
Published by The Tobacco Root Geological Society, Inc. 

P.O. Box 2734 

Missoula, Montana 59806 

http://trgs.org 

 

Edited by:  Marie M. Garsjo and Richard I. Gibson  

�ORTHWEST GEOLOGY 
The Journal of The Tobacco Root Geological Society 

 

Volume 41, July 2012 

Cover: Touring Yellowstone in the Sylvan Lake area, 1916  

Above: Souvenir folder mailed to Anaconda, Montana, in 1916  

&ational Park Service photos. 

37th Annual Field Conference 
 

Yellowstone �ational Park 
 

July 26—July 29, 2012 



The Tobacco Root Geological Society, Inc. 
P.O. Box 2734 

Missoula, Montana 59806 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Officers, 2012: 
 

President: Mike Stickney, Montana Bureau of Mines and Geology, Butte, MT  

Vice-President: Katie McDonald, Montana Bureau of Mines and Geology, Butte, MT  

Treasurer: Ted Antonioli, Montana Mining Association, Missoula, MT  

Secretary: Ann Marie Crites, Libby, MT  

Webmaster: Dick Gibson, Consultant, Butte, MT  
 

Board of Directors, 2012: 

 
Ann Marie Crites, Libby, MT  

Bruce E. Cox, (ret.) Hecla Mining Co., Idaho 

Marie Marshall Garsjo, �atural Resources Conservation Service (ret.), Ft. Worth, TX 

Richard I. Gibson, Gibson Consulting, Butte, MT 

Larry Johnson, Consultant, Missoula, MT 

Larry �. Smith, Dept. of Geological Engineering, Montana Tech, Butte, MT 

Robert C. Thomas, Dept. of Environmental Sciences, U. of Montana-Western, Dillon, MT 

Emily Geraghty Ward, Geology Dept., Rocky Mountain College, Billings, MT 
 

Conference Organizer, Yellowstone Field Conference: 
 

Michael C. Stickney 

Editors: Marie M. Garsjo and Richard I. Gibson 
 

 

ISS�: 0096-7769 

© 2012 The Tobacco Root Geological Society, Inc. 

http://trgs.org 

ii 



iii 

�ORTHWEST GEOLOGY 
The Journal of The Tobacco Root Geological Society 

Volume 41, July 2012 

Yellowstone National Park 
and other papers 

Table of Contents 

Author Page Title 

E. A. (Skip) Yates and  

Michael A. Ellis 

1 Locating the next Yellowstone Caldera 

Elizabeth Lincoln Mathieson 11 Earthquake detective work on the Madison Range Fault, Montana – A 

retrospective 

Chris Shaw 21 Radiocarbon age date of a mountain bison and rock fall in the  

Anaconda Range, Montana 

D. H. Vice, Arnold Doden, and  

Bridget Lynne 

25 Geothermal activity along a segment of the Lewis and Clark Line 

Joseph H. Baird 34 The Wasatch Line (Neogene)/East Pacific Rise Plate Tectonic Model: 

Viable for multiple working hypothesis evaluation against “Slab Gap”? 

J. Alcock and Peter Muller 47 A Paleoproterozoic sedimentary basin within the Wyoming craton  

exposed in the Ruby Range, SW Montana: Identified by field relations 

and geochronology 

Paul Mueller, David Mogk, and  

Joseph Wooden 

63 Age and composition of crystalline basement in the Armstead  

Anticline, southwestern Montana 

        Michael Stickney 71 Road log for the Hebgen Lake earthquake area 

Dan Moore, Chris Sant, Rebecca 

Wood, Barry Miller, Steve Han-

sen, Ryan Shurtliffe, and Samuel 

Grover 

83 Field guide to the Eocene igneous rocks of the Centennial and Henry’s 

Mountains, Idaho and Montana 

Marc S. Hendrix 95 The Yellowstone Volcano caldera margin, Quaternary volcanics, and 

selected thermal features between Norris Geyser Basin and the Upper 

Geyser Basin, Yellowstone National Park 

B.E. Cox and Jo-Ann Sherwin 109 Centennial Valley — East to west: A field trip crossing the Great Di-

vide (twice) 

Kevin Lielke and  

Robert C. Thomas 

117 Field guide to the sedimentary deposits, tectonic setting,  

paleoenvironment, and basin evolution of the Paleogene Renova  

Formation in the Upper Ruby River Basin of southwestern Montana 

Kevin Lielke and  

Robert C. Thomas 

139 Field guide to Paleogene volcanics, sedimentary deposits, tectonic set-

ting, paleoenvironment, and basin evolution of the Beaverhead Canyon, 

F
IE
L
D
 G
U
ID
E
S
 



iv 

 

TRGS CHARTER  

MEMBERS 

 

Stanley W. Anderson 

Clyde Cody 

William S. Cordua 

Lanny H. Fisk 

Richard I. Gibson†  

Thomas Hanley 

Stephen W. Henderson 

Thomas E. Hendrix 

Mac R. Hooton 

Inda Immega 

Steven W. Koehler 

Marian Millen Lankston† 

Robert W. Lankston† 

J. David Lazor 

Joe J. Liteheiser, Jr. 

