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Hydrothermal monitoring data from the Cascade 
Range, northwestern United States 
  
By S.E. Ingebritsen, K.D. Gelwick, N.G. Randolph-Flagg, I.M. Crankshaw, E.A. Lundstrom, C.L. McCulloch, 
A.M. Murveit, A.C. Newman, R.H. Mariner, D. Bergfeld, D.S. Tucker, M.E. Schmidt, K.R. Spicer, A.R. 
Mosbrucker, and W.C. Evans 

 
Introduction  
 
This report serves as a repository for hydrothermal-monitoring data collected at 25 sites in the U.S. 
portion of the Cascade Range volcanic arc (Fig. 1).  These data are intended to quantify baseline 
hydrothermal variability at most (10 of 12) of the highest-risk volcanoes in the Cascades, as defined 
by the U.S. Geological Survey’s (USGS’) National Volcanic Early Warning System (NVEWS) 
report (Ewert and others, 2005). 
 
Traditionally, most measurement and sampling of hydrothermal fluids has been on a highly 
intermittent basis.  Such intermittent data, with sampling frequencies typically >1 year, are not well-
suited for comparison with continuous seismic and geodetic monitoring data.  Further, when volcanic 
unrest becomes evident from other geophysical observations, baseline hydrothermal observations are 
sometimes non-existent, and are often limited to the season when weather conditions are most 
amenable to field work.  The preponderance of field-season, daytime data means that there is limited 
information on seasonal or diurnal variability. 
 
Beginning in the summer of 2009, motivated by the dramatic hydrothermal anomalies associated 
with volcanic unrest at South Sister volcano (Wicks and others, 2002; Evans and others, 2004), the 
USGS made a concerted effort to develop hourly hydrothermal records in the Cascade Range.  The 
25 selected monitoring sites show evidence of magmatic influence in the form of high 3He/4He ratios 
and (or) large fluxes of magmatic CO2 or heat.  The monitoring sites can be grouped into three broad 
categories (Fig. 1):  (1) sites with continuous pressure-temperature-conductivity monitoring and 
intermittent liquid sampling and discharge measurements; (2) sites with continuous temperature 
monitoring and intermittent gas sampling; and (3) sites that lack hourly data, but where the USGS 
has carried out intermittent flux measurements over a period of several decades. 

For most sites, correlations have been developed to convert pressure-temperature-conductivity data 
into a flux of heat or (more often) to the flux of a solute species of interest.  We relate (1) specific 
electrical conductance to lab-measured concentrations of dissolved constituents and (2) pressure 
(depth of water) to field-measured discharge.  The body of this report includes plots of the calculated 
fluxes, and the workbook files contain all of the data and correlations upon which those fluxes are 
based. 

Part of the database compilation is a list of relevant references for each area.  These lists include all 
references cited in the text. 
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Figure 1.  Map of hydrothermal‐monitoring sites in the U.S. portion of the Cascade Range, numbered 

consecutively north to south.  Volcanoes (open triangles) are B, Mount Baker, G, Glacier Peak, R, Mount 

Rainier, A, Mount Adams, SH, Mount St. Helens, H, Mount Hood, J, Mount Jefferson, SS, South Sister, BB, 

Bachelor Butte, N, Newberry, CL, Crater Lake, ML, Medicine Lake, S, Shasta, and L, Mount Lassen.  Red 

circles denote sites with continuous temperature monitoring and intermittent gas sampling.  Green 

circles denote sites with continuous pressure‐temperature‐conductivity monitoring and intermittent 

liquid sampling and discharge measurements; black dots within green circles indicate the availability of 

complementary vent‐temperature records.  Blue circles indicate intermittent flux measurements 

extending over a period of several decades.  
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Methods 
 
Hydrothermal phenomena were monitored at 25 sites in the U.S. Cascade Range, from Mount Baker 
in the north to the Lassen volcanic center in the south (Fig. 1).  All 25 sites have some indication of 
magmatic influence, such as elevated 3He/4He ratios, large fluxes of magmatic CO2, or very large 
heat fluxes.  At 14 sites, pressure, temperature, and electrical conductivity (P-T-C) were measured on 
an hourly basis.  At 6 sites – mainly summit-fumarole sites – hourly temperature (only) 
measurements were complemented by intermittent gas sampling.  The other 5 sites have limited 
hourly data, but each has a several-decade history of intermittent flux measurement.  Records of 
hourly data in the South Sister area begin in 2002, in response to volcanic unrest (Wicks and others, 
2002), but most of the hourly data were recorded in 2009-present. 

Solute-inventory methods (Ellis and Wilson, 1955; Ingebritsen and others, 2001) were used to 
convert P-T-C records to solute-flux records (Fig. 2).  In most cases the solute of interest was 
chloride (Cl-) because in the young volcanic rocks of the Cascade Range, elevated Cl- levels 
invariably indicate a contribution of deep, hydrothermal fluid.  In the absence of deep contributions, 
Cl- levels tend to be in the range of local precipitation (0.2-0.6 mg/L; Ingebritsen and others, 1994).  
In the South Sister area, most of the anomalous Cl- is likely of magmatic origin, based on strong 
correlation among Cl- concentration, 3He concentration, and spring-vent temperature (Evans and 
others, 2004; van Soest and others, 2004).  Chloride (Cl-) behaves conservatively in solution, so that 
chloride fluxes can be reliably measured far downstream from the actual source.  In this report we 
refer to “hydrothermal chloride flux” where background fluxes have been subtracted; otherwise 
“chloride flux” refers to total chloride flux.  At a few of the sites, Cl- anomalies are minimal or 
absent, and fluxes of SO4

2-, HCO3
-, or heat (rather than Cl-) are of interest. 

The electrical conductivity of natural waters is not uniquely determined by the concentration of 
chloride or any other individual ion (McCleskey and others, 2012), as implicitly required our flux-
calculation approach.  This complexity largely explains the wide range in correlation coefficients 
obtained for the specific-conductance versus Cl- rating curves at the various sites. 

 
Figure 2.  Block diagram illustrating solute-inventory method for the case of chloride.  The difference between 
chloride flux upstream (Fluxu, g/s) and downstream (Fluxd) of a thermal-spring group is divided by the chloride 
concentration in the thermal-spring waters (g/L) to determine thermal-spring discharge (L/s).  That is, Dts ~ 
(Ds[Cld-Clu]/Clts), assuming that Dts << Ds and Clts >> Cld or Clu, where Dts is thermal-spring discharge, Ds is 
stream discharge, Cld and Clu are stream chloride concentrations below and above the thermal springs, 
respectively, and Clts is chloride concentration in the thermal springs themselves. 
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Field Methods 
 
Most of the pressure, temperature, and electrical conductivity (P-T-C) records were developed using 
Aqua TROLL 200 instruments (In-Situ Inc.).  Insofar as practical, the P-T-C probes were deployed 
subhorizontally, entirely submerged and anchored securely to the streambed with lengths of rebar.  
During field visits, stored P-T-C data from the probes were downloaded into portable computers, and 
a field check of the probe data was made using laboratory-calibrated meters (T and C) and tape-down 
measurements of water level relative to a standard measuring point (P).  At 4 of the P-T-C sites, 
complementary T-only records of upstream vent conditions were developed using HOBO Pro v2 and 
Tidbit sensors. 
 
Except in the rare instances where P-T-C probes were collocated with USGS streamgaging stations, 
stream discharge was measured during each field visit by standard wading methods (Nolan and 
Shields, 2000) in order to convert depth (P) records to discharge records.  Water samples were 
collected within about 1 m of the P-T-C probes in order to convert electrical conductivity (specific 
conductance, C) records into concentrations of the ionic species of interest.  Samples were collected 
using a syringe pump with a 0.45 μm capsule filter.  Two 30- or 60-mL splits of the filtered water 
were retained for chemical analyses, including an unacidified (FU) sample for determination of anion 
concentrations and a nitric acid-preserved (FA; 1% v/v concentrated trace-metal grade HNO3) sample 
for cation and trace-metal analyses.  Raw, unfiltered (RU) water samples were also collected for 
stable-isotope analyses.  pH measurement was done on-site using double-buffer calibration at the in 
situ temperature. 
 
Hourly temperature (T-only) records were developed mainly for summit-fumarole sites (Fig. 1).  
These records were developed using HOBO U12-015-02 and HOBO Pro v2 sensors.  The sensors – 
typically 3 to 6 sensors per site – were buried tens of cm deep in heated ground.  During field visits, 
temperature profiles were measured to ~50 cm depth at each sensor point.  The summit sites are 
difficult to access and often inclement, and their high-temperature, low-pH conditions are hostile to 
instrumentation.  Thus the onsite instruments were swapped out annually, and data were downloaded 
offsite, rather than in the field.   
 
At both the P-T-C and T-only monitoring sites, dissolved-, free- and noble-gas samples were 

collected intermittently using standard methods.  Gas samples for bulk composition and 13C–
CO2 analyses were collected into preevacuated glass bottles through a hollow titanium rod (from 
gas vents) or a funnel fitted with Tygon tubing (from bubbling springs).  Prior to sampling, each 
collection system was purged of atmospheric gases.  Most gas samples for 3He/4He analysis were 
collected through a titanium rod (from gas vents) or a funnel and tubing apparatus (from springs) 
into copper tubing that was then sealed at both ends with refrigeration clamps.  
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Laboratory Methods 
 
Concentrations of anions (chloride, fluoride, bromide, and sulfate) were determined with a Dionex 
ion chromatograph ICS-2000 at the USGS in Menlo Park, California.  Analytical errors for these 
constituents are typically <5%.  Total alkalinity as bicarbonate was determined by Gran titration 
either in the field with a HACH digital pipet or in the lab with a calibrated syringe pump titrator 
(Barringer and Johnsson, 1996); sample aliquots were titrated with standardized sulfuric acid to the 
bicarbonate end-point.  The analytical error in alkalinity concentrations is <5%.  Concentrations of 
major cations and trace metals were determined using inductively coupled plasma–optical emission 
spectrometry at the USGS in Menlo Park.  Several techniques were used to assure the quality of these 
analytical data, including analysis of USGS standard reference water samples (SRWS) and replicate 
determinations in the laboratory.  Gas samples were analyzed for bulk composition at the USGS in 
Menlo Park using gas chromatography methods reported in Evans and others (1981).  Carbon dioxide 
for stable isotope analysis was separated from the bulk gas sample using standard cryogenic 
techniques on a vacuum line (Evans and others, 2002).  He-isotope determinations were done at 
Lawrence Berkeley National Laboratory in Berkeley, California, the USGS laboratories in Denver, 
Colorado, and the University of Utah Noble Gas Laboratory.  The 3He/4He values in the workbooks 
come from a variety of published and unpublished sources, are generally corrected for air 
contamination, and are expressed as R/RA; that is, the ratios are normalized to RA, the ratio in the 
atmosphere. 

Data Quality 
  
The accuracy of field measurements and analytical results reported here is consistent with the 
number of significant digits assigned in the workbook files. 
 
The accuracy of the instrumental time series is variable and best judged by comparison with 
complementary field measurements and analytical results.  Pressure (depth) records are most 
problematic.  For instance, the flux records from sites (3), (9), and (20) include discrete periods of 
oscillation that most likely reflect spurious fluctuations in the pressure record.  Conductivity drift 
affects a few of the flux records, most notably that from site (8).  The temperature records are 
generally accurate.  Although all of the temperature sensors that we used were vulnerable to failure 
under high-temperature (~>70oC), low-pH conditions, the failures tended to be abrupt, such that the 
surviving records appear accurate.  The only documented instance of pre-failure thermistor drift is 
from site (22).  We do not formally address the issue of uncertainty bounds on flux estimates, and it 
is likely that the number of significant figures reported is not justified in all cases.  Comparison with 
discrete field measurement of fluxes – which are likely accurate to within 10% – provides useful 
context regarding the accuracy of the flux records. 
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We provide the full (uncensored) instrumental time series in this report, so that potential users of the 
database can make their own decisions about which data to omit, filter, or correct.  The only 
embedded corrections are the handful of known depth offsets described in the workbooks.   

Safety Considerations 
 
Off-trail mountain travel entails inherent risks that are exacerbated by volcanic processes.  Routes to 
the sites described herein often traverse loose rocks lying at the angle of repose.  Near-boiling ground 
in fumarolic areas is often soft and always hazardous to traverse.  Anyone attempting to visit these 
sites should do so only with experienced personnel, proper equipment, acquiescence of land 
managers, and favorable conditions. 

Database Contents 
 
This database includes 24 workbook files for the monitoring sites shown in Figure 1 (sites 14 and 15 
are combined in one workbook file).  The workbook files are in various formats. 
 
Workbook files for the hourly pressure, temperature, and electrical conductivity (P-T-C) sites 
typically include (1) a “Site Log” spreadsheet containing a record of all field measurements, 
sampling, and analytical results; (2) a “Rating Curve” spreadsheet containing correlations between 
chloride (or other) concentration and specific conductance and between depth (pressure) and 
discharge, as well as an explanation of any depth corrections; and (3) a “Time Series” spreadsheet 
containing hourly measurements. 
 
Workbook files for the temperature-only sites typically include (1) a “Site Log” spreadsheet 
containing a record of all field temperature measurements and a detailed instrumentation history; (2) 
a “Gas Chemistry” spreadsheet containing historical data as well as data collected in the course of 
this study; and (3) a “Time Series” spreadsheet containing hourly measurements. 
 
Workbook files for the sites with multi-decade records of intermittent flux measurement are variable, 
reflecting the nature of the data, but typically include “Site Log” and “Rating Curve” elements 
similar to those of the P-T-C sites. 
 
All date stamps are in local time (Pacific Daylight Time or Pacific Standard Time). 
 
The remainder of the main body of this report consists of metadata and background for each of the 
sites and, like the site numbers, is ordered consecutively north to south. 
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Mount Baker 
 
The USGS NVEWS report (Ewert and others, 2005) ranks Mount Baker the 8th most threatening 
of Cascade Range volcanoes. 
 
After Mount Rainier, Mount Baker is the most heavily glaciated of the Cascade volcanoes:  the 
volume of snow and ice (about 1.8 km3) is greater than that of all the other Cascades volcanoes 
(except Rainier) combined.  The present-day cone is relatively young, perhaps less than 43,000 
years old (Hildreth and others, 2003), but sits atop a similar, older volcanic cone called Black 
Buttes volcano which was active between 500,000 and 300,000 years ago.  Much of Mount 
Baker’s earlier geologic record was eroded away during the last ice age.  Deposits which record 
the last 14,000 years indicate that Mount Baker has not had highly explosive eruptions like those 
of Mount St. Helens or Glacier Peak, nor has it erupted frequently (Gardner and others, 1995; 
Scott and others, 2000; Tucker, Scott, and Lewis, 2007). 
 
The most destructive and frequent events at Mount Baker have been debris flows and debris 
avalanches.  Debris flows have moved down all drainages that head on Mount Baker.  Moderate-
sized debris flows (volumes of 0.01-0.1 km3) have occurred both during eruptive and non-
eruptive periods (Gardner and others, 1995, their Table 1).  In ca. 1845-1847, the Morovitz 
Creek lahar swept down Boulder, Park, Morovitz, and Swift Creeks and into the Baker River 
(Tucker, Scott, and Lewis, 2007).  The extent of lahar effects in the river is unknown due to 
inundation by the Baker Lake reservoir in 1959.  In 1890-1891, and again ca. 1917-1932, debris 
avalanches from pre-Mount Baker lavas flowed down Rainbow Creek (Tucker, Scott, and Lewis, 
2007).  The largest, which flowed 10.5 km, can be viewed at the Rainbow Falls overlook, where 
the peak discharge is estimated to have been greater that of any historic flood in the Mississippi 
River.  The hazards-zonation mapping (Gardner and others, 1995, their Plate 1; also Scott and 
others, 2000) shows debris-avalanche and debris-flow hazards in all drainages that begin high on 
Mount Baker, with worst-case-scenario flowage hazards extending to Puget Sound along the 
Nooksack and Skagit Rivers, and probably northward across the international border into the 
Fraser River near Abbotsford, British Columbia.  Of special concern is a debris flow or 
pyroclastic flow entering Baker Lake and displacing enough water to either overtop Upper Baker 
Dam or cause its failure. 
 
