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ABSTRACT

The size, frequency, and intensity of volcanic eruptions are strongly controlled by the
volume and connectivity of magma within the crust. Several geophysical and geochemical
studies have produced a comprehensive model of the magmatic system to depths near 7 km
beneath Mount St. Helens (Washington State, USA), currently the most active volcano in
the Cascade Range. Data limitations have precluded imaging below this depth to observe the
entire primary shallow magma reservoir, as well as its connection to deeper zones of magma
accumulation in the crust. The inversion of P and S wave traveltime data collected during the
active-source component of the iMUSH (Imaging Magma Under St. Helens) project reveals
a high P-wave (Vp)/S-wave (Vs) velocity anomaly beneath Mount St. Helens between depths
of 4 and 13 km, which we interpret as the primary upper—middle crustal magma reservoir.
Beneath and southeast of this shallow reservoir, a low Vp velocity column extends from 15
km depth to the Moho. Deep long-period events near the boundary of this column indicate
that this anomaly is associated with the injection of magmatic fluids. Southeast of Mount St.
Helens, an upper-middle crustal high Vp/Vs body beneath the Indian Heaven Volcanic Field
may also have a magmatic origin. Both of these high Vp/Vs bodies are at the boundaries of
the low Vp middle-lower crustal column and both are directly above high Vp middle-lower
crustal regions that may represent cumulates associated with recent Quaternary or Paleogene—
Neogene Cascade magmatism. Seismicity immediately following the 18 May 1980 eruption
terminates near the top of the inferred middle-lower crustal cuamulates and directly adjacent
to the inferred middle-lower crustal magma reservoir. These spatial relationships suggest
that the boundaries of these high-density cumulates play an important role in both vertical
and lateral transport of magma through the crust.

INTRODUCTION

Mount St. Helens (southwestern Washing-
ton State, USA) is part of the Cascadia volcanic
arc, a series of volcanoes striking parallel to
the west coast of the United States and Canada
resulting from subduction of the Gorda and
Juan de Fuca plates. The 18 May 1980 erup-
tion of this volcano was the most destructive in
United States history, with 57 deaths and >$1
billion in damage. Mount St. Helens, which is
on top of a mostly volcanic Oligocene to early
Miocene eastward-dipping Cascade predeces-
sor (Evarts et al., 1987), is shifted 50 km west
of the current Cascade axis, and is younger
than nearby volcanoes of the Cascadia arc;
recent volcanism began in this region at 300 ka
(Clynne et al., 2008). Prominent regional fea-
tures that may influence the Mount St. Helens
magmatic system include the large accreted
oceanic terrane Siletzia (Wells et al., 2014) and

the southern Washington Cascades conductor
(SWCC; Stanley et al., 1987). The eastern edge
of Siletzia, which extends from southern Oregon
to Vancouver Island (Wells et al., 1998), is at
the northwestern end of the Mount St. Helens
seismic zone, and it has been argued that this
boundary may strongly influence volcanism
and seismicity in the region (Parsons et al.,
1999). The SWCC is an electrically conductive
eastward-dipping zone that primarily underlies
the region between Mount St. Helens, Mount
Adams, and Mount Rainier (Stanley et al.,
1987). This unit was originally attributed to the
presence of forearc and/or accretionary prism
Cretaceous to Eocene marine rocks (Stanley et
al., 1987), although more recent studies argue
for a magmatic origin (Hill et al., 2009; Wan-
namaker et al., 2014)

Several studies using a variety of data sets
investigated the magmatic system beneath

Mount St. Helens following the 1980 erup-
tion. Seismicity, petrologic, and geodetic data
all suggest a simple magma reservoir between
5 and 12 km depth below sea level directly
beneath Mount St. Helens (e.g., Scandone and
Malone, 1985; Williams et al., 1987; Weaver et
al., 1987; Pallister et al., 1992, 2008). P-wave
seismic velocity models that image the top of
a low-velocity region at 7 km depth support
this magma reservoir model, although an addi-
tional small low-velocity body between depths
of 1 and 3 km below sea level has also been
imaged (Lees, 1992; Waite and Moran, 2009).
Below 7-10 km depth, knowledge regarding
the magmatic system degrades as seismicity
decreases and becomes more diffuse, limiting
both the resolution of seismic velocity models
and the inferences that can be made based upon
earthquake locations. Isolated from this seis-
micity is a cluster of deep long-period (DLP)
events southeast of the volcano concentrated
at depths between 24 and 32 km (Nichols et
al., 2011). Although the mechanism of DLP
events is still being investigated (e.g., Aso and
Tsai, 2014), several studies indicate that they
are associated with the injection of magmatic
fluids (White, 1996; Power et al., 2004; Hill
and Prejean, 2005).