Judson Mead* 

Marvin R. Miller 

Vicki M. Miller 

Allen H. Nelson 

Alfred H. Pekarek 

Patricia Price* 

Donald L. Rasmussen 

Raymond M. Rene 
 

 

 

 

 

 

† = co-founder 

* = deceased 

 

TRGS HAMMER AWARD  

RECIPIE�TS 

Awarded for distinguished achievement 

in the study of the geology of the  

�orthern Rocky Mountains  

 

1993: Ed Ruppel 

1994: Dick Berg 

2003: Don Winston 

2004: Dean Kleinkopf 

2009: Betty Skipp 

2010: Jim Sears 

2011: John Childs 

2012: J. Michael O’Neill 

 

TRGS HO�ORARY MEMBERS 

 

1980: Charles J. Vitaliano* 

 

2008: Elizabeth Younggren  
 (also honorary Board member) 
 

2010: Dick Berg 

2010: Bruce Cox 

2010: Dean Kleinkopf 

2010: Dave Lageson 

2011: Marie Marshall Garsjo 

2011: Paul Link 

2011: Rob Thomas 

2012: Jeff Lonn  

2012: Mitch Reynolds 

 

 

TRGS LIFETIME MEMBERS 

 

Rob Foster 

Joan (Mrs. Jack) Harrison* 

 



v 

2012 Scholarship Recipients 

 

• Zachary Adam (Harrison Scholarship) Montana State Univ.: Characterizing the Mesoprotero-

zoic microfossil record of the Belt Supergroup, Montana 

 

• �eal Auchter (Michael Thompson Foster Scholarship) U. of Montana: Interpretation of coastal 

incision fill deposits in the Santonian-Campanian Eagle Formation, south-central Montana 

 

• Whitney Bausch (TRGS Scholarship) U. of Montana: Timing and extent of post-orogenic mag-

matic and tectonic events in the northern Cordillera: Petrogenetic and kinematic investigation 

of an Eocene dike swarm, southwest Montana 

 

• Lane Boyer (TRGS Scholarship) U. of Arkansas: Highland Gneiss Dome 

 

• Jessie Chadwick (TRGS Scholarship) Montana State U.: Metamorphism, Anatexis, and Defor-

mation in Metasupracrustal Enclaves in the Spanish Peaks, Madison Range, SW Montana: Evi-

dence of Cryptic 2.55, 2.45 or 1.8 Ga Thermotectonic Events 

 

• Cailey Condit (Harrison Scholarship) U. of Colorado: Integrated geologic history of the Ar-

chean rocks of the Madison Range, Montana: implications for lower crustal deformational 

processes and the assembly of Laurentia 

 

• Breanna Hennessy (TRGS Scholarship) Montana State U.: Sedimentology and Stratigraphy of 

the Late Cretaceous Livingston Group in Central Montana 

 

• Sarah Jeffrey (TRGS Scholarship) Montana State U.: Structurally-controlled digenesis of Pa-

leozoic reservoir rocks exposed in the Little Belt Mountains and Big Snowy Uplift, Montana 

 

• Lauren Kay (TRGS Scholarship) Montana State U.: Tectonic deformation as a taphonomic 

process: using fossilized bones as strain indicators 

 

• Tetsuro �agase (TRGS Scholarship) U. of Montana: Investigating depositional processes and 

sedimentary environments of Late Devonian organic-rich mudrock of the Bakken Formation, 

central Montana 

 

• Laura �eser (TRGS Scholarship) U. of North Carolina - Chapel Hill: The timing of Laramide 

deformation in the northern Rocky Mountains 

 

• Jacob Thacker (Michael Thompson Foster Scholarship) Montana State U.: Structural and min-

eralogic characterization of the South Prairie fault in the Stillwater Complex, Beartooth Moun-

tains, MT 

 

• Stephanie Wafforn (Michael Thompson Foster Scholarship) Oregon State U.: Structural Geol-

ogy of the Mount Polley porphyry copper district: Reconstruction of post-mineral faults and tilt-

ing for the purpose of future exploration 

 

Donate to scholarships at www.trgs.org/scholar.htm 



vi 

Grand Canyon of the Yellowstone and Lower Falls. 

Photo by Richard I. Gibson. 



