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ABSTRACT

Seismic profiling data indicate that the thickness of an accreted oceanic terrane of Paleocene and early Eocene age, which forms the basement of much of the forearc beneath western Oregon and Washington, varies by a factor of at least 4 along the strike of the Cascadia subduction zone. Beneath the Oregon Coast Range, the accreted terrane is 25-35 km thick, whereas offshore Vancouver Island it is about 6 km thick. These variations are correlated with variations in arc magmatism, forearc seismicity, and long-term forearc deformation. We suggest that the strength of the forearc crust increases as the thickness of the accreted terrane increases and that the geometry of the seaward edge of this terrane influences deformation within the subduction complex and controls the amount of sediment that is deeply subducted. 



The active and dormant volcanoes of the High Cascades (fig. 1) are part of a volcanic arc that extends from southern Vancouver Island, Canada, to northern California. The presence of this arc indicates that oceanic lithosphere is being subducted beneath the North American continent. This interpretation is confirmed by the presence of a well-defined deformation front offshore, which is formed as the flat-lying sediments deposited in the oceanic basin are deformed as they are scraped off of the subducting Juan de Fuca and Gorda plates (fig. 1) and accreted to the overriding North American plate (1). Although this region, generally known as the Cascadia subuction zone, is similar in many respects to other subduction zones, the rate of both upper and lower plate seismicity is much lower than is generally found in such tectonic settings (2). Damaging earthquakes in northern California in 1992 and in Oregon in 1993, however, reveal the potential for significant seismic activity in this region. Results of several recent geologic studies, moreover, suggest that the region may have been affected by several large prehistoric earthquakes, the most recent occurring approximately 300 years ago (3). 

Because of this poorly defined but potentially great seismic hazard, many geophysical studies have been conducted in the past decade to characterize the lithospheric structure associated with this system in order to detect differences between this system and other, more typical, subduction zones. Tomographic studies of mantle velocity structure have shown that a high-velocity subducted lithospheric slab similar to that found beneath other volcanic arcs is present in the upper mantle beneath western Washington and Oregon (4). Thermal modeling suggests that the low level of seismicity along the plate interface may be due in part to the young age of the subducted lithosphere, the relatively slow convergence rate between the North American and Juan de Fuca plates, and the high regional sedimentation rate (5). Uncertainties in both the thermal and mantle velocity models, however, are associated with uncertainties in forearc crustal structure and the position of the plate boundary, which was well-known only beneath southwestern Canada prior to the studies reported here (6).

To determine whether crustal structure might, in part, be responsible for the apparently anomalous seismicity associated with Cascadia subduction, we conducted seismic experiments in 1989, 1991 and 1993 to image the crustal architecture of the forearc beneath northwestern Oregon and southwestern Washington (fig. 1). Details of the data acquisition, processing, and modeling are discussed in references 7 and 8. In this article, we use data from these experiments to construct an east-west crustal velocity model that extends from the abyssal plain seaward of the deformation front to the Cascades arc of central Oregon, and a model that extends from south to north along the boundary between the Willamette Valley and the Oregon Coast Range and into the Coast Range of southwest Washington.

Geologic setting:

The basement rocks throughout much of the Cascadia forearc (i.e. the region between the deformation front and the High Cascades) in northwestern Oregon and southwestern Washington are generally thought to be Paleocene and early-Eocene in age (50-60 million year old) and represent oceanic crust and seamounts that were accreted to North America approximately 50 million years ago. These rocks crop out in anticlines in the Coast Range and have been drilled in several places beneath the Willamette Valley and the Oregon continental shelf. Although they are known locally by a variety of different names (9), we refer to them collectively as the Siletz terrane. Their origin is uncertain. Suggested possibilities include an island chain formed above a hot-spot near the Farallon-Kula spreading plate boundary (10) and formation by oblique rifting of a continental margin (11). 

The location of the western boundary of the Siletz terrane can be mapped using seismic reflection and magnetic anomaly data offshore and geologic observations onshore (12). The eastern boundary is hidden by the thick sediments of the Willamette and Puget Sound Basins or by the volcanic rocks of the Cascades (13, 14). The northern and southern ends of the Cascadia forearc are floored by rocks of pre-Tertiary age (greater than 66 million years old), which represent the amalgamation of many different terranes.

