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A B S T R A C T

The iconic Old Faithful Geyser in Yellowstone National Park, USA, has attracted a significant amount of research 
because of the relative regularity and impressive size of its eruptions. Numerous studies have included obser
vations, measurements, and analyses that informed models of geyser eruptions. However, fundamental quanti
ties, including the associated mass and heat discharged, remain poorly constrained. In April 2025 we measured 
the volume of water from 45 Old Faithful Geyser eruptions using a portable flume in an outflow channel and 
specific conductance measurements in the Firehole River. We used high-speed video to perform velocimetry, 
measured changes in water chemistry to calculate the volume of water evaporated along the outflow channels, 
and used thermodynamic calculations to estimate the volume of water erupted as steam and to quantify the 
geyser's heat output. The calculated average volume of water discharged by Old Faithful Geyser in each eruption 
is 27.9 ± 9.4 m3, with no relation between eruption volume and the length of the preceding eruption interval. 
Video analysis of the eruption's liquid-dominated phase yields similar volumes of 21–30 m3. The calculated heat 
flow from the geyser is 2.2–2.4 MW and the average annual discharge of chloride, fluoride, and arsenic are 63 
tons, 3.9 tons, and 241 kg, respectively. Average annual silica deposition rate on the geyser cone and along the 
outflow channels is 7 tons. This study provides a methodology for future studies at geysers worldwide and a 
baseline for monitoring future activity changes at Old Faithful.

1. Introduction

Natural geysers are rare. There are fewer than 1000 worldwide, with 
approximately half in Yellowstone National Park, USA (Bryan, 2008) 
(Fig. 1). The rarity of geysers reflects the special conditions needed for 
their formation: availability of water and heat, and a subsurface hy
draulic architecture that has the right geometry of fractures and cavities 
to permit episodic discharge (Hurwitz and Manga, 2017). Their erup
tions are driven by the conversion of thermal to kinetic energy during 
decompression of ascending waters. Geysers provide a unique natural 
laboratory to test hypotheses about volcanic eruptions, because they 
have many similarities to volcanoes, especially with regards to heat and 
mass flux, eruption dynamics, and seismicity (Kieffer, 1984, 2017). This 

has motivated scientists from multiple disciplines to study the complex 
processes associated with geyser eruptions; the geophysical signals that 
can be measured before, during, and after an eruption; and to form 
hypotheses regarding the occurrence and limits of life on Earth and 
elsewhere in the solar system (Hurwitz and Manga, 2017; Hurwitz et al., 
2021). An improved understanding of geyser dynamics may yield insight 
into other multiphase episodic processes and other self-organized, 
intermittent processes in nature that result from localized input of en
ergy and mass (Kieffer, 1989, 2017).

Old Faithful Geyser in the Upper Geyser Basin (UGB) of Yellowstone 
National Park (Fig. 1) was named by Ferdinand V. Hayden, who led the 
1871 geological survey of northwestern Wyoming that resulted in the 
establishment of Yellowstone as the first U.S. National Park in 1872. 
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Hayden (1883) wrote: “[Old Faithful] is so regular in its operations and they 
occur so frequently that it has afforded unusual facilities for observation”. 
Because of the relative regularity of its eruptions, the geyser has 
attracted a significant amount of research. Studies include temperature 
and pressure measurements (Birch and Kennedy, 1972; Hutchinson 
et al., 1997; Kedar et al., 1998; Van Orstrand, 1924) and video obser
vations (Hutchinson et al., 1997) in the conduit, analysis of seismicity 
associated with the eruption cycle and delineation of the subsurface 
structure (Cros et al., 2011; Hurwitz and Shelly, 2017; Kedar et al., 1996; 
Kedar et al., 1998; Kieffer, 1984; Nicholls and Rinehart, 1967; Rinehart, 
1965, 1969; Vandemeulebrouck et al., 2013; Wu et al., 2017, 2019), 
statistical analysis of eruption intervals (Azzalini and Bowman, 1990; 
Nicholl et al., 1994; Vicari and Van Dorp, 2013) and their modulation in 
response to large regional earthquakes (Hurwitz et al., 2014), interac
tion with surrounding geysers (Fagan et al., 2022; Marler, 1951; Roj
staczer et al., 2003), and response to seasonal and inter-annual 
precipitation patterns (Hurwitz et al., 2008) and severe and prolonged 
droughts (Hurwitz et al., 2020). Studies have also documented the 
nearly constant chemical composition of erupted water for at least 130 
years (Hurwitz et al., 2012a; Price et al., 2024), that most of the erupted 
water was recharged more than 70 years prior (Hurwitz et al., 2025) and 
ascends towards the geyser after flowing through the deep and hot 631.3 
± 4.3 ka Lava Creek Tuff (Matthews et al., 2015) and overlying rhyolites 
(Paces et al., 2024), and that deposits called “geyser eggs” form (Smith 
et al., 2018) and diverse microbes thrive in splash pools on the geyser 
cone (Keller et al., 2023). Finally, several physical models for the gey
ser's eruptions were formulated based on myriad measurements 
(Fournier, 1969; Geis Jr, 1966; Kieffer, 1989; O'Hara and Esawi, 2013; 
Rudolph and Sohn, 2017).

However, the volume of water erupted, and the associated mass and 
heat discharged from Old Faithful Geyser remain poorly constrained, 
despite being fundamental thermal and physical properties of erupting 
systems. Quantitative determination of these properties is important 
because it provides input to physical models of geyser eruptions and can 
serve as a baseline to better enable detection of changes resulting from 
earthquakes, climate variability, changes in subsurface heat, or 

infrastructure development (Foley et al., 2014; Hurwitz and Lowenstern, 
2014). Measuring volume is challenging because the erupted water 
flows through several very shallow outflow channels (Fig. 2) and wind 
can carry water droplets away from these runoff channels, and because 
some of the erupted fluid is lost to evaporation and possibly also to 
recharge into the geyser's sinter deposits. Previous estimates of erupted 
volumes ranged from 20 m3 (Kieffer, 1984) to 14–32 m3 (Hutchinson 
et al., 1997), and 38–45 m3 (Allen and Day, 1935). However, these 
studies did not provide details on the methods used, the number of 
flumes and the outflow channels in which they were deployed, the 
number of eruptions captured, and the weather during measurements. 
Thus, it is not possible to assess the uncertainty in these values and their 
reported ranges.

Between 11 and 15 April 2025, we measured and quantified the 
volume of water erupting from Old Faithful Geyser using a combination 
of methods, because the erupted water flows in different directions 
depending on the wind. The methods included measurements with a 
flume in the major outflow channel located to the west of the vent, 
specific conductance and water discharge measurements in the Firehole 
River, into which the geyser's channels drain (Fig. 2), and using high- 
speed video recordings to perform velocimetry. We use changes in 
water chemistry to calculate the volume of water evaporated along the 
geyser's outflow channels between the geyser cone and the discharge 
measurement locations, and thermodynamic calculations to estimate the 
mass of steam erupted and to calculate heat flow. Finally, we calculate 
the mass of major solutes discharged by the geyser. The results improve 
the understanding of how the most iconic geyser in the world operates 
and provides a baseline for tracking changes in the geyser's activity.

