blue Mountains
province may correlate with the Intermontane superterrane in British Columbia. Other
interpretations, such as large inclination errors or an independent displacement history for
the Mitchell Inlier, are possible but unlikely. More work is needed to fully test these
hypotheses and resolve major questions of Cordilleran tectonics.
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1. Introduction

[2] The western Cordillera of North America has long
been recognized as a collage of accreted terranes with a
complex history of Paleozoic to Mesozoic subduction,
magmatism, accretion, and deformation related to conver-
gent and strike-slip relative plate motions [Beck, 1976;
Jones et al., 1977; Coney et al., 1980; Monger et al.,
1982; Silberling et al., 1984; Engebretson et al., 1985;
Burchfiel et al., 1992; Irving et al., 1996; Maxson and
Tikoff, 1996; Moores, 1998]. Accurate reconstructions of
Cretaceous paleogeography for these terranes are required
to understand how the North American continent grew as
oceanic crustal fragments accreted to its western margin.
While the significance of paleogeographic reconstructions is
widely acknowledged, large uncertainties and ongoing
debate presently limit our ability to interpret the tectonic

architecture and evolution of the Cordilleran system. Struc-
tural studies and syntheses have documented strong trans-
pressive strain and deformation patterns in regional fault
zones such as the Coast shear zone and Western Idaho shear
zone that are consistent with large-scale dextral translation
of Cordilleran terranes [e.g., Cowan et al., 1997; Fossen
and Tikoff, 1998; Andronicos et al., 1999;McClelland et al.,
2000; Wyld and Wright, 2001], but the magnitude of
translation associated with this deformation can only be
constrained with reliable paleogeographic data.
[3] Especially controversial is the magnitude of north-

ward tectonic translation of outboard terranes along the
Cordilleran margin during Late Cretaceous and Early Ter-
tiary time. Studies based on geologic correlations and
provenance indicators typically suggest either little latitudi-
nal translation of major terranes [e.g., Price and
Charmichael, 1986; Mustard et al., 1995; Mahoney et al.,
1999; Schott and Johnson, 2001; Dickinson, 2004; Schott et
al., 2004], or, in recently proposed models ‘‘moderate’’
latitudinal translation of up to 1000–1500 km for selected
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terranes [Butler et al., 2001; Umhoefer, 2003; Umhoefer
and Blakey, 2005; Wyld et al., 2005]. In contrast paleomag-
netic studies yielding anomalously shallow magnetic incli-
nations are indicative of large (approximately 2000–
3500 km) northward terrane translation [e.g., Beck, 1976;
Beck et al., 1981; Irving et al., 1995; Johnston et al., 1996;
Wynne et al., 1995; Irving et al., 1996; Wynne et al.,
1998; Enkin et al., 2001, 2003; Housen et al., 2003; Bogue
and Grommé, 2004; Kim and Kodama, 2004]. Some studies
based on geologic data such as paleoflora temperature
reconstructions [Miller et al., 2003] and interpretations of
detrital zircon ages [Housen and Beck, 1999] are also
consistent with the large-translation models.
[4] The Blue Mountains province of eastern Oregon

occupies an important but poorly understood position in
the paleogeography of the North American Cordillera.
The province contains a complex of accreted Paleozoic
and Mesozoic arc and subduction-mélange terranes that
are juxtaposed against the Cretaceous Idaho Batholith
along the Salmon River suture zone (Figure 1) [Dickinson
and Thayer, 1978; Lund and Snee, 1988; Selverstone et
al., 1992; Avé Lallemant, 1995; McClelland et al., 2000].
Its isolated geographic position and anomalous location
east of similar terranes to the north and south have lead
to conflicting correlations with other major units in the
Cordilleran system. Some have suggested that the Wal-
lowa terrane (Seven Devils arc) in the Blue Mountains
correlates with Wrangellia in western British Columbia
[e.g., Jones et al., 1977; Hillhouse et al., 1982; Wernicke
and Klepacki, 1988; Dickinson, 2004]. Others have pre-
sented data that support correlation of the Wallowa
terrane to the Stikinia arc terrane, a part of the Intermon-
tane superterrane [e.g., Sarewitz, 1983; Mortimer, 1986].
Although different hypotheses exist for the history of
amalgamation and accretion of the Blue Mountains ter-
ranes to North America [Brooks and Vallier, 1978;
Dickinson and Thayer, 1978; Dickinson, 1979; Wernicke
and Klepacki, 1988; Follo, 1992; White et al., 1992; Avé
Lallemant, 1995], all of them place the Blue Mountains
at about their present location with respect to North
America by Middle Jurassic or Early Cretaceous time
[e.g., Cowan et al., 1997; Dickinson, 2004]. Wyld and
Wright [2001] proposed that Triassic-Jurassic volcanic
and sedimentary rocks in the Blue Mountains correlate
with similar rocks in the Black Rock desert of western
Nevada, and that the Blue Mountains were translated
approximately 400 km north to their present position by
mid-Cretaceous time. This reconstruction, which appears
to place an upper limit on northward displacement of the
Blue Mountains terranes, has not been tested in previous
paleomagnetic studies.
[5] This paper presents the results of a paleomagnetic

study of mid Cretaceous (Albian to Cenomanian) sedimen-
tary rocks that depositionally overlie low-grade metamor-
phic rocks of the Blue Mountains superterrane in the
Mitchell Inlier, central Oregon (Figure 1). These results
are the first published paleomagnetic data from sedimentary
rocks of this age in the Blue Mountains and thus provide
new constraints on the paleogeography of this region for an
important period in Cordilleran tectonics. The results also
allow us to evaluate tectonic reconstructions that are based
on evidence for large post-Cretaceous CW rotations [e.g.,

Dickinson and Thayer, 1978; Wyld and Wright, 2001;
Dickinson, 2002].

2. Previous Paleomagnetic Studies

[6] Paleomagnetic studies provide critical constraints on
paleogeography because they yield an absolute paleolati-
tude via the geocentric axial dipole (GAD) hypothesis. This
approach permits robust statistical comparisons between
different data sets and tests to check for possible systematic
errors in the paleomagnetic data, such as inclination error in
sedimentary rocks. For example, paleolatitudes obtained by
paleomagnetic studies of hematite-bearing sedimentary
rocks from central Asia indicate latitudinal translation far
in excess of that predicted from geologic and tectonic
observations [e.g., Gilder et al., 2001]. By examining the
relation between mineral alignment and inclination
[Dupont-Nivet et al., 2002], statistically different inclina-
tions in coeval red beds and basalts [Gilder et al., 2003],
and the shape-distribution of the paleomagnetic directions
themselves [Tauxe and Kent, 2004], it has been demon-
strated that the inclination recorded by detrital hematite in
rocks from central Asia is subject to a large inclination error
of 10� to 20�.

2.1. North America Cordilleran Terranes

[7] As in the case with the central Asia paleomagnetic
inclination anomalies, conflicting paleogeographic recon-
structions of Cordilleran terranes in western North America
have resulted in healthy scrutiny of both the geologic and
paleomagnetic evidence on which they are based. Unrec-
ognized tilt, deformation, or variations in magnetization age
of plutonic rocks may play a role in some anomalous
shallow inclinations [Butler et al., 1989; Brown and
Burmester, 1991; Butler et al., 2001; 2002; Hollister et
al., 2004], but these sources of error have been ruled out or
corrected for in other studies [Irving and Archibald, 1990;
Ague and Brandon, 1996; Housen et al., 2003]. Some
sedimentary and volcanic units have been demonstrably
remagnetized, and thus do not provide reliable information
about paleolatitude [Bogue et al., 1989; Bazard et al., 1990;
Burmester et al., 1990, 2000; Enkin et al., 2002]. In other
cases, positive paleomagnetic field tests have shown that
stratified units have magnetizations that date from their
formation, and therefore provide solid constraints on pale-
olatitude [e.g., Irving et al., 1995; Wynne et al., 1995; Enkin
et al., 2001; Stamatakos et al., 2001; Enkin et al., 2003;
Haskin et al., 2003; Bogue and Grommé, 2004].
[8] Butler et al. [2001] argued that all paleolatitude

anomalies obtained from paleomagnetic studies of Creta-
ceous rocks of the North American Cordillera that have
post-Cretaceous translation estimates in excess of 1000 km
can be explained by the combined effects of pluton tilt,
inclination error, and complex deformation. This conclusion
has become widely accepted in the tectonics community
[e.g., Dickinson, 2004] despite a set of robust paleomagnetic
studies with detailed evaluation of the above effects that
indicates larger latitudinal discrepancies. Such studies sug-
gest 3000 km of latitudinal translations for the Insular
superterrane since 91–87 Ma [Wynne et al., 1995; Enkin
et al., 2003; Housen et al., 2003; Bogue and Grommé,
2004] and lesser translations of 1600 to 2200 km since
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about 80 Ma [Enkin et al., 2001; Stamatakos et al., 2001;
Kim and Kodama, 2004]. The Intermontane superterrane
contains paleomagnetic evidence for translations of 1100–
1400 km since 105 Ma [e.g., Irving et al., 1995; Haskin et
al., 2003]. Paleomagnetic results show that Cretaceous
rocks of the Omineca Belt, located inboard of the Inter-
montane superterrane, have experienced no significant post-
Cretaceous latitudinal translation [Irving and Archibald,
1990]. In light of unresolved contradictions between the

above studies and the conclusions of Butler et al. [2001],
there presently is no consensus on the paleogeography,
paleolatitude, and history terrane translations in the North
American Cordillera.

