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Abstract:

This study is an attempt to determine by means of geologic observations the structural and lithologic
controls on the circulation of geothermal waters in the La Duke and Bear Creek thermal spring
systems. Hot spring activity has persisted in the Corwin Springs-Gardiner, Montana area since the
Pleistocene. Presently the only active hot springs, La Duke and Bear Creek, emerge at opposite ends of
a two square mile Pleistocene travertine deposit.

The hot springs and travertine lie along the northwest trending Gardiner fault, a Laramide high-angle
reverse imbricate fault zone, which bounds the Beartooth crystalline rock uplift on the southwest.

The post-Laramade Reese Creek and Mammoth faults are graben-forming normal faults that extend
from the Yellowstone Park upland, northward into the hanging wall of the Gardiner fault. The local
thermal features lie on or between the intersections of these faults with the Gardiner fault zone.

More than 10,000 feet of Paleozoic and Mesozoic sedimentary rock are preserved within the graben in
the footwall of the Gardiner fault. From a structural high within Yellowstone Park, the sedimentary
units dip gently into the Gardiner fault zone, where they are dragged up and locally overturned to form
an asymmetrical syncline striking northwest. These structural relationships suggest that meteoric
waters flow down permeable sedimentary units within the graben from the Yellowstone upland to great
depth under the Gardiner fault zone, thereby forming a common reservoir for the hot spring systems.
The cavernous Mississippian Madison Limestone, lying near a depth of 10,000 feet under the Gardiner
fault zone, may be the principal aquifer and produces the high Ca content of the active hot springs.

Waters are heated at depth by conduction from rocks whose temperatures depend on the geothermal
gradient. They then ascend through fractures to the surfaced A normal thermal gradient for western
Montana causes base temperatures near 100° C at this depth. However, the proximity of a shallow
magma body beneath the Yellowstone Plateau to the south may accentuate the normal regional thermal
gradient and produce higher base temperatures in the reservoirs.
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ABSTRACT

This study is an attempt to détermine by means of geologic
observations thé structural and Tithologic controls on the circulation
of geothermal waters in the La Duke and Bear Creek thermal spring
systems. Hot spring act1v1ty has persisted in the Corwin Springs-
Gardiner, Montana area since the Pleistocene. Presently the only
active hot springs, La Duke and Bear Creek, emerge at opposite ends.
of a two square m11e Pleistocene travert1ne deposit.

The hot. spr1ngs and travertine lie along the northwest trend1ng
Gardiner fault, a Laramide high-angle reverse-imbricate fault zone,
which bounds the Beartooth crystalline rock uplift on the southwest.
The post-Laramide Reese Creek and Mammoth faults are graben-forming
normal faults that extend from the Yé]]owstone Park upland, northward
into the hanging wall of the Gardiner fault. 'The Tocal thermal features
1ie on or between the .intersections of these faults with the Gard1ner
fault zone. : L

More than J0,000 feet of Paleozoic and Mesozoic sedimentary
rock are preserved within the graben in the footwall of the Gardiner
fault... From a structural high within Yellowstone Park, the sedimentary
-units dip gently into the Gardiner fault zone, where they are dragged
up and locally overturned to form an asymmetrical syncline striking.
northwest. These structural relationships suggest that meteoric waters
flow down permeable sedimentary units within the graben from the
Yellowstone upland to great depth under the Gardiner fault zone,
thereby forming a common reservoir for the hot spring systems. The
cavernous Mississippian Madison Limestone, lying near a depth of 10,000
feet under the Gardiner fault zone, may be the principal aquifer and
produces the high Ca content of the active hot springs.

Waters are heated at depth by conduction from rocks whose

temperatures depend on the geothermal gradient. They then ascend through

fractures to the surface. A normal thermal gradient for western Montana
causes base temperatures near 1000 C at this depth.. However, the proxi-
mity of a shallow magma body beneath the Yellowstone Plateau to the
south may accentuate the normal regional thermal gradient and produce
higher base temperatures in the reservoirs.




