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ABSTRACT

Yellowstone National Park is the site of
one of the world's largest calderas. The
abundance of geothermal and tectonic ac-
tivity in and around the caldera, including
historic uplift and subsidence, makesit nec-
essary to understand active geologic pro-
cesses and their associated hazards. To that
end, we here use an extensive grid of high-
resolution seismic reflection profiles (~450
km) to document hydrothermal and tecton-
ic features and depositsin northern Yellow-
stone Lake.

Sublacustrine geothermal features in
northern Yellowstone Lake include two of
the largest known hydrothermal explosion
craters, Mary Bay and Elliott’s. Mary Bay
explosion breccia is distributed uniformly
around the crater, whereas Elliott’s crater
breccia has an asymmetric distribution and
forms a distinctive, ~2-km-long, hum-
mocky lobe on the lake floor. Hydr othermal
vents and low-relief domes are abundant on
the lake floor; their greatest abundance is
in and near explosion cratersand along lin-
ear fissures. Domed areas on the lake floor
that are relatively unbreached (by vents)
are considered the most likely sites of fu-
ture large hydrothermal explosions. Four
submerged shoreline terraces along the
margins of northern Yellowstone L ake add
to the Holocene record of postglacial lake-
level fluctuations attributed to ‘‘heavy
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breathing” of the Yellowstone magma res-
ervoir and associated geothermal system.

The Lake Hotel fault cuts through north-
western Yellowstone Lake and represents
part of a 25-km-long distributed extension-
al deformation zone. Three postglacial rup-
tures indicate a dlip rate of ~0.27 to 0.34
mm/yr. The largest (3.0 m dlip) and most
recent event occurred in the past ~2100 yr.
Although high heat flow in the crust limits
the rupture area of this fault zone, future
earthquakes of magnitude ~5.3 to 6.5 are
possible. Earthquakes and hydrothermal
explosions have probably triggered land-
slides, common features around the lake
mar gins.

Few high-resolution seismic reflection
surveys have been conducted in lakesin ac-
tive volcanic areas. Our data reveal active
geothermal features with unprecedented
resolution and provide important analogues
for recognition of comparable features and
potential hazards in other subagqueous geo-
thermal environments.

Keywords: Yellowstone Lake, seismic re-
flection profiles, hydrothermal processes,
explosive eruptions, extension faults, earth-
quake hazards.

INTRODUCTION

Yellowstone National Park (Fig. 1) is fa
mous for its geothermal phenomena and other
natural wonders. It occupies part of an active
volcanic province on the east flank of the Ba-
sin and Range and includes one of the world's
largest calderas (Christiansen, 2001). Active
uplift and subsidence of the caldera floor (Pel-
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ton and Smith, 1982; Dzurisin and Yamashita,
1987; Dzurisin et a., 1990, 1994; Wicks et
al., 1998) and abundant seismicity (Smith and
Arabasz, 1991) confirm the dynamic geologic
setting of Yellowstone. To better understand
the recent geologic history, processes, and
hazards of Yellowstone, we collected high-
resolution seismic reflection data (Figs. 2, 3)
across northern Yellowstone Lake. Specific
guestions we address involve the location,
quantity, size, geometry, and relative age of
hydrothermal features and deposits, the post-
glacia behavior of the Yellowstone caldera,
and the location and histories of active faults.

Here, we report the results of our seismic
reflection survey. Seismic profiles show a
range of hydrotherma phenomena including
explosion craters, explosion-breccia deposits,
vents, and low-relief domes. Identification of
submerged shoreline terraces adds to the
record of lake-level change, an important in-
dicator of the Holocene behavior of the Yel-
lowstone magmatic/geothermal system. High-
resolution images of active faults provide
paleoseismological data essentia for earthquake-
hazard assessment.

QUATERNARY GEOLOGY

The Yellowstone Lake basin straddles the
southeastern margin of the Yellowstone cal-
dera (Fig. 1). This caldera formed at ca. 640
ka in the last of three major caldera-forming
eruptions in the 2.1 to 0 Ma Yellowstone Pla-
teau volcanic field (U.S. Geological Survey,
1972; Christiansen, 1984, 2001). Younger (ca
150 to 70 ka) rhyalitic volcanic flows subse-
quently filled in much of the caldera, includ-
ing parts of the Yellowstone Lake basin. These
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Figure 1. Maps showing location of Yellowstone National Park and Yellowstone Lake, area of Figure 2, and caldera rim (based on
Locke and Meyer, 1994; Christiansen, 2001; Finn and Morgan, 2002). BFZ—Buffalo Fork fault zone; D—Dot Island; EBFZ—Elephant
Back fault zone; EF—Eagle Bay fault (Richmond, 1974; Locke et al., 1992); F—Frank Island; FMA—Flat Mountain Arm; HFZ—
Hebgen fault zone; LHF—L ake Hotel fault; LHR—L e Hardy Rapids; M—Mammoth; MLD—Mallard L ake Dome; S—Stevenson I sland;
SCD—Sour Creek dome; TFZ—Teton fault zone; WY —West Yellowstone; YR—Y ellowstone River. Dots at the north end of the South
Arm, between Frank and Dot Islands, and in West Thumb show locations of lake-sediment cores and tar geted seismic reflection profiles

of Tiller (1995).
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Figure 2. Map showing track lines for seis-
mic reflection survey in northern Yellow-
stone Lake.

younger flows and caldera resurgence
dammed drainages and impounded lakes in
the present-day Yellowstone Lake basin
(Richmond, 1977a, 1977h). Geodetic investi-
gations document high vertical deformation
rates within the caldera and the lake basin that
are linked to ongoing underlying magmatic
activity (Pelton and Smith, 1982; Dzurisin and
Yamashita, 1987; Dzurisin et al., 1990, 1994,
Wicks et al., 1998).

Geological Society of America Bulletin, August 2003

The Yellowstone Lake basin was occupied
by glaciers severa times in the Pleistocene;
the last pulse of the most recent Pinedale gla-
ciation retreated at ca. 16 ka (Pierce, 1979;
Licciardi et al., 2001; Pierce et a., 2002). Ex-
posed shoreline terraces indicate that shortly
after glacial retreat, lake level was ~30 to 35
m higher than at present (Richmond, 1977b;
Locke and Meyer, 1994). A suite of younger
terraces at lower elevations documents Holo-
cene lake-level fluctuations and overall de-
cline. Development of the terraces is associ-
ated with uplift and subsidence of the lake
outlet caused by intracaldera processes, such
as magma intrusion and cooling, and geother-
mal inflation and deflation (L ocke and Meyer,
1994; Pierce et a., 1997, 2002). On-land
shoreline terraces have been variably tilted so
that they are not at uniform elevations and
thus have utility as markers for evaluating Ho-
locene deformation (Meyer and Locke, 1986;
Locke and Meyer, 1994; Pierce et al., 2002).

Muffler et a. (1971) described postglacial
hydrothermal-explosion craters adjacent to
northern Yellowstone Lake at Indian Pond and

Turbid Lake (Fig. 2), and Wold et a. (1977)
documented the presence of a submerged hy-
drothermal crater at Mary Bay within north-
eastern Yellowstone Lake. Additional geother-
mal features, including hot springs and
geysers, are found in severa locations within
the Yellowstone Lake basin, most notably at
West Thumb (Fig. 1; Remsen et al., 1990;
Christiansen, 2001; Morgan et a., 2003).

YELLOWSTONE LAKE

Yellowstone Lake (Fig. 1) is the largest
high-elevation (2357 m) lake in North Amer-
ica. It occupies ~340 km? and has amaximum
depth of 133 m (Kaplinski, 1991). Large-scale
relief on the lake floor and lake margins is
controlled by the submerged flanks of postcal-
dera rhyalitic flows (Morgan et al., 2003) and
relict glacial landforms (Otis et a., 1977).

