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ABSTRACT 

Geophysical data from an extensive multichannel seismic (MCS) survey and Ocean 

Drilling Program (ODP) Leg 146 are used to examine: 1) the origin of bottom-simulating 

reflectors (BSRs); 2) The relationship of seismic velocity to changes in porosity and; 3) 

the variation in structural style and development of landward-vergence in the Cascadia 

accretionary prism. 

Velocities obtained from vertical seismic profiles (VSPs) and downhole logs at two 

ODP drill sites on the Cascadia margin are lower than that of water beneath the BSR, 

strong evidence for the presence of 1 %-5% free gas. Velocities in the hydrate stability field 

above the BSR are only slightly elevated, suggesting that low-velocity free gas, rather than 

hydrate, is primarily responsible for the velocity contrast that forms the BSR at these sites. 

Sediments in stratigraphically-defined intervals decrease in velocity during 

deformation as they are incorporated into the first thrust sheet of the landward-vergent 

Oregon accretionary prism, resulting in velocities that are lower in the deforming thrust 

sheet than in the equivalent undeformed basin sediments. It is possible that the velocity 

decrease indicates a porosity increase in the upper sediments due to extensional failure 

during fold development; however, a more geologically reasonable explanation is that the 

rigidity of the sediments decreases due to loss of incipient cementation during deformation. 

The Oregon margin spans a regional transition in structural style from seaward

vergence in the south, to landward-vergence in the north. Landward-vergence requires 

both low basal shear stress and an arcward-dipping decollement; the regional variation 

probably reflects a change in the potential for overpressure, and low effective stress, in the 

sediments. Superimposed on the regional transition are abrupt changes in structural style 

that correlate with NW-striking strike-slip faults in the Cascadia Basin. 
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Each of these three cases illustrates the interaction of sediment/fluid properties and 

deformation. Geophysical data are used to constrain the influence of changing physical 

properties on structural style, the effect of deformation on the sediments and flow paths, 

and the effect of both physical properties and pore fluids on geophysical measurements 

such as velocity. 
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CHAPIBR 1 

INTRODUCTION 

The following three chapters that compose this dissertation are based on an 

extensive multichannel seismic (MCS) survey that was acquired offshore Oregon in 

support of a scientific drilling proposal to the Ocean Drilling Program (ODP) (Fig. 1.1). 

The focus of both the MCS survey and the ODP drilling (which was combined with a 

similar proposal off Vancouver Island, British Columbia, to become ODP Leg 146), was to 

examine the relationship between deformation and fluid flow in the accretionary prism. 

These papers deal with several related subjects within this broad, interdisciplinary study. 

Preceding this series of papers was an early interpretation of the MCS data [MacKay, et al., 

1992] that is not included here. 

Chapter Two, Origin of bottom-simulating reflectors: Geophysical evidence from 

the Cascadia accretionary prism by M.E. MacKay, R.D. Jarrard, G.K. Westbrook, R.D. 

Hyndman, and the Shipboard Scientific Party of Ocean Drilling Program Leg 146, was 

published in May 1994 by Geology, volume 22, p. 459-462. It is reproduced here with 

permission of the publisher, the Geological Society of America M. Mackay analyzed the 

data and was the primary author of the manuscript. This paper presents geophysical data 

obtained from two sites on ODP Leg 146, including the first velocity measurement of free 

gas beneath the bottom-simulating reflector (BSR). It compares velocities from vertical 

seismic profiles (VSPs) to those from sonic logs, and uses other downhole logs (neutron 

porosity, density, and resistivity) to assess the relative importance of methane hydrate vs. 

free gas in the formation of the BSR. This paper has broader implications for fluid flow in 

accretionary prisms and the geophysical response to changes in physical properties, in this 

case the pore fluids themselves. 
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Chapter Three, Counter-intuitive velocity decrease at the toe of the Oregon 

accretionary prism, is based on work done at GEOMAR, University of Kiel, Germany 

under the guidance of Dirk Klaeschen and Roland von Huene; it is intended for submission 

to Geology. This chapter examines the geophysical characterization of physical properties, 

such as porosity, in the frontal thrust sheet of the Oregon prism. It documents the velocity 

change within specific stratigraphic units as they are incorporated into the prism and 

explores implications for the effect of deformation on physical properties and on the 

velocity-porosity relationship. 

Chapter Four, Structural variation and landward-vergence at the toe of the Oregon 

accretionary prism, shifts emphasis from the effect on deformation on physical properties 

and fluid movements (discussed in Chapters Two and Three) to its natural complement, the 

effect of fluids and physical properties on deformation. This paper establishes the 

theoretical requirements for landward-vergence and examines the structural variation at the 

toe of the prism in light of these requirements. 

Together, the three papers examine the interrelationship between deformation and 

fluids in the active structural and hydrologic environment of an accretionary prism. They 

incorporate data from MCS, SeaBeam, VSPs, and well-logging that cover a range of scales 

from centimeters to hundreds of kilometers. The analysis of these data reveals complex, 

interdependent systems that, in many cases, raise questions about commonly held 

assumtions and defy simple interpretation. 
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Figure 1.1 Regional location map. MCS survey area in hatchered box. ODP sites are 

shown by solid circles. Vergence changes along the margin SV = seaward-vergence, L V = 

landward-vergence. 
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CHAPTER2 

ORIGIN OF BOTIOM-SIMULA TING REFLECTORS: GEOPHYSICAL EVIDENCE 

FROM THE CASCADIA ACCRETIONARY PRISM 

Mary E. MacKay Department of Geology and Geophysics, University of Hawaii, 

Honolulu, Hawaii 96822 

Richard D. Jarrard Department of Geology and Geophysics, University of Utah, 

Salt Lake City, Utah 84112 

Graham K. Westbrook School of Earth Sciences, University of Birmingham, 

Birmingham B 15 2TI, United Kingdom 

Roy D. Hyndman Pacific Geoscience Centre, Geological Survey of Canada, 

Sidney, British Columbia V8L 4B2, Canada 

Shipboard Scientific Party of Ocean Drilling Program Leg 146 

This paper was previously published in Geology, volume 22, p. 459-462, 1994, and is 

reproduced here with permission of the publisher, the Geological Society of America. 

ABSTRACT 

Vertical seismic profile (VSP) data from two drill sites on the Cascadia margin 

show low-velocity zones, indicative of free gas, beneath a bottom-simulating reflector 

(BSR). Offshore Oregon, at Ocean Drilling Program (ODP) Site 892, velocities drop from 

an average of 1750 m/s above the BSR to less than 1250 m/s below it. Sonic logs confirm 

that seismic velocity in the sediments adjacent to the borehole is less than that of water for 

at least 50 m beneath the depth of the BSR at this site. Similarly, at ODP Site 889 offshore 

Vancouver, velocities range from 1700 to 1900 m/s in the 100 m above the BSR and drop 

abruptly to 1520 m/s in the 15 mjust beneath it. The low velocities observed beneath the 
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BSR are strong evidence for the presence of 1 %-5% free gas (by volume). The BSR at 

these two sites results from the contact between gas-free sediments containing a small 

quantity of hydrate above the BSR and a low-velocity free-gas zone beneath it Although 

the BSR is associated with the base of the hydrate stability field, hydrate appears to account 

for relatively little of the velocity contrast that produces the BSR Velocity above the BSR 

at Site 889 is only about 100 rn/s greater than that expected for sediments of similar 

porosity. Sediments above the BSR at Site 892 appear to have normal velocity for their 

porosity and may contain little hydrate. 

INTRODUCTION 

Bottom-simulating reflectors (BSRs) broadly mimic the relief of the sea floor and, 

in many settings, are believed to mark the pressure-temperature (P-n-dependent base of 

the methane hydrate stability field (e.g., Shipley et al., 1979; Hyn~an et al., 1992). 

Below this boundary, methane may be present as dissolved or free gas, but not as hydrate. 

Hydrate is an icelike substance, consisting of gas molecules within a lattice of water 

molecules, that is formed at high pressure and low temperature. Appropriate P-T 

conditions for methane hydrate stability are widespread in the shallow sub-sea floor of 

continental margins, and BSRs are commonly observed in seismic reflection data from 

accretionary prisms (Shipley et al., 1979). Because hydrate may store large quantities of 

methane, an understanding of the origin of BS Rs and the amounts of hydrate or free gas 

associated with them is important in assessing both their economic potential and their effect 

on global climate change (K venvolden, 1988). BS Rs have also been widely used to 

estimate geothermal heat flow from the P-T conditions for hydrate stability, thereby 

providing constraints on determinations of fluid movements within accretionary prisms 

(Yamano et al., 1982; Minshull and White, 1989; Davis et al., 1990; and others). 
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BSRs are typically strong, negative-polarity reflectors. Reflection amplitude can be 

as great as that of the sea floor, and reflection polarity of BSRs is consistently opposite that 

of the sea floor, indicating a large decrease in acoustic impedance (velocity x density) 

below the reflector. In water-saturated sediments, the presence of either hydrate or small 

amounts of free gas will lower the density slightly. The presence of hydrate increases 

sediment velocity, although the relation of concentration to velocity is not well known 

(Stoll, 1974; Pearson et al., 1986); even very small amounts of free gas in a sediment will 

greatly reduce its velocity (Domenico, 1976). Consequently, the impedance contrast 

between sediment containing hydrate and sediment containing free gas (or non-hydrate 

bearing sediments) is predominantly caused by the change in velocity. 

The origin of this velocity contrast, and the relative importance of hydrate vs. free 

gas in the formation of the BSR, has remained controversial. Models for BSRs have, to 

date, been based almost exclusively on analysis of surface seismic data. In various locales, 

the BSR has been interpreted as either the base of a high-velocity layer due to hydrate 

above the BSR (Hyndman and Davis, 1992), the top of a low-velocity zone due to free gas 

beneath the BSR (Bangs et al. 1993; Singh et al., 1993) or a combination of both (Dillon 

and Paull, 1983; Minshull and White, 1989; Miller et al., 1991). Although Deep Sea 

Drilling Project (DSDP) and ODP drilling has penetrated BSRs at several sites (Kastner et 

al., 1991), the rapid dissociation of hydrate and loss of gas during core recovery have 

thwarted attempts to determine the in situ concentrations of hydrate and free gas. Bangs et 

al. (1993) present a partial suite of downhole logs that show good evidence for the 

presence of free gas despite poor borehole conditions. In this paper, we present velocity 

measurements from vertical seismic profiles (VSPs) and downhole logs that 

unambiguously document the presence of a surprisingly thick zone of free gas beneath the 

BSR. 
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GEOLOGIC SEITING 

During ODP Leg 146 (Westbrook et al., 1993), we obtained in situ velocity 

measurements from VSPs and downhole logs at two sites that penetrated BSRs in the 

Cascadia accretionary prism, offshore Oregon and Vancouver Island. Oregon margin Site 

892 is situated near the crest of a large ridge -16 km behind the thrust front, at a water 

depth of 670 m (MacKay et al., 1992). Multichannel seismic (MCS) data show a strong 

BSR with few other coherent reflectors (Fig. 2.1). The site is located in the hanging wall 

of a minor thrust over which the BSR rises locally, presumably because of the movement 

of warm fluids along the fault (Moore et al., 1991). The structural and hydrologic setting 

of the Oregon margin in the vicinity of Site 892 has been examined by means of MCS 

data, Seabeam bathymetry, GLORIA and SeaMARC lA side-scan data, and Alvin dives 

(Carson et al., 1991; Moore et al., 1991; MacKay et al., 1992). Nonetheless, the 

subsurface velocity structure at the site remains poorly determined because of the lack of 

coherent reflections for use in velocity analysis of the MCS data 

Vancouver margin Site 889 lies on a broad mid-slope terrace at a water depth of 

1322 m. A veneer of slope sediment 130 m thick overlies the more deformed accreted 

sediments at the site (Fig. 2.1). The BSR is within the accreted sediments at Site 889, but 

in nearby regions it extends across both prism and slope basin deposits (Hyndman and 

Spence, 1992). Based on detailed velocity analyses, estimates of heat flow, and modeling 

of the BSR, the hydrologic setting at Site 889 was inferred to be dominated by diffuse 

upward flow of fluids (Davis, et al., 1990; Hyndman and Davis, 1992; Hyndman and 

Spence, 1992), rather than by fault-dominated flow as seen at Site 892. 