2. Old Faithful Geyser hydrology

The water erupted by Old Faithful Geyser (Fig. 3a) typically flows 
away from the vent in one or more of the six shallow channels (Fig. 2) 
depending on wind direction. These channels are generally only a few 
cm deeper than the surrounding siliceous sinter terrace and their width 
varies from a few cm to more than 1 m. Outflow channels 3–6 flow into 
the Firehole River ~170 m north of the geyser vent. Water flowing 
southward in channel number 1 is diverted by a culvert and then merges 
with channel number 2, which flows to an open meadow to the north
west, with no obvious channels leaving the meadow (Fig. 2). Thus, the 
total volume of liquid water flowing in the outflow channels is the sum 
of the discharge in channel number 1 and the volume that flows through 
channels number 3–6 into the Firehole River.

The silica sinter deposits lining the outflow channels within the 
terrace are of low permeability (Vitale et al., 2008) so that there is 
minimal seepage of water into the subsurface from the outflow channels 
and from rain and snow (Fig. 3b). This is supported by the lack of 
meteoric water tracers (stable water isotopes and tritium) in the water 
erupted from the geyser (Hurwitz et al., 2012a, 2025). Ground pene
trating radar (GPR) data, combined with thermal infrared imaging near 
the geyser's cone, indicate some shallow subsurface fractures in the 
siliceous sinter, including a WNW-trending fracture on the cone itself 
(Jaworowski et al., 2020; Lynne et al., 2018). In channels where flow is 
relatively small following the eruption, water freezes during much of the 
year, and thaws only when larger volumes of erupting hot water flow 
through in the channel.

Video observations made in the conduit of Old Faithful Geyser in the 
summer of 1992 (https://www.youtube.com/watch?v=8luNCFUnvBw) 
to a depth of nearly 13 m (Hutchinson et al., 1997) reveal an irregular, 
elongated fissure-like channel with fractured walls lined with silica 
sinter. The conduit is a narrow slot at the surface that changes shape 
significantly with depth. At a depth of ~7 m below the surface, the slot 
narrows to ~11 cm, forming a constriction. A maximum temperature of 
118 ◦C was measured in 1942 (Birch and Kennedy, 1972) and again 
between 1983 and 1993 (Hutchinson et al., 1997) at a depth of 21.7 m. 
Short duration temperature spikes (5–10 s) of up to 129.5 ◦C were 
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Fig. 1. Map of Yellowstone National Park showing state boundaries (dashed 
lines), park boundary (dash-dot line), major streams, the Upper Geyser Basin 
(UGB) in which Old Faithful Geyser is located, Norris Geyser Basin (NBG, 
symbol at the location of Steamboat Geyser), and Lone Star Geyser (LSG).
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measured a few times at the beginning of an eruption, suggesting that 
water from deeper than 21.7 m was involved (Hutchinson et al., 1997).

3. Methods

To determine the onset of the eruptions, we used daytime visual 
observations (geysertimes.org) supplemented by data from a National 
Park Service temperature logger located on the geyser mound at the 
head of channel number 2 (Fig. 2). Based on correlations between the 

temperature logger and the reported observations, we determined that 
the sharp temperature increase recorded by the logger lags the eruption 
onset by three minutes.

Detailed descriptions of the methods used to measure water 
discharge are provided in a U.S. Geological Survey (USGS) data release 
(McCleskey et al., 2026) and here we provide a summary. Between 12 
and 15 April 2025, a USGS portable Parshall flume (Kilpatrick and 
Schneider, 1983; Parshall, 1950) was placed in the outflow channel 
number 2 drainage (Fig. 2). This location was chosen because it drains a 

Fig. 2. Aerial image of Old Faithful Geyser and its surroundings. The red numbered labels on white backgrounds refer to outflow channels. Water flowing southward 
in channel number 1 is diverted by a culvert and then merges with channel number 2, which then flows towards the flume and from there to an open meadow to the 
northwest. Outflow channels 3–6 flow into the Firehole River. Continuous specific conductance measurements and campaign sampling of water for chemical analysis 
were carried out upstream and downstream from where channels 3–6 enter the river. Continuous specific conductance measurements and samples were collected on 
the outflow channel of Beehive Geyser before it enters the Firehole River. Also shown are the locations from which video of the eruption jet was captured (V1-V3) and 
the location of the weather station (V1) deployed during the experiment in April 2025. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)

Research conducted under Yellowstone
permit YELL-SCI-08342

a. b. c.

Firehole River

Channel 2

Channel 6

Fig. 3. a) Photo looking northeast showing an Old Faithful Geyser eruption on 22 June 2006. The red star denotes the approximate top of the liquid-dominated jet 
(photo by Jim Peaco, National Park Service). b) Photo looking northeast of Old Faithful Geyser erupting in the winter of 2017, with snow accumulating on the sinter 
terrace. The liquid jet (the red star denotes the approximate top) is limited in extent, and most of the plume consists of steam (photo by Jacob W. Frank, National Park 
Service). c) The Old Faithful Geyser vent and adjacent splash pool from where water samples were collected for chemical analysis immediately after an eruption. The 
width of the pool is approximately 1 m (photo by Shaul Hurwitz, U.S. Geological Survey). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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significant fraction of the erupted water and because this was the only 
place we could channel all water through the flume without significant 
leakage or disturbance to the sinter deposits. The Parshall flume was 
used because it allows for flow measurements by continuously moni
toring of water level in the channel. Discharge measurements with a 
current meter were not used because the depth of the channel is too 
shallow, velocities are too low, and measurements take too long to 
capture the transient flow from the eruptions. The flume was leveled 
both laterally and along its longitudinal axis, and sandbags were placed 
to prevent leakage under and around it (Fig. 4). To continuously mea
sure stage, a factory-calibrated vented pressure transducer (Level TROLL 
700, In-Situ Inc.) with a pressure range of 0 to 5 pounds per square inch 
(0–34.5 kPa) was inserted in a stilling well that was hydraulically con
nected to the flume by a 3/8-in. (0.95-cm) hole. A 6 ft (1.8 m) vented 
cable with a desiccant at the end was attached to the transducer to 
prevent water from entering. The height of the water in the stilling well 
was sampled every 10 s. Since the stilling well base is below the base of 
the flume, we calculated the hydraulic head by subtracting 4.6 cm from 
the depth measurement of the transducer.

