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Abstract

The 3-D P-wave velocity and P- to S-wave velocity ratio structure of the Yellowstone volcanic field, Wyoming,
has been determined from local earthquake tomography using new data from the permanent Yellowstone seismic
network. We selected 3374 local earthquakes between 1995 and 2001 to invert for the 3-D P-wave velocity (V) and P-
wave to S-wave velocity ratio (V,,/V5) structure. 7, anomalies of small size (15X 15 km) are reliably imaged in the
northwestern part of the model outside the Yellowstone caldera; inside the caldera only V), anomalies of large size
extending over several grid nodes are reliably imaged. The V,,/V solution is generally poorer due to the low number
of S—P arrival times. Only the northwestern part of the model is resolved with confidence; the V,/V solution also
suffers from strong vertical and horizontal velocity smearing. The tomographic images confirm the existence of a low
Vp-body beneath the Yellowstone caldera at depths greater than 8 km, possibly representing hot, crystallizing magma.
The most striking result of our study is a volume of anomalously low V,, and V,/V in the northwestern part of the
Yellowstone volcanic field at shallow depths of < 2.0 km. Theoretical calculations of changes in P- to S-wave velocity
ratios indicate that these anomalies can be interpreted as porous, gas-filled rock. The close spatial correlation of the
observed anomalies and the occurrence of the largest earthquake swarm in historic time in Yellowstone, 1985, suggest
that the gas may have originated as part of magmatic fluids released by crystallization of magma beneath the
Yellowstone caldera.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The Yellowstone volcanic field centered at the
Yellowstone National Park, Wyoming, thereafter
referred to as Yellowstone, is one of the largest
and most active silicic volcanic systems in the
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world (Smith and Siegel, 2000; Christiansen,
2001). The youthful volcanic history of Yellow-
stone was dominated by three cataclysmic cal-
dera-forming eruptions in the past two million
years (Christiansen, 2001). The youngest eruption,
at 0.64 million-years-old, formed the 40X 60 km
long Yellowstone caldera (Fig. 1). Since the last
cataclysmic eruption at least 30 dominantly ry-
holitic and basaltic flows, as young as 70 000 years
old, have been erupted, covering much of Yellow-
stone. Today, Yellowstone is still considered vol-
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canically active as indicated by its large hydro-
thermal system, its high seismicity, and episodes
of caldera-wide deformation including uplift of up
to 1 m from 1923 to 1984 followed by a rapid
change to subsidence that exceeded 25 cm to
1995 followed again by uplift since 1995 (Pelton
and Smith, 1979; Dzurisin et al., 1994; Wicks et
al., 1998).

With over 10000 geysers, hot springs, and fu-
maroles, Yellowstone has the world’s highest con-
centration of hydrothermal features. Most of the
active and recent hydrothermal features are within
the 0.64-Ma Yellowstone caldera (Fig. 1). They
are located either close to the outer edge of the
main ring fracture zone forming the caldera or
close to the margins of the resurgent domes,
which formed after the last caldera forming erup-
tion. The expansive hydrothermal system in Yel-
lowstone is, in general, the result of hot water
circulating along fracture systems in the upper
crust heated from below by crystallizing magma
(Fournier, 1989). Further evidence for a large
body of crystallizing magma beneath Yellowstone
comes from the extraordinarily high heat flux in
Yellowstone. The combined conductive and con-
vective heat flux at Yellowstone is estimated to be
1800 mW/m?, which is 30 times the continental
average (Fournier et al., 1976; Morgan et al.,
1977).

Seismologically, crustal magma bodies are gen-
erally characterized by low P-wave velocities (V)
and high P-wave to S-wave ratios (V,/V;). Pre-
vious local earthquake tomography studies at
Yellowstone (Benz and Smith, 1984; Miller and
Smith, 1999) imaged an extended body of low P-
wave velocity (V) at depths of 6-12 km confirm-
ing the likely existence of crystallizing magma be-
neath the Yellowstone caldera. The previous stud-
ies, however, used limited earthquake data up to
1994 and very little S-wave data owing to the
small number of three-component seismometers
in Yellowstone at that time. Nonetheless, due to
the sensitivity of Vp/V to changes in pore fluids
(Ito et al., 1979; Mavko and Mukerji, 1995) it is
an important parameter to image and detect fluids
in volcanic systems.