1 

Yates and Ellis: ext Yellowstone Caldera 

Abstract 

 

We assemble here a suite of geophysical, 

geochemical, and geomorphological data 

sets that provides compelling evidence for 

the existence of a ring structure and early 

regional tumescence that signals the next, 

or fourth, Yellowstone caldera-forming 

eruptive cycle. The extent of the ring struc-

ture is defined by the here-named Mirror 

Plateau Feature (MPF), a region of rela-

tively high elevation and low relief bor-

dered discontinuously by ranges with 

higher relief, and by evidence for relatively 

higher rates of surface uplift. The existence 

of relatively shallow silicic magma under 

the MPF is supported by calculated Curie 

depths, the spatial and geochemical charac-

teristics of geothermal features, anomalies 

in both gravity and magnetic potential 

fields, and anomalies in shallow seismic 

velocities. Patterns of fluvial incision argue 

for Holocene and active surface uplift of 

the entire MPF, but that uplift is presently 

dictated by the Lamar Valley fault, which 

forms the northeast and eastern boundary to 

the MPF. We suggest that this is a ring-

fracture fault forming the boundary of the 

next Yellowstone eruptive center. 

 

Introduction 

 

Yellowstone is arguably part of the most 

explosive active volcanic system on earth. 

Over the past two million years and in three 

distinct cycles, the Yellowstone system has 

erupted more than 6,500 cubic kilometers 

of volcanic material (Christiansen, 2001). 

Each cycle culminated in massive, caldera-

forming eruptions, followed by relatively 

quiet, caldera-filling eruptions of both rhy-

olitic and basaltic flows. The most recent 

cycle formed the Yellowstone Caldera 

~640,000 years ago and ejected more than 

1,000 cubic kilometers of material, result-

ing in the deposition of the Lava Creek 

Tuff, most of it inside Yellowstone Na-

tional Park. The eruption of the Yellow-

stone Caldera is estimated to have been 

about 1,000 times larger than the 1980 

eruption of Mt. St. Helens.   

 

Volcanoes of the Yellowstone type are a 

natural hazard that, more than most, have 

the potential to fundamentally affect global 

human civilization (Sparks et al., 2005). In 

this paper, we summarize a variety of geo-

physical, geological, and geomorphological 

evidence that strongly indicates that the 

current focus of the volcanic system has 

migrated to the northeast of the Yellow-

stone Caldera and lies now under the Mir-

ror Plateau Feature as defined below 

(Figure 1). 

 

The origin of the Yellowstone magmatic 

system is linked to motion of the North 

American Plate over a mantle plume 

(Wilson, 1973), as is much of the regional 

faulting and present seismicity (Anders, 

1994). The existence and nature of plumes 

has been critically questioned in recent 

years (Anderson, 1994; Christiansen et al., 

2002; Foulger, 2002; Courtillot et al., 2003; 

Geol. Soc. London, 2002), and the nature 

of the Yellowstone plume, in particular, is 

enigmatic. P-wave velocities in the upper 

mantle beneath Yellowstone and adjacent 
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regions are interpreted as melt-induced 

convection within the asthenosphere 

(Saltzer and Humphreys, 1997), rather than 

to classic deep-rooted plumes (Humphreys 

et al., 2000; Schutt and Humphreys, 2004; 

Yuan and Dueker, 2005). Regardless of the 

origin of the Yellowstone magmatic sys-

tem, it has retained its focused and persis-

tent course toward the northeast over at 

least the last ten million years (Anders, 

1994) at a constant rate of 2.2 cm/y 

(Anders, 1994) or between 2 and 4 cm/y 

(Smith and Braile, 1994). These velocities 

predict that the current focus of melt re-

lease is likely to be under the Mirror Pla-

teau Feature (Figure 1).   

Observational and geophysical evidence 

 

The Mirror Plateau Feature (MPF) as de-

fined here is a large, circular, geomorphic 

feature located northeast of and partially 

within the 640,000-year-old Yellowstone 

Caldera. We suggest that the MPF repre-

sents an emerging ring-fracture zone and 

forms the boundary of the next eruptive 

cycle. The MPF is readily recognizable on 

almost any scale satellite image (Figure 1), 

radar image, or aerial photograph, and can 

be identified on topographic, relief, and 

geologic maps of Yellowstone National 

Park. The feature is ~1,250 km2 and 

roughly bounded by the Yellowstone River 

(on the southwest), Tower Creek 

(northwest), Lamar River (northeast), Peli-

can Creek (southeast) and Yellowstone 

Lake (south). The circular nature of the 

MPF in an active volcanic terrain suggests 

that its origin is likely related to magmatic 

or volcanic processes. 

 

Smith and Braile (1994) estimated depths 

to the Curie isotherm to assess the locations 

of excess heat of the crust in the Yellow-

stone volcanic system. This was done by 

comparing the observed gravity field to a 

magnetically derived pseudogravity field, 

to try to correct for widespread variations 

in the Yellowstone heat flow (Smith and 

Braile, 1994). These data clearly show a 

prominent, shallow, upper-crustal heat 

source under the MPF (Figure 2A) and, by 

contrast, a cooler source under the bulk of 

the modern Yellowstone Caldera.   

