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Abstract

High-resolution aeromagnetic data acquired over Yellowstone National Park (YNP) show contrasting patterns
reflecting differences in rock composition, types and degree of alteration, and crustal structures that mirror the
variable geology of the Yellowstone Plateau. The older, Eocene, Absaroka Volcanic Supergroup, a series of mostly
altered, andesitic volcanic and volcaniclastic rocks partially exposed in mountains on the eastern margin of YNP,
produces high-amplitude, positive magnetic anomalies, strongly contrasting with the less magnetic, younger, latest
Cenozoic, Yellowstone Plateau Group, primarily a series of fresh and variably altered rhyolitic rocks covering most of
YNP.

The Yellowstone caldera is the centerpiece of the Yellowstone Plateau; part of its boundary can be identified on the
aeromagnetic map as a series of discontinuous, negative magnetic anomalies that reflect faults or zones along which
extensive hydrothermal alteration is localized. The large-volume rhyolitic ignimbrite deposits of the 0.63-Ma Lava
Creek Tuff and the 2.1-Ma Huckleberry Ridge Tuff, which are prominent lithologies peripheral to the Yellowstone
caldera, produce insignificant magnetic signatures. A zone of moderate amplitude positive anomalies coincides with
the mapped extent of several post-caldera rhyolitic lavas. Linear magnetic anomalies reflect the rectilinear fault
systems characteristic of resurgent domes in the center of the caldera. Peripheral to the caldera, the high-resolution
aeromagnetic map clearly delineates flow unit boundaries of pre- and post-caldera basalt flows, which occur
stratigraphically below the post-caldera rhyolitic lavas and are not exposed extensively at the surface.

All of the hot spring and geyser basins, such as Norris, Upper and Lower Geyser Basins, West Thumb, and
Gibbon, are associated with negative magnetic anomalies, reflecting hydrothermal alteration that has destroyed the
magnetic susceptibility of minerals in the volcanic rocks. Within Yellowstone Lake, which is mostly within the
Yellowstone caldera, aeromagnetic lows also are associated with known hydrothermal activity in the lake. Many of
the magnetic lows extend beyond the areas of alteration and hot springs, suggesting a more extensive currently active
or fossil hydrothermal system than is currently mapped. Steep magnetic gradients, suggesting faults or fractures,
bound the magnetic lows. This implies that fractures localize the hot springs.

Magnetic gradient trends reflect the mapped Basin and Range structural trends of north and northwest, as well as
northeasterly trends that parallel the regional trend of the Snake River Plain and the track of the Yellowstone hot
spot which follow the Precambrian structural grain. These trends are found both at small scales such as in
hydrothermal basins and at more regional fault scales, which suggests that the regional stress field and reactivated
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older structures may exert some control on localization of hydrothermal activity. © 2002 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Yellowstone National Park (YNP), rimmed by
a crescent of older mountainous terrain, has at its
core the Quaternary Yellowstone Plateau, an un-
dulating landscape shaped by forces of volcanism
and later glaciation. Much of YNP is covered by
young sediments, Quaternary volcanic rocks, veg-
etation, and water, obscuring fracture systems
that localized active and fossil hydrothermal sys-
tems as well as rhyolitic and basaltic lava flows
that formed during early eruptive phases of the
Yellowstone caldera. Aeromagnetic data provide
a means for seeing through surficial layers and are
a powerful tool for delineating crystalline base-
ment beneath cover rocks and estimating depths
to the Curie temperature of subsurface rocks in
the region (Bhattacharyya and Leu, 1975). How-
ever, previously acquired aeromagnetic data were
not useful for small-scale geologic mapping. In
this paper, we present new low-altitude aeromag-
netic data flown with closely spaced flight lines
that have been integrated with geologic mapping
and magnetic property measurements and com-
pare it with the previously obtained, low-resolu-
tion data. Our new data allow us to identify the
extent of individual geologic units, fractures, and
the distribution of hydrothermally altered areas.

1.1. Geologic framework

YNP is known for its widespread Quaternary
volcanic rocks, but much of its northern and east-
ern portions are covered by Eocene, andesitic vol-
canic rocks of the Absaroka Volcanic Supergroup
(Smedes and Prostka, 1972) and scattered expo-
sures of Paleozoic carbonate rocks and Precam-
brian granitic gneisses (Fig. 1). These rocks may
partially underlie the Quaternary volcanic suite
(e.g. Christiansen and Blank, 1972).

Much of the active volcanic and tectonic fea-

tures are the result of large-scale processes that
have been occurring for the past 16 Myr and
are now focused at YNP. A series of volcanic
fields and nested large calderas has systematically
progressed from the 16-14-Ma McDermitt vol-
canic field on the Oregon—Nevada border north-
eastward across the Snake River Plain to the Yel-
lowstone Plateau volcanic field (Pierce and
Morgan, 1992). Location of the large-scale mag-
matic and tectonic activity has been controlled by
the southwest passage of the North American
plate over a thermal plume or disturbance and
has been referred to as the track of the Yellow-
stone hot spot (Zoback and Thompson, 1978;
Blackwell, 1989; Leeman, 1982, 1989; Pierce
and Morgan, 1992; Smith and Braile, 1994).
Over the past 2 Myr, the Yellowstone volcanic
field has evolved through three cycles of caldera-
forming activity, each forming its own caldera
fracture system and set of pre- and post-caldera
lava flows. Within the volcanic field, volcanism of
the first cycle at 2.1 Ma was spread over the
broad area of the Yellowstone Plateau and pro-
duced over 2500 km? of pumice and ash culminat-
ing with eruption of the Huckleberry Ridge Tuff.
This was followed at about 1.3 Ma by eruption of
the smaller volume (about 500 km?) Mesa Falls
Tuff, resulting in formation of the Henry’s Fork
caldera nested in the northwest margin of the first
caldera. About 1.23 Ma volcanism shifted back to
the northeast for the third and most recent cycle
culminating at 0.63 Ma with the eruption of the
Lava Creek Tuff from the Yellowstone caldera.
All three volcanic cycles in the Yellowstone Pla-
teau followed a similar series of development
stages (Christiansen, 1984). Regional tumescence
and generation of a ring-fracture system dominat-
ed stage 1 (cf. Smith and Bailey, 1968) through
which basalt and rhyolite flows erupted intermit-
tently over a relatively long period. Stage 2 was
marked by a short climactic episode of cataclys-
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mic, large-volume, caldera-forming ignimbrite
and ash eruptions and was followed by stage 3
where extrusion of rhyolitic lava flows filled
much of the caldera and some adjacent terrain.
A prolonged period of basaltic volcanism eventu-
ally concealed the caldera and comprises stage 4.
The latter two stages resulted in the partial to
complete filling of the caldera accompanied by
solfatara and hot spring activity (cf. Smith and
Bailey, 1968). Basalts also erupted intermittently
around the margins of the volcanic field during
the entire period of rhyolitic activity.

