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Abstract P-to-S-converted waves observed in controlled-source multicomponent ocean bottom
seismometer (OBS) records were used to derive the Vp/Vs structure of Cascadia Basin sediments. We used
P-to-S waves converted at the basement to derive an empirical function describing the average Vp/Vs of
Cascadia sediments as a function of sediment thickness. We derived one-dimensional interval Vp/Vs
functions from semblance velocity analysis of S-converted intrasediment and basement reflections, which
we used to define an empirical Vp/Vs versus burial depth compaction trend. We find that seaward from the
Cascadia deformation front, Vp/Vs structure offshore northern Oregon and Washington shows little
variability along strike, while the structure of incoming sediments offshore central Oregon is more
heterogeneous and includes intermediate-to-deep sediment layers of anomalously elevated Vp/Vs. These
zones with elevated Vp/Vs are likely due to elevated pore fluid pressures, although layers of high sand
content intercalated within a more clayey sedimentary sequence, and/or a higher content of coarser-grained
clay minerals relative to finer-grained smectite could be contributing factors. We find that the proto-
décollement offshore central Oregon develops within the incoming sediments at a low-permeability
boundary that traps fluids in a stratigraphic level where fluid overpressure exceeds 50% of the differential
pressure between the hydrostatic pressure and the lithostatic pressure. Incoming sediments with the highest
estimated fluid overpressures occur offshore central Oregon where deformation of the accretionary prism is
seaward vergent. Conversely, landward vergence offshore northern Oregon and Washington correlates with
more moderate pore pressures and laterally homogeneous Vp/Vs functions of Cascadia Basin sediments.

1. Introduction

At subduction zones, incoming sediment composition and physical properties influence décollement devel-
opment and are one of the factors controlling the up-dip extent of megathrust rupture, including the poten-
tial for tsunamigenic slip to the trench (Dean et al., 2010; Geersen et al., 2013; Gulick et al., 2011; Han
etal., 2017; Hiipers et al., 2017; Vannucchi et al., 2017). The increasing temperatures at the basement, caused
by landward thickening of incoming sediments acting as a thermal blanket, alter the deep sediment compo-
sition and properties by triggering mineral transformation, dehydration, and lithification prior to subduction
(Geersen et al., 2013). Also, large-magnitude earthquakes occur preferentially where thick incoming sedi-
ments contribute to a smooth plate interface, which favors rupture propagation over long distances
(Heuret et al., 2012; Scholl et al., 2015; Seno, 2017; van Rijsingen et al., 2018).

At Cascadia no great subduction zone earthquakes have been instrumentally recorded (McCrory et al., 2012;
Tréhu et al., 2008, 2015), but paleoseismic studies show that great megathrust earthquakes (Mw > 8) have
occurred during the Holocene with intervals of 200-530 years (Atwater, 1987; Atwater & Hemphill-
Haley, 1997; Goldfinger et al., 2003, 2017). Here, the heavily sedimented incoming Juan de Fuca,
Explorer, and Gorda plates (hereinafter collectively called Juan de Fuca plate system) (e.g., Gulick et al., 1998;
Han et al., 2016; MacKay, 1995; Nedimovi¢ et al., 2008) subduct obliquely beneath North America
(Atwater, 1970; Wilson, 2002). Some direct information on incoming composition of the sediment section,
which can generally be described as abyssal plain turbidites and Astoria and Nitinat Fan deposits, and
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other physical properties at the Cascadia margin is available from drilling observations: DSDP Leg 18 Site
174 (Shipboard Scientific Party, 1973), ODP Leg 146 Sites 888-892 (Shipboard Scientific Party, 1994;
Westbrook et al., 1994), ODP Leg 168 Sites 1,023-1,032 (Fisher & Davis, 1997; Shipboard Scientific
Party, 1997b), and ODP Leg 204 Sites 1,044-1,052 (Shipboard Scientific Party, 2003) (Figure 1). Physical
properties estimated from indirect geophysical methods, such as P wave velocity (Vp) derived from multi-
channel seismic (MCS) data, have also provided important information on sediment consolidation, pore
fluid expulsion, and physical properties of the décollement (Cochrane et al., 1994; Han et al., 2017; Yuan
et al., 1994).

In addition to Vp, the sensitivity of S wave velocity (Vs) and Vp/Vs ratio to mineralogy, fluid content, stress
state, and fluid overpressures (e.g., Blangy et al., 1993; Castagna et al., 1985; Dvorkin et al., 1999; Lee, 2003;
Prasad, 2002; Zimmer et al., 2002) make these parameters very useful for constraining the porosity, conso-
lidation state, presence of elevated pore fluid pressures, and distribution and alignment of cracks in sedi-
ments at subduction zones (Peacock & Westbrook, 2000; Peacock et al., 2010; Tsuji et al., 2011, 2014). In
this study, we present quantitative analyses of the Vp/Vs structure of Cascadia Basin sediments using P-
to-S-converted waves observed in controlled-source multicomponent ocean bottom seismometer (OBS) data
acquired as part of the 2012 Ridge-to-Trench experiment (Canales & Carbotte, 2012; Carbotte et al., 2014).
Previous studies using these data sets reported Vp structure, thickness, and reflectivity of sediment, crustal
layers, and upper mantle across the full span of the Juan de Fuca plate and along ~350 km of the Cascadia
deformation front (CDF) (Canales et al., 2017; Han et al., 2016, 2017, 2018; Horning et al., 2016). Our new
results build upon these studies and provide new information on the Vp/Vs structure of Cascadia Basin sedi-
ments from near the Juan de Fuca Ridge to the CDF and on the regional along-strike variability in sediment
Vp/Vs structure along the CDF, with implications for proto-décollement development and style of wedge
deformation.