VSP DATA ACQUISffiON AND VELOCITY ANALYSIS 

VSP data differ from conventional seismic reflection data in that receivers are 

located at a series of stations in the borehole while shots are fired at the sea surface 
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(Gal'perin, 1974). In a zero-offset VSP, the source is located almost directly above the 

borehole. Zero-offset VSPs were shot at Sites 892 and 889 using a 4.9 L airgun and a 6.5 

L watergun, fired in alternate series of 6 to 20 shots at each receiver position, and received 

downhole by a single vertical-component geophone in a Schlumberger well-seismic tool. 

At Site 892, eight receiver stations were spaced at 5 m intervals from 56.5 m below sea 

floor (bsf) to 91.5 m bsf; sonic log data extend from 34.3 m bsf to 125 m bsf. At Site 889, 

23 receiver stations were located from 125.5 m bsf to 243.0 m bsf . Most receiver stations 

were spaced at 5 m intervals; a few spacings were as short as 2 m or as long as 7 m. Sonic 

log data extend from 61.7 to 243 m bsf. 

VSPs provide a time vs. depth relation from the direct arrival time of the 

compressional wave at each receiver depth (Fig. 2.1 ). The slope of the time-depth curve is 

the average velocity across a given depth interval. Although most of the VSP data were 

collected at 5 m receiver spacing, we cannot resolve velocity across such a short interval 

because of the limits of accuracy in determining time and depth measurements (0.1 ms and 

0.1 m, respectively). The velocities shown in Figure 2.2 are mean values of slope obtained 

from linear regression of the time-depth values over overlapping 10 to 15 m intervals with 

an estimated error of ±30 m/s. Velocity was not averaged across the BSR, because the 

BSR clearly represents a strong discontinuity in both sonic-log and VSP-velocity data. 

VELOCITY STRUCTURE OF 1HE BSR 

At Oregon margin Site 892, the BSR lies 499 ms (one-way traveltime) below the 

sea surface. This traveltime corresponds to a depth of 73.9 m bsf on the time-depth curve 

(Fig. 2.1) and is marked by an abrupt downhole decrease in both VSP and sonic-log 

velocities (Fig. 2.2). Above the BSR, VSP and sonic-log velocities average 1774 and 

1790 m/s, respectively, from 56.6 to 71.5 m bsf. A high-velocity interval seen in the sonic 

log from 61.5 to 66.5 m bsf has low neutron porosity, high density, and high resistivity 
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(Fig. 2.2). We interpret the interval as an indurated or cemented zone rather than hydrate, 

because hydrate has high neutron porosity and low density, opposite to the observed 

variations. Beneath the BSR, VSP velocity drops to 1250 m/s at 71.5 m bsf, then 

increases slightly to 1320 m/s over the next 20 m; sonic-log velocity drops to 1510 m/s 

below 72.5 m bsf. 

At Vancouver margin Site 889, the BSR lies 1024.5 ms below the sea surface, 

which corresponds to a depth of 223.5 m bsf on the time-depth curve (Fig. 2.1). Above 

the BSR, VSP and sonic-log velocities generally range from about 1700 to 1900 m/s for 

the interval from 130 m bsf to the BSR at 224 m bsf, with mean values of 1800 and 1770 

m/s, respectively. High-velocity spikes, seen in the sonic log at 190 and 214 m bsf (Fig. 

2.2), are low-porosity, high-resistivity zones, similar to those seen at Site 892. Beneath 

the BSR, VSP velocity drops abruptly to 1520 m/s for the interval 228-243 m bsf; sonic

log velocity drops by only 150 m/s in the vicinity of the BSR, and it reaches a minimum 

value of 1630 m/s at 231 m bsf. 

Effect of Free Gas on Velocity 

Free gas dramatically lowers velocity, particularly in poorly c:onsolidated, high

porosity sediments. Theoretical and laboratory results indicate that as little as 1 %-3% free 

gas can reduce normal sediment velocity to as low as 1200 m/s; further increases in gas 

concentration produce very little additional change in velocity (Domenico, 1976). Velocity 

values near or less than those of water (nominally 1500 m/s), as observed beneath the BSR 

at Sites 892 and 889, are a strong indication of at least small quantities of free gas (Serra, 

1984). In sufficient concentrations, gas will also lower density and increase resistivity. 

Neither low density nor high resistivity is associated with the low-velocity intervals at Sites 

889 and 892, indicating that the concentrations of free gas are low, probably a few percent. 
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At Site 892 sonic-log velocity beneath the BSR is near-constant at 1510 rn/s (Fig. 

2.2), equal to the velocity of sea water in the borehole. The borehole diameter below the 

BSR was sufficiently small (25-33 cm, except for 33-39 cm interval from 89-108 m bst) 

to reliably measure formation velocities (Goetz et al., 1979); however, the sonic log cannot 

measure a formation velocity lower than that of the borehole fluid, indicating that the true 

formation velocity is less than or roughly equal to the velocity of the borehole fluid. This is 

strong evidence for free gas in the formation (Goetz et al., 1979; Serra, 1984). 

At Site 889, sonic-log velocities decrease beneath the BSR, but are higher than VSP 

velocities for the same interval (Fig. 2.2). In gas-bearing sediments, borehole fluids may 

invade the formation and flush free gas away from the borehole wall; the sonic log thus 

measures only the high-velocity invaded zone or an intermediate value, depending on the 

depth of invasion (Serra, 1984). Vigorous downhole circulation of seawater was required 

at Site 889 to keep the borehole open for logging; if free gas were present in situ there is a 

high likelihood that it would be at least partially driven from the near-borehole zone 

measured by the sonic log. The VSP measures velocity over several tens of metres 

adjacent to the borehole in contrast to sonic log penetration of less than 0.3 m. 

Heterogeneity, whether naturally occurring or resulting from invasion of borehole fluids, 

will result in sonic-log velocities that differ from those measured by the VSP. 

Evidence from Other Logs 

Sonic-log velocity shows a strong correlation with both resistivity and neutron 

porosity logs above the BSR (Fig. 2.2). To estimate the effect of hydrate or free gas on the 

observed velocities, we calculated velocity (Veale) from the neutron-porosity log using the 

empirical relationship of Hyndman et al. (1992), P = -1.180 + 8.607(1/V) - 17.89(1/V2) + 

13.94(1tv3). This relation provides a reasonable fit to data from the Vancouver reference 

site, Site 888, and to Site 889 above 130 m bsf; however scatter of 100 rn/s is common in 

11 



velocity-porosity relations due to variation in lithology and cementation. Areas of 

anomalously high velocity (Vobs - Veale>> 0) indicate possible hydrate presence, whereas 

anomalously low velocity (Vobs - Veale<< 0) indicates the presence of free gas. 

At Site 892, sediments above the BSR appear to have a normal velocity-porosity 

relationship (Fig. 2.2, upper right panel); there is no indication of anomalously high 

velocity (relative to porosity), and sediments may contain very little hydrate. VSP 

velocities beneath the BSR at Site 892 are more than 550 m/s slower than would be 

expected for sediments of similar porosity (Fig. 2.2, upper left panel, compare VSP to 

Veale). 

At Site 889, sonic-log velocity is about 100 m/s greater than predicted for sediments 

of similar porosity (Fig. 2.2, lower right panel) throughout the interval 130-220 m bsf. 

Although sonic logs for Site 889 do not show extremely low velocity beneath the BSR, 

their velocity is anomalously low with respect to porosity, indicating some free gas in the 

invaded zone adjacent to the borehole. VSP velocities beneath the BSR at Site 889 are 

more than 200 m/s slower than would be expected for sediments of similar porosity (Fig. 

2.2, lower left panel, compare VSP to V calc). 

DISCUSSION 

Velocity data from the Oregon and Vancouver sites suggest the presence of small 

concentrations of hydrate, but at neither location does hydrate produce sufficiently high 

velocity to generate the BSR. Instead, low velocity associated with small quantities (1 %-

5%) of free gas beneath the BSR produces the strong negative-polarity reflection. 

Why ls There Free Gas? 

At the Cascadia margin we see no evidence for a massive hydrate layer that might 

serve as a permeability barrier, as suggested for the Blake Ridge (Dillon and Paull, 1983). 
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ff gas were produced in situ, a trapping mechanism would not be required, but the quantity 

of organic matter beneath most BSRs is probably insufficient to locally create methane 

supersaturation (Hyndman and Davis, 1992). Alternatively, free gas may form in situ 

through dissociation of preexisting hydrate (Shipley and Didyk, 1981) if the base of the 

hydrate stability field moves upward as a result of sedimentation, tectonic uplift, or an 

increase in sub-bottom temperatures, all of which have occurred at the Cascadia sites. 

Depending on the speed with which gas migrates upward following the rise of the hydrate 

stability field, the BSR may mark a phase boundary across which the concentration of 

methane varies little. Because of the very strong velocity response to free gas, the negative 

impedance contrast that generates the BSR requires neither the presence of substantial 

quantities of hydrate nor a significant difference in concentration of methane across the 

boundary. 

The presence of free gas without any apparent permeability barrier suggests a 

system of low upward mobility. Partial filling of cracks by hydrate may reduce the 

permeability, but the most probable reason for the "trapped" gas is its low concentration. 

For free-gas concentrations of only a few percent, gas permeability is at least three orders 

of magnitude less than the permeability of the formation water (Honarpour, et al. 1986). 

Consequently, at low concentrations the gas will tend to move with the pore water rather 

than through it. 

Where is the "Base of Gas" Reflection? 

An important question that remains unanswered is why, in Cascadia and elsewhere, 

we do not see a reflection from the base of the free-gas zone. It has pormally been 

assumed that if free gas were present beneath the BSR it must be a foin layer, less than 10 

m thick, in order to not be resolved seismically. Data presented here, however, show low

velocity free-gas zones at least 50 m thick off Oregon, and at least 15 m thick off 
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Vancouver; neither appears to produce a reflection from the base of the gas zone. Although 

this issue remains unresolved. our data conclusively demonstrate that the lack of a "base of 

gas" reflection does not reliably preclude the presence of free gas beneath the BSR. 

CONCLUSIONS 

The recognition that the BSR marks the P-T-dependent base of the methane stability 

field, as well as the recovery of hydrates above the BSR, may have biased our perception 

of the role of hydrate in the formation of BS Rs. Data presented here support a conceptual 

model of the BSR that is quite different from existing hydrate-focused models. In areas 

such as Cascadia, where small amounts of hydrate have negligible effect on velocity, the 

BSR is more accurately envisioned as the P-T-dependent phase boundary marking the top 

of a free-gas zone. 
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Figure 2.1 Time/depth relation between vertical seismic profile (VSP) and multichannel seismic (MCS) data. MCS 

data are plotted in one-way traveltime to correspond to VSP data. SF = sea-floor reflection. BSR = bottom-simulating 

reflector. MCS amplitudes are displayed as both wiggle traces and gray scale; positive amplitudes are dark, and negative 

amplitudes are light Note that the BSR has reversed polarity relative to sea-floor reflection. Vertical scale for VSP time 

vs. depth curve is twice that of MCS data; figures are aligned at time of BSR; depth is given in m below sea floor (bst) . 