A best-fit curve through the hydraulic head-discharge relation for the 
flume was determined. To obtain the volume of an individual eruption, 
we summed all the readings for each 10-s measurement, from when 
values increased above the baseline until the values returned to the 
baseline. The time that it took the water slug to arrive at the flume 
following the onset of an eruption ranged between 6 and 15 min, with an 
average and median of 9 min. In a few cases, the volume of water 
exceeded the capacity of the flume (Fig. 5). For individual readings that 
attained the maximum height in the well, we added 10%. However, a 
5% or 15% correction resulted in volume changes that are within the 
uncertainties of the measurements.

To validate the pressure-transducer measurements, in the flume's 
stilling well we collocated a 12-in. (30.5 cm) calibrated liquid-level 
electronic solid-state sensor with a resistive output that varies with 
the level of the fluid (eTape Liquid Level Sensor by Adafruit) for 13 
daytime eruptions. The sensor's plastic envelope is compressed by the 
hydrostatic pressure of the fluid in which it is immersed. The resulting 
change in resistance corresponds to the distance from the top of the 
sensor to the surface of the fluid. The sensor's resistive output, which is 
inversely proportional to the height of the liquid, was calibrated in the 
laboratory. Measurements were made every 10 s to temporally align 
with the transducer measurements and were recorded on a datalogger 
((Campbell Scientific Inc.).

To measure the volume of erupted water (VG) that flows into the 
Firehole River through channels 3–6 (Fig. 2), we follow a modified 
method described in McCleskey et al. (2025) for slug addition and 
continuous downstream measurement of specific conductance where VG 
(L) is determined by: 

VG = QU

∫ T

0

(SCD − SCU)

(SCG − SCD)
(t)dt (1) 

and QU is the river discharge (Lˑs− 1) upstream of outflow channels, 
SC is specific conductance (μS/cm; subscripts G, U, and D, are for geyser, 
upstream, and downstream, respectively), dt is the time difference (s) 
between SC measurements, and T is the time at which the river con
centration returns to background. The SCD and SCU were measured with 
a sensor (In-Situ Aqua Troll 100) programmed to log SC measurements 
every 30 s. The continuous discharge of the Firehole River (QU) was 
approximated by adding 10 L/s (or < 1% of the total discharge) to 
measured values obtained from the U.S. Geological Survey gage on the 
Firehole River at Old Faithful, YNP (station 06036805; U.S. Geological 
Survey, 2022) where discharge is measured every 15 min. These esti
mates were based on several downstream discrete measurements. The 
SCG (1808 μS/cm) was determined from erupted water measured in the 
splash pool on the Old Faithful cone (Fig. 3c). Since the slug addition 
method depends on the mass of solute entering the river (McCleskey 
et al., 2025) and since the erupted volume of water is very small 
compared to the water discharge in the river, eq. (1) used the specific 
conductance of erupted water at the source (splash pool shown in Fig. 3
c). Evaporation of the water flowing into the river is minor and not 
accounted for. Specific conductance measurements in the Firehole River 
were made downstream from the Beehive Geyser outflow channel 
(Fig. 2) and therefore, we also measured specific conductance at the 
bottom of the Beehive Geyser outflow channel, before it merges into the 
Firehole River. During the experiment, slugs of water from the relatively 
infrequent Beehive Geyser eruptions, the only other significant input of 
thermal water along the path between Old Faithful's runoff channel and 
the downstream specific-conductance measurements, did not overlap 
with water slugs from Old Faithful Geyser eruptions.

A weather station (Campbell Scientific Inc.) was set up to the 
southeast of Old Faithful Geyser for the duration of the discharge mea
surement experiment (Fig. 2). The weather station was equipped with a 
temperature sensor, a barometer, a tipping bucket rain gauge, and an 
anemometer for measuring wind direction and speed. Air temperature, 
pressure, and rain accumulation were sampled every 5 s, with the 
average of those measurements recorded at 5-min intervals. Average 
wind speed and direction were also sampled every 5 s, with average 
values recorded at 1-min intervals.

45
.7

 c
m

20.3 cm

28
.6

 c
m

7.6 cm
eTape

Transducer

Stilling
Well

Fl
ow

di
re

ct
io

n

Fig. 4. Photo of the portable Parshall flume placed in outflow channel number 
2 (Fig. 2). Sandbags were placed to channel the water into the flume and 
prevent flow under and around it. A vented pressure transducer and a liquid 
level electronic solid-state sensor with a resistive output (eTape) were inserted 
in the small stilling well that is hydraulically connected to the flume by a small 
hole. The study was conducted under research permit YELL-SCI- 08342.

Fig. 5. An example of continuous water discharge measurements for water 
flowing in outflow channels 1 and 2 through the flume and in outflow channels 
3–6 to the Firehole River (based on specific conductance) (Fig. 2). This eruption 
(number 24), which was the most voluminous measured, started on 14 April 
2025 at 14:36 Mountain Standard Time.
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To measure the velocity of the erupting plume, images were captured 
with a high-speed camera (Phantom C321, https://www.phantomh 
ighspeed.com/) that has a color sensor with a resolution of 1920 ×
1080 pixels. We captured and successfully processed videos of two 
eruptions on 11 April 2025, from location V1 (Fig. 2) and one on 13 
April from location V3. Jet imaging with the high-speed camera on April 
11 did not coincide with the flume and river specific-conductance 
measurements, but a direct comparison can be made for the eruption 
on April 13. Videos were recorded at 100–120 frames per second (fps) 
with exposure durations of 100–400 μsec, depending on framerate and 
lighting. The location of the camera (Fig. 2) was chosen to provide an 
unobstructed view of the jet while minimizing the presence of obscuring 
steam, with consideration for the direction of lighting. Many of the ac
quired videos were unsuitable for velocity measurement due to changing 
lighting conditions and condensed steam obscuring the jet.

4. Results

4.1. Flume and river measurements

We measured water volumes from 45 geyser eruptions for which the 
average interval between eruptions was 93 min, with a minimum of 58 
min and a maximum of 140 min. We measured water discharge from 
outflow channels 1 and 2 using the Parshall flume (Fig. 4) and water 
discharge from outflow channels 3–6 by measuring specific conductance 
in the Firehole River (Fig. 2). For 12 of the 13 eruptions in which the 
height of the water in the flume's stilling well was measured by both the 
pressure transducer and the eTape, differences for all 10-s measure
ments were within 10%. Data are provided in a U.S. Geological Survey 
data release (McCleskey et al., 2026).

It took between 6 and 15 min, with an average and median of 9 min 
from the onset of the eruption, until the water slug arrived at the flume, 
and between 11 and 46 min, with average and a median of 18 min, from 
the onset of the eruption until the sharp increase in specific conductance 
(Fig. 5) at the downstream station in the Firehole River (Fig. 2). During 
some of the eruptions there was ice accumulating in the channels. This 
ice thawed either when air temperature increased sufficiently or when 
hot water from eruptions was flowing. There were no visual observa
tions of significant amounts of ice accumulating in channels 1, 2, and 6 
(Fig. 2) which drained most of the water from the eruptions.

