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Abstract:
The geological evidence suggests that the thermal water circulation within five thermal springs in the
study area is controlled by deep cross valley faults at the margins of thickened wedges of valley
alluvium in the Missouri Flats and Ennis Basins. This fault system allows ground water recharging into
the Madison Range front fault and the many intra-valley faults to circulate to a depth sufficient for
thermal heating.
The geothermal potential in the Madison Valley as indicated by field and geochemical investigations
shows reservoir temperatures insufficient for power generation. However, Wolf Creek Hot Spring and
Wall Canyon Warm Spring appgar to have the hottest reservoir temperatures (about 110°C) and could
he used for space heating and agricultural development. Curlew Creek, Sloan Cow Camp, and the West
Fork Warm Springs are of low priority since preliminary investigations indicate low reservoir
temperatures.
The faults which control thermal water circulation were produced by tensional stress activity in the
Missouri Flats and Ennis Basins. These faults displace Pleistocene rhyolite tuff Which overlies
alluvium or Precambrian gneiss and is overlain in turn by glacial moraines and outwash. Sanidine from
the rhyolite was dated at 1.9 m.y. indicating Huckleberry Ridge age. The tuff can be traced from its
source in the Yellowstone Caldera to several km north of Wall Canyon. The extensive flow is useful in
mapping the fault pattern developed within the Upper Madison Valley.
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ABSTRACT
The geological evidence suggests that the thermal
water circulation within five thermal springs in the study
area is controlled by deep cross valley faults at the mar
gins of thickened wedges of valley alluvium in the Missouri
Flats and Ennis Basins. This fault system allows ground
water recharging into the Madison Range front fault and the
many intra-valley faults to circulate to a depth sufficient
for thermal heating.
The geothermal potential in the Madison Valley as in
dicated by field and geochemical investigations shows
reservoir temperatures insufficient for power generation.
However, Wolf Creek Hot Spring and Wall Canyon Warm Spring
appgar to have the hottest reservoir temperatures (about
IlO0C) and could he used for space heating and agricul
tural development. Curlew Creek, Sloan Cow Camp, and the
West Fork Warm Springs are of low priority since prelim
inary investigations indicate low reservoir temperatures.
The faults which control thermal water circulation
were produced by tensional stress activity in the Missouri
Flats and Ennis Basins. These faults displace Pleistocene
rhyolite tuff Which overlies alluvium or Precambrian gneiss
and is overlain in turn by glacial moraines and outwash.
Sanidine from the rhyolite was dated at 1.9 m.y. indicat
ing Huckleberry Ridge age. The tuff can be traced from
its source in the Yellowstone Caldera to several km north
of Wall Canyon. The extensive flow is useful in.mapping the
fault pattern developed within the Upper Madison Valley.

INTRODUCTION

Location
The study area is located in southwestern Montana
about 50 km west of Yellowstone National Park

and 14 to

28 km north of the Montana-Idaho boundary (Figi I).
The area includes the eastern three-fourths of the
Cliff Lake 15 minute quadrangle.

Extending from 111°30'¥

to 111°421W longitude and 44°45! N to 45°O O 1 N latitude,
this area includes the Madison Valley from Wolf Creek
southward to the Missouri Flats
Madison drainage.

and the West Fork of the

On the east and west boundaries are the

Madison and Gravelly Ranges (Fig. 2).
The Madison Valley ranges in elevation from 1770 to
2440 m

and has an annual precipitation of between 40 and

80 cm.

Its climate is characterized by heavy snows and

long cold winters, cool summers with very few frost-free
days.

The vegetation growing on alluvium, Outwmsh and the

flat-lying rhyolite tuff plateaus is sagebrush..

In areas

of rhyolite tuff talus or glacial moraines, Iodgepole pine,
spruce, and Douglas fir form the main vegetative cover.
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Purpose
This study was conducted as part of an investigation
of the geothermal potential in southwestern Montana under
a U.S. Geological Survey grant to Montana State University.
Additional funding and geochemical testing in the Madison
Valley were provided by the Montana Bureau of Mines and
Geology.
Five thermal springs are located in the Upper Madison
Valley:

Wolf Creek Hot Springs, Wall Canyon Warm Spring,

Curlew Creek Warm Spring, West Fork Swimming Hole Warm
Spring, and Sloan Cow Camp Warm Spring (Fig. 2).

The last

three springs do not have formal names and are named in
formally in this thesis.
This paper describes thermal water circulation within
the Upper Madison Valley and provides a preliminary assess
ment of geothermal potential of the five known thermal
springs in the valley.

Studied were the geologic controls

on thermal water circulation and the reservoir potential,
created by faulting in the valley materials including:
Quaternary rhyolite tuffs, basin fill sediments, and gla
cial deposits.
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Methods
Field examination of the Upper Madison Valley was
undertaken during the summer field seasons of 1976 and
1977.

Field work included geologic mapping of the study

area using data from field reconnaissance, air photos, and
topographic maps.

Detailed geochemical analyses of about

thirty samples of warm and cold waters in the Madison
Valley were conducted by the Montana Bureau of Mines and
Geology.

Shallow seismic surveys were conducted at Wolf

Creek Hot Spring.

CONCLUSIONS AND SUMMARY OF
RECOMMENDATIONS
Conclusions
Thermal water migration in the Cenozoic asymmetrical
graben of the Madison Valley is controlled by the north
west trending cross-valley faults that circulate the sur
face waters to a sufficient depth for heating by the
regional geothermal gradient.
The cross-valley faults are located at the north and
south margins of a 17 km long shallow portion of the
Madison Valley which is bordered by two deep basins:

the

Ennis basin on the north, and the Missouri Flats basin on
the south (Fig. 13).
Cross faulting in the valley offsets Pleistocene rhyo
lite tuffs, and the Wolf Creek Hot Spring fault cuts overlying Pinedale glacial outwash.

These faults have been

sufficiently active in the Holocene to produce and maintain
conduits through the rhyolite tuff cap rock for thermal
water movement.

Some of the faults extend into the Pre-

cambrian basement complex; one, for example, is the Wall
Canyon fault, which offsets the gneisses of the Gravelly
Range (Hadley, 1969).
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Wolf Creek Hot Spring, at GS0C , is the hottest spring
in the Upper Madison Valley.

Thermal waters emerge near

and are probably controlled by the intersection of a north
west trending cross-valley fault and a north-south intra
valley fault that is parallel to the Madison Range front
fault (Fig. 16).

The intersection of these faults provides

a conduit for the thermal waters to ascend through rhyolite
tuffs and glacial outwash from the underlying gravels and
Precambrian bedrock.

Shallow (10 and 20 m) resistivity lows

along and west of the north-south fault probably delineate
rising hot water (Figs. 18-19).

The major portion of the

water flows westward within the glacial outwash with only
a small fraction reaching the surface.

The amount of

thermal water flowing underground is difficult to estimate
without further testing, but it may be sufficient to supple
ment the spring water substantially.
Wall Canyon Warm Spring emerges in a swamp at the base
of a Pleistocene rhyolite cliff along the west bank of the
Madison River (Fig. 20).

The chemistry of the spring sug

gests that the 25°C water flows under the rhyolite in a
permeable gravel layer from the northwest trending post
rhyolite Wall Canyon Fault, located.2 km to the west.

/
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Curlew Creek Warm Spring occurs where Curlew Creek
has eroded the Pleistocene rhyolite tuff and allowed thermal
water access to the surface.

The thermal waters may rise

along a postulated northwest trending fault parallel to
Curlew Creek (Fig. 22).
West Fork Swimming Hole and Sloan Cow Camp Warm Springs
issue from the alluvium along the West Fork of the Madison
River (Figs. 25 and 23).

The springs discharge thermal

waters that may have circulated in fractures within the
Precambrian metamorphic basement complex.

These fractures

may be related to an inferred range front fault along the
south border of the Gravelly Range (Plate I).
Geochemical analyses of the thermal waters from the
Upper Madison Valley hot springs indicate reservoir, tempera
tures ranging from about SO0C (West Fork) to IlO0C (Wolf
Creek), Table B.

The temperature values of individual

springs vary depending on the chemical geothermometer used.
The analyses also indicate that the springs do not have
interconnected reservoirs.
The Huckleberry Ridge Tuff is the most extensive rhyo
litic ash flow in the Madison Valley, as indicated by
field correlations, petrographic analysis, and radiometric
age dating.

K-Ar age dating on sanidine yields ages of
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2.0 m.y. (Flatiron Mountain and 1.9 m.y. (Wall Canyon)
(Plate I).
A less extensive flow within the valley is petrographically similar to the 1.2 m.y. (Witkind, 1976) Mesa
Falls Tuff of the Island Park area.

The ash flows, which

are considered to originate from the calderas in the
Yellowstone National Park and Island Park areas, evidently
entered the Madison Valley largely by way of Raynolds Pass,
although some of the Huckleberry Ridge Tuff may have
entered via the Centennial Valley (Mannick, 1978, Personal
Communication).
The cross-valley step faults on the borders of the
shallow portion of the Upper Madison Valley provide a
mechanism for thermal water circulation (Fig. 13).

The

faults cut the Precambrian basement metamorphic rocks,
which could allow cold ground water to circulate to a depth
of several km for heating.

These thermal waters would rise

along fault zones in the metamorphic rocks into the overlying gravels and rhyolite tuffs (Weinheimer, 1977).

An

active fault would periodically fracture the thermal water
deposits and keep the conduit open.

Current microseismic

activity exists beneath the Missouri Flats and west of
Wall Canyon (Bailey, 1977).
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Stmimary of Recommendations
The thermal water system in the Madison Valley appears
to be low in temperature and controlled by recent faults
within the valley.

The thermal water stored in the basement

metamorphic rocks and/or the overlying gravel may be suffi
cient to supply water for space heating and greenhouse oper
ations. on 3-Ocal ranches and new proposed housing subdivisions.
Because shallow wells could encounter SO-IOO0C waters near
any of the thermal springs according to geochemical data, I
recommend drilling along the cross-valley faults in order to
tap new sources of thermal water.

The specific recommenda

tions for additional field work for each spring are summar
ized below, in order from highest to lowest priority (see
Recommendations, page 94).
Wolf Creek Hot Spring.

Establish a shallow drilling

program to tap the thermal waters rising along the northsouth fault below the zone of cold water contamination and
obtain water hotter than the spring temperature.

