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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




r Tﬁ
/Q‘b'
SIS
~ 3
\Go\ Beartooth
rd//)?\Q' BIOCk
Cinnabar Mt A Sheep Mt

Sepulcher
Graben

West Gallatin Fault

0 10 20
L L |
MILES
U @
Normal Faults D Reverse Faults

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
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Creek and Mol Heron normal faults. Several small ihtrusions‘of dacite
and dacite breccia cut the hanging wall Block within one mile of the
fault zone between Little Trail Creek and Corwin Springs. The Gardiner
fault zone probably controlled the ascent of these magmas as well. |
Most d1sp1acement a]ong the Gardiner fault zone appears to have been
accomp11shed before the .Eocene 1ntrus1ves were emp]aced, as 1nd1cated
by the Tlack of major reverse d1sp1acement within those 1ntrus1ves
However, the Gardiner fault may be respons1b1e for some minor brecc;a-
“tion and gouge within the dikes on Cfﬁnabar Mountain, 1ndicat1ng ‘
some activity a]ohg the fault zone at .the time of 1ntfusidn. Thése‘

rocks are described in greater detail in Appendix B, page 75.

Quaternary volcanism. Following this early volcanic episode,

volcanism subsided in the Gardiner area until Pliocene or

Pleistocene time when alseries of basa]ts flowed down the Yellowstone
River valley quh probaﬁie sources witﬁin Yellowstone Park. At Teast
five flows make ﬁp.the basalt bench extend%ng north of Gardiner from '
Deckard Flats near Bear Creek to Litt]éﬂTkafl.Creék. Another remnant'
outcrop 1iés on an old erosional su;face above La Duke‘Hot Sprjng.

The age and source of fhis sequence of basalts is ﬁncertain sinﬁe .
erosion has destroyed any links with possible sources upstream.

Source conduits withfn the Gardiner fault zone north of Gardiner

were suggested by Wilson (1934a) but evidence is not conclusive.
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The basalts resemble those of the Junction Butte Basalt Group in their
black, aphanitic appearance and position on top ot a late Tertiary
erosional surface cut into unconsolidated sediments and pre-Eocene
‘rocks The absence of ash flow tuff c]asts of the Ye]]owstone Group
in the unconso]1dated sed1ments beneath the basalts. suggests that the
Gardiner basalts were erupteq,as\Nere the Junction Butte Basalts,
prior.- to the initial outbreak of rhyo]itic lavas on the Ye]]owstbne
Piateau (Fraser et al, 1969). ChrtStiansen and Blank (1972) have
identified vents of the uunctfon Butte Basalt Group at the east end
of Mount Everts. Flows from these vents could have had access to
the Gardiner area by means of either the Yellowstone RfVer or the
Gardiner River drainage. Several P]iocene basalt flows have been
“dated by Bush (1967) at Hepburn S Mesa 15 miles down the Ye]]owstone
-River from Gardiner. No corre]at1on between the Gard1ner and Hepburn S
'Mesa basa]ts has been estab11shed

Three cycles of rhyo11t1c tuff erupt1on and caldera co]]apse
began on the Ye]]owstone Plateau in the Early -Pleistocene. . Pertodac
extrusion of rhyolite flows, domes, and basalt flows accomparied the;'
voluminous tuff eruptions. The o]dest'f1ows have been dated at Tess
than 2.4 million years old (Christiansen and Blank, 1972). The
youngest flows were extruded as recently as 70,600 years ago
(Christiansen andlblank, 1972). The Sepulicher graben was the site

of extrusion of several young flows and domes. These extrusive




26
centers were periphera1 to the main caldera. No volcanics were
erupted in the Corwin Springs- Gard1ner area during this per1od
although the Yellowstone River valley was deeply buried under rhyo11te

tuff at Teast once as evidenced by remnants of rhyolite ash flows on

. Mount Everts, in the Bear Creek drainage north of Gardiner; and in

Tom Miner basin northwest of Corwin Springs Caldera co11apse occurred
on three occasions centered around the Yellowstone Lake area as rap1d
removal of magma during the tuff eruptions left the roof of the magma

chamber unsupported.

" Regional Seismicity

The .geologic record of the Gardiner area suggests that the
area has been seiémica11y active since the late Cretaceeus. ~The
mechanical neture of this activity has_changed with time. Laramide
eompressiona] stress subsided by Middle Eocene time as indicated by -
the lack of significant reverse displacement 1in the Eocene volcanics.

A tensional stress reg1me replaced Laramide compress1on causing exten-

sive normal faulting in the upper Yellowstone region. Tensqona]

stresses became most intense during the Pliocene and have continued
into the Holocene (Ruppel, 1972). After initially developing ddring
the Laramide, a group.ot north-south trending normal faults acquired
most of their disp1acement'during this latest .deformational phase.

These include the East énd West Gallatin faults and the Mammoth fault.
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Normal disp]écement also occurred du;ing‘the Hq]oéehe along .the Gardinef
and -Grayling Creek fa&]ts (Fraser et at, 1969). Such disp]&cement'may
be 6bserved along the Gardiner fault at Little Trail Creek and soufh4
east of Mount Everts. | |

Tﬁe Gard%ner area lies within the Intermountain Seismic Belt,

a major zone of Holocene seismicity extehding from southern Utah to
northwest Montana (Smith et al, 1974). The Yellowstone caldera com-
prises the eastern end of a secondary.seismfc zone that EXtendg'west;.
ward through the Hebgeh Lake area into éentra] Idaho. Fault plane
solutions by Smith and SEar (1974) gnd.Trimbéi and Smith (1973) ngggst
that north-south extension presently pfevai]s along this secondary
seismic zone whereas east-west extension prevails along the rest of
the Intermountain Seismic Belt to the north ana south. Ho]ocene scarps
along the normal Deep Creek fault to the north of Gardineh 1h-the
Paradise Valley and along the Teton fault in Jackson Hole to fhe south
provide clear evidence for modern seismic activity. Resurgenf magmatic
activity beneath the Ye}]owstone caldera superimposes radial compres-
sive forces upon fhemmore general ténsiona] regime in the vicihity '
~of the caldera (Smith et al, 1974).' Crustal shortening in a radial

- direction is indicated. -




Chapter 3
CONTROLS ON fHERMAL WATER CIRCULATION

Control on the flow of thermal water in the Corw1n Spr1ngs-
Gardiner thermal systems is exerted by Jo1nts, faults, and permeab]e

rock unjts. A geologic model descr1p1ng recharge, c1rcu1at1on, and

. discharge of these thermal Systems,'and the relative 1mporténce'of

these controlling structures will be developed here. This model is

“an attempt to explain the geologic setting and physical characteristics -

of the hot springs. A brief description of the geology of La Duke
Hot Spring and Bear Creek-therma] springs and the Gardiner travertine
deposits wi]]ihelp-place the circulation model within the context: of

the regiona] geolpéic piéture developed ih Chapter 1.

Local Geo]ogic Setting

The Corwin Spr1ngs ~-Gardiner thermal features are a11gned within
the northwest trending Gard1ner reverse fault zone. La Duke Hot
Springs lies at the 1ntersect1on of the Gard1ner fault and the Reese
Creek fault as indicated in Figure 5, page 31. Hot water flows from
two major sources and from two small seeps in recent colluvium and
fractured, silicified limestone'bedrock. One major source is actively
depositing travertine on the banks of the Yellowstone River and flows
at an estimated 100 gpm from a cement-encased reservoir covered by

U. S. Highway 89 (Taylor, 1975). The other source is a nonflowing




29

PLATE 8.

View to the north of La Duke Hot Spring and cliffy
silicified limestone breccia outcrop. (Qt = Quaternary
travertine, bxa = fault breccia)
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cement-encased pool.lyihg to the east of the highway. The two seeps
drain into the borrow-pif about 30 yards to the south dn.the east |
side of the highway." La Duke Hot Spring was the sourcé'of hot water
for-fhe resort communitylat Corwin Springsﬁin the 1afe 1800's.