2. Geological Background

Cascadia subduction zone extends over 1,000 km from the Mendocino triple junction in northern California,
along the Oregon and Washington continental margin, to north of Vancouver Island (e.g., McCrory
et al., 2012), where the Juan de Fuca plate system subducts obliquely beneath continental North America
in a direction of N68°E (Wilson, 2002) (Figure 1). The east-northeastward subduction rate is variable along
strike, increasing from 30 mm/year off northern California to 45 mm/year off northern Washington and cen-
tral Vancouver Island and from there decreasing to less than 20 mm/year off northern Vancouver Island (e.g.,
Wilson, 2002). The Juan de Fuca plate system is covered by Cascadia Basin sediments that thicken rapidly
toward the continental margin, reaching a thickness of 1.8-3.1 km over the 5- to 9-Myr-old Juan de Fuca plate
(Wilson, 2002) at the onset of subduction along the CDF offshore Washington and Oregon (e.g., Adam
et al., 2004; Canales et al., 2017; Han et al., 2017, 2018; MacKay, 1995; Nedimovi¢ et al., 2008) and up to
3.5 km at the CDF over the ~5- to 6.5-Myr-old Gorda plate off northern California (Gulick et al., 1998).
Deep drilling has revealed a history of rapid accumulation of hemipelagic sediments, turbidites, glacial
deposits, and submarine fans since the Pliocene (e.g., Davis et al., 1992; Goldfinger et al., 2012; Johnson
et al., 2012). Sediment lithostratigraphy on 3.6-Myr-old crust (ODP Site 1,027, ~100 km seaward of the defor-
mation front off northern Washington, Figure 1) consists of a unit of Quaternary hemipelagic mud (clayey silt
to silty clays) and turbidites (silt-to-sandy silts and sands) (0-184 m below seafloor [mbsf]), Late Pleistocene
silt turbidites intercalated with hemipelagic mud (silty clay-to-clayey silts) (184-467 mbsf), and Late Pliocene
hemipelagic mud with gradually increasing degree of induration with depth to lithified mudstones (467-
569 mbsf) over basaltic basement (Shipboard Scientific Party, 1997a). Closer to the deformation front on
~8-Myr-old crust (DSDP Site 174, ~75 km seaward of the deformation front off central Oregon, Figure 1), sedi-
ments consist of Upper Pleistocene turbidite sands (69%) and to a lesser extent silty clays and silts over the
base of the Astoria Fan (0-284 mbsf) and Upper-to-Lower Pleistocene and Pliocene silt and silty clays and
very rarely fine sands (284-879 mbsf) (the deepest sediments at 879-911 mbsf overlaying basement were
not penetrated at this site) (Shipboard Scientific Party, 1973). Near the deformation front on ~6.5-Myr-old
crust (ODP Site 888, 7 km seaward of the deformation front on the Nitinat Fan off southern Vancouver
Island/northern Washington, Figure 1), sediments consist of Holocene-Upper Pleistocene clayey silts and
sands (0-193 mbsf), Upper Pleistocene fine-to-medium grained sands (193-457 mbsf), and Upper
Pleistocene clayey silts and silts showing incipient lithification and glacial dropstones at the bottom of the
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Figure 1. Bathymetric map of Juan de Fuca plate and US continental margin off Oregon and Washington. Black dashed lines indicate the plate boundaries, and
dashed line with triangles marks the toe of the Cascadia deformation front. Circles represent OBSs deployed during the 2012 Ridge-to-Trench experiment.
OBSs used in this study are numbered: yellow symbols for sites used for calculating average Vp/Vs ratios and orange symbols for sites used for computing
intrasediment interval Vp/Vs ratios. Solid black lines are multichannel seismic and wide-angle shooting lines. Blue circles are DSDP and ODP drilling sites.

unit (457-567 m). Here porosity and shear strength measurements in cored sediments indicate that
sediments in the upper 457 m are underconsolidated, probably due to rapid deposition (the deepest
sediments at 600-2,500 mbsf overlaying basement were not penetrated at this site) (Shipboard Scientific
Party, 1994).

At the subduction front, most of the sediments on the Juan de Fuca plate system are accreting to the margin
forming an active accretionary prism. Deformation of the Cascadia margin is well illustrated by fold and
thrust belts of the accretionary prism, which are in general subparallel to the margin in response to the nor-
mal component of plate convergence (Carson et al., 1974; Goldfinger et al., 1991, 1992; MacKay et al., 1992;
McNeill et al., 2000; Silver, 1972). The CDF is characterized by variable structural vergence. Thrust faults are
seaward vergent offshore central Oregon, as well as in some areas off northern California and north of 48°07’
N off Vancouver Island (e.g., Davis & Hyndman, 1989; Gulick et al., 1998; Hyndman et al., 1990; Spence
et al., 2001). Vergence off southern Oregon is not well constrained. In contrast, thrust faults appear to be
landward vergent in parts of the northern California wedge and on the northern Oregon and Washington
margins between 44°55’ and 48°07'N (Adam et al., 2004; Flueh et al., 1998; Gulick et al., 1998;
MacKay, 1995; MacKay et al., 1992). The landward vergence has been proposed to result from low shear
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stress of the basal décollement, elevated pore pressures due to high sedimentation rates, mechanically strong
wedge, the curvature of the margin, and/or along-strike variations in sediment composition and physical
properties (Adam et al., 2004; Gutscher et al., 2001; MacKay, 1995).

In the vicinity of the CDF, seismic velocities of incoming sediments increase, and porosities decrease
landward as a result of sediment consolidation due to horizontal compression, with ~1/3 of incoming
pore fluid content estimated to be lost by the time of sediment accretion to the wedge (Yuan et al., 1994).
The thickness of subducted sediments varies along strike: the décollement develops just above basement
offshore Washington, <0.6 km above basement between 45°50" and 47°15'N and 1.4-1.7 km above base-
ment between 44°30’ and 44°50’'N, with limited data constraints further south (Adam et al., 2004;
Booth-Rea et al., 2008; Han et al., 2016, 2017; MacKay, 1995). This variability in décollement depth
may result from along-strike variations in incoming sediment consolidation, as inferred from Vp models
derived through prestack depth migration of MCS data (Han et al., 2017). Cochrane et al. (1994) suggest
that the proto-décollement offshore central Oregon is associated with a reversal in Vp resulting from
increased porosity due to overpressured pore fluids trapped by low-permeability sediments above the
proto-décollement. Han et al. (2017) hypothesize that the presence/absence of layers with intrinsic fric-
tional weakness or low permeability in the sediment sections and/or seamount subduction may all play
a role in determining the lower consolidation state of the basal sediments and facilitating development
of the proto-décollement.

3. Data Acquisition and Processing

We use controlled-source seismic data recorded by 56 OBSs deployed along three transects (Lines 1, 2, and 3,
Figure 1) as part of the Ridge-to-Trench experiment (Table 1). The short-period OBSs were equipped with
three-component (one vertical and two horizontal) 4.5-Hz geophones and a hydrophone. The OBSs recorded
acoustic signals from the R/V M. Langseth 6,600-cu.in. airgun array at a sampling rate of 200 Hz. The airgun
array was triggered along the three profiles in two different configurations: every 37.5 m for MCS profiling
(Han et al., 2016, 2018) and every 500 m for a wide-angle survey (Canales et al., 2017; Horning et al., 2016).
All of the OBSs recorded the wide-angle shots, and many of the OBSs also recorded a significant portion of
the MCS shots along the OBS profiles.

Pwave refractions and reflections from the sediments, crust, and mantle are clearly recorded in the ver-
tical and hydrophone components (Canales et al., 2017; Horning et al., 2016). In addition, the horizontal
components are rich in high-quality S-converted waves. The most prominent S wave arrivals are P-to-S
conversions at the crust-sediment interface of up-going P waves (crustal and mantle phases) (PPS) as
well as S-converted reflections (down-going P reflected upward as S) P;S, where i denotes the reflecting
interface (basement or intrasediment reflectors) (Figure 2). PPS modes were recognized in early seismic
studies of ocean crust (Au & Clowes, 1984; Spudich & Orcutt, 1980) and have been used since in a
number of studies to investigate the Vs and Vp/Vs (or Poisson's ratio) structure of marine sediments
(e.g., Au & Clowes, 1984; Contreras-Reyes et al., 2008; Fujie et al., 2013; Tsuji et al., 2011). P;S modes,
known as C waves (e.g., Stewart et al., 2003; Thomsen, 1999), are commonly used in seismic reflection
imaging for hydrocarbon exploration and have also been observed and used in numerous studies and
diverse tectonic settings, including convergent margins (e.g., Dash & Spence, 2011; Eccles et al., 2009;
Peacock et al., 2010; Westbrook et al., 2008). Seismic phases used in this study (Figure 2a) include direct
water arrivals (Pyaeer), P Wave crustal refractions (Py), and PPS modes observed in the receiver gathers
of the wide-angle shots and P;S modes observed in the spatially densely sampled receiver gathers of the
MCS shots.