2.2. Blue Mountains Paleomagnetism

[9] Previous paleomagnetic research in the Blue Moun-
tains has focused on two tectonic questions. The first
concerns the paleogeography of Triassic volcanic and vol-

Figure 1. Regional tectonic setting of the Ochoco basin. (a) Simplified pre-Tertiary geology of the
western United States, modified from Wyld and Wright [2001]. Dashed line through Oregon and
Washington defines Columbia embayment and follows approximate trend of fabrics in accreted terranes
of the Blue Mountains and Klamath Mountains. Line for SRSZ coincides with 87Sr/86Sr isotope boundary
of Armstrong et al. [1977; and Figure 1b]. (b) Distribution of accreted terranes in central and eastern
Oregon, which together make up the Blue Mountains superterrane. Black areas indicate Cretaceous strata
of the Ochoco basin; circled dots show location of subsurface wells [Thompson et al., 1984]. Modified
from Dickinson [1979]. Approximate extent of Ochoco basin is indicated with dashed line in Figures 1a
and 1b. AR, Antone Ranch; BM, Blue Mountains; BR, Bernard Ranch; CLMSZ, Cuyamaca-Laguna
Mountains shear zone; GR, Goose Rock; HB, Hornbrook Basin; IB, Idaho Batholith; J, Jurassic; KM,
Klamath Mountains; MSLF, Mojave-Snow Lake Fault; MZ, Mesozoic; OB, Ochoco Basin; Pc,
Precambrian; Pz, Paleozoic; SCSZ, Sierra Crest Shear Zone System; SDM, Seven Devils Mountains;
SFTB, Sevier Fold and Thrust Belt; SRSZ, Salmon River Suture; WM, Wallowa Mountains; WNS,
Western Nevada Shear Zone.
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caniclastic rocks of the Wallowa and Olds Ferry terranes
(Seven Devils and Huntington arcs), and their possible
correlation to Wrangellia [Hillhouse et al., 1982; see also
Dickinson, 2004]. Paleomagnetic data from Triassic rocks
[Hillhouse et al., 1982] indicate that during Triassic time the
WallowaandOldsFerry terraneswereatpaleolatitudes similar
to those of Wrangellia (Insular superterrane) [Hillhouse and
Grommé, 1984;Yole and Irving, 1980], and that large vertical
axis rotations of these rocks have occurred.
[10] The second question concerns the history of vertical

axis oroclinal rotation of the Blue Mountains as originally
proposed for the Columbia Embayment [Hamilton and
Myers, 1966]. Wilson and Cox [1980] concluded that the
Blue Mountains have undergone 60� of CW rotation and no
significant latitudinal displacement of the Blue Mountains
relative to North America since early Cretaceous time. The
rotation estimate provided by Wilson and Cox [1980] is
consistent with the oroclinal rotation of the Blue Mountains
to form the Columbia Embayment and has been widely
utilized in a number of tectonic reconstructions [Dickinson
and Thayer, 1978; Hillhouse et al., 1982; Wernicke and
Klepacki, 1988; Wyld and Wright, 2001; Dickinson, 2002],
even though the rotation estimate has significant uncertainty
due to lack of paleohorizontal control and the small number
of sites. A more robust indicator of rotation, in younger
rocks, is provided by paleomagnetic data from more than
40 sites in the Eocene Clarno volcanics compiled by
Grommé et al. [1986]. They found that the portion of the
Blue Mountains overlain by the Clarno Volcanics has a
paleolatitude consistent with that expected for their present

location in North America, and that 16� ± 10� of CW
rotation has occurred since Eocene time. This rotation was
attributed to extensional tectonics in the northern Basin and
Range province.

3. Geology of the Mitchell Inlier

[11] The Mitchell Inlier is a surface exposure of Creta-
ceous sedimentary rocks of the larger Ochoco Basin in east
central Oregon (Figures 1 and 2). These rocks have been
divided into two conformable and interbedded lithologies,
the Hudspeth Formation (primarily fine-grained turbiditic
mudstone and siltstone) and the Gable Creek Formation
(primarily fine- to coarse-grained sandstone with some
intraformational conglomerate and sedimentary breccias)
[Wilkinson and Oles, 1968; Oles and Enlows, 1971]. Both
formations contain submarine slope and fan deposits. The
age of the sediments is known from ammonite biostratigra-
phy, which shows that the Main Mudstone member of the
Hudspeth Formation is Albian and the overlying Gable
Creek Formation, though lacking good fossil control, is
Cenomanian based on its conformable interfingering con-
tact with the Hudspeth Formation [McKnight, 1964;
Wilkinson and Oles, 1968; Kleinhans et al., 1984; P. Rodda,
personal communication, 2000]. Some workers have sug-
gested that the rocks of the Ochoco Basin are correlative to
similarly aged sedimentary rocks of the Hornbrook Forma-
tion in the Klamath Mountains, southwestern Oregon
[Kleinhans et al., 1984; Nilsen, 1986]. Andesitic volcanic
and volcaniclastic rocks of the Eocene Clarno Formation

Figure 2. Simplified geologic map of the Mitchell Inlier showing distribution of the Hudspeth and
Gable Creek formations, NE trending Mitchell anticline, and other geologic features (modified from
Kleinhans et al. [1984] with original map from Oles and Enlows [1971]). Paleomagnetic sampling sites
are shown as solid dots.
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unconformably overlie Cretaceous sedimentary rocks in the
Mitchell area [Wilkinson and Oles, 1968; Oles and Enlows,
1971; Grommé et al., 1986].
[12] The structural geology of the Mitchell Inlier is

dominated by a set of NE trending folds, the largest of
which is the Mitchell anticline (Figure 2) [Oles and Enlows,
1971]. Most folds in this area formed during Tertiary time,
based on involvement of the overlying Eocene rocks in
these structures. However, detailed structural and sedimen-
tological analysis has documented an episode of Albian
syndepositional folding affecting the oldest part of the Cre-
taceous section at Toney Butte, north of the paleomagnetic
sampling area [Lenegan, 2001, R. J. Dorsey and R. L.
Lenegan, Structural controls on middle Cretaceous sedimen-
tation in the Toney Butte area, Ochoco basin, central Oregon,
in Convergent Margin Terranes and Associated Regions,
edited by M. Cloos, submitted to Special Paper of the
Geological Society of America, 2005]. The Mitchell Fault is
a strike-slip fault that cuts Eocene volcanic rocks and is
kinematically associated with Tertiary folding [Wilkinson
and Oles, 1968; Oles and Enlows, 1971] (Figure 2).