Points on line are first-arrival times for VSP data; solid line is integrated sonic log values; dashed lines represent time vs. 

depth position of BSR. Inset shows location. 
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Figure 2.2 VSP velocity and well logs for ODP Sites 892 (top) and 889 (bottom). Depth 

is given in m below sea floor (bsf). On each panel solid horizontal line marks position of 

BSR observed in MCS data; dashed horizontal line marks velocity drop in VSP data. 

Stipple indicates low-velocity free gas region. Note that high-velocity intervals above the 

BSR are low-porosity, high resistivity "cemented" intervals, rather than high-velocity, low

porosity hydrate. Plots at left show VSP-derived velocity (heavy line), sonic-log velocity 

(thin line), andVcalc (shaded line) estimate of "normal" velocity for sediments of similar 

porosity. Center plots show neutron porosity log (solid line), resistivity log (solid line 

labeled "Q", in ohm-m), and density log (solid line labeled "r", in g/cm3) for Site 892 only 

-- no density log is available for Site 889. Increasing values are plotted to right with the 

exception of porosity, which is plotted with high porosity values to the left. Plots at right 

show Vobs - Veale (shaded line) estimate of the velocity anomaly due to hydrate. 
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CHAPTER3 

COUNTER-INWITIVE VELOCITY DECREASE AT TIIB TOE OF TIIB 

OREGON ACCRETIONARY PRISM 

ABSTRACT 

As basin-fill sediments are incorporated into the first thrust sheet of the landward

vergent Oregon accretionary prism they undergo a decrease in interval velocity. This trend 

is opposite that observed at other accretionary prisms, where an increase in velocity 

normally accompanies the loss of porosity during deformation. 

Lateral velocity changes within four stratigraphically-constrained intervals were 

obtained from focusing analysis and iterative prestack depth migration of multichannel 

seismic data. The shallowest interval (less than 500 m of sediments) shows a slight 

decrease in velocity towards the thrust. The two middle intervals (approximately 1000 m 

of sediments) show a consistent pattern of initial velocity increase in the hinge of the 

landward-vergent thrust sheet, followed by a pronounced velocity decrease (300-700 m/s) 

towards the thrust. Velocities in the deforming thrust sheet are lower than those of the 

equivalent undeformed basin sediments. Velocities in the deeper fourth interval are less 

well-constrained, but appear to increase with proximity to the thrust. 

The lateral changes in interval velocity reflect the combined effects of vertical 

(overburden) and horizontal (tectonic) stresses on the deforming sediments. To remove the 

effects of changing sub-bottom depth of the intervals, interval velocities were compared 

with reference profiles from the undeformed basin sediments. The resulting residual 

"tectonic" profiles record the effect of deformation on velocity within the intervals. 

Although the magnitude of velocity decrease with proximity to the thrust is reduced 

approximately 50%, the same general pattern is observed. It is possible that the velocity 

decrease indicates a porosity increase in the upper sediments due to extensional failure 
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during fold development; however, a more geologically reasonable explanation is that the 

rigidity of the sediments decreases due to loss of incipient cementation during deformation. 

INTRODUCTION 

Accretionary prisms are one of the most dynamic structural and hydrologic 

environments on earth. During the early stages of accretion, deformation-induced fluid 

flow results in the expulsion of large volumes of water from the sediments. The 

quantification of this process, and understanding of the timing (episodic vs. steady state) 

and spatial distribution (diffuse vs. channelised) of fluid flow is based on direct 

observations and measurements (Carson et al., 1991; Moore and Vrolijk, 1992), numerical 

models (Shi and Wang, 1988; Bekins and Dreiss, 1992), and interpretation of seismic 

profiles (Minshull and White, 1989; Moore et al., 1991) and velocities (Bangs et al., 1990; 

Yuan et al., 1994). Because direct measurements are difficult to obtain, seismic velocity is 

commonly used to infer porosity and to constrain estimates of fluid loss. 

Although seismic velocity in accretionary prisms generally increases with 

deformation, areas of anomalously low velocity (relative to undeformed sediments at 

comparable sub-bottom depths) have been noted in the Nankai (Bray and Karig, 1985), 

Barbados (Bangs et al, 1990), and Cascadia (Lewis, 1991; Yuan et al., 1994) prisms. As 

might be expected, changes in velocity are related to the structural development of the 

prism. Westbrook (1991) notes that, within a single thrust sheet at the toe of the prism, 

there is no velocity increase in the axial regions of the uplifted anticline and maximum 

increase in the footwall sections of the thrust; similar relationships are noted by Yuan et al. 

(1994) and Cochrane et al. (in press), who note that velocities increc:se with proximity to 

the thrust in the footwall, but decrease in the hanging wall. 

Because velocity has an inverse relationship to porosity, the general increase in 

velocity is believed to reflect the loss of porosity due to dewatering as sediments are 
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incorporated into the prism. Similarly, regions of anomalously low velocity have been 

interpreted as underconsolidated, with abnormally high porosity for their sub-bottom 

depth. In some cases, rapid loading by thrust sheets may produce high pore fluid 

pressures that serve to maintain porosity despite increasing overburden (von Huene and 

Lee, 1982; Shi and Wang, 1988). In addition, Bangs (1990) and Lewis (1991) have 

suggested that low velocities may reflect increased porosity due to hydrofracture of the 

sediments by fluids migrating from adjacent overpressured zones. 

Although these studies and others inf er porosity within the prism based on seismic 

velocity, the relationship between velocity and porosity is not well understood. Empirical 

velocity/porosity relationships used to predict porosity have been determined for several 

different sediment types (e.g. Hamilton, 1978; Hyndman et al, 1993). Minor deviations 

from the predicted relationship will have little effect on the estimates of relative changes in 

porosity if the velocity/porosity relationship remains constant across the area of interest; 

however, the velocity/porosity relationship varies with lithology and cementation 

(Hamilton, 1979). In accretionary prisms, lithology is often homogeneous (on a large 

scale); based on knowledge of sediment source and distribution patterns prisms such as 

Nankai are "elastic dominated", whereas north Barbados is "clay dominated". In contrast, 

cementation patterns are expected to be highly variable (Karig, 1993). 

Previous studies have examined velocity changes in accretionary prisms as a 

function of sub-bottom depth. In this paper we trace the lateral change in velocity within 

discrete sedimentary intervals during the initial stages of deformation. This method allows 

us to compare sediments of similar lithology and pre-deformation compaction history. The 

results of this analysis cause us to question the application of a single velocity/porosity 

function in an area of active lithification. 

25 



GEOLOGIC SETTING 

The Cascadia margin is unusually shallow due to the young age (approximately 9 

ma off Oregon) and thick sedimentary cover of the subducting Juan de Fuca plate. Across 

most of the Oregon-Washington margin, the fold/thrust structures near the toe of the 

accretionary prism are landward-verging (MacKay et al., 1992). MCS line OR-25, on 

which this study is based, is in an area where landward-vergent structures are particularly 

simple and well-imaged by the MCS data. In this area, almost all of the 3.5-4.0 km of 

incoming sediments are uplifted along west-dipping thrust faults that sole out just above the 

oceanic crust (Fig. 3.1). The combination of strong continuous reflectors in the turbidite 

sediments, simple structures, and relatively shallow depths provides excellent resolution in 

the velocity analyses. 

VELOCITY DETERMINATION 

Conventional velocity analyses of multichannel seismic (MCS) data often provide 

good regional estimates of seismic velocity if sufficiently large offse.ts are available (Bangs 

et al., 1990; Yuan et al., 1994); however, assumptions on which these analyses are based 

are violated in regions of dipping horizons or strong lateral velocity variations. Seismic 

refraction avoids many of these problems, but is not usually acquired in sufficient density 

to map lateral variations in velocity. We utilize a combination of iterative prestack depth 

migration and focusing analyses to determine velocity from high-quality MCS data. Data 

were acquired using a tuned 4560 in3 airgun array fired at 25 m intervals and received by a 

144-channel streamer with group spacing of 25 m and a maximum offset of 3833 m. 

Method: Focusing Analyses, and Iterative Prestack Depth Migration 

Prestack depth migration is theoretically capable of correctly imaging the geological 

section in regions of complex structure or strong lateral velocity variations, but is extremely 
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sensitive to the velocity model that is used. Focusing spectra (MacKay and Abma, 1992) 

are used to detennine the depth and velocity at which the reflection h)'perbola collapse to an 

apex, producing maximum reflector amplitude and minimum focusing errors (Fig. 3.2); we 

performed focusing analyses every 20 CMPs (250 m). The focusing spectra are combined 

with iterative prestack depth migration in the shot domain to determine the velocity model 

which best "focuses" the energy and therefore corresponds to the correct geological model. 

The velocity model thus obtained should be free from the effects of dipping layers and able 

to resolve lateral velocity variations. 

In practice, our ability to constrain the velocity model is strongly affected by both 

data quality and geological complexity in the following ways: 1) Edge effects produced by 

rapid lateral change in velocity may occur near faults where the focusing analysis "sees" 

both hanging- and foot-wall, averaging the two velocities. 2) Resolution decreases with 

depth, particularly in regions of overlying geologic complexity (top-down approach is 

dependent on accuracy of overlying model). 3) Water bottom multiple obscures velocity 

of geologic horizons. 

Intervals 

We used initial focusing analyses of closely spaced horizons to divide the 

undeformed basin sediments into five intervals (Fig. 3.1), based on 1) change in the 

vertical velocity gradient, 2) consistency and strength of focusing analyses for the 

defining horizon, and 3) lateral persistence and geologic significance of the defining 

horizon. The 3600 m of sediments are divided into three upper Intervals I-III, 450-550 m 

thick; a deeper Interval N, 750 m thick; and the deepest Interval V, 1200 m thick. The 

increasing thickness of the defined intervals reflects both the steep velocity gradient in the 

upper sediments and the decreasing seismic resolution with depth. Only the upper four 

intervals will be discussed here; the velocity for Interval Vis poorly constrained, and was 
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assigned a constant value of 4275 rn/s from the results of focusing analyses. Although 

velocity intervals were chosen to correspond to changes in the vertical velocity function, the 

stepwise increase in velocity across interval boundaries (and constant vertical value within 

intervals) is an artifact of averaging over the interval. Larger intervals were chosen to 

provide greater stability; smaller intervals would more accurately reflect the smooth increase 

in velocity with depth. 

The intervals are bounded by seismically correlatable reflectc·rs that are easily traced 

from the basin into the first thrust sheet. Although grain size and porosity are expected to 

vary with depth, we see no evidence for lateral variation in seismic character in the basin 

sediments that might indicate a significant change in sediments within the intervals. 

VELOCITY CHANGES 

La.teral Changes 

We observe strong lateral changes in velocity from the undeformed basin sediments 

into the first thrust sheet (Fig. 3.1). Three trends are apparent: 1) Sediments in Interval II 

and Interval III (500-1650 m sub-bottom depth) show a marked lateral increase in interval 

velocity in the hinge zone of the landward-vergent thrust sheet, relative to velocities in the 

basin. 2) These same intervals, and to a much lesser extent the overlying Interval I, show 

a strong decrease in interval velocity from the hinge towards the thrust. The increased 

velocity in the hinge is more than offset by the adjacent velocity decrease, resulting in 

velocities that are lower in the deforming thrust sheet than in the undeformed basin 

sediments. 3) The deeper Interval IV increases in velocity from the hinge towards the 

thrust. Similar decreases in velocity with uplift and folding are associated with the second 

and third thrust sheets, but are not shown here due to increasing structural complexity and 

difficulty in correlating horizons across the thrusts. The relationship that we observe 
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between velocity and structure development is not dissimilar from the findings of 

Westbrook (1991) discussed above. 