Conduct

a resistivity survey to a 300 hundred meter depth to delin
eate the fault intersection and locate any large volumes of
thermal water stored in the gravels beneath the rhyolite.
Wall Canyon Warm Spring. Locate the thermal water
conduit by drilling through the rhyolite tuff near Wall

-
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Canyon fault and thus intersect the thermal waters postu
lated to be rising along the fault.
Curlew Creek Warm Spring.

Conduct a soil tempera

ture survey that penetrates the marsh soils to about a I
m depth and locate the thermal water below the cold surface
water.
West Fork Warm Spring.

Conduct a shallow resistivity

survey to delineate the path of the thermal water rising to
the surface.
Sloan Cow Camp Warm Spring.

Conduct a resistivity

program to locate the inferred fault zone and the thermal
water conduit.

GEOLOGIC HISTORY OF THE UPPER MADISON YAT.T,EY
Fifty to eighty m.y. ago during the Laramide orogeny,
in southwestern Montana the earth's crust was compressed
into large overturned folds, many of which developed thrust
on their overturned limbs.

In the Tertiary, tensional block

faulting was guided by the Laramide structures, producing
north trending narrow valleys tilted eastward by high-angle
normal faults (Wit.kind, 1972).
This tensional deformation resulted in.the Madison
Valley, a complex asymmetrical graben that lies between 3.2
b.y. old gneiss and granite of the Madison Range (Giiletti,
1966), and the 3.2 b.y. old gneiss of the Gravelly Range on
the west (Plate I).

The composition of the Precambrian base

ment complex within the graben is believed to be similar to
that exposed in the Madison and Gravelly ranges and along
the west bank of the Madison Valley north of the study area
(Hadley, 1969).
On the Precambrian metamorphic floor of the graben lies
an undetermined thickness of pre-Oligocene sand and gravel
overlain by an Oligocene basalt flow.

The top of this

deposit has undergone leaching that has stained it limonitic
orange and decomposed many of the metamorphic rock cobbles.
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This sediment is- covered by 23 m.y. old basalt (Marvin and
others, 1974) that originated in the Gravelly Range at
Black Butte.

These basalt flows extend west and east from

the crest of the range (Mann, 1960).

Most of the basalt

flows that reached the Madison Valley have been removed by
erosion; a few remnants along, the West Fork drainage were
protected by overlying materials until recently exposed.v
An alluvial layer exposed in the West Fork area of
Miocene or Pliocene age overlies the Oliggocene basalt
flow.

This unit is slightly weathered, the fine silt and

clay fraction is a light tan, and the metamorphic cobbles
are not visibly weathered.

The upper portion of this unit

grades into a I meter thick sand and ash layer deposited..
prior to the Pleistocene rhyolite flows (Plate I). .
T ito Pleistocene rhyolite tuff deposits found in the
valley are the Huckleberry Ridge Tuff and the Mesa Falls
Tuff.

The Huckleberry Ridge Tuff is the more extensive and

the older of the flows.
The Huckleberry Ridge Tuff (2.0 m.y.) originated in
the Yellowstone Caldera (Witkind, 1976) and spread over the
Yellowstone Plateau and the surrounding area to an average
depth of 150 m (Parsons, 1974).

In the Madison Valley, the

tuff ranges from 125 m at the south edge ox the study area
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to 30 m at the northernmost exposure north of Wall Canyon.
Pleistocene faulting has tilted the tuff eastward in
the vicinity of the Missouri Flats Basin at the south end
of the study area and northward at the extreme north end
of the study area.

Downcutting by the Madison River and

its tributaries has produced an inner valley at a maximum
depth of about 250 m below the cliffs of Huckleberry Ridge
Tuff.
Within the inner valley, the 1.2 m.y. (Witkind, 1976)
Mesa Falls Tuff from the Island Park Caldera (Parsons,
1974) was deposited as a tuff about 30 m thick.

The tuff

disrupted the drainage in the valley, and the ancestral
Madison River was forced to flow on the tuff.

The river

eroded and transported the poorly consolidated ash from the
top of the tuff, contemporaneously depositing It in uncon
solidated alluvial ash beds that are exposed sporadically
from the Madison-West Fork junction to Moose Creek.
Drainage from the Centennial Valley carved the CliffWade Lakes trench and the West Fork Valley during the late
Pleistocene.

The Cliff-Wade Lakes trench is a fault-

controlled fluvial channel along the west edge of the
Missouri Flats; it is! possibly related to tensional faults
in the Huckleberry Ridge Tuff along the hinge line of the
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fcasin.

Water from the Centennial Valley capitalized on

these weak areas and carved the 200 m deep trench through
the rhyolites into the underlying alluvium.

This trench

was developed prior to the Mesa Falls flow and it may have
been this flow that dammed the trench, forcing the water
to find another drainage path.

Water may have flowed over

the tuff for a time carrying ash into the ancestral Madison
River.

However, the Centennial drainage cut a new channel,

possibly along a weak zone formed by the southern Gravelly
Range front fault, forming the West Fork Valley.

Later,

the Centennial drainage was re-routed to the west leaving
an underfit West Fork River to drain the southern Gravelly
Range.
During the Pleistocene, a pre-Bull Lalce glacier de
posited till and outwash east of the Madison River.

The

pre-Bull Lake.glacier extended along Moose Creek from the
mountain front to the Madison River and deposited till on
the Huckleberry Ridge Tuff and the Mesa Falls alluvial ash
deposits.

The Bull Lake glacial advance was limited to

valley glaciers that extended several km into the Madison
Valley and the subsequent Pinedale glaciers that advanced
approximately the same distance onto the valley floor there
by covering most of the Bull Lake moraines (Plate I, Qmb).
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During the Bull Lake (late Illinoin - Wisconsin) and
Pinedale (Wisconsin) glacial advances, the Madison River
deepened the valley approximately 80 m, exposing earlier
deposits of ash, rhyolite, and glacial till.

The extensive

Bull Lake and Pinedale outwash deposits in the northern
portion of the study area lie in terraces representing the
different stages of river downcutting.

The deepening of

the valley has continued since the glacial retreat, pro
ducing tributary stream valleys that are lower than the
last outwash terraces.

The river is actively removing

large amounts of sediment from slumps and slides along the
inner valley.

GEOLOGIC UNITS IN THE UPPER MADISON VALLEY
Precaxiibrian Metaxnorphic Complex
Precambrian metamorphic rocks in the Gravelly Range
at the north end of the study area are schist, gneiss and
quartzite of the Cherry Creek Group.

Gneiss and some

granite younger than Cherry Creek is found throughout the
range (Hadley, 1969)..
Metamorphic rocks of the Madison Range grade from
granite and gneiss on the north (Hadley, 1969) to gneiss,
schist, amphibole, granite and dolomite on the south
(Hadley, 1974).
The age of the most, recent metamorphism of Precambrian
rocks in the Madison and Gravelly Ranges if 3.2 b.y*
(Gilletti, 1969).
Early Tertiary Alluvial Sediments
A highly weathered alluvial deposit occurs at several
sites in the Madison Valley under the Huckleberry Ridge
Tuff and along the West Fork Valley beneat the basalt flow.
The alluvium unit has few outcrops and is of unknown thick
ness.

It contains highly, weathered Precambrian gneiss and

schist cobbles, less weathered quartzite cobbles, and a
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matrix of bright orange (limonitic) sand and silts (Plate
I,

T g ).

Black Butte Basalt
This basalt is approximately 20 m thick near the Vest
Fork Valley, where the scattered exposures consist of black,
vesicular, porphyritic basalt.

It typically weathers to

for reddish-gray rounded vesicular boulders.
The basalt along the Vest Fork can be traced westward
to Black Butte from scattered exposures along many of the
streams in the Gravelly Range.

At the crest of the range is

Black Butte Mountain, which is composed of basalt and dia
base and is interpreted to be the neck of a volcano (Mann,
1960), (Plate I, Tb).
Huckleberry Ridge Tuff
The Huckleberry Ridge Tuff originated in the Yellow
stone Caldera (Vitkind, 1976) and entered the Madison
Valley largely via Reynolds Pass.

It forms a northward

thinning wedge from 100 m thick at Cliff Lake to 30 m at
Vall Canyon.

The flow covered the Madison Valley south

of Ruby Creek (Hadley, 1969) 10 km north of the study area
and spread across the low pass between the Gravelly Range
and the Centennial Valley, an area now occupied by the
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Cliff Lake bench (Maixnick, Personal Communication, 1978),
(Plate I).

The flow rests on Precambrian basement meta-

morphic rocks in the vicinity of the Horn Mountains and
along the flanks of the Gravelly Range.

In other places,

the flow overlies mid-Pliocene gravels.
The rhyolite tuffs are composed of welded glass shards
and 10 to 15 percent phenocrysts I to 2 mm long of clear
quartz and sanidine.

Hematite produces color variations

within the different cooling units of the tuff.

A chemical

analysis of the tuff is listed in Appendix I, page 104.
The basal layer of each of the two cooling units of the
tuff is a black chill zone of obsidian that grades upward
into black densely welded tuff.

The degree of welding in

the Huckleberry Ridge Tuff decreases upward and the upper
most layer is a slightly welded, light-colored ash (see
photomicrographs in Appendix 2, page 105).

Stratigraphic

cross-sections measured at Elk Lake, Hidden Lalce, Cliff
Lake, Curlew Creek, and Wall Canyon (Figs. 3-7) display
changes in the dimensions of the individual cooling units
as flow thickness changes.

The Huckleberry Ridge Tuff in

the Madison and Centennial Valleys can be correlated on
the basis of the degree of welding and the morphological
characteristic of layers within the cooling units that
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underwent similar rates of cooling (Fig. 8).

Differences

in thickness of the cooling units may be due to uneven
paleotopography (Smith, 1960).
The Cliff Lalce section (Fig. 5) and the sections
measured along Hidden and Elk Lakes by Matthew Mannick,
Department of Earth Sciences, Montana State University
(Personal Communication, 1978), show a two stage depositional sequence.

At Cliff Lake, a lower 25 m thick cooling

unit (named Unit l) with welded layers 2 to 7 meters thick
ranging upward from black densely welded tuff to unwelded
ash is overlain unconformably by a 75 to 90 m cooling unit
(Unit 2) with 7 to 15 m layers.

The contact between the

cooling units lacks evidence of weathering, suggesting a
short interval between episodes.

Precambrian gravel inclu

sions are found throughout the tuff where it overlies
alluvium and are absent in the upper cooling unit, indi
cating that the lower cooling unit had been stationary at
the time of the later flow.