Between the western edge of the Siletz terrane and the deformation front is the subduction complex, formed by progressive addition of sediments and fragments of oceanic crust to the continental edge. The subduction complex is exposed onshore on the Olympic peninsula in northwestern Washington and in the Eel River Basin of northern California. A major objective of our study was to contrast the crustal structure in a region where most of the forearc is floored by the Siletz terrane to the structure further north, where the forearc records a longer geologic history.

North-south cross-section:

The data overall reveal that the crust is made up of several layers that vary in thickness from north to south and from east to west. Along the NS (north-south) profile (fig. 2), large lateral velocity variations in the upper 2.5 km correlate well with known sedimentary basins (velocity 2-4 km/s) and basement uplifts (velocity 4-5 km/s). These velocity variations are manifested in the data by oscillations in the observed time of Pg arrivals (fig. 2 insert and fig. 3). Below 2.5 km depth, lateral velocity variations are smaller, suggesting that the basins are shallow and are underlain by the same high velocity material that comprises the basement uplifts. Basement velocities increase with depth and reach 6.5 km/s at a depth of 11 km south of model km 175 and at depth of 7 km north of model km 100. We estimate the uncertainty in the depth to the 6.5 km/s contour to be less than 1 km (7).

Because of the high velocity at shallow depth, no Pg arrivals are observed from the lower crust in spite of the maximum recorded offset of 350 km. Information on the total crustal thickness and on the average velocity of the lower crust was obtained from wide-angle reflections that are observed as secondary arrivals and modeled as reflections from the crust/mantle interface (PmP on fig. 2 insert and fig. 3). Systematic differences in the amplitude of these wide-angle reflections as a function of shot-receiver offset indicate that the average velocity of the lower crust varies along the profile from 6.5 to 7.2 km/s (7). Inversion of the observed travel times of the wide-angle reflections for several possible lower crustal velocity models indicates that the crust is 45-50 km thick beneath the central 150 km of the profile. This estimate is somewhat larger, but generally consistent with, an independent estimate of 40-43 km beneath Corvallis obtained from analysis of teleseismic receiver functions (16).

The velocity structure of the upper 25 km of the crust is strikingly similar to that of the 36-km-thick Ontong Java Plateau (17), which is thought to be the marine equivalent of a continental flood basalt. Many studies that show that the thickness of the upper part of the oceanic crust, as defined by velocities less than 6.5 km/s, increases as the total oceanic crustal thickness increases both for normal oceanic crust and for the anomlously thick oceanic crust found beneath volcanic passive margins and oceanic plateaus (17). We therefore interpret the 6.5 km/sec isovelocity contour to be the base of the upper crust of the Siletz terrane. Our model indicates northward thinning of the upper crust, suggesting that the total thickness of the Siletz terrane also decreases to the north.

The total crustal thickness of 45-50 km is considerably greater than the inferred thickness of the Siletz terrane. We interpret the lowermost 5 to 8 km of the crust to be oceanic crust of the subducted Juan de Fuca plate, implying that the North American/Juan de Fuca plate boundary lies within the lower crust and that the Oregon Coast Ranges and western Willamette Valley are underlain by lithospheric upper mantle of the Juan de Fuca plate (18). The region between the inferred base of the Siletz terrane and the top of the Juan de Fuca plate is laterally heterogeneous and may comprise variable amounts of tectonically underplated oceanic crust, magmatically underplated mafic material, and serpentinized North American upper mantle (19).

East-west cross-section:

The east-west velocity variations indicated by our seismic data (fig. 4) contrast significantly with several recently published summaries of the crustal structure of western Oregon (20). These summaries were based on earlier models of seismic and gravity data and showed a 15 to 20 km thick crust beneath the Coast Range underlain in some models by the upper mantle of the North American plate and in others by upper mantle of the Juan de Fuca plate. Our model, however, is consistent with a coincident model of the electrical conductivity of the crust and upper mantle (21).

