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70 km gap downdip between the megathrust seismogenic zone and the Episodic Tremor and Slip (ETS) that
lies further landward; there is not a continuous transition from unstable to conditionally stable sliding. Seismic
rupture occurs mainly offshore for this hot subduction zone. ETS lies onshore. We then suggest what does control
the downdip position of ETS. We conclude that ﬂuids from dehydration of the downgoing plate, focused to rise
above the fore-arc mantle corner, are responsible for ETS. There is a remarkable correspondence between the
position of ETS and this corner along the whole margin. Hydrated mineral assemblages in the subducting oceanic
crust and uppermost mantle are dehydrated with downdip increasing temperature, and seismic tomography
data indicate that these ﬂuids have strongly serpentinized the overlying fore-arc mantle. Laboratory data show
that such fore-arc mantle serpentinite has low permeability and likely blocks vertical expulsion and restricts ﬂow
updip within the underlying permeable oceanic crust and subduction shear zone. At the fore-arc mantle
corner these ﬂuids are released upward into the more permeable overlying fore-arc crust. An indication of this
ﬂuid ﬂux comes from low Poisson’s Ratios (and Vp/Vs) found above the corner that may be explained by a
concentration of quartz which has exceptionally low Poisson’s Ratio. The rising ﬂuids should be silica saturated
and precipitate quartz with decreasing temperature and pressure as they rise above the corner.

1. Introduction
Cascadia episodic tremor and slip (ETS) (Figure 1) involves slow slip in a margin-parallel band on or just above
the subduction thrust at a depth of 35–40 km over periods of up to several weeks and at intervals of the order
of a year (Figure 2). The slip is associated with seismic tremor that, unlike earthquakes, does not have a sharp
onset [e.g., Rogers and Dragert, 2003; Schwartz and Rokosky, 2007; Gomberg et al., 2010]. On some subduction
zones, tremor and slow slip have been observed in restricted areas at shallower depths [e.g., Dixon et al.,
2014; Obara, 2011] but not as yet for Cascadia. The relation between the deep band of tremor and slip and
the shallower areas of tremor and slip is an important question, but we deal only with the band of deep
tremor and slip as seen in Cascadia. For Cascadia, ETS occurs in a nearly continuous band along the margin
where the estimated temperatures on the thrust are approximately 500°C, much too hot for normal crustal
subduction thrust seismic behavior [e.g., Hyndman and Wang, 1993]. This slow slip has been commonly and
reasonably considered to be a continuous downdip extension of unstable seismic behavior to conditionally
stable slow slip behavior, but a gap is now recognized. The processes involved in slow slip are still poorly
understood (see discussion by Segall et al. [2010]). One possibility is that the initial slip induces dilatation that
reduces the pore pressure and increases the shear strength, thus stabilizing the ongoing slip.
In this article we ﬁrst discuss the evidence that on the Cascadia subduction thrust, ETS is not continuous
downdip with the seismogenic zone. There is an intervening gap of some 70 km. Second, we present the
evidence that ETS are associated with ﬂuids rising at the fore-arc mantle corner (Figure 1). The dehydration
ﬂuids that are expelled from the underlying subducting plate are focused to rise at this corner. There is
evidence for these rising ﬂuids in silica deposition in the overlying fore-arc crust above the fore-arc mantle
corner inferred from seismic tomography data.