There are two main fumarolic areas on Mount Baker, Dorr Fumarole Field on the north flank and 
Sherman Crater on the south flank.  Baker Hot Spring is 11 km east of Sherman Crater but has 
no evident magmatic component.  In 1975, a highly visible increase in fumarolic activity in 
Sherman Crater prompted intensive study and monitoring.  (Dorr Fumarole Field showed no 
evident change and has been little-studied, other than some measurements in the early 1970s – 
see Frank and others, 1977, and Friedman and Frank, 1980). 
 
Werner and others (2009) conclude that magma intruded the mid- to shallow crust during the 
unrest of 1975.  Similarly, Crider and others (2008) invoke a stalled intrusion and pyrite 
deposition to explain the 30-year gravity and geodetic record. 
 
Mount Baker has shown little indication of seismic unrest during the period of record (1972-
present).  However, between 16 June and 22 August 2009, a swarm of least 39 low-frequency 
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(LF) seismic events occurred at shallow depths (Moran and others, 2009).  LF events with 
similar characteristics are commonly seen at restless volcanoes and are usually attributed to 
magmatic or hydrothermal processes, although a glacier-related source is also a viable 
hypothesis.  These shallow LF earthquakes were located beneath the southwest flank of Mount 
Baker (Caplan-Auerbach and others, 2009).  Further, 31 of the 56 deep long-period (DLP) 
earthquakes identified at Washington and Oregon volcanic centers from 1980-2008 occurred at 
Mount Baker (Nicholls and others, 2009).  The identified DLP events are 10-40 km deep and 
have an average magnitude of around 1.5, with both the largest and deepest DLPs occurring 
beneath Mount Baker.  DLP earthquakes have been observed prior to or in association with 
eruptions at several volcanoes and are inferred to represent movement of deep-seated magma and 
associated fluids in the mid-to-lower crust (Moran and others, 2009).   
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(1) Sherman Crater 
 
This workbook contains gas-chemistry data and temperature time series for the West Rim 
fumarole field in Sherman Crater at about 3,000 m elevation. 
 
In 1975, a highly visible increase in activity in Sherman Crater prompted intensive study and 
monitoring.  The 1975 perturbation in Sherman Crater entailed an increase in thermal output 
from 11+6 MW to 80+44 MW (Friedman and Frank, 1980).  A large pulse in sulfur and carbon-
dioxide output was observed both in emission rates and fumarole samples.  Werner and others 
(2009) summarize long-term (1975-2009) changes.  Emission rates of CO2 and H2S were ~950 
and 112 t/d, respectively, in 1975, and decreased to ~150 and <1 t/d by 2007.  During peak 
activity the C/S ratio was the lowest ever observed in the Cascade Range and similar to 
magmatic signatures observed at other basaltic-andesite volcanoes worldwide.  Subsequent 
increases in the C/S ratio and decreases in the CO2/CH4 ratio suggest a long, steady trend toward 
a more hydrothermal gas signature.  The helium-isotope ratio is very high (>7 R/RA) – the 
highest in the Cascades with the exception of the west side of South Sister – but has declined 
slightly since the mid-1970s.  The δ13C-CO2 composition has decreased by ≥1‰ over time. Both 
of the latter trends are expected from a gradually crystallizing magma.  West Rim fumarole 
temperatures of 132-135°C were documented as recently as 1997 (Symonds and others, 
2003a,b).  Application of the D'Amore and Panichi (1980) gas geothermometer yields consistent 
maximum equilibrium temperatures in the range of 217-242°C for all samples (1976-2007) from 
the West Rim location (Werner and others, 2009, Table 1).  Samples from the East Breach region 
suggest lower temperatures of 142-190°C.  Werner and others (2009) conclude that magma 
intruded the mid- to shallow crust during the thermal awakening of 1975.  Similarly, Crider and 
others (2008) invoke a stalled intrusion and pyrite deposition to explain the 30-year gravity and 
geodetic record. 
 
Access to Sherman Crater requires an overnight backpack and includes an ascent of the Easton 
Glacier.  Pervasive hydrothermal alteration affects andesite lava flows and tephra deposits on all 
margins of Sherman Crater (Warren and others, 2006).  The crater is best entered over the south 
rim and onto the crater glacier until snow melt opens a bergschrund and makes the passage 
unsafe.  Hundreds of vigorous fumarole vents issue through talus or highly altered lava on the 
inner walls of the crater.  The largest fumarole vents perforate 10- to 20-m-thick ice on the crater 
floor.  Fumaroles sampled 2006-present issue from talus and saturated clay in the inner wall 20 
m below the crater rim (West Rim) and just above the snow-covered floor of the crater.  No 
significantly superheated fumaroles have observed in the West Rim area since 2006.  However, 
the two largest fumaroles lie in deep ice pits and are unsafe to approach without a supplemental 
air supply.  One is at the base of the inner West Rim and the other is in the East Breach.  These 
two fumarole vents have large encrustations of sulfur crystals and are possibly superheated.    
 
On 6 August 2012 a roughly N-S line of three shielded (Fig. 3) HOBO U12-015-02 thermistors 
was installed in the West Rim fumarole field (48°46’11.1"N, 121°49'10.2"W; elevation 3,002 
meters) (Fig. 4).  The maximum measured temperature was 91.9oC, slightly above the nominal 
pure-water boiling point at that elevation (89.4oC).  This site was revisited on 14 July 2013 in 
order to exchange (and slightly relocate) instruments and obtain a new suite of gas samples. 
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Figure 3.  Kynar- and CPVC-shielded HOBO U12-015-02 thermistor emplaced in the West Rim fumarole field, 
Sherman Crater, Mount Baker, August 2012. 
 

 

Figure 4.  Members of the Mount Baker Volcano Research field party marking the locations of HOBO U12-015-
02 thermistors emplaced in the West Rim fumarole field, Sherman Crater, Mount Baker, on 6 August 2012.
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(2) Boulder Creek 
 
This workbook contains time series, water chemistry, and discharge measurements of Boulder 
Creek about 10 km SE of the summit of Mount Baker.  Boulder Creek drains the active 
fumarolic area in Sherman Crater but has no deep hydrothermal component (e.g. no significant 
chloride anomaly).  It is problematic for monitoring because of iron precipitation and its active, 
braided channel. 
 
In response to the 1970s unrest in Sherman Crater, the USGS Washington Water Science Center 
obtained data from Boulder Creek intermittently from 1973-1986 at a site ~60 m upstream of the 
highway bridge on Baker Lake Road (USGS site number 12190800, 48°42'59.4"N, 
121°41'38.5"W), including (perhaps) some hourly data beginning in spring 1976 (per Bortleson 
and others, 1977, who reported that in January 1976 a radiotelemetering probe was installed to 
record and transmit hourly stage, pH, temperature, specific conductance, and dissolved oxygen).   
 
On 15 August 2009, a pressure-temperature-conductivity probe (InSitu AquaTroll 200) was 
installed on a distributary of Boulder Creek about 1.7 km east of the highway bridge at 
48°42'50.3"N, 121°40'13.1"W.  This probe soon failed as the result of channel shifts and iron-
precipitation. 
 
The intermittent Washington Water Science Center data from 1973-1986 and the fragmentary 
record from 2009 on comprise the baseline data for this site. 
 
A renewed effort to regularly gage the stream and collect water samples was initiated in 2012, 
using volunteers from the Mount Baker Volcano Research Center in Bellingham, Washington.  
Gaging and sampling from 2012-present has been done within 200 m of the highway bridge (Fig. 
5), depending on channel and streamflow conditions. 
 
The full Washington Water Science Center record for this site can be obtained through the USGS 
National Water Information System (http://waterdata.usgs.gov/nwis, site number 12190800, or 
go directly to 
http://waterdata.usgs.gov/nwis/inventory?agency_code=USGS&site_no=12190800). 
 
Other data compiled here are from USGS Menlo Park, California archives. 
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Figure 5.  Boulder Creek measurement site 26 October 2012. 
 

 

Figure 6. Sulfate flux time series for Boulder Creek 1975-2012. 
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(3) Unnamed tributary to Sulphur Creek 
 
This workbook contains time series, water chemistry, and discharge measurements of a major 
unnamed tributary of Sulphur Creek that arises from a large-volume cold spring about 8 km 
south of the summit of Mount Baker.  Robert H. Mariner and William C. Evans of the USGS 
identified this stream as the single best hydrothermal-monitoring site in the vicinity of Mount 
Baker because of its chloride content and magmatic-carbon signature. 
 
The monitoring site is in the vicinity of the Schreibers Meadow cinder cone, source of the ca. 
8,800 14C years BP (~9,840 years BP) Sulphur Creek lava flow (Tucker and Scott, 2009, their 
Fig. 2).  A water sample obtained at this site on 12 September 2003 showed 90% magmatic (14C-
dead) carbon, with carbon-isotope composition similar to Mount Baker fumaroles.   R.H. 
Mariner also sampled for helium-isotopes in September 2003, but B. Mack Kennedy’s laboratory 
at Lawrence Berkeley National Laboratory was unable to obtain an analytical result. 
 
Boulder Creek, which drains Sherman crater, is another obvious monitoring target but lacks a 
deep thermal (e.g. chloride) signature.  Further, monitoring at Boulder Creek is hampered by its 
aggressive water chemistry and the shifting alluvial stream channel.  Previous intermittent 
monitoring efforts at Boulder Creek are described elsewhere in this report (site 2).  Baker Hot 
Spring is 11 km east of Sherman Crater but has no evident magmatic component. 
 
On 21 July 2008, a pressure-temperature-conductivity probe (InSitu AquaTroll 200) was 
installed at 48°42'24.8"N, 121°48'57.0"W.  This probe stores regular readings on solid-state 
memory, and data are recovered in the field during site visits using a portable computer.  The 
probe was reoriented to sub-horizontal on 6 September 2009 and replaced with a new instrument 
of the same model on 9 October 2009, resulting in more stable readings, and removed on 2 
August 2012.  Probe data from 5 September 2009 to 9 October 2009 are assumed to be 
inaccurate (see Time Series spreadsheet in workbook).  Water samples have been collected 
regularly during site visits since 21 July 2008.  
 
Data compiled here are from USGS Menlo Park, California archives. 
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Figure 7.  Unnamed tributary to Sulphur Creek 2010. 

 

Figure 8. Chloride flux time series for Sulphur Creek 2008-2012. 
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Glacier Peak 
 
The USGS NVEWS report (Ewert and others, 2005) ranks Glacier Peak the 9th most threatening 
of Cascade Range volcanoes. 
 
Glacier Peak is the most remote of the five active volcanoes in Washington and has produced 
some of the largest Holocene eruptions in the State, erupting multiple times during at least six 
separate episodes, most recently ~300 years ago.  Eruptive activity is characterized by tephra 
eruptions, dome collapses, and lahars.  Glacier Peak and Mount St. Helens are the only 
volcanoes in Washington that have produced large explosive eruptions in the past 15,000 years.  
Eruptive episodes are typically separated by several hundred to a few thousand years.  About 
13,100 years ago, an explosive eruption ejected five times as much magma as the 18 May 1980 
eruption of Mount St. Helens.  Lahars represent the greatest hazard (Waitt and others, 1995), and 
lahars large enough to reach the sea occurred ~13,000, 6,000, and 2,800 years ago (Mastin and 
Waitt, 2000).  Comprehensive studies motivated by geothermal-resource or volcano-hazards 
assessment, which enhanced understanding of many other Cascades volcanoes and hydrothermal 
systems from ~1980 on, have not yet been completed here. 
 
Glacier Peak lacks fumaroles, but there are several associated thermal springs:  Sulphur Hot 
Springs to the north and Kennedy Hot Springs to the west (both ~35oC) and Gamma Hot Springs 
(Fig. 9) to the east (60-65oC).  Of these, Gamma (48°09’11.8” N, 121°03'49.4”W) is by far the 
closest to the modern edifice (~1,509 m elevation on east flank), as well as the hottest.  Despite 
being difficult to access, it is the obvious target for monitoring.  Sulphur Hot Spring is probably 
not associated with Glacier Peak.  It discharges dilute (500 μS) high-pH (9.4) Na-HCO3 water 
with some Cl (50-55 mg/L), has some nitrogen in the free gas, and is probably associated with 
deep circulation in a granite. 
 
Reconnaissance for “slightly thermal” features around Glacier Peak is less complete than is the 
case for many other Cascades volcanoes.  In September 2008, Robert H. Mariner and Steven E. 
Ingebritsen of the USGS explored the SW quadrant of the volcano (>100 trail miles).  The 
general water-chemistry pattern is as follows:  localized SO4 anomalies, likely related to vein 
mineralization, associated with metamorphic rocks far from the modern edifice; very dilute 
waters associated with granitic rocks closer to the edifice; and variably dilute waters associated 
with young volcanic rocks (maximum measured Cl = 1.2 mg/L in Baekos Creek at the Pacific 
Crest Trail).  Waters near the young White Chuck cinder cone had exceptionally low 
conductivity (1.0 μS/cm). 
 
In September 2008 RH. Mariner and S.E. Ingebritsen also did fixed-wing aircraft reconnaissance 
to assess possible warm spots identified by Rick Wessells of the USGS on 18 February 2008 
nighttime ASTER imagery.  Subsequent field inspection demonstrated that loose rock on the 
west side of Disappointment Peak would make a possible “hot spot” there too difficult and 
dangerous to access. 
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(4) Gamma Hot Springs and Gamma Creek 
 
This workbook contains time series, water chemistry, and discharge measurements of Gamma 
Creek about 1.5 km south of its confluence with the Suiattle River, 3.5 km northwest of Gamma 
Hot Springs, and 9 km northwest of Glacier Peak summit; also water and gas chemistry of 
Gamma Hot Springs, 5.5 km northeast of Glacier Peak summit.  Measurements at Gamma Creek 
capture outflow from Gamma Hot Springs as well as snowmelt and several other small springs. 
 
Glacier Peak lacks fumaroles, but there are several associated thermal springs:  Sulphur Hot 
Springs to the north and Kennedy Hot Springs to the west (both ~35oC) and Gamma Hot Springs 
to the east (60-65oC).  Of these, Gamma (48°09’11.8” N, 121°03'49.4”W) is by far the closest to 
the modern edifice (~1,509 m elevation on east flank), as well as the hottest.  It is the obvious 
target for hydrothermal monitoring. 
 
Field reconnaissance by R.H. Mariner in 2007 also found elevated chloride concentrations in the 
drainages immediately north and south of Gamma Creek.  To the south, Dusty Creek had (Cl = 
1.2, SO4 =23 mg/L) in samples collected near the Suiattle River on 25 September 2007.  To the 
north, Vista Creek had (Cl = 1.9, SO4 =3.7 mg/L) in samples collected near the Suiattle River.  
Neither Dusty Creek nor Vista Creek was gaged, but Dusty had several times the discharge of 
Vista.  The Suiattle River above Dusty Creek had only 0.2 mg-Cl/L, so there do not seem to be 
any chloride sources south of Dusty Creek. 
 
Attempts at continuous monitoring at Gamma Creek began on 1 September 2009 with the 
installation of a pressure-temperature-conductivity probe (InSitu AquaTroll 200) at 
48°10'29.8"N, 121°02'22.8"W.  This probe stores regular readings on solid-state memory, and 
data are recovered in the field during site visits using a portable computer.  The 17 August 2010 
site visit found the probe buried beneath ~30 cm of gravel. No data were recorded from 1 
September 2009-17 August 2010.  The probe was relocated 1 m further from the bank and 
reoriented to sub-horizontal on 17 August 2010, but again sustained damage sometime between 
August 2010 and August 2011.  The probe was removed on 8 August 2011 after a series of 5 
field-calibration measurements during an 8-hour period.  
 
USGS Digital Data Series 169 (Mariner and others, 2006) includes data from Gamma Hot 
Springs in 1962, 1979, and 1988 and from Gamma Creek in 1988.  The 17 September 1988 
Gamma Creek discharge of 397 L/s reported in DDS 169 is incorrect; the correct discharge was 
40 L/s (R.H. Mariner, USGS, oral communication, 2011).  
 
Other data compiled here are from USGS Menlo Park, California archives. 
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Figure 9.  Gamma Hot Springs 2010. 

 

 

Figure 10.  Gamma Creek measurement site August 2010 (upper panel) and August 2011 (lower panel). 
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Figure 11. Time series of discharge (upper panel) and chloride concentration (lower panel) at the Gamma 
Creek measurement site, 2009-2011.  Discharge values calculated from rating curve are suspect because of 
site damage at unknown date (Fig. 10). 