Changes in Thickness of Intervals, Onlap vs. Erosion 

Because velocity generally increases with depth, it is important to consider the 

effect of changes in thickness and sub-bottom depth of the intervals. Reflectors in the two 

upper intervals show eastward terminating onlap relationships that indicate probable 

turbidite deposition concurrent with early uplift and deformation of the thrust sheet 

Deformation appears to have occurred in at least two discrete episodes, resulting in separate 

onlap events in Intervals I and II (shown by open arrows in Fig. 3.1) and eastward 

thinning of the two upper intervals from the hinge towards the thrust. In addition, 

approximately 100 m of sediments have been removed from the uppermost section of the 

fault bend fold (Fig. 3.1, CMPN 1050-1200) and redeposited, in part, in the small slump 

at CMPN 940. The small slump appears to correspond to a local low in velocity for 

Interval I. In contrast, Intervals Ill, IV, and V show normal eastward thickening observed 

throughout the basin. As a result of changing thickness, Intervals I and II decrease in sub

bottom depth from the basin towards the thrust. Intervals III and IV increase depth slightly 

in the hinge, then decrease depth towards the thrust. 

Normalized Reference Profiles 

To compare the observed lateral velocity changes within the intervals to a reference 

section at the same sub-bottom depths, we created a reference velocity profile for the 

undeformed basin sediments. The reference profile was determined from semblance 

analysis across 80 CMPs (1000 m) centered at CMP 600. The use of semblance analysis 

allowed us to average velocities across a broad region and to avoid the edge effects present 

in the basinward focusing analyses. From this reference profile, we generated a series of 
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rms velocity functions for CMPs 600-1200 that accommodate changing water depths 

across the area. We then sampled these rms velocity functions at the assigned interval 

depths and converted them to interval velocity. At CMP 600, interval velocities from the 

semblance-derived reference profile closely match those of the PDM (prestack depth 

migration) model for intervals I-III. The PDM velocity values for Interval IV were held 

constant from CMP 600-800 because of poor resolution due to edge effects; in retrospect, 

both focusing analyses and reference velocities indicate that values in this region should 

have been slightly lower. In Figure 3.1, the semblance-derived reference profiles are 

shown normalized to the PDM model at CMP 600 for Intervals I-Ill, and to CMP 820 for 

Interval IV, to emphasize the lateral velocity changes. These normalized reference profiles 

show the lateral changes in interval velocity that result from changes in sub-bottom depth of 

the intervals. The implicit assumption in this method is that velocity changes only as a 

function of sub-bottom depth. The relatively smooth increase in velocity with depth in the 

basin sediments supports this approximation for the limited range of changes in sub-bottom 

depth (200-500 m for any given interval) across the area 

Residual (Tectonic) Component 

We subtract the lateral change in the reference profiles from the PDM model to 

obtain a residual or "tectonic" component of the lateral change in ve ~ocity (Fig. 3.1) (ie. at 

CPMN = n, Vresidualn = VpnMn - (Vret600- Vrefn)). The residual component is that 

portion of the lateral velocity change that is not accounted for by change in sub-bottom 

depth of the interval. If cementation is a significant factor in the velocity increase with 

depth, then velocity is a function of both time and depth. In this case, the reference profiles 

will overestimate the importance of sub-bottom depth and the "tectonic" residual should be 

considered the minimum velocity change. The lateral velocity changes in the residual 

tectonic component follow a similar pattern to those observed for the PDM model. There is 
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little change in sub-bottom depth for the hinge region; consequently, the residual velocity in 

the high-velocity hinge zone of Intervals II and III remains almost unchanged from the 

observed values. In contrast, the low velocity zone for Interval III (CMPN 1000-1160) is 

seen to be almost completely a result of change in sub-bottom depth (ie. the PDM model = 

reference profile for CMPN 1040-1160); the tectonic component in this region is virtually 

the same as basin velocities (i.e., residual velocities are slightly greater than the reference 

values at CMPN 600). Although Interval N is less well constrained, the increase in 

velocity for CMPN > 920 is not a product of changing sub-bottom depth and probably 

reflects increased sediment velocity; however, actual values should be viewed with caution. 

The low velocity zones for Intervals I and II are reduced in magnitude, with changes in 

sub-bottom depth accounting for about half of the decreased velocity, but still show 

velocities significantly below those of the basin sediments. 

A similar decrease in velocity is seen in the seaward-vergent region of the prism, 

40 km to the south, where Lewis (1991) observes that velocities in the first thrust sheet are 

lower than those in the adjacent basin sediments at the same sub-bor:::om depth. Cochrane 

et al. (in press) confirm this relationship using detailed semblance analyses, but also note 

that sediments in the protothrust "basin" region have higher velocity than those farther 

seaward. In contrast, this study lies in an area of simple structures; there is no indication of 

seaward deformation and seismic horizons can be traced with confidence from the basin 

into the first thrust sheet 

DISCUSSION 

Velocity is primarily of interest as an indication of the more elusive physical 

properties of the sediments. Seismic velocity is commonly used to estimate porosity based 

on empirical relationships established for similar sediment types (Hamilton, 1978; 

Hyndman et al., 1993). These relationships have been used to estimate the change in 
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porosity in accretionary prisms, and to estimate fluid loss and overpressured 

(underconsolidated) regions. Although changes in velocity imply changing physical 

properties, they are not necessarily indicative of porosity change. 

The application of a single velocity/porosity relationship across the Oregon prism 

data would imply that the upper 1000-1500 m of sediments have increased in porosity 

during deformation (Fig. 3.3A). Using the relationship of Hyndman and others (1993), 

porosity appears to increase from 40 to 47% in Interval I and from 30 to 35% in Interval II 

for the conservative values of residual velocity change (the porosity change for the 

observed values is much higher), requiring an increase in fluid volume of 33% and 25% 

for Intervals I and II, respectively I. Although possible, a more geologically reasonable 

alternative is that there is little or no increase in porosity, and that the velocity decrease 

results from a change in the velocity/porosity relationship due to deformation. 

Velocity/Porosity Relationships 

Velocity/porosity relationships vary with lithology, but can also change dramatically 

even in sediments of similar lithology due to changes in grain contact as a result of 

consolidation and cementation. Velocity is a function of the elastic moduli and density of 

the sediments: Yp=((K+4µ/3)/p)l/2, where K =bulk modulus,µ= rigidity (shear 

modulus), and p =bulk density. Density is, in turn, a function of porosity(<!>), p = <l>Pf + 

(1 - <!>)Pm• where Pm and Pf are grain density and pore fluid density,' respectively. 

Changes in porosity will affect both elastic moduli and density, but the velocity/porosity 

relationship is dominated by the elastic moduli, resulting in an inverse relationship between 

velocity and porosity (opposite that expected from the effect of changing density). 

lThe original fractional porosity is: 0oria = Vfai& , where Vf and Vs are the fluid and solid volumes, 

. I s· th l"d I "II Vr~+ Vsh d th · · n1 Vf.,,,,., d respective y. mce e so 1 vo ume w1 remam unc ange , e new porosity 1s: )Ullow = , an 
Ve. 0.,,,, (1 0 . ) Vf.,..,+ Vs 

the change in fluid volume is: ~ = 1-
0 

., -0:,' (Bangs et al., 1990). 
Vforia ai&(l - ., ) 
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Compaction and lithification generally decrease porosity and increase the elastic moduli, 

resulting in higher velocities (for a given lithology). The incipient stages of cementation, 

however, are often accompanied by a dramatic increase in velocity with very little porosity 

change (Hamilton, 1979). This phenomenon appears to be largely controlled by a sharp 

increase in rigidity during the initial formation of intergrain bonds (Hamilton, 1971; Vernik 

and Nur, 1992). Disruption of these bonds by deformation of poorl~/ consolidated 

sediments might, in effect, reverse this process. 

Compressional velocity alone is insufficient to compute the rigidity of the 

sediments. We nonetheless attempt to estimate rigidity in order to assess the magnitude of 

lateral change required to decrease velocity in the upper sediments without an 

accompanying increase in porosity. These values may have large enors and should be 

used to compare lateral changes only. We used the relationships developed by Hamilton 

(1971a, 1971b) to estimate the bulk modulus of the system from its constituent parts: the 

bulk modulus of water (Kw). the aggregate bulk modulus of mineral grains (Ks). and the 

bulk modulus of the sediment structure or frame (Kr). Values for Kw and Ks are from 

Hamilton ( 1971 b ); the frame modulus, Kf, was calculated as a function of the estimated 

porosity at CMPN 600 (Hamilton, 1971a), yielding system bulk moduli of 6.0, 7.5, and 

9.5 GPa for Intervals I, II, and II, respectively. Change in the bulk modulus values will 

effect the absolute rigidity values, but will not effect the magnitude of lateral change 

required to account for the change in velocity. If porosity, and therefore bulk modulus, are 

held constant at CPMN 600 values across the section, the rigidity shown in Figure 3.3B 

would produce the observed velocity changes. Similar magnitude changes in rigidity occur 

with very little change in porosity during incipient lithification (Vernik and Nur,1992). 

The velocity increase in the hinge zone of Interval III can be reasonably attributed to 

changes in both porosity and rigidity, presumably due to compression in this region; 

however, the velocity decrease associated with the fault-bend fold o!· the frontal thrust is 
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not as easily explained in terms of porosity gain. Sediments on the Oregon margin are 

believed to have poor vertical permeability, and fluid movements appear to be either 
I 

stratigraphically or structurally controlled (Moore et al., 1991; Cochrane et al., in press), 

qualities that are difficult to reconcile with an increase in porosity. We suggest that the 

observed velocity decrease reflects, at least in part, the loss of incipient cementation. The 

loss of cementation ("destructuring") during deformation of high porosity sediments is 

well-documented in the geotechnical literature (e.g., Leroueil and Vaughan, 1990) and 

Karig (1993) notes that even subtle cementation may increase velocity without significantly 

affecting porosity. The relatively high velocity near the seafloor and steep velocity gradient 

of the undeformed basin sediments suggest that they may be more cemented than normal, 

perhaps due to the active fluid flow regime and relatively high heat flow (Langseth and 

Hobart, 1984). Subsequent deformation may break the subtle bonds of cementation, 

prcxlucing velocities in the deformed sediments that are lower than those of the undeformed 

basin sediments. 

CONCLUSIONS 

Velocities in the upper sediments of the frontal thrust sheet in the landward-vergent 

Oregon accretionary prism are lower than those observed in the adjacent undeformed basin 

sediments. Although possible that these sediment increase in porosity during deformation, 

a more geologically reasonable alternative is that there is little or no increase in porosity, 

and that the velocity decrease results from a change in the velocity/P9rosity relationship due 

to a decreasing rigidity in the upper sediments though loss of initial cementation. We 

cannot determine without additional data whether velocity changes independently of 

porosity, but based on these data and laboratory studies on the effects of cementation, we 

urge caution in the application of a single velocity/porosity relationship in an area of active 

lithification. 
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Figure 3.1 (A) MCS line OR-25 showing velocity intervals analyzed. Open arrows 

show approximate areas of onlap. VE = 1.25x. (B) Velocity of the intervals shown 

above. Location of focusing analyses in Fig. 3.2 shown by inverted triangles. The 

"residual" component at CPMN n is Vresidualn = VpnMn - (Vret.600- Vrefn). Interval IV 

from CMPN 600-820 was held constant due to possible edge effects; the residual 

component is not shown for this section. Interval V was held constant at 4275 m/s and is 

not shown. 
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Figure 3.2 Focusing analyses for selected CMPN, shown by inverted triangles in Fig. 