Christianson (1972) indicated

that two cooling units are typically found in Huckleberry
Ridge in Yellowstone National Park.
Stratigraphic sections measured (by Brunton, Compass
and Jacob staff) at Curlew Creek and Wall Canyon (Figs. 6-7)
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record a single 30 to 35 m flow representing the upper tuff
in the Cliff Lake section; the lower cooling unit evidently
didn't extend that far.

The rhyolite in these areas con

tains fewer layers than the thicker sections at Cliff Lake.
The lower layer is a densely welded rhyolitic obsidian,
overlying alluvium at Curlew Creek and Precambrian gneiss
in Wall Canyon; this layer grades upward into less welded
ash and an uppermost unit of nonwelded ash.
The cooling units are sub-divided according to the
degree of welding; A is the zone of dense welded ash, B
moderate welded and"C unwelded ash (Fig. 8).
The age of the Madison Valley rhyolite was determined
by petrographic comparison with the Huckleberry Ridge Tuff
identified by Witkind (1976) in the Henrys Lake area.
identification was substantiated by two K-Ar dates:

The
a 1.9

m.y. -0.1 date of a sample from the north end of the flow
north of the study area (cooling unit 2, zone B ) , and a
date of 2.0 m.y. i 0.1 m.y. from the southeast side of the
2,700 m high Flatiron Mountain in the southern. Gravelly
Range (cooling unit 2, zone B ) .

Both analyses were conduct

ed by Geochron Laboratories on sanidine concentrates.

-22ELK LAKE MEASURED SECTION
HUCKLEBERRY RIDGE TUFF

Light gray non-wclded compacted tuff.
360—
350o40—
330-

Gray slightly-moderately welded tuff.

320310-

Gray slightly welded tuff.

300292280270260250240-

Dark brown densely welded tuff.
Flow banding base of upper cooling
unit.

230-

220

-

Red-gray moderately welded tuff.
Flow banding

210

-

200

-

190-

180F I GURE 3.
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HUCKLEBERRY RIDGE TUFF (cont.)
52

170-

49

160-

46

150-

43

140-

40

130-

37

120-

34

HO-

30

100-

27

90-

24

80-

21

70-

18

60-

15

50-

12

40-

9

30-

6

20-

3

10-

0

O-

M

)

Red-gray moderately welded tuff.
Flow banding.

Dark brown densely welded tuff,
banded.

Base.

Covered.

Ft

Section measured on East Ridge between Elk and Hidden
Lakes (Manna.ck. Personal Communication, 1978) .
SWl/4, SW1/4, Sec 10, Tl3 S, RlE
FIGURE 3.

Flow

-24HIDDEN LAKE M E A S U R E D SECTION
HUCKLEBERRY R I D G E TUFF

450440430-

Gray poorly welded tuff. Massive,
grades to non-welded near surface.

420410400390-

Brown to gray moderately welded tuff.

380370360350-

Dark gray dense welded tuff concoidal
fracture.

340330-

Gray-brown slightly welded tuff
grades into non-welded tuff.

320310500Brown vesicular welded tuff.
290280270-

FIGU R E 4
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HIDDEN LAKE MEilSURED SECTION
HUCKLEBERRY RIDGE TUFF (cont.)
260250-

Light brown flow banded welded tuff,
40% pumice fragments.

240230-

Gray devitrifled, welded tuff, pumice
fragments, minor flow banding.

220

-

210

-

200

-

190180170-

Gray devitrifled, welded tuff, pumice
fragments, minor flow banding.

160150140130120

-

110

-

100

-

FIGU R E 4.

-26HIDDEN LAKE M E A SURED SECTION
HUCKLEBERRY RI D G E TUFF (cont.)

15

50-

12

40-

9

30-

6

20

3

10-

O

O-

Dark brown, dense, flow banded,
welded tuff.

-

Black glassy tuff.
Base covered.

Measured along cliff 1.4 km NNE of Hidden Lake (Mannick,
Personal Communication, 1978).
NE1/4, NW1/4, Sec 4, T13S RlE
FIGURE 4.

-27CLIFF L AKE MEASU R E D SECTION
HUCKLEBERRY R I D G E TUFF
280-

270260-

Light gray non-welded,slightly com
pacted vesicular, weathers to light
pink ash.

250240-

Gray slightly welded tuff.

230220--210

-

200

-

Dark gray (weathers to red-gray or
dark brown), welded moderately con
solidated tuff, layers 2 -3 cm.

190180170160-

Dark gray (weathers to light gray),
welded moderately consolidated tuff,
layers 0.75 - 1.0 m.
Dark brown welded tuff, layers 1 - 2
cm.

150140120

Gray massive welded compacted concoidal fracture tuff.

-

110100Gray (weathers to yellow and brown
grus), compacted welded flow banded
tuff.
F I GURE 5.

-28CLIFF LAKE M E A SURED SECTION (cent.)
HUCKLEBERRY R I D G E TUFF

Top of first pulse, light gray light
ly compacted vesicular tuff.
Precambrian gravel inclusions, vesicules 2.5 cm.
Gray porphyritic (quartz, sanidine
15%) dense welded flow-banded,
thinly layered.
IO--

Gray-brown porphyritic dense welded
flow-banded tuff.
No obsidian in float.

Section measured east side of Cliff Lake about one km south
of boat ramp.
SW1/4, Sec 13, Tl2 S RlE
FIGURE 5.

-29CURLEW CREEK MEASURED SECTION
HUCKLEBERRY RIDGE TUFF
Precambrian granite and gneiss allu
vium. Light gray-pink unwelded
slightly compacted weathered pitted
surface. 5 % Precambrian rock
fragment inclusions.

41.5 13540

130-

37

120-

34

HO-

30

100-

27

90-

24

80-

21

70-

18

60-

15

50-

12

40-

9

30-

6

20-

3

10-

0

0-

M

Ft

Yellow-grown weathered, fractured
porphyritic welded 1 - 5 % quartz,
sanidine I mm phenocrysts.
Gray tuff (weathered to light tan or
pink) welded, concoidal fracture.
Light gray vesicular limonized, com
pacted, welded, flattened 1-5 mm
vesicules 5%.

\

Gray (weathers to light brown grus)
blocky welded dense tuff.
10% quartz, sanidine phenocrysts 1-2
mm dia. metamorphic rock inclusions
0.5%. Gray-brown soil.
Light gray-pink dense, welded com
pacted tuff.
Tan rhyolite grus float.
Upper limit of black obsidian float
^5% quartz, sanidine phenocrysts.

Section measured one km north of the mouth of Curlew Creek.
Sec 13, TlOS RlE
FIGURE 6.

-30W ALL CANYON MEASURED SECTION
HUCKLEBERRY RI D G E TUFF
156-

150-

Pink slightly welded, unconsolidated
tuff, weathered pitted surface.

140130120

-

Light gray slightly welded vesicular
tuff, weathering to rounded ash
blocks. Quartz, sanidine phenocrysts
10% 1-2 mm dia. Precambrian rock
fragment inclusions.

110110-

Gray (weathers to light pink or tan)
few vesicules, massive welded tuff,
concoidal fracture. Quartz, sanidine
phenocrysts 15%, I mm dia.

Red-gray tuff (same as 0-15 m).
Dark gray vesicular welded tuff (2-5
cm vesicules).
Dark brown massive highly compacted
and welded, dark gray and yellow
flow banding.
Brown weathered surface, alters to
yellow and brown grus. Quartz,
sanidine phenocrysts I mm dia.
Covered, no obsidian float.
M

Ft

Section measured I km west of the mouth of Wall Canyon.
NW1/4, Sec 18, TlOS RlE
FIGURE 7.
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LEGEND:
2
Upper cooling unit
C Non-xvcldcd ash
B Moderately welded zone
A Densely welded zone
I

Lower cooling unit
C Non-welded zone
B Moderately xvclded zone
A Densely welded zone

O
FIGURE 8. . Stratigraphic correlation of Huckleberry Ridge Tuff. Measured
sections located on Figvire 8. Horizontal distance diagraaiatic
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Madison River

• Measured Section

Ennis
Ennis
Basin

2 0k m

Madison
Range

Gra vel ly
Range
Wall Canyon

Upper

•V 5

Madison Valley

4 S Curlew Creek

C liff Lake- ^ A

Quake Lake

$7------ZjHidden Lake
Horn Mt.

Centennial Valley
FIGU R E 9. Measured section location map
Measured sections indicated by dots.
Numbers refer to numbers on Fig. 8.
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Mesa Falls Tuff
The Mesa Falls Tuff originated in the Island Park
Caldera 1.2 m.y. ago (Christiansen, 1972), and flowed into
the Madison Valley by way of Raynolds Pass (Witkind, 1972).
From the pass, it flowed northwestward within the 50 m deep
Horn Creek Canyon where it lies about 20 m below the older
Huckleberry Ridge Tuff cliffs.

The flow at its source

varies greatly in thickness averaging 100 m (Christiansen,
1972) and thinning to the maximum reconstructed original
thickness of 30 m in the Madison Valley.

The northernmost

exposure of the flow is at the junction of the Madison and
West Fork Rivers.

An arm of the flow moved southwestward a

short distance up the West Fork drainage.

In the Madison

Valley the top of the Mesa Falls Tuff lies below the top
of the Huckleberry Ridge Tuff cliffs, from 20 m at Horn
Creek to 170 m along the West Fork and portions of the
Cliff Lake trench, depending on the degree or erosion and
deformation of the older tuff.
The Mesa Falls Tuff is a single cooling unit (Chris
tiansen, 1972) containing 30 to 40% one to five mm phenocrysts of quartz and sanidine in a matrix of large 0.51.0 mm devitrified glass shards and 10% flattened and
aligned pumice fragments. In the Madison Valley two layers
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within the Mesa Falls Tuff are exposed.

The lower unit is

yellow-brown, moderately welded tuff and contains about 40%
large phenocrysts and .5% minute inclusions of weathered
hematite.

This unit is overlain by a light pink to gray,

slightly welded tuff with 30% phenocrysts and 5% hematite.
The base of the tuff is covered, and the non-welded upper
most ash zone is eroded.

The description above corresponds

to units described by Christianson (1972) at the Mesa Falls
reference section at Upper Mesa Falls, Idaho.

In the gorge

produced by the falls, 140 m of moderately welded, pinkish,
devitrified tuff with abundant phenocrysts is overlain by
a poorly exposed slightly welded tuff.