19 
 

Mount Rainier 
 
The USGS NVEWS report (Ewert and others, 2005) ranks Mount Rainier the 2nd most 
threatening of Cascade Range volcanoes but, based on its proximity to the Seattle-Tacoma area 
and history of large eruptions and debris flows, it is arguably the most dangerous (NRC, 1994; 
Scott and others, 1995).  

Rainier is a prominent volcano (approximately 3 km of relief) that contains about 140 km3 of 
structurally weak and (locally) hydrothermally altered rock capped by about 4.4 km3 of snow and 
ice, all of which stand near the angle of repose.  The volume of snow and ice exceeds that on all 
other Cascade Range volcanoes combined (Driedger and Kennard, 1986) and glacial outburst 
floods are common (Driedger and Fountain, 1989).  Lahars have occurred frequently over the 
past several thousand years and are not necessarily clustered within eruptive periods (as they are 
at Mount St. Helens, for instance) (Scott and others, 1995).  During the past 10,000 years, at least 
60 lahars of various sizes have moved down valleys that head at Mount Rainier, and 11 eruptions 
have deposited tephra layers; the only known post-ice age lava flows are those that built the 
summit cone within the past 5,600 years (Hoblitt and others, 1998).  The largest lahar, the 
Osceola Mudflow, was apparently accompanied by at least one laterally directed explosion and 
produced deposits that cover 550 km2 in the Puget Sound lowlands.   

The nature of the Mount Rainier hydrothermal system remains unclear, though there has been 
considerable study over the past 25+ years, prompted in part by the important influence of 
hydrothermal alteration on the geographic distribution of risk (e.g. Driedger and Scott, 1998; 
Finn and others, 2001; Reid and others, 2001; John and others, 2008).  The conceptual model 
proposed by David Frank (1985, 1995) entails sub-edifice boiling; a shallow, steam-heated 
aquifer below the summit; leakage of steam-heated fluids within two km of the summit (at 3,400-
3,900 m elevation); and lateral flow of neutral, sulfate-enriched thermal water towards the lower 
flanks of the edifice (~2,000 m elevation).  Frank’s simulations of geochemical mass transfer 
suggest that the lower-elevation thermal springs, including perhaps those beyond the base of the 
edifice, may be derived from an acid sulfate-chloride parent fluid which has been neutralized by 
reaction with andesite and highly diluted with shallow groundwater.  Present heat flow from near 
the summit of Mount Rainier appears to be moderate relative to other Cascade Range volcanoes 
(~10 MW:  Frank, 1985).  Fumarolic activity is unusually widespread and does not seem to have 
diminished since at least the late 19th century. 

The most proximal thermal springs to Mount Rainier are Paradise Warm Springs (Na-SO4-
HCO3) (20oC, Cl ~66 mg/L,  3He/4He ~ 1.8 RA) and Winthrop Warm Springs (Na-SO4) to the 
north of the summit (3He/4He ~ 1 RA), both of which are on the slopes of the volcano.  There are 
also springs with elevated, groundwater-sourced sulfate at about the same elevation on the 
northeast flank of the volcano.  The hottest thermal spring is Ohanapecosh (Na-Cl, ~48oC), 
southeast of the volcanic edifice in older rocks.  Longmire Soda Springs is beyond the volcanic 
edifice to the south-southwest (3He/4He ~ 3 RA).    
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(5) Rainier summit fumaroles 
 
This workbook contains time series of temperature from selected sites on the summit of Mount 
Rainier, with a compilation of gas-chemistry data from the literature and unpublished USGS 
files. 
 
Although present heat flow from near the summit of Mount Rainier appears to be moderate 
relative to other Cascade Range volcanoes (~10 MW:  Frank, 1985), fumarolic activity is 
unusually widespread and does not seem to have diminished since at least the late 19th century. 

The near-summit fumaroles of Mount Rainier have attracted much attention (e.g. Danes, 1965; 
Moxham and others, 1965, 1972; Kiver and Mumma, 1971; Kiver and others, 1977; Frank, 1985, 
1995; Zimbelman and others, 2000).  They have helped to create an unusually large network of 
ice caves and sub-ice lakes (Kiver and Mumma, 1971; Le Guern and others, 2000).  However, all 
collected gas samples have been air-contaminated – despite considerable investment of effort by 
David Frank (1985, 1995), Francois Le Guern, and others (Zimbelman and others, 2000).  Gas-
sampling results (~20 samples) suggest that the summit-fumarole vapor is largely recycled air, 
plus vapor from snow and ice meltwater that has been slightly charged with CO2 and He (Frank, 
1985, 1995; Zimbelman and others, 2000).  (But >~3 kg/s of deep fluid at ~2,800 kJ/kg would be 
needed to bring ~10 MW of heat to the surface.) 
 
One Tidbit UTBI-001 and three HOBO U12-15-02 thermistors were installed at the summit by 
Mt. Rainier National Park Rangers on 6 July 2011 and replaced on 28 September 2011 
(46°51'14.2"N, 121°45'28.4"W, ~4,350 m elevation; GPS datum uncertain) and again on 21 
August 2012. 
 
As of 21 August 2012 instruments at three of the four sites had yielded 14-month records; there 
are only 2 months of usable record from the fourth site.  In general the “cooler” sites showed less 
temperature variability than the “hotter” points (Fig. 12).  Maximum recorded probe 
temperatures in 2011-2012 were 63.83oC (probe) and 64.9oC (meter), much less than the nominal 
boiling point at the site elevation (85.3oC). 
  
Data compiled here are from the USGS Menlo Park, California archives. 
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Figure 12.  Temperature time series from a fumarolic area near the summit of Mount Rainier 2011-2012. 
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(6) Paradise Warm Springs and Paradise Creek 
 
This workbook contains time series, water chemistry, and discharge measurements of Paradise 
Creek south of Mount Rainier summit and approximately 2 km downstream of Paradise Warm 
Springs, supplemented by temperature measurements at the warmest vent of Paradise Warm 
Springs.  Measurements at the Paradise Creek site capture outflow from Paradise Warm Springs, 
cold springs above Paradise Warm Springs, and snowmelt. 
 
The most proximal thermal springs to Mount Rainier are Paradise Warm Springs (Na-SO4-
HCO3) (20oC, Cl ~66 mg/L,  3He/4He ~ 1.8 RA) and Winthrop Warm Springs (Na-SO4) to the 
north of the summit (3He/4He ~ 1 RA), both of which are on the slopes of the volcano itself.  
There are also springs with elevated, groundwater-sourced sulfate at about the same elevation on 
the northeast flank of the volcano. 
 
Previous analyses of Paradise Warm Springs include temperature and discharge measurements 
by Llewellyn Evans in 1930 and extensive chemical and hydrothermal studies by David Frank in 
1982-1983.  R.H. Mariner of the USGS sampled approximately one dozen slightly thermal 
springs with elevated chloride concentrations (up to ~20 mg/L) in the vicinity of Paradise Warm 
Springs.  
 
Two continuous temperature loggers (Tidbit data loggers by Onset) were installed at Paradise 
Warm Springs on 12 August 2010, at 46°48'10.4"N, 121°43'08.2"W, ~1,935 m elevation.  One 
Tidbit was installed in the warmest seep (22.3°C) and the other ~1.5 m upslope (Fig. 13).  Each 
of these probes records time and temperature and is retrieved from the field to recover the data 
(Fig. 14) using an Onset Optic USB Base Station.  Water samples have been collected regularly 
at the site since the date of the logger installations. 
 
A continuous pressure-temperature-conductivity probe (InSitu AquaTroll 200) was installed in 
Paradise Creek below the warm springs on 12 August 2010 at 46°47'43.4" N, 121°43' 0.4"W, 
~1,834 m elevation (Fig. 15). This probe stores regular readings on solid-state memory, and data 
are recovered in the field during site visits (see site log) using a portable computer.  Water 
samples have been collected regularly at the site since the date of the probe installation. 
 
Temperature in Paradise Warm Springs in 2010-2012 was fairly steady at ~22.5oC, with 
excursions to temperatures as low as 17.4oC in June-mid August, likely due to snowmelt (Fig. 
14).  The hydrothermal chloride flux in Paradise Creek – a primary parameter of interest there – 
is fairly steady at about 1.5 g/s from mid-May to mid-November, then declines from mid-
November to mid-May (to near-zero in mid-April to mid-May 2012) (Fig. 16).  Very brief 
excursions to much higher values on 25 October 2012, 22 November 2010, 28 February 2011, 
and 11 November 2011 (as large as 12 g/s on 28 February 2011) seem to be related to local 
icing; each of these events correspond to sub-zero probe temperatures.  It is not clear whether the 
very low late winter-early spring values are real, or simply indicate that the depth-discharge 
rating curve is inaccurate under low-flow conditions.  
 
Data compiled here are from the USGS Menlo Park, California archives. 
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Figure 13.  Paradise Warm Springs, October 2011. 

 

Figure 14.  Temperature time series from Paradise Warm Springs 2010-2012. 
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Figure 15.  Paradise Creek measurement site 2010. 

 

Figure 16. Chloride-flux time series for Paradise Creek 2010-2012. 
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(7) Nisqually River 
 
This workbook contains a record of chloride flux at the USGS streamgage on the Nisqually 
River near National, Washington (46°45'08.9"N, 122°05'01.3"W, ~444 m elevation).  This site 
captures hydrothermal outflow from the Paradise Warm Springs area, Longmire Soda Springs, 
and perhaps other poorly documented or unknown sources. 
 
The most proximal thermal springs to Mount Rainier are Paradise Warm Springs (Na-SO4-
HCO3) south of the summit (20oC, Cl ~66 mg/L,  3He/4He ~ 1.8 RA) and Winthrop Warm 
Springs (Na-SO4) to the north of the summit (3He/4He ~ 1 RA), both of which are on the slopes of 
the volcano.  There are also springs with elevated, groundwater-sourced sulfate at about the same 
elevation on the northeast flank of the volcano.  Hydrothermally altered rocks comprise another 
major source of sulfate.   

The hottest thermal spring in the vicinity of Mount Rainier is Ohanapecosh (Na-Cl, ~48oC), 
southeast of the volcanic edifice in older rocks.  Longmire Soda Springs is beyond the volcanic 
edifice to the south-southwest and has 3He/4He ~ 3 RA.   

A continuous pressure-temperature-conductivity probe (InSitu AquaTroll 200) was installed in a 
pipe bolted to the outside of the gage house on 15 October 2010 and removed on 18 September 
2012. This probe stores regular readings on solid-state memory, and data are recovered in the 
field during site visits (see site log) using a portable computer.  Water samples have been 
collected intermittently at the site by Washington WSC and USGS-Menlo Park personnel since 
the date of the probe installation.   

Because the Nisqually River is a large stream, solute concentrations are low, even downstream of 
hydrothermal sources.  Thus the value of “background” solute concentration and the accuracy of 
analyses are important issues.  The solute fluxes computed in the workbook (Cl and SO4) are 
total fluxes and make no assumptions about “background” values in the absence of hydrothermal 
sources. 

Data compiled here are from the USGS Menlo Park, California archives. 
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Figure 17.  USGS Nisqually River streamgage near National, Washington, 2010; probe (circled) is attached to 
rebar. 

 

Figure 18. Chloride-flux time series for Nisqually River 2010-2012. 
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Mount St. Helens 
 
The USGS NVEWS report (Ewert and others, 2005) ranks Mount St. Helens as the most 
threatening of Cascade Range volcanoes.  Crandell and Mullineaux (1978) recognized in the 
1970s that Mount St. Helens is the most frequently active Cascade volcano, and it erupted in 
1980 and again in 2004. 
 
Most of the current edifice was built within the past few thousand years and, perhaps because it 
is so young, there is little hydrothermal alteration – only rocks of the Ape Canyon Stage (300 to 
35 ka) show extensive hydrothermal alteration (Clynne and others, 2005). 
 
Observations prior to the 1980 eruption indicate that hydrothermal phenomena were weak and 
sparse.  Surface temperatures of up to 88oC were measured at Boot Ridge, elevation 2,740 m, in 
1941 (Phillips, 1941).  Temperatures of up to 89oC were measured at 50 cm depth on the SW 
flank of Mt. St. Helens, at approximately the same elevation, in 1973-1974 (Friedman and Frank, 
1977).  There were also unconfirmed reports of warm ground along the southern base of Pumice 
Butte on the Plains of Abraham, near the upper reaches (northern section) of the Ape Caves area, 
and near the terminus of the Floating Island Lava Flow, where sulfur fumes and elk licks were 
reported (Korosec and Schuster, 1980).  (Elk licks are mineral-rich seeps that attract ruminants.) 
 
In the aftermath of the 1980 eruption, hot springs (44-93oC) emerged in “The Breach” of the 
newly formed crater, with thermal-water discharge focused mainly in the fast-eroding Loowit 
Canyon and Step Canyon (Shevenell and Goff, 1993).  These springs acquired heat and distinct 
chemical signatures from newly emplaced magma.  In 1985-1989 the total estimated discharge of 
thermal water in Loowit Canyon was 130 to 200 kg/s, whereas the total discharge rate of the Step 
Canyon group was about 3 kg/s (Shevenell and Goff, 1993). 
 
The chemistry and temperature of the Loowit Canyon hot springs changed rapidly after the 
canyon was cut and the springs first appeared in 1983 (Thompson, 1990; Shevenell and Goff, 
1993, 1995).  The highest water temperature recorded was 92.6°C from the Loowit “travertine” 
spring group in 1986 (Shevenell and Goff, 1993).  Subsequent declines in temperature and 
variable, but generally more dilute chemistry have been attributed to a rapidly cooling 
hydrothermal system.  No documented changes in Loowit springs occurred between 2002 and 
2005, despite the renewed eruption in 2004. 
 
The dynamic evolution of the post-1980 high-temperature hydrothermal features can be 
summarized as follows (Bergfeld and others, 2008):  From the early 1980s to 2002, gas vents on 
the 1980-86 dome grew weaker and more air-dominated.  Magmatic Cl and SO4 inputs to the 
Loowit Canyon hot springs declined, and the isotopic signal (D and 18O) from magmatic water 
input disappeared. The large dissolved inorganic carbon (DIC) increase in Loowit springs over 
time probably did not indicate a pulse of new magma; rather, the δ13C signatures of the DIC and 
of CO2 gas are consistent with degassing of residual magma emplaced in the 1980s.   

 
Following brief fumarolic activity, thermal waters also began to discharge from the cooling 
Pumice Plain deposits north of The Breach in 1981.  Tritium data suggest that the Pumice Plain 
thermal waters were predominantly derived from post-1980 meteoric recharge, although tritium 
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contents higher than those of 1987-1989 precipitation suggest some recharge from pre-1980 
sources – possibly blocks of ice incorporated in the debris-avalanche deposits (Shevenell and 
Goff, 1995).  The Pumice Plain thermal waters have cooled more rapidly than those in Loowit 
Canyon and Step Canyon.  In general the Pumice Plain thermal fluids were confined to the 
shallow 1980 avalanche and pyroclastic deposits and do not contain magmatic volatiles. 
 
Many of the Pumice Plain thermal waters cooled and were generally not evident by 2002.  
However, a small hot spring (63oC) was identified along the western margin of the Pumice Plain 
in 2006 or 2007, and “carbonate springs,” a large warm-spring system on the northwest margin 
of the Pumice Plain, has chemical similarities to the springs from The Breach – that is, to the 
springs in Loowit Canyon and Step Canyon (Bergfeld and others, 2008). 

 
“Regional” cold springs 26 and 27 of Bergfeld and others (2008), southeast of Mount St. Helens, 
have slightly elevated temperatures and chloride concentrations. Their anion chemistry lies along 
the dilution trend defined by mixing between The Breach hot springs and meteoric waters, and 
their 14C values are greatly reduced relative to modern carbon.  They may represent leakage of 
Loowit-type water through the southeastern wall of the crater.  There are sparse data from these 
“regional” springs prior to 2004; it is not known whether their “slightly thermal” characteristics 
predate the 1980 or 2004 eruptions. 
 
The dynamic, fast-evolving nature of the post-1980 Mount St. Helens hydrothermal system poses 
its own unique challenges for hydrothermal monitoring. Efforts to develop continuous (hourly) 
record in Loowit Canyon and Step Canyon have been generally unsuccessful, due to the 
aggressive water chemistry and equipment burial by frequent, hot lahars.  Instead, probes were 
installed in “carbonate springs” because of its large 13C anomaly (13C-DIC ~ - 11) and chemical 
similarities to The Breach hot springs, and in Kalama Spring because of its high discharge. 
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(8) Carbonate springs 
 
This workbook contains time series, water and gas chemistry, and discharge measurements from 
the “carbonate springs” group (Fig. 19) slightly northwest of the Pumice Plain, about 6 km 
northwest of Mt. St. Helens summit, about 3 km northwest of the “breach springs” in Step and 
Loowit canyons, and about 12 km northeast of Kalama Spring. 
 
