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ABSTRACT

Ongoing (1996–present) volcanic unrest near South Sister, Oregon, is accompanied by a striking set of hydro-

thermal anomalies, including elevated temperatures, elevated major ion concentrations, and 3He/4He ratios as

large as 8.6 RA in slightly thermal springs. These observations prompted the US Geological Survey to begin a

systematic hydrothermal-monitoring effort encompassing 25 sites and 10 of the highest-risk volcanoes in the

Cascade volcanic arc, from Mount Baker near the Canadian border to Lassen Peak in northern California. A con-

certed effort was made to develop hourly, multiyear records of temperature and/or hydrothermal solute flux,

suitable for retrospective comparison with other continuous geophysical monitoring data. Targets included sum-

mit fumarole groups and springs/streams that show clear evidence of magmatic influence in the form of high
3He/4He ratios and/or anomalous fluxes of magmatic CO2 or heat. As of 2009–2012, summit fumarole tempera-

tures in the Cascade Range were generally near or below the local pure water boiling point; the maximum

observed superheat was <2.5°C at Mount Baker. Variability in ground temperature records from the summit

fumarole sites is temperature-dependent, with the hottest sites tending to show less variability. Seasonal variabil-

ity in the hydrothermal solute flux from magmatically influenced springs varied from essentially undetectable to a

factor of 5–10. This range of observed behavior owes mainly to the local climate regime, with strongly snow-

melt-influenced springs and streams exhibiting more variability. As of the end of the 2012 field season, there had

been 87 occurrences of local seismic energy densities approximately ≥ 0.001 J/m3 during periods of hourly

record. Hydrothermal responses to these small seismic stimuli were generally undetectable or ambiguous. Evalua-

tion of multiyear to multidecadal trends indicates that whereas the hydrothermal system at Mount St. Helens is

still fast-evolving in response to the 1980–present eruptive cycle, there is no clear evidence of ongoing long-term

trends in hydrothermal activity at other Cascade Range volcanoes that have been active or restless during the

past century (Baker, South Sister, and Lassen). Experience gained during the Cascade Range hydrothermal-moni-

toring experiment informs ongoing efforts to capture entire unrest cycles at more active but generally less acces-

sible volcanoes such as those in the Aleutian arc.
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INTRODUCTION

Time variation in hydrothermal phenomena can yield use-

ful diagnostic information during volcanic unrest (e.g.,

Connor et al. 1993; Tedesco 1994; Chiodini et al. 2002;

Gottsmann et al. 2006, 2007; Todesco 2008; Todesco

et al. 2010; Padron et al. 2013). However, most measure-

ment and sampling of surficial hydrothermal features is car-

ried out campaign-style, on a highly intermittent basis.

Such intermittent data, with sampling frequencies often
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≥ 1 year, are not well suited for comparison with continu-

ous seismic and geodetic observations. Further, when vol-

canic unrest becomes evident from other geophysical data,

baseline hydrothermal observations are sometimes nonexis-

tent, and often limited to a few observations during the

season when weather conditions are most amenable to field

work. Finally, a preponderance of field season, daytime

data means that there is limited information on seasonal or

diurnal variability. Assuming that periodic variability is

potentially significant, it is useful to establish a year-round

data baseline in order to isolate anomalous changes.

Beginning in 2009, motivated by the dramatic hydro-

thermal anomalies associated with volcanic unrest at South

Sister volcano (Wicks et al. 2002; Evans et al. 2004), the

USGS made a concerted effort to develop hourly, multi-

year hydrothermal records in the US portion of the Cas-

cade Range, a 1200-km-long volcanic arc that extends

from southern British Columbia to northern California.

The 25 selected monitoring sites (Fig. 1) show evidence

of magmatic influence in the form of high 3He/4He

ratios and/or large fluxes of magmatic CO2 or heat

(Table 1).

Fig. 1. Map of hydrothermal-monitoring sites in the US portion of the Cascade Range, numbered consecutively from north to south. Volcanoes (open trian-

gles) 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, Mount Shasta, and L, Lassen Peak. Red circles denote sites with continuous tem-

perature 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 solute flux measurements extending over a period of several decades.
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Hydrothermal anomalies associated with volcanic unrest

at South Sister

Geodetic deformation centered about 5 km west of the

summit of South Sister, Oregon, began in 1996–1997 and

was first recognized in 2001 (Wicks et al. 2002). The cen-

ter of geodetic uplift coincides with elevated water tempera-

tures, elevated chloride (Cl�) and sulfate (SO4
2�)

concentrations, and elevated 3He/4He ratios observed in

numerous springs. Spring temperatures exceed local ambi-

ent by as much as 5°C; Cl� and SO4
2� concentrations

exceed local ambient by as much as a factor of 40; and max-

imum 3He/4He ratios (up to 8.6RA) are the highest ever

sampled in the Cascade or Aleutian volcanic arcs (Evans

et al. 2002, 2004). The geochemical anomalies coincide

almost perfectly with the center of geodetic uplift (Fig. 2).

A strong correlation between chloride concentration and

temperature within individual spring groups (Evans et al.

2004; their Fig. 2C), the observation that all helium–iso-

tope ratios >4RA occur in springs with anomalous chloride,

and a strong regional correlation between Cl� and 3He

concentrations (Fig. 3) combine to suggest that the source

of anomalous heat and solutes is magmatic; further, mag-

matic carbon (d13C approximately �9%) predominates in

most of the springs (Evans et al. 2004). The resulting con-

ceptual model for the hydrothermal system under the wes-

tern flank of South Sister, based in part on the observation

that the sulfate-enriched springs are generally upslope of

the chloride-enriched springs (Fig. 2, upper panel), is simi-

lar to that invoked for other, more visible hydrothermal sys-

tems, including phase separation, scrubbing, and lateral

outflow of brines (Iverson 1999; Evans et al. 2004).

In addition to the well-documented hydrothermal

anomaly associated with unrest at South Sister, there is an

anecdotal report that the temperature and discharge of

Loowit springs at Mount St. Helens increased prior to the

renewal of the eruption in 2004: ‘Just prior to the onset of

seismicity in 2004, discharge and water temperature at a

spring in Loowit canyon appeared higher than normal (J.S.

Pallister, USGS, oral communication, 2004), but no mea-

surements were made…’ (Bergfeld et al. 2008).

A regional hydrothermal-monitoring network

Both at South Sister and at Mount St. Helens, there are

few (if any) hydrothermal-monitoring data that span the

entire period of unrest. Indeed, this is typically the case.

Hydrothermal sampling campaigns are usually prompted

by other geophysical indications of unrest (e.g., seismic or

geodetic). The resulting data are often sparse, lacking ade-

quate context to permit confident interpretation. Further,

even in the absence of unrest, many hydrothermal signals

seem likely to exhibit substantial periodic variability

(seasonal, diurnal) (e.g., Ingebritsen et al. 2001). Such
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variability must be documented and understood to discern

the potentially anomalous behaviors that we are ultimately

interested in.