Above this layer

is a non-welded ash which, where preserved, is several
meters thick.
The Mesa Falls Tuff is offset by Pleistocene and re
cent faulting in the Missouri Flats Basin where the unit
dips about four degrees eastward.
/

The remainder of the

tuff apparently is not deformed by the faulting in the
valley.
The non-welded ash layer at the top of the tuff was
eroded by the ancestral Madison River.

The river deposited

alluvium on portions of the tuff and transported some of
the ash northward from the outcrops, depositing it between
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the dissected Huckleberry Ridge Tuff cliffs of the inner
Madison Valley in thinly laminated and well-sorted layers.
The layers were protected on the east side of the river by
a pre-Bull Lake glacial moraine, and in an undistorted
exposure I km south of Moose Creek (NW1/4, Sec 21, TlOS
RlE).

This ash exposure contains slightly Iithified

alluvial ash and rounded pumice pebbles, is roughly 20 m
thick, and lies at an elevation of 2,070 m which corre
sponds to the elevation of the top of the Mesa Falls Tuff,
the proposed source of this ash.
Preliminary Reconnaissance of Madison Valley Glaciation
Pre-Bull Lake Glacial Deposits
Glaciation in the Madison Valley was limited to valley
glaciers originating in the Madison Range.

Material from

these glaciers was deposited along tributary drainages east
of the Madison River (Sheldon, 1960).
The evidence for oldest glaciation is a till that over
lies the northeast dipping Huckleberry Ridge Tuff and the
Mesa Falls alluvial ash deposit between Squaw and Moose
creeks.

This till was deposited by a pre-Bull Lake valley

glacier originating in upper Moose Creek.
tends 5 km into the valley.

The moraine ex

The weathered till is smooth
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surfaced and contains Precambrian gneiss and granite erra
tics from the Madison Range.

These weathered and fractured

erratics range in size from small cobbles to boulders 3
meters in diameter and lie at a higher (2,330 m) elevation
and greater distance (about 3.5 - 4 km) from the range
front than any Bull Lake or Pinedale glacial deposit.

The

exact extent of the till is impossible to determine due to
slumping and removal of the western edge by the Madison
River (Plate I).
Bull Lalce Glacial Deposits
Bull Lake glaciation (Blackwelder, 1915) in the Madi
son Range was limited to valley glaciers that extended up
to 2.05 km west of the mountain front into the Madison
Valley.

The Bull Lake moraines are poorly preserved,

smooth-surfaced deposits with subdued knob and kettle
topography and partially buried Precambrian metamorphic
erratics.
Pinedale Glacial Deposits
The Pinedale advance (Blackwelder, 1915) terminated on
or slightly behind the Bull Lake moraine (Hadley, 1969;
Sheldon, 1960).

Pinedale moraines are characterized by

fresh, non-weathered boulders of Precambrian gneiss and

.-37granite I to 10 feet in diameter (Alden, 1953), extensive
well-preserved knob and kettle topography, and a few kettle
lakes.

High (50 to 100 m) Pinedale lateral moraines along

Papoose and Squaw Creeks were formed as the ice was fun
nel ed into the narrow gorge of Papoose Creek cut through
the Huckleberry Ridge Tuff (Alden, 1953).

The outwash from

these glaciers was- deposited directly into the Madison
River; whereas the outwash from the less extensive glaciers
which descended along Moose and Wolf Creeks forms a series
of terraces matching the alluvial terraces of the higher
levels of the Madison River.
Post Glacial Alluvium and Landslide Deposits
Post-glacial alluvium along the Madison River in the
study area appears to be limited to flood plain deposits.
Landslides and slumping are the major post-glacial mech
anisms for transporting glacial, alluvial and rhyolitic
debris in the Upper Madison and West Fork Valleys.

DRAINAGE
Cliff and Wade Lakes Trench
The Cliff and Wade Lakes trench is developed along
faults in the Huckleberry Ridge Tuff on the west border of
the Missouri Flats Basin (Pardee, 1950) (Plague I).

During

the late Pleistocene, the trench drained waters from the
Centennial Valley into the ancestral Madison River near
the present confluence of the West Fork and Madison Rivers.
In its early stages, the river eroded through the 100 m
thick tuff along the fractured and faulted western boundary
of the Missouri Flats.

Once through the rhyolite, the

water rapidly cut through the underlying alluvium, which
produced unstable trench walls.

The trench was abandoned

by the Centennial drainage and large landslides and slumps
dammed Cliff, Wade, Hidden and Elk Lakes as well as several
smaller lakes along the trench.

Cliff, Wade and Hidden

Lakes are primarily spring-fed and entirely internally
drained.
The West Fork. Valley
Examination of air photos of the West Fork area indi
cates a continuous channel connecting the Madison and
Centennial Valleys.

This channel was produced by drainage
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from the Centennial Valley during the Pleistocene.

The

ancestral river eroded a channel through the Huckleberry
Ridge Tuff into the underlying alluvium, and transported
the large volume of slump debris (composed primarily of
tuff, ash and alluvium) from the gently 3° southward
dipping Huckleberry Ridge Tuff along the tuff cliff to
retreat, several km.to the north.

On the south side the

rhyolite cliffs rise 250 m above the river.
A model for the development of the West Fork Valley
uses the fracture zone in the Huckleberry Ridge Tuff along
the Gravelly Range front fault (see Structure, page 42)
as a location for the channel carrying the drainage from
the Centennial Valley.

Possible westward tilting of the

Centennial graben caused the Centennial drainage to flow
westward, and the West Fork Valley was abandoned.

The

present West Fork is therefore an underfit stream with its
•headwaters in the southern portion of the Gravelly Range.
A pre-rhyolite valley may have extended south of the
Gravelly Range front fault to the Horn Mountains and southwestward to the Centennial Valley, forming a continuous
link between the valleys.
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Terraces
Multiple terraces along the Madison River from the
Missouri Flats northward to the North Meadow Creek fault
are related to movement along the fault that lowered the
Ennis Basin.
The oldest terrace (Pleistocene) is found north of
the study area as a few scattered remnants along the
Madison Range front (Alden,, 1953).

Next in age is the

well-developed, early Pleistocene Cameron Bench (Alden,
1953) that extends from the North. Meadow Creek fault south
ward as a broad bench with coalesced alluvial fans along
the mountain fronts to Wolf Creek (Sheldon, 1960).

Here it

is represented by several narrow terrace remnants within
the inner Madison Valley and further south as a welldeveloped terrace in the Missouri Flats.
The Cameron Bench is composed of granite and schist
gravels from the Madison Range underlain by quartzite gravel,
possibly reworked Tertiary alluvial deposits that underlie
the rhyolite tuff cliffs (Alden, 1953).
Several intermediate terraces lie between the Cameron
Bench and the Madison River„ Many of these benches may be
correlated to small, narrow outwash terraces along trib
utary streams that originated from late Pleistocene Valley

\
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glaciers.

Therefore, it appears the lower terraces along

the Madison River were formed during the waning stages of
the Pinedale glacial episode.

Post-glacial downcutting by

the river has been on the order of 5 to 5 meters.

At

Ennis the slight post-glacial erosion is documented by the
11,600 year old Glacier Pealc ash which was preserved by
burial under 2 m gravel along the east side of.the Madison
River flood plain (Montagne, 1965).

I

STRUCTURE
Range Front Faults
The Upper Madison Valley is a north-south aligned
asymmetrical graben.

The greatest displacement is along

the east side of the graben where the en echelon Madison
Range front fault has been active from the Tertiary to the
present. A 7 to 10 m scarp along the Madison Range ex
tending from east of Ennis to Raynolds Pass represents
modern (300-400 y.b.p.) movement along the fault (for a
complete description, see Pardee, 1950 and Sheldon, 1960).
Two small scarps along the Madison Range front fault bor
dering the Missouri Flats are related to subsidence of the
flats during the 1959 Hebgen earthquake (Witkind, Personal
Communication, 1977).
Range front faults are found along the margins of the
Madison and the West Fork Valleys and the Gravelly Range.
On the west side of the valley, range front faults appear
to have limited displacement and tend to extend short dis
tances along the margin of the valley.

Precambrian gneiss

in the down-dropped blocks is in depositional contact with
the Huckleberry Ridge Tuff within the western portion of the
valley, approximately 2 Ion east of the Gravelly Range
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topographic front (Plate I).

A shear zone west of Ennis

separates Precainbrian metamorphic rocks from Cenozoic
gravel suggesting the presence of a range front fault far
ther north along the west side of the Madison Valley (R.A.
Chadwick, Personal Communication, 1978).

On the southwest

border of the Gravelly Range, the evidence of the proposed
range front fault includes:

termination of outcrops of

the Gravelly metamorphic rocks along a southwest line, lack
of basalt Outcrops southeast of the West Fork River, and
the possible existence of Paleozoic-Mesozoic limestone in
a down-dropped block, suggested by the presence of
travertine deposits at Sloan Spring.
Northwest Trending Lineaments
The North Meadow Creek fault (Fig. 10) is a northwest
trending fault along the north border of the Ennis Basin
(Sheldon, I960; Hall, 1961) and separates the valley fill
from the Precambrian metamorphic rocks of the northern
Madison Mountains.

The fault is one of several northwest

trending lineaments (Cherry Creek, Salesville, Spanish
Peaks faults) that have been active from the Laramide to
the present (Carl, 1970).
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Sub-Basins Within Valley
The Ennis Basin is a northeast tilted graben lying
between the Madison and Gravelly Ranges on the east and
west respectively, and the northern Madison Mountains on
the north.

The graben is floored by the Precambrian meta-

-

morphic basement complex which is covered by an alluvial
wedge from the Upper Madison Valley that thickens towards
the North Meadow Creek fault.
The Missouri Flats Basin is a small alluvium-filled
basin (Witkind, 1964) that extends from the Cliff-Wade Lake
trench on the west to the Madison Range on the east and
northeast.

The Horn Mountains and the upper Madison Valley

form the south and north borders respectively.

The alluvial

fill in this basin thickens eastward toward the Madison
Range front fault along which the major offset has occurred
(1000 m minimum Pleistocene offset indicated by the dip of
the Huckleberry Ridge Tuff east of Cliff Lake). The faulting
along the other borders is in response to this movement and
consists of normal tension faults.

The Missouri Flats has

been subsiding throughout the Tertiary and Quaternary times
(Witkind, 1954; Personal Communication, 1977).

