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Facing page: View of the north entrance road to Yellowstone National park, which was destroyed by flooding in June 2022.
Photograph by Mike Poland, U.S. Geological Survey, May 22, 2024.
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By Yellowstone Volcano Observatory’

Introduction

The Yellowstone Volcano Observatory (YVO) monitors
volcanic and hydrothermal activity associated with the
Yellowstone magmatic system, carries out research into magmatic
processes occurring beneath Yellowstone Caldera, and issues
timely warnings and guidance related to potential future geologic
hazards (refer to sidebar on volcanic hazards on p. 2). YVO is
a collaborative consortium that includes the U.S. Geological
Survey (USGS), Yellowstone National Park, University of Utah,
University of Wyoming, Montana State University, EarthScope
Consortium, Wyoming State Geological Survey, Montana Bureau
of Mines and Geology, and Idaho Geological Survey (refer to
sidebar on YVO on p. 4). The USGS component of YVO also has
the operational responsibility for monitoring volcanic activity in
the Intermountain West of the United States, including Arizona,
New Mexico, Utah, and Colorado.

This report summarizes the activities and findings of YVO
during the year 2024, focusing on the Yellowstone volcanic system.
Highlights of YVO research and related activities in 2024 include

* Response to a hydrothermal explosion from Black
Diamond Pool in Biscuit Basin, Upper Geyser Basin, on
July 23,

* Detection and characterization of a hydrothermal
explosion in the Porcelain Basin area of Norris Geyser
Basin on April 15,

» Deployment of semipermanent Global Positioning System
(SPGPS) array from May to September,

* Geological studies of a major fault system in the northwest
part of Yellowstone National Park,

* Monitoring changes in the hydrothermal activity, including
a temperature increase of Abyss Pool, in West Thumb
Geyser Basin, the reawakening of Economic Geyser, in

I'This report was prepared jointly by members of the Yellowstone Volcano
Observatory consortium and collaborators, including Michael Poland, Daniel
Dzurisin, Shaul Hurwitz, Alex lezzi, Jennifer Lewicki, Blaine McCleskey, Sara
Peek, Mark Stelten, R. Greg Vaughan, and Charles Wicks of the U.S. Geological
Survey (USGS), Jefferson Hungerford, Kiernan Folz-Donahue, and Elle Bloom of
the National Park Service, Jamie Farrell of the University of Utah, James Mauch
of the Wyoming State Geological Survey, Yann Gavillot of the Montana Bureau of
Mines and Geology, Ken Sims of the University of Wyoming, Madison Myers of
Montana State University, Lauren Harrison of Colorado State University, and Mara
Reed of the University of California, Berkeley. Liz Westby and Seth Moran of the
USGS reviewed the report.
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Upper Geyser Basin, and the formation of a new steam
vent near Nymph Lake, between Norris Geyser Basin and
Roaring Mountain, and

 Assessment of thermal output based on satellite imagery
and chloride flux in rivers.

The most noteworthy events of the year were the
hydrothermal explosions in Biscuit Basin and Norris Geyser
Basin. A small explosion crater and region of disrupted ground
at Norris Geyser Basin, in the area between Porcelain Basin and
Nuphar Lake, was discovered during field work in May, and
subsequent analysis of satellite imagery and seismic-acoustic data
identified an explosion signal on April 15 at 2:56 p.m. mountain
daylight time (MDT). The event was not witnessed because it
occurred during an administrative closure period of Yellowstone
National Park, but a park employee heard the explosion from his
residence about 0.6 kilometers (0.4 miles) away. The explosion of
Black Diamond Pool in Biscuit Basin on July 23, however, was
well observed by a number of visitors who were in the basin at the
time and had to run for safety. Fortunately, there were no injuries.
Although the event barely registered on a seismic station about 4
kilometers (2.5 miles) away, visitor videos provided an excellent
record of the explosion. YVO scientists answered numerous
public and media questions in the days that followed, and the
event provided an opportunity to highlight the hazards posed by
hydrothermal explosions (refer to sidebar on volcanic hazards on
p. 2>—hazards that have long been discussed by YVO in formal
reports and public outreach products (for example, Lowenstern
and others, 2005; Christiansen and others, 2007) but that seemed
underappreciated compared to large explosive volcanic eruptions.

Steamboat Geyser, in Norris Geyser Basin, continued the
pattern of frequent eruptions that began in 2018 with six water
eruptions in 2024, the lowest number of annual eruptions in the
current eruptive sequence (compared to 32 in 2018, 48 each
in 2019 and 2020, 20 in 2021, 11 in 2022, and 9 in 2023). The
episodic activity at Steamboat Geyser is typical for Yellowstone
National Park hydrothermal systems, where many geysers
experience alternating periods of frequent and infrequent
eruptions. Another example is Economic Geyser, in the Upper
Geyser Basin near Old Faithful, which erupted for the first
time in nearly 25 years in January 2024 (an eruption may have
occurred in late 2023 but was not observed and only inferred
from observations of surface disturbance). The geyser erupted
frequently for much of the year.

The number of located earthquakes in the Yellowstone
National Park region during 2024—1,173—was the lowest annual
total since 900 earthquakes were located in 2016. This is less than
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Volcanic Hazards in the Yellowstone Region

The Yellowstone Plateau in the northern Rocky Mountains of
Wyoming, Montana, and Idaho includes a youthful, active volcanic
system with subterranean magma (molten rock), boiling and
pressurized waters, and a variety of active faults. This combination
creates a diversity of hazards, but the most catastrophic events—
large volcanic explosions—are the least likely to occur.

Over the past 2.1 million years, Yellowstone volcano has had
three immense explosive volcanic eruptions that blanketed large
parts of the North American continent with ash and debris and that
created sizable calderas. Yellowstone Caldera, which comprises
nearly one third of the land area in Yellowstone National Park,
formed 631,000 years ago during the most recent of these large
explosive phases. Its formation was followed by dozens of less
explosive but massive lava flows, the last of which erupted 70,000
years ago.
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EXPLOSIONS
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—
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e

LAVA FLOWS

(~100 per
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Tectonic extension of the western United States is
responsible for large and devastating earthquakes in the
Yellowstone region along the Teton and Hebgen Faults. Most
recently, a devastating magnitude 7.3 earthquake in 1959 killed
28 people and a strong magnitude 6 earthquake near Norris
Geyser Basin in 1975 was widely felt.

Yellowstone National Park’s famous geothermal waters
create fabulous hot springs and geysers but occasionally
explode catastrophically to create craters found throughout
the park. At least 25 explosions that left craters greater than
100 meters (about 300 feet) wide have occurred since the
last ice age ended in the Yellowstone region 16,000—14,000
years ago. Much smaller explosions, which leave craters only
a few meters (yards) across, happen every few years in the
Yellowstone region.

Porcelain Terrace with Porcelain Basin in the
background, Norris Geyser Basin, Yellowstone
National Park. Photograph by Mike Poland,
U.S. Geological Survey, September 1, 2024.

The most destructive hazards in the Yellowstone region,
including volcanic explosions and lava flow eruptions, are
also the least likely to occur. On human timescales, the
most likely hazards are small hydrothermal explosions and
strong earthquakes. Modified from U.S. Geological Survey
Fact Sheet 2005-3024 (Lowenstern and others, 2005).




the typical 1,500-2,500 earthquakes that are located each year,
but it is not particularly anomalous—about 700 earthquakes were
located in 2011 and also in 2012 (fig. 1). Deformation patterns
during 2024 indicated trends that continued from previous years.
Overall subsidence of the caldera floor, ongoing since late 2015
or early 2016, continued at rates of a few centimeters (1-2 inches)
per year, and no noteworthy deformation was detected in the area
between the north caldera rim and Norris Geyser Basin.
Throughout 2024, the aviation color code for Yellowstone
Caldera remained at “green” and the volcano alert level remained
at “normal” indicating that the volcano is not exhibiting any
unusual activity that would indicate a volcanic eruption is likely
in the near future. Two Information Statements were released
in 2024, both in response to the hydrothermal explosion at
Biscuit Basin on July 23, 2024; the statements described the
event, explained its cause, and discussed the potential for
continuing hazards.

YVO Activities

In May 2024, an in-person meeting of the YVO consortium
was held to share research and monitoring results and to discuss
responses to any future volcanic, hydrothermal or seismic unrest—a
prescient topic, given the hydrothermal explosion at Biscuit Basin
two months later. YVO scientists contributed their expertise over
the past 2 years to infrastructure development in the Tower Junction
area, where a new bridge is being constructed over the Yellowstone
River. The year also saw the failure of YVO’s only webcam, which
had provided a view of Yellowstone Lake since 2017.

YVO coordination meeting

During May 2022, members of the YVO consortium
gathered in Mammoth Hot Springs, Yellowstone National Park,
for the biennial coordination meeting of the Yellowstone Volcano
Observatory. More than 60 attendees, representing nearly all the
YVO member agencies, participated in the meeting. The first
day was spent discussing science and monitoring results from
the previous 2 years, including the potential for machine learning
to develop a more complete, accurate, and timely earthquake
catalog, gas emissions from the new Tern Lake thermal area, new
interpretations of the geological history of Lower Geyser Basin, and
the status of thermal area mapping and monitoring. On the second
day, YVO scientists received training in the Incident Command
System—a management strategy used by many agencies,
including the National Park Service, to coordinate emergency
response operations. During a major geological event, like a strong
earthquake or volcanic eruption, YVO scientists would contribute
information to any Incident Command System established to
manage the crisis. Meeting attendees also had an opportunity to
discuss natural hazards that have affected Yellowstone National
Park, including flooding, climate variability, faulting, and
landslides. The final day of the meeting provided an opportunity
for YVO scientists to visit field sites along the northern margin of
Yellowstone National Park (fig. 2). The first part of the trip was to
the Gardner River to inspect damage caused by the historic flooding
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Figure 1. Plot of earthquakes located each year since 1995 in the
Yellowstone National Park region. Data from the University of Utah
seismograph stations (https:/quake.utah.edu/earthquake-information-
products/earthquake-catalogs/).

Figure 2. Photographs from the 2024 Yellowstone Volcano
Observatory biennial coordination meeting. Top, Field trip participants
on the north entrance road of Yellowstone National Park, which

was damaged by historic flooding in June 2022. Bottom, Field trip
participants examine an outcrop of travertine near Gardiner, Montana.
Photographs by Mike Poland, U.S. Geological Survey, May 22, 2024.


https://quake.utah.edu/earthquake-information-products/earthquake-catalogs/
https://quake.utah.edu/earthquake-information-products/earthquake-catalogs/

SIDEBAR

What is the Yellowstone
Volcano Observatory?

The Yellowstone Volcano Observatory (Y VO) was formed on May 14,
2001, to strengthen the long-term monitoring of volcanic and seismic unrest in
the Yellowstone National Park region. YVO is a “virtual” observatory that does
not have an on-site building to house employees. Instead, it is a consortium of
nine organizations spread throughout the western United States that collaborate
to monitor and study the volcanic and hydrothermal systems of the Yellowstone
region, as well as disseminate data, interpretations, and accumulated knowledge
to the public. The partnership provides for improved collaborative study and
monitoring of active geologic processes and hazards of the Yellowstone Plateau
volcanic field, which is the site of the largest and most diverse collection of
natural thermal features on Earth, the world’s first national park, and the United
States’ first World Heritage Site.

Each of the nine consortium agencies offers unique skills and
expertise to YVO. The U.S. Geological Survey (USGS) has the Federal
responsibility to provide warnings of volcanic activity and holds the
ultimate authority over YVO operations. Key geophysical monitoring
sites were established and are maintained by the University of Utah and
the EarthScope Consortium. Scientists from these two organizations
analyze and provide data to the public as well as carry out research on
active tectonic and volcanic processes in the region. Yellowstone National
Park is the land manager and the agency responsible for emergency
response to natural disasters within the national park boundaries. The
Wyoming State Geological Survey (WSGS), Montana Bureau of Mines
and Geology, and Idaho Geological Survey provide critical hazards
information and outreach products to their respective citizens. The
University of Wyoming and Montana State University support research
into the Yellowstone region’s volcanic and hydrothermal activity, as
well as the geologic history of the region. YVO agencies also aid and
collaborate with scientists outside the consortium.
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in June 2022, which destroyed much of the north
entrance road. The second part of the trip examined
outcrops of travertine—a hydrothermal mineral that
records information about past climate—located
just northeast of Gardiner, Montana. YVO scientists
also participated in a public event held in Gardiner
on May 21, when visitors and members of the
community were invited to hear updates about
recent research and monitoring results and interact
with scientists from the YVO member agencies and
fields of expertise (refer to “Communications and
Outreach” section).

Yellowstone River Bridge
Construction

The Yellowstone River bridge project
involves replacing the existing 60-year-old bridge
crossing the Yellowstone River near Tower
Junction and rerouting part of the Northeast
Entrance Road to the intersection of Grand Loop
Road. The new 390-meter- (1,285-foot-) long and
50-meter- (175-foot-) high steel girder bridge is
within a hydrothermally active zone, with multiple
gas vents along the river’s edge. Because of its
proximity to thermal activity, the large, drilled
shafts (1.5-3 meters [5-10 feet] in diameter and
12—-18 meters [40—60 feet] in depth) required
sulfate-resistant cement and thermal monitoring of
below-ground concrete curing to ensure a stable
bridge structure. The actual drilling of these large
shafts also posed a substantial safety risk for the
drillers that had to be addressed.

