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A Newly Emerging Thermal Area in
Yellowstone

R. Greg Vaughan™, Jefferson D. G. Hungerford? and William Keller?

"U.S. Geological Survey, Astrogeology Science Center, Flagstaff, AZ, United States, ? National Park Service, Yellowstone
Center for Resources, Mammoth, WY, United States

Yellowstone is a large restless caldera that contains many dynamic thermal areas
that are the surface expression of the deeper magmatic system. In 2018, using a
Landsat 8 nighttime thermal infrared image, we discovered the emergence of a new
thermal area located near Tern Lake on the northeast margin of the Sour Creek dome.
A high-spatial-resolution airborne visible image from August 2017 revealed a large
(~33,300 m?) area of recently fallen trees, mostly devoid of vegetation, with bright soil,
similar to other nearby thermal areas. Field observations in August 2019 confirmed
that this was a steam-heated, acid-sulfate thermal area, with an arc-shaped zone of
hydrothermally altered soil and heated ground, with surface temperatures of 60-80°C,
several steaming fumaroles, and boiling temperatures (93°C) just beneath the surface.
Fallen trees in contact with warm ground were being carbonized, yet new trees were
growing in some cooler areas. Observations of stressed or dying vegetation from archived
satellite and airborne remote sensing data going back to 1994 indicated that this thermal
area started emerging around 2000. It increased in size slowly until around 2005, when
the radiative heat output started measurably increasing. From 2005 to 2012, it grew
more rapidly; and from 2012 through 2019, the growth rate slowed and the heat output
stabilized. We predict that this stabilizing trend will continue in the coming years. The
initial formation of this new thermal area was not clearly linked to any distinct seismic
or geodetic events, although the period of rapid growth partly coincided with a period
of rapid local uplift, possibly suggesting a causative relationship. The identification of
this emerging thermal area illustrates the importance of satellite thermal infrared imaging
combined with high-spatial-resolution remote sensing data and field observations for
mapping, measuring, and monitoring Yellowstone’s thermal areas. It is also an example of
the dynamics we expect to observe within large caldera systems like Yellowstone, where
changes in the size and distribution of thermal areas are normal and do not indicate an
impending eruption nor any significant changes in the broader magmatic system.

Keywords: Yellowstone, Sour Creek dome, geothermal areas, thermal infrared remote sensing, Landsat 8, ASTER

INTRODUCTION

Large caldera-forming eruptions are some of the most devastating volcanic eruptions that can
occur. Although they are rare, and because they are rare, understanding the implications of various
modes of unrest that are common at dormant, yet restless caldera systems is important (Newhall
and Dzurisin, 1988; Branney and Acocella, 2015). Most volcanic eruptions are preceded by some
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RESULTS

Remote Sensing Observations and

Measurements

Preliminary analysis of a Landsat 8 nighttime thermal infrared
(channel 10; 10.83 microns) image from April 20, 2017
revealed a bright patch of pixels, interpreted as elevated surface
temperatures, located between West Tern Lake and a previously
mapped thermal area called the Tern Lake thermal area

(Figure 2A). In nighttime thermal infrared images, lakes usually
appear bright because they are warmer than the surrounding
land, but in the winter most of Yellowstone’s lakes are frozen,
often covered in ice and snow from January through May,
and so appear dark. In April, some of Yellowstones frozen
lakes, particularly lakes receiving thermal input from nearby
warm springs or vents, start to thaw (e.g., West Tern Lake
and Fern Lake in Figures 2A,B). A daytime Landsat 8 visible-
near infrared image from April 1, 2017 corroborated this

FIGURE 2 | Tern Lake thermal area and proximal surroundings. (A) Landsat 8 nighttime thermal infrared image from April 20, 2017, with thermal areas annotated;
(B) Landsat 8 daytime visible-near infrared image from April 1, 2017; (C) NAIP visible imagery from August 18, 2017, with lakes annotated; (D) detailed closeup view
of the new Tern Lake thermal area (2017 NAIP imagery). Mapped thermal areas before the discovery of the new area are outlined in red. Lakes are outlined in blue.
The margin of the Sour Creek dome is a dotted black line, and the margin of the inner ring fracture zone of the Yellowstone Caldera is a dashed black line.
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FIGURE 3 | Images of the Tern Lake thermal area showing changes over time. Thermal areas, as currently mapped, are outlined in red. In all images, the northwest
corner is located at 44.6686°N, 110.2846°W, and the southeast corner is located at 44.6607°N, 110.2735°W. (A) Black and white air photo from September 1994
with lake and thermal areas annotated; (B) SPOT false color, visible-near infrared image from July 1998; (C) ASTER false color, visible-near infrared image from July
2001; (D) NAPP color infrared film image from August 2002; (E) ASTER false color, visible-near infrared image from October 2005; (F) NAIP natural color visible image
from September 2006; (G) NAIP natural color visible image from July 2009; (H) ASTER false color, visible-near infrared image from September 2014; (I) NAIP natural
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interpretation (Figure 2B). This image is a Landsat 8 daytime
visible-near infrared image displayed in false color (channels
4-5-3 as RGB) and pan-sharpened with the 15-m-per-pixel
panchromatic channel (channel 8). In this image, forested areas
are dark green, and snow-covered ground and frozen lakes are
white to gray, except where starting to thaw. This image also

showed that the location of the mysterious patch of warm pixels
was not a thawing lake. It was a patch of ground, free of snow,
though not conspicuously different from other forested areas.
High spatial resolution (Im per pixel) NAIP imagery from
August 18, 2017 (Figures 2C,D) showed that the mysterious
warm area was indeed a patch of land, about 0.03 km? in size,
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and with hundreds of recently fallen trees and bright patches of
soil, visually similar to other nearby thermal areas.

