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ABSTRACT

Contrasting magnetic fabrics in five successively emplaced syntectonic
plutons reveal temporal and spatial variations in tectonic strain in the oce-
anic terranes of the Blue Mountains province, northeastern Oregon, during the
Late Jurassic to Early Cretaceous. The inferred strain regimes changed from:
(1) thrusting and sinistral shearing at ca. 160 Ma, to (2) horizontal stretching
at ca. 147 Ma (in the forearc-accretionary wedge Baker terrane), to (3) dextral
transpression that started from ca. 140 Ma onward and was associated with
progressive anticlockwise rotation of the principal horizontal shortening di-
rection from ca. 130 Ma to ca. 126 Ma (in the Wallowa oceanic arc terrane).
These progressive strain reorientations are interpreted in terms of an out-
board Wallowa-Baker terrane collision, lateral extrusion, docking of the amal-
gamated Blue Mountains superterrane into a continental-margin reentrant,
and onset of oroclinal bending, respectively. The changes in crustal strains
are then interpreted as recording a progressive change in relative motions be-
tween the Pacific Ocean basin and North America and suggest a transition
from Late Jurassic sinistral deformation to Early Cretaceous dextral terrane
translations along the paleo-Pacific margin. We speculate that these events
may have been linked along large portions of the North American Cordillera,
from central California to Blue Mountains, and may have culminated in the
onset of accretion in the Franciscan complex and voluminous plutonism in
the Sierra Nevada magmatic arc. A similar plate-kinematic change is inferred
to have occurred in British Columbia several tens of millions of years later
(at ca. 100 Ma), implying that these kinematic transitions may have varied in
space and time along the length of the Cordilleran orogen.

B INTRODUCTION

The prolonged convergence of the Pacific Ocean basin (composed of sev-
eral lithospheric plates, e.g., Farallon and Kula) and the North American craton
(Laurentia) since the late Paleozoic produced the North American Cordillera

and shaped the western margin of the continent (Fig. 1A). The relative motions
of lithospheric plates underlying the Pacific Ocean basin with respect to the
North American craton have been fairly well documented for Late Cretaceous—
Cenozoic to recent times and were characterized by tens of millions of years
periods of constant-direction motion, interrupted by sudden changes in rela-
tive velocities with duration of perhaps only thousands of years (e.g., Atwater,
1970; Engebretson et al., 1985; Doubrovine and Tarduno, 2008; Doubrovine
et al., 2012). Pre-Cenozoic plate motions are increasingly difficult to reconstruct
as virtually all of the Kula and most of the Farallon plates have been subducted;
hence, plate motions are traditionally inferred from on-land, and often ambig-
uous, large-scale deformational structures, accretion patterns, petrologic and
paleomagnetic data, and radiometric ages. Consequently, significant contro-
versy persists regarding the kinematics of the Pacific and North America plate
convergence during the Mesozoic.

Existing Juro—Cretaceous plate tectonic models based on regional struc-
tures in various terranes throughout the western North American Cordillera
propose conflicting overall plate kinematics including sinistral, orthogonal,
and dextral convergence (e.g., Oldow et al., 1984; Avé Lallemant et al., 1985;
McClelland et al., 2000; Umhoefer, 2003; Ernst et al., 2008; Anderson, 2015;
Saleeby and Dunne, 2015). On the other hand, paleomagnetic and ocean-floor
age data indicate a significant kinematic switch during Late Jurassic to Early
Cretaceous as the Pacific, Kula, and Farallon plates changed their drift from
southward to northward with respect to the cratonal North America. Engebret-
son et al. (1985) suggested that this change occurred between 145 Ma and
110 Ma; however, Dumitru et al. (2010) subsequently revised its timing to ca.
123 Ma. It has been assumed that the northward drift of the Pacific, Kula, and
Farallon plates has continued from this time to the present day.

The Late Jurassic to Early Cretaceous change in relative plate motion was a
key geodynamic event for the growth of the Cordilleran margin of North Amer-
ica. The purpose of this contribution is to examine and better constrain the ex-
act kinematics and timing of this change. We use variations in magnetic fabrics
derived from anisotropy of magnetic susceptibility (AMS) measurements from
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Figure 1. (A) Schematic map showing the principal tectonostratigraphic terranes and their possible affinities in the North American Cordillera. Base map modified after Piercey and Colpron
(2009). Terranes: AG—Angayuchan; AL—Alaska; AR—Arctic; AX—Alexander; BK—Baker; BR—Bridge River; CC—Cache Creek; CF—Coldfoot; FW—Farewell; KHR—Klinkit and Harper River;
KL—Kilbuck; MC—McCloud; OK—Okanagan; Q—Quesnellia; RC—Rattlesnake Creek; RE—Redding; RU—Ruby; SE—Seward; SF—Shoo Fly; SI—Stikine; SM—Slide Mountain; ST—Stikinia;
TO—Tozitna; TR—Trinity; WA—Wallowa; WR—Wrangellia; Y-T—Yukon-Tanana; YR—Yreka. (B) Simplified geologic map showing terranes, their boundaries, other principal tectonic features,
and main plutonic units in the Blue Mountains Province accreted to the North American craton. Redrafted after Schwartz et al. (2011a). Blue dashed lines indicate state borders (ID—Idaho;
OR—Oregon; WA —Washington). Plutons in question: SBCP—Sunrise Butte composite pluton; WB—Wallowa batholith.

several successively emplaced, syntectonic Late Jurassic to Early Cretaceous
plutons in the Blue Mountains province of northeastern Oregon to infer tempo-
ral strain variations through time (Fig. 1B). We synthesize conclusions and inter-
pretations from our two earlier papers (Zak et al., 2012, 2015), where the original
AMS data are described in full, and we use this synthesis to place constraints
on conflicting tectonic models. In combination with the existing U-Pb sensitive
high-resolution ion microprobe (SHRIMP) zircon ages, we discuss the inferred
strain history in light of possible plate movements during growth of this portion
of the North America Cordillera and discuss broader implications for the Meso-
zoic to Cenozoic paleogeographic reconstructions of the Pacific Ocean basin.

Zak et al.

B LATE JURASSIC TO EARLY CRETACEOUS PLUTONS
IN THE BLUE MOUNTAINS PROVINCE

The Blue Mountains province (Fig. 1B) is a large erosional inlier composed
of three Permian to Early Jurassic oceanic terranes (the outboard Wallowa
oceanic arc, the Baker forearc-accretionary wedge, and the inboard Olds Ferry
arc; e.g., Vallier and Brooks, 1995; Dorsey and LaMaskin, 2007, 2008; Schwartz
et al., 2011a; LaMaskin et al., 2015) that were variably correlated with terranes
in British Columbia to the northwest and in the Klamath Mountains to the
southwest (see Snoke and Barnes, 2006, for an overview; Fig. 1A). Recent
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models suggest that the terranes first collided outboard of the continental mar-
gin during the Late Jurassic (159-154 Ma) and were then accreted as an already
amalgamated “superterrane” to the North American craton during the Early
Cretaceous (ca. 140-125 Ma; Schwartz et al., 2011b).