The Huckle

berry Ridge Tuff is tilted 6 degrees southeast from the
flexure faults and rifts near the Cliff-Wade Lakes trench
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North M e adow Creek fault location map.
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into the basin, whereas its regional dip further west is
3 degrees southeast.
Cross Faults
Rhyolite along the northern margin of the Missouri
Flats Basin has been lowered into the basin by a series of
closely spaced southwest-trending cross-valley faults
located in the Curlew Creek area (shaded in Figure 11) and
probably extends across the Madison Valley to the faults
in the Vest Fork area.
Cross-valley faults at the north border of the study
area (Wall Canyon System, Alden, 1953; shaded in Figure 11)
have dropped the graben into the Ennis Basin by a series of
northwest-trending step faults.

Figure 13 is a cross

section illustrating the relationships of cross-valley
faulting to both the Missouri Flats and Ennis Basins.
Several of these faults are located in the Wolf Creek-Wall
Canyon area and have displaced rhyolite tuff approximately
200 in.

The Wall Canyon fault has a recent scarp which

displaces the Huckleberry Ridge Tuff 30 m.

The Wall Canyon

fault can be traced well into the Gravelly Range metamor
phic complex (Hadley, 1.969).
A cross fault along Wolf Creek, here named the Sun
Ranch fault (Fig. 11), drops the rhyolite on the north near
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This cross section illustrates the relationship of the cross
valley step faults to the Missouri and Ennis Basins.

Volf Creek Hot Springs and along the west bank of the Madi
son River.

Details of the faulting pattern will be dis

cussed under the geology of Volf Creek Hot Springs.
The Sun Ranch fault intersects the N 5° V trending
Volf Creek Hot Spring fault.

Vhere this latter fault cuts

Pinedale outwash (I to 1.5 m high east-facing scarp), the
scarp can be traced for about 2 km after which it dis
appears; from 5 to 5 km north of Volf Creek, the scarp is
an average of 2 m high and faces westward.

Recent stream

meanders have destroyed the scarp beyond this spring.

The

eastward-facing portion of the scarp may be antithetical
to the Madison Range front fault at least during the most
recent movement.

,

N

Shallow tension faults extending about 250 m below
the surface displace the Huckleberry Ridge Tuff and the
underlying Tertiary gravel.

The faults are found in the

Squaw and Papoose Creek areas on the east side of the val
ley (shaded in Figure 13).

These faults are primarily due

to the undercutting of the unstable benches by the Madison
River; the faults are parallel to the river (Fig. 13).
On the Cliff Lake bench, numerous shallow faults
(striped in Fig. 14) appear to be due to tension cracking
in the tuff as it subsided along the Madison Range front
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fault into the Missouri Flats.

In the Cliff Lake trench,

faulting has dropped the Huckleberry Ridge rhyolite to the
east from a few meters to approximately 100 m near the
north end of Cliff Lake.

This faulting within the trench

can be traced into the Hidden and Elk Lakes region of the
Centennial Valley (Mannick, Personal Communication, 1978).
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MADISON VALLEY THERMAL SPRINGS
Location
Figure 15 shows the relative positions of the 6 known
thermal springs that lie in the Upper Madison Valley,

One

is located 2 Icm north of Ennis and 5 springs are 45 to 60
km south of Ennis.

These 5 lie within the study area and

will be discussed individually in this section.

Ennis Hot

Spring and 2 warm springs in the Centennial Valley are out
side the study area but will be discussed briefly.
Previous Geothermal Work in the Madison Valley
‘
Wolf Creek Hot Spring was the only thermal spring in
the valley to get more than cursory attention before 1976.
During the summer of 1975, Michael Galloway and John
Goering of Montana State University conducted a soil temp
erature survey in the Wolf Creek area and found the warmest
soil around the spring and the Wolf Creek Hot Spring fault
(Galloway, 1977).
A preliminary base map was generated by the project and
was used in subsequent investigations at the spring.
Current Studies
Extensive field work by the author in 1976 at Wolf
Crejek included resistivity and seismic surveys, as well as

rrls 5 5
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geologic mapping of the area at a more detailed scale than
in the remainder of the valley.

Field work at the other

springs consisted of temperature measurements and mapping
of the local geology.
A shallow resistivity survey conducted during the
summer of 1976, using the Venner array, began with four
resistivity depth profiles.

Electrodes were spaced to pro

vide measurements at intervals of five meters to a .maximum
apparent depth of 55 meters.

Two stations were located on

each side of the Wolf Creek Hot Spring fault.

These data

showed no distinct change in resistivity across the fault.
A resistivity grid system consisting of 120 stations, 50
meters apart, was established in the Wolf Creek Hot SpringWarm Pond area in order to locate conductive zones within
the outwash.

The resistance was measured at apparent

depths of 10 and 20 meters.
A seismic survey using a Bison signal enhancer seis
mograph with an. eight-pound hammer was conducted across the
Wolf Creek Hot Spring fault (Fig. 16) in 1976.

The survey

encountered only outwash to the presumed maximum depth of
penetration of 28 m.

In the summer of 1977 a seismic sur

vey was run using an improved system, the Bison seismograph,
which was equipped with an I8-pound hammer, improved cable
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and geophones, and run by an experienced operator (Clyde
Boyer, Personal Communication, 1978).

This survey did not

encounter rhyolite tuff to its assumed maximum penetration
depth of 70 meters.
In 1977, extensive sampling and analysis of thermalsprings and cold waters in the valley was conducted by the
Montana Bureau of Mines and Geology as partial support of
this study.

In addition, a deeper seismic survey Was run

at Wolf Creek by the author and field crew and mapping of
the spring areas and the rhyolite tuffs continued.
Wolf Creek Hot Spring
Wolf Creek Hot Spring is located on the Sun Ranch
(NW1/4, Sec 9, TlOS, R1E) in the upper Madison Valley, 45
km south of Ennis, Montana (Fig. 15).
The highest spring discharge temperatures were re
corded during the summer of 1976, when the main spring was
measured as 68°C and the adjacent warm pond 44°C.

During

the winter of 1976, Sun Ranch personnel dug a ditch
across the hot spring and warm pond in an attempt, to in
crease the flow of water for irrigation.

The heavy equip

ment broke the calcite-cemented conduit of the main hot
spring, allowing near-surface ground water to mix with the
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thermal water and lower the temperature to 56°C.

The

water in the warm pond area, at different locations along
the trench, ranges from Il0C to 33°C.
The springs issue through the Pinedale outwash plain
of the Wolf Creek glacier.

The outwash contains Precam-

brian gneiss and granite cobbles from the Madison Range.
Under this glacial deposit, 30 meters of Huckleberry Ridge
Tuff is underlain by pre-Pleistocene alluvial gravel that
lies on the Precambrian metamorphic basement complex
(Fig. 17).

'

Two faults were mapped in the area (Fig. 15).

The

N 5°W trending Wolf Creek Hot Spring fault cuts Pinedale
outwash and offsets the topographic surface I to 1.5 m
down to the east.

The second fault, the Sun Ranch fault

(p. 46), trends northwest along Wolf Creek and displaces
the rhyolite ash flow downward on the north.

This fault

lacks a scarp but is evidenced by the disappearance of
the rhyolite north of the creek.

It is not found in a

30 m high hill about 200 m north of the creek where it
should crop out if there were no displacement.

Also, the

fault plane is visible along the west bank of the Madison
River where it dips 50-70° northward.

An outcrop on the

down-dropped side of the fault on the east bank of the

Wolf Creek/Hot Spring Fault
U#D

Wolf Creek

Wolf Creek
Worm Pond

W o l f Cr eek Hot,
r

Spring

u"-\.

Sun Ronch Fault

X UMadison

VAX

River

Moose Creek

-59Madison River near the Palisades Campground can be pro
jected under the outwash 2 km southeast to the hot spring
area where the projection indicates the rhyolite tuff
should he at a depth of 100-150 m.
The resistivity survey lateral profiles at 10 and 20
m apparent depths are shown in Figs. 18-19.

The lowest

resistivity, slightly under 100 ohm-m at both depths, is
located about 30 m southwest of the hot spring; another
resistivity low lies along the Wolf Creek Hot Spring fault
beneath the warm pond at 10 m depth (Fig. 18).

This low

broadens and trends northwest at 20 m depth (Fig. 19).
Results suggest that thermal water rises along this northsouth fault from fractured and faulted Precambrian gneissic
bedrock on. the floor of the Madison Valley graben, upward
consecutively through pre-rhyolite gravel, fractured
Huckleberry Ridge Tuff, and roughly 100 meters of permeable
Wisconsin (Pinedale) glacial outwash. When the water
reaches the permeable glacial outwash, which is composed of
Precambrian cobbles and gravel from the Madison Range, much
of it drains westward through the outwash toward the
Madison River, thus producing the westward extension of
the resistivity low along the Wolf Creek Hot Spring fault
near the Wolf Creek Warm Spring, Figs. 18-19 (Chadwick,
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y7] Outwash
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FIGURl!! 17.
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Sun Ranch Fault

Wolf Creek Hot Spring block diagram showing the
proposed intersection of the west-bearing Sun
Ranch fault and the northward-trending Wolf
Creek JIot Spring fault.
The intersection pro
vides thermal water access to the surface,
(vertical scale diagrammatic)
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Galloway and Weinheimer, 1977).

Only a small fraction of

the thermal water may reach the surface.

According to

White (1971), thermal springs that emerge on an alluvial
surface above the water table have a major portion of the
flow within the alluvium— provided the spring lacks a
sealed calcite or silica-cemented conduit for the thermal
water through the alluvium.

At Wolf Creek, frequent earth

quakes may break the cemented conduit and allow cold watercontamination of the thermal spring and leakage of thermal
water through the conduit into the undersaturated surface
alluvium.
Microseismic activity in the Wolf Creek-WalI Canyon
area was monitored by the University of Utah in 1976.

A

concentration of micro-earthquakes was located about eight
km northwest of the Wall Canyon Warm Spring; and several
micro-earthquakes were recorded in the vicinity of the
Wolf Creek Hot Spring.

However, the highest activity was

located in the Missouri Flats Basin.

The basin lies along

a southwest line representing a seismically active belt
extending from the West Yellowstone basin into the
Centennial Valley (Bailey, 1977).

— G-4r--

Wall Canyon Wax*m Spring
Wall Canyon Warm Spring lies 0.5 km north of Wall
Canyon on the alluvial plain of the Madison River (NW1/4,
Sec 7, TlOS, R1E).
The spring emerges from the base of a cliff of Huckle
berry Ridge Tuff and flows onto a floodplain along the west
bank of the Madison River.