In this study, we extend the work by Benz and
Smith (1984) and Miller and Smith (1999) to im-

age the crustal structure beneath Yellowstone.
Since 1995 significant technical upgrades and ex-
pansion of the permanent seismic network at Yel-
lowstone have increased the number of three-com-
ponent stations to six (Fig. 1) providing more S-
wave data than the previous studies. We selected
3374 local earthquakes between 1995 and 2001,
providing 34 538 P-wave times and 5875 S-P ar-
rival times, to image the 3-D V/}, and V,/V struc-
ture of the upper crust beneath Yellowstone by
local earthquake tomography. Solution quality
of our tomographic model is assessed by analyz-
ing the resolution matrix and tests with synthetic
data. Our new results imaged the same low V-
body beneath the Yellowstone caldera detected in
previous studies. The most striking new result of
this study is a shallow body of low V}, and low
V! Vs beneath the northwestern part of Yellow-
stone. Theoretical modeling of V,/V; ratios sug-
gests that this seismic anomaly can be caused by
the existence of gas. The close spatial correlation
of the seismic anomalies and the occurrence of the
largest historic earthquake swarm in Yellowstone
further suggest that the gas may have originated
as part of a volcanic fluid system released by crys-
tallization of magma beneath the Yellowstone cal-
dera.

2. Local earthquake data

Yellowstone is the most seismically active re-
gion of the 1300-km-long Intermountain Seismic
Belt (Smith and Arabasz, 1991) that extends from
northern Montana to northern Arizona providing
an excellent source for local earthquake tomogra-
phy studies (Fig. 1). Seismicity in Yellowstone is
routinely observed at a permanent seismic net-
work. Since 1984, seismic data in Yellowstone
have been acquired, analyzed, and archived at
the University of Utah Seismograph Stations
(UUSS) (Nava and Smith, 1996). This study
uses data from 1995 to 2001 recorded at nineteen,
one-component, short-period seismometers and
six, three-component seismometers, two of which
were broadband seismometers (Fig. 2). The data-
set was augmented by data collected at a tempo-
rary deployment of broadband seismometers be-
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Fig. 1. Map of the Yellowstone area showing hypocenter locations between 1995 and 2001 (orange circles), seismic stations of
the permanent network (green triangles and squares), and mapped hydrothermal features (black stars). Hypocenter locations are
scaled by magnitude as indicated. Black lines outline the 0.64-Ma caldera boundary and location of the Mallard Lake (MD) and
Sour Creek (CD) resurgent domes. Dashed black line marks boundary of the Yellowstone National Park; dashed gray lines
mark state boundaries. Inset map shows location of the Yellowstone area in the US.

tween late 1990 and early 1994 to gather all avail-
able S-wave data (Miller and Smith, 1999).
P-wave arrivals are routinely picked at the
UUSS for all events; S-wave arrivals, however,
are only routinely picked if they show a clear
onset. We increased the number of available S-
wave arrivals by 20% by repicking events with a
local coda magnitude (M;)>1.0. S-wave arrivals
were only taken from horizontal components of
the three-component seismometers to reduce the
potential of picking precursors such as P to S
converted phases instead of the S-wave arrival.
Picking of S-wave arrivals at stations inside the

caldera was notably difficult; only a few clear ar-
rivals could be determined for these stations.
Both, P- and S-wave arrivals are weighted apply-
ing a0, 1, 2, 3 scheme corresponding to a picking
uncertainty interval of 0.06 s, 0.12 s, 0.30 s, and
0.60 s, respectively. A weight of zero is applied to
arrivals with the lowest uncertainty (0.06 s). To
account for the lower precision of S-wave arrivals,
the highest weight assigned by the UUSS for a
S-wave arrival is 2.

Due to coupling of seismic velocities and hypo-
center locations, local earthquake tomography de-
mands a careful selection of earthquake data to
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be used in the inversion. We inverted a subset of
482 high-quality earthquakes for a minimum 1-D
model (Kissling et al., 1994) that includes P- and
S-wave velocities and station delays. Prior to se-
lection for the 3-D inversion, all earthquakes were
relocated using the obtained minimum 1-D mod-
el. We finally selected 3374 earthquakes (Fig. 2),
applying the following selection criteria: (1) at
least 7 P-wave arrivals and 1 S-wave arrival,
(2) at least one observation within 1.5 focal depth
distance, and (3) an azimuthal gap <180°. The
second constraint is required to provide good con-

trol over focal depth since hypocenter locations
with no observations at nearby stations show
large uncertainties in focal depth (Husen et al.,
2003). The final data set consisted of 34538 P-
arrival times and 5875 S-P arrival times. Esti-
mated picking uncertainty is 0.15 s for the com-
bined data set.

