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EFFECTS CF POTENTIAL GEOTHERMAL DEVELOPMENT IN THE CORWIN
SPRINGS KNOWN GEOTHERMAL RESOURCES AREA, MONTANA,
ON THE THERMAL FEATURES OF YELLOWSTONE NATIONAL PARK

Michael L. Sorey, Editor

ABSTRACT

A two-year study by the U.S. Geological Survey, in collaboration with the National Park
Service, Argonne National Laboratory, and Los Alamos National Laboratory was initiated in 1988
to determine the effects of potential geothermal development in the Corwin Springs Known
Geothermal Resources Area (KGRA), Montana, on the thermal features of Yellowstone National
Park. Congressional directive for the study is under Sec. 8 (a) of the Geothermal Steam Act
Amendments accompanying Public Law 100-443. The Corwin Springs KGRA is adjacent to the
northern boundary of the Park, and includes the towns of Gardiner and Corwin Springs, Montana.
Hot springs discharge in the KGRA at and near La Duke Hot Spring and Bear Creek Springs; the
nearest known hot springs in the Park are located at and near Mammoth Hot Springs, approximately
14 km (kilometers) southeast of La Duke Hot Spring and 8 km south of Bear Creek Springs.

Potential development of geothermal resources in the Corwin Springs KGRA would involve
thermal water at temperatures less than about 80°C (Celsius) for direct-use applications. In April
1986 the Church Universal and Triumphant (CUT) drilled a 140-m(meter)-deep well in the KGRA
across the Yellowstone River from La Duke Hot Spring. Pumping of this well at 25 L/s for 13
hours in September 1986 resulted in a significant reduction in the flow of La Duke Hot Spring. No
production of geothermal fluids has occurred in the KGRA since that time and geothermal leasing
activities were suspended on public lands surrounding the Park in 1988.

Our study addressed three principal issues: (1) the sources of thermal water in the hot springs
at Mammoth, La Duke, and Bear Creek, (2) the degree of subsurface connection between these
areas, and (3) the effects of geothermal development in the Corwin Springs KGRA on the Park’s
thermal features. Our investigations included, but were not limited to, geologic mapping, electrical
geophysical surveys, chemical sampling and analyses of waters and rocks, determinations of the
rates of discharge of various thermal springs, and hydrologic tracer tests. A related investigation
of mercury concentrations in shallow soils and streambed temperatures in the Yellowstone and
Gardner Rivers was conducted by the National Park Service. The study area extended from the
Norris Geyser Basin at the south to the northern end of the Corwin Springs KGRA at the north.
Although additional useful information could have come from drilling and testing new wells, such
work was beyond the scope and authorization of this study.

We used the results of geologic mapping, determinations of the ages of hot-spring travertine
deposits, and geophysical surveys to assess the likelihood that permeable flow paths exist between
thermal areas in the Park and in the KGRA. Comparisons of thermal-water chemistry were used
to determine whether or not thermal water actually flows from one area to another. Distances and
travel times for flow between thermal areas were too great to be detected by more direct injection
of chemical tracers, except for sites within the Mammoth Hot Springs area itself.



Our results indicate that there could be flow paths between Mammoth Hot Springs and La
Duke Hot Spring, but there is no chemical evidence that such flow is actually occurring. There is,
however, chemical evidence of a small component of Mammoth-type thermal water in Bear Creek
Springs and evidence of substantially greater flow in the past (>12,000 years ago) between
Mammoth and other parts of the KGRA. The apparent lack of flow from Mammoth to La Duke
could be due either to geologic barriers or to the existing distribution of hydraulic head in subsurface
reservoirs. In the latter case, large-scale geothermal develppment in the Corwin Springs KGRA that
caused substantial head changes could result in decreased discharge of thermal springs in
Yellowstone National Park.

Decreases in discharge of thermal features in the Mammoth Hot Springs area can be avoided
by limiting development to (1) the natural flow of La Duke Hot Spring (7 L/s), (2) the use of
downhole heat exchangers in wells, and under certain conditions (3) fluid production from wells at
rates less than the total natural rate of outflow of thermal water into the Yellowstone River in the
La Duke and Bear Creek areas. We estimate these total natural discharge rates to be about 60 L/s
and 17 L/s, respectively. Under development option (3), it is necessary that production be obtained
from the same reservoir that supplies the natural thermal-water outflow so that there is a reduction
in this outflow that is close to the rate of well production.

|
Fluid production from the existing geothermal wé]l drilled by the Church Universal and
Triumphant near La Duke Hot Spring at rates up to about 25 L/s most likely meets these criteria,
and therefore, poses no discernible risk of decreased d‘ischarge of the Park’s thermal springs.
Production from any additional wells that might be drilled in the La Duke area would also not cause
adverse effects on the Park’s thermal springs, provided the combined production from all wells was
less than about 60 L/s and each well obtained most of its' production by capturing natural thermal-
water discharge. Determinations that the latter condition is met could be more difficult to make for

these wells than for the existing CUT geothermal well.

A production-rate limit close to 17 L/s for wells dﬁﬂed near Bear Creek Springs could prevent
adverse effects on Mammoth Hot Springs, but would result in a decrease in the natural thermal-
water outflow into the Yellowstone River in the Bear Creek area. Such a change could be viewed
as an adverse effect on the Park’s thermal features because this thermal-water discharge occurs
adjacent to and partly within the Park boundary. For the region between Bear Creek Springs and
La Duke Hot Spring, additional information from well drilling is needed before a production-rate
limit can be specified to prevent adverse effects on the Park’s thermal features.

Geothermal development anywhere in the Corwin Springs KGRA involving well production
at rates exceeding the natural thermal-water outflow could cause more substantial reservoir head
changes that would tend to spread toward the Mammoth Hot Springs area, provided permeable flow
paths exist. In this case, a monitoring system with observation wells located near the Park boundary
could provide early detection of the spread of head changes away from the development area and
thereby reduce the risk of decreases in discharge of the Park’s thermal springs. Additional
subsurface information is needed, however, to enable such observation wells to be properly sited and
completed.


































existence is more speculative. In general, faults in the Mammoth Hot Springs area that might affect
thermal-water flow cannot be confidently extended northward to the KGRA because of a lack of
surface traces and subsurface structural information. There is evidence from electrical geophysical
data of intense hydrothermal alteration along several faults near the north boundary of the Park that
could signify thermal water flow at present or in the past. Soil-mercury anomalies and weak
streambed-temperature anomalies, with associated faulting, were found at several locations near the
Yellowstone River between the town of Gardiner and the confluence with Reese Creek (Hamilton
and Chambers, this volume). The geothermal significance of these anomalies is unclear, but existing
wells in this region (27-40 m-deep) produce relatively dilute ground water at temperatures (~10°C)
consistent with the observed streambed-temperature anomalies. Sulfate-flux measurements in the
Yellowstone River did not detect input of Mammoth- or La Duke-type thermal water in this region.

Detailed geochemical investigations were done in 1989 and 1990 to evaluate whether
components of thermal water from the Mammoth hydrothermal system could be detected in waters
from La Duke Hot Spring and Bear Creek Springs, and to delineate possible hydraulic connections
between the Mammoth hydrothermal system and thermal waters farther south along the Norris-
Mammoth corridor. The KGRA thermal waters are similar to thermal water from Mammoth Hot
Springs in salinity and concentrations of major cations and anions. However, thermal waters from
La Duke Hot Spring and the CUT geothermal well show significant differences from thermal waters
at Mammoth Hot Springs in terms of (1) ratios of conservative constituents, (2) pressures of
dissolved CO,, (3) stable water isotopes (deuterium and oxygen-18), and (4) isotopes of helium,
strontium, boron, and lithium. These differences are consistent with the existence of separate
hydrothermal systems involving reactions with different reservoir rocks under different
thermodynamic conditions at each area. The stable-isotope data and relatively high chloride
concentration (170 mg/L) show that thermal water from the Mammoth system has undergone high-
temperature water/rock reactions at some point in its flow path, whereas La Duke (and Bear Creek)
thermal water has not. The helium-isotope data show a substantial mantle-derived helium
component in Mammoth thermal water but virtually none in La Duke thermal water.

The percentage of Mammoth-type water that could be in La Duke Hot Spring can be
quantified using differences in conservative chemical characteristics such as helium concentration
and helium-isotope ratio, chloride concentration, stable water isotopes, and isotopes of boron and
lithium. There are limitations to the accuracy of these calculation due to uncertainties in the
chemical and isotopic characteristics of the diluting end-member water, and in some cases, analytical
accuracy and lack of undegassed thermal-water samples. Allowing for these uncertainties, the
results of mixing-model calculations indicate that there could be at most a 5 percent Mammoth-type
component, and most likely no Mammoth component, in La Duke Hot Spring water. In terms of
the conservative characteristics used in these calculations, Mammoth-type thermal water should be
the same as thermal water from deep reservoirs in the Mammoth hydrothermal system.

The hottest thermal waters from Bear Creek Springs have nearly the same concentrations of
major constituents as the waters from Mammoth Hot Springs, but significant differences in other
constituents such as chloride (43 mg/L at Bear Creek Springs and 170 mg/L at Mammoth Hot
Springs). Ratios of conservative constituents are similar at each area, but Bear Creek Spring water
shows no oxygen-18 shift. This indicates that thermal water from both areas has been influenced
by the same low-temperature processes and reservoir rock types, but that Mammoth water first
undergoes high-temperature rock/water interactions. Strontium, boron, and lithium isotope values
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for Bear Creek thermal water are significantly different fiom those for Mammoth water, indicating
that although the low-temperature rock/water interactions are similar, the rocks that are the source
of these constituents are different. Alternatively, the chemical constituents in Bear Creek thermal
water could be derived from the Mammoth system by mixing Mammoth-type water with three parts
dilute cold water, reheating, and dissolving additional major ions (for example, Ca and SO,).
Mixing-model calculations using stable water isotopes and isotopes of helium, boron, and lithium,
are consistent with a 10 + 10 percent Mammoth component in Bear Creek Springs, but do not prove
that such a component exists. Elevated tritium concentrations in Bear Creek thermal water requires
some near-surface mixing of thermal water with cold water of local origin.

The lack of a recognizable component of Mammoth-type thermal water in La Duke Hot Spring
can be taken to mean that no hydraulic connection exists between these areas. There might be a
small component of Mammoth-type water in Bear Creek Springs, but most of this thermal water
must be derived from other sources. Lack of hydraulic connection implies either that there are
no continuous flow paths (hydrogeologic connections) between these areas or that the existing
distribution of hydraulic head effectively prevents or restricts thermal water flow from the
Mammoth system to La Duke and Bear Creek. Although the altitude difference between hot
springs at Mammoth and La Duke of about 450 m (higher at Mammoth) would tend to drive
ground-water flow northward from Mammoth toward La Duke, information on the distribution of
hydraulic head in permeable zones between these areas does not exist. The observation that very
little, if any, Mammoth-type water reaches La Duke Hot Spring despite the large head difference
available to drive thermal-water flow from Mammoth to La Duke, indicates the possibility of
geologic barriers to such flow. Such barriers could take the form of fault-related stratigraphic
discontinuities or Tertiary intrusives beneath the Sepulcher Mountain area. However, we cannot rule
out the alternative possibility that the proximity of potential high-altitude recharge areas supplying
water to La Duke Hot Spring and Bear Creek Spring causes higher heads in underlying thermal
aquifers than in adjacent aquifers that might be transmitting thermal water northward from the
Mammoth hydrothermal system. Thus, we conclude that hydraulic-head conditions, rather than
geologic barriers, could be preventing thermal water frovuthhe Mammoth hydrothermal system from
reaching La Duke Hot Spring.

If hydrogeologic connections exist between the Mammoth hydrothermal system and thermal
areas in the Corwin Springs KGRA, geothermal development in the KGRA that resulted in large
head declines in production reservoirs could conceivably alter the existing head distribution enough
to establish hydraulic connections with the Mammoth system. In that case, decreases in hot-spring
flow in the Mammoth area could occur. If, instead, separate hydrothermal systems supply hot
springs at each area and there are no hydrogeologic connections between areas, then geothermal
development in the KGRA could not affect Mammoth Hot Springs and associated thermal features.
The available information does not allow us to determine with certainty which situation exists.

|
Development ngom

Geothermal development in the Corwin Springs KGRA could involve production of thermal
water from wells, utilization of downhole heat exchangers in wells to extract heat but not fluid from
reservoirs, or diversion of hot-spring discharge. Unmanipulated diversion of natural hot-spring
discharge would pose no risk of adverse effects to thermal features in Yellowstone National Park.

|
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The same would be true for developments involving downhole heat exchangers and water from
sources other than geothermal reservoirs to circulate through wells.

For geothermal development involving production of thermal water from wells, factors such
as the location and rate of production influence the distribution of reservoir drawdown and the
possibility of effects on the Park’s thermal features. Fluid production that resulted in only
relatively small, localized, drawdown in production reservoirs would pose no threat to thermal
features at Mammoth Hot Springs, whether or not a hydraulic connection existed between the
development area and Mammoth Hot Springs. Reservoir drawdown would be minimized if
geothermal production were limited in the La Duke area to rates less than the total natural discharge
of thermal water to the Yellowstone River and if wells produced water from the same reservoir that
feeds the natural thermal-water discharge. We have determined from four sets of measurements that
under present conditions this total natural discharge is 61 * 8.5 L/s, all of which enters the
Yellowstone River upstream of Corwin Springs. Similar chemical compositions of water from La
Duke Hot Spring and water from springs at river level indicate that these features are derived from
the same thermal reservoir.

Fluid production from the existing CUT geothermal well has been shown to divert thermal
water from La Duke Hot Spring to the well. Thus, sustained production of this well at rates near
the flow of La Duke Hot Spring (5-9 L/s) would pose no risk of adverse effects on thermal
features in Yellowstone National Park. It is most likely that sustained production from this well
at rates near 25 L/s, which is near its capacity, would also be obtained mainly from diversion of
thermal water from La Duke Hot Spring and other thermal springs and seeps that currently discharge
into the Yellowstone River. Under this condition, reservoir drawdown would remain small and
the risk of adverse effects on the Park’s thermal features would also be avoided.

Additional geothermal wells drilled in the La Duke area into the same reservoir as the existing
CUT geothermal well could also obtain most of their production from diversion of the natural
thermal-water discharge, provided the combined production from all such wells was less than about
60 L/s. Determination that these conditions are met may be more difficult than for the existing CUT
geothermal well if sustained production from this well had caused La Duke Hot Spring to stop
flowing.

A corresponding production-rate limit of about 17 L/s could prevent adverse effects on thermal
features at Mammoth from geothermal development in the Bear Creek Springs area. This limit,
however, is based on one set of measurements of sulfate flux in the Yellowstone River near Bear
Creek and additional measurements are needed for confirmation. Geothermal-fluid production that
captured this natural thermal-water discharge would pose no risk to Mammoth Hot Springs, but
might constitute an adverse effect to the Park because this discharge occurs near or inside the Park

boundary.

For the region in the Corwin Springs KGRA between Bear Creek Springs and La Duke Hot
Spring, a production-rate limit cannot be specified at this time that would eliminate the risk of
adverse effects to the Park’s thermal features. There are no active thermal springs in this region,
and sulfate-flux measurements in the Yellowstone River have not delineated significant inflow of
thermal water to the river. Additional information from well drilling and testing is needed before
a meaningful assessment of reservoir conditions and effects of potential geothermal development
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in this region can be made.

Geothermal development involving well production at rates that greatly exceed the natural
thermal-water discharge in the development area could cause substantial reservoir drawdown both
within and away from the production area. Under these conditions, detection of head changes in
permeable zones beneath the Park would require a monitoring program with observation wells
completed near the Park boundary in formations that are hydrauhcally connected with the production
reservoir.

Additional information on the existing distribution of hydraulic head is required to estimate
the degree of reservoir drawdown needed to establish a hydraulic connection with the Mammoth
hydrothermal system. Should such a connection be established, the rate and amplitude of the spread
of subsequent production-induced head changes would depend on the hydraulic properties of the
connection, which could be determined from monitor wells and well flow tests. Relatively rapid
(0.5-1.5 years) propagation of head changes could occur if properties similar to those determined
from the 1986 flow test on the CUT geothermal well were applicable. The flow of hot springs on
the Mammoth Terraces is likely to be sensitive to small changes in head in underlying reservoirs.
Thus, a well monitoring system would be needed to provide early detection of the spread of head
changes toward the Mammoth area. Data from an effective well monitoring system could be
used to eliminate or significantly reduce the risk of adverse effects of large-scale development
on the Park’s thermal features, but completion of observation wells that are adequate for this
purpose requires collection and interpretation of considerable subsurface information from
drilling and subsequent well testing.

An alternative method of minimizing reservoir drawdown during fluid production is to inject
some or all of the produced fluid back into the production reservoir. For this purpose, injection
wells need to be located as close as possible to production wells without causing premature cooling
of produced fluids. Selection of adequate spacing between production and injection wells requires
knowledge of the hydraulic properties of the reservoir; in the case of the Corwin Springs KGRA,
the location and properties of potential production reservoirs are largely unknown. Thus,
considerable additional hydrogeologic data need to be collected from well drilling and testing before
a production-injection scheme could be devised that would assure prevention of adverse effects to
thermal features in Yellowstone National Park. }

Conclusions

The principal conclusions of the U.S. Geological Survey study of the effects of potential
geothermal development in the Corwin Springs KGRA} on the thermal features of Yellowstone
National Park are listed below.

1. The only areas of hot-spring discharge in the Corwin Springs KGRA are at or near La
Duke Hot Spring and Bear Creek Springs. Travertine is actively being deposited by
thermal waters at each area. Extensive travertine deposits north of the town of Gardiner,
Montana, where there are no active thermal springs, were formed 19,000-23,000 and
50,000-60,000 years ago. These older deposits are isotopically similar to travertine at
Mammoth Hot Springs, indicating that they could have been derived from the same
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hydrothermal system that has been intermittently active in the Mammoth area for at least
the past 400,000 years.

The available geologic and geophysical evidence indicates that hydrogeologic connections,
or permeable pathways, could exist between thermal areas in the Corwin Springs KGRA
and Mammoth Hot Springs, but does not prove their existence.

Thermal waters in the La Duke area, although generally similar in chemical composition
to thermal waters at Mammoth Hot Springs, have some distinctly different chemical and
isotopic characteristics from those in Mammoth-type thermal water. These differences
indicate that there is little or no Mammoth-type thermal water in La Duke Hot Spring.
This implies that the flow system supplying La Duke Hot Spring is separate from and is
not hydraulically connected to the Mammoth hydrothermal system. This lack of
connection could result from geologic barriers (impermeable rock or stratigraphic
discontinuities) to flow from Mammoth to La Duke or from the existing distribution of
hydraulic head beneath the La Duke area.

If the apparent lack of thermal-water flow between Mammoth and La Duke reflects
hydraulic head conditions rather than geologic barriers, a hydraulic connection could
conceivably be established between these areas if geothermal development caused
substantial changes in hydraulic head within production reservoir(s).

Should a hydraulic connection be established between the La Duke area and Mammoth
Hot Springs as a result of large-scale geothermal development, head changes could
conceivably be induced beneath the Mammoth area that would cause decreases in spring
flow at Mammoth Hot Springs.

Chemical and isotopic evidence is consistent with a minor component of Mammoth-type
thermal water in Bear Creek Springs, indicating that there could be a hydraulic connection
between these two areas. The major part of the thermal-water discharge in the Bear
Creek area, however, appears to come from sources. other than the Mammoth
hydrothermal system.

Geothermal development in the Bear Creek area that induced substantial reservoir
drawdown could also affect Mammoth Hot Springs. The chances of adverse effects from
such development could be greater than for development in the La Duke area because of
the closer proximity of Bear Creek to Mammoth and the possibility that a hydraulic
connection already exists. Similar effects could accompany geothermal development in
other parts of the KGRA between the Bear Creek and La Duke areas if large reservoir
drawdowns are induced. However, the degree of hydraulic connection between such areas
and thermal features in the Park is unknown.

Restricting geothermal well production in the Corwin Springs KGRA to reservoirs that
supply the natural thermal-water discharge near La Duke Hot Spring and Bear Creek
Springs would allow capture of some or all of this discharge, and hence minimize
reservoir drawdown. Production from the existing geothermal well drilled by the Church
Universal and Triumphant at rates up to 25 L/s most likely meets these criteria and

A-15



10.

11.

12.

13.

14.

therefore poses no discernible risk of adverse effects on the Park’s thermal springs.

Additional geothermal wells could be produced in the La Duke area without risk to the
Park’s thermal features if the combined production rate from all such wells were less than
the total natural rate of thermal-water outflow (50-70 L/s) and each well produced from
the same reservoir as the CUT geothermal well. A combination of well tests and
chemical sampling, spring monitoring, sulfate-flux measurements, and possibly
observation-well drilling is needed to show that such wells obtained most or all of their
production from the capture of natural thermal-water discharge.

A decline in natural thermal-water discharge into the Yellowstone River is likely to
accompany geothermal well production in the Bear Creek Springs area. Such discharge
presently occurs within or immediately upstream from the Park boundary at rates near 17
L/s. ‘

A decline in natural thermal-water discharge into the Yellowstone River is likely to
accompany geothermal well production in the La Duke Hot Spring area. Such discharge
presently occurs within a distance of about 1 km upstream and 1 km downstream from
La Duke Hot Spring. \

|
Surface diversion of the natural, unmanipulatih flow of La Duke Hot Spring for direct
heat applications on the Royal Teton Ranch would pose no threat to the thermal features
in the Park. The flow of La Duke Hot SpringJ currently ranges from about 5 to 9 L/s.

\
Utilization of downhole heat exchangers in wells to extract heat but not fluid from
geothermal reservoirs would also pose no threat to thermal features in Yellowstone
National Park.

Injection of produced geothermal fluid back /into production reservoirs would lessen
reservoir drawdown and reduce the possibility of adverse effects on thermal features
inside the Park. Locating and completing injection wells to accomplish this purpose will
require collection and interpretation of geologic and hydrologic data that currently do not
exist for the KGRA. 1

The results of this study point to scientifically valid reasons for concern regarding adverse
effects of large-scale geothermal development in the Corwin Springs KGRA on thermal features at
and near Mammoth Hot Springs in Yellowstone National Park. Such development could cause
reservoir head changes large enough to establish or enhance a positive head gradient for northward
flow within permeable zones that might exist between'the KGRA and Mammoth Hot Springs.
Because of the absence of subsurface hydrogeologic data in this area, we do not know for certain
that such zones do not exist, and instead can offer several lines of indirect evidence to indicate that
they could be present. Given this situation, there exist several technical options for development
that would minimize or eliminate adverse effects on the Park’s thermal features. The level of risk
that geothermal development poses for adverse effects on thermal features depends on where
development occurs, which development option is foqowed, and which of the Park’s thermal
features is considered.

|
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CHAPTER B
INTRODUCTION
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Background

A two-year study by the U.S. Geological Survey of geothermal systems and features in the
northern part of Yellowstone National Park and the adjacent Yellowstone River Valley was begun
in 1988. Congressional directive for the study is contained under Sec. 8 (a) of the Geothermal
Steam Act Amendments of 1988 (Public Law 100-443), which specifies that the U.S. Geological
Survey, in consultation with the National Park Service, shall conduct a study of the effects of
present and potential geothermal development in the Corwin Springs Known Geothermal Resources
Area (KGRA) near Yellowstone National Park on thermal features within Yellowstone National
Park. The term KGRA refers to an area in which geologic criteria, nearby discoveries, and
competitive interests indicate that the prospects for extraction of geothermal resources are good
enough to warrant expenditures of money for that purpose (Goodwin and others, 1971). The Corwin
Springs KGRA is located along the Yellowstone River between the northern park boundary and the
town of Corwin Springs (fig. B-1). Thermal-water discharge occurs within the KGRA at and near
La Duke Hot Spring and at springs located near the confluence of Bear Creek with the Yellowstone
River (referred to in this report as Bear Creek Springs). No thermal springs occur at the town of
Corwin Springs.

In April 1986, the Church Universal and Triumphant (CUT) drilled a 140-m-deep well directly
across the Yellowstone River from La Duke Hot Spring and 2.6 km north of the park boundary.
The well is located on the Royal Teton Ranch, one of several areas of private land in and adjacent
to the KGRA. The CUT geothermal well penetrated a permeable zone at a depth of 128 m that
produced water of similar chemical composition to that of La Duke Hot Spring, but slightly lower
in temperature (57°C compared to 68°C). Pumping of the well at 25 L/s for 13 hours in September
1986 resulted in a 92-percent reduction in the flow of La Duke Hot Spring and indicated that
sufficient production could be obtained for heating a small number of buildings and filling a thermal
pool (Hydrometrics, 1986; Francis, 1987). After the well test in 1986, the pump was removed from
the CUT geothermal well and no production of geothermal fluids has occurred within the Corwin
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Springs KGRA since that time. Public and governmental concerns over the potential effects on
thermal features within Yellowstone National Park from long-term production from this well and
other such wells that might be drilled within the Corwin Springs KGRA led to suspension of
geothermal leasing activities on public lands surrounding the park in 1988 (Public Law 100-443).