The most recent cycle of volcanism (stage 1)
continued for nearly 600000 yr as rhyolitic lava
flows were erupted along the margins of an incip-
ient ring-fracture zone (Fig. 2a). At approxi-
mately 0.630 Ma, cataclysmic eruption of more
than 1000 km? of pumice and ash produced the
Lava Creek Tuff (Fig. 2b) removing support from
its magma chamber and causing roof collapse
along two separate but overlapping ring-fracture
systems (Christiansen, 1984). The resulting elon-
gate, northeast-trending Yellowstone caldera is
more than 75 km long and about 45 km wide
(Fig. 2b). Its boundary is defined by the location
of low topography, fault scarps, and rhyolitic lava
flow vent locations (Christiansen, 1984). Emplace-
ment of rhyolitic lava flows (Fig. 2c) within the
Yellowstone caldera began immediately after
eruption of the Lava Creek Tuff. The Sour Creek
resurgent dome (Figs. 1 and 2c¢) was emplaced at
about 0.481%0.008 Ma (Gansecki et al., 1996,
1998). Rhyolites erupted in the Mallard Lake re-
surgent dome (Figs. 1 and 2c¢) between 0.516%
0.007 Ma and 0.198 +0.008 Ma (Gansecki et al.,
1996, 1998) and at 0.151 £0.005 Ma (Christian-
sen, 1984; Obradovich, 1992). Stage 3 rhyolitic
activity continued filling in the Yellowstone cal-
dera during three major pulses at about 0.158 Ma,
0.111 Ma, and 0.070 Ma (Christiansen and Blank,
1972; Christiansen, 1984; Hildreth et al., 1984;
Obradovich, 1992) (Fig. 2c). The margins of

the caldera have generally been buried by stage
3 volcanism. Basaltic activity, which usually
marks the final stage of each caldera cycle, has
not yet penetrated the floor of the Yellowstone
caldera; however, hydrothermal activity (stages
3 and 4), for which YNP is famous, is widespread
(Fig. 2d).

The renowned geysers, hot springs, and fumar-
oles of YNP may date from renewed magmatic
activity that started about 0.158 Ma (Fournier
et al., 1976). Several lines of evidence suggest
that the magmatic system that is the source of
the lavas and heat for the hydrothermal systems
is still active with temperatures in excess of 350°C
at very shallow depths (Fournier, 1989). Various
geophysical anomalies indicate a partially molten
magma body underlies large parts of the Yellow-
stone Plateau (Eaton et al., 1975). In addition,
gravity and seismic data have delineated thick
sections of fractured, fluid-saturated and altered
rock at depths as shallow as 2 km beneath the
northeastern edge of the caldera (Lehman et al.,
1982). A similar zone of fractured, altered rock
has been inferred from electromagnetic (Stanley
et al., 1991), seismic, and gravity data (Lehman
et al., 1982) along the Norris-Mammoth corridor,
north of the north-central caldera boundary. Epi-
sodic uplift and subsidence of the caldera floor
have been documented in leveling, trilateration
(Dzurisin et al., 1990; Pelton and Smith, 1982),
GPS, and radar interferometry studies (Wicks et
al., 1998). These deformation data are consistent
with magmatic fluid migration beneath the cal-
dera.

A belt of active faults (Pierce and Morgan,
1992) and seismicity (Anders et al., 1989; Smith
and Braile, 1994) forms a crescent-shaped parab-
ola with its apex at the northeastern end of the
Yellowstone Plateau that opens toward the topo-
graphically lower eastern Snake River Plain to the
southwest, marking the path of the proposed ther-
mal plume. North and west of the caldera and

Fig. 1. Color shaded-relief image of geologic map (colors) (U.S. Geological Survey, 1972) overlain on USGS digital elevation
model and bathymetry (Kaplinski, 1991) (shading) of YNP. The magenta line marks the Yellowstone caldera boundary as pro-
posed by Christiansen (in press); the southeast corner of the caldera is modified based on the new high-resolution magnetic data
presented in this paper and new bathymetric and seismic data from Yellowstone Lake (Morgan et al., in press). M= Mammoth

Hot Springs; N = Norris Geyser Basin.
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extending beyond the Park boundary, faults have
north, east, and northeast trends, whereas 100 km
northwest of the boundary, northwest trends pre-
dominate (Pierce and Morgan, 1992). In YNP, the
faults generally terminate at the Yellowstone cal-
dera (Locke et al., 1992). The north-trending
faults south of the Yellowstone caldera (Fig. 1)
define a block-faulted terrain tectonically equiva-
lent to the eastern marginal zone of the Great
Basin system of regional tectonic extension
(Christiansen and McKee, 1978; Smith and
Sbar, 1974). Within the caldera, the major faults
trend northeast (Fig. 1). These intersecting fault
trends suggest a locus of complex extension in the
Yellowstone region.

On a smaller scale, fractures may have influ-
enced the location of specific eruptive vents,
much as they appear to control the location of
hydrothermal features today (Kaplinski, 1991;
Morgan et al., 1977; Muffler et al., 1971). A key
to understanding the dynamics of caldera forma-
tion and the hydrothermal systems that character-
ize YNP is the distribution and activity of fracture
systems. However, it is often difficult to associate
earthquakes in the region with specific faults
(Smith and Braile, 1994).

2. Comparison of low- and high-resolution
aeromagnetic data

2.1. Low-resolution data

Previous workers at YNP (Bhattacharyya and
Leu, 1975; Eaton et al., 1975; Smith et al., 1974)
analyzed aeromagnetic surveys flown at relatively
constant elevations ranging from 3600 to 4300 m
above sea level along east-trending lines spaced
1600 m apart (U.S. Geological Survey, 1973).
Magnetic values were collected every 50-75 m
along the flight lines. The smallest three-dimen-
sional features that these data can resolve are
1600 m across. Interpretations were based on con-
tour maps of the data (Fig. 3).

The broad magnetic low over the caldera was
inferred to reflect shallow, hot silicic upper crust
and altered near-surface rocks (Eaton et al., 1975;
Smith et al., 1974). From these data, investigators

determined a 5- (Bhattacharyya and Leu, 1975) to
10-km (Smith et al., 1974) depth to the bottom of
the magnetized crust, assuming a Curie temper-
ature of approximately 580°C. The sources of oth-
er local magnetic lows on the map are sedimenta-
ry rocks and hydrothermally altered volcanic
units (Fig. 3; Eaton et al., 1975).

Magnetic highs in the northern and eastern
parts of YNP (Fig. 3) were related to Tertiary
volcanic rocks present in the topographically
high Absaroka Mountains (Fig. 1). In the south-
western part of YNP, the sources of the highs
along the caldera boundary were interpreted as
buried terrain composed either of highly magne-
tized Tertiary andesitic rocks (Eaton et al., 1975)
or intrusions (Smith et al., 1974).

Major faults in volcanic rocks appear as linear
alignments of closely spaced contours (Fig. 3).
The linear northwest-trending gradient along the
eastern portion of YNP beyond the northeastern
caldera boundary (Fig. 3) was inferred to be a
major crustal boundary (Smith et al., 1974).
Northwest-trending linear anomalies parallel the
Basin and Range structural trends whereas north-
east-trending anomalies mimic the structural grain
of the regional Precambrian rocks (Eaton et al.,
1975). Individual geologic units and local faults,
many having smaller dimensions than 1600 m, are
difficult to recognize in these low-resolution data.

