Fore-arc migration in Cascadia and its neotectonic significance
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ABSTRACT

Neogene deformation, paleomagnetic rotations, and sparse geodetic data suggest the Cas-
cadia fore arc is migrating northward along the coast and breaking up into large rotating blocks.
Deformation occurs mostly around the margins of a large, relatively aseismic Oregon coastal
block composed of thick, accreted seamount crust. This 400-km-long block is moving slowly
clockwise with respect to North America about a Euler pole in eastern Washington, thus increas-
ing convergence rates along its leading edge near Cape Blanco, and creating an extensional vol-
canic arc on its trailing edge. Northward movement of the block breaks western Washington into
smaller, seismically active blocks and compresses them against the Canadian Coast Mountains
restraining bend. Arc-parallel transport of fore-arc blocks is calculated to be up to 9 mm/yr, suffi-
cient to produce damaging earthquakes in a broad deformation zone along block margins.

INTRODUCTION 1 dence for north-south shortening in the Washingsierra Nevada Block

Oblique subduction of the Juan de Fuca platen fore arc (Snavely and Wells, 1996; McCrory, The Sierra Nevada block includes the Sierra
northeastward beneath North America has creat&é896), and from modeling of plate-boundaryNevada—Great Valley of California and is
a complex, seismically active convergent margiforces (Wang, 1996). Northward motion of thebounded by the Basin and Range Province and
and volcanic arc in the Pacific Northwest (Fig. 1)Coast Range averaging 6 mm/yr is inferred frorthe San Andreas—Coast Range fault system
Such oblique convergence commonly producdbe smoothly increasing rotation of 12 Ma(Argus and Gordon, 1991). We extend the block
arc-parallel migration of the fore arc (e.g.Columbia River Basalt flows toward the coashorthwest along strike to the Oregon border, the
McCaffrey, 1994) and often creates an additiondEngland and Wells, 1991), and as much aapproximate hinge line in the arcuate trend of the
seismic hazard from the relative motions of fore17 mm/yr northward transport of the accretionaryelatively aseismic Klamath Mountains. The

arc blocks. In southwest Japan, one of the mostmplex may be occurring offshore at the defc o

devastating earthquakes of recent times occurrathtion front (McCaffrey and Goldfinger, 1995) N © &g T T
in Kobe (1995, N}, = 6.9) on a shallow strike-slip Pezzopane and Weldon (1993) linked translati " %5;7@»;0% North America
fault, possibly accommodating coast-parallebf the Cascadia fore arc to motion of the Sier = | NS 2y, “fixed"

transport of the fore arc (Kanamori, 1995Nevada block, which is translating northwest .
Hashimoto and Jackson, 1993). Although gredtcm/yr as a result of Pacific—North America de;
subduction earthquakes have occurred along thral shear and Basin and Range extension (Arg
Cascadia margin (Atwater and Hemphill-Haleyand Gordon, 1991). Building on earlier palec
1997), the potential for damaging upper-plate, anagnetic block models, Walcott (1993) linke

crustal, earthquakes is poorly known because aftation of the Cascadia fore arc to translation o \
the short record of historical seismicity, sparsthe Sierra Nevada in an integrated model f ‘ \ OS&EN \
data on regional deformation rates, and poddeogene deformation of the Cordillera. SEYe » ]
exposure of active structures. In this paper, we These simple block models provide a usef 40°~ = Wk /Basm R \
examine evidence for contemporary arc-paralléiamework for analyzing current motions of th . k — ;
migration of the Cascadia fore arc and discuss tigascadia fore arc and its effect on upper ple "L *\+ 5 )
implications for damaging crustal earthquakeseismicity and volcanism. We assume that Ne - \ SN, /
Northward motion of the Cascadia fore arc hagene coastal rotations are still occurring today a E;‘;g'c e 5 » Y

been inferred from clockwise paleomagnetican be linked to geodetic data for current motic
rotations and translations of Cenozoic coastalf the Sierra Nevada. We can then calculate n
terranes (e.g., Beck, 1984), from geologic eviEuler poles for the Oregon fore-arc block and d
- termine its motion with respect to North Americe