Archived visible and near infrared remote sensing data
were used to estimate when the area started showing signs
of vegetation loss. A high spatial resolution black and white
airborne image from September 1994 showed that the new
thermal area used to be forested (Figure3A). SPOT imagery
from 1998 showed that the area was still covered in healthy
forest (Figure3B). In the SPOT and ASTER imagery in
Figures 3B,C,E,H, false color images are shown using the red
channel, near infrared channel, and green channel as RGB,
respectively. Using this color combination results in healthy
vegetation appearing bright green; areas of dead, stressed, or no
vegetation appear brown to pink to magenta; areas of bright
soil are white in all channels; and water bodies are dark. The
first hint of evidence of vegetation stress or loss, a small patch
of ground amidst the healthy trees, appears as a pinkish brown
spot in the ASTER image from July 2000 (Figure 3C). While
other barren areas appear similar in color in this image, these
areas were also barren in previous images. What makes the
newly barren area conspicuous is its location and that it was
previously healthy forest. The patch of land that appears to be
newly free of vegetation is clearer in the higher spatial resolution
NAPP image from August 2002 (Figure 3D). This is an airborne
image acquired with color infrared film; thus, the colors are a
bit different from the others. Healthy vegetation from the forest
is green to brown, and the patch of land in the middle of the
emerging new thermal area is gray in color. By 2005 and 2006,
the area of dead and dying trees was larger, as evidenced in
the ASTER false color image from 2005 (Figure 3E) and in the
NAIP natural color image from September 2006 (Figure 3F).
Figures 3G,H,I show the progressive growth of this new thermal
area as defined by bright white soils and dead or dying trees.
Also notable in the high spatial resolution airborne visible data
is an increase in the size of the previously mapped Tern Lake
thermal area—on the north side there has been an increase in the
area of tree mortality from 2009 to 2017 (compare Figure 3G to
Figure 3I).

Quantitative estimates of the exposed surface area of the Tern
Lake thermal area were based on analyses of archived imagery
(Figure 4). ArcGIS polygons were digitized over each image to
estimate area. This measurement was repeated multiple times for
each image to get an estimate of area measurement uncertainty.
For the high-resolution data, area estimates were within 1%; for
the moderate resolution data (SPOT, Landsat 7, and ASTER),
area estimates, constrained by the high-resolution data estimates,
were within 5%. In all cases, the error bars for the data plotted
in Figure 4 are smaller than the symbols. The aerial extent of
the previously mapped Tern Lake thermal area (northwest of the
new area) was about 45,000 m? in 1994 and remained about the
same size until around 2009. From 2009 to 2019, the area of
barren vegetation on the north side increased slightly, and slowly,
bringing the surface area to about 52,000 m?. The new extension
of the Tern Lake thermal area initially appeared as a small area
(<225 m?) of barren vegetation around July 2000, which grew
slowly until about 2005. From 2005 to 2012, it increased in size
more rapidly—from about 3,500 m? to about 31,000 m?-but has

Tern Lake Thermal Area
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FIGURE 4 | Plot showing the surface area of the Tern Lake thermal area vs.
time. Diamonds represent the total area; circles represent the previously
mapped thermal area; triangles represent the new thermal area. Error bars are
smaller than the symbols and thus not shown. Periods of relatively slow and

rapid growth of the new thermal area are highlighted in the boxes above.

only increased moderately in area since about 2012, to about
33,300 m2. The total surface area of the Tern Lake thermal area
and its new extension was about 85,000 m? as of August 2019.

Moderate spatial resolution ASTER thermal infrared images
of this area date back to the year 2000. Although having a
series of images that were acquired regularly under the same
conditions would be ideal, this was not available. A clear daytime
thermal infrared ASTER image from November 2000 showed the
previously known Tern Lake thermal area as a group of bright
(warm) pixels but no anomalously warm pixels were visible in the
new area (Figure 5A). ASTER daytime thermal infrared images
from the winters of 2001, 2002, and 2003 also showed no evidence
of increasing warmth in the new thermal area (Figures 5B-D),
even though higher spatial resolution visible-near infrared data
showed evidence of vegetation stress during this time (Figure 3).
The first thermal infrared image that showed a hint of increased
radiant heat from the new thermal area was an ASTER image
acquired on March 13, 2004 (Figure 5E). An image from January
24, 2007 showed the first unequivocal evidence of increased
radiant heat in the new area (Figure 5F). Subsequent ASTER
thermal infrared data showed an increasingly obvious larger and
warmer spot in this new area (Figures 5G-I). Landsat 8 thermal
infrared observations, which began in 2014, were consistent with
the most recent ASTER observations.

In addition to the Tern Lake thermal area and its newly
emerging extension, warm spots were detected within some of
the lakes in this area. In the winter when these lakes are frozen,
they are cold, represented by darker pixels in thermal infrared
images. However, in several of these thermal infrared images,
warms spots were detected on the northwest side of West Tern
Lake and on the west side of Fern Lake (Figure 5). These were

Frontiers in Earth Science | www.frontiersin.org

June 2020 | Volume 8 | Article 204


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Vaughan et al.

Newly Emerging Thermal Area Yellowstone

A

500 1,000m

1,700 3,400 ft

|
500 1,000m 500 '1,000m

1,700 3,40“

1,700 3,400 ft Feb 2010 (day) o

caldera is a dashed white line.

FIGURE 5 | ASTER thermal infrared images of the Tern Lake thermal area showing changes over time. Thermal areas, as currently mapped, are outlined in red. In all
images, the northwest corner is located at 44.6807°N, 110.303°W, and the southeast corner is located at 44.649°N, 110.2597°W. (A) daytime thermal infrared image
from Nov 4, 2000, with thermal areas annotated; (B) daytime thermal infrared image from Jan 23, 2001; (C) daytime thermal infrared image from Jan 10, 2002; (D)
daytime thermal infrared image from Feb 7, 2003; (E) daytime thermal infrared image from Mar 13, 2004; (F) daytime thermal infrared image from Jan 24, 2007; (G)
daytime thermal infrared image from Feb 8, 2010; (H) daytime thermal infrared image from Jan 27, 2014; (I) nighttime thermal infrared image from Feb 14, 2017, with
lakes annotated. Lakes are outlined in blue. The margin of the Sour Creek dome is a dotted white line, and the margin of the inner ring fracture zone of the Yellowstone
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hypothesized to be caused by thermal input from nearby hot
springs or underwater vents. This hypothesis was confirmed
during field work in August 2019 (described below).