 

Extensive hydrothermal activity, pervasive 

alteration, and the region’s highest heat 

flow (Figure 2A) strongly suggest to us that 

magma is emplaced at shallow levels under 

the MPF. The largest hydrothermal basin in 

the Park (Hot Springs Basin) is near the 

center of the MPF, indicating high heat 

flow in that area. Numerous smaller basins 

and features, mostly deep vapor-phase sys-

tems (Fournier, 1989) also are found in this 

area, including Mud Volcano, Washburn 

Hot Springs, Joseph’s Coat Hot Springs, 

Grand Canyon of the Yellowstone, Seven 

Mile Hole, Bog Creek Hot Springs, Rain-

bow Springs, and Calcite Springs. Addi-

tionally, Soda Butte Hot Spring, Crater 

Hills Hot Spring Basin, and hydrothermal 

features recently discovered in the northern 

end of Yellowstone Lake appear to be lo-

cated along the edge of the MPF circular 

feature.   

 

Alteration is evident throughout the MPF, 

particularly in the Grand Canyon of the 

Yellowstone, which dissects the feature. 

According to Fournier (1989), old geyser 

mounds and sinter deposits are found 

throughout the Mirror Plateau. The highest 
3He/4He anomaly in hydrothermal waters, 

indicative of a magmatic source, is found 

along the edge of MPF at Mud Volcano (16 

times air ratio) and Crater Hills (10.4 times) 

(Fournier, 1989). Hot springs at Crater 

Hills yield the highest chloride concentra-

tions and highest geothermometer tempera-

tures (270-300 degrees C) of any thermal 

water in Yellowstone National Park, and 

appear to represent the direct upward mi-

gration of fluid from deep in the system 

(Fournier, 1989). Mud Volcano and the 
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Figure 1. Landsat 5 (1993) image of Yellowstone National Park showing the circular shaped Mirror Pla-

teau Feature (MPF) outlined by white arrows and the Yellowstone Caldera (dashed red). The calculated 

range of hotspot movement (2 to 4 cm/yr), including the uncertainties, is shown by the solid red line la-

beled A-B; the most likely position of the present volcanic center (hot-spot) is within the MPF. WY, 

West Yellowstone; M, Mammoth; YL, Yellowstone Lake; SCD, Sour Creek Dome; MLD, Mallard Lake 

Dome. 
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Crater Hills are located along the western 

edge of the MPF, and are possible ring 

structures that may provide conduits for 

magmatic waters. Fournier (1989) sug-

gested that magmatic temperatures are 

likely to exist at depths below about four to 

five kilometers in the northeast part of the 

caldera, accounting for the large convective 

heat flux and the lack of earthquakes below 

this depth.  

 

Surface deformation has been measured 

inside the Yellowstone Caldera since 1923 

(Wicks et al., 1998). A long period of uplift 

was followed by a period of subsidence be-

tween 1987 and 1994 (Figure 2B) 

(Meertens et al., 1992) followed by re-

newed uplift (Wicks et al., 1998). Surface 

deformation, measured by leveling surveys 

and space-based geodesy, is documented 

within the Yellowstone Caldera, and nota-

bly extends outside the caldera into the 

MPF (Figure 2B). Analyses of radar inter-

ferometry also reveal surface deformation 

occurring both within the MPF and in the 

Yellowstone Caldera (Wicks et al., 1998). 

 

A Bouguer gravity map of the Yellowstone 

Plateau (Lehman et al., 1982) shows the 

lowest gravity readings form a “bull’s-eye” 

on the MPF (Figure 2C), consistent with 

the existence of low-density material, pos-

sibly silicic magma, at shallow levels be-

neath the MPF. The existence of a large 

gradient in the Bouguer gravity anomaly 

toward the Lamar Valley is consistent with 

our proposal that magmatic material does 

not extend outside the northeast boundary 

of the MPF. 

 

P-wave velocities in the Yellowstone area 

(Figure 2D) show a marked low-velocity 

zone centered on the MPF, consistent with 

molten rock in the subsurface (Lehman et 

al., 1982). These authors interpret the P-

wave anomalies as a low-density (~2,400 

kg/m-3) body at 1-10 km depth, consistent 

with hydrothermally altered material under-

lain by silicic partial melt. Miller and Smith 

(1999) used three-dimensional P- and S-

wave velocity distributions to model the 

structure of the Yellowstone volcanic field. 

They observed a caldera-wide 15% velocity 

decrease at a depth of six to twelve kilome-

ters, which they interpret as a silicic partial 

melt. These authors also note a more pro-

nounced 10 by 20 km area of reduced ve-

locity (37% reduction in Vp, 33% reduction 

in Vs) underlying the center of the MPF, 

which they named the Hot Spring Basin 

Figure 2 (opposite):  Mirror Plateau Feature (dashed oval) geophysical anomalies. A: Heat flow, 

estimated depths to the Curie isotherm calculated using residual gravity field (mGal). Positive 

residual anomalies correspond to temperatures in excess of the Curie isotherm (modified from 

Smith and Braile, 1994). The highest calculated heat flow is centered on the MPF, suggesting a 

large-scale, shallow heat source. B: Subsidence (mm) in the Yellowstone Plateau from 1987 to 

1989, (modified from Meertens et al., 1992). Note that surface deformation extends outside the 