Mammoth Hot Springs and Hot River are the principal thermal features in Yellowstone Park
that are nearest to La Duke Hot Spring, although thermal seeps have been detected in the area
referred to as Chinese Garden located about 1 km north of Hot River. These areas are about 14 km
southeast of La Duke. Thermal waters in the Mammoth area and in the adjacent KGRA contain
relatively high concentrations of bicarbonate ions and are actively depositing travertine (calcium
carbonate). Extensive travertine deposits that occur just north of the town of Gardiner, between La
Duke and Bear Creek, indicate voluminous discharge of carbonate-rich thermal waters in the
geologic past. The similarities in thermal-fluid chemistry at Mammoth, Bear Creek, and La Duke
and the occurrence of numerous geologic features (faults and sedimentary formations) that could
provide flow paths at depth between each area provide some reasons for concern regarding the
potential effects of future geothermal development in the Corwin Springs KGRA on thermal features
within the Park.

For the purposes of this report, the study area encompasses a rectangular region from the
Norris Geyser Basin on the south to the northern end of the Corwin Springs KGRA on the north
(fig. B-1). The Gallatin and Washburn Ranges and Beartooth uplift lie on the western, eastern, and
northeastern sides of the study area, respectively. Several ranges comprise the Beartooth uplift.
Land-surface elevations in the study area decrease from about 2,400 m (8,000 feet) at the south to
about 1,700 m (5,600 feet) at the north end of the study area, although elevations exceeding 2,900
m (9,600 feet) are attained in the Gallatin Range and the Beartooth uplift (fig. B-2). The study area
was extended as far south as the Norris Geyser Basin to evaluate the possibility of a thermal-water
flow between Mammoth and hot spring areas near the edge of the Yellowstone caldera, as suggested
in previous studies (White and others, 1988; Fournier, 1989). Several unpublished reports describe
possible sources of water for the hot springs in the Corwin Springs KGRA and possible hydrologic
connections with geothermal reservoirs inside the Park (Struhsacker, 1976; Sonderegger, 1987; and
Hydrometrics, 1986).

Purpose and Scope

Our study addressed three principal issues: (1) the sources of thermal water for the hot springs
at Mammoth, La Duke, and Bear Creek, (2) the degree of hydraulic connection between these areas,
and (3) the effects of geothermal development in the KGRA on thermal features in the Mammoth
area. During 1988-90, geologic, geochemical, and geophysical investigations were done to provide
data useful in addressing these issues. An additional objective was to collect baseline data on the
variability in discharge characteristics of thermal springs in the study area. Collaborative
investigations were done by the National Park Service, Argonne National Laboratory, and Los
Alamos National Laboratory. Subsequent chapters of this report present detailed discussions of the
findings of these investigations.
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The following persons were responsible for conducting different aspects of the study:

Technical coordinator: M.L. Sorey (U.S. Geological Survey)
Geologic investigations: K.L. Pierce (U.S. Geological Survey)
Geophysical investigations: D.B. Hoover (U.S. Geological Survey)
W.D. Stanley (U.S. Geological Survey)
Geochemical investigations: Y .K. Kharaka (U.S. Geological Survey)

R.H. Mariner (U.S. Geological Survey)

N.C. Sturchio (Argonne National Lab)
Hydrologic investigations: M.L. Sorey (U.S. Geological Survey)

D.R. Janecky (Los Alamos National Laboratory)
Soil mercury and streambed-
temperature investigations: W.L. Hamilton (National Park Service)

Terminology

Definitions of many of the scientific terms used in this report are given in "Conversion
Factors, Vertical Datum, and Abbreviations" on pages VIII-X. Of particular significance are the
terms "thermal spring”, "hot spring”, and "warm spring”. The definition of Meinzer (1923) that
thermal springs are those springs whose water has a temperature appreciably above the mean annual
temperature of the atmosphere in the vicinity of the spring was used for this study. Following the
U.S. Geological Survey assessment of low-temperature geothermal resources (Reed, 1982), 10°C
above ambient was used as the criterion for "appreciably.” The term "thermal water” is more
loosely considered in this report to apply to water derived from a hydrothermal system involving
elevated fluid and rock temperatures and concentrations of dissolved chemicals substantially in
excess of typical shallow ground water. "Hot spring” is defined as a thermal spring warmer than
body temperature (37°C); "warm spring” is a thermal spring cooler than body temperature. In
regard to the Mammoth hydrothermal system, a distinction between thermal water derived from the
Mammoth hydrothermal system and Mammoth-type thermal water was made, the later being any
thermal water with chemical characteristics similar to those found in water sampled at Mammoth
Hot Springs. A final introductory note is that the spelling of the town of Gardiner, Montana, is
different from the spelling of the Gardner River.
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and Neil C. Sturchio, Argonne National Laboratory
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Introduction

Flanking the northern margin of Yellowstone National Park is the Corwin Springs Known
Geothermal Resources Area (KGRA), which includes hot springs at La Duke and Bear Creek and
the travertine deposits above Gardiner (fig. B-1). A north-south alignment of geothermal features
extends from the Yellowstone caldera northward through Mammoth Hot Springs to the Corwin
Springs KGRA. This section of the report describes the apparent geologic controls for thermal
features in the northern part of this region, the geologic history of thermal activity, and some



possible hydrogeologic connections between thermal springs in the KGRA and Mammoth Hot
Springs.

Thermal features and their possible hydrogeologic connections are controlled by the subsurface
geology, particularly the distribution of permeability related to either stratigraphic units or fault
zones. Travertine deposits and active springs indicate a complex history of thermal activity
interspersed with times of glaciation. In addition, the landscape has evolved due to valley deepening
through time. During the last glaciation, glacial scour eroded a basin well below the present level
of the Yellowstone River. The thermal waters encountered in bedrock in the CUT geothermal well
are blanketed by about 130 m of relatively impermeable lake-sediment deposited in this scour basin.

Bedrock Geology

Although the bedrock geology of the Mammoth-La Duke area has been mapped and described
in recent reports, no sufficiently detailed compilation covers the entire area. This is largely because
three important boundaries occur between Mammoth Hot Springs and La Duke Hot Spring: the
northern boundary of Yellowstone National Park, the state boundaries between Wyoming and
Montana, as well as the common boundary of four IIE quadrangles. For this reason a new

compilation of the geology of the study area has been prepared for this report.

Figure C-1 shows the distribution of generalized geologic units and structures of the study
area. The geologic map is based on a more detailed compilation and local field observations at a
scale of 1:62,500 from the following sources: the pre-Tertiary geology of northern Yellowstone
National Park at 1:62,500 by Ruppel (1972); an unpublished map of the Mammoth quadrangle at
1:62,500 (written commun., 1989) by R.L. Christiansen (U.S. Geological Survey), H.J. Prostka, E.T.
Ruppel (Montana Bureau of Mines and Geology), and H'W. Smedes; the southwest quarter of the
Gardiner quadrangle at 1:24,000 by Fraser and others (1969); the geology north of Yellowstone
National Park in the La Duke area at 1:62,500 by Struhsacker (1976); the bedrock geology of
Yellowstone National Park at 1:125,000 by the U.S. Ge¢logical Survey (1972); and a small-scale
map of the Gardiner reverse fault area by Wilson (19341. Five geologic sections were developed
through the northern part of the study area at 1:62,500, on the basis of our geologic map compilation
and field relations observed during our study, and on published sections by Ruppel (1972), Fraser
and others (1969), and Wilson (1934).

Figure C-2 shows simplified versions of the geologik sections. Subsurface control is provided
by projections of stratigraphic units in outcrops and other field relations, and by geologic sections
by Ruppel (1972), Fraser and others (1969), and Wilson (1934). With increasing depth, particularly
below 1-2 km, the geologic sections become increasingly uncertain and therefore should be regarded
as only diagrammatic. In an area of complex structure like this, such uncertainty is normal for
geologic sections extending to depths of several kilomete%rs but lacking subsurface geologic control
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concentration of active and inactive geothermal features and, south of Bunsen Peak, by a belt
containing 9 exposed rhyolite and basalt vents (fig. C-4) and about 5 additional buried vents, nearly
all of which erupted after 0.6 Ma. Northerly trending normal faults, also active since 0.6 Ma occur
within and tend to bracket this corridor. In addition, the volcanic vents can be interpreted to lie on
trends parallel to the normal faults. These vents are likely to occur along extensional faults or
fissures although such features, if present, have not been identifiable, perhaps because of their burial
by younger volcanic rocks and glacial deposits or because of only minor offset. On the basis of the
north-south alignment of normal faults that indicate the trends of extensional features in the area,
figure C-4 shows inferred volcanic fissures drawn approximately north-south through vent locations
and locally connected with other vents or ends of mapped normal faults. Although inferred, this
probable north-south alignment of fissures parallel to the length of the corridor is important to
consider both in relation to the flow of geothermal fluids in the corridor and to the injection of
subsurface dikes associated with the volcanism in the corridor.

Eaton and others (1975) place both Norris Geyser Basin and Mammoth Hot Springs on the
eastern boundary of the corridor, and thereby exclude many vents and geothermally altered areas;
they also extend the western boundary to the east Gallatin fault, thereby including a 5 km wide band
without geothermal alteration and volcanic vents. For its east-west extent, our concept of the
corridor is similar to that of White and others (1988) and R.L. Christiansen (U.S. Geological Survey,
written commun., 1991). For its north-south extent, all place the northern margin of the corridor
to include at least some of the hot springs and travertine deposits near the Gardiner fault.

The Norris-Mammoth corridor extends about 40 km northward from the 0.6-Ma Yellowstone
caldera margin (figs. C-1 and C-4). The corridor contains the only major alignment of volcanic
vents and geothermally altered areas in the Yellowstone area that lie outside this caldera
(Christiansen, 1984, fig. 6.7). The corridor is marked by an electrically conductive upper crust from
its southern limit at the caldera boundary to just south of Bunsen Peak, indicating intense alteration
associated with geothermal fluids (Stanley and others, this volume).

The Norris-Mammoth corridor forms a linear appendage tied to the 0.6 Ma Yellowstone
caldera by volcanic, magmatic, geothermal, and structural features and extending about a caldera
diameter away from it. A similar appendage extends northward from the Long Valley caldera in
California and is demarcated by the Inyo and Mono alignment of volcanic vents; Bursick and Sieh
(1989) showed that extension alternated in time between faulting on the eastern front of the Sierra
Nevada Range and dike intrusion beneath the Inyo-Mono alignment.

As shown in figure C-7, structures associated with the Norris-Mammoth corridor and the East
Gallatin-Reese Creek fault system are likely to intercept at depth. The dikes feeding the 14 volcanic
vents in the Norris-Mammoth corridor were injected from depth. If, as likely, the least principal
stress is horizontal, their dip would be vertical. Assuming that East Gallatin normal fault has an
east dip of about 50°, typical of basin-range faults in the region (Barrientos and others, 1987), and
dikes and fissures are vertical, it would intersect the feeder dike system at 8-12 km. The actual
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intersection is likely to be shallower (dashed line, fig. C-7) if the east Gallatin fault soles into
ductile material estimated to be at depths of 6-7 km (Stanley and others, this volume). These two
structures may also be closely related in that they both appear to accommodate east-west extension.
Dike intrusion in the Mammoth-Norris corridor reflects east-west extension as does normal fault
movement on the East Gallatin-Reese Creek fault. We have observed no post-glacial offset on the
East Gallatin-Reese Creek fault system and no post-glacial tensional opening in the Norris-Mammoth
corridor. The probable time of latest major extension in the corridor was 80-320 ka when about 70
percent of the volcanic vents erupted. Historic altitude changes have occurred in the corridor with
local relative uplift of 0.5 m in the 1923-60 interval (Reilinger and others, 1977). Modeling of
magnetotelluric sounding data indicates that south of Bunsen Peak the corridor is characterized by
near magmatic temperatures below depths of 6-7 km (Stanley and others, this volume).

Structures in the Mammoth Area

The location and continuity of regional structures in the Mammoth Hot Springs area are poorly
understood. This is because of a combination of poor exposures, abundant landsliding, and cover
by Quaternary glacial deposits, volcanic rocks, travertine, and Eocene volcanic rocks.

What is clear is that the Mammoth Hot Springs area is located on a structural high. The
Jurassic outcrops near Mammoth Hot Springs indicate structural elevation of about half a kilometer
relative to Cretaceous rocks exposed within .2 km north, east, or south. Ruppel (1972; fig. C-4)
showed that a major structure, which he called the Mammoth fault and inferred to be north-trending,
occurs somewhere west of Snow Pass, which is 3 km southwest of Mammoth. This fault elevates
Jurassic rocks exposed at Snow Pass above Upper Cretaceous rocks exposed along the Gallatin
Range front, 5 km further west. Section EE’ (fig. C-2) shows this fault with 1 km uplift on its east
side. As noted by Ruppel (1972, p. A53), the southward continuation of the uplifted (eastern) side
of the Mammoth fault is probably indicated by the band of outcrops of Paleozoic rocks that extend
from Roaring Mountain for 12 km to the north (fig. C-1); this trend also suggests a roughly
northward strike for the Mammoth fault. South of the latitude of Snow Pass, no pre-Eocene rocks
are exposed between this inferred structural high west and the Gallatin Range, thus preventing firm
definition of the location and strike of the Mammoth fault of Ruppel (1972).

A north-striking extension of the Mammoth fault into Montana is not recognized, as no large
changes in structural level are known in the area containing patchy exposures of Cretaceous
Landslide Creek Formation that extend from 2 km due south of Gardiner for 8 km northwest to the
Reese Creek fault. A northeast continuation of the Mammoth fault is postulated by Ruppel (1972)
to strike north or northeast towards what we have mapped as the northern extension of the Lava
Creek reverse fault (fig. C-4). Between the Reese Creek fault and this possible northeast-trending
Mammoth fault, no major offset has affected the basal part of the Eocene volcanic sequence,
indicating either that the Mammoth fault is older than Eocene, or that it strikes east of the
easternmost Eocene volcanic exposure (Tvc, fig. C-1).
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The dip of the Mammoth fault is not known. It doeJ not offset Quaternary deposits and is not
recognized to offset Eocene rocks. Consequently, it conceivably could be Laramide in age and be
an east-dipping reverse fault. The trace of the Mammoth fault inferred by Ruppel (1972) is close
to a north-south normal fault, here named the Swan Lake fault, which passes just west of Snow Pass
and has 50 m of down-to-the-east offset of Quaternary and Eocene volcanic rocks (fig. C-1; U.S.
Geological Survey, 1972; R.L. Christiansen, written, commun., 1989). The Swan Lake fault is the
only fault with demonstrated Quaternary movement in the Mammoth area. If the Mammoth fault
were a reverse fault and dipped east, this normal fault might represent the actual trace of the
Mammoth fault with extensional "backsliding" on it, thus providing a unifying explanation for older
down-to-the-west faulting and younger down-to-the-east faulting in essentially the same place.

The possibility that the Swan Lake and Mammoth faults may represent compressional
deformation followed by extensional deformation on the same fault is supported by such a history
being determined for the better exposed Buffalo Fork thrust (Love and Keefer, 1975), which is
located southeast across the Yellowstone calderas from the south end of the Norris-Mammoth
corridor. There, Laramide thrusting with relative uplift oi about 3 km on the east side of the thrust
was followed by late Cenozoic normal faulting with the east side relatively down about 500 m.

Sepuicher Structural Low

A north-trending structural low exists between the East Gallatin-Reese Creek fault system and
the Mammoth fault (Ruppel, 1972; Struhsacker, 1976). This has been has been called the Sepulcher
Mountain graben for Sepulcher Mountain, which preserves about 1 km of Eocene volcanic rocks
in this structural low. If the Mammoth fault bounding tlTe east side of this low is a reverse fault,
then the term graben would be inappropriate; thus we uselthe designation Sepulcher structural low.

|

The structural depth of the Sepulcher structural low south of Sepulcher Mountain is poorly
defined because pre-Cenozoic rocks are exposed there in only one area. Ruppel (1972) maps Upper
Cretaceous Telegraph Creek Formation along the Gardner River west across two strands of the East
Gallatin-Reese Creek fault system from the Sepulcher structural low (figs. C-1, C-3, and C-4).
Between these two fault strands, undifferentiated Upper Cretaceous rocks are mapped by the U.S.
Geological Survey (1972; shown as Cretaceous on fig.| C-1). Based on the fault offset, these
outcrops would be higher in the Cretaceous than the Telegraph Creek. The Sepulcher structural low
is across another fault whose offset would place the stratigraphic level there even higher in the
Cretaceous section. For the geologic sections (fig. C-2), we have assumed this part of the Sepulcher
structural low contains Cretaceous strata as high as the lower part of the Everts Formation (fig. C-3).

Surficial Geology and Thermal Features

Volcanic rocks in the valleys of the Yellowstone and Gardner Rivers record different stages
in the erosion of these valleys (fig. C-5; volcanic rocks mapped and described by R.L. Christiansen,
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(written commun., 1989; Christiansen and Blank, 1972; U.S. Geological Survey, 1972). The amount
of downcutting from the top of the volcanic fill represented by the volcanic deposits is: (1) for the
older basalt (Junction Butte? = 2 Ma), as much as 500 m (2) for the 0.6 Ma Undine Falls Basalt,
as much as 275 m. The net downcutting is only about half these amounts because it is referenced
to the valley floors down which these basalts flowed and does not include the thickness of the basalt
valley fills that had to be recut (fig. C-5.). The net downcutting is as follows: (1) since just prior
to the 2?-Ma Junction Butte Basalt, about 300 m, and (2) since just prior to the 0.6-Ma Lava Creek
Tuff, about 75-125 m. This history of erosion provides limiting ages for the travertine deposits in
the area. These depths of incision in the study area are much deeper than on the Yellowstone
Plateau south of Mammoth where the 2 and 0.6 Ma volcanic tuffs commonly occur within 100 m
of the present drainages (fig. C-5).

Glaciation and Geothermal Systems

A large icecap formed on the Yellowstone Plateau and surrounding mountains during the last
major glaciation, which climaxed between about 20-40 thousand -years ago (ka) and had largely
receded by about 11 ka, (Pierce, 1979). Glacial flow from the northern part of this thick ice cap
converged towards Gardiner to form a major outlet glacier that flowed to its terminus 65 km further
downvalley near Chico Hot Springs. At Gardiner, the ice thickness was about 1,100 m (fig. C-5);
at Mammoth Hot Springs, it was about 800 m; southward from Mammoth above the Norris-
Mammoth corridor it was 700-800 m (Pierce, 1979).

Beneath this glacial ice, pressures on geothermal systems probably were increased due to water
in and at the base of the glacier. The water pressure at the base of a glacier varies in both space
and time as summarized by Patterson (1980). More than several kilometers from the glacier
terminus, hydrostatic head at the base of the glacier are typically between 50 and 90 percent the ice
thickness (Patterson, 1980; Andrew Fountain, oral commun., 1990). For carbonate-rich waters, these
increased pressures near the ice-ground interface are likely to have favored CO, transport rather than
carbonate deposition in the shallow parts of the geothermal system now depositing travertine at
Mammoth, La Duke, and other areas. Thus for the Mammoth-La Duke area, the time of
deglaciation about 12-15 ka (Pierce, 1979) is the starting time for the present cycle of carbonate
buildup.

From Gardiner downstream to below La Duke Hot Spring, flow of the northern Yellowstone
outlet glacier apparently scoured a basin more than 100 m below present river level (fig. C-6).
Upon deglaciation, a lake formed in this basin and rapidly filled with fine-grained sediment. Along
the Yellowstone River within about half a mile upstream and downstream from La Duke, lake
sediments are exposed from the river bed up to about 8 m above the river. These lake sediments
have zones of ripple-bedded sand overlying contorted and rolled lake sediments, interpreted to
represent glacially dammed floods surging through the lake. Except where being actively undercut
by the Yellowstone River, exposures of these unconsolidated lake sediments are typically obscured
by colluvium from the overlying flood deposits.
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These lake sediments with interbeds of flood sands probably extend more than 100 m below
the present river level, as indicated by our interpretation of the log of the CUT geothermal well,
located across the Yellowstone River from La Duke Hot Spring (fig. C-6). This well has been
inferred to have been drilled largely in shale (Hydrometrics, 1986), apparently assuming that the
"blue mud" described in the drill logs was the same as nearby exposures of Cretaceous shales. We
interpret the well log to indicate the following, based on@(l) discussions with the driller, William
Kupfer (original well log, 1986; oral commun., 1989), (2) exposures in the nearby riverbanks, and
(3) the log of the nearby Miller geothermal well:

Depth Description and interpretation

0-9m Gravel and sand. Same as Bouldery flood gravels exposed in river
banks nearby. |

9-128 m Blue mud. Drilled with water because could not be drilled with air.
Unconsolidated lake sediments with sand layers, as noted in nearby
Miller well. |

128-140 m Bedrock, rock type not known. Material below 128 m drilled much

differently than that from 9-128 m. Circulation was lost at 128 m and
drilling switched to air.

Shallow movement of geothermal fluids in the area of the geothermal well would be affected
by this scour basin and its fine-grained sedimentary fill. The fill of interbedded lake sediments and
more permeable sandy interbeds probably has horizontal permeability in the sandy beds, whereas
vertical permeability is restricted by the clayey beds. This fill would tend to act as a blanket over
the underlying bedrock, with localized upward permeability controlled by the old valley wall and
perhaps upward penetration only where conduits have become established above fault zones in the
bedrock. Two zones of hot springs near river level, on¢ upstream and one downstream from La
Duke Hot Spring, are aligned along branches of the Reese Creek fault system (Hamilton and
Chambers, this volume; Sorey and others, this volume). When the Yellowstone River was at very
low water, two springs were observed venting through these lake sediments south of La Duke Hot
Spring.

History of Travertine lieposition

In the northern part of the Norris-Mammoth corridor, travertine deposits exist in a north-south
band 25 km long that broadens along its northern margin to a width of 10 km along the northwest
trending Gardiner reverse fault (fig. C-8, table C-1). Table C-2 lists 20 uranium-thorium ages
obtained on these travertine deposits. These ages were determined by measuring the radioactive
disequilibrium between travertines, using a modification pf the method described by Ku and Liang
(1984). Following a preliminary set of measurements by alpha spectrometry, a subset of samples was
selected for high-precision analyses by thermal ionization mass spectrometry (table C-2). The Th and
U isotopic analyses were performed by N. Sturchio (Argonne National Laboratory) and M. Murrell
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Figure C-8. Thermal springs, travertine deposits and their ages, and relation of these thermal
features to geologic structures in the Mammoth-La Duke area.
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(Los Alamos National Laboratory), using the mass spectrometric technique described by Goldstein
and others (1989). Ages are given with 26 errors.

Travertine deposition in this area has occurred over at least the last four hundred thousand
years. Field relations and radiometric dating indicate five ages of travertine deposition (fig. C-8;
tables C-1, C-2) which in the following descriptions are numbered 1 (youngest) to 5 (oldest) and
thence described from north to south.

1. Young travertine (try, fig. C-8) shows evidence of ongoing deposition, including the active and
recently active La Duke, Bear Creek, Mammoth, and Sheepeater Hot Springs. Most of this
travertine is less than a few thousand years old. The travertine deposits in large accumulations
of "try" may be significantly older as shown by the U-Th age of 7.72 £ 0.88 ka from a depth of
72.8 m (239 ft) in the Y-10 drill hole in the upper part of the active terrace at Mammoth Hot
Springs.

2. Middle-aged travertine (trm) shows no evidence of ongoing deposition, is locally covered by
vegetation including trees, but does not have glacial erratics on it. Such deposits include two
small mounds just north of La Duke Hot Spring and the large mound at Bear Creek Springs, the
top of which has a U-Th age of 9.92 £ 0.07 ka. At Mammoth Hot Springs, two large deposits
of this general age are present. First, Pinyon Terrace (Barger, 1978) has an inactive front 200
feet high; a sample from the top of this front has a U-Th age of 10.29 * 0.18 ka; one from the
base is 9.76 + 0.07. Second, a large sheet of travertine extends below the active part of
Mammoth Hot Springs for 1.8 km downslope to the Gardner River; U-Th ages on two samples
provided only maximum ages (fig. C-8), but these are compatible with ages in the 3-10 ka range.
Small deposits of "trm" occur along the Gardner River upstream from the High Bridge as well
as in the Sheepeater Canyon. The deposit of "Qtm" 0.4 km north of the Glen Creek mound
overlies organic material with a carbon-14 age of 2170 £ 90 years before present (W.L. Hamilton
and P.J. Conn, National Park Service, written commun., 1939).

3. On the travertine bench above Gardiner, two ages of travertine, both designated "tro" and mantled
by till deposited during the last glaciation (Pinedale), are apparent from the U-Th ages, the
younger of which is included in this group. Subaerial travertine with ages of 19.57 £ 0.12, 22.64
1 0.17 and a vent vein with an age of 23.34 * (.28 are mantled by Pinedale glacial deposits and
may represent travertine deposition during a time of recession between Pinedale full glacial time
(>20 ka) and a later readvance called the Deckard Flats readjustment. Above the 22.64 ka
sample, a 10-20 cm thick gravelly bed represents some break in travertine deposition, and may
indicate the presence of a glacier nearby.

4. Near Gardiner, older ages were obtained on travertine designated "tro" (fig. C-8) from beneath
Pinedale glacial deposits as follows: 52 * 5 ka from near the base of the section on the travertine
bench, and 57.11 £ 0.59 ka for the large, half-eroded travertine mound (Rattlesnake Butte mound,
tro) across the Yellowstone River from Bear Creek. South of Bunsen Peak and Sheepeater
Canyon, travertine (tro) mantled by Pinedale glacial erratics has a U-Th age of <95 ka. An
interval of glaciation is expected to be represented in the vertically exposed section between the
samples with ages of 52 ka and 23.3 ka, but no unconformity was observed. No older travertine
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(tro) including that which might be in the 50-60 ka range is known near Mammoth Hot Springs,
although Mammoth is thought to have been ice-free at this time, based on a stratigraphic section
at McMinn Bench (0.6 km south of Eagle Nest Rock; Pierce, 1973a, 1979). The McMinn Bench
section indicates that the glacier flowing down the Yellowstone River was about 300 m thick near
Bear Creek when an ice-dammed lake existed in the lower part of the Gardner River valley. On
the travertine bench at the stratigraphic level of the sample dated 52 + 5 ka, concentric layers of
a geode-like vein yielded ages of 30.06 £ 0.30, 20.48 £ 0.17 and 15.58 £ 0.13 ka; this vein
accumulated after the enclosing travertine, dated at about 52 ka, was deposited and in part may
have accumulated when the overlying travertine was covered with glacial ice.

