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Seismic activity and non-volcanic tremors are often associated with fluid circulation resulting from the 
dehydration of subducting plates. Tremors in the overriding continental crust of several subduction zones 
suggest fluid circulation at shallower depths, but potential fluid pathways are still poorly documented. 
Using receiver function analysis in the Cascadia subduction zone, we provide evidence for a seismic 
discontinuity near 15 km depth in the crust of the overriding North American plate. This interface 
is segmented, and its interruptions are spatially correlated with conductive regions of the forearc and 
shallow swarms of seismicity and non-volcanic tremors. These observations suggest that fluid circulation 
in the overriding plate is controlled by fault zones separating blocks of accreted terranes. These zones 
constitute fluid escape routes that may influence the seismic cycle by releasing fluid pressure from the 
megathrust.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Along the Cascadia subduction margin, the oceanic Gorda–Juan 
de Fuca (JdF) plate has underthrusted the continental North Amer-
ican (NA) plate over the last 6–10 Myr (Fig. 1). A first order and 
largely debated question concerns the recurrence as well as the 
spatial distribution of large earthquakes on the megathrust of this 
subduction zone (e.g. Hyndman, 2013). Paleo-seismological recon-
structions of recorded subsidence in coastal intertidal marshes sug-
gest a northward increase of recurrence intervals from ∼230 yr 
to ∼480 yr (Leonard et al., 2010). Modeling of coseismic subsi-
dence of the 1700 A.D. great Cascadia earthquake (Wang et al., 
2013) implies a seismic rupture in a single magnitude 9.0 event 
of much if not the whole length of the margin. The modeling 
revealed along-strike slip heterogeneities, with patches of higher-
moment release separated by an area of lower-moment release 
near Alsea Bay in Oregon (∼44.4◦N). This heterogeneous short-
term frictional behavior on the megathrust is also predicted by a 
recent local gps geodetical study (Schmalzle et al., 2014). The mod-
eled locked zones reveal a wider transition zone under central Ore-
gon than in nearby regions of northern California, Washington, and 
the Vancouver island, further suggesting that the frictional behav-
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ior is segmented along the Cascadia margin. Aseismic slip events, 
non-volcanic tremors, and low-frequency earthquakes, are also the 
manifestation of the short-term frictional behavior on the subduc-
tion megathrust (Dragert et al., 2001; Rogers and Dragert, 2003;
Shelly et al., 2006). Along-strike variations in the distribution and 
recurrence interval of episodic tremors and aseismic slips, in cor-
relation with the location of forearc basins interpreted as the man-
ifestation of megathrust asperities, have lead Brudzinski and Allen
(2007) to speculate a possible link between the long- and short-
term seismic cycles. The exact nature of this link still remains to 
be clearly demonstrated.

The strength of faults, and in particular that of the subduc-
tion megathrust where major earthquakes occur, is influenced 
by the build-up and release of pore-fluid pressure near the slab 
interface. Fluids originate from metamorphic dehydration reac-
tions in the subducting plate (Hacker et al., 2003). In a par-
tially sealed fault zone, water is extracted from minerals faster 
than it can be removed by porous flow. This increases the fluid 
pressure on the megathrust so that frictional earthquake failure 
occurs at low shear stress (Sleep and Blanpied, 1992). In this 
way, at the plate interface, fluid pressure is believed to con-
trol the occurrence of earthquakes, episodic tremors, and aseismic 
slip (Obara, 2002; Hacker et al., 2003; Rogers and Dragert, 2003;
Audet et al., 2009). Diffuse seismic activity in the overriding plate 
has also been associated with fluid circulation (Kao et al., 2005;
Reyners and Eberhart-Phillips, 2009) but neither the fluid paths 
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Fig. 1. The geodynamical and geological context of the studied area with the loca-
tions of the Siletz and Klamath geological terranes in Oregon and California (Ernst et 
al., 2008; McCrory and Wilson, 2013). Small triangles are three-component broad-
band seismological stations. The seismic networks used in this study are the Trans-
portable Array (TA), the Mendocino and Oregon Teleseismic Experiments (FA+OR), 
and the Cascadia 93 experiment (CA). The areas sampled by the seismic data in 
Figs. 5 and 6 are indicated with the black frames. The hatched thick white lines 
correspond to the magnetotelluric survey lines of Wannamaker et al. (2014). The 
non-volcanic tremors (magenta stars) are from a catalog of Idehara et al. (2014). 
(For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

nor the structural control of the overlying forearc geological ter-
ranes have truly been evidenced.