1After this paper was accepted for publication, we
learned that the Sierra Nevada—North America rotatiot ASCADIA FORE-ARC BLOCKS

pole has been revised (Donald Argus and Richard . .
Gordon, written commun., 1998). Using the revis The Cascadia fore arc lies between the pla

e o
pole, we have calculated a new pole for Oregon Coa??,f)undary megathrust and the seismically ar
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Figure 1. Tectonic setting of Cascadia. Juan de
Fuca plate (JF) is subducting (barbed fault)
beneath North America. Migrating Cascadia

motion with respect to North America (lat 46.867°N,volcanically active arc. Along strike, the fore arcfore-arc terrane divided into Washington (W),

long 119.962°W, ang. vel. —1.168°/m.y.). Coast Rangean be subdivided into Sierra Nevada, Orego
motion (Fig. 4) north of 45°N becomes 5°-20° morey 4 \\ashington segments based on contrasti

northerly and slows by 14%-38% (e.g., new velocity is . . .
7 mm/yr, N19°W at Astoria, Oregon, instead of 8 mm/yrp"’u‘tems of Neogene deformation (Figs. 1 and

N37°W). The fit to the geology is improved, and ouS€ismicity and volcanism (Fig. 2), and crusta
conclusions are unchanged. structure (Fig. 3).

Geology;August 1998; v. 26; no. 8; p. 759-762; 4 figures.

Oregon Coastal (OC), and Sierra Nevada blocks
(SN). “Instantaneous” Euler rotation poles
shown for SN relative to North America (NA),
OC-SN, and OC-NA. VI—Vancouver Island.
(Modified from Argus and Gordon, 1991;
Pezzopane and Weldon, 1993; Walcott, 1993.)
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Figure 2. Cascadia earthquakes, faults, volcanoes, and fore-arc rotation (see text). A: Lower plate seismicity. B: Upper plate seismicity, recent focal
mechanisms (M, > 5), and late Cenozoic faults. C: Quaternary arc volcanism—uwhite; major volcanoes—open triangles; post-5 Ma volcanic
vents—filled triangles; fore-arc rotations with uncertainties—arrows (Pezzopane and Weldon, 1993; Sherrod and Smith, 1990; Guff anti and

Weaver, 1988; Wells, 1990; Wiley et al., 1993; Madin et al., 1993).

block boundaries thus include the southernmoSiletzia, consistent with Neogene deformatioVe assume the Canadian buttress is relatively
Cascadia subduction zone and the seismicalafong block boundaries and distributed shedixed on the basis of vibi results from Penticton,
active southern Cascade arc (Figs. 1 and 2ptations (England and Wells, 1991). On VanBritish Columbia, which indicate no resolvable
Although Neogene paleomagnetic rotations areouver Island, Neogene rotations are negligiblehange of position with respect to stable North
small (Beck et al., 1986), very long baselin€lrving and Brandon, 1990), and at Penticton il\merica (2 + 3 mm/yr northward; Argus and
interferometry (vlbi) measurements indicate theouthern British Columbia, vibi indicates noGordon, 1996). In contrast, vibi results from
northern end of the Sierra Nevada block is mowesolvable present-day motion with respect toorthern California indicate west-northwest trans-
ing N50°+5°W at 11 + 1 mm/yr with respect tofixed North America (2 £ 3 mm/yr, Argus and lation of the north end of the Sierra Nevada block
North America (Argus and Gordon, 1991). Gordon, 1996). East-west—trending uplifts andt 11 + 1 mm/yr N50°+5°W toward southwest
associated thrust or reverse faults like the activ@regon (e.g., Argus and Gordon, 1991). Differen-
Oregon Fore-Arc Block Seattle fault (Johnson et al., 1994) accommodai@l motion between California and Penticton is
The Oregon fore arc is largely underlain by thaorth-south shortening in the Washington forabsorbed by clockwise rotation of the Oregon
accreted basalt seamount terrane of Siletzac, analogous to the Yakima fold belt in the bacfore-arc block, which is linked to west-northwest
(Snavely and Wells, 1996). As much as 35 krarc, and suggest compression by northwardrotion of the Sierra Nevada by and Oregon
thick (Trehu et al., 1994), its extent can be inferrechoving coastal terranes against the Canadi&@past—Sierra Nevada Euler pole at the hinge
from broad gravity and magnetic highs in the&Coast Mountains restraining bend. Crustal eartfbvetween the two blocks\ (42°N; @ —123°W,
Coast Range (Figs. 1 and 3). We extend thguakes 10—-30 km deep are concentrated beneath-1.5°/m.y.). Adding this pole to the Sierra
Oregon block southward to the Oregon bordehe Puget Lowland and arc, and appear correlatdtvada—North America pole of Argus and
based on Tertiary onlap relations in the Klamattvith Wadati-Benioff zone seismicity (Fig. 2). Gordon (1991), we determined the Oregon Coast—
Mountains and the lack of active faulting and seisStrike-slip and thrust focal mechanisms witiNorth America pole X 48.5°N, ¢ —118.7°W,
micity. During the Cenozoic, the Oregon blocknorth-south compressive axes are common,@-0.91°/m.y.) and calculated the motion of the
has been rotating clockwise with respect to stab#tyle of faulting consistent with late CenozoidOregon fore-arc block with respect to North
North America at about 1.5°/m.y. (e.g., Magilldeformation. Northwest-trending, right-steppingAmerica. As a result, the southern end of the rotat-
et al., 1982). An active accretionary fold andzones of seismicity with right-lateral focal meching Oregon block moves toward the trench at
thrust belt lies outboard of the Oregon block alongnisms indicate dextral shear in the arc (Weav&ape Blanco at about 12 + 1 mm/yr, thus transfer-
the subduction zone (Goldfinger et al., 1992), anghd Smith, 1983; Stanley et al., 1996). Quatering much of the Sierra Nevada displacement to
an extensional volcanic arc characterized by highary volcanic eruption rates and vent abundandiee southern subduction zone. Because of its rota-
heat flow (Blackwell et al., 1990) and volcanicdecrease north of Mount Rainier (Fig. 2C), antion (1.5°/m.y. + 0.5°), the northern end near
eruption rates (Sherrod and Smith, 1990) sep#olated volcanoes rest on the folded and upliftefistoria moves north-northwest at about 9 mm/yr
rates the fore arc from the Basin and Range. compressional arc basement (Smith, 1993).  with respect to North America. Quaternary exten-
sion in the Basin and Range and extensional arc
Washington Fore-Arc Block KINEMATIC MODEL volcanism inboard of the rotating block thus
In the Washington fore arc, gravity and mag- Our model for migration and breakup of thedecrease northward, while dextral slip and north-
netic data outline smaller mafic blocks ofCascadia fore-arc blocks is shown in Figure 4outh compression increase northward.
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Because of northward-moving Oregon coast:
block, the Washington fore arc is breaking u
into small blocks which are being deformec
against the Coast Mountains buttress. Nortt
south shortening in the Washington and northeri
most Oregon fore arc could be 7-9 mmlyr, if thi
motion is absorbed internally. Uplift in the
Olympic Mountains could in part result from the
north-south shortening (e.g., Walcott, 1993). Th
Portland Hills, St. Helens, and West Rainier seis
mic zones may together act as a diffuse transf
zone between northward moving coastal block
and the continental interior (e.g., Weaver an
Smith, 1983; Stanley et al., 1996).

