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ABSTRACT 

 

Temperatures along subduction zone plate boundary faults have been used to 

estimate the area and extent of the seismogenic zone. Recent studies of the well-

constrained Nankai margin of Japan show that hydrothermal circulation in the 

subducting crust cools the subduction zone and widens the area of the plate boundary 

fault that is between the key temperatures of 150 and 350 °C. Here, I present new 

thermal models for the Cascadia subduction zone that include the effects of fluid flow 

in the subducting crust. This fluid circulation cools the subduction zone and widens 

the thermally-defined seismogenic zone by shifting the intersection of the 350 °C 

isotherm within the plate boundary fault ~30 – 55 km landward. In contrast to the 

Nankai margin, the observed surface heat flux pattern for the thickly sedimented 

Cascadia margin provides only a weak constraint on subduction zone temperature. 

The tomographically-determined basalt-to-eclogite transition in the subducting slab is 

an additional constraint on the Cascadia subduction zone thermal models. The models 

most consistent with both the slab alteration observations and surface heat flux 

measurements include fluid circulation in an ocean crust aquifer with permeabilities 

of ~10-10 m2, consistent with previous observations and inferences. This wider 

seismogenic zone is consistent with recent models of interseismic deformation. 

Estimates of co-seismic slip and ground shaking for a Cascadia megathrust 

earthquake based on a thermally-defined seismogenic zone should be revisited. 



Keywords: Cascadia; seismogenic zone; hydrothermal circulation; episodic tremor 

and slip; ocean crust; permeability. 
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INTRODUCTION 

 

  Approximately 90% of the total seismic moment release from 1900 to 1989 

occurred within subduction zones [Pacheco and Sykes, 1992]. Subduction zone plate 

boundary faults are the primary location of large (>M 8) and tsunamigenic 

earthquakes [Satake and Tanioka, 1999]. Thus, there is considerable hazard 

associated with subduction zone seismicity.  The position of the updip and downdip 

limits of seismicity along the plate boundary fault constrain the rupture width of large 

earthquakes and control the proximity of potentially damaging earthquakes to 

populated coastal areas. Throughout this thesis, I use “seismogenic zone” to describe 

the portion of the plate boundary fault that ruptures during large megathrust 

earthquakes and accumulates stress during interseismic periods. In a subduction zone, 

the width and location of the seismogenic zone is a key parameter for estimates of 

ground motion [Cohee et al., 1991]. 

  Temperatures (and thermally- or kinetically-controlled mineral transitions) 

within subduction zones have been suggested as controls on the updip and downdip 

limits of seismicity [e.g., Hyndman and Wang, 1993; Moore and Saffer, 2001]. 

Hyndman and Wang [1993] developed the concept of the seismogenic portion of a 

subduction zone plate boundary fault extending from 150 – 350 ˚C. These 

temperatures are linked to key processes. The updip limit of seismicity (150 ˚C) was 

suggested to result from changes in frictional behavior and/or changes in fluid 

pressure associated with the smectite-illite transition [Hyndman and Wang, 1993; 
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Vrolijk, 1990]; more recent work suggests a host of diagenetic processes triggered at 

~100 – 150 ˚C may control the updip limit [Moore and Saffer, 2001]. The downdip 

limit of seismicity is posited to occur at a transition from velocity weakening (below 

350 ˚C) to velocity strengthening (above 350 ˚C) behavior, as determined in 

laboratory studies [e.g., Blanpied et al., 1991; Blanpied et al., 1995]. From 

approximately 150 to 350 ˚C, fault zone materials are velocity weakening (Fig. 1).  In 

velocity-weakening material, friction decreases during an episode of increased sliding 

velocity [Scholtz, 2002].  Below 150 ˚C and above 350 ˚C, fault rocks are  

 

Figure 1: Relationship between velocity strengthening and velocity weakening in 
granite. Seismogenic zone shown from ~100 to 350 ˚C. a-b is the difference in the 
friction coefficient between slow and fast sliding velocity. Positive a-b equates to a 
higher friction coefficient for the fast velocity (velocity strengthening). Negative a-
b equates to a lower friction coefficient for the fast velocity (velocity weakening).  
Modified from Blanpied et al. [1995]. 
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velocity strengthening (i.e. friction increases during an episode of increased sliding 

velocity).  Earthquakes can nucleate in velocity-weakening material, but not in 

velocity-strengthening material [Scholtz, 2002]. This led Hyndman and Wang [1993] 

to suggest that the key temperatures of 150 and 350 ˚C can be used to estimate the 

extent of the seismogenic zone for a subduction zone plate boundary fault. For the 

