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Executive Summary

The Geologic Resources Inventory (GRI) is one of 12 inventories funded by the National
Park Service Inventory and Monitoring Program. The Geologic Resources Division held a
GRI scoping meeting for Crater Lake National Park in Oregon on 3 March 2004 and a
follow-up conference call on 18 December 2012 to discuss geologic resources, the status of
geologic mapping, and resource management issues and needs. This report synthesizes those
discussions and is a companion document to the previously completed GRI digital geologic

map data.

This Geologic Resources Inventory (GRI) report was
written to assist in resource management and science-
informed decision making at Crater Lake National Park
in southwestern Oregon. It may also be useful for
interpretation. The report highlights the geologic
heritage—significant geologic features, landforms, and
landscapes characteristic of our nation—of Crater Lake
National Park, including iconic Crater Lake. The lake
partly fills Crater Lake caldera that formed when Mount
Mazama, a 3,700-m- (12,000-ft-) high volcano,
climactically erupted and collapsed about 7,700 years
ago.

Since that eruption, all volcanic activity within the park
area has occurred within the caldera. Five vents extruded
lava onto the caldera floor, including the vent for Wizard
Island, which is the only “postcaldera” (occurring since
the climactic, caldera-forming eruption) volcano to
break the surface of Crater Lake. The postcaldera
volcanoes, including Wizard Island volcano, were active
while Crater Lake was filling with water. Today, Crater
Lake is maintained by a balance between
precipitation/inflow and surface evaporation/seepage.
The lake has no outlet or inlet. An average annual water
supply of 224 cm (88 in) and a thick layer of permeable
glacial till in the caldera wall, which serves as a “bathtub
drain,” are significant factors in lake level.

The digital geologic data set that accompanies this report
is a compilation of five source maps that cover the Crater
Lake area. Bacon (2008) covers the area of Mount
Mazama and Crater Lake caldera. Jenks et al. (2008)
compiled data that covers an area east and southeast of
the park. MacLeod and Sherrod (1992) is a
reconnaissance geologic map that covers an area
northeast of the park. Sherrod (1991) is a geologic map
that provides data that covers the northern part of the
park. Smith et al. (1982) is a preliminary geologic map
that provided data that covers the southernmost part and
an area immediately west of the park. The entire Bacon
(2008) map and portions of Jenks et al. (2008), MacLeod
and Sherrod (1992), Sherrod (1991), and Smith et al.
(1982) are part of the GRI data set. A simplified geologic
map (in pocket) illustrates these geologic data, and the
Map Unit Properties Table (in pocket) summarizes the
report content for the rocks and unconsolidated deposits
on the digital geologic map. Refer to the “Geologic Map
Data” section for more information.

The accompanying digital data set also includes a map by
Bacon et al. (1997), which compiled information about
volcano and earthquake hazards for the Crater Lake
region. A hazard map graphic (in pocket) illustrates these
data.

The report discusses geologic issues facing resource
managers at the park, distinctive geologic features and
processes within the park, the geologic history leading to
the park’s present-day landscape, and provides
information about the GRI geologic map data produced
for the park. This report also contains a glossary and a
geologic time scale.

During a 2004 GRI scoping meeting and a 2012 follow-
up conference call, participants (see Appendix A)
identified geologic issues of particular significance for
resource management at Crater Lake National Park.
They include the following:

¢ Slope Movements. Crater Lake caldera is a collapse
depression enlarged by slope movements; slumping
and sliding of the caldera walls formed the distinctive
scalloped outline seen today. The last major landslide
event to carry debris to the center of the caldera floor
was the Chaski Bay landslide. This landslide, also
referred to as a debris-avalanche deposit, moved
across the caldera floor soon (an estimated 200 years)
after the climactic eruption. A future large landslide or
rockfall event into Crater Lake could produce a
damaging wave. Present-day slope-related geologic
hazards of resource management concern include
rockfall along Rim Drive and the Cleetwood Cove
Trail, and slope processes on the caldera wall below
Crater Lake Lodge.

o Seismic Activity. Earthquake hazards in the greater
Crater Lake area are similar to those in other
earthquake-prone areas, namely damage to structures,
utilities, communication lines, and transportation
systems. The West Klamath Lake fault zone, Cascadia
subduction zone, and local volcanic earthquakes are
sources of seismic activity that have the potential to
affect Crater Lake National Park.

e Volcano Hazards. Bacon et al. (1997) studied volcano
and earthquake hazards in the Crater Lake region and
estimated the likelihood of future volcanic events. The
annual probability of an eruption occurring near
Crater Lake is about one chance in 10,000. Because
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postcaldera volcanoes are concentrated in the western
half of the caldera, this is the most likely site of future
activity. Potential hazards include pyroclastic surges
(hot, rapidly moving clouds of gas and ash) and
ballistics (ejected material) from explosive eruptions
within the caldera. In addition, lahars (rapidly moving
debris flows that originate at volcanoes and consist of
rock fragments carried downslope in a matrix of clay
or pulverized rock and water) are a possible hazard in
valleys extending from the rim. Eruptions from vents
below the surface of Crater Lake may be highly
explosive in shallow water but much less explosive in
deep water. An eruption from a vent in the caldera wall
itself also could be explosive because of the abundant
groundwater within the mountain. Waves on Crater
Lake several meters high could be produced during an
explosive eruption within the caldera.

¢ Hydrothermal Features and Geothermal
Development. The Geothermal Steam Act of 1970 as
amended in 1988 designated Crater Lake as a
significant thermal feature. Physical evidence of
hydrothermal activity includes pools of relatively
warm and solute-laden water, bacterial mats
associated with venting of warm water, and high silica
spires (subaqueous thermal-spring deposits) formed
by thermal chimneys on the floor of Crater Lake
caldera. In January 1984, the Bureau of Land
Management granted two leases to the California
Energy Company for geothermal exploration in the
Winema National Forest, south and east of the park.
The company drilled two exploration wells on these
leases. Because of Crater Lake’s inclusion in the
Geothermal Steam Act, consideration of geothermal
development in Winema National Forest was
terminated. Since then, no other leasing activity has
threatened to impact the geothermal system at the
park.

e Disturbed Lands Restoration. Crater Lake National
Park contains approximately 10 ha (25 ac) of disturbed
lands in need of restoration through site preparation,
erosion mitigation, and revegetation efforts. In
addition, two separate landfills used for 50 years or
more, “Summer Dump” and “South Yard,” may
contain hazardous materials.

¢ Abandoned Mineral Lands. The Abandoned Mineral
Lands (AML) database, maintained by the NPS
Geologic Resources Division, documents 15 surface
mines at Crater Lake National Park; five of these are in
need of hazard mitigation such as signage, closure, or
restoration.

