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INTRODUCTION

Hot springs, geysers, mud pots, and fumaroles are dynamic
surface features that represent interacting subterranean systems
of water, heat, and rocks. Identifying the locations of these fea-
tures and monitoring their heat, water flow, and chemistry can
provide land managers with data needed to make informed deci-
sions about management options.

This chapter describes vital signs and contains options for
monitoring surface and near-surface geothermal features, such as
hot springs, geysers, mud pots, and fumaroles. Its focus is the
description of techniques for detecting change in hydrothermal
systems through time due to natural or human-related causes.

The goal of this chapter is to describe selected techniques
for monitoring important vital signs of geothermal systems.
Information in this chapter will not make the reader an expert in
all geological aspects of geothermal systems. Some monitoring
techniques are simple and can be performed by interested volun-
teers with no specialized background. Other techniques are com-
plex and are best done by experts, with study results interpreted
by seasoned practitioners. The described monitoring options may
not meet all statutory and regulatory requirements that land man-
agers may face.

The terms geothermal and hydrothermal have specific
connotations as used in this chapter (Jackson, 1997). Geother-
mal refers to any system that transfers heat from within the Earth
to its surface. Hot rocks, without water, are geothermal. Hydro-
thermal is a subset of geothermal, and means that the transfer
of heat involves water, either in liquid or vapor state (hence the
“hydro”). Hot springs and geysers, for example, are hydrother-
mal features. It should be noted that the terms geothermal and
hydrothermal may be used differently in other publications.

The potential for geothermal systems exists over broad
regions of the United States (Fig. 1). Although most of the geo-

thermal systems occur in the western United States, isolated geo-
thermal features are also found in the eastern United States.

The Geology of Geothermal Systems

Three geological components are required for the formation
of a hydrothermal feature: (1) water, (2) heat, and (3) permeabil-
ity through rocks so water can flow in the subsurface and rise
to or near the land’s surface. Geologists conceptualize these as
three interrelated systems. Meteoric water, or water that entered
a geothermal system at Earth’s surface, such as rainfall, snow-
melt, rivers, and lakes, forms most of hydrothermal fluids. Water
recharge, or the site where water soaks into the ground, may be
distant (up to tens of kilometers) from the discharge site. Some
waters reach several kilometers depth. The source of heat is either
magma, in the case of volcano-related systems, or heat from the
normal temperature increase with depth in the earth. Fractures
in rocks (Fig. 2) often create permeability, but in some systems
interconnected pores or large cave systems allow fluids to flow.
In hydrothermal systems, seismic activity may open fractures or
alternatively may close them.

While to a layperson a hot spring may be just that, a solitary
spring, to a geologist a hot spring is the surface tip of a subterra-
nean system that may extend for kilometers. A hydrothermal sys-
tem includes an area where water gets recharged to the subsurface
by the infiltration of rainwater or snowmelt. The system includes
the underground flow of the waters, perhaps to depths of several
kilometers, typically through fractures (Fig. 2) and/or pores in
the underground rocks. It is important not to think of geothermal
waters as typically flowing through underground caves (except in
unusual circumstances). Water circulating near magma or deep
enough to be heated by warm rocks forms hydrothermal fluids.
Hydrothermal systems also include a zone where the hot waters
flow upward to the land surface, driven by pressure or density,
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giving rise to a spring, geyser, mud pot, or fumarole. Figures 3
and 4 show geologic conceptions of how hydrothermal systems
might look underground in areas where the heat source is volca-
nic and/or magmatic heat (Fig. 3) and where the heat source is
non-magmatic heat (Fig. 4). In a magmatic hydrothermal system,
the magma heats rocks that then heat deep circulating waters. In a
non-magmatic hydrothermal system, thermal waters result from
water being heated by higher temperature (through the increase
in temperature with depth) rocks and quickly returned to Earth’s
surface before cooling.

An individual hydrothermal feature is the surface expres-
sion of integrated, interacting geologic systems of water, heat,
and rocks. An individual hot spring, for example, must be viewed
both as the surface expression of the interacting systems, and as
one feature in the context of other features around it, with which
it may share subterranean connections. For example, Old Faith-
ful geyser exists as an individual feature, but it also exists in the
context of the overall Upper Geyser Basin. The Upper Geyser
Basin exists in the context of the Upper, Midway, and Lower
Geyser Basins. And these geyser basins exist in the overall con-
text of the Yellowstone caldera. Subterranean connections, per-
haps at scales that range from local to regional, may also occur in
non-volcanic hydrothermal systems. Interconnections commonly
exist among multiple hydrothermal features along a fault or flow-
ing from an individual rock unit. The implication for geothermal
monitoring is that individual hydrothermal features are part of a
hydrothermal basin and also the surface expression of an entire
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Figure 1. Map showing estimated sub-
surface temperatures in the United
States. Red and orange colors indicate
that the western United States is gener-
ally warmer than the central or eastern
United States. Most hydrothermal sys-
tems can be expected to occur in the
red and orange areas. However, there
are some sites in the central and east-
ern states where thermal springs occur
due to waters rising along deep faults
or folded sedimentary rocks. Map from
Green and Nix (2006).
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hydrothermal system. Thus, data from one hydrothermal feature
may not provide adequate information for decision making in
areas that have multiple hydrothermal features.

Individual hydrothermal features require a critical combi-
nation of water supply, heat supply, and permeability. Changes
in any of these components may lead to changes in the surface
expression of the hydrothermal system. Lack of active surface
hydrothermal features may not mean, however, that the hydro-
thermal system ceased to exist. Perhaps the opening of new
fractures redirected the flow of hydrothermal water, or perhaps
mineralization sealed an existing fracture.

Changes from active to inactive and back again may be typi-
cal of hydrothermal systems (Moore, 2007). In Yellowstone, for
example, forests have grown during periods of quiescence only to
be killed when hydrothermal systems rejuvenate (Marler, 1956).
Preliminary dating of a Yellowstone geyser suggests that it may
have had periods of activity that were separated by perhaps thou-
sands of years of quiescence (Foley, 2006). Monitoring hydro-
thermal systems may help determine whether the systems are
heating up, cooling down, or remaining the same.

Multiple possible combinations of water sources, heat
sources, subsurface rock types, chemical reactions and flowpaths
lead to the development of many different kinds of surface hydro-
thermal features (Table 1). The multiple possible fates of waters,
as shown on Figure 3, include such issues as: do the waters boil
underground? Does the steam separate or stay with the waters as
they rise? Do the waters just cool as they rise, without boiling?
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Figure 2. Fractures, identified by the networks of dark linear zones,
which indicate the passage of hydrothermal fluids through light-
colored volcanic rocks. This photograph shows fractured rocks in Yel-
lowstone. Photo ©2008 by D. Foley.

Do the waters mix with other subsurface waters, either other ther-
mal waters or cooler groundwater? Table 1 summarizes major
categories of hydrothermal systems.

The surface expression of a hydrothermal system creates
vital signs that can be monitored. Hydrothermal features occur
at a location, perhaps in conjunction with other hydrothermal
features. They emit heat and discharge hydrothermal water. The
water contains chemicals and gases. So, location, area, heat,
water, and chemistry become critical vital signs to monitor.
Although these vital signs are observable at the surface, they also
provide information about the subsurface hydrothermal system.

Five closely related investigations of hydrothermal systems
include: (1) identification, (2) monitoring, (3) research, (4) explo-
ration, and (5) production. Identification is simply locating the
surface expression of a geothermal feature and perhaps noting
its temperature and flow. Monitoring, for the purposes of this
chapter, is the short-term or long-term observation of the ther-
mal, chemical, or flow characteristics of a surface or near-surface
(for example, cave or well) thermal feature or connected group
or groups of features. Monitoring also may involve describ-
ing how hydrothermal systems change through time and as a
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result of human activities. Research about hydrothermal systems
may include more detailed thermal studies, in-depth chemi-
cal analyses, geophysical studies of electrical, magnetic, grav-
ity, and seismic characteristics of a site or region, and detailed
flow monitoring. Research also may include investigation of the
entire hydrothermal system, rather than just surface phenomena.
Exploration for geothermal resources builds on research and
tries to find commercially producible quantities of hydrothermal
fluids for either direct heat use (e.g., space heating or industrial
processing) or for the generation of electricity. Production of a
geothermal resource, once the resource is developed by extensive
drilling, requires continual studies to assure that adequate quanti-
ties of fluids with the necessary temperatures and pressures are
present in the system.

In this chapter, the emphasis is on monitoring vital signs of
surface or near-surface phenomena in hydrothermal systems to
assess natural and human-related changes. It does not include
description of techniques that can be used for deep exploration or
for monitoring production from a geothermal field. Nor does this
chapter include discussion of biological monitoring of hydrother-
mal systems or monitoring underwater hydrothermal features.
While monitoring these may be important in some cases, the
sophistication of required equipment and personnel places such
work still in the realm of research. Also, enhanced geothermal
systems, which are created by drilling two wells into hot but not
necessarily permeable rocks, artificially creating or enhancing
natural permeability, and circulating water between the wells, are
not part of this chapter. Thermal waters produced with petroleum
products are also not discussed. In some cases, it may be impor-
tant for land managers to consider these other thermal systems
and consult with professionals.

It is possible that many public lands have hidden geothermal
systems. These are also known as “blind” systems, because they
have no surface expression. Figure 5 shows a blind hydrothermal
system developed through lateral leakage of thermal waters. Until
discovered through research and exploration, including well drill-
ing programs, these hydrothermal systems cannot be monitored.
Land managers should recognize that current lists of geothermal
systems are likely to be increased as exploration for alternative
energy continues, especially in the western United States.

The geothermal industry and the U.S. Geological Survey
divide hydrothermal systems into two subclasses based on chem-
ically determined maximum subsurface fluid temperatures:
(1) high temperature fluids, which are generally defined as those
fluids above 90 °C (~195 °F) and may be suitable for the genera-
tion of electricity, and (2) low and moderate temperature fluids,
which are those that have likely maximum subsurface fluid tem-
peratures below 90 °C (~195 °F). Moderate and low-temperature
fluids may be suitable for direct use, such as industrial drying,
aquaculture, and space heating. It is worth noting that not all high-
temperature systems relate to volcanoes. For example, there is no
volcanic activity around the Dixie Valley hydrothermal power
plant in Nevada (McKenna and Blackwell, 2004; Kennedy and
van Soest, 2006).
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Figure 4. Conceptual diagrams of non-magmatic hydrothermal systems.
In drawing A, water is recharged along a fault, flows to depth where it is
heated, and rises again along the same fault. Drawing B shows a system
where waters flow across a basin between the recharge fault on the left,
and the discharge fault on the right. Drawing C shows a system where
waters circulate to depth through rock units, and rise along the same
units where they are folded upward. From Sorey et al. (1983).

It is also worth noting that the division by temperature
between fluids that may be useful for generating electricity
and those more suited for direct use is arbitrary. For instance,
as this text is written, at least one site in Alaska is using fluids
with a temperature ~75 °C (165 °F) to generate electricity (Hold-
mann, 2007).

Hydrothermal systems exist in a continuum of resource tem-
peratures. At the lowest end, geothermal resources grade into
normal-temperature resources. In most non-geothermal areas,
the temperature of shallow groundwater will be approximately
the same as the mean annual air temperature. With heat pumps,
almost all areas of the United States can derive useful heat from
normal temperature groundwater. Monitoring normal tempera-
ture groundwater is not covered in this chapter.

Why Monitor Hydrothermal Systems?

Hydrothermal systems can change as a result of local or
distant events that alter the water source or flow path, the heat
source, thermal characteristics along the subsurface flow path,
and/or the fractured rock that the waters are flowing through.
Some of these changes may be natural, for instance as a result of
weather patterns, climate changes, or earthquake activity. Other
changes may relate to human activities, such as nearby produc-
tion of petroleum resources, geothermal energy (Sorey, 2000) or
even pumping a water well. Changes in flow may be either rapid,
for instance as a result of an earthquake, or slow, as water sup-
ply changes with climate. Table 2 lists some reasons to monitor
hydrothermal systems.

Before beginning a monitoring program, it is helpful to com-
pile existing data about an area. Contacting federal agencies, such
as the U.S. Geological Survey and the U.S. Department of Energy,
as well as state agencies, such as geological surveys, departments
of energy, and departments of environment or ecology, may reveal
a great deal of information that is useful in monitoring programs.
For instance, there is a compilation of thermal springs for the entire
United States (Berry et al., 1980). This list is now available online,



TABLE 1 MAJOR CATEGORIES OF HYDROTHERMAL FEATURES

Dominant form
of rising fluid

Typical surface
feature

Photograph of hydrothermal features

Further characteristics

Liquid water

Hot springs

Silica-depositing springs with significant runoff.
Silica deposits, known as siliceous sinter,
indicate subsurface temperatures above about
210 °C.

Carbonate-depositing springs with significant
runoff. The carbonate deposits form the rock
travertine. Carbonate-depositing systems
typically indicate lower maximum subsurface
temperatures than silica-depositing systems.

Geysers

Intermittently erupting springs.

Steam

Mud pots

Fumaroles

Relatively dry systems, with little runoff.

Acidic conditions are typical.
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Figure 5. Diagram of a blind hydrothermal system. Note the subsur-
face lateral flow through permeable geologic units. Blind systems do
not need to have active surface manifestations. Modified from Sorey
et al. (1983).

in both PDF and searchable formats (see list of URLs at the end
of this chapter). Some states, such as Washington, have updated
and expanded the list (Schuster and Bloomquist, 1994). Local and
regional universities are also likely sources of information, espe-
cially where students may have done thesis work on hydrothermal
systems. It can also be very instructive to look at an area of interest
through online mapping resources, such as GoogleEarth.

Stressors/Possible Change

Geothermal heat is the fundamental driver of hydrothermal
systems. But, hydrothermal systems also require water and per-
meability. Changes in water quantity, changes in heat source,
changes in permeability, and human activities interact to alter
hydrothermal systems.

Figure 6 summarizes the stressors that can influence hydro-
thermal systems and identifies vital signs that can change as a
result of changes in the stressors.

Many different geologic processes can bring about changes
in these stressors. Changes in water quantity, for example, may
occur as climate changes or new patterns of precipitation develop.
Changes in the heat source can occur as a result of either an input
of new magma or cooling of magma. Changes in permeability can
occur as minerals precipitate along fractures and fill pore space
and as earthquakes open or close fractures. Human activities may
noticeably change water quantity through pumping nearby wells
or otherwise removing or adding water to hydrothermal systems.

Because hydrothermal systems are linked by interactions of
water systems, heat systems, and rock systems, they can provide
monitoring data useful to many geologic disciplines. Hydrother-
mal systems can provide early evidence of moving magma (see
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Smith et al., this volume), potential hydrothermal explosions
(Fournier et al., 1991), or even earthquakes (Silver and Valette-
Silver, 1992).

GENERAL SAFETY DISCUSSION

Safety is a primary concern when taking measurements near
hydrothermal features. Personnel may incur thermal burns from
hot water or die from immersion in scalding thermal water. Thin,
overhanging ledges of siliceous sinter (a chemical sedimentary
rock composed primarily of silica, which is formed by precipita-
tion from thermal waters) partially obscure some hydrothermal
features; thin crusts of sinter may completely cover other hydro-
thermal features (Figs. 7A and 7B). Boggy ground may conceal
dangerous hydrothermal features. Field personnel may sustain
chemical burns from acidic or caustic thermal waters and soil.
Hot, acidic, splashing thermal mud also may inflict injury. Some
thermal waters contain toxic substances such as mercury, arsenic,
and other elements.

Hydrothermal features and areas may experience rapid, dras-
tic changes. Field teams must be aware of changing conditions at
all times. Also, field personnel should carefully reevaluate safety
each time they visit a thermal feature or thermal area. Because
conditions may have changed since the last visit, a formerly safe
approach may turn deadly.