Yellowstone Caldera only within the MPF. C: Bouguer gravity map of the Yellowstone Plateau, 

modified from Lehman et al. (1982). Contour interval is five mGal. The lowest gravity readings 

bull’s-eye the MPF, indicating that low-density, possibly magmatic material underlies this fea-

ture. D: P-wave velocity contours modified from Benz and Smith (1984). The lowest velocity 

P-waves, which indicate the lowest density material, are centered on the MPF. E. Color shaded-

relief image of high-resolution, reduced-to-the-pole aeromagnetic data, modified from Finn and 

Morgan (2002). Note the broad, prominent negative magnetic anomaly covering the MPF, and 

the marked lows (dark blue) along the proposed ring fracture zone of the MPF.  
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velocity anomaly; they note it is strongly 

coincident with a –20 mGal gravity anom-

aly. They interpret this anomaly as a satu-

rated, possibly hydrothermally altered mass 

underlying the Hot Spring Basin. We sug-

gest that the coupled seismic and gravity 

anomalies indicate the shallow accumula-

tion of silicic magma below the MPF.  

 

High-resolution aeromagnetic data acquired 

over Yellowstone National Park show a 

broad, negative reduced-to-pole magnetic 

anomaly over much of the Yellowstone 

Caldera that is most prominent in the MPF 

(Finn and Morgan, 2002). Magnetic lows in 

volcanic terrains are commonly due to the 

destruction of magnetic minerals, either 

from high temperatures or from hydrother-

mal alteration. Anomalously low magnetic 

readings occur along much of the proposed 

ring fracture zone of the MPF, also suggest-

ing intense alteration or high heat flows in 

this zone. 

 

The MPF also offers a suite of geomorphic 

characteristics that are consistent with re-

cent surface uplift. Most notable is the na-

ture of Specimen Ridge, which forms the 

northeastern boundary of the MPF and 

which is bounded by the Lamar River on its 

northeastern flank (Figures 1 and 3). Speci-

men Ridge is strongly asymmetric: the 

northeastern-facing range front is sharply 

defined within the Lamar River valley and 

the highest elevations occur at the peaks of 

triangular facets that rise above the floor of 

the valley. The range divide occurs farther 

east of the highest elevations, beyond 

which elevations fall gradually toward the 

Yellowstone River. This first-order profile 

shape of the range is distinctive of normal-

fault-bounded ranges in the Basin and 

Range; the high peaks reflect the remnant 

tectonic envelope (King and Ellis, 1990; 

Ellis et al., 1999; Densmore et al., 2004) 

and the drainage divide is the subsequent 

and still transient adjustment of the land-

scape to local base levels (Ellis and 

Densmore, 2003, 2004). The distribution of 

hypsometries within the range-front basins 

(Figure 3) is consistent with a relatively 

recent lowering of base level along the 

Lamar valley, and the variation of hyp-

sometries along the range suggests that that 

lowering is related to faulting along the 

range front, rather than to a regional base-

level drop.   

 

The Lamar Valley fault is not well known. 

Howard’s (1937) description is the most 

detailed and earliest description that we can 

find, but beyond Love’s (1961) revisit, 

there appears to be no recent investigation 

of this fault. These authors estimate a total 

offset of ~300 m, most of which was accu-

mulated during the Quaternary (Love, 

1961), though this is poorly constrained. 

Specimen Ridge therefore is likely to be an 

active footwall block to the Lamar Valley 

fault. This is also consistent with the pat-

tern of incision to the southeast of the cur-

rent range divide (Figure 3). Tributaries of 

Deep Creek and Shallow Creek (Figure 3) 

that drain toward the northeast toward the 

range divide are markedly less incised than 

those that drain toward the southwest, away 

from the divide. Toward the southern end 

of Specimen Ridge, the range divide steps 

abruptly to the southwest, to a position that 

we regard as closer to the original (or pre-

Lamar fault) fluvial pattern. Evidence for 

active divide migration is seen along this 

part of the range divide where the head of a 

stream that used to drain to the northeast 

has been captured and now drains toward 

the southeast (Figure 3).   

 

The pattern of footwall stream incision is 

consistent with active uplift and tilting of 

the Specimen Ridge footwall block and al-

though we currently have no constraints on 

the timing nor rates of uplift, it is likely that 

much of the topography we now see in the 

back-tilted footwall is largely Holocene, 
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Figure 3. Geomorphic characteristics of the eastern part of the MPF are shown with a shaded 

relief image of USGS NED 30 m DEM (left) and the derived fluvial network (right). The Lamar 

Valley fault, visible discontinuously as prominent east-facing scarps, lies between the black ar-

rows in the shaded-relief image and defines the eastern flank of Specimen Ridge. Watersheds 

that drain the eastern flank of Specimen Ridge (yellow) define the prominent triangular facets 

typical of active normal faults. Normalized hypsometries of these watersheds (plots a-i) show a 

signature systematic variation along the length of the fault consistent with an active tip-to-tip 

displacement field. Topographic profile (top inset, elevations are maxima and minima) along A-

B reveals the tilted footwall block to the Lamar Valley fault. The small black arrow marks the 

range divide, which is not coincident with the peaks of Specimen Ridge, again typical of active 

normal faults. The light gray region on the footwall is underlain by evidence of active tilting to 

the southwest; note the difference in incision of tributaries to Deep Creek (DC) and Shallow 

Creek (SC). Those that drain toward the southwest are significantly more incised that those that 

drain toward the northeast, as expected if the surface was being tilted to the southwest. Active 

stream capture is occurring along the southern part of the drainage network (under the red cir-

cle), consistent with southwest tilt and a northeastward migration of the main drainage divide. 