A particular concern related to the drilling
was hydrogen sulfide gas (H,S), which is often
associated with Yellowstone’s hydrothermal
systems and can be toxic. H,S is first noticeable
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to humans at 0.01-1.5 parts per million (ppm) and has a faint
rotten egg smell; at higher concentrations, H,S is odorless and
extremely dangerous. Prolonged exposure, up to an hour or more,
to concentrations between 10 and 50 ppm can cause nausea,
headaches, fatigue, dizziness, and eye and respiratory tract
irritation. Concentrations between 400 and 700 ppm can cause
unconsciousness within five minutes and death if exposure is

not reduced within 30 to 60 minutes. Death is near instantaneous
if concentrations exceed 1,000 ppm. The hazard is exemplified
by an accident that occurred in this same location on June 26,
1939. During the construction of a previous bridge across the
Yellowstone River, three Bureau of Public Roads employees were
conducting a routine test pit excavation when H,S overwhelmed
two of the workers in the pit. The two victims were eventually
rescued, but one worker died the following day.

To determine if the modern-day drilling was impinging
on the adjacent local hydrothermal system, geologists from the
University of Wyoming measured and recorded temperature
and pH variations in groundwater and drill-spoils (the dirt
and rock removed from the drill holes) as well as changes in
groundwater electrical conductivity at specified time and depth
intervals. They also monitored gas concentrations to help
ensure a safe work environment. This monitoring involved
equipping each worker with personal H,S gas monitors, and a
response plan was developed to address geologic hazards and
worker risks. In the event of an accidental and hazardous gas
exposure, an oxygen supply and full protective gear were on
site to ensure a fast and effective response.

The drilling phase of the Yellowstone River bridge project
was completed in September 2023 without incident, and in 2024,
construction focused on the bridge piers and roadbed (fig. 3). The
bridge and associated work is scheduled to be completed in 2026.

Yellowstone Lake Wehcam

In October 2024, the YVO camera overlooking Yellowstone
Lake failed and could not be revived. The camera was installed
on a cell tower overlooking the north part of Yellowstone Lake
in 2017 (fig. 4). The location provided an unobstructed view of
the lake and how it changed over time, for example, with ice
forming in winter and melting in the summer. The motivation
for the location was an earthquake swarm that occurred over an
11-day span in December 2008—January 2009 in the north part
of Yellowstone Lake. The swarm had more than 800 located
earthquakes, with 111 events greater than magnitude 2 and the
largest reaching magnitude 4.1. The intensity of the swarm
attracted a substantial amount of attention from the public, but at
that time of year, there were few observations of the lake. YVO
scientists realized that a camera with a view of Yellowstone Lake
would be a powerful way to detect any anomalous activity.

Although the camera never recorded any geological changes,
it was helpful for monitoring other activity—for example, the
Brimstone fire (fig. 4), which burned 217 acres just southeast of
the lake during August—September 2019 (the largest wildfire in
Yellowstone National Park that year). If equipment and permission
can be obtained, YVO hopes to replace the Yellowstone Lake
camera in 2025 or 2026.

YVO Activities 5

Figure 3. Yellowstone River bridge replacement project near Tower
Junction, Wyoming. The existing bridge span, at the left, will be removed
and the road realigned when the new bridge span, under construction to
the right, is completed. Photograph by Jacob Frank, National Park Service,
October 24, 2024.

A

Camera

Figure 4. Yellowstone Volcano Observatory (YVO) camera with view of
Yellowstone Lake. Top, The YVO camera was near the top of the cellular
tower near Lake Village. Photographs by Jake Lowenstern, U.S. Geological
Survey, May 2017. Bottom, Camera view of Yellowstone Lake showing the
Brimstone fire on September 2, 2019, at 2:05 p.m. mountain daylight time.
Installation of webcam conducted under National Park Service research
permit YELL-2024-SCI-5842.
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Seismology

Earthquakes have been monitored in the Yellowstone region
since the 1970s (refer to sidebar on seismicity on p. 89). The
Yellowstone Seismic Network is maintained and operated by the
University of Utah Seismograph Stations, which records data from
46 seismic stations in the Yellowstone region. Typically, about
1,500-2,500 earthquakes are located in and around Yellowstone
National Park every year (most of which are too small to be felt
by humans), making the Yellowstone region one of the most
seismically active areas in the United States.

Overall Seismicity in 2024

During 2024, the University of Utah Seismograph Stations
located 1,173 earthquakes in the Yellowstone region (fig. 5), which
is less than the typical range of 1,500 to 2,500 earthquakes per
year (fig. 1). The total includes 3 magnitude 3 earthquakes, 58
magnitude 2 earthquakes, and 1,112 earthquakes with magnitudes
less than 2. Seven earthquakes during the year were felt, meaning
that people reported some shaking owing to the proximity and (or)
magnitude of the event.

Of the total number of recorded earthquakes, about
44 percent occurred as part of 14 swarms, which are defined as
the occurrence of many earthquakes in the same small area over
a relatively short period of time. Swarm activity is common in
the Yellowstone region because of the coincidence of preexisting
tectonic faults, magmatism, and abundant groundwater, and about
half of all earthquakes that take place in the region occur within
swarms. The largest swarm in 2024 consisted of 112 events
during January 1-6 just to the northeast of Lower Geyser Basin
in Yellowstone National Park and included the largest earthquake
of the year, a magnitude 3.3. The second largest swarm of the
year occurred during April 21-May 6 along the west boundary
of Yellowstone National Park just east of Hebgen Lake, with 98
located events.

Upgrades to the Yellowstone Seismic Network

A long-term project is to upgrade the Yellowstone Seismic
Network to a fully digital network, as described in the YVO
monitoring plan for the Yellowstone Caldera system (Y VO,
2022b). A primary goal of the monitoring plan is to update 2 to 3
stations per year until all analog stations have been upgraded to
digital—a modification that will also add the flexibility to include
additional sensors in the future. When upgrades are completed, the
network will provide state-of-the-art earthquake monitoring and
offer volcano seismologists a more powerful tool to investigate
many types of earth processes that cause ground shaking, which
in turn will support continued advances in understanding the
Yellowstone region’s magmatic, tectonic, and hydrothermal
systems and associated hazards.

During 2024, three stations, all located near Hebgen Lake
and West Yellowstone, Montana, were upgraded from single-
component analog channels to three-component digital sensors:
YWB, YGC, and YDC. In addition, digitizers were upgraded at
three additional sites, YHH, YTP, and YPP; analog equipment,
which has been operating in parallel with digital sensors, was
removed from stations YPP and YHB; solar power systems were
upgraded at station YHH; and battery capacity was upgraded
at stations YFT, YNE, and YMS. Station YSB, in the northeast
part of Yellowstone National Park, was decommissioned and
removed because power and telemetry problems prevented it from
operating reliably. If a permit is approved, a new digital seismic
station will be installed in the northeast part of Yellowstone
National Park near GPS site P720 in 2025 to replace YSB.

Scan here
to view all
Yellowstone
monitoring
sites
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Figure 5. Map of earthquakes (red circles) that occurred during 2024 in the Yellowstone National Park region. Circle size is scaled
to the magnitude of the earthquake, where larger circles represent stronger earthquakes.

Firehole Spring, Lower Geyser Basin,
Yellowstone National Park. Photograph
by Mike Poland, U.S. Geological Survey,
September 5, 2024.



SIDEBAR

Seismicity in Yellowstone Plateau

Seismicity in the Yellowstone Plateau
is monitored by the University of Utah
Seismograph Stations. The earthquake
monitoring network, known as the Yellowstone
Seismic Network, consists of about 46
seismometers installed in the seismically and
volcanically active Yellowstone National Park
and surrounding area. It is designed for the
purpose of monitoring earthquake activity
associated with tectonic faulting as well as
volcanic and hydrothermal activity. Data are
also used to study the subsurface processes of
Yellowstone Caldera.

111.5°

Seismic monitoring in the Yellowstone
Plateau began during the early 1970s, when
a seismic network was installed by the U.S.
Geological Survey. This network operated

until the early 1980s when it was discontinued.

The network was re-established and expanded
by the University of Utah in 1984 and has
been in operation ever since. In recent years,
the Yellowstone Seismic Network has been
updated with modern digital seismic recording
equipment, making it one of the most modern
volcano-monitoring networks in the world.
Data are transmitted from seismic stations in

110.5°

the Yellowstone region to the University
of Utah in real-time using a sophisticated
radio and satellite telemetry system.
Given that Yellowstone Plateau is a
high-elevation region that experiences
heavy snowfall and frigid temperatures
much of the year, and that many of the
data transmission sites are located on tall
peaks, it is a challenge to keep the data
flowing during the harsh winter months.
It is not uncommon for seismometers to
go offline for short periods when the solar
panels or antennas are covered in snow
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Seismology

and ice. Sometimes seismometers that go
offline during the winter cannot be accessed
until the following spring.

Since 1973, there have been more
than 60,000 earthquakes located in the
Yellowstone region. More than 99 percent
of those earthquakes are magnitude 2 or
smaller and are not felt by anyone. Since
1973, there has been one magnitude
6 event—the 1975 Norris earthquake
located near Norris Geyser Basin (the
largest earthquake ever recorded in
Yellowstone National Park). There
have also been two earthquakes in the

magnitude 5 range, 30 earthquakes

in the magnitude 4 range, and 417
earthquakes in the magnitude 3 range.
The largest earthquake ever recorded
in the Yellowstone region was the
1959 magnitude 7.3 Hebgen Lake
earthquake, which was located just
west of the national park boundary and
north-northwest of West Yellowstone,
Montana. That earthquake was
responsible for 28 deaths and had a
major impact on the hydrothermal
systems in Yellowstone National Park,
including Old Faithful Geyser.

Earthquake swarms (earthquakes
that cluster in time and space) account for
about 50 percent of the total seismicity
in the Yellowstone region. Although they
can occur anywhere in the region, they
are most common in an east-west band
of seismicity between Hebgen Lake
and Norris Geyser Basin. Most swarms
consist of short bursts of small-magnitude
earthquakes, containing 10-20 events
and lasting for 1-2 days, although large
swarms of thousands of earthquakes
lasting for months do occur on occasion
(for example, in 1985-86 and in 2017).
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Geodesy

Geodesy is the scientific discipline focused on changes in
the shape of Earth’s surface, called deformation. In and around
Yellowstone Caldera, deformation is caused by a combination of
magmatic, tectonic, and hydrothermal processes. Ground motion
is measured using networks of GPS? stations, borehole tiltmeters
and strainmeters, and a satellite-based remote-sensing technique
called interferometric synthetic aperture radar (InSAR) (refer to
sidebar on monitoring geodetic change on p. 12—14). Changes in
Earth’s gravity field, which can indicate subsurface mass changes
caused by, for example, movement of magma or groundwater, is
also a subfield of geodesy. Geodetic measurements are used to
develop models of the sources of deformation and gravity changes
as far as several kilometers (miles) beneath the surface, which
can provide insights into the physical processes responsible for
changes measured at the surface.

Overall Deformation in 2024

Ground deformation throughout 2024 followed patterns
established since 2021. Subsidence of Yellowstone Caldera
occurred at a rate of 2 to 3 centimeters (about 1 inch) per year
(fig. 6), continuing the trend that, except for a brief period of uplift
in 20142015, has persisted since 2010 (fig. 7). The subsidence
is interrupted each summer by a few-month pause, or even a
small amount (about 1 centimeter, or 0.4 inch) of uplift (fig. 7),
caused by seasonal groundwater and snowmelt conditions. At
Norris Geyser Basin, a period of uplift began in late 2015 or early
2016, stalled in late 2018, and was followed by a minor amount
of subsidence that ceased in 2020, with no substantial changes in
2024 (fig. 6).

In 2024, five borehole tiltmeters and four borehole
strainmeters were operating within Yellowstone National Park.
These exceptionally sensitive instruments are most useful for
detecting short-term changes in deformation (for example, owing
to earthquakes or sudden fluid movements). Because their signals
can drift over periods of weeks to months and indicate trends not
related to deformation, tilt and strain measurements are less useful

2In this report, we use GPS as a general and more familiar term for Global
Navigation Satellite Systems (GNSS), even though GPS specifically refers to
the Global Positioning System operated by the United States.

for determining long-term (months to years) deformation patterns.
The tiltmeter and strainmeter networks detected no meaningful
changes during 2024. Several of the instrument sites were
upgraded with satellite telemetry and other improvements during
the year.

Continuous GPS Results

Throughout 2024, surface deformation measured by 16
continuous GPS stations in Yellowstone National Park mostly
followed trends established during previous years. Stations
inside Yellowstone Caldera subsided at rates of 2—3 centimeters
(about 1 inch) per year, following patterns that have been
ongoing since late 2015 or early 2016 (refer to fig. 6). During
summer months, the subsidence stalls, and can even reverse
slightly, with as much as about 1 centimeter (0.4 inch) of uplift
interrupting the ongoing subsidence. This seasonal variation is
observed during most summers and is related to groundwater
and snowmelt conditions and is not due to the magmatic or
hydrothermal systems. During 2024, the seasonal pause in
subsidence was manifested as slight uplift at most GPS stations
in Yellowstone National Park, beginning in May or June and
lasting until September or October.