The Yellowstone River is the largest inflow
and outflow of water and sediment into Yel-
lowstone Lake (Benson, 1961). The river en-
ters the lake in the Southeast Arm and exits
at the lake outlet along the lake's northern
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shore (Figs. 1, 3). Lake level is controlled by
the elevation of a bedrock spillway at Le Har-
dy Rapids, 5 km north of the lake (Hamilton,
1987; Pierce et a., 1993, 2002).

Local climate is dominated by heavy winter
snowfall and hot dry summers, which cause
lake level to fluctuate as much as 1.5 to 1.8
m/yr (Benson, 1961). The lake is dimictic, de-
veloping stratified epilimnion, metalimnion,
and hypolimnion during summer and winter,
and overturning in the autumn and spring.
Phytoplankton are primarily diatoms.

SEISMIC REFLECTION DATA

For this investigation, ~450 km of high-
resolution seismic reflection profiles were col-
lected concurrently with multibeam bathymet-
ric data in the northern part of Yellowstone
Lake (Figs. 2, 3). Track lines were laid out at
200 m spacing on a north-south grid (54 lines)
to provide overlapping coverage for compiling
the bathymetric data. Seismic reflection and
bathymetric data were also collected on nine
west- to southwest-trending tie lines and on
five shallow-water lines roughly parallel to the
coastline.

Seismic reflection data were acquired by us-
ing an Edgetech SB-216S tow-fish source and
a Triton Elics Delph seismic system. The
source generated a 2 kW output pulse with a
bandwidth of 2000 to 10,000 Hz. Record
lengths of these data were either 150 or 200
ms, depending on water depth, with a sample
rate of 0.04 ms. The dominant recorded signal
bandwidth of these data is between 2000 and
5000 Hz. Processing consisted of (1) data re-
formatting, (2) trace-amplitude debiasing
(subtracting mean amplitude from trace sam-
ples), and (3) automatic gain correction using
a 0.88 ms gain window.

Vertical resolution of features imaged on
seismic reflection data is ~10 cm. Horizontal
resolution, as measured by the source-pulse
footprint (partly a function of frequency band-
width and beam width), is typically 3 m at 10
m water depth and 13 m at 50 m water depth.
Maximum signal penetration through lacus-
trine sediments is ~25-30 ms (~18-23 m),
generally on profiles crossing the deepest ba-
sinal parts of the lake. Coring results of prior
investigations (see next section) indicate that
lacustrine sediments consist mainly of semi-
consolidated diatomaceous mud, for which we
assume velocities of 1500 m/s.

Previoudly, Otis et al. (1977) collected data
on three north-trending and two west-trending
seismic reflection lines in northern Yellow-
stone Lake by using a lower-frequency 1 in.3
(16.4 cm?) airgun source. Their investigation
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provides important images of the upper ~200
m of the lake subsurface, but lacks the reso-
lution in the upper ~20 m of the subsurface
provided by our survey. Tiller (1995) showed
four short higher-resolution (comparable to
this investigation) seismic reflection profiles
over selected coring sites from the South Arm,
West Thumb, and central part of Yellowstone
Lake (Fig. 1).

SEDIMENTARY FEATURES AND
DEPOSITS

Laminated Deep-Basin Deposits

Severa seismic reflection profiles show that
parts of the deep central basin of Yellowstone
Lake (Fig. 3); line Y98b (Fig. 4) provides the
most representative image of deep-basinal
strata. This profile reveals two seismic se-
guences. The upper sequence (I1) forms a
sheet that is typically ~15-22 m (20-30 ms)
thick and is characterized by moderate- to
high-amplitude, high-frequency, parallel,
continuous, and horizontal reflections. The
lower sequence (1) comprises low-amplitude,
moderate-frequency, subparalel to chaotic,
discontinuous reflections. However, the seis-
mic reflection characteristics of sequence | are
somewhat obscure because it occurs near the
lower limit of signa penetration, generally
about ~20 ms below the lake floor. The con-
tact between the two sequences is parallel and
conformable.

Coring investigations from other deep parts
of the lake (Shero, 1977; Shuey et al., 1977,
Tiller, 1995) indicate that the upper ~9 m of
these strata consist of variably laminated and
mottled diatomaceous mud. Tiller (1995) doc-
umented the presence of middle Holocene
Mazama ash (7627 += 150 cal. yr B.P; Bacon,
1983; Hallett et a., 1997; Zdanowicz et al.,
1999) in three cores of basinal sediments from
Yellowstone Lake (Fig. 1). He also discovered
Glacier Peak ash (~13,400 ca yr B.P; Foit et
al., 1993; Pierce et d., 2002) near the bottom
of an 8.6-m-long core between Frank and Dot
Islands, ~3.5 km south of our study area
(Figs. 1, 2). The presence of these ashes, sev-
eral *C dates, and lithologic correlations with
the additiona cores, indicate basinal sedimen-
tation rates of ~60—100 cm/1000 yr for the
past 13,000 yr. At these rates, the Holocene
section of the past 10,000 yr is ~6-10 m
thick.

Stratified deposits in sequence | below the
Holocene section consist of more clastic-rich
glaciolacustrine and early postglacia lacus-
trine silt and clay, for which sedimentation
rates should be considerably higher. Such de-

500 m

Line 98b

50 West

East

central lake basin

Figure 4. High-resolution seismic reflection profile Y98b from the central lake basin of northern Yellowstone Lake (Fig. 3). | and |1 represent seismic sequences described

in text. Heavy bold lines show faults. The top of the profile is at 50 ms. TWT—two-way traveltime.
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posits are well exposed in beach-cliff outcrops
between Bridge Bay and Lake Village (Fig. 2;
Richmond, 1977a) and were deposited at |ake
levels =20 m higher than today.

Within the centra lake basin (Fig. 3), the
dense grid of seismic reflection data (Fig. 2)
provides the basis for accurate stratigraphic
correlation. The vertical sequence of reflec-
tions in the upper 10-20 ms (7-15 m) within
sequence Il is also similar between the deep
central lake basin and the northwest subbasin
(Figs. 3, 5), consistent with a post—10 ka his-
tory in which lake sedimentation has been pre-
dominantly of biogenic pelagic origin.

Slope Deposits

Slopes connect the central and northwest
subbasin of northern Yellowstone Lake with
the shallow terraces that rim the lake and Ste-
venson Island (Fig. 2). Where not disrupted
by landsliding, these sopes typicaly have dips
of 3>-7° and are underlain by strata that yield
moderate- to high-amplitude, high-frequency,
subparallel reflections that are continuous with
those in the subbasins (e.g., Figs. 5, 6). This
continuity indicates that they similarly consist
of variably laminated and mottled diatoma-
ceous mud.

The “packages’ of slope reflections typi-
cally thin upslope by gentle onlap and internal
lensing or pinchout. On line Y 49 south of Ste-
venson Idland (Figs. 3, 6), for example, the
section between basinal reflections R1 and R2
thins upslope, between locations P1 and P2,
from 3.8 m to 0.5 m. On line Y9 crossing
Bridge Bay (Figs. 3, 5), strata underlying the
slope between the R1 and R2 reflections thin
from 6.7 m in the basin at P1 to 1.4 m at
inflection point P2 on the slope. This thinning
indicates that there has been some reworking
and downslope redeposition of diatomaceous
mud and/or that sedimentation rates increase
with water depth owing to sediment focusing
or greater diatom productivity in deeper water.

Landslide Deposits

Bathymetric data (Fig. 3) reveal severa lo-
cations aong the lake margins characterized

Figure 5. High-resolution seismic reflection
profile Y9 crossing the northwest subbasin
of northern Yellowstone Lake (Fig. 3). |
and Il represent seismic sequences, P1 and
P2 are locations, and R1 and R2 are dis-
tinctive reflections explained in text.
TWT—two-way traveltime; m—water-
bottom multiple.