Thermal infrared data from both ASTER and Landsat 8
were used to estimate surface temperature (in °C), geothermal

radiant emittance (in W/m?), and geothermal radiative power
output (in MW) (Vaughan et al, 2014). For each thermal
area and each proximal background area, radiometric pixel
temperature maps were made. Pixels within each thermal area
that had a radiometric pixel temperature greater than 0, 1, 2,
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3, and 4 standard deviations (o) above the mean background
temperature were classified. This incrementally highlights the
spatial extent of the warmest parts of each thermal area. For
each of these classified regions, radiant emittance was calculated
from the Stefan-Boltzmann law on a pixel-by-pixel basis. The
geothermal component of the radiant emittance was calculated
by subtracting the average radiant emittance of the background
area. The geothermal radiant power output was calculated by
multiplying by the corresponding pixel area and summed for all
the classified pixels in the thermal area. ASTER thermal infrared
data with 90-m pixels were resampled to 30-m pixels using a
cubic convolution resampling. This was done to mimic, as closely
as possible, the Landsat 8 thermal infrared data, which have 100-
m pixels that are resampled to 30-m pixels in a similar way. The
results of ASTER and Landsat 8 thermal infrared data analyses
are not perfectly comparable for reasons that will be discussed
below. However, plotting the results of their respective data
values is useful for assessing any trends.

A plot of the estimated geothermal radiative power output
values was derived from all available ASTER thermal infrared
data (from 2000 to 2019) and Landsat 8 thermal infrared
nighttime data (from 2014 to 2019), for all pixels in the Tern Lake
thermal area that were >20 above background (Figure 6). Based
on the radiometric temperature accuracy of Landsat 8 channel
10 (0.87°C; Barsi et al., 2014) and ASTER channel 13 (0.4°C;
Tonooka et al., 2005), the resultant estimates for geothermal
radiative power output varied by less than 1% and this
uncertainty propagates through the data processing. There are
other sources of uncertainty in calculating geothermal radiative
power output values from thermal infrared radiance measured at
the satellite sensor, such as atmospheric compensation, emissivity
assumption, and background area selection. But the purpose here
is just to show a trend, so all of these factors were held internally
consistent. All of the Landsat 8 data are nighttime data; they vary
in acquisition month from January through May. The ASTER
data are a mixture of daytime and nighttime data and vary from
November through May. This is important because geothermal
radiative power output estimates may exhibit variations of up to
2.5 MW due to day vs. night data acquisition times or due to
seasonal variations (Figure 6). Also, Landsat 8 data tend to have
lower geothermal radiative power output estimates than ASTER
from the same time period. This is due to differences in the way
the data are acquired and processed (see discussion section). The
overall trend in geothermal radiative power output values for the
entire area (diamonds) is relatively low and stable from 2000 to
2004, a notable increase after 2004 until about 2012, and a general
flattening or possibly slight decrease since 2012. The values for
just the newly identified thermal area (triangles) show the same
trend. This trend is also similar to the trend in thermal area size
increase shown in Figure 4.

Field Observations and Measurements

A field visit to the Tern Lake thermal area was conducted on 19-
21 August 2019. To our knowledge, this was the first geologic
field visit to the new extension of the Tern Lake thermal area.
We mapped the perimeter of the new area with GPS, made
visual observations of the tree kill zone and photographed the
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FIGURE 6 | Plot showing geothermal radiative power output of the Tern Lake
thermal area vs. time. Diamonds represent the total area (i.e., the previously
mapped Tern Lake thermal area plus the newly mapped area); triangles
represent only the newly mapped area. The difference between these values
for any given date is the geothermal radiative power output value for just the
previously mapped thermal area. Black symbols are from Landsat 8; black
symbols outlined in red are from ASTER. Error bars are smaller than the
symbols and thus not shown. Periods of relatively slow and rapid growth of the
new thermal area are highlighted in the boxes above.

area, measured shallow subsurface ground temperatures with
a thermocouple, and measured surface temperatures with a
handheld thermal infrared camera. We also collected thermal
infrared images and photos of the area from a helicopter.

The newly emerging thermal area was delineated by a large
tree kill zone about 33,300 m? in area (Figure 7A). A northeast-
trending, arc-shaped zone of bright, hydrothermally altered soil
was coincident with a distinct zone of warm ground, 60-80°C
(140-176°F) at the surface, with boiling temperatures (93°C, or
200°F) a few centimeters beneath the surface (Figure 7B). Several
steaming fumaroles had boiling temperatures at the surface.
The warm arc was conspicuous and well-delineated; there were
places where ground temperatures were ambient, with boiling
temperatures just a few meters away. Downed trees within the
warm arc showed carbonization on their surfaces that were in
contact with the warm ground, and where they were exposed
to fumaroles, sulfur crystals covered the carbonized wood. No
water was effusing from the area—it was a dry, steam-heated acid
sulfate thermal area. In some of the cooler areas, young (less than
5 years old) trees were growing amidst previously fallen trees.

Field observations of West Tern Lake also revealed multiple
warm springs along the shoreline and small bubbling underwater
vents on the north and northwest side of the lake. One of
the shoreline springs had 56°C (133°F) water flowing into the
lake out of a small, mature-looking sinter cone. Helicopter-
based observations also revealed a large bubbling zone within
the southwest and southeast sections of Fern Lake. These
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FIGURE 7 | Photos of the new thermal area from August 2019. (A) Oblique
aerial photo from helicopter looking northeast (photo credit: M. Poland); (B)
Oblique aerial thermal infrared image from approximately the same position
(photo credit: G. Vaughan). The width of each image is about 120 m.
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FIGURE 8 | Ground surface height data from the White Lake (WLWY)
continuous GPS station from July 2001 to December 2019. Periods of
relatively slow and rapid growth of the new thermal area are highlighted in the
boxes above.

observations explain the thawed sections of these frozen lakes
that can be seen in Figure 2B as well as the warm spots in many
of the thermal infrared images in Figure 5.
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FIGURE 9 | (A) The number of annual earthquakes from 1994 through 2019.
Black bars are for the entire park (left axis); blue bars are for epicenters within
5km of the Tern Lake thermal area (right axis). There were 39 in 2009, 34 of
which occurred on 9-11 January 2009. Periods of relatively slow and rapid
growth of the new thermal area are highlighted in the boxes above. (B) Map of
Tern Lake area showing epicenters of the 34 earthquakes that occurred on
9-11 January 2009.