5. The very old travertine (trvo, fig. C-8) of Terrace Mountain has a U-Th age of 406 + 30 ka.
Pinedale glacial deposits occur on this travertine. The horizontal layering of this travertine at the
east edge of Terrace Mountain indicates that it was deposited on a landscape without the present
deep valley immediately to the east where the travertine of Mammoth Hot Springs has more
recently accumulated. The U-Th age indicates that Terrace Mountain is considerably older than
the major glaciation (Bull Lake, approximately 140 ka, Pierce and others, 1976) that preceded the
last major glaciation (Pinedale).

This age information on travertine indicates several points. Travertine has accumulated in the
region since at least 400 ka, but ages for deposits from different areas do not show strong overlap
in time (fig. C-8; tables C-1, C-2). From about 0-10 ka, a large amount of travertine has
accumulated in the Mammoth area, but none accumulated on the travertine bench near Gardiner, and
little accumulated at Bear Creek Springs. From 10 ka probably back to the time of deglaciation at
about 12-15 ka, travertine accumulated near the mouth of Bear Creek and on the Pinyon Terrace
above Mammoth Hot Springs. Only a minor amount of travertine has accumulated at La Duke,
probably within the last few thousand years, and inactive small mounds of Holocene travertine occur
0.45 and 0.7 km downstream from La Duke (fig. C-6). Across the Yellowstone River from La Duke
Hot Spring near Spring Creek, carbonate cementation of Pinedale flood gravels suggests percolation
of carbonate-rich thermal(?) waters in post-glacial time (<12-15 ka) through the valley fill blanketing
the Reese Creek fault. From about 19 to 23 ka, the travertine bench near Gardiner was active, but
no travertine of that age is known from the Mammoth area, a point of possible geothermal
significance discussed below.

The travertine bench and the Rattlesnake Butte mound were active about 50-60 ka, but no
deposits of this age are known near Mammoth. The 60-m-high Rattlesnake Butte mound probably
took thousands of years to accumulate prior to final deposition about 57.11 £ 0.59 ka (fig. C-8).
The present course of the Yellowstone River north of this mound appears to have been cut after
construction of this mound because (1) the post-glacial river has incised 50 m into bedrock as well
as eroded the northern half of the mound, and (2) south of the mound is an open valley the size of
the Yellowstone River. This change is position probably occurred when the Yellowstone River was
reestablished upon deglaciation of the area about 11 and 15 ka. Thus, when this mound was active,
it probably was on the north side of the Yellowstone River in a topographic position quite similar
to the Bear Creek travertine mound that was constructed in post-glacial time.
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Upslope from Mammoth Hot Springs at the north end of Terrace Mountain, a veinlet of
travertine with a U-Th age of 134 + 3 accumulated in glacio-fluvial kame gravels of probable Bull
Lake age. Ten km south of Bunsen Peak, travertine is mantled by Pinedale till and records the
southernmost known accumulation of travertine in the Norris-Mammoth corridor sometime between
probably 50 and 95 ka. |

|
Hydrothermal Systems and Their Po$ible Interconnections

This section discusses the structural and stratigraphic controls as well as the Quaternary
geologic history that appear important to localization of the geothermal features in the study area,
and to possible interconnections between Mammoth Hot Springs and geothermal features in the
Corwin Springs KGRA. In this report, we use the term hydrogeologic connection to indicate a
continuous permeable zone(s) (aquifers) between thermal areas that could transmit thermal fluid
from one area to another, provided that a positive gradient in head exists. We use the term
hydraulic connection to indicate that thermal fluids do flow through an aquifer system from one
thermal area to another. f

Kharaka and others (this volume) discuss the pos§ibilities that hydraulic connections exist
between La Duke Hot Spring and Mammoth Hot Springs and between Bear Creek Springs and
Mammoth Hot Springs, on the basis of comparisons of geochemical and isotopic characteristics of
thermal waters from each area. If geothermal development in the Corwin Springs KGRA resulted
in significant changes in hydraulic head in production reservoirs, head changes could conceivably
be transmitted to and affect Mammoth Hot Springs, unless geologic barriers exist that would not
transmit such head changes. The purpose of the following discussion is to illustrate the nature of
what seem to be plausible hydrogeologic connections based on current knowledge of the geology.

Permeable beds and faults, especially the intersections of faults, provide the conduits needed
for the circulation of geothermal fluids. Active faulting can maintain permeability by breaking rock
seals, but in the Corwin Springs KGRA-Mammoth Hot Springs area, only the Swan Lake fault has
demonstrated Quaternary offset. Extensional normal faulting probably creates more permeability
than compressional reverse faulting. Dissolution of carbonate rocks, particularly the Mission Canyon
Limestone (Downey, 1984), may produce long-lasting permeability either parallel to bedding or
where soluble carbonate units abut at least one side of a fault. For the thermal features in the
northern Yellowstone boundary area, the travertine deposits themselves indicate enhancement of
solution permeability in carbonate-rock conduits.

La Duke-Bear Creek System
The distribution of hot springs and travertine over a length of 12 km along the Gardiner fault

and the adjacent near vertical syncline demonstrates that this combined structure is important to
localization of hot springs (fig. C-8; tables C-1, C-2). Struhsacker (1976) concluded that the near-
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vertical beds on the northern limb of the Gardiner syncline would provide conduits for upwelling
fluid, particularly in the Paleozoic carbonate rocks (fig. C-8, section DD”). We favor the
interpretation that the vertical limb of the syncline is more important than the Gardiner fault in
localizing hot springs both because the Mission Canyon Limestone within the vertical limb is likely
to have conduits in a favorable orientation for upflow, and because the springs tend to be located
above the syncline rather than along the fault trace.

Currently (1991) discharge at La Duke Hot Spring is about 7 L/s with additional discharge into
the Yellowstone River yielding a total of 61 + 8.5 L/s (Sorey and others, this volume). No modemn
hot-spring discharge is known from the Gardiner travertine bench. For the Bear Creek area,
chemical studies of the Yellowstone River indicate a total thermal-water discharge of about 17 L/s
(Sorey and others, this volume).

Transverse faults that intercept the Gardiner fault as well as the vertical limb of the Gardiner
syncline are important to the localization of thermal features (fig. C-8). La Duke Hot Spring and
other hot springs southward along the Yellowstone River are located along the northern projection
of the Reese Creek fault. A total of six faults are mapped along the northern valley wall in the La
Duke area (fig. C-1).

Bear Creek Springs are located near the intersection of the Gardiner fault/syncline and a
transverse fault which we show as the northern extension of the Lava Creek reverse fault and
mapped earlier by Fraser and others (1976) and called by them Mammoth fault. Although Bear
Creek Springs are 1 km east of the intersection of this fault with the Gardiner reverse fault (fig. C-
8), eastward downslope diversion of thermal waters at shallow depths is reasonable due to the Bear
Creek site being more than 100 m lower as well as along strike in the Mission Canyon Limestone.

The travertine bench above Gardiner lies along the projection of two northeast-trending faults,
the Landslide Creek and Rainbow Lakes faults (figs. C-1 and C-4). The mapped trace of the
Rainbow Lake fault is at Rainbow Lakes about 2 km south of the Yellowstone River (U.S.
Geological Survey, 1972) and of the Landslide Creek fault 200 m north of Yellowstone River
(Fraser and others, 1976). Their recognition within a few kilometers south of the Yellowstone River
(figs. C-1 and C-4) is based on electrical boundaries detected in telluric traverses (Stanley and
others, this volume). Magnetotelluric soundings indicate deep-seated (3 km) zones of low resistivity
associated with the Landslide Creek fault, as well as with the Reese Creek and Lava Creek faults
near the northern Park boundary. Such zones may be related to hydrothermal fluid circulation at
present or in the past.

The flow system(s) supplying thermal water to La Duke Hot Spring and Bear Creek Hot
Springs might include: (1) flow from the south through Paleozoic rocks down the dip of the gentle
southern limb of the Gardiner syncline, (2) flow from the south along conduits associated with
north-trending Reese Creek fault system and the northeast-trending faults (the postulated northeast
extension of the Mammoth fault and the northern part of the Lava Creek reverse fault), and (3) flow
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from the north through fractured Precambrian rocks of the Beartooth uplift. Struhsacker (1976)
suggested possibility (1) with recharge about 15 km to the south, whereas Sonderegger (1987)
preferred possibility (2), with extensional, graben-related faults providing zones of recharge to the
deeper carbonate aquifer with preferential dissolution of limestone and dolomite adjacent to these
faults. The simplified synclinal flow system diagramed by Struhsacker (1976) is complicated by
other structures, in particular the north- and northeast-trending faults. Results of resistivity surveys,
streambed-temperature measurements, and soil-mercury sampling along the northern boundary of
the Park indicate that fault-related northerly flow of thermal water may now occur or have occurred
along the Reese Creek, the Landslide Creek, and the Lava Creek faults (Stanley and others, this
volume; Hamilton and others, this volume). Some of the water emerging at Bear Creek Springs
and La Duke Hot Spring may have moved downward and then upward within the Gardiner fault
zone and northern limb of the syncline. Geochemical evidence for reservoir rock types and
conceptual models for flow systems supplying thermal water to these hot springs are discussed
further in subsequent sections of the report. For Bear Creek Springs and La Duke Hot Spring, a
dominant northerly source in the Precambrian Beartooth dplift is not favored because deep conduits
are less likely than for the area to the south. However, data from strontium, lead, and neodymium
isotopes suggest some influence of Precambrian schists but not the gneisses of the Beartooth uplift
on the thermal-water chemistry of these springs (Kharaka and others, this volume).

The linear vent alignments of travertine deposits on the bench above Gardiner, particularly
those in the western part, are clearly related to northwest-trending structures we attribute to
slumping. These slump structures have postglacial topographic expression, offset the Undine falls
basalt and are considered to be surficial slumps parallel to the high escarpment at the edge of the
travertine bench and to bedding in the underlying bedtock (Pierce, 1973a; Struhsacker, 1976).
Elongate mounds similar to Narrow Gauge vent at Mammoth are located along such slump scarps,
some of which have rebroken in postglacial time. Emergence of waters on this bench 300 m above
the level of Yellowstone River near the inferred outcrop J)f the vertical Mission Canyon Limestone
may be explained by the presence of a glacier about 300 m thick at Gardiner which could have
elevated the water table to the level of the travertine bencih. The U-Th ages for the deposits on the

travertine bench all relate to the times of likely partial glaciation, consistent with this idea.
Mammoth Systeh
|

The present-day Mammoth system is an order of magnitude larger than any other system in
the northern-boundary area, with a discharge near 590 L/s (table C-1; Sorey and others, this
volume). The original size of the Terrace Mountain deposit was similar to that for the postglacial
Mammoth system, suggesting that large discharges also occurred from the Mammoth system about
400 ka as well as from about 12 ka to the present.

The travertines of Terrace Mountain and Mammoth have similar ¥Sr/®Sr values, which

resemble that of modern Mammoth Hot Springs water, also suggesting that both were fed by the
same hydrothermal system (Kharaka and others, this volume). For the Mammoth-Terrace Mountain
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system, the higher altitude and older geomorphic setting of travertine at Terrace Mountain and in
Snow Pass suggest that the fundamental structure providing the upflow conduit may be as far west
as the Snow Pass area (fig. C-8). For this area, the likely faults are either the pre-Quaternary down-
to-the-west Mammoth fault of Ruppel (1972), or the Quaternary down-to-the-east Swan Lake fault
of R.L. Christiansen (U.S. Geological Survey 1972, written commun., 1989). As discussed earlier,
if the Mammoth fault is an east-dipping reverse fault reactivated as the Swan Lake normal fault,
these faults would be coplanar.

The extensive post-glacial travertine deposits east of Terrace Mountain that extend from
Pinyon terrace down to the Gardner River could result from upflow along the Mammoth fault to
shallow subsurface levels and then eastward diversion towards topographically lower sites. Channels
for this shallow flow might be associated either with a postulated northeasterly fault coincident with
the travertine alignment or with glacio-fluvial and/or travertine deposits beneath the valley floor east
of Snow Pass. Subsurface hydrothermal activity in the Snow Pass area is suggested by gas vents
there with elevated helium-isotope ratios indicating a source at great depths (Kharaka and others,
this volume), by fresh collapse depressions a few meters across, and by a closed depression that held
a pond 50 m across when the August, 1954 aerial photographs were taken, but now has underground
drainage. Because Paleozoic rocks abut one side or the other of the Mammoth fault upward from
a depth of 2 km (Section EE’, fig. C-2), carbonate dissolution along the fault could have established
open conduits upward from this depth. Upflow of thermal waters in the present-day Mammoth
system might also occur along north-south faults mapped by Ruppel (1972) east of Terrace
Mountain (figs. C-1 and C-4), but whose location and strike are poorly constrained .

Travertine and Springs South of Mammoth

South of the Mammoth Hot Springs, travertine deposits occur along the Norris-Mammoth
corridor in and southeast of Sheepeater Canyon and along the Gardner River between Glen Creek
and the High Bridge, but the localizing structures in each area are poorly defined (fig. C-8).
Travertine ages in these areas range from essentially 0 to >95 ka.

Hydrogeologic Connections Between Mammoth and La Duke

On the basis of chemical and isotopic studies, Kharaka and others (this volume) conclude that
no more than a few percent Mammoth-type water is in La Duke Hot Spring, and that at present
there is little or no evidence for a hydraulic connection. Even if the geochemical data imply that
no thermal water from the Mammoth hydrothermal system flows to La Duke Hot Spring, the
geologic structure is compatible with the presence of a hydrogeologic connection rather than a
geological barrier between these areas, as discussed below.

Consideration of the geologic sections shown in figure C-8 indicate that Mammoth and La

Duke may have hydrogeologic connections, particularly through permeable zones in the Mission
Canyon Limestone in the Sepulcher structural low. For the Mammoth system, thermal waters may
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come from the Mission Canyon Limestone in the Sepulchdr structural low (section CC’) and migrate
upward along the Mammoth or the Swan Lake fault (section EE’) to feed the Mammoth system.
Beneath Mammoth Hot Springs, the Mission Canyon Limestone is at a depth of about 0.5 km,
whereas in the Sepulcher structural low it is at a depth of about 1.5 km (section EE’).

The La Duke system may also be fed through the Mission Canyon Limestone in the Sepulcher
structural low (section CC’). There, thermal waters may flow northward down the gentle north dip
of the Gardiner syncline to about 1.5 km below sea level at the synclinal axis and then move
upward following the nearly vertical sedimentary layers and/or the Reese Creek fault system and
emerge at La Duke Hot Spring. Flow may be constraﬁned by Precambrian rocks forming the
hanging wall of the Gardiner reverse fault and by lacustrine sediments within the glacial-scour basin
(section BB"). In regard to potential geothermal development, if the pressure in the postulated
Mission Canyon Limestone aquifer 3 km beneath La Duke Hot Spring were lowered, this pressure
change might be transmitted beneath Sepulcher Mountain to the system feeding Mammoth Hot
Springs.

|

Mammoth Hot Springs and La Duke Hot Spring occur on structures that may be connected
at depth south of Bunsen Peak (fig. C-7), but hydrogeologic connections along these structures do
not seem realistic because of the high temperatures involved. Mammoth Hot Springs occurs north
along strike from the concentration of vents in the Norris-Mammoth corridor. La Duke Hot Spring
occurs along the east Gallatin-Reese Creek fault system. South of Bunsen Peak, the inferred vertical
fissures and dikes of the Norris-Mammoth corridor would intercept the east Gallatin fault (fig. C-7).
For the corridor south of Bunsen Peak (fig. C-7), flow between the inferred dikes and fissures of
the corridor and the east Gallatin fault is not likely because of the high temperatures indicated. The
1 ohm-m resistivities below 6-7 km suggest partial melt at temperatures of 500°-600°C or higher
(Stanley and others, this volume). The brittle-ductile nﬁ‘nsition for quartz at normal strain rates
occurs in the 350°-400°C range (Fournier, 1989). Below the brittle-ductile transition, open conduits
for water flow would be sealed closed both by ductile rock flow and by precipitation of minerals
as fluids move upward to cooler levels (Fournier, 1989). Fluid pressures below this zone of sealing
would exceed hydrostatic and increase towards lithostatic reflecting the confinement and very
restricted movement of fluids. i

|

Such high temperatures at relatively shallow depths are not apparent north of Bunsen Peak,
and neither are volcanic vents with inferred dikes and fissures. The chemistry of Mammoth, La
Duke, and Sheepeater waters indicates that temperatures in reservoirs from which these waters are
derived do not exceed ~100°C, whereas that for Norris and Clearwater waters is much hotter, about
300°C (Kharaka and others, this volume, table F-6).

Hydrogeologic Connections Between Mammoth and the Gardiner Travertine Bench

Although no hot water now emerges on the travertine bench above Gardiner, the extensive
travertine deposits there indicate major hot springs in the past. The strontium-isotope ratios of the
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travertines on the travertine bench are similar to those of Mammoth waters, but they differ from
those of La Duke Hot Spring and Bear Creek Springs (Kharaka and others, this volume). The ages
of travertines from the Terrace Mountain-Mammoth area and the travertine bench appear to alternate
in time, indicating the possibility that activity feeding each of these large systems may have
alternated from one place to the other.

The travertine deposits on the Gardiner bench occur 55 km upvalley from the terminal
moraines of the last glaciation and just inside the limits of a prominent recessional ice position
(Deckard Flats readjustment of Pierce, 1973a; 1979). The sequence of travertine accumulation and
glaciation is reconstructed for the travertine bench as follows: (1) travertine deposition about 55
ka, (2) advance of the northern Yellowstone outlet glacier to a terminus 55 km downvalley and
covering the travertine bench with about 640 m of ice; on the western margin of the Yellowstone
ice sheet, this glacial culmination is dated as about 30-40 ka by obsidian hydration methods (Pierce
and others, 1976; Pierce, 1979), (3) major glacial recession to expose the travertine bench between
19 and 23 ka, but a glacial snout 200-300 m thick may have filled the Yellowstone valley below
the level of the travertine bench, (4) glacial advance to the Deckard flats limit covering the dated
travertine sites with 10-100 m of glacial ice; the Deckard Flats is older than 12 to 15 ka on the basis
of obsidian-hydration and carbon-14 dating elsewhere in Yellowstone (Pierce and others, 1976;
Pierce, 1979), and (5) glacial recession from the area at about 12-15 ka, but with no travertine
deposition from then until present.

Changes in hydrostatic pressures under partial glacial conditions could provide an explanation
for a possible alternation of discharge between Mammoth Hot Springs and the travertine bench.
Assuming that both systems connect to Mission Canyon Limestone in the asymmetric Gardiner
syncline, several hundred meters of glacial ice on the Mammoth system but none on the travertine
bench might change pressures and divert postulated flow from Mammoth through the Mission
Canyon Limestone in the Gardiner syncline to the travertine bench. Although in Deckard Flats time,
about 100 m of ice covered the Mammoth area and the travertine bench, at other times a glacial
cover on Mammoth Hot Springs but not on the travertine bench appears possible given the observed
phase differences between different source areas feeding the northern Yellowstone outlet glacier
(Pierce, 1979, fig. 51). Filling the Yellowstone valley to the level of the travertine bench would
increase hydrostatic head levels to near that of the travertine bench and thus help emergence of
geothermal waters at heights of more than 300 m above the valley floor.

Hydrogeologic Connections Between Mammoth and Bear Creek

Chemical and isotopic evidence is consistent with a small (~10 percent) component of the
water at Bear Creek Springs coming from the system that feeds Mammoth Hot Springs (Kharaka
and others, this volume). The remainder might come from the north in the Beartooth uplift or more
locally within the Gardiner fault and the northern limb of the Gardiner syncline. The moderate-sized
travertine mounds at Bear Creek and across the Yellowstone River at Rattlesnake Butte mound
suggest that thermal-water flows in the Bear Creek area were larger sometime between 10 and 15
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ka and around 57 ka, perhaps due to an increase in water flowing through carbonate aquifers in the
Gardiner syncline that was related to elevated water tables existing at these times. Although the
Gardiner syncline may provide a connection between the Mammoth and Bear Creek Springs, a
postulated fault trending northeast from the Snow Pass area might also connect the two (figs. C-4
and C-8; Ruppel, 1972; U.S. Geological Survey, 1972). The paucity of exposures does not permit
clear definition of such a fault, and most of the geophysical transects show no electrical evidence
of a major structure where they cross this inferred fault in the area between identified faults near

Snow Pass and the trace of the Lava Creek fault (Stanley and others, this volume, fig. D-4).
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carbonates is poorly resolved in the model for profile AA’ because of their intermediate resistivity
values.

The BB’ model is shown to a depth of 20 km in the lower part of figure D-3 and indicates
high resistivities north of sounding 39, possibly related to Precambrian basement and Tertiary
intrusive bodies like those mapped at Electric Peak and Bunsen Peak (Pierce and others, this
volume). The area near Mammoth Hot Springs is characterized by 1-30 ohm-m rocks in the upper
1 km, although limited access and numerous powerlines prevented us from obtaining more detailed
information about the precise electrical structure there. A significant change in overall electrical
structure occurs near sounding 39. South of sounding 39, resistivities down to 8 km are only 1-30
ohm-m. This conductive upper crustal section may represent broad, intense alteration caused by
geothermal activity associated with the main Yellowstone caldera system.

Intense alteration within the caldera proper, as indicated at sounding 34, produces resistivities
of about 1 ohm-m in the upper 1-2 km. The resistivities of 100 ohm-m at 0.5-2.0 km depth beneath
soundings 35 and 36 (near Roaring Mountain and Norris Geyser Basin) may correspond to steam
zones in the thermal reservoir beneath this area of hydrothermal vents.

The 1 ohm-m section that occurs at depths greater than about 6-7 km south of sounding 39
is interpreted to represent a zone of partial melt, metamorphic fluids, and magma. This zone
becomes even shallower (less than 5 km) inside the Yellowstone caldera where the inference of
temperatures compatible with partial melt is corroborated by seismicity data (Smith and others,
1974). Temperatures in this zone are expected to be 500°-600°C or higher (Stanley and others,
1977). The model structure involving 1 ohm-m material at a depth of 10 km between soundings
18 and 41 in the Mammoth area is poorly constrained because of lack of sounding points, and it is
difficult to assess if this conductor could be related to a separate magma system associated with
Mammoth Hot Springs. Low-resistivity units beneath the Gardiner reverse fault (soundings 15 and
17) are likely related to graphitic schists that occur in Precambrian metamorphic rocks in this area
and are probably not related to the same mechanism causing low resistivities south of sounding 39.

Telluric Data

The telluric, or natural-source, electromagnetic method provides electrical resistivity information
in areas where access is difficult or where restrictions on truck-mounted equipment preclude practical
acquisition of other types of electrical data (such as MT soundings). Problems of access in the area
were important in selection of the telluric method for this study. The telluric method uses naturally
occurring electromagnetic fields to measure changes in earth resistivity along a linear traverse.
Because the penetration of the electromagnetic energy varies with frequency, with lower frequencies
penetrating to greater depths, measurements made at several frequencies will provide information at
varying depth. However, the effective depth of penetration is not only a function of frequency, but
also of earth resistivity (Keller and Frischknecht, 1966; Beyer, 1977). In this study, frequencies of
7.5, 27, 270 and 14,000 Hz were used. At the highest frequency used, the data show variations from
the surface to a depth range of 10 to 30 meters, and at 7.5 Hz the maximum penetration is about 500-
1200 meters for resistivities of 7-30 ohm-m, typical values for the study area. The electromagnetic
energy in this frequency range is derived from distant lightning storms.



A telluric traverse shows changes in electrical resistivity along the traverse by changes in the
relative value of the natural electromagnetic potential measured at the earth’s surface along segments
of the traverse. The electrical potential change is proportional to the square root of the change in
resistivity (Beyer, 1977). Because earth resistivities can change by over 4 orders of magnitude (<1
ohm-m for saline clays to 30,000 ohm-m or more for unaltered intrusive rocks), electrical methods
provide a means of discriminating between lithologies. Where faulting has juxtaposed lithologies
of differing resistivities, telluric traverses can be effective in identifying such structures even below
cover rocks. Because of the disruption and fracturing of rock along a fault, a zone of increased
permeability is often created that can be reflected as a zone of lower resistivity. Even where the
fault cuts similar lithologies, the fracture zone may often be identified in electrical data by its lower
resistivity. Such effects were seen in the telluric traverse data obtained in the northern part of the
study area and used, with geologic data, to infer structures.

|

The potential measurements are made along equallbl spaced segments of the traverse called
dipoles. In this study dipoles were normally 250 m long, but a few traverses used 125 or 50 m
dipoles in order to provide greater detail. The 250 m dipole is a compromise between resolution
of lateral structures and speed in data acquisition. Figure D-4 shows the location of all telluric
traverses made in the corridor. Selected electrode positions are indicated on each line, along with
the starting point at position 0. Distances along each line are given in kilometers east or west of
position zero.