4. Sampling and Methods

[13] For this study, a total of 20 sample sites were visited,
with 5 to 20 oriented samples collected at each site (Table 1
and Figure 2). The site locations were recorded using a
handheld GPS unit. The samples were either drilled in the
field with a gas or electric powered drill, or collected as
oriented block samples. The drilled samples were oriented
using both magnetic and sun compasses; the declinations of
the magnetic and sun compass all agreed to within a degree.
Turbidite sites were selected for freshness of exposure and
to maximize the use of large-scale folds (such as the
Mitchell anticline) for a paleomagnetic fold test. Both

sandstone and siltstone beds, and several concretions, were
sampled where best exposed. One site (00Km11) was of an
intraformational sediment breccia in the Gable Creek For-
mation. One sample from each of 11 separate angular
sandstone blocks was collected from this site in order to
perform a conglomerate test. One site (00Km3) was an
andesite dike of the Clarno volcanics and the Hudspeth
Formation turbidites it baked. Samples of the dike, and a
transect of sandstone samples from directly adjacent to the
dike to a distance of 15 meters from the dike were collected
in order to perform a baked contact test. All samples were
cut into standard 2.2 cm long specimens, and stored in the
WWU paleomagnetism laboratory’s magnetic field-free
room.
[14] The anisotropy of magnetic susceptibility (AMS) of

most specimens was measured with an AGICO KLY-3S
Kappabridge. For the paleomagnetic work, specimens were
subjected to either step-wise alternating field (AF) demag-
netization (using a D-Tech D-2000 AF demagnetizer), or to
step-wise thermal demagnetization (using an ASC TD-48
thermal demagnetizer). The magnetizations of the samples
were measured using a 2-G 755 DC SQUID magnetometer,
using an eight-position rotation scheme. Principal compo-
nent analysis (PCA) [Kirschvink, 1980] was used to deter-
mine the directions of magnetization components. A limited
number of specimens were also used for magnetic hysteresis
analysis, using the Princeton Measurements 3900 VSM at
the Institute for Rock Magnetism (IRM).

5. Results and Interpretation

5.1. Paleomagnetism

[15] Step-wise demagnetization of the specimens revealed
two components of magnetization in most of the specimens.
The first-removed component was isolated between the 5

Table 1. Paleomagnetic Sites and Site Mean Dataa

Site
Latitude,

�N
Longitude,

�W N/No D I k a95

Bed
s/d Fm Position

99Km1 44�33.4050 120�19.0700 4/4 316.0 60.8 60.6 11.9 336/36 H S
99Km2 44�35.6450 120�12.7480 5/5 34.8 60.1 96.1 7.8 218/32 H N
99Km3 44�33.4050 120�19.0700 0/3 — — — — 202/51 H S
00Km1 44�31.5780 120�6.9540 9/10 1.8 55.0 24.1 10.7 052/09 GC S
00Km2a 44�31.7140 120�7.2570 5/6 355.5 63.0 47.4 11.2 349/06 GC S
00Km2b 44�31.7140 120�7.2570 3/3 7.1 58.9 93.8 12.8 338/05 GC S
00Km2c 44�31.7140 120�7.2570 6/6 28.0 65.4 27.4 13.0 235/05 GC S
00Km3b 44�32.4060 120�8.0250 2/3 1.8 66.1 18.8 40 008/10 H, C S
00Km4 44�33.1180 120�8.2170 7/15 11.9 56.0 22.6 13.0 275/09 GC S
00Km5 44�33.3630 120�8.4320 5/5 45.4 72.0 20.8 17.2 270/15 H S
00Km6 44�34.1650 120�10.0060 6/8 335.2 67.1 40.8 10.6 014/26 GC N
00Km7 44�34.1660 120�10.0070 6/6 339.6 61.4 131.0 5.9 008/29 GC N
00Km8 44�35.6450 120�12.7480 8/16 38.2 60.0 87.1 6.0 214/29 H N
00Km9 44�33.4050 120�19.0700 14/14 58.4 47.4 75.8 4.6 196/40 H S
00Km10 44�33.4050 120�19.0700 4/4 59.3 52.4 117.2 8.5 203/43 H S
00Km11c 44�32.9540 120�21.1660 10/11 212.6 00.2 1.36 77.3 NA GC S
00Km12 44�33.0210 120�19.8520 3/5 317.1 67.9 63.0 15.7 315/23 H S
00Km13 44�36.3510 120�11.3740 3/4 25.3 56.9 76.8 14.2 214/41 GC N
00Km14 44�36.1520 120�10.3120 6/6 347.0 24.6 90.3 7.1 018/05 H N
00Km15 44�38.1550 120�5.0100 6/6 167.0 �69.0 315.7 3.8 252/30 GC N
Group mean S of fault in situ 11 14.0 64.6 20.44 10.3
Group mean S of fault tilt corrected 11 10.8 58.5 127.0 4.1

aWGS83 datum. N/No are number of accepted/number of demagnetized samples, D and I are declination and inclination of site mean direction in in situ
coordinates, and k and a95 are Fisher [1953] statistics for mean directions. Bed s/d is bedding strike/dip. Fm is formation: H, Hudspeth Formation
turbidites; GC, Gable Creek Formation sandstone and turbidites. Position refers to position north or south of the Mitchell Fault.

bBaked-contact site results from unbaked samples.
cConglomerate test site.
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and 30 mT AF demagnetization steps, or between the 70�
and 350�C thermal demagnetization steps (Figure 3). This
component is always north directed and steeply down. The
second-removed component was isolated between the 30
and 120 mT AF demagnetization steps, and between the
350� and 580�C thermal demagnetization steps (Figure 3).
The directions of these magnetization components were
accepted if defined by at least 4 demagnetization steps with
a maximum angular deviation (MAD) value of <20�. Using
these criteria, 113/140 samples had acceptable magnetiza-
tion directions. The mean directions of these two compo-
nents from each site were calculated using Fisher [1953]
statistics (Table 1). With the exception of one site
(00Km15), the mean directions of the second-removed
components for all of the Gable Creek and Hudspeth
Formation sites are northerly and moderately downward
directed.
[16] The anomalous site (00Km15) is located in the

northern portion of the Mitchell Inlier, and is more physi-
cally weathered than the others. The oriented block samples
produced strikingly orange-brown cuttings when drilled in
the lab that differed markedly from the typical grey to tan
cuttings from all of the other samples. The directions from
00Km15 are very well defined (Figure 4a), and yield a site
mean of D = 167, I = �69, k = 315.7, N = 6, and a95 = 3.8�,
very similar to that of the reverse polarity mean direction
from the Eocene Clarno Formation (Figure 4b) reported by
Grommé et al. [1986]. We interpret this site to have suffered
from an Eocene remagnetization, and will not include its
result in any further analyses.

5.1.1. Baked-Contact Test: Site 00Km3
[17] Results from the 0.8 m wide andesite dike have

second-removed components that are steeply up
(Figure 5a), and are similar to directions found in a larger
study of the paleomagnetism of the Clarno Formation
[Grommé et al., 1986]. The baked-contact samples from 5
to 35 cm from the dike margin have second-removed compo-
nents that are south and steeply up (Figures 5b and 5c).
Between 35 and 388 cm from the dike margin, this same
southerly and steeply up direction is present, but is removed at
lower unblocking temperatures, and a poorly defined, but
clearly north and downward directed magnetization compo-
nent is present (Figure 5d). At distances >3 m from the dike
margin, the second-removed component is northerly and
down (Figure 5e), and resembles the directions found in the
turbidites from elsewhere in the study area. We interpret the
results of the baked contact test to indicate that well-defined
magnetizations of differing ages were obtained from the dike
and the baked contact, and the unbaked zone at a distance
from the dike (Figure 5f). Moreover, the maximum unblock-
ing temperature of the steeply upmagnetization component in
the baked rocks decreases as a function of distance from the
dikemargin, aswould be predicted for a partial TRMacquired
during a finite heating event. This is a positive baked contact
test, indicating the magnetization found in the unbaked
turbidites predates the age of the intrusives (in this case, the
Eocene [Grommé et al., 1986]).
5.1.2. Conglomerate Test: Site 00Km11
[18] Results from the blocks of sandstone breccia within

the Gable Creek Formation have two components of mag-

Figure 3. Orthogonal vector plots of demagnetization experiments, depicting results that are typical of
this study. Solid symbols denote projection of the horizontal component of the magnetization vector,
open symbols denote projection of the vertical component of the magnetization vector. Demagnetization
steps (�C) are indicated.
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netization; a first-removed component that is always north-
erly and down, and a second-removed component that is
well defined, but has widely variable directions (Figure 6).
The mean direction of the second-removed component for
this site has a k = 1.3 (N = 10), which is statistically
random. Interestingly, the directions themselves fall mainly
along a great circle that is close to the bedding plane of the
breccia matrix (Figure 7); this pattern of directions is
perhaps due to a nonrandom alignment of the tabular
sandstone clasts during deposition of the breccia. Irregard-
less, this result constitutes a positive conglomerate test for
the Gable Creek Formation, indicating its magnetization
predates the deposition of the sediment breccia. Because
this breccia unit occurs within the upper portion of the
Gable Creek Formation itself, the magnetization of the
Gable Creek Formation as a whole must have occurred
shortly after the sediments were first deposited.
5.1.3. Paleomagnetic Fold Tests
[19] The degree to which the clustering of site mean