At Norris Geyser Basin there has been little net deformation
in the past 5 years. Uplift that began in late 2015 or early 2016
paused in late 2018 (refer to 2018 YVO annual report [YVO,
2021a]) and gave way to slow subsidence in September 2019,
which stopped in 2020. Similar to the GPS stations in the
caldera, seasonal uplift in 2024 near Norris Geyser Basin began
in late May, accumulating about 1 centimeter (about 0.4 inch) by
late September. Little change occurred through the remainder of
the year.

Station coordinates and daily time-series plots for the
Yellowstone region continuous GPS stations are available at
https://earthquake.usgs.gov/monitoring/gps/YellowstoneContin.
Station WLWY, on the east side of Yellowstone Caldera on the
Sour Creek dome, malfunctioned in late May 2024. The antenna
and receiver were replaced in September 2024, but additional
repairs are needed before the station can be made operational;
another maintenance visit is planned for summer 2025.

During the year, satellite telemetry upgrades were completed
at a few GPS sites in the region, including P712 and P721 in
Yellowstone National Park.



https://earthquake.usgs.gov/monitoring/gps/YellowstoneContin

111° 110°
' Pasi '
.P460
VAN .

. - Gardiner ) .Y MONTANA |
= Moo= —_——- P72 -
p712 Mammoth @ MAWY .P720

Hot Springs m
P714 {
\
j /
’ . )\f"’;
K -
L @ YELLOWSTONE gtV .
v Q CALDERA ¢ < o717
0ld Faithful .
X d Y g 0
| Q /!
m ! I Shoshone P801 » 709 i
r Lake { )
P360 i
® : ’ Ra Yellowstone ’]
P686 Heart Lake
%) | Lake
BBID : YELLOWSTO NATIONAL PARK :
I_'_ B P710 B .  — —
o I U . p—
< |—
3 OI z
z =
212 (91
©pga4 | =
:P798 Ot 26
l P708 @ P459
L .TSWY |
Base from 30-meter National Elevation Dataset 0 15 30 KILOMETERS
|—I_'_l
0 15 MILES

MONTANA

Map area

WYOMING

Figure 6. Map of Global Positioning System (GPS) stations showing the deformation
observed in Yellowstone National Park in 2024. Solid red line indicates boundary of

Yellowstone Caldera. Vertical displacement (up or down movement of the ground)

throughout the year is plotted for nine selected GPS stations (green dots with station

names in bold) located around the national park. The vertical axis of all plots is
in centimeters (1 centimeter is equal to about 0.4 inch). Downward trends indicate subsidence and upward trends indicate uplift.
General trends during 2024 are subsidence within Yellowstone Caldera (exemplified by stations LKWY and OFW?2) and less than a few
millimeters of net vertical motion elsewhere, including at Norris Geyser Basin (station NRWY). All stations show slight uplift during
the summer months, which is a seasonal signal owing to changing groundwater and snowmelt conditions. Gaps during time series
indicate periods when GPS stations were not operational.

Sapphire Pool within Biscuit Basin, Yellowstone
National Park. Photograph by Joe Bueter,
National Park Service, July 23, 2024.
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SIDEBAR

Monitoring Geodetic Change in the Yellowstone Region

Subtle changes to the shape of a
volcano’s surface, called deformation, can
be caused by the accumulation, withdrawal,
or migration of magma, gas, or other
fluids (usually water) beneath the ground
or by movements in Earth’s crust owing
to motion along faults. Typically, this
deformation is very small in magnitude—a
few centimeters (inches) or less—and so
can only be detected and monitored using
very sensitive instruments. Changes in the
amount of material beneath the ground
also result in variations in gravity at the
surface. Combining measurements of
gravity change with deformation can help
scientists determine the type of fluid that is
accumulating or withdrawing—for example,
magma versus gas.

By measuring the pattern and style
of surface deformation, it is possible to
determine the location of subsurface fluid
storage areas. For example, as magma or
water accumulates in a reservoir below
ground, the surface above will swell. The
pattern of this surface inflation can be used
to identify the depth of fluid accumulation,
and the scale of the deformation can provide
information on how much and what type
of fluid is accumulating. By monitoring
changes in deformation over time, it is
possible to assess how magma, water, and
gas are moving in the subsurface. The
technique is an important tool for forecasting
potential future volcanic eruptions. In the
days, months, and years before a volcanic
eruption, many volcanoes inflate as magma
accumulates underground. Yellowstone
Caldera presents a complicated situation

because deformation may be caused by
magma, water, or gas, as well as non-
volcanic processes such as fault or landslide
motion.

A variety of techniques are used
to monitor ground deformation in the
Yellowstone region. EarthScope Consortium
operates the Geodetic Facility for the
Advancement of Geoscience (GAGE),
including the Network of the Americas,
a hemispherical-scale geodetic network
composed of geodetic-grade Global
Positioning System (GPS) instrumentation
as well as high-precision borehole tensor
strainmeters and tiltmeters, all of which
are present in Yellowstone National Park.
Borehole strainmeters and tiltmeters are
designed to detect very small changes in
deformation style especially over short
time intervals (even down to minutes),
but they tend to drift over days to weeks
and so cannot track long-term ground
deformation. This is why GPS, the backbone
of the Yellowstone Volcano Observatory
deformation monitoring network, is so
important. There are 16 continuously
recording GPS stations within Yellowstone
National Park and many more in the
surrounding region. Measurements from
these sites are used to precisely record
the horizontal and vertical positions of
fixed points at the surface. Variation in the
positions over time gives an indication
of how the ground in the Yellowstone
region deforms owing to local processes,
such as subsurface fluid accumulation
and withdrawal or faulting caused by
earthquakes. Data from continuous

GPS stations in the Yellowstone region are
transmitted via radio and satellite links to
EarthScope Consortium’s GAGE archives,
where they are made publicly available at https:/
/www.earthscope.org/.

Semipermanent GPS sites are temporary
stations that are deployed in late spring and
collected in early fall. Measurements from
these portable sensors significantly add to the
number of instruments measuring deformation
in the Yellowstone region and help track year-
to-year changes. Compared to continuous GPS,
semipermanent GPS stations are less expensive
and less intrusive on the landscape, and they
are portable enough to be deployed in areas
that might be off limits to a continuous GPS
installation. Disadvantages of semipermanent
GPS stations include that measurements
are intermittent, whereas continuous GPS
measurements are collected year-round, and that
semipermanent GPS data are not telemetered
and so are available only after the stations
have been retrieved. Used together, however,
the two approaches complement one another
by providing precise ground deformation
measurements from more than 30 sites in
Yellowstone National Park.

Yellowstone Volcano Observatory
scientists also use satellite measurements,
called interferometric synthetic aperture
radar (InSAR), to take a broad snapshot of
deformation. Two radar images of the same
area that were collected at different times from
similar vantage points in space are compared
against each other. Any movement of the ground
surface toward or away from the satellite is
measured and portrayed as a “picture”—not of
the surface itself but of how much the surface

Tiltmeter

Tiltincreases

GPS stations

GPS distances and
elevations increase

agma reservoi
inflates

Schematic illustration showing how the ground changes shape as magma accumulates beneath the surface. GPS, Global

Positioning System.
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moved during the time between images.
Unlike visible or infrared light, radar waves
penetrate most weather clouds and are equally
effective in darkness; using InSAR, it is
possible to track ground deformation even in
bad weather and at night. Although it is less
precise than GPS, InSAR has the advantages
of showing the entire pattern of surface
deformation as a spatially continuous image,
and the technique does not require access to or
installations in the study area. Disadvantages
are that current InSAR satellites collect

111°

images several days apart (whereas GPS
measurements are continuous), InNSAR
only shows deformation in one direction
(line-of-sight of the satellite) compared
to the three-dimensional deformation
measured by GPS, and InNSAR
measurements are not usable during winter
months in the Yellowstone region because
most of the surface is covered with snow.
Measurements of changes in Earth’s
gravity field are another means to study
processes that occur underground, hidden
110°
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from sight. For example, gravity will
increase slightly if more magma accumulates
in a shallow reservoir, or if porous rock fills
with groundwater. By combining gravity
measurements (which can record changes in
subsurface mass) with deformation (which
can indicate changes in subsurface volume),
it is possible to calculate the density of the
fluids that are driving the changes seen at the
surface. High-density fluids are likely to be
magma, whereas low-density fluids may be
water or gas.

' P41

ellowystone ¢
t ~ TPdlso
5 )

i

El
|
P360 :
P6SS o - |
6] Iy
BBID \_i
) P710
h= °
Z1Z
= e|?.
P684 =
15} |
|
! P798
I P459
| P8 o

TSWY
(€]

P460
(6]
PasT_ \/ ) _ o Gardiner
— Y _MONTANA ___ _ _ a3\
WYOMING  p7g0 Pz
(6]
PEBL

YELLOWSTONE

WBR2

“

WBRN NATIONAL

PARK

7
{ ) P717
SEDGN V"
Yellowstone m
Lake

()
P356

Scan here to watch
a video describing
deformation
in Yellowstone
National Park

MONTANA

Map area

WYOMING

10 20 30 KILOMETERS

5 10 15 MILES

o —To

Base from 30-meter National Elevation Dataset

Map showing locations of continuous (green circles) and semipermanent (red squares) Global Positioning System (GPS) sites in the
Yellowstone region. Photograph shows continuous GPS station P711 in Yellowstone National Park.



SIDEBAR

45°

44.5°

a4°

Monitoring Geodetic Change in the Yellowstone Region

111.5° 1n1° 110.5° 110°

[

20 KILOMETERS

0 5 10 MILES
|

Base from 30-meter National Elevation Dataset

EXPLANATION
0 . . . . . .3 MONTANA
[ [ [ [ [ [ |
Range change, in millimeters

Map area

Fault WYOMING

Map of past ground deformation in the Yellowstone region. This image was created using data from satellite passes in 1996 and 2000.
The image shows 125 millimeters (about 5 inches) of uplift centered near the north rim of Yellowstone Caldera, about 10 kilometers
(6.2 miles) south of Norris Geyser Basin. Each full cycle of color (from red through green to purple) represents about 28 millimeters
(1inch) of surface movement toward or away from the satellite (mostly uplift or subsidence). Here, the bullseye centered along the
north caldera rim near Norris Geyser Basin shows an area of uplift approximately 35x40 kilometers (22x25 miles) in size. Modified
from U.S. Geological Survey Professional Paper 1788 (Dzurisin and others, 2012).
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Figure 7. Vertical displacement (up or down movement of the ground) since 2010 measured at the LKWY
continuous GPS station on the southeast side of Yellowstone Caldera (refer to fig. 6 for station location). Each black
circle represents a single day of data. The station measured subsidence during 2010-2024 except for a brief period
of uplift in 2014-2015, with an overall subsidence rate of 2-3 centimeters (about 1 inch) per year. Each summer,

the subsidence trend is interrupted by a pause in deformation or a transition to slight uplift because of seasonal

groundwater and snowmelt conditions.

Semipermanent GPS Results

The Yellowstone semipermanent GPS (SPGPS) network
in 2024 consisted of 15 stations in the park and one (HRSB) in
the adjacent Hebgen Lake Ranger District of Gallatin National
Forest (fig. 8). Fifteen of the sites were deployed in May 2024,
with the remaining one, MMTN, deployed in July when snow
conditions permitted access. All 16 stations were recovered in
August/September. With the exception of site LAK2, which
was not operational for four days during its deployment, all
the SPGPS stations recorded useful data for the duration of
their deployments (in total, 99.75 percent data retrieval). These
temporary stations, which have only a small footprint on the
landscape (about ten square feet, or one square meter, per
station), are intended to complement the year-round operation
of the continuous GPS (CGPS) network and to take advantage
of generally benign summertime conditions to collect data
while avoiding harsh Rocky Mountain winters. For more
information on the SPGPS technique, refer to the sidebar on
monitoring geodetic change (p. 12—14).

Both SPGPS and CGPS stations record not only ground
deformation caused by volcanic and tectonic processes but also
unrelated short-term signals. These include seasonal effects, like
changes in lake and groundwater levels that cause variable loading
of the surface (YVO, 2019), as well as noise that occurs when
a GPS antenna is covered with snow or ice, which is especially
common near the start or end of the deployments. Such signals are
easier to identify on records from CGPS stations than from SPGPS
stations, which are deployed for only part of the year. For this

reason, unless the deformation rate is unusually high, data from
SPGPS stations are best compared from year to year, ignoring
small variations during any one year.

From 2023 to 2024, most of the SPGPS stations recorded
only small seasonal effects or weather-related noise, with little
net change (fig. 8). Exceptions were stations in the central
part of Yellowstone Caldera, including LAK1, HADN, and
MMTN, which recorded a few centimeters of net subsidence
over the two-year period, consistent with results from CGPS
stations (refer to “Continuous GPS Results” section) and
interferometric synthetic aperture radar, or InSAR (refer to
“InSAR” section). Also consistent with the CGPS and InSAR
results, the SPGPS data indicate no appreciable deformation
in the vicinity of Norris Geyser Basin, for example, at BRYL
and GRZL.

Station coordinates and daily time series plots for
Yellowstone SPGPS stations are available at https://earthquake
.usgs.gov/monitoring/gps/Yellowstone SPGPS.