Behind the Oregon block, Holocene Oregol
Basin-Range extension of 4 £ 2 mm/yr in ¢
N60°+30°W direction (Pezzopane and Weldon
1993)—when added to vibi displacements fo
Ely, Nevada, with respect to stable North Amer
ica (4.9 £ 1.3 mml/yr at 262°; Dixon et al., 1995
and arc spreading rates of 1 mm/yr derived fror
heat flow—gives a spreading rate of abou
10 mm/yr across the northern Basin and Rang
consistent with vlbi data for the Sierra Nevadi
and paleomagnetically determined extensio
rates (e.g., Magill et al., 1982). In the absence «
abundant seismicity along the trailing edge of th
rotating block, magmatism may accommodate an
important part of the extensional strain as fe
north as Mount St. Helens (e.g., Parsons ar
Thompson, 1991).

DISCUSSION AND CONCLUSIONS

Our calculated fore-arc motions represent th
integrated displacements over many subductic
zone seismic cycles. The apparent contradictic
between northeast-directed geodetic shorteni
in the fore arc that is subparallel to the conve

Figure 3. Magnetic and pseudogravity anomalies in the Cascadia fore arc. A:
Siletzia, accreted basalt basement shown by magnetic high and offshore wells
(filled circles) bottoming in basalt basement (red) and sediment (blue). Accreted
sediments (magnetic low) outboard of Siletzia extend south to Mendocino triple
junction. B: Pseudogravity anomaly (gravity that would be observed if magnetiza-
tion were replaced by mass in 1:1 proportion) reflects total volume of Siletzia and
coincides with low current uplift and margin contraction (contours in mm/yr,
Mitchell et al., 1994; Murray and Lisowski, 1994, and 1998, written commun.) repre-
senting elastic strain accumulation above the locked subduction zone. Eastward
limit of coupling (dotted) from Hyndman and Wang (1995).

gence direction (Fig. 3) and the long-term nortl
west motion of fore-arc blocks can be explaine
if the geodetic signal in the fore arc is dominate
over the short term by elastic coupling along tt
Cascadia subduction zone (Wang et al., 199
When slip occurs on the subduction zone, tl
fore arc will likely rebound in a direction more
normal to the margin, and the accumulated diffe
ence should approximate the arc-parallel migr
tion rate of the fore arc.