-
<

by an undulating *‘ scalloped’” shelf edge and
irregular hummocky relief at the base of the
dlope. Seismic reflection data (Figs. 7, 8, 9)
reveal that these hummocks are internally
characterized by chaotic reflections or are *‘re-
flection free” (Mitchum et al., 1977). Togeth-
er, these observations indicate that the hum-
mocky terrane formed by landsliding. Profiles
both parallel (Fig. 8) and perpendicular to
(Figs. 7, 9) lake margins indicate that land-
dlide deposits vary in thickness from a few
tens of centimeters to as much as 10 m and
extend as far as 500 m from the base of the
slope into the adjacent basin. Landslide debris
is commonly draped by basinal lacustrine de-
posits that thin over the crests of hummocks,
resulting in upward-diminishing relief.

The thickness of the sediment that drapes
landslide deposits and the estimates of basin
sedimentation rates already described provide
a rough indication of the age of slope failure.
Line Y42a (Fig. 9), for example, shows the
thick (~10 m) toe of a landslide with no ap-
parent drape of lacustrine strata, suggesting
that the landslide deposit is relatively young
(<1000 yr old?). The thinner (~50-500 cm)
landslide deposits of line Y98a (Fig. 5) are
overlain by 1-2 m of lacustrine deposits, sug-
gesting an age of ca. 3 to 1 ka. Landslide de-
posits underlying the hummocky terrane of
line YO0 (Fig. 8) are locally overlain by as
much as 9 m of stratified basinal deposits. At
maximum estimated sediment accumulation
rates of 100 cm/1000 yr (see previous section,
Laminated Deep-Basin Deposits), this thick-
ness indicates that some of the postglacial
landslide deposits imaged on Y90 (Fig. 8) are
older than 9 ka.

Shallow-Water Deposits and Submerged
Shoreline Terraces

The submerged shallow (depth < 15-20 m)
margins of northern Yellowstone Lake are
generally underlain by relatively flat to very
gently dipping terraces. Seismic reflection
profiles (Fig. 3) crossing shallow parts of the
lake typically image one to four of these ter-
races at varying depths (e.g., Fig. 10). Slopes
on these terraces vary from ~0° to 0.6°.

Seismic reflection profiles reveal that the la-
custrine deposits underlying the shall ow-water
terraces have typically been reworked and ei-
ther eroded or redeposited. Figure 11 shows
part of profile Y8, parallel to the lake shore-
line north of Sand Point (Fig. 3). Strata be-
neath the flat, shallow (10 ms; 7.5 m) terrace
yield moderate-amplitude, high-frequency,
semicontinuous, low-angle reflections that are

Geological Society of America Bulletin, August 2003
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Figure 7. High-resolution seismic reflection profile Y98a from northern Yellowstone L ake g
offshore of Rock Point (Fig. 3). | and Il represent seismic sequences described in text. CE, c
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erosionally truncated at the lake floor. These explosion deposits (see next section) have 2
strata are probably fine-grained silt and mud  been reworked by waves and redeposited as a g
that were deposited when the lake level was  more mixed, poorly stratified, and possibly %
higher, then eroded and beveled by wave ac-  more coarse-grained deposit, (2) lacustrine de- je)
tion when the lake level was |OWef than that pos'ts have been Comp|ete|y eroded and the %
of today. Some of the eroded sediment was  ghajlow substrate consists of massive Pleisto- 8
redeposited as a bar at the south end of the  cene glacial deposits, and/or (3) terrace sedi- >
terrace. Figure 12 (line Y 14) shows a profile g
normal to the lake margin that reveals a sm- oi| €
ilar erosional unconformity on a deeper ter- o g
race (19 ms; 14 m). Figure 8. High-resolution seismic reflection g <
In contrast, many shallow-water terraces profile Y90 from the eastern margin of the O <
such as those displayed on Figures 5, 9, 10, central lake basin, northern Yellowstone &£ §
12, and 13 are underlain by strata that yield Lake (Fig. 3). The top of the display isat =1 @

chaotic reflections, suggesting that (1) post-
glacia lacustrine and possibly hydrothermal
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ments are gas charged (e.g., Fader, 1997) and/
or hydrothermally altered.

On many profiles, the shallow-water terrac-
es are bounded up-dip by scarps or inflection
points of inferred wave-erosiona origin (e.g.,
Figs. 10, 12, 14). The intersection of the ter-
race and the slope defines the ‘“ shoreline an-
gle,” commonly used in studies of marine ter-
races as the best marker of water level at the
time of terrace formation (e.g., Bradley and
Griggs, 1976).

Many of the terraces are bounded basin-
ward by terrace bars (e.g., Figs. 11, 12)
formed by wave erosion and redeposition of
shoreline sediment. These bars are commonly
wedge shaped, overlie a planar erosion sur-
face, range in thickness from ~30 to 300 cm,
areaswide as ~100 m, and are typically grad-
ed to the elevation of the adjacent terrace flat.
Internally, some are characterized by chaotic
reflections or are reflection-free, and othersare
characterized by flat to gently dipping, dis-
continuous, moderate-amplitude reflections.

Meyer and Locke (1986), Locke and Meyer
(1994), and Pierce et a. (2002) used the ele-
vations of shoreline angles and the crests of
terrace bars to document lake-level change
and vertical deformation around Yellowstone
Lake. By using the depths of these same two
indicators as well as the depth of shallow,
broad terraces, we document four submerged
shorelines beneath northern Yellowstone
Lake. The estimated depths and correlations
of the four submerged shoreline terraces are
shown in Figure 15. The depths are relative to
the 0" height on the lake-level gauge at
Bridge Bay, the datum also used in investi-
gations of the emergent terraces. The mean el-
evation of the modern shoreline angle is 1.80
m above the gauge datum (Locke and Meyer,
1994). Lake level was high at the time of our
1999 survey, ranging from 1.85 to 1.95 m
above the datum.

Correlation of terraces was based primarily
on their continuity determined from shore-
parallel seismic reflection profiles and bathy-
metric data (Fig. 3). For the emergent terraces
surrounding Yellowstone Lake, Locke and
Meyer (1994) indicated uncertainty of ~0.5m
in their elevation estimates because of post-
abandonment slope and other degradational
processes. Our estimates have larger uncer-
tainties (=100 cm?) because of observed local
variability in depth for the three indicators
(shoreline angle, terrace flat, bar crest) on any
one paleoshoreline terrace, common gentle
lakeward terrace dips, and the varied angles at
which seismic reflection profiles intersect the
different terraces. Some seismic reflection
profiles (e.g., lines Y29 and Y 80; Figs. 13, 16)
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Figure 9. High-resolution seismic reflection profile Y42a from northern Yellowstone Lake
south of Fishing Bridge (Fig. 3). | and Il represent seismic sequences described in text.
TWT—two-way traveltime; m—water-bottom multiple.
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Figure 10. High-resolution seismic reflection profile Y42b from northern Yellowstone
Lake, north-northeast of Stevenson Idand (Fig. 3). TWT—two-way traveltime, sa—

shoreline angle; m—water -bottom multiple.

show submerged wave-cut terraces that merge
with no obvious bathymetric break; data from
these ““composite shoreline terraces” are not
used in the analysis of Figure 15.

The depth of the shallowest submerged ter-
race (S?), ~10 to 70 cm below datum, was
determined mainly on the basis of the crests
of terrace bars. This surfaceis ~1.9t0 2.6 m
below the modern shoreline angle (Locke and
Meyer, 1994). We recognized this terrace pri-
marily near Fishing Bridge (Fig. 15), but it

must be more extensive—our imaging of S*
was limited by shallow water. Available data
are insufficient to determine tilting or defor-
mation of this surface.