Interferometric Synthetic Aperture Radar Results

Satellite interferometric synthetic aperture radar (InSAR)
uses measurements from radar satellites to map ground
deformation by comparing satellite-to-ground distances at
different times. Resulting images are called interferograms,
and they show how much the surface moved during the time
between satellite observations. For more information about the
InSAR technique, refer to the sidebar on monitoring geodetic
change (p. 12-14).


https://earthquake.usgs.gov/monitoring/gps/Yellowstone_SPGPS
https://earthquake.usgs.gov/monitoring/gps/Yellowstone_SPGPS
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Figure 8. Map of semipermanent Global Positioning System (SPGPS) stations showing changes observed in Yellowstone National
Park from 2023 to 2024. Vertical displacement (up or down movement of the ground) is plotted for 12 selected SPGPS stations (yellow
squares) within or just outside the park. The distance between tick marks on the vertical axis is 5 centimeters (cm) (about 2 inches).
Downward trends indicate subsidence and upward trends indicate uplift. Each dot marks a single day of data. Most SPGPS stations
recorded small seasonal effects with little net change. Dashed vertical line in 2023 marks time when older GPS receivers and
antennas were swapped for newer equipment, which caused a vertical offset in most time series that does not reflect real ground
motion. The LAK2 antenna was also modified in 2024, causing a small offset towards the end of the time series that year.

A radar interferogram that spans the period from
October 1, 2023, to October 7, 2024, shows about
3 centimeters (1.2 inches) of subsidence of Yellowstone
Caldera, maximized near the caldera center (fig. 9). This
pattern of caldera deformation is similar to that from the
preceding several years. No deformation is apparent outside
the caldera, including in the area between Norris Geyser
Basin and the north caldera rim. Interferograms spanning
2020-2021 show about 1 centimeter (0.4 inch) of uplift in
that area (YVO, 2022a), followed by an equivalent amount of
subsidence in the same area during 2021-2022 (YVO, 2023).
The region between the caldera and Norris Geyser Basin has

seen varying deformation many centimeters (several inches)
in magnitude during recent decades related to both magma
and water accumulation and withdrawal (Wicks and others,
2020). An episode that began in 1996 and lasted until 2004
resulted in uplift of 12 centimeters (4.7 inches) at a rate of
approximately 1.5 centimeters (0.6 inch) per year and was
probably caused by magma accumulation at a depth of about
14 kilometers (almost 9 miles). More localized episodes of
uplift and subsidence in 2013-2014 and 20162018 appear
to be caused by water and gas accumulation and drainage at
shallower depths of about 2—3 kilometers (1.2—1.9 miles), but
the area did not deform significantly in 2023 or 2024.
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Figure 9. Interferogram created from satellite radar data collected on October 1, 2023, and October 7, 2024, over the Yellowstone region by
the Sentinel-1 satellite system. Colored fringes indicate a change in distance (called range change) between the satellite and ground surface
that is caused by surface deformation. In this interferogram, the fringes indicate subsidence (an increase in the range between the ground
and the satellite) of about 3 centimeters (about 1.2 inches) in the central part of Yellowstone Caldera during the one-year period between the
image acquisition times. Fringes outside the caldera are mostly related to atmospheric artifacts and do not reflect real ground motion. White
circles show earthquakes that occurred during the time spanned by the interferogram. Circle size scales with magnitude, with the largest
magnitude 3.3 in Yellowstone National Park and magnitude 3.9 south of the park at the bottom of the map.

Geochemistry

Geochemical studies aim at better understanding the
interface between hydrothermal and magmatic systems in the
Yellowstone region, with the ultimate goal of investigating
processes that are hidden from direct observation (refer
to sidebar on geochemical monitoring on p. 18). Thermal
features provide a window into the subsurface characteristics
of Yellowstone National Park, not only through the chemical
composition of the emitted waters, but also from the
composition and flux of gases possibly emanating from
subsurface magma.

Summary of Geochemistry Activities in 2024

In 2024, YVO scientists continued with gas emission
measurements and water sampling in targeted areas for laboratory
analysis. The multicomponent Gas Analyzer System (multi-GAS)
that was installed in the Mud Volcano area in 2021 (YVO, 2022a)
continued to collect water vapor, hydrogen sulfide, and carbon
dioxide concentrations throughout 2024. In addition, in 2024 a water
chemistry data release that compiled water sample results extending
back to 1883 was published—the largest water quality dataset ever
compiled for the Yellowstone region. Research results included a
study of hydrothermal plumbing in the area of Beryl Spring.



SIDEBAR

Geochemical Monitoring
in Yellowstone Caldera

Deep beneath the surface, gases are
dissolved in magma. As magma rises toward
the surface, however, the pressure decreases,
allowing gases to separate from the liquid and
form bubbles. Because gas is less dense than
magma, the bubbles can rise more quickly and be
detected at the surface of the Earth.

Similarly, water can also transport material
up to the surface where it can be studied by
scientists. Groundwater circulates deep within
the Earth’s crust in volcanic regions, where it
can be heated by magma to more than 200 °C
(around 400 °F). This heating causes water
to rise along fractures, bringing dissolved
chemical components up toward the surface. By
studying the chemical makeup of this thermal
water, scientists can gain a better picture of the
conditions deep within a volcano.

In Yellowstone Caldera, volcanic gas
emissions are usually sampled by hand directly
from fumaroles (gas vents), although some
temporary automated measurements of certain
types of gases are also possible. Likewise,
measurements of water chemistry are typically
made by collecting samples and analyzing the
chemical makeup of the water in the laboratory.

Gas Emissions

A study of gas emissions from around Obsidian Pool,
in the Mud Volcano thermal area, continued in 2024. Gases
emitted from the Mud Volcano thermal area have the highest
magmatic components in the Yellowstone region, and
monitoring in the area may be useful for detecting any future
changes in the magmatic system. The multi-GAS installed
in July 2021 (station “MUD”; fig. 10) continued to operate
through 2024, making high frequency (once per second)
measurements of water vapor (H,0), carbon dioxide (CO,),
hydrogen sulfide (H,S), and sulfur dioxide (SO,) concentrations
in gas plumes emitted from hydrothermal features, along
with wind speed and direction, atmospheric pressure and
temperature, relative humidity, and ground temperature
(fig. 11). The real-time data from the MUD multi-GAS station
are available on the YVO monitoring page (https:/www
.usgs.gov/volcanoes/yellowstone).

Except for intermittent problems with atmospheric
temperature and relative humidity sensors (figs. 11C and
11D), the MUD station remained operational throughout
2024. Consistent with observations from 2021-2023 (YVO,
2022a, 2023, 2024), the 30-minute average H,0O, CO,, and
H,S concentrations measured by MUD ranged from <1 to 23
parts per thousand by volume, 457 to 1,283 parts per million by
volume, and <0.1 to 2 parts per million by volume, respectively.

National Park Service scientists collect water samples from the

Firehole River in Yellowstone National Park. Photograph by Jim
Ball, U.S. Geological Survey, 2014.

Figure 10. Photograph of the MUD multi-GAS station in
the Obsidian Pool region of the Mud Volcano thermal area.
Photograph by Laura Dobeck, U.S. Geological Survey,
October 11, 2024. Research conducted under National Park
Service research permit YELL-2024-SCI-7082.


https://www.usgs.gov/volcanoes/yellowstone
https://www.usgs.gov/volcanoes/yellowstone
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SO, was not detected. Time series of 30-minute average H,O/
CO, and CO,/H,S ratios and meteorological parameters are
shown in fig. 11. Average H,0/CO, and CO,/H,S ratios ranged
from <1 to 22 and 238 to 2,139, respectively (figs. 114 and 11B).
These results were similar to observations in prior years. During
winter months, CO,/H,S ratios were higher and H,0/CO, ratios
lower, on average, reflecting plume water condensation and H,S
scrubbing (removal of H,S by groundwater) with low atmospheric
temperatures and high relative humidity (figs. 114-11D).

Thermal Water Studies

In spring and summer 2024, scientists from the USGS and
Yellowstone National Park sampled thermal waters at Biscuit
Basin, Hillside Springs, Upper and Lower Geyser Basin, Norris
Geyser Basin, Wahb Springs in Northeast Yellowstone National
Park (fig. 12), and several lakes in and near Lower Geyser
Basin. At each sample site, a variety of field measurements were
collected (for example, pH, specific conductance, temperature,
and hydrogen sulfide concentration), and water samples were
taken for the determination of major cations, anions, trace
metals, redox species (iron, arsenic, mercury), water stable
isotopes, and also tritium (for some samples). Gas samples
were collected from Death Gulch, Wahb Springs, Norris Geyser
Basin, the Mud Volcano area, and at a new fumarole that formed
in July 2024 north of Nymph Lake (refer to “New Steam Vent
Near Nymph Lake” section). Water and gas samples collected

in the summer of 2024 will be analyzed during the winter
0f 2024-2025, and data and interpretive reports are planned
for 2025.

The water chemistry of several features in Norris Geyser
Basin and Lower Geyser Basin is regularly monitored to
document and investigate variations in hydrothermal activity.
Thermal features that are the sites of long-term monitoring include
Cistern Spring, Cinder Pool, Porkchop Geyser, and Perpetual
Spouter in Norris Geyser Basin, and Ojo Caliente Spring in Lower
Geyser Basin. In addition, the seasonal effects on thermal water
chemistry are being investigated at Hillside Springs, located on the
side of a hill to the west of the Firehole River near Biscuit Basin.
Water discharging from Hillside Springs is thought to be a mixture
of deep thermal water and shallower groundwater—a perfect site
to investigate the seasonal effects of snowmelt on the shallow
hydrothermal system. Finally, the water chemistry of lakes near
Lower Geyser Basin was sampled to determine whether the lakes
are receiving thermal waters, as well as their general chemical
composition.

Water Chemistry Data Compilation

Scientists have studied water chemistry in Yellowstone
National Park for over a century. As a result of this collective
multigenerational effort, it is possible to examine broad patterns
across space and time, providing insights into trends in the park’s
hydrologic and geologic systems and guiding future research.

Figure 12. Photograph of Whab Springs in northeast Yellowstone National Park. The water samples that
were collected from a small pool in the Wahb Springs group have the highest reported hydrogen sulfide
concentration (H,S =44 mg/L). Photograph by David Roth, U.S. Geological Survey, September 2024.
Research conducted under National Park Service research permit YELL-2024-SCI-5194.



Because much of this work was published before the advent of
modern computer technologies, access to historical data has been
limited. Many reports are preserved only as paper copies or low-
resolution scans, making it challenging and time-consuming to
locate, extract, and use their data.

To address this problem, a new USGS data release (Price and
others, 2024) compiled data from dozens of historical and modern
reports on Yellowstone water chemistry. The dataset includes
information from water samples collected in the Yellowstone
region over the last 140 years, as well as details about location
and date, sampling methods, and quality-control procedures taken
to confirm the reliability of the data. Included in the compilation
are results from 4,918 discrete samples from 38 published reports
between 1883 and 2021, as well as data collected but never
published by multiple USGS research groups. Across all these
sources, more than 100 types of results are reported, including
basic field measurements (such as temperature, pH, and specific
conductance), major ion concentrations, trace metals, redox
species of sulfur, arsenic, and iron, various isotopes, and tritium,
among others. More than 600 individual features (including rivers
and streams, hydrothermal features, drillholes, and precipitation
gages) in and around the park are represented. These data were
compiled through careful analysis of available paper and digital
copies of publications, manual digitization of tables, and thorough
checking for erroneous values or duplicated samples. Sample
information has been harmonized, so all results are reported in the
same order and with the same units.
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This dataset is designed to simplify the exploration of trends
in Yellowstone water chemistry and provides a comprehensive
body of analyses and detailed descriptions of who examined
particular aspects of the system and where their reports can be
found. Users can sort the data by sample collection date, sample
type, collection area or location, original report, or any of the 100
reported chemical analytes.

Hydrothermal Plumbing of Beryl Spring Area

Beryl Spring (fig. 13), located in Gibbon Canyon alongside
the road, is an extraordinary thermal feature that provides
insight into the hydrothermal processes occurring deep in
the subsurface. The area around Beryl Spring consists of a
roaring fumarole (gas vent) adjacent to a blue-water spring
and another spring just to the east beneath the road, which
had to be specially engineered with a bridge because of that
corrosive thermal feature. Scientists from the University of
Wyoming integrated geophysical data, gas measurements, and
chemical analyses collected from the Beryl Spring area to:

(1) understand the subsurface plumbing system beneath Beryl
Spring’s hydrothermal features; (2) image phase separation—
gas separating from liquid—below ground, which results

in different chemical compositions at the surface; and (3)
characterize the age and water-rock interactions of the deeply
sourced hydrothermal fluid discharging from Beryl Spring.

Figure 13. Gas vent and adjacent blue-water spring that make up part of the Beryl Spring thermal area along the Gibbon
River between Madison Junction and Norris Geyser Basin in Yellowstone National Park. Photograph by G. Edward
Johnson, July 15, 2019, (https://commons.wikimedia.org/wiki/File:Beryl_spring_20190715_135435_1.jpg). This photograph is
licensed under the Creative Commons Attribution 3.0 Unported license (https://creativecommons.org/licenses/by/3.0/).


https://commons.wikimedia.org/wiki/File:Beryl_spring_20190715_135435_1.jpg
https://creativecommons.org/licenses/by/3.0/
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Radiogenic isotopes can provide powerful insights into
water-rock interactions occurring at depth in the Yellowstone
hydrothermal system. Beryl Spring has a lead isotope ratio
(?8Pb/2%9Pb) of 2.08 and a strontium isotope ratio (37Sr/%6Sr)
0f 0.7094. When compared to the lead and strontium
isotopic compositions of lava and ash deposits erupted by the
Yellowstone volcanic system and sedimentary rocks present
throughout the region, the isotopic composition of Beryl Spring
fluids more closely aligns with the sedimentary rock. This result
indicates that the hydrothermal fluids emitted from Beryl Spring
circulate through these rocks, far below the volcanic rocks that
make up near-surface geologic units.

