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The Relation Between Decadal Droughts and Eruptions of
Steamboat Geyser in Yellowstone National Park, USA
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Abstract In the past century, most eruptions of Steamboat Geyser in Yellowstone National Park's Norris
Geyser Basin were mainly clustered in three episodes: 1961-1969, 1982-1984, and ongoing since 2018.
These eruptive episodes resulted in extensive disturbance to surrounding trees. To characterize tree response
over time as an indicator of geyser activity adjustments to climate variability, aerial and ground images were
analyzed to document changes in tree coverage around the geyser since 1954. Radiocarbon dating of silicified
tree remnants from within 14 m of the geyser vent was used to examine geyser response to possible variations
in decadal to centennial precipitation patterns. We searched for atypical or absent growth rings in cores from
live trees in years associated with large geyser eruptions. Photographs indicate that active eruptive phases have
adversely affected trees up to 30 m from the vent, primarily in the dominant downwind direction. Radiocarbon
dates indicate that the geyser formed before 1878, in contrast to the birthdate reported in historical documents.
Further, the ages of the silicified trees cluster within three episodes that are temporally correlated with periods
of relative drought in the Yellowstone region during the 15th—17th centuries. The discontinuous growth of
trees around the geyser suggests that changes in eruptive patterns occur in response to decadal to multidecadal
droughts. This inference is supported by the lack of silicified specimens with more than 20 annual rings and by
the existence of atypical or missing rings in live trees during periods of extended geyser activity.

Plain Language Summary Steamboat Geyser, in Yellowstone National Park's Norris Geyser

Basin, has the tallest eruptions among the world's active geysers. To examine whether eruptions impact trees

in the vicinity of the geyser, we analyzed aerial photos acquired since 1954 which indicate that prior periods

of frequent eruptions have adversely affected trees up to 30 m from the vent, primarily in the dominant wind
direction. To examine if the limited availability of water may have caused the geyser to stop erupting in past
centuries, we dated silicified tree remnants with radiocarbon. Results suggest that trees were growing near
Steamboat during three periods when the geyser was not erupting because of prolonged droughts in the
Yellowstone region during the 15th—17th centuries. This inference is supported by observations that none of the
silicified tree specimens had more than 20 annual rings, implying that the trees did not grow for long periods,
and by the presence of atypical or missing rings in live trees during periods of geyser activity.

1. Introduction

The rarity of natural geysers reflects the special conditions needed for their formation: availability of water, a
supply of heat, and a subsurface that has the right geometry of fractures and cavities to permit episodic discharge
(Hurwitz & Manga, 2017). Decreased water supply to geysers in response to geothermal energy production
(Barrick, 2007; White, 1992) or severe multidecadal regional droughts (Hurwitz et al., 2020) can lead to eruption
cessation. Another mechanism to suppress geyser eruptions is by submerging the vent, for example, if land-
slides dam rivers and impound water (Kiryukhin, 2016). About half of the world's geysers are in Yellowstone
National Park (USA), where much information on recent geyser activity has been documented (e.g., Hurwitz
& Lowenstern, 2014; Hurwitz et al., 2014; Karlstrom et al., 2013; Kedar et al., 1998; Nayak et al., 2020; Reed
et al., 2021; Vandemeulebrouck et al., 2014; Wu et al., 2019, 2021) and compiled by geyser enthusiasts (geyser-
times.org). However, significantly less is known about geyser activity prior to the geologic expeditions in the
second half of the 19th century when written documentation became available (e.g., Hayden, 1883; Peale, 1883;
Whittlesey & Watry, 2008).
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With the incorporation of continuous digital data sets in the past few decades, the response of the hydrothermal
system in Yellowstone National Park to seasonal hydrologic cycles was well documented (Fournier et al., 2002;
Gaspard et al., 2021; Hurwitz et al., 2007, 2008, 2010, 2014; Jaworowski et al., 2013). However, document-
ing changes in hydrothermal activity in response to climate variability at multi-decadal to centennial times-
cales requires accurate and precise dating of proxy materials for both hydrothermal activity and climate (Slagter
et al., 2019). In Yellowstone National Park, studies that related changes in hydrothermal activity to climate
variability mostly relied on radiocarbon ('“C) dating of organic material (e.g., Hurwitz et al., 2020; Morgan
et al., 2022; Pierce et al., 2002; Schiller et al., 2020, 2022), but this method is challenging because signifi-
cant non-atmospheric carbon can be circulating in the hydrothermal system (Churchill et al., 2020; Schiller
et al., 2021). Radiocarbon dating of partly silicified wood preserved in the siliceous sinter mound of Old Faithful
Geyser in Yellowstone National Park's Upper Geyser Basin (UGB) (Figure 1a) is an exception; there, '“C dates
were interpreted to indicate tree growth during severe multidecadal regional droughts in the 13th and 14th centu-
ries, toward the end of the Medieval Climate Anomaly (Hurwitz et al., 2020).