2. The Downdip Seismogenic Limit
©2015. American Geophysical Union.
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The downdip limit for Cascadia great earthquake rupture is now quite well constrained [e.g., Hyndman, 2013,
and references therein]. The most important indicators are (1) the downdip location of the maximum
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temperature for seismic behavior; (2) the
landward limit of the interseismic locked
zone from dislocation models constrained
by geodetic data, especially GPS, repeated
leveling, and long-term tide gauge
records; and (3) the coseismic subsidence
as recorded in buried coastal marshes for
the most recent great earthquake in 1700
and earlier great earthquakes. Although
there are still signiﬁcant uncertainties,
these constraints and several others are
in general agreement. The Cascadia downdip limit is concluded to be thermally
Figure 1. The locations of (1) the seismogenic zone downdip limit,
limited to an unusually shallow depth
(2) the tremor and slip, ETS zone, and (3) the fore-arc mantle corner.
because of the high temperatures resulting from the very young hot subducting
plate [e.g., Hyndman and Wang, 1993]. Cascadia is an end-member subduction thrust with very few small
thrust earthquakes [e.g., Williams et al., 2011; Obana et al., 2014], mainly ~M9, with perhaps smaller ~M8
events at south and north ends. For such subduction zones that are fully or nearly fully coupled, the downdip
limit can be modeled by a seaward zone that is fully locked between great events and that has full rupture
and a downdip tapering transition zone that extends to where there is no rupture displacement. Although
there is undoubtedly variability among great events, this appears to be a good approximation to the longterm average [e.g., Leonard et al., 2010]. The corresponding interseismic period has a fully locked zone and
a tapering zone downdip to where there is free slip or creep. The simplest form for the transition that ﬁts
the geodetic data well is a linear decrease in rupture displacement downdip as shown in Figure 3 [e.g.,
Hyndman and Wang, 1995]. This is a convenient reference model for comparison with the location of ETS.
More sophisticated geodetic models and inversions that give a slightly better ﬁt to the data have a smoother
but similar transition [e.g., McCaffrey et al., 2007, 2013; Wang et al., 2003]. The modeled locked zones and the
thrust rupture zones are similar but not identical because of postseismic transients [e.g., Wang et al., 2012].
For the likely material in the subduction thrust, laboratory data indicate a temperature limit for seismic
rupture initiation and full rupture of about 350°C, with a
transition to zero displacement where the instantaneous
shear strength becomes large at about 450°C. These limits
agree with other constraints for the downdip rupture limit
at several other hot subduction zones [e.g., Oleskevich
et al., 1999; Hyndman et al., 1995; Currie et al., 2002]. For
the Cascadia seismogenic zone, great earthquakes are
concluded to accommodate most of the plate convergence, in contrast to many other subduction zones where
some of the convergence is accommodated by aseismic
motion. As yet there are no strong constraints for
the updip seismic limit. Although not conclusive, for
Cascadia it has been argued that, because of the unusually
high temperatures on the updip portion of the thrust,
stable-sliding clays are dehydrated at a shallow depth
and rupture likely continues to near the deformation front
[e.g., Hyndman and Wang, 1993; Hyndman, 2007]. This is in
contrast to many other subduction zones that are cooler
Figure 2. An example of episodic tremor and slip and have an updip aseismic zone. From these constraints,
(ETS). The tremor is for a 10 min interval from the
it is concluded that the downdip limit of the Cascadia
episode duration of several weeks. The GPS motion
seismogenic zone is almost all offshore. The modeled
for a near-coastal station is generally landward for
transition zone with signiﬁcant displacement extends a
this locked subduction thrust, but during the slow slip
short
distance onshore only for northern Washington
of the ETS event, it moves seaward (adapted from
and northernmost California.
Rogers and Dragert [2003]).
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3. The Location of ETS
Episodic tremor and slip (ETS) has been
exceptionally well studied in Cascadia,
along with SW Japan, the two areas where
it was ﬁrst observed clearly. ETS involves
nonvolcanic seismic tremor with no clear
onset [e.g., Rogers and Dragert, 2003; Schwartz
and Rokosky, 2007; Gomberg et al., 2010],
that for much of Cascadia occurs variably
but approximately at intervals of a year
and lasts for several weeks. The tremor
cannot be located as precisely as earthquakes
which have sharp onsets, but several
different methods give very similar locations.
The depths have some uncertainty; some
methods have it on or just above the
subduction thrust [e.g., La Rocca et al., 2009;
Wech and Creager, 2007], and some methods
yield a depth range extending somewhat
shallower [e.g., Kao et al., 2009]. The question
of whether the tremor is on a sharp interface
or distributed over some depth is important
to the possible association of tremor with
quartz vein deposition and is discussed
below. There also are associated discrete
Low-Frequency Earthquakes (LFEs) in the
same area that appear to be restricted to a
thin dipping zone on or near the top of the
subducting oceanic crust. It has been
suggested that the tremor may be composed
of LFEs [e.g., Brown et al., 2009].
Slow slip that occurs over several weeks at
close to the same time interval as the
Figure 3. The downdip limit of the seismogenic zone, full rupture,
tremor is also well characterized for
and transition to zero rupture. The geodetic constraints are red
and yellow shaded, and the thermal constraints on four proﬁles
Cascadia [e.g., Rogers and Dragert, 2003].
are shown by red, 350°C, and yellow, 450°C, rectangles. The
The slip is difﬁcult to locate accurately,
landward limit of most rupture is seaward of the coast. The
especially the depth, but inversions of
seaward limit of rupture is poorly constrained but in this model
geodetic data usually give locations that
is assumed to extend to the deformation front (adapted from
are very close to the tremor, although some
Hyndman [2013]).
slip may extend seaward of the tremor [e.g.,
Wech et al., 2009; Schmidt and Gao, 2010].
In Figure 4a, we show the northern Cascadia location for one ETS event, with tremor from Kao et al. [2009]
and slow slip location from Wang et al. [2008]. We also show a compilation of the locations of tremor for a
number of events along the whole Cascadia margin (Figure 4b) from Wech [2010] and Wech and Creager
[2008]. The volcanic arc is about 100 km further landward. There is some complexity in the nature of the
tremor downdip [e.g., Wech and Creager, 2011; Audet and Bürgmann, 2014]. Szeliga et al. [2008], Schmidt
and Gao [2010], and Schmalzle et al. [2014] show the locations of a series of slow slip events that
correspond well to the compilation of tremor locations. The locations of the slip events again extend
slightly seaward of the tremor. This discrepancy may reﬂect the difﬁculty of accurately deﬁning the slip. If
future analyses show the difference to be real, it is an important issue to be examined. For comparison,
the ﬁgure also shows the megathrust locked and transition zones as shown in Figure 3. It is clear that the
seismogenic zone and ETS slow slip zone do not overlap. There is about 70 km between the estimated
50% rupture average displacement (midtransition) and 50% of maximum slow slip displacement. The
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Figure 4. (a) Tremor for a single event in northern Cascadia (after Kao et al. [2009]), region of slow slip based on GPS data
(after Wang et al. [2008]), and locked and transition seismogenic zones. (b) Compilation of tremor locations adapted from
Wech [2010], compared to locked and transition seismogenic zone from Hyndman [2013].

separation has been indicated previously for several areas [e.g., Wech et al., 2009; Hyndman, 2013]. Holtkamp
and Brudzinski [2010] illustrate the separation in an inversion for the locked zones between both great
earthquake and slow slip events (Figure 5). We show that there is a separation for the whole margin. This
separation of the seismogenic zone from the zone of tremor also has been found vertically for the strikeslip San Andreas Fault [e.g., Shelly, 2010; Nadeau and Dolenc, 2005] and Alpine Fault in New Zealand [Wech
et al., 2012]. From magnetotelluric data across the San Andreas Fault, Becken et al. [2011] infer that deep
ﬂuids in the upper mantle stimulate the tremor and creep, and Kirby and Wang [2014] suggest that the
overpressured ﬂuids come from dehydration of the underlying former serpentinized fore-arc mantle that
was cut off by the initiation of the fault.
The separation of the seismogenic zone and ETS zone on the Cascadia subduction thrust leaves us with the
question, what does control the position of subduction zone ETS? Two other possibilities were examined by
Peacock [2009]. Through comparison of several different subduction zones, he concluded that episodic
tremor and slip do not coincide with a speciﬁc temperature or dehydration reaction. We conclude that the
answer lies in the position of the fore-arc mantle corner, where the continental Moho reaches the
downgoing plate and the rising ﬂuids that are focused there.