Electrical resistivity surveys were also conducted to
investigate subsurface structure. Shallow areas of high resistivity
were interpreted as engineered structures of the roadway or
areas of unaltered rock. Low resistivity areas, occurring around
the thermal features, were interpreted as up-flow zones of
hydrothermal fluids feeding the different pools, saturated soils
from the discharge of the pools, or as areas of substantially altered
rock from hydrothermal activity. Soil CO, gas surveys conducted
in 2023 and 2024 identified areas of high gas flux to the north-
northwest of Beryl Spring, associated with the work that was
done to prevent the feature beneath the roadbed from affecting
the road’s integrity. Airborne electromagnetic surveys to the north
and south of Beryl Spring reveal a low-resistivity area extending
across the Gibbon River from Beryl Spring and may indicate
upward-flowing hydrothermal fluids, possibly connecting all the
features in the area to the deeper subsurface reservoir.

Geology

Geologic research in Yellowstone National Park is
focused on interpreting the rock record as a means of better
understanding conditions that preceded and accompanied past
volcanic eruptions and hydrothermal explosions. The primary
tools for this work include mapping rock compositions and
structures, as well as determining the ages of specific rock units.
This work established the foundation for understanding eruptions
in the Yellowstone region (refer to sidebar on geology of
Yellowstone Plateau on p. 24-25) and continues to be refined as
new analytical tools become available and as mapping becomes
sufficiently detailed to better identify small-scale features.

Summary of Geology Activities in 2024

In 2024, YVO geologists and collaborators made progress
on several ongoing projects, including investigations of the
compositions and ages of mafic and rhyolite lava flows in and
around Yellowstone National Park, the distribution of the Lava
Creek Tuff eruptive unit, and the slip history and earthquake
hazards associated with the East Gallatin-Reese Creek Fault
System in the northwest part of the park.

Understanding the Recent Volcanic History of
the Yellowstone Region

Recent geochronologic and paleomagnetic work
demonstrated that the 22 Central Plateau Member rhyolite
eruptions, which are the youngest episode of rhyolite
volcanism from the Yellowstone Plateau volcanic field,
occurred in five brief episodes at 160,000, 150,000, 111,000,
104,000, and 71,000 years ago (fig. 14; Stelten and others,
2023). During these episodes, multiple rhyolites erupted from
volcanic vents spaced out over several to tens of kilometers (a
few to tens of miles) over no more than 400 years (although
they could have occurred over much shorter durations).
During 2024, USGS geologist Mark Stelten and collaborators
from UC Davis (Dr. Kari Cooper, Elizabeth Grant, Anjelica
Guerrier, and Julia Walker) continued work on understanding
the origin of Central Plateau Member rhyolites and what
the magmatic system looked like before their eruption.
Preliminary uranium-thorium (?38U-23Th) dating of zircon
crystals and Pb isotope analysis of sanidine crystals hosted
in the several Central Plateau Member rhyolites that erupted
160,000 years ago reveal compositional differences among
rhyolites erupted during the same brief episode, indicating
that prior to eruption, the magmatic system was composed
of multiple discrete magma bodies instead of one integrated
magma body.

Also in 2024, USGS scientists collaborated with Dr.
Madison Myers (Montana State University) and Ph.D. student
Stacy Henderson to reevaluate the distribution of the Lava
Creek Tuff, which erupted approximately 631,000 years
ago and resulted in the formation of Yellowstone Caldera.
Through a combination of argon-argon (*°Ar/**Ar) dating and
geochemistry, this work has helped to redefine the distribution
of the Lava Creek Tuff within and around Yellowstone
Caldera, providing important updates to geologic mapping
and new insights into the history of this large eruption. Work
on this project will continue in 2025, with a focus on finishing
4OAr/3°Ar dating of existing samples and expanding the
geochemical dataset to understand the origin and evolution of
the magma body that erupted to form the Lava Creek Tuff.

Over the past several years, efforts have also been
made to better understand the eruptive history of mafic
volcanism associated with the Yellowstone Plateau volcanic
field. Argon-argon dating of basaltic rocks from the Henrys
Fork Caldera west of Yellowstone National Park has been
completed, and in 2024 progress was made in dating basalts
from within Yellowstone National Park, predominantly north
of Yellowstone Caldera. Additional “°Ar/*Ar dating of basaltic
rocks from within Yellowstone National Park will continue
in 2025, with the goal of creating a robust eruptive history
for mafic volcanism in the region. This will help to better
understand the recurrence rate of mafic volcanism and its role
in driving silicic eruptions in the Yellowstone region.
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Post-glacial Earthquake Surface Rupture of the
East Gallatin-Reese Creek Fault System

Geologists from the Wyoming State Geological Survey
and Montana Bureau of Mines and Geology continued their
investigation of the East Gallatin-Reese Creek fault system in
2024 (fig. 15). The study seeks to characterize the timing and
rate of fault displacement, as well as the associated seismic
hazard, of the normal fault system that has been active during
the Quaternary (the last 2.6 million years of Earth’s history)
and that bounds the eastern front of the Gallatin Range in
northwest Yellowstone National Park (fig. 16). To address
these questions, geologists are mapping fault scarps (locations
where past earthquakes have ruptured the ground surface)

along the length of the fault system and dating the glacial
deposits that the fault scarps displace. The geologists are using
a technique known as cosmogenic nuclide exposure dating,
which determines the time that a rock has been exposed to
cosmic rays at Earth’s surface, to date the fault-offset glacial
deposits. This will help bracket the timing of past surface-
rupturing earthquakes and shed light on the history of this
fault system.

Geologists collected samples from two study sites along
the East Gallatin-Reese Creek fault system as part of preliminary
reconnaissance work in 2023 (YVO, 2024). Two of these samples
from the Fawn Creek study site yielded preliminary exposure
ages of around 14,100 years. These ages are consistent with
ages from previous studies that have dated glacial deposits in the
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Geology of the Yellowstone Plateau

The Yellowstone Plateau volcanic field
developed through three volcanic cycles that
span 2 million years and include two of the
world’s largest known volcanic eruptions.
About 2.1 million years ago, eruption of the
Huckleberry Ridge Tuff produced more than
2,450 cubic kilometers (588 cubic miles)
of volcanic deposits—enough material to
cover the entire State of Wyoming in a layer

10 meters (30 feet) thick—and created the
large, approximately 75-kilometer- (47-
mile-) wide, Huckleberry Ridge caldera. A
second cycle concluded with the eruption
of the much smaller Mesa Falls Tuff
around 1.3 million years ago that resulted
in formation of the Henrys Fork Caldera.
Activity subsequently shifted to the present-
day Yellowstone Plateau and culminated
111°

631,000 years ago with the eruption of more
than 1,000 cubic kilometers (240 cubic miles)
of magma, forming the Lava Creek Tuff and
the 45x85 kilometer (28%53 mile) Yellowstone
Caldera.

The three extraordinarily large explosive
volcanic eruptions in the past 2.1 million
years each created a giant caldera and spread

enormous volumes of hot, fragmented
110°
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volcanic rocks via pyroclastic density
currents over vast areas. The accumulated
hot ash, pumice, and other rock fragments
welded together from their heat and the
weight of overlying material to form
extensive sheets of hard lava-like rock,
called tuff. In some places these welded
ash-flow tuffs are more than 400 meters
(1,300 feet) thick. The ash-flow sheets
account for about half the material erupted
from the Yellowstone region.

Before and after these caldera-forming
events, volcanic eruptions in the Yellowstone
region produced rhyolitic and basaltic
rocks—including large rhyolite lava flows

118°

(pink and orange colors on simplified
geologic map on previous page), some
smaller rhyolite pyroclastic flows in

and near where the calderas collapsed,

and basalt lava flows (yellow color on
simplified geologic map) around the
margins of the calderas. Large volumes of
rhyolitic lava flows (approximately 600
cubic kilometers, or 144 cubic miles) were
erupted in the most recent caldera between
160,000 and 70,000 years ago. No
magmatic eruptions have occurred since
then, but large hydrothermal explosions
have taken place since the end of the last
ice age in the Yellowstone region.
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Geology

Yellowstone Caldera’s volcanism is
only the most recent in a 17-million-year
history of volcanic activity that has occurred
progressively eastward from near the
common border of southeastern Oregon,
northern Nevada, and southwestern Idaho
to Yellowstone National Park as the North
American Plate has drifted over a hot
spot—a stationary area of melting within
Earth’s interior. At least six other large
volcanic fields along this path generated
caldera-forming eruptions; the calderas are
no longer visible because they are buried
beneath younger basaltic lava flows and
sediments that blanket the Snake River Plain.
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Figure 16. View of the eastern
front of the Gallatin Range. The
East Gallatin-Reese Creek fault
system runs through the trees
along the base of the mountain
front. Fawn Creek—one of

the locations for cosmogenic
nuclide dating of glacial
deposits—is the drainage
exiting the Gallatin Range at
the far right of the photograph.
Photograph by James Mauch,
Wyoming State Geological
Survey, August 29, 2024.




Yellowstone region using the same method, and they indicate that
glacial till at the base of the Gallatin Range was deposited during
the late Pinedale glaciation—the most recent ice age in the Rocky
Mountains. Furthermore, the 14,100-year exposure ages of fault-
displaced glacial deposits also demonstrate that the East Gallatin-
Reese Creek fault system has experienced surface-rupturing
earthquakes since the end of the last ice age.

In light of these favorable results, the team returned to Fawn
Creek on a multiday backcountry trip in August 2024 to collect an
additional ten samples for cosmogenic nuclide dating. The new
samples are from various geomorphic surfaces that have distinct
offset orientations relative to the fault scarp. Dating these samples
will provide insights into how fault slip rates may vary along the
length of the fault and through time.

Heat Flow Studies

The thousands of on-land thermal features of the
Yellowstone region range in temperature from just a few
degrees Celsius above the normal background temperature
to well above boiling (as hot as 138 °C [280 °F]). Studies of
thermal features are accomplished by ground-based monitoring
(including both occasional observations and continuous
temperature monitoring), thermal infrared remote sensing from
satellites and aircraft, and proxy measurements of chloride
in Yellowstone National Park’s rivers (refer to sidebar on
monitoring thermal changes on p. 30-31).

Summary of Heat Flow Studies in 2024

The total geothermal radiative heat output from Yellowstone
National Park’s thermal areas in 2024, estimated from satellite
thermal infrared observations, was similar to that measured in
previous years. Heat output based on chloride flux in Yellowstone
National Park’s rivers was also similar to past years, although
measurements were not possible on the Yellowstone River
because of damage to monitoring equipment, probably as a
result of remobilized debris and sediment from the June 10-13,
2022, flooding. Together, the thermal infrared remote sensing
and chloride-flux measurements indicate that the total thermal
discharge remained relatively steady.

Thermal Infrared Remote Sensing

Most of Yellowstone’s thousands of thermal features are
clustered together into about 120 distinct regions, called thermal
areas. Thermal areas are characterized by having multiple thermal
features, hydrothermally altered ground and (or) hydrothermal
mineral deposits, emitting geothermal heat and (or) gases, and
are generally barren of vegetation or have stressed or dying
vegetation. There are also numerous water bodies—typically
lakes, ponds, or wetland areas—that are thermally emissive
because they receive heated water from a nearby thermal area, a
nearshore thermal spring, or underwater vents.

Heat Flow Studies 21

Analysis and interpretation of thermal infrared remote
sensing data for characterizing thermal areas and thermal water
bodies in Yellowstone National Park has been ongoing for several
years. Satellite thermal infrared data with moderate spatial
resolution (90 to 100 meters [about 300 feet] per pixel) are useful
for mapping, measuring, and monitoring the characteristics of
most thermal areas and thermal water bodies on a regional to
park-wide scale, although some thermal areas are too subtle
(either too small or not hot enough) to be clearly detected with
moderate-resolution orbital data. Higher-resolution thermal
infrared data have been useful in the past for characterizing
these areas; however, such data from airborne surveys are not
regularly acquired over the Yellowstone region because of their
high cost. Thermal areas and thermal water bodies also have
characteristics that can be identified with high-resolution (0.5 to
2 meters [1.6 to 6.5 feet] per pixel) visible remote sensing data.
Moderate-resolution thermal infrared and high-resolution visible
data are thus used together with field observations to characterize
Yellowstone National Park’s thermal areas and thermal
water bodies.

The primary satellite-based thermal infrared data used for
thermal area characterization in the Yellowstone region are from
Landsat 8 and Landsat 9 (https://earthexplorer.usgs.gov/). Other
moderate-resolution thermal infrared satellite data, such as from
the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) or Ecosystem Thermal Radiometer
Experiment on Space Station (ECOSTRESS), are not normally
acquired in the area with a spatial coverage or cadence that is
ideal for regular monitoring. Landsat 8 nighttime thermal infrared
data have been acquired over the Yellowstone region since its
launch in 2013, nominally every 16 days. Landsat 9, which
is nearly identical to Landsat 8, was launched in 2021 into an
offsetting orbit; thus, together they have the potential to image the
Yellowstone region at night every 8 days. For thermal infrared
data, nighttime acquisitions in the winter are preferred for analysis
because this minimizes the effects of solar radiance on surface
thermal emission and maximizes thermal contrast between thermal
targets and background areas. In 2024, a total of 38 nighttime
scenes from Landsat 8 and 9 were acquired. Clear nighttime
scenes were acquired in the winter on January 2, March 14, and
March 30. The data from January 2, 2024, were processed and
analyzed for this report (fig. 17).