The inference that Old Faithful Geyser was not erupting for about a century was based on observations that trees do
not currently grow on, or near, the mounds of erupting geysers. Lodgepole pine tree remnants like those from Old
Faithful Geyser can be preserved for many centuries (e.g., Hellawell et al., 2015; Hurwitz et al., 2020; Liesegang
& Gee, 2020) because silica-rich alkaline thermal waters erupted by the geyser deposit amorphous silica that
prevents the disintegration of cellulose by fungi, bacteria, and insects (Blanchette, 1995). Conversely, in Yellow-
stone National Park's nonthermal areas, lodgepole pine deadwood seldomly exceeds 300 years old (Despain, 1983).

In March 2018, after 34 years of infrequent, sporadic activity, Steamboat Geyser in Yellowstone National Park's
Norris Geyser Basin (NGB) (Figure 1) began a prolific sequence of eruptions. The reason for the geyser's reac-
tivation remains uncertain, but eruption intervals between 2018 and 2020 (3-35 days) were slightly modulated
seasonally, which may suggest a relation between the annual hydrological cycle and the geyser's eruptions (Reed
et al., 2021). Further, because active geysers require a continuous supply of large amounts of water, periods of
activity and dormancy could be affected by changing climate (Hurwitz & Manga, 2017). Dr. A.C. Peale, a member
of the 1878 Hayden survey wrote about Steamboat Geyser “Trees standing in the line of this sand-flood are dead,
and a number uprooted and covered with sand, and some of the trees back of the vents have had their foliage killed,
but it had not yet fallen from them. Everything seems to point to the fact of the recent formation of the vent.” Dr.
Peale then writes, “Mr. Norris informs me that in 1875 the vent had no existence, and in his report for 1879 he gives
the date of its formation as 11 August 1878” (Hayden, 1883, pp. 128-129). Based on available records, Steamboat
Geyser's recorded eruption intervals have ranged from 3 days to 50 years and mostly clustered in three episodes:
September 1961—early 1969, January 1982—September 1984, and ongoing since March 2018 (Reed et al., 2021).

To quantify how trees respond to geyser eruptions, we first analyze aerial imagery to document changes in the forest
surrounding Steamboat Geyser since 1954, the first year from when aerial images are available. We then test the
assertion that Steamboat Geyser formed in 1878 and examine geyser response to decadal anomalies in Yellowstone
River streamflow and Norris Basin snowpack. Annual streamflow integrates the influence of temperature, precipi-
tation, and evapotranspiration on surface and groundwater hydrology, whereas snowpack is primarily representative
of cool-season total precipitation and temperature (Martin et al., 2020; Pederson et al., 2011, 2013). For this assess-
ment, we collected 20 specimens of partly silicified wood from tree remnants that grew at distances of less than
14 m from the geyser vent for '“C dating. We also collected cores from live trees surrounding the geyser's active
sinter mound to search for atypical or absent rings during years associated with recent large geyser eruptions. We a
priori assume that changes in geyser eruptive activity can cause discontinuous growth of proximal trees, with trees
growing undisturbed during periods of geyser inactivity (Hurwitz et al., 2020). We then compare the '“C dates of the
tree remnants with regional hydroclimate indices (Martin et al., 2019a, 2019b, 2020) to examine if there is a tempo-
ral correlation between Steamboat Geyser eruptions and climate variability at the decadal to centennial timescales.

2. Steamboat Geyser

Steamboat Geyser, considered to have the tallest eruptive plume (~115 m; White et al., 1988) among the world's
active geysers, is in Yellowstone National Park's NGB (Figure 1), just outside the northern rim of the Yellow-
stone caldera. The bedrock in NGB consists of the Lava Creek Tuff (White et al., 1988), which erupted when the
0.631-Ma Yellowstone caldera was formed (Christiansen, 2001; Matthews et al., 2015). Throughout most of the
basin, the Lava Creek Tuff is covered by siliceous sinter, glacial, alluvial, and lacustrine deposits. Present-day
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Figure 1. (a) Map of Yellowstone National Park showing the locations of Norris Geyser Basin, the Upper Geyser Basin, the gage on the Yellowstone River at Corwin
Springs, Montana (YCR; USGS 6191500; U.S. Geological Survey, 2022), and the Chinese Garden Expanded tree chronology area (CGA) from which the hydroclimate
record used in this study was reconstructed (King, 2016). Madison River near West Yellowstone, Montana is the gage on the Madison River near West Yellowstone
(USGS 060375005 U.S. Geological Survey, 2022) (b) Aerial photo of the Steamboat Geyser area taken on 16 May 2020 showing in the inset the locations where
samples were collected. Photo by Janet Jones.

Steamboat Geyser consists of two vents in an open hillside strewn with boulders and rock fragments (Figure 1b).
Thin sinter deposits exist in and around the vents and along the geyser's major runoff channels; the rest of the
exposed rock is altered Lava Creek Tuff (White et al., 1988).

