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ABSTRACT

Within the Yellowstone National Park, Wyoming, the silicic Yellowstone
volcanic field is one of the most active volcanic systems all over the world.
Although the last rhyolite eruption occurred around 70,000 years ago,
Yellowstone is still believed to be volcanically active, due to high
hydrothermal and seismic activity. The earthquake data used in this study
cover the period of time between 1988 and 2010. Earthquake relocations
and a set of 369 well-constrained, double-couple, focal mechanism
solutions were computed. Events were grouped according to location and
time to investigate trends in faulting. The majority of the events has

oblique, normal-faulting solutions.

The overall direction of extension throughout the 0.64 Ma Yellowstone
caldera looks nearly ENE, consistently with the direction of alighments of
volcanic vents within the caldera, but detailed study revealed spatial and
temporal variations. Stress-field solutions for different areas and time
periods were calculated from earthquake focal mechanism inversion. A

well-resolved rotation of o3 was found, from NNE-SSW near the Hebgen
6



Lake fault zone, to ENE-WSW near Norris Junction. In particular, the o3
direction changed throughout the years in the Norris Junction area, from

being ENE-WSW, as calculated in the study by Waite and Smith (2004), to

NNE-SSW, while the other o3 directions are mostly unchanged over time.

The Yellowstone caldera was subject to periods of net uplift and subsidence
over the past century, explained in previous studies as caused by expanding
or contracting sills, at different depths. Based on the models used to
explain these deformation periods, we investigated the relationship
between variability in aseismic deformation and seismic activity and
faulting styles. Focal mechanisms and P and T axes were divided into
temporal and depth intervals, in order to identify spatial or temporal trends

in deformation.

The presence of “chocolate tablet” structures, with composite dilational
faults, was identified in many stages of the deformation history both in the
Norris Geyser Basin area and inside the caldera. Strike-slip component
movement was found in a depth interval below a contracting sill, indicating

the movement of magma towards the caldera.



CHAPTER 1

INTRODUCTION

While most part of volcanism on the Earth is associated with plate
boundaries along subduction zones and mid ocean ridges, some volcanoes
are located within continental and oceanic plates. Long-lived, deep-seated
mantle plumes are thought to provide the source of heat for the long-term
volcanic activity at intraplate hotspots. This is the case for Yellowstone,
which is located 1600 km east of the western North American plate

boundary.

Within the Yellowstone National Park, Wyoming, the silicic Yellowstone
volcanic field is one of the most active volcanic systems all over the world.
It is located in a tectonically active zone of extension at the eastern edge of

the Basin and Range Province.

The Yellowstone Plateau volcanic field is a clear example of a
compositionally bimodal rhyolite-basalt igneous field: the rhyolites

comprise many lava flows and three major sheets of welded ash-flow tuff
8



separated by unconformities (Christiansen, 2001). The geologic history of
the field defines cycles, all of which show a similar sequence of volcanic
events: the climax has always been an eruption of a voluminous sheet of
rhyolitic ash-flow tuff and the formation of a large caldera while, before
and after the eruption, basalts were erupted around the margins of major

rhyolitic volcanism (Christiansen, 2001).

During the past two million years there had been three caldera-forming
eruptions, at 2.0, 1.3 and 0.64 Ma; the most recent eruption caused the
formation of a 45 km by 70 km collapse caldera that subsided up to 500 m
along normal faults on the caldera rim. Since then, the caldera has been
covered by at least 30 rhyolitic and basaltic flows (Christiansen, 2001). This
late Cenozoic volcanism of Yellowstone is known to have been of latest
Pliocene and Pleistocene age, even though it was believed to have occurred

in late Tertiary time.

Although the last rhyolite eruption occurred around 70,000 years ago,
Yellowstone is still believed to be volcanically active, due to a high
hydrothermal and seismic activity and to episodes of deformation inside

the caldera. Many studies have shown that the caldera was subject to a
9



period of net uplift of up to 1 m, at 15 mm/yr, from 1923 through 1984,
followed by a 20 mm/yr subsidence that exceeded 190 mm through 1995,
and a 5-year return to a minor uplift starting from early 1996 (Pelton and
Smith, 1979; Dzurisin et al., 1994; Wicks et al., 1998). This period of
uplifting was followed by renewed subsidence (0.9 cm/yr) until 2004, when
the caldera started to experience an accelerated uplift, at the incredible
rate of 7 cm/yr (Chang et al., 2007). These data refer in particular to the