Overall, the calculated motions are consiste
with the observed northward change in Neoge
deformation from transtension to transpressit
and the concomitant change in the Cascade
magmatism. The motions are also consistent w
north-south compressive axes indicated by upy
plate earthquake focal mechanisms (Fig. 2) a
the overall northward decrease in seismic stre
rates calculated from upper-plate earthquak
(Pezzopane and Weldon, 1993).

Along the subduction zone, Oregon bloc
motions increase the convergence rate near C
Blanco; thus along-strike variation in convel
gence expected from the Juan de Fuca—No
America rotation pole (Wilson, 1993) is mini-
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Figure 4. Velocity field for Cascadia
fore arc calculated from OC-NA pole.
Oregon block (pink) rotating at Neo-
gene paleomagnetic rate is linked to
Sierra Nevada block moving at vibi
rate by Euler pole (OC-SN) in Klamath
Mountains (KM). Extensional arc
forms along trailing edge of Oregon

fore-arc block which absorbs Sierra
Nevada displacement by rotating over
trench at Cape Blanco (CB). North end
of Oregon block deforms Washington

fore arc (green) against Canadian but-
tress, causing north-south compres-

sion, uplift, thrust faulting, and earth-

quakes. Rates from very long baseline
interferometry (vibi); paleoseismology

(ps); magmatic spreading (m); Pacific—
North America motion (pac-nam);
other symbols as in Figure 1.
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mized (Fig. 4). Contemporary coastal uplift that magnetism of middle Tertiary volcanic rocks triangulation, trilateration, and GPS measure-
is interpreted as elastic strain accumulation above from the western Cascade _series, northern Cali- ments: Eos (T ran:;actions, American Geophysical
- . fornia: Journal of Geophysical Research, v. 91, Union), Fall Meeting Supplement, v. 75, p. 544.
the Ioc_ked s_ubductlon zone fault (Mitchell et al., p. 8219-8230. Parsons, T., and Thompson, G. A., 1991, The role of
1994) is variable and may in part reflect the comsjackwell, D. D., Steele, J. L., Frohme, M. K., Mur- magma overpressure in suppressing earthquakes
position of fore-arc blocks. Areas of maximum phey, C. F., Priest, G. R., and Black, G. L., 1990,  and topography: Worldwide examples: Science,
coupling with the slab inferred from coastal uplift Heat flow in the Oregon Cascade Range and its  v. 253, p. 1399-1402. '
coincide vith accreted sediments beneath the  COEAIon Wt egona graly, Cure pant Pezzopane S € andeldon . . 1, 1083, Tectonc
Olympic Peninsula and south of Cape Blanco  ¢ozrch v. 95 > i '
_ ! _ : _ ,V. 95, p. 19475-19493. ics, v. 12, p. 1140-1169.
(Fig. 3). The intervening region of low uplift, Bucknam, R. C., Hemphill-Haley, E., and Leopold,Rogers, A. M., Walsh, T. J., Kockelman, W. J., and
interpreted to be the result of a narrower locked  E. B., 1992, Abrupt uplift within the past 1700 Priest, G. R., 1996, Earthqual_(e _hazards in the
zone offshore, coincides with Siletaa, the thick 32 e 0T O o St T 3 Kookelman, W. 7. ang Pries
mafic crust of the Coast Range. Itis possible tha} L o B ; : i o o ’

. . . xon, T. H., Robaudo, S., Lee, J., and Reheis, M. A., G. R., eds., Assessing earthquake hazards and
the sedimentary accretionary wedge provides & 1995, Constraints on present-day Basin and  reducing risk in the Pacific Northwest: U.S. Geo-
smoother interface between plates, resulting in  Range deformation from space geodesy: Tecton-  logical Survey Professional Paper 1560, p. 1-67.
|arger areas of Coup”ng. A|terna’[ive|yl the thick ics, v. 14, p. 755-772. Sherrod, D: R., and Smith, J. G., 1990, Quaternary
mafic crust of coastal Oregon may either forcgngla_nd, P.C, and_WeIIs, R.E., 1991, Neogene rota-  extrusion rates of the Cascade Range, n_o_rth-