Data processing consisted of the following two steps: (1) determination of sensor orientation and waveform
rotation of horizontal components into radial (parallel to shooting direction) and transverse (orthogonal to
shooting direction) directions (Anderson et al., 1987; Duennebier et al., 1987). To estimate the rotation angle,
we use Pyater arrivals for traces up to 17-km offset. The polarization angle of each trace was determined by
linear least squares fitting the particle motion of the two horizontal components. The rotation angle is the
median average of all traces within +17-km offset. (2) Bandpass filtering (3-5-20-25 Hz) and predictive
deconvolution (operator length of 300 ms, prewhitening of 0.1%, and prediction lags of 100 and 50 ms for
the vertical and horizontal components, respectively) (Figures 2b and 2c). Analysis of the P;S modes
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Table 1
Sites information
Site Line Latitude Longitude Water depth (m) Basement depth (m) Sediment thickness (twtt s) AT (s) Yavg Error
1 3 44.2623 —125.3291 2,958 5,762 2.242 2.04 2.82 +0.09
2 3 44.3933 —125.3709 2,946 5,892 2.290 2.14 2.87 +0.09
3 3 44.5398 —125.4154 2,908 5,774 2.279 2.21 2.94 +0.09
4 1,3 44.6547 —125.4506 2,859 5,645 2.302 2.14 2.86 +0.09
2.280 2.19 2.99 +0.09
5 3 44.7996 —125.4968 2,816 5,507 2.167 2.07 291 +0.09
6 3 44.9197 —125.5327 2,772 5,432 2.055 1.94 2.89 +0.10
7 3 45.0867 —125.5816 2,719 5,732 2.351 2.19 2.86 +0.08
8 3 45.2356 —125.6316 2,656 5,271 2.001 1.79 2.79 +0.10
9 3 45.3815 —125.6775 2,596 5,229 2.104 2.00 2.90 +0.10
10 3 45.5275 —125.7231 2,458 5,130 2.210 2.02 2.83 +0.09
11 3 45.6571 —125.7697 2,392 5,139 2.193 2.12 2.93 +0.09
12 3 45.8351 —125.8185 2,315 4,999 2.137 2.07 2.94 +0.09
13 3 45.9674 —125.8605 2,432 4,875 1.955 1.85 2.89 +0.10
14 3 46.1117 —125.9095 2,597 4,815 1.813 1.89 3.08 +0.11
15 3 46.2672 —125.9586 2,555 4,965 1.973 2.13 3.16 +0.10
16 3 46.4012 —126.0036 2,572 4,567 1.748 2.03 3.32 +0.11
17 3 46.5448 —126.0515 2,643 4,637 1.705 2.00 3.35 +0.12
18 3 46.6890 —126.0987 2,614 4,736 1.794 2.09 3.33 +0.11
19 3 46.8354 —126.1487 2,595 4,934 1.931 2.11 3.19 +0.10
20 3 46.9814 —126.1970 2,574 5,016 1.993 2.12 3.13 +0.10
21 3 47.1275 —126.2457 2,524 5,034 1.904 1.88 2.98 +0.11
22 3 47.2719 —126.2931 2,479 5,262 2.094 2.13 3.03 +0.10
23 2,3 47.4178 —126.3426 2,394 5,089 2.121 2.19 3.06, +0.09
2.100 2.14 3.04 +0.10
24 3 47.5503 —126.3858 2,333 5,144 2.200 2.25 3.05 +0.09
25 3 47.6826 —126.4284 2,281 5,115 2.191 2.13 2.94 +0.09
37 2 47.4635 —126.5544 2,383 4,476 1.848 2.11 3.28 +0.11
38 2 47.5032 —126.7436 2,438 4,209 1.622 1.94 3.39 +0.12
39 2 47.5434 —126.9346 2,505 3,971 1.645 1.68 3.04 +0.12
40 2 47.5835 —127.1271 2,528 3,624 1.100 1.74 4.16 +0.18
41 2 47.6227 —127.3193 2,581 3,551 0.949 1.44 4.03 +0.21
42 2 47.6626 —127.5170 2,617 3,022 0.375 0.86 5.59 +0.51
43 2 47.6989 —127.6925 2,642 3,242 0.499 0.93 4.73 +0.40
44 2 47.7389 —127.8978 2,622 3,013 0.381 0.98 6.15 +0.51
45 2 47.7756 —128.0849 2,638 2,994 0.337 0.84 5.99 +0.54
47 2 47.8496 —128.4719 2,651 2,988 0.323 0.82 6.08 +0.63
58 1 44.7281 —125.6840 2,846 4,820 1.809 1.99 3.20 +0.11
59 1 44.7777 —125.8545 2,877 4,390 1.475 1.70 3.31 +0.14
60 1 44.8274 —126.0266 2,832 4,244 1.385 1.69 3.44 +0.14
61 1 44.8795 —126.2003 2,806 4,107 1.277 1.60 3.51 +0.16
62 1 44.9298 —126.3774 2,804 3,861 0.998 1.44 3.89 +0.20
63 1 44.9797 —126.5484 2,828 3,712 0.897 1.37 4.06 +0.22
64 1 45.0275 —126.7200 2,847 3,648 0.828 1.33 4.21 +0.24
65 1 45.0795 —126.8947 2,843 3,550 0.721 1.22 4.39 +0.28
66 1 45.1404 —127.1135 2,867 3,298 0.454 0.90 4.97 +0.44
67 1 45.2018 —127.3304 2,876 3,535 0.679 1.18 4.48 +0.30
68 1 45.2508 —127.5089 2,887 3,388 0.507 1.13 5.46 +0.40
69 1 45.2999 —127.6869 2,861 3,301 0.479 1.00 5.18 +0.42
70 1 45.3494 —127.8662 2,928 3,638 0.714 1.11 4.11 +0.28
71 1 45.3971 —128.0455 2,843 3,581 0.768 1.39 4.62 +0.26
72 1 45.4463 —128.2230 2,813 3,032 0.204 0.87 9.53 +1.01
73 1 45.4938 —128.4029 2,802 2,908 0.117 0.62 11.64 +1.87
74 1 45.5402 —128.5789 2,781 3,013 0.229 0.79 7.90 +0.89
75 1 45.5876 —128.7598 2,775 2,925 0.151 0.71 10.43 +1.40
76 1 45.6350 —128.9408 2,778 2,856 0.084 0.52 13.42 +2.78
77 1 45.6814 —129.1182 2,740 2,762 0.058 0.26 9.89 +4.50
78 1 45.7271 —129.2992 2,715 2,863 0.164 0.65 8.94 +1.28
ZHU ET AL. 50f 21
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Figure 2. (a) Diagram of P, PPS, and PiS modes used in this study. Solid and dashed segments represent P and S waves, respectively. Processed data for OBS 06:
(b) vertical and (c) radial components. Vertical axis is reduced travel time. Red curve in (b) and (c) indicates the Py and PPS arrivals, respectively. (d) Time
series of stacked vertical (Vstack, black) and radial (Rstack, red) waveforms located within 15- to 25-km offset. (e) Cross correlation of the Vstack and