area inside the caldera near the Sour Creek resurgent dome.
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Figure 1.1: General geologic map of the Yellowstone volcanic field and
surrounding region. Major surface rock types, caldera boundaries,
Quaternary normal faults, Pleistocene volcanic vents, resurgent domes and
major lakes are shown. Number and letter symbols denote: |, Huckleberry
Ridge caldera (2.0 Ma); Il, Henry’s Fork caldera (1.3 Ma), Ill, Yellowstone
caldera (0.64 Ma); ML, Mallard Lake resurgent dome; SC, Sour Creek
resurgent dome; HSB, Hot Springs Basin; HF, Hebgen Lake Fault; GF,
Gallatin Fault; TF, Teton Fault; JL, Jackson Lake; HL, Hebgen Lake; YL,
Yellowstone Lake; CJ, Canyon Junction; LJ, Lake Junction; MJ, Madison
Junction; MHS, Mammoth Hot Springs; NJ, Norris Junction; OF, Old Faithful
and YNP, Yellowstone National Park boundary (Christiansen, 2001).
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Seismic activity in the Yellowstone area varies somewhat according to the
changes in the deformation pattern. For instance, the change from uplift to
subsidence in 1984-1985 coincided with one of Yellowstone’s largest
swarms (Waite and Smith, 2002). Waite and Smith, in 2002, showed that
seismicity of the 1985 earthquake swarm could have been related to
hydrothermal or magmatic fluids originating beneath the Mallard Lake
resurgent dome and moving towards the northwest. The volume loss after
those fluids moved beneath the caldera may have caused the change in
movement from uplift to subsidence. In January 2010 the Yellowstone
caldera experienced another large earthquake swarm at its northwestern
boundary close to the location of the 1985 swarm. In the following five
months the caldera started the first overall subsidence since the beginning

of its uplift in 2004.

Yellowstone is best known as an area of abundant and spectacular
hydrothermal activity: no other area of the world is comparable in the
variety and intensity of such activity. It consists of tens of thousands of
geysers, fumaroles and hot springs. Although most of it occurs within the

ring-fracture zones, this activity extends locally across the caldera rim into

13



adjacent faulted areas (Christiansen, 2001). The most active hydrothermal
systems are those within and immediately adjacent to the caldera ring-
fracture zones. These features are the result of the meteoric water
circulation along fractures in the upper crust, which is heated from below
by crystallizing magma. The hydrothermal activity in the area is driven by
the convective and conductive heat flux, which is even more than 30 times
higher than the average heat flux of the North American continent
(Fournier, 1989). This high heat flux, estimated to be around 1800 mwW/m?,
is interpreted to be caused by the crystallization of partial melt of basaltic
or rhyolitic magma in a midcrustal magma body that underlies the caldera
(Fournier, 1989; Miller and Smith, 1999; Husen et al., 2004, Farrell et al.,

2014).

Yellowstone has also been the most seismically active region of the 1300-
km-long Intermountain Seismic Belt. One of the largest recorded events to
occurr within the 3000 km” caldera is the M, 6.1 (Ms 5.9) 1975 Norris
Junction earthquake (Pitt et al., 1979). The largest historic earthquake of
the area was the Mg 7.5 Hebgen Lake, Montana earthquake that occurred

in 1959 with an epicenter 25 km northwest of the Yellowstone caldera

14



(Doser, 1985). A significant proportion of Yellowstone seismic activity is
concentrated in the east-west trending zone north of the caldera.
Numerous other earthquakes, including many within the Yellowstone
caldera, are scattered widely in the area of Yellowstone National Park. The
caldera itself is characterized by frequent but smaller earthquakes, often
occurring in swarms. Seismicity is relatively sparse in the area immediately
south of the Yellowstone caldera to Jackson Hole (Smith and Arabasz,

1991).

The earthquake data used in this study are from University of Utah
Seismograph Stations (UUSS). The earthquake relocations were computed
by using the NonLinLoc package, created by Anthony Lomax. A set of 331
well-constrained, double-couple, focal mechanism solutions was computed,
first by using HASH (v 1.2, Hardebeck and Shearer, 2008), then with MOTSI
(Abers and Gephart, 2001). The Abers and Gephart (2001) method was then
used to calculate stress-field solutions for different areas and time periods
from earthquake focal mechanism inversion. The focal mechanism
inversion has shown variations both through space and time: the object of

this study is to evaluate the evolving stress field of the Yellowstone volcanic

15



plateau in order to find a mechanism which may have triggered this pattern

of variation.