2.2. High-resolution data

Recent improvements in navigation, data acqui-
sition, processing and imaging capabilities greatly
enhance the resolution of modern aeromagnetic
data and make it a useful tool for local geologic
mapping. The use of real-time differential GPS
navigation has decreased location-related errors
to less than 2 nT (Grauch and Millegan, 1998).
Modern magnetometers have a resolution of
0.01 nT and can cycle every 0.1 s which corre-
sponds to approximately one sample every 5-7 m
at typical fixed-wing flight speeds (Denham,
1997). New survey designs with relatively close
line spacing (<500 m) and low flight elevations
(<350 m draped above the terrain) permit reso-
lution of low-amplitude, short-wavelength mag-
netic anomalies (Grauch and Millegan, 1998).
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New aeromagnetic data over YNP were ac-
quired at an altitude of 350 m above the terrain
along north—south-trending flight lines spaced 400
m apart (U.S. Geological Survey, 2000). The aim
of this survey was to resolve features at scales
useful for mapping individual geologic units,
faults, and areas of alteration. To facilitate geo-
logic interpretation, several techniques can be ap-
plied to the magnetic data. The first step is to
reduce the observed magnetic data to the pole, a
technique designed to account for the inclination
of the Earth’s magnetic field (Fig. 4). Its principal
effect is to shift magnetic anomalies to positions
directly above their sources (Baranov and Naudy,
1964). An assumption in this correction is that the
remanent and induced directions are similar
(within about 25°, Bath, 1968). This assumption
holds for much of the area (see Table 1).

To differentiate topographic from geologic ef-
fects, we calculate a magnetic map associated with
terrain and compare it qualitatively with the ob-
served data. Several assumptions are made in the
calculation. We assume that the terrain is uni-
formly magnetized in the present Earth’s field di-
rection (inclination of 70°, declination of 15°) and
has a magnetic intensity of 2.5 A/m, similar to
values measured for the Quaternary flows and
the Lava Creek Tuff (Reynolds, 1977; L.A. Mor-
gan and S.S. Harlan, unpublished data; Table 1).
The magnetic anomaly is then calculated from a
digital terrain model on the same flight surface as
the observed magnetic data and reduced to the
pole. Comparison of the observed reduced-to-
the-pole magnetic anomalies (Fig. 4) with those
caused by uniformly magnetized terrain (Fig. 5)
draws attention to areas with buried magnetic
sources or places where the surficial lava flows
are not as magnetic or are thinner than expected.
If the shape of the observed magnetic anomaly
mimics that caused by terrain, but the amplitudes
of the anomalies are different, this may imply that
the topography does contribute to the observed
anomaly but has a magnetization different than
assumed.

Another way to facilitate geologic interpreta-
tion of the magnetic data is to estimate depths
to tops of magnetic sources. In order to estimate
minimum depths to sources from aeromagnetic

data, the magnetic contacts must be located.
This is done by applying a function to the aero-
magnetic data, called the maximum horizontal
gradient that is peaked over the contacts (Blakely
and Simpson, 1986; Cordell and Grauch, 1982,
1985). Once crests and strike directions of the
horizontal gradient are located, the minimum
depth of the contact can be estimated by perform-
ing a least squares fit to the theoretical shape of
the horizontal gradient over a contact (Phillips,
1997, 1999). It is also possible to transform the
magnetic data into the magnetic potential (or
pseudo-gravity anomalies) in order to simplify
the interpretation of magnetic anomalies. Gravity
anomalies over tabular bodies have their steepest
horizontal gradients over the edges of the bodies,
a property that can be exploited in magnetic in-
terpretation by transforming the magnetic data to
pseudo-gravity and calculating the maximum of
the horizontal gradient to locate edges (Blakely,
1995). In this case, estimates from the horizontal
gradient of the pseudo-gravity field represent
maximum depths (Phillips, 1999). Comparison of
the depths derived from the reduced-to-the-pole
(Fig. 6a) and pseudo-gravity (Fig. 6b) data shows
that the minimum depth to the tops of most sour-
ces within the caldera and along the Norris—-Mam-
moth corridor (between N and M, Fig. 4) is at the
surface (Fig. 6a) while the maxima are generally
above about 600 m (Fig. 6b). This indicates that
observed magnetic anomalies likely reflect the
near-surface geology. If the minimum depths ex-
ceed the average thickness of surface units (about
1000 m) (Fig. 6a), the source of observed mag-
netic anomalies may not be related to geologic
units near the surface.

Faults and fractures commonly produce linear
crests in the horizontal gradients of the aeromag-
netic data. To highlight trends in the aeromag-
netic data, we digitized linear patterns of the
peaks in the magnitude of the horizontal gradient
of the reduced-to-the-pole and pseudo-gravity
transformations of the aeromagnetic data that
we used for the depth calculations (Fig. 6). The
lineaments delineated from the pseudo-gravity
gradients represent deeper or more regional
boundaries than those drawn from the reduced-
to-the-pole gradients (Fig. 7).



Table 1

Susceptibility, NRM and total magnetization vectors for selected units at YNP

Geologic name Lat. Long. NRM vector Volume o Total magnetization vector
susceptibility
average
(°N) (°W) Dec. Inc. A/m average  SI units Dec Inc. A/m average
@) @) ) @)
Members of the Plateau rhyolite
post-caldera rhyolites
intra-caldera
Solfatara Plateau flow 44.7259 110.5394 4.5 64.2 4.57E+00 6.46E—04 2.26E+01 5.1 64.7 4.94E+00
Dry Creek flow 44.4429 110.6893 3259 62.9 5.56E+00 5.04E—04 2.22E+01 327.5 63.6 5.83E+00
Upper Basin member* 44.4427 110.8102 4 55.6 2.90E+00 6.38E—04 9.09E+00 4.7 57.3 3.25E+00
Upper Basin member* 44.7499 111.5024 346.7 62.8 5.26E+00 4.27E—-04 2.38E+01 347.6 63.2 5.50E+00
extra-caldera
Obsidian Creek member*  44.8862 110.742 358.2 60.9 2.90E+00 5.83E—04 9.86E+00 359.4 62 3.23E+00
post-caldera basalts
Madison River basalt 44.6608 111.0558 336.8 65.7 6.72E+00 9.09E—04 1.77E+01 338.9 66.3 7.22E+00
Swan Lake Flat basalt 44.9109 110.7421 346.1 58.7 1.16E+01 1.45E—03 1.65E+01 347.3 59.6 1.24E+01
Yellowstone Group
Lava Creek Tuff 44.1314 111.6672 49 64.6 5.94E+00 6.02E—04 2.13E+01 5.3 65 6.28E+00
Pre-caldera rhyolite
Lewis Canyon rhyolite 44.1519 110.6778 357.5 48.5 6.97E—01 2.14E—04 6.68E—01 358.9 51.9 8.10E—01
Lewis Canyon rhyolite 44.1931 110.6596 151.3 —50.5 5.18E—01 6.95E—04 1.53E+00 130.6 =57 2.54E—01
Absaroka Volcanic Supergroup
Lake Butte intrusion 44.5181 110.2849 170 —40.8  1.76E—01 1.18E—03 3.01E-01 44.8 77.7 5.33E—-01
Lake Butte intrusion 44.5136 110.2717 171.2 —39.8  2.28E+00 2.02E—03 2.36E+00 165.1 —14.7 1.46E+00
Langford Formation 44.4918 110.033 349.3 69.1 1.52E+00 1.89E—03 1.60E+00 359.3 70.3 2.59E+00
Absaroka Volcanic 44.4952 110.208 168 —534  1.69E+00 4.48E—03 7.79E—01 113.3 66.4 1.15SE+00

Supergroup dike

Earth’s field inclination = 70°, declination=15 ° and an intensity of 56 100 nT was used in the calculation of the total magnetization vector; Q = Koenigsberger ra-

tio.
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3. Utility of aeromagnetic data for mapping
geology and alteration