The dynamic, fast-evolving nature of the post-1980 Mount St. Helens landscape poses its own 
unique challenges for hydrothermal monitoring. Probes were installed in carbonate springs 
because of its large 13C anomaly (13C-DIC ~ - 11) and in Kalama Spring (site 9) because of its 
high discharge. 
 
Continuous monitoring at carbonate springs began on 18 August 2009 with installation of a 
pressure-temperature-specific conductance probe (InSitu AquaTroll 200) at 46°15'10.3"N, 
122°13'15.3"W by Deborah Bergfeld and Kurt Spicer.  The probe stores regular readings on 
solid-state memory and data are recovered in the field during site visits using a portable 
computer. 
 
Inspection of the rating curves and time series reveals several problems with this site record: 
 
1.   The rating curve that relates probe depth to discharge is poorly constrained and exhibits a 
reverse slope; discharge apparently decreases with increasing water depth.  This unusual relation 
may have a physical basis, because summer vegetation growth tends to dam the outflow channel 
near the probe. 
 
2.  Vegetation tends to collect around the probe and its supports, and algal mats on the stream 
bottom act as local hydraulic controls.  Attempts to clean the probe (and the nearby channel for 
discharge measurements) can result in significant rating shifts – see for instance the results of the 
7 July 2011 site visit. 
 
3.  The AquaTroll probe depth record from 1 October 2009 to 3 August 2011 is largely corrupt, 
likely as the result of animal damage to the vented cable.  This problem appears to have been 
resolved by installation of a new cable on 3 August 2011, at which time a duplicate 
(Schlumberger) probe was also installed.  The Schlumberger instrument was relocated 
downstream on 4 August 2012. 
 
4.  The AquaTroll probe seems to be subject to conductivity drift in this environment, likely due 
to biofouling – see for instance the conductivity values before and after probe cleaning during 
site visits.  The initial conductivity record from the Schlumberger probe (3 August to 3 October 
2011) shows no evidence of conductivity drift. 
 
Since 2004, Deborah Bergfeld and Kurt Spicer of the USGS have collected water and gas 
samples from one of the many heavily vegetated spring orifices ~10 m upstream of the probe 
site.  The workbook also contains miscellaneous temperature records from Loowit and Step 
canyons and other data compiled from the USGS Menlo Park, California archives. 
 



30 
 

 

Figure 19.  Field party at “carbonate springs”, 2011. 

 

Figure 20.  Temperature time series from carbonate springs 2009-2012. 

 

Figure 21. Chloride-flux time series from carbonate springs 2009-2012. 
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(9) Kalama Spring 
 
This workbook contains time series, water and gas chemistry, and discharge measurements of 
Kalama Spring, about 8 km southwest of Mount St. Helens summit and about 12 km southwest 
of “carbonate spring” (site 8).  
 
The dynamic, fast-evolving nature of the post-1980 Mount St. Helens landscape poses challenges 
for hydrothermal monitoring.  Probes were installed in “carbonate springs” (site 9) because of its 
large 13C anomaly (δ13C-DIC ~ - 11) and Kalama Spring because of its high discharge. 
 
In addition to its high discharge, interest in Kalama Spring is prompted by the belief of some 
local citizens that the Kalama River turns white in advance of volcanic activity (cf. Seattle Post-
Intelligencer, 25 October 2004). 
 
Other notable hydrothermal features on Mt. St. Helens include the hot springs in Loowit Canyon 
and Step Canyon, transient hydrothermal feature on Pumice Plain near “carbonate springs”, and 
“regional” cold springs from Bergfeld and others (2008).  Regional cold springs 26 and 27 of 
Bergfeld and others (2008), southeast of Mount St. Helens, have “slightly thermal” 
characteristics such as elevated temperatures and chloride concentrations. Their anion chemistry 
lies along the dilution trend defined by mixing between the Loowit Canyon and Step Canyon hot 
springs and meteoric waters, and their 14C values are greatly reduced relative to modern carbon.  
They may represent leakage of Loowit-type water through the southeastern wall of the Mount St. 
Helens crater.  There are sparse data from these “regional” springs prior to 2004; it is not known 
whether their slightly thermal characteristics predate the 1980 or 2004 eruptions. 
 
Continuous monitoring at Kalama Spring began on 19 August 2009 with installation of a 
pressure-temperature-specific conductance probe (InSitu AquaTroll 200) at 46°08'39.7"N, 
122°15'24.5"W by Deborah Bergfeld and Kurt Spicer.  The probe stores regular readings on 
solid-state memory and data are recovered in the field during site visits using a portable 
computer.  It was removed by Adam Mosbrucker on 23 October 2012. 
 
Other data compiled here are from USGS Menlo Park, California archives. 
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Figure 22.  Installation of monitoring equipment at Kalama Spring 2009. 

 

Figure 23.  Temperature time series from Kalama Spring 2009-2012. 

 

Figure 24. Chloride-flux time series from Kalama Spring 2009-2012. 
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Mount Hood 
 
The USGS NVEWS report (Ewert and others, 2005) ranks Mount Hood the 3rd most threatening 
of Cascade Range volcanoes.. 
 
Hydrothermal activity, seismicity, and recent (<~2,000 years) volcanism are all concentrated on 
the south flank of Mount Hood, along a section extending roughly from the summit through 
Swim Warm Springs (site 11).  There is also some indication of hydrothermal outflow to the 
northeast in the form of shallow (~500 m depth) localized areas of high electrical conductivity 
(Goldstein and others, 1982; Mozley and others, 1986) and elevated temperatures at shallow 
depths in a well near the Hood River Fault (Steele and Blackwell, 1982, their Figure 6). 
 
Hydrothermal phenomena on the south flank of Mount Hood include the fumaroles in the general 
vicinity of Crater Rock (Nehring and others, 1981; Friedman and others, 1982; Symonds and 
others, 2003), Swim Warm Springs (Wollenberg and others, 1979; Nathenson, 2004), and 
“Meadow Springs” (Bowen, 1981; Nathenson, 2004).  The deep, reportedly abandoned Pucci 
chairlift well (TD 1,220 m, BHT 80oC) is between the fumaroles and Swim Warm Springs. 
 
The fumaroles and Swim Warm Springs may (Wollenberg and others, 1979) or may not 
(Nathenson, 2004) be part of an integrated hydrothermal-flow system that entails:  near-summit 
recharge; heating by a hot central “neck”, resulting in fumaroles; and downslope migration 
towards Swim Warm Springs with mixing of hot and cold water.  Gas geothermometer 
temperatures for the fumaroles range from 290-360oC, much higher than the calculated reservoir 
temperatures for the Meadows and Swim spring groups, “indicating that the fumaroles are not 
just the vents for the boiling hydrothermal systems” (Nathenson, 2004).  Further, though water 
chemistry from the 1,220-m-deep Pucci well ~2 km NE and upslope of Swim Warm Springs is 
similar to that at Swim (with Cl- about twice as high as the most concentrated Swim sample), a 
lower Mg2+ concentration makes it an unlikely “parent” water (Nathenson, 2004, p. 9-10).  
However, R.H. Mariner of the USGS disagrees with this interpretation and feels that isotopes 
might be more diagnostic.  Higher Cl-, lower Mg-, and more depleted δD (-104.5 o/oo) are all 
compatible with Pucci being the “parent” water.  The 2003 3He/4He value from Swim Warm 
Springs was actually higher than the fumarole data acquired at about the same time. 
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(10) Fumaroles near Crater Rock 
 
This workbook contains gas-chemistry data and temperature time series for the fumarolic area 
generally north of Crater Rock and south of Mount Hood summit at about 3,200 m elevation. 
 
The Mount Hood fumaroles are among the most visible hydrothermal features in Oregon and as 
such have received considerable attention.  An episode of unrest was reported in the early 1900s:  
“[L]ast summer [1907] the old fumarole [east of Crater Rock] had so developed that the White 
River Glacier is now cut in two at this point and its bed between Crater Rock and Steel Cliff … 
is exposed” ; also, on 28 August, 1907, a column of dense steam was visible, along with a glow 
from behind Crater Rock; finally, on August 29, the White River rose and “there was no warrant 
for the rise … except the volcanic heat melting the glacier which is its source” (Sylvester, 1908, 
his emphasis). 
 
Fumarole gas for chemical analyses was first collected by Mazamas mountaineering club-
organized expeditions in 1935 (Phillips and Collins, 1935; Phillips, 1936) and 1951 (Ayres and 
Creswell, 1951) and by the USGS in 1977-78 (Nehring and others, 1981).  The Mazamas’ 
interest was prompted in part by the 1934 death of a climber due to CO2 inhalation (Ayres and 
Creswell, 1951).  The 1951 and 1977-78 samples were collected from the same locations as the 
1935 samples, insofar as possible.  The report by Nehring and others (1981) shows the 1977-78 
sample locations in the context of topography and thermal-IR anomalies (their Figure 1) and 
includes all data through 1978 (their Table 1).  Gas composition appears to have been relatively 
constant from 1935-1978, the only notable difference being an apparent decrease in methane 
between 1951 and 1977.  (See also Symonds and others, 2003, for 1997 data from the Hood 
fumaroles). 
 
Intense acid-sulfate mineralization occurs around the fumaroles, and Quaternary debris units 
commonly contain fumarolically altered material (Bargar and others, 1993).  Aerial-infrared (IR) 
line-scan surveys in April and September 1973 indicated that surface thermal features occupied 
~9,700 m2 and 9,200 m2 respectively (Friedman and others, 1982).  The distribution of thermal 
anomalies suggested structural control by a fracture system peripheral to the young hornblende-
dacite plug dome (Crater Rock) and by a concentric fracture system associated with the present 
crater.  The thermal-IR data were used to estimate a heat discharge of 5-10 MW, including a heat 
loss of 2-4 MW via conduction, diffusion, evaporation, and radiation to the atmosphere, and a 
somewhat less certain loss of 3-6 MW via fumarolic mass transfer and surface advection.  Heat 
loss from the plug dome alone is insufficient to account for the heat flux from the present 
fumarole fields; the history of fumarolic activity and the relatively high heat flow imply that the 
heat source is deep-seated. 
 
In August 2003, Bergfeld and others (2004) constructed a grid of 75 sites at Devils Kitchen – a 
>5,000 m2 area of steaming ground located near the terminus of Coalman Glacier – and 
measured CO2 fluxes using the accumulation-chamber method.  Based on field mapping after a 
snowfall, they found at least 37,000 m2 of thermal ground on Mount Hood and, if the flux over 
these areas is similar to the flux at Devils Kitchen, this would indicate diffuse CO2 emissions of 
~7 t/day.  Compared to other recently active volcanoes, diffuse CO2 emissions from thermal 
areas around the summit of Mount Hood are fairly low.  Intense hydrothermal alteration at 
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Devils Kitchen impedes diffuse gas flux, and CO2 is emitted mainly from small gas vents and 
microfractures.  Possibly as a result of this, the correlation between CO2 flux and temperature 
measured at 10 cm depth is weak (Bergfeld and others, 2004, their Fig. 2).  As of 2003, there 
were no fumaroles at Devils Kitchen, but many large fumaroles vented from nearby Steel Cliffs 
and Crater Rock. 
 
The most complete summary of spring, groundwater, and fumarole data from Mount Hood is that 
of Nathenson (2004), who stated that the several groups of near-summit fumaroles occur at 
elevations of 3,020-3,230 m, encompassing a surface area of 9,200-9,700 m2; that measured 
temperatures range to 93oC (slightly higher than the boiling temperature of 89.6oC); and that 
fumarolic gas-geothermometer temperatures range from 290-360oC.  Reported 3He/4He ratios 
from the fumaroles are 7.2 RA (1978), 7.6 RA (1997), and 6.35-6.68 RA (2002). 
 
R.H. Mariner of the USGS (oral communication, 2008) summarized sampling access and the 
results of published and unpublished sampling generally as follows:  The fumarolic areas are 
“moderately accessible” by riding to the top of the upper (Palmer) chair lift and walking up 
from there.  One should ride to the top of the chair lift as early as possible.  The walk to the 
sampling sites takes ~3 hours.   The best access is generally early in the summer (June and 
July); later in the summer there are many visible crevasses that are hard to traverse.  However, 
one “great” fumarole at Crater Rock is in a deep snow bowl early in the summer (posing CO2 
risk) and more approachable later on (carry a CO2 sensor).  Fumarole samples from the Devils 
Kitchen area are contaminated to varying degrees with air-saturated water – ponded meltwater 
from above.  Because the Devils Kitchen area is severely contaminated by surface runoff, it 
should be bypassed in favor of Crater Rocks/Hot Rocks on the north side of the crater.  If the 
“great” fumarole at Crater Rock is inaccessible, samples are taken from the best-available site 
(based on high gas flow, temperature).   
 
There are at least 9 published and unpublished 3He/4He values from 1977-2004.  The highest is 
~7.6 RA (in the late 1990s), the lowest 6.4 RA (in 2002).  Van Soest and others (2002) cite a 
value of 7.2 RA.  R.H. Mariner collected two samples from the same fumarole in 2002 – sample 
#1 had 6.35 + 0.26; sample #2 had 6.68 + 0.32.   Samples collected in 2003 and 2004 both had 
values of 6.7.  A better value for the 2002 sampling might be the average of the two (6.5 + 0.3), 
or the argument could be made that the first sample in 2002 was wrong and only the second 
sample in 2002 (6.7 + 0.3) was correct.  When plotted on a Giggenbach diagram (e.g. 
Giggenbach and others, 1990), gas compositions determined from 1995-2004 samples show a 
systematic trend towards cooler, more hydrothermal, less magmatic end members. 
 
For the purposes of this project, the fumaroles near Crater Rock were selected as a primary 
monitoring site.  Crater Rock is a volcanic dome ~200 years old (Brantley and Scott, 1993), and 
the surrounding area has been the locus of volcanism for ~2,000 years.  It is regarded as the most 
likely site for future eruption.   
 
On 7 July 2009 two thermistor profiles (HOBO Pro v2) were established near Crater Rock, on 
the west flank of the north-south trending septum between Crater Rock and the summit pitch 
(45°22'16.49"N, 121°41'59.36"W; elevation 3,190 meters).  During the October 2010 site visit 
these instruments were retrieved and new sets of instruments were deployed (two HOBO Pro v2 
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and two HOBO U12-015-02); the same procedure was followed during the July 2011 site visit.  
During the June 2012 site visit both sets of instruments were retrieved and a line of three HOBO 
U12-015-02s was deployed across the lower (southerly, towards Crater Rock) thermistor profile.   
 
Gas samples were collected during the 2009, 2010, 2011 and 2012 site visits.  The gas samples 
from 2009 (from the east side of the septum ~150 m north of the thermistor profile) and 2010 
(from the “great” fumarole east of Crater Rock) were badly air-contaminated.  The gas samples 
from 2011 and 2012 were not air-contaminated and provided excellent results.  The 2011 and 
2012 samples were obtained from the lower (southerly) of the two thermistor profiles.  An ice ax 
was inserted into boiling-temperature ground to focus gas upflow; a titanium tube was inserted 
into the open hole and mud tamped around the tube to exclude air.  This site (and this approach) 
minimize objective danger from CO2 exposure, steep slopes, and rockfall, and is now our 
standard protocol here.  
 
Other data compiled here are from USGS Menlo Park, California archives. 
 
 
 

 
Figure 25.  Temperature-sensor configuration in the fumarolic area near Crater Rock.  In 2009 HOBO Pro v2 
thermistors were installed to yield a temperature gradient across an area of boiling-point ground temperatures, 
with one probe channel centered within the “hot spot” and the other probe channel away from the highest-
temperature area.  In 2010 HOBO U12-015-02 thermistors were installed at points 2 and 5, next to the HOBO 
Pro v2 thermistor bodies.  In 2012 the north/upslope profile was discontinued and HOBO U12-015-02s were 
deployed at points 1-3.  The two thermistor profiles (points 1-3 and 4-6) each span ~2.5 m and are about 30 m 
apart.   
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Figure 26.  View of fumarolic area near Crater Rock 2012. 

 

Figure 27. Temperature time series from the fumarolic area near Crater Rock 2010-2012. 