These springé iie'at the base of a promﬁhent cliff composed
of a coafée aﬁgu]ar faﬁ]t breccia (Figure 5). Most of the breccia-
is a highly sﬁ]icified, dark gray, sugary textured rock. However,

textures visible in the rock on the upper part of the outcrop suggest

‘that dacite makes up a portion of this breccia. These dacite fragments

may come from a dacite dike which cuts the granitic gneiss of the
Beartooth block immediately uphill from the breccia outcrop. The

lower part of the breccia outcrop is an altered limestone whiéh.may

" be part of the Madison Grgup as suggested by its light gray coTon and -

miéroscopiba11y visible ghosts of crinoid stem cross sections (Plate 9)
(Q. L. Smfth, peksoﬁa1 communication, 1976). This interpretation

is uncertain but is supported by the Tocation of this outcrop approxi-
mately on the strike projection of the upturned Madison Group at
Cinnabar Mountain across the Yellowstone River valley to the northwest.
The structural orientation of the limestone outcrop at La Duke Hot
Spring is not measurable due to poor exposure. The Timestone outcrop
may represent the edétgrn margin of the Gallatin horst. However,

the margin at this point must be significantly downdropped, relative

to the horst at Cinnabar Mountain, by normal displacement along the




FIGURE 5. BEDROCK GEOLOGY OF THE CORWIN SRRINGS-
GARDINER AREA (modified from Wilson, 1934, Fraser,
1969, Ruppel, 1972, and Struhsacker, 1976)
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PLATE 9
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PARTLY SILICIFIED LIMESTONE SHOWING POSSIBLE CRINOID
STEM REMNANTS FROM LA DUKE HOTSPRINGS. (CROSSED NICOLS)
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numerous elements of the Reese Creek-East Ga11af1n fault. These
elements penetrate‘the Gardinef fault zone between Little Trail Creek
and Cinnabar Mountain.- The vertical orientation of the sedimentary
units dragged u? in the footwall b]ock of the Gardiner fault zéne
frustrates any attempts to determine the amount of vertical disb1ace-_
ment that has occurred along the Reese Creek fault zone in the vi;infty
of La Duke Hot Spring. The Reese Creek fault and associatedzfracturés

appear to continue northward into the Beartooth block as much as one

mile beyond:the Gardiner fault zone as indicated by bedrock fracturing _

and tongraphié Tinears visible on the ground and on aerial photos
(Figure 3; page 12). The fractures scissor shut as they cut into
the Beartooth block.

The Bear Creek thermal spring_]ies near the 1ﬁtérsection of
the Gardiner fault anq a branch of the Mammoth fault (Fraser et al,
1969) (Figure 5). The épring presently flows at less than one gpm |
but has deposited a .3 square mile traverﬁine,mouhd during the
Pleistocene and Holocene. The travertine rests on top of an ﬁpturned
sequence of Paleozoic and Mesozoic éedimentary rocks. Reverse féthing
has p]agéd Precambrian schist against the Madison Limestone.' Norma]
faulting along the Mammofh fault zoﬁe has severely sheared the sedi-
mentary rocks in the vicinity of Bear:Creek spring. North-northeast

trending elements of the Mammoth fault zone appear to terminate within

the Gardiner fault zone though Quaternary.cdver may obscure
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contfnuations of these fractures to the north (Fraéer et a];-1969).:'
Bear Creek spring issues from the upthfoWn footwall b]ock of the Mammoth

Fau]t_which:ing]udeS'the.up1ifted area of Mount Everts to the éaét of
the Mammoth fault. |

The Gardiﬁer tré&értine depdsﬁts discdntinuoﬁs1y cap tHé .

P]iopene-Pieistqcene basalt bench immediately north of Gardiner

(Figure 5). The basalt bench, composed of five f]ows, covers upturned
Mesozoic sediﬁents preserved as the footwall block of the Gardiner fault
zone within the Sepulcher grabén. The travertine deposits 1oca1]y "
attain thicknesses of greatér than 60 feet; The Qreatest thicknesseé;
as determined.by reconnaissance field checks, occur in the vicinity of
possible intersections of elements 6f the Mammoth fault zone with the
Gardiner fault as'hépped by Ruppel (1972). - One such interseétion
may occur near the travertine quarries slightly northwe;t of Gardiner,
the site of the thickest travertine accumulation. The travertine also
covers and is cut by numerous slump fractures that break the basalt
bench parallel to'the'trend of the Gardiner fault zone. These fractures
~are products of a reactfvation at depth of the Gardiner reverse fault
zone in.a normal sense during Pleistocene and Holocene time (Fraser :
et al, 1969). The majority of the fractures are probably products
of slumping of the basa]ts on top of upturned incompetent Cretaceous
sedimentary rocks in response to the renewed teﬁtonic activity. They

mostliike1y do not penetrate more deep]yffhan the base of the basalt
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flows. However, Fraser et al (1969) indicates that several fractures

may extend continuously into the Gardiner fault zone be]ow_the basalt.

Discharge Patterns

La Duke and Bear Creek therma] springs both discharge frémi
fractures at the intersgctions of the Gardiner f&u]t zone with the
Reese Creek and Mammoth faults respéctively. Receﬁt séiémiq'activity
in the areé maintqins these highly fractured zones as opén conduits.
The Gardiner travertine debosits’aré products of similarly located
P]éistpcene springs. The hot water prdbab]y rises from a heat source
at consfderab]erdépth in the Gardiner fault zone. Both La Duke and
Bear Creek springs. appear to have point sources as indicated by thé:
close spacing df the springs and, in particular, the cone shape of
the Bear Creek travertine deposi;.

" The Gardiner travertine deposits display syﬁmetrica11y round
mounds and several northwest trending linear deposits that suggest
control of discharge by the young slump fractures cutting the basalt '
bench within the Gardiner fault zone.  One or two of fhese Tinear |
_deposits resemble the elephant back ridges developing presently at
* Mammoth Hot Springs where thermal water flows outward from a fracture
to both sides along its entire 1ength; The elephant back ridges at
Gardiner are about .25 miles in length and'20 feet high. The locations

of many of the springs and their relative stratigraphic positions are
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obscured by the s]umb fractures desc?ibed previously and by glacial

scouring.

Fault Control of Recharge

Fault zones may aid the recharge process.whefe they pfovide
.permeable fractures fhat continue to great depth. Where seismic
activfty'has sustained open fractures, groundwafer may pehetrate
- the dtherwise impermeab]e sedimentary rocks in the Sepuiﬁher Qraben.
Fraser et al (]969) and Ruppel (1972) haVe suggegted thétlthe Gardiner,

Mammdth,'and East Gallatin-Reese Creek faults have been recently

active, as evidenced by the displacement of PTeistocene deposits'along.:

fhose faults. Many fractures related to these fault zones cross the_'
Yellowstone River valley presenting abundant opportunities for water
from that drainage to percolate into the bedrock. However, fine-
grained river alluvium and g]aéia{ till may impede access of water

to these fractures. The permeabi]ity-of the fractures may be low since
weathering products and hydrothermal minerals, deposited by dircu]ating

' hydrotherha]-f]uids,_tend to seal fractures rapidly in the absence. .

of repeatéd hovement along the fractUres.

Joint Control of Recharge

Abundant bedrock joints with varying orientations'provide an
important means of rechérge for the Corwin Springs-Gardiner thermal

circulatory systems (Figure 6). The fractured Precambrian granitic"
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gneiss and schists of the Beartooth block probably confain greater
fracture permeability than most of the Eocene volcanics and
Phaherozoic_sedimentary rocks in the aréa. The supérpositfon of -
Laramide fracturing on Precambrian ffa;tufe battefns.in the ‘gneiss
a and schiét:is a possfb]e exp]anation-fpr'their dgreater frdcturé
permeability. .

" Prominent joint trends of Tikely Precambrian originzlas
_measdréd by Spencer.(1959) on the easterh part of the Beartooth
block, and by Ruppel (1972) in the Gallatin Range and on the southwest
part'of the Beartooth block, are: N.15°w., N.45°w;, N.45°E., and
N.65°W. Other joints trend N.55-60°E., N.15%-20°E., N.-S. to N.5°F.,

and N.85%E., to E.-W.. Most fractures are almost vertical except'near

thé overthrust margins of the Beartooth block where shallowly dipping
joints have developed in response to intense Laramide éompreéS%oh&l
'strésses (Spencer, 1959)i Joint orieﬁtations noted by the author
betwegn La Duke Hot Spring and Cinnabar.Basin in the hanging wall
block of the Gardiner fault suggest that Laramide compression and

subsequent tensional stress strengthened the N.60°W. and the

N.5°-30°E, trends in the vicinity of the intersections of thé Gardiner

fault zone with the transverse normal faults (Figure 6).
The Precambrian rocks appear to contain relatively fewer
mineralized fractures or fractures rendered impermeable by the depo- ..

sition of clayey weathering products than do the Phanerozoic rocks.
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'The'incompeteﬁt,-shajey hgture and the great fhickness of the clay- 1‘“
" rich Mesozoic rocks has inhibited the deve]obment and preservation of“‘
permeabie fractures. The easf]y weathéred Eocene volcanic breccias
may suffer similar 1imitations to the development of fracture
permeability. Clays and iron oxides that develop dﬁring weathering
of the volcanics may effectively clog fractures.  The abundance of
unmineralized fractures in the granitic gneiss fs_evidence that this
rock may potentially be an aquifer. f

' The brobab]e high permeabi]ify'df the fractured Precambrian:
crysfa]]ine rocks suggests that grouhdwéter may percolate to consider-
able deptﬁs thrdugh joints in the haﬁgingfwall block of the Gardiner
fault. The great areai exposure of Precambrian rock on the flanks of

Sheep Mountain between Bear Creek and Cinnabar Mountain and the

considerable relief of the local drainages could encourage significant .

recharge of the thermal systems. The Tlower fracture permeability df
Mesozoic rocks preserved in the Sepulcher graben to'the south of fhe
Gardiner fault wou]d:impede peréo]ation of groundwater to any gréat
depth. Descending cold groundwater fn’the hanging wa11'b16ck:of the

Gardiner fau]t zone must enter the fault zone at some point during

its downward flow (Figure 8, page 46). If the flow of hot water rising"

in the Gardiner fault zone is sufficiently strong, the density dif-
ference between the cold and hot water may force the heavier cold

water to greater depths without appreciable mixing of the waters -as
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shown for the Steamboat Springs, Nehada area (White, 1968). The'cb1d
water probably remains within the joints of fhe'hangjhg wall block h
during its desceht. As the descendfhg;wafer:warms sufficiently,. it

- will enter the permeable fractures of the. fault zohe.