In the Blue Mountains Province, terrane boundaries generally trend ~NNE-
SSW in the east near the North American craton margin but continuously
reorient to ~E-W trend in the west (Fig. 1B). The curved terrane boundaries
thus define an orocline (see Zak et al., 2015, for discussion) and, even with-
out considering paleomagnetic data, are suggestive of significant clockwise
vertical-axis rotation. By comparing presumed paleopoles for terranes and
stable North America, the existing paleomagnetic studies estimated the to-
tal amount of this rotation at 60° + 29° (Wilson and Cox, 1980) and 66° + 21°
(Hillhouse et al., 1982) and suggested no significant latitudinal displacement
relative to the North American craton since Jurassic—Cretaceous times. We note
that the paleomagnetic data from igneous and metamorphic rocks lack paleo-
horizontal control and thus involve an unknown amount of tilt of the sampled
units. Cretaceous sedimentary rocks of the Mitchell Inlier (Fig. 1B), recently
interpreted by Schwartz and Johnson (2014) as separated from the central Blue
Mountains by a large-magnitude shear zone, indicate a lesser amount of
rotation (37° + 7°). The rotation was resolved into 21° from the Mid-Creta-
ceous to the Early and Middle Eocene and an additional 16° after the Eocene
(Housen and Dorsey, 2005; see also Grommé et al., 1986). In summary, large
rotations are consistently derived from relatively older rocks in the Blue
Mountains province; thus, all of the above estimates may be correct. It should
also be noted that the existing interpretations of the relative terrane rotations
may be reconsidered in the future in light of recently updated apparent pole
wander path models for North America (e.g., Enkin, 2006; Kent and Irving,
2010; Kent et al., 2015).

The prolonged Late Jurassic to Early Cretaceous terrane convergence in
the Blue Mountains province was accompanied by episodic but locally volumi-
nous dioritic to granitic plutonism (see Schwartz et al., 2011b, for overview). We
have examined a number of these syntectonic plutons, but here we provide
a brief description of only those five that preserve internal magmatic fabrics
bearing important regional kinematic information (Figs. 1B and 2; Table 1).

Late Jurassic Syntectonic Plutons Intruding the Baker
Forearc—Accretionary Wedge Terrane

The Late Jurassic Desolation Creek unit (160.2 + 2.1 Ma; 2°°Pb/?¢8U SHRIMP-
reverse geometry (RG) zircon age after Johnson et al., 2015) is the earliest,
northeasterly unit of the Sunrise Butte composite pluton that intruded ser-
pentinite-matrix mélanges and chert-argillite successions of the Baker terrane
(Figs. 1B and 2A). The unit is composed of pyroxene-bearing hornblende-
biotite quartz diorite and tonalite characterized by low Sr/Y ratios (<40). The
Sunrise Butte (146.7 + 2.3 Ma) and Onion Gulch (1479 + 1.8 Ma) units are
younger central and southwesterly units of the pluton largely composed of

hornblende-biotite granodiorite to tonalite or two-pyroxene diorites and quartz
diorites (Onion Gulch), all with high Sr/Y signature (>40; Fig. 2A). The low Sr/Y
plutons represent mantle- or arc-derived magmas originated on separated
oceanic terranes, whereas the high Sr/Y plutons were interpreted as reflecting
partial melting of orogenically thickened crust during outboard terrane amal-
gamation (Schwartz et al., 2011b; Johnson et al., 2015).

Early Cretaceous Syntectonic Plutons Intruding
the Wallowa Arc Terrane

The Pole Bridge (140.2 + 1.4 Ma) and Hurricane Divide (130.2 + 1.0 Ma)
plutons of the Wallowa batholith (Fig. 1) are broadly of the same lithology,
ranging from low-silica tonalite along pluton margins to amphibole-biotite
granodiorite in pluton cores (*°°Pb/*8U SHRIMP-RG zircon ages after Johnson
et al., 2011). These plutons were interpreted as having been derived from a
depleted-mantle source during Late Jurassic—Early Cretaceous crustal thick-
ening broadly coeval with collision of the Blue Mountains superterrane with
the North American craton (Johnson et al., 2011). The Craig Mountain pluton
(125.6 + 0.6 Ma) of the same batholith is a felsic granodiorite formed by partial
melting of the collision-thickened mafic arc crust (Johnson et al., 2011).

B MAGNETIC FABRIC PATTERNS IN THE
BLUE MOUNTAINS PLUTONS

Method

In addition to age and compositional differences, the above plutons exhibit
contrasting magnetic fabrics as revealed using the anisotropy of magnetic sus-
ceptibility (AMS; see Hrouda, 1982; Rochette et al., 1992; Tarling and Hrouda,
1993; Borradaile and Henry, 1997; and Borradaile and Jackson, 2010, for prin-
ciples of the method). Magnetic susceptibility is a second-rank tensor that
relates the induced magnetization of a rock linearly with the intensity of an
applied magnetic field:

M; =k; x H;,

where M, (i = 1, 2, 3) are components of the magnetization vector, H; (j = 1, 2,
3) are components of the vector of intensity of applied magnetic field, and k;
are magnetic susceptibilities, i.e., dimensionless constants of proportionality
(e.g., Tarling and Hrouda, 1993). The components k;;, k,,, ks; are also referred
to as the maximum (k,), intermediate (k,), and minimum (k;) principal suscep-
tibilities, respectively.

At each sampling site within a given pluton, the AMS method provides sev-
eral pieces of information, the most relevant of which for regional kinematic
analyses is the orientation of the principal magnetic axes. These are calculated

Zéak et al. | Magnetic fabrics of arc plutons record past plate motions
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A Sunrise Butte composite pluton: magnetic lineations
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Figure 2. (A) Simplified geologic map of the Sunrise Butte composite pluton with magnetic lineations (trend and plunge shown with arrows) in each intrusive unit (after Zak et al., 2012). Dotted line in
the Desolation Creek unit represents boundary of a domain with NE-SW-trending lineations (see text for discussion). (B) Simplified geologic map of the northeastern portion of the Wallowa batholith
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as a mean of typically 8-12 cylindrical specimens (each ~10 cm?® in volume)
drilled from an oriented block taken at each station (see Jelinek, 1978; and
Tarling and Hrouda, 1993, for methodology). The orientation of the mean AMS
axes with respect to geographic coordinates then corresponds to the orien-
tation of magnetic fabric, i.e., directions of magnetic lineation (k;) and a pole
(normal) to magnetic foliation (k;) at a sampling site. These mean foliations
and lineations are then used to construct maps showing a magnetic fabric
pattern within a pluton, whereas all data (all individual specimens) are sum-
marized in stereonets to show overall statistical orientation distribution of the
principal susceptibilities (Fig. 2).

Zak et al.