The results of thermal infrared data analyses using the
Landsat 8 image acquired on January 2, 2024, were similar to
those from previous years in that the same regions tended to be
the warmest and most radiant. The thermal area with the highest
pixel temperatures and highest geothermal radiant emittance
was Sulphur Hills, with temperatures 46.5 °C (83.6 °F) above
background and geothermal radiant emittance values of as much

Learn how
to access
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Yellowstone
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Figure 17. Landsat 8 nighttime thermal infrared image of Yellowstone National Park from January 2, 2024 (https://earthexplorer
.usgs.gov/). Satellite-based thermal infrared data show areas on the surface that are warmer versus cooler, and they can

be used to estimate surface temperature and the geothermal radiative heat output from the Yellowstone magmatic and
hydrothermal system. The warmest pixels (lightest in shade) in this image are about 18.8 °C (65.8 °F), which is about 46.5 °C
(83.6 °F) above the background temperature of the cold winter night on which this image was acquired. Geologic structures are
indicated in red (solid line is caldera boundary, and dashed lines mark resurgent domes); thermal areas are labeled in yellow.
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as 181 watts per square meter. Because of their large size, the
thermal areas with the highest total geothermal radiative power
output (in megawatts) were Lower Geyser Basin at 235 megawatts
and Norris Geyser Basin at 188 megawatts. Other large thermal
areas with notably high geothermal radiative power output include
Astringent Creek and Roaring Mountain, with outputs greater
than 100 megawatts. The total geothermal radiative power output
summed for all of Yellowstone’s thermal areas was 2.1 gigawatts.
This value, calculated only for the parts of thermal areas that were
warmer than two standard deviations above the mean temperature
of the background, is within the range of values reported from the
previous years (1.8 to 2.5 gigawatts).

Chloride Flux Monitoring

Measuring the thermal output of Yellowstone Caldera’s large
magmatic system is not straightforward, as thousands of thermal
features are spread across more than 9,000 square kilometers
(3,500 square miles). Because thermal-water discharge eventually
enters nearby rivers, one way to capture and integrate the
contributions from this broad area is to monitor river chemistry.
Nearly all the chloride in rivers that drain Yellowstone National
Park comes from emerging hot-spring water heated underground
by underlying magma. By monitoring the chloride flux, the
hydrothermal discharge and heat flux from the Yellowstone region
can be estimated, and variations (short and long term) can be used
to identify changes in the deep hydrothermal system, earthquake
activity, geyser eruptions, and other natural events (like floods and
the effects of wildfire).

The USGS and Yellowstone National Park have collaborated
on chloride-flux monitoring in Yellowstone National Park since
the 1970s and have been continually improving the monitoring
network and systems used to quantify solute concentrations and
fluxes. Beginning in 2010, the USGS installed stations along major
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rivers to automatically measure specific conductance (an indication
of how well water conducts an electrical current), which is a proxy
for the concentration of chloride and other solutes. The stations can
make measurements of specific conductance every 15 minutes.

Monitoring the chloride (and other geothermal solutes)
flux in the major rivers draining Yellowstone National Park
continued in 2024. Specific conductance measurements were
made at monitoring sites along Tantalus Creek and the Madison,
Firehole, Gibbon, Snake, Gardner, Yellowstone, and Fall Rivers
(refer to sidebar on monitoring thermal changes on p. 30-31).

The current network provides information at several scales (park-
wide, watersheds, and individual geyser basins). The Madison,
Yellowstone, Snake, and Fall River monitoring sites capture the
hydrothermal discharge within their watersheds, and the sum of
these four rivers captures the entire hydrothermal discharge from
Yellowstone National Park. Additional monitoring sites along their
tributaries provide higher resolution and can be used to identify
changes at geyser-basin or hot-spring scales.

The use of specific conductance as a proxy for chloride
requires knowledge of the relation among specific conductance,
chloride, and other geothermal solutes (sulfate, fluoride,
bicarbonate, silica, potassium, lithium, boron, and arsenic), and
the relation needs to be confirmed annually. Water samples were
collected during two 2024 field trips to assess the solute-specific
conductance correlations.

The 2024 chloride flux measured at the river monitoring
sites was similar to historical (beginning 1983) fluxes (fig. 18).
Quantifying the chloride flux was again challenging in 2024
because of the historic flooding that occurred in the northern
areas of Yellowstone National Park during June 10-13, 2022.
Riverbed material that was mobilized during the storm buried
the specific conductance probes in the Gardner River and also
in the Yellowstone River at Corwin Springs. The Gardner River
monitoring site was relocated downstream and in 2024 the specific
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SIDEBAR

Monitoring Thermal Changes at Yellowstone Caldera

Alot of heat is released in the Yellowstone
region from thermal features like hot springs,
geysers, mud pots, and fumaroles. Tracking
the temperatures and sizes of thermal areas is
critical for monitoring Yellowstone Caldera’s
hydrothermal activity and for understanding and
preserving these spectacular features. The task is
challenging, however, given that there are more
than 10,000 individual thermal features spread
out over large and mostly inaccessible areas
within Yellowstone National Park.

Some thermal features are continuously
monitored with temperature sensors, such as
at Norris Geyser Basin. There, thermal probes
are connected via radio links so that data within
the thermal-monitoring network can be viewed

110°42'40" 110°42'20"

anytime. These thermal probes have proven
useful for detecting geyser eruptions when
visual observations are impossible (for example,
because of weather or time of day).
Temperature probes, however, can be used
to measure the output of only a few specific
features. To look at overall thermal output of
the Yellowstone region, other techniques are
employed—for example, tracking the chemistry
of Yellowstone National Park’s major rivers.
Because the hot water from thermal features
ultimately ends up in rivers, changes in river
chemistry are used to track overall hydrothermal
activity. The most useful chemical indicator
is the chloride composition of the river water
because hydrothermal water has a high

110°42'

concentration of chloride. In fact, nearly all
(95 percent) of the chloride in Yellowstone
National Park rivers comes from thermal
features. Thus, monitoring the chloride

flux (or variability) in the major rivers in
Yellowstone National Park provides a
reliable way to monitor overall hydrothermal
activity. Chloride monitoring is now done
continuously by automated stations on all the
park’s major rivers.

Another method for obtaining broad
views of Yellowstone Caldera’s thermal
output is to use satellites, which can measure
surface temperature and detect changes over
time. One of the advantages of satellite-based
thermal infrared remote sensing is that nearly

all the thermal areas in the park
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can be viewed at once. This broad
view comes at a cost—thermal-
infrared satellite images tend

to have low spatial resolution,
with pixels that are 90 to 100
meters (about 300 feet) on a side.
Nevertheless, thermal-infrared
images of Yellowstone National
Park have enough detail to make
maps of temperature anomalies,
which are especially useful in areas
that are not easily accessible.

One of the challenges of
thermal-infrared remote sensing
is that temperature contrasts can
be low and thus challenging to
discern. Hot springs and fumarole
fields are relatively subtle thermal
features compared to extremely
hot features like active lavas or
fires because the thermal features
exhibit sub-boiling to boiling
temperatures at the surface in
areas that are generally small
with respect to the pixel size of
thermal-infrared satellite data.
During the day, most surface
heating comes from the sun, and
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solar radiance and maximizes thermal contrast
between thermal and background areas. At
night, water bodies are generally warmer and
more radiant than the surrounding land surface
and can mask thermal areas adjacent to lakes.
In Yellowstone National Park, lakes that do not
receive thermal input from nearby hot springs
or underwater vents are frozen from late fall
through early spring. Therefore, nighttime
thermal-infrared data from January through
May are preferred. During these times, cloud-
free thermal-infrared data can differentiate most
thermal areas from ambient background areas
because of greater thermal contrast, and these
data can be used to evaluate surface thermal
metrics, such as geothermal radiant heat flux
and geothermal radiative power output. Another
advantage of wintertime data is their utility for
characterizing thermal input to lakes. These data
have revealed the presence of warm vents and
springs not previously cataloged in the thermal
vent inventory database.

Map showing specific-conductance-monitoring
sites for determining chloride flux in rivers that drain
thermal areas in Yellowstone National Park. Green
stations are telemetered, and data from purple
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stations are downloaded manually.
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conductance data appear to be complete and reliable. During the
2024 spring snowmelt, however, the monitoring equipment in the
Yellowstone River at Corwin Springs was damaged as the result
of remobilized rocks and sediment. Consequently, a large part of
the data for water year 2024 (October 1, 2023, to September 30,
2024) was not recovered, and the annual chloride flux was not
determined for the Yellowstone River at the Corwin Springs
monitoring site.

Hydrothermal Explosions

Hydrothermal explosions are the most common geologic
hazard in Yellowstone National Park (refer to sidebar on volcanic
hazards on p. 2). Small explosions, leaving craters perhaps one
or two meters (a few feet) across, happen almost annually in the
park, often in backcountry areas where they may go unnoticed, but
much larger explosions can also occur. At least 18 hydrothermal
explosion craters with diameters greater than 300 meters
(about 1,000 feet) have formed since the end of the last ice age
approximately 14,000 years ago. Several such craters are on the
north side of Yellowstone Lake, including Mary Bay, which has
a diameter of 2.5 kilometers (1.5 miles) and is the largest known
hydrothermal explosion crater in the world (Christiansen and
others, 2007; Morgan and others, 2023). The occurrence rate of
hydrothermal explosions scales with their size (small ones happen
more frequently than large ones), but even small events have the
potential to cause injury if they happen in a well-visited geyser
basin when people are present (Christiansen and others, 2007).

In 2024, at least two significant hydrothermal explosions
occurred within Yellowstone National Park. The first took
place in Norris Geyser Basin on April 15 during a seasonal
closure of the park. Although the explosion was unobserved by
people, it was detected by nearby seismic and acoustic sensors
installed as part of YVO'’s effort to better monitor hydrothermal
activity (YVO, 2022b). The second occurred in Biscuit Basin,
Upper Geyser Basin, on July 23, and was well documented by

numerous visitors. Fortunately, there were no injuries, but the
event emphasized hydrothermal hazards and the importance of
hydrothermal monitoring.

Norris Geyser Basin Explosion of April 15, 2024

In May 2024, geologists working in Norris Geyser Basin
discovered a small crater about 3 meters (10 feet) across that
was surrounded by fragments of silica sinter and associated with
nearby disrupted, cracked ground and small collapse features
(fig. 19). The crater was located on Porcelain Terrace, which is
near the western edge of Nuphar Lake and above Porcelain Basin
on the east side of Norris Geyser Basin, and had formed since the
last time geologists visited the site in September 2023. This area,
about 50 meters (160 feet) from the nearest boardwalk, had been
exceptionally active during the prior two years, with runoff from
thermal features on the terrace flowing into Nuphar Lake and
causing the lake to change color to a light blue and the water level
to rise. In May 2024, however, the thermal features in the area
were less vigorous, and no water was emitted by the features on
Porcelain Terrace nor flowing into the lake, although a small blue-
water pool was present.

An examination of high-resolution satellite data indicated
that the thermal features on Porcelain Terrace went from being
vigorously active to mostly dormant between April 2 and 21, 2024
(fig. 20). The new crater and disrupted ground were too small
to be visible in these images, but the timing of changes in the
nearby thermal features provided a starting point for examining
monitoring data for signs of an explosion.

A hydrothermal monitoring site, designated YNB, installed
at Norris Geyser Basin in August-September 2023 (YVO, 2024)
includes GPS and seismic sensors and an infrasound array,
which can detect the strength and directionality of low-frequency
acoustic energy. On April 15, at 2:56 p.m. MDT, station YNB
recorded a strong acoustic signal from the direction of the new
crater (fig. 21). Two nearby seismometers, one at the Norris
Geyser Basin museum (YNM) and the other collocated with
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Figure 19. Photographs of hydrothermal explosion crater that formed in Norris Geyser Basin on April 15, 2024. The site is in an area covered by
silica sinter and includes a crater surrounded by angular sinter ejecta as well as disrupted ground consisting of numerous cracks and upraised
slabs of sinter. Left, View from the ground of the crater and disrupted surface looking northwest. Photograph by Mike Poland, U.S. Geological
Survey, September 1, 2024. Right, Oblique aerial view of crater, disrupted ground, and nearby thermal features. Photograph by Janet Jones,

SnowMoon Photography, December 5, 2024, used with permission.
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Figure 20. High-resolution
satellite images of Norris Geyser Newly dry hot springs
Basin showing the area of
Porcelain Basin and Nuphar Lake
in April 2024. In the leftimage, Porcelain Location of new
acquired on April 2, 2024, springs Terrace explosion crater
on Porcelain Terrace are full of
water and hydrothermal fluids
are flowing into Nuphar Lake,
keeping the north part of the lake
free of ice. Boardwalks in the
area appear as white lineations

because they are covered (p:'rzg“s;titfed
in snow. In the rightimage, inice)
acquired on April 21, 2024, the
springs on Porcelain Terrace are
dry and there is no water entering
Nuphar Lake (which was free of
ice because of the change in seasons). This image, which includes some wispy cloud cover that causes a slightly fuzzy appearance, was acquired after
a small explosion on April 15, 2024, that probably coincided with the change in hydrothermal activity on Porcelain Terrace. Imagery processed by R. Greg
Vaughan (U.S. Geological Survey). Data collected by WorldView-3 satellite and provided by Maxar Technologies (formerly DigitalGlobe, Inc.) under the
NEXTVIEW End User License Agreement, which supports Earth science research and applications.
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Figure 21. Seismic and infrasound data for the hydrothermal explosion on April 15, 2024, at Porcelain Terrace, Norris Geyser Basin. Top plot is
seismic data from the YNM station, located at the Norris Geyser Basin Museum. Middle plot is seismic data from station YNB, in the Ragged Hills
atthe center of Norris Geyser Basin. Bottom plot is infrasound data from station YNB. The pressure change at the YNB infrasound station indicates
an explosion source. The seismic signal appears first at station YNM, which is closer to the explosion site. There was a delay of about 1.3 seconds
between the signal being received at YNB versus YNM. Given the distance between those stations, this delay corresponds to the speed of sound,
indicating that the seismic signal was caused by the air wave from the explosion.
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the new infrasound array, also recorded a signal. On the basis of
the difference in the arrival time of the signal at the two seismic
stations (fig. 21), the signal was moving at the speed of sound,

not at the speed of a seismic wave—evidence of an explosion, as
opposed to an earthquake. Anecdotally, a Yellowstone National
Park employee about 0.6 kilometers (0.4 miles) from the explosion
site heard a booming sound at the time the infrasound signal

was recorded but was not in a location that allowed for visual
observations.