4. Fluid Expulsion From the Downgoing Plate Concentrated at Fore-Arc
Mantle Corner
There have been a number of indications that ETS may be related to high ﬂuid pressures above subducting
plates. For example, Audet et al. [2009] and Peacock et al. [2011] inferred high Poisson’s Ratio immediately
above the Cascadia downgoing plate and attributed its origin to high pore pressure. Audet and Bürgmann
[2014] concluded that slow slip is controlled by silica enrichment that modulates pore pressure on the
thrust. Kodaira et al. [2004] suggested that the ETS slow slip for SW Japan is related to high ﬂuid pressures.
We provide here evidence that the ﬂuid from the dehydrating oceanic plate is focused and concentrated
into the crust over the fore-arc mantle corner and that this ﬂuid is associated with ETS.
Subducting sediments, oceanic crust, and uppermost mantle contain large amounts of water in hydrated
minerals that must be released with downdip increasing temperature and pressure [e.g., Ito et al., 1983; Schmidt
and Poli, 1998; Peacock, 1990; Hyndman and Peacock, 2003; Hacker et al., 2003a; van Keken et al., 2002, 2011].

HYNDMAN ET AL.

TREMOR, SLIP, AND FLUIDS

4347

Journal of Geophysical Research: Solid Earth

10.1002/2015JB011920

Highly variable amounts of sediment are
inferred to be subducted, that involve
a substantial amount of porosity water.
Most of the porosity should collapse and
the ﬂuid be expelled at shallow depth,
although low-grade metamorphosed sediments may continue to a much greater
depth. The upper crust has high porosity
in both fracture and vesicular porosity,
and there is substantial amount of water
in hydrated mineral assemblages. At a
depth where the temperature reaches
200–400°C, much of this water is released
from basalt porosity collapse. At greater
depths where the temperature reaches
400–500°C, much of the water in crustal
hydrated mineral assemblages should be
released. Although the breakdown temperatures and pressures are quite well
known from laboratory studies, metastability and slow release mean that the depth of
ﬂuid release is not accurately known. The
water production rate from the crust has
been estimated to be about 0.1 mm/yr
from these sources, near and just below
the ETS zone for Cascadia [e.g., Peacock,
1990; Hyndman and Peacock, 2003].
A potentially larger but poorly constrained amount of water is contained in
serpentinite in the incoming crust and
upper mantle. Although the oceanic crust
in the deep ocean basins has been concluded not to contain a large amount of
serpentinite based on seismic velocity
data [e.g., Carlson and Miller, 1997; Christensen, 1972], it may be signiﬁcant based on ocean drilling results
[e.g., Juteau et al., 1990]. In addition to serpentinite formed at ridges and ocean basin fault zones, the upper
mantle may be substantially serpentinized at subduction zones by bending into the ocean trench. Rüpke et al.
[2004] conclude that normal faulting occurring during plate bending between the outer rise and the trench
axis provides ﬂuid pathways for signiﬁcant deepwater transport. Marine seismic reﬂection proﬁles in some
areas show pronounced outer rise normal faults that cut into the mantle. The faults may act as conduits
for seawater that result in extensive oceanic upper mantle serpentinization. There is no evidence as yet for
such outer rise serpentinization for Cascadia, but in several studies of other subduction zones, uppermost
mantle velocity reduction by hydration suggests 10–15% serpentinization in the upper few kilometers of
the mantle [Grevemeyer et al., 2007; Ivandic et al., 2008]. Ranero et al. [2003] and Worzewski et al. [2011] present
the evidence for ﬂuids penetrating the incoming plate mantle to form serpentinite at the Costa Rica margin
from seismic velocity and magnetotelluric data. Scambelluria et al. [2004], Kendrick et al. [2011], and Angiboust
et al. [2014] have discussed the dehydration at depth of this serpentinite. We suggest below that dehydration
of a signiﬁcant amount of serpentinite may be necessary for there to be enough ﬂuid to explain the amounts
of silica deposition inferred from seismic tomography data. As illustrated by Ague [2014], partially serpentinized oceanic mantle may lose a large amount of water with dehydration at about 600°C, about 6 wt % water
for his example. The amount of mantle dehydration water is poorly known, but it may signiﬁcantly exceed
that from the dehydrating oceanic crust [e.g., Schmidt and Poli, 1998, 2003]. The main dehydration temperature in the uppermost oceanic mantle of ~600°C is reached some tens of kilometers downdip of the fore-arc
Figure 5. Inversion on a proﬁle for seismogenic locked zone and ETS
locked zone between events (after Holtkamp and Brudzinski [2010]),
superimposed on map of the tremor and the fore-arc mantle corner
(after McCrory et al. [2014a]), showing the excellent correspondence. The
intervening zone on the thrust may exhibit longer-term creep. The
contours are subduction thrust depths.
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mantle corner. As discussed below, this
water is expected to be channelled updip
in the permeable oceanic crust and
expelled upward mainly at or near the
fore-arc mantle corner.
For hot subduction zones like Cascadia
where a young hot oceanic plate is being
underthrust, much of the crustal ﬂuid is
driven off at depths of 30–50 km. In
contrast, for cold subduction zones
much of the crustal dehydration occurs
at a considerably greater depth, some of
Figure 6. Model section showing updip ﬂuid transport in permeable
it beneath or landward of the volcanic
oceanic crust and subduction shear zone, under impermeable fore-arc
arc [e.g., Peacock and Wang, 1999].
mantle serpentinite. Silica deposition above the fore-arc mantle corner is
Especially large ﬂuid expulsion is
inferred from seismic tomography data. Temperatures from Hyndman
and Wang [1995].
estimated between the fore-arc mantle
corner and the arc for the very hot
Cascadia subduction zone. We expect that rising ﬂuid from the dehydrating downgoing plate should
hydrate the overlying fore-arc mantle, and seismic velocity data indicate that the overlying fore-arc mantle
in Cascadia is strongly serpentinized from these ﬂuids [e.g., Zhao et al., 2001; Bostock et al., 2002; Brocher
et al., 2003; Carlson and Miller, 2003; Blakely et al., 2005; Ramachandran and Hyndman, 2012]. The
tomography Poisson’s Ratios data discussed below allow semiquantitative estimates of the amounts of
ﬂuids. Mantle serpentinite also will be dehydrated at greater depths and expelled updip giving substantially
more rising ﬂuids.

