
SED
3, 943–962, 2011

The fate of fluids
released from

subducting slab

K. Ramachandran and
R. D. Hyndman

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Solid Earth Discuss., 3, 943–962, 2011
www.solid-earth-discuss.net/3/943/2011/
doi:10.5194/sed-3-943-2011
© Author(s) 2011. CC Attribution 3.0 License.

Solid Earth
Discussions

This discussion paper is/has been under review for the journal Solid Earth (SE).
Please refer to the corresponding final paper in SE if available.

The fate of fluids released from
subducting slab in northern Cascadia

K. Ramachandran1 and R. D. Hyndman2

1Department of Geosciences, The University of Tulsa, Tulsa, OK 74104, USA
2Pacific Geoscience Centre, Geological Survey of Canada, Sidney, B.C. V8L 3S1, Canada

Received: 6 October 2011 – Accepted: 8 October 2011 – Published: 21 October 2011

Correspondence to: K. Ramachandran (kr@utulsa.edu)

Published by Copernicus Publications on behalf of the European Geosciences Union.

943

http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/3/943/2011/sed-3-943-2011-print.pdf
http://www.solid-earth-discuss.net/3/943/2011/sed-3-943-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


SED
3, 943–962, 2011

The fate of fluids
released from

subducting slab

K. Ramachandran and
R. D. Hyndman

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Large amounts of water carried down in subduction zones are driven upward into the
overlying forearc upper mantle and crust as increasing temperature and pressure de-
hydrate the subducting crust. Through seismic tomography velocities we show that,
(a) the overlying forearc mantle in Northern Cascadia is hydrated to serpentinite, and5

(b) the low Poisson’s ratio at the base of the forearc lower crust that may represent
silica deposited from the rising fluids. From the velocities observed in the forearc man-
tle, the volume of serpentinite estimated is ∼30 %. This mechanically weak hydrated
forearc region has important consequences in limits to great earthquakes and to colli-
sion tectonics. An approximately 10 km thick lower crustal layer of low Poisson’s ratio10

(σ = 0.22) in the forearc is estimated to represent a maximum addition of ∼14 % by
volume of quartz (σ = 0.09). If this quartz is removed from rising silica-saturated fluids
over long times it represents a significant addition of silica to the continental crust and
an important contributor to its average composition.

1 Introduction15

Very large amounts of water are carried down into the earth in subduction zones
in high-porosity oceanic crust, hydrated crustal minerals, entrained sediments, and
serpentinized oceanic uppermost mantle. The global ocean may be cycled through
subduction zones about every billion years (e.g., Ingebritsen and Manning, 2002;
Bounama et al., 2001; Jambon, 1994). With increasing temperature and pressure20

in the downdip side, dehydration reactions release water upward into the overlying
mantle and crust (e.g., Ingebritsen and Manning, 2002; Peacock, 1990; Schmidt and
Poli, 1998; Rüpke et al., 2004). For old cold subducting plates, most water is inferred
to be expelled under the arc and backarc; for young and hot subduction zones most
water is concluded to be expelled upward beneath the forearc (e.g., Peacock, 1990;25

Hacker et al., 2003). Cascadia provides an opportunity to study the fluid budget for an
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exceptionally young and hot subduction zone. We provide new quantitative information
on the fate of that water rising into the forearc based on P-and S-wave velocities from
3-D seismic tomography.

In this article we determine the distribution and concentrations of, (a) serpentinite
in the forearc mantle inferred to be generated through hydration by water rising from5

the subducting slab, and (b) silica in the forearc lower crust, that may be deposited
from rising silica-saturated aqueous fluids. The formation of hydrated serpentinite from
forearc peridotite mantle reduces the velocity and increases the Poisson’s ratio which
allows the concentration to be estimated. From the serpentinite concentrations we es-
timate the total rising water incorporated into the forearc. These total fluid amounts10

are then compared to the water estimated to have been expelled from the downgo-
ing slab as a function of depth, based on subduction thermal models combined with
laboratory-based metamorphic dehydration P-T conditions.