A well-defined deformation front is observed in the sediments approximately 100 km west of the coast (model km 30) and marks the seaward edge of the Cascadia subduction zone (22). East of the deformation front (km 30 to 100), is a zone of highly deformed sediments we refer to as the subduction complex. Model velocities in this region likely are a smoothed representation of a structure consisting of blocks of high velocity material embedded in a low velocity matrix, as is typical of subduction complexes exposed on land. Although the subducted oceanic crust cannot be traced more than 30 km east of the deformation front in the multichannel reflection data, the large-aperture data require that it underlies the entire continental margin (23).

On the continental shelf, a block-faulted basement surface that represents the top of the Siletz terrane underlies a 5-km-thick sedimentary basin. The sediments in this basin record a complicated Neogene history of folding, faulting, uplift, subsidence, and magmatic intrusion (12). Our model indicates that the Siletz terrane is at least 10 km thick beneath the basin and forms a steeply-dipping (>50o) subduction backstop (24), as interpreted from the abrupt eastward increase in mid-crustal velocity 35 km west of the coast (model km 105). This geometry is well constrained by Pg arrivals recorded on onshore stations from offshore shots and by preliminary modeling of magnetic anomalies and supports an earlier inference, based primarily on seismic reflection and magnetic data, of a steeply-dipping crustal boundary in this region (25). A fault that cuts the entire sedimentary section overlying the seaward edge of the Siletz terrane is observed in the seismic reflection data (6) and suggests that this crustal boundary is localizing current forearc deformation. A subhorizontal reflection beneath the shelf originates at a depth of about 17 km and probably indicates either the base of the Siletz or the top of subducting oceanic crust (6,7). In the absence of large-aperture data, this reflection would probably have been interpreted as the base of the crust, yielding an estimate of crustal thickness that was consistent with earlier studies. Wide-angle reflections from the base of the crust, however, indicate that the crustal thickness increases from about 22 km beneath the outer continental shelf to 30 km beneath the coast .

Onshore, our model indicates that the 2-km thick layer of low-velocity material beneath the Willamette Valley extends about 30 km east of the surface occurrence of the volcanic rocks of the western Cascades. This relation suggests that the western Cascade rocks were erupted over a well-developed sedimentary basin (26). Material with a velocity appropriate for Siletz basement underlies the entire valley. Although our data do not constrain the eastward extent of the Siletz terrane, gravity data indicate that the high velocity material at shallow depth at the eastern end of our model corresponds to a local magmatic intrusion rather than to a major terrane boundary. Lower densities (14) and velocities (27) at upper and mid-crustal levels beneath the high Cascades suggest that the eastern boundary of the Siletz block occurs beneath the western Cascades.

The geometry of the base of the subducted Juan de Fuca crust, as extrapolated from the coast to the NS profile, implies a plate dip of about 13o to 16o beneath the Coast Range, significantly less than the 20o dip assumed in models that postulate a pronounced arch in the subducted plate beneath the Olympic mountains (28), but consistent with the dip obtained from modeling the teleseismic receiver function beneath Corvallis (16).

Discussion:

Although the dip of the subducted Juan de Fuca plate beneath central Oregon (fig. 5a) is similar to that beneath southwestern Canada (fig. 5b), the structure within the overlying wedge of North American plate crust is significantly different. The velocity and inferred thickness of the Siletz terrane beneath northwestern Oregon suggest a vigorous magmatic source (29), supporting suggestions that these rocks may represent the initial stage of volcanism associated with the Yellowstone hotspot (10,11). Beneath British Columbia, where the Siletz terrane (9) does not crop out onshore but is recognized in the subsurface offshore through correlation of drilling results with seismic profiling, it appears to be oceanic crust of approximately normal thickness (6). We interpret the northward thinning of the Siletz terrane to represent increasing distance from the hotspot at the time of crustal formation and infer the following scenario. When the Siletz terrane collided with the North American continent approximately 50 million years ago, the thickened oceanic crust was too bouyant to be subducted and was instead accreted to the continent, causing a dramatic westward jump of the subduction zone and nearly eliminating a large embayment in the western margin of North America (30). Some normal and transitional thickness oceanic crust was also accreted to the forearc during this process, resulting in the observed along-strike variations in the thickness and width of the Siletz terrane (fig. 5c). These variations are correlated with a variety of other geologic and geophysical observations. 