Minor eruptions at Steamboat Geyser typically have vertical jets of up to 15 m from one or both vents. Major
eruptions at Steamboat Geyser over the past century were mainly clustered in three time periods (Figure 2): (a)
between early September 1961 and early 1969, (b) between 13 January 1982 and 26 September 1984, and (c)
since 15 March 2018 with decreasing frequency in 2022. Major eruptions begin like minor eruptions but become
progressively taller with a liquid phase that lasts for 3-90 min and a steam phase that slowly diminishes over
many hours (Reed et al., 2021). Some major eruptions in the 1960s reached maximum heights of 83-116 m,
based on triangulation from photographs (Gastellum, 1963; Schroeder, 1963). Following the end of the final
steam phase, Steamboat Geyser discharges no water until minor eruptions resume several days later. The geyser's
powerful eruptions have prevented tree growth up to 30 m from the vent.

It was initially proposed that the sequence of Steamboat Geyser eruptions that commenced in 2018 was a mani-
festation of uplift episodes centered near NGB between late 2013 and March 2014 and between 2016 and at
least through the end of 2018. The uplift episodes were interpreted as shallowing of magma-derived volatile
accumulation in the upper crust (Wicks et al., 2020). However, no changes in the subsurface reservoir temperature
across this period were found (Reed et al., 2021).

3. Analysis of Aerial Photos

Aerial photography has been conducted in Yellowstone National Park at irregular intervals and varied spatial
resolutions since 1954 (Shean, 2006). We searched for images of NGB acquired around the time of Steamboat
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Figure 2. Annual count of major eruptions at Steamboat Geyser since 1961, which was preceded by a 50-year eruption
dormancy. Data are from GeyserTimes (https://geysertimes.org/) and include 301 eruptions through 2022. This database
reports 85 eruptions in the 1960s, likely representing an undercount and differing from the 104 eruptions reported by White
et al. (1988).

Geyser active phases in multiple databases. Due to the bright color of the hydrothermal ground, some images
were overexposed, which obscured the precise location of tree lines surrounding hydrothermally altered substrate.
We located at least two aerial photos that bracket, or nearly bracket, each active phase (Figure 3). Low-resolution
grayscale images from 1954 to 31 August 1965 and higher resolution images taken on 27 September 1978 and
4 September 1986 were obtained from Yellowstone National Park archival records. The 24 September 2015, 18
August 2019, and 19 July 2022 images were sourced from the National Agriculture Imagery Program (NAIP) at
0.5, 0.6, and 1.0 m resolution, respectively. Because the archival photographs lacked accompanying information
to derive coordinates, we georeferenced the scanned images by assigning approximate point coordinates to ther-
mal features, building corners, and trail and road intersections that remained stable through time.

The photographs in Figure 3a show possible minor changes to the tree line in the immediate vicinity of Steam-
boat Geyser by August 1965. At least 75% of the eruptions during the 1960s had occurred by this time. Though
the low resolution and lack of color in these images make it difficult to identify stressed trees, ground-based
photographs of the vent area indicate increased discoloration of trees to the east and northeast between 1962
and 1963 (Johnson & U.S. National Park Service, 1962-1963). Figure 3b indicates a similar story for the 1980s
active phase, with possible tree death near the runoff channel to the south but no large variations in the tree line.

In contrast, widespread tree mortality has occurred during the recent active phase, and trees have been killed
as far as 250 m away from the vents (Figure 3c), although as discussed in Section 8, tree mortality at distances
greater than about 30 m from the geyser may have resulted from an increase in ground temperature rather than
spray from the erupted water. The affected area covered 3.25 x 1072 km? in August 2019, which marked 1.4 years
and 64 eruptions into the active phase. Most of this mortality occurred north of Steamboat Geyser, which reflects
the dominant southerly wind in the area. By July 2022, or 4.3 years and 156 eruptions into the active phase, the
affected area expanded to the south and east and increased by 31% to 4.25 x 10~2 km?. Note that the areas listed
here include open thermal ground and clusters of trees that were already dead or dying in 2015 and therefore do
not quantify the total tree kill due to Steamboat Geyser's eruptions.