In Cascadia, the JdF plate subducts below island arc-subduction 
assemblages of volcanic rocks that provide the basement through-
out much of the arc and forearc (Fig. 1). In central Oregon, the 
Siletz terrane basalts that are Paleocene to Eocene in age underlie 
the Coastal Range as well as the western part of the Willamette 
Basin. In northern California and southern Oregon, much of the 
forearc is covered by Mesozoic and Paleozoic metamorphic, vol-
canic, and plutonic basement blocks, the Klamath terranes. By their 
composition and morphology, these terranes are the usual suspects 
for controlling the strength variations and the seismic cycle on 
the megathrust (Brudzinski and Allen, 2007; Audet and Bürgmann, 
2014; Wannamaker et al., 2014; Schmalzle et al., 2014). In this 
study, combining the information provided by high-resolution seis-
mic imaging with electrical resistivity profiles from Wannamaker 
et al. (2014) sensitive to the amount and nature of fluids, we pro-
vide evidence for deep crustal fracture zones in the terranes of 
the Cascadia forearc. The extent of the fracture zones could control 
the permeability properties of the forearc, and may determine the 
presence of shallow non-volcanic tremors. Fluctuations in pore-
fluid pressure due to heterogeneous distribution of fractures could 
also contribute to the segmentation of frictional behavior along the 
Cascadia margin.
2. Data and methods

We conducted a new analysis of receiver functions (RFs) from 
two previous studies including data from the Earthscope Trans-
portable Array (Tauzin et al., 2013), and two denser arrays in cen-
tral Oregon and northern California, the Cascadia 93 and the FAME 
Mendocino experiments (Tauzin et al., 2016). This comprehensive 
database of 82,885 RFs allows the dense coverage of a region of 
approximatively 300 × 600 km2 in the arc and forearc of the Cas-
cadia subduction zone (Fig. 1).

The RFs are the records of P-to-S converted waves that re-
verberate in the structure beneath seismometers and are isolated 
from the primary incident teleseismic P-wave by deconvolution 
(Ammon, 1991). We computed the RFs after rotation of the record-
ing components into the Z-R-T directions, using different low-pass 
filters at 1 and 0.2 Hz, and using an iterative time–domain decon-
volution (Ligorrìa and Ammon, 1999).

We used a common conversion point stacking approach (CCP), 
which back-projects the seismic signal recorded on the RFs at 
the corresponding location of theoretical scatterers in the subsur-
face (e.g. Zhu, 2000; Wittlinger et al., 2004). We used the one-
dimensional IASP91 velocity model (Kennett and Engdahl, 1991)
for ray-tracing and time-to-depth conversion. In Oregon, where 
the dense Cascadia 93 network is available with inter-station dis-
tances of ∼5 km, we stacked the data sensitive to the structure 
within a distance of 20 km around the profile, and projected them 
onto the 2D vertical profile. In California where the Mendocino 
network is sparser (25 km average station spacing), we stacked 
and projected the data from stations within 100 km of the pro-
file to benefit from data redundancy and improve the signal-to-
noise ratio. These lateral distances of projection are reduced com-
pared with our previous work at larger scale (Tauzin et al., 2013;
Tauzin et al., 2016, used a ±250 km lateral distance of projec-
tion).

Our images are then built from multi-mode CCP stacking 
(Hetényi, 2007; Tauzin et al., 2016) by combining three im-
ages using the PS, PPS, and PSS modes of scattering (Fig. 2). 
By taking explicitly into account seismic phases reflected multi-
ple times (i.e. second order scattering effects), this method re-
moves artifacts from multiples and significantly improves the 
resolution and the signal-to-noise ratio (Bostock et al., 2002;
Tauzin et al., 2016). The PS modes are conversions from P-waves 
to S-waves (Fig. 2a). PPS and PSS are multiple reverberated waves 
(Fig. 2b, c). The time-to-depth conversion of the multiples warps 
more the RF signal than does the back-projection for the PS sig-
nal. Therefore to turn the images to similar wavelengths, the data 
are filtered with low-pass corner frequencies at 1 Hz for PS, and 
0.2 Hz for PPS and PSS (Tauzin et al., 2016). We also reversed in 
polarity the PSS image because PSS conversions have opposite am-
plitudes to the PS and PPS modes (Fig. 2c). The final multi-mode 
images in Fig. 2d are simply constructed by stacking the three 
images obtained from the different modes. To remove possible 
problems arising from stacking out phase modes, we proceed to 
a phase-weighted stack (Schimmel and Paulssen, 1997). The oper-
ation efficiently filters out the incoherent signal over the different 
modes (Tauzin et al., 2016).