There is no evidence that previous estimates of erupted volume from 
Old Faithful Geyser (Allen and Day, 1935; Hutchinson et al., 1997; 
Kieffer, 1984) accounted for the volume of water lost by evaporation 
between the geyser cone and the location of discharge measurements. 
Similarly, previous water discharge measurements made at Lone Star 
and Steamboat (Norris Geyser Basin) Geysers (Fig. 1) did not account for 
water evaporated between the geyser and the location of discharge 
measurements (Karlstrom et al., 2013; Reed et al., 2021). At Steamboat 
Geyser, water discharge was measured ~2.2 km downstream from the 
geyser, potentially leading to substantial underestimation of erupted 
volumes.

Some of the erupted water does evaporate along the outflow chan
nels upstream of the locations of discharge measurements. A specific 
conductance probe located at the end of outflow channel 6, intended to 
provide information on the evaporated volume, provided unreliable 
data, likely because it was not submerged in water and did not thermally 
equilibrate during most eruptions. However, the specific conductance 
measurements in the Firehole River account for the volume of water 
evaporated in channels 3–6 because they are based on the mass of sol
utes from a slug. To quantify the volume of water evaporated in channels 
flowing to the flume (channels 1 & 2), we compare the concentrations of 
chloride, a conservative solute in magma-hydrothermal systems 
(Fournier, 1979b), in water at the end of the outflow channels with those 
in water in the splash pool on the geyser cone.

The total volume of erupted water (VT) flowing through the flume, 
including the volume of water evaporated along channels 1 and 2 

(Table S1), is calculated by considering changes in chloride concentra
tions between the splash pool and the location of the flume, and is given 
by: 

VT = VF [Cl]F
/
[Cl]P (2) 

where subscripts F and P are for the flume and splash pool, respectively. 
The median and average chloride concentrations for 12 samples 
collected from the outflow channels during different times of the year 
between April 2007 and September 2008 (Hurwitz et al., 2012a), a 
sample collected in April 2025 (McCleskey et al., 2026), and 4 samples 
collected during 2 eruptions on June 26 and July 12, 2025, are 492 and 
511 mgˑL− 1, respectively (Table S2). Chloride concentrations ranged 
between 434 and 629 mgˑL− 1, with samples collected during summer 
months having higher concentrations. The median chloride concentra
tion of five samples collected from the splash pool between September 
2021 and July 2025 is 424 mgˑL− 1. Using the median concentrations in 
the outflow channels and in the splash pool, the multiplier in eq. 2 has a 
value of 1.15 (Table 2). Thus, all the volumes calculated based on 
discharge measurements at the flume were multiplied by 1.15, though 
there are likely large temporal variations in the degree of evaporation 
along the channels in response to changes in wind speed, air tempera
ture, humidity, and travel time.

There was a large variability in the fraction of water flowing towards 
the flume through channel number 2 versus water flowing to the river 
through channels 3–6 which was only slightly correlated with wind 
speed and direction (Fig. 6). The minimum and maximum volumes of 
water flowing through the flume and to the river were 12.8 and 44.3 m3, 
respectively (Table S1). The median volume was 27.8 m3, the average 
was 26.3 m3, and the standard deviation was 9.4 m3 (Table 1; Fig. 7). 
The measured volumes of water for each eruption are provided in the 
Supplementary Material (Table S1). There was no relation between the 
eruption volumes and the preceding eruption intervals, but short erup
tions defined as eruptions lasting less than 2.5 min) resulted in smaller 
volumes (Fig. 8) than long eruptions (typically greater than 3 min). 
There is also no relation between the erupted volume and the following 
eruption interval.

Fig. 6. The ratio of water volume flowing towards the Firehole River over the 
water volume flowing through the flume (Fig. 2) as a function of wind speed 
(circle size) and direction (x-axis). The blue circles with y-axis values of less 
than 0.5 represent eruptions where most water was flowing through the flume, 
whereas the gray circles (>1.5) represent eruptions where most water was 
flowing towards the river. The red circles represent eruptions where there was 
substantial flow both to the flume and to the river (0.5–1.5). The shaded gray 
rectangle represents the range of azimuths in which the wind was expected to 
cause the water to flow towards the flume (winds predominantly from the 
north). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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4.2. Video measurements

The video data used for image analysis are available on Zenodo 
(Rudolph, 2026). We measured jet velocities using image correlation 
analysis in MATLAB (The MathWorks Inc, 2025). From the high-speed 
video recording, we constructed a streak image (called a kymograph) 
(Fig. 9a) of a (vertical) column of pixels centered on the geyser's jet vs. 
time. From the kymograph, we first segment the image to isolate the jet. 
Then, we analyze overlapping temporal windows of 100 frames. For 
each window, we compute the cross-correlation between rows of pixels. 
We use a peak-finding algorithm (MATLAB findpeaks, The MathWorks 
Inc, 2025) to identify the temporal lag at which the cross-correlation is 
maximized, retaining only lags that correspond to correlations over a 
threshold value to reject noise. We compute velocities from the change 
in height above the vent divided by temporal lag. Velocities measured 
above the vent are converted to exit velocities by assuming a ballistic 

trajectory. The jet height computed using image segmentation provides 
an independent means to validate the velocities computed by image 
correlation analysis, and the two methods yield very similar estimates of 
exit velocity and discharge (Fig. 9).

The high-speed video recordings of the geyser's eruptions document 
episodes of pre-play (minor splashing), a vigorous fountaining phase, 
and a protracted lower-height phase. A single eruption of Old Faithful 
along with our analyses of velocity and discharge are presented in Fig. 9. 
Eruptions are typically preceded by several episodes of pre-play, seen 
prior to 20s in Fig. 9a. The onset of the eruption, referred to as “initiation 
and unsteady flow” in Kieffer (1989), is characterized by growing pulses 
of discharge and the rise of the geyser's jet to ~28 m above the vent. 
Once the eruption is underway, the main phase is characterized by a 
steadier jet height, though some unsteadiness is still apparent in the 
flow. The velocities and cumulative discharge estimated during the 3- 
min period shown in Fig. 9, which represents a lower bound on the 
total volume of this eruption, is 30 ± 13 m3. In addition to the eruption 
shown in Fig. 10, we measured discharge for two additional eruptions. 
The first eruption was a ‘short’ eruption with a smaller erupted volume 
of 21 ± 9 m3 and a maximum jet height of 29 m. The second, for 
eruption 17 on April 13, 2025, yielded a volume of 28 ± 12 m3. For this 
eruption, no maximum jet height could be measured due to the camera 
position. Erupted volume estimates based on jet height alone and based 
on image correlation are remarkably similar, differing by less than 10%.

