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Pathway from subducting slab to surface for melt and
fluids beneath Mount Rainier
R Shane McGary1, Rob L. Evans1, Philip E. Wannamaker2, Jimmy Elsenbeck1 & Stéphane Rondenay3

Convergent margin volcanism originates with partial melting, pri-
marily of the upper mantle, into which the subducting slab descends1,2.
Melting of this material can occur in one of two ways. The flow induced
in the mantle by the slab can result in upwelling and melting through
adiabatic decompression1,3. Alternatively, fluids released from the de-
scending slab through dehydration reactions can migrate into the hot
mantle wedge, inducing melting by lowering the solidus temperature2,4.
The two mechanisms are not mutually exclusive1. In either case, the
buoyant melts make their way towards the surface to reside in the
crust or to be extruded as lava. Here we use magnetotelluric data col-
lected across the central state of Washington, USA, to image the com-
plete pathway for the fluid–melt phase. By incorporating constraints
from a collocated seismic study5 into the magnetotelluric inversion
process, we obtain superior constraints on the fluids and melt in a sub-
duction setting. Specifically, we are able to identify and connect fluid
release at or near the top of the slab, migration of fluids into the over-
lying mantle wedge, melting in the wedge, and transport of the melt/
fluid phase to a reservoir in the crust beneath Mt Rainier.

Despite important efforts to understand the production and trans-
port of fluid and melt phases in subduction zones, a number of out-
standing questions remain. Do fluids released from the slab rise
vertically into the mantle wedge2, or are ascent paths more complex6–8?
Do the fluids migrate into the mantle wedge by reactive porous flow1,9

or more quickly by way of fractures2, channelling8,10 or diapirism3? Is
the location of the volcanic arc defined by the location of melting above
the anhydrous solidus11, aqueous fluid connectivity in the mantle
wedge12, or some combination of kinematic variables such as slab
dip and convergence rate with fluid transport13? Better constraints
on the fluid transport pathways within the subduction setting are
needed to address these questions.

The CAFE (Cascadia Array for Earthscope) experiment was designed
to collect co-located seismic and magnetotelluric data from instrumen-
tation deployed along a dense west–east transect across central Washington
(Fig. 1). The seismic results have been addressed previously5,14, and here
the magnetotelluric results are presented. Data were collected at 60 wide-
band and 20 long-period magnetotelluric stations, with generally good-
quality responses over the period range from ,0.005 s to ,8000 s. The
data are consistent with a two-dimensional, north–south-striking resis-
tivity structure15,16, which we determined through a two-dimensional
nonlinear conjugate-gradient inversion17 (see Methods).

The magnetotelluric method is attractive for use in subduction set-
tings because it is particularly sensitive to electrically conductive fluid
and melt phases and can therefore be used to illuminate fluid processes
and pathways in the subduction zone. The magnetotelluric method has
been used to good effect in a number of subduction settings, including
Cascadia18–21. For the CAFE data, we were able to augment the magneto-
telluric image by incorporating results from the seismic project directly
into the magnetotelluric inversion process.

Results for both the seismic and magnetotelluric experiments are shown
in Fig. 2. The velocity increase in the dipping low-velocity layer in the
seismic image at depths of about ,40–45 km depth at the top of the

subducting layer is interpreted to reflect the transition of the hydrated
basalts of the upper crust towards eclogite. The disappearance of that
layer at depths of 75–90 km is further interpreted to result from the
transition of lower-crustal metastable gabbro into eclogite. This reac-
tion would be accelerated by fluids released from the dehydration of
serpentine or chlorite in the subducting upper-mantle harzburgite22, a
conclusion supported by local earthquake hypocentre evidence23. The
low-velocity feature above the subducting slab at depths of 65–80 km
is interpreted as a fluid/melt phase resulting from the release of fluids
from the slab5.

The magnetotelluric results are consistent with the seismic interpre-
tation, but develop our understanding of the subduction process much
further. The most prominent magnetotelluric structure is the highly con-
ductive (2–5Vm) region (A) near the top of the slab in the magneto-
telluric model, coincident with the low-velocity fluid/melt feature in the
seismic image. This conductor probably cannot be explained by dry melt-
ing alone as resistivities ,5Vm would require excessively high melt
fractions24. Additionally, the temperatures near the top of the slab at
this depth are roughly 1,100uC–1,150 uC (ref. 25) more than 200 uC
below the dry peridotite solidus1. Both of these difficulties are resolved
by the addition of water released from the slab. As little as 0.2 wt% water
dissolved into the peridotite is sufficient to reduce the solidus temper-
ature to below the temperatures found at the slab surface1,8, which would
allow flux melting to occur13. An incipient melt fraction of 2% would
equate to 10 wt% water in the melt, enough to account for a resistivity
of 2Vm (Fig. 3).