Note also the multiple fault scarps within the footwall and Mirror Plateau; many of these show 

northeast-facing scarps and are consistent with their role as subsidiary ring-fracture faults. 
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since this region was covered by a mobile 

ice-sheet that likely reset the topography of 

the MPF. The downward displacement of 

the northeast side of the steeply dipping 

Lamar Valley fault is consistent with its 

role as part of the proposed ring structure of 

the next, fourth, eruptive cycle caldera. 

 

Other geomorphic indicators of relatively 

high rates of surface uplift of the MPF in-

clude the incision of Yellowstone River, 

which starts at the Upper Yellowstone 

Falls, near the southwestern edge of the 

MPF, and remains significant until immedi-

ately downstream of the confluence with 

the Lamar River (Figure 3). The Yellow-

stone River is confined to a relatively nar-

row, but not particularly deep, gorge as it 

cuts through the Washburn Range (Figure 

1), the northwestern boundary of the MPF. 

The pattern of incision across the range is 

consistent with relatively high rates of up-

lift.  

 

Discussion and Conclusion 

 

The various individual features described in 

the preceding section, with the exception of 

aspects of the geomorphology, are well 

known, but their discussion has been 

framed largely in the context of the current 

Yellowstone Caldera. We have attempted 

to show here that the integration of these 

features may be telling us more about the 

next, or fourth, caldera cycle of the Yellow-

stone volcanic system.   

 

If the MPF is the locus of the next eruptive 

cycle, then the circular boundary is a ring-

fracture zone forming above an ascending 

silicic melt. Curvilinear fault zones mapped 

on the eastern and southern sides of the 

MPF (Christiansen, 2001) may reflect these 

ring structures. The steeply dipping Lamar 

Valley fault is the clearest candidate for a 

ring-structure fault. Minor faults within its 

footwall (Figure 3) have typically been in-

terpreted as caldera-collapse structures, but 

field evidence of eastward-facing scarps 

suggests that some of these faults may in-

stead be related to the development of a 

ring structure. 

 

Silicic volcanic centers undergo seven 

stages, called the caldera cycle, during their 

development (Smith and Bailey, 1968), in-

cluding regional tumescence and generation 

of ring fractures; eruption of pyroclastic 

material along ring fractures; caldera col-

lapse; pre-resurgent volcanism and intra-

caldera sedimentation; resurgent doming; 

major ring-fracture volcanism (lava flows); 

and terminal fumerolic and hot spring ac-

tivity. Yellowstone Caldera is probably in 

the terminal seventh stage, the sixth stage 

having ended ~70,000 years ago with the 

last associated ring-fracture rhyolite erup-

tions. The MPF, as defined here, represents 

the first stage of the next caldera cycle. The 

volume of material calculated to erupt from 

the MPF, derived from its area relative to 

that of earlier Yellowstone calderas, is esti-

mated here to be in the range of 550 to 700 

cubic kilometers. Volcanic hazards include 

phreatic explosions along the postulated 

ring structure, especially under the northern 

end of Yellowstone Lake, small (less than 

five cubic kilometers) ash eruptions, lava 

flows, intense seismic activity, landslides, 

lahars, and a catastrophic caldera-forming 

eruption with worldwide impacts. 
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Finding Faults 

 

In August 1981 I was an M.S. degree can-

didate in the Engineering Geology program 

at Stanford University. “Only” my thesis 

remained. I had been working as a geolo-

gist at Kaiser Cement Corporation at the 

Permanente limestone quarry southeast of 

San Francisco since January, enjoying the 

income and full benefits but knowing I 

should stop procrastinating and finish 

school. I wanted to study an active fault but 

had been turned down by California land-

owners who didn’t want me finding faults 

and devaluing their real estate. Then Kaiser 

sent me to Montana for two weeks to map 

the new Clark Gulch limestone property 

near the cement plant at East Helena. Kai-

ser’s local plant manager, Bob O’Hara, was 

a geologist himself. He and his wife Sally 

warmly welcomed me to Montana, and Bob 

enlightened me about his state’s active seis-

micity and suggested some possible thesis 

areas. 

 

Over the next several months I contacted 

past and current investigators in the re-

gion—by snail mail and phone—to narrow 

my choices for a thesis area and to be sure I 

wouldn’t be treading on anyone else’s turf.  