Cascadia subduction zone, the plate boundary fault is likely locked at the trench, as 

150 ˚C (the warmest temperature commonly associated with the updip limit of 

seismicity) occurs seaward of the trench at the depth of the décollement. Therefore, 

the width of the seismogenic zone for Cascadia is controlled by the location of 350 ˚C 

on the plate boundary fault. 

  Estimating the extent of the seismogenic zone of the plate boundary fault for 

the Cascadia subduction zone has important implications for assessing the earthquake 

hazard in urban areas in the U.S. Pacific Northwest and southwestern Canada. On the 

Cascadia margin, the extent of the seismogenic zone is poorly resolved due to the 

lack of a large megathrust event during the instrumental record [Rogers et al., 1996]. 

Hyndman and Wang [1993] developed thermal models for the Cascadia margin 

constrained by surface heat flux data and applied these thermal limits to estimate the 

extent of the seismogenic zone (Fig. 2). They note, however, that “a critical 

confirmation of the constraints on the seismogenic zone provided by thermal models 

is comparison with actual thrust earthquake data” [Hyndman and Wang, 1993]. Due 

to the dearth of instrumentally recorded megathrust earthquakes in the Cascadia 

subduction zone, verification of the constraints on the seismogenic zone provided by 

these original thermal models [Hyndman and Wang, 1993] is difficult. 
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Figure 2: Map of the Cascadia subduction zone showing plate boundaries, the 
locations of four thermal model transects from this study, and the previously defined 
Cascadia megathrust seismogenic zone [Hyndman and Wang, 1993] (stippled). 
Arrows are convergence vectors along the margin. 
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Studies of the well-constrained Nankai margin of southern Japan show that 

the seismogenic portion of the plate boundary fault is between the key temperatures 

of 150 and 350 ˚C, and that hydrothermal circulation in the subducting crust cools the 

subduction zone, widening the portion of the plate boundary fault between 150 and 

350 ˚C [Spinelli and Wang, 2008; Spinelli and Wang, 2009]. Thermal models that 

include the effects of fluid circulation in the subducting crust are consistent with 

observed surface heat-flux anomalies and the location of subducting slab alteration; 

models that do not include the thermal effects of fluid circulation are not consistent 

with these constraints [Spinelli and Wang, 2008; Spinelli and Wang, 2009].  

Vigorous hydrothermal circulation in the highly-fractured, high-permeability 

ocean crust aquifer tends to homogenize temperatures [Davis et al., 1997]. In a 

subduction zone, this circulation mines heat from the subducted crust and transports it 

seaward [Kummer and Spinelli, 2008]. The original thermal models for the Cascadia 

subduction zone [Hyndman and Wang, 1993], used to estimate the extent of the 

seismogenic zone [Hyndman and Wang, 1993] and in current hazard assessment 

[Cohee et al., 1991; Silva et al., 1996], do not include the effects of fluid circulation 

in the subducting ocean crust.  I develop new thermal models for the Cascadia 

subduction zone that include the effects of fluid circulation in the subducting crust 

(Fig. 3). I use both surface heat flux observations and the location of the basalt-to-

eclogite transition in the subducting slab to constrain the thermal models. These 

thermal models yield a new estimate for the potential rupture area for a Cascadia 

megathrust earthquake. 
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Figure 3: Cartoon cross-section showing hydrothermal circulation in the basement 
aquifer of oceanic crust.  Basement aquifer is enlarged to show detail. In my models, 
fluid circulation (shown by convection cells in the basement aquifer) is only active in 
the subduction zone much shallower than the location of slab eclogitization (most 
circulation ceases by <25 km depth; eclogitization occurs at ~45 km depth). However, 
the continued subduction of hydrothermally cooled crust shifts the basalt-to-eclogite 
transition landward (Fig. 7). 
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METHODS 

 

To estimate temperatures in the Cascadia subduction zone, I model heat 

generation and transport in four 2-D cross-sections through the margin (Fig. 2). I use 

a 2-D finite element heat transfer model [Hyndman and Wang, 1993; Hyndman et al., 