Geophysical Observations and

Measurements

Ground deformation data near the new thermal area were
recorded by the WLWY GPS station (Figure 1B) starting in mid-
2001 (www.unavco.org/instrumentation/networks/status/pbo/
overview/ WLWY). A time series was plotted, from mid-2001
through 2019, of the vertical height component (detrended data
product) from this station (Figure 8). Information about ground
deformation in the Sour Creek dome area from prior years is
available from InSAR data analyses (Wicks et al., 1998, 2006)
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and ground-leveling surveys (Dzurisin et al., 1990, 1994, 2012).
InSAR data from Wicks et al. (2006) show subsidence in this area
from 1996 to 2002. In January 2005, WLWY began a relatively
rapid inflation period, rising about 200 mm from January 2005
to July 2009. This was followed by a period of subsidence of
about 100 mm until April 2014. Then a short inflation period of
about 50 mm resumed until August 2015, and the area has been
subsiding ever since (through December 2019).

Earthquake data from the University of Utah Seismograph
Stations archive (J. Farrell, written communication, 2019)
and from the USGS Advanced National Seismic System
Comprehensive Earthquake Catalog (https://earthquake.usgs.
gov/earthquakes/search) show more than 40,000 earthquakes in
the Yellowstone area from 1994 through 2019, with magnitudes
ranging from M0.0 to M4.8. There was a spike (more than 3,000
events) in park-wide seismic activity in 1999 (Figure 9A, black
bars). Most of these earthquakes were small (less than M3) and
located in swarms in the northwest region of the park. Annual
park-wide earthquakes also spiked in 2010 and 2017. Locally, the
Tern Lake area has been relatively seismically quiet, except for
the year 2009 (Figure 9A, blue bars). From 9 to 11 January 2009,
34 earthquakes (largest M3.3) had epicenters located within 5 km
(2.5 mi) of the Tern Lake thermal area and depths ranging from 1
to 9 km (0.6 to 5.6 mi) (Figure 9B). This is more earthquakes than
had occurred in this area in the prior 25 years. These earthquakes
may be an extension of the swarm of earthquakes that occurred
in the north part of Yellowstone Lake from December 2008 to
January 2009 (Farrell et al., 2010).

DISCUSSION

Remote Sensing

All of the visible-near infrared remote sensing data available for
this area after September 1994 and before August 2002 were from
satellite sensors (e.g., SPOT, Landsat 7, and ASTER) that have 15-
to 30-m pixels. Thus, it is possible that the area started emerging
earlier than July 2000 but was not resolvable with these data.
The first hint of vegetation stress located at the newly emerging
extension of the Tern Lake thermal area was from a July 2000
ASTER visible-near infrared image. Measurable ground heating
from a pulse of hydrothermal fluids should theoretically precede
measurable changes to vegetation because it should take time
for vegetation to respond to these stresses. Yet, vegetation stress
was the first measurable signal in the remote sensing data. The
first hint of increased ground heating in this area was from a
March 2004 ASTER thermal infrared image, with the first clear
evidence of ground heating found in a January 2007 ASTER
thermal infrared image. Although the remote sensing evidence of
vegetation stress precedes evidence of increased ground heating
by a few years, it is likely that increased ground heating was
responsible for the vegetation stress and eventual mortality
(Evans et al., 2010). No data are available about geothermal gas
emissions from this area, but it can be assumed that gas and steam
emissions accompany thermal emissions. ASTER visible-near
infrared data have 15-meter pixels, and ASTER thermal infrared
data have 90-m pixels. Thus, the visual evidence of increasing

vegetation stress (e.g., the browning of trees) is likely to be
detected sooner than anomalous increases in thermal emission.

All remotely derived geothermal radiative power output
values are underestimates. This is primarily due to sub-pixel
thermal mixing and occasional steam interference from venting
thermal features. The ideal measurement parameters that result
in the least underestimated data values are clear, nighttime,
wintertime, ASTER data acquisitions. The scene needs to be free
of clouds to provide a clear view of the surface. Clouds are colder
than the surface, so any thermal infrared measurements that have
intervening thin clouds underestimate surface temperatures.
Steam interference masks radiometric surface temperatures in
the same way that clouds do. Nighttime and wintertime images
exhibit the highest thermal contrast between thermal targets
and non-thermal background areas; also, background areas are
the coldest at night in the winter. Nighttime data will result in
higher geothermal radiative power output estimates than daytime
data because the subtracted background is lower. For the same
reason, wintertime data will result in slightly higher geothermal
radiative power output estimates than fall or springtime data,
which will in turn be slightly higher than summertime data.
ASTER data have slightly higher geothermal radiative power
output estimate than Landsat 8 data because of the way Landsat 8
data are collected and processed. For example, Landsat 8 thermal
infrared data are acquired with 100-m pixels but resampled to
30-m pixels to match the spatial resolution of other spectral
channels. This results in pixel integrated radiance values that
correspond to 100-m pixels but are displayed as 30-m pixels. The
effect of this is radiometric temperature and geothermal radiative
emittance values that are not proportionate to the pixel area
used to calculate the geothermal radiant power output (Vaughan,
2016). Resampling ASTER to 30-m pixels minimized but did not
completely remove this effect. Acquiring native resolution (100-
m) Landsat 8 thermal infrared data prior to the resampling was
not an option. Nevertheless, despite the nature of the calculated
geothermal radiant power output values and the various biases
that result from different image acquisition parameters, the
temporal trend that shows rapid warming between 2004 and
2012 is consistent with the other observations of change in this
thermal area.