Pressure from thermal expahsion of the rising hot water may -
contribute a maJor driving force to the hydrau11c head prope111ng the
c1rcu]at1ng system. For examp]e, in the case of Steamboat Springs,
Nevada, Wh1te (1968) suggests that thermal expansion of water at
170° C contr1butes a force equivalent to a head of 900 feet of co]d
water in a system that circulates to a depth of 10,000 feet Though
temperatures of waters in the Corwin Spr1ngs -Gardiner thermal systems
noted in the introduction are most 11ke1y not as high as those at

Steamboat Springs, thermal expansion shou]q contr1bute to the driving

force of thexsystem. If upward f]ow of water is weak, as is suggested -

by the present flow rates at the surface, dilution of the rising hot

water in the fault zone by the cold water from the hanging wall block

is Tikely. Silica geothermometer values are probably Tower than actda1 :

reservoir temperatures as a result of this dilution. The expansive
travertine terraces at Gardiner indicate that flow of water in the

thermal system was more voluminous dur1ng the Pleistocene. The:

decreased flow volume may stem from the f1111ng of fractures in the

Gardiner fault zone with ' calcite from the ca1cium-rich'therma1 waters.
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Recharge may also have decreased as the climate became drier in the

Holocene.

L1thd1ogic Control 6f Recharge. |

Pofous rock units may significantly control recharge of the
.COPW1ﬁ Sbrings—Gardiner thermal system. Precambrian Crystalliné rocks,
volcanics, and sedimentary rocks may all possess hinor intergranu15;
pofdsify that will permit slow percd]ation of groundwater. However,
a sedfmentary unit displaying vuggy or cavernous porosity, in addition
to intergranular porosity, may best transport the volumes of water
ne;essary-to'supply the hot springs that'broduced“the Pleistocene
to Recent Gardiner travertine deposits. The voluminous travertine
' deposits north of Gardiner and the present high calcium content of
spring effluent at La Duke and Bear Creek springs suggesf that the
water spent considerable time in contact with Timestone during ci?cu—
lation at depth (Chadwick, personal qommunication, 1975). The Madison

Limestone is the most likely of the Paleozoic and Mesozoic units to

satisfy the requirements of a limey, cavernous aquifer for the recharge 2'”

of thermal waters.

The Madison Limestone consists generally of light gray, massive
Timestone and dolomitic limestone. The Mission Cényon Limestone of
the Madison Group, as depicted in Figure 7 and P]ate'io, disp]éys

abundant ancient and recent cavities and sinkholes in 1ts upper 300
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feef, wherever it is exposed in southern Montana and northwestern
Wydminé (Andrichuk, 1955). Reticulaté networks of j&ints en]arged‘
by the same solution proceséés are a1§o common (Sando, 1974). The
solution cavities are thought to be re]icts of a widespread kérst-
topograpﬁy thét deve]opedlduring subaékia] exposure of the Mission

Canyon Limestone during Late Mississippian to Early Pennsy]vaniaﬁ .

. time (Roberts, 1966). Red calcareous siltstones and sandstones of

the Pennsylvanian Amsden Formation fill most of the solution cavities.

The Mission Canyon also contains two layers of carbonate breccia which

are probable products of collapse after éo]ution of evaporite beds
(Roberts, 1966). Laramide up1iftlexposed the Timestones and evaporites
to renewed solution processés. Such solution activity is probably
active at present.

The Mission Canyon dips northward from the cresﬁ'of the ”
Gallatin anticline obtaining the proper structural orfénfation to
guide.cold grouhdwater to great.depths within the Ga11at1n.fau1f'
zone (Figure 8). The equsuré of thelLands]idé Creek'Formation af

Gardiner requires a minimum depth of 10,000 feet for the Mission Canyon

aquifer in that area since this exposed Late Cretaceous unit is

éeparated from the Mission Canyon by 10,000 feét‘of section. Over-
steepening of the northern Timb of the Gallatin anticline or
superposition of imbricate thrust blocks in the Gardiner fault zone

could p1ace the.M1ssion Canyon at a yet greater depth. NormaT faulting
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CANYON FORMATION(modified from Ruppel, 1972, and Sando, 1974)
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PLATE 10. A portion of the Mission Canyon Limestone exposed near
Devils STide on Cinnabar Mountain showing cavernous nature
of the formation.




‘lithostatic and hydrostatic pressures could sustain the'high Co
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along the East Gallatin and Mammoth fault zones dropped the crest of
the Gallatin anticline at least 2,000 feet within the Sepulcher

graben (Ruppel, 1972). Exposures of the Madison Limestone near-the

. crest of the anticline on the high1ands to the .east and-west of the.
graben suggest that.thesiimestone may haue'been exposed at a Tertiary -

erosion surface that is now covered by near]y 1,000 feet of. Quaternary -

volcanics and sed1ments of the Ye11owstone Group (Figure 2, page 10).
Water from the sluggish drainage system of.the Gardiner Riuer

probably finds.access to the Madison by means pf fractures. and inter-’

flow contacts within the'vo1can1cs.' The water then follows the per-

meable zones in the limestone to depths near 10,000 feet within the

_Gardiner fault zone. Here the water is heated at this depth by

processes to be discussed in the next chapter The 11mestone has been
dragged up and fractured by reverse_fau1t1ng providing access for the
heated water to the Gardiner fault zpne; 'The fault zone acts as the
conduit feeding hot sprihgs.at the surface. |

In accordance with the circulation model described here,
the travertine deposits of the Gardiner-Corwin Sprdngs thermat systems
are probab1y products of the solution of Timestone by the cold,

C02—rich groundwater during its descent from the surface. Increasing

2

partial pressure and calcium concentration of the descending water

even as it is heated at depth. These pressures-are released and
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CO2 is driven off as the ascending water approaches the surface.
Depositien of travertine results. Heavy travertine deposition may
choke the conduits Teading to the surface and account for the reduced.
surface act1v1ty of the thermal system at present. The thick
travertine deposits’ d1rect]y north of Gard1ner lie on the trends of
- two poss1b1e branches of the Mammoth fau]t zone, wh1ch may have served
to localize flow at this Tocality in the Gard1ner fault zone. . The
present absence of springs in this area snggests that'fretture conduits
feeding the former spr1ngs are now tecton1ca11y inactive and are
sealed. However, cont1nued tectonic act1v1ty along the Reese Creek
‘fault and the easternmost branch_of the Mammoth fault may sustain the‘
permeability of those fault zones and the flow of hot water at La Duke
and Bear Creek springs. Future seismic events could open presently
sealed fractures and increase discharge rates.

The recharge mechanisms discgssed'in this seetion probably
work simu]taneously to sustain this therma1.system.' Honever, recharge
through the Mission Canyon aquifer may he-essentia] to produce the;
calcium-rich spring eff]uent and high discharge necessary to have formed
the extensive travertine.deposits et the surface.

The Mammoth Hot Springs, in contrast to the Corwin Springs-
Gardiner thermal systeﬁ,:may obtain most of their hot weter from a
northward flow within the Mammoth fault zone of water from the Norris

Geyser Basin (Truesdell and Fournier; Open-file report). A swarm

1
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of Pleistocene normal faults at Mammoth Hot Spring§ cause downward
displacement to the east and allows most of this hot water to escape
into the Gardiner River.drainage (Figure 1, page 2, and Figure 3,

page 12).




Chapter 4
SOURCES OF HEAT

A'mode] for the source of theﬂheat driving the thermé] system
in the CorWin.Springs-Gérdiner area méy‘bé built f%om an-understanding
‘of the structural re]étioqships contro]]jﬁg rechargé and circu]atién of
water in the system. Geophysical data; cqi]ectéd from studies in.
Ye]]pwstone National Park and neighbbring areas, further défine the
model. Surface tempefatures and spring.chem1stry provide evidence
for the intensity of thé heat source. The geologic setting of the
Corwin'Springs-Gardinef thermal system 6ffers two pbtentia] sources
of heat. Possible deep circulation of gfoundWater could expose the
water to-bedrock warmed By.the local normal geotherma] gradient.
Alternatively, the proximity of this_thermai system to the rhyolitic
magma body, thought to 1jg.at sha]]ow'dépth beneath the Yellowstone _
ca]defa, may subjectfgroundWater to the higher heat flow associated
with the magma body. Geophysical daﬁé suggest thét'a satellite
body of magma may 1ie beneath Gardiner providing an intense source
of local heat (Eaton et al, 1975). The fo1iowing diséussion will

consider the merits of these heat source concepts.