Toxic gases may be present in hydrothermal areas. Depend-
ing on the heat source for the hydrothermal system, gases that
may exist in dangerous concentrations include sulfur dioxide,
hydrogen sulfide, and carbon dioxide. Field personnel need to be
aware of the potential for the presence of such gasses and imple-
ment appropriate safety procedures.

It is important that the field team is aware of safety concerns
before entering a thermal area. Pre-visit safety awareness may
include literature reviews of the chemistry, literature reviews of
hydrothermal site conditions, and discussions with experienced
personnel. With each visit to a hydrothermal area, the field team
should conduct a careful evaluation of any changes in the hydro-
thermal system that may affect safety.

VITAL SIGNS OF HYDROTHERMAL SYSTEMS
Vital Sign 1: Location of Hydrothermal Features

Locating hydrothermal features is the most basic way to
describe and identify hydrothermal features. Names of individual
features may change over time, whereas their geographic coor-
dinates are unique. Coordinates may include the familiar lati-
tude and longitude grid system, Universal Transverse Mercator
(UTM), or State Plane Coordinate System (SPCS). The Public
Land Survey System (PLSS) is another common method used to
locate features on a map.

Locating hydrothermal features is a key component of map-
ping and the first step in monitoring hydrothermal features. When
located and mapped, relationships to rivers, infrastructure, other
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TABLE 2. REASONS TO MONITOR VITAL SIGNS OF HYDROTHERMAL SYSTEMS

Explanation

Some systems may cause chemical burns (acid waters, vapors or rocks).
Some systems concentrate toxic chemicals (mercury, arsenic, etc.).
Some systems produce toxic gases (hydrogen sulfide, carbon dioxide).
Some systems may have the potential for hydrothermal explosions.

Reasons
Human health and safety e Hot systems can cause thermal burns (and death).
L]
L]
L]
L]
Baseline data .

Without baseline data, natural variation in heat, water and chemistry cannot be assessed, and

potential impacts from human activities, seasonal variation, climate change, etc., cannot be
determined. Without baseline data, it is difficult to determine what are normal changes and what are
significant changes that might portend broader geologic events. Short-term (daily, weekly, seasonal,
annual) variation needs to be distinguished from long-term trends (are systems getting larger or

smaller; hotter or cooler?).

e Baseline data are also critical for scientific researchers to be able to test hypotheses about
hydrothermal systems and their components.

e Baseline data may be useful to researchers in other fields (e.g., seismicity, geomicrobiology).

e Baseline data may help clarify the interaction of thermal water with local cold groundwater.

Environmental impacts .

Hydrothermal systems may be having an impact on wildlife (Chaffee et al., 2007; Varley and

Schullery, 1998)) or on water quantity and/or quality of adjacent streams.
e Gases may produce indoor air pollution where there are buildings (Durand, 2006).

Development of local or .
neighboring resources

Water (even local cold), geothermal, oil, gas, or mineral production may influence underground water
flow path characteristics and therefore ultimately the resulting surface hydrothermal feature; springs

may dry up, or change from hot spring to fumaroles as water table drops (Allis, 1983; USGS, 2003;

Barrick, 2007).

e Monitoring can also help document recovery of hydrothermal features if anthropogenic impacts stop.
e Monitoring elevation data can detect subsidence from nearby fluid production.

Planning, development or .
construction activities

Geothermal features may be impacted by development or construction, or the thermal features may
impact managerial decisions (e.g., road construction in thermal areas).

Research and education activities can be a source of data for monitoring efforts (see discussions of
vital signs later in this chapter), but if conducted improperly, research and education may have a

Vandalism cannot be documented without baseline information about what existed before damage.

Research and education .
activities
detrimental impact on geothermal features.
Vandalism .
Interpretation activities e Monitoring data can provide data for local interpretation activities.
Volcano monitoring .

Chemical changes may indicate impending hydrothermal explosion (Fournier et al., 1991).

e Changes in physical appearance of spring may mean other hazards exist, such as landslides (springs
reportedly became cloudy prior to a landslide in a Guatemala thermal area).
e Changes may be indicator of magmatic activity (see discussion of fumarole gasses in Smith et al., this

volume)

hydrothermal features, and landmarks are apparent. Document-
ing and monitoring the location of hydrothermal features as well
as other attributes allows a database of temperature, chemistry,
and photography to be constructed. Digital archives of hydrother-
mal features assists information sharing, change detection, and
integration with other spatial data.

Level One: Basic Mapping and Repeat Photography

Methods. The simplest way to map the location of a hydro-
thermal feature is to place the feature on a topographic map.
Knowledge of basic map reading skills such as topographic con-
tours, landforms, coordinate systems, and map scale allows per-
sonnel to plot the location of the thermal feature on a map (refer
to Case Study I).

Topographic maps may display several coordinate systems:
geographic coordinates (latitude, longitude), UTM coordinates
(eastings and northings), and SPCS (x, y). Latitude and longi-
tude are angular distances of measure (spherical coordinates) and
difficult to use when plotting a location in the field. In contrast,
the UTM coordinate system uses a linear scale of measurement
based on dividing the Earth into 60 zones and measuring loca-
tions in meters from baselines established for each zone. This
linear measurement of distance means that field personnel can
use a simple scale, ruler, or grid to easily and consistently plot
hydrothermal features on a map or determine coordinates of a
new hydrothermal feature.

When reporting the coordinates, field personnel should note
the datum of the coordinate system along with its X, y coordinates
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Figure 6. Diagram showing driver, stressors, and vital signs of hydro-
thermal systems.

(i.e., latitude and longitude or northings and eastings). Datums
are a set of parameters and control points used to accurately
define the three-dimensional shape of the Earth. U.S. Geologi-
cal Survey topographic maps commonly use the North Ameri-
can Datum (i.e., NAD 27). Incorrect datums or no information
about the datum cause position errors (tens of meters) and negate
efforts to accurately map a location. Coordinates (X, y, and the
datum) can be entered into a spreadsheet along with elevation,
date of observation, name(s) of field personnel, and name (if any)
of the hydrothermal feature.

Repeat photography may show changes in morphology of
the hydrothermal feature, changes in the outflow channel (amount
of water, color, shape), or changes in the microbial community at
a variety of scales. Changes in vegetation, either new vegetation
growing or established vegetation being killed, may be identi-
fied. The challenge is to gather enough information to document
natural changes and distinguish natural changes from anthropo-
genic changes.

When locating a hydrothermal feature, it is wise to deter-
mine a site for repeat photography. Characteristics of a good site
for repeat photography include a clear view of the hydrothermal
feature as well as its spatial extent, identifiable landmarks, and
accessibility to the site. Information about the photographs can
be added to a spreadsheet. In addition to repeat photography,
this spreadsheet becomes a central data repository for tempera-
ture measurements and chemical measurements of hydrother-
mal features.

Visualization and analyses of the spreadsheet data is impor-
tant for understanding hydrothermal systems. It is difficult to
see relationships between attributes of hydrothermal features or
temporal trends within a spreadsheet or table. When viewed as a
graph or map, the same data easily allows spatial relationships
and temporal trends to be discerned. A variety of free to low-
cost software allows visualization of spreadsheet data and three-
dimensional viewing of map information.

Timing and frequency. Absent human impact, dynamic and
changing hydrothermal activity ultimately determines the timing
and frequency of repeat mapping and photography. For stable,
silica-rich hot spring systems, a visit once per year may be suf-
ficient to map hydrothermal features. Monthly visits for mapping
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Figure 7. (A) In this daylight photograph, the areas of steaming ground
are obviously dangerous. Areas of unsafe, hot ground may be difficult
to determine by simply looking at the hydrothermal area. (B) Thermal-
infrared photograph of the same area shown in A. The area between the
steam vents and the trees is hot (50-75 °C) and extremely dangerous.

and repeat photography may be required in acidic hydrothermal
systems near infrastructure or developed areas. In rapidly deposit-
ing, carbonate-rich hydrothermal systems, weekly visits and pho-
tographs may document dramatic changes in the hydrothermal
feature as well as the system’s associated vent, pool, and terraces.
Hydrothermal areas with the potential for catastrophic changes
(hydrothermal explosions or collapse) may require daily visits
for repeat photography. New hydrothermal activity or changes in
hydrothermal activity requires additional mapping.

Equipment and costs. The easiest map to use for document-
ing the location of hydrothermal features is a U.S. Geological
Survey 7.5 minute topographic map. Topographic maps display
elevation, contours, streams, lakes, infrastructure, coordinate
systems, and other cartographic information. These 1:24,000-
scale topographic maps cover an area of ~10 by 14 km and are
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available at no cost on the Internet from the U.S. Geological Sur-
vey. Scales designed for consistently reading map coordinates
(lat/long or northings and eastings) are available for less than
$20 (all amounts herein are in US$). Waterproof notebooks and
all-weather pens preserve field data, especially when field per-
sonnel are working during wet weather. Although any existing
camera allows repeat photography, a digital camera is excellent.
Digital images allow links in databases, easy comparisons with
other digital photographs, and information sharing. A computer
capable of storing electronic images and entering data into a
spreadsheet program is necessary.

Limitations. Limitations include the spatial accuracy of the
location and the need for data storage and/or archival space. The
most significant limitation is the accuracy of locating hydrother-
mal features on a topographic map. Factors affecting spatial accu-
racy include the inherent accuracy of the topographic map, iden-
tifiable landmarks, changes in topography, vegetation changes,
date of the topographic map, and skills of field personnel. Digital
photographs require space for data storage and space for backup
and/or archive of images.

Interpretation. The estimated precision of a hydrothermal
feature’s location affects how changes in the location of the
hydrothermal feature are evaluated. For example, if the hydro-
thermal feature is poorly located (within 10 m), then it is difficult
to detect small changes. Level-one mapping can easily document
changes in hydrothermal feature location or activity if new hydro-
thermal features appear or existing features cease being active.

Level Two: GPS Survey and Monuments for
Repeat Photography

Methods. A handheld, recreational-grade global positioning
system (GPS) receiver can improve the accuracy and precision of
locating hydrothermal features. With a handheld GPS receiver,
field personnel directly gather coordinates in the field. Field per-
sonnel need to consider their personal safety when approaching
a hydrothermal feature and should note the GPS position with
respect to the hydrothermal feature (i.e., coordinates were taken
at the northern edge of a 10-m-wide pool). Although GPS receiv-
ers and associated data loggers automatically log positions, field
personnel also should write the feature’s x-y coordinates and
associated map datum in a waterproof field notebook. This rec-
ommendation is important whether field personnel are taking
measurements in easily accessible hydrothermal areas or difficult-
to-access hydrothermal areas. The precision of the GPS receiver
determines the number of hydrothermal features to be mapped or
located within an area. For example, if the GPS receiver is pre-
cise to =4 m, it makes little sense to map hydrothermal features
that are 2 m apart.

For repeat photography, a high-quality camera, fixed pho-
tographic monuments, and photographic software improve the
accuracy of locating hydrothermal features and detecting change
within the hydrothermal system. Some digital cameras allow
input from a GPS receiver, thereby locating the site of the pho-
tograph. The GPS data become part of the data file that accom-

113

panies each photograph. A fixed photographic monument can
be as simple as a mark on a handrail or the ground. With fixed
photographic monuments, field personnel can take photographs
from a consistent location. With a fixed location, personnel can
view time-sequences of digital photographs and may see change
occurring over days, weeks, months, or years. Documentation of
change is more exact due to the improved estimate of location
and establishment of photographic monuments.

Visualization and analyses of data are important at any level.
With moderate funds, data from the GPS receiver can be inte-
grated with low-cost software for comparison of photographs,
low-cost geographic information system (GIS) software or any
existing GIS programs. Professional versions of visualization
software allow users more options for importing GIS data and
visualizing the data with existing or newly acquired high-spatial
resolution airborne imagery. Some photographic hardware and
software even allow the creation of a movie from photographs
taken from the same location through time.

Timing and frequency. Similar to level-one efforts, the
dynamic and changing hydrothermal activity ultimately deter-
mines the timing and frequency of additional mapping and
repeat photography. The types of hydrothermal systems (stable
silica-rich, hot spring systems, acidic hydrothermal areas, rap-
idly depositing, carbonate-rich systems, hydrothermal explosions
or collapse features) also influence whether visits are annual,
monthly, weekly, or daily. With a recreational-grade GPS receiver,
improved mapping precision may warrant more frequent visits
by field personnel.

Equipment and costs. A recreational-grade, handheld GPS
receiver costs hundreds of dollars. Basic digital cameras with
associated software also cost hundreds of dollars, whereas spe-
cialized photographic software may cost thousands of dollars.
Training for field personnel and field personnel time are addi-
tional costs.

Limitations. On-the-job training, increased data storage, and
misrepresentations of hydrothermal features are limitations of the
level-two survey. If field personnel are not already familiar with
GPS technology, coordinate systems or low-cost digital mapping,
then some on-the-job training is necessary for accurately locating
hydrothermal features. Both level-one and level-two surveys of
hydrothermal features view hydrothermal features as points on
Earth’s surface. A point is a very simplistic way to represent a
large irregularly shaped hydrothermal pool. Another limitation
is the difficulty in determining coordinates for hydrothermal fea-
tures that are closer to each other than the precision of the GPS
receiver. The amount of data storage significantly increases if a
large megapixel digital camera is used for repeat photography.

Interpretation. Similar to level one, the estimated precision
of a hydrothermal feature’s location affects how changes in the
location of the hydrothermal feature are evaluated. For example,
if the hydrothermal feature is only located to 5 m, it is difficult to
detect small changes. However, the increased mapping precision
of a level-two survey allows better documentation of changing
hydrothermal activity.
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Level Three: Mapping or Survey-Grade GPS Receivers and
High-Spatial Resolution Airborne or Satellite Imagery

Methods. High-precision mapping or survey-grade GPS
receivers accurately locate hydrothermal features. Mapping-
grade GPS receivers are precise to within 20 cm using post-
processing differential corrections or real-time beacons. Survey-
grade GPS receivers identify locations within =1 cm or less. A
single point may represent an individual hydrothermal feature
or a polygon may represent the perimeter and area of a hydro-
thermal pool. With personal safety in mind, field personnel can
use distance-measuring lasers linked with the GPS receiver to
create an offset distance and safely walk the perimeter around
an extensive hydrothermal feature such as a pool. Additionally,
high-precision GPS receivers potentially enable field personnel
to map closely spaced hydrothermal features.

High-spatial resolution airborne (less than 1 m pixels) or sat-
ellite imagery (1-5 m pixels) allow efficient and safe mapping
of hydrothermal features over a large area. Instrument platforms
may include a balloon, an unmanned aerial vehicle (UAV), heli-
copter, a fixed-wing aircraft, or satellite. Airborne sensors may be
visible and near-infrared. Digital cameras attached to a balloon
can safely and efficiently map hydrothermal features within cen-
timeters of their actual location (Planer-Friedrich et al., 2008).
The precise location of hydrothermal features depends upon sev-
eral factors, including (1) the pixel resolution of the camera or
sensors, and (2) the accuracy of rectifying high-spatial resolution
imagery to known locations on Earth’s surface. Image processing
and GIS programs will import high spatial resolution imagery
for georectification, display, analysis, and integration with other
spatial information.

At level three, visualization, mapping, image processing,
GIS and GPS software reach the pinnacle of data integration.
Software will correct field GPS coordinates, import real-time
corrected coordinates from a field computer, and display the GPS
data with existing GIS data or imagery for further analysis and
data integration.