5. Updip Fluid Channelling in Subducting Oceanic Crust
Recent laboratory data provide a reason why upward ﬂuid expulsion should be concentrated at the fore-arc mantle
corner. The laboratory studies indicate that the permeability of antigorite serpentinite as inferred for the fore-arc
mantle should be very low [Katayama et al., 2009; Kawano et al., 2011; Okazaki et al., 2013]. Fluid penetration
from below into the fore-arc mantle also may be inhibited by the large increase in rock volume accompanying
serpentinization. In addition, these authors found that there is strong permeability anisotropy in the serpentinite,
with higher permeability parallel to the shear so likely parallel to plate dip. Based on these data, Katayama et al.
[2012] suggested that a contrast in permeability across the Moho results in the accumulation of water and the
buildup of pore ﬂuid pressure at the corner of the mantle wedge. Once the overlying fore-arc mantle is
signiﬁcantly hydrated, most of the rising ﬂuid will be blocked from rising vertically by impermeable serpentinite.
The ﬂuid will be channelled updip in the subducting oceanic crust which has very high permeability [e.g., Fisher,
1998] or in the thrust zone itself that is often concluded to have high permeability parallel to the fault [e.g.,
Angiboust et al., 2014]. Although the subducting ocean crustal permeability may be reduced by the progressive
dehydration alteration process, the permeability is likely still much lower than the overlying serpentinized forearc mantle. When the channelled ﬂuids reach the fore-arc mantle corner they are no longer blocked by
overlying impermeable serpentinite and may rise into the fore-arc crust.
As discussed by Ingebritsen and Manning [1999, 2002], ﬂuids produced in the middle and lower continental
crust may be transmitted to the upper crust through gabbro and other maﬁc rocks which they infer have
quite high bulk permeability if there is high pore pressure. We therefore conclude that most of the
dehydration ﬂuid expelled from the subducting plate between the fore-arc mantle corner and the volcanic
arc is channelled updip to be concentrated and rise into the overlying crust at the fore-arc mantle corner
(Figure 6). Most previous estimates of rising ﬂuid ﬂux rates assumed that ﬂuids rise vertically immediately
above the dehydration location. Consideration of two factors results in potentially much larger estimates
of the local focused ﬂuid ﬂux above the fore-arc mantle corner compared to previous regional estimates:
(1) dehydration of the serpentinite in the incoming plate upper mantle in addition to ocean crustal
dehydration and (2) focusing of rising ﬂuids at the fore-arc mantle corner that were generated at greater
depths and channelled updip in the subducting oceanic crust. Also, for our discussion of silica deposition
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above the corner, silica solubility will be
much larger for dehydration ﬂuids generated at greater depths and higher temperatures than at the ETS zone. Larger
amounts of silica are therefore available
to be released from the ﬂuid with decreasing temperature, about a factor of 2 for
600°C compared to the 450–500°C on the
thrust at the ETS zone. Some of this silica
may precipitate during updip transport,
but much may reach and be deposited
above the fore-arc mantle corner. We conclude that upward ﬂuid ﬂux rates may as
much as 5 to 10 times that for local oceanic
crust and subducted sediment dehydration, i.e., ~1 mm/yr, but the uncertainties
are very large.