DATA

The multidisciplinary iMUSH (Imaging
Magma Under St. Helens; http://imush.org)
experiment was designed to provide a com-
prehensive view of the entire magmatic system
from the subducting Juan de Fuca slab to the
surface. The active-source component of this
experiment recorded data from 23 450-900 kg
borehole shots and several regional earthquakes
at ~6000 seismograph locations (Fig. 1). As a
first view of the magmatic system, seismic wave
traveltimes along two lines of instruments ori-
ented N42E (X line) and S57E (Y line) were
inverted to produce two-dimensional (2-D)
seismic velocity models (see the GSA Data
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Figure 1. The iMUSH (Imaging Magma Under
St. Helens; http://imush.org) active-source
deployment. White dots show all instru-
ment locations. Black (N42E; X line) and
blue (S57E; Y line) dots are the two lines of
instruments used for this study; the white
stars along each line show shot locations.
Red stars are additional shot locations not
used in this study. Mount St. Helens is shown
with a red triangle, and Mount Adams and
Mount Rainier are labeled with MA and MR,
respectively. Pink region is the Indian Heaven
Volcanic Field (Hildreth, 2007); orange line
is the boundary of the southern Washington
Cascades conductor (SWCC) (Stanley et al.,
1996); black dashed line is the eastern bound-
ary of Siletzia as inferred from magnetic data
(Wells et al., 1998).

Repository'). Transmitted P and S waves were
recorded along both lines (Fig. DR1 in the Data
Repository). P-wave Moho reflections were also
recorded along both lines (Fig. DR1), although
these arrivals tend to have smaller amplitudes
west of Mount St. Helens (Hansen et al, 2015).
This combination of data enabled modeling of
P-wave seismic velocities throughout the crust
to depths of ~40 km, and S-wave seismic veloci-
ties to depths of ~15 km (Figs. DR2-DRS). It
should be noted that future 3-D modeling of the
entire active-source data set will likely resolve
smaller scale features than are observed in our
results. However, preliminary traveltime resid-
uals from the entire data set indicate that the
length scales of velocity anomalies are large
enough to support the use of 2-D modeling in
this region (Fig. DR15).

RESULTS

P-wave seismic velocities (Vp) exhibit con-
siderable lateral variations along both lines
(Fig. 2; Fig. DR9). Where the two lines meet,
relatively high Vp extends from near the volca-
nic edifice to the Moho. Within the lower crust,
this anomaly (H1 in Fig. 2) varies in width from
25 km beneath the Y line to 45 km beneath the
X line. An additional high Vp feature with simi-
lar width occurs near the Moho 40 km to the

!GSA Data Repository item 2016134, Figures
DR1-DRI15, descriptions of data, methods, resolution,
uncertainty, and additional models, is available online
at www.geosociety.org/pubs/ft2016.htm, or on request
from editing @ geosociety.org or Documents Secretary,
GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 2. A: Vp for the X
line. B: Vp for the Y line.
White stars at the surface
are shot locations, and
the white star in the sub-
surface is the location of
an M2.1 earthquake that
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occurred along the X line,
and is used in this study.
Magenta triangles mark
the location of Mount

St. Helens (MSH; Wash-
ington State, USA). Thick
black line is the Moho.
The underlying mantle
(gray region) is not mod-
eled. The labels H1, H2,
L1,L2, and L3 correspond
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southeast of Mount St. Helens on the Y line (H2
in Fig. 2B). Separating the two high Vp features
on the Y line is a low Vp column that extends
from the Moho to ~15 km (L1 in Fig. 2B; Fig.
DR12B). The middle crust generally has lower
Vp east of Mount St. Helens, and a prominent
low Vp anomaly exists 50-60 km to the north-
east on the X line at ~15 km depth (L2 in Fig.
2A). Near the southwest edge of the X line, a
low Vp anomaly occurs between 17 and 28 km
depth, and dips to the east (L3 in Fig. 2A). The
S-wave velocity (Vs) models show different
spatial distributions of velocity anomalies near
Mount St. Helens, with a low-velocity anomaly
dominating beneath the volcano (Figs. DR9 and
DR10). This leads to a high Vp/Vs body that is
~15 km wide and extends between 4 and 13 km
depth (F1 in Fig. 3), although these dimensions
are probably upper bounds due to resolution lim-
itations (Figs. DR2-DRS). Additional high Vp/
Vs features occur southwest (F2 in Fig. 3A) and
northwest (F3 in Fig. 3B) of Mount St. Helens
at distances of ~50 and 40 km on the X and
Y lines, respectively. A prominent high Vp/Vs
body exists 30—45 km southeast of Mount St.
Helens on the Y line between depths of 3 and 14
km (F4 in Fig. 3B), although the top of this body

to features discussed in
the text.

has relatively large uncertainties (Fig. DRS), so
this depth extent is probably an upper bound.

