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Distribution of melt beneath Mount St Helens and
Mount Adams inferred from magnetotelluric data

Graham J. Hill"?*, T. Grant Caldwell', Wiebke Heise"3, Darren G. Chertkoff*, Hugh M. Bibby’,

Matt K. Burgess®, James P. Cull?> and Ray A. F. Cas?

Three prominent volcanoes that form part of the Cascade
mountain range in Washington State (USA)—Mounts
St Helens, Adams and Rainier—are located on the margins of
a mid-crustal zone of high electrical conductivity'*. Intercon-
nected melt can increase the bulk conductivity of the region
containing the melt®’, which leads us to propose that the
anomalous conductivity in this region is due to partial melt
associated with the volcanism. Here we test this hypothesis
by using magnetotelluric data recorded at a network of 85
locations in the area of the high-conductivity anomaly. Our
data reveal that a localized zone of high conductivity beneath
this volcano extends downwards to join the mid-crustal
conductor. As our measurements were made during the
recent period of lava extrusion at Mount St Helens, we infer
that the conductivity anomaly associated with the localized
zone, and by extension with the mid-crustal conductor, is
caused by the presence of partial melt. Our interpretation is
consistent with the crustal origin of silicic magmas erupting
from Mount St Helens®, and explains the distribution of
seismicity observed at the time of the catastrophic eruption
in 1980 (refs 9, 10).

The magnetotelluric method determines the conductivity struc-
ture of the crust by using electric currents induced in the earth by
natural fluctuations in the Earth’s external magnetic field. More
precisely, the conductivity (o) or resistivity (o =1/0) is inferred
from measurements of the amplitude and phase relationships
between the surface electric and magnetic field vectors as a func-
tion of period. Previous magnetotelluric data'™ from a series of
widely spaced lines in southern Washington first showed that a
conductive zone, the Southern Washington Cascades Conductor
(SWCC), occurs in the region between Mounts St Helens, Adams
and Rainier (Fig. 1).

The conductance (or conductivity—thickness product) of a body
of conductive rock within a resistive host may also be determined
using a related magnetovariation technique’, which uses the
relationship between simultaneous magnetic field measurements
at different locations. Magnetovariation measurements® later
confirmed the extent and location of the SWCC (Fig. 2), but these
measurements and other more recent long-period magnetotelluric
measurements'! are too widely spaced to be able to determine
details of the magmatic system beneath the volcanoes or their
relationship to the SWCC. Here we report results from a detailed
magnetotelluricsurvey of a 35 x 35km? area around Mount
St Helens and from a line of magnetotelluricmeasurements across
the southern part of the SWCC between Mount St Helens and
Mount Adams (Fig. 1).

As the period increases, the magnetotelluricphase response, a
tensor (®), becomes more sensitive to structure at greater depth and
insensitive to any distortion produced by localized heterogeneities
near the surface, whereas the amplitude response will be distorted at
all periods'. For this reason we use the phase tensor ® (represented
graphically by an ellipse) to illustrate the magnetotelluricdata and
induction vectors' (also insensitive to distortion by near-surface
heterogeneities) to illustrate the vertical magnetic-field response
functions. (See Methods for details.)

Figure 2 shows observed phase-tensor ellipses and induction
vectors (real part) at a period of 85s superimposed on the
magnetovariation conductance map’. The colour of the ellipses
shows the geometric mean (9,) of the maximum and minimum
phase differences between the magnetic and electric field, that is,
the phase averaged over the inducing field’s polarization direction.
This parameter provides an indicator of the vertical conductivity
gradient, values greater than 45° indicating increasing conductivity
with increasing depth. High &, values occur in the northeastern
part of the survey area, in good agreement with the region of high
conductance inferred from the magnetovariation measurements’.

Also shown in Fig. 2 are contours of the phase-tensor skew
angle'? (B), which is a co-ordinate invariant measure of the asym-
metry produced in the phase response by asymmetries present in
the underlying (three-dimensional, 3D) conductivity distribution.
High skew values (8 > 4°) immediately east of Mount St Helens im-
ply that the conductivity structure adjacent to the volcano is asym-
metric. An indication of the overall resistivity structure along the
profile between Mounts St Helens and Adams can be seen directly
in the phase-tensor pseudo-section shown in Fig. 3. Phase values
greater than 45° for periods between 3 and 300 s east of Mount St
Helens (grey background in Fig. 3) suggest a region of high conduc-
tivity in the mid-crust coinciding with the location of the SWCC.