6. The Location of the Fore-Arc
Mantle Corner and
Correspondence to ETS
A detailed review of constraining data and an
analysis of the location of the Cascadia forearc mantle corner has recently been provided by McCrory et al. [2014a] (Figure 7).
They constrained the corner location using
published seismic structure data derived
from wide-angle active source experiments,
seismic tomography inversions of active
source data, and receiver function transects
from passive arrays recording distant earthquakes. Where available, they synthesized
deep seismic velocity data to map the depth
of the fore-arc Moho and its intersection with
the dip proﬁle of the subducting plate, the
latter from an analysis of constraints by
McCrory et al. [2012].
The subduction thrust is taken to be at the
top of the subducting oceanic crust, but
is recognized that there may be a
subduction shear zone of some thickness
above the top of the oceanic crust,
especially downdip of where ductile
behavior is reached. There are some
alternative interpretations of the data, but
Figure 7. Map showing the Cascadia fore-arc mantle corner (after McCrory
et al. [2014a]) (dashed line) with the addition of a new constraint in
the range of reasonable locations for the
northern California, denoted by a dotted line (FMC). The yellow green
fore-arc mantle corner along most of the
dots are tremor with their intensity representing the density of the
margin is quite small. McCrory et al.
tremor occurrence. The gray lines are estimated depths to the top of the
[2014a] demonstrate that there is a
subducting oceanic plate, and the red triangles are active arc volcanoes.
remarkable coincidence between the
location of ETS and the fore-arc mantle corner for the Cascadia margin, well within the location
uncertainties. In Figure 7, we have added an important northernmost California location of the fore-arc
mantle corner provided by the data of Liu et al. [2012]. As with the constraints further north, there is
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excellent agreement between the tremor and this fore-arc mantle corner (FMC) location. This coincidence
now recognized along the whole margin provides strong support for the conclusion discussed later in this
article that ETS, both the tremor and the slow slip, is generated by ﬂuids rising at the fore-arc mantle
corner. A ﬂuid origin of ETS also is in agreement with the evidence from magnetotelluric studies that there
is an increase in electrical conductivity as the mantle wedge corner is approached, inferred to be due to a
concentration of conductive ﬂuid [Soyer and Unsworth, 2006; Wannamaker et al., 2014].

7. Low Poisson’s Ratio in the Deep Fore-Arc Crust and Silica Deposition
Important evidence for ﬂuids expelled upward at the fore-arc mantle corner comes from seismic velocities
indicative of quartz deposited as the contained silica solubility decreases upward. Ramachandran and
Hyndman [2012] provided seismic tomography data for the northern Cascadia subduction zone to a depth
of about 60 km, approximately centered over the fore-arc mantle corner. Poisson’s Ratios (σ), which is
directly related to Vp/Vs, is especially suited for deﬁning regions of serpentinization and of quartz
deposition both of which have unusual σ [e.g., Christensen, 1996]. The fore-arc section has a very uniform
Poisson’s Ratios, ~0.26 (Vp/Vs~1.76), except for two anomalous regions. The fore-arc mantle near the corner
has unusually high values of greater than 0.28. The only common rock type with such high Poisson’s Ratios
is serpentinite [e.g., Christensen, 1996], and this high value has been used by Ramachandran and Hyndman
[2012] for a semiquantitative estimate of the degree of fore-arc mantle serpentinization, an average of
about 30% for the 75 km landward of the corner.
The second anomalous region is an ~10 km thick layer at the base of the deep fore-arc crust with Poisson’s
Ratios that is exceptionally low, σ less than 0.22 (Vp/Vs~1.60) (Figure 8) compared to regional values. This
layer lies over the seaward limit of the fore-arc mantle wedge. The true horizontal extent may be
somewhat less and the Poisson’s Ratio even lower because many of the tomography raypaths are
subhorizontal, such that the lateral extents are not well resolved. However, it is difﬁcult to escape the
conclusion that there is a lower crust region with exceptionally low Poisson’s Ratios. These σ values are much
lower than the tomography indicates for the rest of the fore-arc crust (see Figure 8), for the Cordillera to the
east [e.g., Clowes et al., 1995], and for the common range of continental crustal values (e.g., the global
compilation of Zandt and Ammon [1995]). The Poisson’s Ratios of most of the fore-arc crust in these data is
0.26, which is within the range for common crustal rocks [Christensen, 1996].
Very few rocks have such low σ. The only common mineral with very low Poisson’s Ratios is quartz, which is
exceptionally low, σ~0.1 [Christensen, 1996], and we postulate high quartz concentrations to explain the
observed low Poisson’s Ratios. Using Poisson’s Ratios of quartz (σ = 0.1) and normal lower crust (0.26), the
volume percent quartz estimated for an observed σ of ~0.22 in this region is about 10%, assuming a
nearly linear relation between Poisson’s Ratios and quartz content as illustrated by Christensen [1996]. This
amount is in addition to any quartz already contained in lower crustal rocks. There may be signiﬁcant
anisotropy either as horizontal sills, subvertical veins, or grain anisotropy, so this is only a semiquantitative
estimate, with an uncertainty of at least a factor of 2. Signiﬁcant silica-rich rocks are not normally expected
in the lower continental crust, but they are expected in the special environment of the fore arc [e.g.,
Manning, 1996, 1997], and there is previous evidence in exposed former fore arcs [e.g., Breeding and Ague,
2002]. Audet and Bürgmann [2014] used the low σ from these data to argue for possible control of
subduction zone slow earthquake periodicity by silica enrichment.
The indicator of rising ﬂuid from the subducted plate, low Poisson’s Ratios in the lowermost fore-arc crust, has
large uncertainties with respect to the amount of silica deposition and in the required ﬂuid amounts.
However, the low Poisson’s Ratios (and high Vs) layer is well resolved and not easily explained as an artifact
of the analysis, and silica deposition from rising ﬂuids in the fore arc is expected. As explained below, our
estimated amount of ~10% silica requires greater upward ﬂuid expulsion than that estimated for the
~40 Myr current phase of subduction, assuming simple vertical ﬂux solely from dehydrating oceanic crust.
One explanation for the discrepancy is that the effect of silica on Poisson’s Ratio may be larger than
estimated because of anisotropy or other effect on seismic velocities. Probably, more important are the
three other effects discussed below: dehydration of the serpentinite in the upper mantle of the incoming
oceanic plate, focusing of rising ﬂuids at the fore-arc mantle corner that were generated at greater depths,
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and the greater silica solubility for ﬂuids
coming from greater depths where
there are higher temperatures. All of
these factors will increase the silica estimate substantially, although the total
remains very uncertain.