Rstack. The time lag between the Py and PPS arrivals (between two arrows in (d)) corresponds to the maximum cross correlation at t = —1.975 s

(vertical dashed line).

included an additional processing step for the receiver gathers of the MCS shots consisting of downward
continuation of the radial component, simulating a different acquisition geometry in which source
positions are near the seafloor (Arnulf et al., 2011; Harding et al., 2007). This process removes static time
delays introduced by propagation through the water layer in the presence of variable seafloor depth and
simplifies analysis of the nonhyperbolic normal moveout of P;S modes (Tessmer & Behle, 1988). We
downward continued traces within +20-km offset, using a constant-velocity Kirchhoff integral
formulation (Arnulf et al., 2014, 2018; Berryhill, 1984).
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4. Methods and Results

4.1. Average Vp/Vs Ratio in Cascadia Basin Sediments

The average Vp/Vs ratio y,yg of the sediment column beneath each OBS site can be expressed as follows
(Tsuji et al., 2011):

yavg: I_ZAT + (Tbase - Ttsﬂ)J/(Tbase - Ttsﬂ)~ (1)

Here, (Thase — Tts) is seafloor-to-basement two-way travel time beneath the OBS determined from coinci-
dent MCS reflection profiles (Han et al., 2016; Han et al., 2018), and AT is the time lag between the Pg
and PPS arrivals. To determine AT for each OBS we first stacked waveforms for traces with 15- to 25-km off-
set for the vertical and radial components (Vstack and Rstack, respectively), thus increasing the signal-to-
noise ratio. We then cross correlated a 1-s-long window of Vstack centered at the Py arrival, with a 3.5-s-long
window of Rstack containing the PPS arrival (Figure 2d), and the absolute value of the lag with maximum
correlation coefficient is AT (Figure 2e). The estimated y,,, uncertainty is calculated by taking into account
the uncertainty of AT (+0.1 s) and of (Tpase — Tisn) (0.01 s). Results of y,y, and their uncertainties are listed
in Table 1. Figures 3a-3c show the spatial variation of y,,, along the three profiles. Along Lines 1 and 2, yayg
decreases approaching the CDF as sediments thicken (black solid curves in Figures 3a-3c).

Variation of y,,, with respect to total sediment thickness for all sites is shown in Figure 3d. Results show a
well-defined trend of decreasing ¥,y with depth, dropping sharply within the top 0.5 km of sediment. This
trend indicates sediment compaction with depth (Dutta et al., 2009). The relationship between the y,, and
sediment thickness z (km) can be best described with an exponential function (Figure 3d):

Yavg=19.36 €% +3.03. (2)

To assess the validity of this equation we compare the y,,g predicted by our empirical function for z =1 km
(3.57, black triangle in Figure 3d) with the reported value of y,,, = 3.67 in a location to the north of our study
area where sediment thickness is 1 km (Au & Clowes, 1984), showing excellent agreement.

4.2. Intrasediment Interval Vp/Vs Ratio From Semblance Velocity Analysis of P-S Reflections

Our analysis of PPS modes has allowed us to estimate the average Vp/Vs of the full sediment column beneath
each OBS but does not provide constraints on how the Vp/Vs structure varies with depth at each site. To
obtain insights into the intrasediment Vp/Vs structure we take advantage of the P;S modes, which are
observed with very high signal-to-noise ratio in the near-offset traces of the MCS-shot radial record sections
(Figures 4a, 4b, 5a, and 5b). The most prominent P;S mode is PgasementS, the S-converted reflection from the
top of basement (Figures 4a, 4b, 5a, and 5b). Between this arrival and the direct water wave we observe sev-
eral other arrivals that correspond to S-converted reflections from intrasediment interfaces.

We do not attempt to model directly the travel times of the P;S arrivals using a forward ray-tracing approach
(e.g., Peacock et al., 2010). This is because, although high-quality coincident MCS images of the sedimentary
sequence exist (Han et al., 2016, 2018), correlating a particular P;S arrival with a particular MCS reflector is
not straightforward (except for basement) as it would require an a priori guess of the Vp/Vs structure to con-
vert MCS P two-way travel times to PS times, which may bias results. Also, the sparseness of the OBS distri-
bution (15 km apart from each other) prevents us from exploring the Vp/Vs structure in a 2-D manner, either
by forward modeling or by tomographic inversion of P;S travel times. For these reasons we model the intra-
sediment Vp/Vs structure in 1-D as a function of depth for each OBS independently. We perform nonhyper-
bolic normal moveout semblance velocity analysis (Yilmaz, 2001) of the downward continued gathers
(Figures 4b and 5b). We chose the downward continued over the original gathers because in the former, tra-
vel time variations due to seafloor topography have been eliminated and because eliminating the down pro-
pagation through the water column facilitates the application of the nonhyperbolic normal moveout
equations for S-converted waves, which are derived assuming both down-going and up-going asymmetric
ray paths through a stratified medium (Tessmer & Behle, 1988; Yilmaz, 2001).

The semblance velocity analysis of P;S modes requires a priori definition of a root-mean-square (RMS) P
wave velocity (Vp™®), which we obtain from published Vp models in our study area (Canales et al., 2017;
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over a 1-km-deep basement (Au & Clowes, 1984).
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Figure 4. Example of calculating intrasediment Vp/Vs for OBS 04. (a) Radial component record section of MCS shots. Yellow arrows show direct wave, PS
reflection from the basement (PgasementS) and from the proto-décollement (PpgS). (b) The same data as (a) after downward continuation of sources to the

seafloor. (c) Contoured semblance velocity spectrum of downward-continued gather shown in (b) in time (tPS) — gamma (yRMS = VpRMS/ VsRMS) domain. Black

crosses connected with solid line indicate picked PS arrivals with high semblance. Inset is a zoomed-in window of the smaller white box left of the white arrow to
illustrate the sensitivity of results to user picking errors. Horizontal white bars correspond to +3% of the semblance picks bounding the layer immediately beneath
the proto-décollement. Red line shows a hypothetical S — yRMS function in which semblance picks for the top and bottom of this

layer are overpicked and underpicked by 3%, respectively. Gray line corresponds to the opposite scenario in which top and bottom semblance picks are
underpicked and overpicked by 3%, respectively. (d) Calculated interval Vp/Vs ratio (y) beneath OBS 04 as a function of P wave two-way travel time (black, with
interval Vp/Vs values labeled). Red and gray lines correspond to the same-color hypothetical 5 - yRMS functions in (c). () MCS section of Line 3 in the vicinity
of OBS 04 (from Han et al., 2018) showing sediment layering and oceanic basement and calculated y function from (d) shown for comparison

(black). (f) Interval Vp and Vs functions from this study as a function of two-way travel time (solid black) compared to Vs calculated according to Bell et al. (2015)
(dashed gray).