Timing and frequency. The cost and complexity of these
level-three methods generally limits the mapping and monitoring
of hydrothermal features to an annual effort. An optimal time for
mapping hydrothermal features is late fall or when hydrother-
mal flow conditions are least affected by seasonal snowmelt or
other events. During spring, seasonal snowmelt may mask hydro-
thermal waters. During winter, areas with little or no snow can
delineate active hydrothermal areas (Watson et al., 2008; White,
1969). Although mapping hydrothermal features during winter
is possible, logistically it can be more difficult, especially if field
personnel need to be deployed to support new acquisition of
high-spatial resolution imagery.

Equipment and costs. Mapping- and survey-grade GPS
systems (receivers, antennas, handheld computers, real-time-
beacons, etc.) are available from a range of vendors. Mapping-
grade GPS systems cost thousands of dollars; survey-grade GPS
systems cost tens of thousands. Software for collecting and cor-
recting GPS data also needs to be purchased and installed on
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mobile mapping units and office computers. There is additional
cost for software on portable mapping units and office comput-
ers. Field and office computer costs range from thousands to
tens of thousands of dollars. Budgets should include: (1) addi-
tional software costs if the integration of GPS data with exist-
ing or new GIS data is desired; (2) a high-end computer with
data storage, data back-ups, and archive capability for the high-
volume of data; and (3) a database manager. Additional costs
may include maintenance for hardware and software, as well as
technical support.

Image acquisition costs vary considerably. Helium balloon
equipment can be assembled for thousands of dollars. UAV and
sensors are becoming more common and are available from a
variety of commercial, government, amateur, and other sources.
Under contract or a cooperative agreement, commercial com-
panies, universities, and government agencies can fly hydro-
thermal areas and deliver oriented, georectified, and GIS-ready
image mosaics. High-spatial resolution satellite imagery may
cost thousands of dollars. The cost of software for processing,
display, and analysis of images can vary from thousands to tens
of thousands of dollars. If budgets preclude new image acquisi-
tion, then personnel may use existing high-spatial resolution (i.e.,
historic) aerial photographs (Shean, 2006) for mapping the loca-
tion of hydrothermal features and detecting changes in hydro-
thermal activity.

Limitations. Equipment costs, highly skilled personnel, and
time for surveys limit the frequency of high-precision GPS sur-
veys of hydrothermal features. Even though the GPS receiver can
locate hydrothermal features very precisely, field personnel may
not be able to safely access some hydrothermal features. In addi-
tion to specialized software, highly trained personnel are neces-
sary to acquire and process high-accuracy GPS locations.

Several limitations affect the use of high-spatial resolution
imagery for locating hydrothermal features. These limitations
include weather, accurate ground control points, equipment costs,
image acquisition costs, image processing costs, and skilled per-
sonnel. Stable weather is necessary for handling a helium balloon
and for acquiring airborne imagery. Accurate ground control
points may be necessary for rectifying high-spatial resolution
imagery to known locations on Earth’s surface. Highly trained
personnel must insure that image acquisition, geometric correc-
tions, and processed imagery meet the needs of the hydrothermal
feature survey. Specialized image processing software is needed
for the display, accurate rectification of individual airborne
images into a mosaic, and analysis of airborne imagery. Genera-
tion of a high-spatial resolution aerial mosaic is a time-intensive
process for large areas.

Interpretation. Similar to level two, the estimated precision
of a hydrothermal feature’s location affects how changes in the
location of the hydrothermal feature are evaluated. Mapping-
and survey-grade GPS receivers locate hydrothermal features
within centimeters. Balloon surveys also may result in centime-
ter precision. The accuracy and precision of locations derived
from airborne imagery can vary considerably. Factors affecting
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the accuracy and precision include quality of ground control
points, spatial resolution of the airborne imagery, and method of
georectification.

Vital Sign 2: Spatial Extent of Hydrothermal Areas

The spatial extent of hydrothermal areas is a basic attribute
for identifying active thermal areas as well as thermal barrens.
An active hydrothermal area means that heat is being emitted
from the hydrothermal system. Active hydrothermal areas may
be contained within a thermal barren, or may exist independently
in areas of vegetation. A thermal barren is a non-vegetated area of
white, hydrothermally altered ground that may contain a variety
of active hydrothermal features (fumaroles, thermal pools, and
possibly geysers).

Thermal-infrared imagery best measures and defines active
hydrothermal systems at Earth’s surface. Similar to the discus-
sion under Vital Sign 1, the location and spatial extent of hydro-
thermal activity may change over time. An accurate baseline map
of the spatial extent of hydrothermal activity is crucial to map-
ping and understanding changes in hydrothermal systems.

Mapping the visible, spatial extent of hydrothermal areas
allows the visualization of the hydrothermal areas in relation to
rivers, infrastructure, other hydrothermal features, faults, and
landforms. Digital archives of baseline maps for active hydro-
thermal areas assists information sharing, change detection, and
integration with other spatial data.

Level One: Basic Mapping and Repeat Photography

Methods. Similar to Vital Sign 1, the simplest way to map
the visible, spatial extent of a hydrothermal area is to locate
the area on a topographic map. With basic map-reading skills,
field personnel can sketch the extent of the hydrothermal area.
It is important to clearly describe the criteria used to define the
hydrothermal area. Such criteria may include descriptors such as
“white ground barren of vegetation” or “areas of hydrothermal
alteration.” Entry of field data (date, name of field personnel,
etc.,) into a spreadsheet begins the process of creating a database
with information about the hydrothermal area.

Repeat photography may show changes in the spatial extent
and activity within a hydrothermal area. Similar to the discussion
under Vital Sign 1, the challenge is to gather enough information
to document natural changes and distinguish natural changes from
anthropogenic changes. It is wise to determine a consistent site
for repeat photography of a hydrothermal area. Characteristics
of a good site for repeat photography include a clear view of the
hydrothermal area, identifiable landmarks (mountains, hills, ter-
races, etc.), and accessibility. Trees are subject to thermal kill and
therefore may be poor identifiable features for long-term repeat
photography (for example, see Fig. 10). Spreadsheets are a good
way to archive information about the photographs. In addition
to repeat photography, this spreadsheet becomes the central data
repository for temperature measurements and chemical measure-
ments within the hydrothermal area.
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Visualization and analyses of the spreadsheet data are impor-
tant to understanding hydrothermal systems. For hydrothermal
features or areas, placing information within a spreadsheet is the
first step. However, importing spreadsheet information into a
mapping program easily allows spatial relationships and tempo-
ral trends to be visualized.

Timing and frequency. Within a hydrothermal area,
dynamic and changing hydrothermal activity ultimately deter-
mines the timing and frequency of mapping efforts and repeat
photography. In stable, silica-rich hot spring systems, one visit
per year may be sufficient to map the spatial extent of the visible
hydrothermal area or thermal barren. Monthly visits for mapping
and repeat photography may be required in acidic hydrothermal
areas near infrastructure or developed areas. In rapidly deposit-
ing, carbonate-rich systems, weekly visits and photographs may
document dramatic changes in the spatial extent of the hydro-
thermal area. The questions to be answered about the hydrother-
mal system also influence the timing and frequency of monitor-
ing efforts.

Equipment and costs. U.S. Geological Survey 7.5 minute
topographic maps are the easiest base map to use for mapping the
spatial extent of active hydrothermal areas. If the spatial extent
of an active hydrothermal area is not easily mapped with these
1:24,000-scale U.S. Geological Survey topographic maps, then
field personnel need to construct their own maps of spatial extent
using pace-and-compass mapping techniques (Compton, 1962).
Safety of field personnel is the primary concern when mapping
the perimeter of an active hydrothermal area with a pace-and-
compass technique. If field personnel need to map the perimeter
of an active hydrothermal area, they should assess the personal
risk of walking the edge between vegetated and non-vegetated
areas. When traversing thermal areas, vegetation is not a guaran-
tee of personal safety; wet, boggy, hydrothermal areas are known
to be areas of unstable thermal ground.

A digital camera is best for repeat photography. Digital
images allow links in databases, easy comparisons with other
digital photographs, and information sharing. A computer capa-
ble of storing and archiving electronic images as well as entering
data into a spreadsheet program is necessary.

Limitations. Limitations of this method include the spatial
accuracy of the mapped hydrothermal area and the storage of
data. The skill of field personnel in reading and using topographic
maps as well as pace-and-compass mapping affects the spatial
accuracy of the baseline maps. Another critical factor affecting
the spatial accuracy is the interpretation, by field personnel, of
the physical characteristics used to define the boundaries of the
thermal area. Other factors affecting spatial accuracy include the
inherent accuracy of the topographic map, identifiable landmarks,
changes in topography, changes in vegetation, and the date of
topographic map. Digital photographs require space for data stor-
age and space for backup and/or archive of images.

Interpretation. Similar to Vital Sign 1, the estimated preci-
sion of mapping the spatial extent of a hydrothermal area affects
how changes are evaluated. If the active hydrothermal area is
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poorly mapped (within 10 m) then it will be difficult to detect
small changes in spatial extent.

Level Two: Mapping Spatial Extent with a GPS Receiver and
Repeat Photography

Methods. A handheld, recreational-grade GPS can improve
the accuracy and precision of mapping active hydrothermal areas.
With a handheld GPS, field personnel can map x-y coordinates
in the field. Although GPS receivers and associated data loggers
automatically log positions, it is highly recommended that the
field team record x-y coordinates and the datum in a field note-
book. The precision of the GPS receiver determines the accuracy
and use of the baseline map of a hydrothermal area.

For repeat photography, a high-quality camera, fixed pho-
tographic monuments, and photographic software improve the
accuracy of mapping. A fixed photographic monument can be
as simple as a mark on a hand rail, boardwalk, or the ground.
With a fixed location, personnel can construct a time sequence
of digital photographs. This time sequence of photographs may
show change over days, weeks, months, or years. The under-
standing of change within a hydrothermal area will be more exact
with improved location and the establishment of photographic
monuments.

Visualization and analyses of data are important at any level.
With moderate funds, personnel can integrate data from the GPS
receiver with low-cost visualization software and low-cost GIS
software, or any existing GIS programs. Professional versions
of visualization software allow users greater flexibility with data
visualization and integration. Personnel may integrate GPS data
with existing GIS data and any existing high-spatial resolution
imagery, such as aerial photographs, digital orthophotographs, or
satellite imagery.

Timing and frequency. Similar to level-one efforts, the
dynamic and changing hydrothermal activity ultimately deter-
mines the timing and frequency of mapping spatial extent and
repeat photography. The types of hydrothermal systems (stable,
silica-rich hot spring systems, acidic thermal areas, or rapidly
depositing, carbonate-rich systems) also influence whether visits
are annual, monthly, weekly, or daily. With a recreational-grade
GPS receiver, the improvements in precision and accuracy may
require more frequent visits by field personnel.

Equipment and costs. A recreational-grade, handheld GPS
receiver costs hundreds of dollars. Basic digital cameras with
associated software also cost hundreds of dollars. Highly special-
ized photographic software may cost thousands of dollars. Field
personnel time and training add to the cost.

Limitations. On-the-job training, increased data storage, and
misrepresentations of hydrothermal areas are limitations of the
level-two survey. If field personnel are not already familiar with
GPS technology, coordinate systems, or low-cost digital mapping,
then some on-the-job training is necessary for accurately map-
ping hydrothermal areas. Both level-one and level-two surveys
of hydrothermal areas depend on field personnel’s interpretation
of either thermal barrens or active thermal areas. The amount of
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data storage significantly increases if a large megapixel digital
camera is used for repeat photography.

Interpretation. Both level-one and level-two baseline maps
of active hydrothermal areas allow field personnel to represent
an area of hydrothermal activity. By mapping the visible, spatial
extent of hydrothermal areas, field personnel create an accurate
representation of individual thermal pools or an entire hydrother-
mal basin. Thus, a large irregularly shaped pool can be depicted
as an area of hydrothermal activity rather than just an individual
point on Earth’s surface.

Level Three: Mapping Spatial Extent using GPS with High-
Spatial Resolution Aerial Photography or Satellite Imagery

Methods. High-precision mapping or survey-grade GPS
receivers can accurately and precisely define the spatial extent of
active hydrothermal areas. Mapping-grade GPS receivers deter-
mine locations within 20 cm using post-processing differential
corrections or real-time beacons. Survey-grade GPS receivers
identify locations within 1 cm or less. Field personnel can map
the spatial extent of an individual thermal pool, an entire hydro-
thermal sub-basin, or an entire hydrothermal area with many sub-
basins by walking their perimeters. With personal safety in mind,
field personnel can use distance-measuring lasers linked with the
GPS receiver to create an offset distance, and safely walk the
perimeter of the hydrothermal area. High-precision GPS receiv-
ers potentially enable field personnel to document small changes
in spatial extent over short-time intervals.

High-spatial resolution airborne or satellite imagery allows
efficient and safe mapping of hydrothermal areas. Platforms
may include a balloon, an unmanned aerial vehicle (UAV), or
a fixed-wing aircraft. Sensors may be meteorologic, visible, or
near-infrared. Digital cameras attached to a balloon can safely
and efficiently map active hydrothermal areas within centime-
ters of their actual location (Planer-Friedrich et al., 2008). Precise
location depends upon several factors, including the pixel resolu-
tion of the camera or sensors and the accuracy of rectifying high-
spatial resolution imagery to known locations on Earth’s surface.
Image processing programs allow for orientation, georectifica-
tion, display, and analysis of new airborne or satellite imagery.
Skilled personnel may compare the newly acquired high-spatial
resolution imagery with any preexisting visible imagery (natural
color photographs, color-infrared photographs, and black-and-
white digital orthophotographs). Both GIS and image process-
ing software allow the integration of visible airborne or satellite
imagery with other spatial information (roads, rivers, buildings,
GPS locations of new or changing hydrothermal areas, etc.).

Timing and frequency. The cost and complexity of these
level-three methods limits mapping and monitoring to an annual,
biennial, or multiple-year effort. An optimal time for map-
ping is when hydrothermal flow conditions are least impacted
by seasonal snowmelt or other events. During spring, seasonal
snowmelt may cause an overestimation of spatial extent. During
winter, areas with little or no snow can delineate thermal areas
(Watson et al., 2008; White, 1969). Winter/late spring image
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acquisitions may require field personnel to access snowbound
areas and deploy equipment to support image calibration/valida-
tion efforts or collect field data. Although mapping the spatial
extent of hydrothermal areas during winter is possible, logisti-
cally it greatly increases the field effort and time for field person-
nel to collect field data for calibration/validation of imagery or
support of airborne flights.

Equipment and costs. Mapping and survey-grade GPS sys-
tems (receivers, antennas, handheld computers, real-time-beacons,
etc.) are available from a range of vendors. Mapping-grade GPS
systems cost thousands of dollars; survey-grade GPS systems
cost tens of thousands of dollars. Software for collecting and
correcting GPS data also need to be purchased and installed on
mobile mapping units and office computers. The cost for software
on portable mapping units and office computers is an additional
cost. Field and office computer costs range from thousands to
tens of thousands of dollars. A level-three budget should include:
(1) additional software costs for integrating GPS data with exist-
ing or new GIS data; (2) a high-end computer with data stor-
age, data back-ups, and archive capability for the high-volume of
data; and (3) the hiring of a database manager. Additional costs
may include maintenance for hardware and software, as well as
technical support. Image acquisition costs for new high-spatial
resolution airborne or satellite imagery is similar to the level
three cost for mapping hydrothermal features.

Limitations. Equipment costs, highly skilled personnel, and
time for surveys limit the frequency of high-precision maps of
active hydrothermal areas. Even though field personnel can cre-
ate precise and accurate maps of spatial extents, they may not be
able to safely access some active thermal areas, such as the edge
of a large hydrothermal pool. In addition to specialized software,
highly trained personnel are necessary to acquire and process
high-accuracy GPS locations.