1995]. The thermal model accounts for heat production by plate boundary fault 

friction and radioactive decay, and for heat transport by conduction, advection of the 

subducting slab, mantle wedge flow, and vigorous fluid circulation in an ocean crust 

aquifer [Spinelli and Wang, 2008]. The governing heat transport equation used in this 

study is: 

∇ • (K∇T ) − ρcν •∇T + H = 0 ;                    (1) 

where K is thermal conductivity, T is temperature, ρ is density, c is specific heat, ν is 

velocity of the subducting plate, H is sources of heat, and t is time. The first term in 

Equation 1 is heat transferred by conduction, the second term is advection of the 

subducting slab, and the third term is for heat sources or sinks. This model assumes 

the system is in steady-state and there is no thermally significant motion in the 

accretionary prism. In the governing equation, both solid material and fluid in pore 

space of the oceanic plate are advected at the convergence rate.  The model does not 

include coupled fluid and heat transport; rather, I use a high Nusselt proxy to simulate 

the thermal effects of fluid circulation that is described below.  

The ocean crust aquifer, composed of pillow basalt, comprises the upper ~600 

m of igneous rock in the ocean crust [Fisher, 1998; Fisher, 2002].  Estimates for 



  8 

regional-scale ocean crust permeability are 10-10 – 10-9 m2 (Fig. 4) [Becker and Davis, 

2004]. For comparison to commonly encountered terrestrial lithologies, Tables 1 and 

2 show permeability ranges for unconsolidated sediment [Fetter, 1994] and rocks 

[Freeze and Cherry, 1979]. The range of permeability for “permeable basalt” [Freeze 

and Cherry, 1979] overlaps values for well-sorted gravel [Fetter, 1994].  In this 

extremely permeable ocean crust aquifer, hydrothermal circulation is vigorous 

(possibly chaotic), even with the fairly small driving forces available resulting from 

modest temperature-controlled density differences in the ocean crust aquifer distant 

from large heat sources at mid-ocean ridges [Davis and Becker, 2002; Fisher, 2004]. 

It can be difficult to achieve numerical stability in models of coupled fluid and 

heat transport for these systems with extremely permeable basement rocks.  In  

Material Permeability (m2) 
Clay 10-18 – 10-15 
Silt, sandy silts, clayey sands, till 10-15 – 10-13 
Silty sands, fine sands 10-14 – 10-12 
Well-sorted sands, glacial outwash 10-12 – 10-10 
Well-sorted gravel 10-11 – 10-9 

Table 1: Range of values of permeability for unconsolidated sediments. Modified 
from Fetter [1994]. 

 
Rock Permeability (m2) 
Unfractured metamorphic and igneous rocks 10-21 – 10-17 
Shale 10-20 – 10-16 
Sandstone 10-17 – 10-13 
Limestone and dolostone 10-16 – 10-13 
Fractured metamorphic and igneous rocks 10-15 – 10-11 
Permeable basalt 10-14 – 10-9 
Karst limestone 10-13 – 10-9 

Table 2: Range of values of permeability for rocks. Modified from Freeze and Cherry 
[1979]. 
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addition, the direction of fluid flow in such models is sensitive to the initial  

conditions [Spinelli and Fisher, 2004].  In such high permeability systems, the 

efficiency of convective heat transfer is very high; Nusselt number (Nu) greater than 

100 [Davis et al., 1997; Spinelli and Fisher, 2004; Kummer and Spinelli, 2008; 

Spinelli and Wang, 2008]. 

In systems with hydrothermal circulation vigorous enough to have Nu in 

excess of 20, a high-conductivity proxy for the thermal effects of the fluid circulation  

 

Figure 4: Measured and inferred permeabilities versus approximate scale for Juan de 
Fuca Ridge flank ocean crust. Stippled area shows range of values examined in this 
study. Modified from Becker and Davis [2004]. 
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is accurate [Davis et al., 1997].  This inspired Spinelli and Wang [2008] to use such a 

proxy to adapt a general subduction zone thermal model to include the effects of 

vigorous circulation in the ocean crust aquifer.  This approach has been applied to 

thermal models for subduction zones offshore Japan [Spinelli and Wang, 2008] and 

Costa Rica [Harris et al., 2010]. 