Geologic features of particular significance for resource
management at Crater Lake National Park include the
following:

¢ Mount Mazama. Mount Mazama consisted of a
succession of overlapping shield and stratovolcanoes
built upon lava flows older than 400,000 years.
Volcanoes that helped to build up the edifice of Mount
Mazama each were probably active for a
comparatively short period of time—a few thousand
years to perhaps 40,000 years. As Mount Mazama

vi  NPS Geologic Resources Division

grew, the focus of activity migrated in a west—
northwest direction. The climactic eruption of Mount
Mazama lasted only a few days, but erupted
approximately 50 km’® (12 mi’) of magma. This
eruption took place in two phases: a single-vent phase
that produced a towering column of pumice and ash,
called a “Plinian eruption,” and a ring-vent phase that
started as the volcano began to collapse in upon itself,
creating circular cracks that opened up around the
peak. The ring-vent phase produced pyroclastic
flows—rapidly moving, chaotic mixtures of rock
fragments, gas, and ash, greater than 800°C (1,470°F)—
fed by vents that circumscribed the upper part of
Mount Mazama.

Mazama Ash. During the climactic eruption of Mount
Mazama, principally the single-vent phase, ash rose
into the air and settled over much of the western
United States and southwestern Canada, blanketing an
area of about 1.7 million km? (656,000 mi?). The short-
lived nature of the climactic eruption and the extent
and thickness of the deposit make Mazama ash a
valuable stratigraphic marker and an important time
horizon across many depositional environments.

Shield Volcanoes and Cinder Cones. Shield volcanoes
and cinder cones partly surround Mount Mazama, and
are representative of the magma input to the Mazama
system over time. These small, individual volcanoes
are a manifestation of regional volcanism.

Crater Lake Caldera and Fill. The eruption and
collapse of Mount Mazama created Crater Lake
caldera, which is 1,200 m (3,900 ft) deep and 8-10 km
(5-6 mi) in diameter at the rim. Since formation of the
caldera 7,700 years ago, volcanic and sedimentary
materials have been filling the basin. Initially, the
collapsing caldera walls provided ample material.
Later, postcaldera volcanic activity and lacustrine
sedimentary processes added volcanic rocks and
lacustrine sediment, respectively. Sedimentation
continues today.

Crater Lake. With respect to the average surface
elevation—1,883 m (6,178 ft) above sea level—the
maximum depth of Crater Lake is 594 m (1,949 ft),
making it the deepest lake in the United States, second
deepest lake in North America, and seventh deepest
lake in the world. In addition to depth, Crater Lake’s
remarkable clarity and blue color are often-cited and
treasured features. In light of its exceptional clarity
and depth, as well as its nearly pristine condition,
Crater Lake is a valuable natural laboratory. Scientific
interest began in 1889; systematic study has occurred
for more than two decades.

Glacial Features. Crater Lake National Park has long
been noted as a place of “fire and ice,” where
volcanoes and glaciers met. No glaciers occur on the
landscape today, but features such as ice-bounded lava
flows with polygonal, columnar jointing, as well as
tuyas (table mountains), provide evidence of past
glacial activity and lava-ice interactions. In addition,
the park contains classic glacial features such as till and
moraines, polish and striations, U-shaped valleys and
notches, cirques, and horns. As many as six advances



of glacial ice occurred within the park, for example,
carving the notches into the heads of Sun and Kerr
valleys. A seventh advance is recorded in the caldera
walls. Investigators have correlated these advances
with global ice ages.

Caves. Crater Lake National Park contains more than
40 caves. Thirty-one of these are within the rim of

Crater Lake caldera, many near the lake surface,
making the proximity of clear, blue Crater Lake a
distinctive feature. Another five cave sites, with one or
more caves, occur outside the rim. Beside the work
provided by Allen (1984), the caves at the park have
not been inventoried or mapped.
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Introduction

This section briefly describes the National Park Service Geologic Resources Inventory
Program and the regional geologic setting and history of Crater Lake National Park.

Geologic Resources Inventory Program

The Geologic Resources Inventory (GRI) is one of 12
baseline natural resource inventories funded by the
National Park Service (NPS) Inventory and Monitoring
Program. The Geologic Resources Division of the NPS
Natural Resource Stewardship and Science Directorate
administers the GRI.

The objectives of the GRI are to provide geologic map
data and pertinent geologic information to support
resource management and science-based decision
making in more than 270 natural resource parks
throughout the National Park System. To realize these
objectives, the GRI team undertakes three tasks for each
natural resource park: 1) conduct a scoping meeting and
provide a scoping summary, 2) provide digital geologic
map data in a geographic information system (GIS)
format, and 3) provide a GRI report. These products are
designed and written for nongeoscientists. Scoping
meetings bring together park staff and geologic experts
to review available geologic maps, develop a geologic
mapping plan, and discuss geologic issues, features, and
processes that should be included in the GRI report.
Following the scoping meeting, the GRI map team
converts the geologic maps identified in the mapping
plan to digital geologic map data in accordance with their
data model. Refer to the “Geologic Map Data” section
for additional map information. After the map is
completed, the GRI report team uses these data, as well
as the scoping summary and additional research, to
prepare the geologic report. This geologic report assists
park managers in the use of the map and provides an
overview of the park’s geology, including geologic
resource management issues, geologic features and
process, and the geologic history leading to the park’s
present-day landscape.

The compilation and use of natural resource information
by park managers is called for in the 1998 National Parks
Omnibus Management Act (section 204), Management
Policies 2006, and the Natural Resources Inventory and
Monitoring Guideline (NPS-75). Refer to the
“Additional References” section for links to these and
other resource management documents.

For additional information regarding the GRI, including
contact information, please refer to the GRI website
(http://www.nature.nps.gov/geology/inventory/). The
current status and projected completion dates of GRI
products are available on the GRI status website
(http://www.nature.nps.gov/geology/GRI_DB/Scoping/
Quick_Status.aspx).

Park and Geologic Setting

Crater Lake National Park was established in 1902 and
encompasses 74,159 ha (183,224 ac) of pristine forest and
alpine terrain (plate 1, in pocket). The park is named for
Crater Lake, which partly fills one of the most
spectacular calderas in the world—Crater Lake caldera.
The caldera is an 8-by-10-km (5-by-6-mi) basin more
than 1 km (0.6 mi) deep. It formed by collapse of Mount
Mazama, which was once the largest edifice between
Mount Shasta and Three Sisters volcanoes in the
Cascade Range (fig. 1). Most of Mount Mazama lies
within Crater Lake National Park, though its lower
flanks are within nearby Rogue River and Winema
national forests.

NORTH
Mouﬂéager AMERICAN
PLATE

CANADA

P
Mount Garibaldi

. Mount Baker

. Glacier Peak
Mount
Rainjer

NP Mount
Rainier

Wwashington

Mount Jefferson

Three
Sisten%

Newberry
«a\/olcano

Mount
Mazama

. Mount McLoughlin

VIedigine Lake

Mountains A, volcaho
P LavalBeds NM
Mount Shasta

Plate Boundaries: Divergen/ Convergent‘ Transform\\

Figure 1. Cascade Range. The Juan de Fuca oceanic plate, and Gorda
and Explorer subplates, are diving beneath the North American
continental plate at the Cascadia subduction zone. Cascade
volcanism, including the climactic eruption of Mount Mazama, and
associated seismic activity are results of ongoing subduction. In
addition to Crater Lake National Park, Mount Rainier and Lassen
Volcanic national parks contain evidence of Cascade volcanism, as
does Lava Beds National Monument. The red arrow on the figure
indicates the direction of subduction. Black arrows indicate the
relative movements/directions of tectonic plates. Graphic from Lillie
(2005), modified by Jason Kenworthy (NPS Geologic Resources
Division).
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Before its caldera-forming explosion, Mount Mazama
was one of the major volcanoes of the Cascade arc—a
chain of prominent composite cones, also called
“stratovolcanoes,” and hundreds of smaller regional
volcanoes (shield volcanoes and cinder cones) that
extend from northern California to southern British
Columbia (Bacon 2008). The two highest Cascade-arc
volcanoes today are Mount Rainier (see Graham 2005)
and Mount Shasta, both of which exceed 4,270 m (14,000
ft) in elevation. Elevations of these mountains have
resulted less from uplift than from piling and layering of
volcanic materials (Whitney 1989).