38 
 

(11) Swim Warm Springs and Still Creek 
 
This workbook contains time series, water chemistry, and discharge measurements for Still 
Creek <1 km below Swim Warm Springs and ~9.5 km southwest of Mount Hood summit.  

Hydrothermal activity, seismicity, and recent (<~2,000 years) volcanism are all concentrated on 
the south flank of Mount Hood, along a section extending roughly from the summit through 
Swim Warm Springs.  There is some suggestion of hydrothermal outflow to the northeast, in the 
form of shallow electrical conductors (Goldstein and others, 1982; Mozley and others, 1986) and 
elevated temperatures at shallow depths in a well near the Hood River Fault (Steele and 
Blackwell, 1982, their Figure 6). 

Hydrothermal phenomena on the south flank include the fumaroles in the general vicinity of 
Crater Rock (Nehring and others, 1981; Friedman and others, 1982; Symonds and others, 2003), 
Swim Warm Springs (Wollenberg and others, 1979; Nathenson, 2004), and “meadow springs” 
(Bowen, 1981; Nathenson, 2004).  The deep, reportedly abandoned Pucci chairlift well (1,220 m 
depth, bottom-hole temperature 80oC) is between the fumaroles and Swim Warm Springs. 

The fumaroles and Swim Warm Springs may (Wollenberg and others, 1979) or may not 
(Nathenson, 2004; R.H. Mariner, USGS, oral commun. 2008) be part of an integrated 
hydrothermal-flow system that entails near-summit recharge; heating by a hot central “neck”, 
resulting in fumaroles; and downslope migration towards Swim Warm Springs with mixing of 
hot and cold water.  Water chemistry from the 1,220-m-deep Pucci well –  ~2 km NE and 
upslope of Swim Warm Springs – is similar to that at Swim, with Cl- about twice as high as the 
most concentrated Swim sample; however, a lower Mg2+ concentration may make it an unlikely 
“parent” water (Nathenson, 2004, p. 9-10).  Robert H. Mariner of the USGS disagrees with this 
interpretation because higher Cl-, lower Mg2+, more depleted δD (-104.5 o/cc) are all compatible 
with Pucci being the “parent” water.  The most recent (2003) 3He/4He value from Swim Warm 
Springs is higher than the fumarole data acquired at about the same time. 

Manny Nathenson of the USGS identified two other areas of springs with magmatic helium 
signatures and elevated chloride concentrations on the south side of Mt. Hood (see Nathenson, 
2004):  (1) Large springs near where the Timberline Lodge road crosses Still Creek (in the 
drainage above Swim Warm Springs, ~1,160  m elevation) and  (2) “meadow springs” (364 μS) 
in upper Mt. Hood Meadows, above the lower (eastern) ski area (~1,890 m elevation, above the 
top of the highest ski lift there).  There are no confirmed anomalies on the west, east, or north 
sides of the mountain. 

On 16 July 2009, a pressure-temperature-conductivity probe (InSitu AquaTroll 200) was 
installed at 45°17'36.9"N, 121°44' 21.9"W and ~1,134 m elevation. This probe stores regular 
readings on solid-state memory, and data are recovered in the field during site visits using a 
portable computer. Water samples have been collected regularly during site visits since the probe 
installation.  On 27 June 2012 two Tidbit temperature probes were installed at a 24oC source vent 
(45°17'47.2"N, 121°44' 19.3"W and ~1,180 m elevation) to record complementary vent and air 
temperatures. 

Data compiled here are from USGS Menlo Park, California archives. 
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Figure 28.  Still Creek measurement site 2011. 

 

Figure 29. Chloride‐flux time series for Still Creek below Swim Warm Springs 2010‐2012. 
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Oregon hot springs 
 
The section of the Cascade Range volcanic arc in central Oregon is characterized by relatively 
high Quaternary volcanic extrusion rates and hot-spring discharge rates (Ingebritsen and others, 
1994; Ingebritsen and Mariner, 2010).  Stable-isotope data and measurements of hot-spring heat 
discharge indicate that gravity-driven thermal fluid circulation transports about 1 MW of heat per 
km of arc length from the Quaternary arc into Western Cascades volcanic rocks older than about 
7 Ma.   
 
Inferred flow-path lengths for the Na-Ca-Cl thermal waters of the Western Cascades are 10 to 40 
km, and the average slope between the inferred recharge areas and the hot-spring groups is as 
large as 0.1.  Thermal-fluid residence times are probably 102 to 104 years:  sulfate-water isotopic 
equilibrium indicates residence times of more than 102 years, and interpretations of stable-
isotope data imply residence times of less than 104 years (i.e. post-glacial recharge). 
 
Signs of volcanic unrest (Wicks and others, 2002) and an associated geochemical anomaly in the 
upper Separation Creek drainage (Iverson, 1999; Evans and others, 2002; 2004) prompted 
increased hydrothermal monitoring in central Oregon beginning in 2002; regional targets 
included Austin Hot Springs (site 12), Breitenbush Hot Springs (site 13) and the McKenzie River 
watershed (sites 14 and 15).  
  
Austin Hot Springs and several other thermal and slightly thermal springs in the general vicinity 
of Mount Jefferson (Breitenbush Hot Springs, Kahneeta Hot Springs, Metolius headwater 
springs, and Lower Opal Springs) account for ~300 MW of hydrothermal heat discharge, more 
than a quarter of the total identified from fumaroles, thermal springs, slightly thermal springs in 
the entire U.S. portion of the Cascade Range (Ingebritsen and Mariner, 2010).  Austin Hot 
Springs itself appears to account for about a third of the total heat discharge from thermal springs 
in the U.S. portion of the Cascade Range. 
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(12) Austin Hot Springs 
 
This workbook contains time series, water chemistry, and discharge measurements of Clackamas 
River just below Austin Hot Springs.  Austin Hot Springs is the largest high-chloride hot spring 
in the Cascade Range, with a discharge of ~120 L/s (Ingebritsen and others, 1994, Table 7) and a 
mean chloride flux of ~ 40 g/s (see “Time series” spreadsheet in workbook). 
 
There is no clear magmatic heat source for Austin Hot Springs; the nearest silicic volcanic 
center, Mount Jefferson, is >40 km SSE and is relatively small (Hildreth, 2007) and inactive 
(Ewert and others, 2005).  However, Austin Hot Springs and several other thermal and slightly 
thermal springs in the general vicinity of Mount Jefferson (Breitenbush Hot Springs, Kahneeta 
Hot Springs, Metolius headwater springs, and Lower Opal Springs) account for ~300 MW of 
hydrothermal heat discharge, more than a quarter of the total identified from fumaroles, thermal 
springs, slightly thermal springs in the entire U.S. portion of the Cascade Range (Ingebritsen and 
Mariner, 2010).  Austin Hot Springs itself appears to account for about a third of the total heat 
discharge from thermal springs in the U.S. portion of the Cascade Range. 
 
The inferred high heat flow from Austin Hot Springs (~85 MW thermal based on the Cl- flux and 
geothermometer temperatures) could reflect capture of regional heat flow over a large lateral-
flow area (100 mW/m2 over 850 km2) and (or) lateral flow from a known magmatic heat source 
(for example the Mount Jefferson area) or, alternatively, a local magmatic heat source with no 
surface expression.  The isotopically depleted composition of Austin Hot Springs waters (D ~ -
93 ‰:  Ingebritsen and others, 1994) may reflect Holocene recharge at high elevation (~1,500 m) 
or, alternatively, local recharge during colder times (glacial epochs) of the Pleistocene (more 
than 10,000 years ago) – although Pleistocene recharge seems unlikely if the current discharge 
rate of ~120 L/s is typical for the system.  An elevated helium-isotope ratio (3He/4He 5.7 times 
RA:  Ingebritsen and others, 1994) indicates input of magmatic helium, either from localized 
magmatic sources or beneath the High Cascades to the east.  The elevated chloride content in 
Austin Hot Springs (390 mg/L) and other similar waters in the region correlates with 15N content 
(Mariner and others, 2003).  The relatively low silica content and variable geothermometer 
temperatures probably indicate water-rock interaction in a long outflow structure feeding the hot 
springs (Sherrod and others, 1996).  TK-Mg (118°C) and Tquartz (126°C) indicate temperatures in 
the outflow structure; TSO4-H2O (186°C) and Tanhydrite (188°C) indicate maximum system 
temperatures at considerable distance from the hot springs (Ingebritsen and others, 1994; 
Mariner and others, 2003).   
 
Time series from intermittent samples 1984-2013.  Water samples (n >30) have been collected 
intermittently at the site since 16 October 1984.  The Clackamas River was gaged and sampled at 
two sites:  (1) above USGS streamgaging station 14209500 at Three Lynx Creek (45°07'29"N, 
122°04'24"W) and (2) near the confluence with the Collawash River (45°01'55"N, 
122°03'25"W).  Water samples were "grab samples” collected at a single point near the stream 
bank.  Chloride values at the Collawash (upstream) site are probably more reliable, because the 
Three Lynx site is just below a significant power-plant inflow and the river may not be 
thoroughly mixed.  Because both "background" and "downstream" chloride concentrations are 
low here, the accuracy of the Cl- determinations is critical.  In the 1980s a modified thiocyanate-
spectrophotometric method (Skoustad and others, 1979) was used to determine chloride 
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concentrations at the USGS National Water-Quality Laboratory, along with a colorimetric 
method at the USGS labs in Menlo Park, California; in the 1990s and 2000s, Cl- determinations 
were made by ion chromatography at the USGS labs in Menlo Park.  Background chloride 
concentrations are from “grab samples” made near USGS streamgaging station 14208000 at Big 
Bottom (45°00'59"N, 121°55'14"W).  Background chloride concentrations average 0.6 mg/L, 
which was subtracted from downstream Cl- values to calculate hydrothermal chloride flux.   
 
Time series from probe data 2003-2006.   On 7 December 2003 a pressure-temperature-
conductivity probe (InSitu Troll 9000) was installed at 45°01'55"N, 122°03'22"W approximately 
4 km downstream of Austin Hot Springs.  This probe stored regular readings on solid-state 
memory, and data was recovered in the field during site visits using a portable computer.  
Chloride flux is calculated from the probe data using the downstream chloride concentration-
specific conductance relationship (r2=0.89) and the every-half-hour discharge from USGS stream 
gage 14209500 above  Three Lynx Creek corrected to discharge near Big Bottom (see below).   
Assumed background chloride concentration is 0.6 g/L.  Measurements were recorded hourly 
from 7 December 2003 to 9 April 2004.   The probe was not fully operational from 10 April to 8 
October 2004.  Measurements were recorded every 12 hours from 8 October 2004 until the site 
was discontinued 1 October 2006.   
 
Mean hydrothermal chloride flux hand sample 1984-2006: 39.0 g/s 
Standard deviation hand sample: 5.13 g/s 
Number of samples: 30 
 
Mean hydrothermal chloride flux probe data 2003-2006: 41.3 g/s 
Standard deviation probe data: 6.67 g/s 
Number of samples: 4,405 
 
Three Lynx discharge data as a proxy for Big Bottom discharge:  USGS gaging station 
14208000 at Big Bottom (approximately 11 km upstream of the probe site) was terminated in 
1970.  Therefore, discharge measurements used are from USGS gaging station 14209500 above 
Three Lynx Creek, approximately 12 km downstream of the probe site and downstream of major 
confluences with the Collowash River and the Oak Grove Fork of the Clackamas River.  The 
rating curve “Big Bottom v. Three Lynx” establishes a relationship between daily discharge 
measurements at these two sites from 1950 to 1970 (r2=0.93).  In the time series under 
“Discharge 3 Lynx”, values from the Three Lynx gaging station are used to calculate discharge 
at Big Bottom; “Discharge” is the calculated discharge at Big Bottom.  This calculation is 
possible because, although Austin Hot Spring is the major source of chloride for the Clackamas 
River, it has a discharge of only ~120 L/s, << the total river discharge at Big Bottom (>10,000 
L/s). 
 
The data compiled here are from Ingebritsen and others (1994) and the USGS archives in Menlo 
Park, California.  
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Figure 30. Chloride-flux time series for Clackamas River below Austin Hot Springs 1985-2006. 
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(13) Breitenbush Hot Springs 
 
This workbook contains time series, water chemistry, and discharge measurements of the 
Breitenbush River above and below Breitenbush Hot Springs.  Breitenbush Hot Springs is one of 
the best-known hot springs in the Cascade Range, although its discharge (~10 L/s) and 
associated hydrothermal chloride flux (~15 g/s) are much smaller than those of Austin Hot 
Springs (site 12) ~25 km to the north (compare Austin discharge ~120 L/s and mean chloride 
flux of ~ 40 g/s – see the “Time series” spreadsheets in the Austin and Breitenbush workbooks). 
 
Breitenbush Hot Springs is plausibly linked to the relatively small (Hildreth, 2007) and inactive 
(Ewert and others, 2005) silicic volcanic center centered on Mount Jefferson, 15-20 km to the 
southeast.  A link to Jefferson is supported by the heat-flow pattern revealed by many shallow 
exploratory drillholes (~150 m depth) and by the results of the deeper Sunedco 58-28 drillhole 
between Mount Jefferson and Breitenbush, which intercepted a thermal aquifer at about 800 m 
depth.  The thermal aquifer occurs in or near a quartz-bearing ash-flow tuff, in the same 
stratigraphic unit as the spring orifices at Breitenbush Hot Springs (Priest and others, 1987). 
 
Although the Jefferson volcanic center appears relatively small and inactive, Breitenbush Hot 
Springs and several other thermal and slightly thermal springs in the general vicinity (Austin Hot 
Springs, Kahneeta Hot Springs, Metolius headwater springs, and Lower Opal Springs) account 
for ~300 MW of hydrothermal heat discharge, more than ¼ of the total identified from 
fumaroles, thermal springs, and slightly thermal springs in the entire U.S. portion of the Cascade 
Range (Ingebritsen and Mariner, 2010).  
 
The isotopically depleted composition of Breitenbush Hot Springs waters (D ~ -97‰:  
Ingebritsen and others, 1994) may reflect Holocene recharge at high elevation (~1,800 m) or, 
alternatively, local recharge during colder times (glacial epochs) of the Pleistocene (more than 
10,000 years ago).  An elevated helium-isotope ratio (3He/4He 6.5 times RA:  Ingebritsen and 
others, 1994) indicates input of magmatic helium, perhaps in the vicinity of Mount Jefferson.  
The elevated chloride content in Breitenbush Hot Springs (~1,150 mg/L) and other similar 
waters in the region correlates with 15N content (Mariner and others, 2003).  The maximum 
observed discharge temperature is ~84°C, and a sulfate-water isotope geothermometer 
temperature (TSO4-H2O) of 174°C likely indicates maximum system temperatures at considerable 
distance from the hot springs.   
 
Time series from intermittent samples 1984-2013.  Twenty seven water samples were 
collected intermittently from 1984-2013.  Water samples downstream of Breitenbush Hot 
Springs were collected from the Breitenbush River at USGS streamgaging station 14179000 
(44°45'09.4"N, 122°07'44.3"W).  Most discharge values were obtained from the USGS 
streamgage records for that site.  Between October 1987 and September 1998, when the 
streamgage was inoperative, streamflow was measured directly using standard USGS wading 
methods.  Most of the upstream or “background” values were obtained near the Breitenbush 
Guard Station, approx. 44°46'52.0"N, 121°57'59.0"W. Nearly all of the water samples were 
"grab samples” collected at a single point near the stream bank.  In the 1980s a modified 
thiocyanate-spectrophotometric method (Skoustad and others, 1979) was used to determine 
chloride (Cl-) concentrations at the USGS National Water-Quality Laboratory, along with a 
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colorimetric method at the USGS labs in Menlo Park, California; in the 1990s and 2000s, Cl- 
determinations were made by ion chromatography at the USGS labs in Menlo Park.  Measured or 
(more rarely) assumed background Cl- concentrations are subtracted from downstream Cl- values 
to calculate hydrothermal Cl- flux.  The Cl- flux can be converted to a hot-spring discharge by 
assuming a Cl- value of 1,150 mg/L for the thermal water.  
 
Data compiled here are from Ingebritsen and others (1994, 2001) and the USGS Menlo Park, 
California archives. 
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Figure 31.  Hydrothermal chloride-flux time series for Breitenbush River below Breitenbush Hot Springs 1984-
2004. 