Chapter 1
INTRODUCTION

Geothermal phenomena have béen'intermittentiy active in the
Corwin Springs-Gardiner area of southwestern Montana from the ééf]y
P]eistocene to the present. Thermal Springs have produced exteﬁsive
travertine deposits up to 60 feet in thickness that extend for four .

miles from the vicinity of Little Trail Creek, northwest Bf Gardiner,
to Bgar Creek; east of Gardiner (Figure 1). Whereas most of thé
'”:fraVerting was debosffed'before the_]ast‘PinedaTe g]aCiafion, minor:
fherma] sprfné éctiviéy continues oﬁ this trend at ﬁhe Bear Creek
warm springf(Pfate 1):and'ét La Duke Hot Sprfng (Plate 2) (Fraser

.et al, 1969). Both springs are breéent]y-depositing moderate amounts
of travertine. Base reservoir temperatures for La Duke Hot Spring
are thodght to range from 81° C in the summer to 130°~C‘in thé Wintef
(Chadwick, personal communication, 1976).

These thermal features 1ie within .the northwest trending
Gardiner fau]t zone on the north side of the Yellowstone River va]]gy.
They also lie on the northern edge of the Yellowstone geothermal field.
Most hot springs within.the Yellowstone field actively deposit sili-
ceous sfntef, and Have base temperafures in ‘excess of 250° ¢ (qurnier,
White and Truesdell, 1975). These hot spring_syétems are thought tol

derive their heat from a molten or partially crystallized rhyolitic
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PLATE. 1,

View to the north at the junction of the Yellowstone River
and Bear Creek of the travertine deposit at Bear Creek
warm spring lying on upturned Paleozoic and Mesozoic
sedimentary rocks. Pliocene basalts cover the Gardiner
fault zone in the immediate background.




PLATE 2.

View west from the travertine deposit at La Duke Hot Spring
with upturned Paleozoic and Mesozoic sedimentary rocks at
Devils Slide on Cinnabar Mountain in the background.
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magma body lying at a depth of five km beneath the Yellowstone

volcanic plateau (Eaton et al, 1975). -

Rejibha] Setting

' The-Corwin Sprfngs-Gardiner area oécupies a transftiona]
- stition'Between the MiddTe Rocky Mounta%ﬁ and the Northern Ro;ky
Mountain physiogfaphic provinces (Thornbury, 1965). The, Beartooth
block, an uplifted mass of Precambrian crystalline rock bounded on
the soufhwest by the Gardiner reverse fault, borders the thermal
area on the north and east. The sodthern.Ga11atin Range, a horst
" block structufe, 1ies to the west and south of the Corwin.Springs—
Gardiner system. Andesite and daci;fc flows, mudflows and QoTcanic:
breccias of the Eocene Absaroka-Gallatin volcanic field cover
extensive afeas df both dp]iftedvblocks,‘ana are remnants df a
- more extensive cover (Chadwick, 1970). The Yellowstone River valley,
of probable early Eocene age, was exhumed from beneath the volcanic
cover and now separates the two uplifted blocks. The regional terrain
is very mountainous, dfsp]aying as much as 5,000 feet of relief above
the floor of .the Ye11owstone River valley, which has an altitude of
5,000 feet or more in the Corwin Springs-Gardiner area. Glaciers
have moved down the Ye]]owstoﬁe River valley from sources within
the Ye]]owstone.Nationa1 Park area on at Teast one occasion during.

the Pleistocene (Montagne, personal commuﬁicatidn, 1976). A veneer

{9
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of glacial till and outwash alluvium remains on the valley f]oor'and :

walls. . ".

Objectives and Procedure.