Han et al., 2017; Horning et al., 2016), and consists of a semblance velocity spectrum in which a user can pick
yRMS_pS time pairs corresponding to coherent arrivals with high semblance (Figures 4c and 5c). Here yRMS
corresponds to the ratio between RMS Vp and Vs functions (Vp™*/Vs®). About 6-14 PS-conversion
interfaces are identified below each site. Contoured semblance peaks thus indicate a strong PS conversion
at the time £ with corresponding yRMS, Output (175, yRMS) pairs are then converted to two-way P wave
travel time (¢77) and interval Vp/Vs ratio, y using the Dix equation (Yilmaz, 2001) (Figures 4d and 5d).

Calculated interval y as a function of ¢/ for Sites OBS 04 and 23 is shown in F igures 4d and 5d (black curve),
respectively. At OBS 04 (Figure 4d), y is high (6.41) in the shallowmost sediment and gradually decreases to
1.95 at the basement. However, the general decrease of y with depth shows significant variability, with layers
of both elevated and reduced Vp/Vs. Comparing the interval Vp/Vs functions with the coincident MCS
images shows that, in many cases, there is a good correlation between discontinuities that produce detect-
able P;S waves (i.e., jumps in the interval Vp/Vs functions) and MCS reflectors. For example, beneath OBS
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Figure 5. The same as Figure 4 for OBS 23. White arrow in (c) shows high semblance associated to arrivals from a primary water multiple that could be

misinterpreted as a P;S conversion.

04 prominent shallow reflectors at ~4.0 and ~4.2 s correlate with large decreases in y (Figure 4¢). Deeper in
the sediments, a layer with relatively elevated y (3.14 at ~4.8 s) is bounded at the top by a short strong
reflector and at the bottom by a strong, laterally continuous reflector, and layers with y = 2.81 and 2.94 at
~5.2 and ~5.8 s, respectively, are both limited at the top by laterally continuous reflectors. In the case of
the layer with y = 2.94, it is bounded at its top by a reversed-polarity reflector where the proto-thrusts
shoal (Cochrane et al., 1994; Han et al., 2016, 2017). The correlation between our interval Vp/Vs functions
and the coincident reflectivity images is not always as good as that found for OBS 04 (Figure 4e), which
may be due to inaccuracies in the Vp models that prevent an accurate mapping of events from the £ to
the ¥ domain. At OBS 23 (Figure 5d), y also shows a gradual decrease with depth from 6.72 in the
shallowmost sediment to 1.74 at the basement. Compared to the structure beneath OBS 04, the Vp/Vs
structure beneath OBS 23 is much smoother.

To gain a sense of the sensitivity of the calculated interval Vp/Vs values to potential user picking inconsis-
tencies during the semblance velocity analysis, we present two extreme cases over estimating and underes-
timating the interval Vp/Vs within a particular layer. For these tests we chose the layer beneath the
reversed-polarity reflector at the location of OBS 04 discussed above. We test overpicking and underpicking
of semblance picks by +3% of the preferred values. The choice for the magnitude of this deviation is some-
what arbitrary, but it captures well the width of high semblance regions in the semblance velocity spectrum
maps. Interval Vp/Vs within the layer could be underestimated if the user overpicked and underpicked the
semblance picks corresponding to the top and bottom of the layer, respectively (red line in Figures 4c inset
and 4d). In this case, an interval Vp/Vs value of 2.2 in this layer would result in progressively decreasing
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values in the deepest sediments, instead of the elevated value of 2.94 in our preferred solution. This is
because the overestimation and underestimation of the top and bottom semblance picks smoothen out
the general trend of the RMS Vp/Vs function at that depth. Conversely, interval Vp/Vs within the layer could
be grossly overestimated if the user underpicked and overpicked the top and bottom semblance picks,
respectively (gray line in Figures 4c inset and 4d). In this case, underestimation and overestimation of the
top and bottom semblance picks magnify the subtle inversion in RMS Vp/Vs function at that depth, yielding
an unrealistic interval Vp/Vs of 6.0. These tests show that results are very sensitive to the uncertainties in
picking of the semblance maps. For this reason we restricted picking to only well-defined high semblance
points surrounded by closed contours. Also, the variability obtained in the sensitivity tests does not represent
the true uncertainty of our results because all picks were done in a consistent manner across the data set.
Thus, any inherent errors would be similar across the whole data set, making comparison between sites
meaningful and results robust.

To gain additional confidence in our results, we compare interval Vs functions derived from the interval Vp
and Vp/Vs functions with the general Vs profile for Cascadia Basin sediments obtained from analysis of
Rayleigh waves recorded in the Cascadia Initiative passive OBS array (Bell et al., 2015). Figures 4f and 5f
show the interval Vs calculated in this study for OBSs 04 and 23, respectively, compared to Vs from Bell
et al. (2015), illustrating excellent agreement between the two models.

The approach described above was applied to 23 OBS sites along Line 3 and four additional sites along Lines
1 and 2 that are closest to the CDF (Figure 1). Figure 6 shows the results of calculated interval y on top of the
coincident MCS images. The most striking pattern that emerges when comparing all of the interval y func-
tions is that all 13 sites located to the south of 46°N (i.e., OBS 2-13, 58, and 59) show large variability at depth
(Figure 7b), while interval y functions to the north of 46°N are more similar to each other, characterized by
well-defined compaction trends with a relatively monotonous decrease of Vp/Vs with depth (Figure 7a). To
demonstrate this difference north and south of 46°N, we somewhat arbitrarily define the interval y of a par-
ticular layer as “elevated” or “reduced” if it is 10% higher or lower, respectively, than that of the layers above
and below (e.g., red or cyan arrows in Figure 6). All 13 southern sites have sediment layers associated with
both elevated and reduced y, while only 8 of a total of 14 northern sites have sediment layers associated with
elevated or reduced y (Figures 6, 7a, and 7b).

5. Interpretations and Discussion

Our results show along-strike variations in the properties of sediments seaward from the CDF, with sedi-
ments off central Oregon (Figure 7b) showing evidence for pronounced Vp/Vs contrasts, in comparison to
smoother Vp/Vs profiles off northern Oregon and Washington (Figure 7a). A number of factors may influ-
ence Vp/Vs in sediments, including pore pressure, porosity, clay content, and stress-induced or inherent ani-
sotropy (e.g., Blangy et al., 1993; Han et al., 1986; Zimmer et al., 2002). Some of these properties such as Vp
and porosity of incoming sediments vary as a function of distance to the deformation front due to consolida-
tion and fluid expulsion (Cochrane et al., 1994; Han et al., 2017; Yuan et al., 1994), and stresses in the
proto-thrust zone seaward from the deformation front are likely to affect sediment properties. Therefore,
it is plausible that variable distance of our OBS locations to the CDF could be a factor contributing to the
along-strike variability we find in Vp/Vs structure. However, we do not find that the regional along-strike
variations in Vp/Vs structure correlate with distance from the OBS sites to the deformation front. The south-
ernmost Sites 02-04 are located ~8-10 km from the CDF and display heterogeneous Vp/Vs functions, while
northernmost Sites 22-25 located at similar distances from the CDF are characterized by homogeneous Vp/
Vs functions.