16



CHAPTER 2

GEOLOGICAL AND GEOPHYSICAL CHARACTERISTICS OF THE YELLOWSTONE

VOLCANIC PLATEAU

2.1 Geologic setting

The Yellowstone Plateau, with an average elevation of about 2,400 m, is
surrounded to the north, east and south by the middle and southern Rocky
Mountains, which were built during the latest Cretaceous and early Tertiary
with the Laramide orogeny, a period of great thrusting and folding which
created expansive valleys and ranges (Christiansen, 2001). The Laramide
orogenic episode was a direct precursor of the predominantly andesitic
Absaroka volcanism of Eocene age in Yellowstone region, but neither the
Laramide tectonism nor the Absaroka volcanism seems to have had a
primary functional relation to the Yellowstone Plateau volcanism. To the
southwest, the Yellowstone Plateau stands above Island Park and the Snake
River Plain, a northeast trending structural depression about 300 km long
with elevations of about 1600-1900 m. The Snake River Plain volcanic field

extends 800 km to the west-southwest across part of Idaho, Oregon and

17



Nevada and it consists of deeply buried rhyolite and surface basalt flows
erupted while the North American Plate moved over the hotspot that now
is located below Yellowstone (Smith and Braile, 1994). Silicic volcanic
centers decrease in age from 16 Ma at the southwestern end of the Snake
River Plain to 0.63 Ma in Yellowstone (Armstrong et al., 1975; Christiansen

and Blank, 1972; Pierce and Morgan 1992).

Before the plateau volcanism occurred, the Yellowstone region looked like
an elevated mountainous terrain formed by differential uplift and tilting of
blocks surrounded by normal faults (Christiansen, 2001). Aligned
subsequent rhyolitic vents and minor younger faults suggest an old
connection between the Teton and Madison Ranges even if the two blocks
have opposite major tilts. Even the Red Mountains were probably
structurally continuous with the Gallatin Range before the formation of the
rhyolite plateau. In 1972, Ruppel proposed that the Gallatin and Teton
Ranges were joined beneath the plateau (Ruppel, 1972). These
reconstructions suggest a pattern of subparallel but locally branching or
intersecting fault-bounded blocks as is typical in the Basin and Range region

in the western United States.
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The stratigraphy of the Yellowstone Plateau volcanic field was first
described by Christiansen (1982). The oldest recognized products of the
plateau volcanism are between 2.2 and 2.1 Ma. Those rocks, exposed in the
northeastern part of Yellowstone National Park, are called Junction Butte
Basalt, and the rhyolitic lava flow of Snake River Butte, in southern Island
Park at the margin of what was going to become the first-cycle caldera.
Erupting at 2.1 Ma, the first ash-flow sheet of the Yellowstone Group was
the Huckleberry Ridge Tuff, which buried an area of 15,500 km? in a short
time, so that no erosion and no appreciable cooling of the deposit occurred
before the end of the eruption. The volume of magma erupted was huge,
about 2,500 km®. This resulted in the collapse of the magma chamber roof
to form the first-cycle caldera, between 75 and 95 km long. This caldera
extended from Big Bend Ridge, west of Island Park, to the Central Plateau.

Postcollapse rhyolitic lava flows erupted at this point.

The second volcanic cycle at 1.3 Ma consists of rocks exposed within a few
kilometers of Yellowstone National Park west boundary. During or just after
the eruption of more than 280 km® of the Mesa Falls Tuff from the Island

Park area, the source area collapsed and formed the second-cycle caldera

19



with a diameter of about 16 km. The west and the north rim of this second
caldera are nested against the north-west rim of the first-cycle caldera. This
is the reason why the Mesa Falls Tuff is distributed north of Island Park and
disappears beneath basalts of the Snake River Plain to the west, but most
Mesa Falls ash flows that swept southward and eastward were confined
within the older, larger caldera and subsequently were buried. Postcaldera
rhyolitic domes are exposed within and near the second-cycle caldera

(Christiansen, 2001).