The spring feeds a 3 to 7 hec

tare marsh; therefore, the total flow of the spring is
difficult to measure.

A I meter square test pit previously

dug near the base of the cliff was used to measure the
spring, and here the water is 25°C and flows from the pit
at a visually estimated 8 i/min.
Scattered Precambrian gneiss outcrops are found from
about I km westward in Wall Canyon and continue to near
'

.Vf 1

the top of the bench where gneiss and tuff are nearly in
contact.

A thin, pre-Pleistocene gravel is mantled by

a I to 2 m sand and ash layer emplaced prior to the tuff
or possibly during the early stages of the eruption.
A major cross-valley northwest-trending fault (Wall
Canyon fault) cuts the rhyolite 2 km west of the cliff
and drops the tuff about 30 m on the northeast (Fig. 20).
The fault trace cuts the Precambrian gneiss bedrock and
continues northwestward from Wall Canyon into the Gravelly
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Geologic map sketched in the field of the Wall
Canyon Warm Spring area, Sec 7-8, TlOS, RlE.
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Range where the displacement is greater than the 30 m rep
resenting the most recent Pleistocene movement (Hadley,
1969).
A thermal water circulation model proposed here for
the Wall Canyon Spring uses the Wall Canyon fault to cir
culate water to a sufficient depth for heating.

The heated

water rises up the northeastward-dipping fault and at some
point leaves the confining gneiss far enough north of Wall
Canyon so that the water does not flow into the canyon and
flows upward through the alluvial gravel layer until
dammed by the rhyolite tuff.

There, it flows laterally

about I to 2 km beneath the tuff to the edge of the tuff
outcrop (cliff face) where it emerges as the warm spring
(Fig. 24).

Along the way it may mix with cold ground

water and pick up dissolved solids from the alluvium and
ash deposits.
Curlew Creek Warm Spring
Curlew Creek Warm Spring emerges from a marsh at the
junction of north and south forks of Curlew Creek (SE1/4,
Sec 13, TllS, RlE), I km northeast of the Madison River.
Spring flow was visually estimated at 2 1/sec.
spring lies in the center of a triangular marsh that

The

FIGURE 21. Diagramatic
S
representation of possible I
fault control on the Wall
'
Canyon Warm Spring thermal
water. Legend: Precambrian
metamorphie rock (Pe);
i
Tertiary gravel (Tg).
/

Ji

■

I J
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separates the IO0C water of the two branches of Curlew
Creek (Fig. 22).

The warmest temperature measured at the

spring was 23°C in July of 1976; in February of 1977, the
temperature was 21°C.

Cold surface waters and ground water

may infiltrate through the marsh and contaminate the ther
mal spring.
At Curlew Creek Warm Spring, the Huckleberry Ridge
Tuff overlies pre-Pleistocene alluvial gravel and Precambrian bedrock lies at an unknown depth beneath the gravel.
The warm spring issues from the alluvium at the bottom of
the steep-sided, narrow Curlew Creek Valley.

It issues

about 15 m below the base of the Huckleberry Ridge Tuff,
probably from the pre-Pleistocene gravel unit.

An in

ferred northwest-trending fault cutting the rhyolite (Fig.
22) may have provided a zone of weakness allowing Curlew
Creek to cut its channel and to remove the tuff from the
fault zone.

Two principal lines of evidence suggest the

presence of a fault along Curlew Creek.

(I) Associated

Tertiary faults, which drop the tuff into the faults in a
series of step faults, extend to about 3 km northward
from the north edge of the Missouri Flats.

These faults

can be correlated with several southwest-bearing stream
valleys and draws (Fig. 11).

(2) A 3 to 5 m northeast-
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Geologic map sketched in the field showing
Curlew Creek Warm Spring area, Sec. 13, T12S,
RlE. Huckleberry Ridge Tuff (Qr); Quaternary
colluvium (Qc); Quaternary alluvium (Qal);
Sawtooth fault line indicates recent scarps.
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trencling straight scarp offsets Quaternary alluvium along
the south side of Curlew Creek (Fig. 22).

This northwest

dipping scarp is visible from 0.2 km downstream from the
warm spring to 0,1 km upstream along the north fork of
Curlew Creek (Fig. 22).

At this point, a recent scarp is

superimposed on the older scarp which appears to be.re
lated to fault movement or slumping during the 1959 earth
quake.

If a fault exists along Curlew Creek, it could act

as a conduit for circulation of ground water within the
pre-Pleistocene gravel and/or the Precambrian bedrock.
Sloan Cow Camp Warm Spring
Sloan Cow Camp Warm Spring is located about 4 Ion
southwest of the junction of the West Fork and Elk Rivers
(SW1/4, Sec 19, T12S, RlE), 50 m north of the West Fork
Cattle Association's Sloan Cow Camp,
The 50°C spring flows from a i m
»approximately 2 1/sec.

diameter orifice at

A IO0C cold spring flows directly

into the warm spring discharge water I m down from the
orifice.

Spring temperatures were measured several times

during the summer and fall of 1976 and 1977.

The warm

spring varied from 28.5°C to 51.5°C and the cold spring
from 8°C to 10°C.

No seasonal relationship was noted in
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the temperature fluctuations.
Quaternary alluvium and ash in the valley bottom overlie older alluvium; these units rest on Rrecambrian gneiss.
The 2 km wide valley was produced by the ancestral West
Fork drainage, which appears to have drained the Centennial
Valley, and which is now occupied by the underfit West
Fork River.

The valley walls consist of Huckleberry Ridge

Tuff to the south and Precambrian gneiss of the Gravelly
Range on the north (Fig. 23).
The conduit allowing deep circulation of the thermal
water may be the postulated range front fault at the south
eastern border of the Gravelly Range.

Evidence for the

fault is discussed Under the "Structure1' section.
West Fork Swimming Hole Warm Spring
West Fork Swimming Hole Warm Spring is located I km
west of the junction of the West Fork and Elk Rivers in
the West Fork of the Madison Valley (SE1/4, Sec 18, T12S,
RlE).
The 28°C spring forms a pool approximately 10 m in
diameter and 3 m deep.

It emerges from an alluvial slump

block 25 m higher and about 50 m south of the West Fork
River (Fig. 24).

A flow visually estimated at 6 1/sec.
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Figure 23.

Geologic map sketched in the field showing the
Sloan Cow Camp Warm Spring area, Sec. 19, T12S,
RlE. Precambrian gneiss of the Gravelly Range
(Pc); Huckleberry Ridge Tuff (Qr); Quaternary
rhyolite colluvium (Qc); alluvium terraces
(Qt); alluvium (Qal).
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cascades into the West Fork,
A model for spring circulation uses thermal waters
that have circulated along the inferred Gravelly Range
front fault which is postulated to extend northward from
Sloan Cow.Camp Warm Spring (Fig. 25).

This fault would

allow circulation and heating of meteoric water within the
Precambrian bedrock.

The rising thermal water would mix

with cold shallow7 ground water (see "Geochemistry" section)
penetrating the overlying alluvium, where thermal water
finds a convenient weak zone or fracture.

\

West Fork
Warm Spring

FIGURE 24. Diagrammatic representation of the West Fork Warm Springemerging from alluvial slump block near West Fork River.
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Figure 25.

Geologic map sketched in the field showing West
Fork Warm Spring area, Sec 18-19, T12S, RlE.
PreCamhrian gneiss of the Gravelly Range (Pc);
Tertiary basalt (Th); Huckleberry"'Ridge Tuff
(Qr); Quaternary rhyolite colluvium (Qc); allu
vium terraces (Qt); alluvium (Qal).

Thermal Springs Outside the Study Area
Ennis Hot Spring
Ennis Hot Spring lies 45 km north of the study area
and 5 km north of Ennis, Montana (Fig. 2).

With a surface

temperature of 84°C (Leonard, Personal Communication, 1977),
it is the hottest spring in the region.
The spring lies within the Ennis Basin near the west:
edge of the graben (see "Structure") and emerges from the
base of a gravel terrace at the margin of the Madison
River flood plain.

Drill holes have encountered thermal

water in several sand layers interbedded with clay below
cobbly alluvium at about 50 m depth.

Seeps of water have

temperatures ranging from 50 to 50°C and extend 0.5 km
northward from the main spring along the base of the
terrace.

An area of approximately 25,000 rn^on top of the

terrace is naturally thermally heated and snow-free in
winter.

Water in a 50 m well drilled by the owner of this

area was measured as 89°C by the U.S. Geological Survey
(Leonard, Personal Communication, 1977).
Centennial Valley Warm Springs
In the summer of 1977, two warm springs in the Cen
tennial Valley were analyzed by the Montana Bureau of Mines
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and Geology.

The 31° and 28°C springs are located on the

Staudenmeyer (Sec 17, T13S, R2W) and Anderson (Sec 18,
T13S, R2W) ranches respectively, along the northwest side
of the valley.

The flow of both springs was measured at

6 to 8 1/sec. range by the MBMG.
The springs lie along a break in slope on the north
side of the valley that separates the flat glacial outwash to the south and the limestone, basalt, rhyolite and
Paleozoic sedimentary rocks of the lower foothills of the
Gravelly Range to the north.

The break along the south

edge of these outcrops may represent a fault which would
provide a circulation system for the thermal water.

GEOCHEMISTRY

Chemical, composition of thermal Springs can be
used to estimate the temperature in the geothermal reser
voir .

The U.S. Geological Survey and the Montana Bureau of

Mines and-Geology conducted chemical analyses on the thermal
springs and on cold waters from springs, wells and creeks
in the upper Madison Valley.
at each site:

Three samples were collected

one liter of untreated water, one liter of

filtered water, and one-quarter liter of acidified water.
The three samples were stored in plastic bottles and shipped
within ten days.

Once at the lab, the samples were refrig

erated until the analysis could be completed.

At several

springs duplicate samples were analyzed to check the accu
racy of the sampling procedure.

Table A lists important

chemical constitutents of the thermal springs.

Table B

lists calculated reservoir temperatures of thermal springs
using the silica, Na-K-Ca, and C1/HC0^+C0^ geothermometers.
Table C lists both types of data for selected cold springs.
Silica Geothermometers
The amount of silica found in thermal waters is re
lated to reservoir temperature.

Using the known solution

rate of silica with increasing temperature, the temperature
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of the thermal water at its source or "base level" can be
estimated.