The tomography velocities also allow definition of Poisson’s ratio in the deep forearc
crust. As discussed below, there is indication of very low Poisson’s ratio. Low Poisson’s15

ratio is uncommon in crustal rocks; only quartz has a very low ratio and the values
can be interpreted as a region of high silica content, due to rising silica saturated
fluids from the subducted slab (e.g., Manning, 1996; Peacock and Hyndman, 1999).
This interpretation is consistent with the conclusions of Breeding and Ague (2002) on
forearc silica from rising silica-saturated fluids, based on studies of outcrop data in a20

deeply exposed forearc section.
P- and S-wave 3-D velocity models constructed from earthquake seismic tomogra-

phy are combined to estimate the reduction in velocities and change in Vp/Vs (and
Poisson’s ratio). The velocity data are then compared to laboratory-based velocities
and Vp/Vs as a function of volume percent serpentinization (antigorite) in the forearc25

mantle, and percent quartz in the forearc lower crust. From the percent serpentinite,
the amount of total water present in a unit column of the forearc mantle is computed
and related to the fluid expulsion rate for the dehydrating Juan de Fuca plate reported
in earlier studies.
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The serpentinite estimated is ∼30 % (Vp = 7.6, Vs = 4.2). Just seaward of the arc
this hydration equals the estimated total amount of water released from the underlying
downgoing plate in the recent ∼43 Ma subduction phase. A ∼10 km thick lower crustal
layer of low Poisson’s ratio (0.22; Vp/Vs 1.65) corresponds to ∼14 % quartz. If this
quartz is removed from rising silica-saturated fluids over long times it represents a5

significant addition of silica to the continental crust and an important contributor to its
average composition.

2 Structure of the northern Cascadia

At the northern Cascadia continental margin the Juan de Fuca plate subducts at a rate
of about 45 mm yr−1 in a northeasterly direction (Fig. 1). The young age of the incoming10

plate of about 8 Ma and the overlying ∼2 km thick insulating sediment section on the
incoming oceanic crust result in unusually high temperatures in the subducting slab.
Most of the incoming sediment section appears to be scraped off at the deformation
front (“trench”) (Davis and Hyndman, 1989). The plate configuration and convergence
has been reasonably stable for the past several 10’s m yr (e.g., Riddihough and Hynd-15

man, 1991) so the temperatures can be approximated as nearly steady state, although
the subducting plate age was probably somewhat older for much earlier times. A ma-
jor margin structure reorganization occurred in the Eocene, ∼43 Ma, with a probable
seaward jump in the axis of subduction. The regional structure of the forearc is quite
well defined by seismic and other geophysical data (e.g., Hyndman et al., 1990). The20

depth to the Cascadia forearc Moho beneath southwestern British Columbia is ∼36 km
(Cassidy and Ellis, 1993; Ramachandran et al., 2006, Brocher et al., 2003).

Many authors have concluded that large amounts of fluids are carried into the man-
tle by subducting slabs (e.g. Peacock, 1990). The estimated fluid expulsion rate from
the subducting Juan de Fuca slab, beneath the Cascadia forearc mantle, is 1 to25

2×10−4 m3 m−2 yr−1 (e.g. Hyndman and Peacock, 2003; Hacker et al., 2003). The
most important dehydration reaction under the forearc is predicted to be basalt garnet
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dehydration and high-temperature basalt dehydration. The expelled fluids are inferred
to rise, hydrate, and serpentinize the forearc mantle peridotite. Serpentinization of cool
forearc mantle by rising fluids has been recognized quite widely, especially in young
hot subduction zones (e.g., Hyndman and Peacock, 2003; Graeber, and Asch, 1999;
Brocher et al., 2003; Kamiya and Kobayashi, 2000; Blakely et al., 2005; Bostock, 2002).5

The path of the rising fluids is not known, and we have assumed that they move upward
approximately vertically.