Interpretation of aeromagnetic data in Yellow-
stone is difficult for several reasons. Remanent
magnetization intensities and magnetic suscepti-
bilities vary widely, sometimes within the same
unit (Table 1; Reynolds, 1977; Oliver and Chris-
tiansen, 1998; L.A. Morgan and S.S. Harlan, un-
published data). The vector sum of the remanent
and induced components of the magnetic field, the
total magnetization, is reflected in the patterns on
the aeromagnetic map. In this volcanic region,
magnetic lows can be caused by, (1) topographi-
cally low areas, (2) hydrothermally altered vol-
canic rocks, (3) reversely magnetized igneous
rocks, or (4) non-magnetic rocks. Normally mag-
netized, fresh volcanic rocks in topographically
high areas commonly cause magnetic highs. The
presence of rugged topography composed of
strongly magnetic rocks complicates the interpre-
tation of aeromagnetic data (Grauch and Hud-
son, 1987; Grauch et al., 1997). Positive correla-
tion of anomalies with topography suggests that
rocks that compose the elevated terrain are nor-
mally magnetized. An inverse correlation can be
inferred for reversely magnetized rocks in areas of
high terrain (Grauch et al., 1997). Lack of corre-
lation with topography or with the mapped extent
of geologic units suggests that the magnetic sour-
ces underlie units exposed at the surface. Under-
standing the relation of magnetic anomalies to
surficial and buried rocks in YNP is best accom-
plished by comparing observed magnetic anoma-
lies with those expected from the topography, ex-
tent of mapped units, and using input from rock-
magnetic property measurements (Grauch et al.,
1997).

Detailed rock-magnetic studies for several vol-
canic units were conducted (Table 1). The volume
susceptibility and natural remanent magnetization

(NRM) values were averaged for each unit (L.A.
Morgan and S.S. Harlan, unpublished data). To-
tal magnetizations were calculated by adding the
NRM values and induced component, which was
obtained by multiplying the magnetic susceptibil-
ity by the intensity of the present Earth’s field at
the study area (56 100 nT). Susceptibilities range
from about 2X 1074 to 5x 1073 SI. NRM inten-
sities range from 0.6 to 7 A/m. Most of the mea-
sured NRM polarities are normal; reversed polar-
ities are concentrated in the Tertiary igneous
suites with the exception of the Quaternary pre-
caldera Lewis Canyon and Harlequin Lake rhyo-
lite flows.

The total magnetization intensities for the Qua-
ternary rocks range from 0.8 to 7.0 A/m with
most values above 2.0 A/m. For most of the mea-
sured samples, the remanent component domi-
nates the total magnetizations (Q > 1). The range
of total magnetizations (Table 1), along with
those measured in other studies (discussed below),
indicates that most of the lava flows and intru-
sions are magnetic enough to produce observable
magnetic anomalies.

3.1. Mapping of Tertiary andesitic rocks

The 53.0- to 43.7-Ma volcanic rocks of the Ab-
saroka Province display both normal and reversed
magnetic polarities (Harlan et al., 1996; L.A.
Morgan and S.S. Harlan, unpublished data; Ny-
blade et al., 1987; Sundell et al., 1984; Shive and
Pruss, 1977; Pruss, 1975). Limited magnetic sus-
ceptibility measurements of the Tertiary Absaroka
Supergroup range from 6-8x 1073 SI in andesitic
mudflows to 20-40x 1073 SI for a diorite dike,
andesitic lava flows, and flow breccias (Table 1;
Oliver and Christiansen, 1998). Limited measure-
ments of remanent magnetizations in the Tertiary
volcanic rocks range from about 0.2 to 2.0 A/m
with a reversed polarity direction in the Lake

Fig. 2. Major late Cenozoic volcanic features of the Yellowstone Plateau volcanic field (compiled and modified after Christiansen,
1984 ; Christiansen, in press; and Hildreth et al., 1984). (a) Stage 1: dark gray=basalt, light gray = rhyolite. The 2.1-Ma caldera
erupted the voluminous Huckleberry Ridge Tuff, (b) stage 2. Shaded area represents a schematic distribution of the caldera-form-
ing Lava Creek Tuff. (c) Stage 3. Dark gray=Lava Creek Tuff, light gray = post-caldera rhyolites. (d) Stage 4. Small x’s =loca-
tions of hydrothermal activity. The location of Yellowstone Lake is for reference only.
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Fig. 3. Magnetic map derived from several old aeromagnetic surveys (U.S. Geological Survey, 1973). Contour interval is 50 nT.
Lows are hachured. The bold line marks the Yellowstone caldera boundary.

Butte intrusion and an Absaroka dike (Table 1)
(L.A. Morgan and S.S. Harlan, unpublished
data). The observed magnetic data (Fig. 4) display
only a general correlation with that caused by
topography (Fig. 5). Topographic anomalies pro-
duced by formations with total magnetization
vectors within 25° of the present Earth’s field vec-
tor (Bath, 1968) and intensities greater than about
2.0 A/m, such as the Langford Formation (Table
1) in the Absaroka Mountains, correlate with the
observed aeromagnetic data. Estimates of depths
to magnetic sources are greatest beneath the Ter-
tiary rocks (Fig. 6) suggesting that many of the
sources are buried, despite the high bulk suscep-
tibility measured at the surface. The amplitudes of
the magnetic anomalies in the Absaroka Range
(Fig. 1) are higher than those for Tertiary rocks
in the western part of YNP and higher than what
would be expected from the topography. Eaton et
al. (1975) attributed this to volcanic source vents

in the east as opposed to alluvial facies in the
west.

One of the few places over which the observed
magnetic anomaly is positive and the magnetic
terrain anomaly negative contains the boundaries
of three post-caldera Quaternary rhyolitic flows
(locality T, southern part of the Yellowstone cal-
dera, Figs. 4 and 5). Estimates to the depth of the
source of this positive anomaly (T, Fig. 6) suggest
that it is buried several hundred meters below the
surface and therefore is probably not due to the
mapped Quaternary lava flows but may instead
relate to buried Tertiary andesitic lavas.

The deep, fault-bounded, glacially incised valley
beneath the Southeast Arm of Yellowstone Lake
(SE, Figs. 4 and 5) produces a linear magnetic low
adjacent to magnetic highs. To the east, the mag-
netic highs are related to the Tertiary andesitic
volcanic rocks, as is the magnetic high over the
promontory separating the Southeast Arm from
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Fig. 4. Color shaded-relief image of high-resolution, reduced-to-the-pole aeromagnetic data. Polygons outline selected geologic
units (above) (U.S. Geological Survey, 1972). Outlines of Quaternary lava flows (in white) digitized from Hildreth et al. (1984).
Letters denote locations discussed in the text. Boxes outline maps shown in Fig. 8.
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Fig. 5. Color shaded-relief image of the magnetic anomaly due to terrain uniformly magnetized in the present Earth’s field direc-
tion of inclination = 70°, declination = 15° and intensity =2.5 A/m and then reduced to the pole. Same legend as for Fig. 4.

the South Arm. West of the South Arm, the Qua-
ternary Lava Creek Tuff is exposed. Based on
similarities in magnetic expression to the Tertiary
andesites, we suggest that the Lava Creek Tuff at
this location is a thin veneer covering a much
thicker sequence of Tertiary andesitic lavas. The

shape of the low mimics the basement topography
as defined by seismic reflection data (Otis et al.,
1977), again suggesting that the Tertiary volcanic
rocks continue beneath this part of the lake. Re-
cent surveys with a submersible remotely operated
vehicle in this area of the lake have collected mul-



C.A. Finn, L.A. Morgan/Journal of Volcanology and Geothermal Research 115 (2002) 207-231 219

a)

R
ety

s
& T
e

o)

ke
'.l_-d

ol

et

Ha -
]

i}
1

44°30'N

i &

Py 0.9

; a'f%"i}-‘l 0.8

0.7

0 50KM 0.6

0.5

0.4

0.3

0.2

0.1

0.0

KM

I
W/

Fig. 6. (a) Estimates of depths of sources at the locations of the maximum horizontal gradients of the reduced-to-the-pole aero-
magnetic data. (b) Estimates to depths of sources at the locations of the maximum horizontal gradients of the pseudo-gravity
data.