Geothermal Gradient Heat Source

The geologic-setting and physical ;haracteristics of the

Corwin Springs-Gardiner thermal featurés‘bear strong resemblance
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to those of other hot sbrings in western Montana. Kaczmarek (1974)°
aescribeé a distinctive group of hothpfihgs in western Montana
that a]}.éhowlbase resefvoir temperatﬁrés betweén 100° ¢ and 1200 C.
'He maintains on the basis of consistent baSe.femperafures and thé'
usual location of the springs on deep fracture zones or steep1y
inclined permeable rock units that the spring waters all circulate té
depths of about 10,000 féet where they acquire heat from warm country
rock by conduction. A normal geothermal gradient of 1°C)1OO ft.,
estimated by Chadwick and Kaczmarek (1975) for western Monfana,
should impart a base level temperature of 1O7O‘C to waters circulating
to 10,000 feet .and, therefofé, accbunt.for the base temperatu}es
observed at La Duke Hot Spring. | -

The éircu]ation model for the Coern Sprinjs-Gard%ner'therma1

system, developed in the preceding chapter, describes thé transport

of meteoric water to depths as great as 10,000 feet below the surface. .’

Based on a normal geothermal gradient, at this depth water should
acquire temperatures near 100° c. Unpublished base temperatures for
La Duke Hot Spring, as determined by R. A. Chadwick (persona] com-
munication, 1976) using the silica geothermometer method (Fouknier
and fruesde]1, 1970) aré;

Dissolved Siiica, Estimated Base

_ (ppm) o Temperature (°C)
June, 1973 . 30.8 . - | -8l

February, 1975 L. 86.8 S 131
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These temperatures.provfdé réasonab]é-éupportﬁng evidence fokvheating
by'deep circulation in a region of near normal geothermaiﬂgradient
considering the expectab]e.seasoﬁa] variations in diiution of the
spring waters as well as possible errors in éamp]ing and silica’

determination.

Shallow Magmatic Heat Source

The proximity of fhe rhyo]itjc magma body beneath the Ye]]bw-
stone caldera, some 25 miles south 6f.Gard1ner, Montana, raiseé the
possibility of a shallow hagmatic heat source for the Corwin Springs-
Gardinéﬁ thermal system. The magma body is thought to Tie between five
and ten kilometers béneath the surface (Smith et al, '1974). Thef
occurrence of several young rhyolitic vents, along with geophysical
data, suggests that a satellite magma body or éerhaps a proné of
magma may 1ie beneath the Sepulcher graben as far north as Gardiner
(Eaton et al, 1975). Rhyolite domes as young as 70,000 years intrude
the Sepulcher graben befween Norris Geyser Basin aﬁd Mammoth Hot
Springs (Figure 9).

Eaton et al (1975) present a,éomplete Bouguer gravity map
that depicts a Targe gravity Tow bounded by the closed -210 mgal
contour (Figure 9).- This‘contour surroUndsfthe Yellowstone caldera
and outlines a relatively narrow TOW gfav{ty corridér extending

north to Corwin Springs from Norris Geyser Basin on the rim of the
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caldera. The gravity Tow is thought to be a composité representa-

tion of the Yé]lbwétoné,khyolite magma'and its crystallized portion,”

foundered crystalline and sedimentafy materials; and hydrothermally )
altered zones,associatéd with geothérma1 systems. The gravity field

produced by these mqtéria]s stands 5n contrast to the gravity highs

' produced by adjacent crystalline basement rocks.

Changes in the behavior of seismic waves passing through

the Tow gravity area éimilar]y outliﬁe the caldera and proposed

magma body at depth. The east-west zone of high seismic activfty

passing through Hebgen Lake ends abruptly at the west edge of the

.gravity low near the East Gallatin fault (Eaton et al, 1975)

(Figure 10). Seismic activity is génera]]y less intense throughout
the'qa]dera and Norrjs-Corwin Spring§ corridor. Makimum focal depth

in the caldera is five km in contrast to greater focal depths

outside the caldera. P-Waves are attenuated as they pass. through

fhe caldera, whereas S-waves are commonly absent or popr]y defined.
Negative residual aeromagnetic anomalies also high]igﬁt the

Yellowstone caldera and the Norris-Corwin Springs corridor (Eaton

et al, 1975) (Figurelg). The extensive volumes of hydrothermally

altered rock within these areas are interpreted as.part1y responsible_

for this magnetic'anomaly. A‘large body of magma or a crystalline

pluton beneath thefca]défa'could a]éo”account for the:broad magnetic
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low. Surrounding areas. under1ain by‘crysta11ine basement and vent

facies of the Eocene vo]can1cs d1sp1ay h1gher magnet1c 1ntens1ty

A1though the data summar1zed here are cons1stent with the

. existence of magma at depth beneath the Yellowstone ca]dera and the

~ Norris-Corwin Springs corridor, they are not conclusive. The geo]ogtc‘

form. and eruptive history;of the Ye1ToWstone caldera 1end:so1td support"

to the geophysica] mode1s that depict a sha11ow magma body within

its confineS' However, the Norris- Corw1n Spr1ngs corridor, . part1cu—

51ar1y at 1ts northern end does not offer such conv1nc1ng geo]og1c

ev1dence in support of the geophys1ca1 data Quaternary vo]can1c '_
vent and co]]apse features are 1ackrng north of Mammoth,:‘The high ‘. .

intensity of geotherma1'act1V1ty associated-with the_magmatic heat.

source within the caldera does not appear in the Corwin Spr1ngs-

Gardiner thermal system. The production of travert1ne and the 1ower
estimated base level temperatures observed in the Corwin Spr1ngs~r

Gardiner area are characteristic of less vigorous geothermal systems,

‘p0551b1y*heated by.remnant heat emanating‘from recently crysta]]ized

1ntrus1ves or by conduct1on of heat to deeply c1rcu1at1ng water from

- ,'hot country rock (Chadw1ck and Kaczmarek 1975)

A1ternat1ve exp]anat1ons may be app11ed to the geophys1ca1

 anoma11es observed in the Norris- Corw1n Spr1ngs corr1dor ‘The'

sha11ow gravity 1ow in this area may be due to the dens1ty contrast o

between Cretaceous sed1mentary rocks and crysta111ne basement rocks L
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in neafby'uplifted blocks preserved within the Sepulcher graben
" (Eaton et al, 1975). Bonini (1972) 1ﬁéts assumed average densities
of 2.40 g/cc fqr,Gfetapeous sedimentary rocké and 2.67 g/cc for
crjsta]]ine Pfecambrién—focks. A 1oéa1 negative closure around
Gardiner may be caused by the thickened section of sedimentary rock
at that Tocality which is due in part to overturhing.of-the section-
by reverse faulting. The same éxaggerated thickness of éedimentary
rocks may produce the residual magnetic'1ow'recorded for that-area
due to the lack of iron-rich minerals in those rocks. An insuffi-
ciently long period of study may explain fhe observed absence of
seismic activity in this narrow belt. Surficial evidence produced
by Rupbé1'(1972) indiéatés that faﬁ]ts have been active within the
‘Sépulcher graben during Pleistocene and Holocene time. The lack of
seismic data prevents the construction of a viable hode] for thé
bedrock structure in the Norris-Corwih Spfiﬁgs corridor.

The preceding arguments weaken the case for a shallow
magmatic heat source in the immediate vicinity of Gardiner. Deep
circulation of groundwater is probably the primary means of heating
the waters feeding the Corwin Springs-Gardiner thermal system.
However, the winter silica geothermometer reading of 131° ¢ for
La Duke Hot Spring suggests that the Yellowstone magma body may be
:c]ose enough to enhance fhe regional.geothermal gradient in the

Corwin Springs-Gardiner area. Hot water circulating northward from
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the Yellowstone ta1dera along the Mammoth and East Gallatin faults °
may also increase the'lqcél geothermal gradient. But, the fault
zones must bé pefmeab]e enough to transport quickly large quantities
of water fo tﬁe Corwin Spfings—Gardiner system before the water’

cools significantly.