Ed Bingler of the Montana Bureau of 

Mines and Geology suggested I study the 

Madison Range Fault (Figure 1), a major 

normal fault trending north-northwest with 

a prominent Holocene scarp that trends for 

a distance of about 65 km. A 3.2-km seg-

ment of the fault had been reactivated by 

the 1959 M 7.1 Hebgen Lake Earthquake. 

As much as one meter of vertical offset was 

expressed by newly-formed scarps that 

were steep and discontinuous, but these had 

drawn much less attention than the larger, 

�orthwest Geology, v. 41, 2012, p. 11-20 The Journal of the Tobacco Root Geological Society 

Figure 1. Northward view along western base of the Madison Range in the study area. Holocene scarp 

appears as a dark, sinuous slope (right center). Mouth of Upper Madison Canyon is just right of center.   
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more accessible 1959 scarps on the Hebgen 

and Red Canyon Faults. Ed suggested that I 

contact Robert Wallace at the U.S. Geo-

logical Survey. 

 

Bob Wallace had studied the degradation of 

the 1959 Hebgen Lake Earthquake scarps. 

He had flown along and photographed the 

southern portion of the Madison Range 

Fault and had measured one topographic 

scarp profile. He explained to me that that 

Madison Range Fault would be compli-

cated for an M.S. thesis due to the “broken” 

glacial stratigraphy. He suggested that I 

begin with an air-photo study and choose 

one or two canyons where the glacial strati-

graphy was well displayed. He hoped that I 

would be able to determine the recurrence 

interval of ground-rupturing earthquakes on 

the Madison Range Fault to add to his work 

(Wallace, 1981). He was comparing aver-

age earthquake recurrence intervals on the 

San Andreas Fault (short) with those of 

more eastern faults, increasing progres-

sively eastward until interrupted by Utah’s 

Wasatch Fault and its relatively short recur-

rence interval. Bob referred me to his col-

league Irving Witkind at the U.S. Geologi-

cal Survey. 

 

Irv Witkind had been camped at the epicen-

ter during the Hebgen Lake Earthquake and 

quickly became an expert on its surface ef-

fects. He declared to me that the Madison 

Range Fault was “extraordinarily impor-

tant.” He mentioned a growing 

“environmental geology” influence in Con-

gress which had generated an interest in the 

impacts of geologic events on the public. 

Irv suggested the mouth of Little Mile 

Creek as good study area. I contacted a few 

more investigators then began arranging for 
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private-property access along the range 

front south of the Madison River (Figure 

2). 

 

A Disaster Freak’s Dream 

 

My interest in Montana extended beyond 

its active faults. During the brief limestone-

mapping trip to Helena I had also fallen in 

love with the region’s Victorian houses and 

mining history. I was eager for my geolo-

gist-and-fellow-old-house-lover husband to 

visit Montana with the thought of perhaps 

moving to Big Sky Country. I wanted to 

see Montana at its worst, so we visited my 

future thesis area in January 1982 (just as 

copper prices plummeted and job prospects 

for out-of-state geologists evaporated). Our 

trip through the Madison Valley gave us a 

clear view of the Holocene scarp of the 

Madison Range Fault and the opportunity 

to record names and addresses on mail-

boxes and on billboards advertising 20-acre 

lots that few people knew were bisected by 

the fault. Our efforts to visit the Madison 

River Canyon Earthquake Area were 

thwarted by a thick coating of tire-chain-

proof ice on old Highway 287 where the 

rebuilt road climbed the steep rockpile de-

posited by the Madison Canyon Slide. 

 

Despite the icy roads and the 20-below-

zero temperature, I was sold on studying 

the 1959 rupture of the Madison Range 

Fault. It was a perfect topic for me, an ad-

mitted disaster freak. My senior year of 

high school I had finally realized that many 

of the disasters that I had loved reading 

about during my childhood were actually 

geologic processes. Don West, a fellow stu-

dent at my geology field camp in 1976, was 

an engineering geologist at Woodward-

Clyde and actually got paid to investigate 

and reduce the impacts of geologic hazards 

on people. By the time my thesis research 

began in 1982 I was on my way to becom-

ing an engineering geologist myself.   

The Hebgen Lake Earthquake was a true 

geologic disaster. Twenty-eight people 

were killed, most of them in the Rock 

Creek Campground where they were en-

tombed beneath the Madison Canyon Slide. 

In other campgrounds, fault scarps sliced 

through fire pits and beneath picnic tables 

and bisected at least one ranch building. 

The basin of Hebgen Lake permanently 

tilted northward, stranding boat docks at 

vacation cabins on the south shore and par-

tially submerging cabins on the north shore. 

The concrete core of Hebgen Dam cracked, 

and a seiche overtopped the dam repeat-

edly. Several stretches of Highway 287 

slumped into Hebgen Lake, and the road-

way below the dam—the parts of which 

were not buried by the catastrophic rock-

slide—was inundated by the rising waters 

of the newly formed Earthquake Lake. 