Cascade-arc volcanoes, including Mount Mazama, lie
above the easterly dipping Cascadia subduction zone,
where the Juan de Fuca oceanic plate, and Gorda and
Explorer subplates, are sliding beneath the North
American continental plate on the western edge of North
America (fig. 1). The volcanic arc is active, with eruptions
occurring within the past century. Mount St. Helens,
which erupted explosively in 1980 and experienced
dome building in 2004-2008, and Lassen Peak, which
erupted explosively in 1914 and intermittently for three
years thereafter, are the two most volatile volcanoes in
recent years.

About 7,700 Jears ago—calendar years, based on a
carbon-14 (**C) age of 6,845 + 50 years before present
(BP) (Bacon 1983)—Mount Mazama experienced a
climactic (caldera-forming) eruption during which the
volcano collapsed in upon itself. Prior to collapse, the
volcano had been building up for 400,000 years, since the
Middle Pleistocene Epoch (fig. 2). Mount Mazama
consisted of several overlapping composite and shield
volcanoes, each of which was active for a few thousand
years to perhaps 40,000 years (Bacon and Lanphere
20006).

Since the climactic eruption, volcanic activity has been
restricted to within the Crater Lake caldera; this activity
is referred to as “postcaldera” volcanism. As the lake
began to fill with water, lava and pyroclastic material
created the central platform (map units Hapc, Hapcb),
Merriam Cone (Hamc, Hamcb), and Wizard Island
(Hawp, Hawb, Haw) within a few hundred years of
caldera collapse (Bacon et al. 2002). A small dome (Hr,
Hrb) east of Wizard Island was emplaced most recently.
Nelson et al. (1994) assigned a Hc age of 4,240 +290
years BP, or approximately 4,800 years ago in calendar
years (Stuiver et al.1998).Wizard Island is the only
postcaldera volcano to breach the surface of Crater Lake.
The last eruptions of Wizard Island took place when
Crater Lake was about 80 m (260 ft) lower than today
(Bacon et al. 2002).

Before its climactic eruption, Mount Mazama stood
roughly 3,700 m (12,000 ft) in elevation. Today the
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highest point on the caldera rim is Hillman Peak (fig. 3),
which is 2,426 m (7,959 ft) above sea level and 604 m
(1,980 ft) above the surface of Crater Lake (US
Geological Survey 2008). Hillman Peak is a 70,000-year-
old stratovolcano and one of the youngest remnants of
Mount Mazama (Bacon 2008). Nearby Mount Scott
(fig. 4), which is about 420,000 years old, represents the
oldest remnant of Mount Mazama. It lies east of Crater
Lake caldera. At 2,628 m (8,622 ft) in elevation, Mount
Scott is the highest peak in the park.

The 53-km (33-mi) Rim Drive around Crater Lake
provides access for viewing the volcanic landscape,
leading to more than 30 scenic overlooks. The overlook
at Discovery Point is the spot of the first recorded
sighting of Crater Lake (fig. 5). In 1853, gold prospector
John Wesley Hillman stumbled upon this view of what
he called “Deep Blue Lake.” The quality of the lake’s
water enables sunlight to penetrate and create the
renowned blue color, as well as provides a mirror-like
surface that reflects images of the steep caldera walls.
The cliffs rise from 150 to 610 m (500 to 2,000 ft) above
the lake’s surface.

Generations of visitors have been dazzled by the
remarkable color and clarity of Crater Lake. The
interaction of people with this place is traceable back to
the eruption of Mount Mazama. Archeologists have
found sandals and other artifacts buried under layers of
ash, dust, and pumice from the climactic eruption. To
date, archaeological evidence does not indicate that
Mount Mazama was permanently inhabited. Rather, it
was used as a place for visionquests and prayer. Accounts
of the eruption can be found in stories told by the
Klamath Indians today (National Park Service 2010).
European contact with Mount Mazama and Crater Lake
was fairly recent, starting with Hillman’s discovery in
1853.

The geologic setting of Crater Lake National Park is also
noted for many glacial features. Ice occupied valleys and
the higher parts of Mount Mazama at least six times
during the volcano’s history (Bacon and Lanphere 2006;
Bacon 2008). A seventh glaciation is recorded in the
caldera walls. Repeated glacial advances carved the
deeper valleys in the park such as Munson, Sun, and Kerr
(Bacon and Lanphere 2006).

Facilities and visitor opportunities at the park include
two campgrounds (Mazama and Lost Creek), two visitor
centers (Steel and Rim), eight picnic areas, 145 km (90
mi) of hiking trails, and a boat tour on Crater Lake.
Annual visitation is generally around 400,000; 447,251
people visited the park in 2012 (National Park Service
2013).
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Figure 2. Geologic time scale. The divisions of the geologic time scale are organized stratigraphically, with the oldest at the bottom and
youngest at the top. GRI map abbreviations for each geologic time division are in parentheses. The most significant geologic events at Crater
Lake National Park took place during the Holocene (H) and Pleistocene (PE) epochs, as indicated by the green shading on the time scale. Rocks
immediately outside the boundary of the park are somewhat older; the oldest are from the Oligocene Epoch. Boundary ages are in millions of
years. Major life history and tectonic events occurring on the North American continent are included. Compass directions in parentheses
indicate the regional location of individual geologic events. Graphic design by Trista Thornberry-Ehrlich (Colorado State University) and
Rebecca Port (NPS Geologic Resources Division), using dates published by the International Commission on Stratigraphy
(http://www.stratigraphy.org/index.php/ics-chart-timescale; accessed 23 September 2013).
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Figure 3. The Watchman and Hillman Peak. The Watchman (left) and Hillman Peak (right) dominate the western wall of Crater Lake caldera.
Andesite of Hillman Peak (PEah) forms the summit of its namesake. The Watchman is a glaciated horn sculpted from a thick lava flow—dacite
of The Watchman (PEdwf)—whose feeder dike forms sail-like outcrops on the caldera wall. US Geological Survey photograph by Charles R.

Bacon.