DISCUSSION

Seismic velocities are influenced by tem-
perature (Christensen and Mooney, 1995),
composition (Christensen, 1996), pore fluid
properties (Mavko, 1980), and pore geometries
(Takei, 2002). The Vp/Vs ratio can also be
affected by composition (Christensen, 1996),
although anomalies in this parameter are typi-
cally associated with fluid properties and pore
geometries (Takei, 2002). Given the context of
the high Vp/Vs body beneath Mount St. Helens
(F1in Fig. 3), the presence of melt provides the
best explanation for this anomaly. The top of the
anomaly at 4 km depth below sea level agrees
reasonably well with petrologic estimates of the
magma reservoir depth (Pallister et al., 1992),
and clusters of seismicity thought to be associ-
ated with pressure changes within the reservoir
(Weaver et al., 1987; Musumeci, 2002) extend to
the bottom of the Vp/Vs anomaly at 13 km depth
below sea level (Fig. DR13). In addition, more
recent seismicity is concentrated in a nearly
vertical, ~1-km-wide column extending from
beneath the summit crater to ~4 km depth, and

Figure 3. A: Vp/Vs for the
X line. B: Vp/Vs for the Y
line. The eastern boundary

of Siletzia (ESB) deter-
mined from magnetic data
is marked along each line
(Wells et al., 1998). The
Indian Heaven Volcanic

Field (IH) is labeled (red
bar) on the Y line (Hil-
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dreth, 2007) (MSH—Mount
St. Helens). The labels F1—
F4 correspond to features
discussed in the text.
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has been suggested to represent a highly frac-
tured conduit connecting the magma chamber to
the surface (Hansen and Schmandt, 2015). The
high Vp (Fig. 2) and Vp/Vs (Fig. 3) anomalies
beneath Mount St. Helens agree with studies
based upon gabbroic inclusions in recent erup-
tive products that argue that the magma reservoir
is interspersed with either a Miocene intrusive
complex (Williams et al., 1987; Pallister et al.,
2008) or a mafic pluton associated with crystal-
lization of basaltic magma that has intruded the
system over the past 3 k.y. (Heliker, 1995). Low
Vp/Vs regions surrounding the inferred magma
reservoir may be associated with quartzite
within the contact aureole (Fig. 3; Christensen,
1996). One feature observed in previous stud-
ies that is not present in our velocity models is
the small shallow low Vp anomaly between 1
and 3 km depth (Waite and Moran, 2009). As
resolution tests indicate (Figs. DR2 and DR4),
features with length scales below 5 km are not
well resolved with the 2-D data set.

In addition to the inferred magma reservoir
beneath Mount St. Helens, at least three regions
of high Vp/Vs exist southwest, northwest, and
southeast of the volcano. Both the southwest
(F2 in Fig. 3A) and northwest (F3 in Fig. 3B)
anomalies have eastern boundaries close to the
inferred eastern boundary of the accreted ter-
rane Siletzia (Wells et al., 1998). This implies
that the high Vp/Vs anomalies represent upper
sections of the accreted terrane, with the source
of the anomalies possibly being serpentinite
(Christensen, 1996). The southeastern Vp/Vs
anomaly (F4 in Fig. 3B) occurs below the Indian
Heaven Volcanic Field, several north-south—ori-
ented vents that produced 60—-80 km? of mostly
basalt between 780 and 9 ka (Hildreth, 2007).
The correlation between the high Vp/Vs body
and the Indian Heaven Volcanic Field suggests
that this subsurface feature is a zone of remnant
magmatic fluids associated with past volcanism.

Although a low Vp feature in the middle
crust (L2 in Fig. 2A) that correlates well with
the SWCC (Fig. 4A) is observed northeast of
Mount St. Helens, a lack of Vs resolution below
15 km (Fig. DR3) precludes an interpretation
of this body based upon Vp/Vs values. Using
magnetotelluric data, Hill et al. (2009) imaged
an upper crustal high-conductivity region ~20
km north of the high Vp/Vs body beneath Indian
Heaven Volcanic Field (F4 in Fig. 4B), which is
connected to the SWCC in the middle to lower
crust. Assuming that the high Vp/Vs and high-
conductivity upper crustal bodies are connected
may support a magmatic interpretation of this
shallow portion of the SWCC, although 3-D
modeling of the entire active-source data set is
needed to assess this conclusion.