Seismicity is relatively high in both the overriding North American and underthrust Juan de Fuca/Gorda plates in northwestern Washington, where the Siletz terrane is thinner, and in northern California, where the Siletz terrane is absent and the forearc is floored by the Paleozoic-age Klamath block (2,31). Forearc seismicity is lowest where the Siletz terrane is thickest. The magnitude 5.6 Scotts Mills earthquake (32), which occurred in March, 1993, about 50 km south of Portland, Oregon, along the northwest-trending Mt. Angel fault zone, may have occurred along the transition between the thickest part of the Siletz terrane and Siletz basement of transitional thickness.

This pattern of variation in the amount of internal deformation of the Siletz terrane appears to have been present since its accretion. Paleomagnetic measurements indicate that in western Oregon the Siletz terrane has acted as a single block since accretion, whereas in southwestern Washington it has been broken into several coherent blocks that have rotated relative to one another (33) and are separated by zones of higher seismicity and crustal conductivity (34). The greatest amount of deformation is observed in northwest Washington, where geologic mapping shows that the Siletz terrane (9) has been deformed into a broad anticline with steeply dipping limbs that wrap around the younger Olympic accretionary complex in northwestern Washington (35). Beneath Vancouver Island, the Siletz terrane has been deeply subducted. These observations suggest that the crust is strongest and most bouyant where the Siletz terrane is thickest.

The thickness of the Siletz terrane is also correlated with along-strike variations in the width of the subduction complex found seaward of the Siletz terrane (figure 5c). The subduction complex is wider by a factor of 3 offshore southern Washington, compared to offshore central Oregon, and wider by a factor of 5 in northern Washington, where it has been uplifted and exposed on the Olympic peninsula. This observation seems incompatible with figures 5a and b, which suggest more sediment subduction beneath Vancouver than beneath Oregon. We speculate that this apparent paradox may result in part from three-dimensional deformation within the subduction complex that is related to backstop geometry (36). The subduction complex appears to be partially decoupled from the rest of the forearc in that folds and faults overlie the seaward edge of the Siletz terrane and NW-SE trending left-lateral strike-slip faults (37) extend from seaward of the deformation front to the continental shelf. These structures indicate active east-west shortening and north-south extension of the subduction complex offshore Oregon. This pattern of strain contrasts with north-south compression observed onshore within the Siletz terrane (38), suggesting that the geometry of the Siletz terrane influences the stress field in the subduction complex.

The variations in forearc crustal structure shown in figure 4c also correspond closely to segmentation of the Cascade volcanic arc inferred from along-arc variations in the volume and chemical composition of volcanism (39). Where the forearc is floored by the thickest part of the Siletz terrane and the backstop seems to inhibit sediment subduction, the adjacent modern arc is a continuous linear mafic platform punctuated by relatively small andesitic cones; to the north and to the south, the arc is dominated by silicic composite volcanoes (40). These variations have been attributed both to segmentation of the subducted plate (39) and to the influence of Basin and Range extension (30,41). While Basin and Range extension is probably the primary factor affecting this pattern, variations in forearc crustal structure and backstop configuration may also influence arc magmatism by controlling the amount of oceanic crust, sediment, and water that are subducted to great depth.

These proposed explanations for the observed correlations and implications of these velocity models for estimates of seismic hazard must now be explored quantitatively through thermal and mechanical modeling of subduction zone behavior using realistic rheological and geometrical parameters derived from the velocity models. We speculate that the large variability in the material properties of the forearc implies variability in the properties of the interface between the Juan de Fuca/Gorda and North American plates, limiting the maximum size of interplate earthquakes.