3 Seismic tomography methods and data

In this article, we report results from a P- and S-wave tomography study. A 3-D travel-
time tomographic inversion was used to construct P- and S-wave minimum structure10

velocity models, based on 55 000 P-wave travel-time picks and 28 000 S-wave travel
time picks recorded at 91 stations for approximately 2500 earthquakes. The velocity
model was parameterized in the forward and inverse directions with a node and cell
spacing of (2×2×2) km and (4×4×2) km, respectively. The P-wave velocity model
and relocated hypocentral parameters were estimated using the regularized non-linear15

inversion method (Ramachandran et al., 2005; Zelt and Barton, 1998).
The velocity model was parameterized in the forward and inverse directions with

a node and cell spacing of (2×2×2) km and (4×4×2) km, respectively. Since we
are interested in estimating S-wave velocity, and Poisson’s ratio in this study, we have
utilized the following data modeling approach to obtain unbiased P- and S- velocity20

estimates for calculating Poisson’s ratio. Our data modeling approach for estimating
shear wave velocities from earthquake tomography data is similar to the approach
described by Sun et al., (2008).

– Step 1: An initial 1-D P-wave velocity model was constructed using the aver-
age 1-D model obtained from the previously constructed regional velocity model25

discussed in Ramachandran et al. (2006). This 1-D velocity model, along with
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controlled source travel time picks from Seismic Hazards Investigation in Puget
Sound (SHIPS) experiment (Ramachandran et al., 2005), and P-wave travel-time
picks from the selected earthquakes were first employed to relocate hypocenters
and estimate a preliminary P-wave 3-D velocity model. The algorithm used in this
study is described in Ramachandran et al. (2005) and references therein.5

– Step 2: In this step, we construct a velocity model using P-wave earthquake picks
only. For this, hypocentral locations obtained from the previous step, along with
an average 1-D model derived from the 3-D model constructed in the previous
step, and P-wave traveltime picks from earthquakes were used to construct a
final P-wave velocity model. In this step hypocentral positions are kept fixed.10

– Step 3: In this step, an initial 1-D S-wave velocity model was constructed using
an average 1-D P-wave velocity model obtained from the previous step and a
Vp/Vs ratio of 1.75. Using this 1-D S-wave velocity model, relocated hypocentral
locations, and the S-wave travel time picks, a preliminary 3-D S-wave velocity
model was constructed. This modeling approach is similar to the approach by15

Sun et al. (2008) in which they constructed a 3-D shear wave velocity model for
China by employing relocated hypocentral parameters obtained from previous P-
wave tomography which were kept fixed during S-wave tomographic inversion

– Step 4: From the preliminary S-wave velocity model constructed in the previous
stage, an average 1-D S-wave velocity model was constructed. Using this av-20

erage 1-D velocity model as starting model, a final S-wave velocity model was
constructed. The above mentioned approach to construct a 3-D S-wave velocity
model is expected to remove any bias that may have been incorporated by the
assumption made previously on Vp/Vs ratio.

The RMS misfit for the P- and S-wave travel-time data in the initial model was 551 ms25

and 727 ms, respectively. The RMS travel-time misfit for P- and S-wave travel-time
data in the final model was 207 ms and 282 ms, respectively. Plots showing traveltime
misfits (residuals) in starting and final models are shown in Fig. 2.
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3.1 Checkerboard tests

Using the approach of Zelt and Barton (1998), a synthetic velocity model is generated
by the addition of a laterally and vertically alternating anomaly pattern of positive and
negative squares (32 km×32 km×8 km) to the final velocity model obtained by tomo-
graphic inversion. The hypocenter-station geometry and the synthetic velocity models5

are then used to compute synthetic traveltimes. Gaussian noise with a standard devi-
ation equal to the estimated uncertainties in the earthquake traveltime picks is added
to the computed traveltimes. This synthetic traveltime data are then inverted using the
final velocity model as the starting model. The recovered anomaly pattern is shown by
one horizontal slice and two E-W vertical cross sections in Fig. 3. The results indicate10

a horizontal resolution of at least 32 km and vertical resolution of 8 km.