As with the Vp/Vs anomalies beneath Mount
St. Helens and the Indian Heaven Volcanic Field,
itis important to consider the context of the low
Vp anomaly that extends from 15 km depth to

Figure 4. A: Summary of Vp and
Vp/Vs anomalies along the X line.

20
X Line (km)

B: Summary of Vp and Vp/Vs
anomalies along the Y line. The
background model is Vp. Red
transparent bodies are regions
with Vp/Vs >1.9 associated with
Mount St. Helens and the Indian
Heaven Volcanic Field (MSH, IH;
Washington State, USA). White
dots are earthquakes during the
first 24 h following the 18 May
1980 eruption scaled by magni-
tude within 3 km of each line.
Red squares are all deep long-
period (DLP) events between
1980 and 2015 within 3 km of

the Moho southeast of Mount St. Helens (L1 in
Fig. 2B) in order to interpret its origin. Specifi-
cally, the cluster of DLP events at the boundary
of this anomaly suggests that it is associated
with the injection of magmatic fluids into the
middle and lower crust (Fig. 4B). Additional
prominent middle—lower crustal Vp anomalies
include an east-dipping low Vp body southwest
of Mount St. Helens (L3 in Fig. 2A) and two
high Vp anomalies (H1 and H2 in Fig. 2) that
bracket the low Vp column associated with mag-
matic fluids (L1 in Fig. 2). Similar east-dipping
low Vp features have been observed north of
L3, and may be associated with subducted and
underplated sediments from the Juan de Fuca
plate (Calvert et al., 2011). In contrast, the high
Vp anomaly at the base of the crust beneath
Mount St. Helens (H1 in Fig. 2) has not previ-
ously been observed. Given its location beneath
an active volcano, and its velocity of ~8.0 km/s,
an ultramafic source of the anomaly is likely
(Christensen, 1996). In particular, this high Vp
region may represent lower crustal cumulates
(e.g., pyroxenites) associated with either recent
Quaternary or Paleogene—Neogene Cascade vol-
canism. The margins of these impermeable dense
cumulates may provide pathways for enhanced
magma ascent in the middle and lower crust,
which would explain the spatial correlation
between the high Vp lower crustal region and
the shallow reservoir beneath Mount St. Helens
(F1 in Fig. 4), as well as the locations of DLP
events near the boundary between the high (H1)
and low (L1) Vp anomalies in the lower crust
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each line. All earthquake and
DLP event locations are from
the Pacific Northwest Seismic
Network (PNSN; www.pnsn
.org) catalogue. The dash-dot
white outline overlaying the X
line velocity model in A is the
approximate location of the
southern Washington Cascades
conductor (SWCC) based upon
magnetotelluric data where
the seismic and conductiv-
ity models intersect (Stanley
et al., 1996). The H, L, and F
labels correspond to features
discussed in the text.

(Fig. 4). A similar argument can be made for the
high Vp anomaly southeast of Mount St. Helens
(H2 in Fig. 2B) underlying the Indian Heaven
Volcanic Field and the associated shallow high
Vp/Vs anomaly (F4 in Fig. 4B). We interpret the
low Vp column between these high Vp regions
(L1 in Fig. 4B) as a focus of lower crustal melt
accumulation from which magma ascends to
shallow storage zones.

The Vp and Vp/Vs results suggest that there
are at least two magma reservoirs that feed Mount
St. Helens (L1 and F1 in Fig. 4). No direct con-
nection between these reservoirs is imaged in the
2-D velocity models (Fig. 4), possibly suggest-
ing that magma transport between these bodies
is transient and involves a system of small-scale
dikes and sills. Seismicity between these res-
ervoirs is rare (Fig. DR11) with the exception
of a column of events that extended from the
edifice to 20 km depth immediately following
the 18 May 1980 eruption (Fig. 4). This column
of seismicity was probably associated with
stress changes within the upper—middle crustal
plumbing system due to volume loss following
the eruption (Barker and Malone, 1991; Moran,
1994). The orientation of the seismicity is similar
to northeast-striking fractures in the region, sug-
gesting that one or more of these fractures plays
an important role in transporting magma from
the middle crust to the shallow reservoir (Weaver
etal., 1987). The column of seismicity associated
with the 18 May 1980 eruption also terminates
near the top of the inferred middle—lower crustal
cumulate body beneath Mount St. Helens (H1 in
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Fig. 4) and adjacent to the inferred deep magma
reservoir to the southeast (L1 in Fig. 4). This
observation suggests that the top boundary of the
inferred cumulate body may serve as an inter-
face along which lateral migration of magma can
occur between the deep reservoir and the fracture
network that directly feeds the reservoir beneath
Mount St. Helens.
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