3.1. Focusing analyses were performed every 20 CMPs (250 m). Horizontal scale is 

depth error, spanning +/- 1000 m. The centerline equals zero depth error and indicates that 

the reflector is migrated at the correct velocity. A negative depth error (plotted to the left) 

indicates that energy "focuses" at a shallower depth, therefore a lower velocity would be 

more appropriate. Negative depth errors are also produced by edge effects due to low fold 

(seen in CMPN 680) and energy from the waterbottom multiple (seen in CMPN 1100). 

Intervals I-III are very well constrained across the section, Interval IV is fairly well 

constrained from CMPN 820-940. In Interval IV velocities from CMPN 600-820 were 

held constant, and show small negative depth errors. The deeper regions of'Interval IV 

from CMPN 960-1100 also show negative depth errors; both of these regions probably 

should have been migrated with lower velocities. 

37 



CMPN 680 CMPN 820 CMPN 940 CMPN 1100 

SF1--~~=-----~+-~""""l:tift.-----t' 

3.0 

'E 4.o 
~ ~~ !t'--~1"'-l--~....=a~~~~ 

6.0 
QC 1--~..-.---1. 

38 



Figure 3.3 (A) Porosity estimated from velocity shown in Fig. 3.1 (f = -1.180 + 

8.607*(1/V) - 17.89*(1/V2) + 13.94*(1fV3) (Hyndman et al., 1992)). (B) Rigidity change 

if porosity is constant (at CMPN 600 value) within each interval. Actual values may have 

large errors and are only intended to allow approximation of the magnitude of relative 

changes across the section. 
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CHAPTER4 

S1RUCIURAL VARIATION AND LANDWARD-VERGENCE AT 1HE TOE OF 1HE 

OREGON ACCRETIONARY PRISM 

ABSTRACT 

The Oregon margin near 45°N spans a regional transition in structural style from 

seaward-vergence in the south, to landward-vergence in the north that is consistent with a 

northward decrease in basal shear stress. This variation probably reflects a regional change 

in both sediment type and rate of deposition that affects the potential for overpressure in the 

sediments. Structural style within the survey area shows a gradual northward transition 

from seaward to landward vergence, and to lower slopes within the landward-vergent area. 

Superimposed on this gradational variation are abrupt changes in structural style that 

correlate with NW-striking strike-slip faults in the Cascadia Basin. Because sediments 

thicken toward the east, translation along the strike -slip faults results in juxtaposition of 

sediments with different physical properties and loading histories. 

The Oregon-Washington margin is dominated by landward-vergence; however, 

landward vergence has not been adequately explained by theoretical models or replicated in 

experimental models because of a simple omission in the boundary conditions of the 

underlying conceptual model. Landward-vergence requires not only low basal shear 

stress, but also an arcward-dipping decollement (and to a lesser degree, a relatively strong 

wedge). In order for landward-vergence to predominate, these three factors must combine 

in such a way that the backward-verging thrust planes are favored. 

INTRODUCTION 

As sediments are incorporated into an accretionary prism, the structural style of the 

developing prism records a complex interplay of changing sediment and pore fluid 
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properties. Because these properties are not measurable on a regional scale, the processes 

controlling deformation and fluid flow at convergent margins have been inferred from 

variation in structural style. The importance of faults as fluid conduits and the role of 

overpressure in faulting (e.g., Hubbert and Rubey, 1959) has focused particular attention 

on pore pressure conditions at the decollement The decollement is a primary control on the 

morphology and structural style of the accretionary prism; the strength, or effective stress, 

at the decollement affects the taper and length of the prism, as well as fault geometry and 

spacing (e.g., Davis et al., 1983). In addition, the stratigraphic position of the decollement 

controls the relative thickness of the accreted and underthrust sections. High pore fluid 

pressure lowers effective stress and may influence the stratigraphic position of the 

decollement where several potential horizons are available. Beneath the prism, rapid 

loading due to tectonic thickening may produce high pore fluid pressures on the 

decollement This process often begins seaward of the deformation front, where high 

sedimentation rates or fluid expulsion from beneath the prism may produce high pore fluid 

pressures along the potential decollement horizon (Westbrook et al., 1993). The Oregon 

accretionary prism is an area of active fluid flow and high pore pressures. High-amplitude, 

reversed-polarity reflectors are common on major faults, both landward- and seaward

vergent, and in the protothrust zone; these are interpreted as fluid conduits or dilated fault 

zones by Moore et al. (1994). Drilling results from ODP Leg 146 and postcruise 

measurements confirm fluid flow and high pore pressures on a minor thrust in the seaward

vergent area (Screaton et al., 1993). 

In this paper we relate the style of deformation in the frontal fold-thrust, where 

structures are relatively simple, to conditions in the adjacent Cascadia basin sediments, 

especially along the incipient decollement. In so doing we hope to answer two questions: 

1) what causes landward-vergence? and 2) what controls the changes in vergence and 

structural style at the toe of the Oregon accretionary prism? 
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CASCADIA BASIN 

Along the Oregon-Washington margin, upper Miocene (8 Ma) crust of the Juan de 

Puca plate is subducted beneath North America (Fig. 1.1) (Kulm et al., 1984) at 42 mm/yr, 

directed N690E (DeMets et al., 1990). Pliocene/Pleistocene turbidites that fill the Cascadia 

Basin, eliminating the topographic expression of the trench, are divided into two units by a 

seismic sequence boundary (Kulm et al., 1973; and Kulm et al., 1984). An upper unit 

(Unit n of very fine- to medium-grained sandy turbidites derived from the Astoria Fan 

north of the study area overlies an east-dipping unit (Unit II) of silty turbidites typical of the 

abyssal plain in the Cascadia Basin (Kulm et al., 1973). Sediments thicken eastward, 

reaching a total thickness of 4.5 to 4.0 km at the toe of the slope. Al.ong strike 

(approximately N-S), total sediment thickness is fairly constant across the survey area; both 

oceanic crust and seafloor dip gently to the south. 

SEISMIC DATA ACQUISmON AND PROCESSING 

We collected over 2000 km of multichannel seismic reflection (MCS) lines, spaced 

approximately 1-5 km apart, along the central and northern Oregon margin (Fig. 4.1) in 

September 1989 aboard Digicon's Geotide, a commercial seismic vessel. Navigation was 

by a commercial satellite positioning system (ST ARFIX). The seismic source was a tuned 

4560 in 3 airgun array fired at 25 m intervals and reflections were received by a 144-channel 

streamer with group spacing of 25 m, yielding 72-fold CMP (common midpoint) data at a 

CMP interval of 12.5 m. Prestack processing included t2 gain, spiking deconvolution, 

normal moveout correction, stretch mute, and near trace mute for multiple attenuation. For 

additional multiple attenuation we applied an PK-filter to selected dip lines, including OROS 

and OR23. After stack, the data were time-variant filtered, and migrated using a finite

difference algorithm. Lines OROS and OR23 were converted from time to depth using a 

smoothed version of the stacking velocities. 
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INITIAL DEFORMATION IN THE ACCRETIONARY PRISM 

The swvey area spans a regional transition from seaward-vergence in the south, to 

landward-vergence in the north (Fig. 1.1 and Fig. 4.1). At the toe of the prism, the 

regional transition in structural style is expressed in four distinct structural domains (Fig. 

4.2). The boundaries between the domains are abrupt and correspond to the intersection of 

NW-striking strike-slip faults in the Cascadia basin with the deformation front and to 

deformation associated with the strike-slip faults (Appelgate et al., 1992; MacKay et al., 

1992; Tobin et al., 1993). 

Domain I (Fig. 4.2, 4.3A, and 4.6A) is characterized by seaward-vergence and a 

relatively shallow decollement. A protothrust zone, well-developed between Shot Points 

(SP) 150 and 400, stretches 5-6 km seaward of the toe of the slope, soling at the level of 

the incipient decollement (Fig. 4.3A and Fig. 4.6A). The east-dipping frontal thrust steps 

upward from the decollement forming a seaward-vergent ramp anticline that constitutes the 

marginal ridge. The marginal ridge anticline is cut by one major, and several minor, west

dipping backthrusts. The decollement in this region lies at about 5.6 s (Fig. 4.3A, SP 

350). High-amplitude, reversed-polarity reflectors associated with the frontal thrust, 

backthrust, and many of the protothrusts in this region, have been interpreted as high

porosity, high pore-pressure fluid conduits and are associated with fluid vents on many of 

the lines in this area (Kulm et al., 1986; Moore et al., 1990; and Moore et al., 1994). The 

second ridge is underlain by a poorly-imaged east-dipping thrust and cut by several minor 

thrusts that are associated with fluid venting to the north (Moore et al., 1991; and 

Westbrook et al., 1994). The large size and seismic opacity of this second ridge suggests 

substantial internal fault imbrication; sediments recovered at ODP Site 892 (location shown 

in Fig. 4.1) were pervasively fractured (Westbrook et al., 1994). 

Domain II is also seaward-vergent, but displays a more coherent style of 

deformation (deformed sediments retain much of their internal layering), and the anticlinal 

44 



marginal ridge is more symmetrical than that observed to the south (Fig. 4.3B). A narrow, 

poorly-developed protothrust zone is present across the southern haff of the domain (Fig. 

4.2). The decollement is difficult to image in this region because of the numerous small 

canyons that cut the seafloor, it appears to lie at the same level as that seen in Domain I. 

Domain III (Fig. 4.2, 4.4A, and 4.6B) marks the southernmost extent of landward

vergence at the toe of the Oregon prism. This region shows a south to north transition 

suggestive of decreasing basal shear stress; lower slopes and wider thrust spacing results in 

a northward outbuilding of the deformation front similar to that observed by Lawton et al. 

(1994) in the western U.S. Cordilleran. Line OR-23 is typical of domain III where we 

image a distinctive set of three landward-vergent anticlinal ridges that are easily seen in the 

SeaBeam bathymetry (Fig. 4.2). The offscraped sediments overthmst the seaward-limb of 

the preceding thrust sheet along a west-dipping thrust that soles out near the oceanic crust, 

forming prominent landward-vergent ridges (Fig. 4.4A). As opposed to Domain I, 

protothrusts are rare, and the incoming sediments are not tectonically thickened before 

being rotated seaward. Almost all of the 2.5 s (- 4 km) are off scraped; only about 0.3 s 

(400 m) of sediment is underthrust beneath the slope (Fig. 4.4A and Fig. 4.6B). The 

major thrusts underlying the first and second ridges are imaged as fault-plane reflections 

that exhibit unusually high amplitudes and polarity reversals at depth, but lose amplitude 

upwards and are not imaged in the upper 1.0 s of the section (MacKay et al., 1992). Fluid 

vents and high heat flow values near the outcrop of the frontal thrust (on adjacent lines) 

(Kulm et al., 1979; Langseth and Hobart, 1984; Lewis and Cochrar.~. 1990) are consistent 

with the interpretation of these thrusts as fluid conduits (Moore et al., 1991). Landward of 

the three ridges, seaward-verging thrust sheets form a series of low ridges that generally 

display less than 500 m of relief (Fig. 4.2) (MacKay et al., 1992). 