Data Description

Below, we summarize the regional magnetic fabric patterns in the five se-
lected plutons, or their parts (Fig. 2; a full presentation of the original data
sets, including discussion on magnetic mineralogy, is given in Zak et al., 2012,
2015). It is also important to note that the plutons also show macroscopically
apparent magmatic fabric (defined by shape-preferred orientation of horn-
blende, biotite, and feldspar grains and by microgranular enclaves and xeno-
liths; Fig. 3) with generally little macroscopic and microscopic evidence of
solid-state deformation except at a few localities. Hence, the magnetic fabrics

Magnetic fabrics of arc plutons record past plate motions
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TABLE 1. SUMMARY OF MAGNETIC FABRICS IN PLUTONS OF THE BLUE MOUNTAINS PROVINCE

U-Pb age (Ma)
(see text for

Inferred Farallon—North America

Unit references) Key magnetic fabric parameters Tectonic strain interpretation plate convergence
Desolation 160.2 + 2.1 Mean L = 36°/37°, foliations dip to the Left-oblique intraterrane thrusting Sinistral
Creek ~NE at moderate angles
Sunrise Butte 146.7 £ 2.3 Mean L = 301°/00°, girdle-like foliation Terrane-parallel stretching and lateral Orthogonal
orientation distribution, prolate fabric extrusion of the Baker terrane
Pole Bridge 1402+ 1.4 Mean L = 25°/33° oblique to ~NNW-SSE ~NE-SW transpressional shortening during  Dextral, terrane impingement into
host rock bedding dextral convergence continental margin reentrant
Hurricane 1302+ 1.0 Steep mean L (15°/79°), steep ~NW-SE ~NNE-SSW shortening and vertical Dextral, increasingly oblique
Divide foliations stretching convergence
Craig 1256 + 1.5 Map-scale arcuate foliation and lineation Magma flow into tensional domain along Rotation of southern portion of the Blue
Mountain pattern an axial plane of the oroclinal fold Mountains superterrane

are mostly interpreted in terms of hypersolidus, magmatic to submagmatic
strains (Fig. 4; defined using criteria outlined in Paterson et al., 1989, 1998). In
most cases, the mesoscopic foliation and lineation defined by paramagnetic
mafic minerals correspond well to the measured principal susceptibility axes,
interpreted as representing the shape or distribution anisotropy of magnetite
grains or aggregates (see Zak et al., 2012, 2015, for details). Furthermore, the
measured magnetic fabrics are homogeneously oriented at most of the sta-
tions, their means are well defined, and the fabrics show significant inter-site
consistency and systematic patterns on the maps (Fig. 2).

(1) The ca. 160 Ma Desolation Creek unit exhibits an unusually complex
internal structure over a small outcrop area, but the most conspicuous feature
is the presence of two subgroups of magnetic lineations (Fig. 2A). One sub-
group includes lineations plunging gently to moderately to the ~NE (Fig. 2A;
mean k, for this data subgroup is 036°/37°; trend/plunge convention is used
throughout this paper), whereas the other subgroup includes those plung-
ing to the ~E (mean k, is 098°/39°). Magnetic foliations scatter widely but sta-
tistically define a mean foliation dipping moderately to the ~NE (mean k; is
228°/41°; Fig. 2A). At all but one station, the NE-plunging lineations occur in
the eastern exposure (that one dated at ca. 160 Ma), whereas the E-plunging
lineations occur in the northwestern exposures of unknown radiometric age.

(2) The magnetic fabrics of the ca. 148-147 Ma Sunrise Butte and Onion
Gulch units are characterized by subhorizontal ~NNW-SE-trending magnetic
lineations (with a mean k, of 301°/00°) associated with ~NW-SE-striking mag-
netic foliations that dip moderately to steeply to the ~SW or ~NE (Fig. 2A). On
a stereoplot, poles to magnetic foliation (the k; axes) from all specimens in
the Sunrise Butte unit define a pronounced girdle about the strongly clustered
subhorizontal magnetic lineations (Fig. 2A), a relation frequently observed in
prolate magnetic fabrics (Zak et al., 2012).

(3) Mean magnetic foliations in the ca. 140 Ma Pole Bridge pluton strike
~N-S to ~NW-SE and dip moderately to steeply to the W or to the NE (Fig. 2B).
The foliations are roughly subparallel to the pluton margin and to the bedding
in the Late Triassic to Early Jurassic metaclastic host rocks (Fig. 2B). Magnetic
lineations exhibit moderate plunges, and their trends scatter widely to almost

all directions but notably cluster around a ~NNE direction (mean k;, is 25°/33°)
at two stations in the northern portion of the pluton where they are parallel to
stretching lineation on bedding planes (Zak et al., 2015). Thus both types of
lineation are oblique to the pluton-host contact (Fig. 2B) and to the strike of
bedding in the metaclastic rocks (Zak et al., 2015).

(4) In the ca. 130 Ma Hurricane Divide pluton, magnetic fabric exhibits
two distinct orientations. In the NE, magnetic foliations are steep and strike
~NW-SE to ~\WNW-ESE, and they are at a high angle to the nearby flat-lying
pluton roof but, at the same time, are roughly concordant with foliations in
the pluton roof (Fig. 2B). Lineations vary from mostly subvertical to shallowly
plunging to the ~ESE or ~\WNW (Fig. 2B), i.e., are distributed in a girdle-like
pattern along the mean foliation plane. In the SE, magnetic foliations are al-
most perpendicular to the above, striking ~NE-SW and being associated with
variably trending lineations (Fig. 2B).

(5) An entirely different fabric pattern is observed in the adjacent ca. 126 Ma
Craig Mountain pluton (Fig. 2B). Along both pluton margins, magnetic folia-
tions are oriented systematically at an angle of ~30°-45° to the nearby pluton—
host rock contact, and this angle increases toward the pluton center (Fig. 2B).
Lineations generally follow the same pattern and, altogether, both define a
pronounced asymmetric arcuate map-scale pattern that seems to be continu-
ous with deflected lithologic contacts, bedding, and metamorphic foliation in
the host rock on both sides of the pluton (Fig. 2B).

H DISCUSSION

Temporal and Spatial Strain Variations and Regional Kinematics
Recorded in the Blue Mountains Plutons

The AMS patterns in each of the five plutons were interpreted as recording
increments of tectonic strains during pluton solidification (e.g., Fig. 3D; see
also Zak et al., 2012, 2015, for detailed discussion) and thus reveal a tempo-
ral sequence of regional tectonic events (referred to as “stages” hereinafter;
Table 1). Furthermore, given the uncertainties attached to the paleomagnetic

Zéak et al. | Magnetic fabrics of arc plutons record past plate motions
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data (as outlined above and also recently pointed out by Mirzaei et al., 2016),
the AMS may shed light on the nature and timing of terrane displacements
and tectonic rotations in the Blue Mountains province over ~35 m.y. from ca.
160 Ma to ca. 126 Ma. This issue has been hotly debated. The opposing views
suggest that the Blue Mountains terranes were attached to the continent al-
ready by ca. 160 Ma (e.g., LaMaskin and Dorsey, 2016) or significantly later,
at ca. 144-128 Ma (e.g., Selverstone et al., 1992; Getty et al., 1993; Gray and
Oldow, 2005; Giorgis et al., 2008; Stowell et al., 2011). Our AMS data corrob-
orate the belief that the tectonic history of the Blue Mountains province was
complex and are consistent with the following kinematic evolution of the ter-
rane-continent convergence during Late Jurassic to Early Cretaceous:

Stage 1. The NE-plunging magnetic lineations in the ca. 160 Ma Desola-
tion Creek unit (Fig. 2A) are interpreted as reflecting strain during Wallowa
and Baker terrane convergence and SW-directed backthrusting onto the Olds
Ferry arc (Zak et al., 2012; present-day coordinates). Regardless of how much
of the postemplacement tectonic rotation is removed, the obliquity of the
NE-plunging lineations and of the inferred principal stretching direction to
the terrane and subterrane boundaries indicates an overall sinistral sense of

Figure 3. Examples of magmatic fabrics in
the Blue Mountains plutons. (A) Mineral
foliation (defined by mafic silicates), flat-
tened microgranular enclaves (ME), and
host rock xenoliths aligned parallel in the
Sunrise Butte granodiorite. Swiss Army
penknife is 9 cm long. (B) Close-up of mag-
matic foliation in the Sunrise Butte grano-
diorite defined by mafic silicates including

hedral hornblende ph ysts up to
1 cm long. Swiss Army penknife is 9 cm
long. (C) Close-up of strong magmatic foli-
ation in the Hurricane Divide granodiorite
defined by mafic silicates. (D) Magmatic
foliation overprinting diffuse margins of
a late dike in the Hurricane Divide grano-
diorite. Swiss Army penknife is 9 cm long.

shear along terrane boundaries at 160 Ma as shown in Fig. 5A. The other sub-
group of E-plunging lineations was interpreted as reflecting the onset of strain
axes reorientation toward ~WNW-ESE horizontal stretching of the subsequent
Stage 2 (Fig. 2A; Z&k et al., 2012).

Stage 2. At ca. 148-147 Ma (age of the Sunrise Butte and Onion Gulch
units), magnetic lineations and the inferred principal stretching directions are
terrane parallel. Prolate shape of the AMS ellipsoids and girdle-like orientation
distribution of magnetic foliations in the Sunrise Butte unit (Fig. 2A) suggest
that, rather than wrench-dominated shearing, these lineations record uniaxial
stretching and lateral extrusion of the Baker terrane after outboard terrane
amalgamation (Fig. 5B; see also Zak et al., 2012). At this time, the amalgamated
Blue Mountains superterrane was presumably approaching the North Amer-
ican craton margin at the expense of an intervening oceanic basin in the
Salmon River suture zone during approximately orthogonal convergence (Fig.
5B). Magnetic fabric of the Onion Gulch unit is somewhat more complicated
and is interpreted as recording both intrusive (steep lineations associated with
~N-S foliations parallel to the nearby intrusive contact) and tectonic strain
(~WNW-ESE-trending lineations; Fig. 2A; Zak et al., 2012).
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Stage 3. Plutons in the Wallowa batholith (see below) intruded into the
eastern portion of the Wallowa terrane, which roughly parallels the overall
~NNW-SSE “Cordilleran” structural grain (Fig. 1). We thus suggest that these
plutons likely have not undergone a significant oroclinal rotation as compared
to the Sunrise Butte composite pluton and that the kinematic information can
be obtained directly using the present-day coordinates. It should be noted,
however, that this inference challenges some of the existing paleomagnetic
data (cf. Wilson and Cox, 1980, their sites W13 and W19; but see also Mirzaei
et al., 2016).

The ca. 140 Ma Pole Bridge pluton and its host rock record ~NE-SW short-
ening, transpressional folding, and SW-directed oblique thrusting (Zak et al.,
2015) where magnetic lineations are parallel to bedding-oblique flexural-slip
lineations in the metaclastic host rock (Fig. 2B). At a regional scale, this defor-
mational event was broadly coeval with crustal thickening along the terrane-
continent suture zone farther to the east at ca. 141-124 Ma (the Salmon River
suture zone in Fig. 1B; Selverstone et al., 1992; Getty et al., 1993; Gray and
Oldow, 2005), and we interpret this deformation as an early phase of the pro-
longed attachment of the Blue Mountains superterrane to the North American

Figure 4. Examples of magmatic to sub-
magmatic microstructures that are typical
of the Blue Mountains plutons. (A) Pyrox-
ene-hornblende-biotite granodiorite of
the Desolation Creek unit, crossed po-
lars. (B) Hornblende-biotite granodiorite
of the Sunrise Butte unit, crossed polars.
(C) Hornblende-biotite tonalite to granodi-
orite of the Hurricane Divide unit, crossed
polars. (D) Coarse-grained biotite grano-
diorite of the Craig Mountain unit, crossed
polars. Mineral abbreviations: Bt—biotite;
Cpx—clinopyroxene (augite); Hbl—horn-
blende; Plg—plagioclase; Qtz—quartz.

continental margin. The obliquity of the inferred principal shortening direction
with respect to the ~NNNW-SSE-trending terrane boundaries implies that the
frontal convergence switched to dextral and thus northward displacement of
the superterrane from 140 Ma onwards (Fig. 5C).

Stage 4. The AMS in the ca. 130 Ma Hurricane Divide pluton records vertical
stretching (thickening) of the crust associated with two nearly perpendicular
horizontal shortening directions, the ~NNE-SSW shortening being dominant
(Fig. 5D; associated with oblate AMS ellipsoid; see Zak et al., 2015, for discus-
sion). Based on paleomagnetic and geochronologic studies, Tikoff et al. (2014)
suggested that the North American craton margin was stepped and consisted
of a 330°-trending rift zone and a 60°-trending transform fault before the super-
terrane attachment. We envisage that the Stage 4 deformation was caused by
the superterrane impingement into this westward-concave reentrant consis-
tent with continued metamorphism and loading in the Salmon River suture
zone (the Syringa embayment; Figs. 1B and 3D; see also Strayer et al., 1989;
Lund et al., 2008; Stowell et al., 2011; and Zak et al., 2015, for discussions).

Stage 5. As a consequence of progressive squeezing of the Blue Mountains
superterrane into the presumed continental margin reentrant, its northern por-
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tion became more difficult to further deform by horizontal shortening and verti-
cal stretching. We propose that the continuing and increasingly oblique dextral
convergence initiated crustal-scale oroclinal bending and clockwise rotation of
the southern, still deformable portion of the superterrane (largely outboard of
the reentrant) about a vertical axis (Fig. 5E). The ca. 126 Ma Craig Mountain
pluton was emplaced into a local tensional domain along the axial plane of
this initiating crustal-scale fold, and its internal magmatic fabric records strain
during progressive fold development (Fig. 5E; see Zak et al., 2015, for details).
By ca. 118 Ma, ductile deformation became localized mainly along the dextral
transpressive western ldaho shear zone (Fig. 1B), accommodating continued
convergence of the Blue Mountains province and North American craton until
Late Cretaceous times (e.g., McClelland et al., 2000; Giorgis et al., 2008).