5. Discussion

The hydrothermal system of the Yellowstone Plateau Volcanic Field 
(Christiansen, 2001) comprises more than 10,000 thermal features, 
including fumaroles, mud pots, thermal springs, hydrothermal explosion 
craters and geysers (Hurwitz and Lowenstern, 2014; Lowenstern and 
Hurwitz, 2008). Old Faithful Geyser in particular has attracted a sig
nificant amount of research. To provide input to physical models of 
geyser eruptions and to establish a baseline that can better enable 
detection of changes in geyser activity, we measured the volume of 
water discharged from 45 eruptions by combining measurements of 
water discharge from the geyser's southern outflow channels with a 
portable Parshall flume and from the northern outflow channels with 
specific conductance measurements in the Firehole River into which the 
geyser flows. We augment these measurements with measurements and 
calculations of water volume evaporated along the outflow channels 
between the geyser cone and the location of discharge measurements. 
We also analyzed images captured with a video camera to measure the 
volume of erupted water.

Table 1 
Measured and calculated volumes of water (m3) from Old 
Faithful.

Geyser eruptions

Flume þ river (liquid water)

Minimum 12.8
Maximum 44.3
Median 27.8
Average 26.3
STDEV1 9.4
Steam2 ​
Average 1.5
STDEV 0.4
Total volume 27.9
STDEV 9.4

1- One standard deviation
2 - Initially liquid water erupted as steam

Fig. 7. a) Average air pressure (left axis and blue symbols and line) and wind 
speed (right axis and red symbols and line) during each of the 45 eruptions in 
April 2025. b) The combined volume of water flowing through outflow chan
nels 3–6 (Fig. 2) to the Firehole River and water flowing through outflow 
channels number 1–2 to the flume. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 8. Total volume of water erupted as a function of the preceding Old 
Faithful Geyser eruption intervals. The colors represent short (minor) and long 
(major) eruptions in the GeyserTimes.org eruption catalog. The green circles 
are from eruptions that lack observations, mostly during the night. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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5.1. Conceptual model for water and heat ascent from depth

We present a model for hot groundwater ascending from a reservoir 
at depth, through the immediate geyser reservoir (“bubble trap”), to the 
geyser vent, and eruption to atmosphere (Fig. 10). We assume that water 
is continuously decompressed adiabatically from the deeper reservoir 
where it has chemically and thermally equilibrated with the host rock. 
During ascent, decompression causes the water to boil, generating steam 
that condenses in the bubble trap. The assumption of adiabatic decom
pression means that no heat is exchanged between the ascending water 
and the surroundings rocks. We further assume that decompression is 
isentropic (rather than isenthalpic) as commonly assumed in models of 
geyser and volcano eruption dynamics for a compressible fluid (Kieffer, 
1989; Lu and Kieffer, 2009; Mastin, 1995; Reed et al., 2021; Thiery and 
Mercury, 2009). This assumption implies that the expansion and ac
celeration of the ascending multiphase fluid is not significantly dissi
pated as heat by internal shearing or friction. Ascent of a multiphase 
fluid is consistent with results of seismic imaging that suggest hydro
thermal flow to depths of at least 120 m (Wu et al., 2017) and vertical 
migration of seismic tremor from depths of at least 80 m to the shallow 
“bubble trap” within the eruption cycle (Wu et al., 2019).

To calculate the temperature of chemical equilibrium in the deep 
reservoir, we use the quartz adiabatic geothermometer which is based 
on the concentration of dissolved SiO2 in the water (Fournier, 1977) and 
assumes that waters attained chemical equilibrium with quartz at the 
reservoir temperature, and that rates of quartz thermal equilibration 
with the thermal water are much faster than rates of conductive cooling 
to the host rock. We also assume that the short storage of water in the 
bubble trap did not cause chemical re-equilibration of the water or 
significant conductive cooling. We do not consider the effects of dis
solved gas (mainly CO2) which alter fluid properties and phase distri
bution (Hurwitz et al., 2016). The temperature dependence of quartz 
solubility in water is given by (Fournier and Potter II, 1982): 

TQuartz(
◦C) = (1522/(5.75–log[SiO2] ) ) − 273.15 (3) 

where T is in degrees Celsius. The average SiO2 concentration of the five 
samples collected at the splash pool on the geyser cone (Fig. 3c) is 349 ±
25 mgˑL− 1 (Table 2). The resulting average temperature of 201 ± 5 ◦C is 
similar to previous estimates of 205 ◦C (Fournier, 1969) and 204 ± 4 ◦C 
(Hurwitz et al., 2012a). The Na/K geothermometer yields an unrealis
tically low reservoir temperature of 168 ± 3 ◦C using the equation in 
Fournier (1979a) and 186 ± 3 ◦C using the equation in Giggenbach 
(1988). The quartz conductive geothermometer with no steam loss 
(Fournier, 1977) yields a temperature of 221 ± 6 ◦C, but its application 
is unrealistic for this boiling system. Uncertainties associated with 
chemical geothermometer determinations suggest that the calculated 
reservoir temperatures in Yellowstone's geyser basins could differ by up 
to 15 ◦C (Cullen et al., 2019; King et al., 2016). The calculated reservoir 
temperature we adopt here is consistent with a temperature of 180 ◦C 
measured at a depth of 124 m in a borehole drilled in 1929 (later named 
C-1), 470 m to the southwest of Old Faithful Geyser (Fenner, 1936).

Based on tracking hydrothermal tremor sources (Wu et al., 2019), 
the transport of heat and water from the deep reservoir to the bubble 
trap, which acts as a condenser, is nearly continuous. A significant 
amount of the thermal energy flowing into the bubble trap is converted 
into kinetic energy driving the episodic (every ~93 min in April 2025) 
eruptions. At the onset of an eruption, the plume is liquid-dominated, 
and as the pressure in the bubble trap decreases, steam is formed. 
Steam is emitted from the geyser conduit until the vapor pressure is 
lower than the ambient atmospheric pressure.

5.2. Mass fraction of steam

Old Faithful geyser eruptions start with 1.5 to 3 min of a liquid- 
dominated phase that transitions to a longer steam-dominated phase 
typically lasting for up to 5 min. To quantify the total volume of erupted 

Fig. 9. a) Streak image (kymograph) for a single eruption of Old Faithful Geyser. The red curve delineates the boundary of the jet identified using image seg
mentation. The blue curve is the equivalent jet height measured using image correlation velocimetry. b) The exit velocity was computed using both methods, using 
the images and the jet height. c) The cumulative erupted volume computed using both methods. Here we assume a cross-sectional area of 0.69 m2 and a fluid density 
of 20 kgˑm− 3. The gray shaded region in c) indicates a confidence interval of 44%, discussed in the text. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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water, it is necessary to include the volume that erupted as steam, which 
is difficult to measure directly. Although the “bubble trap” concept 
inherently involves the accumulation of vapor bubbles in the subsurface 
reservoir prior to eruption, the mass fraction of vapor is very small (in 
contrast to the volume fraction). Thus, to quantify the mass fraction of 

steam erupted, we assume that prior to the eruption, all the water in the 
bubble trap directly supplying the eruption was liquid.