. tions and continuum deformation of the Pacific western United States and southern British
.the slab to dip more St??P'Y: ormay prevent cool-  Northwest convergent margin: Geology, v. 19, Columbia: Journal of Geophysical Research,
ing of the slab, thus minimizing coupling. p. 978-981. _ V.95, p. 19465-19474.
Arc-parallel motion in the northern Cascadigsoldfinger, C., Kulm, L. D., Yeats, R. S., Mitchell, C., Smith, J. G., 1993, Geologic map of upper Eocene to
fore arc is significant and similar to that deter- Weldon, R_., Peterson, C., Darienzo, M Grant, Holocene volcanic gnd related rocks in Fhe Cas-
- . ) W., and Priest, G. R., 1992, Neotectonic map of cade Range, Washington: U.S. Geological Sur-
mined from geodetic data by Hashimoto and . : I~
g . y . the Oregon continental margin and abyssal plain: ~ vey Miscellaneous Investigations Map 1-2005,
Jackson (1993) for dextral slip along the Median  oregon Department of Geology and Mineral In- scale 1:500 000.
Tectonic Line in southwest Japan. Given Cas-  dustries Open File Report 0-92-4, scale 1:50000Gnavely, P. D., Jr., and Wells, R. E., 1996, Cenozoic
cadia fore-arc motions of 7 to 9 mm/yr, on@uffalntti, N(I: and V_Veavelzr, C.s, 1288_, Dtiﬁtritéjtion %f evgll\j\tlionh_of tthe_ cc:;tinentex T/Iar%/i\r/] Ioth_llf_e‘g]]on
; _ ate Cenozoic volcanic vents in the Cascade  and Washingtorin Rogers, A. M., Walsh, T. J.,
?CISS: iixtfleecftolrzrgfcLZ)F:/F;frh::;lg[r?czﬁ;tzg:lﬁ:zzsn:O Range: Volcanic arc segmentation and regional ~ Kockelman, W. J., and Priest, G. R., eds., Assess-
’ : tectonic considerations: Journal of Geophysical ing earthquake hazards and reducing risk in the
time periods. Four M = 6.5-7.4 crustal earth-  Research, v. 93, p. 6513-6529. Pacific Northwest: U.S. Geological Survey Pro-
guakes have occurred in the past 125 yr, but nohl@shimoto, M., and Jackson, D. D., 1993, Plate tecton-  fessional Paper 1560, p. 161-182.
have occurred in the Seattle-Portland urban cor-  ics and crustal deformation ground the JapaneStanley, W. D., Johr)son, S. Y., Qamar, A. I, Weaver,
idor (Rogers et al., 1996). Evidence for 7 m of Islands: Journal of Geophysical Research, v. 98,  C. S., and Williams, J. M., 1996,‘ Tectonics and
r - 9 " L . p. 16149-16166. seismicity of the southern Washington Cascade
uplift along the Seattle fault indicates that a majqiyndman, R. D., and Wang, K., 1995, The rupture zone  Range: Bulletin of the Seismological Society of
event (est. M = 7) did occur in the shallow crust  of Cascadia great earthquakes from current defor- ~ America, v. 86, p. 1-18.
beneath Seattle about 1100 yr ago (Bucknam mhati(_)n |agd the thﬁrmilogegimzez:lJaoaurgg:ngLGeoTrehu'\,/lA. M., AvsvudDeh,,\lI.,bBrlthir,l\'ll'. M.,dL't\elutlgert, J,

; _ physical Research, v. , P —. . ooney, W. D., Nabelek, J. N., and Nakamura,
et al." 1992). Although rates of Cascadia fore ?rlﬁ ing, E., and Brandon, M. T., 1990, Paleomagnetism Y., 1994, Crustal architecture of the Cascadia fore
motlon. suggest that da.magllng earthquakeﬁ mig of the Flores volcanics, Vancouver Island, in arc: Science, v. 265, p. 237-243.
occur in the future, estimating the probability of lace by Eocene time: Canadian Journal of EartWalcott, D., 1993, Neogene kinematics of western
future events awaits geodetic testing of the model  Sciences, v. 27, p. 811-817. North America: Tectonics, v. 12, p. 326-333.

g 9 P 1ecto : ;
and determination of the location, length, and inﬁOh”SO”v S. Y:, ‘Potter, C. J.,‘and Armentrout, J. M\Vang, K., 199_6, Simplified analysis of h(_)rlzontal
1994, Origin and evolution of the Seattle fault stresses in a buttressed fore arc sliver at an

rates of crustal faults. and Seattle basin, Washington: Geology, v. 22, oblique subduction zone: Geophysical Research

p. 71-74, 1insert. Letters, v. 23, p. 2021-2024.
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