Signs of volcanic unrest (Wicks et al. 2002) and the asso-

ciated geochemical anomaly (Iverson 1999; Evans et al.

2002, 2004) prompted a concerted hydrothermal-monitor-

ing effort at South Sister and a few other Cascade Range

sites beginning in 2002. In 2009–2012, this monitoring

network was expanded to include 25 sites that quantify

baseline hydrothermal variability at most (10 of 12) of the

highest-risk volcanoes in the Cascades, as defined by the

US Geological Survey’s (USGS) National Volcano Early

Warning System (NVEWS) report (Ewert et al. 2005).

The 25 monitoring sites can be grouped into three

broad categories (Fig. 1): (i) sites with hourly pressure–

temperature–conductivity monitoring and intermittent

liquid sampling and discharge measurements, in some

instances with complementary temperature records from a

nearby source vent; (ii) sites with hourly temperature mon-

itoring and intermittent gas sampling; and (iii) sites that

lack hourly data, but where the USGS has carried out

intermittent solute flux measurements over a period of sev-

eral decades.

Accompanying USGS Data Set

A USGS data set that accompanies this paper (Ingebritsen

et al. 2014) includes 24 workbook files for the monitoring

sites shown in Fig. 1 (sites 14 and 15 are combined in one

workbook file). The USGS data set includes the full instru-

mental time series, so that potential users can choose

which data to omit, filter, or correct. The only embedded

corrections are the handful of known depth offsets

described in the workbook files. In addition to hourly mea-

surement records, the workbook files include records of all

field measurements, sampling, and analytical results; ‘rating

curve’ information such as correlations between water

depth and steam discharge; and relevant published and

unpublished historical data (e.g., water and gas chemistry).

The USGS data set also includes metadata and background

for each of the 25 sites and, like the site numbers, is

ordered consecutively north to south.

Fig. 2. Upper panels: South Sister location map showing 1996–2004 InSAR

interferogram (one color cycle = 2.83 cm) and geochemical data: blue col-

umns indicate chloride concentrations (0.6–18.6 mg l�1 versus a regional

background of 0.2–0.7 mg l�1) and red columns indicate SO4
2�/Cl� ratios

(range 0.2 to 2.8). Lower panel: Locations of monitoring sites (16) and (17)

of this study (pink squares) and contoured 3He/4He ratio in springs. Red tri-

angles are the Three Sisters; yellow stars are epicenters of earthquakes on

March 23, 2004; open circles are continuous GPS stations; and yellow

squares are the communities of McKenzie Bridge (west) and Sisters (east).

From Wicks et al. (2002) and C.W. Wicks, Jr., USGS, written communica-

tion, 2004; He–isotope contours for Cl�-enriched springs are based on the

data of Evans and others (2004, their Fig. 1).

Fig. 3. Relation between chloride and 3He concentration for cold to slightly

thermal springs in the Three Sisters area and hot springs in the Oregon

Cascades. From van Soest et al. (2004).
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Purpose and scope

The primary objectives of this paper were to generally

introduce the available Cascade Range hydrothermal data

and to carry out some basic analysis with a focus on sea-

sonal and diurnal variability, seismic response, and long-

term trends at selected sites. Detailed time-series analysis is

intended to be the subject of a future paper.

METHODS

Hydrothermal phenomena were monitored at 25 sites from

Mount Baker in the north to the Lassen volcanic center in

the south (Fig. 1). As described in Table 1 and in the

USGS data set that complements this paper, all 25 sites

have some indication of magmatic influence, such as ele-

vated 3He/4He ratios, large fluxes of magmatic CO2, or

large heat fluxes.

At 14 of the sites, pressure, temperature, and electrical

conductivity (P-T-C) were measured on an hourly basis. At

six sites – mainly summit fumarole sites – hourly tempera-

ture (T-only) measurements were complemented by inter-

mittent gas sampling. The other five sites have limited

hourly data, but each has a several-decade history of inter-

mittent solute flux measurement. Records of hourly data in

the South Sister area (sites 16 and 17) begin in 2002, in

response to the volcanic unrest (Wicks et al. 2002), but

most of the hourly data were recorded in 2009–present.

Solute inventory methods (Ellis & Wilson 1955; Inge-

britsen et al. 2001) were used to convert P-T-C records to

solute flux records (Fig. 4). 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�1; Ingebritsen

et al. 1994). Chloride behaves conservatively in solution,

so that fluxes can be reliably measured far downstream

from the actual source. At a few of the sites, however,

fluxes of SO4
2�, HCO3

�, or heat (rather than Cl�) are the

quantities of interest.

For most sites, correlations have been developed to con-

vert pressure–temperature–conductivity data into a flux of

heat or (more often) to the flux of a solute species of inter-

est. Correlations have been used to relate (i) specific con-

ductance to laboratory-measured concentrations of

dissolved constituents (e.g., Fig. 5A) and (ii) pressure

(depth) to field-measured discharge (e.g., Fig. 5B).

Fig. 4. Block diagram illustrating solute inventory method for the case of

chloride. The difference between chloride flux upstream (Fluxa, g s�1) and

downstream (Fluxb) of a thermal spring group is divided by the chloride

concentration in the thermal spring waters (g l�1) to determine thermal

spring discharge (l s�1). That is, Dts ~ (Ds[Cld-Clu]/Clt), assuming that Dts

<< Ds and Clt >> 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 Clt is chloride concentration in

the thermal springs themselves.

(A)

(B)

(C)

Fig. 5. Data from an unnamed tributary of Sulphur Creek with >90% pre-

modern carbon (site 3), showing how instrumental P-T-C records are con-

verted to solute flux time series: Rating curves relating (A) chloride

concentration to specific conductance and (B) depth to discharge, and (C)

resulting hourly flux estimates compared with discrete field measurements.
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Field methods

Most of the pressure, temperature, and electrical conductiv-

ity (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 sub-

merged and anchored securely to the streambed with

lengths of rebar. During field visits, stored P-T-C data from

the probes were downloaded to portable computers, and a

field check of the probe data was made using laboratory-cal-

ibrated meters (T and C) and tape-down measurements of

water level relative to a standard measuring point (P).

Except in the rare instances where P-T-C probes were

collocated with USGS streamgaging stations, stream dis-

charge was measured during each field visit by standard

wading methods (Nolan & Shields 2000) in order to

develop a rating curve to convert depth (P) records to dis-

charge records. Water samples were collected within about

1 m of the P-T-C probes to create empirical relations

between electrical conductivity (specific conductance, C)

and concentrations of the ionic species of interest (e.g.,

Fig. 5A). Samples were collected using a syringe pump

with a 0.45-lm membrane filter. Two 30- or 60-ml splits

of the filtered water were retained for chemical analyses,

including an unacidified (FU) sample for the determination

of anion concentrations and a nitric acid-preserved (FA; 1%

v/v concentrated trace metal grade HNO3) sample for cat-

ion and trace metal analyses.