Bin size is 2 km in horizontal direction and 1 km in vertical 
direction, similar to the study of Tauzin et al. (2016). The image 
is smoothed over 8 km horizontal and 3 km vertical distances 
(against 18 km and 8 km in Tauzin et al., 2016). We also muted 
the parts of the image where the combined coverage from Ps, 
PpPs, and PpSs phases is less than 10 rays. This processing allowed 
building and interpreting high-resolution images of the subducted 
JdF oceanic plate below the Cascadia forearc (Fig. 2d).

We interpreted the two multi-mode CCP images for central 
Oregon and northern California with a simple forward modeling 
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Fig. 2. Multi-mode conversion imaging of the Juan de Fuca plate in Central Oregon (left) and Gorda sub-plate in northern California (right). (a) Single mode high frequency 
(1 Hz) PS conversion images. (b) First multiple PPS images obtained at low-frequency (0.2 Hz). (c) Second multiple PSS images obtained at 0.2 Hz. The polarity has been 
reversed. (d) Multi-mode conversion images after phase-weighted stack (Tauzin et al., 2016). Red/blue colors indicate positive/negative seismic amplitudes with saturation at 
±2.3% the P-wave amplitude. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Comparison of our seismic observations with the results of the synthetic modeling. (a) Our seismic observations for central Oregon (left) and northern California (right) 
(same as Fig. 2d). (b) Results of our modeling using the second input model where no interface (Conrad) is set in the crust. No fictitious interface appears near 15 km depth, 
suggesting that the mid-crustal discontinuity does not result from cross-mode contamination. (c) Result of our modeling using the first input model where an interface (the 
Conrad discontinuity) is set in the crust. We successfully recover the signature of the Conrad discontinuity. Red/blue colors indicate positive/negative seismic amplitudes with 
saturation at ±2.3% the P-wave amplitude. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
approach. That is, for each profile, we generated two synthetic 
CCP images from two subduction models including a dipping low-
velocity layer in the mantle (the oceanic crust). In the first model, 
we set a positive interface in the crust of the overriding plate. In 
the second model, this intra-crustal interface is absent. The re-
sulting images are shown and compared to the observations in 
Fig. 3. To construct these four synthetic images, seismograms were 
generated for the same acquisition geometries as in central Ore-
gon and northern California from a ray-based algorithm accounting 
for flat dipping stratifications (Frederiksen and Bostock, 2000). We 
used the IASP91 velocity model (Kennett and Engdahl, 1991) for 
time-to-depth conversion. For synthetic seismogram modeling, we 
manually adjusted the dip angle of the low-vs oceanic layer and 
the values of vs in the crust and mantle of models 1 and 2 so that 
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Fig. 4. Waveform modeling of the observed RFs. Blue waveforms are the observed stacked receiver functions; black and red waveforms are the receiver functions for the 
models shown with the same color on the bottom panel. The black model contains no mid-crustal (Conrad) discontinuity and the red contains a Conrad discontinuity. (a) 
Modeling results for the profile across central Oregon, with at left and middle the Coastal ranges and at right the Willamette Basin. (b) Same analysis performed on the data 
from the Klamath province (northern California). The waveforms marked as LVL correspond to the top of the oceanic crustal low-velocity layer. The fit of the LVL and the 
Moho is poor below the East Klamath Mountains in (b) because our two-dimensional modeling does not take into account the along-dip curvature of the seismic interfaces. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
the predicted RF amplitudes fit the amplitudes on the observed 
RFs (Fig. 4). Our best-fitting models for central Oregon and north-
ern California are given in Tables 1 and 2. Amplitudes on the RFs 
are mainly sensitive to sharp vs gradients so little constraints are 
obtained about the absolute velocities, v p , or the density.

3. Results

The RF images (Figs. 5 and 6) reveal two eastward dipping dis-
continuities located near 30 km depth on the western side of both 
profiles, one with a negative polarity interpreted as the top of the 
oceanic crust (Rondenay et al., 2001; Bostock et al., 2002), under-
lain by a positive discontinuity corresponding to the oceanic Moho. 
The two-dimensional forward waveform modeling (Fig. 4 and Ta-
bles 1–2) indicates that the shear velocity is reduced by ∼10% 
in the crustal oceanic layer, in agreement with former studies 
(Rondenay et al., 2001; Bostock et al., 2002). The low-vs signature 
of the oceanic crust is attributed to the presence of hydrated min-
erals (Bostock et al., 2002; Hacker et al., 2003; Audet et al., 2009;
Audet and Kim, 2016) and, where the fault zone is partially 
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Table 1
Parameters for the best fitting models in central Oregon. Receiver functions are sensitive to sharp 
changes of vs and little to the absolute values of velocities or the density.