We therefore focus our interpretations and discussion on the possible influence of mineralogy, effective
stress, and excess pore pressures to explain the estimated Vp/Vs values and their variability. In the following
sections we first derive a Vp/Vs compaction curve from our results and interpret it in terms of the dominant
compositions of the sediments. We then derive a porosity compaction curve from a compilation of the IODP
porosity measurements in the Cascadia Basin and use it to interpret our Vp/Vs results in terms of effective
stress and pore pressure following the approach of Skarbek and Saffer (2009). Finally, we discuss the role
of variations in clay content and clay mineralogy, excess pore pressures related to the development of the
proto-décollement, and their implications for sediment deformation at Cascadia accretionary prism.
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trend derived from them using an exponential decrease with depth (Equation 4).

ZHU ET AL. 12 of 21



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2019JB019239

5.1. Vp/Vs and Porosity Compaction Curves and Effective Stress

We derived a Vp/Vs compaction curve for all analyzed sites (Figure 7c). Compaction curves derived sepa-
rately for the northern and southern sites are essentially the same, with only minor differences in the upper
500 m (Figures 7a and 7b). Thus, despite the north-south variability in interval y functions, the following
compaction curve is adequate for all sites:

y=6.672 ¢ ¥ 2278 ¢700% ©)

Drilling indicates that Cascadia Basin sediments include layers of hemipelagic muds and turbidites of vari-
able clay, silt and sand contents, and grain sizes, with sands being more abundant in the upper few hundred
meters and rarely present below (Shipboard Scientific Party, 1973, 1997a). Petrophysics and borehole analy-
sis of sands and clay-dominated shales from the Gulf of Mexico show that Vp/Vs in sands and shales
decreases with depth following distinct compaction curves (Dutta et al., 2009) (Figure 7c). Comparing with
the sand and shale compaction curves of Dutta et al. (2009), our results suggest a sand-dominated composi-
tion in the upper ~400 m, transitioning to a clay-dominated composition at ~700-m depth (as indicated by
the similar slopes of our compaction curve and the clay curve below this depth), consistent with drilling
observations.

We derived a porosity compaction curve using a compilation of porosity (¢) and depth measurements in
sediments from ODP and DSDP drilling legs (Figure 7d):

¢:06 e—0,68217 (4)

where z is depth below seafloor in kilometer. This equation is comparable to that describing porosity ver-
sus depth for Cascadia sediments derived from RMS Vp measurements using MCS data by Yuan
et al. (1994) ¢ = 0.6 e ¥, for values of 1.5 < L < 2.5, which is based on velocity-porosity relationships
from the Nankai Trough accretionary prism (Hyndman et al., 1993). We calculate effective stress (or dif-
ferential pressure, P,) from our Vp/Vs measurements following Skarbek and Saffer (2009).

Ps—Pr)8
(es=n)e bf) I

where ¢ is porosity, ¢, = 0.6 and b = 0.682 km ™" are the porosity at the seafloor and the compaction con-
stant, respectively (Equation 4), o is the fluid density (1,030 kg m™>), ps is the solid grain density
(2,750 kg m™>), and g is gravitational constant (9.8 m s 2). If the porosity at the depths corresponding
to our interval Vp/Vs estimates (Figure 7c) follows Equation 4, then we can convert the interval Vp/Vs esti-
mates into porosity estimates using Equations 3 and 4 and subsequently estimate the effective stress asso-
ciated to each of our interval Vp/Vs values using Equation 5 (Figure 8a).

Ing, — ¢,) — (1ng — ¢)], %)

5.2. Compositional Controls on Vp/Vs

5.2.1. Variations in Clay Content

The calculated effective stress results are shown in Figure 8a, compared against the Pd-Vp/Vs trends of
Prasad (2002) for sand and of Huffman and Castagna (2001) for clean sands and sands containing 8-wt.%
clay. Our results show the expected increase of Vp/Vs with decreasing effective stress (e.g., Lee, 2003) but
with significant scatter. Comparison of the Vp/Vs values that we have flagged as anomalously elevated with
those flagged as anomalously low (Figure 6) indicates that variations in clay content could potentially
explain the observed scatter. For example, layers with high sand content embedded within sedimentary
layers of higher clay content could lead to the anomalous, more variable Vp/Vs structures that we find at
the southern sites. At the northern sites, less prevalent presence of sandy layers could lead to the more homo-
geneous interval Vp/Vs functions we observe.

Greater abundance of sandy layers in the southern sites could be favored by the characteristics of sediment
transport in this region because more energetic, larger grain size particles (i.e., sands) can be transported
downslope from the continental shelf to the abyssal plain to greater distances from their sources than smal-
ler particles. Sediment transport at the Cascadia margin is dominated by supply of sediment from the Fraser
River through the Juan de Fuca Straight and the Columbia River and transport along a southward

ZHU ET AL.

13 of 21



~~
AGU Journal of Geophysical Research: Solid Earth 10.1029/2019JB019239

ADVANCING EARTH
AND SPACE SCIENCE

(a) 10

LoD : ] 5 10 5 20 ol+
: Do Fluid overpressure (MPa) L ®  Normal Vp/Vs (this study)

71 @ High Vp/Vs (this study)

- Low Vp/Vs (this study)

—— kaolinite, Mondol etal. (2008) |

- - - smectite, Mondol et al. (2008)

(b)10 f ! ! f !

OBS 04 suby’
!| proto-décolle{ :
ment (Fig. 4)

Vp/Vs

~| ® Normal Vp/Vs (this study)
@ High Vp/Vs (this study)
Low Vp/Vs (this study)
== This study (Egs. 4, 5, 6)
—o— Data and fit from Prasad (2002)
— — Clean sand, Huffman and Castagna (2001)
—— 8% clay, Huffman and Castagna (2001) . . . Lo : :
1 1 [ | 1 [ | ] [ | 1 I 1 | I 1
0.1 1 10 100 0 0.1 0.2 0.3 04 0.5 0.6
Effective Stress (MPa) Porosity

Figure 8. (a) Interval Vp/Vs as a function of effective stress in log-log space. All solid circles are from this study: red and cyan for elevated and reduced Vp/Vs,
respectively, and black for all others. Larger solid red circle corresponds to the Pd-y pair of the sub-proto-décollement layer at the location of OBS 04. Blue
open circles are data from Prasad (2002), and blue solid curve is the linear trend of these data. The blue dashed and dotted dashed lines are linear trends

from measurements in sediment samples of clean sand and 8% clay, respectively, from Huffman and Castagna (2001). This green line shows the trend
expected from combining Equations 3, 4, and 5. Horizontal green bars illustrate the fluid overpressures required to decrease the effective stress of the

layers with elevated Vp/Vs values if these were due to anomalously elevated porosities. Inset shows a histogram of these fluid overpressures.