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 3–6 sensors per site –

were buried tens of cm deep in heated ground. During field

visits, temperature profiles were measured at 2- to 10-cm-

depth intervals to approximately 50 cm depth at each sen-

sor 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 off-

site, rather than in the field. At 4 of the P-T-C sites, com-

plementary T-only records of upstream vent conditions

were developed using HOBO Pro v2 and Tidbit sensors.

At both the P-T-C and T-only monitoring sites, water

and/or gas samples were collected, including samples for

noble gas analyses, using standard methods. Gas samples

for bulk composition and d13C–CO2 analyses were col-

lected into pre-evacuated glass bottles through a titanium

tube (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.

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. Analyti-

cal errors for these constituents are typically <5%. Total

alkalinity as bicarbonate was determined either in the field

with a HACH digital pipet or in the laboratory with a cali-

brated syringe pump titrator (Barringer & Johnsson 1996);

sample aliquots were titrated with standardized sulfuric acid

to the bicarbonate end point. The analytical error in alkalin-

ity 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 ana-

lyzed for bulk composition at the USGS in Menlo Park

using gas chromatography methods reported in Evans et al.

(1981). Carbon dioxide for stable isotope analysis was sepa-

rated from the bulk gas sample using standard cryogenic

techniques on a vacuum line (Evans et al. 2002, 2004); the

isotopic analyses were carried out at the USGS laboratories

in Reston, Virginia. The 3He/4He determinations were

performed at Lawrence Berkeley National Laboratory in

Berkeley, California (Kennedy et al. 1985; Hiyagon & Ken-

nedy 1992), the USGS laboratories in Denver, Colorado,

and the University of Utah Noble Gas Laboratory.

Data quality

The accuracy of field measurements and analytical results

reported here is consistent with the number of significant

digits assigned. The accuracy of the instrumental P-T-C

time series is variable and best judged by comparison with

complementary field measurements and analytical results.

Pressure (depth) records are the most likely to contain spu-

rious values. For instance, the flux records from sites (3),

(9), and (20) include discrete periods of oscillation that are

undoubtedly nonphysical and owe to oscillations in the

pressure record (e.g., Fig. 5C). Nearly all of the pressure

transducers used in this study were connected to the local

atmosphere through a vented cable, and most periods of

pressure oscillation likely reflect disrupted venting (clogged

or punctured venting tubes). Conductivity drift affects a

few of the flux records, most notably that from site (8).

The temperature records are generally reliable (i.e., within

errors cited by the manufacturers). Although all of the

temperature sensors that we used were vulnerable to failure

under high-temperature (approximately ≥70°C), low-pH

conditions, the failures tended to be abrupt, such that the

surviving records appear accurate. The only clear instance

of prefailure thermistor drift is from site (22).
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PERIODIC VARIABILITY OF THE
HYDROTHERMAL SIGNALS

Many of the hydrothermal signals exhibit substantial peri-

odic variability (seasonal, diurnal). Because the onset of

volcanic unrest is not restricted to the traditional field sea-

son, it is useful to document and understand this variabil-

ity. Thus, a primary goal of this study was to develop and

interpret multiyear time series sampled with hourly

frequency, sufficient to evaluate seasonal to subdiurnal

variability. In this section, we consider hourly temperature

(T-only) records from 6 summit fumarole sites, hourly sol-

ute fluxes (e.g., Fig. 5) from 14 P-T-C sites, and spring

vent temperature records from selected sites.

Temperature records from summit fumarole sites

Thermistor profiles at the six summit fumarole sites span

areas of near-boiling ground temperature (Fig. 6) and were

designed to capture horizontal gradients in temperature

and heat flow. We experienced a fair amount of instrument

failure under high-temperature (≥ 70°C) low-pH condi-

tions, despite using instruments nominally rated to at least

105°C for the hotter (50–90°C) points. However, by the

end of the 2012 field season, we had obtained a total of

26 records ≥ 6 months in length from five different sum-

mit fumarole sites (Table 2).

Both visual (Fig. 7) and statistical (Fig. 8) assessments indi-

cate that the higher-temperature records are generally less var-

iable than the lower-temperature records. The coefficient of

variation (CV; mean/standard deviation) is one measure of

variability in relation to the mean, and about 2/3 of the CV

variation seen in the 26 longer (>6 month) records is

explained by variance in the mean temperature (Fig. 8).

The experimental design (Fig. 6) was based on the pre-

mise that variability in temperature would tend to be

greater on the flanks of local thermal anomalies than in the

heart of the anomaly. Measurements were taken along a

horizontal transect to capture a gradient across a local

anomaly. Near-boiling ground temperatures must be sup-

ported by vigorous upflow of water vapor, and such upflow

will tend to inhibit the influence of surface environmental

parameters (air temperature, snowmelt, and atmospheric

pressure) that drives much of the observed variability at

lower-temperature points (Fig. 7). Previous field measure-

ments at various sites with near-boiling ground tempera-

tures indicate total heat flux values on the order of

2 kW m�2 (Hochstein & Bromley 2005). If this heat flux

is supported by saturated water vapor of maximum

enthalpy (2804 J g�1), the corresponding vapor upflow

rates are on the order of 1 g s�1 m�2. Ground tempera-

tures of 25–30°C imply heat fluxes (and vapor upflow

rates) about 10 times smaller (Hochstein & Bromley

2005).

As of 2009–2012, summit fumarole temperatures in the

Cascade Range were generally at or below the local boiling

temperature, indicating substantial interaction with mete-

oric water. Maximum observed temperatures were slightly

in excess of the local pure water boiling point at Mount

Baker (+2.4°C), Mount Hood (+0.5°C), Mount Shasta

(+0.6°C), and the north flank of Lassen Peak (+0.8°C)
(Table 2). In light of stated instrumental accuracy of

� 0.7°C at 90°C plus positive drift of 0.1°C per 1000 h

of use at 100°C (http://www.onsetcomp.com/products/

Fig. 6. Schematic diagrams illustrating tempera-

ture sensor configurations in the fumarolic area

near Crater Rock, Mount Hood (upper panel)

and at the Medicine Lake Hot Spot (lower

panel). Point numbers correspond to those in

Table 2. The two thermistor profiles shown in

the upper panel (points 1–3 and 4–6) each span

approximately 2.5 m and are about 30 m apart.

The single thermistor profile shown in the lower

panel (points 1–6) spans approximately 4 m.
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data-loggers/u12-015-02), and the fact that the pressure

changes associated with storm fronts can change the local

boiling point by about 1°C, only the Mount Baker result

clearly indicates some degree of superheat.

Much higher fumarole temperatures have been

observed previously in the Cascade Range. For instance,

during the California drought of 1976–1977, the temper-

ature of Big Boiler fumarole at Lassen (2500 m elevation)

reached 159°C, close to the temperature (163°C) of

steam decompressed adiabatically from saturated steam of

maximum enthalpy (2804 kJ kg�1, 235°C) to Lassen sur-

face pressure (0.75 bars) (Muffler et al. 1982). The large

values of superheat at Lassen were recorded by campaign-

style measurement. Because there are no continuous,

long-term fumarole temperature records in the Cascade

Range, it is impossible to determine whether other

drought periods have led to significant superheat. Fuma-

role temperatures > 163°C can only be achieved in the

complete absence of liquid water, and such temperatures

have been observed in the Cascade Range only in imme-

diate aftermath of the 1980 eruption of Mount St. He-

lens (Evans et al. 1981).