Figure 8. (b) Comparison of the distribution of tremor (after Kao et al.
[2009]) and low-frequency earthquakes (LFEs) (after Royer and Bostock
[2013]). The shaded dipping band is the inferred shear zone, seismic
reﬂection “E” zone. (a) Seismic tomography (after Ramachandran and
Hyndman [2012]) deﬁnition of high Poisson’s Ratios in the fore-arc mantle
(serpentinite) and low ratio in the fore-arc crust over the fore-arc mantle
corner (silica). Note that the line projections are not identical so there
may be small horizontal offsets for the different data.

The ﬁeld observation of high concentrations of quartz veins in a similar position
in an exposed deep subduction zone
section by Breeding and Ague [2002]
gives conﬁdence that our interpretation
is correct. Following Breeding and Ague
[2002], we point out that the addition
of a silica-rich layer will play a role in
the overall composition of the continental crust. It usually has been assumed
that the maﬁc arc volcanic rocks are
the primary accretion material that
extends the volume of continental crust.
However, McLennan and Taylor [1996]
have argued that the average continental crust could not have achieved its current high average silica content through
magmatic differentiation of such rocks.
If our estimate of silica deposited is correct and is applicable to many fore arcs,
it represents a signiﬁcant addition of
silica to the lowermost crust making
the accreted crust more felsic.

We have focused on Cascadia which is subducting a hot, young lithosphere. A similar process of quartz
deposition is expected for the hot subduction zones such as SW Japan and Mexico. Subduction zones with
older and faster incoming oceanic plates are colder, and much of the water must be dehydrated and
released at greater depths. There may be less water released into the fore arc and more into the arc and
back arc. Therefore, serpentinization of the fore-arc mantle may be slower and the formation of lower
crust silica slower for older and therefore colder incoming plates.

8. Deposition of Silica From Rising Fluids Above the Fore-Arc Mantle Corner
An important characteristic of ﬂuids dehydrated from metamorphic assemblages in the downgoing oceanic
crust is that they should be silica (quartz) saturated. Metamorphosed silts and sands such as in the Cascadia
accretionary prism usually contain quartz, and ﬂuids in equilibrium with these rocks will be quartz saturated
[e.g., Manning, 1996]. Whereas most mid-ocean ridge basalts are olivine normative, metamorphosed basalts
commonly contain modal quartz coexisting with low-silica minerals such as chlorite [e.g., Peacock, 1993].
Aqueous ﬂuids in equilibrium with oceanic crust metamorphosed to blueschist-facies assemblages thus
will be saturated with respect to quartz. Peacock and Hyndman [1999] pointed out that the silica-rich ﬂuids
should result in deposition of talc along the subduction thrust beneath the fore-arc serpentinite. They
conclude that this low-strength mineral provides an explanation for why the seismogenic zone for cool
subduction zones commonly terminates downdip near the fore-arc mantle corner.
Silica saturation decreases rapidly with upward decreasing temperature, and pressure in the rising ﬂuids so
much of the dissolved silica will be deposited. For example, above the fore-arc mantle corner a decrease in
temperature of 100°C from 500 to 400°C decreases the saturation by a factor of 3 and deposition of much
of the dissolved silica as quartz veins [e.g., Manning, 1994, 1997]. For the ﬂuids generated by dehydration
reactions downdip at greater depth and higher temperatures, the silica saturation will be much greater,
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more than twice as great at 600°C as it is at 500°C. These 600°C ﬂuids therefore will hold much more silica in
solution that will be precipitated as the ﬂuid temperatures cool moving updip. These ﬂuids generated at
depths greater than the ETS zone may deposit some silica in transit updip in the permeable oceanic crust,
but two processes may limit this deposition: (1) the kinetic effect limiting silica release if the ﬂuid
movement is rapid, i.e., the “overstepping” effect of a few degrees to as much as 80°C [e.g., Ague et al.,
1998] or rapid ascent of the ﬂuids in mobile hydrofractures, i.e., fractures that open ahead of a packet of
ﬂuid and close behind it [Bons, 2001]. The temperature gradients are much more gradual for the ﬂuid
moving updip in the permeable oceanic crust compared to the much steeper vertical gradients above the
fore-arc mantle corner. The pressure decrease also is much greater vertically above the fore-arc mantle
corner than for the ﬂuid moving updip in the permeable oceanic crust. A rapid pressure drop of the ﬂuids
rising above the fore-arc mantle corner as well as the temperature reduction may release much of the silica.
In a relevant study, quartz deposited in the now exposed deep fore arc from silica-rich ﬂuids interpreted as
rising from the subducted slab was described by Breeding and Ague [2002]. Their study was for outcrop of
the landward part of a former very thick accretionary sedimentary prism in New Zealand where the depth
of deposition and greenschist-facies P-T conditions of 350–450°C and 600–800 MPa (6–8 kbar) are similar
but slightly cooler than the region of the Cascadia fore-arc mantle corner of about 500°C [e.g., Hyndman
and Wang, 1995; Hacker et al., 2003a, 2003b]. Breeding and Ague [2002] estimated 4% mass increase from
quartz veins in their deep section, a similar order but somewhat lower than the ~10% that appears to be
required to explain the observed low Poisson’s Ratios in Cascadia. They showed that the observed amounts
of quartz veins represented approximately the amount of silica expected to be deposited in the fore arc
from the ~100 Myr of subduction inferred for that area.
We have estimated the time required to form a 10% concentration of silica in the lower fore-arc crust. The
calculation method is given by Breeding and Ague [2002] and more details by Philpotts and Ague [2009, pp.
530–532]. Using a vertical ﬂuid expulsion rate of about 0.1 mm/yr from oceanic crust dehydration only,
approximately 400 Myr is required. It has been appreciated that this is much longer than the current
~40 Myr phase of Cascadia subduction [e.g., Ramachandran and Hyndman, 2012; Peacock, 1993], i.e., a ﬂuid
expulsion rate that is a factor of 10 too small. However, we now have several newly recognized factors that
give much larger estimates of ﬂuid expulsion at the fore-arc mantle corner and that could resolve this
discrepancy: (1) downgoing plate dehydration ﬂuids may be channelled updip to the corner from
considerable depth, perhaps from as far as the overlying volcanic arc; (2) substantial water may be
contained in the incoming oceanic upper mantle serpentinite, especially incorporated from bending
fracturing just seaward of the subduction trench; and (3) ﬂuids from depths well below the fore-arc mantle
corner will be generated at high temperatures at least 600°C where the solubility of silica is very high,
especially ﬂuids from dehydration of oceanic upper mantle serpentinite. With a large uncertainty, these
effects may result in total focused ﬂuid expulsion at the fore-arc mantle corner of up to 1 mm/yr, i.e., 10
times the simple local vertical rate, as required for the estimated amount of silica.
A question that needs further study is the silica content of ﬂuids produced by dehydration of ocean plate
upper mantle serpentinite. Ultramaﬁc rocks are undersaturated with respect to silica so serpentinite
dehydration may not produce silica-saturated ﬂuid. However, some serpentinite dehydration reactions
may release silica, and the ﬂuids may react and equilibrate with the overlying oceanic crust before
reaching the fore-arc mantle corner. Finally, even a ﬂuid that is undersaturated with respect to silica at the
higher temperatures at greater depths could become signiﬁcantly supersaturated as it migrates to
shallower depths.
A portion of the rising dehydration ﬂuid goes into serpentinization of the fore-arc mantle wedge. This ﬂuid is
not available to produce silica at the fore-arc mantle corner. However, as shown by Ramachandran and
Hyndman [2012], a vertically rising rate of 0.1 mm/yr local expulsion total is enough to generate the
estimated serpentinization, so this is not a large factor if the expulsion at the fore-arc mantle corner is 10
times larger. Also, the main upward ﬂuid ﬂux is above the corner of the fore-arc mantle wedge where the
fore-arc mantle section is thin. As described by Manning [1997] and Peacock [1993], substantial silica
should be removed from such rising ﬂuids by conversion of any brucite present to serpentinite and then
formation of talc. McCrory et al. [2014b] provide evidence from helium isotopes that some slab-derived
ﬂuids reach surface hot springs at and landward of the fore-arc mantle corner. A quite high Poisson’s Ratios
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occurs near the tip of the fore-arc mantle corner in the area of the tomography study. This could be due to
high pore pressure [Peacock et al., 2011]. We also note that above about 600°C antigorite serpentinite is not
stable so deeper ﬂuids may transit updip unaltered.