Geology

Yellowstone’s surface thermal features are manifestations of the
deeper hydrothermal system, which is driven by an even deeper
magmatic system (Fournier, 1989; Husen et al., 2004; Lowenstern
and Hurwitz, 2008; Morgan et al., 2009). The location of thermal
areas is primarily controlled by preexisting subsurface structures
or along edges of intra-caldera rhyolite flows (Christiansen, 2001;
Morgan et al., 2009; Hurwitz and Lowenstern, 2014). Structurally,
the Tern Lake thermal area is located along a NW-SE trending
zone subparallel to the Sour Creek dome margin and the inner
ring fracture zone (Figure 1B). Whereas, no faults or structures
are mapped within this zone in the Tern Lake region, the
location of several thermal areas, including the newly emerging
extension of the Tern Lake thermal area, along the same trend
suggests that these structures are the primary control on fluid
migration from depth to the surface in this region (Figure 1B).
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Zooming in to the new extension of the Tern Lake thermal
area (Figure 2D), however, a conspicuous northeast-trending arc
shape delineates the area of highest temperatures, the area of
most intensely altered soils, and the shape of the initial vegetation
stress zone (Figures 3EG, 7). This arc has arms with NE-SW
trends, which may represent shallower, more localized structures
or zones of increased permeability that control fluid flow in the
shallow subsurface.

Geophysics

Thermal areas in Yellowstone are dynamic over a range of
spatial (individual thermal features to entire thermal areas)
and temporal (days to decades) scales (Pitt and Hutchinson,
1982; Thompson and DeMonge, 1996; Friedman, 2007; Hurwitz
and Lowenstern, 2014). Seismicity, ground deformation, the
pressurized escape of magmatic fluids, and surface changes in
thermal areas are processes that can sometimes be causally linked
(Pitt and Hutchinson, 1982; Waite and Smith, 2002; Lowenstern
et al., 2006; Wicks et al., 2006; Evans et al., 2010). For example,
an earthquake swarm was spatially and temporally associated
with increased hydrothermal activity at Mud Volcano in 1978-
79 (Pitt and Hutchinson, 1982; Evans et al., 2010). While 1978
predates annual ground deformation surveys (Evans et al., 2010),
Pelton and Smith (1979) reported evidence from leveling surveys
in 1975-77 that this part of the caldera (around Sour Creek
dome) had uplifted 700 mm compared to leveling surveys in
1923. Dzurisin et al. (2012) review data from numerous other
leveling surveys, which indicate that the Mud Volcano area in
1978-79 was in the midst of an uplift phase that lasted until
about 1985. It is possible that pressurized migration of magmatic
gases from depth could trigger geophysical processes such as
earthquake swarms and ground deformation (Lowenstern et al.,
2006; Evans et al., 2010). Annual thermal disturbances at Norris
Geyser Basin sometimes occur with no correlation to unusual
seismic or geodetic events. However, the exceptional thermal
disturbance in 2003 occurred after a period of local uplift
from 1996 to 2001, albeit without anomalous contemporaneous
seismic activity (Wicks et al., 2006, 2020). The 2018 changes at
Upper Geyser Basin (Yellowstone Volcano Observatory, 2018)
happened with no apparent relationship to seismic or geodetic
activity. Therefore, it is logical to ask whether or not changes
in the surface expression of the Tern Lake thermal areas were
coincident with, and possibly causally linked to, geophysical
processes such as ground deformation or seismic activity.

The GPS data from the nearby WLWY station only go back
to mid-2001, so it was not possible to use these data to infer
the state of ground deformation in the prior few years when
the new thermal area was hypothesized to have begun forming.
Based on analysis of InSAR data, Wicks et al. (2006) reported
evidence that the caldera floor, including the Sour Creek dome,
was subsiding from 1996 to 2002. So, there does not appear to
be any change in the local inflation/deflation status associated
with the onset of the new thermal area, which began sometime
around 2000. The period of rapid growth of the new thermal area
from 2005 to 2012 (highlighted with a red box in Figures 4, 6,
8, 9A) does partly coincide with the period of rapid inflation in
the area (about 20 cm of uplift in 4.5 years). Thus, it is tempting

to suggest a causative relationship. Does a long lag time cast
doubt on this causative hypothesis? The beginning of rapid uplift
started around January 2005, maybe in mid to late 2004 (Chang
et al., 2007). The beginning of the rapid growth phase of the
new Tern Lake thermal area started at least 10 months after this
(after October 2005; see Figure 4). If a causative relationship
existed between the ground deformation and changes in the
surface expression of hydrothermal fluid emissions, there would
have to be an explanation for the lag time between the onset of
inflation and resultant dilatation and the onset of rapid growth
of the thermal area at the surface. One explanation could be
that rising hydrothermal fluids may take time to reach the
surface and kill trees. Precedents for this include, (1) the 2003
thermal disturbance at Norris Geyser Basin that occurred 1 to
1.5 years after the period of local uplift paused (Wicks et al.,
2006, 2020), and (2) the increased surface thermal activity at
Mud Volcano that occurred several months to a year after the
beginning of the 1978 earthquake swarm (Evans et al., 2010).
Also, at the Campi Flegrei caldera, there is a 200-day lag time
between geochemical changes to surface thermal features and
uplift cycles (Chiodini et al., 2015). Another significant lag time
in the apparent temporal correlation is that the new Tern Lake
thermal area continued to grow rapidly for 2 to 3 years after
the inflation peaked and turned into deflation in July 2009.
However, if deflation does not necessarily result in contraction
of the hydrothermal plumbing system feeding the thermal area,
fluid pathways may remain open for a long time.