Temperature records from spring vents

Although hourly temperature (T-only) records were devel-

oped mainly for summit fumarole sites (Table 2), comple-

mentary T-only records of upstream spring vent conditions

Table 2 Summary of temperature (oC) records from summit-fumarole sites

Site no. Volcano/Site Name Elev. (m) Boilingpoint*

Max.
meas’d.
temp.

Point
no. Period of record

Mean(SD)†

temperature

1 Baker/Sherman Crater 3002 89.4 91.8 (1) – –
(2) – –
(3) – –

5 Rainier/Summit 4350 85.3 64.9 (1) 07/06/11–08/21/12 60.29 (2.95)
(2) 07/06/11–08/21/12 53.62 (3.62)
(3) 07/06/11–09/28/11 –
Cntrl.� 07/06/11–08/21/12 5.66 (9.66)

10 Hood/Crater Rock 3189 89.1 88.9 (1) 07/17/09–07/23/09 –
07/09/11–07/21/11 –

(2) 10/16/10–03/01/12 69.18 (13.8)
(3) 07/17/09–07/23/09 –

07/09/11–07/25/11 –
(4) 10/16/10–11/05/10 –

07/09/11–07/21/11 –
(5) 10/16/10–07/28/11 63.72 (18.2)

(6) 10/16/10–11/06/10 –
11/07/10–07/16/11 83.93 (7.35)

19 Medicine Lake/Hot Spot 2146 92.6 83 (1) 06/23/09–06/17/10 15.82 (8.44)
07/05/10–08/11/11 12.24 (8.96)
08/11/11–07/11/12 22.56 (9.88)

(2) 08/11/11–07/11/12 18.68 (9.00)

(3) 06/23/09–06/17/10 26.34 (13.4)
07/05/10–08/11/11 16.63 (11.8)
08/11/11–07/11/12 12.66 (7.45)

(4) 07/05/10–08/11/11 38.98 (10.8)
08/11/11–04/30/12 58.08 (18.3)

(5) 08/11/11–07/11/12 38.98 (10.8)

(6) 07/05/10–08/11/11 34.11 (26.0)
08/11/11–04/30/12 26.98 (10.6)

20 Shasta/Summit 4253 85.5 86.1 (1) 08/11/09–07/16/11 13.23 (5.96)
(2) 08/11/09–07/16/11 31.90 (6.90)
(3) 07/16/11–06/14/12 82.15 (0.40)

22 Lassen/N flank Lassen Peak 2781 90.7 91.5 (1) 07/13/09–11/24/09 –
10/12/10–09/02/11 58.26 (3.81)

(2) 07/13/09–11/24/09 –
10/12/10–12/15/10 –

(3) 10/12/10–06/15/12 83.48 (3.78)
(4) 10/12/10–12/11/10 –

09/02/11–01/23/12 –
(5) 07/13/09–06/15/12 17.55 (8.46)

Sun� 10/12/10–06/15/12 7.34 (9.76)
Shade � 10/12/10–06/15/12 5.08 (7.07)

*Nominal pure-water boiling temperature at site elevation. †Calculated only for periods of continuous record >6 months.�Ground temperature outside
thermal anomaly.
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were developed for four of the P-T-C (solute flux) sites.

The temperatures of these cold to slightly thermal springs

were very stable over the period of observation (Fig. 9).

Whereas nearby air and ground temperatures vary annually

by as much as 50°C, spring temperatures are nearly con-

stant (typically � 0.1°C). The only significant variations in

spring vent temperature occur at Paradise Warm Springs,

located at 1,934 m elevation on the south flank of Mount

Rainer; there, where the mean temperature is approxi-

mately 22.5°C, episodic snowmelt causes excursions to

temperatures as low as 17.4°C.

Solute flux records

At 14 of the 25 hydrothermal-monitoring sites, pressure,

temperature, and electrical conductivity (P-T-C) were mea-

sured on an hourly basis and converted to solute flux

records (e.g., Fig. 5). Each of these sites has some indica-

tion of magmatic influence such as elevated 3He/4He

ratios, large fluxes of magmatic CO2, or anomalous heat

fluxes (Table 1). In most cases, the primary solute of

Fig. 7. Temperature records from selected sum-

mit fumarole sites – see Tables 1 and 2 for site

information and Fig. 1 for locations.

Fig. 8. Coefficient of variation (std. deviation/mean) as a function of mean

temperature at summit fumarole sites (Table 2).

Fig. 9. Spring vent, ground, and air tempera-

ture records from selected sites (sites 5, 9, 17,

and 23 – see Tables 1 and 3 for site information

and Fig. 1 for locations).
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interest is chloride (Cl�) because, in the Cascade Range,

elevated Cl� levels invariably indicate a contribution of

deep, hydrothermal fluid. Further, in the Three Sisters

area, Cl� concentrations have been shown to be well corre-

lated with 3He concentrations (Fig. 3).

Figure 10 shows two-year chloride flux records from

smaller streams that capture outflow from nearby springs

with evidence of magmatic influence (Fig. 10A) and larger

streams with more remote hydrothermal input (Fig. 10B).

There is a wide range of variability. Among the smaller

streams, seasonal variability in Cl� flux ranges from essen-

tially undetectable at Boles Creek in northern California

(site 21) to a factor of 5–10 at Sulphur Creek tributary

(site 3) and Paradise Creek (site 6) in Washington. Several

of the larger streams (Fig. 10B) show a tendency toward

larger solute fluxes in winter and spring, with lower fluxes

in late summer and early fall.

The variability observed in the smaller streams

(Fig. 10A) seems to owe largely to local climatic condi-

tions. The most northerly of the small streams (Sulphur

Cr. tributary and Paradise Cr.), which have the largest sea-

sonal variability (Fig. 10A), also have the largest late-sum-

mer diurnal variability (Fig. 11). Large quantities of snow

and ice are present year-round in the Paradise Creek

watershed, and the late-summer diurnal variability there

clearly owes to snowmelt. In contrast, snow cover is mini-

mal or absent nearly year-round at Boles Creek, located at

1091 m elevation on the northwest flank of Mount Shasta.

Thus, the observed range of variability may reflect the gen-

eral distinction between ‘spring-fed’ and ‘snowmelt-fed’

springs that was documented by Manga (1996, 1997) in

the Oregon Cascades. In many instances, the observed

variability in solute flux primarily reflects variability in

discharge (Table 3), and the discharge of the ‘snowmelt-

fed’ springs is much more variable.

As a partial test of this hypothesis, we can compare the

observed variability in solute flux to some proxy for local

climate conditions. Land-surface elevation serves as a crude

proxy for climate in much of western North America.