Inferences on Plate Kinematics from the AMS

The pioneering studies of Benn et al. (2001) and Cao et al. (2015) have
shown that, under favorable circumstances, mesoscopic and magnetic fab-
ric patterns in plutons may be used to infer regional kinematics and to track
past plate motions (plate displacement vectors). Similarly, we suggest that the
orientation of the principal AMS axes with respect to the terrane boundaries
and to the adjacent North American craton margin may provide key informa-
tion about changing strain fields in the Blue Mountains province (Stages 1-5;
Table 1) and, in turn, aid in reconstructing kinematics of convergence between
the Farallon and North America plates during the Late Jurassic to Early Creta-
ceous interval when previous studies indicated a major change in plate mo-
tions. This approach, however, involves three assumptions: (1) on a specimen
scale, the AMS axes are assumed to coincide with the principal strain axes;
(2) on a regional scale, the principal strain axes inferred from the AMS are
assumed to reflect plate movements in such a way that magnetic lineations
are parallel to the overall tectonic transport direction and parallel to the plate
motion vector (Benn et al., 2001); and (3) the plutons have not experienced sig-
nificant tilting. The latter assumption is supported by regionally consistent pat-
terns of foliations, lineations, and fold axes (overview in Avé Lallemant, 1995).

Two important conclusions can be deduced from the above discussed
plate-tectonic scenario:

First, our pluton fabric data do not support models invoking only orthog-
onal or dextral convergence between the Farallon and North American plates
during Late Jurassic to earliest Cretaceous times as proposed in some earlier
reconstructions (e.g., Wernicke and Klepacki, 1988; Ernst et al., 2008). Instead,
we favor a hypothesis involving the southward displacement of the Blue Moun-
tains terranes outboard of the truncated North American continental margin at
ca. 160 Ma (e.g., Avé Lallemant et al., 1985; Avé Lallemant and Oldow, 1988;
Monger, 1997; Beck and Housen, 2003; Umhoefer, 2003; Anderson, 2015).

Second, we present a refined hypothesis for the inferred Late Jurassic to
Early Cretaceous change in the plate motions. Dextral shear was proposed
to control deformation along various segments of the Cordilleran margin of
North America (from central California to Oregon) by Oldow et al. (1984) from

ca. 100 Ma onwards, by McClelland et al. (2000) since ca. 130 Ma, and by Lahren
and Schweickert (1989) and Grasse et al. (2001) between ca. 148-120 Ma. The in-
ferred rotation of strain axes in the Blue Mountains plutons constrains this tran-
sition more precisely from orthogonal to dextral kinematics between ca. 148 Ma
(Stage 2) and ca. 140 Ma (Stage 3) and is consistent with further increase in
obliquity of plate convergence from ca. 130 Ma to 126 Ma (Stages 4 and 5).

Finally, we note that the latter, ca. 130-126 Ma event in the Blue Mountains
province temporally overlaps with a series of interlinked tectonic events in the
northern and central Californian portion of the U.S. Cordillera, including (1) on-
set of strongly accretionary behavior in the Franciscan complex; (2) a break
in the deposition of siliciclastic detritus in the Great Valley forearc basin; and
(3) the beginning of a Mid- to Late Cretaceous magmatic flare-up period in the
Sierra Nevada arc (see Dumitru et al., 2010, for a summary). This tentative con-
nection of the Late Jurassic to Early Cretaceous tectonic events in Oregon and
California is interpreted here as reflecting changes in the plate velocity vectors
and a reversal from southward to northward drift of the Pacific, Kula, and Far-
allon plates with respect to North America (e.g., Miller et al., 2002; Umhoefer,
2003; Dumitru et al., 2010).

In the Coast Plutonic Complex, British Columbia, Israel et al. (2006, 2013)
and Monger (2014), among others, suggested a similar change from Early
Cretaceous sinistral through Mid-Cretaceous compressive to Late Cretaceous
dextral deformation. Based on a geochronologic study from the same unit,
Gehrels et al. (2009) proposed that a transition from sinistral to dextral mo-
tions of the Kula and Farallon plates with respect to North America occurred at
ca. 100 Ma. Thus while the above hypotheses suggest the same relative plate
motion change, they imply it was recorded earlier in the southerly terranes,
including the Blue Mountains province, but was younger in British Columbia
by several tens of millions of years. It remains an open question for future
research how exactly these events and plate-scale kinematic transitions link
along strike of the North American Cordillera.

B CONCLUSIONS

(1) Contrasting magnetic fabrics in five successively emplaced plutons
reveal temporal and spatial variations in regional tectonic strain in oceanic
terranes of the Blue Mountains province during the Late Jurassic to Early Cre-
taceous times.

(2) The inferred strain regimes evolved from thrusting and sinistral shear-
ing at ca. 160 Ma through horizontal stretching at ca. 147 Ma (Greenhorn sub-
terrane of the Baker terrane) to dextral transpression at ca. 140 Ma, followed
by progressive anticlockwise rotation of the principal horizontal shortening
direction from ca. 130 Ma to ca. 126 Ma (Wallowa terrane).

(3) The progressive reorientations of the regional principal strain axes are
interpreted in terms of an outboard Wallowa and Baker terrane amalgamation,
lateral extrusion of the Greenhorn subterrane, docking of the amalgamated
Blue Mountains superterrane into a continental-margin reentrant, and onset
of oroclinal folding.

Zéak et al. | Magnetic fabrics of arc plutons record past plate motions



http://geosphere.gsapubs.org

GEOSPHERE

Volume 13

Number 1

(4) The documented changes in crustal strains are perhaps linked to a pro-
gressive change in the kinematics of oceanic plates of the Pacific basin relative
to North America and suggest overall Late Jurassic sinistral and Early Cre-
taceous dextral terrane translations along the continental edge. Finally, we
propose that these events may have been linked along large portions of the
orogen, at least from central California to Blue Mountains, and may have cul-
minated in the onset of accretion in the Franciscan complex and voluminous
plutonism in the Sierra Nevada arc.

ACKNOWLEDGMENTS

Our research was initiated and greatly inspired by the life-long work and classic papers of Arthur
W. Snoke from the Klamath Mountains; his work provided a key basis for regional tectonic and
magmatic correlations with the Blue Mountains province. We gratefully acknowledge Bernard
Henry, Robert B. Miller, Bernard Housen, John Bartley, and three other anonymous reviewers for
their useful and constructive comments that helped to improve the various versions of the manu-
script and to clarify our conclusions. Journal Editors Shanaka de Silva and Allen J. McGrew are
thanked for careful editorial handling. This study was supported by the Czech Science Foundation
through grant P210/12/1385 (to Jifi Zak) and by the Charles University project PRVOUK P44. Filip
Tomek acknowledges support from the Czech Academy of Sciences through Research Plan RVO
67985831 and postdoctoral fellowship L100131601.

REFERENCES CITED

Anderson, T.H., 2015, Jurassic (170-150 Ma) basins: The tracks of a continental-scale fault, the
Mexico-Alaska megashear, from the Gulf of Mexico to Alaska, in Anderson, T. H., Didenko,
A.N., Johnson, C.L., Khanchuk, A.l., and MacDonald, J.H., eds., Late Jurassic Margin of Laur-
asia—A Record of Faulting Accommodating Plate Rotation: Geological Society of America
Special Paper 513, p. 107-188, doi:10.1130/2015.2513(03).

Atwater, T., 1970, Implications of plate tectonics for the Cenozoic tectonic evolution of western
North America: Geological Society of America Bulletin, v. 81, p. 3513-3536, d0i:10.1130/0016
-7606(1970)81[3513:I0PTFT]2.0.CO;2.