Some reports of thermal area changes closely coincide with
significant seismic activity in the park. A thermal disturbance
at Norris Geyser Basin in 1972 was linked to a local
contemporaneous earthquake swarm, and similar coinciding
events have been observed at Norris several times since the
1940s (Trimble and Smith, 1975; Pitt and Hutchinson, 1982). An
earthquake swarm in 1978 was linked to changes in the Mud
Volcano thermal area (Pitt and Hutchinson, 1982; Evans et al,,
2010; Hurwitz et al., 2012). Evans et al. (2010) suggested that
pressure from a pulse of rising magmatic gas (e.g., CO,) triggered
the seismic swarm, increasing subsurface permeability, and
manifested at the surface several months to a year after the swarm
as increased heat, CO, emissions, and tree kills. Occurrences
of increased hydrothermal activity in the form of hydrothermal
explosions at the surface in 1985 and 1986, surrounding a large
earthquake swarm in October 1985, also marked the end of a
long period of caldera uplift. Around July 1985, a hydrothermal
explosion in the Mushpots thermal area (about 5km southeast
of Tern Lake) killed a number of trees and formed a crater
with a new superheated fumarole (Dzurisin et al., 1994; Waite
and Smith, 2002). In January 1986, a hydrothermal explosion in
a forested area about 3km west of Norris Geyser Basin killed
trees and formed a large crater about 5m deep (Dzurisin et al,,
1994; Waite and Smith, 2002). Also, instances of distant, very
large earthquakes have been reported to trigger changes in the
hydrothermal system. The M7.5 Hebgen Lake earthquake just
outside the park in August 1959 caused numerous springs to
erupt as geysers, turbidity and temperature changes in some
hot springs, a change in the eruption interval at Old Faithful
Geyser, and previously cold ground to heat up (Rinehart, 1972;
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Marler and White, 1975; Lowenstern et al., 2006). The M7.3
Borah Peak, Idaho earthquake in October 1983 (about 150 km
southwest of Yellowstone) and the M6.1 Yellowstone Park
earthquake in June 1975 both caused measurable changes in the
eruption characteristics of dozens of geysers (Hutchinson, 1985).
Also, surface waves from the M7.9 earthquake that occurred
in Denali, Alaska, in November 2002, triggered changes in the
eruption periodicity of several geysers, the clarity of water in
some hot springs, as well as hundreds of small earthquakes
in Yellowstone (Husen et al., 2004; Lowenstern et al., 2006).
Thus, dynamic strain associated with surface waves feasibly could
affect the underground plumbing system by causing changes in
the permeability of the subsurface, opening new hydrothermal
fluid pathways to the surface. However, seismic triggering of
significant changes in surface thermal areas seems to be rare.
While Yellowstone’s frequent seismic activity is partly responsible
for maintaining permeable subsurface fluid pathways that would
self-seal with mineralization without occasional ground shaking
(Keith et al, 1978; Waite and Smith, 2002; Shelly et al,
2013), Yellowstone’s thermal areas only rarely exhibit significant
changes at the surface (e.g., a new thermal area) despite very
frequent seismic activity in close proximity to thermal areas.
Thus, the 1999 spike in park-wide seismic activity (Figure 9A)
around the same time when we hypothesize the beginning of
surface changes at the new Tern Lake thermal area (2000) appears
coincidental. The vast majority of earthquakes in 1999 were in
swarms in northwest region of the park—too far away to cause
any significant ground shaking in the Tern Lake area. And there
was no significant seismic activity near the Tern Lake area at this
time. From 1997 to 2000, no earthquakes >MO0.0 occurred within
5km of Tern Lake. While one well-placed small to moderate
earthquake could theoretically create new hydrothermal fluid
pathways to the surface and trigger the development of a new
thermal area, given that there were no such earthquakes near
Tern Lake during this time, and given the large number of
earthquakes that occur every year near thermal areas all over
Yellowstone that do not result in major thermal area changes,
it is unlikely that initiation of new permeable pathways in the
Tern Lake area resulted from any earthquakes. In 2010 and
2017, spikes in park-wide seismic activity similar to 1999 had no
temporal correlation to changes in the growth of this new thermal
area nor any other of which we know.

What about hydrothermal fluid migration triggering
earthquakes, similar to the 1978 swarm near Mud Volcano
(Pitt and Hutchinson, 1982; Evans et al., 2010)? In January
2009 there was a spike in seismic activity near Tern Lake
(Figure 9). There were 34 earthquakes (M0.0-3.3) within 5km
of Tern Lake that corresponded closely in time (about 6 months
prior) to the apex of the vertical ground deformation in this
area, when the situation changed from inflation to deflation
(Figure 8). Many earthquake swarms in Yellowstone occur
coincident with transitions between inflation and deflation
periods (Smith et al., 2009; Hurwitz and Lowenstern, 2014).
While the 2009 earthquakes here were not spatially clustered like
many earthquake swarms, they were temporally clustered (all
occurred within 2 days) and they were close to the Tern Lake
area (Figure 9B). The timing of these earthquakes was right

in the middle of the rapid growth phase of the new Tern Lake
thermal area (Figure 9A). This timing indicated that they were
not related to the beginning of the rapid growth phase, but it
is feasible that they were a result of pressurized hydrothermal
fluid migration that was occurring during this period of rapid
uplift. Also, as noted before, an increase in the tree kill area on
the north side of the previously mapped Tern Lake thermal area
began around 2009. The temporal correlation of this thermal
area change with local seismicity in this case could suggest a
causative link.

In summary, the primary similarity between the Tern Lake
event described here, the 2003 event at Norris, and the 1978
event at Mud Volcano is that in each case a new area of thermal
ground emerged, with increased surface heat flow and tree kills.
At first glance, it seems logical to categorize them together and
look for relationships between hydrothermal processes at the
surface and geophysical processes at depth. But each event is
unique with respect to these processes. At Mud Volcano in
1978, thermal area changes lasted for many months and were
preceded by earthquake swarms by many months. This happened
during a period of local uplift—not at an apex of uplift. At
Norris in 2003, thermal area changes lasted for many months and
happened during a long peak in local uplift, a year or more after
uplift paused. This happened with no anomalous local seismic
activity. At Tern Lake, thermal area changes lasted more than
a decade, with different phases of slow and rapid growth. The
initiation happened during a period of local subsidence with
no anomalous local seismic activity. The rapid growth phase
happened partly coincident with a period of rapid uplift and
continued for 2-3 years after subsidence resumed. A short period
of anomalous local seismic activity coincided with the apex of the
ground deformation cycle. This happened amidst a multi-year
rapid growth phase of the new thermal area and coincident with
growth of a previously mapped thermal area. There are certainly
important cause and effect relationships between seismic and
geodetic processes and hydrothermal fluid flow, though the
characteristics of resultant changes in the surface expression of
thermal areas are variable.