The variation in the orientation of the phase-tensor ellipses
in Figs2 and 3 shows that the conductivity structure around
Mount St Helens is 3D. However, the overall orientation of
the major ellipse axes on the Mount St Helens—Mount Adams
profile (Fig. 3) is roughly east—west, suggesting that the regional
conductivity structure strikes approximately north-south. In
this situation, a two-dimensional (2D) inversion of the profile
data (Fig.3) will give reasonable results provided that the
magnetotelluricdata (in particular the phase) corresponding to an
induced current flow perpendicular to the conductivity structure
are weighted more strongly in the inversion than the corresponding
orthogonal components'*'>.

The data were inverted using both 2D and 3D inverse-resistivity
modelling algorithms'®!” for the profile and a 35 x 35km? area
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Figure 1| Locations of magnetotelluricmeasurement sites, Mount
St Helens and nearby Cascades volcanoes. The box drawn around Mounts
St Helens and Adams in the inset map outlines the area of the
magnetotelluricsurvey shown in the adjacent map. White and red dots
show the locations of the magnetotelluricmeasurements; measurement
sites shown in red were used for the phase-tensor pseudo-section (Fig. 3)
and 2D inversion (Fig. 4a). The east-west line (red) shows the profile onto
which these measurements were projected. The coloured area shows the
region of high conductance®. The green-to-orange transition corresponds
to the 3 x 103 S contour in Fig. 2.

shown respectively in Figs 1 and 2. Both algorithms seek to find
a resistivity model that fits the data with a minimum amount of
model structure or ‘roughness’ (Supplementary Methods).

The most striking feature of the inverse 2D resistivity model
(Fig. 4) is the conductor beneath Mount St Helens that extends
eastward to Mount Adams and downwards to join a thick tabular
conductive zone at about 15 km depth. This mid-crustal conductor
corresponds well with the location of the SWCC in this region. A
broad zone of high conductivity, also connected to the mid-crustal
conductor, occurs beneath Mount Adams. The robustness of the 2D
inversion near Mount St Helens was tested by removing the station
from within the crater above the conductor and by inverting data
from a SW-NE line through the volcano. The two tests produce
similar models (Supplementary Figs. S4 and S5).

The features seen in the 2D model are reproduced by the 3D
inversion and the agreement between the 2D and 3D model cross-
sections (Fig. 4) is good given the differences in model geometry
and discretization (much coarser in the 3D model). However, as can
be seen in the depth slices (Fig. 4c—e), the 3D model shows that the
localized area of high conductivity under Mount St Helens becomes
a 15-km-long dyke-like feature at deeper levels before merging with
the mid-crustal conductor at ~15 km depth.

To check the robustness of the 3D inversion, the forward
response of a simplified version of the inverse model was
calculated'®, omitting the small areas of high conductivity that
occur adjacent to the main conductive features (Supplementary
Fig. S7). This simplified model reproduces the main features of
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Figure 2 | Phase-tensor ellipses and induction vectors (real parts) at a
period of 85.3 s. The background colour shows the SWCC conductance
anomaly®. Background contours show the topography (contour interval
100 m) centred on Mount St Helens. The phase-tensor ellipses have been
normalized by the maximum phase value, with the ellipse colour indicating
the geometric mean (@,) of the maximum and minimum phases.
Foreground contours show the phase-tensor skew angle. Note the area of
high skew angle (>4°) offset just east of the volcano. This feature is a
result of the connection of the magma conduit beneath Mount St Helens to
the mid-crustal conductor that we identify with the SWCC (refs 1, 2).

the observed phase response, suggesting that the small areas of
high conductivity are not well constrained by the data and have
little or no significance.

The connection between the high-conductivity region beneath
the volcano and the edge of the mid-crustal conductor in the
northeast will promote downward current flow into the mid-crustal
conductor, leading to an asymmetric phase response at long peri-
ods. This connection provides an explanation for the asymmetric
phase response (skew angles > 4°) observed adjacent to Mount St
Helens (Fig. 2). We tested this explanation by calculating'® phase
tensors for simple 3D models of the conductivity structure with
and without the link between near-surface and deep conductors.
Breaking the link changes the phase response drastically; only a
continuous conductive pathway produces an asymmetric response
similar to that observed (Supplementary Fig. S8).