I use the same high-conductivity proxy in developing new thermal models for 

the Cascadia margin. In this approach, a Raleigh number (Ra) is defined for each 

aquifer element using the permeability, temperature-dependent fluid density and 

viscosity, and local heat flux: 

€ 

Ra =
αgkL2ρ f q

µκK
;                 (2) 

where α is fluid thermal expansivity, g is gravity, k is permeability, L is aquifer 

thickness, ρƒ is fluid density, q is conductive heat flux, µ is fluid viscosity, κ is 

thermal diffusivity, and K is thermal conductivity. An elemental Nu, quantifying the 

local efficiency of convective heat transfer, is derived from Ra using the empirical 

Ra-Nu relationship (Equation 3) found by comparing results from a coupled fluid and 

heat transport simulation to a conductive proxy of the same problem [Kummer and 

Spinelli, 2008; Spinelli and Wang, 2008]. 

Nu = 0.08Ra0.89    (3) 

The Ra-Nu relationship in Equation 3 is within the range of the host of published Ra-

Nu relationships [Wang, 2004]. Multiplying the intrinsic thermal conductivity of the 

aquifer by Nu simulates the thermal effects of hydrothermal circulation.  Because of 

nonlinear feedbacks between temperature and Nu, an iterative procedure is used. 
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Starting with a temperature field found using a conductive model (i.e., no fluid 

circulation; Nu = 1), a convergent solution (temperature variation of <1 ˚C in each 

element) is obtained usually within 10 iterations.  I do not consider the small fluid 

sources due to dehydration reactions in the slab. They are important for fluid flow 

only if the permeability is extremely low, in which case the slow fluid flow is not 

thermally significant. 

I model subduction zone temperatures with and without fluid circulation in the 

aquifer. For the simulations with fluid circulation, I explore a range of aquifer 

permeabilities. In all cases aquifer permeability decreases with burial depth (Fig. 6, 

inset), simulating the chemical and mechanical sealing of fractures as the ocean crust 

is progressively altered and compacted throughout subduction. I run simulations with 

pre-subduction aquifer permeability of 10-10, 2x10-10, and 10-9 m2, spanning the range 

of regional-scale ocean crust permeability [Becker and Davis, 2004]. 

For each of the four transects examined (Fig. 2), the geometry of the 

subduction zone is constrained by seismic reflection, refraction, and tomographic data 

(Fig. 5) [Fuis, 1998; Gerdom et al., 2000; Parsons et al., 1998; Flueh et al., 1998; 

Gullick et al., 1998; Nicholson et al., 2005; Abers et al., 2009; Rondenay et al., 2008].  

Values for the thermal conductivity and radiogenic heat generation rate for the 

different lithologies in the models are shown in Table 3. Surface heat flux 

observations provide the primary constraint for most subduction zone thermal 

models.  In addition to those data (Fig. 6) [Hyndman and Wang, 1993; Hyndman and 

Wang, 1995; Trehu, 2006; Booth-Rea et al., 2008], I use the seismically observed 

location of the basalt-to-eclogite transition in the subducting crust [Nicholson et al., 

2005; Abers et al., 2009; Rondenay et al., 2008] to constrain our thermal models (Fig. 
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8). I determine the pressure-temperature (P-T) conditions in the center of the 

modelled subducting crust (3 km below the top of the basaltic basement rock) under 

various hydrologic conditions (Fig. 7). This is the first study to use the 

tomographically-determined basalt-to-eclogite transition to constrain a subduction 

zone thermal model. I use a phase diagram for mid-ocean ridge basalt [Hacker et al., 

2003] and the modelled P-T conditions to determine the depth at which the modelled 

subducting crust experiences eclogite metamorphism (Fig. 7). That depth is then 

compared to the observed depth of slab eclogitization to find the permeability trend 

that best fits the observation (Fig. 8). 