Shoreline terrace S is the most prominent
and widespread submerged shoreline terrace,
occurring at depths that range from ~2 to 4
m below datum (Fig. 15). The shalowest
depths occur aong the northeastern shore of
the lake between Fishing Bridge and Mary
Bay; the greatest depths for this shoreline are

Geological Society of America Bulletin, August 2003



HYDROTHERMAL AND TECTONIC ACTIVITY, YELLOWSTONE LAKE

Line Y8 0 som
o_South : ' North
shoreline bar submerged

wave-cut terrace S™3

/__— erosional unconformities\‘

o —

=20
E —0
E 30
£
10
40 §
(=]
50 —20

Figure 11. High-resolution seismic reflection profile Y8 from northern Yellowstone Lake, north of Sand Point (Fig. 3). TWT—two-way

traveltime; m—water-bottom multiple.

submerged
: wave-cut terraces
LineY14 ot g gl
0 500 m
South | i / \ \ North
0 - -
shoreline
erosional J{barl S5
104 unconformity
20+

Northwest subbasin

Figure 12. High-resolution seismic reflection profile Y14 from the northwest flank of
Bridge Bay, northern Yellowstone L ake (Fig. 3). TWT—two-way traveltime; sa—shoreline

angle; m—water-bottom multiple.

south of Steamboat Point along the east coast
of the lake. Submerged terrace S forms much
of the broad platform imaged between Elliott’s
crater and Steamboat Point (Figs. 3, 13, 14).

Shoreline terrace S® occurs at depths of
~5-8(?) m and is best revealed in the north-
western part of the lake between Sand Point
and Bridge Bay and off the northern coast of
Stevenson Island. Along the north and east
shores of Yellowstone Lake, the discontinuity
of the terrace suggests that it has been signif-
icantly eroded. Remnants of this terrace are
present offshore of Fishing Bridge and be-
tween Mary Bay and Lake Butte to the east
(Fig. 15). Part of the broad platform between
Elliott’s crater and Steamboat Point (Fig. 3) is
underlain by the S terrace.

Shoreline terrace S* varies in depth from

Geological Society of America Bulletin, August 2003

~9to 13 m and is best expressed offshore of
northern Stevenson Island and between Bridge
Bay and Mary Bay aong the northern shore
of the lake. This terrace was not recognized
south of Mary Bay along the eastern shore of
the lake, the site of extensive landsliding
(Figs. 3, 8). Severd well-developed S+ shore-
line angles on adjacent seismic reflection pro-
files differ in depth by as much as 1 m, sug-
gesting local tilting or offset. Elevation
measurements of emergent shoreline terraces
commonly show similar local variation in el-
evation (Meyer and Locke, 1986; Locke and
Meyer, 1994; Pierce et a., 2002).

The four submerged terraces recognized in
this study match four of the seven submerged
terraces (L1 to L7) that were informally de-
scribed by Hamilton and Bailey (1988, 1990)

in northern Yellowstone Lake. S?, S?, S3,
and S+ correlate with L1, L2, L3, and L5,
respectively. We did not recognize the L4, L6,
or L7 submerged shorelines of Hamilton and
Bailey (1990), which may be present but
could not be confirmed with our data set.

HYDROTHERMAL FEATURES AND
DEPOSITS

Hydrothermal Explosion Craters

Mary Bay Crater

Wold et a. (1977) and Kaplinski (1991)
documented the presence of a submerged hy-
drothermal crater at Mary Bay (Fig. 3) on the
basis of bathymetric data and magnetic profil-
ing. The crater continues to be the site of geo-
thermal activity, characterized by extremely
high heat flow (Morgan et al., 1977). On land
to the north and east of Mary Bay, Richmond
(19773, 1977b) mapped a band of hydrother-
mal explosion breccia correlated with the
Mary Bay crater as far as 4 km from the lake
margin. Pierce et a. (2002) dated these de-
posits as ca. 13 ka.

New high-resolution seismic reflection and
bathymetric data (Figs. 3, 13, 16) show that
the oval-shaped Mary Bay crater is ~2000 m
long and 1300 m wide; it has a surface area
of ~1.7 km? and a maximum depth of ~45
m (60 ms). The volume (the void between the
crater rim and floor) of this crater is ~20 X
10° m3; however, the original crater was prob-
ably larger (Wold et a., 1977). The original
morphology of the explosion crater has been
modified by lacustrine erosion and redeposi-
tion associated with Holocene lake-level fluc-
tuations and overall decline. There is no lon-
ger a well-defined crater rim in the lake, and
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Figure 13. High-resolution seismic reflection profile Y80 extending from Mary Bay to the central lake basin in northern Yellowstone Lake (Fig. 3). TWT—two-way

traveltime; m—water-bottom multiple.
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crater gjecta deposits appear to have been re-
worked to form the broad submerged terrace
that surrounds Mary Bay (Figs. 3, 13, 14).

The floor of the crater is occupied by alarge
number of smaller craters and hydrothermal
vents and domes of various sizes (Figs. 3, 13,
16). For example, west-trending line Y29
(Fig. 16) imaged at least 20 relatively sharp
V-shaped depressions in the floor of the crater
that represent active or recently active vents.
North-trending line Y80 (Fig. 13) imaged at
least 10 of these crater-floor depressions. The
irregularity of the crater floor supports the hy-
pothesis that the crater has a composite origin,
formed by two or more explosions within a
relatively short time interval. A composite or-
igin helps explain the anomaloudly large size
of the Mary Bay crater compared to other hy-
drothermal explosion craters (Browne and
Lawless, 2001).

Given that the crater complex formed at ca.
13 ka, strata beneath the crater floor probably
consist of massive breccia and lake deposits
of latest Pleistocene age overlain by Holocene
lake deposits. The strata that comprise the cra-
ter floor are characterized by chaotic reflec-
tions, probably due to significant gas content
and/or hydrothermal alteration.

Elliott’s Crater

Elliott’s crater occurs southwest of the
Mary Bay crater in northeastern Yellowstone
Lake (Figs. 3, 14). The northern part of the
crater is roughly circular, and there is a prom-
inent south-southeast—trending embayment on
its south-southeast flank. Elliott’s crater has a
diameter of ~700 m, a surface area of ~0.35
km?, a maximum depth of ~64 m (85 ms),
and a volume (the void between the crater rim
and floor) of ~12 X 10° m2. The origina mor-
phology of the crater is preserved because it
formed at water depths below the effects of
shoreline processes.

Postexplosion lacustrine strata within the
crater are characterized by moderate- to high-
amplitude, continuous, parallel reflections
(Fig. 14) similar to those found in the lake's
deep basins (see section on Laminated Deep-
Basin Deposits). Recent hydrothermal activity
is confined to vents on the southern margin
of the crater floor. Parallel reflections in the

Figure 14. High-resolution seismic reflec-
tion profile Y71 from northern Yellowstone
Lake, extending from Mary Bay across El-
liott’s crater to the central lake basin (Fig.
3). TWT—two-way traveltime; m—water-
bottom multiple.

-
<
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Figure 17. High-resolution seismic reflection profile Y59 from the west flank of the central
lake basin, northern Yellowstone Lake (Fig. 3). | and Il represent seismic sequences de-
scribed in text. The top of the profileis at 70 ms. TWT—two-way traveltime.

crater-floor deposits grade laterally into azone
of chaotic reflections proximal to these vents,
presumably resulting from increasing hydro-
thermal gas content or alteration.

The origin of Elliott’s crater postdates Pine-
dale glaciation (ca. 16 ka) and can be further
constrained by using the thickness of the post-
explosion sediment fill (11 ms, ~8 m) and the
basinal sediment-accumulation rates (60—100
cm/1000 yr) previously outlined. With this ap-
proach, we interpret that Elliott’s crater
formed between ca. 13 and 8 ka.