The spatial distribution of selected earthquakes
is strongly heterogeneous (Fig. 2). Most of the
earthquakes are located in the northwest close
to the Hebgen Lake area, MT, just outside the
Yellowstone caldera. Seismicity within the caldera
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Fig. 2. Hypocenter locations selected for tomographic inversion of this study. 2-D P-wave and S-wave ray coverage is shown by
gray and black lines, respectively. Hypocenter locations are shown in map view and vertical cross sections in E-W and N-S di-
rection. Grey triangles and squares mark one-component and three-component seismic stations, respectively. Black lines mark
outline of the 0.64-Ma caldera boundary and resurgent domes. Lower right shows histogram of focal depth distribution of se-

lected hypocenter locations.
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is usually very shallow (0-4 km depth) requiring a
station within short distance for those earth-
quakes to be included in the tomographic inver-
sion. Consequently, a large portion of the seismic-
ity within the caldera could not be used in this
study due to the relatively sparse distribution of
seismic stations. Ray coverage of P-wave arrivals
is dense to the northwest of the Yellowstone cal-
dera and within the northern part of the Yellow-
stone caldera (Fig. 2); lack of seismicity and
sparser station distribution yield poor ray cover-
age in the southern and eastern part of the Yel-
lowstone caldera. The ratio between P- and S-
wave arrivals is very poor because of the low
number of three-component stations and the dif-
ficulties in picking precise S-arrivals at station in
the southeastern part of the caldera. Hence, good
S-wave ray coverage is restricted to the northwest-
ern part of the study area (Fig. 2). The heteroge-
neous ray coverage of P- and S-wave arrivals will
require a very careful analysis of the solution
quality of the tomographic model.
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3. Method

We used the computer code simulpsl4 (Thurb-
er, 1983; Eberhart-Phillips, 1990), extended by
Haslinger and Kissling (Haslinger and Kissling,
2001) for full 3-D ray shooting, to invert simulta-
neously for hypocenter locations and 3-D velocity
structure (¥, and V,/V;). The method inverts S-P
arrival times for V,/V; by projecting S—P arrival
time residuals into V,/V variations (Thurber and
Atre, 1993). S- and P-arrival time residuals are
computed by 3-D ray tracing through the corre-
sponding velocity models; the necessary S-wave
velocity model is derived from the ¥V, and V,/V
models. The inversion for V,/V; is preferable be-
cause V,/Vs (or equivalently Poisson’s ratio) is an
important parameter to infer fluid content and
mechanical rock properties. Furthermore, direct
comparison of 3-D P- and S-velocity models to
infer the 3-D V/V structure is hampered by the
tendency for S-velocity models to be more poorly
resolved than the P-velocity models (Eberhart-
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Fig. 3. Diagonal elements of the resolution matrix (RDE) and resolution contours (Reyners et al., 1999) of the (a) ¥}, and (b)
Vp! Vs solution at different depths. RDE are shown as scaled gray circles. Note different scaling for (a) and (b). Contour lines de-
note the area in which the values of the resolution matrix decay to 70% of the value of the RDE; green and red red contour
lines denote gird nodes with no and significant velocity smearing, respectively. Black triangles mark seismic stations.
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Fig. 4. Assessing solution quality of (a,c) V}, and (b,d) V,/V; model using synthetic checkerboard models. Recovered model after
five iterations is shown in plane view at different depths. Locations of high (+10%) and low (—10%) ¥}, input anomalies are
shown by blue and red squares, respectively; locations of high (1.73) and low (1.57) V,,/V; input anomalies are shown by red
and blue squares, respectively. Solid squares mark individual grid nodes of the model parameterization; white triangles mark seis-
mic stations



S. Husen et al. | Journal of Volcanology and Geothermal Research 131 (2004) 397-410

a)