Layer Model-1 Model-2

Thickness 
(km)

v p

(km/s)
vs

(km/s)
Dip 
(◦)

Thickness 
(km)

v p

(km/s)
vs

(km/s)
Dip 
(◦)

Upper Terrane 14 6.7 3.7 0 – – – –
Lower Terrane 11 7.2 4.0 2 25 7.2 4.0 0
Oceanic crust 10 6.7 3.7 12 10 6.7 3.7 12
Oceanic mantle – 8.0 4.5 – – 8.0 4.5 –

Table 2
Parameters for the best fitting models in northern California.

Layer Model-1 Model-2

Thickness 
(km)

v p

(km/s)
vs

(km/s)
Dip 
(◦)

Thickness 
(km)

v p

(km/s)
vs

(km/s)
Dip 
(◦)

Upper Terrane 10 6.7 3.7 0 – – – –
Lower Terrane 5 7.2 4.0 0 15 7.2 4.0 0
Oceanic crust 10 7.0 3.8 6 10 7.0 3.8 6
Oceanic mantle – 8.0 4.5 – – 8.0 4.5 –

Fig. 5. (a) Topography of the area sampled by the seismic data in central Oregon (Siletz province). The black line marks the location of the seismic profile. (b) The raw 
seismic image of the Juan de Fuca plate obtained from multi-mode CCP stacking. Red/blue colors indicate downward increases/decreases of shear-wave velocity. Inverted 
black triangles and red triangles are seismic stations and volcanic centers projected onto the profile. The vertical exaggeration is 2/3. (c) Interpretation of the seismic image 
emphasizing the North American plate (NA) Moho at East, the serpentinized mantle corner (SMC) in the middle, and the hydrated Juan de Fuca oceanic crust at West. 
A positive interface appears at mid-crustal depth that we interpret as the Conrad discontinuity. The horizontal dashed lines mark the depth of 35 km. (d) A sketch of the 
radial shear-wave velocity model used for computing synthetic waveforms and fitting observed data in the forearc. This model is described in Table 1. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)
sealed, with high-pore fluid pressure (Sleep and Blanpied, 1992;
Audet et al., 2009). The low-vs signature disappears near 40 km 
depth, below the Willamette Basin in Oregon (Fig. 5a, b), and be-
neath the northern limit of the Sacramento Valley in California 
(Fig. 6a, b). This observation has been attributed to crustal de-
hydration (eclogitization) (Bostock et al., 2002), resulting in the 
hydration (serpentinization) of a small corner of the mantle (SMC) 
above the descending slab. Serpentinization erases the signature of 
a portion of the continental NA Moho at the center of both profiles 
(Figs. 5b–c and 6b–c). These images of low-velocity zones and of 
the disappearance of the continental Moho are consistent with the 
findings of previous regional seismic studies using inverse scatter-
ing (see Bostock, 2013, and references therein). We therefore focus 
on forearc features that have never been reported before.

A well-resolved seismic interface is observed at about 15 km 
depth in the crust of the overriding NA plate (Figs. 5b and 6b), 
as demonstrated by detailed analysis of observed RFs (Fig. 7) and 
by the synthetic tests (Figs. 3 and 4). For semantic convenience, 
we refer to this 15 km-discontinuity as the Conrad discontinu-
ity whose nature is largely debated (Litak and Brown, 1989). This 
mid-crustal interface has been detected in other seismic stud-
ies (Park et al., 2004; Keach et al., 1989; Zucca et al., 1986;
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Fig. 6. Same as Fig. 5 except that the profile is obtained from the data in northern California (the Klamath province). The velocity model shown in (d) is described in Table 2.

Fig. 7. Stack of receiver functions as a function of station longitude. (a) Profile across central Oregon. (b) Profile in northern California. The high-frequency (1 Hz) receiver 
functions are stacked after time-to-depth conversion in the IASP91 velocity model (Kennett and Engdahl, 1991). The sum of all the receiver functions for the two profiles is 
shown in the panels at right.
Trehu et al., 1994), and with the present observation, this demon-
strates its large extent across the Cascadia forearc. Along both 
profiles, this interface is continuous to the West but exhibits sig-
nificant gaps to the East (Figs. 5 and 6). In Oregon, the Conrad 
is segmented below and slightly east of the Willamette Basin. In 
California, the interface is continuous up to the summits of the 
Klamath Mountains where it is interrupted and re-appears east 
of the mountains (Figs. 5 and 6). Our two-dimensional forward 
modeling (Figs. 3 and 4) shows that, where observed, the Conrad 
discontinuity is associated with a ∼8% increase of vs with depth 
in the crust of the overriding plates (Tables 1–2). Fig. 4 shows that 
the models do not require a vs discontinuity below the Willamette 
basin and east of the Klamath Mountains, where the Conrad dis-
continuity is missing.