This study is an attehpt, based on geologic observations only,
to determine the circu]atory'pattefns, recharge'mechanisms, énd heat
sburce‘of the Corwin Sprfngs—Gardiner geothermal systems. These
systems are of particular interest in that although they ]ie.in.closé
proximity to the magmatic heat-driVen Yellowstone systems, they bear
close genetic resemb]ancg to many of the thermal spring systems . |
thfoughoﬁt western Montana. The quantffy of heét aﬁdigeotherma1,
fluids fhat'the Corwin Springs-Gardﬁher ;ystem might derive from the
Yellowstone fie]d is in question here, as is the present intensity
and volume of the thermal circulatory system at depth.

fhe struétura] and lithologic controls of the Corwin Springs-
Gardiner geothermal features were investigated during the summer of

1975 by means of detailed mapping 1n,the.La Duke Hot-Spring‘area
(Figure 1, page 2),Aand recpnnaissahce of the northwest'Cbrner of

Yellowstone National Park, Cinnabar Mountain, and the Gardiner fault

zone with the guidance of pub11$hed_geo1ogic reports. Detai1ea geologic -

data were recorded on 1:20,200 scale black and white aeria]xphotoé.
Examinatiqn‘qf'regiona1 ERTS photos a116wed exfension of known fault

" trends.




Previous Investigations

No work has been published exclusively concerning the contré]s
~and origins of the thermaT features along the Gardiner fau]t..'However,_
Waring (1965) Tists dfscharge tempefatureé for the hot springQ{ and"f

. Ba]ster and Groff (1972) briefly describe possible heat’sour;es’?or

hot springs in the upper Ye1lowstone Riyer-va]fey. The‘Americéh
Assocjafion of Petroleum Geo]ogiSts'(1973) and the Montana Bureau of o
Mines~and Geology (Ba1§ter, 1974) have'pub]ished geothermal gradient
'maps'based on oil and gas well data from'the eastern portion of

Montana. Unfortunate]y,‘coverage does not include the Corwin.Springs-
Gardinef area. Fraser ef al (1969), in their report on the geology

of the'Gardiner'area,-prief1y describe and mép the extent of travertine
deposits north of Gardiner, and note the existence of thermal sprihgé

at Bear Creek and at La Duke. Numerous papers, however, have beenv

. published on the geothermal fields within Ye]]oWstqﬁe Nétiona] Park.
Fournier and Truesde115(1970); Fournier,_white, and Truesdei] (1975);
White, Fournier, Muffler, and Truesdell (1975); and Truesdell and |
Fournier (U.S. Geoiogica] Survey, Open-file report) describe the
physical and chemical préperties of the g%othermal systems within the -
Park. Much of their work is based on data obtéinEd by reséarch drilling
in selected thermal areaﬁ. Chadwick and Kaczmarek (i975) discuss

several models for hot springs in adjacent areas of western Montana.




o
u. S.'Geo1bgicg1:5urvey studies By'Fraser et a] (1569) and
‘Rubpe1 (1972) providé information on the stratigfapﬁic section and _
structure near Gardiner and the northwesf’corner of Ye]]owstone
National Park. Papers by Wilson (1934a,b), Spencer (1959), Foose

et al (1961), and Brown (1961) also contribute to these subjects.

Iddings (1899), Chadwick (1970), Prostka and Smedes (1972), and Shaver

- (1974) describe'the distribution and character of Tertiary eruptive
centers and extrusives.’ ChriStian;en and Blank (1972)'diséuss:the |
phases of Quaternary rhyolitic vo1c§hism that prodﬁged the thermal |
féaturesloccurring wfthiﬁ the Park today. Hami]tdn (1960)Iénd~L§Ve

(1961) distinguish tectonic features active in the Quaternary in the
Ye]]owétoﬁé-Park-Hebgen Lake area. Smith et al (19745 and Eaton et al
(1975) present models of the subsurface geology of Yellowstone Natidhai

Park and vicinity based dh gravity, seismic, and aeromagnetic data.




Chapter 2
GEOLOGIC SETTING

Local Stratigraphy

More fhan 10,000 feet of marine and terrestrial Pa]eozoic and
Mesozoic sedimentafy rocks accumulated on the Precambrian crystalline .-
basement before the beginning of Teftfary time. About 3,000 feet of
Paleozoic mérine sedimentary rocks ére'expoéed in the éouthern Gé]]atin
Range (Ruppé], 1972). The lithology %ﬁcfudes 1imestqne,-d6j6miié,.and
volumetrically lesser amounts of c]astié,foék. All gystems are'?épre;-
sented except the Silurian. Paleozoic roéks crop out at Cinnaba}

‘ Mquntain and at Bear Créek, though faulting removed formations older
than Ordovician at Cinnabar Mountain and older than Mississippian .
at Bear Creek (Figure 2; Plate 1, page 3; and Plate 2, ﬁage 4).