11w 110w 1w 1ow

45N II 45N
- ‘_. - - = o . ‘._.7 ... - =

44 N 44 N
z=20km z=5.0km

45 N 45N

44 N 44 N

L z=80km L z=12.0km
1w 110w 11w 1How
-10 -8 -6 4 2 -1 0 1 2 4 6 8 10

% Vp (rel. to 1-D initial reference model)

403
b) nw 1o w 1w 10w
45N 45N
44N 44N
z=2.0km z=5.0km
45N 45N
o e [0 o 5
44N - 4N
L 2-80km L z=120km
1w 10w 1w 110 W

1.50 1.55 1.57 1.59 161 1.63 1.64 1.65 1.66 1.67 1.69 1.71 1.73 175 1.80
Vp/Vs ratio

Fig. 5. Assessing solution quality of (a) ¥}, and (b) V},/V; model using synthetic characteristic models. See text for explanation of
characteristic model. Recovered model after five iterations is shown in plane view at different depths. Locations of high (+10%)
and low (—10%) V, input anomalies are shown by blue and red squares, respectively; locations of high (1.73) and low (1.57)
Vp!Vs input anomalies are shown by red and blue squares, respectively. Solid squares mark individual grid nodes of the model

parameterization; white triangles mark seismic stations.

Phillips, 1990). This effect becomes important if
the number of S-wave arrivals is much lower than
the number of P-wave arrivals as in our study —
34 538 P vs. 5875 S-P arrival times.

Simulps14 solves the non-linear, coupled hypo-
center-velocity problem by a linearized, iterative,
damped least-square scheme. Each iteration con-
sists of an inversion for V, and V,/V; variations
and for hypocenter locations. After each iteration
new ray paths and new travel time residuals are
computed using the updated velocity models.
Damping values were selected to be 500 for 1,
and V,/V, by analyzing trade-off curves between
model variance and data variance (Eberhart-Phil-
lips, 1986). The chosen damping values provided
the largest reduction in data variance without in-
creasing model variance strongly, hence yielding
the smoothest solution to fit the data.

Assessing the correct model parameterization in

seismic tomography is a difficult task since solu-
tion and solution quality are strongly affected by
the chosen model parameterization (Kissling et
al., 2001). In simulpsl4 velocity models are de-
fined by grid nodes with linear interpolation in
between using the same grid nodes for V, and
Vp!Vs. We used tests with synthetic data and dif-
ferent model parameterizations to find the most
appropriate model parameterization. Final grid
node spacing was 15X 15 km in horizontal direc-
tion; grid nodes in vertical direction were posi-
tioned at —4.0 (above sea level), —1.0, 2.0 (below
sea level), 5.0, 8.0, 12.0, 16.0, and 21.0 km. The
high number of P-wave arrivals would support
finer grid spacing for the V}, model, in particular
in the northwestern part of the model, but the low
number of S-P arrivals did not. It would be pos-
sible to invert first for the V', model using a finer
model parameterization, and subsequently invert
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Fig. 6. Tomographic results of 3-D (a) V}, and (b) V,,/V; models. Results are in horizontal cross sections at different depths as in-
dicated. ¥}, velocity structure is shown as percentage change relative to 1-D initial reference model. V,/V velocity structure is
shown as absolute V,/V; ratios; initial V,/V; ratio was 1.65. Areas with no ray coverage are masked. White triangles mark sta-
tions used in the inversion. White lines contours areas of RDE > 0.05; black lines outline 0.64-Ma caldera boundary and location
of resurgent domes, respectively. Yellow stars mark mapped hydrothermal features (Christiansen, 2001) and large white star
marks location of the 1985 earthquake swarm (Waite and Smith, 2002).

for the coarser V,/Vs model by interpolating and
fixing V}, on the coarser model. Since we are in-
terested in interpreting 1, and V,/V; together,
this procedure would complicate the interpreta-
tion unnecessarily.