Figure 4. Mount Scott. Mount Scott (right foreground) stands 2,721 m (8,928 ft) above sea level and is the highest peak in Crater Lake
National Park. It is composed entirely of lava and pyroclastic rubble of dacite of Mount Scott (PEds), which is approximately 420,000 years old.
The peak has a mantle of pumice (Hcp) that was ejected during the climactic eruption of Mount Mazama. One or more snow avalanches
created the long buff-colored scar descending down the flank of the peak (left). In the distance Wizard Island breaks the surface of Crater
Lake. The Watchman is directly behind Wizard Island on the caldera rim; Hillman Peak is farther right. Llao Rock is at the right-hand edge of

the photograph. US Geological Survey photograph by Charles R. Bacon.
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Figure 5. Discovery Point. Rim Drive encircles Crater Lake caldera and provides views of Crater Lake. This overlook is Discovery Point, which
offers a fine view of Wizard Island and marks the spot where gold prospector John Hillman first set eyes on Crater Lake in 1853. Note the
historic guard wall in this photograph. A proposed project will repair historic features such as guard walls along the road and at some
overlooks (see “Slope Movements” section). National Park Service photograph.
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Geologic Issues

Geologic issues described in this section may impact park resources or visitor safety and
could require attention from resource managers. Contact the Geologic Resources Division

for technical and policy assistance.

During the 2004 scoping meeting and 2012 conference
call, participants identified the following geologic
resource management issues:

¢ Slope Movements

o Seismic Activity

¢ Volcano Hazards

e Hydrothermal Features and Geothermal Development
¢ Disturbed Lands Restoration

e Abandoned Mineral Lands

Resource managers may find Geological Monitoring
(Young and Norby 2009; http://go.nps.gov/
geomonitoring) useful for addressing these geologic
resource management issues. The manual provides
guidance for monitoring vital signs—measurable
parameters of the overall condition of natural resources.
Each chapter covers a different geologic resource and
includes detailed recommendations for resource
managers and suggested methods of monitoring.

Slope Movements

Crater Lake caldera is a collapse depression enlarged by
slope movements. The collapse of Mount Mazama’s
magma chamber created an area of structural subsidence
that is approximately 5 km (3 mi) in diameter (Bacon
1983). However, as a result of slope movements, the
topographic caldera is nearly twice that size, spanning 10
km (6 mi) east-west by 8 km (5 mi) north-south. Slope
movements of the caldera walls formed the distinctive
scalloped outline seen today.

The Chaski Bay landslide, or “Chaski slide,” was the
most recent major landslide event to carry debris to the
center of the caldera floor. This landslide, also referred
to as a debris-avalanche deposit, has not been dated
directly, but likely occurred soon (about 200 years) after
the climactic eruption (Charles R. Bacon, US Geological
Survey, research geologist, email communication, 25
September 2013). Material from the Chaski slide covers
an area of 4.9 km? (1.9 mi®), has a volume of 0.21 km®
(0.05 mi’), and is the largest of its kind in the park. The
Chaski slide deposit exemplifies landslide deposits (map
unit Hls) of Bacon (2008). These deposits consist of large
blocks removed from the caldera wall. The largest blocks
in the Chaski slide deposit are about 280 m (920 ft) long.

Other landslide deposits occur outside Crater Lake
caldera. At a scale of 1:24,000, Bacon (2008) mapped only
the largest subaerial earthflows and slumps (Qls) in the
vicinity of the park. Some deposits show hummocky
topography where debris has moved onto flat terrain;
other deposits plaster canyon walls. Notable examples of

landslide debris (Qls) occur in the Rogue River valley,
west of the park.

Since the creation of Crater Lake caldera, debris chutes
have transported sediment—via gravity slides (e.g.,
rockfall, debris avalanches, and slumps) and sediment-
gravity flows (e.g., debris flows, grain flows, and turbidity
currents)—to form coalescing sediment aprons at the
base of the caldera walls. Finer grained material
continues into basins on the floor of the caldera (Nelson
etal. 1986, 1994).

Evidence of this gravity-driven scenario is documented
by Bacon (2008) and shown as landslide deposits (Hls)
and sediment gravity-flow deposits (Hsl) on the geologic
map of Crater Lake National Park. Landslide deposits
(Hls) include debris-avalanche deposits beneath the
surface of Crater Lake. They are composed of
unconsolidated, poorly sorted rock debris derived from
the caldera walls and transported into the lake by mass-
wasting (gravity-driven) processes. Sediment gravity-
flow deposits (Hsl) represent modern, ongoing
sedimentation as fine-grained debris moves towards the
east, northwest, and southwest basins, creating smooth,
nearly flat surfaces (Nathenson et al. 2007). Fine-grained
sediments may “pond” in local depressions along the way
to these basins (see “Crater Lake Caldera and Fill”
section). The uppermost sedimentary layers in these
basins, and numerous smaller sediment-filled
depressions on and between lava flows and landslide
deposits, consist of mud and fine-grained sand (Bacon
2008).

In addition, much of the submerged caldera wall is
buried under fragmented debris aprons shown as talus
(Qt) on the geologic map. Submerged talus (Qt) shed
from caldera walls is contiguous with subaerial talus (also
delineated by map unit Qt). Conspicuous slopes of talus
outside Crater Lake caldera occur at the heads of Kerr
and Munson valleys, and on the northern slope of Union
Peak (Bacon 2008).

Slope-Related Geologic Hazards

Slope movements can constitute a geologic hazard where
these conditions threaten human life, welfare, and
property (Neuendorf et al. 2005). Within the park, the
following three areas are noted for having slope-related
geologic hazards:

Rim Drive

Automobile access into Crater Lake National Park is
from the north and south. Oregon Highway 97 leads to
the North Entrance Road and North Entrance Station of
the park. Oregon Highway 62 leads to the South

CRLA Geologic Resources Inventory Report 7


http://go.nps.gov/geomonitoring
http://go.nps.gov/geomonitoring

Entrance Road and Annie Spring Entrance Station

(plate 1). Both the southern and northern roads join Rim
Drive, which encircles the Crater Lake caldera. Rim
Drive provides scenic views of Crater Lake and is part of
the “volcano to volcano” connection (scenic byways)
that links Crater Lake and Lassen Volcanic national
parks (National Park Service 2005). The road is vital to
park operations and local economies (National Park
Service 2012b).

Rim Drive was originally completed in 1941 and has
periodically needed repairs to address structural
deficiencies and normal wear. The road bench
supporting the pavement has suffered from incremental
erosion due to the soft underlying pumice soil and rock.
Portions of the existing pavement have developed ruts,
lateral cracking, and severe raveling at pavement edges.
In addition, historic guard walls (fig. 5), which are
contributing elements to the National Register listing of
Rim Drive, are failing in some locations due to erosion
and age, and require stabilization to prevent further
damage. Also, steep rock cliffs and cut slopes along Rim
Drive are eroding, resulting in falling rock onto the road.
Rockfall has the potential for damaging the road and
endangering travelers (National Park Service 2012b). The
National Park Service, in cooperation with the Western
Federal Lands Highway Division of the Federal Highway
Administration, is taking actions to rehabilitate Rim
Drive and mitigate rockfall (Mac Brock, Crater Lake
National Park, chief of Resource Management, written
communication, 9 April 2013).

Rim Drive
|

_

Cleetwood Cove Trail

The Cleetwood Cove Trail is a specific area of concern
for rockfall hazards (figs. 6 and 7). The trail usually opens
mid- to late June. The steep (11% grade) trail is 1.8 km
(1.1 mi) long and drops nearly 210 m (700 ft) down to
Crater Lake. Park guides list the trail as “strenuous.”
Cleetwood Cove Trail, however, is the only place in the
park where it is legal, and relatively safe, to get down to
the lakeshore (National Park Service 2009).