(b) Vp/Vs ratio as a function of porosity in log-linear space for kaolinite (solid) and smectite (dashed) determined from Equations Al and

A2 (Mondol et al., 2008). All solid circles are from this study: red and cyan for elevated and reduced Vp/Vs, respectively, and black for all others.

anastomosing network of canyons and deep-sea channels that coalesce into the Cascadia Channel and
across the Blanco transform (e.g., Griggs & Kulm, 1970; Underwood et al., 2005). Therefore, the
predominantly southward pattern of sediment transport from the western North American margin to
Cascadia Basin could potentially favor a southward increase in the relative content of sandy layers,
leading to the variability in Vp/Vs structure we observe (Figures 6 and 7). However, we would expect that
this mechanism leads to more laterally continuous layers of anomalous Vp/Vs, contrary to our
observations that show a more heterogeneous structure at lateral scales of our OBS spacing (~15 km).
5.2.2. Variations in Clay Mineralogies

At the Cascadia margin there are documented geographical trends in the relative abundances of clay miner-
alsin accreted as well as in abyssal plain near-surface sediments thought to result from sediment dispersal by
turbidity and seasonal oceanographic currents, as well as changes in glacial-interglacial weathering products
(Karlin, 1980; Underwood, 2002; Underwood & Hoke, 2000). Smectite content of the clay-sized fraction
exceeds 50% near the mouth of the Columbia River and decreases southward along the continental slope
and into the abyssal plain to values of 20% and less (Karlin, 1980; Underwood, 2002). Such changes extend
into the abyssal-plain hemipelagic section overlying igneous basement in Cascadia Basin sediments
(Underwood, 2002). Chlorite content shows the opposite trend, with the highest values (>50%) found off-
shore southern and central Oregon, while illite content is relatively constant with the exception of southern
Oregon where it is higher (Karlin, 1980). Therefore, regional variations in the relative abundances of clay
minerals could potentially play a role in the presence of layers with anomalous Vp/Vs at the southern sites.

The Vp/Vs ratio of clay minerals is not well constrained due to their fine-grained nature, and there is little
agreement among existing measurements (e.g., Katahara, 1996; Mondol et al., 2008; Vanorio et al., 2003;
Wang et al., 2001). Here we consider the empirical relationships of Mondol et al. (2008) relating elastic con-
stants and porosity derived from laboratory measurements in brine-saturated aggregates of two end-member
clay minerals: fine-grained smectite and coarse-grain kaolinite (Appendix A). We find that for the range of
porosities expected at the depths of the layers with anomalous Vp/Vs values at the southern sites
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(approximately <40%, Figure 7d), kaolinite has higher Vp/Vs than smectite (Figure 8b). Although the differ-
ence in Vp/Vs between kaolinite and smectite for a given porosity is smaller than the scatter of our observa-
tions, it is not negligible (Figure 8b). Therefore, the lower relative abundance of smectite and higher
abundance of other coarser-grained clay minerals off central Oregon (Karlin, 1980; Underwood, 2002) could
be an important factor contributing to the presence of layers with elevated Vp/Vs at the southern sites in our
study. However, for the same reasons discussed for the clay content hypothesis in the previous section, regio-
nal variations in clay mineralogy should result in more laterally continuous layers of anomalous Vp/Vs, con-
trary to our observations of heterogeneous structure.

5.3. Fluid Overpressure

An alternative explanation for the anomalously elevated Vp/Vs values and variability of Vp/Vs functions off-
shore central Oregon is the presence of layers with fluid overpressures associated with anomalously high
porosities at depth (e.g., Prasad, 2002; Zimmer et al., 2002). Elevated pore pressure lowers the effective stress,
thus reducing the shear strength of sediments (e.g., Huffman & Castagna, 2001). Equations 3 to 5 can be
combined to derive an empirical curve describing the trend of Vp/Vs as a function of effective stress for
Cascadia Basin sediments (Figure 8a). Considering the anomalously elevated Vp/Vs values, departure from
this trend of the Pd-y pair estimates, under the assumption of normal porosities at depth, provides an upper
limit of fluid overpressures associated with those anomalous Vp/Vs values (Figure 8a inset). We find that the
anomalously elevated Vp/Vs values correspond to fluid overpressures ranging from 2 to 22 MPa (Figures 8a
inset and 9a).

A more intuitive description of fluid overpressures is given by the excess pore pressure parameter or normal-
ized pore pressure ratio, A, defined as the ratio between fluid overpressure and the differential pressure
between lithostatic and hydrostatic pressure (Shi & Wang, 1988; Tsuji et al., 2008). The normalized pore
pressure ratio is 0 when pore pressure is hydrostatic and approaches 1 when pore pressure approaches the
lithostatic overburden (Shi & Wang, 1988). For the layers with anomalously elevated y (Figures 6 and 8a),
our calculations result in A" ranging between 0.2 and 0.6 (Figure 9b).

We find that layers with the highest 2" values (>0.5) are found beneath OBS Sites 03, 04, 06, and 58
(Figure 6), which are all located to the south of 45°N, and all these layers are found within the lower half
of the incoming sediment section (Figures 9b and 9c). This finding is consistent with results of Han
et al. (2017) that show reduced Vp in deep sediments south of 44°48'N compared to higher Vp in sediments
to the north, which was interpreted by these authors as evidence for underconsolidation of deep incoming
and accreted basal sediments offshore central Oregon. This spatial correlation suggests that anomalously
high Vp/Vs within some of the sedimentary layers is likely due to elevated pore pressure resulting from
underconsolidation of deep sediments (Han et al., 2017), and we favor this interpretation over the composi-
tional controls discussed in section 5.2. The layers with elevated Vp/Vs and pore pressure are likely to be
bounded on the top by low-permeability sediments that inhibit fluid drainage from deeper sediments and
the oceanic crust. The regional north-south variations we observe thus could be explained if there is a higher
abundance of lower permeability clays relative to higher permeability sediments (e.g., silty clays, clayey silts,
and sandy clays) (Bryant, 2003) in the intermediate to deep sediments offshore central Oregon than offshore
Washington.

5.4. Implications for Décollement Development and Accretionary Wedge Deformation

The layer with the highest predicted fluid overpressure (22 MPa) and 1" (0.6) is located at OBS Site 04
(Figures 8a and 9) immediately beneath a reflector corresponding to the stratigraphic level at which the
proto-thrusts shoal (Figure 4e). This negative polarity reflector has been referred to previously as a proto-
décollement (Cochrane et al., 1994; Han et al., 2016). We follow this nomenclature for consistency with ear-
lier studies, although it has been shown recently that, offshore central Oregon near the deformation front
and in the frontal wedge, the décollement where the frontal major thrust faults shoal is located at a shallower
level than this reflector (Han et al., 2017). That the layer with the highest estimated overpressure coincides
with the proto-décollement strongly suggests that excess pore pressures capped by low-permeability layers
control the depth at which the proto-thrust shoals.