Domain N is also landward-vergent with a deep decollement, but has a distinctly 

different structural style than domain III (Fig. 4.4B). Widely-spaced open folds dominate 
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Domain IV; the resulting anticlinal ridges have very low relief (Fig. 4.2). This style is 

typical of that found north of the study area across the Oregon and Washington margins 

(Silver, 1972; Carson, 1977; Barnard; 1978). 

STRIKE-SLIP FAULTS 

Three major strike-slip faults cut Cascadia basin sediments in the study area (Fig. 

4.2). The northernmost of the three, fault A or the Wecoma fault, has been extensively 

studied (e.g. Appelgate et al., 1992; Goldfinger et al., 1992; MacKay et al., 1992; and 

Tobin et al., 1993) and provides an analog for the two similar faults to the south. All three 

faults are steeply northeast-dipping with a compressional component that results in uplift of 

trench sediments north of the fault (Fig. 4.5). Estimates of slip rate on the Wecoma fault 

range from 5-12 mm/yr to 7-10 mm/yr (Appelgate et al., 1992 and Goldfinger et al., 1992, 

respectively). Goldfinger et al. (in press) estimate 5.5 km offset on the Wecoma fault; 

Appelgate et al. (1992) found up to 2.5 km offset in well-defined surficial features. All 

three faults cut the entire sedimentary section in the basin and probably involve basement 

STRATIGRAPHIC LEVEL OF THE DECOLLEMENT 

By "stratigraphic level of the decollement" we refer to the de~ollement, or 

basinward extension of the seismic reflector that correlates with the incipient decollement; 

the decollement is, by definition, a detachment surface. It typically follows stratigraphic 

horizons that are either inherently weak due to lithology, or have low effective stress due to 

high pore fluid pressure (Westbrook and Smith, 1983); in a thick sedimentary sequence 

such as that of the Cascadia Basin, there may be several potential decollement horizons 

with similar characteristics. Just as the decollement may step either up or down beneath the 

prism as conditions on the decollement change, the initial level of the decollement may 

respond to subtle changes in strength that favor one horizon over another. On the Oregon 
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margin the decollement occupies two different horizons, both within the silty distal 

turbidites of Unit II; changes in the level of the decollement correspond to structural 

variations in the adjacent prism. Seaward-vergent domains I and II have a shallower 

decollement than landward-vergent domains ill and IV. 

TIIB ORIGIN OF LANDWARD VERGENCE 

Although preferred landward-vergence dominates the Oregon-Washington margin, 

it is uncommon elsewhere; seaward-vergence typifies accretionary deformation in most 

areas. Seaward-vergence is easily produced in both theoretical and experimental results by 

introducing a basal shear stress (Hafner, 1951; Davis et al., 1983; Malavieille, 1984; 

Muguleta, 1988). For Coulomb failure criteria the orientation of potential thrusts is 

controlled by 'lfb, the angle between the maximum compressive stress (cr1) and the 

decollement (Fig. 4.7). Basal shear stress causes 'Vb>> O; therefore the forward-vergent 

thrust planes dip more shallowly than the backward-vergent thrusts. In this case, the 

forward-vergent thrusts will be favored because their shallower dip allows them to 

accommodate a greater amount of horizontal shortening than the steeper dipping back-

thrusts for a given increase in gravitational potential energy. In cases where basal shear 

stress is negligible, 'Vb""' 0 and conjugate failure is expected (Fig. 4.8) (Hafner, 1951). 

Conjugate or dual-vergence structures are seen in the transitional domain II along the 

Oregon margin, as well as the Aleutian margin (Davis and von Huene, 1987), the North 

Panama fold and thrust belt (Tagudin, 1988), and numerous other locations (Davis and 

Engelder, 1985). 

Seely (1977) proposed that landward-vergence along the Washington margin was 

primarily the result of low basal shear stress due to rapid deposition of trench sediments 

and attendant overpressuring. Byrne at al. (1993) note that basal friction is the primary 

control on vergence, and that low basal shear stress is essential to the development of 
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landward-vergence. Despite these assertions, analytical and experimental models that 

successfully model other structures in the accretionary prism fail to produce landward

vergence. Where weak detachments and low basal shear stress have been specifically 

modeled, conjugate thrusts and mixed-vergence structures result (Hafner, 1951; Seely, 

1977; Davis and Engelder, 1985; Byrne et al., 1988; Lallemand, 1992). Although low 

basal shear stress is necessary, it is not, in itself, theoretically or experimentally sufficient 

to produce landward-vergence. 

The second essential requirement for preferred landward-vergence is an arcward

dipping decollement As Hafner (1951) and others have described, low basal shear stress 

('Vb = 0) with a horizontal decollement will produce a conjugate pair of forward- and 

backward-vergent thrusts of equal dip (Fig. 4.9A). If however, the decollement dips 

arcward and 'l'b = 0, the backward-vergent thrust will dip more shallowly than the 

forward-vergent thrust and will be favored (Fig. 4.9C). 

A third factor that will influence 'Vb and the relative dip of the forward- and 

backward-verging thrust planes is the ratio of decollement strength to wedge strength. 

Where both wedge and base are strong, 'Vb>> 0 and seaward-vergence is favored (Fig. 

4.7). Where the wedge is strong and the base is weak (either intrinsically or due to 

overpressure), 'Vb= 0 and either mixed-vergence or, if sufficient arcward-dip is present, 

landward-vergence, will predominate. For the same low basal shear stress, 'Vb will be 

lower for a strong wedge than for a weak wedge (Fig. 4.7). The theoretical relationship 

between the ratio of decollement strength to wedge strength and the relative dip of the 

forward- and backward-verging thrusts is confirmed by the experimental models of 

Mulugeta (1988). 

Comparison of forward- and backward-verging (conjugate) protothrusts from 

OR20 in the landward-vergent region and ORl 1 in the seaward-vergent region supports the 

theoretical importance of relative dip and possible differences in basal shear stress (Fig. 
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4.10). Where seaward-vergence is prevalent in the prism, seaward-vergent protothrusts 

have similar dip (38-48°) to their landward vergent counterparts (38-48°). In contrast, 

where landward-vergence dominates the landward-vergent protothrusts have a shallower 

dip (30-33°) than the seaward-vergent protothrusts (36-39°). 

STRUCTURAL VARIATION ON 1HE OREGON MARGIN 

The study area spans a regional change in vergence, from seaward-vergence to the 

south to landward-vergence in the north. The change to landward-vergence is accompanied 

by a broadening of the continental slope and an increase in thrust spacing (Kulm et al., 

1984; MacKay et al., 1992); these features are consistent with Seely's (1977) interpretation 

of overpressure and low basal shear stress resulting from rapid Pleistocene sedimentation 

in the Astoria turbidite system. Within the study area, however, total sediment thickness is 

fairly constant and there are no obvious changes in sediment character along strike. Abrupt 

changes in structure style, the level of the decollement, and the extent of the protothrust 

zone at the toe of the prism are superimposed on the gradational changes in slope and thrust 

spacing. These abrupt transitions coincide with strike-slip faults seen in the basin, or with 

uplift associated with these faults. If, as it appears, the strike-slip faults influence the 

structural style of the prism, then what mechanism is involved? 

Changes in structural style reflect changes in the underlying boundary conditions 

governing structural development: internal strength of the wedge, basal dip, and basal 

friction. The internal strength of the wedge may vary on a regional scale due to changes in 

sediment type, but it is unlikely to account for abrupt changes such as those observed at the 

domain boundaries. Basal dip in the near-toe region remains constant across the study 

area. Although there is basement relief across the strike-slip faults, there is no change in 

the margin-normal dip of the oceanic crust or of the overlying potential decollement 

horizons on either side of the faults. The dip of the incoming plate remains constant at 
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about 4_50 throughout the survey area (Trehu et al, 1992; Cochrane et al., 1994). In 

Domains I and II, where the decollement is higher in the section, the. basal dip is slightly 

less due to the eastward thickening of the underlying sediments. 

Basal friction may change quite rapidly due to changes in pore pressure, and 

therefore effective stress, on the decollement. Because the sense of the strike-slip motion is 

left-lateral (Appelgate et al., 1991; and Goldfinger et al., 1991) and the basin sediments 

thicken eastward, the strike-slip faults juxtapose thicker sequences on the north with 

thinner (formerly more westward) sequences on the south (Fig. 4.11). The thicker 

sequences on the north suggest higher sedimentation rates; if so, there may be a south to 

north stepwise increase in pore pressure along susceptible horizons (Shi and Wang, 1985). 

Because more recent sedimentation has masked the underlying change in sediment 

thickness (Fig. 4.1 lB, hatchered region), total thickness above the decollement may not 

reflect the loading conditions that contribute to overpressure. Figure 4.2 shows the along 

strike change in time thickness of a shallow horizon and the decollement. The shallow 

horizon is 0.2 - 0.4 sec below the seafloor, but is the shallowest reflector that can be 

correlated throughout the survey area; above this level reflectors become less continuous 

and minor channels more common. The gradual increase in thickness for lines OR26-

0R21 seen in Figure 4.2, and generally thicker sediments south of OR21 result in part 

from the eastward thickening basin sediments and change in orientation and position of 

OR37 (Fig. 4.1); superimposed on this is the change in sediment thickness across the three 

strike slip faults. In addition, Figure 4.2 shows tectonic thickening uf the uplift zone north 

of fault B and of the protothrust zone. 

The fault trace and associated deformation may also perturb the pore pressure 

conditions in the basin sediments. The northernmost of the three faults, the Wecoma fault, 

is an active fluid conduit (Tobin et al., 1993). Its intersection with the margin is complex, 

and results in a localized area of seaward vergence (Fig. 4.2), suggesting higher basal 
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shear stress due to a decrease of pore pressure associated with the fault (Tobin et al., 

1993). 

In the case of fault C, the change in structural style of the prism is not associated 

with the fault trace, but rather with the compressional uplift on the north side of the fault 

(uplift is shown as hatchered region on Fig. 4.2), which affects protothrust development in 

the seaward-vergent region. The protothrust zone is poorly developed immediately north 

of the uplift and dies out between lines OR14 and OR15 (Fig. 4.2). Changes in amplitude 

and polarity along the incipient decollement horizon suggest possible changes in the pore

fluid pressure at the hinge of the uplift. Seismic modeling of a reversed-polarity interval of 

the proto-decollement in domain II suggests that the decollement is a low velocity interval, 

consistent with high pore pressure (Cochrane et al., in press). The reflector changes 

polarity (Fig. 4.5, inset) at the boundary between domain I and domain II (between lines 

OR09 and ORIO), coinciding with the hinge of the uplift associated with fault C (Fig. 4.5) 

and consistent with an interpretation of a northward decrease in basal shear stress. 

Once established, landward- or seaward-vergent deformation may affect pore 

pressure conditions in the sediments seaward of the prism, influencil)g the choice and 

conditions on the decollement. The landward-vergent areas develop high velocity, 

indicative of porosity loss, in the hinge zone above the decollement (MacKay, in prep). If 

porosity is decreased in the hinge region, the lower porosity sediments may serve to trap 

fluids at the decollement, thereby enhancing overpressure and promoting the continued 

development of landward-vergence. In contrast, protothrusts in the seaward-vergent area 

appear to act as fluid conduits and may partially drain excess pore pressures from the 

decollement (Cochrane et al., 1994). 
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CONCLUSIONS 

1) Changing pore pressure conditions in the Cascadia Basin sediments affect both 

stratigraphic position and effective shear stress of the decollement, thereby influencing the 

structural style of the adjacent accretionary prism. 