The calculations for fluid content assume that the fluid/melt phases
are well connected. Interconnection along grain edges in a peridotite
matrix requires a dihedral angle of ,60u. At 25 kbar, this occurs at tem-
peratures above 950 uC (ref. 12), which is achieved in the region of interest.
Although higher temperatures are required to maintain a sufficiently

1Department of Geology and Geophysics, MS#22, Woods Hole Oceanographic Institution, 360 Woods Hole Road, Woods Hole, Massachusetts 02543, USA. 2Energy and Geoscience Institute, University of
Utah, 423 Wakara Way, Suite 300, Salt Lake City, Utah 84108, USA. 3Department of Earth Science, University of Bergen, Allegaten 41, 5007 Bergen, Norway.

126° W 124° W 122° W 120° W

Pacific
Ocean

48° N

46° N

47° N

Seismic station (41)Seismic station (41)

LP/WB magnetotelluric station (20)LP/WB magnetotelluric station (20)

WB magnetotelluric station (40)WB magnetotelluric station (40)

Mt RainierMt Rainier

Mt HoodMt Hood

Mt St HelensMt St Helens Mt AdamsMt Adams

Cascade Cascade 
RangeRange

OlympicOlympic
MountainsMountains

Seismic station (41)

LP/WB magnetotelluric station (20)

WB magnetotelluric station (40)

Mt Rainier

Mt Hood

Mt St Helens Mt Adams

Cascade 
Range

Olympic
Mountains

Figure 1 | Map showing station locations for the CAFE seismic and
magnetotelluric stations (wideband and long-period) across central
Washington state, USA. The numbers in parentheses indicate the number of
stations for each category. WB, wideband; LP, long-period.

3 3 8 | N A T U R E | V O L 5 1 1 | 1 7 J U L Y 2 0 1 4

Macmillan Publishers Limited. All rights reserved©2014

www.nature.com/doifinder/10.1038/nature13493


small dihedral angle at shallower depths, melt should become directly
interconnected once the melt fraction exceeds 2 vol.% (ref. 26), ensur-
ing that the fluid/melt phase remains well connected during ascent as
the water-rich initial melt reacts with the overlying mantle4.

Our model cannot determine whether melting starts at the top of the
slab or some short distance away, as the solidus for hydrated peridotite
and the temperatures expected at the top of the slab are very close1,25.
However, yttrium concentrations in the range 13–19 parts per million
(p.p.m.) in samples of Mt Rainier andesite suggest that some melting
does occur at the interface and even within the slab for Cascadia27,28.

In either case, the buoyant fluid and melt phases are gravitationally
unstable and can rise through the mantle wedge diapirically3. It has also
been argued that the trajectories for these instabilities may not neces-
sarily be vertical, as the subduction induced motion in the mantle wedge
would tend to drag them towards the hot corner of the wedge7. Both types
of migration may be apparent in the magnetotelluric model (Fig. 2b),
with the conductor extending from the primary source (A) both upwards
into the mantle and sub-horizontally away from the slab. Additionally,
the sub-horizontal extension could simply represent an extended zone
of fluid release from the slab.

Although the incipient melt is very water-rich, it becomes diluted as
it rises and further decompressional melting occurs8. This tradeoff would
result in a slight increase in the bulk resistivity, for example, at 1,150 uC
the resistivity of peridotite bearing a 2.5 vol.% melt with 10% water con-
tent is about 2Vm, whereas the resistivities as the melt fraction rises to
5 vol.% (5 wt% water content) and 10 vol.% (2.5 wt% water content) are
about 3.5Vm and about 5Vm respectively (Fig. 3), ignoring the effects
of water on bulk mantle. This is consistent with structure within the
mantle wedge in the magnetotelluric model (feature B in Fig. 2b). This
conductor maintains a resistivity of 5–6Vm throughout its ascent within
the mantle. Figure 3 shows the effect of melt fraction and water content on
the conductivity of the melt-bearing peridotite at 1,150 uC. Conductivities
fall rapidly with decreasing temperature for a given combination of melt
fraction and water content, suggesting that the resistivities seen in the
image appear to rule out any significant temperature decrease (the ther-
mal model superimposed on the image is a steady-state solution that does
not factor in thermal energy transported by rising melt). This result argues
for a relatively rapid vertical transit for the melt, possibly through large
diapirs or interconnected conduits.