Smaller Crater-Like Basins

New data reveal many smaller circular ba-
sins on the lake floor (Figs. 3, 17, 18). Be-
cause of their size and the spacing of the
track-line grid (Fig. 2), only a few of these
were imaged by seismic reflection profiles.
Perhaps the largest of these smaller basins
(width ~175 m) occurs at the southern end of
a fissure zone east of Stevenson Island (Figs.
3, 17). The basin floor has a depth of 133 m,
~50 m below the surrounding lake floor. The
temperature of fluids (sampled by ROV [re-
motely operated vehicle]) venting at this lo-
cality is more than 120 °C.

Smaller circular basins have typical diam-
eters of ~20-60 m, depths of 5-15 m, and
relatively flat bottoms and are partly filled by
flat-lying lacustrine deposits (e.g., Fig. 18).
On the basis of their size and shape, it is pos-
sible that these basins formed by smaller hy-
drothermal explosions. However, it is aso
possible that some formed as large V-shaped

Figure 16. High-resolution seismic reflec-
tion profile Y29, crossing Mary Bay in
northern Yellowstone Lake (Fig. 3).
TWT—two-way traveltime; m—water-
bottom multiple.

-
<

hydrothermal vents (see subsequent section
Hydrothermal Vents and Domes) and that
their flat bottoms result from postventing infill
by lacustrine deposits. The lack of an obvious
breccia apron surrounding many of these
small basins is more consistent with an origin
as a hydrothermal vent.

Hydrothermal Explosion Breccia

On land, hydrothermal explosion breccias
have been mapped around the east and north
flanks of the subaqueous Mary Bay crater and
also surround the Turbid Lake and Indian
Pond hydrothermal explosion craters (Fig. 3;
Richmond, 1977a, 1977b). Similar deposits
must also occur on the floor of Yellowstone
Lake, most notably beneath the shallow (<15
m) subaqueous shelf area surrounding the
Mary Bay crater (Fig. 3). Strata beneath this
shelf area are characterized by chaotic reflec-
tions (Figs. 13, 14, 16), consistent with the
rapid mode of emplacement, lack of stratifi-
cation, and poor sorting that are characteristic
of explosion breccia. Following deposition,
these strata were beveled by shoreline pro-
cesses at the time that the submerged shore-
line terraces formed (Fig. 15).

On the basis of similar reflection character-
istics, irregular hummocky relief, and align-
ment with the crater embayment (Fig. 3, see)
we infer that significant hydrothermal explo-
sion breccia also forms the upper part of the
lobe that extends south-southeast from Elli-
ott’s crater (Figs. 3, 13, 19). Mounds of sedi-
ment, characterized by chaotic reflections, are
variably draped by younger basinal lacustrine
deposits causing the irregular relief on the
lobe. The draped mounds resemble those
formed by landslides (e.g., Fig. 8). However,
they occur as much as 1700 m away from the
closest shallow-water terrace (surrounding

Geological Society of America Bulletin, August 2003
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Figure 18. High-resolution seismic reflection profile Y57 from the west flank of the central lake basin, northern Yellowstone Lake (Fig.
3). | and Il represent seismic sequences described in text. The top of the profileis at 66 ms. TWT—two-way traveltime.
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Figure 19. High-resolution seismic reflection profile Y36 from the north flank of the central lake basin, northern Yellowstone L ake (Fig.
3). TWT—two-way traveltime; m—water-bottom multiple.

Mary Bay), two to three times farther than
other landslides extend into the basin from the
present lake-margin terraces. Primary origin
by landdliding is thus unlikely. The maximum
thickness of lacustrine sediment preserved be-
tween the hummocky breccia mounds (Fig.
18; ~7.5 m) is comparable to that preserved
on the floor of Elliott’s crater (Fig. 14; ~8 m),
consistent with synchronous origin of the cra-
ter and the sediment lobe. Although the hum-
mocky lobe (Fig. 3) occupies about twice the
surface area of Elliott’s crater, the volume of
the mounded sediment in the lobe (above a
continuous slope from the crater rim to the
basin floor) is smaller than the crater volume
(see previous crater description). Elliott’s cra-
ter explosion deposits thus must also occur
elsewhere in the lake. Comparable hummocky
breccia is not present in deep water directly
south, southwest, or west of the crater, indi-
cating markedly asymmetric sediment dispers-
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al. We have also noted asymmetric breccia
distribution for the nearby Indian Pond hydro-
thermal explosion crater (Fig. 3) asdid Muff-
ler et al. (1971) for the Twin Buttes hydro-
thermal explosion crater, which is located
~30 km west of northern Yellowstone Lake.
Browne and Lawless (2001) also discussed a
directional hydrothermal explosion blast at
Waimangu in New Zealand.

Fissure Zones

Three prominent, north-northeast—trending
(0°-12°), 2-3-km-long, subparallel, fissure
zones occur between Stevenson Island and the
western shore of Yellowstone Lake (Fig. 3).
Two northwest-trending (~330°), 1-1.3-km-
long, fissure zones occur 1-2 km east and
southeast of Stevenson Island. An ~1-km-
long, north-northwest—trending (~350°) fis-
sure zone cuts the hummocky lobe that ex-

tends south-southeast of Elliott’s crater.
Seismic reflection data indicate that hydro-
thermal features, including vents and domes
(see next section), are concentrated along
these fissures.

One of the fissure zones east of Stevenson
Island appears to be partly fault controlled.
Line Y59 (Fig. 17), which obliquely crosses
this zone, shows that the lake floor and un-
derlying distinct reflections of sequence Il are
~6.7 m (9 ms) higher northwest of the fissure
axis (the deep vent) than on its southeast side.
The hypothesis that al of the fissure zones are
fault controlled cannot be tested because few
of our east-west seismic reflection tie lines
cross the fissure zones in optimum locations
(Figs. 2, 3). The orientation of these fissure
zones is consistent with and may be related to
the regional pattern of approximate east-west
extension noted for the eastern margin of the
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Figure 20. High-resolution seismic reflection profile Y40 from northern Yellowstone Lake, north of Stevenson Island (Fig. 3). TWT—

two-way traveltime.
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Figure 21. High-resolution seismic reflection profile Y22 from northern Y ellowstone L ake,
offshore of Sand Point and Rock Point (Fig. 3).). | and Il represent seismic sequences
described in text. TWT—two-way traveltime.

Basin and Range province (Smith et a.,
1977).

Hydrothermal Vents and Domes

Numerous small depressions (n > 150; typ-
ical diameter = 30 m) occupy the floor of
northern Yellowstone Lake (Fig. 3). Submers-
ible ROV investigations of many of these de-
pressions indicate that they are hydrothermal
vents, with temperatures approaching 120 °C.
These vents have wide distribution; their
greatest concentration is along linear fissure
zones and in the floors of the Mary Bay and
Elliott’s craters.

The sublacustrine vents typically have a V-
shaped morphology, well represented on sev-
eral verticaly exaggerated seismic reflection
profiles (Figs. 4, 13, 14, 16, 18). In many cas-
es, vent margins are draped by lacustrine de-
posits; this geometry suggests either that the
vent is old or that it formed by subsurface
dissolution of underlying strata, forcing gentle
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collapse and warping of younger, overlying
deposits. In other cases, the truncation of la-
custrine strata are truncated along vent mar-
gins suggests forceful expulsion of fluids or
gases through the vent and/or a relatively
young vent age.

The age and activity of a particular vent can
be assessed qualitatively by the character of
reflections from the lacustrine strata on its
flanks, which we correlate with gas content or
hydrothermal alteration in the sediment col-
umn. In the Mary Bay crater (Figs. 13, 16),
for example, shallow sediments characterized
by chaotic reflections are consistent with high
heat flow (Morgan et a., 1977) and the pres-
ence of hydrothermal gas and/or alteration.
Other examples of strata with chaotic reflec-
tions adjacent to vents occur on the flank of
Elliott’s crater (Fig. 14) and east of Stevenson
Island (Fig. 18). Hydrothermal vents south of
Stevenson Island in the deeper, central lake
basin (Figs. 4, 7) are bounded by strata char-

acterized by parallel reflections and probably
are less active.