Figure 6. Cleetwood Cove. The scalloped form of Cleetwood Cove is
typical of collapse calderas that enlarge via slope movements during
and immediately following a caldera-forming eruption. Holocene
rhyodacite of the Cleetwood flow (map unit Hrh) forms the cliff at
the caldera rim above the cove. Palisade Point juts into the lake at
the right of the photograph. On the left are the boat landing and
gauging station. Mount Bailey (left) and Mount Thielsen (right) are
in the distance. US Geological Survey photograph by Charles R.
Bacon.

Figure 7. Cleetwood Cove relief. Bathymetric and light detection and ranging (LiDAR) imagery show the amphitheater-shaped Cleetwood
Cove on the northeastern edge of Crater Lake. The embayment formed during the climactic eruption of Mount Mazama as the mountain
foundered into the opening caldera. The Cleetwood rhyodacite lava flow (Hrhv), which erupted as little as a few months before the climactic
eruption, is northeast of the cove (upper, right-hand corner of the image). The Cleetwood Cove Trail and the boat landing are visible on the
image. The trail zigzags its way down the caldera wall (middle left). A white band, separating bathymetric from LiDAR survey data, appears
on the image. In addition, parallel east-west “grooves” and north-south “stitching” on the lake floor are artifacts of bathymetric data
processing. US Geological Survey graphic from Robinson et al. (2012) with annotations by Rebecca Port (NPS Geologic Resources Division).
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Capable visitors can hike down the trail and swim or fish
in the lake from the shoreline at trail’s end. The trail also
leads to the boat landing, where visitors can participate
in a ranger-led boat tour.

Because the trail was developed on the extremely steep
slopes of Crater Lake caldera, it has the potential for
rockfall. Holocene rhyodacite of the Cleetwood flow of
Williams (1942) (map unit Hrh) forms cliff at the caldera
rim above the arcuate cove (Bacon 2008). In 1993,
rockfall caused the death of a visitor on the trail
(Covington 2004). The trail requires extensive annual
monitoring and maintenance to provide safe conditions
for park operations and the visiting public (Mac Brock,
Crater Lake National Park, chief of Resource
Management, conference call, 18 December 2012).
Caldera Wall below Crater Lake Lodge

Crater Lake Lodge is located less than 15 m (50 ft) from
the rim of Crater Lake caldera, where the caldera wall
descends very steeply for about 270 m (900 ft) down to
Crater Lake (fig. 8). In the 1980s, the stability of the
caldera wall on the northern side of the lodge was

questioned because the lodge, which was constructed in
the early 1900s, had experienced fairly severe distress
over its lifetime. Cracks had developed in the lodge’s
foundation and also appeared in structural walls, but the
cause—slope movement or poor foundation design—was
not clear. The concern was that the weight of the lodge
was “loading” the slope, which might be undergoing slow
failure or slippage that was, in turn, damaging the historic
structure.

Erosion of the slope from water seepage was another
concern. Flow from a spring, located about 90 m (300 ft)
below the lodge above a lava outcrop, was eroding
material around the spring and undermining material
above, resulting in a progression of downslope erosion.
The presence of large boulders, up to 2 m (6 ft) in
diameter, on the slope exacerbated erosion. When
erosion reached a point that a boulder was undermined,
the rock would tumble down the slope, causing loss of
material both above the boulder and along the boulder’s
path (Denver Service Center 1997).

Figure 8. Crater Lake Lodge. Slope movements are apparent on the caldera wall below Crater Lake Lodge, where the historic lodge is located
less than 15 m (50 ft) from the rim. The caldera wall slopes very steeply for about 270 m (900 ft) down to Crater Lake. The lodge was
constructed on top of a thick, unconsolidated deposit of dactie of Munson Valley (PEdvb), which consists of material transported by hot
debris avalanches derived from the collapse of an unstable lava dome high on Mount Mazama about 35,000 years ago. National Park Service

photograph.
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In addition, surface drainage over the edge of the slope
was a concern. Sources of drainage include natural
drainage, runoff from the developed area around the
lodge, point drainage from the promenade area, and
water from snowmelt on the slope. Moreover, the weight
of snow that accumulated on the slope causes downslope
movement of soil (Denver Service Center 1997).

Between 1981 and 1993, a series of studies was
conducted to determine slope stability and the potential
effects of slope movement on Crater Lake Lodge. Based
on these investigations, the final slope stability report by
the Denver Service Center (1997) concluded that the
slope did not contain a failure plane and was stable under
static conditions. In the event of an earthquake,
calculations did not indicate that the slope would fail, but
they also did not clearly find that the slope would remain
stable (Denver Service Center 1997). The final report
concluded that no action was necessary to mitigate slope
failure, but inclinometers used in investigations were left
in place. Additional readings could be taken if further
cracking of the lodge’s foundation, or some other
outward indication of movement, occur.

The final slope stability report recommended that slope
movement be monitored periodically, including an
annual visual inspection by park personnel, and a more
thorough inspection by a qualified geologist or
geotechnical engineer every three years. A sudden
increase in erosion or a significant loss of material might
indicate that some type of erosion control system should
be installed (Denver Service Center 1997). Wieczorek
and Snyder (2009)—the chapter in Geological Monitoring
about slope movements—described five vital signs for
monitoring: (1) types of landslides, (2) landslide causes
and triggers, (3) geologic materials in landslides, (4)
measurement of landslide movement, and (5) assessing
landslide hazards and risks. This information may be
useful for resource managers in developing a plan to
monitor the caldera wall below Crater Lake Lodge.

Seismically Induced Slope Movements

Should a large mass of rock fall or slide rapidly from the
caldera wall into Crater Lake, one or more large waves
could be generated. Waves could be many meters high
and travel across the lake in as little as two minutes, such
as from Chaski Bay to the boat landing at Cleetwood
Cove (Bacon et al. 1997). Local volcanic earthquakes,
movement on the West Klamath Lake fault zone, or
earthquakes on the distant Cascadia subduction zone all
could produce shaking adequate to trigger sliding of the
fractured and poorly consolidated rock of the caldera
walls and talus (Qt) slopes (see “Seismic Activity”
section). Earthquake shaking alone, without rapid entry
of slide material into Crater Lake, would not be expected
to cause dangerous waves (Bacon et al. 1997).

Many examples of large waves caused by landslides are
documented in the scientific literature. Those most
relevant to the situation at Crater Lake have occurred in
deep, glacially scoured bays and fjords where either a
large mass of rock has fallen or slid into the water or a
submarine slope has failed (Bacon et al. 1997). A
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spectacular example of a seismically induced rockslide
and ensuing wave occurred in Lituya Bay in Glacier Bay
National Park, Alaska, on 9 July 1958 (Miller 1960).
Lituya Bay—an ice-scoured, nearly landlocked tidal inlet
adjacent to the Fairweather Range and Fairweather fault
in the Gulf of Alaska—has a maximum depth of 220 m
(720 ft). In the 1958 event, a magnitude (M) = 7.9
earthquake on the Fairweather fault triggered a large
rockslide with a volume of about 30 million m’ (1,060
million ft’) at the head of Lituya Bay. The avalanche of
rock generated the so-called “world’s biggest tsunami”
(Geology.com 2013). The wave—traveling at an
estimated 160-210 kph (100-130 mph)—surged down
the bay, denuding both shorelines to an elevation of
about 60 m (200 ft). On the shore opposite of the slide,
the wave run-up reached an elevation of 530 m (1,740 ft).
Near the mouth of the bay, 11 km (7 mi) away, two
fishing boats sank, resulting in two deaths (Miller 1960).