As mentioned above, we find the highest A" values (>0.5) south of 45°N and within the lower half of the sedi-
ment column (Figures 9b and 9c), suggesting that proto-décollement development within the incoming
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Figure 9. (a) Fluid overpressure as a function of OBS latitude for layers with elevated interval Vp/Vs (the same data as in Figure 8a inset). (b) The same data as in
(a) converted to normalized pore pressure ratio A (c) The same data as in (b) shown as a function of both latitude and depth below seafloor (rectangles
colored according to /1*). Vertical extent of rectangles represents the thickness and depth of the layers with elevated interval Vp/Vs. Gray line shows

sediment thickness along profile L3. Vertical black bars show the thickness of the sediment column above basement underthrust beneath the

frontal wedge, from the compilation of Han et al. (2017).
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sediments occurs at a stratigraphic level where the pore pressure ratio exceeds the midpoint between the
hydrostatic and lithostatic pressures. For comparison, at Nankai accretionary prism abnormal pore pres-
sures below the décollement are indicated by 2" 0f0.4-0.7 (Tsuji et al., 2008). Furthermore, there is a marked
along-strike change in the thickness of underthrust sediments near 45°N, with the décollement being 1.4-
1.7 km above basement to the south of this latitude (Figure 9¢) (Han et al., 2017). Although the height above
basement of the layers with A" > 0.5 is not predictive of the amount of underthrust sediment beneath the
frontal wedge (Figure 9c), the spatial correlation between these over pressured layers in the lower incoming
sediments and a thick underthrust sediment column suggests that the presence of these layers favors the
development of a shallow décollement. The fact that we find multiple layers with elevated Vp/Vs and high
pore pressure and in some instances at the same location (e.g., OBS Sites 02, 04, 05, and 06, Figures 6, 9b,
and 9c¢) indicates that there are several stratigraphic levels conducive to the development of the proto-
décollement and décollement and that subtle changes (in time and/or space) in strength that favor one hor-
izon over another may be responsible for the documented step up and down within the sediment column of
these interfaces (MacKay, 1995). North of 45°N, lower A" values correlate with a deeper décollement <0.6 km
above basement (Han et al., 2017), perhaps due to a more efficient drainage of fluids from dehydrating deep
sediments and oceanic crust.

The northern limit of the region where layers with elevated pore pressures are found (A"> 0.5) also coincides
with a transition from landward-vergent thrusting north of ~45°N to seaward-vergent thrusting to the south
(MacKay, 1995). Thus, our results also bear on the origin of variations in deformation style along the
Cascadia accretionary prism. The spatial correlation between landward vergence off northern Oregon and
Washington and the Nitinat and Astoria fans, together with dynamic and frictional modeling of the land-
ward vergent backthrust formation led Adam et al. (2004) to postulate that this uncommon style of wedge
deformation is promoted by elevated pore pressures in the basal sediments due to rapid deposition of fan
deposits during the glacial age. This hypothesis would imply that estimates of pore pressure (from Vp/Vs,
for example) in the deep sediments are more elevated in the landward vergent region than south of ~45°N
where deformation is seaward vergent (e.g., Gutscher et al., 2001; MacKay, 1995). The high-Vp, overconso-
lidated deep sediments found offshore Washington do not support this hypothesis (Han et al., 2017), neither
do our results. If anything, we find the opposite pattern, with layers of elevated Vp/Vs (and inferred high
pore pressure) more prevalent where deformation is seaward vergent (Figure 9b). This suggests that factors
such as low shear strength at the décollement (e.g., Seely, 1977) and/or a mechanically strong wedge (e.g.,
MacKay, 1995) resulting from sediment overconsolidation (Han et al., 2017) may be more important controls
on wedge deformation than rapid loading of climate-driven sediment flux (Adam et al., 2004; Gutscher
et al., 2001).

6. Conclusions
From our modeling of the Vp/Vs structure of Cascadia Basin sediments we conclude the following:

1. Measurements of average Vp/Vs above basement (y.vg) and interval Vp/Vs functions (y) for Cascadia
Basin sediments form well-defined compaction trends as function of depth Z that can be described by
avg = 10.36e7%° ZIkml 4 303 and by y = 6.658¢ 77326 ZIkml 4 5 74170094 Zlkml pegpectively.

2. Between ~8-25 km seaward from the deformation front, Vp/Vs structure offshore central Oregon is more
variable and includes middle-to-deep sediment layers of anomalous Vp/Vs values, while offshore north-
ern Oregon and Washington Vp/Vs structure of incoming sediments is more homogeneous and shows
little variability along strike.

3. Incoming sedimentary layers with elevated Vp/Vs could be explained by layers with higher sand content
intercalated within a more clayey sedimentary sequence, by layers with higher content of coarser-grained
clay minerals relative to finer-grained smectite, and/or by elevated pore fluid pressures. We do not favor
the two former interpretations because we would expect them to result in more laterally continuous
layers of anomalous Vp/Vs, contrary to our observations of heterogeneous structure. Instead, we find that
predicted normalized pore pressure ratio (1°) values above 0.5 correlate spatially with previously reported
indicators of sediment underconsolidation. Thus, we interpret that excess pore pressure is a more likely
dominant factor in producing anomalously high Vp/Vs values within the lower half of the incoming sedi-
ment section.
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4. The proto-décollement offshore central Oregon develops within the incoming sediments at a
low-permeability boundary that traps fluids in a stratigraphic level where pore pressure ratio exceeds
the midpoint between the hydrostatic and lithostatic values. In contrast, the more normal Vp/Vs struc-
ture further north suggests more efficient fluid drainage from the sediments prior to being accreted to
the margin that favors décollement development at or just above the basaltic basement.

5. Incoming sediments off central Oregon and Washington do not show evidence for elevated Vp/Vs (and
thus high pore fluid pressure), thus suggesting that a weak basal sediment layer is not the major factor
controlling landward vergence in this region, contrary to previous interpretations.

6. Future drilling of deep sediments at some selected locations along the Cascadia margin could provide the
necessary samples and in situ measurements to establish a robust correlation between Vp/Vs structures
derived from OBS data and porosity, composition, and fluid pressures.

Appendix A

We calculate the Vp/Vs ratio of two end-member clay minerals, fine-grained smectite, and coarse-grain kao-
linite, following Mondol et al.'s (2008) empirical relationships describing clay-mineral elastic constants as a
function of porosity derived from laboratory measurements made on brine-saturated smectite and kaolinite
aggregates:

K:a1¢2 + (12¢ + as,

(AD
u=b1¢* + by + b3,

where K and p are bulk and shear moduli (in GPa), respectively, ¢ is porosity (in %), coefficients a; are
[0.0055, —0.56, 17.76] and [0.0065, —0.81, 29.03] for kaolinite and smectite, respectively, and coefficients
b; are [0.0026, —0.21, 4.64] and [0.0025, —0.28, 7.92] for kaolinite and smectite, respectively.

The Vp/Vs ratio as a function of porosity can then be expressed as in terms of K(¢) and u(¢) as follows:

K 4
Vp/Vs=4|— + - A2
p/Vs #+3 (A2)

The derived Vp/Vs ratio as a function of porosity (Equation A2) is shown in Figure 8b for both, kaolinite and
smectite.
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