4. Sample Collection

The collection area of silicified wood samples is a distinct 22 m X 6 m sinter platform located southeast to
south of the Steamboat Geyser vent (Figure 1b). We sampled 20 wood remnants with various degrees of silica
mineralization (Figure 4) in September 2021 and April 2022, within 5-14 m of the geyser vent. Sample weights
ranged from 15 to 20 g. The full assemblage of mineralized wood at this site consists of at least 30 obvious small
stem remnants ranging from 1 to 48 cm in length; there are additional less obvious remnants less than 2 cm in
length. The majority of sampled remnants were partly entombed in sinter, and four sampled remnants (SGE107,
SGEI111, SGE115, SGE116) were loose on the sinter platform. We were unable to separate individual annual
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Figure 3. Aerial photographs showing areas with impacted trees around Steamboat Geyser. (a) Between1954 and 31 August 1965 (Aerial Photograph Collection (RG
01-26, Series I and RG 01-26, Box 22, Yellowstone National Park Archives, Yellowstone Heritage and Research Center, Gardiner, MT, United States)), (b) between 27
September 1978 and 4 September 1986 (Falcon Air Maps—https://pubs.nps.gov/Default.aspx?DocID=1788632), and (c) 24 September 2015, 18 August 2019, and 19
July 2022 (U.S. Department of Agriculture—https://gdg.sc.egov.usda.gov/GDGHome_DirectDownLoad.aspx). The photographs indicate minor changes to the tree line
during the 1960s and 1980s active phases and major changes during the recent period of activity. White notations in the lower portion of the 1978 image in (b) were left
unchanged from the original document. All panels in (c) show the approximate boundary of damaged trees in 2019 and 2022. The blue arrows point to areas where trees
were impacted from the sequence of eruptions that began in March 2018.

rings from any of the samples. Three samples (SGE101, SGE105, SGE116) with low levels of silica mineral-
ization were identified as lodgepole pine (Pinus contorta Dougl. var. latifolia Engelm.). The remaining highly
friable mineralized samples lacked the cellular definition needed for species identification.

Increment core samples were collected from five of the oldest live lodgepole pine within 2042 m of the Steamboat
Geyser vent (trees with SG designation in Figure 1b). Core samples were processed using standard dendrochronolog-
ical techniques and finely surfaced to clarify cell and ring structure (Stokes & Smiley, 1968; Swetnam et al., 1985).
Chronological control was established using a lodgepole pine chronology (King, 2014) assembled from trees located
approximately 1.2 km west of Steamboat Geyser (lodgepole pine tree-ring chronology Norris Upland Chronology
(NUP)). Three cross-dating techniques were employed to establish exact calendar year dating in tree-ring samples:
direct side-by-side microscopic comparison of tree-ring samples, skeleton plot matching (Stokes & Smiley, 1968;
Swetnam et al., 1985), and correlation pattern techniques (Grissino-Mayer, 2001; Holmes et al., 1986). Five large, old
trees with cambial dieback (CD designation in Figure 1b) were sampled. Two other large, old trees with unsampled
cambial dieback designation in Figure 1b were not sampled. We have also documented 21 live trees that are less than
20 years old, are less than 0.7 m tall, and have well-defined dead canopy tops (trees with ST designation in Figure 1b).

5. Radiocarbon Dating Methods of Partially Mineralized Wood and Results

Radiocarbon dating of the mineralized wood and stable carbon isotope analyses (8'°C) were performed at the
National Ocean Sciences Accelerator Mass Spectrometry facility at the Woods Hole Oceanographic Institution.
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Figure 4. Photos of representative in situ partly mineralized wood samples (a) SGE107, (b) SGE111, (c) SGE109, and (d) SGE112. Each black and white square in the

ruleris 1 cm.

A summary of the data is presented in Table 1 and in the data release (Hurwitz et al., 2023). The several plausi-
ble '“C ages in Table 1 are relative to 1950 (BP; 0 yr BP = 1950 CE), and the uncertainties on the ages are given
at the 95% (20) confidence level. The 5'3C values were normalized to the Vienna Pee Dee Belemnite (VPDB)
standard and were not used for age corrections. The '“C dates have been calibrated using the Bchron Package
(Haslett & Parnell, 2008) within the program R (R version 4.0.5; R Development Core Team, 2022), which uses
a continuous Markov monotone stochastic process to make inference on a partially observed monotone stochastic
process. We used the “intcal20” calibration curve (Reimer et al., 2020) as input to the model. The probability
density functions were generated by randomly calibrating the '*C date and uncertainty range of each sample
against the intcal20 curve 10,000 times.

None of the specimens had more than 20 annual rings, suggesting that the samples represent relatively short
periods of growth in young trees, since lodgepole pines can live for more than a century in Yellowstone National
Park. Samples SGE-117 and SGE-118 yielded modern ages and were excluded from further analysis. The rest of
the samples (n = 18) yielded uncorrected ages of between 175 years (SGE-119) and 460 years (SGE-120). The
813C values of 17 samples ranged between (—21.65 and —27.40%o), which is mostly within the range expected for
tree cellulose and lignin (—21 to —26%o; Loader et al., 2003), indicating negligible contamination by dissolved
inorganic carbon, which in the Yellowstone hydrothermal system has values ranging between —4.7 and —0.7%o
(Bergfeld et al., 2019). Sample SGE-106 did not have sufficient material for 8'*C analysis. Contamination by old
carbon sources in sinter organic carbon can be recognized by anomalously heavy 8'3C (e.g., Churchill et al., 2020;
Munoz-Saez et al., 2020).
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Figure 5. (a) The 1,200-year reconstruction of the cumulative streamflow deficits associated with the time period of each identified drought event (brown area). The
gray rectangle shows the time period of the century megadrought in the 13th and 14th centuries and the eruption hiatus of Old Faithful Geyser (Hurwitz et al., 2020)
represented by a boxplot showing the median-calibrated date and upper and lower quartiles of all '*C dates from across the mineralized wood samples (in green). The
yellow star denotes the previous estimate on the initiation of Steamboat Geyser in 1878. (b) Results from '*C dating of silicified wood samples from around Steamboat
Geyser. Details on the '“C calibrations, the calculated probability density functions, and uncertainty calculations are described in detail in Section 5. The vertical red
lines show the median of the most probable age mode, and the three pink rectangles delimit most of the medians (except for samples SGE-108 and SGE-119). Data are
provided in Table 1 and in Hurwitz et al. (2023).