directions varies as a function of structural correction can
be evaluated using statistically based fold tests. Using all of
the site mean directions together, the Tauxe and Watson
[1994] fold test (Figure 8) indicates that the maximum
clustering of directions occurs at about 60–70% untilting,
and that the 100% tilt-corrected result is ruled out at 95%
confidence. This could indicate that, despite the positive
conglomerate and baked contact tests, these rocks were all
subjected to a synfolding remagnetization event.
[20] Structural complications, including both multiple

episodes of folding, and vertical axis rotations between
site locations, can also produce a fold test that would
indicate an apparent synfolding magnetization [Watson

and Enkin, 1993; Tauxe and Watson, 1994; Enkin and
Watson, 1996; Enkin, 2003]. For this reason we subdi-
vided our sites into two groups; those sites south of the
Mitchell Fault, and those sites north of the Mitchell Fault.
Using the parametric version (due to the smaller sample
size) of the Tauxe and Watson [1994] fold test, the
southern group of sites has a peak in clustering at 85–
90% untilting, with a 95% confidence interval ranging
from 66 to 103% untilting (Figure 9). Because the 95%
confidence interval includes 100% untilting, and the
baked contact and conglomerate tests were both positive,
we conclude that the sites located south of the Mitchell
Fault pass the fold test, and that the most appropriate
direction to use is that at 100% untilting. This conclusion
is also supported by the D-C fold test of Enkin [2003],
which tests for correlations between the dispersion of
paleomagnetic directions and the dip directions of bed-
ding in the study area. The result of the D-C fold test for
the sites located south of the Mitchell Fault (Figure 10)
indicates maximum clustering of directions at 83% ± 18%
(95% confidence interval) untilting. This also constitutes
a positive fold test at 95% confidence. Comparing the
inclinations with % untilting we find only minor (1.5�)
and statistically insignificant differences between the
mean inclination at 80–90% untilting and the mean
inclination at 100% unfolding (Figure 11). Using the
100% untilting results yields a Fisher mean direction of
D = 10.8�, I = 58.5�, k = 127, a95 = 4.1�, and N = 11
for the sites south of the Mitchell Fault. In order to
evaluate any additional complexities, perhaps due to
minor vertical axis rotation, we also used inclination-only
statistics [McFadden and Reid, 1982] to calculate the

Figure 4. (a) Orthogonal vector plot of typical demagnetization experiment for site 00Km15. (b) Equal-
angle projection of the site mean second-removed magnetization component for site 00Km15, with mean
of the reverse-polarity sites of the Eocene Clarno volcanics [Grommé et al., 1986] shown for comparison.
Circle is radius of a95 for each mean direction.
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Figure 5. Orthogonal vector plots of demagnetization experiments from site 00Km3 for the baked-
contact test. (a) Result typical of the dike, with steeply up second-removed component. (b–d) Results of
from samples of the baked-contact zone (distance from dike margin given for each sample). All samples
have steeply upward second-removed components; the unblocking temperature of this component decays
as a function of distance from the dike margin, as would be expected for a TRM. (e) Results from samples
more than 3 m from dike margin, which lack the steeply upward second-removed component and instead
have second-removed components that are similar to that of the surrounding area (compare with Figure 3).
(f) Equal-area plot of direction of second-removed components from all dike, baked zone, and unbaked
zone samples.
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mean inclination of the southern group of sites.
This yielded a mean I = 58.3�, k = 130, a95 = 4.0�,
N = 11, which compares favorably with the overall mean
direction.
[21] The northern group of sites exhibit more complex

behavior. Using the Tauxe and Watson [1994] fold test, the
peak clustering occurs at about 40% untilting, with 95%
confidence ranging from �22 to 50% untilting (Figure 12).
Use of any of the other fold tests yields a similar result, and
thus we conclude that the sites located north of the Mitchell
Fault fail the paleomagnetic fold test. As can be seen in
Figure 12b, the six tilt-corrected site mean directions cluster
in pairs that correspond to the geographic area in which the
site is located. The clusters of directions also form a well
defined great circle; this can be consistent with dispersion
due to an unaccounted for generation of folding that has
affected the area north of the Mitchell Fault, rather than
simple vertical axis rotations between localities. We attri-
bute failure of the fold test for the sites in this area to
additional structural complexity and perhaps to a more
complicated history of magnetization as well. More detailed
structural and paleomagnetic sampling would be needed to
determine the nature of deformation and its relationship to
the age of magnetization in the area north of the Mitchell
Fault. The paleogeographic interpretations described below
will use paleomagnetic data from sites south of the Mitchell
Fault.

5.2. Magnetic Hysteresis

[22] Magnetic hysteresis, using a peak field of 0.8 to 1.0 T
was measured for a total of 67 specimens. The hysteresis
loops were of standard shape (Figure 13), and the samples
as a whole had relatively low coercivity values (Hc 4 to
20 mT). The hysteresis parameters were plotted on a Day et
al. [1977] plot, with the data for single domain–multido-
main (SD-MD) admixtures from Dunlop [2002] plotted for
comparison. The data from the Gable Creek and Hudspeth

Fm specimens all plotted within the pseudo-single domain
(PSD) field of the Day plot (Figure 14), suggesting that the
specimens contain either an assemblage of true PSD grains,
or admixtures of SD and MD sized magnetite. Given the
clastic nature of the sediments, the latter interpretation is
more likely. Results from site 00Km15, which we infer to

Figure 6. Orthogonal vector plots of representative demagnetization experiments of samples from
conglomerate clasts of the Gable Creek Formation (site 00Km11).

Figure 7. Equal-area plot of second-removed magnetiza-
tion component directions from conglomerate clast samples
(site 00Km11). The directions are widely scattered and
statistically random, providing a positive intraformational
conglomerate test for the Gable Creek Formation.
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have been remagnetized, have hysteresis parameters that lie
toward the SD end of the distribution defined by the
unremagnetized sites.

5.3. Anisotropy of Magnetic Susceptibility (AMS)

[23] Anisotropy of magnetic susceptibility (AMS) mea-
surements were made on 161 specimens. Mean susceptibil-
ity varied between 1 � 10�4 to 3 � 10�3 SI units. The
degree of anisotropy (P = kmax/kmin) varied from 1.01 to
1.11, with higher P values corresponding to samples with
higher mean susceptibilities. The shapes of most AMS
ellipsoids fall within the oblate field of a Flinn-type plot
(Figure 15). Analyzed on the site level, the AMS ellipsoids
are statistically triaxial [Tauxe, 1998] for most sites. The
orientations of the AMS axes, after correction for bedding
tilt, have kmin axes that are subparallel to bedding poles
(Figures 16a and 16b) in many sites. Other sites have AMS
kmin orientations that are distinctly streaked, with AMS
foliation planes oblique to bedding (Figures 16c and 16d).
Such distributions of AMS orientations are consistent with

fabrics observed in clastic sediments [see Tarling and
Hrouda, 1993], and indicate that the AMS records the
influence of paleocurrent and/or slope transport processes.

5.4. Evaluation of Inclination Error

[24] Before evaluating the possible tectonic significance
of the paleomagnetic results from this study, we first
evaluate the possibility that an inclination error affects the
remanence. Anomalously shallow inclinations can result
from both mechanical processes during primary deposition
and the effects of postdepositional compaction [King, 1955;
Tauxe, 1993]. Recognition of, and correction for, the
amount of inclination error in sedimentary rocks is difficult.
We will use three approaches to address this question.
[25] The first approach is to examine results from rocks

with differing lithologies and sediment grain sizes, with the
idea that clay-rich turbidite units should have larger degrees
of possible inclination error (due to adhesion of magnetite
particles to clay minerals [Sun and Kodama, 1992]). In
contrast, sandstone beds, early cemented concretions, and