 

Figure 32.  Relation between hydrothermal chloride flux below Breitenbush Hot Springs and the discharge of 
Breitenbush River 1984-2004.  
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McKenzie River near Deer Creek (14) and Vida (15) 
 
This workbook contains records of intermittent (1984-2013) hydrothermal chloride-flux 
measurements in the McKenzie River at the USGS streamgage near Vida, Oregon. 
 
Signs of volcanic unrest (Wicks and others, 2002) and an associated geochemical anomaly in the 
upper Separation Creek drainage (Iverson, 1999; Evans and others, 2002, 2004) prompted 
increased hydrothermal monitoring in the McKenzie River watershed beginning in 2002.  Thus 
for over three years (3 February 2002 to 25 March 2005) Professor Mariek Schmidt of Brock 
University, then a PhD student at Oregon State University, collected water samples 
approximately every two weeks at the USGS streamgage near Vida, Oregon (lat. 44°07'30"N, 
long. 122°28'10"W, USGS station 14162500).  In addition to the many "slightly thermal" springs 
in the upper Separation Creek drainage (~10 g/s Cl-; see site 16), this site also captures discharge 
from Bigelow (Cl- ~1,250 mg/L) and Belknap Hot Springs (~20 L/s, Cl- ~1,200 mg/L), Foley 
Springs (~11 L/s, Cl- ~ 1,350 mg/L), and Terwilliger (Rider Creek) Hot Springs (~5 L/s, Cl- 
~790 mg/L).  
 
Because the McKenzie River is a large stream, Cl- concentrations are low, even downstream of 
its many hydrothermal sources.  Thus the value of “background” Cl- concentration and the 
accuracy of Cl- analyses are important issues.  Most of the "background" values are from 
samples collected on the left (E) bank of the McKenzie River at the road bridge just below the 
confluence with Deer Creek, approximately lat. 44°14'21.6"N, long. 122°03'30.5"W.  In the 
1980s, chloride determinations were made by a modified thiocyanate-spectrophotometric method 
at the USGS National Water-Quality Laboratory and with a colorimetric method at the USGS 
labs in Menlo Park, California.  Subsequent Cl- determinations have been made by ion 
chromatography at the USGS labs in Menlo Park.  Most water samples are "grab samples” 
collected at one or more single points near the stream bank. 
 
The McKenzie River at McKenzie Bridge, OR, was sampled and gaged six times in 1984-1999 
at lat. 44°10'45" N, long. 122°07'45"W, USGS streamgaging station 14159000.  This site 
captures hydrothermal discharge only from Bigelow (Cl- ~1,250 mg/L) and Belknap Hot Springs 
(~20 L/s, Cl- ~1,200 mg/L).  Results of the measurements at McKenzie Bridge are reported by 
Ingebritsen and others (1994, p. 32) and in an online database linked to Ingebritsen and others 
(2001). 
 
The data compiled here are from Ingebritsen and others (1994) and the USGS archives in Menlo 
Park, California. 
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Figure 33.  Hydrothermal chloride-flux time series for McKenzie River near Vida 1984-2012. 

 

Figure 34.  Relation between hydrothermal chloride flux near Vida and the discharge of McKenzie River 1984-
2012. 
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South Sister 
 
The USGS NVEWS report (Ewert and others, 2005) ranks South Sister the 5th most threatening 
of Cascade Range volcanoes.  Signs of volcanic unrest (geodetic uplift) on the western flank of 
South Sister (Wicks and others, 2002) and an associated geochemical anomaly in the upper 
Separation Creek drainage (Iverson, 1999; Evans and others, 2002b; 2004) prompted a concerted 
hydrothermal-monitoring effort beginning in 2001.  (See Dzurisin and others, 2009, and Riddick 
and Schmidt, 2011, for additional details about the deformation.) 
 
There is strong evidence for a high-temperature hydrothermal system beneath the western flank 
of South Sister, despite the absence of fumaroles or springs with temperatures more than about 
5°C above ambient.  In fact, the conceptual model for the South Sister-Separation Creek 
hydrothermal system (Iverson, 1999; Evans and others, 2004, Fig. 3) is quite similar to that 
invoked for more active volcanoes, where high-chloride springs, acid-sulfate seeps, and variable 
CO2/S ratios in summit fumaroles provide more dramatic evidence of phase separation, 
scrubbing, and lateral outflow of brines.  Here, much of the hot water follows long, deep flow 
paths to hot springs 15–30 km to the west, but some leaks upward, mixing into overlying cold 
groundwater and causing small temperature and chloride anomalies.  The correlation between 
chloride concentration and temperature within individual spring groups is strong evidence that 
the heat and chloride come from a common source (Evans and others, 2004, Fig. 2c).  There is 
also a strong positive correlation between Cl- and 3He concentrations (van Soest and others, 
2004, their Fig. 3) 
 
Evidence for a separated vapor phase is seen only in the higher-elevation springs such as Mesa 
Spring.  Latent heat from steam condensation, together with scrubbing of H2S, can explain the 
steeper slopes of the temperature versus Cl- curves and the higher SO4

2-/Cl- ratios in the upper 
spring groups (Evans and others, 2004, Figs. 2c, d).  The highest-elevation springs, upper 
Hinton, are richest in DIC by a factor of three compared to all other springs, reflecting the fact 
that CO2 is not scrubbed out as easily as the more soluble and reactive H2S.  Magmatic carbon 
predominates in most springs in the Separation Creek drainage (<10% modern C), so much so 
that the magmatic δ13C value can be reasonably well constrained at ~ -9‰.  This value is near 
the -9.8‰ found in the soda spring southeast of South Sister, which bubbles CO2 of presumed 
magmatic origin. 
 
Both the highest 3He/4He ratio (8.6RA) and highest sulfate values were found in one of the 
geochemically diverse vents of Mesa Spring.  Although Mesa Spring is located near the 
Holocene Rock Mesa, there is no overall areal correlation between high 3He/4He ratios and 
Holocene lavas.  Helium-isotope ratios >4RA all occur in springs with anomalous chloride, but 
beyond that show no relationship to chloride concentration or spring temperature, and instead 
show a clear pattern of decline with distance away from the center of uplift (Evans and others, 
2004, Fig. 2b).  Many 3He/4He ratios near the center of the uplift are >7RA and within the range 
found in mid-oceanic ridge basalt (MORB), typically given as 7–9RA.  These highly anomalous 
conditions clearly reflect the influence of magma, but seem to predate the onset of the present 
(1996 or 1998 to present) uplift (Wicks and others, 2002), as the total anomalous chloride load in 
Separation Creek in 2001-2002 was 9.7+0.5 g/s, indistinguishable from the value of 10 g/s 
measured in 1990 (Ingebritsen and others, 1994).   
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(16)  Separation Creek 

This workbook contains time series, water chemistry, and discharge measurements of Separation 
Creek just above its confluence with Horse Creek and about 22 km west of the summit of South 
Sister volcano.  The USGS NVEWS report (Ewert and others, 2005) ranks South Sister the 5th 
most threatening of Cascade Range volcanoes.   

Signs of volcanic unrest (geodetic uplift) at South Sister and an associated geochemical anomaly 
in the upper Separation Creek drainage prompted a concerted hydrothermal-monitoring effort 
beginning in 2001.  (See “South Sister” introductory section for additional information.) 

Measurements at this site capture outflow from all of the many "slightly thermal" springs in the 
upper Separation Creek drainage (Iverson, 1999; Evans and others, 2002b, 2004).  A single 
chloride-flux measurement was made in Separation Creek at the trail crossing about 5 km ESE of 
this site (44°04'50"N, 121°56'30"W) on 11 September 1990 (3,560 L/s, 3.3 mg/L Cl-, 7.6 mg/L 
Na, Cl- flux 10 g/s). 

Water samples have been collected regularly at this site since 15 January 2002. 

On 10 April 2002 a pressure-temperature-conductivity probe (In Situ Troll 9000) was installed at 
44°07'25.3"N, 122°02'03.7"W. The probe was replaced with another In Situ Troll 9000 on 31 
August 2002.  The InSitu Troll 9000 was replaced with an InSitu AquaTroll 200 on 19 July 
2008.  These probes store regular readings on solid-state memory, and data are recovered in the 
field during site visits using a portable computer. 

Despite the relatively long period of record, the rating curve for stream discharge is sparse, with 
only three measurements.  This is because standard wading measurements are not possible, even 
during low-flow periods.  Further, site access is difficult during high-flow periods, and extreme 
high flows appear to be associated with brief rain-on-snow events.  The three existing 
streamflow measurements were made by a dye-dilution method. 

 Data compiled here are from USGS Menlo Park, California, archives. 
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Figure 35.  Separation Creek measurement site 2009. 

 

Figure 36. Chloride-flux time series for Separation Creek 2002-2012.  
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 (17)  Mesa Spring and Mesa Creek 
 
This workbook contains time series, water chemistry, and discharge measurements of Mesa 
Spring and Mesa Creek, about 5 km southwest of South Sister summit.  The USGS NVEWS 
report (Ewert and others, 2005) ranks South Sister the 5th most threatening of Cascade Range 
volcanoes.    

Although the several Mesa Spring vents are geochemically diverse, both the highest 3He/4He 
ratio (8.6RA) and highest sulfate values were found in the particular vent that is regularly 
sampled.  The Mesa Creek monitoring site ~400 m downstream captures discharge from all of 
the Mesa Spring vents. 

Signs of volcanic unrest (geodetic uplift) at South Sister (Wicks and others, 2002) and an 
associated geochemical anomaly in the upper Separation Creek drainage (Iverson, 1999; Evans 
and others, 2002b, 2004; Lundstrom and others, 2011) prompted a concerted hydrothermal-
monitoring effort beginning in 2001.   

Water samples have been collected regularly at Mesa Creek and Mesa Spring since 11 July 2001.   

On 10 October 2002 a pressure-temperature-conductivity probe (InSitu Troll 9000) was installed 
at 44°04'48.9"N, 121°49'11.9"W in Mesa Creek ~400 m downstream of Mesa Spring.  The 
InSitu Troll 9000 was replaced by an InSitu AquaTroll 200 on 19 July 2008.  These probes store 
regular readings on solid-state memory, and data are recovered in the field during site visits 
using a portable computer. 

On 27 July 2009 a temperature-only probe (Onset HOBO Pro v2) was installed at Mesa Spring.  
This probe stores hourly temperature data from Mesa Spring and ambient ground temperature.  
The Onset HOBO Pro v2 was replaced by two Onset Tidbits on 20 July 2010.  Only one of the 
two Tidbits was recovered on 30 September 2011, and was replaced by another Onset HOBO 
Pro v2.  On 12 July 2012 this Hobo was replaced with another Onset HOBO Pro v2. 

In May 2008 some damming occurred in Mesa Creek and all depth data since then have been 
corrected for this and subsequent changes.  Field notes (Worksheet: Site Log) and time series 
(Worksheet: Time Series) for this site support three minor depth corrections:   

(1) 17 May 2008, initiation of a logjam (not observed), depth correction -2.0 cm 

(2) 18 July 2008, installation of a new probe, depth correction -1.5 cm, cumulative correction -
3.5 cm 

(3) 15 July 2009, intentional partial removal of a logjam, depth correction +5 cm, cumulative 
correction +1.5 cm 

Data compiled here are from USGS Menlo Park, California, archives. 
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Figure 37.  Mesa Spring 2011 

 

Figure 38.  Temperature time series from Mesa Spring 2009-2012. 
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Figure 39.  Mesa Creek measurement site 2011; probe (circled) is attached to roots of tree. 

 

Figure 40. Chloride-flux time series for Mesa Creek 2002-2012.  
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Newberry Volcano 
 
The USGS NVEWS report (Ewert and others, 2005) ranks Newberry Volcano the 10th most 
threatening of Cascade Range volcanoes. 
 
The geologic history of Newberry Volcano is concisely summarized by Donnelly-Nolan (2011).  
Newberry is the largest volcano in the Cascade Range (volume 500 km3), and Newberry lava 
flows cover >3,000 km2, including downtown Bend, Oregon, and the Redmond Municipal 
Airport.  Repeated eruptions over the past 0.4 Ma built its broad shield, and about 75,000 years 
ago a collapse event created a broad summit caldera.  The first post-Mount Mazama (<7,700 BP) 
eruption built the ridge that separates the two intracaldera lakes, Paulina Lake and East Lake, and 
the most recent eruption at 1,300 BP formed the Big Obsidian flow.   
 
There is a shallow, high-temperature, magmatic hydrothermal system beneath Newberry caldera.  
The 932 m-deep USGS research drill hole “Newberry 2” near the Big Obsidian Flow 
encountered boiling or very near boiling 265°C fluid (Ingebritsen and others, 1986; Keith and 
Bargar, 1988; Zucca and Evans, 1992).  Despite favorably high temperatures for energy 
production, high permeabilites are “not readily apparent” and many prospective sites are 
protected by legislation (Arestad and others, 1988).   
 
Paulina and East Lake are the two dominant hydrologic features of Newberry Volcano and cover 
approximately half of the area of Newberry caldera.  Despite its active hydrothermal system 
there are relatively few hydrothermal springs in the caldera and none on the flanks of Newberry.  
Paulina Lake hot springs and other hot springs along the lake shores are circulating meteoric 
water warmed by conduction and deep steam (Sammel, 1983b). 
   
Hydrothermal outflow from Newberry has yet to be identified in streams, springs, or wells in the 
region.  Regional potentiometric-surface maps (e.g. Gannett and others, 2001, their Fig. 28) 
suggest that Newberry is a possible source for thermal and geochemical anomalies in Spring 
River and Opal Springs (James and others, 1999) and for the thermal water found in warm wells 
on the west side of Powell Buttes. 
 
Warm to hot, gas-charged, low-Cl-, high-3He/4He ratio seeps occur along the shores of East Lake 
and Paulina Lake.  Paulina Lake hot springs are higher in Cl- (4.7-6.0 versus 0.7-1.3 mg/L) and 
magnesium (13-17 9.7 versus 9.7 mg/L) and lower in SO4

2- (<1-4 versus 20-120 mg/L) than the 
East Lake gas seeps.  Newberry basalts have 3He/4He of 7.6-8.3 RA, overlapping the range of the 
Cascades arc (7.0-8.4 RA) and indicating a shallow asthenosphere source (Graham and others, 
2007).  Gas seeps on East Lake (3He/4He = 6.4 RA) and Paulina Lake (3He/4He = 7.2+ RA) show 
significant variation of on 3He/4He on the decadal time scale (van Soest and others, 2005). 
 
Data collected in this workbook includes unpublished data from USGS Menlo Park archives and 
published data from Mariner and others (1980), Sammel (1983a), Sammel and Craig (1983), 
Crumrine and Morgan (1994), Morgan and others (1997), and van Soest and others (2005). 
 
 
 



56 
 

(18)  Paulina Lake hot springs 
 
This workbook contains time series and water chemistry data from the piezometer near Paulina 
Lake hot springs in Newberry caldera and gas data from the nearby offshore gas seep and hot 
pools.  The USGS NVEWS report (Ewert and others, 2005) ranks Newberry Volcano the 10th 
most threatening of Cascade Range volcanoes. 
 
The USGS has collected water samples intermittently from Paulina hot springs since 28 July 
1978 (Mariner and others, 1980). 
 
On 14 August 1991 the USGS installed a 1.6-m-deep piezometer (21S/12E-26AAB01) on the 
lakeshore near Paulina Lake hot springs.  On 14-15 September 1993 the USGS installed 
additional 2.4-m-deep (21S/12E-26AAB02) and 2.6-m-deep (21S/12E-26AAB03) piezometers.  
These piezometers are among the dozens of wells that have been drilled at Newberry Volcano 
for geothermal research, exploration, and monitoring. 
 
Gas samples are collected from a bubbling underwater gas seep between two large rocks ~5 m 
due south of piezometer 21S/12E-26AAB03 or, less commonly, from nearby hot pools.   
 
On 14 July 2009 a pressure-temperature-conductivity probe (InSitu AquaTroll 200) was installed 
at 43°43'54.6"N, 121°15'04.7"W in the 2.6-m-deep piezometer 21S/12E-26AAB03.  These 
probes store regular readings on solid-state memory, and data are recovered in the field during 
site visits using a portable computer.  The original AquaTroll 200 recorded no usable data and 
was removed 7 October 2009.  A new AquaTroll 200 was installed 21 July 2010 and recorded 
plausible data until 4:58 AM on 15 August 2010, after which the record jumped to 4:00 PM 31 
December 1969.  The time stamps from 15 August-13 October 2010 were corrected by matching 
the end of rocord to the time of the 13 October 2010 site visit. There are 19 hours of data missing 
from the 15 August-13 October 2010 time period. The subsequent site visit on 10 July 2011 
found the AquaTroll to be unresponsive.  It was removed and sent to Onset Corp., who were 
unable to retrieve any additional data.  On 13 July 2012 we installed a third AquaTroll 200 at the 
site; this instrument also failed after recording data for several months.  
 