Linearization of the non-linear, coupled hypo-
center-velocity problem demands initial velocities
and hypocenter locations to be close to their true

values. We chose the minimum 1-D V}, model as
described above as initial reference model for the
V) inversion since it has been proven to be the
most appropriate initial reference model in local
earthquake tomography (Kissling et al., 1994). A
constant V,/V; of 1.65 determined by Wadati dia-
grams was used as initial estimate for the V,/V;
model. Solving for V,/V; makes the assumption

Table 1
Theoretical changes in V,/V; ratios computed from V,/V; =[Keff/ﬂeff]1/2
Porosity
Type of change 0 0.02 0.05 0.1
(%0) (7o) (%0) (%0)
Pore fluid: Liquid — gas 0 —0.6 —1.8 —8.0
AT =+100°C (liquid/gas) 0%/0% —0.6/0 —0.6/0 —1.7/0
AP =+50 Mpa (liquid/gas) 0/0 0/0.6 0/0.6 1.0/5.0

The effective bulk and shear modulus were computed using Gasmann’s relations (Gassmann, 1951). For changes in temperature
and pressure the corresponding changes for a liquid and gaseous pore fluid are given. See text for more details.
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Fig. 7. 3-D view of low V), beneath Yellowstone as imaged by local earthquake tomography in this study. Orange body outlines
location of a possible crystallizing magma body beneath the Yellowstone caldera; red body outlines location of shallow, possible
gas filled volume. Light green dots are hypocenter locations of the 1985 swarm. Dashed arrows denote possible fluid migration
from the crystallizing magma body towards gas filled volume thereby causing 1985 swarm activity. At lower plane of the 3-D
cube red line contours extend of the gas filled volume at 2.0 km depth; green dots are hypocenter locations of 1985 swarm.

that, given a heterogeneous V, model and un-
known Vs, it is more reasonable to estimate Vg
from the V, model using a constant V/V; than
to assume a homogeneous 1-D Vs model (Eber-
hart-Phillips and Reyners, 1997).

4. Solution quality

Heterogeneous distribution of source and re-
ceivers requires careful assessment of the solution
quality in seismic tomography, i.e. defining areas
of reliable solution and detecting possible arti-
facts. In general, the solution quality of a certain
volume or model parameter depends mainly on
the geometric distribution and density of rays
(ray coverage). Plotting resolution estimates such
as hit count, diagonal elements of the resolution
matrix (RDE), and spread function are common

ways to assess ray coverage (see e.g. Reyners et
al., 1999; Husen et al., 2000). RDE and resolution
contours for the V, and V,/V solution are shown
in Fig. 3. Resolution contours try to visualize
possible velocity smearing in 2-D, i.e. the depen-
dency of the solution of one model parameter on
its neighbors (Reyners et al., 1999). RDE are rel-
atively high (>0.5) and horizontal smearing is
small for the V), solution in the northwestern
part of the model (Fig. 3); within the Yellowstone
caldera RDE decrease rapidly and some signifi-
cant smearing becomes visible. Due to the low
number of S-P arrival times, RDE of the V,/V;
solution are significant smaller in the northwest-
ern part of the model; the area inside the Yellow-
stone is not resolved at all. Some horizontal
smearing is present even in the densest northwest-
ern part of the V,/V model.

Resolution estimates depend strongly on the
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chosen damping and model parameterization de-
grading the usefulness of resolution estimates to
assess the solution quality. Tests with synthetic
data are therefore indispensable to define areas
of good and low resolution. These tests usually
involve the construction of synthetic input veloc-
ity models and computation of synthetic travel
times using the source receiver distribution of
the real data set. Checkerboards (Humphreys
and Clayton, 1988; Zelt, 1998) or spikes (Spak-
man and Nolet, 1988) are common synthetic in-
put models to assess the amount of image blur-
ring in a data set. We constructed two
checkerboard models (Fig. 4): each consisted of
alternating high and low anomalies spanning over
two grid nodes in x- and y-direction; between the
anomalies one grid node was left open to test for
horizontal velocity smearing. Amplitudes of the
input anomalies were *10% and 1.57/1.73 for
the V, and V,/Vy model, respectively. The first
checkerboard model (Fig. 4a,b) had anomalies
placed at 2.0 and 8.0 km depth; in the second
model (Fig. 4c,d) anomalies were placed at 5.0
and 12.0 km depth. Contrary to regular checker-
board models, layers in between were left open to
test for vertical smearing.