However, because our monitoring sites span more than 8

degrees of latitude (Fig. 1), latitude may be equally or

more important. Linear regression of coefficient of varia-

tion for small streams versus site elevation yields an insig-

nificant correlation (Fig. 12A). However, regression of CV

versus an ‘effective elevation’ normalized to 45°N latitude

seems to explain most of the variance in the data

(Fig. 12B). Here, the ‘effective elevation’ of the monitor-

ing sites was calculated on the basis of a wet adiabatic lapse

rate of 5.4°C per km elevation (Ingebritsen et al. 1994,

their Fig. 21) and the 0.9°C per degree latitude variation

in mean annual air temperature typical of North America

east of the Rocky Mountains (http://www.ncdc.noaa.

(A)

(B)

Fig. 10. Two-year time series of chloride flux in

(A) smaller streams that capture outflow from

nearby (≤400 m distant) springs with evidence

of magmatic influence (sites 3, 6, 9, 11, 17, 21)

and (B) larger streams with more remote hydro-

thermal input (sites 7, 12, 14–15, and 16). See

Tables 1 and 3 for site information and Fig. 1

for locations. Austin Hot Springs (Clackamas

River) data from 2003–2004 (site 12) and

McKenzie River from 2002–2004 (sites 14 and

15) are transposed for comparison.
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gov/oa/documentlibrary/clim81supp3/tempnormal.pdf).

We posit that a similar latitudinal variation exists west of

the Rocky Mountains; however, western US air tempera-

ture records are also strongly influenced by orographic and

ocean current effects, making it difficult to isolate latitudi-

nal effects.

SEISMIC RESPONSE

Seismic monitoring is the backbone of volcano-monitoring

efforts, and eruptions are nearly always preceded by

increased seismicity. Thus, it is of interest to explore the

sensitivity of the hydrothermal time series to seismic

events.

A wide variety of hydrologic responses to earthquakes

have been thoroughly discussed by Wang & Manga

(2010), who suggest seismic energy density as a useful

metric for purposes of comparison. The seismic energy

density represents the maximum energy available in a seis-

mic wave train to do work on a unit volume of rock

(J m�3) at a particular location, and can be empirically

related to earthquake magnitude M and hypocenter dis-

tance r (Wang 2007):

log r ¼ 0:48M � 0:33 log eðrÞ � 1:4 ð1Þ
where e is the seismic energy density (hereinafter SED).

The SED threshold has been shown to be approximately

0.001 J m�3 for a variety of hydrothermal responses,

Fig. 11. Two-week late-summer (2011) time

series of chloride flux in smaller streams that

capture outflow from nearby (≤400 m distant)

springs with the evidence of magmatic influence

(sites 3, 6, 9, 11, 17, 21).

Table 3 Correlations (r2 for linear regression) between measured fluxes, stream discharge, and concentration or DT.

Site no. Volcano/Site name Period of record
Measurement
frequency n

Primary
variable

Correlation
with discharge*

Correlation with
concentration or DT*

2 Baker/Boulder Creek 1975–2012 Intermittent 5 SO4
2� flux 0.04 0.31

3 Baker/Sulphur Creek trib. 10/09/09–08/02/12 Hourly 24 687 Cl� flux 0.98 (0.08)
4 Glacier Peak/Gamma Creek 1988–2011 Intermittent 7 Cl� flux 0.94 (0.90)
6 Rainier/Paradise Creek 08/12/10–09/11/12 Hourly 18 264 Cl� flux 0.52 (0.22)
7 Rainier Nisqually River 10/15/10–09/18/12 Hourly 19 905 Cl� flux 0.69 0.00
8 St. Helens/carbonate springs 08/18/09–08/04/12 Hourly 25 964 Cl� flux 0.04 0.97
9 St. Helens/Kalama Spring 08/19/09–08/03/12 Hourly 27 864 Cl� flux 0.95 0.00

11 Hood/Still Creek 07/16/09–09/12/12 Hourly 27 698 Cl� flux (0.35) 0.90
12 Austin Hot Springs 1984–2006 Intermittent 30 Cl� flux† 0.30 (0.10)

12/07/03–10/01/06 Bi-daily to hourly 4405 Cl� flux† 0.20 0.04
13 Breitenbush Hot Sprs. 1984–2006 Intermittent 24 Cl� flux† 0.13 (0.12)
14/15 McKenzie River 1984–2012 Intermittent 82 Cl� flux† 0.25 (0.07)
16 South Sister/Separation Creek 2002–2004

2006–2012
4 daily to hourly 21 465

37 169
Cl� flux (0.28)

0.09
0.53
0.10

17 South Sister/Mesa Creek 2002–2007
2008–2012

Bi-daily to hourly 5693
34 870

Cl� flux† (0.02)
(0.21)

0.66
0.75

21 Shasta/Boles Creek 05/09/07–06/25/12 Hourly 44 992 Cl� flux 0.92 0.00
23 Lassen/Manzanita Creek trib. 06/26/09–09/14/12 Hourly 28 220 HCO3

� flux 0.94 0.14
24 Lassen/Devils Kitchen 1922–1996 Intermittent 15 Heat flux 0.93 (0.65)

07/07/09–07/10/12 Hourly 17 616 Heat flux 0.71 (0.10)

25 Lassen/Mill Creek 1983–2012 Intermittent 48 Cl� flux† 0.10 (0.10)

*Coefficient of determination (r2) values for linear correlation; values in parenthesis indicate negative (inverse) correlation. †The chloride (Cl�) flux values for
these sites represent the hydrothermal component only; that is, the background Cl� values upstream of the hydrothermal sources have been subtracted from
the downstream Cl� values (Fig. 4). Other Cl� flux values are total fluxes.
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namely changes in hot spring discharge (e.g., Sorey &

Clark 1981), temperature in artesian geothermal wells

(Mogi et al. 1989), and geyser frequency (e.g., Silver &

Vallette-Silver 1992; Husen et al. 2004) (Fig. 13).

As of the end of the 2012 field season, there had been

87 occurrences of local SEDs approximately ≥ 0.001 J m�3

at our hourly recording hydrothermal-monitoring sites.

The largest stimulus was approximately 0.01 J m�3 at car-

bonate springs, Mount St. Helens (site 8) on February 14,

2011. The great (M 9.0) Tohoku, Japan, earthquake of

March 11, 2011, generated SED > 0.001 J m�3 at all 25

of the hydrothermal-monitoring sites.

There are many published examples of unambiguous

hydrologic response to earthquakes (e.g., Wang & Manga

2010). Most of these occur either when one large earth-

quake simultaneously affects multiple discrete sites or when

the response is sufficiently rare and large to be clearly

attributed. For instance, the 1989 M 6.9 Loma Prieta

earthquake in central California caused rapid (minutes to

hours) and large (4–24-fold) increases in streamflow dur-

ing a period of extended drought (Rojstaczer & Wolf

1992). The SEDs at the streams affected by the Loma Pri-

eta event were relatively large, > 0.1 J m�3.