Data from traverses crossing important structures are discussed below, and interpretations
based on the electrical data and known geology are shown in figure D-4. Traverse line 1 crosses
the north boundary area from west of Reese Creek to the Gardner River. Figure D-5 shows the
western part of traverse line 1 which crosses the Reese Creek fault. The inferred position of the
fault (figs. C-1 and D-4) crosses the traverse just west of position 0.5E on this line. Note that the
relative telluric voltage values are plotted on a logarithmic scale, and that each data point is plotted
at the midpoint between electrode positions because the measured voltage is averaged over the
dipole length; 250 m in this case. Also, traverse data for each frequency are offset vertically an
arbitrary amount to prevent crossing over of the curves. The electrical signature of the Reese Creek
fault is clearly seen crossing position 0.5E as a change from high values (high resistivities) to low
values (low resistivities) at this position. At the lowest frequency (7.5 Hz), the resistivity contrast
is greater than at the higher frequencies, indicating that the resistivity contrast between the deeper
units is greater than between units near the land surface. The approximately 3:1 voltage contrast
indicates that the resistivity contrast is about 10:1. This is consistent with modeling of MT sounding
data near this contact which suggests a 3:1 contrast to a depth of 400 m, then increasing to 100:1
at greater depth. '

|

The 14,000 Hz data for traverse line 1 (fig. D-5) show a zone of lower resistivity from
position 0.5E to 1.5E m that correlates with outcrops of late Cretaceous Landslide Creek Formation
sedimentary rocks. Both east and west of this low resistivity zone the traverse is on Quaternary
alluvium and glacial deposits that appear as higher resistivity units. Traverse line 14 (figure D-4)
crosses the Reese Creek fault about 3/4 mile south of traverse line 1, and shows a very similar
telluric response (not shown). The telluric data suggest that the fault is several hundred meters east
of the Reese Creek drainage along which it is inferred on/the geologic map (see figs. C-1 and D-4).
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Figure D-6 shows telluric data for traverse line 5, which crosses the Reese Creek fault where
the Quaternary cover is thick. On this traverse the two higher-frequency curves show relatively little
change, indicating that the electromagnetic energy is not reaching through the covering Quaternary
deposits. However, the 7.5 Hz traverse data show a resistivity step decreasing to the east at station
0.5E indicative of the Reese Creek fault. A low value between stations 0.5E and 0.75E at 27 Hz
also suggests that increased fracturing related to the faulting is seen on this dipole.

To better define the fault position on this line, the traverse was repeated from position 0.45E
to 0.75E in 50 m intervals. On this detailed line (data not shown), the fault is interpreted to cross
in the 0.6E to 0.65E interval. Traverse 4 crosses the northern extension of the Reese Creek fault
as defined by telluric lines 1, 5, 6, and 14. The data for line 4 are very noisy due to power lines
in the Royal Teton Ranch area. However, an abrupt drop in resistivity is seen on the easternmost
dipole, consistent with a linear extrapolation of the Reese Creek fault. A straight-line extension of
this trend to the north places the Reese Creek fault about 300 m east of La Duke Hot Spring and
coincident with faulting mapped in Precambrian and Tertiary units on the north side of the
Yellowstone River (fig. C-1).

The Lava Creek fault (fig. D-4 and Pierce and others, this volume) had been inferred to cross
the flat-lying plateau southeast of the confluence of the Gardner and Yellowstone Rivers with a
southwest strike, but its exact position was poorly constrained on the geologic map (fig. C-1).
Traverse lines 2, 3, 17, 19, 20, and 21 were run to help constrain the position of this fault east of
the Gardner River, and to determine its position west of the river. Figure D-6 shows data from lines
2, 3, and 20 defining an abrupt resistivity contrast that we infer is the Lava Creek fault.
Resistivities are low on the west side of the fault, and high on the east as seen at the lower
frequencies. The fault trace is approximately at positions 0.25E, 0, and 0.375E on traverses 2, 3,
and 20, respectively, in agreement with its inferred position on the geologic map (fig. C-1). At the
position of the fault trace on all three lines, Quaternary deposits crop out and conceal its presence.
The lack of response on the shallow-looking 14,000 Hz data also shows that faulting is not reflected
in the electrical properties of the cover. The drop in resistivity seen in the high frequencies at the
east end of line 3 is related to the faulted axis of the Gardiner syncline crossing obliquely to the line
at position 0.6E (fig. C-1)

The 14,000 Hz data for traverse lines 2 and 20 show abrupt changes at positions 0.75W and
0.125E, respectively, with low resistivities to the west. An outcrop of Cretaceous Landslide Creek
Formation exists between these two positions. Similar to the observation on line 1, the low
resistivities may be reflecting the contact with the Landslide Creek sediments where they are
covered by very thin Quaternary deposits.

The Lava Creek fault extends southwestward along strike to traverse 17 where a similar
telluric response is seen, but somewhat reduced in amplitude. If this structure extends farther to the
southwest to Clagett Butte (fig. D-4), it conceivably could coincide with the northeast-trending
branch of the Mammoth fault postulated by Ruppel (1972). The electrical data alone do not identify
such an extension. Evidence of faulting near Clagett Butte in the telluric data is discussed below.
Line 19, south of line 17, shows an abrupt 10:1 resistivity change across position 0.25E, with lower
resistivities to the east. Similar features are not seen on adjacent lines (21 and 13). If the contrast
is related to faulting, we are unable to constrain the strike of this feature. The possible southward
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bend in the trend of this feature between traverse lines 17 and 19 is consistent with the position of
the Lava Creek reverse fault in this area (fig. C-1), inferred from outcrops of Cretaceous rocks near
the 45th parallel.

Farther to the southwest, two faults inferred from telluric line 7 across Clagett Butte (figs. D-4
and D-7) correspond to faults identified from geologic mapping (fig. C-1). Resistivity increases
abruptly east of the structure on the east side of Clagett Butte on the lower three frequencies and
decreases for the shallower-penetrating 14,000 Hz frequency (fig. D-7). We infer that this boundary
relates to faulting that has emplaced electrically distinct units on either side of the boundary.
Slightly reduced resistivities at shallow depths to the east could be evidence for increased fracturing
related to faulting. The structure on the west side of Clagett Butte appears to correspond with the
northerly trending Mammoth fault discussed by Pierce and others (this volume). A zone of low
resistivity is seen on dipole 0-0.25E at all frequencies. This is probably an expression of increased
fracturing and possibly alteration along a steeply dipping fault at this position. There appears to be
no significant difference in resistivity of units on either side of this dipole, so that any displacement
of the inferred fault has not placed units of distinctly different electrical properties in contact, at
least to the depths sampled by the 7.5 Hz signal (~500-1,000 m). The strong expression at the
highest frequency shows that this feature also extends to very shallow depths. The structures cannot
be reliably followed to the northeast in the electrical data because of the large line separation and
lack of unique electrical signature. Telluric traverses north of Clagett Butte were not run because
topographic conditions made access very difficult.

Figure D-4 shows faulting in the northern part of the study area on the basis of the telluric
data. The principal aspect seen in this map is a north-northeast to northeast structural trend in the
interpreted faulting. In part, this is an artifact of the orientation of the traverses which tended to
focus on the Reese Creek and Lava Creek faults. In addition to delineating these features, the data
identify major electrical features in the Rainbow Lake and Landslide Creek areas west of Gardiner.
The Rainbow Lake fault had been previously identified by geologic mapping south of traverse 22
(figs. C-1 and C-4), where a prominent scarp can be seen. This fault can be traced beneath the
Quaternary cover on traverses 22 and 25 but is not evident along strike crossing line 1 (data not
shown). This may be because line 1 is coincident in this area with a cross structure (identified by
lines 10 and 23) that is most likely associated with an inferred fault along the axis of the
asymmetric syncline in the Cretaceous sediments (see figs. C-1 and D-4). A second prominent
northwest-striking boundary, conductive to the south, was identified on lines 9 and 23 but does not
appear to extend eastward to line 10.

About 1.5 miles west of the Rainbow Lake fault, the telluric data define a previously
unknown, northeast-striking, feature that we infer is also due to faulting. This we informally call
the Landslide Creek fault. Resistivity interpretations along traverse lines 22 and 25 (not shown)
indicate low relative values at the positions of the Landslide Creek and Rainbow Lakes faults and
high relative values in between these two structures, suggestive of a horst in the region of higher
resistivity. The Landslide Creek fault, extended along strike as determined by lines 22 and 25, does
not appear to cross line 1. MT sounding data (fig. D-3) identify a deep, conductive, 1 ohm-meter
zone near this fault, similar to those seen at the Reese Creek and Lava Creek faults, that may be
evidence for hydrothermal alteration along such zones. Anomalous soil-mercury concentrations and
streambed temperature were detected in the region bounded by the Landslide Creek and Rainbow
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Lakes faults and the Yellowstone River (Hamilton and Chambers, this volume). Whether these
anomalies reflect upflow of thermal water along these faults, or the postulated synclinal axis fault,
is not known.

In the northwest part of the study area, the Devils Slide fault is clearly seen on traverse line
18, at the position where it is mapped in outcrop. Several north-northeast-trending faults have been
mapped in the Precambrian and Tertiary outcrops on the north side of the Yellowstone River at and
west of La Duke Hot Spring. Telluric lines 15 and 16 identify one such structure between the Reese
Creek fault and the Devils Slide fault southwest of the river.

Summary and Conclusions

Electrical geophysical data were obtained from 21 telluric traverse lines and 56 magnetotelluric
soundings. The telluric traverse lines were run in the region between Mammoth Hot Springs and
La Duke Hot Springs, focussing on the northern-boundary area of the Park where access was more
favorable and where several mapped several faults that could influence subsurface flow of thermal
water are located. MT soundings were made along a dominantly east-west profile and a north-south
profile that covered parts of the Corwin Springs KGRA and extended to the Yellowstone caldera.

Interpretations of the MT data show generally high resistivities down to a depth of 20 km from
6 km south of Bunsen Peak northward and low resistivities (1-30 ohm-m) south of this location.
Low resistivity south of Bunsen Peak is interpreted to represent hydrothermal alteration in the upper
few kilometers and partial-melt conditions below depths of 6-7 km. High resistivity north of Bunsen
Peak could be related to Precambrian basement and Tertiary intrusives. Low resistivity is observed
beneath the Mammoth Hot Springs area, both in the upper 1 km and below a depths of about 10
km. Relatively narrow, vertical conductive zones fit the MT data at three locations across the
northern boundary of the Park. These zones are coincident with the Reese Creek fault and the Lava
Creek fault, both mapped structures, and with an unmapped structure referred to as the Landslide
Creek fault. Resistivities in these zones are low enough (1-10 ohm-m) to indicate intense
hydrothermal alteration and, by implication, thermal fluid flow at present or in the past.

These same structural features in the north-boundary area are indicated in the data from
telluric traverse lines run perpendicular to their strike. The telluric data also delineate faulting
associated with the axis of the asymmetric Gardiner syncline south of the Yellowstone River. None
of these faults could be traced further south to the Mammoth area, either because topographic
conditions made access difficult or because no evidence of faulting was observed in lines run further
to the south (in the case of the Lava Creek reverse fault). Although the telluric data delineate faults
on the east and west sides of Clagett Butte west of Mammoth Hot Springs, no clear indication of
a northeastward extension of either fault was found. Such fault extensions may not exist, or if they
do exist, were not observed because of large line separation or lack of unique electrical signature.

The electrical geophysical data, therefore, confirm the existence of some faults that could have
provided permeable pathways for thermal-water flow northward from the Mammoth hydrothermal
system, but do not prove that such flow is currently taking place. For example, deep-seated low
resistivity associated with the Reese Creek fault could be related to alteration products from the
hydrothermal system supplying thermal water to La Duke Hot Spring. A similar zone associated
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with the Landslide Creek fault may be evidence for a past conduit for thermal-water flow to the
Gardiner bench. Low resistivity along the Lava Creek fault in the vicinity of the Gardner River is
consistent with past thermal-water flow toward travertine-depositing hot springs at Rattlesnake
mound, and with present flow toward Bear Creek Springs. West of Mammoth Hot Springs, telluric
data are consistent with the existence of a fault on the west side of Clagett Butte that could coincide
with the Mammoth fault, suggested by Pierce and others (this volume) as a conduit for thermal
water upflow.
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CHAPTER E

SOIL-MERCURY AND STREAMBED-TEMPERATURE ANOMALIES IN THE
NORRIS-MAMMOTH-LA DUKE CORRIDOR

By W.L. Hamilton! and R.L. Chambers
National Park Service
(1) also Department of Earth Sciences, Montana State University
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Introduction

Use of elemental soil mercury as an indicator of faults associated with geothermal reservoir
rocks has been developed and widely applied in geothermal exploration (for example, Capuano and
Bamford, 1978; Phelps and Buseck, 1980; Varekamp and Buseck, 1983; and Williams, 1985).
Mercury vapor, rising from waters in reservoir rocks through open fractures and permeable zones
in bedrock, moves in response to barometric-pressure variations and diffuses along temperature
gradients, imparting an areal pattern of concentrations at the surface that approximately mimics the
pattern of vapor loss at the bedrock surface below.

Low concentrations of mercury present in geothermal waters at depth constitute the source
(White, 1967), and the flow of these waters maintains a mercury flux to the surface that over time
produces an equilibrium saturation of elemental mercury in the soil. In 1984, using a Jerome 3012
gold film analyser, we resurveyed the Mud Volcano area (fig. A-1) originally sampled by Phelps
and Buseck (1978, 1980) in 1977. The object was to see whether or not intervening earthquake
activity there had changed the distribution of mercury. Increases in anomaly concentration by a
factor of five in two locations showed that a rapid migration of the mercury equilibrium front could
occur in response to changing vapor flux in fault zones (Bougan, 1984; Hamilton and others, 1990a).

: The use of brand or product names in this report is for identification purposes only and does not constitute
endorsement by the U.S. Geological Survey.
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In 1986 we began to look for mercury anomalies associated with mapped faults between
Norris Geyser Basin and Mammoth Hot Springs (Colvardfand Hamilton, 1987). Our interest arose
from the need to better understand geothermal aquifers in boundary areas subject to possible
geothermal development nearby. Encouraged by detection of fault-associated anomalies, we
continued this work in the north boundary area {(Conn and others, 1988), improving methodology
with the result that we now find significant anomalies at concentrations half those reported by
Phelps and Buseck (1980). Our analytical yield with golg film analysis is now 93 percent that of
cold vapor atomic absorption spectrophotometry. Concentrations measured in the early stages of
the work (mean yield of 60 percent of cold vapor AAS) have been corrected by multiplying by 1.5
to normalize the data set (see Hamilton and others, 1990b). Methods and results have been
summarized by Hamilton and others (1990b).

As an adjunct to the mercury work, methods for detection of convective thermal anomalies
in streambed sediments were developed during this study. Recognizing that heat transfer from a
deep system is facilitated by thermal-water upflow where saturation extends to the surface, we
surveyed streams at low flow during winter. The temperature difference (delta T) was measured
between the stream water and pore water several centimeters down in the streambed using a
thermocouple probe at 15 m intervals along the stream bank. Reproducible positive anomalies were
detected, usually in association with mapped faults, and often with newly discovered thermal springs
or seeps.

Mercury Anomalies on Faults

Traverse routes were laid out to cross mapped faults at approximately right angles (fig. E-1).
On most traverses, sampling interval was 15 m, and sample depth was 15 cm (see Hamilton and
others, 1990b). Data from a part of the Black Arrow traverse in the north boundary area are
illustrated in figure E-2. Background concentrations are rloxmally distributed over a rather narrow
range of about 20 ppb (bounded by dashed lines in the figure). Anomalies stand out above the
background population. Anomalies were distinguished from background by cumulative frequency
analysis of concentration, as discussed by Phelps and {Buseck (1980). Two of the illustrated
anomalous zones are associated with mapped faults (see hg. E-1) and two are not.

We consider mean background as representing leakage of mercury vapor from a deep reservoir
through relatively impermeable, homogeneous bedrock media. Anomalies are thought to represent
zones of high permeability, such as fault zones, that intersect geothermal reservoir rocks at depth.
Summed anomaly amplitude over a fault zone is given by Z(A-b), where b is mean background
concentration and A is any concentration exceeding the background envelope. Mean background
concentrations along each traverse were determined graphically. Values of summed anomaly
amplitude were determined for each cluster of mercury concentrations above background values
along each traverse. On the Black Arrow traverse segme:}t shown in figure E-2, and in many other
cases, anomalous zones consist of from one to four peaks over a horizontal distance of from 15 to
150 m. Some of the wider anomalies probably reflect situations where the fault zone was traversed
at a non-perpendicular angle. |
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and Hot River we found that thermal anomalies were also associated with soil-mercury anomalies
on trends that parallel nearby inferred faults. We have argued that water saturation from surface
to depth is required to support convection that makes thermal anomalies evident. Free-mercury
anomalies on the other hand are supported at the surface sometimes at a considerable distance above
the water table in fault zones having hydrothermal influence. Thus we argue that thermal springs,
streambed thermal anomalies, and mercury anomalies are all manifestations of upward transport in
a fault zone, requiring lateral flow to conserve mass. Lateral flow may occur in the fault zone at
relatively shallow depth or in a reservoir or aquifer intersected by the fault at depth. Where
anomalies are found on each transect of a mapped fault confidence is improved that hydrologic
communication is occurring in the unsampled portion of the fault as well, or in the associated
reservoir or aquifer.

Throughout the investigation we have located new traverses to test this conceptual model
(Hamilton and others, 1990b). After a mercury anomaly was found on the trace of the Lava Creek
fault near the Gardner River we traversed the fault at the Yellowstone River, finding another
anomaly. We subsequently traversed the fault trace at another location at the Gardner River, finding
an anomaly within meters of the predicted location. This procedure was followed when planning
short offset traverses paralle]l to the Black Arrow traverse at anomaly locations and at three locations
on the Reese Creek fault. This was our rationale also in locating mercury traverses to check
estimates of strike of thermal anomalies in cases where orientation was constrained by anomaly
boundaries on both banks (and in unconstrained cases). So far this procedure has allowed
confirmation of the model within reasonable limits in all cases.

When mercury anomalies >100 ppb were found at lower Little Trail Creek (LLTC) comparable
to anomalies at Mammoth, cross-valley traverses were sampled northwest and southeast of that area
in an attempt to locate evidence of continuity with a water of comparable mercury concentration.
The southeast Queen of the Waters (QW) traverse succeeded in identifying two such anomalies.
At this point we still also considered a Reese Creek fault association for the LLTC anomalies on
the basis of a >100 ppb anomaly in upper Reese Creek canyon, but a much smaller anomaly farther
north in the canyon made this unconvincing. Subsequently when >100 ppb anomalies were located
a kilometer west of Gardiner we began to think seriously about continuity of this system within a
permeable unit in the footwall of the Gardiner fault between there and LLTC (including QW).
Other traverses were then sampled between QW and LLTC near the mouth of Reese Creek to test
this hypothesis. They revealed >100 ppb anomalies northeast of the river associated with a broad
thermal anomaly on the river bank, lending further support to the model and to our interpretation
of continuity over a distance of more than 5 km. While it is too early to rule out continuity
southward along the Reese Creek fault zone, we consider this less likely on the basis of low
mercury background to the south (discussed below). While our evidence of continuity does not
extend all the way to La Duke, it comes close enough (2.6 km) to suggest a plausible association
and shows us where the next mercury traverse should be located.

Mercury diffusion is relatively unimpeded by the thick valley fill between Gardiner and La

Duke, but fine sediments apparently restrict upward fluid mobility so that thermal springs are
evident only on the northeast valley wall where fill is thin. Even so, modest streambed thermal
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anomalies were discovered at locations along the river bank that support our view of hydrologic
continuity and an association with footwall block structure.

Previously we had considered (Hamilton and others, 1990b) that fault zones, insofar as they
provided egress for hydrothermal manifestations including mercury, served as "windows" or
apertures through which to assess conditions in deeper parts of the hydrothermal system. Clearly
mercury and thermal anomalies provide few data points for a regional assessment, and because of
variable permeability in fault zones sampled at 15 m spacing mercury anomaly data might exhibit
an undesired degree of variation. We decided therefore to look at the much more abundant mercury
background data to see how they might represent leakage through relatively impermeable bedrock.
We supposed that background would be higher over bedrock aquifers that conduct hotter waters at
higher rates of flow. Lower background would represent areas underlain by rocks containing cooler,
mercury-depleted waters and lower rates of flow. Moreover, we thought that mercury background
might be relatively unaffected by depth to the source waters if such a system had achieved steady
state over time. We supposed that areal mapping of mercury background might permit detection
of geothermal aquifers, though we assumed also that unforeseen factors would probably make such
an interpretation ambiguous at best.

We were surprised therefore that the contoured background data exhibited the high degree of
coherence shown in figure E-3. It suggested the possibility of an aquifer within the Sepulcher
structural low extending from the Roaring Mountain area to the Yellowstone River. It suggested
separate, though possibly related, aquifers for Mammoth and Bear Creek thermal areas. It suggested
aquifer termination in the Gardiner fault footwall, with a suggestion of continuity to a location close
to the Gardiner travertine deposits. It also suggested aquifer continuity between La Duke and the
Gardiner area. These points of agreement with our anbmaly conceptual model and other field
evidence are considered valuable initial support for a regional aquifer model that is similar to the
empirical, structural model of Struhsacker (1976).

Conclusions

Soil-mercury and streambed-thermal anomalies are most useful in locating faults that intersect
geothermal aquifers at depth. In some areas mercury-anomaly amplitude appears to reasonably
represent aquifer conditions by reflecting mercury depletion along flow lines. In other areas,
variable permeability along fault zones may compromise the use of anomaly data except as they help
in placing limits on aquifer conditions. In two areas of cool, lateral ground-water flow, mercury
anomalies were seen to be displaced relative to warm convective plumes.

Assessment of soil-mercury background may offer greater potential in locating geothermal
aquifers. By assuming relatively homogeneous diffusion in unfaulted areas, higher background
concentrations may be showing us areas underlain by gedthermal aquifers. Contoured background
suggests a mercury source area near Norris, with sport beneath the Roaring Mountain -
Horseshoe Hill area within the Madison Group at shallow depth. Background minimums suggest
that this aquifer is blocked near the caldera ring fracture east of Norris; by dikes associated with
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Eocene and late Quaternary intrusions at two locations to the north; and by structural barriers in the
footwall blocks of the Gardiner and Lava Creek fault zones. The 30 ppb background contour
appears to delineate an aquifer complex that trends northward between Roaring Mountain and the
north boundary area. One lobe may be associated with travertine deposits at Gardiner, and another
strikes directly toward the Bear Creek Spring area. A 20 ppb lobe trends northward in the
Yellowstone River Valley near Little Trail Creek and may extend beyond the La Duke area.
Another 20 ppb lobe enters Mammoth from the Terrace Mountain area. The interpretation that
mercury-background contours define an aquifer in the Sepulcher structural low east of the Gallatin
Range must be viewed as a conceptual model at this point. Further testing is desirable, and this will
include additional sampling in remote areas.

The existence of correlated mercury and thermal anomalies at the north boundary, however,
argues strongly for one or more geothermal aquifers tapped by faults at these locations. We draw
attention to the Gardiner airport and Reese Creek confluence anomalies in particular. At these
locations the boundary of Yellowstone National Park is at the high-water mark on the southwest
bank of the Yellowstone River. Weak thermal anomalies were located north of this line, outside
the boundary. Following our results at Hot River and Chinese Garden, we associate these anomalies
with nearby mercury anomalies inside the park. Deep geothermal transport across the boundary in
aquifers at those locations is considered possible albeit mercury background indicated that the waters
are depleted in mercury in those areas, and surface expressions have normal ground-water
temperatures between Reese Creek and the Gardiner airport area. The chemistry changes in the
municipal well water suggest that ground-water chemistry may be influenced by deep aquifer losses
in the valley, even though solute concentrations in shallow ground water in this area are significantly
less than those in thermal spring and well waters at La Duke Hot Spring and Mammoth Hot Springs.

Geothermal waters in the KGRA at La Duke may be more closely associated with the west
side of the Sepulcher structural low, while those at Bear Creek may be associated with the east side
of that structure. We conclude that the northernmost known thermal springs in the study area within
Yellowstone National Park, those at Chinese Garden, are more susceptible to geothermal
development in the eastern part of the KGRA. This applies also to the inferred thermal spring in
the bed of the Yellowstone River immediately downstream from Bear Creek.
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Introduction

In these investigations, geochemical data are examined with the objective of defining possible
hydraulic connections between the Corwin Springs Known Geothermal Resources Area (KGRA) and
adjacent locations in Yellowstone National Park, especially Mammoth Hot Springs. These data
consist of the chemical and isotopic compositions of thermal and cold waters and rocks in the
Corwin Springs KGRA and in the Norris-Mammoth area of the Park (fig. F-1). The concentrations
and isotopic ratios of reactive and conservative soiutes are determined primarily by temperature
controlled water-rock interactions and by mixing of fluids having different compositions. The
concentrations and isotopic ratios of reactive solutes, such as SO,, HCO,, Sr, and Ra, are readily
modified by the various processes of water-rock interaction, including dissolution and precipitation
of minerals, mineral transformations, and ion exchange on the surfaces of clay minerals (Hem,
1985). The measured concentrations and isotopic ratios for these solutes are useful primarily as
indicators of possible flow paths and the last rocks with which the water had reacted.