We note that several other discontinuities seem also present 
further East between 121–122◦W below the arcs of Oregon and 
California. This includes a strong negative signal above the conti-
nental Moho in the High Cascades in Oregon (Fig. 5), two negative 
signals around 15 and 25 km depths and a positive signal at depth 
of ∼10 km below the Modoc Plateau in California (Fig. 6).
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4. On the robustness of the Conrad seismic signal

The Conrad discontinuity is not an artifact from our multi-
mode CCP stacking approach. Our final images are constructed by 
stacking the three images obtained from the different modes. How-
ever, each individual image contains artifacts from other modes, 
i.e. parallel echoes of the real structure (Rondenay et al., 2001;
Bostock et al., 2002; Nicholson et al., 2005; Abers et al., 2009). 
For example, PS conversions at the top and bottom of the low-vs

oceanic crust are mapped at shallower crustal depths in the image 
constructed with the PPS and PSS modes. This cross-mode contam-
ination, if not corrected, could set a fictitious interface near 15 km 
depth, i.e. mimicking a Conrad discontinuity. Here, we have two ar-
guments demonstrating that the observed Conrad discontinuity is 
a true feature, and not an artifact due to cross-mode contamina-
tion. First, the crude RF stacking and PS single-mode CCP stacking 
show a signal at mid-crustal depths (Figs. 2a and 7). As these im-
ages do not involve multiple-mode migration, these signals arise 
from direct conversions at a mid-crustal interface. Second, our syn-
thetic tests (Figs. 3 and 4) show that in the case of the second 
input model where no interface is set in the crust, no fictitious in-
terface appears near 15 km depth, suggesting that the PS energy 
converted from the Moho discontinuity is not mapped as a multi-
ple at crustal depths.

Our simple forward modeling approach has however limitations 
because the ray-tracing algorithm allows us to account for flat dip-
ping structure but not for variations in the dip of interfaces or re-
flectivity contrasts (Frederiksen and Bostock, 2000). Indeed, the top 
plate interface (negative amplitude) presents similar amplitudes as 
observed in the data in the western part of the profile beneath 
central Oregon (Fig. 3a-c), while it appears with weaker amplitudes 
further East (Fig. 3a-c). In northern California, our modeling does 
not also account for the changes in depth of the low-velocity layer 
and Moho below the East Klamath Mountains.

Our images display also some artifacts from the multi-mode 
stacking procedure (Tauzin et al., 2016). In both observed data in 
Fig. 3a (Oregon and California), the Conrad corresponds to a sin-
gle discontinuity across which velocity increases with increasing 
depth. In our synthetic modeling for Central Oregon (Fig. 3c, left), 
a negative signal appears above the Conrad discontinuity. This neg-
ative signal is absent of the synthetic test for California (Fig. 3c, 
right). The major difference between these two synthetic tests is 
that we set a 12◦ dip for the Conrad discontinuity in Oregon com-
pared to 6◦ in California (Tables 1–2). This imperfect recovery of 
the Conrad structure in Oregon results from the interference pat-
terns between PS, PPS and PSS signals for dipping structures (see 
Tauzin et al., 2016, for details). The absence of this feature in ob-
served data depends on the relative weight of the PS, PPS, and PSS 
signals in the multi-mode stacking.

5. Interpretation

The Conrad discontinuity has been attributed to different 
sources in the literature (see Litak and Brown, 1989, for a re-
view): a boundary between a granitic upper crust and a basaltic 
lower crust, a metamorphic boundary between an upper crustal 
layer of amphibolite and a lower crustal layer of granulite, the 
transition from brittle behavior to ductile stretching, or a rheo-
logical barrier to upward migration of fluids. Whatever its origin, 
we use it here as a marker of the structural continuity of the ter-
ranes. The Conrad discontinuity seems indeed either internal to 
or delineating the base of accreted island arc-subduction terranes 
in the overriding NA plate (Zucca et al., 1986; Trehu et al., 1994;
Blakely et al., 2005). Seismic refraction and gravity surveys (Zucca 
et al., 1986) indicate that the Klamath terrane in California is at 
least 14 km thick (Zucca et al., 1986). In Oregon, seismic refrac-
tion lines (Trehu et al., 1994), RFs from the Corvallis permanent 
seismic station (Park et al., 2004), and gravimetric and aeromag-
netic observations (Blakely et al., 2005), also require a structural 
boundary near 15 km depth that decomposes the ∼34 km-thick 
Siletz terrane in two layers. As a marker of the terrane continu-
ity, the Conrad segmentation would therefore indicate that these 
terranes are made of several tectonic blocks delimited by fracture 
zones.