We sorted the 87 occurrences of SED > 0.001 J m�3 in

our records into two categories based on the visual inspec-

tion: ‘no response’ and ‘possible response’. Responses

labeled as ‘possible’ include the response of carbonate

springs (Mount St. Helens, site 8) to the largest SED in

our records (Fig. 14A) and the response of Mesa Creek

(A)

(B)

Fig. 12. Coefficient of variation (std. deviation/mean) of solute flux at

smaller streams that capture outflow from nearby (≤400 m distant) springs

with the evidence of magmatic influence (sites 3, 6, 9, 11, 17, 21, and 23

– see Fig. 10A) (A) as a function of site elevation and (B) as a function of

‘effective’ site elevation normalized to 45°N latitude under the assumptions

discussed in the text.

Fig. 13. Response of Cascade Range hydro-

thermal-monitoring sites to all seismic events

that generated local seismic energy densities

approximately ≥0.001 J m�3 during periods of

hourly monitoring (n = 87). Documented (pub-

lished) hot spring and geyser responses are from

Sorey & Clark (1981), Silver & Vallette-Silver

(1992), and the compilation by Wang & Manga

(2010).
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(South Sister, site 17) to the great Tohoku earthquake

(Fig. 14B). These responses are not unambiguous. At car-

bonate springs (site 8), there is temporal correlation

between the repeated seismic stimulus on 14 February and

large changes in temperature and specific conductance

(Fig. 14A); however, such large changes are not rare (see,

e.g. 12 February). And whereas specific conductance in

Mesa Creek and temperature in nearby Mesa Spring

(Fig. 14B) increase following the Tohoku event, similar

responses are not seen at any of the other sites, despite a

nearly identical stimulus.

The 60-min recording interval adopted in this study –

dictated by the limited storage capacity of the dataloggers

and infrequent site visits – may not capture brief hydrogeo-

logic responses. Nevertheless, results to date suggest that

the Cascade Range hydrothermal-monitoring network is

not highly sensitive to smaller SEDs in the range of

0.001–0.01 J m�3. Earthquakes capable of generating

SED >> 0.01 J m�3 are rare and did not occur during the

2009–2012 period when the network was fully deployed.

LONG-TERM TRENDS AT SELECTED SITES

Previous hydrothermal-monitoring studies in the western

United States focused on distal, high-chloride springs and

have shown these features to be quite stable over multi-

decadal periods of observation (Ingebritsen et al. 2001).

The stability of distal, high-Cl� hot springs is attributed to

the longevity of the likely magmatic heat sources, flow path

lengths ranging up to 10s of kilometers, and fluid travel

times of perhaps 102–104 years.

This study focused instead on proximal features that

exhibit clear evidence of magmatic input. What can be said

about the multiyear to decadal term stability of these prox-

imal features? Here, we consider the cases of South Sister,

which inspired this hydrothermal-monitoring experiment;

Mount St. Helens, where the hydrothermal system is still

fast-evolving in response to the 1980–present eruptive

cycle; and Lassen, where measurements taken in the early

1920s, shortly after the 1914–1917 eruptions, are com-

pared with recent measurements.

(A)

(B)

Fig. 14. Possible seismic responses of (A) car-

bonate springs (site 8) to four nearby M2.3–3.8

earthquakes on February 14, 2011 and (B)

Mesa Creek and Mesa Spring (site 17) to a

remote M9.0 earthquake at 22:46 PDT on

March 10, 2011.
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South Sister – absence of clear trends 1990–present

The particulars of the South Sister hydrothermal anomaly

were reviewed in the introduction of this paper, and its

spatial relation to ongoing uplift and the March 2004 seis-

mic swarm is shown in Fig. 2. Briefly, all helium–isotope

ratios >4RA occur in springs with anomalous chloride, and

many 3He/4He ratios near the center of the uplift are

>7RA, within the range found in mid-oceanic ridge basalt

(MORB), which is typically given as 7–9RA. These highly

anomalous conditions clearly reflect the influence of

magma. However, they may predate the onset of the

ongoing (1996–1997 to present) uplift, as the total anom-

alous chloride flux in Separation Creek has remained indis-

tinguishable from the initial value of 10 g s�1 measured in

1990 and reported by Ingebritsen et al. (1994).

Some subtle or localized hydrogeochemical changes may

have been overlooked but, based on observations in hand,

the magnitude and essential nature of the South Sister

hydrothermal anomaly has not changed greatly between

1990 and 2012. A key characteristic of this anomaly is the

intercorrelation among temperature, Cl� concentrations,

and 3He concentrations (Iverson 1999; Evans et al. 2002,

2004; van Soest et al. 2004). The hydrothermal Cl� flux

in Separation Creek (site 16), which captures outflow from

the entire anomaly, was 10 g s�1 in 1990 (n = 1),

10.0 � 0.6 g s�1 in 2002–2004 (n = 21 465), and

10.3 � 1.4 g s�1 in 2006–2012 (n = 37 169) (Table 1).

Thus, there is no evidence of a significant change in Cl�

flux associated with either the beginning of uplift in 1996–

1997 or the earthquake swarm and slowing of uplift in

2004 (Fig. 15). There is a visible increase in the mean and

variability of the Separation Creek Cl� flux during the final

year of record (to 11.8 � 1.75 g s�1 from June 26, 2011

to June 26, 2012) but, absent any corresponding change

at Mesa Creek, we are loath to attribute causation. We

note that the Separation Creek P-T-C probe was near the

end of its design life by 2012, and had failed and was

unresponsive by summer 2013. Both the Separation Creek

and Mesa Creek records also exhibit some increase in vari-

ability in July 2008 that owes, at least in part, to the

beginning of more frequent (hourly) recording at that time

(Table 1).

The stability of the South Sister hydrothermal anomaly

supports the tentative conclusion of Evans et al. (2004)

that this anomaly might be related to frequent basaltic

intrusion along north-trending lineaments on the west side

of the Three Sisters. Evans et al. (2004) noted that intru-

sion of 0.006 km3 year�1 of basaltic magma during five of

every 100 years could sustain the present output of carbon,

helium, and heat, and also maintain the distinctive mag-

matic gas signature of the springs. They further noted that

no basalts have reached the surface in the Separation Creek

drainage for at least 10 k.y. (Taylor et al. 1987) and that,

viewed in this context, the intrusion inferred to cause the

ongoing uplift has a low probability of actually erupting.

Their conclusion was based on the hydrothermal data avail-

able through 2002. As of this writing, an additional decade

of hydrothermal monitoring (Fig. 15) lends it further

credence.

Mount St. Helens – secular trends at carbonate springs

The dynamic, fast-evolving nature of the post-1980 Mount

St. Helens hydrothermal system poses its own unique

opportunities and challenges for hydrothermal monitoring.

Crandell & Mullineau (1978) recognized in the 1970s that

Mount St. Helens is the most frequently active Cascade

volcano, and it has erupted in 1980 and again in 2004.

The USGS NVEWS report (Ewert et al. 2005) assigns

Mount St. Helens the No. 1 threat score ranking among

Cascade Range volcanoes.