Conclusions:

We have presented a new model for the velocity structure of the Cascadia forearc beneath northwestern Oregon that reveals considerable variability within the crust of the forearc. Observed correlations between the thickness of the Siletz terrane and both long and short-term measures of forearc deformation suggest that the strength of the crust increases with the thickness of the Siletz terrane, providing a physical basis for the observed historical distribution of seismicity within the North American plate through the relationship between crustal velocity, composition and rheology. Correlations between crustal structure, deformation within the subduction complex, and arc magmatism indicate that variations in backstop geometry along an arc may be an important factor controlling both along strike and down-dip transport of material within the subduction complex. These results underscore the relationship between crustal architecture and geodynamic processes in subduction zones and indicate that forearc crustal structure needs to be considered when interpreting variations in arc magmatism and forearc deformation in other regions.
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FIGURE CAPTIONS

[image: image1.png]132w

130°

126"

207 120°

48"

s Jusn de Fuca

piste

. « 85 1983

* 5P 1001
~ Stations 1991
= 08s 1989
5 FDR 1989
— mes 1989
-+ COCORP 1984

Deformation Front

g

‘Subducion complax
St wnana

Tertary/Quatemary sedimantary rocks

7] Tartaryiuatamary Cascada volcank rocks
other Tartiary vokanic rocks.

@

Pra.Tarsary rocks.