Local doming of the lake floor caused by
buildup of hydrothermal pressures beneath
sealed zones is common in northern Yellow-
stone Lake. This doming is manifested on
seismic reflection profiles by gently warped
bathymetry and/or stratigraphy (Figs. 18, 20,
21). For each suspected occurrence of such
doming, other processes that can aso produce
mounded deposits, such as landdliding or gec-
ta deposition, have been ruled out. Some areas
of irregular bathymetry may have compound
origins. For example, the hummaocky relief in-
side the Mary Bay crater (Figs. 13, 16), prob-
ably results from a combination of doming,
deposition of breccia, landslides off the crater
margins, and subsurface dissolution.

Most doming of the lake floor appears to
occur on arelatively local scale. For example,
on line Y40 north of Stevenson Island (Fig.
19), shallow lacustrine strata form numerous
domes and basins bounded by unconformities
and pinchouts. Dome and basin height (or
depth) and width are typically less than ~10
m and 100 m, respectively. Thinning of basin
reflections over adjacent domes represents
syndepositional dome growth. Y 40 crosses the
northward projection of the two fissure zones
that occur west of Stevenson Island (Fig. 3),
and it is likely that subsurface hydrothermal
ateration and gas concentration along that
trend contribute to this shallow deformation
and the variable character of reflectionsimaged
on this profile. The relatively well-preserved
stratification in the shallow subsurface and the
distance from lake margins and hydrothermal
explosion craters argue against landsliding or
breccia deposition as the origin of the hum-
mocky stratigraphy on line Y 40.

Line Y57 (Fig. 18) obliquely crosses a fis-

Geological Society of America Bulletin, August 2003
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Figure 22. High-resolution seismic reflection profile Y74, crossing the Lake Hotel fault zone in the northwest subbasin of northern
Yellowstone Lake (Fig. 3). | and Il represent seismic sequences, and labels a—g indicate distinctive reflectors, asdescribed in text. TWT—

two-way traveltime.

TABLE 1. MEASURED OFFSETS OF
DEPOSITIONAL SURFACES CUT BY THE LAKE
HOTEL FAULT ZONE (LINE Y74, FIG. 22) AND
INFERRED HISTORY OF FAULT RUPTURE

(FIG. 23)

Surface Western fault Eastern fault Entire zone

(cm) (cm) (cm)
Lake floor 570 280 290
Event 3
Reflector a 560 260 300
Reflector b 600 300 300
Event 2
Reflector ¢ 680 360 320
Reflector d 680 370 310
Reflector e 700 390 310
Event 1
Reflector f 740 330 410
Reflector g 750 340 410

Offset history:
Event 1: 50 cm offset on western fault, (45) cm offset
on eastern fault, 95 cm offset across zone.
Event 2: 90 cm offset on western fault, 75 cm offset
on eastern fault, 15 cm offset across zone.
Event 3: 580 cm offset on western fault, 280 cm offset
on eastern fault, 300 cm offset across zone.

sure zone east of Stevenson Island in the cen-
tral lake basin (Fig. 3) and images doming on
a larger scale. There is ~28 m of relief over
~600 m distance on the asymmetric bathy-
metric mound. The presence of a vent at the
center of this mound and the chaotic reflec-
tions yielded by strata at the core of the
mound indicate recent hydrothermal activity.
Dome growth, related to buildup of hydro-
thermal pressures beneath a seal, presumably
stopped when those pressures were released
by venting.

The largest feature on the lake floor that we
tentatively interpret as a dome occurs ~1 km
west of Sand Point (line Y22; Fig. 21). This
roughly circular feature is anomalously large,
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~650 m wide, and has 40 m of relief above
the lake floor. Slopes on its northern and
southern flanks are 8> and 13°, respectively.
The inferred dome has a large vent at its core
(not imaged on line Y22). As with line Y57
(Fig. 18), we speculate that hydrothermal
pressures warped the lake floor up and were
then diminished through venting, effectively
ending dome growth and possibly causing
some deflation.

Doming comparable in scale and geometry
to that displayed on line Y40 (Fig. 20) is com-
mon in northern Yellowstone Lake and is of
amagnitude similar to that of the deformation
of exposed shoreline terraces surrounding the
lake (Meyer and Locke, 1986; Locke and
Meyer, 1994; Pierce et a., 2002). The amount
of relief on the domal features on lines Y57
and Y22 (Figs. 18, 21) is, in contrast, larger
than that described on land. This contrast
could indicate that either (1) different pro-
cesses of hydrothermal circulation and dome
growth operate in sublacustrine and terrestrial
environments, or (2) some of the relief on the
larger sublacustrine domes can be attributed to
underlying relict glacial landforms or to rhy-
olitic lava flows.

ACTIVE FAULTS
Lake Hotel Fault Zone

We collected three seismic reflection pro-
files crossing a north-trending graben between
Stevenson Island and Lake Village (Fig. 22).
Otis et a. (1977) originaly recognized this
zone, but their map shows it ~800 to 1000 m
east of itslocation as revealed by our surveys.

We informally designate this fault zone the
“Lake Hotel” fault because of its proximity
to the Lake Hotel in Lake Village (Fig. 3). Otis
et a. (1977) suggested that the two graben-
bounding faults have ‘“displacements of ~10
m.”

Table 1 and Figure 23 provide information
and interpretation of fault offsets based on rec-
ognition of distinctive reflectors a through g
(Fig. 22). Reflectors f and g occur within
largely reflection-free material and represent
clastic glaciolacustrine to early postglacial la-
custrine deposits (sequence |; see previous de-
scription, Laminated Degp-Basin Deposits); the
section above reflector f is characterized by
high-frequency, moderate- to high-amplitude
reflections and consists of diatomaceous mud
(sequence I1). Comparison of the elevations of
the distinctive reflectors (Table 1) indicates
three faulting events.

The first faulting event occurred after de-
position of reflector f and before deposition of
reflector e, after glacial retreat. This faulting
event is characterized by ~50 cm and ~45
cm of down-to-the-east offset on the western
and eastern faults, respectively. The net down-
to-the east offset across the zone was ~95 cm.

The second faulting event occurred after de-
position of reflector ¢ but before deposition of
reflector b. Given the thickness of the section
above reflector ¢ as well as the estimated sed-
imentation rates (see section on Laminated
Deep-Basin Deposits), this faulting event has
an age of 12.5 to 7.5 ka. The movements re-
sulted in ~90 cm of east-side-down offset on
the western fault and ~75 cm of west-side-
down offset (opposite to event 1) on the east-
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after event 3 (ca. 0.1 to 2.1 ka)

after event 2 (ca. 7.5 to 12.5 ka)

)

after event 1 (ca. 12 to 15 ka)

["m |

deposition of reflector "f" (ca. 12 to 15 ka)

Figure 23. Schematic diagram showing in-
ferred postglacial history of reflector f
(shaded layer) in Lake Hotel fault zone (Ta-
ble 1). Age estimates are based on inferred
Holocene basinal sedimentation rate (60—
100 cm/1000 yr) and on assumption that re-
flectors f and g are of latest glacial to early
postglacial age. Note that the sense of dip
on the eastern fault changes between the
first and second events.

ern fault. The net down-to-the east slip across
the zone was thus ~15 cm.

The third faulting event occurred after de-
position of reflector a, which occurs at a depth
of ~130 cm beneath the lake floor. This event
resulted in ~580 cm of down-to-the east off-
set on the western fault and ~280 cm of
down-to-the-west offset on the eastern fault.
The cumulative down-to-the east dip across
the zone during this event was thus ~300 cm.
On the basis of estimated sedimentation rates
(see section on Laminated Deep-Basin Depos-
its), this event has a maximum age of ca. 2.1
ka. Thereis no historic record of alarge earth-
quake beneath northern Yellowstone Lake.
Hence, this event must have occurred before
about A.D. 1900.