More than 8,000 feet of Mesozoic rocks overlie the Paleozoic
sequence (Figure 2). Outcrobs of Triassic and Jurassic rocks at
Cinnabar Mountain display about 1,000 feet of marine Sandstones,' 
siltstones, and Timestones. More than 5,000 feet of marine_and non-
marine clastic rocks were deposited Ffom Late Jdraésic'tb.Late .
Cretaceoqs time (Fraser et al, 1969). Exposurés of these fockS'on _
Cinnabar Mountain include thick sequences of sandstones, shales, and
mudstones. A Tist of the formations and rock descriptions is included

in Appendix A, page 72.
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FIGURE 2 GENERALIZED BEDROCK GEOLOGY - GARDINER REGION
(modified from Wilson(1934), Frazer (1969) and Ruppel(1972)
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Cenozoic Structures and Faults

The Gallatin anticline. The upper reaches of the Yellowstone
River drainage have been subjected to intense tectonism and volcanism
from the Late Cretaceous to the present. Eastward regressioﬁ of a.
Cretaceous seaway, in response to a rising landmass to the west;
signaled the beginning of the Laramiae period of deformation and
uplift. _A moderate compressiona] force from the.southwesf produced .
regionéi folding along northwest-trending axes, followed by dif-
ferential uplift of crystalline blocks along northwestftrendiné‘bf
high angle reverse faults and thrust fau]t;. Laramide.ﬁau1ts may
have followed northWest‘and north-northeast—trending Precambrian
faults or structural weaknesses in the crystalline basement (Fraser
et al, 1969). Compréssiona] deformation persisted into the eariy‘
Eocene and raised the sedimentary sectidn in the northwest part of
present day Yellowstone National Park into the gentle northwest-
trending Gallatin anticline (Ruppel, 1972), (Figure 2). Opposing high-
angle reverse faults on the north and south 1imbs of this anticline
depressed the crest of the anticline between them. The northeastf
dipping Gardiner reverse fault, passing through Gardiner,:Montana, ::A
forms the southern boundary of the Beartooth uplift to. the north of
the anticline, whereas the Grayling Creek fault forms the northern -
boundary of an uplift of Precambrian crystalline rock to the south

of the anticline, in the vicinity of Mount Holmes (Figure 3).
1
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FIGURE 3 MAJOR FAULT ZONES AND STRUCTURAL
FEATURES - GARDINER REGION
(modified from Frazer (1969), Ruppel(1972)
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The Gardiner fault. The Gardiner fau]t is a steeply northeast-

dipping imbricate reverse fault zone, along wh1ch is preserved near]y

. 10,000 feet of " Pa]eozo1c and Mesozoic sed1mentary rocks in its footwa11.

block.  The fau]t zone ranges from .25 to one mile w1de It emerges

from beneath Tertiary voTcan1c cover southeast of the Grand Loop Road

cin Ye]]owstone Nat1ona1 Park, and extends northwest a1ong Rescue Creek.

towards Gardiner, Montana (Plate 3). The fau]t .zone passes along the
“base of Sheep Mountain Just north of Gard1ner but is buried beneath
basalt flows of probab]e early P1e1stocene age.. The fault zone
re-emerges at Little Tra11 Creek, to be-progress1ve1y offset to the
northeast around the northern flanks of Cinnabar Mountain by younger
north-trending normal faults (Figure 3, Plate 4, and Plate 5). A
northwest. trending zone of very coarse autoclastic fragments in

Precambrian granitic gneiss marks the 1ocation,of part of the Gardiner

fault zone 0.25 miles uphill and to the northeast of La Duke Hot Spring.