4 Results

P- and S-wave velocity cross-sections along profile AB (Fig. 1) are shown in Fig. 4a
and b respectively. The cross-section of σ computed from P- and S-wave velocity along
profile AB is shown in Fig. 4c. The inferred positions of the Juan de Fuca slab and the15

forearc mantle are shown on the cross-sections. The location of the slab mapped in the
present study from S-wave velocity is consistent with the position of the slab inferred in
previous tomographic P-wave velocity models by Ramachandran et al., 2006. The P-
and S-wave velocity models from the present study distinctly image the position of the
forearc mantle.20

The two results of particular interest are the high Poisson’s ratio in the forearc mantle
wedge and low Poisson’s ratio at the base of the overlying forearc crust. The forearc
mantle wedge has low P-wave velocities of 7.4–7.8 km s−1, and S-wave velocities of
4.1–4.4 km s−1, which as we discuss below is strongly indicative of a high degree of
serpentinization. We interpret the low Poisson’s ratios in the lower forearc crust as25

concentrations of quartz, the only common mineral that has a very low Poisson’s ratio.
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5 Forearc mantle serpentinization

Many authors have concluded that large amounts of fluids are carried into the man-
tle by subducting slabs (e.g. Peacock, 1990). The expelled fluids are inferred to rise,
hydrate, and serpentinize the forearc mantle peridotite. However we recognize that
low velocities in the mantle wedge can also be attributed to, (1) presence of chlorite5

with antigorite, (2) anisotropy of partially serpentinized peridotite, and (3) high pore
pressure (Christensen, 2004). Most of these processes are unlikely to produce ve-
locities as low as those we observe. Of the main serpentine minerals, chrysotile and
lizardite have similar composition and elastic properties, and are stable below about
300 ◦C. Antigorite is the stable species of serpentine at forearc mantle P-T conditions.10

In this study, we employ the elastic properties of peridotite and antigorite to estimate
the amount of serpentine in the forearc mantle.

In spite of the young hot incoming plate, the Cascadia forearc is relatively cool as a
consequence of heat removed by the subduction of cool near surface oceanic crust.
The observed heat flow in this region is in good agreement with the subduction ther-15

mal model (e.g., Hyndman and Wang, 1995; Hacker et al., 2003). Calculated forearc
mantle temperatures in this region are 400–600 ◦C. The tomographic P-wave velocity
imaged in the uppermost northern Cascadia forearc mantle is anomalously low com-
pared to the normal Pn velocity of 8.15–8.25 km s−1 in stable continental areas for an
estimated Moho temperature of 350–450 ◦C (e.g., Hyndman and Peacock, 2003). For20

computing the degree of upper mantle serpentinization in this region from the imaged
tomographic velocities, Vp of unaltered peridotite is taken to be the average Pn veloc-
ity for cool stable areas of 8.2 km s−1 (Christensen and Mooney, 1995). Employing a
Vp/Vs value of 1.75, the unaltered upper mantle Vs is taken as 4.7 km s−1. Vp and Vs
values of antigorite at 1 GPa and 500 C are taken from Christensen (2004). The plot of25

peridotite-antigorite velocity versus volume percent serpentinization is shown in Fig. 5.
Estimates of mantle serpentinization from Vp (7.4–7.8 km s−1) and Vs( 4.1–4.4 km s−1)
are in good agreement and indicate 20–45 % serpentinization in the mantle wedge
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(Fig. 5). The percent serpentinization in the forearc mantle-wedge computed from P-
and S-wave velocities (Fig. 6a and b) show higher levels of serpentinization near the
slab-forearc mantle corner, ∼45 %, decreasing landward to about 20 % approaching
the volcanic arc (Fig. 6c). Lack of detailed knowledge on the other processes that
may be responsible for lowering of forearc mantle velocities precludes the possibility of5

estimating their contribution to lowering velocities.
Complete alteration of peridotite to pure serpentine increases the bound water con-