Tectonism, erosion and burial have attenuated the geologic record of the
first two volcanic cycles, while the third cycle is much better-preserved. By
the time this cycle happened, two major calderas and their related ash-flow
plateaus had formed, and the calderas had been partly filled by rhyolitic
lavas. The third volcanic cycle started about 1.2 Ma when rhyolitic lavas
were erupted from a growing fissure system over a period of about 60,000
years around what was going to become the ring-fracture zone of the
Yellowstone Caldera. The highest activity of this cycle came with eruption

of the voluminous Lava Creek Tuff 640,000 years ago.
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2.2 The Yellowstone caldera

The third-cycle eruption, amassing more than 1000 km?, formed an ash-
flow plateau, called Lava Creek Tuff, that buried more than 7500 km? within
few hours or days. At the end of this eruption, the Yellowstone caldera
formed by collapse of the magma-chamber roof, producing an elliptical
basin 85 km long and 45 km wide. Even though the Yellowstone caldera is a
single topographic basin, it is made of two structural features as it is shown
by the two resurgent domes bounded by steeply inclined ring-fracture
zones, formed by a postcollapse uplift within the caldera. The Mallard Lake
dome and the Sour Creek dome lie near the centers of two approximately
circular segments of the caldera: the compound caldera has a definite
elliptical shape. The Sour Creek dome, the eastern structure, became
resurgent soon after collapse, as is typical of resurgent calderas. Even if by
structural analogy it was originally presumed that also the uplift of the
Mallard Lake dome happened early, the age and history of this dome was
reexamined and it was shown that the Mallard Lake dome must be about

160,000 years old. The faults within both the resurgent domes form a

21



complex graben along the northwest-trending structural axis (Christiansen,

2001).

The youngest known rhyolite flows on the Yellowstone Plateau are about
70,000 years old: no magmatic eruptions are known to have occurred

within or near the Yellowstone caldera after that time.

22
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Figure 2.1: A topographic map of the Yellowstone volcanic field, showing
the three calderas and Cenozoic faults as mapped by Christiansen (1984).
Caldera I: 2.0 Ma. Caldera II: 1.3 Ma. Caldera Ill: 0.63 Ma. The northern
boundary of the region is characterized by a topographic contrast that may
have been the result of the 2.0 Ma eruption. ML and SC, outlined with a
dashed line, represent the Mallard Lake resurgent dome and the Sour Creek
resurgent dome. Volcanic vents are highlighted by green stars and
Yellowstone and Hebgen lakes are outlined with a blue line. The
topographic data is provided by the USGS National Elevation Dataset.
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The magmatic history of the Yellowstone Plateau volcanic field must be
interpreted in relation to the late Cenozoic volcanism and tectonics of the
Snake River Plain and to the contemporaneous tectonics of part of the
Northern and Middle Rocky Mountains and the northern part of the Basin
and Range province. The Yellowstone Plateau volcanic field and the eastern
Snake River Plain are flanked by linear mountain ranges separated by
parallel valleys. The ranges and valleys generally trend northward in the
southern and eastern parts of the region, but farther north and west they
are toward the northwest. These parallel linear topographic features are
fault blocks, most of them tilted. The bounding faults are normal and they
are characterized by mainly dip-slip displacements, even if some of them
present a minor strike-slip component. Although the initial time of
extensional faulting was during the middle Miocene in the Northern and
Middle Rocky Mountains region, such movement clearly has continued in
the Yellowstone region without break to the present. Faulting inside and

around the Yellowstone Plateau has continued since the formation of the
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Yellowstone caldera 640,000 years ago and its filling, up to 70,000 years

ago, by rhyolitic lavas.

2.3 Previous work on the Yellowstone volcanic plateau

Recordings made with the permanent seismic network at Yellowstone have
been used for a large number of studies, including several studies of

earthquake focal mechanisms and stresses.

The first detailed study (Peyton, 1991), used data from 1973 to 1989.
Interpretation was limited to the area NW of the caldera, because of the
sparse seismicity within the caldera. The study revealed NNE-SSW
extension in that area. Geodetic studies have confirmed NNE-SSW
extension across the Hebgen Lake fault zone interpreted as post-seismic
deformation following the 1959 earthquake (Dzurisin et al., 1990; Savage et
al., 1993; Puskas et al., 2002). Results from permanent and campaign GPS
deployments show a rotation of extension from NNE-SSW in the Hebgen
Lake area to ENE-WSW south of the Yellowstone caldera (Puskas et al.,

2002).
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Waite and Smith (2004) examined for the first time the spatially varying
stress field at Yellowstone using the catalog of network-recorded
earthquakes. A rotation of extensional stress indicators was observed north
of the Yellowstone caldera, where the seismicity was the densest according
to the available data. It was impossible to resolve the state of stress within
and south of the caldera because those areas were characterized by a
shallow seismicity and unreliable focal mechanisms. It has been suggested
that Yellowstone volcanism interrupted continuous N-S striking normal
faults to the north and south of the Yellowstone caldera and that the
alignment of postcaldera volcanic vents within the caldera may represent
zones of weakness that link those features. In their study (2004), Waite and
Smith showed that the N-S striking faults to the north of the caldera may
not be active anymore, according to the minimum principal stress
directions. They showed that the N-S extension might be related to a
viscoelastic relaxation in the upper mantle and lower crust after the 1959
Hebgen Lake earthquake and to the migration towards northeast of the

Yellowstone hotspot. The overall N-S to E-W extension was consistent with

26



the crustal deformation at Yellowstone dominated by NE-SW Basin and

Range extension in this area.