To calculate the pre-eruptive volume in the bubble trap, we assume 
that the maximum temperatures measured at 21.7 m depth in the geyser 
conduit of 118 ◦C, with spikes of up to 129.5 ◦C (Birch and Kennedy, 
1972; Hutchinson et al., 1997), represent the pre-eruptive temperature 
in the immediate reservoir (“bubble trap”). We further assume that, 
during the eruption, isentropic decompression of water from the reser
voir generates liquid and steam that are emitted to the atmosphere at the 
boiling temperature for the local elevation (~93 ◦C). We calculate the 
mass fraction of steam that forms by isentropic decompression from 
130 ◦C and from 118 ◦C using an energy balance given by: 

Sl− r = xˑSv− a +(1 − x)ˑSl− a (4) 

where S is entropy, x is vapor mass fraction, the subscripts l and v 
indicate liquid and vapor, and the subscripts r and a indicate reservoir 
and atmosphere conditions, respectively. We obtain the thermodynamic 
properties of pure water from the U.S. National Institute of Standards 
and Technology Thermophysical Properties of Fluid Systems database 
(NIST Standard Reference Database Number 69, 2025). Isentropic 
decompression from 130 and 118 ◦C to 93 ◦C results in steam mass 
fractions of 6.5 and 4.5%, respectively.

To calculate the mass of liquid water erupted as steam, we first 
multiply the average volume of water measured at the river and flume 
(26.3 m3) by liquid water density at the eruption temperature of 93 ◦C 
(963.3 kgˑm− 3). We then divide it by the mass fraction of liquid 
(0.935–0.955) and multiply this value by the fraction erupted as steam, 
0.065 and 0.045 for decompression from 130 and 118 to 93 ◦C, 
respectively. This results in steam masses of 1763 and 1195 kg per 
eruption. To convert to liquid volume, we multiply the erupted mass by 
liquid water density at 93 ◦C (963 kgˑm− 3) and determine volumes of 1.8 
and 1.2 m3 (4.6–6.8% of the liquid water volume).

5.3. Eruption intervals and water volumes

Despite Old Faithful's name, which implies that intervals between 
eruption are relatively constant, the intervals between the 45 eruptions 
in which water discharge was measured varied between 58 and 140 min, 
with a median and average of 99 and 93 min, respectively. The average 
interval is similar to the eruption intervals observed between 2001 and 
2011 (90–93 min; Hurwitz et al., 2014) and slightly shorter than the 
94.7 min observed during the year preceding the experiment (12 April 
2024, to 11 April 2025) (GeyserTimes.org). Old Faithful Geyser eruption 
intervals increased significantly following large regional earthquakes in 
1959 (M-7.3 Hebgen Lake, Montana), 1975 (M-6.1 near Norris Geyser 
Basin), and 1983 (M-6.9 Borah Peak, Idaho) (Hurwitz et al., 2014). In
formation on associated changes in erupted volumes is not available, 
though sustained regional droughts in the 13th and 14th centuries 
caused the geyser to stop erupting (Hurwitz et al., 2020).

We combine the volumes measured at the Firehole River and at the 
flume (26.3 ± 9.4 m3) and the volume erupted as steam (1.5 ± 0.4 m3) 
to calculate a total erupted water volume of 27.9 ± 9.4 m3 (Table 1). 
This value is less than the values reported in Allen and Day (1935) of 
38–45 m3 and on the higher end of those reported by Hutchinson et al. 
(1997) of 14–32 m3; however, those studies did not account for the 
volumes of water evaporated along the outflow channels and water 
erupting as steam.

Previous geyser experiments have used either high-speed or infrared 
cameras to obtain information on various aspects of geyser eruptions 
(Eibl et al., 2021, 2024; Karlstrom et al., 2013; Munoz-Saez et al., 2015; 
Teshima and Nishimura, 2024), but none have used video data to 
determine eruption volumes. Despite the large uncertainties in estimates 
from our video recordings of the liquid-dominated phase, the calculated 
volumes are within range of those made with the flume and riverine 
specific-conductance measurements. The camera observations also 
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Fig. 10. Schematic illustration of water ascent from the deep hydrothermal 
reservoir, through the immediate reservoir (“bubble trap”) and the conduit of 
Old Faithful Geyser. Water ascends by adiabatic decompression from a reservoir 
with a temperature of 201 ± 5 ◦C and the formation of steam bubbles that 
condense in the bubble trap prior to an eruption. The temperature of the 
erupting water is 93 ◦C. Modified after Wu et al. (2019).

Table 2 
Concentrations of chloride (Cl) and silica (SiO2) used for calculating the volumes 
of water evaporated along the Old Faithful Geyser outflow channels and the 
mass of annual silica deposition.

Location Cl SiO2 Cl/Clc1 SiO2/SiO2
2 SiO2

mg/L mg/L Ton/yr

Geyser Cone 424 354 (− ) (− ) (− )
Outflow channel 486 356 1.15 1.0 7

1 - Mass ratio of Cl concentration in the outflow channel to the concentration in 
the splash pool on the geyser cone used in equation number 2.
2 - Mass ratio of SiO2 concentration in the outflow channel to the concentration 
in the splash pool on the geyser cone.
3 - Annual average mass of silica deposited between the geyser cone and 
discharge measurements.
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provide constraints on the dynamics of the erupting jet, which in turn 
inform eruption volume estimates by accounting for the fraction of 
steam in the liquid-dominated phase.

Velocities determined from video analysis of the liquid-dominated 
phase were compared with the imaged height of the jet, noting that 
for a ballistic trajectory without air resistance jet height h and velocity v 
are related through v2 = 2gh. By assuming that the maximum velocity 
recorded is representative of the equilibrium sound speed in the fluid 
(Karlstrom et al., 2013; Lu and Kieffer, 2009), we can compute the mass 
fraction of steam and the density of the liquid-steam mixture. For 
example, assuming an ambient pressure of 750 mbar (75 kPa) and a 
maximum velocity (sound speed) of 25 mˑsec− 1, the corresponding mass 
fraction of steam is 1.5% and the density is 29.2 kgˑm− 3. If ballistic 
acceleration of the fluid begins at the base of the conduit (~20 m below 
the vent), the maximum velocity is 32 m/s, corresponding to a steam 
mass fraction of 2% and a density of 22.3 kg/m3. On the other hand, as 
shown above, isentropic decompression of fluid from saturation condi
tions in the shallow reservoir (118–130 ◦C) would generate 4.5–6.5% 
steam (Section 5.2), and the density is 7.8–10.5 kgˑm− 3. Thus, there is 
considerable uncertainty (~50%) about the fluid density at the vent. We 
used an intermediate value of density (20.2 kgˑm− 3) to compute mass 
discharge and converted it to an equivalent volume of liquid water. The 
cross-sectional area of the vent was taken to be 0.7 m2 based on obser
vations within the conduit (Hutchinson et al., 1997; Kieffer, 1989). 
Because the discharge is proportional to cross-sectional area and fluid 
density, the large uncertainties in water density at the exit plane and in 
the exit plane cross-sectional area lead to a correspondingly large un
certainty in water discharge.