(Plate 6 and Plate 7). The fault zone Juxtaposes crysta]11ne Pre-
cambrian rock of the Beartooth uplift against rock units rang1ng in
age from Ordovician to Cretaceous at different']oca]ities a1ongktts
exposure. The sedimentary units are dragged up and are locally over- |
turned along the fault zone as exposed at Cinnabar Mountain and at

Mount Everts.




Plate 3.
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View toward the east from Electric Peak of travertine

deposits (T) and Pliocene basalt flows (B) at Gardiner.

The Gardiner fault zone passes beneath these deposits

starting at the mouth of Bear Creek (BC). A branch of the

Mammoth fault (M) defines the base of the northwest flank

?f ?ount Everts and enters the Gardiner fault zone near
B8CIi
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PLATE 4.

View toward the north from Electric Peak of the La Duke Hot
Spring area. The Reese Creek fault (R) enters the Beartooth
block at La Duke Hot Spring (L). The Gardiner fault zone (G)
passes through La Duke Hot Spring along the northeastern

wall of the Yellowstone River Valley. Offset basalts (B)
indicate Quaternary activity on the Gardiner fault zone.
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PLATE 5. Trace of the Gardiner fault on the northern flank of Cinnabar
Mountain looking to the northwest from a point .5 miles
southeast of Corwin Springs. (Te = Eocene intrusive, pK =
pre-Cretaceous sedimentary rocks, P€ = Precambrian rock)




PLATE 6. Fault breccia in granitic gneiss of the Gardiner fault zone
.25 miles northeast of La Duke Hot Spring. Contact of
undisturbed granitic gneiss with breccia zone indicated by
arrow. Zone strikes approximately N50W and dips 500NE.
(note circle around man for scale)
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PLATE 7. Gardiner fault zone breccia (bxa) showing boulder sized
clasts of granite .25 miles northeast of La Duke Hot

Spring. Cinnabar Mountain Ties in the background to the
northwest. :
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' The Ga11affh horst, As up]ift‘of the Beartooth block and the‘.-
PreCaﬁb%jéh block sodfhxbf the Gray]ibg'Créek fault proceeded, a horst:

block Comprisfng the pré;enf southern Gallatin Range rose on a north-

| northeast trend between'the East Ga]iatin and West Gallatin nbrma]"

faults (Figure 3, page 12). These faults are traceable from the
southern end Qf the Gallatin Range northward into the Beartooth block, -
where they cause apparent lateral offsets ih the trace of the Gardiner

fault on the southeast and northwest sides of Cinnabar Mountain.

Maximum displacements of 4,000 to 5,000 feet have been observed on the

East Gallatin fault (Iddings, 1904; Wilson, 1934a; Fraser ét.a1, 1969;
Rubpei; 1§72); Qhefeas-appfoximate1y 2;560 feet of disp]acemeht
have been noted on the wgst Ga]]atiﬁ'fault (Ruppel, ]972). 'Djépiaée-
ment decreases drastically as the faults scissor closed fnto:the H
Beartooth block. These faults probably formed as the b]ock ubTift
commenced during Laramide compression and have been intermittently
active into the Pleistocene (Love, 1961; Ruppel, 1972).

The Gallatin horst block may be a product of resistance to
Laramidelcompressional deformation which grew dn a north-south axis

between the Gardiner fault and the Grayling Creek fault. Paleocene

© sills and'1accojith$ intruded along the Paleozoic and Mesozoic rocks

probably caused .the séction to behave rigidly in response to compression

(Shaver, 1974). Compressional stresses were fe]ievgd by creation of

" the normal faults that now define thé Ga]]atin'horst.' Precambrian'




gneiss in the hanging wé]1 block of fﬁe Gérdfﬂef fault rests against
Ordovician Bighorn Dolomite in the footwa]i block at the northern :
end of Cinnabar Mountain. The same Precambrian gneiss rests against
Cretaceous Telegraph Creek Sandstone at Little Trail Creek, three
miles southeast of Cinﬁabar Mountain (Figure 2, page 10).. Rever§e
offset apparent1§ progressed furfher at this location than'at Cinnabar
Mountain with the result that the Gardiner fault is offset as it
apbroaches Cinnabar Mountain approximéte]y 0.5 mi]es,to.the norfheast
-.by the Reese Creek extension of thenﬁasﬁ_Ga11atfn féu1t'(Figure 3; 
Page ]é;'and Plate 4, page 15). After:paééing over tﬁe horth flank -