The magnetotelluricmeasurements reported here were made
during a period of active magma extrusion and the obvious
interpretation is that the vertical conductive zone beneath Mount
St Helens marks the magma conduit supplying the volcano. The
location of the conductive zone is consistent with the location of
the shallow melt zone under the volcano inferred from seismicity®!°
and tomographic inversions of earthquake data'*. The connection
between the vertical conductor beneath Mount St Helens and
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Figure 3 | Phase-tensor ellipse pseudo-section for the east-west line of measurements across the SWCC. The ellipses are plotted so that the horizontal
axis corresponds to an east-west orientation. The zone (grey background) where the minimum phase is >50° corresponds to the SWCC (Fig. 2) and the
mid-crustal conductive zone in the resistivity models (Fig. 4). The phase signature of the magma conduit beneath Mount St Helens can be seen as a
column of nearly circular ellipses beneath the crater with large-eccentricity ellipses to either side. A similar pattern occurs beneath Mount Adams. High
phases east of Mount Adams are a consequence of a near-surface layer of high conductivity (Fig. 4).
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Figure 4 | Resistivity models. a, 2D resistivity model of the east-west line of magnetotelluric measurements across the zone of high conductance shown in
Fig. 1. b=e, 3D resistivity model derived from the magnetotelluricdata in a 35 x 35 km? area around Mount St Helens. b, The resistivity along an east-west
cross-section though the centre of Mount St Helens. The black dots in a,b, show the earthquake hypocentres recorded during the 1980 eruption®.

c-e, Depth slices with observed phase tensors at periods of 0.1, 1.8 and 85 s respectively approximately corresponding to the depths of the slices.

the mid-crustal conductor northeast of the volcano suggests that The SWCC has previously been interpreted'= as an eastward-
the high conductivity in the mid-crustal conductor is also a dipping band of conductive marine sediments trapped during
consequence of the presence of an interconnected melt fraction accretion at the continental margin. This interpretation is based
between ~2 and 12% (see Supplementary Discussion). on one-dimensional modelling at widely spaced measurement
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sites, which were then stitched together. We see no evidence of
an eastward-dipping high-conductivity zone in our 2D and 3D
modelling. High seismic velocities beneath the northern part of the
SWCC are also inconsistent with the presence of marine sediments
at depths between 10 and 20 km (ref. 21).

Another possible explanation for the high conductance in the
SWCC is the presence of an interconnected network of aqueous
fluid at the grain boundaries of the rock matrix. The most
abundant xenoliths (gabbros) found in the Mount St Helens
eruptives show evidence of penetration by water-rich fluids before
their incorporation (and partial melting) in the 1980 magma®.
However, it was concluded® that these xenoliths originated at
much shallower depths than the source of the Mount St Helens’
dacites. The presence of quenched residual melt in some xenoliths
demonstrates that high-temperature basaltic melt resides in the
lower reaches of the magma reservoir®. This makes the existence
of a separate aqueous phase at deeper levels unlikely, as its presence
would promote melting.

The mid-crustal zone of partial melt suggested by the conduc-
tivity structure (Fig. 4) provides a consistent explanation for key
features seen in the petrology and seismicity. Eruptive products
at Mount St Helens vary compositionally from basalt to dacite®,
the range reflecting mixing between mafic and silicic magmas®*.
The origin of the dacitic magma at Mount St Helens has been
attributed to either partial melting of the lower crust® or melting of
the underlying subducting slab®®; the basaltic component originates
from partial melting of the mantle wedge?”’. The conductivity
structure (Fig. 4) suggests that the dacitic magmas erupted from
Mounts St Helens and Adams originate from a large zone of partial
melt within the mid-crust rather than the slab.

The locations of earthquakes® recorded near Mount St Helens at
the time of the 1980 eruption are concentrated near the margins
of the conductive zone (Fig.4). The seismicity extends more
deeply in the west than in the east, where it terminates near
the top of the mid-crustal conductor. A zone of partial melt is
expected to be aseismic owing to the weakening effect of the melt
fraction consistent with the lack of earthquakes located within the
conductive zone. The seismicity observed at the time of the eruption
would be expected at the margins of the melt zone, where the
shear stress between the rising magma and surrounding rock would
be greatest. The interpretation that the high-conductivity zone at
~15km depth northeast of the volcano is due to partial melt thus
neatly explains the difference in the depth extent of the seismicity
east and west of the volcano.