Avé Lallemant, H.G., 1995, Pre-Cretaceous tectonic evolution of the Blue Mountains Province,
northeastern Oregon, in Vallier, T.L., and Brooks, H.C., eds., Geology of the Blue Mountains
Region of Oregon, Idaho and Washington: Petrology and Tectonic Evolution of Pre-Tertiary
Rocks of the Blue Mountains Region: U.S. Geological Survey Professional Paper 1438,
p. 271-304.

Avé Lallemant, H.G., and Oldow, J.S., 1988, Early Mesozoic southward migration of Cordilleran
transpressional terranes: Tectonics, v. 7, p. 1057-1075, doi:10.1029/TC007i005p01057.

Avé Lallemant, H.G., Schmidt, W.J., and Kraft, J.L., 1985, Major Late-Triassic strike-slip displace-
ment in the Seven Devils terrane, Oregon and Idaho: A result of left-oblique plate conver-
gence: Tectonophysics, v. 119, p. 299-328, doi:10.1016/0040-1951(85)90044-7.

Beck, M.E., and Housen, B.A., 2003, Absolute velocity of North America during the Mesozoic
from paleomagnetic data: Tectonophysics, v. 377, p. 33-54, doi:10.1016/j.tecto.2003.08.018.

Benn, K., Paterson, S.R., Lund, S.P, Pignotta, G.S., and Kruse, S., 2001, Magmatic fabrics in
batholiths as markers of regional strains and plate kinematics: Example of the Cretaceous
Mt. Stuart batholith: Physics and Chemistry of the Earth. Part A: Solid Earth and Geodesy,
V. 26, p. 343-354, doi:10.1016/S1464-1895(01)00064-3.

Borradaile, G., and Henry, B., 1997, Tectonic applications of magnetic susceptibility and its anisot-
ropy: Earth-Science Reviews, v. 42, p. 49-93, doi:10.1016/S0012-8252(96)00044-X.

Borradaile, G.J., and Jackson, M., 2010, Structural geology, petrofabrics and magnetic fabrics
(AMS, AARM, AIRM): Journal of Structural Geology, v. 32, p. 1519-1551, doi:10.1016/j.jsg
.2009.09.006.

Cao, W., Paterson, S.R., Memeti, V., Mundil, R., Anderson, J.L., and Schmidt, K., 2015, Tracking
paleodeformation fields in the Mesozoic central Sierra Nevada arc: Implications for intra-arc
cyclic deformation and arc tempos: Lithosphere, v. 7, p. 296-320, doi:10.1130/L389.1.

Dorsey, R.J., and LaMaskin, T.A., 2007, Stratigraphic record of Triassic-Jurassic collisional tec-
tonics in the Blue Mountains Province, northeastern Oregon: American Journal of Science,
v. 307, p. 1167-1193, doi:10.2475/10.2007.03.

Dorsey, R.J., and LaMaskin, TA., 2008, Mesozoic collision and accretion of oceanic terranes in
the Blue Mountains province of northeastern Oregon: New insights from the stratigraphic
record, in Spencer, J.E., and Titley, S.R., eds., Ores and Orogenesis: Circum-Pacific Tecton-
ics, Geologic Evolution, and Ore Deposits: Arizona Geological Society Digest 22, p. 325-332.

Doubrovine, PV., and Tarduno, J.A., 2008, A revised kinematic model for the relative motion
between Pacific oceanic plates and North America since the Late Cretaceous: Journal of
Geophysical Research, v. 113, B12101, doi:10.1029/2008JB005585.

Doubrovine, PV., Steinberger, B., and Torsvik, T.H., 2012, Absolute plate motions in a reference
frame defined by moving hot spots in the Pacific, Atlantic, and Indian oceans: Journal of
Geophysical Research, v. 117, B09101, doi:10.1029/2011JB009072.

Dumitru, TA., Wakabayashi, J., Wright, J.E., and Wooden, J.L., 2010, Early Cretaceous transition
from nonaccretionary behavior to strongly accretionary behavior within the Franciscan sub-
duction complex: Tectonics, v. 29, TC5001, doi:10.1029/2009TC002542.

Engebretson, D.C., Cox, A., and Gordon, R.G., 1985, Relative motions between oceanic and con-
tinental plates in the Pacific Basin: Geological Society of America Special Paper 206, p. 1-60,
doi:10.1130/SPE206-p1.

Enkin, R.J., 2006, Paleomagnetism and the case for Baja British Columbia, in Haggart, J.W.,
Enkin, R.J., and Monger, J.W.H., eds., Paleogeography of the North American Cordillera: Evi-
dence for and against Large-Scale Displacements: Geological Association of Canada Special
Paper 46, p. 233-253.

Ernst, W.G., Snow, C.A., and Scherer, H.H., 2008, Mesozoic transpression, transtension, subduc-
tion and metallogenesis in northern and central California: Terra Nova, v. 20, p. 394-413, doi:
10.1111/j.1365-3121.2008.00834.x.

Gehrels, G., Rusmore, M., Woodsworth, G., Crawford, M., Andronicos, C., Hollister, L.,
Patchett, J., Ducea, M., Butler, R., Klepeis, K., Davidson, C., Friedman, R., Haggart, J.,
Mahoney, B., Crawford, W., Pearson, D., and Girardi, J., 2009, U-Th-Pb geochronology of
the Coast Mountains batholith in north-coastal British Columbia: Constraints on age and
tectonic evolution: Geological Society of America Bulletin, v. 121, p. 1341-1361, d0i:10.1130
/B26404.1.

Getty, S.R., Selverstone, J., Wernicke, B., Jacobsen, S.B., Aliberti, E.A., and Lux, D.R., 1993,
Sm-Nd dating of multiple garnet growth events in an arc-continent collision zone, north-
western U.S. Cordillera: Contributions to Mineralogy and Petrology, v. 115, p. 45-57, doi:10
.1007/BF00712977.

Giorgis, S., McClelland, W.C., Fayon, A., Singer, B.S., and Tikoff, B., 2008, Timing of deforma-
tion and exhumation in the western ldaho shear zone, McCall, Idaho: Geological Society of
America Bulletin, v. 120, p. 1119-1133, doi:10.1130/B26291.1.

Grasse, S.W., Gehrels, G.E., Lahren, M.A., Schweickert, R.A., and Barth, A.P, 2001, U-Pb geochro-
nology of detrital zircons from the Snow Lake pendant, central Sierra Nevada—Implications
for Late Jurassic-Early Cretaceous dextral strike-slip faulting: Geology, v. 29, p. 307-310, doi:
10.1130/0091-7613(2001)029<0307:UPGODZ>2.0.CO;2.

Gray, K.D., and Oldow, J.S., 2005, Contrasting structural histories of the Salmon River belt and
Wallowa terrane: Implications for terrane accretion in northeastern Oregon and west-central
Idaho: Geological Society of America Bulletin, v. 117, p. 687-706, doi:10.1130/B25411.1.