Conservative solutes, on the other hand, are considered so inert to water-rock interactions that
their concentrations, relative proportions to each other, and isotopic ratios remain relatively constant.
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Several of the most conservative solutes in the thermal waters of the study area, including Cl, Br,
B and He are potentially diagnostic in identifying the origins of solutes and are particularly useful
in calculating proportional mixing between mixed fluids (Ellis and Mahon, 1977). Concentrations
and isotopic ratios of conservative solutes are, thus, the most useful geochemical data in
investigating hydraulic connections between distant thermal sites. However, it is necessary to point
out that results from even the most diagnostic geochemical data are not conclusive and, under
optimal field conditions, each is subject to analytical and other uncertainties of up to + 10 percent.

Field investigations were conducted in 1988 through 1990 to obtain samples for detailed
chemical (about 20 components) and stable and radioactive isotopic analyses of thermal waters,
solutes (isotopes of C, S, Sr, B, Li, Pb, Nd, Ra and U) and noble and other gases from about 30
sites. The sampling sites are located mainly in the Mammoth Hot Springs area and Corwin Springs
KGRA (fig. F-1), but extend from Norris Geyser Basin on the south to Chico Hot Spring on the
north (28 km north of La Duke Hot Spring). Samples were obtained also from about 100 cold
springs, seeps, and shallow ground-water wells for water isotope and major chemical analyses.
These cold-water sites are located mainly north of the Mammoth Hot Springs area in the Beartooth
uplift and the Gallatin Range, but also in areas to the east and west of Yellowstone National Park.
Finally, about 40 rock and travertine samples were obtained for chemical and isotopic analyses.

An extensive geochemical data base has been obtained for this study in order to understand
the origins and evolutions of waters in the study area. In this report, the chemical and isotopic
compositions of thermal waters, solutes and gases are summarized, emphasizing the results that are
pertinent to investigating possible hydraulic connections between the Corwin Springs KGRA and
adjacent areas of Yellowstone National Park. The isotopic composition of thermal and cold springs
are studied to determine the origin and possible recharge elevations of the thermal waters. Finally,
concentrations and isotopes of the most conservative solutes and water isotopes are used in mass
balance equations to estimate the possible amounts of Mammoth-type water in La Duke Hot Spring
and Bear Creek Springs. The geochemical data indicate that (1) the thermal waters from the La
Duke area of the Corwin Springs KGRA have evolved by reactions with rocks having some
chemical and isotopic characteristics that are different from those encountered by Mammoth water
and, subject to * 5 percent uncertainty, no thermal water from the Mammoth system is detected in
this area of KGRA; and (2) a small component (10 £ 10 percent) of water in the Bear Creek Springs
area of the KGRA might be derived from the Mammoth system.

Thermal Areas and Water Discharges

Thermal fluids discharge in the study area primarily at (from south to north) Norris Geyser
Basin, Roaring Mountain, Clearwater Springs, Sheepeater Canyon Hot Spring, Mammoth Hot
Springs, Hot River, Bear Creek Springs and La Duke Hot Spring (fig. F-1). Each of these thermal
areas is located within the Norris-Mammoth corridor, as delineated by Pierce and others (fig. C-4,
this volume), and is related in some way to either northward-trending normal faults or northwest-
trending reverse faults (fig. F-1). The geologic setting and geophysical characteristics of the Norris-
Mammoth corridor are described in this volume by Pierce and others, and Stanley and others,
respectively. Rates of thermal-water discharge at each area noted above, as well as the general
hydrology of the study area, are reported by Sorey and others (this volume).
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Previous geochemical studies have focused on thermal waters and rocks inside Yellowstone
National Park (see Fournier, 1989, and Hildreth and others, 1991, for comprehensive reviews and
numerous references). The chemical and, to a lesser extent, the isotopic compositions of thermal
waters from the Norris-Mammoth area of the Park have been discussed by Gooch and Whitfield
(1888), followed by Allen and Day (1935), Friedman (1970), Rowe and others (1973), Thompson
and others (1975), Truesdell and others (1977), Kennedy and others (1985), White and others
(1988), and Fournier (1989). Geochemical data on thermal springs in the Corwin Springs KGRA
are sparse, but some chemical and water-isotope data from La Duke Hot Spring were reported by
Mariner and others (1976), and Leonard and others (1978).

Samples for chemical and isotopic analyses were collected at each of the thermal areas noted
above. In most areas, more than one site was sampled to assess the spatial variations in chemical
and isotopic characteristics. About 10 of the important sit¢s throughout the study area were sampled
from two to four separate times to assess the temporal variability of their chemical and isotopic
characteristics. In the case of thermal springs, the important sites were selected primarily because
they had the highest temperatures and discharge rates of the thermal springs in the area. They were
selected also because they were located at high elevations, preferably on local ridges or mounds in
order to minimize mixing from local meteoric water and thermal seeps in the area.

At the south end of the study area, Norris Geyser Basin, located outside the northwest rim of
the 600,000-year-old Yellowstone caldera, contains the widest diversity of hydrothermal activity
known in the Park (White and others, 1988). The source of heat for this hydrothermal activity is
clearly magmatic, but the water is meteoric, originating in the Gallatin Range and/or Beartooth uplift
located north and northwest of the caldera (Truesdell and others, 1977; Fournier, 1989; Kharaka and
others, 1990). At Norris Geyser Basin, fluid samples were collected from Porkchop Geyser and the
nearby Porkchop spring located in Back Basin, and from Growler Spring located in Porcelain Basin
(fig. F-1). North of Norris, one steam vent at Roaring Mountain was sampled for gases, three
springs were sampled at Clearwater Springs, and one spring was sampled at Sheepeater Canyon Hot
Spring (also referred to as Sheepeater Spring). |

The highest total thermal discharges in the study area are at Mammoth, where thermal water
(temperature <73°C) issues from nearly 100 springs scattered over a score of steplike travertine
terraces; travertine ages range from present to more than 400,000 years (Bargar, 1978; Sturchio,
1990; Pierce and others, this volume). Tracer and other chemical tests discussed by Sorey and
others (this volume) show that the main part of thef thermal discharge from the Mammgcth
hydrothermal system ultimately emerges in Hot River located about 1.5 km northeast of Mammoth
Hot Springs (fig. F-2). The calculated amount of thermal water from the Mammoth system entering
the Gardner River via Hot River, Mammoth Outflow, and the numerous known and unknown
springs and seeps along the river averaged 590 + 30 L/s during our study (Sorey and others, this
volume). In addition to the Y-10 well and the Hot River vent, about 10 thermal springs, including
Narrow Gauge, Opal Terrace, High Bridge Spring and Mammoth Hot Springs-2 (MHS-2), were
sampled in the Mammoth area (fig. F-2). Because of their geochemical and hydrologic importance,
several sites, including the Y-10 well, Narrow Gauge, Opal Terrace, Hot River and MHS-2, were
sampled up to four separate times.

Two main areas of visible thermal discharges occur in the Corwin Springs KGRA, and sites
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there and in the Park were sampled extensively and up to four separate times (fig. F-1). The first
area includes La Duke Hot Spring and an adjacent thermal seep, and thermal springs and seeps at
river level within distances of about 1 km upstream and downstream from La Duke. The
geothermal well drilled by the Church Universal and Triumphant (CUT), and the Miller thermal well
are also located in this area (fig. F-1). The main visible discharge in this area, which lacks
significant travertine deposits, is from La Duke Hot Spring (temperature = 68°C) with a rate that
ranged from 5 to 9 L/s in 1988-90. For this area, calculations based on the increase in SO,
concentrations in Yellowstone River give much higher total discharge values that range from 49 to
67 L/s (Sorey and others, this volume).

The second area of visible thermal discharges is at Bear Creek Springs area, located at the
confluence of Bear Creek and Yellowstone River (fig. F-1). The main visible discharge in this area,
which has extensive travertine deposits, is from the Bear Creek-1 vent (see fig. G-10, Sorey and
others, this volume) with about 2 L/s of thermal water (temperature = 32°C). The Bear Creek-2
thermal field consists of many seeps and several springs with low discharges, including the Bear
Creek-2 spring, which had a temperature of 33°C; totzﬁ thermal discharge from this field was
visually estimated at 3-6 L/s. The Bear Creek-3 spring is located about 300 m to the west of Bear
Creek-2 spring and outside the travertine deposits of the area. Bear Creek-3, with a temperature
range of 15° to 20°C, issues from fractured Cretaceous shales and sandstones; the total discharge
from the Bear Creek-3 field is <1 L/s. The total thermal water discharged into Yellowstone River
from the Bear Creek Springs area is estimated at about 17 L/s (Sorey and others, this volume).

Results and Discussion

The chemical and isotopic compositions of water from selected thermal springs and wells in
and adjacent to the Norris-Mammoth corridor, including the Corwin Springs KGRA, are shown in
tables F-1 and F-2, respectively. The chemical compositiobs of dissolved gases and of gas discharges
are given in tables F-3 and F-4, respectively. Finally, the isotopic compositions for selected rock,
travertine and mineral samples from the study area are shown in table F-5. Solute concentrations
(table F-1) carry analytical errors of £ 1 - 5 percent; gas concentrations (tables F-3 and F-4) are
subject to errors of + 5 percent. Analytical uncertaintaij‘s for isotope values are variable and are
discussed in the relevant sections below. A few miscellaneous samples (tables F-1 to F-4) are from
cold springs (for example, Sawmill Creek and Snow Pass, shown in figures F-1 and F-2,
respectively); others are from thermal springs that are located outside the immediate area of this study
(for example, Chico Hot Spring). The miscellaneous samples were selected either because they have
high gas content and/or because they are important in understanding the regional evolution of fluids.

Concentrations of solutes (table F-1) were used to estimate the subsurface temperatures of last
equilibration with aquifer rocks for the thermal waters of the important sites in the study area (table
F-6). Only the results from the useful chemical geothermometers (Fournier, 1981; Giggenbach and
others, 1983; Kharaka and Mariner, 1989), and from assuming the thermal water to be in
equilibrium with anhydrite are shown in table F-6. Results show that the subsurface temperatures
of the thermal waters from Norris Geyser Basin are about 300°C, approaching the value of 360°C
reported by Fournier (1989) as the maximum temperature obtained for the deep water inside the
Yellowstone caldera. Subsurface temperatures of thermal waters decrease northward along the



Norris-Mammoth corridor, declining to a value of about 100°C at Mammoth Hot Springs and values
of about 80° to 70°C at the Corwin Springs KGRA (table F-6).

Abundances of a variety of isotopes, stable and radioactive, were determined for this study
and are reported using different notations and terminology (tables F-2 and F-5). Most of the
notations used in this report are straightforward, but the interested reader is referred to Faure (1986)
for details on terminology as well as the principles of isotope geochemistry. Practical isotope values
are generally obtained by comparing the isotopic ratio of the sample with that of an accepted
standard. In the case of He isotopes, the accepted standard is the atmosphere, and the values are
reported as R/RA given by:

(He/*He) sample

R/RA = (1)

(*He/*He) atmosphere

Most of the other isotopes are reported in J - values that are expressed in parts per thousand (permil,
/o). In the case of oxygen isotopes, for example, the equation is:

(**0/**0) sample
%0 =[ -11x10°, 2
(**0/**0) SMOW

where SMOW is the Standard Mean Ocean Water. In the case of Nd isotopes, the values are
reported in epsilon (ey,) notation given by:

(**Nd/"*Nd) sample

€ g -1]x 10*, 3)

=
(**Nd/**Nd) CHUR
where CHUR stands for "chondritic uniform reservoir."
Chemical Composition of Thermal Waters

The salinity of thermal water for the three samples from Norris Geyser Basin ranges from
about 1,500 to 2,000 mg/L dissolved solids. The water is high in SiO, and is a Na-K-Cl type
(cations with concentrations 25 percent of total dissolved solids are listed in order of decreasing
abundances and are followed similarly by anions) with relatively high concentrations of Li and B
(fig. F-3), but very low concentrations of Ca, Mg (fig. F-4) and other alkaline earth metals (table
F-1). Frequent sampling and Cl and SO, determinations in waters from several springs were used
by Fournier (1989; oral communication, 1991) to show that the concentration of Cl in the deep and
unmodified thermal water from Norris Geyser Basin is about 550 mg/L; this Cl value would indicate
that the three samples from Norris (table F-1) have been concentrated by boiling from about 10 to
30 percent.

The salinity of water from Clearwater-3C is about 1,300 mg/L, and the water type is similar
to that of the Norris samples (fig. F-4). Clearwater-1 and -2 have lower salinities than Clearwater-
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Figure F-3. Concentration of boron, bromide, and lithium (a), and the bromide to chloride weight
ratios (b) as a function of chloride concentrations in the thermal waters from the study area.
Numbers used for each feature correspond to sample numbers listed in table F-1. These are
the most conservative chemical constituents in the thermal waters from Yellowstone National
Park, and, as such, are used to indicate proportional mixing between waters of different origin.
Note that the bromide to chloride ratios in samples from the La Duke area (La Duke and
CUT) are significantly different than those from Bear Creek-1 and Yellowstone National Park.



PERCENTAGE OF TOTAL MILLIEQUIVALENTS PER LITER

Figure F-4. Trilinear diagrams showing the percentage proportions of major cations and anions
(proportions based on concentrations in milliequivalents per liter) in seven thermal springs
from the study area. These diagrams indicate the general trend of increases in the proportions
of Ca, Mg, SO,, and HCO, + CO, and decreases in those of Na + K and Cl from south to
north, starting from Norris Basin (Porkchop, PC) and Clearwater-3C (CW3) through
Sheepeater Spring (SE), then the Y-10 well and Narrow Gauge (NG) in the Mammoth area
and finally, Bear Creek-1 (BC) and La Duke Hot Spring (LD) in the Corwin Springs Known
Geothermal Resources Area.



3C because they are diluted by local meteoric water as indicated by the activity of tritium (19.4 TU
in Clearwater-2) and by examination of the Cl - 8D relation for the samples of the area. The
salinity of water from Sheepeater Spring is comparable to that of Clearwater-3C, but the water has
much lower concentrations of Cl, Na, and B, and higher concentrations of Ca, Mg, and HCO,.

The salinity of water from Mammoth Hot Springs (table F-1) is higher than that of unmodified
water from Norris, Clearwater Springs, or Sheepeater Spring as it ranges from 2,000 to 3,000 mg/L
dissolved solids. The water also is radically different in%hemical composition from that of Norris
or Clearwater Springs as it is much higher in HCO,, SQ,, Ca and Mg, and lower in Cl and Na
concentrations. The water from Mammoth Hot Springs is of Ca-Na-Mg-HCO,-SO,-Cl type with
several chemical characteristics that are similar to that of water from Sheepeater Spring (fig. F-4).
There are small differences in the chemical composition of water from different terraces at
Mammoth as a result of travertine deposition and addition of local meteoric water. Water from the
Y-10 well, which probably is the least modified of the Mammoth samples, has the highest salinity
(~3,000 mg/L dissolved solids) and relatively higher SO, and Ca concentrations. Tracer and other
chemical tests discussed by Sorey and others (this volume) show that the water in Hot River and
MHS-2 are from the Mammoth system. The water salinities are lower because Hot River is diluted
by mixing with water from Gardner River and Clematis Creek; MHS-2 is diluted by water from
Clematis Creek only. The salinity and Cl concentrations in water from High Bridge Spring is
comparable to that of Mammoth Hot Springs, but the concentrations of Na and HCO, are higher and
those of Ca, SO,, and Mg are lower.

The salinity and concentrations of major cations and anions, with the exception of Cl, are
comparable in the thermal waters from Corwin Springs KGRA and Mammoth Hot Springs (table
F-1, fig. F-3 and fig. F-4). Water samples from La Dukra Hot Spring, CUT and Miller wells and
the seeps and thermal springs in the La Duke area are relatively uniform in chemical composition
(table F-1). They range in salinity from 1,900 to 2,350 mg/L total dissolved solids, and are all Ca-
Na-SO,-HCO, type waters with relatively high Mg concentrations (fig. F-4), but low Cl (36-45
mg/L), B and Li values (fig. F-3). In the Bear Creek area, the major cations and anions in water
from Bear Creek-1 and 2 are similar, but show large differences from those in Bear Creek-3;
however, the chloride concentrations are the same at about 43 mg/L. The sampie from Bear Creek-
1, which has the highest thermal discharge, has a salinity of about 3,000 mg/L dissolved solids and
is of Ca-Na-HCO;-SO, type.

The salinity and chemical composition of water for the miscellaneous samples, as expected,
are variable (table F-1). The sample from Sawmill Creek Spring, located on a segment of the Reese
Creek fault system (fig. F-1), has a salinity of about 850 mg/L dissolved solids and the water is of
Na-HCO, type. The sample from Chico Hot Spring, located 28 km north of La Duke Hot Spring
in the Beartooth uplift, has a salinity of about 350 mg/L dissolved solids; the water is of Na-Ca-
HCO,-S0, type.

Water IsotopeJ

The 8D and 80 values of waters, especially when combined with the concentrations of
conservative solutes (for example Cl) are the best geochemical indicators of the origins, recharge
locations, and flow paths of subsurface waters (for rjvicw articles and many references, see
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Truesdell and Hulston, 1980; Kharaka and Carothers, 1986). The stable isotopes of water are useful
tools because the relations governing their distribution in present-day surface and shallow ground
waters of an area (the local meteoric water) as well as their modifications in aquifers are reasonably
well known. In aquifers, the isotopes of meteoric water may be modified by evaporation and mixing
at low temperatures and by mixing, boiling, and isotopic exchange with minerals at high
temperatures.

The 3D and §'*0 values of waters from 30 thermal springs (table F-2) and more than 100 cold
springs, seeps, and ground-water wells were determined. Tritium activities were determined for 12
thermal samples, mostly from Mammoth Hot Springs and the Corwin Springs KGRA (table F-2).
The numerous cold water samples, mainly from the Gallatin Range and the Beartooth uplift, were
collected in an attempt to establish the local meteoric water line and the possible recharge locations
for the thermal waters of the study area. Data for cold water samples (discussed below) are not
given here, but results show that the local meteoric water line (8D = 8.3 x 30 + 15) is
approximately coincident with that of the Global Meteoric Water Line of Craig (1961) (fig. 5,
Kharaka and others, 1990). Resuits of 8D and 80 values shown in table F-2 for La Duke Hot
Spring, Bear Creek-1, the Y-10 well, Narrow Gauge, Opal Terrace and Clearwater-3C are averages
of two to four samples collected during 1989-1990. For these sites, results of replicate sampling
are constant within analytical errors of about * 1 %oo for 8D and 0.2 oo for 820 values.

The 8D and 8'®0 values for selected thermal waters from Yellowstone National Park show 8D
and 8'*0 shifts relative to the meteoric water line (fig. F-5). The origins of isotopic shifts likely
are different for each area of the Park. The shifts for the waters from Norris Geyser Basin (fig. F-5)
relative to recharge waters with 8D and 8'®0 values of about -150 and -20 %oo, respectively, were
shown to result mainly from boiling for the 8D values and from boiling and isotopic exchange with
aquifer minerals for the 3'®0 values (Truesdell and others, 1977). In addition to boiling, the
isotopes of water from Clearwater Springs are modified by mixing with dilute local meteoric water
with a 8D value of about -144 /oo; this mixing is indicated by examination of the Cl - 8D
relations (not shown) of the waters.

The samples from Mammoth Hot Springs also show moderate isotopic shifts from the meteoric
water line (table F-2 and fig. F-5). The three sites shown in figure F-5 (Narrow Gauge, Opal
Terrace and the Y-10 well) were selected because the 3D and 8'®0 values of their waters remained
constant for the duration of the study. The sample from the Y-10 well likely is the least modified
of those from the three sites and the most representative of the upflow thermal water for the
Mammoth system. This conclusion is reached because the water in the Y-10 well is at high pressure
(~4 bars at ground level), is not affected by precipitation of travertine, and water isotope values are
the same for water obtained at ground level and by downhole sampler from a depth of 53 m. The
3D value of water from the Y-10 well (-149 /o) is relatively close to a 8D value of -151 ®/oo
estimated for the recharge waters for the Mammoth system from the Cl - 8D relations of thermal
waters. The corresponding 8'30 value for the recharge waters is -20.1 ®/oo, which would result
in a moderate 1.7 %oo shift in the §'®0 value of water from the Y-10 well.

There are two possible explanations for the moderate 8'®0 shifts for the waters from the Y-10

well and the other sites from Mammoth Hot Springs. The oxygen shift could be the result of
isotopic exchange between water and aquifer minerals as the water flows from recharge points in
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the Gallatin Range to the discharge sites at Mammoth. Oxygen exchange with calcite in Paleozoic
limestones resulting in heavier oxygen isotopes in water is a possibility because isotopic exchange
can take place between water and calcite at relatively low (50° to 100°C) temperatures (Clayton
and others, 1966; Kharaka and Carothers, 1986; Plummer and others, 1990). Alternatively, the
oxygen shift could also result from mixing of a Mammoth meteoric water with the deep and
unmodified thermal water from Norris Geyser Basin. The minor 8D shifts (from a 8D value of
about -151) can be explained by mixing, as in the case of oxygen isotopes, or they could result from
minor evaporation of recharge water before it percolates deep in the subsurface. They could result
also from hydrogen exchange with clay minerals in the sedimentary section (Kharaka and Carothers,
1986).

The 8D and &'*0 values of water from Corwin Springs KGRA show no or only minor isotopic
shifts from the meteoric water line (fig. F-5). The samples from La Duke Hot Spring and the CUT
well plot on the meteoric water line, indicating that the water cannot be obtained by proportional
mixing of a significant amount of thermal water from the Mammoth system with local meteoric
water. The absence of measurable oxygen isotope shift in these waters also can be used to indicate
a relatively short residence time of water in limestone aquifers, because long residence times in such
aquifers at the calculated subsurface temperature of about 80°C would be expected to result in a
more significant oxygen isotope shift (Clayton and others, 1966; Kharaka and Carothers, 1986;
Plummer and others, 1990). The residence time in limestone aquifers could be short in this system
if the recharge takes place in the Beartooth uplift. In this model, water is in contact with
Precambrian granitoids for relatively long periods during descent and lateral flow, and only in
contact with limestones for shorter periods during ascent in the Gardiner fault. Isotopic exchange
between water and silicate minerals is not likely at the low temperatures expected in this system
(Truesdell and Hulston, 1980; Kharaka and Carothers, 1986). The differences in the 8D and 3'*0
values of waters from the La Duke area and from Mammoth Hot Springs are an important indication
that the two waters, even though both ultimately meteoric, are not isotopically related.

Thermal waters from Bear Creek-1 and -2 have exactly the same 8'*0 values and, within
analytical error of £ 1 %oo, the same 8D values (table F-2). Water from Bear Creek-3 (not plotted
on fig. F-5) has 8D and &0 values of -160 and -21.0 %oo, respectively. These values are much
lighter isotopically than those from Bear Creek-1 and -2, and together with differences in chemical
composition indicate a different origin for Bear Creek-3 water, including possible recharge at much
higher elevations. All the three samples from the Bear Creek Springs area plot close but slightly
to the right of meteoric water line (fig. F-5). These relatively small isotopic shifts may be due
largely to analytical errors; however, the shifts can be explained by isotopic exchange between water
and sedimentary rocks as discussed for the Mammoth waters, or by mixing of a small component
of thermal water from the Mammoth system with meteoric water of the area.

The concentrations of tritium in thermal waters from Bear Creek-1 in 1988-1990 ranged from
8 to 16 tritium units (TU), and a value of 10 TU was measured in water from Bear Creek-2 (table
F-2). These tritium values indicate that the thermal water from these springs contains 25-50 percent
ground water which is post 1960 in age. The thermal water from the La Duke area has no
significant tritium, indicating that the water is older than about 100 years. The thermal water from
Mammoth Hot Springs also has no significant tritium. The concentration of tritium in the sample
from MHS-2, which is located on Gardner River close to Hot River (fig. F-2), is 2.5 TU. Tracer

-
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and other chemical tests, however, show that MHS-2 water is derived from the Mammoth system,
but is diluted with meteoric water from Clematis Creek (Kharaka and others, 1990; Sorey and
others, this volume).