There were no obvious immediate precursors to the
explosion in monitoring data. It might be that no such changes
occurred, or perhaps they were too small to be detected by
monitoring stations, the closest of which was about 500 meters
(1,640 feet) away (fig. 21). The data that were recorded,
however, unequivocally identified the explosion, which is the
first time such an event was detected by geophysical data in
Yellowstone National Park. Using this example, it may be
possible to design algorithms that can detect similar events
at Norris Geyser Basin using the new monitoring station,
and elsewhere in Yellowstone National Park as hydrothermal
monitoring efforts expand in the coming years.

Biscuit Basin Explosion of July 23, 2024

At 9:53 a.m. MDT on July 23, 2024, an explosion
occurred from Black Diamond Pool in Biscuit Basin, Upper
Geyser Basin (fig. 22), about 3.4 kilometers (2.1 miles)
northwest of Old Faithful Geyser. No precursors to the

event were detected by monitoring instruments, and the
event was only weakly detected at seismic station YFT, near
Old Faithful. Dramatic videos posted to social media and
eyewitness accounts indicated that the event started with
multiple pulses of water, rock, and mud rising several meters
(tens of feet) into the air (fig. 234, B) before an explosion
sent material an estimated 120—180 meters (400-600 feet)
high (fig. 23C, D) as people ran for safety. Fortunately, no
injuries were reported. The explosion lasted about one minute
and heavily damaged the nearby boardwalk (fig. 24), and

the basin remained closed for the rest of the year to provide
an opportunity for geologists to assess the activity and
Yellowstone National Park officials to develop a plan for the
future of visitation in the basin.

Mechanism of the Explosion

Immediately after the explosion, geologists began
mapping the deposit left by the event. They mapped about
1,500 rocks that were thought to be a result of the explosion
and that had a long dimension of at least 40 centimeters
(16 inches). The largest such block was about 3 meters
(10 feet) across. The explosion was mostly directed to
the northeast toward the Firehole River (away from the
boardwalk; fig. 25), and the largest boulders were found in that
area. This fortuitous directionality probably contributed to the

fact that no one standing on the boardwalk at the time of the
event was injured.

Black Diamond Pool

Sapphire Pool
Jewel Geyser

Black Opal Pool

Biscuit Basin parking lot

IUHQ.”J

10ard ?

Damaged b

oardwalk

Figure 22.

Pool. Base map from Google Earth.

N

f

50
1
T

150

100 METERS
|
T
300 FEET

0
|
I
0

Map of major thermal features in Biscuit Basin, Yellowstone National Park. The explosion occurred from Black Diamond
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Figure 23. Images of the July 23, 2024, hydrothermal explosion at Biscuit Basin from park visitors. A, Photograph by visitor
Sabrina Harris of a small explosion that preceded the main explosive event by several seconds, used with permission. View is

to the northwest from near Black Opal Pool (visible in foreground). B, Screen capture from a video by visitor Juliet Su showing a
small explosion a few seconds before the main explosive event, used with permission. View is to the east from near Sapphire Pool.
C, Screen capture from a video by park visitor Juliet Su of the main explosive event about 4 seconds after the onset, used with
permission. Image is from 7 seconds after the image in part B. D, Screen capture from a video by visitor Bill Gruen approximately
16 seconds after the start of the main explosive event, used with permission. View is to the east from near Jewel Geyser.

Figure 24. View looking
east, toward the Firehole
River and Biscuit Basin
parking lot, of boardwalk that
was damaged during the
July 23, 2024, explosion from
Black Diamond Pool, which
is the steaming area located
to the immediate left of the
boardwalk. Photograph by
Mike Poland, U.S. Geological
Survey, September 3, 2024.
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Figure 25. Oblique aerial view of
Biscuit Basin, Yellowstone National
Park, showing debris deposited by the
July 23, 2024, hydrothermal explosion
from Black Diamond Pool. Major
features are labeled. The main debris
field (within dashed yellow line) has

a gray appearance. Photograph by
Joe Bueter, National Park Service, on
July 23, 2024.

Black Diamond Pool

Sapphire Pool

The rocks thrown out by the explosion were composed of glacial
materials, sandstones and siltstones, and gravels that immediately
underlie the silica sinter that forms a veneer on the surface (fig. 20).
Scientific drilling in Biscuit Basin in the late 1960s noted that rhyolite
bedrock is present at a depth of about 50 meters (approximately
175 feet) beneath the surface. Rhyolite bedrock was not observed in
the deposit, indicating that the source of the explosion was shallow
enough that it did not disturb that bedrock. This is not surprising,
because hydrothermal conduits mostly exist just beneath the surface
in Yellowstone National Park thermal areas. No other nearby features
in Biscuit Basin, like Sapphire Pool or Jewel Geyser, changed their
appearance or behavior as a result of the explosion, further indicating
that the event was confined to the shallow hydrothermal system
associated with Black Diamond Pool.

In a few cases, ejecta indicate evidence of being part of the
hydrothermal conduit system—they are heavily silicified with very
low permeability. Some of the glacial gravels, sandstones, and
siltstones, in contrast, still had their high porosity and permeability
that document evidence of being saturated with water at the time of
the explosion. This evidence indicates that the explosion probably
occurred as deposition of silica in the hydrothermal conduit system
created a seal, allowing pressure to build in the subsurface because
of accumulation of boiling liquid water and steam. Once the pressure
was high enough, the impermeable cap fractured, subsurface pressure
dropped suddenly, and liquid water flashed to steam.

The July 23 event was not the first explosion in Biscuit
Basin. Although the origin date of Black Diamond Pool is not
known, it seems to have formed sometime between 1902 and
1912, probably in an explosion. Subsequent explosions in 1918,
1925, 1934, and 1953 expanded and enlarged Black Diamond
Pool and nearby features, although none of the events were
witnessed; only the aftermath of the explosions (changes in pool

Figure 26. Boulder that was emplaced during the July 23, 2024,
explosion of Black Diamond Pool in Biscuit Basin. The boulder is
composed of gravel, sandstone, siltstone, and debris typical of

the glacial deposits present in the shallow subsurface, and it also
contains some hydrothermal silica that precipitated from thermal
water within the plumbing system of the hot spring. Photograph by
Mike Poland, U.S. Geological Survey, September 3, 2024.



shapes, new boulders, and so on) were noted. An additional
phase of eruptive activity occurred during 2006-2012, with
individual small events also occurring in 2013, 2015, and
2016. These events were witnessed by many visitors and
Yellowstone National Park employees, with water, mud, and
small rocks ejected to a height of 2—15 meters (650 feet)

and lasting 10-20 seconds. With the possible exception of the
unwitnessed hydrothermal explosions that created it, Black
Diamond Pool’s most recent activity on July 23, 2024, was by
far its largest.

Post-Explosion Monitoring

Within days of the explosion, YVO scientists and
collaborators, including investigators from the University of
Utah, Colorado State University, University of California at
Berkeley, and Yellowstone National Park, deployed monitoring
equipment in and around Biscuit Basin, including almost three
dozen seismometers, infrasound sensors, static cameras, and
water and soil temperature probes. Data from these instruments,
which were not telemetered and therefore not transmitting
information in real time, were downloaded every few weeks.
Results indicated that Black Diamond Pool remained active,
with several discrete events that were especially well recorded
by seismic and infrasound sensors. Cameras did not capture
any of these events as they happened but did record their
aftermath—displaced rocks and new sediment along the margin
of the pool. Scientists working in the basin on the morning of
November 5 witnessed a small eruption of Black Diamond Pool
that sent muddy water and small rocks about 6 meters (20 feet)
into the air. YVO plans to deploy at least one new permanent
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telemetered monitoring site with infrasound, seismic, and
deformation sensors to the Biscuit Basin area in 2025 to better
track activity in the region in real time.

Scientists from the University of Wyoming used
electromagnetic, resistivity, and surface nuclear magnetic resonance
surveys around Black Diamond Pool to investigate subsurface
structure and hydrothermal fluid pathways, including steam and
gas zones within the subsurface. They also measured soil gas
emissions, including radon isotope ratio (*’Rn/???Rn) and CO,, on
aregularly spaced two-dimensional grid around Black Diamond
Pool to quantify the timescales and amounts of subsurface gas
traveling through the system. The results indicated a distinct zone
of high CO, flux to the north of Black Diamond Pool and medium
fluxes of CO, to the east of Black Opal Pool. Electromagnetic
mapping indicated elevated conductivity to the west, northwest,
and to a lesser extent northeast of Black Diamond Pool. Resistivity
images focused around the area of elevated electrical conductivity
revealed high resistivity within 5 meters (16 feet) of the surface
underlain by a much lower resistivity layer. The upper layer
contains vertical conduits that probably indicate fluid pathways.
The nuclear magnetic resonance sounding detected the highest
liquid water content at depths of 2—4 meters (713 feet).

Post-explosion investigations also included gas and water
sampling in and around Biscuit Basin. Water samples were
collected from Black Diamond Pool, five nearby pools, and
drill hole Y-7 in Biscuit Basin to monitor the changes in water
chemistry over time. In addition, samples of dissolved gas were
collected from Black Diamond Pool and from Y-7 (fig. 27).

The samples are being analyzed for a large suite of chemical
constituents to understand water-rock interactions and water flow
paths in the basin.

West Mustard Spring

® [Black Diamond Pool| @ [Y-7 drill hole |

[West Geyser] @
(]

Avoca Spring ) [ )
Sapphire Pool Black Opal Pool
@ [Unnamed spring

@ |Artemisia Geyser

Figure 27.

N lI] 1[|]O ZIIJU BII]UMETEHS
[
[

T T T T
200 400 600 800 FEET

Map showing locations from which water and dissolved gas were collected within

Biscuit Basin (top center of map) and adjacent areas, Upper Geyser Basin, after the July 23, 2024,
hydrothermal explosion from Black Diamond Pool. Base map from Google Earth.
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Geysers, Hot Springs, and Thermal Areas

Yellowstone National Park hosts thousands of thermal
features, including geysers, hot springs, fumaroles, and mud pots.
These features are incredibly dynamic, displaying a variety of
behaviors over time. Some geysers, exemplified by Old Faithful,
follow patterns that allow their activity to be forecast; however,
the eruption times for most geysers in Yellowstone National Park
are unpredictable. Thermal features mostly occur in clusters,
forming about 120 distinct regions called thermal areas that are
found throughout Yellowstone National Park (refer to sidebar on
p. 30-31).

Summary of Geyser Activity and Research in 2024

As has been the case since 2018, the most noteworthy geyser
activity in Yellowstone National Park during 2024 continued to
be the eruptions of Steamboat Geyser, the tallest active geyser
in the world. Fewer eruptions occurred in 2024 compared with
the previous six years, indicating that the geyser’s current period
of activity might be waning. In addition, Economic Geyser, in
Upper Geyser Basin, erupted for the first time since 1999; the
temperature increased at Abyss Pool, in West Thumb Geyser
Basin, over the course of the summer; and a new steam vent
formed at the base of a hill north of Nymph Lake, between
Roaring Mountain and Norris Geyser Basin. Research efforts
during the year focused on using high-resolution commercial
satellite data to identify and define the boundaries of thermal areas
throughout Yellowstone National Park.

Steamboat Geyser

Steamboat Geyser is a prominent feature of Norris Geyser
Basin. The geyser typically experiences frequent minor eruptions
that include water splashing as high as a few meters (yards) above
the vent and infrequent major eruptions with water columns more
than 100 meters (about 328 feet) in height that are separated in
some cases by several years to decades. The geyser has a history,
however, of entering into phases with more frequent major
eruptions, as in the 1960s and 1980s when dozens of eruptions
occurred per year, with some eruptions separated by only days
to weeks.