Figure 8. Tauxe and Watson [1994] nonparametric paleomagnetic fold test for all sites. Equal-area
projection of site mean directions (a) in in situ and (b) in tilt-corrected coordinates. (c) Plot of incremental
fold test results. The maximum principal eigenvalue (t1) of the orientation matrix calculated from the site
mean directions will be maximized when the directions are most tightly grouped. The dashed lines
represent the variation in t1 as a function of percent untilting for 20 artificial paradata sets produced by
the nonparametric bootstrap. The solid line represents the variation in t1 of the actual data. The histogram
is of the percent untilting at which t1 is maximized for a set of 500 bootstrapped paradata sets; 95% of
these data have maxima between 46 and 78% untilting; thus this fold test rules out a 100% untilting result
at 95% confidence.
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certain other lithologies may be less prone to inclination
error (see discussion by Dickinson and Butler [1998] and
Enkin et al. [2003]) than clay-rich turbidites. We observed
no systematic variation in the inclinations obtained from the
variety of lithologies we sampled.
[26] The second approach is to use magnetic anisotropy

fabrics, such as AMS, to evaluate possible relationships
between the degree of particle alignment in sedimentary
rocks and measured inclination. The basic premise of this
approach is that the true inclination of the geomagnetic field
will only be recorded by sediments with a perfectly random
mineral preferred orientation fabric [see Jackson et al.,
1991], and that there will be a predictable relation between
fabric intensity and the amount of inclination error. The
relation, however, is strongly influenced by mineral shape,
particularly when using remanence anisotropy measure-
ments [Jackson et al., 1991; Kodama, 1997]. To account
for grain shape, magnetic separates of ground-up sedimen-
tary rocks are often made to determine the average aspect
ratio of the magnetite grains, which then enable the rela-
tionship between magnetic mineral alignment and paleo-

magnetic inclination to be quantitatively evaluated [see
Kodama, 1997; Kim and Kodama, 2004]. An alternate
approach was suggested by Hodych et al. [1999], who
examined the relationship between observed and predicted
paleomagnetic inclinations and magnetic fabrics (both AMS
and anisotropy of ARM) in sediments. They concluded that
a simple linear correlation between the tangent of measured
inclination, and 1/P (degree of magnetic anisotropy) would
yield a first-order correction for inclination error. Although
less robust than the Jackson et al. [1991] and Kodama
[1997] methods, it has an advantage in eliminating the
uncertainty in use of magnetic separates (which are biased
toward larger grain sizes), and it is far easier to perform. The
results of this analysis (Figure 17) indicate a weak correla-
tion between AMS fabric intensity and inclinations. Projec-
ting the correlation line to a random fabric produces a
predicted true inclination of 62�, which would suggest a
maximum estimate of 4� of inclination error. We note,
however, that this correlation is almost entirely based on
the few specimens with degrees of anisotropy >1.04, and
that the data set as a whole shows no clear relationship

Figure 9. Results of Tauxe and Watson [1994] parametric bootstrap fold test for sites south of the
Mitchell Fault. (a) Equal-area projection of site mean directions in in situ coordinates and (b) equal-area
projection of site mean directions after 100% untilting. (c) Fold test results (as in Figure 8), showing peak
in untilting includes 100% untilting at 95% confidence; thus these results pass the paleomagnetic fold
test.
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between fabric development and inclination (Figure 17).
Large (10� or greater) inclination error in these rocks
appears to be ruled out by these data. The best interpretation
of these data, given the weak correlation between fabric
development and inclination, would be that no significant
inclination error exists in these rocks.
[27] The third approach is to examine the spatial distri-

butions of paleomagnetic directions to test for anomalous
elongations that will be produced by inclination error [Tauxe
and Kent, 2004; Krijgsman and Tauxe, 2004]. On the basis
of geomagnetic field geometry (see Beck [1999] and Tauxe
and Kent [2004] for discussion) a predictable relation exists
between the shape (orientation and magnitude of N-S and
E-W elongation) of directional data distributions and geo-
graphic latitude. An inclination error will introduce an
anomalous E-W elongation of directional data. Because
the shapes of directional data distributions can be sensitive
to small errors, large data sets (100 or more sites for a study-
level calculation, and approximately 20 or more samples for
a site-level evaluation) are called for by Tauxe and Kent
[2004]. Application of this technique to the problem of
displaced terranes can be complicated by structural factors.
In regions subject to noticeable deformation, a significant
complication will be the effect of vertical axis rotation

between sites, which will also produce data that are elongate
in E-W directions (see Beck [1999] for many good examples
of this). The correction-by-site (CBS) method outlined by
Tauxe and Kent [2004] may be superior for studies such as
this, because the problem of unaccounted for vertical axis
rotation will be avoided at the site level. The drawback of
full implementation of the CBS method is that a large
number of directions are needed for each paleomagnetic
site. Tauxe and Kent [2004] suggested >20 samples per site
would be required, while Beck [1999] demonstrated that 15
or more samples would be sufficient to ensure that the
elongation of a single data set was significant at 95%
confidence.
[28] Although we cannot fully implement the CBSmethod

for our entire study, we do have one site (00Km9) with a
large number of samples (n = 14), which nearly fulfills the
Beck [1999] criteria. The elongation of the directional data,
calculated according to either Tauxe [1998] or Beck [1999],
has an E = 1.60. Taking these same data, we corrected the
inclinations by:

tan Ic ¼ 1=fð Þ tan Imð Þ ð1Þ

where Ic is the corrected paleomagnetic inclination, Im is the
measured paleomagnetic inclination, and f is the paleomag-
netic flattening factor. The inclination correction that
produces the minimum elongation of the distribution of
site-level directions provides the best estimate of the correct
amount of inclination error [Tauxe and Kent, 2004]. Using
trial calculations for 3�, 5�, 10�, and 15� degree inclination
errors (f = 0.89, 0.82, 0.65, 0.49, respectively), the
calculated values for elongations of the directional data

Figure 10. Results of DC tilt test of Enkin [2003] for sites
south of the Mitchell Fault. The c value represents the angle
between the in situ group mean direction and the tilt-
corrected site mean direction back rotated by the angular
relationship between the in situ and tilt-corrected group
mean directions. The d value is a projection of the arc
between in situ site mean directions and the in situ group
mean direction onto the arc used to calculate the c value.
(See Enkin [2003] for details). The c and d values should be
closely correlated if directions cluster significantly better
upon 100% untilting (d-c slope = 1.0). Results of this tilt
test indicate maximum clustering of directions occurs at 83 ±
18% untilting; thus these results also constitute a positive
paleomagnetic fold test.

Figure 11. Mean inclination versus percent untilting for
the 11 paleomagnetic sites located south of the Mitchell
Fault. Error bars are at 95% confidence, with the 95%
confidence limits for the 100% unfolding result shaded.
There is only a small and statistically insignificant
difference between the mean inclination at 100% untilting
(I = 58.5�) at the mean inclination at peak in directional
clustering at 80% untilting (I = 60.0�).
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distributions are E = 1.63, 1.65, 1.74, 1.81. Thus the
minimum elongation occurs without any inclination correc-
tion (f = 1.0, E = 1.60), and indicates that no significant
inclination error is present in the site 00Km9 rocks. To the
extent that this single site is representative of the entire

study, no correction for anomalously shallow inclinations is
warranted.
[29] On the basis of all of the above we conclude that no

significant inclination error is present in these rocks, so that
the best estimate of the geomagnetic field’s inclination as

Figure 12. Results of Tauxe and Watson [1994] fold test for sites north of the Mitchell Fault. (a) Equal-
area projection of site mean directions in in situ coordinates and (b) equal-area projection of site mean
directions after 100% untilting. (c) Fold test results (as in Figure 8), showing peak in untilting does not
include 100% untilting at 95% confidence. Thus these results fail the paleomagnetic fold test.

Figure 13. Representative magnetic hysteresis loops from (a) Gable Creek Formation and (b) Hudspeth
Formation samples. Loops are corrected for high-field slope.
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recorded by the Gable Creek and Hudspeth Formations is
58.5�. Unfortunately, the CBS method of Tauxe and Kent
[2004], which we argue may be the best way to evaluate
inclination error, is not applicable to our entire sample set
and so we cannot rigorously rule out a minor amount of
unrecognized inclination error. We thus include an alternate
result with 5� degrees of inclination error in the discussion
of our data.

5.5. Paleolatitude, Translation, and Rotation

[30] Using the mean direction from the 11 sites south of
the Mitchell Fault, a paleolatitude of 39.2� +4.8�/�4.3�N is
obtained for the Gable Creek and Hudspeth Formations.
Compared with the current location of these rocks on North
America and using the recalculated mid Cretaceous NA
reference pole from Housen et al. [2003], the expected
paleolatitude of the study location is 55.1� ± 2.7�N. The
resulting paleolatitude anomaly is 15.9� ± 4.1�, indicating a
northward translation of 1760 ± 460 km and a CW rotation of
37� ± 7.3� for these rocks with respect to North America since
the mid-Cretaceous (93 Ma) (error limits after Demarest
[1983]). If a 5� inclination error is assumed, it would

indicate a paleolatitude of 45�N, and 1200 ± 460 km of
northward translation with respect to North America.