Chapter 5

POTENTIAL THERMAL ACTIViTY AT
DEPTH IN ADJACENT AREAS

The continuation of the Gardiner fault zone to the northwest
of Cinnabar Mountain may permit the extension of the Corwtn Springs-
Gardiner thermal system in that direction. Fau]t'patterns northwest
of Qinnabar Mountain suggest that displacement along the Gardiner
fault and associated.trahsverse nofth-trending normal faults forms.‘
a graben sihi]ar to the Sepulcher graben. | A modificatioh'of}the model-'
,proposed here1n for the circulation of water in the Corw1n Spr1ngs- .
Gard1ner thermal system may also descr1be poss1b1e geothermal
act1v1ty at depth near C1nnabar Basin and Mol Heron Creek (F1gure 11).
However, the extent and the very existence of such thermal activity
“is uncertain due‘to the lack of surficial manifestations of.recent
geothermal activity. A thick cover of Eocene extrusives prdbab1y
obscures any near-surface thermal phenomena.

| The major structural elements comprising the model for

thermal water circulation in the Corwin Springs-Gardiner area also
appear on the west side of the southern Gallatin range. The'Ga11atin
anticline extends nbrthWestward froh the Gallatin horst to the Madison
Range (depe], 1972); .Nermal displacement along the West Gallatin -
fault has depressed the erest;of the anticline at least 2,500 feet
to the west of the horst (Ruppel, 1972) (Fiéute 11). The Madison
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FIGURE Il. SKETCH MAP OF THE CINNABAR BASIN AREA: MAJOR
FAULTS AND MADISON GROUP EXPOSURES (modified from Fraser,
1969, Ruppel, 1972, and U.S. Geological Survey Map |-711,1972 )
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Group crops out along both sides of the Ga]]at1n R1ver upstream from . .
its confluence with Specimen Creek (F1gure 11). This unit dips -
generally to.the northeast down the northern limb of the anticline.

Several small diversely oriented folds disturb the genéfa] dib of

~-the Madison.

These beds are probab]y dragged up into an asymmetr1ca1
syncline as they enter the northwest extens1on of the Gard1ner fau]t.
zone beneath Cinnabar Bas;n‘a1though there‘1s no surficial ev1dence
for this. A swarm of northwest trending dacfte dikeé and fractures
which cut Precambrian grénitic gneiss identify a portion of thg fauit
zone as it disappears beneath Eoéene volcanics on the northwest wall
of the Cinnabar Creek gorge. The Gardiner fault probably passes
under the northern margin of Cinnabar Basin and reappearélto the
northwest as the Spanish Peaks fault (Ruppel, 1972). The Mol Heron
Creek fault and numerous nearly vertical northeast trending fractures
cut the Eocene'Vo]EaniC'éover and cqntroT.the graben structure to’
the northWéét of Cinnabar Mountain (ngure 11). Apparent Teft- .
lateral disp]acemént of the dike swarm by the Mol Heron Creek fau]t
provides evidence for the offset of the Gardiner fault zone and the
existence of a graben structure beneath Cinnabar Basin.

As described in the Corwin Springs-Gardiner model, water
cou]d.flow to considerable depth through joints in the Preqambriah

haﬁging wall block of the Gardiner fault thodgh the volcanics chéring
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- much of this structure may .impede downwarq ffowL Watek may also .
- flow down the Mission Canyon aquifer from the Gallatin Rivér:drafnége
into thé'Gardiner fault zone beneath Cinnabar Basin. |
| Several structural features could obstruct this flow pattern.

The small folds on the northern lij'of the Ga]]atfn anticline may ‘
trap water within the Migsion'Canyon relatively high on the antic]ine;
Several ean—west trending normal faults in the Vicinity of Specimén
Creek could offéét the confined Mission Canyon aquifer and.§jmi1ar1y‘
trap descending water.. Vertical displacement is 1e$s é]ong the Mb]
Heron fault than that a1dng the Reese Creek fault suggesting that
the depth of the Missfon Canyon is not as gréat as ‘that in the
Sepu]cﬁer graben. Even if flow witﬁin the Mission Canyon is unimpeded,
the depth'attainéd by the water beneath Cinnabar Basin may be signifi-
cantly Tess than thaf attained by water in the Corwin Springs-Gardiner"
sysfem. |

| Seismic activity along the Gardiner fault zone in the Cinnabar .
Basin area is weak (Eaton et al, 1975; Smith-et al, 1974). Surfici&l
evidence for recent fag]ting; contemporaneous with that at Little
Trail Creek, is lacking. These facts suggest that the Gardiner‘fau1t
and fhe transverse normal faults in Cinnabar Basin may be sealed
and 1mbermeab1e. The sealed condition of the faults explains the

absence of thermal springs at the surface in Cinnabar Basin.




| Chapter 6 o

SUGGESTED FUTURE STUDY

A moreucomp1ete.understanding of the Corwin Springs-Gardiner
thérma] system would reqﬁire further éxéminafion of bedrock geology
“and thermél features by means of geophysical and geochémica]-tech-
: njqUes.' Seyeral-sﬁggestions for clarifying or strengthening the
thermal water circulation model deduqed'ffém mapping data are

presented here.

Reservéir Temperatures

Chemical gedthermometers should be applied to eff]ugnt
samples from La Duke Hot Spring and Bear Creek warm spring to deter-
mine their base temperatufes at depth. A mixing model using the
silica geothermometer héthod'as described by Fournier and Truesdell
_(1974) should be used bécause dilution of these thermal waters by
Qb]d groundwater froh the Yellowstone River valley is highly 1ike1y.
Joints described‘in the fecharge model developed for fhe Corwin
Springs-Gardiner thermal system may allow descending cold water to
mix at great depths with rising thermal water in the'Gardinef'fau1t
zone. Cold water in near surface alluvium and colluvium méy also
dilute thermal water at shallow depths.  The degree of di]ufiqn varies
with the seasonal level of runéff in the Yellowstone River drainage. |

Runoff is normally highest during June and July and decreases dukjng
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the rest of the year to its Towest 1éve1 in February énd March.
Samples taken during the winter months should yield the highest
temperatures as indicated by the pre1iminary set of samp]e§ (CHadWick;

personal communication, 1976) referred to in Chapter 4.

Aquifer Rock Type

' Dissolved cations-and anions in the hot épr%ng'eff]uent
may qua]ftati?e]y verify.the role of the Mission Canyon Limestone
as a recharging aquifef for the Corwin Springs-Gardiner thermal
system. The high dissolved calcium content'of the water suggests
a 11mestoné aquifer, but the calcium cénhot be traced direct1y to
the Mission Canyon Limestone by known geochemical methods. However, .
high values for 504: and Na® are quoted by Taylor (1975,‘unpub]ished
report) from Fournier (written communicat%on). These dafa.indicdté‘
that solution of evaporite beds in the Mission Canyon may be occurring
at present (D. L. Smith, personal communication, 1976).‘ Solution
'brecéias, which are probably forming aﬁe‘to the removal of evaporite
minéra]s,hcontain zdhes of high porosity. The Na+ and SO4= va]ués
dited'abové are based on an uncertain number of samples and should
be verified by additional sampling. Whether these va]ugs are anoma-
Tous should be aécertéined by comparison with values from spring

waters originating,iﬁ nearby crystalline basement rocks. Since

natural cold springs are scafée in the vicinity of La Duke Hot
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Spring, water wells should be considered for samp]ingi‘;Residénts-
in section 5, T. 9 S., R. 8 E., .immediately south 6f.La Duke. Hot
Spring, and in section 14, T. 9 S., R. 8 E., southeast of La Duke 3
Hot’Spring, may have wells that tap water draining from the Preéém-
brian terrain of Sheép Mountain.

" Character of Structure and
Lithology at Depth

. The gravity survey of Ye]]oWstone National Park and yiginity |
referred to in Chapter 4 Tocates a gravity low in the Corwin Sﬁrfngs—
Gardiner area. The gravity data suggest that the Yellowstone River
valley in this area may be underlain by a great thickness of sedi-
mentary rocks, a hydrotherma]]y a]tered'zdne, or a magma_bodyp' A.'i
_detailed gravity survey of the valley betwéen'Corwin Springs and
Bear Creek may help determine the nature of the bedrqck and.féu1t
zones within.the valley and improve Eaton's subsurfééé model" for
- northwestern Yellowstone Park.
| A detailed knowledge of the vertical and lateral extent of
the Gardiner travertine deposits would éssist in the identification
of fractures formerly controlling the ouffﬁow of thermal wéterﬁ
Active seismic techniques could readily distinguish the base of the
travertine lying on the Pliocene-Pleistocene basalt and pfoduce data
suitable for making an isopach map of the'travertine deposit. The"

isépach map and Qutcrop:obsefvations could provide evidéncé for the
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migration of springs with time due to tectonic activity or sealing
of conduits. |

Seismicity‘of the Corwin
Springs-Gardiner Area

Passive éeismfc monitoring of the Corwin Springs-Gardiner
area is nécessary to determine the seismicity of the fault zones
controlling the'10ca1 thermal system.' The permeability of the fault
zones 1is debendent upon the frequency and intensity of movements
along the fault zones. Recurrent tectonic movement is probably :
needed to prevent sealing of the thermaﬁ water conduits by the
deposition of traygﬁtine from the calcium-rich thermal water. Low _
seismicity in the area may be responsib]e for the present inactivity
of the springs that built the Gardiner trévertiﬁe terraces: Micro-

éarthquake activity should be monitored since such seismicity is

genera11y associated with vigorous thérma1 systems (Comb and Muffler, -

1973). Microseisms pRObab1y result from continual movements along

faults within the thermal system.