The calibrated “C dates resulted in one to five possible modes for each of the samples, each having a different age
range and a different probability. Multiple modes are a consequence of more than one possible match between “C

for each sample suggest that specimens mainly cluster in three periods: the late 15th Century, mid-17th Century,
and late 18th Century (Table 1, Figure 5).

dates with the “C calibration curve (“wiggle matching”). The pattern generated by the highest probability mode
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6. Pathology of Live Trees Surrounding Steamboat
Geyser

Both young and old live trees growing within 30 m southwest to south of

;j‘:i;fztion on Cores Collected From Trees Surrounding Steamboat Geyser
Tree  Distance from Establishment
ID vent (m)* year Notes
SG1 20 1874 1965 light latewood ring
SG2 21 Unknown Possibly 2 absent rings
Likely >120-yr-old
SG3 25 1871 2 absent rings near 2019
1965-1972 suppressed growth
SG4 42 1872 2020 extremely small growth ring

the geyser vent display cambial dieback that does not appear on other trees
in the vicinity of Steamboat Geyser. The estimated establishment dates of
three trees (SG1, SG3, SG4; Figure 1b) cluster in the early 1870s (Table 2).
We compared the standardized tree-ring indices of trees SG3 and SG4 to
the index of a lodgepole chronology (NUP) that is located 1.2 km to the
west of Steamboat Geyser and is not impacted by its eruptions (Figure 6).
The NUP chronology ends in 2009 and therefore does not cover the period
of geyser activity that started in March 2018. The 1965 light latewood

*Tree locations are shown in Figure 1b.

ring in tree SG1 and the greatly reduced growth in tree SG3 coincide with

the 1961-1969 major eruption episode. Absent tree-rings are discovered

through the process of statistical and visual cross dating against trees unaf-
fected by geyser activity. The two absent rings near 2019 in tree SG3 and the extremely small 2020 growth
ring in tree SG4 coincide with the 2018-2021 major eruption episode. These observations suggest an ongoing
negative effect of recent geyser activity on lodgepole pine growth, possibly extending back to at least the early
1870s.

The closest forest edge to Steamboat Geyser is located 14 m southeast to 24 m south of the geyser vent. Along
this edge, and extending approximately 12 m into the forest, both old and young lodgepole pine exhibit signs
of cambial dieback that are not seen farther to the southeast or south. At least six of the oldest and largest
(30-50 cm diameter at breast height) live trees (SG1, SG2, SG3, CD4, CDS5, CD6) have large, dead branches
and/or vertical strips of dead cambium. Tree tops with large, dead branches and trees with strips of exposed
wood (cambial dieback) can be associated with old trees with growth often spanning multiple centuries or more
(Fritts, 1976). At least 18 live trees (ST1-ST18) less than 20-yr-old and less than 0.7 m tall have well-defined
dead canopy tops.

The second closest forest edge to Steamboat Geyser is 27 m southwest of the geyser vent. In this vicinity,
three live trees (ST19-ST21) less than 0.7 m tall were found to have dead canopy tops; the oldest apparent tree
(SG4) is 40 m southwest of the geyser vent. The cambial dieback seen on both young and old lodgepole pine
adjacent to Steamboat Geyser does not appear on other trees in this region. Overall, the pattern of tree damage
is most consistent with effects dominated by spray, mostly downwind of Steamboat Geyser. Subsurface and
surface flows of geothermal fluids move southward from the geyser, away from the area with greatest tree

damage.
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Figure 6. Standardized tree-ring-width indices for the local (Norris Geyser Basin) lodgepole pine chronology (Norris
Upland Chronology [NUP]) growing away from Steamboat Geyser, and for two trees growing adjacent to Steamboat Geyser
(SG3, SG4; Figure 1b). The dashed horizontal line represents the mean-standardized index value for the period. The orange
rectangles delimit the three episodes in which most major Steamboat Geyser eruptions occurred.
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7. Reconstructed Multidecadal Drought Events for the Yellowstone Region