Several limitations affect the use of high-spatial resolution
airborne or satellite imagery. These limitations include weather,
ground control points, equipment costs, image acquisition costs,
image processing costs, and skilled personnel. Stable weather
is necessary for handling a helium balloon and for acquiring
airborne imagery. Ground control points may be necessary for
accurately rectifying airborne images to known locations on
Earth’s surface. Highly trained personnel must ensure that image
acquisition, geometric corrections, and processed imagery meet
the goals of the hydrothermal survey. The precise rectification
of individual airborne images into a mosaic for analysis of air-
borne imagery requires specialized image processing software.
A mosaic of visible, high-spatial resolution airborne imagery is
a time-intensive process for large areas, especially with multiple
visible bands (red, green, blue, and near-infrared).

Interpretation. Similar to the level-two mapping of hydro-
thermal areas, personnel should assess any changes in the spatial
extent of hydrothermal areas with regard to the estimated pre-
cision of the image. Mapping- and survey-grade GPS receivers
can define the spatial extent of hydrothermal areas within centi-
meters. Balloon surveys also may result in centimeter precision.
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The accuracy and precision of mapped hydrothermal areas using
airborne imagery may vary due to the quality of ground control
points, the spatial resolution of the airborne imagery, and the
method of georectification.

Vital Sign 3: Temperature and Heat Flow

Heat is a fundamental physical property of all geothermal
systems. Heat is a form of energy that flows from high to low
temperatures. Scientific units of measurement are the joule
(Newton-meter) or calorie (energy required to raise 1 g of water
from 14.4 °C to 15.4 °C). Scientific units of temperature mea-
surement are in degrees Celsius. Temperature does not directly
measure the total heat of a hydrothermal feature or area. The
amount of heat emitted by a hot object is related to the tempera-
ture difference between an object and its surroundings, the mass
of the hot object, and its specific heat. Thus, a thermal pool with
a large mass and low temperature may emit more heat than a
smaller pool with a small mass and high temperature.

Measured changes in temperature of a geothermal system
may relate to the heat source of the geothermal system, heat
transfer mechanisms within the system, and/or atmospheric con-
ditions. Heat sources for a geothermal system can vary from mol-
ten rock to the normal temperature increase with depth below
Earth’s surface (geothermal gradient). Heat transfer mechanisms
include conduction, convection and radiation. Atmospheric con-
ditions such as air temperature, high winds, and recent local pre-
cipitation can lower the surface temperature of a hydrothermal
area. Ultimately, observed changes in temperature relate to the
natural variability of geothermal systems (heat source or heat
transfer mechanisms) and/or anthropogenic influences.

Temperature is an easy-to-measure physical parameter that
characterizes a hydrothermal system. Low-cost, alcohol-bulb
thermometers, digital temperature probes, and small handheld
thermal-infrared (TIR) sensors all measure single point tem-
peratures of thermal water or ground. The scientific goal of a
geothermal monitoring plan defines the required precision and
accuracy of the temperature measurement. For example, bulb-
thermometers generally are precise to within +1-2 °C, whereas
digital thermometers are precise to within +0.1-0.01 °C. Immer-
sion of the temperature-sensing portion of the thermometer in the
same location is necessary for accurate and precise repeat temper-
ature measurements (Figs. 8A and 8B). Representative tempera-
tures of thermal features are best measured at or near the vents of
the thermal features. Safety considerations sometimes necessitate
the measurement of temperatures in outflow channels.

Water, rocks, sediments, and vegetation all emit thermal
energy differently. This difference is an important parameter to
know when estimating temperature with handheld TIR sensors
and aircraft-mounted TIR detectors. Emissivity is a measure of
how well objects radiate or emit thermal energy. Hot objects that
emit 100% of their thermal energy at a specified temperature are
perfect emitters of radiant thermal energy. Objects that emit less
than 100% of their thermal energy are not perfect emitters of
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Figure 8. (A) Photograph of the outflow from a thermal pool. At its
narrowest portion, the width of the channel is ~30 cm. (B) A forward-
looking infrared (FLIR) image of the same thermal outflow shown in
A. Note the temperature variation in the pool’s outflow channel from
45 °C to 70 °C. When using an immersion temperature probe, field
personnel should place the probe at the same location in the outflow
channel for repeatability of temperature measurements.

thermal energy. Perfect emitters of thermal energy would have an
emissivity of 1.0. All other objects have an emissivity less than
1.0. If a handheld TIR scanner has a set emissivity of 1.0, then
the temperature of a hydrothermal pool will be underestimated.
For example, a thermal pool measured with a radiant measured
temperature of 73 °C, emissivity 1.0, has a temperature closer to
76 °C, using an emissivity of 0.93 for water.

It is important to check the accuracy of temperature probes
occasionally. A simple way to calibrate is to insert the probe into
a vigorously stirred container of ice and water. The temperature
of this mixture (the melting point of water) should be 0.0 °C
at one atmosphere. If the measured temperature is significantly
different from 0.0 °C, then the temperature probe should be
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recalibrated according to the manufacturer’s instructions. Most
manufacturers will perform calibrations on temperature probes
for an additional fee.

Level One: Single Point Temperature Measurements

Methods. The purpose of the geothermal monitoring pro-
gram determines the precision, accuracy, and type of temperature
sensors used. The goals of many geothermal monitoring efforts
can be met using simple, handheld temperature probes. These
simple temperature probes are precise to within a few tenths of
a degree Celsius. Personnel should note the type and manufac-
turer of temperature sensing equipment used and record the type
of sensing equipment in a waterproof field notebook, electronic
spreadsheet, or database.

Field personnel need to choose the location of the tempera-
ture measurement carefully. Although the primary consideration
is the safety of personnel, a secondary consideration is how well
the chosen site represents the temperature of the hydrothermal
feature. For example, a well-mixed outflow channel of a hot
spring may provide a representative temperature (Figs. 8A and
8B). This location alongside the well-mixed outflow channel
may also be a safe place to stand for repeat temperature measure-
ments. When taking a temperature measurement, it is important
to immerse the temperature probe to the same depth so that repeat
temperature measurements are comparable. Using this technique,
field personnel can also take temperature measurements in the
outflow from a pumping well or at shallow depths in wells.

Low-cost, handheld TIR temperature detectors have distinct
advantages and disadvantages when compared to bulb and digital
thermometers. Because field personnel do not have to immerse
a probe into the thermal fluid, handheld TIR detectors are safer
to use than immersion probes. The operator simply aims the TIR
device at the spot to be measured and reads a temperature from
the TIR instrument. Field personnel can measure many tem-
peratures quickly and safely at different locations. However, the
TIR sensor is only measuring the surface (skin) temperature of a
hydrothermal feature or area of thermal ground. The temperature
of the upper few microns may not be representative of the entire
feature or area. Any vapor or steam rising from the hydrothermal
feature or thermal area will impede the TIR instrument’s ability
to measure the actual temperature of the hydrothermal feature.

The temperature being measured using TIR devices results
from radiant heat transfer. Generally, radiant and immersion
temperatures compare well, but sometimes may vary due to an
object’s physical characteristics (see previous discussion on emis-
sivity). Another disadvantage of handheld TIR sensors is that the
temperature of an area is measured, not just the temperature of
a single point. Field personnel must know the dimensions of the
area being measured by the TIR sensor so that temperature mea-
surements are made for the area of interest.

Field personnel should record all data in a waterproof field
note book with an all-weather pen, then enter the data into a
spreadsheet or database. Recorded data should include: date,
time, coordinates of measurement, name of field personnel, type
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of temperature equipment, temperature, fluctuations of tempera-
ture, and any observations. Location and photographic documen-
tation of the measurement site is important for consistency and
comparison with future temperature measurements.

Timing and frequency. Two key factors affecting timing
and frequency are study design and accessibility. Once a tem-
perature baseline has been established for a hydrothermal fea-
ture, the frequency of temperature measurements can decrease.
The study design of a geothermal monitoring plan determines
baseline data and maps. For example, a remote backcountry
hydrothermal feature unaffected by human activities may only
require annual monitoring. However, a similar hydrothermal fea-
ture affected by human activities may require monthly or weekly
monitoring. Also, simple measuring techniques may not monitor
remote hydrothermal features or areas adequately. Monitoring
remote hydrothermal features may require temperature loggers.
(See discussion in Vital Sign 3, level two, concerning tempera-
ture data loggers.)

When starting a monitoring program, temperature measure-
ments should be made frequently to define any daily or seasonal
variations. For a high-temperature hydrothermal feature with con-
siderable water flow, the hydrothermal feature’s temperature may
not vary significantly over time. Thus, one measurement every six
months may be sufficient. External factors such as air temperature
may affect the measured temperatures of low-temperature and
low-flow hydrothermal features greatly. It is a challenge to mea-
sure the temperature of these hydrothermal features accurately.

Equipment and costs. Thermometers, digital temperature
probes, and handheld TIR sensors may be purchased for tens
to hundreds of dollars from a variety of vendors. Alcohol-bulb
thermometers are preferable to mercury-bulb thermometers due
the environmental consequences of a broken thermometer. Both
thermocouple and thermistor digital temperature probes are
available. Most vendors sell a variety of probes with different
lengths, sheathing, and versatility. Handheld TIR sensors range
from $100 and up, depending on factors such as the instrument’s
precision, ability to set the emissivity, laser-pointing options, and
area of ground measured.

Limitations. Even though it is relatively easy for field per-
sonnel to take single-point temperatures, these temperatures may
not describe the hydrothermal feature or area adequately. For
example, personnel may not know the relationship of a thermal
spring’s outflow to the vent temperature of hydrothermal spring.
Also, single-point temperatures do not quantify changes in the
total heat of the hydrothermal feature or system. Single-point
temperature measurements in wells may be useful, but do not
quantify the temperature change with depth in the well (the geo-
thermal gradient).

Logistics, repeatability of measurements and quality-control
are additional limitations of using level-one temperature instru-
ments. It may be difficult to revisit remote or dangerous hydrother-
mal features for repeat-temperature measurements. Also, it may
be difficult to repeat measurements of temperatures at the same
location due to changes in personnel or inadequate documenta-
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tion of location. Temperature-measuring instruments require cali-
bration to confirm the accuracy of temperature measurements.
Calibration of temperature equipment involves maintenance and
requires an investment of personnel and time.

Interpretation. Graphing temperatures as a function of time
is the simplest way to interpret temperature data (Fig. 9). These
graphs allow analysis of the temporal variations of temperature
at a single location. Also, it is possible to compare temperature
variations between different hydrothermal features or locations.

Graphing time-temperature relationships allows the compar-
ison of thermal feature temperatures to temporal events. Time-
variant parameters include air temperature, precipitation, seis-
micity, or human-related activities. Graphing temperature with
respect to any of these variables helps to show the natural vari-
ability within the hydrothermal feature or system.

Visualization and GIS programs allow the production of
maps or three-dimensional graphics that assist the spatial analysis
of temperatures. The spatial distribution of temperatures allows
personnel to define and map hot and cold hydrothermal areas or
features. If several maps of temperatures exist, then personnel
can clearly identify the changing temperature of hydrothermal
features or areas as a function of time.
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Figure 9. Graph showing the temperature from two thermal pools
located 3 km apart in Yellowstone National Park. The purpose of the
time-temperature data was to capture temperature in the pools for
calibration of an airborne thermal-infrared flight. However, the data
is also useful in assessing a potential connection between the pools,
as indicated by the similar shape of the time-temperature curves. The
air temperature during this time period was not the sole control on
the shape of the time-temperature curves for these two hydrothermal
features. For example, at noon on 16 October, the air temperature is
at maximum whereas the temperatures of the hydrothermal features
are at a minimum. Note that the air temperature has been increased by
45 °C for the purpose of graphical clarity.
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Level Two: Temperature Data Loggers

Methods. A temperature data logger increases the amount
of temperature data gathered at a thermal feature. Temperature
data loggers are electronic devices that automatically record tem-
peratures at user-defined temporal intervals. Similar to handheld
digital probes, temperature loggers have variable precisions,
accuracies, and probe construction.

The placement of temperature data loggers is similar to
the placement of handheld temperature probes. A good site for
placing a temperature data logger includes (1) safe access, and
(2) a representative temperature of hydrothermal feature or area
(Fig. 10). When placing a temperature data logger, field person-
nel must protect the electronic device from low or high pH, high
temperatures, water, animals, and vandalism.

It is important to select appropriate temperature precision
and sampling intervals for temperature data loggers. The monitor-
ing program’s study design determines the required temperature
precision and sampling interval (Fig. 9). For example, collecting
a temperature every five seconds in a stable hydrothermal feature
generates more data than is necessary. Another factor affecting
temperature precision and sampling intervals is the data logger’s
memory. High-precision and frequency of sampling requires
more field visits to download temperature data.

Field personnel use a variety of techniques to download tem-
perature data loggers. Some data loggers require a connection
to a laptop computer. Other data loggers utilize a small shuttle
to download field data. After download, field personnel connect

Figure 10. Field personnel can place temperature loggers safely using
a variety of techniques. The round white temperature logger has been
placed on the back side of an information sign. The temperature probe
extends into the ground to measure 92 °C temperatures in the area of
the foot trail. The National Park Service ranger is holding a painting
pole with an attached clamp. A temperature sensor attached to this ex-
tension pole can safely measure temperatures of nearby hydrothermal
features. The trees in the background were killed by thermal activity.
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the shuttle to a computer for final download. Radio-telemetered
temperature data loggers are available, but require a high level of
maintenance.

Calibration of temperature data loggers is an important com-
ponent of the equipment’s use. An easy calibration check is the
ice-point calibration (see discussion in Vital Sign 3). Most manu-
facturers of temperature data loggers will conduct calibrations
for an additional fee.

For logging temperatures in wells, winch systems allows
field personnel to lower data loggers into a well and record tem-
perature as a function of depth. Such temperature-depth data
defines the geothermal gradient and water flow characteristics for
the well (Ziagos and Blackwell, 1981; Ge, 1998).

Timing and frequency. Temperature data loggers generate a
more complete data set for the hydrothermal feature than level-
one temperature data. The frequency of automatic measurements
depends upon the thermal characteristics needed for measure-
ment. For example, to capture geyser eruptions, intervals of five
seconds to one minute may be necessary. For a large hot spring,
time intervals of one hour to one day may be sufficient.

Temperature data loggers may remain in the field for up to
one year if the battery is viable. The data logger, however, will
require multiple visits per year to download data. The logging
interval and logger memory determines the number of visits
per year.

Equipment and costs. The cost of temperature data log-
gers varies with the precision of probes, amount of memory, and
download method. Temperature data loggers range from one hun-
dred dollars to over a thousand dollars. Most manufacturers sup-
ply different probe lengths, probe configurations (surface probes,
immersion probes, etc.). Basic winch-type temperature loggers
for the measurement of temperatures in wells are available for
hundreds to thousands of dollars.

Limitations. Downloading temperature logger data in the
field is a major limitation. Issues include: (1) safe access to tem-
perature loggers for manual download; (2) time and effort for
downloading multiple networks of temperature loggers; (3) main-
tenance of the data loggers (battery replacement, probe replace-
ment, and calibration); and (4) personnel time. Setting parame-
ters for logging temperature data, download of temperature data,
analysis of temperatures, and conversion of temperature data to
different formats requires specialized software.

Interpretation. The interpretation of data from temperature
loggers follows similar techniques described under the level-one
discussion. Level-two temperature data is more complete than
level-one temperature data. Personnel can correlate temperature
data with temperature of other hydrothermal features (Fig. 9), air
temperature, barometric pressure, seismicity, and anthropogenic
activities more precisely than with level-one temperature data.

The interpretation of temperature-depth data is beyond the
scope of this chapter. However, many references discuss the
importance and interpretation of downhole temperature measure-
ments (Ziagos and Blackwell, 1981; Ge, 1998).
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Level Three: Forward-Looking Infrared Detectors, Aerial
Photography or Satellite Imagery

Methods. Humans view the world by gathering visible infor-
mation with their eyes and sensing the warmth of the sun or other
heat sources. Our eyes are our visible sensors that see various
combinations of reflected blue, green, and red light from objects.
Our hands can sense or feel the heat emitted by hot, glowing
objects such as burning wood.