As can be inferred from Fig. 4a,c resolution of
the northwestern part of the V', model is good at
all depths; only minor vertical smearing is de-
tected between 2.0 and 5.0 km depth. The north-
eastern part of the Yellowstone caldera is also
well resolved in the ¥, model at all depths with
some horizontal smearing towards the west. The
southern part of the caldera shows strongly de-
creased amplitudes of the input anomalies but
the checkerboard pattern is still discernible at
5.0 and 12.0 km depth. Recovery of the V,/V;
checkerboard model is much poorer. Only the
northwestern part of the model is resolved with
strong smearing between 2.0 and 5.0 km and be-
tween 5.0 and 8.0 km depth (Fig. 4b,c). There is
also strong horizontal smearing at 2.0, 5.0, and
8 km depth, which resulted in a shifted position
of the recovered anomalies (Fig. 4b,d).

Checkerboard tests or spike sensitivity tests as
described above cannot be used to assess the
power of the data to resolve a certain structure.
The ability of the data to resolve a fine-scale

structure such as a checkerboard does not imply
that large-scale structures can be resolved as well
(Leveque et al., 1993). Following Haslinger (1999)
and Husen et al. (2000), we designed a synthetic
input model, called the characteristic model, that
is based on the inversion results obtained with
‘real’ data. A characteristic model retains the sizes
and amplitudes (characteristics) of anomalies seen
in the inversion results but has rotated shapes and
different signs for the anomalies. Our character-
istic model (Fig. 5) has velocity anomalies at 2.0
and 8.0 km depth since these layers showed the
strongest anomalies after the inversion. Recovery
of the input structure is good for the V, model
although amplitudes at 8§ km depth in the eastern
part of the model are strongly decreased (Fig. 5a).
Recovery of the V,/V; input structure is fair with
strongly decreased amplitudes and strong vertical
smearing is visible. Note, how the structure
changed its shape at 5.0 km, which is clearly an
effect of horizontal and vertical smearing.

5. Tomographic results

After five iterations, our final tomographic
model for Yellowstone achieved a data variance
reduction of 62% and 77% for the 3-D ¥V, and the
V! Vs solution, respectively; weighted data root-
mean-square (RMS) misfit of the combined model
was 0.12 s, which is in the order of a priori pick-
ing uncertainty. The V, and V,/V; images reveal
several significant features (Fig. 6). At shallow
depth (2.0 km) a strong low V}, anomaly (—10%
relative to the initial 1-D reference model) is lo-
cated in the northwestern part of the model close
to the caldera boundary. A similar low }, anom-
aly is located further to the east just north of the
caldera boundary. Absolute velocities of both
anomalies are as low as 4.6 km/s. Based on our
tests with synthetic data both anomalies are well
resolved. A third strong low V), anomaly in the
northwest corner of the model is likely to be an
artifact of the inversion due to low resolution in
this area. The V,/V model shows a large low 1,/
Vs anomaly in the northwestern part of the model
close to the caldera boundary (Fig. 6). Absolute
Vp!Vs is as low as 1.57, which corresponds to a
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—5% change compared to the initial value of 1.65.
Due to the inherent vertical smearing and image
blurring we cannot distinguish if the anomaly is
located at 2.0 or 5.0 km depth. The close spatial
correlation of the V/V anomaly with the strong
low V,, anomaly, however, suggests that the V,/V
anomaly actually locates at 2.0 km depth. This is
further constrained by our test with the character-
istic model (Fig. 5), which placed an anomaly at
2.0 km depth and showed similar smearing as in
the ‘real’ tomographic images.

Large, low V, anomalies (—6% relative to the
initial 1-D reference model) are observed inside
the Yellowstone caldera at depths greater than
8 km (Fig. 6). Absolute V}, is as low as 5.4 km/s
at 8 km depth. Because of degrading resolution at
12 km depth we cannot resolve if these low V/,
anomalies continue to greater depth. The tomo-
graphic images suggest two isolated V', anomalies
focussed beneath the two resurgent domes (Fig.
6). Little horizontal smearing in this area (Fig.
3) would confirm this interpretation although gen-
eral resolution is only fair (Figs. 4 and 5). Un-
fortunately, poor resolution of the V,/V; model
inhibits any information on V,/V; inside the Yel-
lowstone caldera.