Concealed Thermal Water Sources

Considerable thermal water may escape into the Ye110wstone.‘
River drainage from sources hidden beneath surface material in the
vicinity of the active springs and elsewhere along the Géhdﬁner fault

zone. Electrical and electromagnetic techniques that measure the
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e1ectrica1 reststivity'dt nateria1s at depth cou1d'be nseﬁ”to attempt .
.;.to determine .the ‘true’ extent of the hot spr1ng system from the surface-
'fto depths as great as two m11es (Combs and Muffler, 1973). Rock
ﬁbod1es that are saturated with thermal water should show d1st1nct1ve1y'
Tow e1ectr1ca1-res1stance. These methods could be used to produce ‘:
three‘dinensionalimodeTS of the thermally active zones. - Numerous. |
traverses across the Gardiner fault zone between Bassett Creek and.
Little Trai] Creek won1d help define the real extent of near—suntace -
outf]ow patterns of the La Duke Hot Spring thermal area. |
‘An assessment of present thermal act1v1ty and the energy B
production potent1a1 of the therma] system wou]d benef1t most from
the recommended geochem1ca1 ‘passive se1sm1c, and electrical or
,-electromagnet1c res1st1v1ty techn1ques Tnese techniques cou]d.heip f' )

1ocate and define the margins of act1ve‘hydrothenma1 zones -at depth.




Chapter 7
SUMMARY AND CONCLUSIONS

The Corwin Springs-Gardiner géotherma] system, including
La Duke ﬁbt Spring and Bear Creek warm spring, resembies many Qf_
the geothermal systems scattered throughout wéstern.Montana in.its '
_similar geologic sefting and type of heqt=sourcei. The watervcircur '
lating in tﬁis distinct group of geothermgl systeméiis thoughf.fa |
derﬁve heat by deécending to great dgpths a]ong fracture zones or
perheab]e rdck units wﬁere it reaches.thermaW eqﬁi]ibrium with the
ICounthy rock_that is warmed by the Toca1_therma1 gradient. These
geothermal systems, including the Corwin -Springs-Gardiner system,
are to be distinguished from the Yellowstone system'that obtains heat
from a shallowly emplaced magma body. |
| Chadwick and Kaczmarek (1975) classify Montana tHerma] systeﬁs'
in four disfinct types according to their particular recharge mecha-
nisms. These types jnc]ude: (1) warm springs 1ngarbonéte rock,
(2) hot. springs 1in vé]]ey fill overlying fractured or poréus bedrock;
(3) hot springs in fracfﬁred, cnystaljfne bedrock, and (4) hot
spriﬁgs fed from deeb; confined aquifers. A.combination of the latter
'two types of thermai systems probably déspribes recharge and circula-
tion in La buke and Bear Creek warm springs.

The thermal waters sustaining La Duke and Bear Creek springs

rise along the northwest-trending Gardiner fault zone and. emerge from 
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fractures where the north- -trending Reese Creek and Mammoth normal'
fau]ts 1ntersect the Gard1ner fault. Ascend1ng therma1 water 1s,
in part rep]aced at depth by groundwater that perco]ates downward
through joints in the Precambrian granitic gneiss of the Gard1ner
fault hanging wall b]ock. The groundwater is heated at depth by
conduction from the country rock and is displaced upward into openh‘
~fractures in the Gardiner fault zone by the denser cold Water
descending from above. |

.Perhaps an even greater sunply ot'meteoric.wéter f1ow$ dqwn
a cavernous aquifer within a Late MisSissippian paleokarstdzdne'ot,
the Mission Canyon‘Limestone. The Mission Canyon.aquifer dips gently
to the north under the.eteep1y north-dipping Gardiner fault zone from
Ithe crest of:the northWeétrtrending Gallatin anticline within |
Yellowstone Natidna] Park. The aquifer probably attains a depth of
10,000 feet within the Sepulcher graben where it intercepts the Gardiner
fault zqne.' Water heated at this depth then ascends the fault zdné.

Base temperatures for La Duke Hot Spring,‘as determined by
the silica geothermometer method, range from 81° ¢ in the'éumner to
130° ¢ in the'winter If the local thermal grad1ent approx1mates :
‘the regional average of 1 C/100 feet for western Montana, it may
supply sufficient heat to produce base temperatures near 100 € in
; water that ciren]eteé té'é depth of 10,000 feet. . High summer water

levels in the Yellowstone River drainage probably cause considerable
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- df]ut%onqof.the.therma1'waters and iouér the calculated base temperaeu:
tures. Therefore, the'wﬁnter base temperature values are probably
more reliabTle. However, the winter'base'temperatures of 13]°,C
exceeds the va]ue'expected from the regional average'thermal gradient
which is 1°¢/100 feet. Thus, heat is. probab1y~obtained from an
addftiona] source. The prox1m1ty of the Ye]]owstone magma body

about 25 m11es to the south of Gardiner may cause an anoma]ous
steepen1ng of the therma1 grad1ent 1ead1ng to-the observed w1nter
base temperature va]ue The base temperature indicates a therma]

' grad1ent of 1. 25°C/100 feet ‘

" Hot spring act1v1ty in the Corwin Spr1ngs Gard1ner system
appears to be declining from that 1ntens1ty of flow which produced
the Gard1ner travert1ne'terraces. Inact1v1ty of the Gardiner fau]t
in reCent centuries and the sealing of fracture conduits by the
deposition of travertine are the‘probab1e causes for this decline.
~ A decrease in the supp]y of water recharg1ng the system may also have
~deve]oped as the climate became dr1er ‘at the c]ose of the P1e1stocene,
.w1th resu1t1ng decreased discharge.. - '

The Corw1n Spr1ngs Gard1ner therma] system does not offer

. much prom1se as an e1ectr1ca] power source us1ng current techno]ogy;
J Base temperatures indicate that the thermal system cannot generate -
sufficient Steam to drive'turbines,of:the type used to produce

' electricity in geothermal-plants‘now'operating. These power p]ants
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. require reservoir temperatures in excess of_150°'clfor efficieht
power produotion (White, 1973). Technological advances may aliow -
ut111zat1on of thermal waters ranging. in- temperature from 100° C

to 150 C for e]ectr1c power generat1on (Chadw1ck and Kaczmarek

1975) However the therma] waters may be most effect1ve]y used to -
'heat bu11d1ngs or greenhouses in the Corw1n Spr1ngs Gardlner v1c1n1ty.
E Shal]ow dr1111ng may reveal add1t1ona1 hot water sources a]ong the

Gard1ner fau]t zone.
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APPENDIX A

GENERALIZED STRATIGRAPHIC SECTION
GARDINER REGION

" The following section is genera11zed from sections measured by Wilson
(1934b), Fraser et al (1969), and Ruppel (1972) at Cinnabar Mountain,
Mount Everts, and the southern Gallatin Range.

CRETACEOQUS -

LandsTide Creek Forma£1oh about 2,000 feet thick, gray, poorly
sorted sandstone and cong]omerate madé up principally of
andesitic fragments.

Everts Formation: about 1,200 feet thick, fine-grained, tuffaceous "
sa]t and pepper sandstone with. interbedded gray shale.

Eag]e Sandstone: about 800 feet thick, ﬁass1ve, calcareous, salt
and pepper sandstone with thin 1nterbedded shale and coal.

Telegraph Creek Formation: about 300 feet thick, light-gray, f1ne-
grained calcareous sandstone and interbedded gray shale.

Cody Shale: about 1,200 feet thick, dark-gray shale, bentonite
- beds, and thin brownish-gray dirty sandstone beds. -

Frontier Sandstone: 40-60 feet thick, gray -brown, well-sorted, salt
and pepper sandstone.

Mowry Shale: 300-320 feet th1ck, hard, black sandy shale, interbedded
’ sandstone, and bentonite.

Thermopolis Shale: 390-500 feet thick, dark- -gray fissile shale and
interbedded sandstone and s11tstone

Kootenai Formation (Cloverly equivalent): 250-400 feet fhick,
coarse, chert-pebble conglomerate and massive salt and pepper
cherty sandstone, gray, fissile shale, and Tight-gray limestone.
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JURASSIC

Morrison Formation:. 200-320 feet thick, grayish-red, dark-gray, and.
grayish-green part1y calcareous sha]e, mudstone, s11tstone, and
sandstone. -

E11is Group:
Swift Formation: 15-60 feét thick, brown to gray calcareous
sandstone and Timestone.
Rierdon Formation: 40-60 feet thick, oolitic limestone, red
siltstone, mudstone, and shale.
Sawtooth Formation: 140 feet thick, Timestone, red to gray
s11tstone, mudstone; and shale.