Both visible light (0.4-0.75 microns) and infrared energy
(~1 micron to 1 cm) have spectrums of energies (Table 3). Instru-
ments can detect or sense reflected visible energy (less than
1 micron wavelength) or radiated thermal-infrared energy (3.0—
14.0 microns). Reflected infrared energy (~1-2.5 microns) occu-
pies the portion of the electromagnetic spectrum between visible
energy that our eye can see and the heat energy, or thermal-
infrared energy that humans can feel. Plants strongly reflect this
near-infrared energy and photographers can take advantage of
this effect to create dramatic photographs.

Thermal-infrared detectors measure heat radiated or emit-
ted by an object. Because liquid water, steam, or snow absorbs
thermal-infrared energy, thermal-infrared detectors commonly
operate in discrete bands. Thermal-infrared detectors sense ther-
mal energy through transparent atmospheric windows, or “‘water-
free” bands of the electromagnetic spectrum. Thermal-infrared
energy from 3.0 to 14.0 microns is the portion of the electromag-
netic spectrum that these detectors sense. Thus, thermal-infrared
detectors can sense the thermal energy radiated or emitted by
active hydrothermal systems at Earth’s surface.

There are different types of thermal-infrared sensors. Each
thermal-infrared sensor has its advantages, disadvantages, and
mapping applications such as monitoring active volcanoes, map-
ping volcanic eruptions, monitoring fires, or monitoring hydro-
thermal areas (Table 4). The size of the thermal pixels or picture
elements (spatial resolution), width of the thermal band (spectral
resolution), type of sensor, and instrument platform determine the
applications. Thermal-infrared detectors can be handheld forward-
looking infrared radiometers (FLIR) or mounted on an aircraft or
satellite. Aircraft may carry broad-band or narrow-band thermal-
infrared sensors. Broad-band thermal-infrared sensors generally
operate at 8—12 microns or 3—5 microns. Satellites with thermal-
infrared sensors include: the advanced spaceborne thermal emis-
sion and reflection radiometer (ASTER), the moderate resolution
imaging spectrometer (MODIS), LANDSAT and the advanced
very-high resolution radiometer (AVHRR). The MODIS/ASTER
simulator, or MASTER (Hook et al. 2001) is an airborne thermal-
infrared sensor that acquires thermal-infrared energy in 25 dis-
crete bands at moderate spatial resolution.
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Some uses of thermal-infrared sensors for monitoring tem-
perature and heat from volcanoes, mapping hydrothermal min-
erals and estimating radiative heat flux can be found in the lit-
erature. Pergola et al. (2004) used the low-spatial resolution but
high-repeat AVHRR satellite imagery to detect thermal areas
associated with active volcanism. Pieri and Abrams (2004) used
ASTER satellite imagery to monitor active volcanoes. Carter et al.
(2006) and Vaughan et al. (2005; 2006) integrated ground (FLIR),
airborne (MASTER) and satellite (ASTER) sensors for mapping
volcanic activity and thermal areas. Kahle (1987) used NASA’s
experimental thermal-infrared multispectral scanner (TIMS) for
mapping mineral alteration, as well as calculating surface emit-
tance, temperature, and thermal inertia. Watson et al. (2008) used
a LANDSAT satellite image to calculate a park-wide, radiative
heat flux for Yellowstone. Using an airborne FLIR camera, Neale
et al. (2008) acquired nighttime high-spatial resolution (~1 m)
thermal-infrared imagery and generated a calibrated tempera-
ture map (Fig. 11) for Yellowstone’s Upper Geyser Basin. Thus,
ground, airborne, and satellite thermal-infrared sensors can map
and monitor the hydrothermal activity within individual basins or
over a broad region.

Timing and frequency. The cost and complexity of these
level three methods limits the thermal-infrared mapping and
monitoring of hydrothermal areas to an annual, biennial, or
five-year efforts. An optimal time to acquire thermal-infrared
imagery is late fall, or when hydrothermal flow conditions are
least affected by seasonal snowmelt or other events. During the
fall, image acquisition within one day of a snow fall may result
in poor-quality thermal-infrared images. Snow, high relative
humidity, and cool air temperatures may produce thermal fog
and obscure thermal features. In addition, imagery with snow-
covered and snow-free ground increase the difficulty of process-
ing images and creating mosaics of airborne or satellite images.
Thus, timing is critical for acquisition of quality nighttime thermal-
infrared imagery.

Equipment and costs. The acquisition and image processing
cost for thermal-infrared images using aircraft or satellite varies
considerably. Daytime thermal-infrared imagery is more com-
mon than nighttime imagery. Although daytime imagery is com-
mon, skilled personnel must construct mathematical models to
remove the non-hydrothermal component (solar input, etc.) from
the imagery. Thus, nighttime thermal-infrared imagery is a more
direct measure of a hydrothermal system’s heat flow or heart flux.
Requirements such as temperature precision, high-spatial accu-
racy, and timing all add significant cost to any monitoring effort.

Thermal-infrared imagery is available from a variety of com-
mercial, government, and other sources. Low-spatial resolution

TABLE 3. WAVELENGTHS OF THE ELECTROMAGNETIC SPECTRUM

0.4-0.75 microns
wavelength

0.4 microns or less
wavelength

0.75-2.5 microns
wavelength

3.0—-14.0 microns
wavelength

1 centimeter or greater
wavelength

Ultraviolet light, X-rays
and gamma rays

Visible light (blue, green
yellow, orange, red)

Near-IR or short-wave IR Thermal infrared (heat)
or photographic IR

Microwaves, radio, TV,
mobile phones
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TABLE 4. COMPARISON OF SOME THERMAL INFRARED SENSORS AND PLATFORMS

Name Thermal-infrared Thermal-infrared Instrument

spatial resolution spectral resolution platform

(pixel size)

ASTER 90 m 5 bands Satellite
AVHRR ~1 km 2 bands Satellite
LANDSAT 60 m 1 broad band Satellite
MODIS 1 km 17 bands Satellite
FireMapper variable 3 bands Experimental/airborne
MASTER variable 25 bands Experimental/airborne
TIMS variable 6 bands Experimental/airborne
FLIR variable 1 broad band Handheld or airborne

Note: ASTER—advanced spaceborne thermal emission and reflection radiometer; AVHRR—
advanced very-high resolution radiometer; MODIS—moderate resolution imaging spectrometer;
MASTER—MODIS/ASTER simulator; TIMS—thermal-infrared multispectral scanner; FLIR—

forward-looking infrared radiometers.
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Figure 11. High-spatial resolution temperature map of the Old Faith-
ful area, Yellowstone National Park. This calibrated, nighttime tem-
perature map highlights Old Faithful Geyser and active hydrothermal
features on Geyser Hill. This preliminary thermal-infrared (7.5—
13 micron), airborne mosaic overlies a color-infrared digital orthopho-
tographic quarter-quadrangle and excludes temperatures less than
5 °C. Darkest blue represents low temperatures between 5 and 10 °C,
and red shows high temperatures between 60 and 70 °C. Other intense
colors show temperatures between 10 °C and 60 °C. Thermal-infrared
imagery courtesy of Christopher Neale and graduate students at Utah
State University and Bayani Cardenas at University of Texas.

satellite imagery (thermal-infrared) is available from a variety of
vendors. Under contract or collaborative agreements, commer-
cial companies, universities, and government agencies will fly
over hydrothermal areas and deliver oriented, georectified and
GIS-ready, thermal-infrared mosaics of high-spatial resolution
imagery. The cost of software for processing, display, and analy-
sis of images varies. Image processing, data acquisition, flight
time, and personnel are the major costs in level three hydrother-
mal monitoring efforts.

Limitations. Equipment costs, highly skilled personnel, and
time for surveys limit the frequency of temperature calibrated,
high-precision, nighttime thermal-infrared imagery of active
hydrothermal areas. In addition to specialized software, trained
personnel are necessary to acquire and process high-accuracy,
thermal-infrared imagery.

Several limitations affect the use of nighttime thermal-
infrared imagery for mapping the spatial extent of active hydro-
thermal areas. These limitations include weather, adequate ground
control points, equipment costs, image acquisition costs, image
processing costs, and skilled personnel. Ground control points
or LiDAR images are necessary for rectifying thermal-infrared
images to known locations on Earth’s surface. In undeveloped
areas, it is challenging to accurately georectify daytime, visible
imagery. Nighttime, thermal-infrared imagery adds to the com-
plexity. Highly trained personnel also must ensure that image
acquisition, geometric corrections, and processed imagery meets
the goals of the thermal-infrared survey of active hydrothermal
systems. Specialized image processing software is necessary for
the display and accurate rectification of individual airborne images
into a mosaic and analysis of airborne imagery. A temperature-
calibrated, high-spatial resolution, georectified mosaic using
thermal-infrared airborne imagery is a very time-intensive and
expensive process for large areas.

Interpretation. Nighttime thermal-infrared imagery of
hydrothermal areas has many uses. Scientists can construct a
baseline map of temperature; efficiently and safely estimate tem-
peratures over large area; calculate the heat flux of hydrothermal
sub-basins; and document changes within an entire hydrothermal
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system. Earth scientists also may use the thermal-infrared imag-
ery to construct maps of fracture networks affecting hydrothermal
systems (see Case Study II). Additionally, thermal inertia maps
may show how surficial geology affects a hydrothermal system
if nighttime and daytime thermal-infrared imagery is acquired.
Because earth materials (volcanic rocks, sedimentary rocks, sedi-
ments such as clays or sands, etc.) gain and lose heat at different
rates, an interpreted new map of geology may be generated from
a thermal image and integrated with existing geologic maps or
any visible imagery.

Vital Sign 4: Thermal Water Discharge

A key parameter for monitoring geothermal systems is
the amount of thermal water discharged (volume of water per
unit time). By measuring and monitoring the thermal water
discharged by both hydrothermal features and hydrothermal
systems, personnel can document natural variability and anthro-
pogenic disturbances affecting a hydrothermal system. By mea-
suring the thermal water flowing from the hydrothermal system,
we can estimate the heat from the hydrothermal system using
Equation 1:

AQ = cmAT (D

where AQ is the change in heat, c is the specific heat of the mate-
rial, m is the mass, and AT is the change in temperature. For
example, the amount of heat lost from 1000 g of water (one liter)
cooling from 90 °C to 20 °C is 293,020 J or 10,003 calories. (The
specific heat of water is 4.186 J/gram °C. From equation one,
the change in heat = (4.186 J/gram °C) x (1000 g) x (70 °C) =
293,020 J or 10,003 calories.)

Techniques for measuring the volumetric discharge of hydro-
thermal waters are identical to the methods used in surficial hydro-
logic studies. Nolan and Shields (2000); Rantz (1982), Buchanan
and Somers (1969), International Organization for Standardiza-
tion, (1983), and Sauer and Meyer, (1992) provide detailed dis-
cussions of surface-water discharge measurement techniques.

Level One: Estimate Volumetric Discharge

Methods. Two simple methods exist for estimating volu-
metric discharge: (1) measuring cross-sectional area and surface
velocity, and (2) measuring volume and time. The first method
involves measuring the cross section area of a channel and the
velocity of the water flowing through the channel. Equation 2
relates volumetric discharge (Q) to the cross-sectional area (A)
and velocity of the stream (V):

Qvolumelric = (Across seclion)(‘/slream) (2)

Field personnel usually can measure the cross section area
of the channel directly with a tape measure. It is important that
a rectangular cross sectional area exists over a sufficient length
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of stream. The time required for an object to travel a known dis-
tance in the stream can be used to calculate the stream’s velocity.
Speed-sensing devices that use radar may help with velocity esti-
mates. Field personnel should be aware that the surface velocity
of the stream may not be equal to the stream velocity at depth.

For the second volumetric technique, field personnel mea-
sure water flow with a container of known volume. At low-flows
cascading over a barrier, field personnel place a container under
a single stream of water, allow the container to fill with water
and note the time required to fill the container. Equation 3 relates
volumetric discharge (Q) to the volume of water (v) and time (?):

Qe = (V) ® 3)

Multiplying the container’s volume by the time required to
fill the container yields volumetric discharge. As with any mea-
surement, field personnel should take multiple readings and aver-
age the results for an estimated discharge.

Field personnel working with hot, caustic, acidic, and toxic
flowing thermal water should ensure their safety and the safety
of their coworkers. Thermal burns from splashing or immersion
in water may occur. Chemical burns caused by acidic or caustic
waters also may occur. Some thermal waters contain toxic ele-
ments such as mercury and arsenic. It is important for the field
team to have conducted a literature review of the chemistry and
site conditions of the hydrothermal feature before taking flow
measurements.

Timing and frequency. At aminimum, field personnel should
measure thermal water discharge at high-flow and low-flow condi-
tions. Maximum flow usually occurs at the time of spring runoff.
Minimum flows generally occur in late fall or winter. Personnel
may use monthly flow estimates to calculate an annual volumetric
discharge and associated annual heat flux.

Equipment and costs. Tape measures are readily available
and inexpensive. Field personnel may use any container once it is
calibrated and marked. A simple volumetric calibration involves
filling the container with a known volume of water. The primary
cost is personnel time.

Limitations. These level-one volumetric techniques are
approximations of volumetric discharge that may be in error by
25% or more. The container technique can be more precise and
accurate for low flows. At high flows or when the bucket cannot
be easily filled, however, this technique can produce significant
errors. Accurate volumetric discharges require expensive and
time-consuming techniques such as wading measurements, or
the installation of a flume or weir.

Interpretation. Graphs of water flow as a function of time
are the simplest way to view hydrologic discharge. These graphs
allow personnel to analyze the temporal variations of discharge at
a single location. Also, these volumetric graphs allow a compari-
son of discharge for different hydrothermal features and areas.
Graphing other variables allows the comparison of hydrothermal
discharge to precipitation, seismicity, or anthropogenic activities.
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Level Two: Wading Measurements, Weirs or Flumes

Methods. Wading measurements are a standard way to
determine volumetric discharge. This technique divides a stream
into a series of small cross sections. Field personnel measure
stream velocities in each of the small, cross-sectional areas with
an instream velocity meter. Essentially, this technique sums the
volumetric discharge from each small cross section, thus yielding
a total volumetric discharge for the stream. Nolan and Shields
(2000), Rantz (1982), and International Organization for Stan-
dardization (1983) fully describe this technique.

Although the technique is conceptually simple, there are
many factors that must be considered to make a good discharge
measurement. An important consideration for a wading measure-
ment is the location of the cross section. The stream’s channel
should be straight and as rectangular as possible at the cross sec-
tion. Taking measurements at bends in the stream channel is dif-
ficult and should be avoided. Ideally, the stream bed will be clear
of boulders and vegetation, and relatively smooth. When these
conditions are met, there is usually laminar (smooth, not turbu-
lent) flow in the channel, which yields more accurate measure-
ments. If repeat measurements are planned at a cross section it is
helpful to place markers on the section so the same section can
be reoccupied in later measurements. Nolan and Shields (2000)
provide an in-depth discussion of wading measurements, cross
section selection, and sources of measurement error.

Flumes and weirs are measurement structures that are
placed in streams. In these calibrated structures, the height of
water flowing directly over the weir or through the flume relates
to discharge. While there are many types, each flume and weir
has its advantages and disadvantages (Buchanan and Somers,
1969). Key parameters in the design and placement of weirs and
flumes include maximum and minimum volumetric discharges,
stream gradient, and stream bed characteristics. Field personnel
can read the height of water in the flume or weir and look up
a volumetric discharge in a rating table. Additionally, a pres-
sure transducer may be placed to automatically measure water
heights at specific time intervals. Consultation with skilled per-
sonnel trained in weir and flume placement and their installation
is highly recommended.