Other data compiled here are from USGS Menlo Park, California, archives. 
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Figure 41.  Paulina Lake hot spring piezometer vault 2009. 

 

Figure 42.  Temperature time series from Paulina Lake hot spring piezometer 1993-2012. 

 

Figure 43. Specific-conductance time series from Paulina Lake hot spring piezometer 1993-2012. 
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Medicine Lake Volcano 
 
The USGS NVEWS report (Ewert and others, 2005) ranks Medicine Lake volcano the 12th most 
threatening of Cascade Range volcanoes. 
  
Medicine Lake volcano has erupted hundreds of times during its 0.5-Ma history, including nine 
times in the past 5,200 years, most recently 950 years ago (Donnelly-Nolan and others, 2007).  It 
is one of the most active Cascade volcanoes, with a wide variety of eruptive styles and 
widespread vents that extend 55 km north-south and 40 km east-west. 
 
Seismic and geodetic monitoring is limited, and there is little documented seismicity.  As of 
2002 the caldera was subsiding at a relative rate of about 1 cm/year (Donnelly-Nolan and others, 
2007).  Seismic studies have identified a small, shallow silicic magma body under the eastern 
part of the caldera (Evans and Zucca, 1988; Chiarabba and others, 1995), consistent with 
petrologic studies of Late Holocene rhyolites that suggest crystallization at depths of 3-6 km 
(Grove and Donnelly-Nolan, 1986; Grove and others, 1997).  Basaltic intrusions into an existing 
magma body can trigger eruptions.  Hazards also include phreatomagmatic eruptions, if magma 
were to intrude the shallow hydrothermal system or if a vent were to open under or near 
Medicine Lake, and accumulation of toxic volcanic gases in closed areas of the caldera.  
 
From 1985-1999 26 shallow temperature-gradient boreholes and 4 deeper (948 to 2,932 m deep) 
geothermal wells delineated a large, concealed, high-temperature hydrothermal system with 
measured temperatures up to 268°C and relatively dilute fluids (averaging 2,500 mg/L each for 
both dissolved solids and noncondensible gas) (Hulen and Lutz, 1999).  Three of the four 
geothermal wells are in the Telephone Flat area and are productive.  The hydrothermal system is 
capped by hydrothermally altered and mineralized rock up to 1 km thick which impedes the 
influx of surrounding and overlying cool groundwater.  Static water levels above the cap are 20-
40 m higher than those in the underlying hydrothermal system.  The cap is an argillic alteration 
feature dominated by montmorillinite and saponite.  It has a distinct signature on temperature-
depth logs:  there is a “rain curtain” zone of cool groundwater several hundred meters thick 
above the cap, high thermal gradients of 200-500ºC/km through the cap, and lower gradients 
below the cap.  The cap is mineralogically and texturally similar to the one encountered above 
the hydrothermal system at Newberry volcano, Oregon (Keith and Bargar, 1988; Swanberg and 
others, 1988).  The thermal fluid sampled from a geothermal well in 1989 and 1991 has 440-630 
mg/L Na+, 1,010-1,080 mg/L Cl-, and D ~ -96‰ (BLM and others, 1999). 
 
Although there is clearly a shallow, high-temperature magmatic-hydrothermal system beneath 
Medicine Lake volcano, the Hot Spot – a small area of heated ground on the western flank of 
11,000-year-old Glass Mountain – is the sole obvious surface indication of the underlying 
hydrothermal system and the site chosen for monitoring. 
 
The slightly thermal Fall River Springs (Mariner and others, 1998, Mariner and Lowenstern, 
1999) to the south may represent outflow from Medicine Lake volcano (Manga and Kirchner, 
2004).  In the Cascades, much of the background geothermal heat is transported advectively and 
discharged where groundwater emerges as springs.  Manga and Kirchner (2004) use the Fall 
River Springs as a type example.  Small springs on the flanks of Medicine Lake volcano are 
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assumed representative of the recharge temperature (7°C).  The discharge temperature of the 
large-volume Fall River Springs is typically 12°C.  About 3ºC of this warming can be attributed 
to gravitational potential energy dissipation and 2ºC to geothermal warming, implying a 
background heat flux of 160 mW/m2 below a ~2,000 km2 aquifer (360 MW).  Recharge on the 
south and east sides of Medicine Lake volcano is sufficient in volume and has the correct 
isotopic composition (D ~ -100‰) to feed the Fall River Springs (Mariner and Lowenstern, 
1999).     
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(19)  Hot Spot 
 
This workbook contains gas-chemistry data and temperature time series for the weak fumarolic 
area on the open ridge several hundred meters west of the edge of the Glass Mountain lava flow 
at about 2,160 m elevation.  The USGS NVEWS report (Ewert and others, 2005) ranks Medicine 
Lake volcano the 12th most threatening of Cascade Range volcanoes. 
 
Although there is clearly a shallow, high-temperature magmatic-hydrothermal system beneath 
Medicine Lake volcano, the Hot Spot – a small area of heated ground on the western flank of 
11,000-year-old Glass Mountain – is the sole obvious surface indication of the underlying 
hydrothermal system. 
 
In the absence of other proximally located hydrothermal features or chemically anomalous 
springs, the Hot Spot was selected as a primary monitoring site.  The existence of numerous drill 
holes and wells also suggests the possibility of borehole access. 
   
The Hot Spot is near the southwestern edge of a ~20,000 m2 oval bare-ground area that is 
elongate downslope.  On 23 June 2009 we explored the bare-ground area and found ground 
temperatures of 55-72°C at 20 cm depth in areas with no vegetation, temperatures of 40-50ºC at 
20 cm depth in areas with small flowering plants, and near-ambient (~25°C) temperatures at 20 
cm depth in areas with woody vegetation.  Assuming a mean shallow temperature gradient of 
~80ºC/m in the ~20,000 m2 bare-ground area, total conductive heat loss may be ~2 MW.  The 
highest ground temperature measured was 83°C at 1 cm depth about 40 m downslope from the 
Hot Spot in an area of crytobiotic crust.  Shallow depressions in the bare-ground area tended to 
be indicative of higher ground temperatures. 
 
The Hot Spot itself is not a good site for either gas sampling or ground-temperature monitoring.  
The wide, daisy-shaped vent entrains large amounts of air, and on 23 June 2009 the temperature 
at 2-m depth in the ~5-m-deep vent was only 68ºC; further, ground temperatures decrease rapidly 
with distance from the vent.   
 
On 23 June 2009 a line of thermistors (two HOBO Pro v2) was established at 41º36’18.8”N, 
121°31’26.0”W, elevation ~2,146 m.  During the October 2010 site visit these instruments were 
retrieved and new sets of instruments were deployed (two HOBO Pro v2).  During the August 
2011 site visit the HOBO Pro v2 thermistors were again swapped out, and two HOBO U12-015-
02 thermistors were added to the thermistor line.  The ~4-m-long thermistor line extends SW-NE 
~30 m upslope from the Hot Spot, from an area of woody vegetation (SW, 22.1°C ground 
temperature on 23 June 2009) into the bare-ground area (NW to a shallow “cup”, 72.8°C ground 
temperature).  During the July 2012 site visit all of the thermistors were removed. 
 
Gas samples were collected during 2009-2012 site visits for comparison with previous samples 
from this site.  Most or all gas samples from this site have been air-contaminated. 
 
Other data compiled here are from USGS Menlo Park, California archives. 
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Figure 44.  Temperature-monitoring site at Medicine Lake Hot Spot 2011; PDS, passive diffusion sampler. 

 

Figure 45.  Temperature-sensor configuration at Medicine Lake Hot Spot 2011.  Points 1-6 span ~4 m. 

 

Figure 46. Temperature time series from Medicine Lake Hot Spot 2009-2012. 
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Mount Shasta 
 
The USGS NVEWS report (Ewert and others, 2005) ranks Mount Shasta the 4th most threatening 
of Cascade Range volcanoes. 
 
Mount Shasta is the largest stratovolcano of the Cascade Range and is comparable in volume 
(500 km3) to Fuji and Cotopaxi (Christiansen and Miller, 1989).  The four cones that formed the 
present volcano are Sargents Ridge (<250 ka), Misery Hill (<130 ka), Shastina (9.7-9.4 ka), and 
Hotlum (mainly younger than Shastina).  They are built on the stump of a destroyed volcano that 
collapsed in a giant (45 km3) avalanche about 350 ka.  The avalanche deposits created a large 
area (350 km2) of hummocky topography northwest of Shasta and have an average thickness of 
75 m.  Along Whitney Creek, debris flows continue to reach Highway 97 during years of heavy 
snowfall and high runoff; there are debris-flow levees on both banks. 
 
Mount Shasta has erupted approximately once per 800 years during the past 10,000 years and 
once per 600 years during the past 4,500 years (Miller, 1980).  Approximately 200 years ago 
(1786) an eruption of Shasta may have been observed from the Pacific Ocean by La Perouse.  
The Shastina and Hotlum (present summit) cones were constructed during the Holocene and 
there were Holocene eruptions at Black Butte.  Most eruptions produced large mudflows.  The 
lower flanks of Shasta consist mainly of a broad, smooth apron of coalescent fans.  Most lava 
flows are less than 8 km in length.  Pyroclastic flows have traveled as far as 20 km from their 
sources.  Some mudflows have traveled more than 30 km, and are common even in the absence 
of eruptions; they may cover broad areas several times per century.  
 
All glacial-meltwater streams on Mount Shasta have had repeated debris-flow activity during the 
past 500 years (Osterkamp and others, 1986).  None of the streams lacking glacial meltwater 
have had significant Holocene debris flows.  Potentially destructive flows have occurred at a rate 
of about 4 per century, and smaller flows confined to stream channels may be 10-20 times more 
numerous (there have been at least 37 flows in the past 100 years).  Cultural developments are 
threatened only by “large” debris flows, of which there have been 12 in the last century, 30 in the 
entire Holocene.  Large debris flows are linked to very rapid release of glacial meltwater and 
higher-than-normal summer temperatures.  Only the City of McCloud and inhabited areas of the 
Whitney-Bolam fan appear significantly at risk.  A series of debris flows occurred along Mud 
Creek in the summers of 1924, 1925, 1926, and 1931 and threatened but did not reach McCloud.  
Current estimated sediment yields from Shasta are among the highest observed worldwide. 
 
Hydrothermal-monitoring options at Shasta are limited.  There is indirect evidence for a ~210oC 
sub-summit hydrothermal system (per gas geochemistry, Nathenson and others, 2003), possibly 
linked to chemically and thermally anomalous springs in the Shasta Valley.  In addition to Shasta 
summit (site 20), Boles Creek (site 21), east of the City of Weed, was selected based on 
reconnaissance by Nathenson and others (2003).  The He-isotope ratio (3He/4He) at Boles Creek 
in 2007 was 5.8 RA, higher than the most recent (2009) value from the summit.  Garrick Creek, 
about 4 km northeast of Boles Creek, has a higher chloride concentration but is not a good 
monitoring site because of excessive foot traffic.  
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(20)  Shasta summit 
 
This workbook contains gas-chemistry data and temperature time series for the fumarolic area 
near the summit of Mount Shasta at about 4,295 m elevation.  The USGS NVEWS report (Ewert 
and others, 2005) ranks Mount Shasta the 4th most threatening of Cascade Range volcanoes. 
 
Temperature records at the acid-sulfate summit springs date back to 1854 and document a range 
of variation of 71.0-84.4oC (Blodgett and others, 1988, their Table 5). 
 
Helium-isotope data from these summit features in 1980-2009 show a possible downward trend 
from ~6.2 RA in 1980 to ~5.6 RA in 2009. 
 
On 11 August 2009 a HOBO Pro v2 temperature probe was emplaced at 41°24'33.8"N, 
122°11'45.5"W, elevation ~4,295 meters.  During the 16 July 2011 site visit this instrument was 
retrieved and replaced by two HOBO U12-015-02 temperature probes at 41°24'34.5"N, 
122°11'46.1"W and 41°24' 34.4"N, 122°11'46.2"W, elevation ~4,295 meters; these instruments 
in turn were retrieved and replaced on 14 June 2012. 
 
The maximum temperature obtained during site visits with a thermal probe in 2009-2012 was 
86.1oC, slightly in excess of the nominal pure-water boiling point at the site elevation (85.5oC). 
 
Gas samples were collected during the 2009, 2012, and 2013 site visits. 
 
Data compiled here are from USGS Menlo Park, California archives. 
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Figure 47.  Temperature-monitoring site near Shasta summit 2011.  Photo courtesy of Heather Bleick. 

 

Figure 48. Temperature time series from Shasta summit 2009-2011. 
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Figure 49. Temperature time series from Shasta summit 2011-2012. 
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(20)  Boles Creek 
 
This workbook contains time series, water chemistry, gas chemistry, and discharge 
measurements of “slightly thermal” Boles Spring and Boles Creek about 15 km northwest of 
Shasta summit.  The USGS NVEWS report (Ewert and others, 2005) ranks Mount Shasta the 4th 
most threatening of Cascade Range volcanoes. 
 
Hydrothermal-monitoring options at Mt. Shasta are limited.  In addition to Shasta summit (site 
20), Boles Creek, east of the City of Weed, was selected for monitoring based on reconnaissance 
by Nathenson and others (2003).  The He-isotope ratio (3He/4He) at Boles Creek in 2007 was 5.8 
RA, higher than the most recent (2009) value from the summit.  Boles Creek is fed almost 
entirely by Boles Spring.  Garrick Creek, about 4 km northeast of Boles Creek, has a higher 
chloride (Cl-) concentration but is not a good monitoring site because of excessive foot traffic.  
 
Other north-flank streams south-flank springs have been reported to have elevated Cl- 
concentrations, including:  Bolam Creek at jeep trail crossing (1.5 mg/L Cl-), Inconstance Creek 
0.8 miles upstream from Military Pass Road (5.4 mg/L, 0.47 cfs), Whitney Creek downstream 
from Whitney Falls (5.8 mg/L), Big Springs near McCloud (2.6), and Muir Springs below Lower 
Falls (2.3 mg/L) (Poeschel and others, 1986).  None of these reported anomalies could be 
verified by follow-up sampling in 2008.  However, there remains a possible hydrothermal 
anomaly in the springs on the right back of the McCloud River about 1 km above Wyntoon.   
 
Sampling at Wyntoon on 1 July 2008 showed: 
 
Left (east) bank McCloud River at Wyntoon:  Cl- = 0.74 mg/L at ~925 AM on 1 July 2008 
Right bank McCloud River at Wyntoon:  Cl- = 1.07 mg/L at ~925 AM on 1 July 2008 
(For reference, Cl- in local precipitation probably averages less than 0.5 mg/L.) 
 
This detectable difference between the left and right banks may originate in the group of springs 
about 1 km above Wyntoon on the right bank.  From previous sampling we know that the 
chloride does not come from the spring groups roughly 5 km NNE of Wyntoon in Sections 12 
and 14 (Big Springs, etc.).  Those springs have chloride in the range of 0.3-0.4 mg/L (i.e. the 
likely precipitation range). 
 
On 9 May 2007, a pressure-temperature-conductivity probe (InSitu AquaTroll 200) was installed 
at 41°25'11.5"N, 122°22'06.2"W.  This probe was reoriented to sub-horizontal on 8 September 
2009 and removed on 25 June 2012. 
 
Water and gas samples have been collected regularly during site visits since 26 July 2005. 
 
Data compiled here are from USGS Menlo Park, California archives.  
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Figure 50.  Temperature time series from Boles Creek 2007-2012. 

 

Figure 51. Chloride-flux time series for Boles Creek 2007-2012. 
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Lassen 

 
The USGS NVEWS report (Ewert and others, 2005) ranks Lassen the 6th most threatening of 
Cascade Range volcanoes. 
 