To assess potential hydroclimatic drivers associated with hiatuses of Steamboat Geyser eruptions, we assessed
the relationship between the calibrated *C dates and tree-ring-based reconstruction of annual water-year stream-
flow and drought for the Yellowstone River (Figure 5a) (Martin et al., 2019b). Here, we provide a summary of
the methods used to identify long-duration droughts and calculate their cumulative deficits, with further details
provided in Hurwitz et al. (2020). The primary record used is the 1,200-year reconstruction of mean annual
water-year (prior October—September) streamflow for the Yellowstone River at Corwin Springs, Montana (YCR
in Figure la). This record reflects the regional total annual moisture balance, capturing the dominant influ-
ence (~50%-80%) of cool-season (October—April) precipitation on regional surface and groundwater hydrology
(Martin et al., 2019a) for the Yellowstone region. As a final check on inferred local moisture conditions, we also
compare against the predominantly spring (May—June) precipitation sensitive Rocky Mountain Juniper (Juni-
perus scopulorum, Sarg.) standardized ring-width chronology from King (2016), known as Chinese Garden
Expanded, using methods designed to preserve low-frequency hydroclimatic variability described in Martin
et al. (2019a). For comparison of the records, and to identify the relative magnitude and duration of associated
multi-decadal moisture anomalies, all records were smoothed using a 50-year cubic smoothing spline (Figure 5a)
before the cumulative deficits of identified drought events were calculated (Figure 5b). Using smoothing splines
with shorter duration (10 or 20 years) changed the estimated length and magnitude of individual droughts but did
not significantly alter the identification of severe and long-duration drought events over past centuries.

Multidecadal drought periods for the Yellowstone River at Corwin Springs reconstruction were identified as peri-
ods of negative flow anomalies in the 50-yr cubic smoothing spline of streamflow. With drought length defined
by the negative flow anomaly of the spline, cumulative streamflow deficits were calculated for each drought
period by summation of the unsmoothed annual flow values for each year of the drought (Martin et al., 2020).
The “megadrought” event of record responsible for the eruption hiatus at Old Faithful Geyser occurred in the
13th century and was greater than 50 years in duration, with the most severe drought years centered on the year
1250 CE (Figure 5a). Several shorter durations but still large-magnitude severe droughts are also apparent in the
reconstruction and occur between the 15th and 17th centuries (Figure 5a). Of these events, the drought of the late
16th century was one of the most notable in terms of the severity of negative effects on people and ecosystems
along with its broad spatial extent across the western United States. These droughts led to more fires, desicca-
tion of small lakes, reduced streamflow, and an upslope shift in upper tree line (Hostetler et al., 2021; Williams
et al., 2020).

8. Discussion

Lodgepole pine trees dominate ~80% of the total forested area in Yellowstone National Park, including the trees
surrounding Steamboat Geyser, and the preponderance of its saplings over competing species indicates its resil-
ience (Despain, 1983). Lodgepole pine exposed to silica-rich alkaline thermal waters can be preserved for many
centuries (e.g., Hellawell et al., 2015; Hurwitz et al., 2020; Liesegang & Gee, 2020), most likely because silica
precipitation prevents the disintegration of cellulose by fungi, bacteria, and insects. In Yellowstone National
Park’s nonthermal areas where trees are not exposed to silica-rich waters, lodgepole pine deadwood is mostly not
preserved for more than 300 years (Despain, 1983). Alkaline chloride-rich waters discharged by geyser eruptions
can become supersaturated with respect to silica, resulting in the deposition of colloidal amorphous opal on
trees. Silica mineralization initiates when amorphous opal is deposited on tree stems, and this coating enables
the transport of silica-rich fluids into wood tissues by capillary forces (Liesegang & Gee, 2020). Silica is then
preferentially deposited in small pore spaces including pit chambers, latewood tracheid lumina, and parenchyma
rays (Mustoe, 2017). A study of upright, dead saplings near Cistern Spring (Figure 1b) indicated that mineral-
ization lasting days to weeks would be sufficient to cause mortality (Liesegang & Gee, 2020). Based on these
observations, and on the observations from Old Faithful Geyser (Hurwitz et al., 2020), we infer that discontinu-
ous growth of trees proximal to geysers is indicative of changes in eruptive patterns, with trees establishing and
growing during periods of geyser inactivity.