Field personnel should record all data in a waterproof field
notebook with an all-weather pen, then enter the data into a
spreadsheet or database. Recorded data should include: date,
time, location of measurement, datum, name of field personnel,
type of volumetric measurement, parameters measured for volu-
metric discharge, and any observations. Cross-section and veloc-
ity data should be archived and saved. Location and photographic
documentation of the measurement site is important for consis-
tency and comparison with future discharge measurements.

Timing and frequency. Timing and frequency considerations
for level-two measurements are similar to the considerations
listed for level-one hydrologic measurements. At minimum, field
personnel should measure hydrologic discharge at high-flow and
low-flow conditions. Maximum flow usually occurs at the time
of spring runoff. Minimum flows generally occur in late fall or
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winter. Personnel may use monthly flow estimates to calculate a
yearly volumetric discharge and associated heat flux.

Equipment and costs. Wading measurement equipment
includes wading rods and velocity sensors. This equipment is
available from a variety of vendors. Wading rods measure the
depth of water for each cross section. Velocity sensors mount
directly on the wading rod and measure the water velocity. Some
sensors are integrated with digital data loggers and displays, while
mechanical sensors require headphones to listen to an audio sig-
nal. Wading rods generally cost a few hundred dollars. Velocity
sensors and associated displays can range from one thousand to
many thousands of dollars.

The cost of weirs and flumes varies greatly. Using a stan-
dard design, field personnel may construct weirs from notches
cut into sheet metal. In low-flow conditions, personnel can place
the weirs and flumes directly into the stream. For high-flow con-
ditions, field personnel and hydrologic experts need to engineer
and construct concrete supports. The advice of a hydrologic
expert is invaluable in selecting a weir or flume for a specific
hydrologic setting.

Limitations. Location, stream characteristics, and total vol-
umetric discharge affect the quality of wading measurements.
Imprecise volumetric discharge results from a non-rectangular
cross section, high bed roughness or high stream bank rough-
ness. Very low-flow and high-flow conditions are difficult to
measure with wading techniques. Precise and accurate wading
measurements require highly skilled field personnel. Wading
measurements done by experienced personnel have errors of
~3-10%.

Interpretation. Wading, flume, and weir measurements are
more precise measurements of discharge than bucket tests or the
surface velocity cross-sectional area method. The interpretation
of level-two measurements is similar to level-one measurements.
Level-two discharge measurements and fluid temperature mea-
surements also allow an estimate of heat transfer by water using
Equation 1:

AQ = cmAT (1

Graphs of water flow as a function of time are the simplest
way to view hydrologic discharge. These graphs allow personnel
to analyze the temporal variations of discharge at a single loca-
tion. With data from a pressure transducer, the frequently collected
discharge data allows very precise temporal correlations among
different hydrothermal features and hydrothermal areas, as well
as with precipitation, seismicity, or anthropogenic activities.

Level Three: Real-Time Gauging Stations

Methods. Stream-flow gauging stations provide a continu-
ous record of discharge. Site selection for a gauging station is
similar to selection of a cross section for a wading measurement.
Additional requirements are the assessment of stream bank and
bed stability for the location of instrumentation and for long-term
stability of the site. At a gauging station, the stage or elevation
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of the stream surface is measured with a pressure sensor in the
river. Stream discharge is computed by correlating the stage of
the stream with stream flow measured using wading measure-
ments (Buchanan and Somers, 1969). The resulting correlation
(a rating curve) relates river stage to stream discharge. Stream
gauges have data loggers to record the stage measurement. In
some cases, telemetry allows near real-time preliminary volu-
metric discharges to be computed. These data can be displayed
on base station computers or on the Internet. Users can set the
interval for data acquisition and subsequent transmission. Field
personnel should conduct wading measurements every one to
two months to confirm the validity of the rating curve and dis-
charge calculations (Buchanan and Somers, 1969). The stage
datum at a gauging station needs to be periodically remeasured
so the conversion of stage to discharge can be recalibrated. This
is especially important if active erosion or deposition is taking
place at the gauging station site.

Gauging stations can collect and transmit other real-time
data such as water temperature, air temperature, specific con-
ductance, and rainfall. The development of new chemical probes
holds promise for the real-time measurement of selected ions
such as chloride (Fig. 12).

Timing and frequency. Any user-defined interval for the
measurement of stage is possible. The U.S. Geological Survey
commonly collects stage information every 15 minutes, with
data transmission occurring every hour. Data collection of stage
may occur more frequently if rapidly varying fluctuations such
as geyser eruptions, anthropogenic disturbances, or withdrawal
of water need to be monitored. For a stable hydrothermal system,
a time interval of one hour between stage measurements may
be sufficient.

Figure 12. A U.S. Geological Survey real-time streamflow gauging sta-
tion that uses a weir (left portion of photograph) and real-time satellite
telemetry to transmit stream stage, stream discharge, water tempera-
ture, precipitation, and chloride concentration of the stream.
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Equipment and costs. The cost of a real-time gauging sta-
tion depends upon the type of pressure sensor, data, and trans-
mission equipment, and on personnel costs associated with the
physical measurements and maintenance of the gauge. Pressure
sensors can vary from pressure transducers that cost hundreds
of dollars to bubbler systems that cost thousands of dollars. The
cost of electronic data transmission equipment depends upon the
method of data transmission. Short-distance, local-area-network
transmission and reception equipment may be obtained for less
than $10,000. Satellite-telemetered equipment is more expensive,
in the tens of thousands of dollars.

Data acquisition, quality assurance, and archiving data
require specialized equipment and software. Due to the high vol-
ume of real-time data, the storage, processing, and archive of the
gauge data is a significant cost. Current U.S. Geological Survey
costs for installation of a real-time satellite gauging station are
about $40,000, with an annual cost of $16,000 to $20,000 for
operation and maintenance.

Limitations. Key limitations with real-time gauging stations
are the expertise needed to install, maintain, process, and archive
data. Knowledge of stream flow, hydrologic measurements,
telemetry of data, database management, systems administration,
and secure archiving of data are necessary.

Interpretation. Graphing time-discharge relationships allows
the comparison of thermal feature discharge to any temporal
event. The near-continuous discharge measurements and precise
temporal correlations allow the effects of precipitation, seismicity
or anthropogenic activities to be correlated very precisely with
thermal discharge. The real-time data also allows field personnel
and managers to respond in a timely fashion to changes in the
hydrothermal flow.

Vital Sign 5: Fluid Chemistry

The locations, temperatures and flow rates of thermal sites
(Vital Signs 1 through 4) provide valuable data that should be
supplemented with chemical analyses of thermal and local non-
thermal waters. Constituents dissolved in hydrothermal waters
can include common anions and cations, trace elements,
organic compounds, isotopes, and radio nuclides. Hydrother-
mal flow systems are complex (Henley and Ellis, 1983) and often
water chemistry analyses are the best way to assess subsurface
flow systems.

Kharaka et al. (1991), summarizing their work and the work
of Hem (1985) and Ellis and Mahon (1977), note that chemical
data, among other uses, can help determine:

e baseline chemistry of hydrothermal systems to determine
the natural range of variation of individual features and an
overall system;

* subsurface temperatures;

e subsurface mixing of different fluids (for example, deep
hydrothermal and local cold water);

e water-rock interaction parameters that might be occurring
at depth;
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 water flow paths;

e interactions between thermal and non-thermal ground-

waters;

e the origin of chemicals in hydrothermal waters;

e hydraulic connections among widely spaced thermal sites;

* possible contributions of magmatic water to hydrothermal

systems; and

¢ the age of hydrothermal systems, through dating waters or

hydrothermal deposits.

These are all valid goals for monitoring, as both local and
distant stressors can influence the resulting chemistry of a ther-
mal site. Individual land managers will need to assess which of
these uses of chemical data are most appropriate for their areas.

Level One: Electrical Conductivity, pH

Methods. Electrical conductivity and pH are two character-
istics of geothermal fluids that field personnel can measure eas-
ily. Electrical conductivity is a measure of the ionized chemi-
cals in water. Generally, high amounts of dissolved minerals and
salt concentration in water yield high electrical conductivities.
Measurements of electrical conductivity can provide estimates of
the hydrothermal fluid’s purity and contribute to understanding
its flowpath.

A measure of the hydrothermal fluid’s acidity or alkalinity is
its pH; a pH of 7 is neutral, less than 7 is acidic, and above 7 is
basic. Changes in the pH may indicate changes in the flow path of
the geothermal fluid, changes in the temperature of the geother-
mal fluid, loss of CO,, or anthropogenic activities.

To measure conductivity, field personnel immerse a cali-
brated conductivity probe in water. Prior to making a measure-
ment of electrical conductivity, the field team should calibrate
the meter and probe with solutions of known conductivity and
according to manufacturer’s guidelines. When placed in water,
the calibrated probe requires time for the reading to stabilize, or
equilibrate, to the fluid being measured. After equilibration, the
meter displays the fluid’s electrical conductivity.

A pH meter or pH paper can be used for estimating the pH of
a geothermal fluid. Personnel dip the pH test-strip in the geother-
mal fluid, watch for color change, compare color changes in the
test strip with a color scale, and read the result. pH determined by
the use of paper may not be highly accurate. A pH meter’s use is
similar to a conductivity meter. Prior to making a measurement
of pH, field personnel should calibrate the probe with solutions
of known pH and according to manufacturer’s guidelines. When
placed in water, the calibrated probe requires time for the read-
ing to stabilize, or equilibrate, to the fluid being measured. After
equilibration, the meter displays the fluid’s pH. It is critical that
field personnel calibrate the meter and probe according to manu-
facturer’s guidelines.

Field teams should record all data in a waterproof field note-
book with waterproof pens. Personnel should then enter the field
data into a spreadsheet or digital database. Recorded data should
include: date, time, coordinates of measurement, name of field
personnel, type of pH and conductivity equipment, pH, fluctua-
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tions of pH, temperature of pH measurement, calibration informa-
tion concerning the pH meter, conductivity, fluctuations of con-
ductivity, temperature of conductivity measurement, calibration
information concerning the electrical conductivity meter, and any
observations about the fluid being measured. Location and pho-
tographic documentation of the measurements sites are important
for consistency and comparison with future measurements.

Timing and frequency. Two key factors affecting timing
and frequency are study design and accessibility. Once electri-
cal conductivity and pH baselines are established, the frequency
of measurements can decrease. Initially, field teams should take
electrical and pH measurements frequently to define any daily
or seasonal variations. These simple measuring techniques may
not monitor remote hydrothermal features adequately or allow
the determination of a baseline. Adequate baseline chemical
data depends upon the questions asked and answers needed. The
questions and expected baseline data are part of the geothermal
monitoring study design. For initial reconnaissance, a remote
backcountry hydrothermal feature unaffected by human activities
may require annual monitoring. However, a hydrothermal fea-
ture affected by human activities may require monthly or weekly
monitoring of pH and electrical conductivity. As with any moni-
toring effort, careful compilation and documentation of results
from previous studies is critical.

Equipment and costs. Electrical conductivity meters are
available from a variety of vendors. The cost is generally a few
hundred dollars, with calibration standards costing tens of dol-
lars. Replacement probes are available for about $100.

A variety of vendors sell pH paper. Range of pH paper sensi-
tivity (0—14, 06, or 7-14) and type of color change (single indi-
cator or multiple colors) vary between manufacturers. The cost is
generally tens of dollars for ~20 pH paper strips.

Numerous vendors sell pH meters. The cost is generally a few
hundred dollars, with calibration standards costing tens of dollars.
Replacement pH probes are available for about $100. Vendors
also sell combination electrical conductivity and pH probes.

Limitations. The maintenance and calibration of field pH and
electrical conductivity meters requires effort. Expiration dates of
calibration solutions, care of probes and meters, and maintenance
and calibration all require time and documentation. Meters can
fail in the field.

High-temperature geothermal fluids present challenges for
precise measurement of conductivity and pH. Some conductiv-
ity and pH meters are not capable of taking accurate readings at
higher temperatures (generally greater than 80 °C).

Visual comparisons of color change on pH test strips can
be a challenge. Lighting conditions (full sun, part-shade, cloudy
day, etc.) and the color perception of an observer affect the
visual comparison of color change and the accuracy of the per-
ceived pH.

Similar to taking temperature or hydrologic measurements,
field teams must consider personal safety when taking electrical
conductivity or pH measurements near hydrothermal features.
Personnel may incur thermal burns from splashing or immersion
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in thermal water. Also, field personnel may sustain chemi-
cal burns from acidic or caustic thermal waters. Some thermal
waters contain toxic substances such as mercury, arsenic, and
other elements.

Interpretation. Graphs of water chemistry, pH, and electrical
conductivity as a function of time are the simplest way to view
the data. These graphs allow personnel to analyze the temporal
variations of water chemistry, pH, and electrical conductivity at
a single location. Also, these graphs allow a comparison of data
between different hydrothermal features and areas. Graphing
other variables allows the comparison of these data with temper-
ature, precipitation, seismicity, or anthropogenic activities such
as pumping wells. In addition, GIS maps of these variables may
show important spatial and temporal trends in the data.

Levels Two and Three: Chemical Analyses

Methods. Levels two and three of chemical studies are sepa-
rated more by the frequency of sampling than by the distinction
of what elements or compounds are analyzed. Level-two stud-
ies involve fewer samples, and are more directed at monitoring
surface and subsurface conditions in the vicinity of hydrothermal
features. Level-three studies are larger in scope, more involved,
and can extend beyond monitoring local features to providing
information on the entire flow path of fluids, from recharge to
discharge. Level-two studies are more typical of monitoring pro-
grams, while level-three studies provide monitoring data that
comes closer to research programs.

To deal with the complexity of chemical programs, it highly
advisable to work with specialists in hydrothermal fluid chem-
istry to assure that sampling protocols are followed exactly, that
chain of custody and shipping issues are handled properly, and
that a reliable lab is chosen to do the analyses. Experts can also
help with interpretation of complex and large data sets.

For monitoring data to be considered reliable, chemical
results must be both accurate (representative of what really exists
in the field) and precise (measuring what is really in the sam-
ple with results that are able to be reproduced). Accuracy can
be assured by selecting appropriate sample sites and collecting
samples properly. Precision can be assessed by providing labs
with duplicate blind samples, and evaluating how close the ana-
lytic data are. It may also help to check one lab against another by
sending duplicate samples to multiple labs. It is also critical that
analyses be performed by U.S. Environmental Protection Agency
(EPA)—certified labs. While other labs may provide chemical
analyses for lower costs, EPA certification provides an additional
level of assurance.

Timing and frequency. The timing and frequency of chemi-
cal analyses at levels two and three depends on the questions
being asked. Once baselines are established, the frequency of
measurements can decrease. In areas where there is little stres-
sor influence on hydrothermal systems, sampling once every few
years may be adequate. In areas where there is influence from
stressors, sampling may need to occur on annual or monthly
cycles. It can be useful, in dynamic areas, to sample weekly to
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determine the natural range of variation of individual features
and an overall system (Fournier et al., 2002)

Equipment and costs. Chemical analyses of hydrothermal
fluids have detailed field sampling, sample handling, and sample
analysis protocols, which are different depending on the specific
elements or compounds being studied. Sampling is much more
than going to the field with a bucket and bringing water back to a
lab. For example, sampling for multiple chemical species typically
requires that some of the fluids be filtered before they are placed
in bottle, that some of the fluids not be filtered, that some of the
sample be collected in glass bottles, that some of the sample be
collected in plastic bottles, that some of the samples be acidified
in the field for preservation of chemical species, and that triple-
rinsed bottles be prepared well and have the right kinds of lids.