Grommé, C.S., Beck, M.E., Wells, R.E., and Engebretson, D.C., 1986, Paleomagnetism of the
Tertiary Clarno Formation of central Oregon and its significance for the tectonic history of
the Pacific Northwest: Journal of Geophysical Research, v. 91, p. 14089-14103, doi:10.1029
/JB091iB14p14089.

Hillhouse, J.W., Grommé, C.S., and Vallier, TL., 1982, Paleomagnetism and Mesozoic Tectonics
of the Seven Devils volcanic arc in northeastern Oregon: Journal of Geophysical Research,
v. 87, p. 3777-3794, doi:10.1029/JB087iB05p03777.

Housen, B.A., and Dorsey, R.J., 2005, Paleomagnetism and tectonic significance of Albian and
Cenomanian turbidites, Ochoco Basin, Mitchell Inlier, central Oregon: Journal of Geophysi-
cal Research, v. 110, B07102, doi:10.1029/2004JB003458.

Hrouda, F, 1982, Magnetic anisotropy of rocks and its application in geology and geophysics:
Geophysical Surveys, v. 5, p. 37-82, doi:10.1007/BF01450244.

Israel, S., Schiarizza, P, Kennedy, L.A., Friedman, R.M., and Villeneuve, M., 2006, Evidence for
Early to Late Cretaceous sinistral deformation in the Tchaikazan River area, southwestern
British Columbia: Implications for the tectonic evolution of the southern Coast belt, in Hag-
gart, J.W., Enkin, R.J., and Monger, J.W.H., eds., Paleogeography of the North American
Cordillera: Evidence for and against Large-Scale Displacements: Geological Association of
Canada Special Paper 46, p. 331-350.

Zéak et al. | Magnetic fabrics of arc plutons record past plate motions



http://geosphere.gsapubs.org

GEOSPHERE

Volume 13

Number 1

Israel, S.A., Kennedy, L.A., and Friedman, R.M., 2013, Strain partitioning in accretionary orogens,
and its effects on orogenic collapse: Insights from western North America: Geological Soci-
ety of America Bulletin, v. 125, p. 1260-1281, doi:10.1130/B30777.1.

Jelinek, V., 1978, Statistical processing of anisotropy of magnetic susceptibility measured
on groups of specimens: Studia Geophysica et Geodetica, v. 22, p. 50-62, doi:10.1007
/BF01613632.

Johnson, K., Schwartz, J.J., Wooden, J.L., O'Driscoll, L.J., and Jeffcoat, R.C., 2011, The Wallowa
batholith: New Pb/U (SHRIMP-RG) ages place constraints on arc magmatism and crustal
thickening in the Blue Mountains Province, NE Oregon: Geological Society of America Ab-
stracts with Programs, v. 43, no. 4, p. 5.

Johnson, K., Schwartz, J.J., Zak, J., Verner, K., Barnes, C.G., Walton, C., Wooden, J.L., Wright, J.E.,
and Kistler, R.W., 2015, Composite Sunrise Butte pluton: Insights into Jurassic-Cretaceous
collisional tectonics and magmatism in the Blue Mountains Province, northeastern Oregon,
in Anderson, T.H., Didenko, A.N., Johnson, C.L., Khanchuk, A.l., and MacDonald, J.H., eds.,
Late Jurassic Margin of Laurasia— A Record of Faulting Accommodating Plate Rotation: Geo-
logical Society of America Special Paper 513, p. 377-398, doi:10.1130/2015.2513(10).

Kent, D.V., and Irving, E., 2010, Influence of inclination error in sedimentary rocks on the Triassic
and Jurassic apparent pole wander path for North America and implications for Cordilleran
tectonics: Journal of Geophysical Research, v. 115, B10103, doi:10.1029/2009JB007205.

Kent, D.V., Kjarsgaard, B.A., Gee, J.S., Muttoni, G., and Heaman, L.M., 2015, Tracking the Late
Jurassic apparent (or true) polar shift in U-Pb-dated kimberlites from cratonic North Amer-
ica (Superior Province of Canada): Geochemistry Geophysics Geosystems, v. 16, p. 983-994,
doi:10.1002/2015GC005734.

Lahren, M.A., and Schweickert, R.A., 1989, Proterozoic and Lower Cambrian miogeoclinal rocks
of Snow Lake pendant, Yosemite-Emigrant Wilderness, Sierra Nevada, California: Evidence
for major Early Cretaceous dextral translation: Geology, v. 17, p. 156-160, doi:10.1130/0091
-7613(1989)017<0156:PALCMR>2.3.CO;2.

LaMaskin, T.A., and Dorsey, R.J., 2016, Westward growth of Laurentia by pre-Late Jurassic ter-
rane accretion, eastern Oregon and Idaho, United States: A reply: The Journal of Geology,
v. 124, p. 143-147, doi:10.1086/684120.

LaMaskin, T.A., Dorsey, R.J., Vevoort, J.D., Schmitz, M.D., Tumpane, K.P, and Moore, N.O., 2015,
Westward growth of Laurentia by pre-Late Jurassic terrane accretion, eastern Oregon and
western ldaho, United States: The Journal of Geology, v. 123, p. 233-267, doi:10.1086/681724.

Lund, K., Aleinikoff, J.N., Yacob, E.Y., Unruh, D.M., and Fanning, C.M., 2008, Coolwater culmi-
nation: Sensitive high-resolution ion microprobe (SHRIMP) U-Pb and isotopic evidence for
continental delamination in the Syringa Embayment, Salmon River suture, Idaho: Tectonics,
v. 27, TC2009, doi:10.1029/2006 TC002071.

McClelland, W.C., Tikoff, B., and Manduca, C.A., 2000, Two-phase evolution of accretionary mar-
gins: Examples from the North American Cordillera: Tectonophysics, v. 326, p. 37-55, doi:10
.1016/S0040-1951(00)00145-1.

Miller, E.L., Gelman, M., Parfenov, L., and Hourigan, J., 2002, Tectonic setting of Mesozoic mag-
matism: A comparison between northeastern Russia and the North American Cordillera,
in Miller, E.L., Grantz, A., and Klemperer, S.L., eds., Tectonic Evolution of the Bering Shelf-
Chukchi Sea—Arctic Margin and Adjacent Landmasses: Geological Society of America Spe-
cial Paper 360, p. 313-332, doi:10.1130/0-8137-2360-4.313.

Mirzaei, M., Housen, B., and Burmeister, R.F, 2016, Rock-magnetic study of the Wallowa batho-
lith: Geological Society of America Abstracts with Programs, v. 48, Paper No. 29-1, doi:10
.1130/abs/2016RM-276167.

Monger, J.W.H., 1997, Plate tectonics and northern Cordilleran geology: An unfinished revolu-
tion: Geoscience Canada, v. 24, p. 189-198.

Monger, J.W.H., 2014, Seeking the suture: The Coast-Cascade conundrum: Geoscience Canada,
v. 41, p. 379-398, doi:10.12789/geocan;j.2014.41.058.

Oldow, J.S., Avé Lallemant, H.G., and Schmidt, W.J., 1984, Kinematics of plate convergence
deduced from Mesozoic structures in the western Cordillera: Tectonics, v. 3, p. 201-227, doi:
10.1029/TC003i002p00201.