Cumulative net down-to-the-east fault slip
across this zone on the three events is ~4.1
m, yielding a postglacial dlip rate of ~0.25—
0.30 mm/yr and an earthquake recurrence in-
terval of ~5000 yr. The net dip across the
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zone (95, 15, and 300 cm) in each faulting
event varies substantially.

Other Faults

Truncated and/or offset seismic reflections
occur on severa other profiles. On line 98b
(Fig. 4), for example, one or two faults up-
warp and truncate basinal reflections; offset
along the eastern fault is ~180 cm. The up-
warping is unexpected in this extensiona en-
vironment and is probably caused by the ex-
pulsion of hydrothermal gas or fluid through
the vent that coincides with the fault. This
fault and other similar structures do not form
lineaments on the multibeam bathymetric
map, and they typically cannot be traced for
more than a few hundred meters with seismic
reflection data despite the tight line spacing of
our survey (Fig. 2). It is possible that many
of these faults are the surface manifestations
of deeper structures within the ring-fracture
zone of the Yellowstone caldera (Christiansen,
2001).

DISCUSSION

Seismic reflection data reveal abundant ev-
idence of latest Pleistocene and Holocene hy-
drothermal and tectonic activity in northern
Yellowstone Lake. The identification of sub-
merged shorelines adds to the record of lake-
level change, which has served as the basis
for understanding the Holocene behavior of
the Yellowstone magmatic/geothermal system.
Hydrothermal features and deposits are im-
aged in unprecedented detail, providing infor-
mation on processes and hazards as well as
important analogues for evaluation of similar
features elsewhere. Documentation of the
Lake Hotel fault aids earthquake-hazard as-
sessment and demonstrates the utility of high-
resolution seismic reflection data in paleoseis-
mologic investigations.

Significance of Submerged Shoreline
Terraces

The presence and chronology of the four
submerged shoreline terraces adds an impor-
tant element to understanding the postglacial
history of Yellowstone Lake and the behavior
of the Yellowstone magmatic/geothermal sys-
tem. Pierce et al. (1993, 1997, 2002) and
Locke and Meyer (1994) summarized con-
straints on the ages of elevated shoreline ter-
races, indicating a general declinein lake level
from ca. 17 to 4 ka (emergent shoreline ter-
races S'' to &), down to ~3 m above the pre-
sent shoreline. Pierce et al. (2002) stated that

al lower shorelines (including those below
lake level) are younger than 8 ka, consistent
with lower amounts of deformation of sub-
merged terraces (Fig. 15) compared to ex-
posed emergent terraces (Meyer and Locke,
1986; Pierce et al., 2002). Pierce et al. (1997,
2002) dated the S2 submerged terrace, ~3.4
m below the lake datum, at ca 3 ka on the
basis of *“C dates on (1) wood associated with
beach sands and gravels in Bridge Bay (Fig.
15), (2) charcod in river gravel downstream
from Fishing Bridge (Fig. 3), and (3) wood in
adrowned valley at West Thumb (Fig. 1). The
S* and S® submerged terraces are less prom-
inent than the S?2 terrace and thus probably
formed between 8 and 3 ka. The S shoreline
is poorly preserved and thus probably predates
S#; we infer that S3 was partly eroded and
degraded first when it was emergent as lake
level dropped to S+ and then again when lake
level rose through the S elevation, climbing
to S2 The S* terrace is probably younger
than S2, an intermediate step on the rise to
present lake level (SY). The total drop in lake
level from & to S*is ~15 m, and the sub-
sequent rise from S*to Stis ~12 m.

Locke and Meyer (1994) and Pierce et al.
(1997, 2002) attributed the fluctuating lake
levels recorded by the on-land and submerged
shoreline terraces to uplift and subsidence of
the lake outlet at Le Hardy Rapids (Fig. 1).
The changes in lake-outlet elevation are con-
trolled by magma intrusion or cooling and/or
geothermal inflation and deflation. Smaller
changes on a shorter time scale in the Yellow-
stone caldera (termed *‘ breathing'”) have been
well documented by geodetic and remote-
sensing studies (Pelton and Smith, 1982;
Dzurisin and Yamashita, 1987; Dzurisin et al.,
1990, 1994; Wicks et al., 1998). The postgla-
cial lake-level curve shown in Figure 15 there-
fore indicates long-term subsidence from ca.
15 to 5 Ma, followed by uplift from ca. 5 Ma
to the present. Pierce et al. (1997) referred to
this longer-term behavior as ‘‘heavy
breathing.”

Downfaulting of the lake outlet has aso
been suggested as a cause of lake-level fluc-
tuation (Pierce et al., 1993; Tiller, 1995). Giv-
en the terrace chronology (Fig. 15), however,
it is unlikely that movement along the Lake
Hotel fault or associated structures near the
lake outlet had arole in lowering the elevation
of the lake outlet. Our data indicate that the
largest of three ground-rupturing events on
this zone occurred sometime in the past
~2100 yr, a time that apparently corresponds
to a period of slow lake-level rise with no ev-
idence of abrupt drops.

Climate change is not considered a viable
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hypothesis for lower lake levels and the oc-
currence of Holocene submerged terraces in
Yellowstone Lake (Locke and Meyer, 1994;
Pierce et a., 2002). For this hypothesis, an
enormous decrease in precipitation relative to
evaporation would be required in order to
force closed-basin conditions. There is no in-
dependent evidence for such a climate change
in the Yellowstone area (e.g., Baker, 1976;
Waddington and Wright, 1974; Whitlock and
Bartlein, 1993).

Geothermal Hazards

Mary Bay crater (Figs. 13, 16) and Elliott’s
crater (Fig. 14) are the world’s largest known
hydrothermal explosion craters (Browne and
Lawless, 2001); thus, understanding their his-
tories and the possibility of future large ex-
plosions in Yellowstone Lake is essential for
hazard assessment. Effects of a large hydro-
thermal explosion in Yellowstone Lake could
include fallout of explosion breccia, triggering
of landslides on the lake margins, and seiche
activity.

The Mary Bay crater is currently a signifi-
cant center of geothermal activity, indicated
by extremely high heat flow (Morgan et a.,
1977), abundant vents (Figs. 13, 16), and the
chaotic reflections that typify (attributed to hy-
drothermal gases and alteration) the crater-
floor deposits. Given these circumstances, it is
likely that there have been numerous hydro-
thermal explosions centered in Mary Bay
since it formed at ca 13 ka, however, none
had sufficient energy to send ejecta onshore.
A detailed coring investigation in and around
Mary Bay is needed to evaluate the occur-
rence and frequency of post—13 ka explosions.
At present, the large number of vents in the
floor of the Mary Bay crater indicates that
there is no efficient crater-wide seal or cap
rock. Hence, the development of reservoir
pressures greatly in excess of lithostatic and
hydrostatic pressures beneath large parts of
the Mary Bay crater seems unlikely, as does
the possibility of imminent large-scale hydro-
thermal explosions.

Elliott’s crater formed between ca. 13 and
8 ka and, in contrast to Mary Bay crater, has
not continued to be a geothermal center. Sed-
iments deposited on the crater floor are rep-
resented by high-frequency continuous reflec-
tions (Fig. 14), indicating that they are not
significantly gas charged or hydrothermally
altered. The crater floor is also flat, suggesting
it is not currently inflated. The possibility of
another large hydrothermal explosion from El-
liott's crater in the near future thus seems
unlikely.
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Locations of present doming (Figs. 18, 20,
21) beneath the lake are here considered the
most probable sites of future, large, hydro-
thermal explosions. Domes, responsible for
considerable irregular relief on the lake floor,
are most common in shallower parts of the
lake near and along fissures and are least com-
mon in the deeper central lake basin and
northwest subbasin (Fig. 3). This relationship
suggests that shallower areas of the lake are
relatively inflated by hydrothermal pressures
compared to deeper parts of the lake. Some
domes have been breached by vents (eg.,
Figs. 18, 21), which presumably results in a
decrease in reservoir confining pressures, ar-
rested dome growth, and less chance of alarge
explosion. Thus, we think that future hydro-
thermal explosions will most likely occur in
unbreached domed aress (e.g., Fig. 20).