Seismic Activity

Earthquake hazards in the greater Crater Lake area are
similar to those in other earthquake-prone areas, namely
damage to structures, utilities, communication lines, and
transportation systems (Bacon et al. 1997). Volcano and
Earthquake Hazards in the Crater Lake Region, Oregon by
Bacon et al. (1997) discussed three sources of
earthquakes that could affect Crater Lake National
Park—the West Klamath Lake fault zone, Cascadia
subduction zone, and local volcanic earthquakes.

West Klamath Lake Fault Zone

Crater Lake National Park lies within the Klamath
graben—the westernmost basin of the Basin and Range
physiographic province, a region where Earth’s crust is
being gradually pulled apart. The faults that
accommodate this extension could produce damaging
earthquakes in the park.

The northern end of the Klamath graben is marked by
Mount Mazama and Crater Lake caldera, where the
West Klamath Lake fault zone—a N10°W-oriented
major Basin and Range structure—impinges upon the
north-south-oriented Cascade volcanic arc (Bacon et al.
1999). The West Klamath Lake fault zone bounds the
Klamath graben on its western side.

Normal faults, typically 10-15 km (6-9 mi) long, form the
fault zone (fig. 9). Its total length is about 70 km (40 mi).
The northern part of the zone runs past Crater Lake as
the Annie Spring fault to the south of the lake and the
Red Cone Spring fault to the north of the lake (see
hazards map graphic, in pocket). Crater Lake and the
populated area of the park are located on the hanging
walls of the Annie Spring and Red Cone Spring faults.
The Annie Spring fault is within 1 km (0.6 mi) of the
western caldera rim and Rim Village. Facilities at the
park are located directly above the rupture plane of the
Annie Spring fault. However, a local earthquake of
sufficient magnitude to seriously damage structures and
disrupt transportation systems in the Crater Lake area
probably does not occur more frequently than once
every few thousand years (Bacon et al. 1997).
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Figure 9. Types of faults. Basin and Range extension manifests itself
as normal faults that compose the West Klamath Lake fault zone.
The Annie Spring and Red Cone Spring faults are normal faults
within Crater Lake National Park. In a normal fault, crustal extension
(pulling apart) moves the hanging wall down relative to the
footwall. In a reverse fault, crustal compression moves the hanging
wall up relative to the footwall. A thrust fault is similar to a reverse
fault but has a dip angle of less than 45°. Thrust faulting occurs at
the Cascadia subduction zone (fig. 1). In a strike-slip fault, the
relative direction of movement of the opposing plate is lateral. The
San Andreas Fault is a strike-slip fault (fig. 1). Graphic by Trista
Thornberry-Ehrlich (Colorado State University).

The West Klamath Lake fault zone terminates south of
the park near the epicentral area of the Klamath Falls
earthquakes, where on 20 September 1993, two
earthquakes of M = 6.0 occurred about 20 km (12 mi)
northwest of Klamath Falls, Oregon, which is
approximately 60 km (40 mi) south of Crater Lake. The
two earthquakes were separated by a few hours and
resulted in widespread damage and two deaths (Sherrod
1993). These quakes were followed by hundreds of

aftershocks during succeeding weeks (Bacon et al. 1999).
The Klamath Falls earthquake event of 1993 serves as a
relevant local example of moderate earthquake damage
for Crater Lake National Park.

Cascadia Subduction Zone

Another source of seismic activity affecting the park is
the Cascadia subduction zone, where the Juan de Fuca
oceanic plate, along with the Gorda and Explorer
subplates, are sliding beneath the North American
continental plate on the western edge of North America
(fig. 1). Subduction generates earthquakes, including the
M = 6.7 earthquake that occurred near the California—
Oregon state line on 23 November 1873, which was felt
from San Francisco to Portland (Ellsworth 1990). The
maximum magnitude of an earthquake on the Cascadia
subduction zone is at least M = 8 and possibly M =9
(Satake and Tanioka 1996). Although distant, such a
quake could result in several minutes of continued
shaking at the park (Bacon et al. 1997). Earthquakes
generated in the Cascadia subduction zone may be less
violent than earthquakes produced on the West Klamath
Lake fault zone for the park, but they are likely to have
greater frequency and be of longer duration (Bacon et al.
1997).

Local Volcanic Earthquakes

A third source of seismic activity at the park is a local
earthquake resulting from volcanic activity, including the
movement of magma, formation of cracks through which
magma can move, and gas explosions within a magma
conduit (Blong 1984). Local volcanic earthquakes may
also be the result of readjustment of a volcano edifice
following eruption or movement of magma (Blong 1984).

Local volcanic earthquakes would produce ground
motion at the park, but the probable maximum
magnitude of such an event is M = 5, which is significant
but far smaller than expected for tectonic earthquakes
(Bacon et al. 1997). Infrastructure at distances greater
than a few tens of kilometers from a volcanic earthquake
is not likely to be damaged by such events (Hoblitt et al.
1987).

Seismic Statistics

Studies of tectonic features and processes such as
faulting near Crater Lake National Park have yielded
some statistics of interest for resource management and
interpretation:

o Largest Historic Earthquake. The largest documented
earthquake near Crater Lake occurred in 1920 before
the Richter scale came into widespread use. The event
was an intensity V on the Modified Mercalli scale (I-
XII). Vibrations would have been felt by nearly
everyone, some dishes and windows would have
broken, unstable objects would have overturned, and
pendulum clocks would have stopped. This
earthquake had an estimated M = 4+ on the Richter
scale (Bacon et al. 1999).
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e Maximum Possible Earthquake. Earthquakes as large
as M = 7.3 are possible on the West Klamath Lake fault
zone (Bacon et al. 1999). This estimate is based on the
empirical relationship between earthquake magnitude
and surface rupture length for normal faults (Wells
and Coppersmith 1994), which on the West Klamath
Lake fault zone is 70 km (40 mi). According to Bacon
et al. (1999), this finding is similar to the conclusion of
Hawkins et al. (1989), who reported a maximum
earthquake for the West Klamath Lake fault zone of M
=7.25, and is consistent with the findings of Weldon et
al. (1996), who studied earthquake potential in central
Oregon. The maximum magnitude of a great
earthquake on the Cascadia subduction zone is at least
M = 8 and possibly M = 9; the maximum possible local
volcanic earthquake is M = 5.

¢ Recurrence Interval. Recurrence intervals are
unknown for earthquakes on the West Klamath Lake
fault zone (Bacon et al. 1999). However, if all of the
displacement on these faults took place in events with
about 1-2 m (3-7 ft) of vertical offset (Weldon et al.
1996), major earthquakes (M = 7) would be expected
to recur at an average rate of one event in 3,000 to
7,000 years. This result assumes a periodic recurrence
model and characteristically sized events having
average displacements of 1.5 m (5 ft) (Bacon et al.
1999).