The ascending melt appears to rise until it reaches a reservoir in the
crust (C), after being joined by fluids presumably originating from a
conductor (D) associated with the dehydration of hydrated metabasalt
in the upper-crustal layer of the descending slab5. Conductor C is in the
same position as a conductor identified as the Southern Washington
Cascades Conductor in earlier studies21,29, and similar conductors appear
to be a ubiquitous feature in subduction settings30. It has been argued that
this crustal reservoir represents metasediments21 or collected fluids30,
and this clearly seems to be the case in Oregon (and undoubtedly else-
where) where the temperature of the fluid source is only about 500 uC.
In the CAFE line, however, we can clearly see that the conditions for
mantle melting are met. This does not rule out the possible presence of
metasediments which may explain the small shallow conductor west of
C, or even part of the conductive signature of C itself.

A conductor similar to D has also been identified previously in central
Oregon20. In the Oregon image, this conductor appeared to be the prim-
ary source of fluid connected to the crustal conductor, whereas in the
CAFE line it is clearly a secondary source, with a much stronger con-
tribution coming from the rising melt. Three-dimensional inversions
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Figure 3 | The resistivity of peridotite for a given melt fraction and water
content (within the melt) at a temperature of 1,150 6C. The method used for
the calculation of resistivities is that given in ref. 24.
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Figure 2 | Primary seismic (a) and
magnetotelluric (b) models. Panel
b includes both a thermal profile
(contours, labelled in degrees
Celsius) and earthquake hypocentre
locations (red circles) within 20 km
of our profile line23. Fluid released
from the subducting slab enters the
mantle wedge at A. Melt initiated
at or very near the interface is
transported upward by buoyancy
and dragged down. The fluid/melt
phase rises through the mantle wedge
(B) until it reaches the crust, joining
fluids released from shallower
reactions (D). The combined fluid/
melt continues to rise until reaching a
reservoir (C) in the crust. Mount
Rainier is shown as a red triangle.
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of regional magnetotelluric21 data at a coarser resolution than our data
set corroborate our model by showing a strong conductor rising from
the slab in this region, but also highlight the substantial along-strike var-
iability in deep melt production in Cascadia. We suggest that this vari-
ability relates to first-order differences in the hydration of the incoming
plate, with a wetter slab present beneath the CAFE line. Illuminating
the differences in fluid release and melt generation brings us one step
closer to understanding the connections between fluid release and seis-
mogenic and volcanic processes operative in these critical tectonic settings.

METHODS SUMMARY
The CAFE magnetotelluric experiment comprised a dense linear array of 60 wide-
band (spaced at about 5-km intervals) and 20 long-period (spaced at about 15-km
intervals) magnetotelluric instruments. The former were acquired through con-
tract from the University of Utah to Quantec Geoscience, Inc., while the latter were
acquired by P.E.W. and student/post-doc crew using Narod Intelligent Magnetotelluric
System (NIMS) instruments then owned by the University of Washington as part
of the Electromagnetic Studies of the Continents (EMSOC) pool. The magnetotel-
luric array passes in an east–west line through the earlier CAFE seismic profile.

The long-period and wideband magnetotelluric data were processed using robust
methods31,32 with two separate remote reference sites (one reference was over 500 km
away). Combined, the instruments yielded magnetotelluric response functions typ-
ically over the period range of 0.005 s to 8000 s.

Multi-site, multi-frequency Groom–Bailey tensor decomposition15,16 was used
to determine strike direction and viability of a two-dimensional inversion, and to
separate from the impedance tensor distortion elements affecting both amplitude
and phase of the electric field.