A large number (>100) of cold water samples were analyzed to investigate the distribution of
8D and 8"®0 values of meteoric water in the study area and throughout Yellowstone National Park.
The relevant conclusions are that (1) the Mammoth and Corwin Springs KGRA areas receive most
of their meteoric water from winter storms that originate over the Pacific Ocean and move along
the Snake River Plain, then diagonally towards Mammoth from the southwest corner of the Park;
(2) Arctic fronts moving south and entering the area of study along the Yellowstone River (Dirks
and Martner, 1982) have a small, but measurable effect on water isotopes; (3) there are no
significant differences between the 8D and 8O values of meteoric water from comparable
elevations in the Gallatin Range and Beartooth uplift, and therefore water isotopes alone cannot be
used to distinguish the specific recharge area for thermal water; (4) assuming present-day
distribution of water isotopes, the estimated recharge elevations for the thermal water from the
Mammoth area range from about 2,500 to 3,000 m; and (5) recharge elevations for the thermal water
from the Corwin Springs KGRA, estimated from water isotopes alone and excluding water from
Bear Creek-3, range from about 1,700 to 2,800 m. The large range in estimated elevations is due
to the fact that the springs are situated in a relatively narrow valley in a mountain terrain. In such
topography, the 8D and 8'®0 values of meteoric water arq essentially constant because they are not
affected significantly by local elevations of the valley. ‘

Origin of SoluteF

The origins of SiO, and other dissolved species in the Na-K-Cl-S8iO, type waters from Norris
and other basins in the Park are reasonably well understood (Fournier, 1989; Kharaka and others,
1990). The concentrations of SiO, are controlled by ithe solubility of quartz at the reservoir
temperatures, and Cl, Na, and K are leached from the volcanic rocks. As pointed out by the
pioneering work of Ellis and Mahon (1964; 1967), Cl concentrations in such waters are determined
mainly by the Cl content of the volcanic rocks and the highest subsurface temperatures attained; the
Na content of volcanic rocks is high and enough Na is leached to obtain a charge balance in the
fluid phase. The concentrations of SO, and HCO, are generally low, mainly because of the low
solubilities of Ca sulfate and carbonate minerals at the high reservoir temperatures (up to 360°C).
The concentrations of HCO, and Na relative to Cl are increased in some thermal waters by the
reactions of CO, (from metamorphic, magmatic and other sources) with albite and/or obsidian to
form clay minerals. The reaction of CO, with albite to form a clay mineral can be represented by
the unbalanced reaction

CO, + H,0 + albite = Na* + HCO; + clay + H,SiO,". 4)

The concentrations of B, Li (fig. F-3), and K are relatively high as these elements are
partitioned into water at high temperatures. The conceertrations of Mg, Ca, Sr and other alkaline
earth metals, on the other hand, are very low because these elements are partitioned into minerals
at high temperatures. Mg enters chlorite and other clay itu'nerals, and the solubilities of Ca and Sr
carbonates and sulfates decrease rapidly at high temperatures.

|
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In Norris and other geyser basins within the Yellowstone caldera, boiling causes an increase
in the concentrations of most dissolved species in the residual water. However, gases including
CO,, H,S, He and, at high temperatures, some H;BO, will partition into the steam phase; only traces
of Cl and SiO, will be carried by the steam. Oxidation of H,S and S° to H,SO, in steam condensate
close to the surface is responsible for acidic springs of low salinity and high SO, concentrations
relative to Cl. The S isotope data (discussed below) show that oxidation of H,S is also the principal
source of SO, in the undiluted thermal waters. However, the Ph of these waters remains close to
neutral because the minor H,SO, generated from oxidation of H,S is buffered by other chemical
reactions.

The chemical and isotopic compositions of water and solutes in Mammoth Hot Springs show
a major component of thermal water that derives its heat and some solutes from a magmatic source.
White and others (1988) postulated that the thermal water at Mammoth derives its heat and most
of the conservative solutes including Cl, B, Br, and Li from the same sources as the thermal water
in Norris Geyser Basin. The lower concentrations of these conservative solutes in the Mammoth
water (fig. F-3) can be explained by mixing about 30 - 40 percent Norris water with 70 - 60 percent
low-salinity meteoric water, with mixing proportions determined mainly by the selected
concentration of Cl in the Norris component. Kharaka and others (1990) presented an alternative
model and postulated that about half of the volatiles including He and CO, together with the heat
for the Mammoth system are provided by a cooling magmatic body emplaced beneath the Mammoth
area (see more details in the Chemical and Isotopic Compositions of Gases). In this model, the
conservative solutes would be leached at temperatures that probably fall in the range of 100° to
360°C, mainly from Precambrian basement rocks because the thickness of the sedimentary section
in the area is less than about 3 km (Pierce and others, this volume). The subsurface temperatures
in aquifers in Precambrian rocks in the Mammoth system are difficult to estimate. Because the
concentrations of Cl and other conservative solutes are lower in water from Mammoth Hot Springs
compared with that from Norris Geyser Basin, the leaching temperatures at Mammoth are expected
to be lower than the 360°C obtained at Norris, but higher than about 100°C calculated from
chemical geothermometry (table F-3).

Relative to Norris Geyser Basin, the water from Mammoth Hot Springs has much higher
concentrations of reactive (nonconservative) solutes including HCO,, SO,, Ca, Mg, and Sr (fig. F-4).
These and other solutes, together with isotopes of S, C and Sr (see Solute Isotopes), show that the
water at Mammoth has also reacted with and has dissolved marine anhydrite, calcite and dolomite
from the Paleozoic sedimentary section at subsurface temperatures of about 100°C. This relatively
low temperature interaction with the sedimentary section at Mammoth follows the high temperature
water-rock interactions responsible for the relatively high concentrations of Cl and other conservative
solutes.

The salinity and concentrations of major cations and anions in thermal water in the Corwin
Springs KGRA are comparable to those of water in Mammoth Hot Springs (fig. F-4), although the
concentrations of Cl and the conservative components are much lower (fig. F-3). The conservative
and reactive chemical components in the thermal waters from the Corwin Springs KGRA can be
obtained from one or a combination of two models. The first assumes a separate origin from that
of water at Mammoth and involves reactions of meteoric water with Paleozoic sedimentary rocks
at subsurface temperatures of about 80°C for water at the La Duke area, and about 70°C for that
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at the Bear Creek Springs area (table F-3), together with a possibility of reactions with Precambrian
basement rocks.

The second model involves mixing of a thermal component from the Mammoth system with
local meteoric water, as suggested by the concentrations of the most conservative solutes Cl, Br, B,
and Li (fig. F-3). The thermal component likely would h%‘c the chemical and isotopic compositions
of present-day Mammoth thermal water; or it is possible that the thermal component could have the
compositions of the deep water at Mammoth prior to acquiring most of the reactive solutes from
interactions with limestones. Because mixing is based on the concentrations of conservative solutes,
the mixing proportions calculated for the two possibilities would be approximately the same.
Mixing is especially likely at Bear Creek Springs because concentrations of these conservative
solutes give approximately the same ratio as that of thermal waters from the Norris-Mammoth area
of the Park. However, mixing is less likely for waters from the La Duke Hot Spring area as the
ratios of these solutes are significantly different from those of the Norris-Mammoth area (fig. F-3).
Computer modeling using the geochemical code SOI;F\AINEQ.SS (Kharaka and others, 1988)
indicates that in addition to mixing 10 to 30 percent present-day Mammoth thermal water with dilute
meteoric water, to obtain the concentrations of Cl and other conservative solutes, the mixed water
would have to participate in several chemical reactions with sedimentary rocks in order to obtain
the concentrations of Ca, SO,, HCO,, and other reactive solutes. As indicated from the chemical
geothermometry, the reactions take place at 70° to 80°C and include dissolution of anhydrite,
dedolomitization and exchange of Ca for Na on clay minerals. These reactions are geologically
feasible and are thermodynamically possible. Nevertheless, even the mixing model based on
conservative solutes allows only a maximum 20 percent. component of a Mammoth-type water in
the thermal waters from the Corwin Springs KGRA.

Chemical and Isotopic Compaositions of Gases

The chemical compositions of gases dissolved in w ters from selected springs in the study area
are shown in table F-3. The chemical composition of gases from a fumarole at Roaring Mountain
and gas phases from selected springs are shown in table F-4. A complete data set of the abundances
and isotopic compositions of noble gases from these sites was obtained for this study because
preliminary results (Kharaka and others, 1990) proved particularly useful in determining hydrologic
connections in the study area. Data on noble gases are also used to calculate the original
composition of gases for the samples that have degassed and/or have been contaminated with air.
Except for the samples from the CUT and Miller wells, gas loss prior to sampling has affected the
compositions listed in table F-3, including that of sample 90YNP-5 obtained from a depth of 53 m
in the Y-10 well using a downhole sampler. Gas loss is prevalent in these samples mainly because
the pressure of CO, gas is very high (more than 5 bars in the Y-10 samples) resulting in gas
separation in the subsurface.

In the Norris-Mammoth corridor, CO, is the domtant gas, comprising 97 to more than 99
percent of the H,O-free total (table F-4), with N, and H,S being locally significant components. The
composition of gas from Bear Creek-1 (table F-3) is %énerally similar to that of the Mammoth
samples, and the pressure of CO, gas is moderately high at about 1.0 bars. The total gas content
and the proportion of CQO, (pressure of CO, gas is about (.2 bars) are lower in samples from the La
Duke Spring area of the Corwin Springs KGRA. The samples from Chico Hot Spring and Sawmill
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Mammoth area measured for this study as well as the sample from Bear Creek-1 also plot in or near
this field. The samples from CUT and Miller wells, however, plot significantly outside the field for
Yellowstone waters. The differences in the **Ar/*Ar and *He/*Ar ratios from CUT and Miller wells
compared with samples from the Mammoth area and Bear Creek-1 are illustrated in figure F-6; the
differences with other He - Ar isotopes are also major.

Results from this investigation show that Mammoth Hot Springs is an area of high gas
discharge with up to 50 percent of He, CO,, and possibly other gases being of mantle origin. The
samples from the Y-10 well and three springs in its vicinity (table F-2) yield R/RA values up to 8.4,
and the molar total C/*He value of 5 x 10° obtained for Y-10 is diagnostic of mantle gases (Des
Marais, 1989). The *He/'He ratios relative to air are still very high (R/RA = 7.5) in the sample from
Snow Pass located (fig. F-2) about 2 km west of Y-10, but the sample from High Bridge Spring (~3
km southeast of Y-10) has an R/RA value of only 1.2. Gases from Sheepeater Spring yield a
relatively high R/RA value of 5.8, and because the water has many chemical and isotopic
characteristics of Mammoth-type water, it is possible that the Mammoth hydrothermal system may
extend as far south as Sheepeater Canyon. The uncertainty in the R/RA values is generally about
5 percent.

The *He/*He ratios in fluids at Norris Geyser Basin yield R/RA values that range from about
2 to 9, with the high values being comparable to those at Mammoth (Kennedy and others, 1985;
Welhan, 1981). The ratios relative to air decrease to 2.2 and 3.0, respectively (table F-2) in fluids
from Roaring Mountain and Clearwater Springs located north of Norris along the Norris-Mammoth
corridor (fig. F-1). The overall pattern in He isotopic variations along the Norris-Mammoth corridor
suggests a possibility for a source of magmatic volatiles (and heat) for the Mammoth system which
is independent of the main Yellowstone system defined by the fluids within the caldera and at
Norris. Defining the nature and exact location for this separate magmatic source (if it exists) will
require additional investigations, but its location beneath Mammoth Hot Springs is suggested by the
fact that the highest *He/*He ratios, gas discharges, and heat fluxes are obtained there (Kharaka and
others, 1990). Geophysical evidence consistent with this source is provided by preliminary results
from magnetotelluric soundings that indicate a high electrical-conductivity zone (probably at
temperatures >500°C) at depths greater than 10 km beneath Mammoth Hot Springs (Stanley and
others, this volume).

Samples from CUT and Miller wells and Bear Creek-1 have R/RA values of 0.13, 0.11, and
0.29, respectively (table F-2). On the basis of a Yellowstone mantle value of R/RA = 16 and local
crustal values that range from 0.05 (Sawmill Creek Spring) to 0.24 (Chico Hot Spring), it is unlikely
that more than 2 percent of He from Bear Creek-1 and 1 percent from the CUT and Miller wells
could be of mantle origin.

The age of thermal water is an important parameter for understanding the flow path and
evolution of water. The concentration of He in ground water together with the porosities and U and
Th contents of aquifer rocks is one of the few methods available to approximate the age of the water
(Torgersen and Clarke, 1985). Modeling *He production using U and Th values and porosities (5
to 20 percent) for sedimentary rocks in the study area, and assuming no separate sources (outside
the aquifer) for *He, gave apparent ages on the order of 10° - 107 years to produce the “He at CUT.
A lower apparent age on the order of 10* - 10° years can be calculated using a porosity of 1 percent
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and U and the much higher Th data (2-3 ppm U and 30-50 ppm Th) for the Beartooth batholith
(Wooden and Mueller, 1988). On the basis of the same assumptions, the age of water at Bear
Creek-1 would be lower by a factor of 10 to 40 than the age of water at the CUT well. Note that
tritium values in Bear Creek-1 indicate that 25 to 50 percent of water is post 1960. Assuming that
half of He at Y-10 is from the mantle leaves 2-5 pm/kg of radiogenic *He to be used in calculating
an age of the associated water. The lower concentration of crustal He in Y-10 relative to CUT,
however, does not necessarily indicate a younger age of wz?ter, but may be caused by higher porosity
and lower U and Th contents of its aquifer rocks. \ ‘

Preliminary (uncorrected) "“C ages (table F-2) calculated for the total dissolved C for the CUT
well and La Duke Hot Spring give an age of about 25,000 years. These waters have essentially no
tritium, but the calculated age may be lower than the true age if a portion of dissolved C is derived
from the relatively young organic matter (soil gas). However, the 25,000 years probably is a high
1C age because a large portion of C in thermal waters likely is derived from Paleozoic limestones.
The water at Y-10 has essentially no tritium also, and yields a higher (31,000 years) “C age, but
the proportion of C from Paleozoic limestones (based on 8" C values of dissolved C) and that
presumably accompanying the *He from the mantle sourcel is probably higher than that at CUT. The
C and model He ages indicate that the bulk of thermal waters from Mammoth Hot Springs and
Corwin Springs KGRA may be older (possibly much older) than 10,000 years.

Solute Isotopes

Water samples were collected for analysis of the stable and radiogenic isotope compositions
of S, C, B, Cl, Lj, Sr, Pb, Nd, Ra, and U. The B isotope analyses for water samples reported here
were mainly performed by Lynton Land (U. of Texas, Austin); isotopic analyses of B also were
performed at MIT (Palmer and Sturchio, 1990). Isotope ratios of Li and Sr were measured at
Argonne National Laboratory, Argonne, Illinois, and at LFSGS, Menlo Park, California. Measured
B, Li, and Sr isotopic compositions for replicate samples determined at the different facilities agree
within the limits of analytical precision.

Results of several solute isotopic analyses from selected water samples in the study area are
shown in table F-2. Results of selected isotopic analyses for several travertine and other rock
samples are shown in table F-5. An extensive data set on the Sr, Pb, and Nd isotopic compositions
of volcanic, granitic, sedimentary and metamorphic rocks of all ages from the region is available
(Leeman and others, 1977; Doe and others, 1982; Wooden and Mueller, 1988; Hildreth and others,
1991) and is used to help determine the origin of solutes in this investigation.

Because Sr geochemistry is very similar to that of Ca, which is the dominant cation in the
thermal waters from both Mammoth Hot Springs and Corwin Springs KGRA, *’Sr/*’Sr ratios are
diagnostic of the source of Ca in water and travertine deposits. Results (table F-2) show that the
values for water samples from the Corwin Springs KGRA (¥Sr/°Sr = 0.716 - 0.719) are more
radiogenic than those for samples from the Norris-Mammoth area of the Park. The separation of
the two groups is enhanced by plotting the Sr isotope ratios against the weight ratios of Sr/Cl (fig.
F-7). It should be noted that the concentrations of Sr (and Ca) in thermal waters from Norris
Geyser Basin are low, but those in waters from Mammoth, especially from the Y-10 well are
comparable to those from the Corwin Springs KGRA.
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Figure F-7. Relation between ¥Sr/f®Sr (strontium-87/strontium-86) ratios and the Sr/Cl
(strontium/chloride) weight ratios in selected thermal waters from the study area. Numbers
used to distinguish certain features correspond to sample numbers listed in table F-1. Note
the more radiogenic Sr isotopes in samples from Corwin Springs Known Geothermal
Resources Area compared to those from Mammoth (Narrow Gauge and Y-10).
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The ¥Sr/**Sr ratios of the travertines are, as expected, identical to those of the associated
thermal waters (table F-5). All the travertines (>20 samples) analyzed from the Mammoth area, that
range in age from present to more than 400,000 years (Pierce and others, this volume), give ¥Sr/*Sr
ratios of 0.710 to 0.712. There are no significant travertine precipitates in the La Duke Spring area,
but extensive travertine deposits (age 0-10,000 years) from the Bear Creek Springs area yield
§751/%5Sr ratios of 0.716. Travertine deposits from the Rattlesnake mound site, across the
Yellowstone River from Bear Creek Springs (see fig. C-? in Pierce and others, this volume) have
an age of about 57,000 years and a strontium isotope ratio of 0.713 that is intermediate between that
of Bear Creek Springs and Mammoth Hot Springs. Finally, travertines located on terraces north of
Gardiner (see fig. C-8 in Pierce and others, this volume) have ages that cluster near 20,000 and
55,000 years and yield Sr isotope ratios of 0.712. The values for Gardiner travertine are identical
to the values of travertines from the Mammoth area, b\ﬂt distinctly different from the values for
water from La Duke Hot Spring or Bear Creek Springs. ' These Sr isotope values indicate that the
travertines near Gardiner were precipitated from Mammo:t-typc water, and therefore that Mammoth-
type water is capable of transferring to and emanating from locations outside Mammoth Hot Springs.

The ¥Sr/5Sr ratios of thermal waters and travertines from the Park are within the range of
values for Yellowstone rhyolites and Paleozoic limestones and other sedimentary rocks (table F-5)
measured for this study and those reported by others (Leeman and others, 1977; Doe and others,
1982; Hildreth and others, 1991). The §*S values of dissolved sulfate from the Mammoth area
(table F-2) are 21.0 to 21.5%00 and are within the range expected from dissolution of Middle
Paleozoic marine anhydrite as the source of S (Claypool and others, 1980). The §“C values of
dissolved carbonate (table F-2) together with the chemi(i:al composition of thermal water can be
combined with 8*S values to indicate that Middle Paleozoic marine anhydrites and carbonates are
the source of most of the Ca and thus the Sr in the Mammoth area.

The 8™$ values of dissolved sulfate from the Corwin Springs KGRA are similar to those from
the Mammoth area and also indicate dissolution of Middle Paleozoic marine anhydrite. The low
28Ra/Ra activity ratios of thermal waters from the Corwin Springs KGRA (0.26-0.69), which are
determined by the Th/U ratios of the aquifer rocks, are thase expected from reactions with limestone
aquifers. Because limestones of the Madison Group may be an important aquifer in the area (Pierce
and others, this volume), it may be the source of the main reactive solutes including the more
radiogenic Sr (*’Sr/*°Sr ratios of 0.716 to 0.719) in the thermal waters. This conclusion is based on
results obtained for the three Madison Group samples (table F-5) that yield ¥Sr/*%Sr ratios of up to
0.717 for the leached (carbonate) portions and up to 0.722 for the whole-rocks. It is also possible
that the water from the Corwin Springs KGRA leaches a pprtion of its Sr from the Precambrian rocks
that crop out in the Beartooth uplift. Because the ®’Sr/%Sr ratios of the Precambrian rocks can be
very high (up to 0.783; Wooden and Mueller, 1988), only a small amount of Sr needs to be leached
from these rocks and mixed with Sr from Paleozoic limestone. Regardless of possible reactions with
Precambrian rocks, however, the Sr isotopes indicate that the waters from Mammoth Hot Springs and
Corwin Springs KGRA have reacted with rocks having some different isotopic characteristics.

The concentrations and isotopic ratios of Pb and Nd in selected thermal water and rock
samples (tables F-2 and F-5) were determined primarily to investigate the influence of Precambrian
rocks on the geochemistry of thermal waters. The Pb) isotopic ratios, however, did not prove
diagnostic as the ratios in all the water samples analyzed for this study define very narrow ranges
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(a range of 2.02 to 2.06 is obtained for the **Pb/**Pb, for example) and show no differences
between the samples from the Corwin Springs KGRA and those from the Park (table F-5). Results
of the isotopic ratios of Nd in thermal waters and travertines show more variations than those of Pb
and are, in general, more useful for this study because the Precambrian rocks in the area are
depleted in '*Nd (e v, <-19) relative to the volcanic rocks and Paleozoic limestones (€ y,equal O to -
10) (Hildreth and others, 1991). Results show (table F-2) that Nd concentrations in thermal waters
are very low and that e, values for waters from La Duke (-14.7) and Bear Creek-1 (-14.1) are
shifted in the direction of Precambrian rocks compared with most waters from the Norris-Mammoth
area (-2.3 to -10.0) (table F-2). The water sample from Narrow Gauge (&€ yy=-17.4) is an exception
and may indicate secondary sources for its Nd, especially since travertine samples from the vicinity
of Narrow Gauge give €y, values of -2.2 and -4.7. Results also show that the travertine deposits
to the north of Gardiner have an €, value of about -6, a value that is identical to the travertines
and the majority of thermal waters from Mammoth Hot Springs, and distinctly different from the
Bear Creek and La Duke waters. This observation further supports the notion based on Sr isotopes
that the Gardiner travertines precipitated from Mammoth-type water.

Dissolved Cl, B, and even Li generally behave as the most conservative elements in subsurface
waters and as such their concentrations, and especially their isotopic ratios, are the most useful
geochemical tools in the investigation of mixing in natural waters. As discussed previously, the
concentrations of these elements are relatively high in thermal waters from Yellowstone National
Park and decrease with the addition of meteoric water to the mixed fluid (fig. F-3). It is necessary
to mention here that published B (Bassett, 1990) and especially Li (Chan and Edmond, 1988)
isotopic data for waters and rocks are sparse and may contain erroneous values. Because of greatly
improved analytical methodology in the last five years, however, our understanding of the
geochemical behavior of B and Li isotopes including their fractionation factors have greatly
improved (Spivack and Edmond, 1987; Chan and Edmond, 1983; Bassett, 1990; Palmer and
Sturchio, 1990). Note that the B and Li isotopic values in table F-2 were replicated to about £ 1
oo by analysts from at least two separate laboratories.

The 8B values for thermal waters in the study area range from -9.4 to 5.4 (table F-2). The
values for samples from Mammoth Hot Springs are the most depleted in "B, with "B values
becoming heavier in samples from Norris Geyser Basin and even heavier in samples from the La
Duke Spring area of the Corwin Springs KGRA (fig. F-8). The possible controls on B isotopic
ratios of this study are discussed in Kharaka and others (1990), and Palmer and Sturchio (1990).
It suffices to mention here that plots of 8"'B values versus B concentrations (fig. F-8) and Cl
concentrations (not shown) show that waters from Bear Creek-1 could be derived by mixing of a
Mammoth-type component with water similar to that from Chico Hot Spring. Note that the samples
from La Duke Spring area plot in a position indicating little or no Mammoth-type component in
those waters.

. The &Li values for the eight water samples analyzed for this study (table F-2) range from -1.0
to 14%oo relative to the NBS L-SVEC standard LiCO, that yielded replicate °Li/Li ratios of
0.08210. The waters from the Corwin Springs KGRA are depleted in °Li relative to the sample
from Mammoth as well as the other samples from the Norris-Mammoth corridor. The isotope
values indicate that different sources of Li and possibly some mixing with water from the Mammoth
system control the Li isotopes in waters from the Corwin Springs KGRA.
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Mammoth-Corwin Springs Known Geothermal Resources Area Connections

The isotopes of water and the concentrations and isotopic ratios of solutes and gases have been
used in this study to help understand the origins of thermal water and solutes, and thus to infer any
hydraulic connections between the Corwin Springs KGRA and Yellowstone National Park.
Primarily on the basis of geologic and hydrologic considerations, a connection could conceivably
exist with fluids from the Mammoth hydrothermal system as discussed by Pierce and others (this
volume). These considerations indicate that a connection with other main thermal features of the
Park (for example Norris Geyser Basin) along the East Gallatin-Reese Creek faults is much less
likely. This conclusion is probably supported by the typically crustal He isotope value (R/RA =
0.05) obtained from Sawmill Creek Spring located on a segment of the Reese Creek fault system
(fig. F-1), assuming that the He in this cold site (temperature = 8°C) reflects the fluid conditions
at depth.

In this section, the components of a Mammoth-type thermal water in the waters of La Duke
Spring and Bear Creek-1, are calculated (table F-7). The calculations are based on a mass balance
approach using the concentrations and isotopic ratios of Cl, Li, B, and He, the most conservative
chemical constituents in these waters. The equations used for calculating proportional mixing in
water from two end members are:

m; = myXx; + my(1 - x,) )]
d;m, = d;m;x, + §,my(1 - x,) 6)

where subscripts 1, 2 and 3 refer to the two end members and the mixture, respectively, m is the
concentration of a dissolved chemical component (for example, Cl), x is the proportion of the
subscripted end member in the mixture, and § is the solute isotope ratio (for example, *'B/°B) or
the value of the isotope deviation function (for example, 8''B in permil). The equation based on
3D and &0 values of water is:

3, = d;x; + §,(1 - x)). )

These model calculations require two end members: the Mammoth-type water is assumed to
have the chemical and isotopic compositions of water in the Y-10 well and is used as the first end
member. The water from the Y-10 well is probably the least modified of the Mammoth sites and
the most representative of the upflow fluids for the Mammoth system, and therefore its selection as
an end member is appropriate. Selecting the second end member that meets all the mathematical
and geochemical requirements of equations 5 - 7, however, is more difficult. Ideally, the second
end member would have many of the chemical and isotopic characteristics of waters from La Duke
Spring and Bear Creek-1. This end member, of course, must not have any component of water from
the Mammoth system; this requirement would rule out from consideration any sites located in the
Norris-Mammoth corridor. Geochemical data, discussed in earlier sections, show that any mixing
would have to take place at temperatures higher than about 70° to 80°C, the subsurface
temperatures calculated from chemical geothermometers for the waters of Bear Creek-1 and La Duke
Spring, respectively (table F-6); these temperature requirements would exclude any shallow ground
water wells or cold springs from consideration for the end member.
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The approach chosen for this study was to examine the chemical and isotopic compositions
of thermal and cold waters from about 10 sites located mainly in the Gallatin Range and Beartooth
uplift to the north of the Park (table F-1 and F-2), but extending to Bozeman Hot Spring located far
north of the Park in Gallatin County, Montana. Bozeman Hot Spring has an estimated subsurface
temperature and several chemical components comparable to those of La Duke Hot Spring (Mariner
and others, 1976). Of all the sites examined, the water from Chico Hot Spring, located about 30
km north of Corwin Springs in the Beartooth uplift (fig. F-1) is probably the most suitable as the
second end member. The water from Chico Hot Spring has a calculated subsurface temperature of
about 55°C, and is of the Na-Ca-HCO,-SO, type as are the waters from La Duke Hot Spring and
Bear Creek-1. The mixing proportions calculated from equations 5-7, however, will not be based
on geochemical data from Chico Hot Spring alone but from all the miscellaneous samples examined
(tables F-1 and F-2). The error margins discussed below will carry the analytical uncertainties as
well as the uncertainties involved in selecting a range of values for the second end member.