2) Landward-vergence requires not only low basal shear stress, but also an arcward-

dipping decollement To a lesser degree, a relatively strong wedge is also necessary. In 

order for landward-vergence to predominate, these three factors must combine in such a 

way that the backward-verging thrust planes are favored. Although the dip of the 

decollement is easily determined near the toe, neither the internal strength of the wedge nor 

of the decollement are known; we are therefore unable to quantify the conditions that 

produce landward vergence. The failure of analytical and experimental models to replicate 

landward-vergence results from improper boundary conditions in the conceptual model. 
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Figure 4.1 Location map of MCS survey area Multichannel seismic reflection (MCS) 

lines are shown overlying contoured SeaBeam bathymetry (100 m contour interval). MCS 

lines discussed in the text are shown in bold. 
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Figure 4.2 (right) Structural interpretation of multichannel seismic reflection (MCS) data 

overlying contoured SeaBeam bathymetry (100 m contour interval). Hatcher shows region 

of uplift associated with NW-striking oblique slip faults. (left) Isopach between shallow 

green horizon and landward-vergent (L V) and seaward-vergent (SV) decollements 

(horizons shown on Fig. 4.5) showing along-strike change of sediment thickness on MCS 

line OR37 between these horizons. Hatcher shows tectonic thickening due to the uplift 

associated with strike-slip faults. Stipple shows tectonic thickening due to protothrusts. 

Increase in thickness above baseline (dashed) south of 32 km reflects the eastward shift of 

the MCS line. 
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Figure 4.3 MCS lines OR-05 (A) and OR-18 (B) (location shown in Fig. 4.1), showing 

near-toe style of deformation typical for domains I and II, respectively; displayed without 

automatic gain control (AGC), so that relative amplitudes are preserved. Vertical 

exaggeration is approximately 4: 1 at the seafloor. Seismic horizons shown are: shallow 

horizon= green, sequence boundary within Unit I= blue, Unit I - Unit II sequence 

boundary= red, incipient decollement in (seaward-vergent) domains I and II= yellow, 

incipient decollement in (landward-vergent) domains ill and IV = purple, oceanic crust = 

pink. 
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Figure 4.4 MCS lines OR-23 (A) and OR-33 (B) (location shown in Fig. 4.1), showing 

near-toe style of deformation typical for domains ID and IV, respectively; displayed 

without automatic gain control (AGC), so that relative amplitudes are preserved. Vertical 

exaggeration is approximately 4: 1 at the seafloor. Seismic horizons shown are: shallow 

horizon= green, sequ'!nce boundary within Unit I= blue, Unit I - Unit II sequence 

boundary= red, incipient decollement in (seaward-vergent) domains I and II= yellow, 

incipient decollement in (landward-vergent) domains ID and IV = purple, oceanic crust = 

pink. 
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Figure 4.5 MCS line OR-37 (location shown in Fig. 4.1); displayed without automatic 

gain control (AGC), so that relative amplitudes are preserved. Vertical scale is two-way 

travel time in seconds. Vertical exaggeration is approximately 4:1 at the seafloor. Seismic 

horizons shown are: shallow horizon= green, sequence boundary within Unit I= blue, 

Unit I- Unit II sequence boundary= red, incipient decollement in (seaward-vergent) 

domains I and II= yellow, incipient decollement in (landward-vergent) domains III and IV 

=purple, oceanic crust= pink. Inset shows reversal of polarity between domain I (to the 

right) and domain II (on the left) on the incipient decollement horizon at 5.6 sec, shotpoint 

3490. The incipient decollement in domain II has been modeled by Cochrane et al. (in 

press) as a reversed-polarity reflection consistent with high-pore pressure beneath the 

decollement. 

61 



SHOTPT300 
-2.0 
(.) 
Q) 
Cl) -
~ 3.0 

I-
_J 

~ 4.0 
<( 
a: 
I->- 5.0 

~ 
I 

0 6.0 

~ 

SHOT PT 
_2.0 
(.) 
Q) 
Cl) -
~ 3.0 

1-
_J 

w 4.0 
~ 
a: 
I->- 5.0 

~ 
I 

0 6.0 

~ 

EAST 

3460 3480 3500 3520 
5.4 

5.5 

5.6 

5 .7 

5.8 
inset 

62 



Figure 4.6 Depth sections for MCS lines OR-05 (A) and OR-23 (B) (location shown in 

Fig. 4.1), showing typical seaward-vergent and landward-vergent style of deformation, 

respectively; displayed without automatic gain control (AGC), so that relative amplitudes 

are preserved. Vertical exaggeration is approximately 1.5. Seismic horizons shown are: 

shallow horizon= green, sequence boundary within Unit I= blue, Unit I - Unit II 

sequence boundary= red, incipient decollement in (seaward-vergent) domains I and II= 

yellow, incipient decollement in (landward-vergent) domains III and IV= purple, oceanic 

crust = pink. 
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Figure 4.7 Mohr-Coulomb diagram of effective stress at the base of the wedge, 

illustrating the relationship between stress orientation angle y and the relative strength of the 

wedge and basal decollement (after Davis and Engelder, 1985). 
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Figure 4.8 Cartoon showing the style of deformation corresponding to the stress 

orientation diagrams of Hafner (1951) and similar models. 
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Figure 4.9 A and B show the boundary conditions typically used in both experimental 

and analytical models. C shows the necessary conditions for preferred landward-vergence. 
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Figure 4.10 Depth sections for MCS lines OR-11 (A) and OR-20 (B) (location shown in 

Fig. 4.1), showing conjugate protothrusts in the seaward-vergent and landward-vergent 

regions, respectively; displayed without automatic gain control (AGC), so that relative 

amplitudes are preserved. Vertical exaggeration is approximately 1.5. 
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Figure 4.11 Cartoon showing the juxtaposition of thicker (on the north) and thinner (on 

the south) sediments due to translation of eastward-thickening sediments along a left-lateral 

strike-slip fault. 

73 



A 

B 

Pre-Fault Geometry 
eastward-thickening sediments 

Post-fault Geometry 
B 

thinner sequences on south side of fault 

74 



REFERENCES 

Appelgate, T.B., Goldfinger, C., MacKay, M.E., Kulm, L.D., Fox, C.G., Embley, 

R.W., and Meis, P.J., 1992, A left-lateral strike-slip fault seaward of the central 

Oregon convergent margin: Tectonics, v. 11, p. 465-477. 

Bangs, N.L., Sawyer, D.S., Golovchenko, X, 1993, Free gas at the base of the gas 

hydrate zone in the vicinity of the Chile triple junction: Geology, v. 21, p. 905-908. 

Bangs, N.L.B., Westbrook, G.K., Ladd, J.W., and Buhl, P., 1990, Seismic velocities 

from the Barbados Ridge complex: indicators of high pore fluid pressures in an 

accretionary complex: J. Geoph. Res., v. 95, p. 8767-8782. 

Barnard, W.D., 1978, The Washington continent slope: Quaternary tectonics and 

sedimentation: Marine Geology, v. 27, p. 79-114. 

Bekins, B.A., and Dreiss, S.J., 1992, A simplified analysis of parameters controlling 

dewatering in accretionary prisms: Earth Planet. Sci. Lett., v. 109, p. 275-287. 

Bray, C.J., and Karig, D.E., 1985, Porosity of sediments in accretionary prisms and some 

implications for dewatering processes: J. Geoph. Res., v. 90, p. 768-778. 

Byrne, D.E., Davis, D.M., and Sykes, L.R., 1988, Loci and maximum size of thrust 

earthquakes and the mechanics of the shallow region of subduction zones, 

Tectonics: v. 7, p. 833-857. 

Byrne, D.E., Wang, W., and Davis, D.M., 1993, Mechanical role of backstops in the 

growth of forearcs: Tectonics, v. 12, p. 123-144. 

Carson, B., 1977, Tectonically induced deformation of deep-sea sediments off Washington 

and northern Oregon: mechanical consolidation: Marine Geology, v. 24, p. 289-

307. 

75 



Carson, B., Holmes, M.L., Umstattd, K., Strasser, J.C., and Johnson, H.P., 1991, 

Fluid expulsion from the Cascadia accretionary prism: Evidence from porosity 

distribution, direct measurements, and GLORIA imagery: Phil.Trans.R.Soc. 

Lond., v. 335, p. 331-340. 

Cochrane, G.R., MacKay, M.E., Moore, G.F., and Moore, J.C., 1994, Consolidation 

and deformation of sediments at the toe of the central Oregon accretionary prism 

from multichannel seismic data: Proc. ODP, Init. Rpts., v. J.46, p. 421-426. 

Cochrane, G.R., Moore, J.C., MacKay, M.E., and Moore, G.F., 1994, Velocity-porosity 

model of the Oregon accretionary prism from seismic reflection and refraction data: 

J. Geophys. Res.v. 99, p. 7033-7043. 

Davis, D.M., and Engelder, T., 1985, The role of salt in fold-and-thrust belts: 

Tectonoph sics, v. 119, p. 67-88. 

Davis, D.M., Suppe, J., and Dahlen, F.A., 1983, Mechanics of fold-and-thrust belts and 

accretionary wedges: J. Geophys. Res., v. 88, p. 1153-1172. 

Davis, D.M., and von Huene, R., 1987, Inferences on sediment strength and fault friction 

from structures at the Aleutian trench: Geology, v. 15, p. 517-522. 

Davis, E.E., Hyndman, R.D., and Villinger, H., 1990, Rates of fluid expulsion across the 

northern Cascadia accretionary prism: Constraints from new heat flow and 

multichannel seismic reflection data: J. of Geoph. Res., v. 95, p. 8869-8889. 

DeMets, C., Gordon, R.G., Argus, D.F., and Stein, S., 1990, Current Plate Motions: 

Geophys. J. Int. , v. 101, p. 425-478. 

Dillon, W.P., and Paull, C.K., 1983, Marine gas hydrates - II: geophysical evidence, in 

Cox, J.L., ed., Natural gas hydrates: Properties, occurrence and recovery: Boston, 

Butterworth, p. 73-90. 

76 



Domenico, S.N., 1976, Effect of brine-gas mixture on velocity in an unconsolidated sand 

reservoir: Geophysics, v. 41, p. 882-894. 

Gal'perin, E.I., 1974, Vertical seismic profiling: SEO. Spec. Publ. 12, 270 p. 

Goetz, J.F., Dupal, L., and Bowler, J., 1979, An investigation into the discrepancies 

between sonic log and seismic check shot velocities: APEA Joum., v. 19, p. 131-

141. 

Gold.finger, C., Kulm, L.D., Yeats, R.S., Appelgate, B., MacKay, M.E., and Cochrane, 

G.R., in press, Active strike-slip faulting and folding of the Cascadia plate 

boundary and forearc in central and northern Oregon. in: Rogers, A.M., 

Kockelman, W.J., Priest, G., and Walsh, T.J. (eds), Earthquake Hazards in the 

Pacific Northwest, USGS Prof. Paper. 1560. 

Gold.finger, C., Kulm, L.D., Yeats, R.S., Appelgate, B., MacKay, M.E., and Moore, 

G.F., 1992, Transverse structural trends along the Oregon convergent margin: 

implications for Cascadia earthquake potential and crustal rotations: Geology, v. 

20, p. 141-144. 

Hafner, W., 1951, Stress distributions and faulting: Geol. Soc. Am. Bull., 62, 373-398. 

Hamilton, E.L., 197la, Elastic properties of marine sediments: J. Geoph. Res., v. 76, p. 

579-604. 