of Cinnabar Mountain, the Gardiner fault is offset 0.25 miles back

to the southwest by the Mol Heron Creek extension of the West Gallatin:

fault. This apparént lateral displacement results from the vertical
displacement of the northeastward dipping Gardiner fault zone.
Figure 5,.page 31, depicts this fracture pattern in greater detail.
The Gallatin horst is similar to the compression resistant
block uplifted along the reverse Bearfooth fault on the northeast
front of the Beartooth block near Red.Lodge. This block is borderéd
by two teaf faults haVﬁng up to 10,0dd feet of lateral displacement
(Foose et al, 1961). The Reese Creek and Mol Hevon Ckeek.fau]ts
correspond to the tear faults at Red'Lodgé but show ﬁuch less lateral

displacement. Shallower dips and greater imbrication along the
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reverse Beartooth fault permitted greater lateral displacement of the

reverse fault zone at Red Lodge than at Cinnabar Mountain.

The Mammoth fault. The Mamﬁbth.fault.and related ‘fractures are

weéter]y.dfpping ndrmal'fau]ts with up to‘4,000 feef.of displacement‘
(Fraser et al, 1969; Rubpe], 1972). They éktend frdm.the vicinity

of Norris Geyser Basin northward fntq the Gardiner fault zbné between
Bear Creek and Gardiner (Plate 3, page 14). The Gardiner fault zone, .
where exposed, is sheared by the Mammoth fault. The Mammoth fault,
Tike the East and-West Gallatin faults, appears to scissor closed
rapid}y as it eﬁters the Beartooth block. The upturned Paleozoic and
Mesozoic units at the junctﬁré of the Mammoth and Gardiner faults are
greatly disturbed, preventing accurate measurement of diSp]acemeht

along the Mammoth fault.

The Sepulcher graben. Downward displacement of the crustal

block between the Mammoth and East Gallatin faults has preserved nearly -

5,000 feet of Eocene volcanics on top of the pre-Tertiary section.” This -

structure is known as the Sepulcher Mountain graben. The graben
effectively truncates the axis of the Gallatin anticline between

Roaring Mountain and Mount’Holmes and plunges at a gradually steepening

© . angle northward under the Gardiner fault. A segment of the Gallatin

anticline is probably preserved in the Sepulcher graben, although the

northern 1imb is most Tikely oversteepehed by the greater displacement
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of the graben in its northern extent relative to dip angles observed

on the Gallatin horst.

Cenozoic Volcanism

Eocene volcanism. Widespread dacitic and andesitic volcanism

accompanied the Tast stage of displacement along the Gardiner fault

" zone during Eccene time. A1l of the Gardiner region was:covered by A

thick sequences of breccias and flows that we?e'part of the,Absaroka-

‘Gallatin volcanic field (Chadwick, 1970). Major centers of eruption

in the Gardiner area include Electric Peak, Bunsen Peak, and several

sources to the northeast on the Beartooth block (Fraser et al, 1969). .

Electric Peak was the primary source for the vo]canics'preserved in
the Sepulcher graben.’ |

The Gardiner fault zone also served as a minor conduit for
Eocene lavas. "~ Numerous dacitic and andesitic dikes occupy positions
within the fault zone and parallel to the fault plane (Figure 4).
These dikés are well exposed near lLa buke Hot Spring and on the north

flank of Cinnabar Mountain where they provide the most reliable means

of identifying the trace of the Gardiner fault. The dikes generally K

penetrate Precambrian granitic gneiss and fault breccias of the hahg%ng

wall block. However, a few dikes on Cinnabar Mountain intrude 1ime-
stone of the footwall block cTose to the fault trace. These dikes .

are truncated and offset along the Gardiner fault zone by the Reese




























































































































































































