The mixing proportions reported in table F-7 usiné the concentrations of Cl, B and Li are
based on the assumption of water from Chico Hot Spring as the second end member. The mixing
proportions obtained (about 10 - 20 percent for La Duke Hot Spring and 20 - 24 percent for Bear
Creek-1), however, will not change significantly if it is assumed that the concentration of these
solutes in the second end member are equal to zero. The concentrations of Cl, B and Li in water
from Chico Hot Spring are low and are the lowest of all the thermal sites examined (table F-1).
Thus, the mixing proportions in table F-7 are maximum:values, and lower values including zero,
may be calculated with concentrations of Cl, B and Li in the second end member that are higher
compared to values from Chico Hot Spring. Because the mixing proportions calculated from each
of the three solutes are upper limits, the possible component of Mammoth-type water in La Duke
Hot Spring can have a range of 0 - 10 percent. By similar reasoning, the possible component of
Mammoth-type water in Bear Creek-1 can have a range of 0 - 20 percent. The fact that the mixing
proportions calculated for Bear Creek-1 with Cl, B or Li concentrations are approximately the same,
may support the mixing hypothesis for this site.

The mixing proportions calculated using the isotopes of water are generally reliable except for
the fact that the values reported here (table F-7) are subject to large uncertainties because the
differences in 8D and 80 values for waters at Mammoth and the Corwin Springs KGRA are
relatively small and analytical errors are large relative to these differences. Note that the values in
table F-7 are calculated using 8D and 3'®0 values for end members obtained by connecting lines
between the values for water from the Y-10 well and those from La Duke Hot Spring and Bear
Creek-1 and extrapolating the lines to the meteoric water|line (fig. F-5). The most plausible values
based on water isotopes are 0 and 10 percent for the waters at La Duke Spring and at Bear Creek-1,
respectively. The error margin in these calculations is large and is estimated at about * 15 percent.

The solutes B and Li are particularly suitable for calculating proportional mixing because of
the already discussed observation that B and Li concentrations in thermal waters from Yellowstone
National Park are high and that B and Li isotopic ratios are mainly determined by the sources of
B and Li. Modifications of B concentrations and isotopic ratios by subsequent exchange and other
chemical reactions are likely to be of secondary importance (Spivack and Edmond, 1987; Kharaka
and others, 1990; Palmer and Sturchio, 1990). Even thaugh dissolved Li is considered one of the
least reactive cations, modifications of Li concentrations and isotopes are more likely, especially at
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temperatures higher than about 100°C because Li can substitute for Mg and to a lesser extent for
Fe in clays and several other minerals (Chan and Edmond, 1988; Kharaka and Mariner, 1989). The
8"'B and &°Li for water from Chico Hot Spring were used in equations 5 and 6 as the values for the
second end member; first order correlation plots of B and Li concentrations and isotopic ratios
support this selection. Results of 8''B values (table F-7) show a 2 percent possible Mammoth-type
water in La Duke Hot Spring, but possibly a 19 percent component in Bear Creek-1; estimated
errors for these calculations are + 5 - 10 percent. Results of 8°Li values shows about 10 percent
possible component of Mammoth-type water in both La Duke Hot Spring and Bear Creek-1;
estimated errors are + 10 percent.

Dissolved noble gases, if not affected by extreme degassing, are the best geochemical tools
to calculate proportional mixing in natural waters because they are totally inert to water-rock
interactions and end-member values are well constrained. As discussed previously (see Chemical
and Isotope Composition of Gases), the concentrations of He (10.3 + 0.6 pm/kg) and *He/*He ratios
(R/RA = 0.12 £ 0.01) are well constrained for waters from the La Duke area. The concentrations
of He in water from the Y-10 well, even though affected by some degassing, can be calculated at
7 * 3 pm/kg; the 3He/*He ratios are well constrained at R/RA value of 8.4. There is some
uncertainty in selecting a value for the *He/*He ratio of "crustal" He in the area because the R/RA
value of 0.24 obtained from Chico Hot Spring is higher than the value of 0.05 predicted for average
crust (Mamyrin and Tolstikhin, 1984; and many others) and obtained for the sample from Sawmill
Creek Spring. Thus a range of values can be calculated for the component of Mammoth-type water
in La Duke Hot Spring. A maximum 2 percent of a Mammoth component can be calculated using
0.05 as the "crustal" end member and 4.0 pm/kg as the lower concentration of He in water from the
Y-10 well; a value of 1 percent is calculated using 0.05 as the "crustal” value and 7 pm/kg as the
likely He concentration in water from the Y-10 well. A value of 0 percent is selected in table F-7
because R/RA values for waters from the La Duke Hot Spring area (0.13 for CUT and 0.11 for
Miller) are lower than that from Chico Hot Spring (0.24) and are interpreted to be “crustal” for the
area. The higher *He concentrations in waters from the La Duke area and Chico Hot Spring
compared with those expected from average crust are not unusual and could be related to the
presence of basalts in the area or higher Li concentrations than average crust (60 ppm) in local
aquifers.

The chemical composition of dissolved gas in Bear Creek-1 gives an extremely low
concentration of He and shows extensive degassing and interaction with atmospheric gases (table
F-4). Calculation of the concentration of He in the undegassed water is complicated further because
tritium concentrations indicate that 25 to 50 percent of the water from Bear Creek-1 is post 1960
ground water. The concentrations of He calculated assuming bulk stripping range from about 0.3
to 1.0 pm/kg; calculations based on Rayleigh-type distillation give unrealistically high values. The
range of Mammoth-type water in Bear Creek-1 based on these concentrations and the isotopes of
He range up to about 1 percent. Alternatively, due to the uncertainty in He concentration in Bear
Creek-1, a more representative value of 3 percent is obtained from the isotope values alone, as
shown below:

0.29 - 0.05

———— x 100 = 3 percent.
8.4 - 0.005
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A second dissolved gas sample was obtained from Bear Creek-1, but the results were approximately
the same and equally poor as the values in table F-4. At this site, drilling might be necessary to
obtain an undegassed sample.

The selected values of percentages of Mammoth-type thermal water in La Duke Hot Spring
and Bear Creek-1 (table F-7) are based on solute isotopic ratios. The value of zero selected for La
Duke Hot Spring is based on He, B, and water isotopes and is much more tightly constrained than
the percentage calculated for Bear Creek-1; the error margin is probably less than £ 5 percent. The
conclusion of a zero Mammoth component in water from La Duke Hot Spring and other thermal
sites in the La Duke area is supported by other geochemical data. The most useful data in this
regard are the He - Ar isotopic ratios depicted in figure F-6, which show that the samples from the
CUT and Miller wells plot significantly outside the ﬁetd for all the waters from Yellowstone
National Park. The absence of significant travertine deposits from the La Duke area, the relatively
low dissolved gas pressure of CO, (0.2 bars), and the differences in isotopic ratios of Sr, Nd, Ra
and other solutes relative to Mammoth water, are addm¢nal supporting geochemical data for the
above conclusion. ;

The isotopes of B, Li, as well as the 8D and §'°0 values of water (table F-7) indicate a 0 -20
percent possible component of Mammoth-type water in Bear Creek-1. The most plausible value
within the above range is a 10 percent component of Mammoth-type water in Bear Creek-1. The
mixing proportions calculated for this area, however, carry larger estimated errors of + 10 percent.
Note that the He-Ar isotopic ratios (fig. F-6) indicate that the sample from Bear Creek-1 plots close
to the field for the waters from the Mammoth and other ar¢as of Yellowstone National Park possibly
indicating a Mammoth component in waters from Bear Creek-1. Additional supporting geochemical
evidence for a Mammoth component in water from Bear Creek-1 and -2 (the bulk of thermal water
in the area) comes from the extensive travertine deposits in the area, the intermediate gas pressure
of CO, (about 1.0 bars) and Sr, and some other solute isotopic ratios.

Summary and Conclusions

of water, solutes, gases, and rocks has been obtained in order to help understand the origins and
evolutions of waters, and to investigate possible hydraulic connections between thermal sites in the
Corwin Springs KGRA and adjacent areas of Yellowstone National Park. The salinity and
concentrations of major cations and anions, with the exception of Cl, are comparable in the thermal
waters from Corwin Springs KGRA and Mammoth Hot Springs. However, the concentrations and
isotopic ratios of the most conservative solutes He, Cl, Br, B, and Li are different and proved
particularly useful in quantifying possible mixing proportions of Mammoth-type water in waters of
the KGRA. Quantitative results from even the most diagnostic geochemical parameters, however,
are not conclusive and are subject to individual uncertainty of up to * 10 percent.

An extensive geochemical data set consisting of delailed chemical and isotopic compositions

The hydrothermal system at Mammoth Hot Springs has been active for at least the last
400,000 years. The thermal water for the Mammoth system is meteoric and likely originates from
precipitation in the Gallatin Range to the west. In one model, based on He isotopes, gas and heat
discharges, and C/He ratios, the bulk of heat and some volatile components for the Mammoth

|
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thermal waters are provided by a cooling magmatic source located beneath the Mammoth area. The
water acquires its conservative solutes mainly by reactions with local Precambrian rocks at high
temperatures, and acquires Ca, Mg, SO,, and some HCO,; by reactions with local Paleozoic
limestones and anhydrite at about 100°C. Alternatively, Mammoth water could result from the
mixing of 60 - 70 percent dilute meteoric water and 40 - 30 percent thermal water from the Norris
Geyser Basin system. The mixed water in this model also has to react with local Paleozoic
sedimentary rocks at about 100°C to acquire most of its reactive solutes.

The geochemical data, especially the Sr and Nd isotopes, could indicate a significant
component of recharge in the Beartooth uplift for the thermal waters in the Corwin Springs KGRA.
The water acquires its chemical species by reactions with the granitoids and metasediments of the
Beartooth uplift during descent and by reactions with Paleozoic limestones (at 70° to 80°C) during
ascent in the Gardiner fault zone. The geochemical data in general and the concentrations and
isotopic ratios of He, B, Li, and Cl and water isotopes in particular indicate that (1) the thermal
water from the La Duke Hot Spring area has evolved by reactions with rocks having some chemical
and isotope characteristics different from those encountered by Mammoth water and, subject to +
5 percent uncertainty, no Mammoth-type water is detected in the La Duke area; and (2) about 10
t 10 percent (range of 0 - 20 percent) of thermal water from the Bear Creek Springs area may be
obtained from the Mammoth system.
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Table F-4. Chemical (mole percent, water-free basis) and isotopic (permil) compositions of gases
from gas discharges

[Chemical compositions reported in mole percent; isotopic compositions reported in permil; ---, no data]

SITE Roaring Narrow Y-10 Snow High Sheepeater Montanapolis Sawmill
Mountain Gauge (well) Pass Bridge
SAMPLE # 89YNP-107 89YNP-101 89YNP-102 89YNP-253 90YNP-503  89YNP-118 90YNP-319 90YNP-119
He 0.0094 <0.0002 0.003 0.0059 0.0053 0.0002 0.0002 0.0098
H2 0.0787 0.001 0.004 <0.0002 0.0005 0.0001 0.0002 <0.0002
Ar 0.006 0.008 0.013 0.017 0.0169 0.0304 0.0056 0.966
O2 <0.001 0.019 0.003 0.04 0.0206 0.0024 0.0635 3.26
N2 0.324 0.289 0.836 0.764 0.857 0.93 0.358 67.8
CI-I4 0.0287 0.0036 0.026 0.0462 0.0035 0.002 0.0002 219
CO2 96.7 98.2 99.1 98.6 99.1 99.5 99.9 0.0609
C2H6 <0.0002 <0.0002 - 0.0008 <0.0002  <0.0002 <0.0002 0.0044
st 1.26 0.152 - 0.0233 <0.0002 0.209 <0.0002 0.0113
co <0.001 <0.001 - <0.001 - - - <0.001
TOTAL 984 98.6 100.0 99.5 100.2 100.7 100.3 99.8
5°C(C0) -39 4.1 52 34 5.1 44 62
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Table F-5. Isotopic values for selected rock, travertine, and mineral samples

Sample name S Nd . sol ' 50345 5.°c
87/86 143/144 ‘ foo foo foo
|
i
Rock samples 1
Madison Group limestones
Carbonate #1 0.7117 051228 7.0
fraction #2 0.7160 0.51219 -8.8
#3 0.7160 0.51211 9.1
Silicate  #1 0.7121 051191 -14.1
fraction #2 0.7166 0.51217 9.1
#3 0.7354 0.51196 -13.2
Whole  #1 0.7117 0.51217 -9.0 1.1
rock #2 0.7160 051218 -8.9 2.0
# 07218 051202 | -11.9 11
#4 0.7080 l
Shoshone Lake tuff |
at West Thumb 0.7096 051226 | -7.4
Fresh Biscuit Basin
thyolite flow breccia 5.2
Altered Biscut Basin
thyolite flow breccia 9.7
Huckleberry Ridge Tuff
at Golden Gate 0.7123 0.51217 9.1
Duplicate of above 0.51210 -10.4
Duplicate of above 0.51216 9.3
Ellis Group
Snow Pass 0.7080-0.7196
Y-10 0.7088-0.7120
Quadrant Sandstone 0.71177 |
Precambrian rocks I
biotite schist 0.7718 |
|
Travertine samples ‘
Montanapolis [ 4.6
Gardiner Terraces 0.7116-0.7122 051231 | 6.3
Bear Creek 0.7156-0.7163 051138 -245
Rattlesnake mound 0.7133
Mammoth area
Hot River 0.7101 0.51223 -8.0 6.7
Narrow Gauge #1 0.7111 0.51240 -4.7 42
Narrow Gauge #2 0.7112 051252 | 22
Angel Terrace 0.7110
Y-10 0.7101-0.7106
Pinyon Terrace 0.7101-0.7104
Snow Pass 0.7110
Terrace Mountain 0.7106 0.51182 -16.0
Sheepeater 0.7122
Elemental sulfur from Porcelain Basin at Norris 0.9
Gypsum from Triassic Dinwoody Formation at Devil's Slide 16.6
I

! Madison Group limestones sample #1 is from Hoppe Ranch near Bear Creek, #2 is from Devil's Slide, #3 is from near Tower Junction, and #4
is from Pebbie Creek campground.
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Table F-6. Subsurface temperatures calculated from selected chemical geothermometers

[All temperatures reported in degrees Celsius (OC)]

Measured Calculated temperature from chemical geothermometry Selected
Site Temp. Quartz Chaicedony Na-K-Ca Mg-Li K-Mg  Anhydrite ’l‘emp.1
o o

C + Mg C
Growler2 93 255 249 284 323 283 315 300
Clearwater-3C 93 216 201 246 228 195 250 240
Sheepeater 73 136 109 109 95 96 200 100
Narrow Gauge 72 116 87 82 82 86 105 90
Y-10 73 144 118 89 8 . 88 95 100
Bear Creek-1 32 95 64 81 49 79 88 70
La Duke 68 116 87 76 45 67 85 80
CuT 53 132 104 76 38 66 85 80

! Uncertainties in selected temperatures are about + 30 % for Growler and Clearwater-3C and + 10 °C for all other sites.

2 Temperatures for Growler are calculated after multiplying the concentrations of solutes (table S-1) by 0.8 to correct for
boiling (see text).
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Table F-7. Calculated possible amounts of Mammoth-type thermal water in that of La Duke Hot
Spring and Bear Creek-1.

[Reported in percent]

Chemical and Isotopic Parameters Used to
Calculate Percent Mixing

Hot Spring c B &B L &L 3!—?e/4He 8D & 50  Selected Value.
LaDukeSpring 21 10 2 15 10 0 0 0
Bear Creek-1 20 24 19 23 9 3 10 10

1 Selected value for La Duke Hot Spring is based on values for 3He/4He, EHB, and water isotopes;
that for Bear Creek-1 is based on solute and water isotdpes (see text for details).
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CHAPTER G

HYDROLOGIC INVESTIGATIONS IN THE CORWIN SPRINGS KNOWN
GEOTHERMAL RESOURCES AREA AND ADJACENT PARTS OF
YELLOWSTONE NATIONAL PARK
By Michael L. Sorey, Elizabeth M. Colvard, D. A. Nimick,

R.R. Shields, J. J. Thordsen, and Gil Ambats
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Introduction

Hydrologic aspects of our study included collection of data from existing thermal and
nonthermal wells, establishment of monitoring sites at three thermal areas, and determinations of
the total rate of thermal-water discharge in the Mammoth Hot River, La Duke, Bear Creek, and
Clearwater Springs areas (fig. B-1). The available hydrologic data for the study area are limited.
No data exist on hydrologic conditions below a depth of about 150 m. The only measure of
reservoir characteristics such as transmissivity (permeability times thickness) comes from the 1986
aquifer test on the CUT geothermal well near La Duke. No test-well drilling was done for this
study. Thus, many of the techniques commonly used in hydrologic investigations to determine fluid-
flow directions and rates, such as water-level contour mapping and well interference tests, cannot
be applied here. It has been possible to delineate certain aspects of the shallow ground-water
circulation within specific areas, such as at Mammoth Hot Springs and La Duke Hot Spring, using
tracer tests and measurements of water level and temperature in existing wells. But aside from
quantifying differences in hydraulic head among various thermal areas, the nature of the flow
systems that may connect these areas can only be inferred from more indirect information.
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As discussed below, tracer tests using a variety of injected chemicals established that there is
a hydraulic connection between springs on the travertine terraces at Mammoth Hot Springs
(Mammoth Terraces) and thermal water issuing at Hot River (fig. G-1). Ground water from both
thermal and nonthermal sources flows from Mammoth to Hot River, covering a distance of about
2 km in 2-5 hours. This flow occurs through permeable channels in the continuous travertine
deposit that is up to 100 m in thickness beneath the terraces at Mammoth, but thinner between the
terraces and Hot River. The discharge at Hot River is|thus derived from three sources: (1)
streamflow that enters sinkholes in the travertine, (2) hot-;spring flow that seeps into sinkholes on
the terraces, and (3) thermal water beneath the terraces or beneath areas west of the terraces that
flows eastward, probably along the old ground surface buried by the travertine deposits. Hydraulic
connections between Mammoth and thermal areas in the Corwin Springs KGRA cannot be tested
by injected chemical tracers because ground-water velocities in even the most permeable
sedimentary rocks between these areas are on the order of feet per day or less and hence travel times
to reach the KGRA hot springs would be tens to hundred‘ of years or longer.

Measurements of stream flow, spring flow, and water *:hcmistry were made periodically during
the period 1988-1990 at three thermal areas - Clearwater Springs, Hot River and adjacent sections
of the Gardner River, and La Duke Hot Spring (fig. B-1). Data on spring flow and chloride
concentration at Hot River and La Duke Hot Spring collected in 1987 and 1988 by previous workers
were also utilized in this study (Friedman and Norton, 1990; Norton and others, 1989). At Hot
River, continuous records of spring temperature, specific conductance, and flow were obtained over
most of the 1988-1990 period. The purposes of this monitoEing effort, conducted jointly by the U.S.
Geological Survey and the National Park Service, were to determine the natural level of variability
in hot springs in these area and to assess the total rate of thermal-water discharge in each area. The
total thermal-water discharge was determined from measurements of chemical flux in streams into
which the hot springs drain.

Hydrologic data were collected from wells in the study area, including depth-to-water
measurements, temperature-depth profiles, and fluid sampleés. Within the Park, three small-diameter
thermal wells were drilled in the 1960’s at Norris and M oth for research purposes by the U.S.
Geological Survey (White and others, 1975). Wells Y-9 and Y-12 at Norris were not accessible for
measurements and sampling during our study, but well Y-10 at Mammoth was. We also obtained
data from three thermal wells in the La Duke area (the geothermal well, the Miller thermal
well, and the U’ren well), and from seven nonthermal wells in the Corwin Springs KGRA (fig. G-2).

?

Mammoth-Hot River ;Areg_

The principal thermal features within the Mmoﬂ-Hot River area are the hot springs and
research drill hole on the Mammoth Terraces and thermal sbrings along the Gardner River including
Hot River (fig. G-1). Travertine deposits cover a total area of about 5 km?, Previous studies of this
area involved measurements of spring flow and temperature, water chemistry, and geologic mapping
of surficial deposits (Allen and Day, 1935; Thompson, 1975; and Bargar, 1978). A tracer test
conducted in 1914, involving injection of 1 kg of fluorescein into a sinkhole at an unspecified
location near the park headquarters and detection of fluorescein at Hot River two hours after
injection (Dole, 1914), provided an indication of a hydrologic connection between these two areas.
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Allen and Day (1935) attempted to measure the total flow of the "Mammoth Springs" (hot
springs on the travertine terraces above the park headquarters) using six weirs installed on streams
draining the area. Their records show a consistent decline in the total surficial outflow of thermal
water over the 1928-1932 period from 72 L/s to 15 L/s, which they attributed primarily to an
increase in subsurface flow of thermal water to Hot River, or in their words "the lost spring water
has found a lower outlet." The accuracy and limited number (4) of measurements of the flow of
Hot River over this period preclude determining if there was an increase in the flow of Hot River
coincident with the decline in spring flow at Mammoth Springs. Allen and Day (1935) estimated
that in the summer of 1932 approximately 60 percent of the total flow of Mammoth Springs seeped
back into the ground before reaching the weirs. Their estimate of the total flow of Mammoth
Springs at this time, adjusted for this seepage, was 39 L/s. Thus, part of the apparent decline in
spring flow over the 1928-1932 period is accounted for by an increase in seepage that reduced the
surficial outflow of thermal water from the terraces.

Allen and Day argued against the decline in Mammoth Springs being caused by the effects
of below-normal precipitation because the temperature of springs on the terraces remained relatively
constant. Friedman and Norton (1990) hypothesize that climate-related changes in the local water-
table elevation influence the rate of outflow of thermal springs in the Mammoth-Hot River area as
well as in some other thermal areas within the park and that changes in spring temperature would
not be expected to accompany variations in spring flow. Observations of the discharge
characteristics of hot springs and ages of travertine deposits at Mammoth clearly indicate a tendency
for continual change in the location and flow rate of individual vents (Bargar, 1978) and a general
lowering of the elevation of outlets of active springs over the past 10,000 years (Pierce and others,
this volume).

Monitoring Data

We monitored the total rate of outflow of thermal water from the Mammoth Hot Springs
system over the 1988-1990 period utilizing measurement sites on Hot River, Mammoth Cutflow,
and sites on the Gardner River upstream and downstream from the areas of thermal-water inputs
(fig. G-1). Additional measurements of streamflow were collected on Clematis Creek and on the
sinkhole on the west bank of the Gardner River upstream from Hot River (referred to here as the
Gardner sinkhole). The only thermal water not accounted for with this group of measurement sites
is that lost by evaporation below spring vents on the terraces and a small discharge from seeps along
the Gardner River at Chinese Garden, located 670 m downstream from the gaging station near the
45th parallel bridge. Measurements in February 1990 indicated a total flow of 10-15 L/s of
Mammoth-type water (170 mg/L CI) from the Chinese Garden area. Temperatures as high as 26°C
have been measured in sloughs on both sides of the river (Hamilton and Chambers, this volume),
but water samples from the sloughs are diluted by river water.

Only that part of the spring discharge on the Mammoth Terraces that flows on the surface to
the Gardner River was measured during this study. This flow, referred to here as the Mammoth
Outflow, drains the south side of Main Terrace and moves toward the Gardner River along the south
side of the travertine outcrop (fig. G-1). Discharge measurements on the Mammoth Outflow during
this study were made at a weir located 0.75 km upstream from the confluence of this flow with the
Gardner River. This site is designated "Mammoth Springs outflow at Mammoth" in USGS stream
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gaging records. Six additional flow measurements were made in 1986 and 1987 at a site 0.9 km
further upstream. The monitoring data for Mammoth Outflow (fig. G-3 and table G-1) show a near
constant chloride concentration of 170 * 3.9 mg/L (standard deviation) but a discharge ranging from
20 to 104 L/s. This chloride concentration is close to the average value obtained from analyses
listed by Kharaka and others (this volume) for samples from well Y-10 and Narrow Gauge Spring.
Thus the plot of total discharge for Mammoth Outflow is essentially the same as the plot of thermal-
water discharge (calculated as discharge times chloride concentration divided by an assumed
thermal-water chloride concentration of 170 mg/L). The average value of thermal-water discharge
for Mammoth Outflow for the 1986-1990 period is 43 L/s, with a relative standard deviation (RSD)
of 47 percent. Note that discharge values measured in 1986 and early 1987 are above this mean
value and exceed the maximum value obtained by Allen add Day (1935) for total hot-spring outflow
from Mammoth Springs (72 L/s). |

Monitoring data for Hot River (fig. G-4 and table G-2) show the effects of variable mixing
of thermal and nonthermal components which produces an inverse relation between flow and
chloride concentration. The thermal component is diluted by inputs of nonthermal water from the
Gardner River through the Gardner sinkhole, and Clematis and Primrose Creeks through sinkholes
near the park headquarters. River water probably began re-entering the Gardner sinkhole following
a debris flow off the flank of Mt Everts in the spring of (1987, which shifted the river channel to
the west. The sinkhole was originally produced by much earlier debris-flow damming (W.L.
Hamilton and P.J. Conn, National Park Service, written commun., 1989). Direct measurements of
flow into this sinkhole have been possible on some occasions; values range from 88 to 324 L/s.
Tracer tests, discussed below, have established that this inflow reaches and exits from Hot River in
about 20 minutes. Periods of abrupt decline in discharge!(and rise in chloride) at Hot River occur
each winter at times when the channel supplying water to the sinkhole freezes. The discharge of
Hot River also increases each spring and summer when Clematis and Primrose Creeks flow into
sinkholes near the Park Headquarters. Clematis Creek was gaged periodically in 1989 and 1990;
measured flows ranged from 0-85 L/s. Visual estimates suggest the flow of Primrose Creek is
approximately 30 percent as large as the flow of Clematis Creek.