6. Discussion

At 8 km depth our V', model is in good agree-
ment with previously published velocity models
for Yellowstone (Benz and Smith, 1984; Miller
and Smith, 1999). These studies interpreted cal-
dera wide low V), as caused by increased rock
temperature due to the presence of a crystallizing
magma body. High V}, surrounding the Yellow-
stone caldera (Fig. 6) was interpreted as thermally
undisturbed basement and sedimentary rocks
(Miller and Smith, 1999). Because our V,/V; mod-
el does not resolve this part of the caldera we can
neither confirm nor disagree on the existence of a
crystallizing magma body beneath the Yellow-
stone caldera at depths =8.0 km. Given the vol-
canic history of Yellowstone and the existence of
a widespread hydrothermal system, it is likely to
expect crystallizing magma beneath the Yellow-
stone caldera. The lack of clear S-arrivals at sta-

tions in the southeastern part of the caldera, even
for events of sufficient large magnitude, may be
caused by high attenuation as the waves travel
through areas of elevated temperature. A similar
effect has been observed in the Andes for seismic
waves traveling through the active magmatic arc
(Haberland and Rietbrock, 2001).

Our new result is the detection of a strong low
Vp, and V,/V anomaly at 2 km depth in the
northwestern part of the model close to the cal-
dera boundary (Fig. 6). Seismic velocities and
V! Vs are sensitive to changes in pore-fluid con-
tent, temperature, and pore pressure (Ito et al.,
1979; Mavko and Mukerji, 1995). For solid
rock a theoretical V,/V; can be computed as:

Vp [Keff 4] 1/2
Y bl 1
Vs Uer 3 M

where K. and ur are the effective bulk and
shear moduli, respectively. The effective bulk
and shear moduli depend on rock matrix, pore
fluid content, porosity, pore pressure, and temper-
ature. In the presence of fluids, effective bulk and
shear moduli can be computed by Gassman’s
equations (Gassmann, 1951):

Ker Kay Kn

= =+ y Meff = r 2
Ko—Ker  Ko—Kary ¢(Ko—Kp) Horr = Hary - (2)

where Kqry and ygry are the effective moduli of dry
rock, Ky is the effective bulk modulus of pore
fluid, K is the bulk modulus of mineral material
making up the rock matrix, and ¢ is porosity.
Gassman’s equations assume statistical isotropy
of the pore space but are free of assumptions of
pore geometry. They are, however, only valid for
sufficiently low frequencies such that pore pres-
sures are equilibrated throughout the pore space.
This is usually fulfilled for low seismic frequencies
(<100 Hz). We can apply the relatively simple
Gassman’s equations because we only interpret
changes in Vp/Vs (in percent) due to changes in
the pore fluid. Absolute values of V,/V; are
strongly decreased as demonstrated by tests with
synthetic data in Section 5.

Using the empirical concept of critical porosity
¢ (Nur et al., 1995), Kqry and pgry (in Eq. 2) can
be expressed as:
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Kao =Ko (1-2)

c

Hary = Ho (1_%)

Table 1 lists theoretical changes in V,/V ratios
due to changes in pore fluid, temperature, and
pore pressure computed using Eqgs. 1-3. We as-
sumed a rock matrix of 60% quartz and 40% al-
kali feldspar. Bulk moduli of liquid (H,0) and gas
(CO,) were taken from fig. 14 of Batzle and Wang
(1992) and computed using eqs. 9-11 of Batzle
and Wang (1992), respectively. Results from Bat-
zle and Wang (1992) are based on conditions typ-
ically encountered in oil exploration. Their ap-
proximations, however, are adequate as long as
pseudoreduced pressure and temperature are not
both within about 0.1 of unity (Batzle and Wang,
1992). For Yellowstone, these conditions are met
for temperature and pressure conditions of 150°C
and 50 MPa at 2 km depth, assuming a conduc-
tive temperature gradient and hydrostatic pore
pressure. A critical porosity ¢. of 0.15 was as-
sumed based on a similar study in Iceland (Miller
et al., 1998).

As inferred from Table 1, a change in pore fluid
from liquid to gas produces a significant decrease
in Vp/V; for high porosities. A porosity of 10%
causes a decrease of 8% in V,/V; that is close to
what we observe in the tomographic images. The
effect of increasing temperature on V,/V; is al-
ways smaller than that for a change in pore fluid.
An increase in pore pressure causes a positive
change in V,/V; for high porosities, which is con-
trary to what we observe in the tomographic im-
ages. The strong decrease in V,/ Vs for a change in
pore fluid from liquid to gas is caused by the very
low bulk modulus of gas, which is several magni-
tudes smaller than the bulk modulus of liquids.
Consequently, the presence of gas should not be
only indicated by a negative V,/Vs anomaly but
also by a strong negative V}, anomaly as we ob-
served it in our tomographic results.