We generated our two-dimensional models of resistivity structure using the
WinGLink inversion algorithm17. The inversions started with a 100Vm half-space,
excepting the ocean, fixed at 0.33Vm and defined by local bathymetry, and a dip-
ping resistor representing the upper part of the subducting slab whose location was
defined by constraints from the seismic migration results. A tear zone (allowing
sharp conductivity transitions) was imposed at the top of the dipping resistor. Exten-
sive testing for sensitivity and robustness was performed on significant features by
removing features from the model and re-running the inversion, and by varying
parameters such as resistivity or extent of a feature in a systematic way and observ-
ing the effect on the misfit between the data and model. The incorporation of seismic
constraints into the magnetotelluric inversion constitutes a novel approach and
enables superior imaging of fluids in the subduction setting.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
Time series data for the CAFE magnetotelluric project were collected at 20 long-
period and 60 wideband sites. The long-period data were collected using NIMS
instruments with each station in place for typically three weeks. The wideband data
were collected using Phoenix Geosystems instruments, with a typical recording
interval of 15 h for each site. The entire array was 280 km in length, and designed to
be roughly collocated with the earlier CAFE passive seismic experiment.

The time series data from each long-period station were visually inspected for
breaks, trends, and signal-to-noise ratio, and then windowed with data from two
separate magnetic remote reference sites. One remote reference for each station
was chosen from distant CAFE magnetotelluric stations, and the second conca-
tenated from Earthscope/USArray stations that were operated simultaneously in
Nevada and California, with a minimum distance of 500 km between stations to
ensure that the noise between the stations was not likely to be correlated to any
significant degree. Dual remote references were also used for the wideband data,
with one remote reference located approximately 30 km east of Mt Rainier, and the
other in Buena Vista Valley, Nevada.

The long-period time series data were processed into impedance tensors using
the robust bounded influence remote reference processing (BIRRP) algorithm31.
The wideband data were also processed using robust methods32. The long-period
transfer functions provided useful data from ten seconds up to several thousand
seconds, and the wideband transfer functions provided useful data from less than
one second up to several hundred.

Dimensionality and regional strike direction were evaluated for the data in a
variety of ways, including phase tensor analysis33, Bahr skew analysis34, and multi-
site, multi-frequency Groom–Bailey tensor decomposition using the Strike soft-
ware package15,16. The phase tensor ellipses show a consistent pattern for periods
between 10 s and 2,000 s, with a near north–south strike for stations west of Mt
Rainier, shifting to a slightly clockwise strike to the east of Mt Rainier, with a more
pronounced clockwise shift for stations towards the eastern end of the profile. This
is consistent with previous strike analysis conducted on a set of Earthscope long-
period stations along a line at roughly 46.5uN (ref. 35).

Bahr (phase-sensitive) skew analysis provides a justification for a two-dimensional
analysis of the data between the same periods, with exceptions beneath stations LP-
32 and LP-36 (immediately west of Mt Rainier) for periods greater than 400 s, and
beneath stations LP-44 (just east of Mt Rainier) and LP-54 (in a river valley just
north of Ellensburg) for periods less than 150 s.

Using the Strike algorithm15, we determined that a regional strike direction of
seven degrees west of north provided the best x-squared fit for the long-period
data for periods of 100–1,350 s, within confidence intervals when stations LP-32
and LP-36 were excluded. A strike direction of due north also produced an accept-
able fit, and was used in the inversions. The strike angles for the entire set of
decomposed transfer functions are displayed in Extended Data Fig. 1.

To generate our regularized two-dimensional models of resistivity structure, we
used the nonlinear conjugate gradient inversion algorithm WinGLink17. Our inver-
sion mesh consisted of 116 rows and 234 columns, with a very fine row height near
the surface increasing gradually with depth, and a column width that was main-
tained to be generally uniform to the extent allowed by station spacing. One set of
inversions were run starting with a half-space of 100Vm, except for the ocean,
which was fixed at 0.33Vm with an extent defined by local bathymetry. A second
set of inversions additionally incorporated a tear zone at the top of the slab, with the
location determined by the seismic migration profile, and an imposed resistive
feature (5,000Vm) that represents the slab, extending approximately 30 km below
the slab surface. Although this feature was imposed on the incipient inversion
model, it was not locked and was free to evolve during the inversion process. It has
been shown that the tear zone and imposition of this resistive feature will produce a
significantly more accurate image of nearby conductive fluids, particularly if these

fluids are released at or near the slab surface5. The inversion model generated
without the imposed tear is displayed as Extended Data Fig. 2. The same technique
has been used to invert data in Cascadia and other subduction zones20,36.

The t value determines the tradeoff between smoothness and misfit in the
inversion, and we determined a t value of 3.3 to be optimal. Two other parameters,
a and b, define the relationship of the smoothness parameter in the vertical as
compared to the horizontal, and the way in which smoothness changes with depth
respectively. A range of values from 0.8 to 1.8 for a and 1.0 to 2.0 for b were
evaluated, with the final selected values of 1.5 and 1.7 respectively. These values are
consistent with values used in inversions of other similar data sets20. While small
changes in a and b have been shown to produce striking differences in structure in
some cases36, the changes that we saw in structure when varying these parameters
was quite minimal. It should also be noted that the same parameter values were
used in generating both final images, that is, with and without the tear imposed.