9. Quartz Vein Formation and Tremor
An important question that follows from out study is the relation between quartz vein formation and ETS
tremor. Some observations suggest that they may be closely related. A model proposed by Audet and
Bürgmann [2014] is that silica enrichment controls ETS slow slip. Are the tremors produced by very rapid
formation of quartz veins that also involve displacement? From a number of detailed studies of quartz
veins it has been concluded that the veins are generated as multiple layers from ﬂuid transport in very
rapid short intervals, perhaps with opening near the fracture velocity. Crack seal deformation could heal
slip events through dilatancy that stabilizes slow slip instabilities [e.g., Segall et al., 2010]. Slow slip may
involve a process related to the fault valve model of earthquakes [e.g., Sibson, 1992] with silica deposition
temporarily blocking ﬂuid ﬂow. A relevant study was by Birtel and Stöckhert [2008] of an exhumed section
in Norway with extensive quartz veins. The formation temperature was 500–550°C at depths of 15–25 km,
i.e., slightly shallower but at similar temperatures to the conditions for Cascadia ETS. They found that the
veins formed in open large aspect fractures that cut across the host rocks foliation and structures. The
veins therefore were formed by intense inhomogeneous ductile deformation of the host rock, not by
simple high-pressure ﬂuid hydrofracturing that tends to follow foliation and preexisting weaknesses. They
suggested formation of the quartz veins at the time of seismic rupture on a nearby thrust fault. Although
the temperature of vein formation of 500–550°C is too high for normal crustal seismic rupture, i.e., a
maximum of about 350°C, low-frequency earthquakes, LFEs, do occur at these high temperatures.
It is tempting to associate the tremor of ETS with the formation of the quartz above the fore-arc mantle
corner. However, there are several reasons why this is unlikely. First, quartz veins and the associated ﬂuid
transport events would need to be of the dimensions required to produce the estimated magnitudes of
tremor. Also, the ﬂuid transport events would need to be associated with slip displacement to produce the
inferred double-couple signals of low-frequency earthquakes. These questions need further study. Second,
although not yet conclusive, there is increasing evidence that most of the tremor is associated with lowfrequency earthquakes that occur on a dipping plane at or near the top of the subducting plate. If the low
Poisson’s Ratio zone is associated with quartz deposition and the tremor is associated with quartz vein
formation, we expect the tremor to have a considerable vertical extent. Several analysis methods have
given a tremor vertical extent of 5–10 km [e.g., Kao et al., 2009]. Kao et al. also concluded that the tremor
was spatially correlated to the E-zone reﬂectors in that area [e.g., Clowes et al., 1987] that may deﬁne the
subduction shear zone [Nedimović et al., 2003] (dashed green lines in Figure 8). We carried out a new
routine, updated from Kao et al. [2009], for deﬁning the tremor locations. The routine selects only those
tremors with nearby events. Isolated tremors are excluded. This approach gives a narrower depth range
for the majority of events (Figure 8). There is better correspondence between the tremor and the top of
the oceanic plate based on new data by Royer and Bostock [2013] than with the previous estimates
summarized by McCrory et al. [2012]. Note that the sections shown are where there is a corner in the
margin so there is not an exact relative positions for tremor, Poisson’s Ratio, and the E zone.
This 5–10 km thick distribution also is consistent with inferences from dipping reﬂectors in multichannel
seismic reﬂection data above the subducting oceanic crust of a thick shear zone in the ductile regime
where tremor commonly occurs [e.g., Nedimović et al., 2003]. Thick shear zones also are often found in
paleosubduction thrusts [e.g., Fagereng, 2011; Cloos and Shreve, 1988]. The depth to the top of the
subducting oceanic plate has been debated for some time. In Figure 8, we show the depth estimated from
the depths of low-frequency earthquakes (LFEs) associated with tremor [Royer and Bostock, 2013]. Other
analyses of the depth of tremor indicate a thin dipping zone at or near the subduction thrust, and the
associated low-frequency earthquakes (LFEs) have been located on a thin band with rupture mechanisms
that correspond to the thrust dip angle [e.g., Shelly et al., 2007; Ide et al., 2007; Armbruster et al., 2014]. The
association of ETS and quartz deposition from dehydration ﬂuids rising updip in the subducting oceanic
crust is an important subject for further study. The quartz above the thrust may be associated but not
directly related.