TRIASSIC
Thaynes Formation: 15-20 feet thick, gray, calcareous sandstone.

Woodside Formation (Chugwater equivalent): 75-100 feét tﬁfck, red
siltstone, shale, and sandstone. ' .

Dinwoody Format1on. 0 80 feet th1ck wh1te, porous, th1n1y bedded
Timestone. .

PERMIAN

Shedhorn Sandstone (Phosphoria): 115-160 feet thfck pﬁosphatic,
cherty sandstone. :

PENNSYLVANIAN

Quédrant Sandstone: 130-300 feet thick, 1ight brown orthoquartzite
w1th some dolomite.

Amsden Formation: 20-160 feet thick, red ca1careous or do1om1t1c
s11tstone, shale, or sandstone.

MISSISSIPPIAN

‘Madison Group: _ :
Mission Canyon Limestone: 800 feet thick, massive fossiliferous
Timestone with.dolomite and dolomite breccia zones. :
Lodgepole Limestone: 480 feet thick, thinly-bedded, fossiliferous,
" cherty Tlimestone. _— SRR
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DEVONIAN

Three Forks Formation: 80-120 feet thick,'interbedded shale and
Timestone. : ‘

Jeffersoh Formétion: 120-240 feet thick; bfown, fetid Timestone
“and dolomite. <

ORDOVICIAN
_Bighorn Dolomite: 80-130 feet thick, massive dolomite and Timestone. °
CAMBRIAN

Snowy Range'Formatfoﬁ; 110-300 feet thick, interbeddéd shale,
sandstone and limestone. '

~ Pilgrim Limes tone: 160-300 feet thick;_dq]omiticAlfmestone.
Park Shale: 90-120 feet thick, grayish-green shale.

Meégher Limestone: 140-400 feet thick, thinly bedded Timestone.
Wolsey Shale: 80-200 feet thick, greenish-gray sandy sﬁé1e.
Flathead Sandstone: 40-160 feet thick, quartzitic sandstone.
PRECAMBRIAN |

Granitic gneiss, schist, amphibolite.




APPENDIX B
- DESCRIPTION.OF EOCENE DACITES AND ANDESITES .

‘D1str1but1on

Exposures of Eocene dac1t1c and andes1t1c extrus1ves and
1ntrus1ves are common in the vicinity .of the. Corwin Spr1ngs Gard1neri"'
hot spr1ng systems These rocks are 1mportant to the 1nterpretat1on
of Laramide structure and chrono1ogy that affect the occurrence of |

the 1oca1 therma] features

Thick. piles of dac1tic and andesitﬁc f]owS'and breccias are _" ’

preserved in the Sepu]cher graben on the Beartooth b]ock and in
the Cinnabar Bas1n area. The Sepu]cher voTcan1cs probab]y erupted.
from the E]ectr1c Peak stock (Iddings, 1891), whereas the C1nnabar
.Bas1n units may have erupted from any. of a number of vents scattered
along the Ga]]at1n Range, the Beartooth b]ock and the Ye]]owstone
River va]ley northward from E]ectr1c Peak These vo]can1cs occupy
a portion of the western be1t of erupt1ve centers known as the
Absaroka- Ga]]at1n Volcanic prov1nce which extends from the southern-_
end of the Absaroka Range in Wyom1ng, to, ‘the northern end of the
Gallatin Range in Montana (Chadwick, 1970). - _

.A number-of dikes and small stocks 1ying withtn«the Gardiner
fault zone may be 1nc1uded #n the group of vents postu]ated for the

Absaroka- Ga11at1n vo]can1c prov1nce though the1r contr1but1on to :
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~the extrusive pfie is hrobab]y minor (Fraser et al, 1969) These ’
1ntrus1ons presumab]y shared a common magma source w1th the maJor
”centers of eruption in the area, but se]ect1ve1y fo]]owed thé Gard1ner
fau]t zone during the 1atter part of their ascent to the surface. -
The d1kes range from several inches to 200 feet w1de. They are best
exposed as a -swarm striking northwesterly with a_steep_northeast dip
between Little Trail Creek and Cinnabar Creek. This swarm of dikes
may extend northwest tohard the-Spantsh Peaks extension_of the Gardineh
‘fauit, hnder the Eocene extrusive cover of the ‘northern Gallatin
~ Range. The d1ke swarm probab]y 1ntersects the trend of the Western:
'Absaroka Be]t (Chadwick, 1970) of Eocene’ volcanic centers in the
vicinity of Tom Miner Basin. The Western Abséroka Belt extends south
of the Gardiner fault tohe through Electric Peak and Mount_washburn |
in Yellowstone National Park. The dikes trend to the'southeast.under
the Pliocene-Pleistocene basa1ts"coverfhg the Gardiner fault zone
north of Gardiner (Figure 4, page 23), and reappear at Bear Creek
where the Gardiner fault is exposed. |

Several sma]t dacitic stocks hate intruded the hanging wall
of the Gard1ner fau]t between L1tt1e Trail Creek and Cinnabar Creek
The 1ntrus1ons seem to be restricted to within one m11e of the fau]t
zone. .Ihe Tom Miner and‘C1nnabar 1htrus1ves 1dent1f1ed by,Shaver (1974)

may intrude the hahgﬁnglwefl of theleQVered northwest-extehsfdn.offthei,
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Gardiner fault in a similar fashion.:‘Remnant patches-of dacitic .
flows, flow breccias, and volcanic sediments Tie on s]ohes to the

northeast of“the Gardiher-fault zone above Corwin Springs. The§e

exposures may be, 1n part, the extrusive products of the_aforehentioned

vents.

Petrography

Those Eocene intrusive rocks wh{ch'exﬁ1oited the Gardiner
fault zone may be catégoriZed'into three distinct groups according.
to their mineralogy. These groups include a biotite dacite,.a
hornb]énde-biotite dacite, and a hornb]endé-biotite ahdesiféi The
groupings presented here are based on average mineral percentages

observed in hand sample and in thin section. . The variations in

m{nera]ogy represent gradations of a fundamenta] magmq. In additidn, o

chilling near dike margins may produce fine grained textural varia;-

tions. These rock types are distinguﬁshed as fq]]owé.

Biotite Dacite

Biotite dacite outcrops in dikes along the Gardiner fault

zone on the northefn shoulder of Cinnabar Mountain west of Corwin

Springs and also as a plug on the west facing slopes of Sheep Mountain

above_Corwih Spring§ and La Duke Hot Spring (Figure 4, page 23). .
This_dacfte,conﬁaiﬁs phénocrysts of calcic andééiné-andfongbc]ase,

biotite,.quarts; and magnetite or pyrite (PTéte‘]l){ The'p1agiog1asé
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IMM

PLATE 11. Photomicrograph of biotite dacite from dike .25 miles
east of La Duke Hot Spring; quartz (Q), plagioclase (P),
biotite (B) (nicols uncrossed).
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* forms 0.5 to'3 mm euhedra1 and broken‘grains, some of which show

josc111atory and patchy zon1ng A feutzoned phenocrysts arelaltered

--‘to ser1c1te and ca1c1te " The- b1ot1te gra1ns are fresh euhedra]

- flakes 1 to 2'mm across. . Quartz forms rounded and embayed phenocrysts:
up to 2 mm across. Sma]] anhedra] aggregates up to 0. 5 mm across
appear in the groundmass. Phenocrysts of hornb]ende .occur but are:
qu1te scarce Sma]] euhedra] to subhedra] magnet1te and pyr1te gra1ns
are scattered throughout the groundmass . Hematite and other<1ron
‘oxides form_r1ms on some ‘biotite phenocryst51" The groundmass 15.

| generallyia'piiotakitio mtkture of k;fe1dsoar,,quartz, pJagioc1ase.
micro1ites;‘g1ass and ore;_ A few specimens exhibit ao11tio textured
:groundmasses , fhis dacite outcrops‘in an:autobrecciated fdrm'WTth
dac1te fragments, as descr1bed above rest1ng in a hemat1t1c g]ass
matrix. Both the dac1te and the autobrecc1a conta1n random c]asts :

of Precambrian gran1t1c gne1ss and ser1c1t1c sch1st

Hornb]ende B1ot1te Dac1te

The hornb]ende biotite dac1te appears in one d1ke on. the

| north- f]ank of C1nnabar Mounta1n, and 1n a sma]] stock one mile north:
'of Corw1n Spr1ngs on west fac1ng s]opes of Sheep Mountain. Th1s dac1te
' a]so compr1ses the flows and tuffs which Ties unconformab]y above
biotite dacite. 1ntrus1ves northeast of Corw1n Spr1ngs (F1gure 4

rpage-23) The hornblende b1ot1te dac1te 1nc1udes phenocrysts of
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ca]cic.p]agioc]ase: biotite, hornb]ende quartz, and'magnetite

‘ g'(P1ate 12) The p]agloclase forms 0 5 to 5 mm euhedra] gra1ns and .
”,fragments show1ng pervas1ve 050111atory and patchy zon1ng Per1c11ne 1"i“?“1

_-tw1nn1ng 1s.aJso_common The phenocrysts are in part’ a1tered to -

sericite and ca1c1te' B1ot1te gra1ns are fresh euhedra] f1akes 1 to

2 mm acrOSs; Hornb]ende forms broken, corroded phenocrysts, and a

~ few fresh'euhderalagra1ns. Some hornblende phenocrysts are part]y

altered to_biotite. ‘Opaque rims appear on some phenocrysts. Many

of the phenocrysts are'comp1ete1y\alteredjhnhematite and calcite.. -~

© Quartz forms,subhedra1, rounded or embayed phenocrysts up to 1 mm '

across,'as-we1] as sma]] aggregates of anhedra1 grains wﬁthfn'the

groundmass Quartz i$ ‘scarce in some spec1mens Sma]] euhedra1

magnet1te gra1ns are d1ssem1nated throughout the groundmass The
groundmass 1s-genera1]y a p11otax1t1c m1xture of K-fe]dspar quartia .
' p1ag1oc1ase m1cr011tes, g]ass, and ore. A few c]asts of gran1t1c .