In 2018, Steamboat Geyser (fig. 28) entered a new phase of
increased activity, with 32 major water eruptions—a new record
for a single calendar year (refer to YVO 2018 annual report
[YVO, 2021a]). That trend continued in 2019 with 48 major
eruptions, shattering the record set during the previous year—a
record that was equaled with 48 major eruptions in 2020 (Y VO,
2021b, c). In 2021, however, there were 20 major water eruptions
(YVO, 2022a), followed by 11 eruptions in 2022 (YVO, 2023)
and 9 eruptions in 2023 (YVO, 2024). In 2024 there were just 6
eruptions. It is unclear if fewer eruptions during 20212024 is an
indication that the current episode of frequent eruptive activity is
coming to an end.

Each eruption of Steamboat Geyser followed the same
general pattern: gradually increasing minor activity over hours to
days, culminating in a major eruption that lasts minutes to tens of
minutes. A steam phase, lasting for about a day, follows the liquid
water eruption, and the minor activity ceases for several days to
weeks until the buildup to the next eruption begins and the cycle
repeats. Also, as is common with Steamboat Geyser eruptions, the
pool at Cistern Spring, about 100 meters (300 feet) downslope,
drains within a day after each eruption and then gradually refills
over the following days.

As has been the case since 2021, the intervals between geyser
eruptions in 2024 were longer and more variable than during
2018-2020. The shortest interval between eruptions was a little
more than 37 days, which occurred during February—April, and
the longest interval was more than 83 days during July—October.
In previous years, the shortest intervals between eruptions
were in early summer months, presumably owing to abundant
groundwater from spring snowmelt (YVO, 2021c). This pattern
was broken in 2021 (YVO, 2022a), and since that time, the longest
intervals have occurred during late summer. How the current

Figure 28. Photograph showing minor eruptive activity at Steamboat
Geyser on May 22, 2024. In 2024, 6 major water eruptions occurred—
fewer than the annual numbers of the preceding 6 years and with
more variable intervals between eruptions. Photograph by Mike
Poland, U.S. Geological Survey.



episode of frequent eruptions may end is unknown, but the trend
of the past three years implies that the number of eruptions will
continue to diminish in 2025.

YVO uses four indicators to detect eruptions of Steamboat
Geyser: (1) increased seismic noise recorded at a seismometer in
the Norris Geyser Basin Museum, about 300 meters (1,000 feet)
from the geyser, (2) a spike in temperature recorded on the sensor
in the geyser’s outflow channel, (3) a spike in discharge recorded
at the Tantalus Creek streamgage, through which all water
from Norris Geyser Basin hydrothermal features flows, and (4)
infrasound detections at the new monitoring site in the Ragged
Hills area that are coming from the direction of the geyser (YVO,
2024). All these data are freely available on the YVO website,
accessible at https://www.usgs.gov/volcanoes/yellowstone.

Economic Geyser and Abyss Pool

Hydrothermal areas in Yellowstone National Park are
dynamic natural systems, where the one constant is change. Every
year formerly dormant geysers spring to life and active geysers go
quiet, and temperature changes in hot spring pools are common.
Two such changes occurred at well-visited features in 2024 and
are worthy of note.

In January, Economic Geyser (fig. 294), near Grand Geyser
in Upper Geyser Basin, erupted for the first time since 1999 (there
may have been an eruption in late 2023, but that activity was
unobserved and could only be inferred from broken sinter and
the disappearance of the bacterial mat). Eruptions reached about
3 meters (10 feet) and at times occurred every few minutes during
several phases in the first part of 2024. Economic Geyser was
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frequently active in the early history of Yellowstone National Park
when it erupted every few minutes, but it went mostly dormant in
the 1920s.

At 16 meters (53 feet), Abyss Pool in West Thumb
Geyser Basin is one of the deeper hot springs in Yellowstone
National Park. Although a calm pool now, it had frequent geyser
eruptions, some as much as 30 meters (100 feet) high, in the
early 1900s. The pool did not erupt again until 1987 and then
experienced a series of eruptions during 1991-1992, again to
a height of as much as 30 meters (100 feet). Since that time,
Abyss Pool has been quiet. For the past several years and into
early 2024 the pool had a dark color from microbes mixing with
the blue water and with water levels a few tens of centimeters
(1-2 feet) beneath its rim. In June, the water level began to rise
and overflow the rim and the color changed to a more vivid
blue as the temperature increased (fig. 29B)—in excess of about
77 °C (171 °F)—which killed the bacterial mats. These high
temperatures appear to have persisted for the remainder of the
year, but no eruptive activity was noted.>

New Steam Vent Near Nymph Lake

In early August 2024, a new steam vent (fig. 30) was
noted at the base of a northeast-facing hill on the west side of
the highway that connects Mammoth Hot Springs and Norris
Geyser Basin. The new feature is about 300 meters (about
1000 feet) north of Nymph Lake and about 3 kilometers

3Thanks to Janet Jones, of SnowMoon Photography, for contributing
observations and insights into changes at Abyss Pool in 2024.

Figure 29. A, Economic Geyser, in Upper Geyser Basin near Grand Geyser, shown in a non-erupting state. Photograph by Mike
Poland, U.S. Geological Survey, September 2, 2024. B, Abyss Pool, in West Thumb Geyser Basin, with Yellowstone Lake in the
background. Photograph by Mike Poland, U.S. Geological Survey, August 28, 2024.
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Figure 30. New steam vent at the base of a hill north of Nymph Lake, west of the highway and
between Norris Geyser Basin and Roaring Mountain. Photograph by Mike Poland, U.S. Geological

Survey, September 1, 2024.

(1.8 miles) south of Roaring Mountain. A low roaring sound
was audible from the road, and the steam plume was vigorous.
This activity lasted for a few months, but by November the
plume was no longer visible. Inspection by geologists at that
time revealed the feature was still active and hot but that a pool
had formed in the steam vent, perhaps because of snowmelt.
The new feature is along the same trend as features that
formed in 2003 near Nymph Lake and may be an extension of
that system.

Mapping of Snow-Free Zones with High-
Resolution Commercial Satellite Imagery

Satellite remote sensing data from orbiting spacecraft
have long been used to study and monitor Yellowstone National
Park’s dynamic thermal areas. Satellites with thermal infrared
instruments, such as ASTER and Landsat 8 and 9, can measure
the heat emitted from thermal areas, but because of their moderate
spatial resolution (90- to 100-meter pixels [about 300 feet]) they
cannot clearly detect subtle changes in small thermal areas or
thermal water bodies. High-resolution commercial satellite data
do not yet have thermal infrared capabilities, but the sub-meter-
to meter-scale pixels in those datasets enable detection of small
visible features that are characteristic of thermal areas, such as
mineral deposits, vegetation stress, water discoloration, snow-free

zones, and persistent open water on frozen lakes during the

winter. These data are thus important for accurately mapping the
extent of thermal areas and characterizing unique features and
changes that are too subtle to be detected with moderate-resolution
satellite data.

A new project started in 2024, supported by the National
Aeronautics and Space Administration (NASA) Commercial
SmallSat Data Scientific Analysis Program, focuses on using
satellite data to assess and update current maps of Yellowstone’s
thermal areas and thermal water bodies. The project specifically
makes use of WorldView-1, -2, -3, and GeoEye-1 imagery (Maxar
Technologies; available at https://www.usgs.gov/centers/eros/
science/usgs-eros-archive-commercial-satellites-commercial-data-
purchases-cdp-imagery) to map persistently snow- or ice-free
zones in wintertime imagery. Preliminary data analyses indicate
that numerous persistently snow- or ice-free zones are adjacent to,
but outside of, some previously mapped thermal area boundaries,
possibly indicating that the thermal area boundary should be
extended (for example, fig. 31). The use of high spatial resolution
images acquired in the wintertime from these commercial satellites
will enable more detailed mapping of thermal area boundaries
and the recognition of thermal areas that are smaller than can
be resolved by moderate-resolution sensors. This fine-tuning
of thermal area map products will have a substantial benefit for
the understanding of heat emissions and potential hazards from
hydrothermal areas in the Yellowstone region.
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Figure 31. Examples of high-resolution commercial satellite imagery used to map thermal area boundaries. Top, The northern part of Smoke Jumper
Hot Springs is shown in yellow. Areas that have been mapped as persistently snow free in wintertime imagery are shown in pink and orange colors.
These persistently snow-free zones could be warm areas that should be included in the thermal area mapping. Bottom, The northern part of Potts Hot
Springs Basin is shown in yellow. Areas that have been mapped as persistently snow free in wintertime imagery are shown in orange, pale blue, and
green colors. These persistently snow-free zones could be warm areas that should be included in the thermal area mapping. This work used data made
available through the National Aeronautics and Space Administration (NASA) Commercial SmallSat Data Acquisition Program and Maxar's NEXTVIEW
End User License Agreement. Background maps are from National Agriculture Imagery Program in 2022.
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Communications and Outreach

YVO scientists were extremely active with public programs
and outreach events in 2024. Three public lectures, two in
Gardiner, Montana (in May and September) and one in West
Yellowstone, Montana (in September), provided an opportunity
to update local residents and visitors on recent research and
monitoring results from geological, geochemical, and geophysical
studies of the Yellowstone region. The September events provided
an opportunity to give updates and answer questions about the
Biscuit Basin hydrothermal explosion. The May event in Gardiner
was held in conjunction with the YVO biennial coordination
meeting (refer to “YVO Coordination Meeting” section) and
featured many YVO scientists with different expertise providing
updates and demonstrations of equipment. In May, YVO scientists
also led a multiday geological field for the Geologists of Jackson
Hole group. In August, two seismologists gave presentations
during the commemoration of the 65th anniversary of the Hebgen
Lake earthquake at the U.S. Forest Service Earthquake Lake
Visitor Center.

During 2024, YVO continued to produce products that have
now become traditional, including monthly video updates of
activity (posted on “USGSVolcanoes” Facebook, Instagram and X
(Twitter) social media, the USGS YouTube channel “Yellowstone”
playlist, the USGS Multimedia Gallery [downloadable], and the
multimedia section of the YVO website). The multiple platforms
provide hundreds of thousands of people with an opportunity
to learn about geological aspects of Yellowstone National Park,
refer to recent seismic, deformation, and geyser data, and ask
questions of scientists via comments and through the email
yvowebteam@usgs.gov. YVO scientists and guest scientists also
contribute to weekly Yellowstone Caldera Chronicles articles,
which are posted to social media, the YVO webpage, and
published by several regional news outlets. The weekly articles
are also sent via email to people who have subscribed to the
Yellowstone Caldera Chronicles, and during 2024, the number
of email subscribers grew from about 4,600 to more than 7,000.
YVO scientists from USGS also participated in more than 60
media interviews throughout the year, including for podcasts,
radio, print and online outlets, documentaries, and local and

Scan here
to view the
Caldera
Chronicles
online

Scan here to
view the 2022
YVO monitoring
plan

national television and cable news. About half of these media
contacts were in response to the July 23, 2024, hydrothermal
explosion at Biscuit Basin.

Summary

In 2024, measurements from monitoring stations in and
around Yellowstone National Park indicated background levels
of seismicity, deformation, and thermal emissions. The number
of located earthquakes (1,173) was at the low end of the typical
range of annual seismicity for the region. GPS measurements
indicated no significant deformation at Norris Geyser Basin
throughout the year, and Yellowstone Caldera continued to
subside at rates of a few centimeters (about 1 inch) per year, as it
has since 2015. Heat flux estimates from both satellite imagery
and river chemistry indicated no major changes with respect to
previous years, although continued effects from the June 2022
flood caused a failure of the monitoring station on the Yellowstone
River and complicated measurements of hydrothermal output for
that drainage. Geyser activity was mostly normal, and 6 major
water eruptions occurred at Steamboat Geyser, the fourth straight
year of a decrease in the number of eruptions from the world’s
tallest geyser. Other noteworthy hydrothermal activity included
the reactivation of Economic Geyser after about 25 years of
quiescence, an increase in the temperature of Abyss Pool, and the
formation of a new steam vent north of Nymph Lake. Changes
like these are considered to be normal in the dynamic thermal
areas of Yellowstone National Park.

The most important geological events of 2024 were two
hydrothermal explosions, one on April 15 in Norris Geyser
Basin and the other on July 23 in Biscuit Basin, Upper Geyser
Basin. The April 15 event was the first instrumentally recorded
hydrothermal explosion in the history of Yellowstone National
Park—it was not witnessed, but was detected by seismic and
acoustic monitoring, including at a station that was installed
in September 2023 for the specific purpose of monitoring
hydrothermal activity. The explosion left a crater about 3 meters
(10 feet) across, surrounded by disrupted ground, and it caused
a change in the behavior of nearby hydrothermal features, which
ceased discharging water into nearby Nuphar Lake. The July 23
event at Biscuit Basin occurred during a bright sunny morning and
was well observed by people in Upper Geyser Basin, including
dozens of people in Biscuit Basin who had to scramble for
safety; fortunately, there were no injuries. Analysis of material
deposited during the explosion indicates that the event was caused
by changes in pressure within a sealed part of the hydrothermal
system at shallow depths beneath Black Diamond Pool; no
other nearby hot springs or geysers were affected by the activity.
Throughout the remainder of the year, temporary monitoring
instruments deployed after the explosion recorded signals
associated with numerous episodic, smaller explosive events that
sent rocks, mud, and water a few meters (tens of feet) into the air
and included surges of water from Black Diamond Pool. YVO
will explore the installation of a permanent real-time monitoring
station in Biscuit Basin in 2025.
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Mudpot in the Mud Volcano thermal area, Yellowstone National Park.
Photograph by Mike Poland, U.S. Geological Survey, October 13, 2020.
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Photograph by Stanley Mordensky, U.S. Geological Survey, May 11, 2024.
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