220 C.A. Finn, L.A. Morgan/Journal of Volcanology and Geothermal Research 115 (2002) 207-231

tiple Tertiary volcanic rocks from the lake floor
(Morgan et al., in press).

3.2. Stage 1: pre-Yellowstone caldera events

The regional tectonic stress field during the ear-
liest stage (1.23 Ma) of the most recent caldera
development at YNP is reflected in the major,
active northwest- and north-trending faults asso-
ciated with Basin and Range extension (Fig. 1).
Comparison of the location of these faults with
the location of linear magnetic gradients shows a
general correlation where the faults cut magnetic
rocks (Fig. 7). The faults are primarily visible
north and south of the Yellowstone caldera
(Fig. 1). However, one of these fault systems (Ea-
gle Bay Fault) may extend from the south (Fig. 1;
locality B, Fig. 7) north through Yellowstone
Lake and may be associated with the older 2.1-
Ma Huckleberry Ridge caldera margin (Fig. 2a).
Focal mechanisms for earthquakes suggest nor-
mal faulting along this system (Smith et al., 1977).

Some of the pre-caldera lava flows whose rem-
anent magnetizations are of reversed polarity (Ta-
ble 1) do not produce magnetic lows on the map,
indicating that they are thin. An example is the
0.929+0.009-Ma Lewis Canyon flow (Obrado-
vich, 1992; Table 1) in the southern-most area
of the Park near 110°45°W longitude (locality L,
Fig. 4). There, the positive anomaly expected
from the uniformly magnetized terrain model (lo-
cality L, Fig. 4) corresponds to the observed mag-
netic data. In addition, the estimated depths to
the sources in that area (locality L, Fig. 6a) are
about 200-800 m below the surface. The Q values
are also low (L.A. Morgan and S.S. Harlan, un-
published data). All of these observations suggest
that the reversed part of the Lewis Canyon flow is
too thin to produce a magnetic low. Conversely,
in the western area of the map, the reversely mag-
netized member of the Mount Jackson Rhyolite,
the 0.839 £ 0.007-Ma Harlequin Lake flow (Chris-
tiansen and Blank, 1972; Obradovich, 1992), pro-
duces magnetic lows (L.A. Morgan and S.S. Har-
lan, unpublished data) around the caldera
boundary (Fig. 4, R, box a; Fig. 8a) and may
extend southwest along the ring-fracture zone.
The estimated depths to magnetic sources are

less than 200 m (Fig. 6), indicating a surficial
origin. The association of magnetic lows with
the exposed flows suggests that the reversed part
of the flow may be thicker and more extensive
than the 0.640-Ma normally magnetized (Christi-
ansen and Blank, 1972; Obradovich, 1992)
Mount Haynes member exposed nearby.

During stage 1, pre-caldera basaltic eruptions
occurred outside the Yellowstone caldera (Fig.
2a). In comparing the magnetic data (Fig. 4)
with the uniformly magnetized terrain data (Fig.
5) for the pre-caldera Undine Falls Basalt, we
observed linear, positive magnetic anomalies
(Fig. 4, box c; Fig. 8c) unrelated to topography
(Fig. 5, box d; Fig. 8d). The positive magnetic
anomalies of the Undine Falls Basalt extend far-
ther than its mapped extent indicating that this
unit continues under the adjacent sedimentary
rocks (UB, Fig. 8c).

3.3. Stage 2: cataclysmic eruption of the Lava
Creek Tuff and formation of the Yellowstone
caldera

The Lava Creek Tuff is normally magnetized
with remanent intensities ranging from 0.7 to
10.0 A/m (Table 1) and a wide range of bulk
magnetic susceptibilities typical of densely welded
ignimbrites exposed in a young, thermally active
volcanic terrain (Morgan and Christiansen, 1998;
Reynolds, 1977). Its alteration states range from
fresh, unaltered glass with typical susceptibilities
of 6x107% SI to extensive kaolinitic alteration
with susceptibilities near 2Xx107° SI (Morgan
and Christiansen, 1998). The low magnetic sus-
ceptibility values for the hydrothermally altered
rock are due to destruction of titanomagnetite
during the alteration process. This wide range of
bulk susceptibility values precludes clear identifi-
cation of the Lava Creek Tuff as an individual
geologic unit on the high-resolution aeromagnetic
map. The total magnetization values (Table 1) are
high enough to produce positive magnetic anoma-
lies over thick (>50-100 m) sections of the
ignimbrite. Thus, positive anomalies from the
Lava Creek Tuff are expected where it is exposed
in elevated terrain; such anomalies are observed
northeast of the caldera and along the Mam-
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Fig. 7. Map showing the maximum horizontal gradient of
the pseudo-gravity (purple lines) and reduced-to-the-pole
(blue lines) transformations of the magnetic field. (a) Dashed
magenta lines represent mapped faults (from U.S. Geological
Survey, 1972). B=Eagle Bay Fault; M=Mallard Lake
dome; S=Sour Creek dome and MP = Mirror Plateau. Solid
dots represent vents for the post-caldera lavas (from Christi-
ansen, 1984).

moth—Norris corridor (area south of Mammoth
(M) to the caldera boundary, Figs. 4 and 5).

The mostly buried boundary of the Yellow-
stone caldera is defined along its northwestern,
northeastern, and eastern boundaries on the aero-
magnetic map (Fig. 4) by a series of discontinu-
ous, negative magnetic anomalies reflecting low
topography (Fig. 5) and faults (Fig. 1). An addi-
tional series of discontinuous negative anomalies
within the topographic margin may reflect the
now-buried caldera ring-fracture zone (Fig. 2b)
as originally proposed by Christiansen (1984).
On the gradient map (Fig. 7), the topographic
boundary of the Yellowstone caldera and its inner
ring-fracture zone appear as a disconnected series
of lines.

3.4. Stage 3: post-Yellowstone caldera events

Post-caldera rhyolitic activity was initially con-
centrated near one of the caldera’s two resurgent
domes with eruption of the Canyon flow unit of
the Upper Basin member of the Plateau rhyolite
north of the Sour Creek dome (Figs. 1 and 2c).
Similar to many of the other post-caldera rhyolitic
lava flows, the Canyon flow does not have a mag-
netic signature that matches that expected from
the terrain (CF, Figs. 4 and 5). In this example,
the calculated anomaly due to terrain has a higher
amplitude (Fig. 5) than the observed (Fig. 4), in-
dicating that the actual intensity of magnetization
of the Canyon flow is lower than that estimated.
This discrepancy could be caused by the physical
state of the lava flow. Some areas, such as internal
fracture zones associated with thermal shrinkage
of the initial flow or along edges of flows, are
highly altered compared to other parts of the
flow, such as glassy flow tops which remain un-
altered. Field observations suggest many of the
rhyolitic lava flows interacted with water and
are hydrothermally altered to various extents.
The magnetic data may map the buried continu-
ation of a post-caldera rhyolite flow under Shosh-
one Lake (Fig. 1). The continuation of the pos-
itive magnetic anomaly associated with the
southern part of the Spring Creek Flow (S, Figs.
4 and 5) over the west side of Shoshone Lake
suggests that the flow underlies this part of the
lake.