. gneiss and b1ot1te dacite appear a]ong with fragments of hornb]ende-

biotite dac1te Autobrecc1at1on is not as well deve1oped as in- the'
biotite dacite. - |

o Hand samp]es of hornb]ende b1ot1te dac1te display phenocrysts
of p]ag1oc]ase, b1ot1te and hornb1ende in a gray groundmass. V1s1b1e.

quartz phenocrysts are rare Casts of hornb1ende phenocrysts are

"qu1te abundant on weathered surfaces Green and orange d1sco]orat1on

-of the p]ug north of Corw1n Spr1ngs suggests fumaro]1c or. hydrotherma]'
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PLATE 12.

IMM

Photomicrograph of hornblende biotite dacite from dike
.5 miles west of Corwin Springs on Cinnabar Mountain;
Quartz (Q), plagioclase (P), hornblende (H) altering to
biotite, biotite (B) (nicols uncrossed).
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these colors.
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activity. Green montmorillonite, chlorite, and iron oxides may produce

Hornblende-Biotite Andesite

The horn51ende—bibtite andesite.ocpupies scattered dikes
and small stringers within the Gardiﬁer faﬁ]t zone and its hanging
wall. Some fldw material similar to this intrusive Ties on the west
facing slopes of Sheep Mountain, uphill from Corwin Springs (Figure 4,
page 23).' However, the'soufce of this rock may be one of tﬁe.more
prolific andesitic vents described by Fraser et al (1969) -on the
Beartooth block to the easf. - The hornblende-biotite andesi%e contains
phenocrysts of labradorite p]agibclaée, hornblende, biotite, augite, .
and magnetite (P1ate 13). A few small quartz grains are also Qisib]e.
Plagioclage rangeslfrgm andesine to labradorite in compositon and
forms 0.5 to 2 mm euhedra] phenocrysts that exhibit some oscillatory
zoningf Overgrowths of sericite and calcite are common. Hornblende
forms fresh euhedral laths 1 to 2 mm across as well as scattered
crystal aggregates. Hofnb]ende laths may be corroded or altered
to iron oxides or ;a]éite.' Biotite grains are fresh and euhedral.
A few corroded phenocrysts of augite are also present.. Tﬁé groundmass

is generally a pilotaxitic mass of plagioclase micro]iﬁes, anhedral

mafic minerals, and ore, aTong with some K-feldspar and quartz. The
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PLATE 13.

IMM

Photomicrograph of hornblende-biotite andesite showing
subtrachytic texture from dike .5 miles north of La Duke
Hot Spring; plagioclase (P), biotite (B), hornblende (H)
(nicols crossed).
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andesite dike exposed west of the Corw1n Spr1ngs br1dge conta1ns
c1asts of granitic gne1ss and b1ot1te dac1te

Hand samp]es of hornb1ende b1ot1te andes1te cons1st of fresh

' jphenocrysts of p]ag1oc1ase, hornb]ende and b1ot1te in a dark gray

‘groundmass ’ The ch1]1ed marg1ns of the d1kes are exceed1ng]y f1ne

'-,gra1ned and conta1n no phenocrysts

:Petro1ogy and Chrono]ogy

Petrograph1ca11y, the three descr1bed 1ntrus1ves are qu1te
simi]ar suggest1ng that they -are comagmat1c The three 1ntrus1ves
_ are products of norma] d1fferent1at1on of a calc- a]ka11ne magma o
Each of these rock: types contains p]ag1oc1ase hornb]ende b1ot1te, |
quartz and magnet1te or pyrite phenocrysts However, the proportion:
| of these phenocrysts d1ffers in all three cases. These differerices |
-reflect’ the degree of magmat1c differentiation that occurred as each
'1ntrus1ve ascended to the upper crust or surface from its probab]e N
source in the upper mant]e or Tower crust The abundance of quartz
and preva1ence of b1ot1te in the b1ot1te dac1te, suggest that d1f-
ferent1at1on progressed further than 1n the other rock. types Bowen
(1928) descr1bes.quartz anddb1ot1te as Tate stage d1fferent1ates_1n
cooling basaltic magmas- 3H0rnb1ende has a higher crysta11ization' |
temperature and common]y appears at-an 1ntermed1ate stage in the .

dnfferent1at1on process Thus, the hornb]ende-b1ot1te dac1te




85

represents an 1ntermed1ate stage in the differentiation process

- The remnant aug1te in the hornb]ende b1ot1te andes1te suggests that N

_'crysta111zat1on was comp]eted at a yet h1gher temperature when

, d1fferent1at1on was 1ess advanced The magma that produced these
L1ntrus1ves ‘was probab]y r1ch in water as ‘a resu]t of d1fferent1at1on

- .as. well as crusta1 contam1nat1on of the magma dur1ng 1ts ascent The:':~.
' h1gh water content 1nf1uenced d1fferent1at1on by 1ower1ng the crysta]-'
‘11zat1on temperature of a]] components in the magma. _ |
Cross cutting re1at1onsh1ps.and-recogn1zab]e xenoTiths'prof
vide evtdence'tor the. order of emp1acement of the described_intrusives.z-
These re]ationshtps'are'best observed on the north flank ovainnabar: 1-'

_ Mountain about 0.5 miTes. west of Corwin Spr1ngs, where a dike of .

hornblende- b1ot1te dac1te cuts biotite dac1te d1kes A few hornb1ende- .

biotite andes1te d1kes up to 20 feet din th1ckness cut both dac1tes
(Plate- 14) ~ The superpos1t1on of hornb]ende—b1ot1te dacite f]ows on
b1ot1te dac1te 1ntrus1ves 0. 25 miles northeast of Corw1n Spr1ngs
further support these age re]at1onsh1ps Andes1te dikes are c1ear1y

. the 1atest 1ntrus1ves at a11 1oca11t1es exam1ned

Corre]at1on of Intrus1ves

The m1nera1og1es and textures of the Corwin’ Spr1ngs dac1te
d1kes resemb]e those of :the C1nnabar Mol Heron and Little Tra11 Creek o

dacite. 1ntrus1ves descr1bed by Shaver (1974) and’ suggest thatvthese.-{:
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PLATE 14. Andesite dike containing clasts of Precambrian granitic
gneiss (G) and biotite dacite (D) about .5 miles west
of Corwin Springs.
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intrusives are the same age. However,.the stratigraphic positions ,‘
.'-of these 1ntrus1ves d1ffer The C1nnabar Mo1 Heron dacites appear to
cut the andes1te brecc1as f1111ng C1nnabar Bas1n (Shaver 1974), whereas
the. Corw1n Spr1ngs dac1te dikes are probab]y covered unconformab]y »
by the brecc1as These brecc1as have been tentat1ve1y 1dent1f1ed
by Chadw1ck (persona1 commun1cat1on, 1975) as the Go]meyer_Creek
Volcanics which Tie d1rect1y-on the Corw1n-Spr1ngs-dac1tes and _
'beneath'the younger Hya]ite Peak VoTcanics Chadnick‘(1969) sdggests" :
that the Go]meyer Creek Vo]can1cs are about 53 m1111on years o]d
Th1s age accord1ng to Prostka and Smedes (1972) dates the Go]meyer
Creek Vo]can1cs as Ear]y Eocene, and therefore dates the Corwin Spr1ngs'
dac1te d1kes ‘as Ear1y Eocene or older. Since the Gard1ner fau]t does
'1not s1gn1f1cant1y fracture the Corwin Spr1ngs dacite d1kes, the latest
possible time for maJor reverse d1sp1acement a1ong the Gard1ner fault.

;zone is the Ear]y Eocene
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