For a constant input of heat and water, it might be reasonably ex
pected that the volume of erupted water should correlate with the length 
of the preceding intervals. However, at Old Faithful Geyser (Fig. 8) and 
Steamboat Geyser (in Norris Geyser Basin, Fig. 1), such correlations 
were not observed. The previously observed lack of correlation at 
Steamboat Geyser was explained by unsteady heat and mass discharge 
(Reed et al., 2021). Alternative, or complementary, explanations are: 1) 
large variation in the mass erupted as steam; 2) evaporation along the 
outflow channels, and ice accumulation in the channels that affected 
water-volume measurements; 3) the heat and mass input are not con
stant but depend on water levels in the geyser system, and 4) insufficient 
observations of eruption duration. The duration of an eruption interval 
depends on the duration of the preceding eruption, such that shorter 
eruptions are followed by shorter intervals and longer eruptions by 
longer intervals. Thus, the distribution of intervals is the same as the 
distribution of eruption durations. We found no apparent correlation 
between the average wind speed and the measured volumes of indi
vidual eruptions (Fig. 7), in contrast to the findings at Steamboat Geyser 
(Reed et al., 2021).

The calculated volumes of water erupting from Old Faithful Geyser 
that we report are larger than the volume of the reservoir (“bubble trap”) 
estimated by Kieffer (1984) of 21.1 m3 but are smaller than the bubble- 
trap volume estimated by Vandemeulebrouck et al. (2013) of ~62 m3 

which is based on more data. If we assume a reservoir with a volume of 
62 m3 full of liquid water prior to an eruption, our estimates of total 
volume erupted imply that approximately half of the reservoir is 
emptied by the end of an eruption. Partial emptying of the reservoir is 
consistent with the results of a tracer test where more than 24 consec
utive eruptions were required to clear the geyser of an introduced dye 
(Fournier, 1969). They are also consistent with various other observa
tions which imply that the volumes of geyser reservoirs and fracture 
complexes are significantly larger than the volumes of water discharged 
during a single eruption (Ardid et al., 2019; Hurwitz and Manga, 2017).

Water-discharge measurements have been made at other erupting 
geysers in Yellowstone National Park, but evaporative water loss along 
the outflow channels and the volume erupted as steam were not 
included in the final volume estimates. Thus, the reported volumes were 
likely somewhat underestimated. At Lone Star Geyser, about 5 km to the 

SSW of Old Faithful Geyser (Fig. 1), the volume of water flowing through 
outflow channels during nine eruptions in September 2010 varied be
tween 15.4 m3 and 28.1 m3 with an average of 20.8 ± 4.1 m3 (Karlstrom 
et al., 2013). At Steamboat Geyser in Norris Geyser Basin, measured 
volumes for three eruptions in 2000–2002 ranged between 130 m3 and 
246 m3 (Friedman, 2007), for 29 eruptions in 2018–2020 ranged be
tween 134 and 538 m3 with a median of 351 m3 (Reed et al., 2021), and 
373 m3 was recorded for a single eruption in September 2022 (Reed 
et al., 2024). The erupted volumes from Old Faithful Geyser are similar 
to those erupted from Lone Star Geyser but an order of magnitude less 
than those erupted at Steamboat Geyser. In the Valley of Geysers, 
Kamchatka, a chloride tracer method was used to estimate erupted 
volume of several geysers, with means of 23, 74 and 310 m3 at Bolshoy, 
Velikan, and Grot Geysers, respectively (Kiryukhin et al., 2022). The 
very different methods used to estimate erupted volumes complicate 
comparison with these other geysers.

5.4. Solute mass discharge and transport

Based on five samples from the splash pool on the geyser cone 
(McCleskey et al., 2026), the highest-concentration solutes in the water 
erupted from Old Faithful Geyser are chloride (average of 425 mgˑL− 1), 
silica (SiO2–349 mgˑL− 1), and sodium (346 mgˑL− 1). To calculate the 
annual mass discharge of solutes in water erupted by Old Faithful Geyser 
we multiply average solute concentrations in the five water samples 
from the splash pool (Fig. 3c) by the average volume of erupted water 
(26.3 m3) (Table 1) and by the number of eruptions per year (5647), 
which is based on the average eruption interval of 93.1 min. We assume 
that solutes are not partitioned into the steam and remain in the liquid 
water.

Chloride discharge through the rivers draining the Yellowstone 
Plateau volcanic field is used as a proxy for heat flow from the magma- 
hydrothermal system (Hurwitz et al., 2012b). Fluoride is also of interest, 
because at relatively high concentrations in drinking water it can cause 
dental and skeletal fluorosis (Srivastava and Flora, 2020), and arsenic is 
a contaminant in surface and groundwaters and at high concentrations is 
a considerable public-health concern. Arsenic concentrations in Yel
lowstone's thermal waters are typically higher than drinking water 
standards (McCleskey et al., 2022a). The average annual mass discharge 
of chloride, fluoride, and arsenic from Old Faithful is 63 tons, 3.9 tons 
and 241 kg, respectively (Table 3). The fraction of solutes discharged by 
the geyser is only a small fraction of the mass discharge in the Firehole 
River (Hurwitz et al., 2010; McCleskey et al., 2012). For example, 
chloride discharge from the geyser is only ~1% of the total discharge 
from the Upper Geyser Basin based on measurements made in 1966 and 
1977 (Fournier et al., 1976).

To calculate the mass and volume of silica (SiO2) precipitated on the 
geyser cone and along the outflow channels, we compare silica and 
chloride concentrations in the splash pool with concentrations of water 
in the outflow channels (Table 2). We multiply the ratio of median 

Table 3 
Solute concentrations and mass discharge from Old Faithful Geyser.

Sample1 Date Cl− F As Cl2 F As

mg/L mg/L mg/L ton/yr ton/yr kg/y

21WA128 9/5/2021 430 24.8 1.46 64 3.7 217
25WA111 4/14/2025 424 29.3 1.49 63 4.4 222
25WA112 4/15/2025 427 28.6 2.09 63 4.3 311
25WA118 6/26/2025 419 24.4 1.55 62 3.6 230
25WA115 7/12/2025 424 25.0 1.52 63 3.7 226
Average ​ 424.8 26.4 1.62 63 3.9 241

1-Samples were collected from the splash pool on the Old Faithful Geyser Cone 
(Fig. 2).
2-Annual discharge is based on an average eruption interval of 93 min and 
average eruption volume of 26.3 m3 which excludes the volume erupted as 
steam.
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chloride concentration in the channels and the median concentration in 
the splash pool (1.15, section 4.1) by the median concentration of SiO2 
in the splash pool (354 mgˑL− 1). This provides the expected SiO2 con
centrations at the end of the channels if it was as conservative as chlo
ride. The calculated median SiO2 concentration expected at the end of 
the channels (1.15 × 354 mgˑL− 1 = 405 mgˑL− 1) is higher than the 
observed median concentration in the channels (356 mgˑL− 1), implying 
that for every liter of water erupted, 49 mg of SiO2 precipitates on the 
geyser cone and/or in the outflow channels. Based on the average 
annual average volume erupted of 1.49 × 105 m3, which is the average 
eruption volume (26.3 m3) multiplied by the number of eruptions per 
year (5647), we calculate that an average of 7 tons of SiO2 are precip
itated annually (Table 2).