Geologic Unit K [W m-1 K-1] Q [µW m-3] ρc [J m-3 K-1] 
Sediment 1.15 0.6 2.5 x 106 
Accretionary prism 1.15 - 2.0 0.6 2.5 x 106 
Crescent terrane 1.8 0.05 2.5 x 106 
Siletz terrane 1.8 0.05 2.5 x 106 
Continental crust 2.0 - 2.5 0.2 - 0.6 2.5 x 106 
Mantle wedge 3.1 0 2.5 x 106 
Oceanic basement 
(including aquifer) 2.9 0 3.3 x 106 

Table 3: Material properties used in finite element model. Geologic units can be seen 
in Fig. 5. The parameters K, Q, and ρc are thermal conductivity, radiogenic heat 
generation rate, and volumetric heat capacity (product of density and specific heat), 
respectively. 
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Figure 5: Cross-sectional view of the four thermal model transects in this study 
showing 2-D finite element grid spacing and discretization. Corresponding group 
properties can be seen in Table 3. 
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RESULTS 

 

In the regions with most of the surface heat flux observations, on the incoming 

plate and margin wedge within ~40 km of the trench, modelled surface heat flux 

provides little to discriminate among many of the scenarios examined (Fig. 6).  

 

Figure 6: Measured and modelled surface heat flux along the four transects shown  
in Fig. 2. Dashed lines are modelled heat flux with no fluid circulation in the ocean 
crust.  Solid lines are modelled surface heat flux with fluid circulation; inset shows 
ocean crust permeability trends, line weights and shading are keyed to model results. 
Observations are from seafloor probe measurements, temperature gradients in Ocean 
Drilling Program (ODP) and land boreholes, and estimates from the depth to a gas 
hydrate related bottom simulating reflector (BSR). 
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For the California transect, models with fluid circulation are more consistent with the 

observed surface heat flux than a model with no fluid circulation; however, each of 

the three models with different permeability trends reasonably approximates the data, 

with little to discriminate between them. For the Oregon, Washington, and Vancouver 

Island transects, modelled heat flux in all of the scenarios examined passes through 

the scattered data; the scatter in the data may reflect local advection and/or venting of 

fluid and heat.  Because comparison of the modelled and observed surface heat flux is 

largely equivocal, the location of the basalt-to-eclogite transition for the subducting 

crust is a critical constraint on the thermal state of the Cascadia margin, except at the 

California transect where no tomographic profile is available at present. 

Subduction of hydrothermally cooled crust shifts the basalt-to-eclogite 

transition farther landward than would be predicted with no fluid flow.  Shear-wave 

velocity anomalies highlight the transition from hydrated basaltic crust to eclogitized 

material in the subducting slab for the Vancouver Island [Nicholson et al., 2005], 

Washington [Abers et al., 2009], and Oregon [Rondenay et al., 2008] transects (Fig. 

8).  In each case, slab eclogitization occurs at ~45 km depth; this is farthest inland for 

the shallowly dipping slab in the Washington transect and farther seaward for the 

steeply dipping slabs in the Vancouver Island and Oregon transects.  Thermal models 

without the effects of fluid circulation in the ocean crust predict slab eclogitization at 

~41, 38, and 42 km depth for the Vancouver Island, Washington, and Oregon 

transects, respectively (Fig. 7, Fig. 8).  Including fluid circulation with the lowest 

permeability trend examined shifts the modelled slab eclogitization to ~45 km depth 

for Vancouver Island and Washington, and to 50 km depth for Oregon. 
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Figure 7: Pressure-temperature (P-T) paths for the center of the subducting crust (3 
km below top of basaltic basement rock). These paths are overlain on a phase 
diagram showing metamorphic facies for mid-ocean ridge basalt [Hacker et al., 
2003]. We compare the location at which the modelled P-T paths enter the eclogite 
facies (ZAE or AE) to the tomographically observed location of slab eclogitization.  
Dashed lines are from models with no fluid circulation. Darker shading indicates 
lower water content in slab [Hacker et al., 2003]. 
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Figure 8: Scattered wave inversion cross-sections for Vancouver Island [Nicholson et 
al., 2005], Washington [Abers et al., 2009], and Oregon transects [Rondenay et al., 
2008]. Red indicates slow S-wave velocity; blue indicates fast S-wave velocity (range 
is ±10% relative to a background model for Vancouver Island and Oregon, ±5% for  
Washington). The locations at which the slab is expected to undergo eclogitization for 
thermal models with no fluid flow and hydrothermal circulation in ocean crust with 
the low and intermediate permeability trends (Fig. 6, inset) are indicated by ticks 
labeled no, low, and mid, respectively. 
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In selecting preferred thermal models for each transect, I choose the warmest (i.e. 