¢ Displacement and Slip Rate. Bacon et al. (1999)
measured seven offsets on the Annie Spring fault,
ranging between 15 and 160 m (50 and 525 ft), and one
offset on the Red Cone Spring fault. Although the 11 m
(36 ft) offset on the Red Cone Spring fault is a
minimum value, the age is well constrained at 35,000
years ago, giving a minimum vertical slip rate of 0.31
mm (0.012 in) per year. This rate is consistent with the
0.30 mm (0.011 in) per year minimum slip rate for the
northern end of the Annie Spring fault derived from
the 15 m (50 ft) measured offset in the dacite of The
Watchman (55,000 + 3,000 years ago; Bacon 2008).

Seismic Monitoring

The National Park Service has an agreement with the
Cascades Volcano Observatory (CVO) to conduct
seismic monitoring at the park. The principal function of
seismic stations in the Crater Lake area is to record local
earthquakes that might indicate volcanic “unrest,” but
these stations also would record tectonic earthquakes
(Charles R. Bacon, US Geological Survey, research
geologist, written communication, 15 March 2013).

Seismic stations still require repeated upkeep, but
coverage has improved since the geologic scoping
meeting in 2004 (Covington 2004). From 1979 to 1982,
the US Geological Survey operated a single seismic
station in the park; it was removed in 1982, resulting in
no seismometers operating anywhere within 40 km (25
mi) of the park between 1982 and 2008 (Walkup 2012).
In 2008, CVO staff installed four temporary seismic
stations that were active for several months within the
park. Also in 2008, CVO staff installed two long-term
seismic monitoring stations at Cleetwood Cove and
Wizard Island. In 2009, both stations were modified to
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have a continuous Global Positioning System (GPS)
receiver. In 2009, CVO scientists installed a third long-
term seismic station with GPS at Mount Scott (Walkup
2012).

Braile (2009)—the chapter in Geological Monitoring
about earthquakes and seismic activity—described the
following methods and vital signs for understanding
earthquakes and monitoring seismic activity: (1)
monitoring earthquakes, (2) analysis and statistics of
earthquake activity, (3) analysis of historical and
prehistoric earthquake activity, (4) earthquake risk
estimation, (5) geodetic monitoring and ground
deformation, and (6) geomorphic and geologic
indications of active tectonics.

Volcano Hazards

The climactic eruption and collapse of Mount Mazama
and resultant formation of Crater Lake caldera changed
the character of the volcano system so dramatically that
many potential types of future eruptions expected at
other Cascade-arc volcanoes have no precedent at Crater
Lake National Park (Bacon et al. 1997). Caldera
formation caused a drastic reorganization of the
magmatic plumbing system. Moreover, the magma
reservoir, which fed the climactic eruption, was depleted.
Also, a lake is now present within the caldera, making it
unique among Cascade-arc volcanoes.

Low-Probability, High-Consequence Events

Bacon et al. (1997) identified three volcano-related
events of high consequence, but low probability, at
Crater Lake National Park. These are (1) alarge
pyroclastic eruption, such as the one that formed Crater
Lake caldera; (2) sudden gas release from Crater Lake,
such as the lethal release of cold CO, from Lake Nyos,
Cameroon, in 1986; and (3) catastrophic draining of
Crater Lake.

A pyroclastic, caldera-forming eruption is not
considered likely for many thousands of years because
the magma reservoir that fed the climactic eruption of
Mount Mazama has not had sufficient time to regenerate
a large volume of gas-rich silicic (“explosive”) magma.
According to Bacon and Lanphere (2006), a period of
about 20,000 years was required to form the silicic
component of the climactic magma chamber, and only
7,700 years have passed since the climactic eruption.

Sudden gas release from Crater Lake is possible, but
natural mixing of deep water with near-surface water
prevents volcanic CO, that escapes from the lake floor
from building up. As long as the natural mixing process
continues, sudden gas release is not considered a
significant hazard within Crater Lake.

Catastrophic draining of Crater Lake is extremely
unlikely, but is an event that would have disastrous
consequences for downstream lowlands in the affected
tributary drainages. No known mechanism, short of
another large-volume eruption, could eject most of the
water in the lake or cause the caldera wall to fail.



Eruption Probability and Hazard Zones

The most recent eruptions at the park occurred on the
lake floor in the western part of the caldera. Future
eruptions are more likely to occur in this area than
farther east (Bacon et al. 1997). This hypothesis
emphasizes the trend of Mount Mazama’s eruptive focus
migrating to the west over time. Crater Lake Lodge, Rim
Village, and structures in the park headquarters area are
at highest risk from an eruption in this quadrant of the
lake. An eruption elsewhere in the caldera might not
affect this area, except with tephra fall if wind conditions
were appropriate (Bacon et al. 1997).

Volcano and Earthquake Hazards in the Crater Lake
Region, Oregon by Bacon et al. (1997) estimated the
likelihood of future volcanic events based on the total
number of eruptive episodes, exclusive of Mount
Mazama, in the past 100,000 years. These investigators
estimated an average recurrence interval of about 10,000
years. Thus the annual probability of an eruption
occurring near Crater Lake is about one chance in
10,000, or 10", The 30-year probability is about one
chance in 330, or 3 x 107, According to Bacon et al.
(1997), these estimates are, at best, very approximate
because volcanic eruptions are triggered by the interplay
of complex processes, with no guarantee that events
occurring in the future will adhere to the simplistic
model used to estimate probabilities.

Types of Volcano Hazards

Bacon et al. (1997) described the various types of volcano
hazards in Crater Lake National Park and vicinity and
provided a map of hazard zones. A digital version of this
map is part of the GRI GIS data set and a graphic
representation is provided (see hazards map graphic, in
pocket).

Bacon et al. (1997) defined the hazard zones on the basis
of locations of volcanic vents active during the past 1
million years. Proximal hazard zone PA is the area
bounded by the Crater Lake caldera rim and is subject to
pyroclastic surges and ballistics (ejected material) from
explosive eruptions anywhere within the caldera.
Pyroclastic surges are mixtures of air, volcanic gas, steam,
and magma or rock fragments that move along the
ground surface at high velocities. Unlike lava flows,
which are generally confined to valleys, pyroclastic
surges are capable of flowing over topographic barriers.
Surges may transport debris away from vents at velocities
up to hundreds of meters per second (many hundreds of
miles per hour). With temperatures that range from the
boiling point of water to the temperature of magma,
pyroclastic surges can destroy or incinerate most
structures and living things in their path.

Proximal hazard zone PB is the area outside zone PA that
may be affected by pyroclastic surges and ballistics from
explosive eruptions from vents within the lake and close
to the shoreline.

Regional hazard zone RH is a zone of relatively high
probability of a volcanic eruption. It contains vents less
than 100,000 years old.

Regional hazard zone RL is a zone of relatively low
probability of a volcanic eruption; it contains vents
between 1 million and 100,000 years old.