6. Discussion

[31] Our paleomagnetic study has shown that Cretaceous
sedimentary rocks of the Mitchell Inlier recorded the
geomagnetic field shortly after deposition, and that the
magnetic inclination obtained from these rocks is most
likely not affected by significant inclination error. Prior
compilations of regional geology suggest that the various
terranes of the Blue Mountains were amalgamated to each
other by late Jurassic to early Cretaceous time [e.g., Brooks
and Vallier, 1978; Dickinson, 1979; Avé Lallemant, 1995].
This suggestion is consistent with the observation that
Cretaceous sedimentary rocks of the Mitchell Inlier, and
smaller exposures of similar rocks such as the Bernard
Formation in the Suplee-Izee area, overlap the Baker and
Izee terranes in the western Blue Mountains [e.g., Dickinson
and Thayer, 1978; Kleinhans et al., 1984]. Thus it is
possible that our paleomagnetic results can be used to
constrain the Cretaceous paleogeography of the Blue Moun-
tains as a more or less intact tectonic block. Alternatively,
the Mitchell Inlier may represent a relatively small forearc
sliver that experienced more translation than central and
eastern parts of the Blue Mountains where mid-Cretaceous
strata are not preserved. Because of this uncertainty, we
consider several hypotheses for reconstruction of Cordille-
ran terranes in and adjacent to the Blue Mountains (section
6.4, below).

6.1. Rotation of the Blue Mountains

[32] Our paleomagnetic result provides a new constraint
on the timing and amount of CW crustal rotation in the Blue
Mountains. As mentioned above, most tectonic models that
suggest significant rotation of the Blue Mountains rely on
the study of Blue Mountains plutons by Wilson and Cox

Figure 14. Modified Day et al. [1977] plot, with SD-MD
mixing lines, from Dunlop [2002], showing hysteresis
parameters of samples from the Gable Creek and Hudspeth
formations. The results indicate the samples contain
admixtures of SD and MD magnetite. The squares denote
results from site 00Km15, which appears to have been
remagnetized.

Figure 15. Flinn-type plot of AMS principal susceptibil-
ities. The results indicate most samples have low to
moderate degrees of anisotropy and that most have oblate
to weakly triaxial ellipsoid shapes.
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[1980], who inferred 60� of CW rotation since Early
Cretaceous time. Because their study was based on a very
small number of sites and samples, and has no firm
paleohorizontal control for those rocks, significant uncer-
tainty should be attached to their rotation estimate. Because
our results come from stratified rocks with tight controls on
the age of magnetization, our estimate of 37� ± 7.3� of CW
rotation relative to North America provides a better con-
straint of the history of vertical axis rotations of the Blue
Mountains. For example, Dickinson [2002] calls for 50�
CW rotation of the Blue Mountains as part of a regional
transrotation phase during Neogene time. Our rotation
estimate instead suggests that �21� CW rotation of the
Blue Mountains occurred after mid Cretaceous time and
before deposition of the Early-Middle Eocene Clarno vol-
canics, with the remaining 16� occurring after Eocene time
[Grommé et al., 1986]. The timing and sense of this rotation
agree well with that proposed by Dickinson [2002], al-
though the net amount is substantially less.
[33] The Late Cretaceous timing and CW sense of rota-

tion obtained from this study is also consistent with the
larger pattern of CW rotation observed in rocks from
terranes throughout the North America Cordillera [see Beck,
1980]. This sort of rotation is consistent with long-lived

dextral shear along this convergent margin produced by a
combination of block-scale rotation [Beck, 1976] and pos-
sible penetrative shear strain distributed throughout the
convergent plate boundary zone [e.g., England and Wells,
1991].

6.2. Cretaceous Paleogeography of the Blue Mountains

[34] The paleolatitude of the Blue Mountains indicated by
our paleomagnetic study places this large set of terranes
approximately 1700 km (�1200 km if we assume a 5�
inclination error) south of their present location in mid-
Cretaceous time. Multiple paleomagnetic tests show that the
age of magnetization is syndepositional. Thus we infer that
northward translation of the Mitchell Inlier could have
begun as early as the end of Cenomanian time (circa
93 Ma). The Mitchell Inlier and associated rocks of the
Blue Mountains are constrained to be in their present
location with respect to North America by the paleomag-
netic result from the overlying Clarno Formation [Grommé
et al., 1986]. Newer geochronology of the Clarno volcanics
indicates these rocks are 54–43 Ma in age [Bestland et al.,
1999]. Taken together, the time available for translation of
the Mitchell Inlier, and possibly the entire Blue Mountains
province, is about 48 m.y. These dates imply a minimum

Figure 16. Examples of AMS orientations for typical sites, displayed in tilt-corrected coordinates.
Orientations of kmax are denoted by squares, kint are denoted by triangles, and kmin are denoted by circles.
Means for the axes were calculated using programs of Tauxe [1998] and are shown in Figures 16b and
16c. (a and b) Results for site 00Km6, which have kmin axes that are perpendicular to bedding and
unixial-oblate ellipsoid shapes. (c and d) Results for site 00Km9, which has streaked kmin orientations
and triaxial ellipsoid shapes, which are likely recording sediment transport processes during deposition.
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time-averaged relative plate motion of �35 mm/yr for the
larger displacement (1700 km), and �25 mm/yr for the
lower estimate (1200 km).
[35] If terranes of the Blue Mountains have remained

relatively intact since Late Jurassic or Early Cretaceous
time, the results of our study will require substantial
revision of paleogeographic models that place the Blue
Mountains in their present position relative to North Amer-
ica prior to Late Cretaceous time [e.g., Dickinson and
Thayer, 1978; Lund and Snee, 1988; Selverstone et al.,
1992; Avé Lallemant, 1995; Cowan et al., 1997; Wyld and
Wright, 2001; Dickinson, 2004]. Several of these models
[e.g., Wyld and Wright, 2001] argue that the Blue Mountains
are pinned to the margin of North America through the
Salmon River Suture Zone and Western Idaho Shear Zone
(WISZ) by crosscutting relationships involving plutons of
the 118 Ma Hazard Creek and 110 Ma Little Goose Creek
complexes and the 90 Ma Payette River tonalite [Lund and
Snee, 1988; Manduca et al., 1993; Selverstone et al., 1992].
The presence of xenoliths and roof pendants belonging to
both the North American craton and oceanic Blue Moun-
tains terranes, in a zone that straddles the isotopically
defined cratonal margin, requires that these plutons intruded
across the continent-ocean suture during or after initial

accretion of oceanic terranes to North America [Armstrong
et al., 1977; Fleck and Criss, 1985; Criss and Fleck, 1987;
Manduca et al., 1992]. However, these intrusions do not
place any constraint on post mid-Cretaceous translation of
the Blue Mountains. Indeed, plutonic rocks in the WISZ and
eastern Idaho batholith have experienced multiple phases of
penetrative transpressional deformation during and after
their emplacement [Manduca et al., 1993; McClelland et
al., 2000]. The Hazard Creek and Little Goose Creek
complexes are highly deformed, and the relatively unde-
formed Payette River tonalite is located well east of the
relevant tectonic zone [see Manduca et al., 1993].
McClelland et al. [2000] showed that penetrative structures
in the WISZ record a significant, though unknown amount
of dextral shear between the Blue Mountains and cratonal
North America during latest Cretaceous time. Our paleo-
magnetic data are consistent with their structural model and
suggest that the WISZ was the locus of large-scale dextral
displacement between about 93 and 45 Ma.
[36] Wyld and Wright [2001] proposed that the Blue

Mountains province was located �400 km to the south of
its present location in the early Cretaceous based on
correlations between similar Jurassic rocks in the Blue
Mountains and in the Black Rock Desert of western
Nevada. Part of their paleogeographic model includes con-
nections between dextral strike-slip fault systems in south-
ern and central California (Mojave-Snow Lake and Sierra
Crest shear zones), the Western Nevada shear zone, and the
WISZ-Salmon River Suture Zone to form a major transform
fault system. The Blue Mountains lie immediately to the
west of this large structure (Figure 1), which makes this
fault system a very attractive candidate to accommodate at
least a portion of the large (1200 to 1700 km) displacement
of the Blue Mountains that we propose here.