Nicholson (1993) provides an extensive list of consider-
ations for preparation for field work, and Mazor (1991) discusses
field sampling requirements for isotopic analyses (even noting
that some samples should not be exposed to sunlight). Reference
to both Nicholson (1993) and Mazor (1991) will provide broad
contexts for considering options and requirements for field sam-
pling programs.

Chemical analyses can range from less than $100 per sample
for some elements to more than $500 per sample for isotopes.
Therefore, the distinction between levels two and three is deter-
mined by the number of individual samples and the number of
elements or compounds that need to be analyzed for in each sam-
ple. Total costs for studies can range from several hundred dollars
for simple studies of a few samples analyzed for major elements
only, to many tens of thousands of dollars for detailed, repeat
studies including analysis of large suites of samples for many
elements, compounds and isotopes.

There also are costs that will be incurred as personnel are
appropriately trained to collect samples. If local staff are not
trained, then consultants will have to be hired to do the field sam-
pling; this can run from hundreds to more than a thousand dollars
a day, depending on the sophistication required for the sampling.

Table 5 indicates some of the more common chemical con-
stituents of hydrothermal fluids that may be analyzed and inter-
preted as part of a monitoring program.

Limitations. One of the biggest requirements in hydrother-
mal fluid sampling programs is absolute certainty that the correct
samples have been collected from the correct sites in the proper
way. What is correct depends on the monitoring questions that
are being asked. Sampling to provide data about subsurface tem-
peratures is different from sampling to provide data about what
rocks the hydrothermal waters have chemically interacted with
at depth. Picking appropriate sites is also important. High-flow
springs may provide better chemical characterization of subsur-
face conditions than low-flow springs (but low-flow springs may
be better than no data). Improper sample collection techniques or
improper shipping may invalidate chemical results.

Similar to taking temperature or hydrologic measurements,
field teams must consider personal safety when taking chemi-
cal samples from hydrothermal features. Personnel may incur
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TABLE 5. SELECTED PARAMETERS FOR LEVEL TWO AND LEVEL THREE CHEMICAL MONITORING PROGRAMS

Chemical parameter

Potential use of data

Possible Level

pH—field Acid/alkaline
pH—lab Acid/alkaline
SiO, Geothermometer
Na Geothermometer/Piper
K Geothermometer/Piper
Ca Geothermometer/Piper
Mg Geothermometer/Piper
Fe Evaluate subsurface mineralogy
Al Evaluate subsurface mineralogy
Li Geothermometer
Mn May form surface precipitates
HCO, Piper; HCO,/SO, ratio may indicate underground flow direction
CO, Piper
SO, Piper; may indicate steam concentration
Cl Piper
NH,
F Potential long-term pollutant
Host rock characterization
As Potential contaminant
Sr Host rock characterization
Ba Host rock characterization
Br May indicate sea water interaction
B Host rock characterization
Rb Host rock characterization
Cs Host rock characterization
Zn Host rock characterization
Rn Potential contaminant; soil concentrations may indicate fault locations
Hg Potential contaminant; may indicate subsurface boiling and/or fault
locations; also in soils
Au Host rock characterization

Total dissolved solids

I, 1l

Isotopes Potential use of data Possible Level
*He/'He Identify mantle (magmatic) input 1]
*N Assess water source 1]
*0/"*0 Assess water source m
*H Assess water source 1]
°*H Dating water 1]
“C Dating water 11l
*C Assess water source 1]
s Assess water source 11l
*Cl Dating water 11l

Note: The chemical constituents listed as geothermometer are useful for calculating potential deep temperatures in
hydrothermal systems. The chemical constituents listed as Piper are those used in the plotting of Piper diagrams, as
described in the text and shown on Figure 13. Host rock characterization means that the elements, often when compared
with other elements in various combinations of ratios (Nicholson, 1993), may provide useful information about the types
of rocks that the fluids have interacted with in the subsurface. Elements without specific descriptors are useful as part of
integrated studies of waters and subsurface rocks that are usually undertaken as part of level three studies. All analyses
undertaken as part of level two monitoring also can be part of level three programs.

thermal burns from splashing or immersion in thermal water.
Also, field personnel may sustain chemical burns from acidic
or caustic thermal waters. Acids used to stabilize samples can
also be hazardous. Some thermal waters contain toxic substances
such as mercury, arsenic, and other elements.

Labs may report analytic results using different units for
concentrations. All appropriate unit conversions must be made

before results are interpreted. Mixing units can lead to major
errors in the interpretation of results.

When interpreting chemical results, it is critical to be aware
of analytic uncertainties and detection limits. Although a particu-
lar analytic result may suggest a potential interpretation, inclu-
sion of the uncertainty associated with the analytical technique
clarifies the confidence of the interpretation. Analytic results for
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solutes that are close to the lower limit of detection may not be as
reliable as results that are well above the limit.

Interpretation. Major and trace element chemistry of hydro-
thermal fluids can provide data about subsurface conditions and
water flow paths. These data are useful in monitoring programs,
as they allow insight into deeper geologic processes, and may
indicate system changes that are not visible from the surface.

One key question of subsurface conditions is the temperature
of hot water at depth. Where direct measurement of deep tem-
peratures, through measurements in wells, is not possible, water
temperature at depth is determined through interpretation of
water chemistry. The concept of geothermometry is simple: some
ratios of elements, gases, or isotopes will become fixed at a high
temperature, and the ratio will be maintained as the waters cool.
Chemical determination of these ratios, therefore, can be inter-
preted to give an estimate of the maximum temperature of a par-
ticular hydrothermal system. Nicholson (1993) describes many
of these ratios and includes appropriate formulas. Some elements
that can be used for geothermometry are listed in Table 5.

Piper diagrams are trilinear diagrams that plot water chem-
istry (Hem, 1985). They can be used to assess the origin and flow
paths of waters. Figure 13 is a Piper diagram of data from ther-
mal springs of the Wood River area in central Idaho.

Although gathering field samples can be done by person-
nel with only a small amount of training in sampling and sample
handling protocols, interpretation of chemical monitoring data is

® wood River thermal
\ ¥ \wood River cold

Q, 4 Batholith thermal
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o

thermal waters
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Figure 13. Piper diagram of thermal and non-thermal waters from the
Wood River area of central Idaho. Analytic results are plotted in the
cation and anion triangles, and then projected into the central paral-
lelgram. Note that thermal waters and non-thermal waters cluster in
different parts of the diagram. The lone sample point between the two
fields suggests that it is a mixed water, with both thermal and non-
thermal inputs (from Foley and Street, 1988).
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best done by experts. Identifying which aspects of the chemistry
are a result of the interaction of water and rocks in the subsurface,
which aspects are the result of mixing warm and cold waters,
which aspects may be the result of subsurface boiling, and which
aspects may be changing because of input from stressors, can
be complex.

The discussion above has emphasized monitoring the chem-
istry of hydrothermal waters. It may also be appropriate, in
some cases, to study deposits from hydrothermal systems. Ele-
ments in siliceous sinter or calcareous travertine may provide
clues to the ages of hydrothermal activity (Kharaka et al., 1991;
Foley, 20006).

Advanced Monitoring Techniques that Measure Multiple
Vital Signs

Gas emissions from hydrothermal systems and changes in
seismic activity, as well as changes in Earth’s magnetic, electri-
cal, and gravity fields, can all be monitored as vital signs. Study
of these vital signs, however, typically involves professional
expertise and sophisticated equipment, making them best suited
to level-two or level-three monitoring, or research activities.
Geophysical monitoring, for example, often involves expensive
equipment, logistic support issues, and, for some techniques,
field deployments that can last for months or longer.

Hydrothermal Gases

Although many hydrothermal gases and their isotopes can
be studied for research, monitoring programs for H,S and CO,
can help identify sites of environmental concern, as well as pro-
vide fundamental information about a local system. Both H S
and CO, can be toxic (National Institute for Occupational Safety
and Health, 1981), as they are denser than air and can settle in
low areas. It may be important to pay attention to place names. In
Yellowstone National Park, places named Death Gulch and Poi-
son Spring have been sites of recorded wildlife deaths from gas
poisoning.

High concentrations of H,S are typically found in vol-
cano-related hydrothermal systems where there may be high-
temperature systems at depth, or in hydrothermal systems with
sulfur deposits or high organic contents in subsurface rocks
(Nicholson, 1993). H,S can also be concentrated in areas with
subsurface boiling, such as fumaroles and mud pots. In systems
where H,S is a concern, gas sampling should be done under a
variety of weather conditions to establish typical background
concentrations. Portable H,S meters cost more than $500. The
data must be carefully interpreted, as a wide range of concentra-
tions may be measured, depending on wind dispersal of gases.

Other than water vapor, CO, is typically the most abundant
gas emitted from hydrothermal systems. It is found in a wide
range of hydrothermal systems, including those associated with
volcanoes, those where limestone rocks exist in the subsurface,
and those with organic matter in subsurface rocks. In systems
where CO, is a concern, gas sampling should be done under a
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variety of weather conditions to establish typical background
concentrations. Portable CO, meters to do this sampling cost
more than $500. The data must be carefully interpreted, as a wide
range of concentrations may be experienced, depending on wind
dispersal of gases.

Geophysical Methods

Hydrothermal systems can create anomalous patterns in
local geophysical fields. Distinct patterns of electrical, magnetic,
or gravity anomalies may indicate zones of increased permeabil-
ity. Interpretation of these patterns, however, is best done by pro-
fessionals with expertise in specific subdisciplines of geophysics.
For example, someone familiar with electrical fields may not be
qualified to interpret patterns in gravity anomalies. Another issue
with geophysical methods of investigation is that there may not
be unique interpretations of natural patterns. Zones that conduct
electricity, for instance, may be created either by moving waters
or clay-rich rocks.

Earthquakes are known to affect hydrothermal systems (Mar-
ler, 1964). Thus, the monitoring of earthquakes helps define the
timing of events that may have significant effect on hydrothermal
features. Hydrothermal features can also cause microseismicity
(Kieffer, 1984).

Monitoring Overall Systems

Rivers that flow through or drain thermal basins can integrate
all discharge from hydrothermal systems. Analyzing river waters
for solute concentrations, especially Cl, is a technique that can be
used to assess the overall thermal output of systems. The calcula-
tion of overall heat flux from a system or region is based on the
concentration of Cl and the discharge of rivers draining the hydro-
thermal systems. This technique has been used in Yellowstone
(Hurwitz et al., 2007; Friedman and Norton, 2007), Long Valley
(Sorey, 2000) and the Cascade Range (Mariner et al., 1990).

GEOTHERMAL MONITORING STUDY DESIGN

As with any scientific study, the single most critical issue is
the goal of the study. If personnel do not identify a clear goal for
monitoring, then it will not be possible to select appropriate scien-
tific techniques and analyses. A geothermal monitoring program,
without a clear sense of purpose, may not meet resource protec-
tion needs. Goals of past geothermal monitoring efforts include:
(1) determining if the production of water from wells was mea-
surably affecting the flow of a hot spring (Spencer, 1986; Jarvis,
1986); (2) determining if the development of adjacent Known
Geothermal Resource Areas might affect an entire hydrothermal
area (Sorey, 1991); and (3) evaluating short- to long-term and
seasonal variability of hydrothermal features (Cole, 1982; Inge-
britsen et al., 2001).

The second critical issue in designing a geothermal monitor-
ing plan is budget. As identified in previous sections, the cost
difference between level one and three efforts may be consider-
able. The primary cost of most level-one studies is field personnel.
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The cost of level-three studies is significant because of the equip-
ment, technical expertise, and time required for analyses of data.
Although level-three studies provide the most detailed interpreta-
tions of a geothermal system, appropriately designed level-one
and level-two studies can provide significant information for
resource management and protection (see Case Study I).

A third critical issue in the design of geothermal monitor-
ing plans is to identify, document and follow scientific protocols
when gathering data. Simple studies can obtain critical data, if
personnel follow protocols and document the methods used. If
studies are not planned and implemented with care, then data
might not be useful, and funds may be wasted.

Questions that must be answered are the key to designing
a scientific study. The questions and clearly defined goals of a
geothermal monitoring plan direct personnel toward specific sci-
entific techniques and measurement tools. Questions that may
help personnel decide what vital signs and what level of study are
necessary include:

* Where are hydrothermal features located?

* How large is the hydrothermal area?

* What are baseline temperatures and flow levels?

* Do features change seasonally? Over a few years? Over
a few decades?

* Are hydrothermal features interconnected?

* What nearby factors might influence specific features?

* Are human activities either at the site or on adjacent
lands likely to influence the hydrothermal features?

Before starting a monitoring program, it is critical to con-
duct a literature review and compile information from previous
studies. A large amount of data may exist about hydrothermal
features and the geology of the study area. There are many
sources of information that should be searched. These include
scientific peer-reviewed publications, so-called gray litera-
ture (federal, state, and local government reports that have not
been broadly disseminated), books of both general and local
nature, internal agency reports and notes and correspondences
that are in agency files, and online data, which for geothermal
systems includes information from (but not limited to) the U.S.
Geological Survey, the U.S. Department of Energy, the U.S.
Environmental Protection Agency, the National Oceanic and
Atmospheric Administration, the National Aeronautics and
Space Administration, and various state geologic, land manage-
ment, environmental, energy, and water agencies. County and
other local agencies may also have water-related data of interest
to studies of hydrothermal systems.

CASE STUDIES

Case Study I: An Inventory of All Thermal Features in
Wyoming (Exclusive of Yellowstone National Park)

In the 1970s, the Wyoming Geological Survey (WGS)
began a project to inventory all the thermal springs in the State of
Wyoming, excluding Yellowstone National Park. During one
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year, a WGS geologist inventoried fifty thermal springs in Wyo-
ming (Fig. 14). Information gathered during the survey included
location, elevation, ownership, access to the thermal feature, tem-
perature, date of measurement, flow, chemical analyses, a brief
description of the spring, and a photograph (Breckenridge and
Hinckley, 1978).

With the exception of chemical analyses, the WGS used
level-one monitoring techniques. Breckenridge and Hinckley
(1978) discuss the techniques used in the following excerpt from
page 8 of their report:

Each spring is located on a U.S. Geological Survey topographic quad-
rangle by Section, Township and Range. The Section is further divided
into quarter-quarter-quarters. ... Temperatures were taken with both
maximum and constant reading mercury thermometers. Several read-
ings were made to determine each reported maximum spring tempera-
ture. All temperatures were taken near the surface, as close to the vents
as possible. Rates of flow were visually estimated as channel cross-
section area multiplied by a timed surface flow rate....

This study is an inventory and technically not a monitor-
ing plan, because the sites were not revisited systematically and
remeasured. However, baseline inventories are very important
and a key first step in developing monitoring plans. Once per-
sonnel inventory resources, they can then design an appropriate
monitoring plan. This level-one and level-two inventory of Wyo-
ming’s thermal springs formed the basis for detailed scientific
studies of Wyoming’s hydrothermal resources (Buelow et al.,
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1986; Heasler and Hinckley, 1985; Heasler et al., 1983; Heasler,
1982; Hinckley and Heasler, 1984, 1987). Also, this study pro-
vided baseline data used to monitor and protect Wyoming’s Ther-
mopolis Hot Springs State Park (Hinckley et al., 1982; Jarvis,
1986; Spencer, 1986).

Case Study II: Norris Geyser Basin, Yellowstone
National Park

Norris Geyser Basin is the focus of a hydrothermal monitor-
ing plan which incorporates all the vital signs described in this
chapter. National Park Service personnel implemented the Norris
monitoring plan using level-one through level-three strategies.
The goals of the Norris monitoring program meet the National
Park Service’s legislative mandates regarding protection of geo-
thermal resources. The primary goal of the Norris Geyser Basin
hydrothermal monitoring plan is to define the baseline charac-
teristics of heat flow, water flow, and hydrothermal fluid chem-
istry. The emphasis is to quantify the physical attributes of the
hydrothermal system at daily, monthly, annual, and decadal time
scales. A thorough understanding of natural changes is required
to detect potential anthropogenic effects. Data from the moni-
toring plan also improves visitor and employee safety. Because
the monitoring plan is the basis of scientific research in the area,
it facilitates and focuses academic and U.S. Geological Survey
research in Norris Geyser Basin. This focused effort assists the
understanding of geologic, hydrologic, and chemical processes
occurring within the Norris hydrothermal system.