Correlation of magnetic highs with terrain
anomalies of the West Yellowstone (WY) and
Summit Lake (SL) rhyolite lava flows along the
western edge of the caldera (Figs. 4 and 5) sug-
gests that they are the primary sources of the
anomalies, corresponding well with the estimated
actual intensity of magnetization. These units are
not as extensively altered as many. In contrast,
Eaton et al. (1975) interpreted these magnetic
highs as buried Tertiary rocks based on the pre-
vious, low-resolution data. The regional magnetic
low over the northern Summit Lake flow (north
of SL, Fig. 4) may represent an area where the
flow is thin (less than 50 m) and highly altered, or
possibly underlain by less magnetic, altered, or
older reversely magnetized flows.
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Fig. 9. Rose diagrams showing directions of trends of the maximum horizontal gradient of (a) the reduced-to-the pole magnetic

(Fig. 4) and (b) pseudo-gravity data. Black colors indicate trends outside the caldera; gray lines show trends within the caldera.
SE and SW trends are mapped into the NW and NE quadrants, respectively.

Basaltic activity continued intermittently netic anomalies with which it is associated on

throughout stage 3 with eruptions restricted to
areas outside of the caldera. The aeromagnetic
data are useful in delineating the areal extent of
some of the post-caldera basalt flows; in other
cases the aeromagnetic data may reveal more
about the feeder dikes of the basalt flows. For

the high-resolution magnetic maps (Fig. 8c,d).
The north-trending positive magnetic anomalies
may reflect fissures or feeder dikes within the ba-
salt flows or areas where the flow is relatively
thick or ponded (Fig. 8c). The north trend of
the magnetic anomalies parallels the orientation

of faults and the Norris-Mammoth corridor
(Fig. 1) (Pierce et al., 1991).

example, the mapped extent of the Swan Lake
Basalt is greater than the observed linear mag-

Fig. 8. See Fig. 4 for polygon boundaries. (a, ¢, e, g and i) Close-ups of the observed reduced-to-the-pole magnetic data (loca-
tions shown in Fig. 4). (b, d, f, h and j) Close-ups of the magnetic anomaly due to uniformly magnetized terrain (locations
shown in Fig. 5). (a, b) The area of the West Yellowstone post-caldera rhyolite lava flow. R denotes reversely magnetized Mount
Jackson Rhyolite. R? marks the location of a suspected continuation of the flow. (c, d) UB and B indicate areas where the mag-
netic data indicate the unmapped extension of the flows of Undine Falls and Swan Lake Flat basalts, respectively (map polygons
from Fig. 1). (e, f) RM =Roaring Mountain; NB=Norris Geyser Basin. NE- and NW-trending gradients (shading) indicate in-
ferred unmapped fractures. (g, h) Heat flow values from Morgan et al., 1977; locations of alteration and fissures (lines in yellow)
in Yellowstone Lake digitized from Kaplinski (1991). (i, j) The area of the Solfatara Plateau post-caldera rhyolite flow. A =in-
ferred areas of unmapped alteration.
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Fig. 10. Models of sources for the observed magnetic lows. The present Earth’s field direction of inclination 70°, declination of
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in Fig. 8i).

The present-day regional stress pattern is re-
flected in the gradients of the reduced-to-the-
pole magnetic and pseudo-gravity data (Figs. 7
and 9). The predominant strikes of the reduced-
to-the pole magnetic gradients are northeast with-
in the Yellowstone caldera (Fig. 7, blue lines; Fig.
9a, gray lines) and to a lesser degree northwest
and north outside the caldera (Fig. 7, blue lines;
Fig. 9a, black lines). The strong northeast trend
to the magnetic and pseudo-gravity gradients,

particularly visible in the intra-caldera gradients
(Figs. 7 and 9, gray lines), is reflected at the sur-
face in the Elephant Back fault system (pink lines
between S and M, Fig. 7) and in the elongation of
the caldera. These trends parallel the orientation
of the Snake River Plain to the southwest and
were also observed in the low-resolution magnetic
data over YNP (Fig. 3) and its surrounding re-
gion. In contrast, outside the caldera, the predom-
inant trends of the gradients of the pseudo-gravity
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are closer to north-south (Fig. 7, purple lines, and
Fig. 9b, black lines). These trends mimic the
trends of Basin and Range faults in the region
(Fig. 7, pink lines). The pseudo-gravity gradients
(Fig. 7, purple lines) generally reflect deeper (Fig.
6b) and more regional sources than the reduced-
to-the-pole gradients (Fig. 6a).

Specific faults can be identified on the gradient
map (Fig. 7). East-trending gradients in the west—
central part of YNP (Fig. 7) correspond to faults
that are mapped as part of the active Hebgen
Lake seismic zone (Smith et al., 1977). This is
one of the few areas in YNP with gradients of
that trend and is a continuation of the Neotec-
tonic fault belts along the western arm of the
crescent of high terrain (Pierce and Morgan,
1992). Clear correlation between mapped faults
and gradients also can be observed over the Mir-
ror Plateau, the Sour Creek and Mallard Lake
resurgent domes (MP, S, and M, respectively,
Fig. 7), and along the northeast-trending, 0.153
+0.002-Ma (Obradovich, 1992) Elephant Back
fault system (between S and M, Fig. 7). The pat-
tern of northeast- and northwest-trending anoma-
lies over the Norris-Mammoth area (Figs. 7 and
8e) is 45° from the main north-trending structures
along this young post-caldera corridor. East of
110°45°W (Figs. 4 and 7), north-trending mag-
netic gradients generally coincide with some of
mapped faults north of the caldera along a broad
zone parallel to and including the Norris-Mam-
moth corridor. Northwest and south of the cal-
dera, most of the mapped faults cannot be ob-
served in the magnetic gradients (Fig. 7) because
they cut non-magnetic sedimentary rocks.

3.5. Stage 4: later hydrothermal activity

In the final stages of a single caldera cycle, hy-
drothermal activity is prevalent throughout the
entire system as evidenced today on the Yellow-
stone Plateau (Figs. 2d and 4, yellow lines). Lo-
cating active and extinct systems enables us to
learn about the manner in which they have mi-
grated over time. Hydrothermal alteration typi-
cally destroys the magnetic signature of volcanic
rocks either by removing iron completely or by
converting titanomagnetite to hematite, which

has very low magnetic susceptibility. Therefore,
if a volcanic rock is normally magnetized but al-
tered, it could produce magnetic lows rather than
highs. All areas of mapped acid hydrothermal al-
teration in YNP are associated with pronounced
magnetic lows (Fig. 4).