Fig. 15. Time series of chloride flux (g s�1) in Mesa Creek (site 17) and Separation Creek (site 16) and 3He/4He isotope ratios in Mesa Spring. Peak geodetic

uplift rates were 3–4 cm year�1 in 1998–2003, decreasing to 0.6–0.8 cm year�1 in 2006–2010; the change in inflation rate in approximately March 2004

(Riddick & Schmidt 2011; their Fig. 5) was roughly coincident with a swarm of approximately 300 small earthquakes (Moran 2004). The 1990 chloride flux

measurement in Separation Creek clearly predates the beginning of uplift in 1996–1997. See Fig. 1 for hydrothermal-monitoring site locations and Fig. 2 for

uplift pattern as of about 2002.
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Observations prior to the 1980 eruption indicate that

hydrothermal phenomena were weak and sparse. In 1941,

surface temperatures of up to 88°C were measured at Boot

Ridge, elevation 2740 m (Phillips 1941). In 1973–1974,

temperatures of up to 89°C were measured at 50 cm depth

on the southwest flank of Mt. St. Helens at approximately

the same elevation (Friedman & Frank 1977). There were

also unconfirmed reports of warm ground along the south-

ern 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 et al. 1980).

The dynamic evolution of the post-1980 Mount St. He-

lens hydrothermal system can be briefly summarized as fol-

lows (Bergfeld et al. 2008): From the early 1980s to

2002, gas vents on the 1980–1986 dome grew weaker and

more air-dominated. In the early 1980s, Loowit and Step

hot springs emerged when canyons were eroded although

the breach formed by the 1980 eruption (the ‘Breach’).

The highest water temperature recorded was 92.6°C from

the Loowit spring group in 1986 (Shevenell & Goff

1993); subsequent declines in temperature and variable,

but generally more dilute chemistry have been attributed

to a rapidly cooling hydrothermal system. The Pumice

Plain avalanche deposits lie below (north of) the Breach

and below the Loowit and Step hot springs. Following

brief fumarolic activity, thermal waters began to discharge

from the cooling Pumice Plain deposits in 1981. The

Pumice Plain thermal waters have cooled more rapidly than

those along Loowit Creek and in Step Canyon; in general,

the Pumice Plain thermal fluids seem to be confined to the

shallow 1980 avalanche and pyroclastic deposits and do

not contain magmatic volatiles. However, ‘carbonate

springs’, (site 8) a large warm spring system on the north-

west margin of the Pumice Plain, has chemical similarities

to hot springs along Loowit Creek and in Step canyon.

Effort to develop continuous hydrothermal records from

the Breach hot springs has been largely stymied by the

aggressive water chemistry and an environment that

remains unstable; multiple hot lahars occur in the Loowit

and Step canyons every year. Instead, probes were installed

in ‘carbonate springs’ (site 8), because of its chemical simi-

larities to the Breach hot springs and evidence for mag-

matic carbon input (DIC >90% premodern C, d13C-DIC

approximately �11), and in Kalama Spring (site 9), a large

cold spring with minimal evidence of magmatic input

which serves as a control.

The heat and solute output from Kalama Spring was

steady during the 2009–2012 period of record

(T = 4.0 � 0.1°C, Cl� flux 1.24 � 0.52 g s�1). In con-

trast, the 2009–2012 records from carbonate springs show

substantial declines in heat and solute output (Fig. 16).

The carbonate springs instrumental record is noisy, because

there is significant conductivity drift and seasonal vegeta-

tion growth in the outflow channel. Nevertheless, the

overall rates of decline indicated by the instrumental

records and repeated field measurements are very similar.

The rapid decline in heat and solute flux seen at carbon-

ate springs is similar to patterns observed in the mid-valley

thermal springs in Valley of 10 000 Smokes, Alaska, where

heat discharges from a still-cooling 1912 ashflow sheet

(e.g., Hogeweg et al. 2005). The inference in both cases is

that heat and solutes are being mined from a source that is

relatively local, shallow, and transient.

Lassen – comparison of measurements in early 1920s,

1970s, 1990s, and 2009–2012

The Lassen volcanic center hosts the largest and most visi-

ble high-temperature hydrothermal system in the Cascade

Range. Most of the obvious hydrothermal activity is south

and southeast of Lassen Peak, where the detection of any

possible magmatic signature in surface features is compli-

cated by boiling and phase separation associated with an

underlying vapor-dominated zone (or zones). Thus, two of

the three Lassen sites selected for continuous hydrogeo-

chemical monitoring are north of Lassen Peak (sites 22

and 23). The exception is Devils Kitchen (site 24), one of

several major areas of fumarolic discharge, where hourly

heat flow measurements were taken in 2009–2012.

The Devils Kitchen fumarolic area was selected for contin-

uous monitoring for two reasons: (i) there is an unusually

long record of heat flow measurement, and (ii) the dominant

component of heat flow is readily measured. Measurements

of heat flow at Devils Kitchen were first taken in 1922–1923

(Day & Allen 1925), shortly after the 1914–1917 Lassen

Peak eruption, and intermittent measurements were taken

from 1974 to 1996 (Friedman & Frank 1978; Sorey & Col-

vard 1994; Ingebritsen et al. 2001). Further, whereas mea-

surement of heat flow from fumarolic areas is usually difficult

and time-consuming, the dominant mode of heat loss from

Devils Kitchen is straightforward to measure.

In general, 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). That is,

HTOT ¼ HFUM þHHS þHLAT þHWS þHGR þHADV ð2Þ
where (HTOT) is the total heat loss from the thermal

area. Measurement of these multiple modes of heat dis-

charge 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.
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However, based on measurements by Sorey & 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 readily calculated as

HADV ¼ QDS ðTDS � TUSÞ ð3Þ
where QDS is the discharge of Hot Springs Creek down-

stream, TUS is the stream temperature upstream of the

hydrothermal area, and TDS is the stream temperature

downstream. To measure this quantity, P-T-C probes were

installed upstream and downstream of Devils Kitchen from

June 24, 2009 to July 10, 2012.

What do the cumulative 1922–2012 records suggest

about the presence or absence of long-term trends? The

hourly records from 2009 to 2012 show heat advected in

Hot Springs Creek (HADV) ranging from approximately 5–

25 MW (mean 13.5 MW) (Fig. 17), with the variation con-

trolled largely by stream discharge (Table 3: r2 = 0.71). The

P-T-C hourly records can also be used to estimate total heat

(A)

(B)

(C)

Fig. 16. Temporal trends in (A) temperature,

(B) specific conductance, and (C) chloride flux

at carbonate springs, Mount St. Helens (site 8).