Lahars

The lahar hazard zone of Bacon et al. (1997) delineated
areas potentially inundated by lahars. Lahars are rapidly
moving debris flows that originate at volcanoes and
consist of rock fragments carried downslope in a matrix
of clay or pulverized rock and water. Lahars can travel
great distances from their sources. Most large Cascade
stratovolcanoes, for example Mount Rainier, have
produced lahars in the past and are likely to continue to
do so (Bacon et al. 1997). Mount Mazama, however,
differs from these volcanoes because it no longer has an
ice-clad summit covered in unconsolidated volcaniclastic
material, which would serve as a source of high-elevation
water and debris. Nevertheless, if an eruption occurs
near the shoreline of Crater Lake with sufficient force to
eject lake water from the caldera, abundant loose debris
left by the climactic eruption on the upper slopes of
Mount Mazama and in the valleys might be mobilized to
form lahars. Alternatively, an eruption outside of the
caldera that results in rapid melting of thick snowpack
might produce lahars. Such lahars would be localized in
low-lying areas and would tend to be confined to narrow
canyons. The lahar hazard zone shown on the digital
hazards map of Crater Lake National Park delineates
these areas (see hazards map graphic, in pocket).

Volcanic Eruptions within Crater Lake Caldera

The presence of Crater Lake creates potential hazards
from future eruptions that did not exist prior to the
formation of the caldera (Bacon et al. 1997). These
hazards would be a result of the violent mixing of lake
water with erupting magma. Interaction of magma and
lake water at shallow levels—a few tens of meters (<100
ft)—could generate explosions that throw large rocks
and ash out beyond the rim. Waves several meters high
on Crater Lake could be associated with explosive
eruptions within the caldera. The largest explosions
could produce pyroclastic surges, which could move out
a few kilometers from vents along the margin of the lake.
Eruptions in deeper water are less likely to be explosive
or affect areas around the rim. Finally, an eruption from
avent in the caldera wall also might be explosive because
of abundant groundwater contained within the bedrock.

Eruptions outside Crater Lake Caldera

Many small volcanoes are situated around and between
large Cascade-arc volcanoes. These small volcanoes are a
manifestation of regional volcanism and include cinder
cones, fissure vents, lava domes, and shield volcanoes,
each of which formed in a brief period of time (see
“Shield Volcanoes and Cinder Cones” section). Hazards
from regional volcanoes include building of cinder
cones, production of lava flows, and emission of tephra.
Lava flows advance slowly enough that they will pose a
threat only to property and structures. Tephra falls may

CRLA Geologic Resources Inventory Report 13



be significant near a vent and for a few kilometers
downwind. Hazards also include pyroclastic surges and
flows (Bacon et al. 1997).

Volcano Hazard Mitigation

Bacon et al. (1997) made recommendations for
mitigation of volcano hazards in the Crater Lake region.
They suggested using information about volcano hazards
when making decisions about land use and the siting of
critical facilities, housing, and rights-of-way for
transportation and utilities. Based on hazard zones
provided in Bacon et al. (1997), park planners can avoid
development in areas deemed as having an unacceptably
high risk, plan in such a way as to reduce the level of risk,
or include engineering measures to mitigate risk.

Bacon et al. (1997) also highlighted the importance of
having an emergency response plan in place, which will
be most effective if citizens and public officials have an
understanding of volcano hazards. Evacuation planning
deserves special consideration at the park because of
limited road access to the heavily used area on the
southern rim. Although the number of people in this
location at any given time is not great, evacuation could
be challenging as a result of disruption of the road
system. Currently, the only public evacuation plan from
the park is for wildland fire emergencies. This plan does
not take into account the unique circumstances expected
during a volcanic event (Mac Brock, Crater Lake
National Park, chief of Resource Management, written
communication, 9 April 2013). The NPS Geologic
Resources Division and cooperators from the USGS
Cascades Volcano Observatory (CVO) could assist park
staff in developing an emergency response plan
specifically for volcano hazards.

Volcano Monitoring

After the 1980 eruption of Mount St. Helens, Congress
provided increased funding that enabled the US
Geological Survey to establish the Cascades Volcano
Observatory (Dzurisin et al. 1997). Scientists at the
observatory quickly recognized that to fully monitor all
potentially active Cascade volcanoes was not
economically feasible. To address this and similar
problems elsewhere, the US Geological Survey
developed a suite of portable volcano-monitoring
instruments (Dzurisin et al. 1997). In addition, CVO
scientists use remote sensing as an early detection tool.
Observatory staff members monitor volcanic
deformation through electronic distance measuring
(EDM). This method measures distances between
known points, and is used to calculate changes such as
swelling or deflation in a volcano edifice. EDM surveys
were conducted at the park in 1982, 1983, 1984, and 1988
(Walkup 2012).

Walkup (2012) initiated an inventory of volcanic features
throughout the National Park System, including Crater
Lake National Park. This volcanic inventory
complements the broader Geologic Resources Inventory
and may be of interest to resource managers. Walkup
(2012) identified the following potential hazards in the
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event of renewed volcanism at the park: ash/tephra fall,
earthquakes, release of CO, gas, lava eruptions,
lahars/debris flows, pyroclastic flows, and volcanic
projectiles (e.g., lava bombs). In addition, park staff may
find Smith et al. (2009)—the chapter in Geological
Monitoring about volcanoes—useful for understanding
and monitoring volcanic activity at the park. The authors
described seven vital signs for monitoring volcanoes: (1)
earthquake activity, (2) ground deformation, (3) volcanic
gas emission at ground level, (4) emission of gas plume
and ash clouds, (5) hydrologic activity, and (6) slope
instability.

Hydrothermal Features and Geothermal Development

Based on guidance from Neuendorf et al. (2005), this
report uses the term “geothermal” to describe Earth as a
heat source (e.g., geothermal gradient) or Earth’s heat
when it is harnessed for use (e.g., geothermal
exploration, development, reservoir, and resources). By
contrast, the term “hydrothermal” pertains to hot water
and its actions and products (e.g., hydrothermal water,
alteration, deposit, feature, and eruption). Additionally, a
hydrothermal system is a groundwater system that has a
source (or area) of recharge, a source (or area) of
discharge, and a heat source. This usage conforms to that
provided in Heasler et al. (2009) in Geothermal
Monitoring (Young and Norby 2009); however, the terms
“geothermal” and “hydrothermal” may be used
differently in other publications.

Hydrothermal Features in Crater Lake

In the late-1980s and early-1990s, exploration of the
floor of Crater Lake using one-person submersible and
remotely operated vehicles revealed unequivocal
evidence of modern hydrothermal circulation (Dymond
and Collier 1989; Collier et al. 1991; Wheat et al. 1998).
Physical evidence included relatively warm and solute-
laden water forming pools, for example below
Cleetwood Cove (see “pools” on fig. 22); bacterial mats
associated with venting of warm water, for instance near
the northwestern margin of the Chaski Bay landslide
deposit (see “mats” on fig. 22); iron-rich precipitates and
crusts on the lake bottom in marked contrast to normal
buff-colored sediments; and 10-12 m (33-40 ft) high
silica spires (subaqueous thermal-spring deposits from
thermal chimneys) below Skell Head (see “spires” on fig.
22).

Prior to exploration of the lake floor, the recency of a
caldera-forming eruption had suggested to investigators
that Crater Lake caldera would have features that
reflected loss of residual heat from the magmatic and
hydrothermal system beneath Mount Mazama (Bacon
and Nathenson 1996). Using oceanographic
measurement techniques, Williams and Von Herzen
(1983) found high convective hea