The mid-crustal conductive zone below ~15km (Fig. 4) cor-
responds to the location of the SWCC (refs 1-5) in the area
east and northeast of Mount St Helens (Figs 1 and 2). A single
magnetotelluricsounding made just south of Mount Rainier (site
633, Fig. 1) has a similar phase response to soundings between
Mounts St Helens and Adams. This raises the possibility that the
entire SWCC marks a single laterally extensive zone of partial melt
in the mid-crust. High heat-flow values®® measured in the area of
the SWCC provide support for this possibility. A zone of partial melt
extending northward from Mount St Helens to near Mount Rainier
would be comparable in area to the largest silicic volcanic systems
known? (for example the Taupo Volcanic Zone in New Zealand?,
also underlain by a mid-crustal conductor®®). More broadband
magnetotelluricdata and other geophysical investigations in the
wider region of the SWCC are required to further test the possibility
that the whole SWCC marks a layer of partial melt.

Methods

The magnetotelluricamplitude and phase relationships used to determine

the subsurface conductivity structure are expressed by frequency-domain or
period-dependent transfer functions between the various components of the
electromagnetic field measured at the surface. Details of the instrumentation and
data processing used for these measurements are given in Supplementary Methods.
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The (complex) transfer functions take the form of an ‘impedance tensor Z’
defined by the relation E = ZH between the horizontal components of the electric-
(E) and magnetic- (H) field vectors, and an induction vector K defined by the scalar
product —K-H = H,, where H, is the vertical magnetic field component and K has
been defined' so that the vector points in the direction of increasing conductance.
These functions represent the normalized inductive response of the earth to the
fluctuations in the earth’s external magnetic field. In simple layered or quasilayered
situations, skin depth ~0.5,/(pT) in kilometres (where T is the period and p is
some representative measure of the overlying resistivity) can be used as a crude
estimate of detection depth.

The information contained in the impedance tensor for conductivity
variations at depth is contained in the phase and shape of the amplitude response
as a function of period rather than the amplitude or magnitude response, which is
subject to distortion by localized near-surface conductivity heterogeneities'?. As
the phase response is free of the distortion in the electric field produced by such
heterogeneities (known as galvanic distortion), it provides a way of visualizing the
magnetotelluricresponse from depth without many of the complications produced
by near-surface structure. The magnetotelluric phase response is represented by
the tensor ® = X~'Y, where X and Y are the 2 x 2 matrices representing the real
and imaginary parts of Z. It is easy to show that ® is independent of galvanic
distortion'?. As K does not depend directly on the electric field it is also less sensitive
to galvanic distortion than the amplitude response contained in Z.

Graphically, the phase tensor (@) is represented by an ellipse'?. This can be
coloured in different ways to emphasize different aspects of the response, providing
a distortion-free way of visualizing aspects of the conductivity structure at depth
directly from the (period-domain) data. For example, in a simple 2D situation the
orientation of the ellipse axes (that is, the principal axes of the tensor) indicates
the direction of steepest horizontal conductivity gradient or its normal in a similar
fashion to the induction vectors'.

In general, @ is symmetric only where the conductivity structure around the
measurement site is symmetric. For example, if the conductivity is 2D (that is, mir-
ror symmetric), ® is symmetric. The departure of ® from symmetry is thus a mea-
sure of the asymmetry present in the underlying conductivity structure, which can
be expressed by the skew angle 8 =0.5tan™'[( §, — @,,)/( P11 + P1)]. Ina 2D, or
quasi-2D, situation, where g is zero or small (respectively), the phase-tensor ellipse
will have either its major or minor axes aligned with the ‘geoelectric’ strike direction.

Although the phase response is sensitive to changes in conductivity,
information on the magnitude of the amplitude response (usually represented
by an apparent resistivity) is required before the geometry and resistivity of the
conductivity structure can be determined. Because of this requirement (regularized)
nonlinear inversions'®!” of the magnetotelluricdata must be used to construct
images of the subsurface resistivity (see Supplementary Methods for details).
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