tent by ∼13 wt %, and the variation of water content with velocity is nearly linear
(e.g. Carlson and Miller, 2003). In our study, the computed mantle wedge serpen-
tinization of 20–45 % indicates 2–6 wt % water content in the forearc mantle. At 500 ◦C10

and 1 GPa, the density of water is 1010 kg m−3 (e.g. Verma, 2003), and the total water
content computed for a unit column of the forearc mantle ranges from 500 m3 m−2 near
the mantle wedge corner to 2500 m3 m−2 approaching the arc (Fig. 6c). The updip and
downdip transport path of the fluids is not known, but if expelled vertically upward, most
of the fluid produced in the ∼40 m yr of current phase of subduction will be trapped in15

the overlying thicker part of the forearc mantle. Toward the thin corner of the forearc
mantle, most of the water is expected to rise into the overlying forearc crust.

6 Low poisson’s ratio in the deep forearc crust and silica deposition

A striking feature of an area at the base of the deep forearc crust is a ∼10 km thick layer
with Poisson’s ratio that is unusually low, ∼0.23. This region lies over the seaward part20

of the forearc mantle wedge and extends further seaward of the mantle corner. These
σ values are much lower than the common range of values obtained in the global
compilation of Zant and Ammon (1995) and in the Cordillera to the east (e.g., Clowes
et al., 1995). Mulder (1995) reported a Poisson’s ratio of 0.238±0.004. for the upper
30 km of the forearc crust in this region by analyzing the differences between P and S25

arrival times of local earthquakes to estimate.
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Very few minerals have such low σ. The only common mineral with low Poisson’s
ratio is quartz, which is exceptionally low (σ = 0.09) (Zandt and Ammon, 1995; Chris-
tensen, 1996), and we postulate high quartz concentrations for the observed low Pois-
son’s ratio in the forearc lower crust. Regions of Mesozoic-Cenozoic crust with active
tectonics have a low Poisson’s ratio of 0.25±0.04 (Zandt and Ammon, 1995) and for a5

mafic lower crust the Poisson’s ratio is 0.30 (Zandt and Ammon, 1995). Using Poisson’s
ratios of quartz (σ = 0.09, Zandt and Ammon, 1995) and mafic lower crust (σ = 0.3;
Zandt and Ammon, 1995), and assuming a simple linear relation between Poisson’s
ratio and quartz content, the volume % quartz estimated in the lower crust for a Pois-
son’s ratio of 0.25 for the Mesozoic-Cenozoic crust is 24 % and for a Poisson’s ratio of10

0.22 corresponding to the forearc lower crust from our study is 38 %. Our calculation
indicates that approximately (38 %–24 %) 14 % volume of quartz is added to the lower
crust. Silica rich rocks are not normally indicated in the lower continental crust, but
in the special environment of the forearc they may be expected (e.g., Manning, 1996)
and there is previous evidence. In an especially relevant study, quartz deposited in15

the deep forearc from silica-rich fluids rising from the subducted slab was described by
Breeding and Ague (2002). Although their study was for the landward part of a very
thick accretionary sedimentary prism, the depth of deposition and greenschist facies
P-T conditions of 350–450 ◦C and 600–800 MPa (6–8 kbar) are similar to the region
of our low Poisson’s ratio of ∼400 ◦C (e.g., Hyndman and Wang, 1995; Hacker et al.,20

2003).
Fluids rising from the downgoing oceanic plate are very likely to be silica saturated

(e.g., Manning, 1996; Peacock and Hyndman, 1999). Since the solubility of silica is
strongly temperature dependent, most of the silica will be rapidly removed and de-
posited in the crust above the subducted slab. The silica solubility decreases by about25

a factor of four as temperatures decrease upward from 500 to 400 ◦C (Manning, 1994),
so most of the silica will be removed near the base of the crust.
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7 Discussion