The silica geothermometer assumes that the

temperature dependent reactions occur at depth, that silica
ions are available in the reservoir rock, and that there is
no reaction with the conduit rock near the surface.
Furthermore, the method makes no allowance for contamina
tion by cold shallow ground water, or.for cooling by con
duction of heat into the wall rocks (Fournier, 1974).

The

temperature calculation can be based on the solubility of
either quartz or chalcedony (.Fournier,

1966).

For quartz stability:
(1)

.(1309/C5.19-log SiOp(ppm)]) - 273.15 = Reservoir
Temperature(0C)
Chalcedony stability:

(2)

(1032/C4.69-log SiOp(ppm)]) - 273.15 = Reservoir
Temperature(0C)
Amorphous Silica:

(3)

(731/[4.52-log SiOp(ppm)]) - 273.15

= Resdrvoir
Temperature(0C)

The equation for amorphous silica produced tempera
tures lower than those measured at the surface, for the
thermal springs in the valley.

TABLE A.

WATER CHEMICAL DATA, UPPER MADISON VALLEY THERMAL SPRINGS
Surface
Temp.°C

Flow
Est.

Wolf Creek Hot Spring
USGS
5/13/76
11/30/77
MBMG*

68
56

Wolf Creek Warm Spring
5/13/76
USGS
9/13/77
MBMG*

23
31

Wall Canyon Warm Spring
5/13/76
USGS
9/14/76
MBMG

25
24

C u r l e w Creek Warm Spring
9/09/77
MBMG

23

Location/Agency

Date
Sampled

West Fork Swimming Hole Warm Spring
8/28/77
29
M B M G #1
25
9/29/77
MBMG #2
Sloan C o w Camp Warm Spring
9/16/77
MBMG

30

-

SiO2

Ca

Na

K

Mg

HCOg

pH

0.12

55
49

4.7
8.9

120
96

1.9
1.8

0.8
1.7

157
158

8.6
8.5

9.0
6.0

23.0
19.3

0.1

24
34

19.0
14.7

49
58

1.6
1.4

3.5
2.0

145
136

8.3
8.5

0.0
3.8

8.5
10.1

38
41

6.5
6.6

270
260

6.5
6.0

1.8
2.0

491
493

7.8
8.1

0.0
0.0

49.0
49.2

0.08

19

12.0

33

1.2

1.3

88

8.3

0.6

4.1

1.5

13
13

18.0
19.0

4.9
4.8

1.9 29.0
1.9 28.0

177
194

8.7 0.0
7.9 12.0

2.8
1.9

0.25

51

0.9

88

1.1

0.1

64

10.0 74.4

7.6

C03

Cl

CENTENNIAL SPRINGS:
Staudenmeyer Warm Spring
9/29/77
MBMG

31

21

68.0

29

7.7 24.0

251

7.4

0.0

9.3

Andersons Warm Spring
9/29/77
MBMG

28

21

66.0

27

7.3 24.0

246

7.4

0.0

9.7

♦The MBMG samples were taken after construction at the springs by the Sun Ranch
USGS = U.S. Geological Survey
M B M G = Montana Bureau of Mines and Geology

TABLE B.

CALCULAlED RESERVOIR TEMPERATURES
All Data in 0C

Thermal Spring Location/
Sampling A g e n c y

Cl/IICO_+CO„
Ratio

Qtz.

S i O ^ ____
Chal.

Na-K-Ca
.33

M Ca
/ M Na

Volf Creek Hot Spring
USGS
MBMG

0.235
0.202

106.3
101.2

76.7
71.2

100.2
102.7

.149
.23

Wolf Creek W a r m Spring
USGS
MBMG

0.100
0.123

70.4
84.3

38.6
53.3

110.5
102.8

.47
.38

Wall Canyon Warm Spring
USGS
MBMG

0.171
0.171

89.4
93.5

58.6
63.0

128.5
126.1

.11 2
.12 1

Curlew Creek W a r m Spring
MBMG

0.078

62.8*

30.7

112.7

.46

West Fork Swimming Hole Warm Spring
M B M G #1
0.000
0.017
MBMG #2

49.2*
49.7*

16.7
17.2

191.3
192.6

1.47
1.50

72.7

100.8

Sloan Cow Camp Warm Spring
MBMG

0.093

102.6

.0058

TABLE B (cont.)
Thermal Spring Location/
Sampling Agency

C1/HC0-+C0„
Ratio
3

SiO
Qtz.
Thai.

Na-K-Ca
M Ca
.33** / M Na

CENTENNIAL SPRINGS:
Staudcnmeyer Warm Soring
MBMG

0.063

*66.0

34.0

190.7

1.12

Andcrsons Warm Spring
MBMG

0.067

*66.0

34.0

189.7

1.37

i If /iM Ca/M Na

> I, Na-K-Ca geothermometer invalidated.

•Silica temperatures not above background values.

I
CO

**Na-K-Ca geothermometer used with beta value equalling 0.33.

r
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Upper Madison
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TABLE C.

Location/Agcncy

WATER CHEMICAL DATA, UPPER MADISON VALLEY COLD SPRINGS

Date
Sampled

Surface
Temp.°C

Flow
Est.

SiOg

Ca

Na

K

Mg

HCOg

pH

CO3

Cl

0.02

16

38

8.1

1 .4

8.1

168

—

0.0

0.9

W o l f Creek Cold Seep
8/28/76
USGS

10.0

Wolf Creek Cold Spring
9/13/77
MBMG

11.4

21

27

30.8

3.4

4.7

121

8.7

7.8

6.0

Curlew Creek Cold Spring
MBMG
9/14/77

16.0

19

16. 5 5.3

1.7

3.5

79

7.6

o.b

1.5

Madi s o n River Lodge Cold Spring
MBMG
9/25/77
8.2

16

13

3.2

1.0

2.4

54

7.2

0.0

0.8

Spring
Snow Ball Cold I
9/14/77
MBMG

10.0

51

31

18.0

3.9

4.9

138

6.9

0.0

10.2

Sloan C o w Camp Cold Spring
MBMG
9/29/77

7.4

67.2

38. 8 7.6

6.8

1.6

144

7.8

0.0

5.8

TABLE D.

GEOTHERMOMETER VALUES FOR COLD SPRINGS
SiOr,
Qtz.
Chal.

Na-K--Ca
1.53
.33

Volf Creek Cold Seep
USGS
.009

55.2

22.9

186.9

151.4

1.64

Volf Creek Cold Spring
MBMG
.080

66.0

34.0

46.8

154.9

0.71

Curlew Creek Cold Spring
.MBMG
.033

61.5

29.3

23.2

182.6

1.33

Madison River Lodge Spring
MBMG
.026

54.1

22.4

11.4

179.3

1.50

102.6

72.7

9.9

176.3

O

Location/Agency

C 1 /HC03+C03
Ratio

"lIf /M Ca/M Na

> I, Na-K-Ca geothermometer invalidated.

I
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Snow Ball Cold Spring
MBMG
.126

M Ca 1
/ M Na
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Silica Geothermometer Discussion
The thermal and cold water reactions with the rhyolite
ash and tuff can produce unreliable results for the silica
geothermometers.

Alkaline thermal water moving through

glassy volcanic rocks loses SiO^,, producing reservoir temp
erature estimates which are too low (White, 1970).
Reservoir temperatures obtained using the quartz equation
varied from 50°C to 106°C.

The chalcedony geothermometer

indicated reservoir temperatures from I70C to 76°C.

These

values represent uneconomic reservoir temperatures;
however, the cold waters in the valley contain as much
silica as some of the thermal springs (Tables A and C).
Much of the silica found in the cold waters is probably
dissolved, from the volcanic glass and quartz comprising
73% of the Huckleberry Ridge and the Mesa Falls Tuffs
(see Appendix I).
Silica content is commonly lower in thermal and cold
springs issuing from Precambrian bedrock than in cold
springs traversing the tuffs (MBMG data).

This helps to

explain why the shallow cold springs around Curlew Creek
and Sloan Cow Camp Warm Springs are the same or higher in
silica than the thermal springs at those locations (Tables
A and C).

-87Na-K-Ca Geothermometer
The Na-K-Ca geothermometer attempts to estimate the
reservoir temperature using the ratio of Na, K and Ca ions
produced, in the temperature-dependent water and wall rock
interactions within the reservoir.

The basic assumptions

listed for the. silica.geothermometer also apply to the
Na-K-Ca geothermometer (Fournier, 1974).

.The Na-K-Ca geo

thermometer equation (Fournier and Truesdell, 1973) is:
(log M Na/M k) + B logC/M Ca/M Na] - 273.15 =
Reservoir temperature (0C) (M = Molal)
B = 0.33 when the calculated reservoir temperature (using
B = .33) is above IOO0C , and B = 1.33 when the temperature
is below IOO0C .

The calculated temperature is reliable

only when the s/ (M Ca/M Na is less than one (Fournier,
1975).
Na-K-Ca Geothermometer Discussion
The reservoir temperatures for the thermal springs
calculated using the 0.33 B value were all above IOO0C for
the five thermal springs (Table B ) .

Therefore, the thermal

spring temperatures calculated using the Beta value of 0.33
are considered realistic ( Fournier, 1973) and Beta = 1.33
will not be used.
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The Chloride-Carbonate Geothermometer
The Cl/HCOg+COg geothermometer records wall rock alter
ation by COg solution within the reservoir.

A high ratio

is indicative of a high reservoir temperature.

Similar

ratios for springs in the same area indicate a similar
source for the thermal water (Fournier, 1970).
This method was used successfully by Fournier to
delineate spring groupings with shared subterranean water
systems within the Yellowstone Park geyser basins.

For

springs of the Madison Valley, the ratios are highest at
Wolf Creek Hot Spring (0.23) and Wall Canyon Warm Spring
(0.17).

The remaining thermal springs range from 0.1 to

0.017 (Table B ) ; this may indicate that Wolf Creek and Wall
Canyon have the hottest reservoirs in the valley and that
the thermal springs in the Madison Valley are isolated
without interconnected reservoirs.

However, the two springs

in the Centennial Valley have ratios of 0.063 and 0.061^
suggesting a connected

source.

Tables B and D show the

chloride-carbonate ratios plotted alongside the silica geo
thermometer temperatures.

