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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

A-14



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
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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

B-1



45°

10

I

|
110°50' . 110°40" l
7 T
CORWIN SPRINGS
v 1 KNOWN GEOTHEH‘MAL EXPLANATION
l-,f RESOURCES AREA -
| C l""'"
orwin
| pﬁ"gsl S o M. O  THERMAL SPRING
’ cut ¢ THERMAL WELL
D k ‘
ROYAL weth,’,S;,,:g BEARTOOTH/ UPLIFT
TETON Y
RANCH ) |—— .
7% |__4
% *
. S P Bear Cr Spnngs B
v . Gardiner i
ELECTRIC ¢~“ o Bouncar
PE
L WYOMNG v AE __IN_ L O W S8 T O N E
45" T MONTANA —-—. . _QChinese Garden __ - p
R Mammoth |3 Hot River
3 Hot Springs
1 ) ) .
Terrace Yo High Bridge Spring
Mtn ‘ o
4
[77]
o N AT 1 0 N A L (‘;‘
=z /[ g
N Sl?eepeater Carjyon <
> | Hot Spring «
= . S i z
< - S
= \(.b* - ‘ < @
< Q > x
© ‘ <, :_;
440 e & b4 .
50' 9
MT. HOLMES P AYNR K
3
N Clearwa‘ter Springs
|
4 ROARING MTN.
Yellowstone
Nortris Ca'de'?,,a_"l‘ -----
Geyser
,8-§§‘."
L
2 4 MILES
2 4KILOMETERS

text and the geothermal well drilled by

Figure B-1. Corwin Springs Known Geothermal Resources Area - Yellowstone National Park study

area showing areas of hot-spring discharge noted
the Church Universal and Triumphant (CUT well) on the Royal Teton Ranch
\



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

Contents

Page

INETOQUCHION. ....ceeeeeeereeeeneeteeeressisetesesetetertenssnnestesasstssassaesssssssstosessessesstssssstsrsesstasssnsssssss susssessaosnss C-1
BeAroCK GEOLOZY ......cevuererruersernstssuesissusssessessissesnesssostssessssssessssssssesssassssesesssestsssessessessesssossessessesssoses C-2
Structures That Could Affect Geothermal-Fluid Circulation .........cccoccevevinvinninieninccncnnininsennaeas C-3
Gardiner Reverse Fault and Associated Synclin ........ececcoeeviviinicieninnnnenniinccnincsseneneene C3

Lava Creek Reverse Fault........c.ciiviiiininniiniininenniniiiicinincsscscssieanesiessssesssesssssesscnnes C-16

East Gallatin-Reese Creek Normal Fault System......c.cccvvviencvnninicinininncncnenncieenecene. C-18
Norris-Mammoth COITIAOT ...cuceviiiviieieeiienieninininesinesise et ssssassssssssssesssssesses C-18
Structures in the Mammoth ATEa........cccoecniuinininiiiiinininincsnesesssesesessesessssssssessessane C-21
Sepulcher Structural LoW.....c.oiiiiiiiciicniincitincnenecnentinsessesiisnesiesssssesrsscsesssesssansases C-22
Surficial Geology and Thermal FEALUIES ........ccvivrirueninrniiisiirvisuisisacstessiestesesssensiosssesssssesscsseens C-23
Glaciation and Geothermal SYStEMS.......cocccvieierinrinriesiirieseisieninsisissenssessessessessessasssssssaseses C-23
History of Traverting DEpOSItioN ........ccucecieeiiereniinnnseiiuisicsiecsscsinisunssssssssssssssssssssssssssses C-25
Hydrothermal Systems and Their Possible Interconnections ..........c..coceeeeverveiecnincnccmnnsvcssesnnne C-28
La Duke-Bear Creek SyYSteM.....cccoviiiiinierernnnnininntiiineicininissrersisssnssessnessssssosesssesssasssses C-29
Mammoth SYStEM.....ciniiiiiiniiincrnirni sttt ss s st s besb s e sa s s s C-31
Travertine and Springs South of MammOth .....c.ceveeuireviericeenieesiciicininniecreceiesree s seeeans C-32
Hydrogeologic Connections Between Mammoth and La Duke ........cccoccevvvivcirnvenivenercnnnns C-32
Hydrogeologic Connections Between Mammoth and the Gardiner Travertine Bench......C-33
Hydrogeologic Connections Between Mammoth and Bear Creek........cccovievvrvenecnrcnnencne C-34
REfETENCES CIEA...coueereecrecrnereesireneneesesanosssessansassessasssssssssersssssssssssnssasssssrasnsansssassssssassssnsaasssssssnass C-34

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

C-19



"Yesq ussung 0) YLou BaIe JJI[D URIPISqQQ) WO} I SJUIA

-3 uey UNE[[RD 9Y) JO ISED SIULISIP YIIM SIUSA OIUBDJOA JO UOHNGLASIP 9Y) JO wieiS0IsIy B SI umoys OS[Y °)[Nej Une[[er) ISkq pue

JOPLLIOD YIOWWEA-SLLION 3y JO red uIoyinos ay1 uasamiaq uoneas ajqissod Suimoys uonass 130093 1sam-1se3 onewayos -0 andig