Caldera Systems and Hazards

Large caldera systems like Yellowstone are capable of immense,
far-reaching volcanism, though the largest possible events are
the rarest (Newhall and Dzurisin, 1988; Lowenstern et al., 2005).
They more frequently exhibit various modes of minor volcanic
unrest, such as earthquake swarms, ground deformation, and
hydrothermal activity (Lowenstern et al, 2005). In other
words, earthquake swarms, ground deformation, and thermal
area changes that would raise alarms at smaller, dormant
stratovolcanoes elsewhere constitute normal background activity
for Yellowstone. Thus, it is important to emphasize that changes
in the surface expression of hydrothermal systems, like those
reported here, are common at large caldera systems and do
not signify an imminent eruption, nor any significant changes
to the deeper magmatic system (Newhall and Dzurisin, 1988).
This is consistent with historical observations of other large
caldera systems that have exhibited periods of unrest that were
not followed by an eruption. At Campi Flegrei (the Phlegrean
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Fields), a large active caldera structure near Naples, Italy,
historical records show many examples of seismic activity and
ground deformation cycles that are followed by changes in the
composition of hydrothermal fluids discharged in the Solfatara
fumarole field (Todesco et al., 2004; Lowenstern et al., 2006).
Also, Chiodini et al. (2017) reported that Pisciarelli fumarole has
been exhibiting geochemical changes and increasing in activity
for the last several years (since 2013), similar to the time frame
of the rapid growth phase of the Tern Lake thermal area. At
Mammoth Mountain, a lava dome complex that lies in the
southwestern corner of the Long Valley caldera, a swarm of
earthquakes in 1989 led to an increase in magmatic CO; flux
to the surface and new areas of tree kills (Sorey et al., 2000;
Farrar et al., 2007). In 2006, the Hot Creek thermal area within
Long Valley caldera started exhibiting geyser activity within a
popular swimming area that had previously consisted of warm
pools (Farrar et al., 2007). To date, these events have caused more
human unrest than volcanic unrest.

However, we do not want to minimize hazards that exist
in large geothermally active caldera systems like Yellowstone.
While the most catastrophic events are the least likely to occur,
there are less severe short-term hazards that do occur more
frequently: moderate to large earthquakes (M5.5-7.5) and small
hydrothermal explosions (Dzurisin et al, 1994), as well as
the ever-present hazards associated with thermal areas (e.g.,
unstable ground, boiling water, and noxious gases). Although
most earthquakes in Yellowstone are small (M < 3.0) and not felt,
large damaging earthquakes may occur several times per century
(Dzurisin et al., 1994; Lowenstern et al., 2005; Christiansen et al.,
2007). A hydrothermal explosion is a non-volcanic explosive
ejection of steam, water, and rock (Christiansen et al., 2007;
Morgan et al., 2009). These occur where pockets of hot subsurface
waters violently flash to steam, breaking overlying rocks, ejecting
debris, and forming a crater. Hydrothermal explosions occur
along a continuum of magnitudes from (1) forceful geyser
eruptions that are powerful enough to eject some debris along
with hot water and steam but not excavate a crater or increase the
size of the vent, to (2) small explosions that excavate a crater a few
meters across and eject debris tens of meters away, to (3) large
explosions powerful enough to form craters >1km in diameter
and eject large blocks of debris >3 km away (Christiansen et al.,
2007; Morgan et al., 2009; Jaworowski et al., 2010). As with other
hazards, there is an inverse relationship between the frequency of
an event and its magnitude (Lowenstern et al., 2005; Christiansen
etal., 2007). The last large hydrothermal explosion, which formed
the 500-m diameter Indian Pond adjacent to the north side of
Yellowstone Lake, occurred an estimated 3,000 years ago. Small
hydrothermal explosions are estimated to occur once every 2
years (Christiansen et al., 2007).

Few people have witnessed hydrothermal explosions in
Yellowstone, and to date, no one has ever been injured by
one. In general, hydrothermal explosions do not have predictive
precursory signals. Although the 1989 explosion at Porkchop
Geyser in Norris Geyser Basin was preceded by anomalous
changes in its behavior and water temperature (Christiansen
et al,, 2007), the explosion was not predictable. Germane to this
study, it is possible that during periods of uplift, earthquake

swarms, or increased hydrothermal activity like newly emerging
thermal areas, there is a heightened likelihood of hydrothermal
explosions in that area. For example, since January 2016 Norris
Geyser Basin has been uplifting rapidly. There is evidence of
an accumulation of magmatic fluids in the shallow subsurface
and since March 2018 Steamboat Geyser has been erupting
more frequently than normal, suggesting an increased risk
of hydrothermal explosions in this area (Wicks et al., 2020).
However, hydrothermal explosions are less likely in vapor-
dominated thermal areas like Tern Lake (Christiansen et al.,
2007).