Photographic evidence indicates that trees up to 250 m north of the Steamboat Geyser vent were impacted before
1954 (Figure 3a). The size of the impacted area (outline in Figure 3) did not change considerably between 1954
and 2015, suggesting that water spray and silica precipitation from Steamboat Geyser eruptions in the 1960s and
1980s did not have much impact on the growth of trees that surround the geyser. However, the eruption sequence
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that started in March 2018 clearly had an adverse impact on trees up to at least 30 m from the geyser vent, as
indicated by the area between the orange and red outlines and by the blue arrows in Figure 3c. A possible expla-
nation for the different response of trees to the active phases during the 1960s and 1980s and the response to the
post-2018 active phase lies in the amount and frequency of major eruptions during the different active phases
(Figure 2). The average annual number of eruptions in 1963-1965 (21 annual eruptions) and in 1982 and 1983
(11 annual eruptions) is significantly less than the annual average number of eruptions between in 2018-2020 (43
eruptions). Thus, we hypothesize that lodgepole pine mortality depends on how often the trees are in the path
of falling spray from the erupting geyser. Another potential impact on active eruption phases and atypical tree
growth is local and short-lived increases in shallow ground temperatures. Although an increase in ground temper-
ature may better explain the impacts on tree growth at distances greater than about 30 m from Steamboat Geyser
(rather than spray from the erupted water), there are no data to test this hypothesis.

Despite the significant challenges of using '“C for dating charcoal and pollen to provide constraints on the timing of
processes in Yellowstone's hydrothermal system (Churchill et al., 2020; Schiller et al., 2021), analysis of tree-rings
and '“C dating of tree remnants in active volcanic settings have provided reliable records on past hydrothermal
activity (Cook et al., 2001; Holdaway et al., 2018; Lewicki et al., 2014), including information on activity changes
in Yellowstone National Park's thermal areas (Evans et al., 2010; Hurwitz et al., 2020). The new '“C data presented
in our study of tree remnants collected around Steamboat Geyser are complex but nevertheless provide informa-
tion on when Steamboat Geyser was active and on possible geyser response to periods of extended drought.

There are several indicators that the silicified tree remnant samples were in situ. Photographs of the sampling site
since the 1950s, particularly during and following major eruption episodes, do not show evidence of recently depos-
ited wood (Figure 3). This observation suggests that it is unlikely that the now mineralized wood originated upslope
and moved into place with surface water runoff. Also, if the tree remnants were transported from a great distance (by
wind or floods, e.g.,) to near the geyser vent on the sinter platform, a more randomized distribution of '*C ages would
be expected. However, the calibrated “C dates of tree remnants from around Steamboat Geyser are discontinuous and
mainly cluster around three episodes. Based on tree-ring patterns, none of the silicified tree remnants suggest that trees
grew for extended periods (many tens to hundreds of years). These observations suggest a causal relation between
geyser activity and tree growth. The *C age clusters mostly overlap with three periods of drought in the Yellowstone
region (Figure 5). The most probable calibrated dates of 16 samples are between 1410 and 1460 CE, 1530 and 1590
CE, and 1635 and 1670 CE. These dates of tree growth around Steamboat Geyser coincide with lake sediment proxy
records of droughts and large fires in the region (Millspaugh & Whitlock, 1995). The median dates of some (but not
all) of the highest probable calibrated modes from the samples we analyzed are within the drought period in the late
16th century, which was severe across much of the western United States (Martin et al., 2020; Williams et al., 2020).

Though the duration and severity of these drought periods rank as some of the most significant events within
the record, they pale in comparison to the 13th century drought that led to the quiescence of Old Faithful Geyser
toward the end of the Medieval Climate Anomaly (Figure 5) (Hurwitz et al., 2020). There are several possible
explanations for why remnants of trees from the end of the Medieval Climate Anomaly were not found around
Steamboat Geyser: either the geyser had not formed yet, tree remnants were either covered by younger sinter
deposits or were eroded, or that the geyser was erupting during that time. This last possibility is inconsistent with
our hypothesis that geysers tend to become quiescent during severe and extended droughts.

The most probable calibrated dates for two samples, SGE-108 and SGE-119, are not within these three drought
periods (Figure 5b). The probability for the most likely age mode for sample SGE-119 (187-221 years) is rela-
tively low (49.9%), but the next most probable mode (262-284 years with a probability of 23.9%) would suggest
a median age of 1677 CE, which is within analytical uncertainty similar to the youngest cluster (1635-1670 CE).
Two samples (SGE-117 and SGE-118) yielded modern ages (Hurwitz et al., 2023), and we suspect that these
are from trees that possibly died in 1878 or later. Overall, our findings in relation to major regional droughts are
consistent with other regional paleoclimate records (Cook et al., 2004; Heeter et al., 2021; Hostetler et al., 2021;
Shuman & Serravezza, 2017; Turner et al., 2022; Whitlock et al., 2012; Williams et al., 2020).