In the Norris Geyser Basin and Roaring Moun-
tain areas (NB and RM, Fig. 8e,f), northeast-
trending oval magnetic lows are cut by northeast-
and northwest-trending linear magnetic highs
(Fig. 8e) unrelated to topography (Fig. 8f). Parts
of these lows are associated with mapped areas of
hydrothermal alteration, suggesting that continu-
ation of the lows represents areas of unrecognized
alteration. Low electrical resistivities have been
interpreted to suggest that highly altered rocks
underlie the surface in this region (Stanley et al.,
1991).

The observed positive magnetic anomaly over
the Lava Creek Tuff in the Sour Creek resurgent
dome (Fig. 1) is similar to that expected from the
elevated topography except in the southeast cor-
ner where hydrothermal alteration has occurred
(Fig. 4, box g; Fig. 5, box h; Fig. 8gh). This
area of the Sour Creek dome is also the site of
a post-glacial (less than 12000 yr) hydrothermal
explosion crater (Morgan et al., 1998). Within the
Sour Creek resurgent dome, the magnetic low ex-
tends beyond the mapped alteration and is con-
centrated along the rectilinear fault system asso-
ciated with the resurgent dome. Magnetic lows
(A, Fig. 8g) extend over the dome and Quaternary
sediments, south to the northeastern part of Yel-
lowstone Lake and are unrelated to topography
(Fig. 8h. This area has some of the highest heat
flow in the lake (1650-15600 mW/m?, Fig. 8g)
and contains numerous post-glacial hydrothermal
explosion craters ranging in diameter from less
than 0.5 km to more than 2 km. This area also
is along the eastern margin of the Yellowstone
caldera where significant fault displacement may
have occurred resulting in Tertiary andesitic vol-
canic rocks exposed to the east abutting post-cal-
dera rhyolites to the west (Fig. 1). Magnetic data
collected from a sensor towed over the northern
part of Yellowstone Lake detected high-frequency
magnetic lows over the edges of small basins
(Morgan et al., 1999; Wold et al., 1977), inter-
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preted to be hydrothermal explosion -craters.
These lows are most likely caused by hydrother-
mal alteration of the host strata along caldera-
related faults and through sublacustrine hydro-
thermal vents (Morgan et al., 1998; Shanks et
al., 1997).

High heat flow (5030 mW/m?, Morgan et al.,
1977; Fig. 8g) also has been measured nearby in
the northwestern section of Yellowstone Lake
where faults have been located from seismic re-
flection data (Otis et al., 1977; Kaplinski, 1991)
and numerous hydrothermal vent sites have been
located using high-resolution multi-beam sonar
imaging (Morgan et al., 1999). This area of high
heat flow is also associated with a magnetic low
although a magnetic high would be predicted
from the bathymetry (Fig. 8g,h), suggesting that
the observed magnetic lows in this part of Yellow-
stone Lake are probably caused by altered vol-
canic rocks associated with active hot springs. In
contrast to the magnetic low related to bathyme-
try over the Southeast Arm of Yellowstone Lake
(SE, Figs. 4 and 5), the eastern part of the South
Arm (SA, Figs. 4 and 5) corresponds to a linear,
high-amplitude magnetic low, unexplained either
by topography (Fig. 5) or depth to magnetic base-
ment determined by seismic data (Otis et al.,
1977). The depth estimates indicate shallow sour-
ces (Fig. 6). Many hot springs occur along the
mapped fault to the west of the South Arm, sug-
gesting that hydrothermal alteration along a fault
might be the source of the low. This area coin-
cides with the north-trending Basin and Range
fault system coincident with the more active parts
of the Neotectonic fault belts (Pierce and Morgan,
1992). A good example of hydrothermal altera-
tion reducing the intensity of magnetization in
the post-caldera rhyolites can be observed in the
Solfatara Plateau where magnetic lows not corre-
lated with terrain are observed (SP, Figs. 4 and 5;
Fig. 8i,j). A marked north-trending magnetic low
associated with three areas of mapped alteration
bisects the high associated with the unaltered
parts of the flow. In addition, the magnetic lows
extend laterally beyond the mapped areas of alter-
ation, for distances as great as 2 km (near A, Fig.
81), and occur where alteration has not been ob-
served.

Modeling of the magnetic data can be used to
estimate the volume of altered rock, thus provid-
ing evidence for the minimum extent of the hydro-
thermal system. The qualitative interpretation
presented above gives information on the lateral
extent of the hydrothermally altered areas that
cause the observed magnetic anomalies. To esti-
mate thickness of the altered areas, computer
modeling is necessary. In order to determine the
structures and magnetizations that produce the
observed magnetic anomalies, we used a commer-
cial 2.5-dimensional forward and inverse magnetic
modeling software package. The program uses
profiles of magnetic observations and a starting
model consisting of body corners and magnetiza-
tion contrasts. The program then adjusts the
starting model so that its magnetic attraction fits
the profiles of observed data. Allowing only a few
parameters to vary in each modeling attempt and
constraining those parameters to a specified range
control the evolution of the final model.

In modeling, there is a trade-off between vol-
ume and magnetization of a given material. Given
the maximum expected magnetization for the
Lava Creek Tuff (Reynolds, 1977) and the post-
caldera rhyolites, and the minimum magnetization
expected for completely altered material (0 A/m),
minimum thicknesses can be estimated for the al-
tered areas. We constructed magnetic models
across the Lava Creek Tuff at the Sour Creek
dome (Fig. 8g) and the Solfatara Plateau rhyolite
flow (Fig. 8i). In both models, we applied the
induced magnetization direction of the present
day field with inclination 70°, declination 15°,
and intensity of 56 100 nT.

The Lava Creek Tuff has an average remanent
magnetization with an inclination of 66°, declina-
tion of 4°, and intensity of 6 A/m (Reynolds,
1977; Table 1). A maximum value for the suscep-
tibility of the ignimbrite is about 6x1073 SI
(Oliver and Christiansen, 1998; L.A. Morgan
and S.S. Harlan, unpublished data). Using these
values, the minimum model thickness of the al-
tered part of the Lava Creek Tuff near the Sour
Creek dome is about 200 m (Fig. 10a).

The remanent magnetization of the Solfatara
Plateau rhyolite has an inclination of 64°, decli-
nation of 5°, and intensity near 5 A/m and a sus-
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ceptibility of 6.5x 10™* SI (Table 1). A maximum
susceptibility value for the Quaternary rhyolites is
about 6 X 1073 SI (Oliver and Christiansen, 1998).
Applying these values to the model yields a mini-
mum thickness for the altered area in the Solfa-
tara Plateau rhyolite flow of about 400 m (Fig.
10b). Lower values of magnetization for the rhyo-
lites would yield greater thicknesses for the altered
zone. In both cases, the interpreted altered mate-
rial extends laterally beyond the areas of mapped
alteration and is about 2-3 km wide. The models
show that a thin veneer of unaltered surficial vol-
canic rock overlies much of the altered material.
The variations in thicknesses between the models
may reflect physical differences in the character of
the volcanic rocks, a more focused hydrothermal
system, a more developed and larger fracture sys-
tem, or different chemistry of the hydrothermal
fluids in the Solfatara Plateau flow as compared
to the Lava Creek Tuff in the Sour Creek dome.