At the current stage, providing a geological evidence supporting 
the existence of these deep fracture zones remains difficult: active 
seismic reflection campaigns (e.g. Keach et al., 1989) have limited 
depths of investigation and seismic refraction experiments (e.g. 
Zucca et al., 1986; Trehu et al., 1994) have poor lateral resolution, 
preventing from identifying the prolongation of surface geological 
structures down to a depth of 15 km (Fig. 8). However, in addi-
tion to our indirect observations, other geophysical data support 
the existence of deep fracture zones: the patterns in seismicity, 
non-volcanic tremors, and electrical conductivity in the forearc, as 
discussed in the next sections.

In the Californian arc, we doubt that the positive interface be-
low the Modoc plateau is related to the Conrad discontinuity, for 
two reasons: (i) the history of volcanic and tectonic development 
of the Central High Cascade is complex (see e.g. Taylor, 1990) and 
may give rise to multiple seismic horizons (Fig. 6) unrelated to 
the structure of accreted terranes at West, and (ii) a seismic re-
fraction experiment (Zucca et al., 1986) shows the existence of a 
crustal discontinuity below the arc in California, but the interpre-
tation is that it is distinct from the ∼15 km deep discontinuity 
in the forearc. To our knowledge there are no reports of the ex-
istence of negative discontinuities below the arc in central Ore-
gon.

6. Implications for the hydrologic permeability and electrical 
conductivity of the forearc

We propose that the segmentation of accreted terranes con-
trols fluid migration in the forearc (Fig. 9). This hypothesis is 
supported by correlations between seismic and magnetotelluric ob-
servations. We show in Fig. 10a images of the resistivity in the 
forearc obtained from the EMSLAB and KLMD magnetotelluric lines 
by Wannamaker et al. (2014). Both lines run from the coast to the 
volcanic arc (Figs. 1), but we make a qualitative comparison with 
our seismic observations only for the forearc portion (Fig. 10a, c). 
We superimpose our observed Conrad discontinuity (red line), to 
regular seismicity (black dots), and non-volcanic tremors (magenta 
stars). We also report the serpentinized mantle corner (SMC) in-
ferred from our seismic observations.

The Conrad segmentation correlates with conductive regions 
of the forearc (Fig. 10a). High electrical conductivities are indica-
tive of interconnected fluids in close association with the fracture 
zones. The terranes appear as large resistive blocks (∼1000 �m) 
(Fig. 10a) with a thickness compatible with seismic and gravimet-
ric data (Park et al., 2004; Keach et al., 1989; Zucca et al., 1986;
Trehu et al., 1994; Blakely et al., 2005). Thus terrane blocks likely 
constitute large-scale permeability barriers to upward fluid migra-
tion (Wannamaker et al., 2014). In the Klamath province in Cali-
fornia (Fig. 10a), the resistive blocks are narrower and the gap in 
the Conrad discontinuity is larger, suggesting that accreted terranes 
are more fractured and more permeable than the Siletz terrane in 
Oregon.

Fig. 9 summarizes the structural control of the terranes on fluid 
distribution in the Cascadia forearc. Potential fluid sources have 
two origins: the episodic release from the over-pressured dehy-
drating oceanic crust (Hacker et al., 2003; Audet et al., 2009), 
and focused flow from the downdip SMC within the sheared ser-
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Fig. 8. (a–b) Zoom on the Oregon and California regions with the local geology (Schruben et al., 1994). The thick black lines at constant latitude correspond to the profiles 
used to create the seismic images. The thick black contours in the western part delimit the Siletz and Klamath geological terranes. The South–North black lines locate 
the depth of the top of the subducting Gorda–Juan de Fuca plate below the NA margin (McCrory et al., 2012). Large red triangles mark the location of Quaternary active 
volcanoes. The geographical location of non-volcanic tremors (Idehara et al., 2014) is shown with magenta stars. Surface faulting is indicated with the thin black lines on the 
geological units. Due to a lack of geophysical information, the prolongation of surface geological structures down to a depth of 15 km is uncertain. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
pentinized layer above the subduction interface (Kawano et al., 
2011). Fluids are then collected at the base of the crust of the 
overriding plate, as evidenced by the medium and large ampli-
tude conductive anomalies in Oregon and California, respectively, 
in Fig. 10a. In a recent model, Hyndman et al. (2015) proposed 
that the fluid from the dehydrating plate is focused and concen-
trated directly above the forearc SMC. Here, the combined inter-
pretation of resistivity and seismic images rather suggests that 
the fluids are collected updip of the SMC (Fig. 10a). Fluids would 
then rise in the lower crust (Fig. 9), contributing to large-scale 
fluctuations of pore-fluid pressure (Sleep and Blanpied, 1992) pos-
sibly enhanced by SiO2 precipitation (Audet and Bürgmann, 2014;
Hyndman et al., 2015).