Despite the strong evidence for trees growing around Steamboat Geyser when it was not erupting during extended
and severe droughts, instrumental snow records in NGB and streamflow data do not correlate with the onset or
termination of the three modern eruptive episodes of Steamboat Geyser (Figure 7). River discharge data from the
USGS gages on the YCR (USGS 06191500; U.S. Geological Survey, 2022) and the Madison River near West
Yellowstone, Montana (USGS 06037500; U.S. Geological Survey, 2022) have been shown to correlate with
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Figure 7. (a) Snow Water Equivalent in the month of April measured at station 10E19 in Norris Geyser Basin by

the US Department of Agriculture, Natural Resources Conservation Service (https://wcc.sc.egov.usda.gov/nwce/
rgrpt?report=snowmonth_hist&state=WY), (b) annual average water discharge measured at USGS gages on the Yellowstone
River at Corwin Springs, Montana (green curve and symbols; YCR in Figure 1a; USGS 06191500; U.S. Geological

Survey, 2022) and the Madison River near West Yellowstone, Montana (purple curve and symbols; YMAD in Figure 1a;
USGS 06037500; U.S. Geological Survey, 2022). The green and purple dashed horizontal lines show the annual means for
the period for the Yellowstone and Madison Rivers, respectively. The orange rectangles delimit the three episodes in which
most major Steamboat Geyser eruptions occurred.

precipitation in the Yellowstone Plateau on monthly and annual timescales (Hurwitz et al., 2007, 2008). However,
years of high snow precipitation or river discharge do not correlate with the onset or duration of the three major
eruptive phases (Figure 7). The absence of a clear correlation between periods of eruptive activity in the 20th and
21st centuries and climate suggests that longer and more severe droughts, or other processes, are needed to cause
Steamboat Geyser to stop erupting for extended periods so that trees could establish and grow near the vent. A range
of processes were examined by Reed et al. (2021) in search of a possible trigger for the March 2018 reactivation of
Steamboat Geyser. There were no regional (Hurwitz et al., 2014) or remote (Husen et al., 2004) earthquakes that
were a combination of large enough and close enough that they could have initiated the onset of eruptions. Inter-
action with adjacent geysers (Fagan et al., 2022) is also ruled out because there are no large active geysers in the
vicinity of Steamboat that could impact its activity. It was postulated that transitions from dormant to eruptive peri-
ods at Steamboat Geyser may reflect gradual changes in silica precipitation in the reservoir or conduit that affect
permeability, water flow, and heat transport (Reed et al., 2021). Direct observations of such a process are lacking.

9. Conclusions

We examined the response of Steamboat Geyser in Yellowstone National Park's NGB to decadal and multidecadal
drought events. Based on the diverse and complementary data sets presented, we conclude the following:

1. Aerial and ground photographs indicate that prior active eruptive phases of Steamboat Geyser have adversely
affected nearby trees. Some periods of activity can affect trees at significant distances from the vents, suggesting
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that significant eruption episodes may be accompanied by temporary shallow hydrothermal changes in the
local area, as well as from spray dispersal primarily in the dominant wind direction.

2. The most probable calibrated radiocarbon dates of 16 samples of silicified trees collected from around the
Steamboat Geyser vent are clustered within three periods: between and 1410 and 1460 CE, 1530 and 1590 CE,
and 1635 and 1670 CE. This discontinuous growth of trees is probably indicative of changes in geyser eruptive
patterns, with trees growing during periods of geyser inactivity.

3. The clustered radiocarbon age distribution is supported by the observation that none of the silicified speci-
mens had more than 20 annual rings, which likely suggests relatively short periods of tree growth and with the
observations of atypical or missing rings in live trees during periods of recent geyser activity.

4. The periods when trees grew on the geyser mound are temporally correlated with periods of prolonged drought
in the Yellowstone region during the 15th to 17th centuries. However, none of these droughts was as severe
as the prolonged drought during the Medieval Climate Anomaly in the 13th and 14th centuries that caused
Old Faithful Geyser in Yellowstone National Park's UGB to cease erupting for more than a century (Hurwitz
et al., 2020).

5. The new radiocarbon dates of silicified trees most likely invalidate the prior assertion that the geyser was
formed in 1878.

Overall, the link between drought, geyser inactivity, and tree growth at both Old Faithful (Hurwitz et al., 2020)
and Steamboat Geysers suggests that Yellowstone's hydrothermal system and activity of its geysers systematically
respond to changes in regional precipitation patterns at the decadal to millennial timescales.
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The Yellowstone River at Corwin Springs streamflow reconstruction is available in Martin et al. (2019b) and
the radiocarbon data are available in Hurwitz et al. (2023). Original scanned aerial photographs (Figure 3) from
1954 to 1965 can be viewed by appointment at the Yellowstone Heritage and Research Center in Gardiner,
Montana, USA. Photographs from 1978 to 1986 can be viewed in the U.S. National Park Service Electronic Tech-
nical Information Center at https://pubs.nps.gov/Default.aspx?DocID=1788632. Aerial photos from the National
Agriculture Imagery Program (NAIP) can be downloaded via USGS EarthExplorer (https://earthexplorer.usgs.
gov/) or in compressed county mosaic format from the U.S. Department of Agriculture (USDA) Geospatial Data
Gateway (https://datagateway.nrcs.usda.gov/GDGHome_DirectDownLoad.aspx). Streamflow gaging data are
available from U.S. Geological Survey (2022).
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