Lassen has by far the best-exposed hydrothermal system in the Cascade Range.  Most of the 
hydrothermal features occur in Lassen Volcanic National Park, those south and southwest of 
Lassen Peak being most conspicuous.  There is a large hydrothermal system with a central vapor-
dominated zone (Muffler and others, 1982) or zones (Janik and McLaren, 2010) underlain by a 
hot-water zone discharging at lower elevations.  The major thermal upflow is at Bumpass Hell, 
along the contact between the andesitic composite cone and the dacite dome field.  The hot water 
emerges at Morgan and Growler Hot Springs to the south and has been produced from the 
Walker “O” No. 1 well at Terminal Geyser to the southeast.  The acid-sulfate water at Bumpass 
Hell and other thermal areas within Lassen Volcanic National Park (LVNP) is typical of hot 
springs related to a vapor-dominated zone in having low pH, high sulfate, and very low chloride.  
During the California drought of 1976-77 the temperature of Big Boiler fumarole in Bumpass 
Hell (2,500 m elevation) reached 159oC, “…to our knowledge the highest temperature ever 
recorded from a geothermal (non-volcanic) fumarole” (Muffler and others, 1982) and close to the 
temperature (163oC) of steam decompressed adiabatically from saturated steam of maximum 
enthalpy (2,804 kJ/kg, 235oC) to Lassen surface pressure (0.75 bars).  Fumarole temperatures of 
up to 125oC were measured in Little Hot Springs Valley in 1976, and a temperature of 106.6oC 
was measured by D.E. White of the USGS in Devils Kitchen in 1947 (Muffler and others, 1982).  
Scattered sinter deposits in Devils Kitchen are evidence for hot-water discharge there in the past.  
Morgan Hot Springs (1,530 m elevation) and Growler Hot Spring (1,570 m elevation) discharge 
near-neutral high-chloride water and deposit significant sinter in Mill Creek Valley south of 
LVNP.  Gas geothermometry for the fumaroles and acid-sulfate springs within LVNP and liquid 
geothermometry for the hot springs to the south yield similar temperatures of 220-240oC 
(Muffler and others, 1982).  The isotopic composition of meteoric waters in the Lassen region 
reflects the prevailing SSE-NNW regional storm direction.  The isotopic composition of both the 
Morgan and Growler Hot Springs waters (δD~ -93‰) and Big Boiler are compatible with 
recharge on the andesitic composite cone.  “Assuming boiling point-depth relations in the 
condensate layer, the top of the 235oC vapor-dominated [zone] is probably near 2,100 m 
elevation.  [Its bottom] is roughly constrained by the elevation of … Growler Hot Spring (1,570 
m)” (Muffler and others, 1982). 
 
There is a recognized discrepancy between the measured rates of steam (40 kg/s: Sorey and 
Colvard, 1994) and liquid (20 kg/s: Sorey and others, 1994) discharge from the Lassen system 
that challenges the basic model of steady-state phase separation at 235oC (which should yield 
about 1/3 steam, not 2/3 steam).  Possible explanations include still-unidentified liquid discharge; 
an overestimate of steam discharge; higher-than-assumed temperature/enthalpy at depth; and, 
finally, that the current ratio reflects disequilibrium behavior (Xu and Lowell, 1998). 
 
South and southeast of Lassen Peak, detection of any possible magmatic signature in surface 
features is complicated by boiling and phase separation associated with the underlying vapor-
dominated zone (or zones).  Thus two of the three Lassen sites selected for continuous 
hydrogeochemical monitoring are north of Lassen Peak. 
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(22) Fumarolic area on the north flank of Lassen Peak 
 
This workbook contains gas-chemistry data and temperature time series for the weak fumarolic 
area on the north flank of Lassen Peak at about 2,800 m elevation.  
 
For the purposes of this project, the weak fumarolic area on the north flank of Lassen Peak at 
about 2,800 m elevation (Fig. 52) was selected as a primary monitoring site.  Lassen Peak is a 
dacite dome ~27,000 years old (Clynne and others, 1999) that was the locus of the minor 1914-
1921 eruptions, which caused flooding up to 50 km downstream.  The site is online between 
Lassen summit and the 1,100 to 1,000-year-old Chaos Crags to the north.   
 
On 13 July 2009 a roughly E-W line of thermistors (two HOBO Pro v2) was established above a 
prominent pinnacle (40°29'47.5"N, 121°30'41.6"W; elevation 2,781 meters). During the October 
2010 site visit these instruments were retrieved and new sets of instruments were deployed (two 
HOBO Pro v2 and one HOBO U12-015-02).  All thermistors were replaced in the same 
configuration in September 2011 and removed on 15 June 2012.  Gas samples were collected 
during the 2009-2012 site visits for comparison with previous samples from this site.  Most or all 
gas samples from this site have been air-contaminated. 

The July 2009 site reconnaissance revealed two areas with boiling-point ground temperatures; 
both are areas of altered ground – soft, sometimes slippery clay, relatively free of clasts: 
 
(1) An approximately 10 m x 10 m area immediately above (S of) the pinnacle and 
 
(2) An approximately 20 m x 5 m area near the perennial snow field to the west, with its long 
axis parallel to the snow-filled gully. 
 
The maximum measured temperature was 91.2oC at 40 cm depth in the latter area. 
 
Explanation of probe setup: The HOBO Pro v2 probes were installed to yield a temperature 
gradient across an area of boiling-point ground temperatures, with one probe channel centered 
within the “hot spot” and the other probe channel away from highest-temperature area (Fig. 53). 
At this site, there were two HOBO Pro v2 thermistors and one HOBO U12-015-02 thermistor 
installed in the configuration illustrated in Figure 53. The HOBO U12-015-02 probe was 
installed at the hottest spot between probes of the two HOBO Pro v2 thermistors. 
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Figure 52.  Fumarolic area on the north flank of Lassen Peak 2009. 

 

Figure 53.  Temperature-sensor configuration at the fumarolic area on the north flank of Lassen Peak; the 
distance between Points 1 and 5 is about 5 m. 

 
 
Figure 54. Temperature time series from the fumarolic area on the north flank of Lassen Peak 2009-2012. 
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(23) Unnamed spring and stream tributary to Manzanita Creek 
 
This workbook contains time series, water chemistry, and discharge measurements of an 
unnamed tributary to Manzanita Creek about 2 km NW of the summit of Lassen Peak and about 
2 km W of the weak fumarolic area on the N flank of Lassen Peak (site 22).  This tributary to 
Manzanita Creek was identified by Evans and others (2002, their site designated MMFS) as 
having a large flux of magmatic CO2, nominally 5.2 t/day. 

The CO2-charged unnamed tributary to Manzanita Creek is about 2 km due west and downslope 
of site 22, the weak fumarolic area on the north flank of Lassen Peak at about 2,800 m elevation.   
Site 22 is online between the ~27,000-year-old Lassen summit dacite dome and the 1,100- to 
1,000-year-old Chaos Crags to the north. 

South and southeast of Lassen Peak, detection of any possible magmatic signature in surface 
features is complicated by boiling and phase separation associated with the underlying vapor-
dominated zone (or zones).  Thus two of the three Lassen sites selected for continuous 
hydrogeochemical monitoring – including this one – are north of Lassen Peak. 
 
On 26 June 2009, a pressure-temperature-conductivity probe (InSitu AquaTroll 200) was 
installed on the Manzanita Creek tributary at 40°29'49.5"N, 121°32'09.1"W. This probe stores 
regular readings on solid-state memory, and data are recovered in the field during site visits (see 
site log) using a portable computer. Water and gas samples have been collected regularly during 
these site visits since 26 June 2009. 

Data are collected both from the probe site and from the source spring about 70 m (vertically) 
upslope at 40°29'44.5"N, 121°32'01.5"W.  On 11 July 2011 two thermistors (HOBO Pro v2) 
were emplaced in the source spring, one in the spring vent and one recording air temperature at 
1.5 m above land surface.  During the June 2012 site visit this instrument was retrieved and a 
new instrument (HOBO Pro v2) deployed. 

Intermittent sampling at this site began in 1997 (a total of 3 visits 1997-2000); other data 
compiled here are from USGS Menlo Park, California archives. 
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Figure 55.  CO2-charged source spring tributary to Manzanita Creek 2011.  Three passive-diffusion samplers 
(PDSs) were installed here in 2011-2012. 

 

Figure 56.  Temperature time series from the CO2-charged source spring 2011-2012. 

 

Figure 57. Bicarbonate (alkalinity) flux time series from the unnamed tributary to Manzanita Creek 2009-2012. 
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(24) Devils Kitchen 
 
This workbook contains advective-heat-loss and sulfate-flux time series for the Devils Kitchen 
fumarolic area. 

South and southeast of Lassen Peak, detection of any possible magmatic signature in surface 
features is complicated by boiling and phase separation associated with the underlying vapor-
dominated zone (or zones).  Thus two of the three Lassen sites selected for continuous 
hydrogeochemical monitoring are north of Lassen Peak. The only site south/southeast of Lassen 
Peak that was selected for monitoring is Devils Kitchen, one of the several major areas of acid-
sulfate discharge in Lassen Volcanic National Park.  Historical (1977-2000) gas and water 
analyses from Devils Kitchen have been assembled by Janik and McLaren (2010). 

The Devils Kitchen area has an unusually long record of advective-heat-loss measurements.  
Two measurements were made in 1922-23 (Day and Allen, 1925), within a decade of the 1914-
17 Lassen Peak eruption, and intermittent measurements were made from 1974-1996 (Friedman 
and Frank, 1978; Sorey and  Colvard, 1994; Ingebritsen et al., 2001).  This time series appeared 
to indicate a large decline in heat advected from Devils Kitchen, from an average of 23 MW in 
1922-23, shortly after the last eruption, to an average of 12.7 ± 4.9 MW (n=16) during 1974-
1996, a noneruptive period. However, available data were insufficient to determine whether the 
apparent decline in advective heat loss was due to a decline in volcanic activity or to diurnal or 
seasonal variability. 

Significant heat loss from fumarolic areas occurs by direct discharge from fumaroles (HFUM); by 
direct discharge from hot springs (HHS) and lateral seepage in the subsurface (HLAT); by 
evaporation and radiation from water surfaces (HWS); by conduction, advection, and evaporation 
from hot ground (HGR); and by advection in streams (HADV).  Thus 

HTOT = HFUM + HHS + HLAT + HWS + HGR + HADV 

 
where (HTOT) is the total heat loss from the thermal area.  Measurement of these multiple modes 
of heat discharge is difficult, and most of these terms are also model-dependent.  Thus the 
uncertainties are large, and time series are sparse and rare – both in the Cascade Range and 
globally. 

Devils Kitchen is unusual in that most of the heat loss is by advection in Hot Springs Creek, a 
quantity that is relatively easy to measure.  Based on measurements by Sorey and Colvard (1994) 
in 1986-1993, Hot Springs Creek advects about half (HADV =10.4 ± 2.7 MW) of the heat from 
Devils Kitchen (HTOT= 21 ± 4 MW).  Heat advected by Hot Springs Creek (HADV) is calculated 
by  

HADV = QDS (TDS – TUS) 

where QDS is the discharge of Hot Springs Creek downstream, TUS is the temperature upstream of 
the hydrothermal area, and TDS is the temperature downstream.  

On 24 June 2009, pressure-temperature-conductivity probes (In-Situ AquaTroll 200) were 
installed in Hot Springs Creek upsteam (40°26’30.0”N, 121°26’8.2”W) and downsteam 
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(40°26’26.5”N, 121°25’45.5”W) of Devils Kitchen.  These probes store regular readings on 
solid-state memory, and data were recovered in the field during site visits using a portable 
computer. The probes were removed on 10 July 2012.  Water and gas samples were collected 
regularly during site visits from 2009-2012. 

Previous field calculations assumed that diurnal changes in stream temperature were negligible. 
Hourly data from 2009 onward permit that assumption to be evaluated. 

Initial results from the Devils Kitchen monitoring were described by Randolph-Flagg and others 
(2010) and Randolph-Flagg (2011). 

Hourly records from 2009-2012 show Devils Kitchen heat loss (heat advected in Hot Springs 
Creek) ranging from 5 MW to 30 MW (average ~11 MW), with the variation controlled largely 
by stream discharge (r2 > 0.85).  Late-summer to early-fall heat loss is in the range of 5-10 MW, 
and in midsummer insolation contributes as much as 4 MW of energy to the Devils Kitchen 
reach of Hot Springs Creek (area ~3,600 m2), assuming maximum insolation of ~1 sol. 

Steam contributes both sulfur and heat to Hot Springs Creek. Assuming that the H2S associated 
with the steam converts entirely to SO4, then the average SO4 output from Devils Kitchen (~5 
g/s) can be multiplied by the known mass ratio of steam:H2S (~1,400, Janik and McLaren, 2010) 
and the enthalpy of steam (2,800 kJ/kg) to obtain a sulfate-based estimate of ~20 MW of heat 
loss via Hot Springs Creek – very similar to the Sorey and Colvard (1994) estimate of total heat 
loss from Devils Kitchen. 

Other data compiled here are from USGS Menlo Park, California archives. 
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Figure 58.  Devils Kitchen upstream measurement site 2011. 

 

Figure 59.  Devils Kitchen downstream measurement site 2010. 

 
Figure 60. Time series of heat advected from Devils Kitchen in Hot Springs Creek 2009-2012. 
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(25) Mill Creek downstream of Morgan and Growler Hot Springs 
 
This workbook contains a record of intermittent (1983-2013) hydrothermal chloride-flux 
measurements in Mill Creek south of Morgan and Growler Hot Springs.  These hot springs 
represent most of the liquid outflow from the Lassen hydrothermal system (~20 kg/s of 
Morgan/Growler equivalent thermal water). 

Morgan Hot Springs (1,530 m elevation) and Growler Hot Spring (1,570 m elevation) discharge 
near-neutral high-chloride water and deposit significant sinter in Mill Creek Valley south of 
LVNP.  Liquid geothermometry for these springs yields temperatures of 220-240oC, similar to 
those obtained by gas geothermometry for the fumaroles and acid-sulfate springs within LVNP 
(Muffler and others, 1982).  The isotopic composition of Morgan and Growler Hot Springs 
waters (δD~ -93‰) is compatible with recharge on the andesitic composite cone (Muffler and 
others, 1982).  (The isotopic composition of meteoric waters in the Lassen region reflects the 
prevailing SSE-NNW regional storm direction.)   

There is a recognized discrepancy between the measured rates of steam (40 kg/s: Sorey and 
Colvard, 1994) and liquid (20 kg/s: Sorey and others, 1994) discharge from the Lassen system 
that challenges the basic model of steady-state phase separation at 235oC (which should yield 
about 1/3 steam, not 2/3 steam).  Possible explanations include still-unidentified liquid discharge 
(Paulson and Ingebritsen, 1991); an overestimate of steam discharge; higher-than-assumed 
temperature/enthalpy at depth; and, finally, that the current ratio reflects disequilibrium behavior 
(Xu and Lowell, 1998). 

In 1983-1994 intermittent chloride-flux measurements were made in Mill Creek near Mineral, 
CA at Highway 36, about 6.5 km south of the Lassen National Park boundary.  These 
measurements were made in anticipation of potential geothermal-resource development and in 
response to the National Park Service’s desire for baseline hydrothermal data.  In 1983-1994 
Mill Creek was gaged and sampled at lat. 40o21’33’’N, long. 121o30’10”W, USGS streamgaging 
station 11381000.  Water samples were integrated samples collected across the width of the 
stream.  Chloride (Cl) determinations were made at several labs by colorimetric methods, with 
intercomparison of results, as described by Sorey and others (1994).  It seems reasonable to 
assume a "background" Cl value of about 0.3 mg/L above (upstream of) thermal sources, based 
on the data reported by Paulson and Ingebritsen (1991).  The chloride flux is converted to a hot-
spring discharge by assuming a Cl value of 2,400 mg/L – the approximate value at Growler and 
Morgan Hot Springs – for the thermal water.  Some thermal water from the Morgan Hot Springs 
area bypasses this gaging/sampling site via a tributary of Mill Creek (Sorey and others, 1994).  

In 2011 intermittent chloride-flux measurements were resumed in Mill Creek at lat. 
40°20’49.5”N, long. 121°31’07.8”W, about 1.8 km south of Highway 36.  From 2011-present 
water samples were collected at a single point midstream of Mill Creek. 

The data compiled here are from Sorey and others (1994) and the USGS archives in Menlo Park, 
California. 
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Figure 61.  Hydrothermal chloride-flux time series for Mill Creek below Morgan and Growler Hot Springs 1983-
2012. 

 

Figure 62.  Relation between hydrothermal chloride flux below Morgan and Growler Hot Springs and the 
discharge of Mill Creek 1983-2012 
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