The Vp and Vs data give almost identical estimates of degree of serpentinization in
the forearc mantle of the northern Cascadia subduction zone. The concentrations
are highest at the tip of the mantle wedge, about 40 %, decreasing landward to 20–
30 % approaching the volcanic arc. However, the mantle wedge thickness increases5

landward such that the total water in a vertical column increases landward by a factor
of ∼4 from where the wedge is ∼5 km thick to where it is ∼25 km thick, in spite of the
decreasing serpentinite concentrations. We infer that much of the rising water transits
through the seaward part of the forearc mantle, but much of it is trapped in the landward
part.10

Our second tracer of rising fluid from the subducted plate, low Poisson’s ratio layer
is well resolved. There are no common minerals except quartz with very low Poisson’s
ratio. A good case has been made previously that the fluids rising off the downgoing
plate are silica saturated, and the rapid decrease in solubility with upward decreasing
temperature is well established. Therefore silica deposition at the forearc lower crustal15

level is expected. 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 some confidence that our interpretation is correct.

There are important consequences of the presence of substantial amounts of ser-
pentinite in the forearc mantle, and of a silica rich lower crust layer subsequent to con-20

tinental collision and in orogeny. First, the serpentinite provides a substantial source of
water in the orogenic belt and perhaps to the rheology of the deforming zone. The addi-
tion 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 Taylor25

(1996) have argued that the average continental crust could not have achieved its cur-
rent high average silica content through magmatic differentiation of such rocks. If our
estimate of silica deposited is correct and is applicable to many forearcs, it represents
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a significant addition of silica to the lowermost crust making the accreted crust more
felsic and to silica enrichment of the continents, as argued for example by Breeding
and Ague, (2002).

We have focussed on Cascadia which is subducting a hot, young lithosphere. Sub-
duction zones with older and faster incoming oceanic plates are colder and much of the5

water must be dehydrated and released at greater depths. There may be less water
released into the forearc, and more into the arc and backarc. Therefore serpentiniza-
tion of the forearc mantle may be slower and the formation of lower crust silica slower
for old and cold incoming plates.
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Fig. 1. Location map of the study region. Distance along the profile is marked in kilometers.
Vertical cross-sections of P- and S-wave velocity along profile AB are shown in Fig. 4.

957

http://www.solid-earth-discuss.net
http://www.solid-earth-discuss.net/3/943/2011/sed-3-943-2011-print.pdf
http://www.solid-earth-discuss.net/3/943/2011/sed-3-943-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


SED
3, 943–962, 2011

The fate of fluids
released from

subducting slab

K. Ramachandran and
R. D. Hyndman

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 2. P- and S-wave traveltime misfits in starting model and final model.
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Fig. 3. Recovered P-wave (top) and S-wave (bottom) checkerboard anomaly pattern
(32 km×32 km×8 km) for estimating horizontal and vertical resolution is shown in the figure
by one horizontal slice at 46 km depth (shown on the left) and two E-W vertical slices (close
to the main profile) at distances of 144 km and 176 km positions in the N-S direction (shown
on the right). Purple line marks the position of the main cross-section discussed in the main
article. Blue dotted line shows the inferred position of the forearc mantle wedge.
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Fig. 4. Vertical cross-section along profile AB showing (a) P-wave velocity, (b) S-wave velocity,
and (c) Poisson’s ratio. Earthquake hypocenters within 10 km of the profile are plotted on the
cross-sections as red stars. The red box in Fig. 4c shows the region for which volume percent
serpentinization is shown in Fig. 6.
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Fig. 5. Plot of peridotite-antigorite assemblage velocity versus volume percent serpentinization
(velocity of antigorite taken from Christensen, 2004). The observed range of P- and S-wave
velocity is shown by the hachured region. The vertical shaded regions show the volume ser-
pentinization corresponding to the observed P and S velocity range.
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Fig. 6. Plot of volume percent serpentinization in the forearc mantle computed from (a) P-wave
velocity and (b) S-wave velocity for the region enclosed by the red box in Fig. 4c (100–200 km
distance on profile AB shown in Fig. 1), (c) Plot of average volume % serpentine and total water
content in a unit column of the forearc mantle, and (d) subduction slab fluid expulsion rates.
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