Figure 14. Map showing inventoried
|. thermal springs of Wyoming, exclusive
of Yellowstone National Park (adapted
| from Breckenridge and Hinckley, 1978).
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Located in northwestern Yellowstone National Park, Nor-
ris Geyser Basin is a dynamic hydrothermal area with numer-
ous hydrothermal features and active geologic processes. Within
the 5.5 km? area of Norris Geyser Basin, field personnel mapped
over 550 individual thermal features (Fig. 15). The water in these
features range in pH from 1 to 8 and vary in temperature from
14 °C to 93 °C. Norris Geyser Basin includes a rare acidic geyser
(Echinus). Eruptions of Steamboat Geyser at Norris are some of
the largest in the world, ejecting boiling, silica-rich water up to
100 m in the air and creating a thunderous roar in its steam phase
for days (Fig. 16). Norris Geyser Basin is subject to basin-wide
thermal disturbances that change some geysers into fumaroles,
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cause hydrothermal pools to drain, and change the chemistry of
features from neutral to acidic. These disturbances occur over the
time scale of days to weeks and generally occur during summer
and fall, but also at other times. The 1989 hydrothermal explosion
of Porkchop Geyser (Fournier et al., 1991) and the 2003 closure
of the Back Basin trail for three months due to high ground tem-
peratures emphasize the dynamic nature of Norris Geyser Basin.

The monitoring plan for Norris Geyser Basin concentrates
all efforts on the hydrothermal system’s heat source and its
groundwater flow regime. Understanding the heat source and
groundwater flow regime is critical for protecting Yellowstone’s
hydrothermal resources from human activities, such as the

a,off)

Legend

@® Thermal Features

—— Primary Roads

Secondary Roads

Norris Geyser Basin

Vg
W 250 125 0 250

00) Yellowstone National Park

R

L
Norris

4

ClJ‘\_,—\__

Figure 15. Map showing the location of
individual thermal features within Nor-
ris Geyser Basin, Yellowstone National
Park. See Case Study I, Figure 14 for
location of Yellowstone National Park.

500 750 1,000

<° e Mleters




Geothermal systems and monitoring hydrothermal features

Figure 16. The steam phase of Steamboat Geyser, Norris Geyser Basin,
during its 22 October 2003 major eruption.

development of energy and water resources. Level-one strategies
include basic mapping, repeat photography, taking single-point
temperature measurements, measuring electrical conductiv-
ity of selected hydrothermal fluids, determining pH of selected
hydrothermal fluids, and estimating hydrothermal discharge with
the cross-section/velocity method. Level-two strategies include
GPS surveys with handheld recreational GPS receivers, deploy-
ing temperature data loggers (see Fig. 10), measuring fracture
orientations in excavations for wastewater treatment facilities,
and estimating hydrothermal discharge with wading measure-
ments. Level-three strategies include the use of mapping-grade
GPS receivers to perform surface hydrologic surveys, conducting
on-the-ground reconnaissance of changing hydrothermal activ-
ity with a forward-looking infrared thermocam (see Figs. 7 and
8), monitoring hydrothermal discharge using a real-time stream
gauge, monitoring temperature and water quality, acquiring geo-
rectified airborne imagery of hydrothermal areas at night and
during the day, generating calibrated temperature maps, and cal-
culating heat flow.

Calibrated temperature maps of Norris Geyser Basin (Fig. 17)
provide baseline information about heat flow and changes in heat
flow. These temperature maps provide easily interpreted images
for managers, interpretive rangers, visitors, and scientists. Visi-
tors and managers can relate a single-point temperature taken
with an immersion probe or handheld sensor to a place on the
temperature map or to the entire hydrothermal basin. Scientists
use the temperature map and convert the temperature informa-
tion to heat flow or heat flux. Heat flux maps provide a quantita-
tive estimate of heat flow for the entire Norris hydrothermal area
annually or over multiple years.

Information derived from a calibrated temperature map
enhances the current understanding of the hydrothermal system
and its geologic processes. Extracting the area of ground at 20 °C
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and examining the hydrothermal fluid flow yields a new map,
showing major fractures within the underlying bedrock (Fig. 18).
Scientific studies can integrate this information with other geo-
chemical, seismic, or hydrologic data.

Highlights of a literature review clearly indicate the amount
of scientific studies focused on Norris Geyser Basin. Initial stud-
ies (Gooch and Whitefield, 1888; Hague, 1911) provide the ear-
liest geochemistry of thermal water and ideas about the Norris
hydrothermal system. Subsequent scientific investigations built
upon those initial investigations. Fenner (1936) recovered core
and reported on early scientific boreholes, including the Carn-
egie II hole in Norris Geyser Basin. In addition to measuring the
water chemistry of 25 thermal springs, Allen and Day (1935)
established weirs near the Gibbon River, estimated discharge,
and calculated a convective heat flow for Norris Geyser Basin.
White (1957) improved Allen and Day’s estimates of convec-
tive heat flow. Building upon previous work, Fournier et al.
(1976) calculated new estimates of convective heat flow using a
chloride-inventory method. Fournier et al. (2002) also performed
geochemical inventories of selected thermal springs. White et al.
(1975) reported on scientific drilling during the 1960s, including
the Y-9 and Y-12 drill holes in Norris Geyser Basin. Geologic
mapping by Richmond and Waldrop (1975) and Christiansen
(1975) provided base maps for subsequent investigations. White
et al. (1988) discussed the basin’s geologic setting, chemistry of
thermal waters, mineral precipitates, fractures, thermal distur-
bances, and geologic history. Kharaka et al. (1991) investigated
the geochemical and hydrologic connection between the Corwin
Springs known geothermal resource area and hydrothermal fea-
tures along the Norris-Mammoth Corridor. Friedman and Norton
(2000) measured chloride in various streams and calculated the
chloride-flux for Yellowstone’s major streams. Ball et al. (1998a,
1998b, 2001, 2002) conducted regular geochemical surveys of
thermal waters including Norris Geyser Basin. This rich his-
tory of scientific studies allows today’s scientists to use previous
observations, drill logs, core from boreholes, estimates of heat
flux, chemistry, fracture data, and geologic mapping to compare
existing information with new data. Scientists can use all this
information to develop new models about the Norris hydrother-
mal system.

There are numerous scientific studies that compliment all
levels of monitoring at Norris Geyser Basin. The Yellowstone
Volcano Observatory (YVO) assists by maintaining a permanent
GPS station and a permanent broadband seismic station near
Norris Geyser Basin, conducting regional surveys to document
large-scale ground deformation, analyzing the types and vol-
umes of geothermal gas on the ground as well as using airborne
sensors, and analyzing interferometric synthetic aperture radar
(InSAR) images for ground deformation. One research effort by
the University of Utah involved a temporary deployment of sev-
eral survey-grade GPS instruments and temporary seismometers
in Norris to determine ground deformation within the hydro-
thermal basin. Another study investigated underground water
movement using a very long-period seismometer. Innovative
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Figure 17. Airborne, nighttime, thermal-
infrared image of Norris Geyser Basin
for 9 October 2002. Scientists used tem-
perature data loggers to construct the
temperature calibration (Hardy, 2005).
The calibration line is accurate for tem-
perature between 10 °C and 100 °C.
This nighttime, thermal-infrared mosaic
clearly shows northwest- and northeast-
trending alignments of hydrothermal
fluids and features.

Meters

university and U.S. Geological Survey airborne surveys gener-
ated high-spatial resolution maps of hydrothermal features and
their spatial extent using helium balloons and digital cameras.
U.S. Geological Survey and university researchers are investigat-
ing the near-surface hydrologic system: (1) using an experimen-
tal real-time chloride sensor on a stream gauging station; (2) by
age-dating hydrothermal waters using environmental tracers,
stable isotopes and tritium within as well as surrounding Norris
Geyser Basin; and (3) by exploring the groundwater hydrologic
system within and around Norris Geyser Basin. A nearby bore-
hole strainmeter maintained by UNAVCO monitors subsurface
temperature, determines strain, detects local seismic activity,

and enhances the understanding of local groundwater hydrology,
chemistry, and flow-paths near a very dynamic hydrothermal
area. UNAVCO assists YVO and the National Park Service with
acquiring LIDAR (light detection and ranging) imagery over
selected hydrothermal areas. A final example of scientific col-
laboration was the deployment of instruments in 2006 for Norris
hydrothermal monitoring, Yellowstone volcano monitoring, and
scientific research (Fig. 19).

Scientific researchers use this monitoring data and also pro-
vide new information that supplements the Norris hydrothermal
monitoring effort. Researchers enhance the fundamental under-
standing of physical and chemical processes operating within the
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Figure 18. Map showing area of ground
at 20 °C at Norris Geyser Basin on
9 October 2002. The calibrated temper-
ature map shown in Figure 17 forms the
basis for the area of 20 °C ground and
major fractures. This map highlights
major fractures that influence the flow
of hydrothermal fluids.
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Norris hydrothermal system. This new understanding improves
the Norris hydrothermal monitoring plan by redirecting monitor-
ing efforts or employing new strategies. Continual reassessment
and revision of the Norris monitoring plan ensures that monitor-
ing goals are met.

SUMMARY

There are many reasons to monitor hydrothermal systems
and develop a hydrothermal monitoring plan. Clearly identify-
ing the goals of a hydrothermal monitoring plan focuses efforts
on monitoring vital signs and employing appropriate techniques.

Goals for thermal monitoring may meet legislative mandates,
protect geothermal resources, provide for human safety, docu-
ment anthropogenic disturbances or natural changes, provide
baseline information, assess the effects of hydrothermal system
on plants and animals, protect natural geologic processes, and
support scientific studies.

With limited time and financial resources, personnel must
assess their priorities and the important characteristics of a hydro-
thermal system (Table 6). Changes in water quantity, changes
in the heat source, changes in rock permeability, and human
activities interact with the geologic system to produce observ-
able changes in a hydrothermal area. These observable changes
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Figure 19. Map showing location of in-
struments used for hydrothermal moni-
toring, volcano monitoring and scien-
tific research at Norris Geyser Basin
during 2006.
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are vital signs. Vital signs of hydrothermal systems include the
location of hydrothermal features, spatial extent of hydrothermal
areas, temperature and heat flow, thermal water discharge, and
fluid chemistry. Personnel can choose from a variety of methods
with different levels of expertise, equipment, and cost for mea-
suring each hydrothermal vital sign.

Inventories, baseline data collection, monitoring efforts and
scientific studies all provide information for protection of hydro-
thermal resources (Fig. 20). Ideally, volunteers, resource special-
ists, and scientists all interact as a team whose various levels of

study build upon each other. First, volunteers, resource special-
ists, or scientists should conduct an inventory of the resource.
Inventories may include mapping location, measuring tempera-
ture, estimating water discharge, and determining chemistry
of individual hydrothermal features or areas. Second, resource
specialists or scientists should define baseline conditions, collect
spatial and temporal data, and monitor changes in the hydrother-
mal system. Third, scientific researchers should conduct studies
of the hydrothermal system and develop an understanding of the
physical processes controlling the hydrothermal system as well
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TABLE 6. SUMMARY OF GEOTHERMAL VITAL SIGNS AND MONITORING METHODS

Vital Signs and Methods Expertise Special equipment Cost* Personnel Labor intensity’
1. Thermal Feature Location
Basic mapping and repeat photography Volunteer No $ Individual Low
GPS survey and repeat photography Volunteer Yes $$ Individual Medium
Aerial/satellite imagery Scientist Yes $$$ Individual High
2. Thermal Feature Extent
Basic mapping and repeat photography Volunteer No $ Individual Low
GPS survey and repeat photography Volunteer Yes $$ Individual Medium
Aerial/satellite imagery Scientist Yes $$$ Individual High
3. Temperature and Heat Flow
Single point temperature Volunteer No $ Individual Low
measurements
Temperature data loggers Volunteer Yes $$ Individual High
Forward-looking infrared detectors, Scientist Yes $$$ Group High
aerial/satellite imagery
4. Thermal Water Discharge
Estimate volumetric discharge Volunteer No $ Individual Low
Wading measurements, weirs or flumes Scientist Yes $$ Group High
Real-time gauging stations Scientist Yes $5$ Group High
5. Fluid Chemistry
Electrical conductivity and pH Volunteer No $ Individual Low
Chemical analyses Scientist Yes $$ Group High
Chemical analyses Scientist Yes $$3 Group High

*Cost (US$): $ = <$1,000; $$ = $1,000 to $10,000; $$$ = >$10,000.

Labor intensity: low = <few hours; medium = <one week; high = >one week.

Protection
of Hydrothermal
Systems through
Management Practices

Scientific Studies of Physical
Processes and System Interactions
/Collection of Baseline Data and Monitoring\

Figure 20. Inventories, monitoring, and scientific studies supply infor-
mation for the protection of hydrothermal resources.

Inventories of Hydrothermal Features

as system interactions. With these efforts and information, man-
agers can develop strategies, implement management practices
and effectively protect hydrothermal systems.
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GEOTHERMAL WEB SITES OF INTEREST

http://www1.eere.energy.gov/geothermal/ (U.S. Department of Energy geother-
mal home page.)

http://www.osti.gov/geothermal/servlets/purl/6737326-YY5cwq/6737326.pdf
(Thermal springs of United States [(Berry et al., 1980] in PDF.)

http://www.ngdc.noaa.gov/nndc/servlet/ShowDatasets ?dataset=100006&sea
rch_look=1&display_look=1 (Thermal springs of United States [Berry
et al., 1980] in searchable format.)

http://www.unr.edu/geothermal/datalist.html (GIS layers of data for the Great
Basin.)

http://geothermal.inl.gov/ (Maps of geothermal resources in western states.)

http://water.usgs.gov/nrp/proj.bib/mariner.html (Publications on geothermal—
lots of good U.S. Geological Survey references.)

http://www.uwiseismic.com/Documents/Presentations/SRU%20Geother-
mal%20Monitoring%20Program_files/frame.htm#slide0001.htm (Uni-
versity of West Indies; lists chemical constituents being sampled.)

http://www.ngdc.noaa.gov/seg/geotherm.shtml (Thermal springs of United
States list.)

http://www.yourownpower.com/Power/ (Chena power plant description.)

http://pubs.usgs.gov/twri/twri5-al/html/pdf.html (Determination of inorganic
substances in water and fluvial sediments.)

http://pubs.usgs.gov/ot/1995/0f95-689/ (Digital maps of low and moderate
temperature resources in Pacific Northwest.)

http://www 1 .eere.energy.gov/geothermal/glossary.html (A geothermal glossary.)

http://www.geothermal.org/powerpoint07_workshop.html (Geothermal
Resources Council 2007 Annual Meeting PowerPoint Presentations Geo-
physical Techniques in Geothermal Exploration Workshop September
28-29; much valuable data. The Geothermal Resources Council also has
much additional data.)

http://www.unr.edu/geothermal/centerinfo.html (The Great Basin Center for
Geothermal Energy at the University of Nevada—Reno provides geoscien-
tific data on the Great Basin.)

http://www.smu.edu/geothermal (Thermal data for the United States.)

http://geoheat.oit.edu (Data on low- and moderate-temperature resource uses
throughout the United States and beyond.)

http://www.environmentwaikato.govt.nz/enviroinfo/redi/index.htm (Geothermal
and environmental monitoring data for the Waikato area, New Zealand.)
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