5.5. Heat flow

We calculate the heat flow from eruptions of Old Faithful Geyser by 
assuming that the total mass of erupted water cools from 93 ◦C (boiling 
temperature at the local elevation) to ambient air, which at Yellowstone 
was ~1.3 ◦C on average between 1991 and 2020 (National Centers for 
Environmental Information, 2026) station USC00486845 at Old Faith
ful, Wyoming. We divide the total mass of liquid water erupted (25.3 ×
103 kg) by the average eruption cycle (93 min) to get an average mass 
flow rate of 4.5 kgˑsec− 1. To calculate the heat flow transported by liquid 
water, we multiply this flow rate by the liquid enthalpy (H) change in 
cooling from 93 ◦C (H = 390 kJ kg− 1) to 1.3 ◦C (H = 5.5 kJ kg− 1). The 
calculated heat transported by the liquid is thus 1.7 MW. To calculate 
the heat transported by steam mass fractions of 0.045 and 0.065 (section 
5.2) that condense in the atmosphere, we multiply the latent heat of 
condensation of pure water (2270 kJ kg− 1 at 93 ◦C) by the mass flow rate 
of steam (0.32 kgˑsec− 1 and 0.21 kgˑsec− 1 for steam mass fractions of 
0.065 and 0.045, respectively). The heat transported by steam is 0.7 and 
0.5 MW for mass fractions of 0.065 and 0.045, respectively. We neglect 
the contribution of kinetic energy of the jet in computing the energy 
budget because it accounts for ~1.5 kW which is less than 0.1% of the 
total heat flow from the geyser. The total heat flow from the geyser of 2.2 
to 2.4 MW is significantly less than the 5.6 MW (1.34 × 106 calˑsec− 1) 
proposed by Rinehart (1980). This difference results from a different set 
of parameter values in the calculations, mainly a larger (and uncon
strained) water volume and more frequent eruptions used by Rinehart 
(1980).

Heat flow has been estimated for a few other geysers and related 
thermal features in Yellowstone National Park. Heat flow at Lone Star 
Geyser is 1.5 MW (Karlstrom et al., 2013), an estimate that relies on an 
eruption volume that we noted is likely underestimated because it ne
glects evaporation losses. The heat flow from Doublet Pool, a non- 
erupting thermal feature, is 5.0 ± 0.2 MW (Liu et al., 2023). The 
calculated heat flow at Old Faithful Geyser is only a small fraction of the 
4–8 GW from the Yellowstone caldera and its surroundings (Hurwitz 
et al., 2012b), but the localized heat output from the geyser is never
theless very large. With an average continental heat flux of 0.07 W/m2 

(Davies and Davies, 2010; Lucazeau, 2019), heat flow from Old Faithful 
Geyser is equivalent to the heat loss through average continental crust 
over an area of 30–40 km2.

5.6. Suggestions for future studies

The new dataset of water volume erupting from Old Faithful Geyser 
and its temporal variability provides a baseline for monitoring future 
changes in geyser activity that may result from varying climate, earth
quakes, infrastructure development, and changes in heat flow from the 
underlying magmatic system. To improve the ability to track changes in 
the geyser's activity, some of the uncertainties associated with water 
volume measurements need to be reduced. Further, measurements are 
needed during different times of the day and during different seasons. In 
this study, based on several sampling campaigns, we showed that 

evaporation along the geyser's outflow channels is significant, and 
future studies would need to better quantify evaporation under different 
weather conditions. For comparison with other geysers in Yellowstone 
National Park and elsewhere around the world, there is a need to stan
dardize methods for water-discharge measurement and heat flow cal
culations. Detailed documentation of the methods used to estimate 
volume and heat flow is needed. Finally, emerging technologies could 
possibly improve estimates of mass and/or volume discharge. These 
include the use of Uncrewed Aerial Systems (UAS) to acquire simulta
neous optical and thermal infrared images (Müller et al., 2022) to better 
quantify steam and liquid flow rates during eruption, use of vortex flow 
meters (Fang et al., 2025) to measure the flow rate of steam, and 
deployment of high-temperature distributed temperature sensing (DTS) 
fiber optic cables (Khankishiyev et al., 2024) in the geyser conduit and 
outflow channels to capture spatial and temporal temperature 
variations.

6. Conclusions

Based on water-discharge measurements during 45 eruptions of Old 
Faithful Geyser in Yellowstone National Park, chemical analyses of 
erupted water, video analysis of the geyser jet, and thermodynamic 
calculations we conclude the following: 

• The calculated average volume of water erupted by Old Faithful 
Geyser is 27.9 ± 9.4 m3 which includes water discharge measured 
with a flume in an outflow channel, water flowing into the adjacent 
Firehole River measured by specific conductance, the volume of 
water that evaporates along the outflow channels between the geyser 
cone and the locations of discharge measurements, and the volume of 
water that erupts as steam.

• Estimates of erupted volume based on high-speed video recordings 
range from 21 to 30 m3, with large uncertainties associated with 
fluid density and conduit geometry. The video recordings suggest 
that the volume of steam erupted during the liquid-dominated phase 
is negligible.

• There was no relation between geyser eruption volumes and the 
length of the preceding or following eruption intervals, but short 
eruptions resulted in smaller volumes. The lack of a relation between 
geyser eruption volumes and eruption intervals in the dataset might 
result from the large variation in the mass of water erupted as steam, 
in the amount of evaporation, and the accumulation of ice along the 
outflow channels, all which affect water-volume measurements.

• The average annual mass discharge of chloride, fluoride, and arsenic 
from Old Faithful is 63 tons, 3.9 tons, and 241 kg, respectively. The 
fraction of solutes discharged by the geyser is only a small fraction of 
the solute-mass discharge through the Firehole River.

• An average of 7 tons of SiO2 are precipitated annually on the geyser 
cone and along the outflow channels. For calculated steam fractions 
of 4.5 to 6.5 wt%, the heat flow of the geyser is 2.2 to 2.4 MW.

The measurement and calculation methods used in this study provide 
a template for future studies quantifying eruption volumes at geysers 
worldwide. Data on erupted water volumes from Old Faithful, in addi
tion to records of eruption intervals can provide the U.S. National Park 
Service with baseline information needed to better track changes in the 
geyser's activity. This in turn can inform the management of tourism 
around one of its most iconic resources (Foley et al., 2014).
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