The inferred terrace chronology suggests a
lack of correlation between the lowest lake
levels and large hydrothermal explosions.
Muffler et al. (1971) suggested that such ex-
plosions can be triggered by abrupt decreases
in hydrostatic confining pressures. Mary Bay
and Elliott’s craters formed between ca. 13
and 8 ka as the lake level decreased, and it is
possible that their explosions coincided with
rapid drops during that period. However, no
large explosion in the lake correlates with the
submerged shoreline terraces, when confining
hydrostatic pressures would have been their
lowest. Assuming that high lake levels corre-
late with crustal inflation and low lake levels
correlate with deflation and lowering of the
lake outlet, it may be that the thermal energy
needed for development of hydrothermal ex-
plosion craters occurs primarily while the
crust is relatively inflated. During these infla-
tionary episodes, abrupt drops in confining
pressures (forced by tectonics or climate?)
could provide triggers for hydrothermal
explosions.

Hazard Assessment of the Lake Hotel Fault

The Lake Hotel fault, with an apparent
maximum event displacement of 300 cm,
should be more than 20 km long on the basis
of the regression analysis of Wells and Cop-
persmith (1994, their Fig. 12). By using our
seismic reflection and bathymetric data (Figs.
2, 3), we can trace this fault for no more than
3 km. Deformation may, however, extend for
considerable distance to the north and south
as a distributed extensional zone.

Our data show that relief on both faults in
the Lake Hotel zone terminates to the north.
The S? submerged shoreline terrace, which
predates the youngest (and largest) faulting

event, is not offset by the Lake Hotel fault
south of Lake Village (Figs. 3, 15). Further-
more, the Lake Hotel fault zone has not been
detected aong its trend north of the lake
(Christiansen and Blank, 1975; Richmond,
1977a, 1977h). However, Pierce et a. (2002)
mapped a north-northeast-trending normal
fault on land ~250 m east of the Yellowstone
Lake outlet and 450 m east of the trend of the
eastern fault in the offshore Lake Hotel zone
(Fig. 15). This fault offsets ca. 8 ka subaerial
shoreline & ~50 cm and ca. 10.5 ka shoreline
S$* ~100 cm and could represent a right-
stepping en echelon section of the Lake Hotel
fault zone.

To the south of line Y74 (Fig. 3), the bathy-
metric data suggest that the Lake Hotel fault
zone may intersect line Y40 (Fig. 20) through
a zone of chaotic reflections on the western
margin of a small basin, probably as a single
splay. Line Y98a (Fig. 7), our first east-west
tie line south of Stevenson Island, shows an
unfaulted 15-m-thick section of basinal strata
on the trend of the Lake Hotel fault, ruling out
linear projection of this fault zone this far to
the south. We therefore argue that the north-
west- to north-northeast—trending fissure
zones east and west of Stevenson Island (Fig.
2) and severa small faults (e.g., line Y98b;
Fig. 3) accommodate and distribute the exten-
sion manifested in the Lake Hotel fault zone
to the north.

Other faults mapped south of our study area
are probably also related to the Lake Hotel
fault. About 15 km south of and on the same
trend as the Lake Hotel fault, Richmond
(1974) mapped an ~5-km-long north-trending
normal fault at the east end of the Flat Moun-
tain Arm (Fig. 1) that Locke et al. (1992) sub-
sequently named the Eagle Bay fault. Locke
et a. suggested just one postglacial faulting
event, occurring in the past 4500 yr and yield-
ing scarps as high as 8.9 m. Between the Lake
Hotel and Eagle Bay fault zones, Tiller (1995)
interpreted a postglacial norma fault with as
much as 17 m of offset on a northwest-trending
seismic reflection profile between Dot and
Frank Islands (Fig. 1).

Available data therefore indicate that a zone
of north-trending normal faults and/or fissures
extends both north and south of the Lake Ho-
tel fault zone over a cumulative length of at
least 25 km. It is possible that this zone is a
single distributed extensional fault zone char-
acterized by severa discontinuous segments
that connect at depth. If this is the case, then
rupture propagates to the surface in a highly
heterogeneous manner. Recent seismicity in-
dicates that the thickness of seismogenic crust
in the Yellowstone cadera is only ~5 km
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(Smith and Braile, 1984) because of high heat
flow. Given this thickness and the suggested
maximum length (25 km) of the fault zone,
the rupture area for a potential earthquake
could be as large as 125 km?2. A rupture area
of this size could generate an earthquake as
large as 6.5, on the basis of regressions com-
paring fault rupture and earthquake magnitude
(Wells and Coppersmith, 1994; their Fig. 16).
If the fault is shorter or if rupture is limited
to short segments, the potentia rupture area
and earthquake magnitude decrease substan-
tially. For example, rupture of only the ~3-
km-long Lake Hotel segment of this zone
(rupture area of ~15 km?) would yield an
earthquake of magnitude 5.3.

The latest and largest rupture on the Lake
Hotel fault zone does not correlate with lower
lake level or with large, sublacustrine hydro-
thermal explosions. It is possible that move-
ment on the Lake Hotel fault zone could lo-
caly dter subsurface ‘‘plumbing” in the
Yellowstone caldera and, in that way, help
trigger a hydrothermal explosion, but that hy-
pothesis cannot be rigorously tested with
available data. The first two faulting events on
the Lake Hotel zone (Table 1; Fig. 23) oc-
curred prior to ca. 7.5 ka and could correlate
with the Mary Bay or Elliott's hydrothermal
explosions.

Landsliding on the lake margins might be
triggered by strong ground motions and thus
could correlate with Lake Hotel zone faulting
and/or with Mary Bay and Elliott’'s explo-
sions. However, equally strong ground mo-
tions around Yellowstone Lake might be gen-
erated by rupture of other nearby faults (e.g.,
the Hebgen fault, Myers and Hamilton, 1964)
or by hydrothermal explosions from other
nearby geothermal areas.

CONCLUSIONS

Our work in northern Yellowstone Lake re-
inforces the importance of detailed geophysi-
cal investigations of lakes in active volcanic
settings (e.g., Newhall et al., 1987; Bacon et
al., 2002). The seismic reflection survey of
northern Yellowstone Lake images active geo-
thermal features and faults with unprecedented
resolution, providing essential information for
understanding geologic processes, assessment
of geologic hazards, and recognition of com-
parable features in other subagueous volcanic
environments.

Seismic reflection data from northern Yel-
lowstone L ake document the distribution, size,
geometry, and relative age of geothermal fea-
tures, including the world’s largest known hy-
drothermal explosion craters, asymmetric cra-
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ter gecta, and vents and domes of variable
size and concentration. Mary Bay crater (ca
13 ka) continues to be a center of geothermal
activity, possibly including small hydrother-
mal explosions, whereas Elliott's crater (ca
13-8 ka) has been relatively quiescent for sev-
eral thousand years. Domed areas that are un-
breached by vents are considered the most
likely sites of future large hydrothermal ex-
plosions. Submerged shoreline terraces com-
plete the postglacial record of ‘“‘heavy breath-
ing”’ of the Yellowstone caldera, an essential
context for understanding past and future cal-
dera behavior as well as recent, smaller-scale,
caldera uplift and subsidence. A distributed
extensional zone within northern Yellowstone
Lake is characterized by both normal faults
and by linear fissures. Documentation of the
Lake Hotel fault zone provides estimates of
offset and recurrence interval and demon-
strates the utility of high-resolution seismic re-
flection data in paleoseismology.
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