Paterson, S.R., Vernon, R.H., and Tobisch, O.T., 1989, A review of criteria for identification of
magmatic and tectonic foliations in granitoids: Journal of Structural Geology, v. 11, p. 349-
363, doi:10.1016/0191-8141(89)90074-6.

Paterson, S.R., Fowler, T.K., Schmidt, K.L., Yoshinobu, A.S., Yuan, E.S., and Miller, R.B., 1998,
Interpreting magmatic fabric patterns in plutons: Lithos, v. 44, p. 53-82, doi:10.1016/S0024
-4937(98)00022-X.

Piercey, S.J., and Colpron, M., 2009, Composition and provenance of the Snowcap assemblage,
basement to the Yukon-Tanana terrane, northern Cordillera: Implications for Cordilleran
crustal growth: Geosphere, v. 5, p. 439-464, doi:10.1130/GES00505.1.

Rochette, P, Jackson, M., and Aubourg, C., 1992, Rock magnetism and the interpretation of
anisotropy of magnetic susceptibility: Reviews of Geophysics, v. 30, p. 209-226, doi:10.1029
/92RG00733.

Saleeby, J.B., and Dunne, G., 2015, Temporal and tectonic relations of early Mesozoic arc mag-
matism, southern Sierra Nevada, California, in Anderson, T.H., Didenko, A.N., Johnson, C.L.,
Khanchuk, A.l.,, and MacDonald, J.H., eds., Late Jurassic Margin of Laurasia —A Record of
Faulting Accommodating Plate Rotation: Geological Society of America Special Paper 513,
p. 223-268, doi:10.1130/2015.2513(05).

Schwartz, J.J., and Johnson, K., 2014, Construction of Phanerozoic continental crust in the Blue
Mountains province by tectonic assembly and magmatic addition: Geological Society of
America Abstracts with Programs, v. 43, p. 647.

Schwartz, J.J., Snoke, A.W., Cordey, F, Johnson, K., Frost, C.D., Barnes, C.G., LaMaskin, TA.,
and Wooden, J.L., 2011a, Late Jurassic magmatism, metamorphism, and deformation in the
Blue Mountains Province, northeast Oregon: Geological Society of America Bulletin, v. 123,
p. 2083-2111, doi:10.1130/B30327.1.

Schwartz, J.J., Johnson, K., Miranda, E.A., and Wooden, J.L., 2011b, The generation of high Sr/Y
plutons following Late Jurassic arc-arc collision, Blue Mountains province, NE Oregon:
Lithos, v. 126, p. 22-41, doi:10.1016/j.lith0s.2011.05.005.

Selverstone, J., Wernicke, B.P, and Aliberti, E.A., 1992, Intracontinental subduction and hinged
unroofing along the Salmon River suture zone, west central Idaho: Tectonics, v. 11, p. 124-
144, doi:10.1029/91TC02418.

Snoke, A.W., and Barnes, C.G., 2006, The development of tectonic concepts for the Klamath
Mountains province, California and Oregon, in Snoke, A.W., and Barnes, C.G., eds., Geo-
logical Studies in the Klamath Mountains Province, California and Oregon: A Volume in
Honor of William P. Irwin: Geological Society of America Special Paper 410, p. 1-29, doi:10
.1130/2006.2410(01).

Stowell, H., McKay, M.P, Schwartz, J.J., and Gray, K.D., 2011, Loading and metamorphism within
the Salmon River suture zone, west-central Idaho: Geological Society of America Abstracts
with Programs, v. 43, p. 647.

Strayer, L.M., Hyndman, D.W., Sears, J.W., and Myers, PE., 1989, Direction and shear sense
during suturing of the Seven Devils-Wallowa terrane against North America in western
Idaho: Geology, v. 17, p. 1025-1028, doi:10.1130/0091-7613(1989)017<1025:DASSDS>2.3.CO;2.

Tarling, D.H., and Hrouda, F, 1993, The Magnetic Anisotropy of Rocks: London, Chapman and
Hall, 221 p.

Tikoff, B., Kelso, P, Stetson-Lee, T., Byerly, A., Gaschnig, R.M., Vervoort, J.D., and Rinna, A.P,
2014, The role of the Precambrian rifted margin on Cretaceous-aged deformation: Geologi-
cal Society of America Abstracts with Programs, v. 46, no. 5, p. 18.

Umbhoefer, PJ., 2003, A model for the North America Cordillera in the Early Cretaceous: Tectonic
escape related to arc collision of the Guerrero terrane and a change in North America plate
motion, in Johnson, S.E., Paterson, S.R., Fletcher, J.M., Girty, G.H., Kimbrough, D.L., and
Martin-Barajas, A., eds., Tectonic Evolution of Northwestern México and the Southwestern
USA: Geological Society of America Special Paper 374, p. 117-134, doi:10.1130/0-8137-2374
-4.117.

Vallier, T.L., and Brooks, H.C., eds., 1995, Geology of the Blue Mountains region of Oregon, Idaho,
and Washington: petrology and tectonic evolution of pre-Tertiary rocks of the Blue Moun-
tains region: U.S. Geological Survey Professional Paper 1438, p. 1-520.

Wernicke, B., and Klepacki, D.W., 1988, Escape hypothesis for the Stikine block: Geology, v. 16,
p. 461-464, doi:10.1130/0091-7613(1988)016<0461:EHFTSB>2.3.CO;2.

Wilson, D., and Cox, A., 1980, Paleomagnetic evidence for tectonic rotation of Jurassic plutons
in Blue Mountains, eastern Oregon: Journal of Geophysical Research, v. 85, p. 3681-3689,
doi:10.1029/JB085iB07p03681.

Zak, J., Verner, K., Johnson, K., and Schwartz, J.J., 2012, Magnetic fabric of Late Jurassic arc
plutons and kinematics of terrane accretion in the Blue Mountains, northeastern Oregon:
Gondwana Research, v. 22, p. 341-352, doi:10.1016/j.gr.2011.09.013.

Zak, J., Verner, K., Tomek, F, Holub, FV., Johnson, K., and Schwartz, J.J., 2015, Simultaneous
batholith emplacement, terrane/continent collision, and oroclinal bending in the Blue
Mountains Province, North American Cordillera: Tectonics, v. 34, p. 1107-1128, doi:10.1002
/2015TC003859.

Zéak et al. | Magnetic fabrics of arc plutons record past plate motions



http://geosphere.gsapubs.org

	ABSTRACT
	INTRODUCTION
	LATE JURASSIC TO EARLY CRETACEOUS PLUTONS IN THE BLUE MOUNTAINS PROVINCE
	MAGNETIC FABRIC PATTERNS IN THE BLUE MOUNTAINS PLUTONS
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES CITED
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1

	Next Page: 
	Page 1: 
	Page 21: 
	Page 32: 
	Page 43: 
	Page 54: 
	Page 65: 
	Page 76: 
	Page 87: 
	Page 98: 
	Page 109: 
	Page 1110: 

	Previous Page: 
	Page 2: 
	Page 31: 
	Page 42: 
	Page 53: 
	Page 64: 
	Page 75: 
	Page 86: 
	Page 97: 
	Page 108: 
	Page 119: 