In each panel, the upper trend line is fit to field

measurements, the lower trend line to probe

data.
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loss (HTOT), because steam contributes both sulfur and heat

to Hot Springs Creek. Assuming that all of the H2S associ-

ated with the steam eventually converts to SO4
2� and is

swept downstream, then the average SO4
2� output from

Devils Kitchen (approximately 5 g s�1) can be multiplied by

the known mass ratio of steam/H2S (approximately 1400,

Janik & McLaren 2010) and the enthalpy of steam

(2800 kJ kg�1) to obtain a sulfate-flux-based estimate of

HTOT. The resulting SO4
2�-flux-based estimate of HTOT in

2010–2012 is approximately 20 MW, very similar to the

value measured by Sorey & Colvard (1994) in 1986–1993

using other methods (Eq. 2). Native sulfur and pyrite (FeS2)

are both commonly visible at Devils Kitchen and represent

local, temporary storage of sulfur at intermediate oxidation

states. However, the near-zero SO4
2� fluxes observed for

brief periods in late spring 2011 and 2012 (Fig. 17) suggest

that these surficial S-storage reservoirs may empty seasonally.

The entire 1922–2012 Devils Kitchen heat flow record

exhibits internal consistency. Observed variation in heat flow

from 1922 to 1996 (n = 15) relates mainly to variations in

stream discharge (Ingebritsen et al. 2001; their Fig. 8); this

is also the case for the much higher-resolution 2010–2012

record (n = 17 626). Further, maximum measured heat

flow values from the early 1920s (26 MW, n = 2) are no lar-

ger than the maximum values measured in 2010–2012

(Fig. 17: 25–30 MW). Finally, in 2010–2012, both heat

advection in Hot Springs Creek (HADV = 10.9 MW) and

total heat loss based on SO4
2� flux (HTOT approximately

20 MW) were similar to the HADV and HTOT values mea-

sured in 1986–1993 by Sorey & Colvard (1994) (10.4 and

21 MW, respectively, for a much smaller sample size).

There are at least two possible explanations for the

apparent stability of Devils Kitchen heat flow from the

early 1920s to present. First, the hydrothermal system may

have been restored to near-equilibrium conditions within

5 years of the 1914–1917 eruption. Alternatively, the

major fumarolic areas of Lassen system may not have

responded dramatically to the 1914–1917 eruption. If so,

their lack of response may relate to the unusual buffering

capacity of extensive two-phase zones, which possess very

high effective compressibility (Grant & Sorey 1979; Inge-

britsen & Sorey 1985). The latter possibility supports the

selection of hydrothermal-monitoring sites north of Lassen

Peak that avoid the extensive two-phase zone(s).

DISCUSSION AND FUTURE DIRECTIONS

The Cascade Range is a relatively quiescent volcanic arc.

Eruptions have occurred an average of every 50 years over

the past 4000 years (Dzurisin et al. 1997). This prehistoric

rate is compatible with the approximately 200-year histori-

cal record of two eruptions (Lassen 1914–1917 and

Mount St. Helens 1980–present) and two well-docu-

mented ‘failed eruptions’ (Mount Baker 1975 and South

Sister 1996–present). Thus, the statistical likelihood of cap-

turing a Cascade Range eruptive cycle during a several-year

period of hydrothermal monitoring is rather low.

One advantage of carrying out the hydrothermal-moni-

toring experiment in this relatively quiescent volcanic arc is

ease-of-access. In the Cascades, it is logistically feasible to

simultaneously occupy the most promising hydrothermal-

monitoring sites arc-wide. This would not be the case in

the more active but less accessible Aleutian arc.

The Cascade Range data also serve to establish a baseline

for campaign-style response to future episodes of volcanic

unrest. Consider for instance Mount Baker (Fig. 1). Other

than the fumarolic areas in Sherman Crater (site 1; see Wer-

ner et al. 2009), the Sulphur Creek tributary (site 3) is the

most obvious target for hydrothermal monitoring, because

of its chloride content and magmatic carbon signature

(>90% premodern C). (Boulder Creek – site 2 – which

drains Sherman crater, is another obvious monitoring target

but lacks a deep hydrothermal signature.) Yet Sulphur Creek

exhibits a 5–10-fold variation in solute flux (Cl� flux 0.3–

2.8 g s�1) due to purely hydrologic factors (Fig. 5C). In

the absence of year-round baseline data, the results of cam-

paign-style sampling of Sulphur Creek would be very diffi-

cult to interpret; clearly, a large change in Cl� flux might be

purely hydrologic. In contrast, any measurable change in

Cl� flux at Boles Creek (Mount Shasta, site 21), where

changes in Cl� flux were essentially undetectable in 2007–

2012 (0.149 � 0.006 g s�1), might be of real interest.

Experience gained in the Cascade Range documents the

potential importance of year-round monitoring, as well as

the importance of sufficiently high temporal resolution to

document diurnal variability and assess seismic responses.

Cascades Range experience also suggests that persistent

anomalies, such as those at South Sister, may reveal the

locations of frequent ‘failed eruptions’ (e.g., dike intru-

sions) and that extensive two-phase zones, such as those at

Lassen, might tend to mask signals from depth. Future

work on the Cascade Range database will include detailed

Fig. 17. Two-year time series of heat and sulfate flux in Hot Springs Creek

immediately downstream of Devils Kitchen, Lassen Volcanic National Park

(site 24).
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time-series analysis, including spectral and wavelet analysis.

Filtering of periodicities in the time series that are related

to near-surface forcing may enhance the ability to detect

potential variations associated with processes at depth.

We continue to believe that geochemical changes in

magmatically influenced springs on the flanks of volcanoes

may prove to be of diagnostic value. The 3He/4He ratio

seems to be the best single geochemical indicator of mag-

matic influence (e.g., Sorey et al. 1998), and at times
3He/4He ratios have been observed to be higher in

selected flank springs than in summit fumaroles, for

instance at Mount Hood in the 1990s and Mount Shasta

in the 2000s (Ingebritsen et al. 2014).

Future hydrothermal monitoring will focus on more

active volcanoes, in an effort to continuously monitor

hydrothermal phenomena through full cycles of volcanic

unrest, and on more direct sampling of the hydrogeochem-

ical parameters believed to be of most interest. In a US

context, the emphasis on capturing full volcanic-unrest

cycles implies increased focus on the Alaskan/Aleutian arc,

where eruptions are much more common (often > 1 per

year, versus 1/50 years in the Cascades), and on eastern

California, where signs of volcanic unrest (‘failed erup-

tions’) are relatively common. We are also experimenting

with ways to directly and continuously sample gas compo-

sition and particularly the 3He/4He ratio. To this end, the

University of Utah Noble Gas Laboratory has developed a

suite of passive diffusion samplers (Gardner & Solomon

2009) with a wide range of nominal mean equilibration

times (hours to months). These devices can be left in place

indefinitely, either in hot ground or in magmatically influ-

enced springs, and retrieved in response to independent

geophysical signals of volcanic unrest. Inherent design fea-

tures are that the stored sample evolves continuously to

reflect local in situ conditions and that inverse methods

can be used to infer the timing and magnitude of any gas

composition changes. In collaboration with the University

of Utah and the Geological Survey of Japan, prototype

devices have been tested in the Cascade Range (sites 8, 19,

and 23) and are currently (spring 2013 to present)

deployed at the restless Izu-Oshima volcano, Japan.
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