The fluids released from dehydration reactions of the oceanic 
crust have a low salinity and therefore cannot explain the observed 
high electrical conductivities (e.g. Reynard et al., 2011). This high-
conductivity can result from the alteration of the crustal basement, 
as the reaction consumes the pure water component and leaves 
residual fluids enriched in salts (Scambelluri et al., 1997). Fluid 
volume fraction and salinity are not easy to constrain, both being 
the result of a complex history of water release, serpentinization 
and hydrothermal alteration of the deep crustal rocks. Observed 
conductivities in the lower crust of California would require saline 
brines with fluid fractions of ∼1% and NaCl molality of 0.3 to 1 m 
(Reynard, 2016). In Oregon, the higher resistivities are consistent 
with either lower fluid fractions (0.01–0.3%) at similar salinities, or 
lower salinities (<0.1 m) at similar fluid fractions (Reynard, 2016). 
In any case, higher fluid fractions in northern California are likely, 
and suggest that the forearc is more fractured and drained than in 
central Oregon (Fig. 9).
7. Discussion

7.1. Potential influence on the seismic cycle

The downdip seismogenic limit is where the fault zone no 
longer exhibits frictional instability. Among the factors that could 
affect this limit is the pore pressure on the fault (Hyndman, 2013). 
The structural difference between the Siletz and Klamath terranes 
could cause differential upward release of forearc fluids along the 
Cascadia margin, and may influence the seismic cycle by modulat-
ing both in time and space the slip behavior on the megathrust 
(Fig. 9).

Release of fluid pressure on the megathrust by percolation be-
tween blocks of terranes would result in locking the subduction 
interface by increasing the stress required for frictional failure. 
With smaller blocks and higher fracture density in accreted ter-
ranes, the plate interface would be better drained, hence more 
susceptible to earthquake failure in California than in Oregon. In 
the broad sealed areas of the Oregon megathrust where the Siletz 
terranes are thick and less permeable, the pore-fluid pressure is 
high and all the deformation could be continuously accommodated 
through stable sliding (Schmalzle et al., 2014). In this case, little 
slip would occur during large megathrust earthquakes, as mod-
eled in Oregon for the magnitude ∼9.0 earthquake that ruptured 
the whole Cascadia margin in 1700 A.D. (Wang et al., 2013), sug-
gesting that the locked portion was small in Oregon and located 
far offshore (Schmalzle et al., 2014). Conversely, the more per-
meable terranes of northern California would favor locking on a 
larger portion of the plate interface (Fig. 9) where large magni-
tude earthquakes have a ∼230-yr recurrence (Leonard et al., 2010). 
Finally, along-strike variations in pore-fluid pressures would pro-
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Fig. 9. A conceptual model summarizing the structural control of the terranes on 
fluid and seismicity distribution in the Cascadia forearc and on the frictional prop-
erties on the megathrust. (a) Because the terranes in Oregon are impermeable, 
pore-fluid pressure is high and the strength of the interface low, resulting in few 
small locked patches in the transition zone of the megathrust and a regime more 
favorable for stable sliding (Schmalzle et al., 2014). (b) In California, the forearc is 
heavily fractured and drained, resulting in lower pore-fluid pressure, and the devel-
opment of larger high-friction patches on the transition zone of the megathrust. The 
downdip seismogenic limit (the boundary between the locked and transition zones) 
is shifted depending on the pore-pressure on the fault.

vide favorable conditions for generating aseismic slip and associ-
ated non-volcanic tremors (Obara, 2002; Rogers and Dragert, 2003;
Kao et al., 2005; Ariyoshi et al., 2012) with variable recurrence in-
tervals, as evidenced throughout the Cascadia forearc (Brudzinski 
and Allen, 2007).

7.2. The localization of non-volcanic tremors (NVTs)

The catalog that we used here (Idehara et al., 2014) shows a 
large NVT depth distribution (Fig. 10a) from the plate interface up 
to ∼15 km in the crust of the overriding plate. The shallow seismic 
activity aligns sub-vertically within the fracture zones evidenced 
by the gaps in the Conrad discontinuity (Fig. 10b and c). In Oregon, 
the NVTs are located in the gap below the Willamette Valley and, 
in California, a large swarm of NVTs extends through the gap of the 
Conrad discontinuity between 123.15◦W and 122.7◦W (Fig. 10b, c). 
The NVTs spatially coincide with conductive anomalies in the frac-
ture zones (Fig. 10a), whereas regular seismicity (McCrory et al., 
2012) is mainly associated with a resistive signature, as observed 
in the western Cascades in Oregon (Fig. 10a). This suggests that 
some fractures take part of the large-scale hydrological network 
whereas others not.