6.3. Regional Correlation of Cordilleran Terranes

[37] Any attempt to reconstruct the paleogeography of the
Blue Mountains requires consideration of possible correla-
tions to other Cordilleran tectonic elements. Some workers
have argued, mainly based on similarities between Permian
and Triassic rocks of Wrangellia and the Seven Devils rocks
of the Wallowa terrane, that the Blue Mountains province
correlates to the Insular superterrane [Jones et al., 1977;
Hillhouse et al., 1982; Wernicke and Klepacki, 1988;
Dickinson, 2004]. Others suggest that the geochemistry
and petrology of the same Triassic units argues against
associations between the Seven Devils rocks and Wrangel-
lia, and instead suggest a correlation between the Blue
Mountains and the Intermontane superterrane [Sarewitz,
1983; Mortimer, 1986]. As discussed by Mortimer [1986],
either of these two correlations is permitted by existing
paleomagnetic data from Triassic rocks of the Insular and
Intermontane superterranes and the Blue Mountains. Al-
though we cannot test these correlations between Triassic
units with our data, we can compare high-quality paleo-
magnetic data from mid Cretaceous units from the Insular
and Intermontane superterranes to new data from the
Mitchell Inlier (this study). For this comparison we use
the circa 90 Ma paleomagnetic results from Mount Tatlow
[Wynne et al., 1995], the upper Churn Creek rocks [Enkin et
al., 2003], and the Mount Stuart batholith [Housen et al.,
2003] for the Insular superterrane, and the 100–105 Ma

Figure 17. Correlation plot of magnetic fabrics and
paleomagnetic inclinations [after Hodych et al., 1999].
Inclinations are in 100% tilt-corrected coordinates and are
compared to AMS degree of anisotropy (P = kmax/kmin).
Hodych et al. [1999] demonstrated that inclination error
produces a linear relationship between tan (I) and 1/P, with
the intercept of the correlation line 1/P = 1.00, signifying a
totally random fabric, providing the best estimate of the
original paleomagnetic inclination using this technique.
These results show only a weak correlation (R2 and 95%
confidence intervals for correlation line are shown) between
tan (I) and 1/P, indicating that little or no significant
inclination error has occurred in these rocks. Values of tan
(I) and resulting inclination estimates for no displacement
(A), the proposed correlation correction from this plot (B),
and for the mean inclination from these data (C) are shown.
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Spences Bridge volcanics [Irving et al., 1995] and lower
Churn Creek rocks [Haskin et al., 2003] of the Intermontane
superterrane. Plotting the paleomagnetic poles for each of
these units, along with those calculated from the Gable
Creek and Hudspeth Formations (Figure 18a), we see that
the coeval poles from the Insular superterrane are signifi-
cantly more far-sided than those of the Blue Mountains.
This difference reflects the shallower inclinations, and lower
resulting paleolatitudes, of the Insular superterrane units
(Figure 18b). In contrast, the poles of the Intermontane
units, though slightly older, are more similar to the Blue
Mountain pole (Figure 18a). Comparing the Cretaceous
paleolatitudes of these units (Figure 18b), we find that the
amount of latitudinal translation and relative position of the
Blue Mountains compares more favorably with that of

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

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

Figure 18. (a) Paleomagnetic poles calculated for tilt-corrected results from this study (MI pole). Also
plotted are the mid-Cretaceous NA reference pole [Housen et al., 2003], poles for units in the Insular
superterrane with high-quality results (MT, Mount Tatlow [Wynne et al., 1995]; UC, upper Churn Creek
[Enkin et al., 2003]; MSB, Mount Stuart batholith [Housen et al., 2003]) and poles from units in the
Intermontane superterrane with high-quality results (SB, Spences Bridge [Irving et al., 1995]; LC, lower
Churn Creek [Haskin et al., 2003]). (b) Paleogeographic map showing position of North America,
reconstructed using the Housen et al. [2003] NA pole. Paleolatitudes, with 95% confidence bars, for the
paleomagnetic results in Figure 18a and the paleolatitude of the Sierra Nevada (SNB) [Frei et al., 1984;
Frei, 1986] are shown. The ages of magnetization for each set of results and the post-Cretaceous amounts
of northward translation are also given. The labeled dots denote the study locality for each paleomagnetic
result.
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Grommé et al., 1986; Wyld and Wright, 2001]. If this
correlation is correct, rocks in the Klamath Mountains
should have a mid Cretaceous paleolatitude similar to that
indicated by our paleomagnetic study. There is a limited
(2 sites) paleomagnetic data set from the Hornbrook For-
mation [Mankinen and Irwin, 1982]. These results were
originally compared with coeval rocks of the Great Valley
Group, and found by Mankinen and Irwin [1982] to fail a
regional fold test on that basis. The tilt-corrected directions
for the Hornbrook Formation reported by Mankinen and
Irwin, [1982] are essentially identical to those we have
found from the Mitchell Inlier rocks supporting a link
between the Hornbrook and Ochoco Basins during the
mid-Cretaceous. Unfortunately the small number of sites
in the Hornbrook Formation makes a detailed statistical
comparison between the two studies of limited significance.
[39] The Klamaths and Sierra Nevada arc are commonly

treated as a single entity for most of Mesozoic time in many
compilations of regional geology [e.g., Ingersoll and
Schweickert, 1986; Saleeby, 1990; Hacker and Peacock,
1990; Hacker et al., 1995; Irwin and Mankinen, 1998;
Irwin, 2003; Dickinson, 2004]. We can consider possible
constraints on the paleogeographic position of the combined
Klamaths-Sierra Nevada block that are suggested by our
results in the Mitchell Inlier. The consensus of most
paleogeographic models summarized above, as well as
those of Dickinson and Butler [1998], Wyld and Wright
[2001], Umhoefer [2003], Umhoefer and Blakey [2005], and
Wyld et al. [2005], is that the Sierra Nevada arc was located
at its present latitude (49.1�N) relative to North America
during the Cretaceous. Paleomagnetic data from mid-
Cretaceous Sierra Nevada plutons [Frei et al., 1984; Frei,
1986] indicate a paleolatitude of 42.8� ± 5�N for this arc.
This result is commonly interpreted to indicate that little
significant latitudinal translation of the Sierra Nevada has
occurred since Late Cretaceous time, based on the overlap
between the expected (in place with respect to North
America) paleolatitude and the 95% confidence interval
on the paleolatitude calculated from the combined results
of Frei et al. [1984] and Frei [1986]. The mid-Late
Cretaceous reference pole for North America recalculated
by Housen et al. [2003] has a somewhat smaller 95%
confidence interval than that used by Frei [1986]; the
resulting paleolatitude anomaly becomes 6.3� ± 4.6� (indi-
cating transport of 700 ± 500 km) for the Sierra Nevada
batholith. The paleomagnetic results placing the Sierra
Nevada approximately 6� further south during mid Creta-
ceous time put the Klamath-Sierra Nevada block and the
Blue Mountains at similar paleolatitudes (Figure 18b). Thus
correlations between the Klamath-Sierra Nevada and the
Blue Mountains appear to be supported by both paleomag-
netic and geological data.

6.4. Paleogeographic Models

[40] On the basis of the discussion above, we present
three working models for the Late Cretaceous paleogeog-
raphy of the Cordilleran margin of North America.
6.4.1. Model 1: Intermontane-Blue Mountains-
Klamath-Sierra Nevada
[41] In our preferred model, Cretaceous strata and under-

lying mélange rocks in the Mitchell Inlier are relatively
contiguous with the larger Blue Mountains province