Close inspection of the maps shows that most
of the magnetic lows associated with known hy-
drothermal areas are ovals about 1.5-6 km in di-
ameter bounded by steep gradients (see lows as-
sociated with hydrothermal alteration, Fig. 8e,g,i).
Depth estimates from the magnetic data and cor-
relation with mapped hydrothermal alteration
show most of these areas to be at or near the
surface (Fig. 6). Many of the magnetic lows are
broader than the areas associated with active hot
springs and associated mapped alteration (Fig. 4).
The extensions of these lows may indicate areas
where lateral flow of geothermal fluids is currently
altering the subsurface rocks or may reflect the
locations of fossil hot springs (e.g. Fig. 8e,i).
This may also be true for those magnetic lows
completely unassociated with mapped alteration
(e.g. A, Fig. 8g; the northwest-trending region
of circular lows near 110°45’W longitude between
44°20’N and 44°32’N (north of S, Fig. 4)). The
magnetic lows related to hydrothermal alteration
are spaced at distances less than a few kilometers
throughout the caldera and Norris—-Mammoth
corridor areas. This pattern may represent con-
vective cells of hydrothermal systems with spacing
between the vertical axes of cells of less than a few
kilometers. If these are truly convection cells, they
would suggest a very different model for fluid flow

(K.L. Pierce and W.C. Shanks, written communi-
cation, 1999) than one which predicts long dis-
tance flow of water from mountainous source
areas to the major geyser basins (Rye and Trues-
dell, 1993).

The steep gradients that bound the magnetic
lows over the altered zones may reflect fracture
systems that have localized hot springs. These in-
ferred fractures as well as other regional magnetic
lineations are oriented northeast, northwest, and
north (Figs. 7 and 9), in many cases paralleling
regional tectonic trends. The northwest-trending
region of magnetic lows mentioned above (north
of S, Fig. 4) is associated with steep, northwest-
trending magnetic gradients (Fig. 7) suggesting
that fractures localized hydrothermal systems
that altered the volcanic rocks. Hydrothermal ac-
tivity in Yellowstone Lake is often concentrated
along the edges and selected interior portions of
rhyolitic lava flows recognized in high-resolution
bathymetric surveys as well as several fissure sys-
tems of various orientations (Morgan et al., in
press). Hydrothermal vents (Shanks et al., 1997)
or fissures oriented approximately northeast to
northwest are located in the intensely active
northeast portion of the lake where heat flow val-
ues exceed 1600 mW/m? (Fig. 8g) (Morgan et al.,
1977). This alignment of hydrothermal activity
may, in part, be controlled by faults that are
part of a regionally extensive normal fault system
(e.g. Eagle Bay Fault, B, Fig. 7) related to region-
al extension (Morgan et al., in press). The 1-km-
wide magnetic lows in the northeast part of the
lake (Fig. 8g) trend northeast to northwest and
are bounded by steep gradients. This pattern sug-
gests that fractures have localized small extension-
al basins and hydrothermal activity. Morgan et al.
(1977) speculated that many of the high heat flow
values in Yellowstone Lake occurred over hot
springs localized by fractures. The correspondence
of the linear magnetic gradients with high heat
flow values supports this interpretation. Outside
the lake, extension may produce the basins in
which hydrothermal activity is often concentrated.

Fractures provide paths for migration of hydro-
thermal activity. An example can be observed in
the Norris Geyser Basin—Roaring Mountain area
where magnetic lows associated with alteration
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caused by active hydrothermal hot springs are
linked by inferred fractures to lows over areas
lacking current hydrothermal activity to the
northeast (Fig. 8e). Northeast-oriented joints, co-
incident with the prevailing trend of local streams,
have been observed further to the northeast along
this trend (K.L. Pierce, written communication,
1999) suggesting a regional control on the fracture
pattern. Further evidence of the fracture control
on hydrothermal activity is provided by the good
correlation of seismicity with onset of hydrother-
mal activity (Pitt and Hutchinson, 1982). This
suggests that seismic slip may occur on the
boundaries of small upper crustal blocks, which
may reflect a combination of deformation caused
by local magmatic and hydrothermal fluid trans-
port and by the regional stress field (Smith and
Braile, 1994).

On a more regional scale, the active faults in
the region that trend generally north-south relate
to active Basin and Range extension as well as
uplift related to the passage of the Yellowstone
hot spot (Pierce and Morgan, 1992). Stress field
directions in the region obtained from various
data sets are also compatible with east-west ex-
tension (Dzurisin et al., 1990; Smith and Braile,
1994). The primary strike directions of the pseu-
do-gravity gradients outside the caldera follow the
regional north-south fault trends. Because the
pseudo-gravity data sense regional and/or deep
features, this suggests that extension in the Basin
and Range stress field dominates the structural
development in YNP from small-scale hydrother-
mal systems to regional faults.

Active northwest-trending faults north of the
Yellowstone caldera probably represent reacti-
vated Precambrian weaknesses in the basement.
The northeast trends, particularly pronounced
within the caldera (Fig. 7), partially reflect north-
east-trending faults present in the post-caldera El-
ephant Mountain rhyolite lavas and northeast
elongation of the Yellowstone caldera. The north-
east trends may also be influenced by regional
northeast-trending tectonic zones, which are sub-
parallel to the northeast trend of the eastern
Snake River Plain. The Great Falls tectonic
zone (O’Neill and Lopez, 1985) is located 200
km north while the Madison mylonite zone (Er-

slev et al., 1982; Erslev and Sutter, 1990) is 30 km
north of the Yellowstone—Snake River Plain vol-
canic province. These northeasterly directions are
parallel to the structural grain of Precambrian
basement rocks to the north.

Despite caldera collapse and eruption of large
volumes of magma, as well as deformation asso-
ciated with magma injection (Pelton and Smith,
1982; Dzurisin et al., 1990), magnetic trends and
structures do not seem to follow a pattern related
to the underlying batholith. Instead, the Precam-
brian structural grain to the north and south of
the Yellowstone caldera appears in magnetic gra-
dients as well as fault patterns and localization of
various hydrothermal systems. This suggests that
reactivation of older crustal weakness may play a
role in the tectonic evolution of the region, includ-
ing the collapse of the caldera. The Lava Creek
Tuff and subsequent magmatism could have
erupted through faults and extensional basins lo-
calized by pre-existing zones of weakness.

4. Discussion

High-resolution aeromagnetic data provide a
sharper view of the geology of YNP than previ-
ously available. The distinct magnetic signatures
of several mapped flows demonstrate the utility of
the magnetic data for delineating flows and flow
margins. Extensions of several lava flows beneath
younger cover have been identified. Rock prop-
erty and stratigraphic thickness measurements
can help constrain the extents of other lava flows.

The effects of the extensive hydrothermal sys-
tem can be observed in the magnetic data in the
form of magnetic lows due to altered volcanic
rocks. The extents of these lows constrain the lo-
cations of modern and past hydrothermal activity
and give information on the intensity of this ac-
tivity in individual areas. Understanding the dis-
tribution of heat and hydrothermal vents beneath
lakes in YNP will increase knowledge of the inter-
play between the geology and the ecosystem.

Linear gradients observed in the magnetic data
follow regional tectonic trends, not local ones re-
lated to magmatic activity. The correspondence of
some gradients to mapped faults and locations of
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hot springs strongly suggests that the linear mag-
netic gradients represent faults and fractures. Fu-
ture field studies of the aeromagnetic lineaments
defined in this paper combined with information
from other data sets may provide a clear picture
of the faults and fractures that localize hydrother-
mal systems as well as various aspects related to
development of the Yellowstone caldera. In addi-
tion, the delineation of new faults with the aero-
magnetic data may help to associate seismicity
with faults and thereby improve seismic hazard
assessments.
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