In general the chloride-carbonate

ratio increases>as the reservoir temperature increases as
indicated by the silica geothermometer (Fig. 27).
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RATIO

PLOT OF QUARTZ TEMPERATURE VS CHLORIDE CARBONATE RATIO

GEOCHEMISTRY OF INDIVIDUAL THERMAL SPRINGS
Wolf Creek Hot Spring
A reservoir temperature for Wolf Creek Hot Spring
calculated by the silica method is 104°C (Table B ) ; and
the chloride to carbonate ratio is the highest of any
spring in the study area, which may help to support the
silica geothermometer value.
Wolf Creek Warm Spring
The calculated reservoir temperature for the spring
ranges between 70° and 105°C depending on whether a silica
or Na-K-Ca geothermometer is used.

The chloride to car

bonate ratio is much lower than the nearby Wolf Creek Hot
Spring which may indicate a lower reservoir temperature or
possibly a change in water chemistry due to shallow ground
water contamination.
Wall Canyon Warm Spring
At Wall Canyon the geochemical analysis places the
total dissolved solids, conductance, bicarbonate and sodium
several orders of magnitude higher than any other thermal
spring in the valley (Table D & Appendix I).

These values

may represent ions dissolved from, the rhyolite tuff and
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gravel within which the water flows.

The silica and

Na-K-Ca geothermometers show a calculated reservoir temp
erature of about 90 and 120°C respectively (Table B); and
the Y M Ca/M Na

ratio is low, indicating the temperatures

obtained by the sodium geothermometer are probably
reliable (Fournier, 1973).
Curlew Creek Warm Spring
Curlew Creek geothermometer temperatures from Table B
are generally low.

The chloride to carbonate ratio is

extremely low and appears to indicate a low reservoir temp
erature, without allowing for the probable cold water con
tamination (Fournier, 1973).
West Fork Swimming Hole Warm Spring
A high magnesium content when compared to the other
springs in the valley (Table A) may indicate contamination,
by cold water.

The chloride to carbonate ratio and the

silica geothermometer temperature are low.

The sodium

geothermometer is invalidated by a Y M Ca/M Na
1.5 (Fournier, 1973).

ratio of

Most cold springs in the valley

have ratios greater than I, suggesting that the thermal
fraction of the water may be so small that the chemistry of
the cold fraction is dominant.

i

-92Sloan Cow Camp Warm Spring
The geochemistry of the Sloan Spring differs from the
others in the valley.

The spring has the highest silica

and Carbonate composition and a very alkaline field pH of
10.05 (Table A).

Calcium carbonate is being precipitated

in small .25 to 2.0 m terraces along Sloan Spring Creek.
The active terraces are about 20 m and extinct terraces
200 m from the spring.

Terrace rock deposits near the

spring area are of varied ages and locations, caused by
possible changes in spring orifice location, temperature,
pH, or COg content which may influence the precipitation of
calcium carbonate.

The calculated reservoir temperature is

102.G0C for quartz and IOO0C for the Na-K-Ca geothermometer
(Table B ) .
Centennial Valley Warm Springs
Reservoir temperatures using the quartz geothermometer
are low for.both of the Centennial Warm Springs.

The Na-

K-Ca geothermometer results were invalidated by a calcium
over sodium ratio greater than I.

The chloride to carbon

ate ratios are 0.067 and 0.065, indicating similar water
sources for the reservoirs of both springs (Fournier, 1973).
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Evaluation of Geochemistry
In general, the quartz geothermometer and the.sodium
value using Beta = 0.33 give temperatures that may be the
closest to the actual reservoir temperature.

Temperatures

believed to be close to the reservoir temperature are under
lined in.Table B.

The chalcedony temperatures were often

too close to surface temperature, especially in springs with
known ground water contamination to use reliably.
The mixing models of. Fournier (1974) compare shallow
ground water silica analyses to the thermal spring silica
levels.

However, the models are not usable in the Madison

Valley where ground water silica contents are commonly
higher than the thermal springs (compare Table C and Table
A).

The cold ground water travels through the tuffs and

evidently picks up. high amounts of silica (MBMG Chemical
Analysis Data).

n

RECOMMENDATIONS
Waters from the five thermal springs in the Madison
Valley circulate to depths of .5 to 3 km, assuming geo
thermal gradients are similar to the average for the Rocky
Mountain Region (30°C/km).

These depths are well within

the FreCambrian, metamorphic basement complex .in the Upper
Madison Valley.
The reservoir storage capacity beneath each spring
depends on the extent of the fault and fracture network
in the metamorphic rocks and the thickness of the overlying sediment or other permeable rock.
At the present time, the springs in the Upper Madison
Valley are either underdeveloped or used for irrigation.
Large-scale development for electric power generation and
space heating of cities is unlikely because of the remote
ness of the springs.
nearest town.

None is closer than 45 km to the

Furthermore, reservoir temperatures are

calculated to he far below the minimum 200°C needed for
generating electricity (Table B ) .

Future use of the

springs is thus probably limited to space heating of ranch
buildings and nearby subdivisions, greenhouse development,
and recreational development.

Wolf Creek Hot Spring
Wolf Creek is the only spring in the Upper Madison
Valley beneath which an appreciable thickness of coarse
Tertiary alluvium is postulated.

Some thermal water may

enter this alluvium, particularly if seismic activity has
fractured calcite cemented conduits.
The relatively high calculated reservoir temperatures
and the potential for thermal water storage indicate that
this spring should receive the highest priority for further
exploration.

A 300 meter deep resistivity grid survey ex

tending from the main hot spring orifice northward about
500 m along the Wolf Creek Hot Spring fault may help in
estimating the amount of water stored in the gravels beneath
the rhyolite.

A 300 m hole drilled about 30 m north of

the main hot spring should intersect the rising thermal
water on the assumption that the Sun Ranch fault dips about
60° northward and the Wolf Creek Hot Spring fault dips 60°
westward.

A second drilling site should be located about

.90 m northeast of the spring if it is found that the Wolf
Creek Hot Spring fault dips eastward.
Wall Canyon Warm Spring
A soil temperature survey penetrating at least one m
deep into the marsh at the base of the cliff would locate
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the thermally heated soil which could he followed by 30100 m test wells at the base of the cliff where the soil
temperature survey indicated warm soil.

Deep drlling to

200-300 m on the top of the rhyolite about .5 Ion. north of
Wall Canyon and about 100 m east of the Wall Canyon fault
scarp should intercept the fault zone in the Precambrian
and the rising thermal water (Fig. 21).
The remaining springs in the valley are of low prior
ity; geochemistry indicates lower reservoir temperatures
(Table B) and details of thermal water circulation are
little understood.

Future work should be primarily limited

to shallow temperature, resistivity and seismic surveys
that will help locate thermal water conduits.

Shallow

drlling should follow if results of these surveys are
favorable.
Curlew Creek
I recommend conducting a soil temperature survey of the
marsh surrounding the warm spring to locate the thermal water
flowing through the marsh.

Further I recommend a seismic sur

vey be run across the Curlew Creek Valley about 100 m west of
the marsh in order to locate the inferred Curlew Creek fault.
Drilling a shallow well on the border of the marsh in the
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optimum location as indicated by the seismic and soil temp
erature surveys would encounter the thermal water without
contamination by cold ground water.

The marsh may have to

be partially drained to allow the drill rig to enter the
spring area.

No deep drilling should be planned unless the

shallow hole data proves encouraging.
Vest Fork Spring
A resistivity survey designed to penetrate to 50 m
depth and extending on a grid pattern at least 500 m each
direction from the spring would locate the thermal water con
duits within the shallow alluvium.

Once conduits are found,

further testing and drilling could be contemplated.
Sloan Cow Camp Varm Spring
A resistivity survey set up along a grid pattern ex
tending at least 500 m south and west of the spring should
be conducted in order to locate thermal water flowing in con
duits within older fractured travertine deposits.

Following

the above resistivity survey, it would be advisable to map
the conduits in order to, indicate the direction of the source
of the thermal water and the location of the Gravelly Range
front fault system.
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APPENDICES

Witkind, I.J., 1977, Personal communication.

APPENDIX I

CHEMICAL ANALYSIS OF RHYOLITE TUFFS
The Montana Bureau of Mines and Geology analyzed
samples of the Huckleberry Ridge Rhyolite Tuff (CL-75)
and the Mesa Falls Rhyolite Tuff (MF-13) during the spring
of 1978.
The analytical methods in general follow "Standard
Methods of Chemical Analysis"

by Wilfred W. Scott, and

"Applied Inorganic Analysis" by Hillebrand and Lundell
with some modifications to conform to USGS regulations.

Huckleberry Ridge Tuff:
72.93% SiO2 , 12.05% Al 2 O3 , 5.39 Fe 3 O3 , 0.771 FeO, 0.136 MgO,
0.60 CaO, 3.923 Na 3 O 5 4.336 K 3 O 5 0.15 TiO3 = 100.286%

Mesa Falls Tuff:
71.73% SiO35 12.40% Al 3 O3 , 6.971 Fe 3 O3 , 0.514 FeO, 0.415 MgO,
1.00 CaO, 3.734 Na 3 O 5 3.879 K 3 O 5 0.25 TiO3 = 100.893%

APPENDIX 2

PHOTOMICROGRAPHS OF HUCKLEBERRY RIDGE TUFF
Huckleberry Ridge Tuff Textures
The following four photomicrographs (35 X with plain
light) are from the Cliff Lake measured section samples of
the 75 m upper pulse of the Huckleberry Ridge Tuff.

Photo A is of the upper
most unit composed of
finely broken and random
oriented unwelded glass
shards (zone 2c).

PHOTO A
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Photo B is from a sample
in the upper slightly
welded portion of the
flow.

The glass shards

are about 50% aligned
horizontally (zone 2b).

Photo C is from the tuff
near the middle of the flow.
It shows glass shards that
are larger, better aligned
and more densely welded
than the upper flow (zone
2a).

PHOTO C
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The basal tuff (Photo D)
is highly welded with near
perfect alignment and close
packing of the glass shards
around the phenocrysts
(zone 2a).

PHOTO D

Huckleberry Ridge Reference Section
Samples from Huckleberry Ridge Tuff reference section
at Targhee Pass (Witkind, 1976) were compared with the same
formation in the Madison Valley.

A thin section (Photo E)

of a Targhee sample from the mid-section of the flow (zone
2b) is pictured below (magnification 35 X plain light).

-108-

PHOTO E
Welding is moderate but greater than in the Mesa Falls or
Lava Creek Tuffs, and the class shards tend to be smaller.
Weathering of the phenocrysts is greater than tuffs from
the Island Park.
Mineral content:
Volcanic glass
Quartz
Oligiclase
Sanidine
Hematite

85%
5
I
5
I
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