(Figure 1) and the Intermontane superterrane, and link the
Intermontane to the Klamath-Sierra Nevada system in mid-
Cretaceous time [e.g., Silver and Smith, 1983; Mortimer,
1986; Moores, 1998]. In this model, these units were
translated approximately 1200 to 1700 km northward dur-
ing the Late Cretaceous and early Tertiary. The Sierra
Nevada/Salinia arc shared 700 km of this translation [see
also Whidden et al., 1998] with the remaining 600 to
1100 km representing additional post-93 Ma translation of
the Blue Mountains. If the Blue Mountains were located at
or near the southern end of the Sierra Nevada (perhaps near
the restored position of the Salinia block [see Dickinson and
Butler, 1998; Whidden et al., 1998]), a dextral fault system
separating the Blue Mountains from the Sierra Nevada
would be suggested. Although our proposed timing does
not match, a new model suggesting that the southern Great
Valley province was a transtensional/translational forearc
basin [Wright, 2004] agrees well with the style of deforma-
tion that we call for here. For displacement occurring after
the Blue Mountains had moved north of the Sierra Nevada,
the extensive dextral fault system in western Idaho, NW
Nevada, and eastern California [Wyld and Wright, 2001] is
oriented favorably to have accommodated a significant
portion of this displacement, although the displacement
we propose is 500 to 1200 km greater than the estimates
of Wyld and Wright [2001]. The paleomagnetic results from
this study, and our interpretation of Sierra Nevada paleo-
magnetic data also produces estimates of translation that are
significantly larger than those proposed by Umhoefer and
Blakey [2005] and Wyld et al. [2005]. Our preferred model
also suggests significant displacement (1300–1800 km) of
the outboard Insular superterrane relative to the Intermon-
tane-Blue Mountain-Klamath-Sierra block. If the Insular
superterrane was located adjacent to North America (but
further south), a second system of dextral faults located
outboard of the Intermontane-Blue Mountain-Klamath-
Sierra block would be called for (as proposed by Irving et
al. [1996], Cowan et al. [1997], McClelland et al. [2000],
and Umhoefer [2003]). Objections to this paleogeography
based on the ‘‘space problem’’ arising from overlap between
Cretaceous arcs and subduction zones (see discussions by
Monger et al. [1982], Butler et al. [2001], and Dickinson
[2004], for example) could be addressed by adoption of the
Philippine plate-like ‘‘Cordilleria’’ model of Moores [1998].
In his model the Intermontane-Klamath-Sierra Nevada
formed a long arc province located adjacent to the North
American margin throughout much of Mesozoic time, and
the Insular superterrane was part of an outboard arc system
that was separated from the marginal arc by an intervening
oceanic plate [see Moores, 1998, Figure 10]. The paleo-
magnetic data discussed above fit the Moores [1998] model
remarkably well.
6.4.2. Model 2: Ochoco and Hornbrook Basin Sliver
[42] In this model, the Ochoco basin in the western Blue

Mountains and the Hornbrook basin of the Klamath Moun-
tains belong to a small sliver of forearc crust that experi-
enced more northward displacement than the rest of the
Blue Mountains province. In this case, our paleomagnetic
results would apply only to this smaller crustal block. The
remaining, more easterly parts of the Blue Mountains,
Klamaths, and Sierra Nevada would be located as proposed
by Wyld and Wright [2001]. The Ochoco-Hornbrook sliver
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would be located outboard and south of the Sierra Nevada
arc during mid Cretaceous time, and may have been
associated with the Salinian Block. An important fault
boundary would be needed to separate this sliver from the
central and eastern parts of the Blue Mountains, perhaps
similar to faults depicted by Cowan et al. [1997] and
Umhoefer [2003], but located farther east between the
Mitchell Inlier and the remainder of the Blue Mountains.
Northward translation of this sliver may have been associ-
ated with part of the translation of the Insular superterrane,
with the Ochoco-Hornbrook basins representing portions of
Baja-BC that were scraped off and left behind during
terrane displacement (the ‘‘paint on the bumper’’ of Maxson
and Tikoff [1996]). While we believe this model is possible,
we presently do not favor it because (1) little deformed mid-
Cretaceous strata of the Mitchell Inlier can be traced
eastward into the Suplee-Izee area where they overlap older,
tectonically juxtaposed rocks of the Baker and Izee terranes
[e.g., Dickinson and Thayer, 1978; Kleinhans et al., 1984];
and (2) abundant prior work has shown that the Izee,
Baker, and other terranes of the Blue Mountains were
amalgamated and stitched together by Late Jurassic or Early
Cretaceous time [e.g., Brooks and Vallier, 1978; Dickinson
and Thayer, 1978; Dickinson, 1979; White et al., 1992; Avé
Lallemant, 1995]. If correct, these geological relations may
rule out this model.
6.4.3. Model 3: Greater Inclination Error
[43] Our third model attributes the entire paleomagnetic

inclination anomaly to effects of inclination error in excess
of what we have detected in this study. If there was about
12� of inclination error in the Gable Creek and Hudspeth
Formations, the Late Cretaceous paleolatitude of the Mitch-
ell Inlier rocks would be concordant with that expected for
their present location in North America. Inclination errors of
this magnitude have been proposed for similar rocks by
Dickinson and Butler [1998] and Butler et al. [2001], and
slightly smaller (9�) errors were proposed for the Nanaimo
Group by Kim and Kodama [2004]. If correct, existing
paleogeographic models that place the Blue Mountains in
their present position by Early Cretaceous time [e.g., Avé
Lallemant, 1995; Umhoefer, 2003; Dickinson, 2004] would
be compatible with 12� of inclination error. This model, or
something close to it, would also be consistent with the
reconstruction proposed by Wyld and Wright [2001], which
calls for �400 km of translation of the Blue Mountains.
Additional tests for such a large magnitude of inclination
error would be required to support this ad hoc adjustment,
because the data presented above do not support this
interpretation. We also note that if there had been no
northward translation of the Mitchell Inlier, the mid-Creta-
ceous magnetic inclination recorded in these rocks would be
approximately 71�. According to models of inclination error
[see, e.g., Tauxe and Kent, 2004] such steep inclinations are
less likely to experience significant compaction shallowing.
Flattening factors of f = 0.5 to 0.6 would be needed to
produce our observed mean inclination from this expected
inclination; examination of model results [Jackson et al.,
1991] and fabric-inclination studies [Hodych et al., 1999;
Kim and Kodama, 2004] suggests that significant magnetic
anisotropies (P > 1.10) would likely be needed to achieve
this degree of inclination error. Most of our magnetic fabric
results have P < 1.04, so our data are not consistent with the

degree of flattening needed to erase the paleomagnetic
inclination anomaly we propose for these rocks. Clearly
more work on detection of, and methods of correction for,
significant inclination error in sedimentary rocks is needed
to fully evaluate this model.

7. Conclusions

[44] Our paleomagnetic study has found that Albian and
Cenomanian sedimentary rocks of the Gable Creek and
Hudspeth Formations in the Blue Mountains, central Ore-
gon, record the mid-Cretaceous geomagnetic field based on
positive fold, baked-contact, and conglomerate tests. Exam-
ination of magnetic fabrics and the shape distribution of
directional data indicates that there is little evidence for
significant inclination error. We therefore conclude that the
100% untilting mean direction of D = 10.8�, I = 58.5�, k =
127, a95 = 4.1�, and N = 11 for the sites south of the
Mitchell fault provides the best paleomagnetic data for
constraints on the paleogeography of these rocks. This
result places the Mitchell Inlier at a paleolatitude of 39.2�
+4.8�/�4.3�N and indicates a paleolatitude anomaly of
15.9� ± 4.1� relative to North America, giving a northward
translation of 1760 ± 460 km, and a CW rotation of 37� ±
7.3� for these rocks since circa 93 Ma. These data provide
firm support for prior models invoking large CW rotation of
the Blue Mountains during post-Cretaceous time, but indi-
cate a need for major revision of paleogeographic models
that place the Blue Mountains in their present position along
the North America margin in Early Cretaceous time.
[45] We suggest that, based on prior geological correla-

tions and similar post mid-Cretaceous translation histories,
the Blue Mountains province likely correlates with the
Intermontane superterrane [e.g., Mortimer, 1986], and that
the Intermontane-Blue Mountains-Klamath-Sierra Nevada
may have formed a large, quasi-continuous arc-forearc
province during this time [e.g., Moores, 1998]. Clast com-
positions and paleocurrents of the Gable Creek Formation
[Little, 1986; Lenegan, 2001], when corrected for the CW
rotation, do not support derivation of detritus in the Ochoco
basin from the nearby Western Idaho shear zone. On the
basis of the similar mid-Cretaceous paleolatitudes of the
Ochoco Basin (39�N) and Sierra Nevada (43�N), we pro-
pose that the Sierra Nevada magmatic arc and batholith may
have been the source of detritus in the Gable Creek
Formation.
[46] We consider other models, such as the Ochoco and

Hornbrook basins occupying an anomalous forearc sliver of
limited extent, or large amounts of inclination error due to
compaction shallowing, to be possible but less likely. Future
work is clearly needed to test these contradictory hypothe-
ses and resolve major uncertainties concerning the tectonic
architecture and evolution of the western U.S. Cordilleran
system.
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