There is a controversy on the location of tremors and related 
low-frequency earthquakes (Kao et al., 2005; La Rocca et al., 2009)
because different localization methods have been used and have 
given different results. The principle consists in extracting travel-
time differences between coherent patterns of waveforms across 
multiple stations and components. But a difference comes from 
the source function that is searched through the long and non-
impulsive tremor signal. A first method, on which relies the catalog 
that we used here (Idehara et al., 2014), is based on the correla-
tion of the envelope of horizontal components (Kao et al., 2005;
Idehara et al., 2014; Ide, 2012). In Cascadia, it gives a large depth 
distribution of NVTs in the crust of the overriding plate (Figs. 10c). 
Another method identifies impulsive signals in the tremor signal 
by stacking and correlation across a network of stations (Shelly et 
al., 2007). The localization of NVTs using such a second type of 
method in northern California has been investigated by Plourde 
et al. (2015). Because the events appear located closer to a major 
structural boundary (the plate interface), this second method is be-
lieved to be more reliable and the current consensus is that NVTs 
locate primarily on the interplate boundary (Rogers and Dragert, 
2003; La Rocca et al., 2009; Shelly et al., 2006).

However, if errors in the first method would affect the localiza-
tion, they would apply over the whole NVT zone. This is not what 
is observed in California where the deep tremor zone is elongated 
over a large lateral distance, ∼50 km, but the shallow tremor zone 
has a narrower extension of ∼20 km, near 122.75◦W longitude 
(Fig. 10a). In Oregon, the shallow tremor zone is also narrowly lo-
cated toward the downstream of the plate interface, centered at 
∼123.1◦W longitude (Fig. 10a). Our study reveals in addition in 
California the striking spatial correlation of NVTs with conductive 
anomalies of the lower crust, at places marked by an absence of 
regular earthquakes (Fig. 10a). These observations support the idea 
that shallow crustal NVTs exist, and are related to well-connected 
fluid phases distributed across the fracture zones of the lower crust 
of the overriding plate (Kao et al., 2005).

8. Conclusion

The tectonic structure inherited from the geological history of 
the margin likely exerts on the seismic cycle a control as impor-
tant as the amount of fluids that enters into the forearc through 
plate dehydration, or the roughness of the seafloor of the un-
derthrusted plate. A correlation between the lithology of accreted 
terranes in the forearc and the frictional behavior of the megath-
rust was also recently evidenced in northeast Japan (Bassett et al., 
2016). The fluid escape routes in the overriding plate bring saline 
brines near the surface where they can mix with meteoric waters 
in deep aquifers or in hydrothermal systems. Such a mixing was 
documented in the Willamette Basin in central Oregon (Hurwitz 
et al., 2005), and in the Arima hot springs in Japan above the 
Philippine plate (Kusuda et al., 2014), a subduction with a similar 
thermal regime as Cascadia. Systematic geophysical and geochem-
ical investigation of hot springs, deep aquifers, and fracture zones 
in the overriding plate, should help unravel the important fluid 
cycle in the forearc region of subduction zones, and its potential 
influence on the seismic cycle.



10 B. Tauzin et al. / Earth and Planetary Science Letters 460 (2017) 1–11
Fig. 10. (a) Resistivity profiles obtained from the EMSLAB and KLMD magnetotelluric lines (modified from Wannamaker et al., 2014) in Oregon (left) and California (right). 
Warm colors correspond to low resistivities (high conductivities). Earthquakes (black dots) and non-volcanic tremors (magenta stars) are superimposed. In California, only 
the closest tremor events to the KLMD line are plotted (Fig. 1). Deep long period and low frequency earthquakes are located with dark gray plus and circles. The outlined 
dashed triangles are the serpentinized mantle corners (SMC). The topographic profiles are shown at the top. The seismic line being far apart the KLMD magnetotelluric 
line in northern California, the Conrad discontinuity might not be associated with the observed high electrical conductivities in the Franciscan complex below the Klamath 
Mountains. The location of eclogitization (Ec) is marked by up-arrows according to the results of prior studies (Wannamaker et al., 2014), and are consistent with our seismic 
image in Oregon but not in California. (b) Histograms of the distribution of regular earthquakes (black) and non-volcanic tremors (magenta) along the profiles in Oregon 
(left) and California (right). (c) Zooms on the RF profiles of Figs. 5 (left) and 6 (right). Earthquakes (black dots) and non-volcanic tremors (magenta stars) are superimposed. 
The color-scale ranges between −2.3 and +2.3% the P-wave amplitude, as in Figs. 5 and 6. The horizontal black dashed lines mark the depth of 35 km. Earthquakes are from 
McCrory et al. (2012) and non-volcanic tremors are from Idehara et al. (2014). (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)
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