Hamilton, E.L., 1971 b, Prediction of in-situ acoustic and elastic properties of marine 

sediments: Geophysics, v. 36, p. 225-284 

Hamilton, E.L., 1978, Sound velocity-density relations in sea-floor sediments and rocks, 

J. Acoust. Soc. Am., v. 63, p. 366-377. 

77 



Hamilton, E.L., 1979, Vp!V sand Poisson's ratio in marine sediments and rocks: J. 

Acoust. Soc. Am., v. 66, p. 1093-1101. 

Honarpour, M., Koederitz, L., and Harvey, A.H., 1986, Relative permeability of 

petroleum reservoirs: Boca Raton, Florida, CRC Press, 143 p. 

Hyndman, R.D., and Davis, E.E., 1992, A mechanism for the formation of methane 

hydrate and sea floor bottom-simulating reflectors by vertical fluid expulsion: J. 

Geoph. Res., v. 97, p. 7025-7041. 

Hyndman, R.D., Foucher, J.P., Y amamo, M., Fisher, A., and Shipboard Scientific Party 

of Ocean Drilling Program Leg 131, 1992, Deep sea bottom-simulating-reflectors: 

Calibration of the base of the hydrate stability field as used for heat flow estimates: 

Earth Planet. Sci. Lett., v. 109, p. 289-301. 

Hyndman, R.D., Moore, G.F., and Moran, K., 1993, Velocity, porosity, and pore-fluid 

loss from the Nankai subduction zone accretionary prism: Proc. ODP, Sci. Results, 

v. 131 , p. 211-219. 

Hyndman, R.D., and Spence, G.D., 1992, A seismic study of methane hydrate marine 

bottom simulating reflectors: J. Geoph. Res., v. 95, p. 6683-6698. 

Karig, D.E., 1993, Reconsolidation tests and sonic velocity measurements of clay-rich 

sediments from the Nankai Trough: Proc. ODP, Sci. Results, v. 131, p. 247-260. 

Kastner, M., Elderfield, H., and Martin, J.B., 1991, Fluids in convergent margins: What 

do we know about their composition, origin, role in diagenesis and importance for 

oceanic chemical fluxes?: Phil.Trans.R.Soc. Lond., v. 335, p. 243-259. 

Kulm, L.D., and Scheidegger, 1979, Quaternary sedimentation on the tectonically active 

Oregon continental slope: SEPM Spec. Puhl. 27, p. 247-263. 

78 



Kulm, L.D., Suess, E., Moore, J.C., Carson, B., Lewis, B.T., Ritger, S.D., Kadko, 

D.C., Thornberg, T.M., Embley, R.W., Rugh, W.R., Massoth, G.J., Langseth, 

M.G., Cochrane, G.R., and Scamman, R.L., 1986, Oregon subduction zone: 

venting, fauna, and carbonates: Science, v. 231, p. 561-566. 

Kulm, L.D., and others, ed., 1984, Western North American Continental Margin and 

Adjacent Ocean Floor Off Oregon and Washington: Ocean Margin Drilling Program 

Regional Atlas Series, Atlas 1. 

Kulm, L.D., von Huene, R., et al., 1973, Initial Reports of the Deep Sea Drilling Project, 

Volume 18, Washington (U.S. Government Printing Office) 1077 pp. 

Kvenvolden, K.A., 1988, Methane hydrate - A major reservoir of carbon in the shallow 

geosphere?: Chemical Geology, v. 71, p. 41-51. 

Lallemand, S., Malavieille, J., and Calassou, S., 1992, Effects of oceanic ridge 

subduction on accretionary wedges: experimental modeling and marine 

observations: Tectonics, v. 11, p. 1301-1313. 

Langseth, M.G., and Hobart, A., 1984, A marine geothermal study over deformed 

sediments of the subduction complex off Oregon and Washington: (abstract), EOS, 

Trans. Amer. Geoph. Union, v. 65, p. 1089. 

Lawton, T.F., Boyer, S.E., Schmitt, J.G., 1994, Influence of inherited taper on structural 

variability and conglomerate distribution, Cordilleran fold and thrust belt, western 

United States: Geology, v. 22, p. 339-342. 

Leroueil, S., and Vaughan, P.R., 1990, The general and congruent effects of structure in 

natural soils and weak rocks: Geotechnique, v. 40, p. 467-488. 

Lewis, B.T.R., 1991, Changes in P and S velocities caused by subduction related 

sediment accretion off Washington/Oregon: in Hovem, J.M., Richardson, M.D., 

79 



and Stoll, R.D., Shear Waves in Marine Sediments: Dordrecht, Netherlands, 

(Kluwer Academic), p. 379-386. 

Lewis B.T.R., and Cochrane, G.C., 1990, Relationship between the location of 

chemosynthetic benthic communities and geologic structure on the Cascadia 

subduction zone: J. Geophys. Res., v. 95, p. 8787-8793. 

MacKay, M.E., Moore, G.F., Cochrane, G.R., Moore, J.C., and Kulm, L.D., 1992, 

Landward vergence and oblique structural trends in the Oregon margin accretionary 

prism: implications and effect on fluid flow: Earth Planet. Sci. Let., v. 109, p. 477-

491. 

MacKay, S., and Abma, R., 1992, Imaging and velocity estimation with depth-focusing 

analysis: Geophysics, v. 57, p. 1608-1622. 

Malavieille, J., 1984, Modelisation experimentale des chevauchements imbiques: 

application aux chaines de montagnes: Bull. Soc. Geol. France, v. 7, p. 129-138. 

Miller, J.J., Lee, M.W., and von Hoene, R., 1991, An analysis of a seismic reflection 

from the base of a gas hydrate zone, offshore Peru: AAPG Bull., v. 75, p. 910-

924. 

Minshull, T., and White, R., 1989, Sediment compaction and fluid migration in the 

Makran accretionary prism: J. Geoph. Res., v. 94, p. 7387-·7402. 

Moore, J.C., Brown, K. M., Horath, F., Cochrane, G., and Macl~ay, M., 1991, 

Plumbing accretionary prisms: effects of permeability variations: Phil.Trans.R.Soc. 

Lond., v. 335, p. 275-288. 

Moore, J.C., Moore, G.F., and Cochrane, G.R., in press, Reversed-polarity seismic 

reflections along faults of the Oregon accretionary prism: indicators of fault zone 

dilation: USGS Redhook Conference. 

80 



Moore, J.C., Orange, D., and Kulm, L.D., 1990, Interrelationship of fluid venting and 

structural evolution: Alvin observations from the frontal accretionary prism, 

Oregon: J. Geophys. Res., v. 95, p. 8795-8808. 

Moore, J.C., and Vrolijk, P., 1992, Fluids in accretionary prisms: Rev. Geoph., v. 30, p. 

113-135. 

Mulugeta, G., 1988, Modelling the geometry of Coulomb thrust wedges: J. Struct. Geol., 

v. 10, p. 847-859. 

Pearson, C., Murphy, I., and Hermes, R., 1986, Acoustic and resistivity measurements 

on rock samples containing tetrahydrofuran hydrates: Laboratory analogue to 

natural gas hydrate deposits: I. Geoph. Res., v. 91, p. 14,132-14,138. 

Screaton, E.J., and Carson, B., 1993, Results from ODP Leg 146 sealed boreholes: 

shipboard- and submersible-based hydraulic tests: (abstract), EOS, Trans. Amer. 

Geoph. Union, v. 74, p. 578. 

Seely, D.R., 1977, The significance oflandward vergence and oblique structural trends on 

trench inner slopes: in M. Talwani and W.C. Pitman, ed., Island Arcs, Deep Sea 

Trenches, and Back-Arc Basins, American Geophysical Union, Washington, D.C., 

p. 187-198. 

Serra, 0., 1984, Fundamentals of well-log interpretation. 1. The acquisition of logging 

data: Amsterdam, Elsevier, 423 p. 

Shi, Y., and Wang, C.Y., 1985, Hogh pore pressure generation in sediments in front of 

the Barbados Ridge Complex: Geophys. Res. Lett., v. 12, p. 773-776. 

Shi, Y., and Wang, C.Y., 1988, Generation of high pore pressures in accretionary prisms: 

inferences from the Barbados subduction complex: I. Geoph. Res., v. 93, p 8893-

8909. 

81 



Shipley, T. H., and Didyk, B. M., 1981, Occurrence of methane hydrate offshore 

southern Mexico: in Initial Reports of the Deep Sea Drilling Project, Volume 66: 

Washington, D.C., U.S. Government Printing Office, p. 547-555. 

Shipley, T.H., Houston, M.H., Buffler, R.T., Shaub, F.J., McMillen, K.J., Ladd, J.W., 

and Worzel, J.L., 1979, Seismic evidence for widespread possible gas hydrate 

horizons on continental slopes and rises: AAPG Bull., v. 63, p. 2204-2213. 

Silver, E.A., 1972, Pleistocene tectonic accretion of the continental slope off Washington: 

Marine Geology, v. 13, p. 239- 249. 

Singh, S.C., Minshull, T.A., and Spence, G.D., 1993, Velocity structure of a gas-hydrate 

reflector: Science, v. 260, p. 204-207. 

Stoll, R.D., 1974, Effects of gas hydrates in sediments, in Kaplan, I.R., ed., Natural 

gases in marine sediments: New York, Plenum, p. 235-247. 

Tagudin, J.E., 1988, A Correlation Between Fault Vergence, Fault Spacing, and Sediment 

Type in the North Panama Thrust Belt. M.S. Thesis, University of California, 

Santa Cruz, 32 p. 

Tobin, H.J., Moore, J.C., MacKay, M.E., Orange, D.L., and Kulm, L.D., 1993, Fluid 

flow along a strike-slip fault at the toe of the Oregon accretionary prism: 

implications for the geometry of frontal accretion: Geol. Soc. Am. Bull., v. 105, p. 

569-582. 

Trehu, A., Nabelek, J., Azevedo, S., Brocher, T., Mooney, W., Luetgert, J., Asudah, I., 

Clowes, R., Nakamura, Y., Smithson, S., and Miller, K., 1992, A crustal cross

section across the Cascadia subduction zone in Central Oregon: (abstract), EOS, 

Trans. Amer. Geoph. Union, v. 73, p. 391. 

82 



Vemik, L., and Nur, A., 1992, Petrophysical Classification of Siliclastics for Lithology 

and Porosity Prediction from Seismic Velocities: AAPG Bull., v. 76, p. 1295-

1309. 

von Huene, R., and Lee, H., 1982, The possible significance of pore fluid pressure in 

subduction zones: AAPG Memoir No. 34, p. 201-242. 

Westbrook, G.K., 1991, Geophysical evidence for the role of fluids in accretionary wedge 

tectonics: Phil. Trans. R. Soc. Lond. A., v. 335, p. 227-242. 

Westbrook, G., and Smith, M.J., 1983, Long decollements and mud volcanoes: evidence 

from the Barbados Ridge Complex for the role of high pore-fluid pressure in the 

development of an accretionary complex: Geology, v. 11, p. 279-283. 

Westbrook, G., Carson, B., Musgrave, R., and Shipboard Scientific Party, 1993, Initial 

Reports of the Ocean Drilling Program, Volume: 146 (pt. 1): College Station, 

Texas, 630 p. 

Yamano, M.S., Uyeda, S., Aoki, Y., and Shipley, T.H., 1982, Estimates of heat flow 

derived from gas hydrates: Geology, v. 10, p. 339-343. 

Yuan, T., Spence, G.D., and Hyndman, R.D., 1994, Low seismic velocities and high 

porosities due to delayed dewatering of accretionary wedge sediments at the 

Cascadia margin: J. Geoph. Res., v. 99, p. 4413-4427. 

83 