CONCLUSIONS AND FUTURE
DIRECTIONS

Based on the analysis of multiple airborne and spaceborne remote
sensing data sets from 1994 through 2019, we conclude that
around the summer of 2000 a new thermal area started emerging
along the northeast side of the Sour Creek resurgent dome in
Yellowstone National Park. This area, initially covered by healthy
forest, was characterized by an increasing area of vegetation
stress and mortality, and an increase in radiant heat output.
Vegetation stress was the first remotely detectable sign that
the area was changing, even though surface heating probably
preceded or accompanied this process. Higher spatial resolution
thermal infrared images would detect ground heating sooner.
During field work in August 2019, we observed it to be a dry,
steam-heated acid-sulfate thermal area with a northeast-trending
arc shaped zone of bright hydrothermally altered soil and heated
ground with surface temperatures from 60 to 80°C (140-176°F),
boiling temperatures (93°C; 200°F) just beneath the surface,
several steaming fumaroles, and a large tree kill zone about 33,300
m? in area, with fallen trees that were carbonizing where they
were in contact with the warmest ground. This new thermal area
is the largest one that has ever been observed from its onset
through 20 years of evolution. We also observed young (less than
5-year-old) trees re-growing in cooler zones within the area of
fallen trees, which may indicate that the area is entering a period
of repose. To our knowledge, no report about gas emissions from
this new area has been documented, other than smelling H, S gas
from the area during field work—so, measuring gas emissions
will be a next step in characterizing this newly emerging thermal
area. Also, '*C isotope and dendrochronology studies of the trees
may help to understand the history of tree kills in the area.

The new thermal area appears to be an extension of the
previously mapped Tern Lake thermal area, having emerged
about 500 m to the southeast, along a structural trend subparallel
to the margin of the Sour Creek dome, the inner ring fracture
zone, and along trend with numerous other thermal areas in
that region of the park (Figure 1B). The new thermal area went
through a period of slow growth in both surface area and thermal
output from 2000 to 2005, a period of more rapid growth from
2005 to 2012, and a period of slower growth and stabilization
from 2012 through 2019. Evidence of this evolution was derived
from mutually consistent remote sensing observations of visible
changes in the characteristics of vegetation cover and thermal
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changes in geothermal radiative heat output. Higher temporal
resolution observations would better constrain the timing of
thermal area changes. We predict that the new thermal area
will continue to look much the same in the coming years, with
the arc-shaped area of steaming fumaroles amidst warm altered
ground carbonizing fallen trees. The previously mapped Tern
Lake thermal area also exhibited an increase in surface area from
2009 to 2017, marked by an increase in the tree kill zone on the
north side. This relatively small change would likely not have
been detected without high spatial resolution images.

This work highlights the utility of multiplatform multisensor
remote sensing data sets and the use of myriad archived
geophysical data sets to characterize the formation and evolution
of a new thermal area. The fact that a new thermal area
emerged and grew to a significant size before it was detected and
mapped is a testament to how large and spread out Yellowstone’s
thermal areas are, and thus how challenging it is to keep track
of all the changes within this large hydrothermal system. The
discovery and initial characterization of this newly emerging
thermal area were enabled by the combination of moderate
spatial resolution nighttime thermal infrared imagery (Landsat
8 and ASTER), moderate spatial resolution visible and near
infrared imagery (Landsat 8 OLIL, Landsat 7 ETM+, ASTER,
and SPOT), high spatial resolution visible and near infrared
commercial satellite imagery (QuickBird-2 and WorldView-2),
and high spatial resolution visible and near infrared airborne
imagery (NAPP and NAIP). Future discoveries of this type will be
enabled by similar technologies, but for more timely detection of
such changes, higher temporal and spatial resolution data would
be required.

The initial appearance of the new thermal area around
2000 occurred with no clear spatial or temporal relationship to
local seismic activity or ground deformation and thus does not
appear to be causally related to such geophysical processes. The
evolution of the new thermal area, particularly the period of rapid
growth from 2005 to 2012, does partly coincide with a period
of rapid uplift of the Sour Creek dome. This could suggest a
causative link, but this idea is arguable. Growth of the previously
mapped Tern Lake thermal area in 2009 coincided (spatially and
temporally) with a spike in local seismic activity and with the
apex of inflation of the Sour Creek dome, after which it began
to subside. A causative link in this case seems more plausible.

The cause and effect relationships between seismic and
geodetic process, hydrothermal fluid flow, and changes in
the surface expression of thermal areas are complicated. It is
logical, and there is supporting evidence, that ground shaking
from earthquakes can affect the permeability of hydrothermal
plumbing systems and result in thermal area changes at the
surface (Lowenstern et al., 2006). Indeed, occasional earthquakes
are required to keep the hydrothermal system active, as mineral-
laden hydrothermal fluid conduits would self-seal if they were
not occasionally reopened with ground shaking (Waite and
Smith, 2002). There is also evidence that earthquakes can be
caused by the movement of pressurized hydrothermal fluids in
the subsurface (Evans et al,, 2010). It is also logical, and there
is supporting evidence, that ground inflation can increase the
permeability of hydrothermal plumbing systems and could result

in changes in thermal areas at the surface (Wicks et al., 2006).
Yet, it is also important to remember all the significant surface
changes that do not happen in Yellowstone’s thermal areas in
the wake of plentiful occurrences of earthquakes and ground
deformation cycles. Future multidisciplinary investigations of
correlations between hydrothermal and geophysical processes
will improve our understanding of their relationships.

As far as implications for the status of the Yellowstone
magmatic-hydrothermal system, this study illustrates that
Yellowstone is behaving just as we would expect. Thermal areas
in Yellowstone are known to be dynamic, as evidenced by
this study and other previously mentioned examples. They heat
up; they cool down; and they sometimes migrate as new fluid
pathways to the surface become available. The newly emerging
thermal area described here does not signify an impending
eruption nor any significant changes to the deeper magmatic
system. There are, however, hazards associated with thermal areas
throughout Yellowstone. Minor unrest like a newly emerging
thermal area, while not leading to a magmatic eruption, can still
create potentially hazardous conditions. Such conditions include
increased area of hot, unstable ground, increased potential for
hydrothermal explosions, and/or increased concentration of
magmatic gases at the surface, all of which could pose hazards.
This highlights the importance of routine, detailed thermal area
monitoring. There are almost certainly more examples of thermal
area changes in Yellowstone that we have yet to discover. So, as
we continue to monitor the evolution of the Tern Lake thermal
area, we will employ multiplatform multisensor remote sensing
tools, geophysical measurements, and field-based observations
to map, measure, and monitor other dynamic thermal areas
throughout Yellowstone National Park.
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