g &/, osn

| A wigh- Cascade volcanoes & Piste

P

2w 130" L
128 70

124° 122 1




Figure 1 . Locations of the 1989 and 1991 active-source seismic experiments and 1993 passive-source broadband seismic array overlain on a simplified geologic map of the United States Pacific Northwest region (adapted from ref. 11 onshore and from ref. 12 offshore). Plate boundaries offhsore are also shown. The relative motion vector between the Juan de Fuca and North American plates is from the global plate model of C. DeMets et al. [Geophys. Jour. Int. 101, 425 (1990)]. The Siletz terrane (as defined in ref. 9) is shown onshore only where it is exposed at the surface; its offshore extent is derived from multi-channnel seismic reflection and magnetic data. The line labeled LPT indicates the location of a similar transect across the forearc in southwestern Canada (ref. 5) and the short dashed line (COCORP, 1984) shows the location of the only deep-crustal seismic reflection profile onshore in this region (ref. 17). Offshore, earthquake epicenters are shown in yellow; most are shallow and are associated with the Blanco fracture zone. Onshore, earthquakes with hypocenters shallower than 45 km are shown in green and are assumed to be in the North American plate; earthquakes with hypocenters deeper than 45 km are shown in yellow and are assumed to be in the Juan de Fuca plate. Hypocenters east of 126oW are from the database published by the University of Washington seismic network and include events occurring between February, 1969 and February, 1994. West of 126oW, epicenters are from the PDE (Preliminary Determination of Epicenters) database distributed by the U. S. Geological Survey. This distribution of seismicity is characteristic of the historical seismicity of the Pacific Northwest. Not shown on this map is a second region of active seismicity associated with the Cascadia subduction zone in northwestern California near Cape Mendocino. SP - shotpoint; OBS - ocean bottom seismometer; FDR - five day recorder; MCS - multichannel seismic; BB - broadband seismic station; WV - Willamette Valley; PSB - Puget Sound Basin.
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Figure 2 . Velocity model of the crust beneath the north-south profile. The insert illustrates the seismic raypaths discussed in the text (S - source; R - receiver). Isovelocity contours are labeled in units of km/s, and contour interval is 0.5 km/s. Triangles show shot point positions. Recording stations were at 750 m intervals along the profile. The portion of the model constrained by Pg observations is shown by a dashed line; velocities above this line are generally constrained to approximately +- 0.1 km/s. The root mean squared (rms) misfit of the model to the observed Pg travel times for all 9 shot points is 0.10 s. The brown shaded regions are sedimentary basins in which the velocity increases from 2 to 4 km/s. Our interpretation of the upper and lower crust of the Siletz terrane is shown in light and dark green, respectively. The position of the base of the crust derived from travel times of wide-angle reflections (PmP) for one possible model is shown as a double line. The orange shaded region at the base of the crust illustrates the allowable range of crustal thickness as is bounded on the top by the solution assuming a lower crustal velocity of 6.5 km/s and bounded on the bottom by a solution assuming a lower crustal velocity of 7.2 km/s. The inferred positions of the base of the Siletz terrane and of the North American/Juan de Fuca (NA/JdF) plate boundary are discussed in the text and contain uncertainties qualitatively estimated to be on the order of 6 km. Reflective zones labeled RZ are from Keach et al. (ref. 19). 
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Figure 3 . One of the nine shot gathers from which the model of figure 2 was constructed. Two adjacent traces were added together and data were filtered with a passband of 5 to 20 Hz for this display. The Y axis represents time after the shot reduced by a factor of X/(6.5 km/s), where X is source-receiver offset in km. Travel times predicted by the model of figure 2 for Pg and PmP arrivals are overlain on the data. The rms misfit of the model to the Pg observations is 0.10 s (the same as for the entire data set). Undulations in the travel times result from large, shallow velocity variation. The transition to an apparent velocity greater than 6.5 km/s is observed in this shot gather at km 205. The lateral variation in the depth to this velocity transition is well constrained by the distribution of shot gathers along the profile (fig. 2).
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Figure 4 . Velocity model of the crust beneath the east-west profile. Contours are labeled in units of km/s, and contour interval is 0.5 km/s. The overall rms misfit of the model is 0.18s. Open triangles show positions of offshore and onshore seismometers in 1989, resulting in 16 receiver gathers with trace spacings of 66-132 m; filled triangles show shot point positions in 1991, yielding 4 shot gathers with a 350 m trace spacing. The portion of the model constrained by observations from the 1989 and 1991 EW profiles is outlined by the light dashed line. The position of a deep reflection beneath the continental shelf interpreted to indicate either the base of the Siletz terrane or the top of subducted oceanic crust is shown by a bold line. The projected position of crustal reflective zones onshore (ref. 17) are labeled RZ. The inferred seaward edge of the Siletz terrane and an observed fault in the overlying sediments is shown by the bold dashed line. The inferred minimum and maximum thicknesses of the Siletz terrane are shown as dotted lines. Neogene sedimentary basins with velocity less than 2 km/s are black. Sedimentary basins with velocity of 2 to 4 km/s are brown. Our interpretation of the upper and lower crust of the Siletz terrane is shown as light and dark green, respectively. The upper and lower oceanic crust of the Juan de Fuca plate are shown by light and dark orange. The apparent thickening of the upper crust beneath the lower slope is a robust feature of the model, and may represent incorporation of a block of upper oceanic crust into the accretionary prism. The fate of the upper oceanic crust east of this region is uncertain (ref. 23). Small discrepancies between this model and the model of figure 2 at the intersection of the two profiles may reflect velocity anistropy as well as uncertainties in the models. Cusps on the 6.5 km/s contour that approximately defines the boundary between upper and lower crust are artifacts of the model parameterization. Our new model extends from km 0 to km 275. The velocity structure beneath the High Cascades at km 300 is from ref. 27.
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Figure 5 a) Summary of our model of the Cascadia forearc in Oregon, shown with no vertical exaggeration. In addition to the data discussed above, this figure includes an approximate estimate of the position of the Juan de Fuca plate crust within the upper mantle beneath the eastern Willamette Valley derived from the 1993 broadband teleseismic array experiment (8). SC - subduction complex; JFC - oceanic crust of the Juan de Fuca plate; RZ - reflective zone.
b) Crustal structure of the Cascadia forearc beneath Vancouver Island derived from a multidisciplinary synthesis of various types of geophysical data and discussed in detail by R. Hyndman et al. (5). Abbreviations and scale are the same as in figure 5a. The Pacific Rim and Wrangellia terranes are of pre-Tertiary age.
c) Map of the Pacific Northwest showing regional variations in the thickness of the Siletz terrane. Italic numbers next to arrows show the segmentation of the volcanic arc (ref. 39). This figure shows the minimum extent of the Siletz terrane because its eastern boundary may extend further east beneath the Cascades, its western boundary may have been truncated through strike-slip motion (ref. 12) and its southern boundary may extend beneath the Paleozoic rocks of the Klamath terrane (KT). The orientation of the boundary between thickened oceanic crust and transitional oceanic crust is poorly constrained and is shown here to be approximately coincident with the Mt. Angel/Gales Creek fault zone because it occurs near this fault zone on the NS profile. The detailed location of the boundary between transitional and normal oceanic crust is also poorly known.