lowest permeability, least hydrothermally cooled) scenario for each transect 

consistent with the seismically observed basalt-to-eclogite transition location and the 

surface heat flux observations. Thus, I use the models with the lowest permeability 

ocean crust for Vancouver Island, Washington, and California transects; I use the no 

fluid flow model for the Oregon transect. This yields a conservative (i.e. smallest) 

thermally-defined seismogenic zone for the Cascadia subduction zone that extends 

~30 – 55 km farther landward than earlier estimates, with the downdip limit of 

seismicity under much of the coastline along Washington (Fig. 9). 
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Figure 9: Map of Cascadia subduction zone with probable megathrust seismogenic 
zone, portion of plate boundary fault from 150 – 350 ˚C, stippled.  The seismogenic 
zone extends up to 55 km farther landward than previously estimated [Hyndman and 
Wang, 1993] (dashed line), including under the coastline of Washington. 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CONCLUSIONS 

 

For the preferred models, the permeability of the subducting ocean crust 

aquifer (and therefore the vigour of hydrothermal circulation) is lower than estimated 

for either the Nankai [Spinelli and Wang, 2008; Spinelli and Wang, 2009] or Costa 

Rica [Harris et al., 2010] margins. This difference may result from regional-scale 

permeability anisotropy for the ocean crust aquifer, with structurally-controlled high 

permeability parallel to the mid-ocean ridge axis [Fisher et al., 2008].  On the Nankai 

and Costa Rica margins, magnetic lineations in the ocean crust are nearly 

perpendicular to the trench [Spinelli and Wang, 2008; Harris et al., 2010].  This 

orientation of the high permeability direction in the ocean crust aquifer could 

facilitate hydrothermal circulation exchanging heat between the subducted and 

incoming ocean crust.  Magnetic lineations for the incoming plate on the Cascadia 

margin are oblique to the trench offshore Vancouver Island; they transition to sub-

parallel to the trench offshore Oregon [Wilson, 1993].  This is consistent with less 

hydrothermal heat extraction from the subducted crust for the Cascadia margin than 

for Nankai or Costa Rica.  In addition, this could explain why there may be less 

hydrothermal cooling for the Oregon transect than for Vancouver Island and 

Washington transects.  Subduction of older ocean crust offshore Oregon (~9 Ma) than 

offshore Vancouver Island (~7 Ma) may also limit the effect of hydrothermal cooling 

in the Oregon transect, given a trend for decreasing ocean crust aquifer permeability 

with increasing crustal age [Becker and Davis, 2004].  Our temperature estimates for 
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the Oregon transect are slightly lower than previous estimates [Hyndman and Wang, 

1993] due to our use of updated margin geometry [Gerdom et al., 2000] and 

convergence rate [McCaffrey et al., 2007] data; this temperature difference is small 

relative to the large shifts due to hydrothermal cooling for the Vancouver Island and 

Washington transects (Fig. 9). 

New thermal models for the Cascadia margin consistent with surface heat flux 

data and the observed locations of subducting slab alteration indicate that 

hydrothermal circulation cools the subduction zone and widens the portion of the 

plate boundary fault between 150 and 350 ˚C.  Thus, a potential rupture area 

extending farther landward should be considered in estimating ground shaking for a 

Cascadia megathrust earthquake.  This wider seismogenic zone is consistent with 

recent models of interseismic locking on the plate interface and episodic tremor and 

slip (ETS) [McCaffrey, 2009; Chapman and Melbourne, 2009].  These models 

envision ETS occurring on the plate boundary fault downdip of the seismogenic zone. 

The downdip edge of the thermally-defined seismogenic zone is within ~25 km of the 

region of ETS in the Vancouver Island and Washington transects [Rogers and 

Dragert, 2003] and within ~70 – 90 km of the ETS region in southern Cascadia 

[Boyarko and Brudzinski, 2010].  For Vancouver Island, Washington, and Oregon, 

our thermal estimates indicate temperatures on the plate boundary fault at the updip 

end of the episodic tremor and slip region of 375 – 420 ˚C; temperatures at the 

downdip end are 500 – 550 ˚C.  In the California transect, where younger (~5 Ma) 

warmer lithosphere is subducting, the plate interface in the ETS region is warmer, 

~500 – 575 ˚C.  These new temperature estimates may help shed light the processes 

controlling ETS. 
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