We generated models that inverted both the transverse magnetic (TM) and
transverse electric (TE) modes, with error floors of 5% and 15% respectively,
and a set of models using only the TM mode. The tipper function was included in
both sets of models, and was also evaluated separately, clearly supporting the pres-
ence of the vertical conductor.

We also evaluated the extent to which the primary structures in our models were
supported and/or required by the data. This was done in a number of ways, such as
assessing how the structures were affected by parameter modifications as described
above, and comparing the resulting models to the data pseudo-sections (included
as Extended Data Fig. 3) to give us a better understanding of how data from each
station might be affecting the inversion.

Additionally, we used manual editing techniques. This involved removing or alter-
ing a feature in the resultant model and then allowing the inversion process to seek
a solution optimally close to this altered model. If the feature was restored by the
inversion, it was taken to be required by the data. If the inversion was able to achieve a
misfit comparable to the original misfit without restoring the feature, the structure
in question was determined to be allowed but not required by the data. For our final
models, all three major conductive features, the slab top, the vertical column, and
the crustal conductor were found to be required by the data using these methods.

We achieved a root-mean-square misfit value of 1.89 for the inversion using the
tear, as compared to 3.08 for the halfspace. A plot of root-mean-square misfit by
station (Extended Data Fig. 4) shows that while the model with the tear shows
improvement in fit for almost every station, the effect is much more pronounced
between stations 30 and 55, which correspond to horizontal distances of 150–
275 km from the coast. By far the most striking differences between the two models
in this range is that for the model with the tear, the conductor is more intense and
not separated from the resistive slab by any significant distance. Taken together,
this strongly suggests that the model with the tear is significantly more accurate,
and that the imposed smoothness is largely responsible for the higher misfit in the
half-space model. We note that although the geometry of this data set is not opti-
mized for a three-dimensional treatment, inversions of the regional Earthscope
Transportable Array data collected on a ,70-km grid, confirms the presence of the
large conductor emanating from the slab35, although the resolution of the three-
dimensional model is necessarily coarser than that in our model.

33. Caldwell, T. G., Bibby, H. M. & Brown, C. The magnetotelluric phase tensor.
Geophys. J. Int. 158, 457–469 (2004).

34. Simpson, F. & Bahr, K. Practical Magnetotellurics 93–98 (Cambridge Univ. Press,
2005).

35. Patro, P. K. & Egbert, G. D. Regional conductivity structure of Cascadia:
preliminary results from 3D inversion of USArray transportable array
magnetotelluric data. Geophys. Res. Lett. 35, L20311 (2008).

36. Matsuno, T. et al. Upper mantle electrical resistivity structure beneath the central
Mariana subduction system. Geochem. Geophys. Geosyst. 11, Q09003 (2010).
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Extended Data Figure 1 | Rose diagram showing overall strike directions.
The colour code reflects the Bahr skew as determined using the STRIKE
algorithm15 for the CAFE data set.
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Extended Data Figure 2 | Primary standard inversion images for the CAFE
data. These magnetotelluric images were generated without incorporating a
tear zone on top of the slab or setting the initial resistivity for the slab. The top

image was generated using a combination of the TM mode and tipper, whereas
the bottom image was produced using the TM and TE modes along with
the tipper.
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Extended Data Figure 3 | The TM (a) and TE (b) pseudo-sections for the
CAFE magnetotelluric data. The two upper panels in a and the two upper
panels in b show apparent resistivity and phase for the data. The two lower

panels in a and the two lower panels in b show apparent resistivity and phase for
the model. Both models are limited horizontally to correspond with the surface
covered by the CAFE magnetotelluric array.
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Extended Data Figure 4 | Plot of root-mean-square misfit against the 60
CAFE magnetotelluric stations for the TM/TE/tipper models. The blue line
shows root-mean-square misfit by station for the halfspace model (without a
tear or initial resistivity set for the upper slab), and the green line shows the

same for the augmented model (using a tear at the top of the slab and imposing
initial resistivity for the upper part of the slab). The overall root-mean-square
misfit values were 3.08 for the halfspace model, and 1.89 for the augmented
model.
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