Earlier work in Yellowstone indicated low ¥,/
Vs caused by the presence of hot water at temper-
atures and pore pressures near the water—steam
transition (Chatterjee et al., 1985), but these
were restricted to a few hydrothermally active

, for p<¢.. (3)

areas of Yellowstone. Areas of low V,/V, were
observed and interpreted as caused by gaseous
pore fluid in other geothermal and volcanic envi-
ronments, including The Geysers, CA (Julian et
al.,, 1996) and Long Valley, CA (Julian et al.,
1998). The decrease in V,/Vs was interpreted to
be caused by steam in The Geysers and CO; in
Long Valley. Although Yellowstone has extensive
hydrothermal activity (Fournier, 1989), no hydro-
thermal features are mapped in the area of the
observed low V, and V,/V anomalies (Fig. 6)
excluding steam as a possible gas. On the other
hand, cooling of a large magmatic body beneath
Yellowstone would release a significant amount of
magmatic fluids including both liquids and gas
(Fournier, 1989, 1999). CO, is a major compo-
nent of magmatic fluids and isotopic signatures
of soil CO, in the Mud Volcano area in the center
of the Yellowstone caldera suggest a deep origin
(Werner et al., 2000). These fluids may occasion-
ally migrate outward from the Yellowstone cal-
dera, perhaps inducing earthquake swarms such
as the large 1985 earthquake swarm (Waite and
Smith, 2002), which was located directly beneath
the observed V}, and V,/V; anomalies (Figs. 6 and
7).

The depth of the V, and V,/V, anomalies at
2 km suggests a model in which CO, could mi-
grate upwards towards the surface. Unfortu-
nately, no data on soil CO; is available in this
area due to its remoteness and associated logistic
difficulties. Large emissions of CO, at the surface
can result in significant tree killing due to in-
creased soil CO, concentrations as it has been
observed at Mammoth Mountain, Long Valley,
CA (Farrar et al., 1995). Unfortunately, a large
wildfire in 1988 burned most of the northwestern
part of the Yellowstone region erasing any poten-
tial evidence of trees killed by CO;.

It is tempting to interpret the second anomaly
of low ¥V, to the east and north of the caldera
boundary (Fig. 6) as evidence for another gas
filled body. However, V,/V; in this area is not
resolved. Furthermore, this negative V, anomaly
locates close to the Norris-Mammoth corridor, a
deep graben bounded to the west by the Gallatin
fault. It is filled with low-velocity alluvium and
colluvium, which were imaged as well in previous
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seismic studies (Benz and Smith, 1984 ; Miller and
Smith, 1999).

7. Summary and conclusions

We have tomographically imaged the 3-D
and V,/V structure beneath the Yellowstone vol-
canic field (Figs. 6 and 7). The low number of
three-component seismometers, however, limited
the number of available S-P arrival times, and
thus good resolution of the V,/Vs model is con-
fined to the shallow upper crust in the northwest-
ern part of the Yellowstone caldera. The tomo-
graphic images confirm the existence of a large
body of low V), at depths greater than 8 km be-
neath the Yellowstone caldera. Based on previous
results, this body may represent crystallizing mag-
ma. Our new result is the detection of a low V},
and a low V,/V; anomaly in the shallow crust of
the northwestern part of Yellowstone. Computed
changes in V,/V; ratios indicate that this anomaly
can be modeled as a change in pore fluid from
liquid to gas — likely CO, — at shallow crustal
depths. The close spatial correlation of the ob-
served V}, and V,/V; anomalies with the location
of the 1985 earthquake swarm suggests a model in
which CO; as part of magmatic fluids exsolved
from a large crystallizing magma body beneath
the Yellowstone caldera and occasionally mi-
grated outwards of the Yellowstone caldera
(Fig. 7). Our results show a strong similarity
with volcanic processes at the Long Valley Cal-
dera, CA, where CO, emissions killed trees fol-
lowing a large earthquake swarm in 1989 (Farrar
et al., 1995; Hill et al., 1990). The results further
suggest that the release of magmatic fluids at
greater depth and their subsequent accumulation
at shallow depth are important volcanic processes
that may pose a risk to human safety.
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