A continuous monitoring system was established at the Hot River site to record both short and
long-term variations in discharge characteristics. Stage was recorded on a strip chart; temperature
and specific conductance were measured and recorded digitally initially at 15-minute intervals and
then at 1 hour intervals. A correlation was established between specific conductance and chloride
concentration from periodic fluid samples that permitted the discharge and conductance records to
be converted to a continuous record of chloride flux, following methods outlined by Farrar and
others (1985). The conductance, temperature, and discharge records for part of 1989 (fig. G-5) show
consistent changes in all three properties related to variations in inputs of nonthermal water from
sinkholes. As the nonthermal input decreases, discharge decreases and temperature and specific
conductance increase. Such changes can happen abruptly because of the short travel time from the
sinkholes. Future changes in the discharge characteristics of Hot River should be expected due to
variations in the flow of the Gardner River and Clematis and Primrose Creeks, clogging of sinkhole
orifices from sediment and debris, and debris flows that change the course of the Gardner River.

Thermal-water discharge for Hot River is calculated from the chloride flux divided by 170
mg/L, as discussed above. This calculation ignores the relatively minor chloride flux contributions
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Figure G-3. Discharge and chloride concentration (A) and calculated thermal-water discharge for
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record at Mammoth Ranger Station (B), 1986-90.
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Thermal-water discharge = total discharge x chloride concentration / 170 milligrams per liter.

Figure G-4. Discharge and chloride concentration (A) and calculated thermal-water discharge for
Hot River (site name Hot River at Mammoth) and precipitation record at Mammoth Ranger
Station (B), 1986-90. |
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from the Gardner sinkhole and Clematis and Primrose Creeks (less than 2 percent). The level of
variability in thermal-water discharge at Hot River is indicated by computing the relative standard
deviation (RSD) about the mean value (522 L/s). The RSD for total thermal-water discharge (6
percent) is significantly less than the RSD for the variations in total discharge (10 percent). In fact
the thermal-water discharge RSD is approximately equal to that expected from errors in streamflow
and chloride concentration determinations, suggesting that the observed variability could be entirely
due to measurement errors. However, consistent patterns of annual and seasonal changes in thermal-
water discharge are apparent (fig. G-4), as is an inverse correlation with the annual precipitation at
Mammoth. This suggests that there may be an influence on thermal-water discharge in Hot River
from variations in the shallow water table or recharge of nonthermal water to the travertine beneath
the Mammoth terraces. !

Streamflow and chloride concentration data for sites on the Gardner River upstream and
downstream from Hot River and the Mammoth Outflow were used to calculate differences in
chloride flux between these sites as a measure of the' total input of thermal water from the
Mammoth system to the Gardner River above the 45th parallel bridge (site Gardner River near
Mammoth). If there are no unseen inputs or losses of thermal water, the sum of chloride flux from
Hot River and Mammoth Outflow should be approximately equal to the difference noted above.
Our records show this to be the case (fig. G-6), although the level of variability in the chloride-flux
determinations for the Gardner River sites is considerably greater than for the Hot River and
Mammoth Outflow sites. This reflects greater error in streamflow determinations and integrated
sampling for the Gardner River sites. In general, the sum of the Cl flux from Hot River and
Mammoth Outflow is greater than the difference in flux in|the Gardner River, suggesting a tendency
for loss of thermal water from the river. The average chloride flux from Hot River and Mammoth
Outflow (95 + 4.7 g/s) implies a total thermal-water discharge of 560 L/s.

Chloride-flux measurements were made at two sites in the Gardner River, downstream from
the 45th parallel bridge in September 1989 and June 1990 (table G-4). A small increase in flux was
calculated for both sets of data, indicating inputs of Mammoth-type thermal water of 22-32 L/s.
Based on our February 1990 measurements of thermal-spring flow at Chinese Garden noted
previously, approximately half of this thermal-water input occurs at Chinese Garden and half occurs
between Chinese Garden and the confluence with the Yellowstone River.

The total thermal-water outflow from the Mammoth:Hot River system is therefore close to 590
L/s. A reasonable estimate of the total flow of hot springs on the Mammoth Terraces is given by
the average flow of the Mammoth Outflow stream (43 L/s) plus an additional 20 L/s assumed to
discharge from springs in other parts of the area but seep back into the travertine. This indicates
that approximately 10 percent of the total outflow from this system occurs as hot-spring flow on the
terraces. The significance of the total flow rate and the associated convective heat output in
delineating the sources of fluid and heat for the Mammoth system are discussed in the next section
of the report. "

Tracer Tests

Organic and inorganic tracers were injected at several sites in the Mammoth area and along
the Gardner River in tests run in 1989 and 1990. Inorganic tracers included fluorescein, rhodamine

G-10



175 T - y T T T — — - " v e —

Gardner River near Mammoth

Mammoth Springs outflow at Mammoth

-
[| ~e~ Hot River at Mammotn
150 .— —_

—

i

Gardner River above Mammoth
Springs outflow near Mammoth

- -
~ (=3 ~n
(4 o w
¥
1

CHLORIDE FLUX, IN GRAMS PER SECOND
&
T
1

25 |- : -

|
L 4 - P M

P.*;ﬂ.- - —r rde—dei :
- - e, e . - . -

AUG SEPT OCT NOV DEC JAN FER MAR APR MAY JUNE JULY AUG SEPT OCT NOV DEC JAN FEB MAR APR MAY JUNE JULY

1988 1989 1990
110 Y T T T T T Y Y T y T — T T T T T T a T
% } O m |} a] g ] 4
Q s a a]
[s] [n] [ ] 1
2 go [m_m | "B B2 ; .
4 .. ° \ @ f
]

5 . Voo " .
g L [ ] | :

L ] 1
& 70 =
z |
> L ]
[ :
uol 3 Ditference of fluxes at Gardner River near : 1
ZF 50 }— ® Mammoth end Gardner River above
o | Mammoth Springs outflow
=
X L
(3] o Sum of fluxes at Hot River at Mammoth

i and Mammoth Springs outflow at Mammoth

30 A i X . . TS A L i . " " — "

. . . " .
SEPT OCT NOV DEC JAN FEB MAR APR MAY JUNE JULY AUG SEPT OCT NOV DEC JAN FEB MAR APR MAY JUNE JULY
1988 1989 1990

Figure G-6. Chloride-flux values at four sites along or adjacent to the Gardner River below
Mammoth Hot Springs (A), and the sum of chloride flux at Hot River and Mammoth Outflow
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above Mammoth Springs outflow near Mammoth (B), September 1988-July 1990.
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WT, and bromide; organic tracers included acetic acid, benzoic acid, phenol, alanine, glycine, and
t-butyl alcohol. Injection and sampling of organic tracers were done by David R. Janecky and his
colleagues from Los Alamos National Laboratory, Los Alamos, New Mexico. The purpose of the
tracer work was to delineate hydraulic connections and travel times for thermal and nonthermal
ground water between the Mammoth Terraces, Hot River, and other sites along the Gardner River.
Comparisons of results for different tracers provide information on chemical reactivity of different
tracers with rocks along the flow paths. Results of the 1990 tracer work are presented by Janecky
and others (1991); results of the 1989 are unpublished.

Sampling and analytical methodologies were generally similar to those described by Smart and
Laidloaw (1977) and Kilpatrick and Cobb (1984). One significant modification of methodology was
required in the case of fluorescein analyses in order to obtain accurate concentrations. It involved
addition of HCI solution and stirring to lower the pH of each water sample to values between 2 and
3 in order to expel CO, gas. This was followed by addition of NaOH solution to raise the pH of
the sample to values between 9 and 10 prior to fluorescein analysis. The standards, which were
obtained from the tracer stock solutions immediately before injection, were treated in a similar
manner. :

Tracers were injected in sinkholes near the Park Headquarters at Mammoth, in the Gardner
sinkhole upstream from Hot River, and directly into the Gardner River at the upper foot bridge (fig.
G-1). The Clematis sinkhole drains the total flow of Clematis Creek into the travertine section; the
Devil’s Thumb sinkhole drains thermal water flowing off the northern side of the Main Terrace.
During tests involving injection into Devil’s Thumb sinkhole, samples collected at Opal Terrace,
located 200 m to the east, showed no evidence of tracer [discharge.

The principal findings of the tracer tests are summarized below.

1. Subsurface flow paths connect Devil’s Thumb and' Clematis sinkholes to Hot River and to
thermal-spring vents at MHS-2 and Chinese Garden ;(fig G-1).

2. There are no hydraulic connections between Devil’s Thumb sinkhole and Opal Terrace and
between the Gardner sinkhole and MHS-2. ‘

3. A hydraulic connection does exist between Clematis sinkhole and MHS-2.

4. Travel times, based on the first appearance of tracer, from Clematis and Devil’s Thumb
sinkholes to Hot River and MHS-2 are about 2 and| 3.5 hours, respectively. The travel time
from the Gardner sinkhole to Hot River is about 30 minutes.

5. The longer travel time between Devil’s Thumb sinkhole and Hot River compared with that from
Clematis sinkhole, is probably due mainly to a smaller rate of surface-water discharge entering
the Devil’s Thumb sinkhole. The patterns of tracer concentrations as a function of time indicate
the presence of at least one relatively large subsurface pool and secondary flow channels
between Devil’s Thumb sinkhole and Hot River.

6. Approximately 60-65 percent of the fluorescein an148-54 percent of the rhodamine WT

injected at the Mammoth Terraces were recovered at sites along the Gardner River, compared
with almost 100 percent of the injected t-butyl alcohol. Differences in recovery percentages are
due to differences in the chemical reactivities of these compounds and not to physical loss of
thermal water in the subsurface.

7. The tracer tests show that over 90 percent of the w ter entering Devil’s Thumb and Clematis
sinkholes emerges at Hot River.
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Subsurface flow between Devil’s Thumb sinkhole and thermal springs at Chinese Garden
involves somewhat longer travel times than flow between this sinkhole and Hot River and MHS-2.
Tracer breakthrough at Chinese Garden occurred approximately 9 hours after that at Hot River.
Tracer flow to Chinese Garden appears to be more dispersed than tracer flow to Hot River because
tracer concentrations remained above those in Hot River at least as long as 75 hours after injection
when the last sample was collected. This observation is consistent with a longer pathway and
smaller total flow from Mammoth Terraces to Chinese Garden than from Mammoth Terraces to Hot
River. Chinese Garden is located 1.3 km downstream from the northernmost occurrence of
travertine that connects the Mammoth Terraces with the Gardner River. Thus, a flow path
connecting the Mammoth Terraces with Chinese Garden must exist, in part, outside the travertine
section. Such flow is unlikely to occur only in river-channel sediments beneath the bed of the
Gardner River because it would be cooled by the river, whereas temperatures as high as 26°C have
been measured in the sloughs adjacent to the river at Chinese Garden.

Drill Hole Y-10

Research drill hole Y-10 was completed in 1967 to a depth of 101 m at Bath Lake (White and
others, 1975), located 1.2 km southwest of the park headquarters on Highland Terrace (fig. G-1).
The lithologic section in Y-10 includes 77 m of travertine with interbedded clastic deposits around
55 m and 70 m, underlain by sedimentary rocks of Mesozoic age (fig. G-7). Temperature
measurements made during drilling with maximum-reading thermometers (White and others, 1975)
and during our study with borehole logging equipment indicate a maximum temperature of 72°C
and nearly isothermal conditions below a depth of 17 m. Spinner logs run with the well shut-in in
May 1990 showed that these temperature conditions result in part from water flowing up the
borehole and leaking out at depths of about 26 m (near the bottom of the casing) and 17 m (within
the cased section of the hole). The rate of leakage at both zones is about 0.3 L/s. Wellhead-
pressure measurements made during drilling indicate that hydraulic head increases with depth at this
location, most significantly below the travertine section (White and others, 1975). Chemical
analyses show that fluids produced from Y-10 are concentrated in Cl and SO, by about 10 percent
compared with hot-spring water discharging on the terraces. Taken together, these observations
suggest that thermal-fluid discharge at Mammoth and Hot River is derived from upflow through
Mesozoic and older sedimentary rocks underlying the travertine section. Possible locations for zones
of upflow are discussed in other sections of the report. Access within Y-10 is currently restricted
below a depth of about 55 m, probably by calcite-cemented sediments. This is above the depth at
which CO, and other gases begin to exolve from the thermal fluid. Thus, attempts made during this
study to obtain downhole fluid samples for analysis of dissolved gases under undisturbed reservoir
conditions were not fully successful.

Shut-in wellhead pressure in Y-10 is currently 3.9 bars (g); shut-in pressures as high as 5.3
bars (g) were measured in 1969 (White and others, 1975). These pressures reflect a gas cap that
depresses the water level in the hole to unknown depths below the casing. A minimum estimate
of the elevation of the piezometric surface corresponding to the hydraulic head in permeable zones
tapped by this well can be obtained from the measured wellhead pressure when the well is flowing
(2.4 bars-gage). This pressure corresponds with a height of water of approximately 25 m above land
surface, or an elevation of 2081 m. For comparison, the elevation of Narrow Gauge Spring on the
Mammoth Terraces 650 m northeast of Y-10 (fig. G-1) is 2,003 m and that of Hot River is 1,732
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Figure G-7. Well construction, lithologic, and flow-meter data (A) and temperature data (B) for
well Y-10 at Mammoth Hot Springs. Arrows indicate directions of fluid flow under shut-in
conditions as determined from spinner surveys run May 19, 1990. Lithology from White and
others (1975).
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m. These differences in head result in the general flow of thermal water upward into the travertine
section and northeastward towards discharge points along the Gardner River.

La Duke Hot Spring

La Duke Hot Spring issues from a concrete spring box on the east side of Highway 89, flows
under the highway through a concrete culvert, then empties into the Yellowstone River. A travertine
apron has developed on the stream bank over which the hot water flows to the river. Several other
such travertine deposits occur near La Duke Hot Spring, indicating hot-water discharge at these
locations in the past. La Duke Hot Spring has a long history of development and use. In 1902,
Julius La Duke diverted the spring into a pool for bathing and swimming. In 1908, the Electric
Hotel Company built a resort hotel at the town of Corwin Springs, 2.4 km north of La Duke, and
piped water from La Duke to supply the hotel pool and provide heat for the building. The hot
spring was used in this way on an intermittent basis until sometime after World War II, when the
wooden pipeline from La Duke to Corwin Springs became too old for use.

No measurements or estimates of the flow of La Duke Hot Spring are available before visual
estimates of 8.3 and 13.7 L/s were made in 1975 and 1976, respectively, by U.S. Geological Survey
personnel (Mariner and others, 1976; Leonard and others, 1978). The latter estimate may have
included the flow of a second spring on the east side of the highway that drains into the outflow
from La Duke before crossing under the highway. A measured flow of 2.3 L/s was determined in
September 1986 by U.S. Geological Survey personnel. Measurements made in May 1987 using a
siphon to lower the level of water in the spring box show that the outflow from the spring box
increases as the level of the outlet decreases (Hydrometrics, 1987). The flow out of the south side
of the box ranged from 4.0 L/s to 9.5 L/s as the water level was lowered from the top of the box
to a depth of 0.9 m. The latter level may be comparable to the level that existed prior to the 1980°s
when the outflow discharged from the north end of the box (Hydrometrics Consulting Scientists and
Engineers, Helena, Montana, written commun., 1987). A pipe was installed near the base of the
south side of the box during the summer of 1987 to maintain a relatively low water level in the box
and a relatively high rate of outflow. Measurements of the rate of outflow by the Water Resources
Division of the U.S. Geological Survey were begun in September 1987 using a 60° V-notch weir
installed in the outflow channel on the west side of highway. Since that time, the outflow from La
Duke has ranged from a low of 5.2 L/s to a high of 8.8 L/s (fig. G-8).

The Church Universal and Triumphant (Royal Teton, Ltd.) currently holds temporary water
right decrees from the Montana Water Court totalling 328 L/s from La Duke Hot Spring (Water
Rights Bureau, Montana Department of Natural Resources and Conservation, written communication,
1990). Other groups have applied for water rights to La Duke, but those of the Royal Teton, Ltd.
predate these applications. The decreed amount is far in excess of the actual flow of the spring.
As discussed below, however, the total flow of thermal water from springs and seeps adjacent to
the Yellowstone River in the vicinity of La Duke (61 L/s) is considerably greater than the flow of
La Duke Hot Spring itself. The CUT geothermal well is capable of sustained production at rates
near 25 L/s (Hydrometrics, 1986).
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Figure G-8. Discharge and chloride concentration (A) and chloride flux for La Duke Hot Spring
(site name La Duke Hot Spring near Corwin Springs, Montana) and precipitation record from
Mammoth Ranger Station (B), 1986-90. The Mammoth Ranger Station site is shown in
figure G-1.
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Monitoring Data

Data collected on the discharge characteristics of La Duke Hot Spring since 1987 (fig. G-8
and table G-3) show that the flow rate has been variable (RSD = 15 percent) while the Cl
concentration has remained relatively constant (RSD = 3.3 percent). Consequently, the plot of Cl
flux (fig. G-8) is similar to that of flow rate. The average value of flow from La Duke Hot Spring
for the period 1987-1990 is 6.9 L/s. Variations in this flow represent a larger fraction of the average
flow than for Hot River, and exceed the variation expected from measurement error (RSD = 6
percent). There is a suggestion in the two complete-year record that hot-spring flow may increase
in the summer as the stage and flow of the Yellowstone River increase. There may in fact be a
dynamic balance between thermal-water flow from La Duke Hot Spring and flow from hot-spring
vents located near river level, upstream and downstream from La Duke Hot Spring. Although many
of these vents are under water at high river stage, there have been three attempts to estimate the
total flow of these bank springs and La Duke Hot Spring. Estimates of 5 and 19 L/s were obtained
by Hydrometrics in May 1988 and January 1988, respectively. USGS personnel estimated total flow
at 13 L/s in February 1990. The higher estimates correspond with times of lower river stage and
exceed the measured flow of La Duke itself. We postulate that the proportions of thermal water
discharging in La Duke and in these river-level springs vary with river stage - more flow at La Duke
and less in the river-level springs at high river stage, and conversely. The existing data base is not
sufficient to confirm this, however.

Several zones of thermal-water discharge along the banks of the Yellowstone River in the
vicinity of La Duke Hot Spring have been detected by temperature measurements of 37° to 44°C
at shallow depth (2-10 cm) in streambed sediments (fig. E-8, Hamilton and Chambers, this volume).
The upstream zone, and possibly the downstream zone, is aligned with a segment of the Reese
Creek fault system. Thermal springs and seeps in these zones occur on both banks of the river with
measured temperatures of 32° to 57°C. The chemical composition of water sampled from springs
in each zone is very similar to that of La Duke Hot Spring and water produced from the CUT
geothermal well. These data, along with the measured temperature profile (fig. G-9) and lithologic
data (Pierce and others, this volume) for the geothermal well, indicate that thermal water is leaking
upward along normal faults from a reservoir in sedimentary rock situated beneath the unconsolidated
valley fill. The fill is predominantly fine-grained glacial outwash that may form an impermeable
layer above the sedimentary bedrock, except where vertical permeability is provided by faulting.

Sulfate-Flux Measurements

In order to estimate the total rate of thermal-water discharge in the La Duke area, we collected
integrated river samples above and below these areas of discharge on four occasions between 1989 and
1990. The water samples were analyzed for sulfate concentration; differences between upstream and
downstream samples are taken to represent the effects of inflow of thermal water with sulfate
concentration the same as that in La Duke Hot Spring (1250 mg/L). The upstream site was located 4.7
km southeast of La Duke (labeled Queen of the Waters in fig. G-2) and the downstream site was at the
Corwin Springs gaging station. Differences in dissolved sulfate between upstream and downstream
samples (ASO,) are inversely proportional to river discharge (Q) and ranged from 0.75 to 2.12 mg/L (table
G-4). The value of Q at the time of each sampling was determined from the stage-discharge relation

G-17



‘(s1010W £/GT) [1oM [RULIdYI0ST | 1D Y1 18 30BINS PUB] 9y} 0] PAouaIdyal ‘xoq Suuds ayn(g e
O} puB ISATY JUOISMOJII X Y3 UL S[9AJ] J13JBM Y} PUR [[oM YOB3 Ul I31eM 0) syidop or1e umoys os[y 0661 ‘07 KB unl sKoAins
Jauurds woly pautu2iop se suonipuod Jurdwnd-uou Jopun MO PN JO SUOIOAMP S1BIIPUL SMOLY *(g) [[oM [EULIDYI0aT 1D
Y 10J BIEP IAIIW-MO[J PUB UONINISUOI [[oM PUE (V) [[oM [BULIDIOST ISfJIN 9yl pue youey uold], [eAoy oy uo jueydwnuy,
PUE [ESIDATUN YoInyy) dys 10j PIIHP (YLY) f1om 221D Suudg pue (1ND) [jom [euuayoad oy 1oy viep amerndwd] ‘-0 2]

T _ _ o
oroH | | .
vedo . asnpsedwe; porerodesnxy G
puooes sed 10} 52 ! | .
I 0 11 O B S R R / -1
wo i/ v ] F- Teel
e G- oM Ul jore] JOTEM 75 =
~~o ]
RSN NOILYNV1dX3 .
‘A\l'l —{ 004 w
- - — Ill m
~
~
puodses sed si0lf1 ST | Ss
AF{.\ /w....l:l' ~~ . m
é. z
AN ~—{SL
— . - — oM \ m
feusoyjoon 3
1no W
\\\Q m
L - | oM —0s Z
%8810 z
Buudg m
puodes Jed s1e1 ST | /| Hiy ]
D59 oo TT1 @
| xog bupdg 1o ] - oM oy - — s¢
. LS}
. UOIIRASY] ﬁ
. eoepng
ssojow e e
tout 1 » [ 1 { | _ 0
6uudg o014 Jony 09 0S oy 0t (1] 1] 0

SINGET  GUOISMOfOA SNIST3D S33HDIA NI ‘FHNLVEIWIL

G-18



at the Corwin Springs gaging station. Total thermal-water inflow (Qqy) is calculated as

Quw= (Q ASO,) / 1250. (1)

The average value of Qw is 61 L/s, with a relative standard deviation of 14 percent. Note that even
though the thermal-water inflow represents less than 1 percent of the flow of the river, it can be
detected because of its high sulfate content, provided laboratory accuracy of close to + 1 percent.

Concentrations of dissolved Cl, Ca, and Na were slightly higher at the downstream sampling
site than at the upstream sampling site on each of the four sampling dates (except for Na
concentrations for the September 12, 1989 sampling). Smaller increases in these chemicals are
consistent with the inference of thermal-water input to the river because they occur at lower
concentrations than SO, in La Duke thermal water. Differences in concentrations of Cl, Ca, and Na
between upstream and downstream sites are close to analytical accuracy and should not be used to
calculate rates of thermal-water discharge. The distribution of Qp, values calculated from the sulfate
data is too limited to determine if the observed variations in thermal-water discharge represent actual
changes, for example as a function of river stage, or result from measurement error.

A single measurement of thermal-water discharge in the vicinity of Bear Creek Springs (fig.
G-2), using the same technique discussed above, was made on September 28, 1990. The calculated
value, based on the increase in dissolved sulfate in integrated samples collected in the Yellowstone
River at sites upstream and downstream from a 500 m-long reach over which high-sulfate thermal
springs flow into the River was 17 L/s (table G-4). This represents a discharge of Bear-Creek-type
thermal water with a sulfate concentration of 870 mg/L. Differences in dissolved Cl, Ca, and Na
lend support to this interpretation. The estimated uncertainty for this thermal-water discharge value
is + 10 percent, based on estimated errors in streamflow and integrated-sulfate determinations. The
total flow of individual hot springs on the banks of the Yellowstone River and Bear Creek on this
date was estimated at 5-10 L/s. Streambed-temperature anomalies and areas of warming of river
water were detected in the reach over which this inflow of thermal water was calculated (Hamilton
and Chambers, this volume). The dissolved sulfate measurements could be repeated to lend support
to the interpretations noted here.

An apparent addition of high-sulfate thermal water to the Yellowstone River was also detected
in the September 1990 measurements between sites just upstream from the confluence with the
Gardner River and 1.4 km downstream from the confluence. An input of 26 L/s of Bear Creek-type
thermal water is calculated for this reach, after accounting for the addition of dissolved sulfate from
the Gardner River (table G-4). The uncertainty in this calculation could be + 80 percent or larger
because of errors in the discharge determination for the Gardner River and the significant
contribution of sulfate from the Gardner River to the Yellowstone River. No streambed-temperature
anomalies have been detected within this reach (Hamilton and Chambers, this volume). Hence, it
is likely that there is, in fact, no thermal-water discharge in this area; but additional sulfate-flux
measurements are required to confirm this.

Weak streambed-temperature and soil-mercury anomalies, have been detected in the vicinity
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