HYNDMAN ET AL.

TREMOR, SLIP, AND FLUIDS

4354

Journal of Geophysical Research: Solid Earth

10.1002/2015JB011920

10. Conclusions
We have shown that ETS is separated from the Cascadia seismogenic zone by a downdip gap of ~70 km. This
gap is consistent with the vertical gap between normal seismicity and tremor in the near-vertical San Andreas
Fault in California and the Alpine Fault of New Zealand. There is not a continuous downdip change on the
subduction thrust from seismic unstable behavior to conditional stability of slow slip. Another explanation
is required for the downdip position of ETS.
There is a very close spatial correspondence between tremor and slow slip (ETS) and the fore-arc mantle corner
along the length of the Cascadia margin. This association can be explained by high ﬂuid ﬂow and pressures
developing at the fore-arc mantle corner. Fluids from dehydration of the downgoing plate below the fore-arc
mantle are blocked from moving vertically upward by low-permeability serpentinized fore-arc mantle. Fluid
transport is channelled updip in the permeable subducting oceanic crust and subduction shear zone until it
reaches the fore-arc mantle corner, where it is expelled upward into the overlying fore-arc crust in the region of ETS.
Rising ocean plate dehydration ﬂuids should be silica saturated, and substantial deposition of silica is expected
as the ﬂuids move upward above the fore-arc mantle corner, since silica saturation decreases rapidly with
upward decreasing temperature and pressure. Substantial concentrations of quartz are therefore expected
above the dehydrating subducting oceanic plate, especially over the fore-arc mantle corner. Unusually, low
Poisson’s Ratios occur in the fore-arc crust in the region over the fore-arc mantle corner based on seismic
tomography data. Even with the considerable uncertainties in the details of the tomography anomaly, these
data clearly delineate an area of unusually low Poisson’s Ratio. Quartz has exceptionally low Poisson’s Ratios
and seems the only reasonable source of this anomaly. The deposition of the estimated ~10% silica requires
a very large amounts of water. Local vertical ﬂux from the oceanic crust as it progressively dehydrates
downdip over the 40 Myr of the most recent phase of subduction can account for only ~10% of the ﬂuid
needed. However, three newly recognized factors make the estimated total ﬂuids closer to those required for
the estimated silica amounts: dehydration of the serpentinite in the upper mantle of the incoming oceanic
plate, focusing of rising ﬂuids at the fore-arc mantle corner that were generated at greater depths, and the
greater silica solubility for ﬂuids coming from greater depths where there are higher temperatures.
An important question that follows from out study is the relation between quartz vein formation and ETS
tremor. Are the tremor produced by very rapid formation such as crack seal, of quartz veins? From a number
of detailed studies it has been concluded that most quartz veins are generated as multiple layers from ﬂuid
transport in very rapid short intervals, perhaps with opening near the fracture velocity [e.g., Birtel and
Stöckhert, 2008]. Are the ETS tremors generated by these quartz vein formation events with associated small
displacements? If so, can vein formation events for the ETS tremor be reconciled with the seismic constraints
on tremor polarization and the mechanisms of low-frequency earthquakes on a thin dipping plane?
We ﬁnish by noting several speculations on the importance of the large amounts of ﬂuid being expelled into
the crust above the fore-arc mantle corner. The ﬁrst, as noted earlier, is the accumulating global amount of
silica input into the crust from this source, for global average crustal compositions [e.g., McLennan and
Taylor, 1996]. The second is the possible role of these ﬂuids in the formation of the very common quartz
veins in outcrop sections, especially where there are high concentrations of veins in metamorphic
terranes. Very large amounts of ﬂuid are required since the solubility of quartz is quite small, especially at
shallow depths. We are not aware that a sufﬁcient ﬂuid source has previously been identiﬁed [see Jia and
Kerrich, 2000; Jia et al., 2003; Bons, 2001]. Finally, there is a possible role of these focused ﬂuids in the
formation of mesothermal gold, often associated with quartz veins. Solution of gold in the deep source
region and subsequent deposition involve complex chemistry, but huge amounts of ﬂuid are usually
inferred to be required through the source and deposition regions [see Phillips and Powell, 2010]. The forearc mantle corner focused ﬂuid is one possible source.
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