The study by White et al. (2009) focused on seismic activity of the Teton
region, which is located south of the Yellowstone caldera. The earthquake
catalogues determined from three-dimensional seismic velocity models
revealed a seismically quiescent Teton fault with diffuse seismicity in the
southern Jackson Hole Valley area and notable seismicity eastward into the
Gros Ventre Range. Relocated Yellowstone earthquakes have shown a
dominant E-W zone of seismicity that extends from the aftershock area of
the 1959 Ms 7.5 Hebgen Lake, Montana, earthquake along the north side of
the 0.64 Ma Yellowstone caldera (White et al., 2009). Stress field
orientations derived from inversion of focal mechanism data revealed
dominant E-W extension across the Teton fault with NE-SW extension along
the northern Teton fault area and southern Yellowstone. The minimum
stress axes directions then rotate to E-W extension across the Yellowstone
caldera to N-S extension northwest of the caldera and along the Hebgen

Lake fault zone (White et al., 2009).
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2.4 Geophysical characteristics

Density models for the Yellowstone volcanic field incorporates results from
a major seismic refraction study by Smith et al. (1982) and Schilly et al.
(1982), three-dimensional P-wave tomographic imaging of Yellowstone by
Husen et al. (2004) and the tomographic analysis of the Intermountain
Seismic Belt by Lynch et al. (1997). The velocity structure of Yellowstone
reveals a P-wave low-velocity anomaly (4.0 to 4.8 km/s), at depths of about
3 to 9 km beneath the caldera that is inferred to be a zone of partial melt
Schilly et al., 1982. The more detailed and higher resolution tomography of
Husen et al. (2004) indicates that the anomaly has a P-wave velocity as low
as 4.6 km/s and is shallower near the Mallard Lake and Sour Creek

resurgent domes (DeNosaquo et al., 2009).

Gravity modeling assumed a granitic upper crust, a mafic granulite lower
crust and predominantly dunite mantle: the low velocity body corresponds
to a zone of presumed partial melt with density equal to 2470 kg/m>. The

density model suggests that this partial melt is relatively shallow (10 km)
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over the entire length of the caldera and shallower (7 km) about 10 to 20
km beyond the northeastern boundary of the Yellowstone caldera:
tomographic images of Husen et al. (2004) are poorly resolved in this area
because of a lack of seismic sources there. The density model by
DeNosaquo suggests also a variation in density within this body of partial
melting material, even though the gravity anomaly may also reflect
changing thickness or deeper thermal variations. The density is at its
minimum, which is 2470 kg/m? just beyond the northeastern border of the
caldera, where it is also the shallowest. Beneath the rest of the caldera the

partial melt has a density of 2520 kg/m?.

Yellowstone caldera is characterized by a very weak crust, due to a high
geothermal gradient: the strength models by DeNosaquo predict the
brittle-ductile transition in the Yellowstone caldera to occur at about 4 km

and a ductile behavior of the lower crust and mantle.
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CHAPTER 3

SEISMIC NETWORK

In this study, | used the data between 1988 through the beginning of 2010,
comprising 31,522 events, to determine earthquake focal mechanisms and
regional stress-field solutions. The University of Utah Seismograph Stations
(UUSS) operates the Yellowstone seismic network, that has consisted of up
to 47 short-period, vertical and three-component seismic stations, to
record and document earthquakes, locate epicenters and provide public
information and data for scientific research. The Yellowstone earthquake
catalog is based mainly on data from a telemetered seismic network in the
Yellowstone region. The U.S. Geological Survey operated this network from
1972 through 1981 and from 1984 until 1991 (Pitt, 1987). The USGS ceased
operation of the network in November 1981 and no data were recorded for
1982 or 1983. Until 1981, the data from this network were recorded at
Yellowstone Park Headquarters at Mammoth, Wyoming, and at the USGS

office in Menlo Park, California. The number of stations in the Yellowstone
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Figure D.4: Model stress-field solutions for areas 7 and 8, outlined in red in

the map.
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