1sv3

— 81
(SYILINOUM) INOHL IDONVYH NILVIIVD 1SVI NOHS JONVLSIO
St o1 S o Z
M r@[eJuu]u]u] Tawi [w] — 7 1° &
. | AR t B 91
8 8 H [A: 148 o
_————a [ N m
i A 5
[ € =
, smoyjj eae| 1e6unok Aq paung 5
¢ JueA esnedeq penejut uonisod JUBA ¢, n
UBA SBAR| POXIN - vt
Jop1ios jo Led wieyinos JUBA :mmmm g
u) Alreoo] BUOZ 18w eied eAsuofuy o
Jo sequieyo ewBew pessjut 7 4 NOILVN — E— - -
- ¢t

-
-

<4

lney o0s jo uonoelod Wybrens

I~ ol

(SH313NOTIN) HLd3a

:
- [
4 2 1
. N S * - 8
jopusod jo red useLpnos 1 i .,
U} uonisuen sonp-eMug 4] 4 : .
[& - —— ;
I
:- l’/ LN
m Ve ¢ ooo - 9
3 \\ oS,
S~ ¥ s - ~
i 8uoz
ajnanp-atq Ui
1 ®]0s 0] umeIp }inB}
|- ¢
s Areonsen uooop
gwﬂzu 1 peioelu) sexyip uoisusixe
I eisnd
Knﬂ_ }ne) unejeyn isey
- 2
,08
uepqueoeld
> J10Zoefed
o S1UBA DIUEBDIOA 4By Woog wewdsease JONVH NILVTIVO -0
~ - 1S3Im

HOGIHYHOO HIOWWVYIN-SIHHON

C-20



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



110°50° 110°40°
|
T EXPLANATION
& try Yt:;u:g :lra‘vorino) «li_ii.. Roverse fauit
e 9, 3 olocene ._.L_
DEVILS SUIDE FAULTL.FY Y Mo, '™ Middie-aged travertine  __ _ o Informad mamnal faul
A La Duke Hot Spring? learly? Holocene) queried where doubtful
b o/ AL ot Spring tro  Oid travertine
W “11I T CUT welt (iate Pleiatocene) — $-7— Faultwith unknown dip,
trvo  Very-old travertine queried where doubtfu}
NORRIS-MAMMOTH £ travertine {middie Pleistocene) £3M M Axis of Assymetrical fauited |
CORRIDOR 3 19.6 U-Thhaoo of gavmino syncline
b in thousand years comsensemrecsem i
=31 Norris-Mammoth Corridor l’;fleigr:’:\::tlcanlc fissure
A Vent of rhyolite lava flow
OA y * Vent of basaltic lava flow
"
trq ?
(SRt 89 PARK BOUNDARY __ |
. e -
ry, Bear Creek Springs
- tro, 57, Rattlesnake Butte
mound
AN
45°00' " WYOMING T+ aiiiiiinize + % -
LA e e e e e e e o -
shinrnigNal 29, Hot River
RS I
AR 92.7 '_I‘\ﬂargmoth
Tlpee) ot Springs
ro, 130 2§ Y1170 o) G ¥ %\
Snow Pass~_Joju: : LA Bifn: X &
MAMMOTHTZ} | !,.-?;?:' 2%-trm, High Bridge mound
FAULT Zl;:;.'I’ -5 Oxgtro
trvo, 408 AT s tro,Glen Creek mound
Terrace MtnoY - - = v o pine e A
3 T 4,
g i R ' ot 0‘7‘
@ Myl
'§ s X : Sheepeater
3 S : Hot Springs
< LR ol
(L] Y N 4 M g"o.
2
g
3 0 frnninn
I
Q9
- Yieleleled
[7) . %,
g %
%
<%
44°50'— + ’9
%
)
0 6{\ \
[ i i
l L) ¥ L L
g | \\

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

Contents

Page
INtTOAUCTION. ...eeteeeeeeieceerrrcrearareeesssesearaesessessssnssasessssrsnsasassesarssssssasassessssssssseasessenssssssssssansassesesssssnsnsnne E-1
Mercury Anomalies On Faults.......ceuieiiiemnniicniiniiniiiiiiiicsescnniesessesiesssnsossisssscsssessessssesssasesss E-2
Areal Distribution of Mercury Background ........cceeceerierineerersreniersenonteeseesssersessessscssessnsssssssassnses E-3
Streambed Thermal ANOMALIES.......ccoceerrueeereeerisreerrseeesrereessassesssnerssaeessssessssesesasessssassssansesssasassanaans E-11
DISCUSSION .. ueicueeeeecrrieeinererteesitresseraesnnessssessssneessssessssaesssssesssasssnsasssasesssssessssaessssaeesssensssnssessnsesssnns E-20
CONCIUSIONS..evveeeeererieeretteeeeeeerssranessesessssssnsssserssssssserassessassssssnassesrassssnssssssssesessasssasnsssenssesesssasssnnnnras E-22
ACKNOWIEAZIMENLS. ....ccneeiiitiiiiiintreieiineiesseenerenosserscstesetssesessessonsessssssetssosssnssssssssseessns soreessssesssssssses E-23
REEIENCES CHLEA. .. cccovererureerieiritiecrsereeireeesteressensssseesrarasssesassssesesssesnsaseenssesssssnsessnssssssnesssssnsassssasss E-24

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 o