Downstream towns were evacuated in 

preparation for a flood like the one that had 

followed the failure of the Gros Ventre 

landslide dam in Wyoming in 1925. The 

area of the Madison Range Fault was a dis-

aster freak’s dream. 

 

The Work Begins 

 

Richard Jahns, my Stanford advisor, ap-

proved of my choice of a field area. He was 

particularly impressed with the Madison 

Range Fault’s superb surface expression 

and historic activity. He encouraged me to 

emphasize paleoseismology as a recent 

breakthrough in deciphering fault behavior 

and earthquake recurrence intervals. I 

enlisted Ernie Rich, who had taught my air 

photo interpretation course, as my second 

thesis advisor. I also intended to rely on 

skills of interpreting soil stratigraphy that I 

had learned from Roy Shlemon in another 

Stanford course. 

 

I obtained a Research Grant from the Geo-

logical Society of America and a grant 

from the Shell Fund at Stanford University. 
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My plan was to decipher the Holocene his-

tory of the Madison Range Fault by study-

ing scarp morphology the way paleoseis-

mologists were doing on other faults. In 

June 1982 I resigned my temporary posi-

tion at Kaiser Cement and prepared for a 

summer of field work in Montana. 

 

I collected and pored over maps, literature, 

and air photos while making logistical ar-

rangements and, coincidentally, working 

with my husband Scott to secure our small 

Victorian house in San Jose to its brand-

new foundation before heading to Montana. 

I borrowed my parents’ Dodge van—a liv-

ing room on wheels—for a field vehicle 

and recruited my fine-arts-major mother as 

my field assistant for the first three weeks. 

(Now, a generation later, I know that fifty-

something is not old, even for field work!)  

Scott would be my field assistant for the 

second half.   

 

My field headquarters was The Slide Inn, at 

the northern end of my study area and just 

downstream from the Madison Canyon 

Slide. This sunny campground offered 

showers, mail service, and ice cream bars (I 

mentioned the ice cream bars in the Ac-

knowledgements section of my thesis, but 

my “Expenses” notebook also documents 

frequent purchases of beer). 

 

Recalculating… 

 

As I mentioned, my study was planned to 

emphasize scarp morphology as a tool for 

deciphering the Holocene history of fault-

ing. Such a study ordinarily involves inter-

pretations of composite fault scarps that 

display multiple facets, each of which re-

cords a distinct displacement event. At the 

time, this method had been used success-

fully in areas with arid climates (e.g., Wal-

lace, 1977). The wetter climate of south-

western Montana, however, causes more 

rapid degradation of fault scarps and hence 

the erasure of older facets. I eventually dis-

covered that only the 1959 scarp facets near 

the mouth of one canyon were clearly rec-

ognizable on the composite scarp of the 

Madison Range Fault (Figure 3). 

 

The direction of my research therefore 

evolved to emphasize detailed topographic 

and geologic mapping of Quaternary de-

posits traversed by the Holocene scarp at 

the mouths of three canyons (Figure 4). I 

measured the surface offset of each deposit 

displaced by the fault and assigned an ap-

proximate age to each deposit. From this, 

displacement directions and amounts, aver-

age displacement rates, and average earth-

quake recurrence intervals could be esti-

mated. 

Figure 3. View of 1959 rupture trace with the 

author (six ft) for scale, north of unnamed 

canyon north of Little Mile Creek. Fiberglass 

tape used for scarp profiling at left. 
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With my mother’s assistance I made de-

tailed 1:500-scale topographic maps using 

now-obsolete equipment: a Teledyne Gur-

ley telescopic alidade, a plane table (Figure 

5), and a four-meter folding stadia rod. We 

documented vertical displacements ranging 

from 4.7 to 15.4 m of river and stream ter-

races, lateral moraines and moraine com-

plexes, and a boulder mudflow deposit 

(Figure 6). My mother’s jobs were to hold 

the stadia rod steady and to collect “baked 

potato”-sized and -shaped rocks, tie flag-

ging around them, and label the flagging 

with a felt-tipped pen for use in marking 

future survey points. Much to our surprise, 

some of the rocks were moved overnight by 

a mystery animal or animals who must 

have picked the rocks up by the flagging 

and carried them from place to place, mess-

ing with my mapping efforts. 

 

I interpreted discontinuous breaks in thin 

colluvium on bedrock spurs between Slide 

Creek and the unnamed canyon north of 

Little Mile Creek as 1959 surface ruptures 

that had been described by Myers and 

Hamilton (1964). These features were free 

faces as high as 0.8 m, extending along up-

per parts of the prehistoric scarp or across 

the ground above the scarp. The faces 

sloped at angles of 50 to 70 degrees. To 

learn what I could from topographic profil-

ing, I constructed ten scarp profiles with a 

fiberglass tape, stadia rod, and Abney hand 

level. Scott and I measured scarp heights, 

measured slope angles to within 0.5 de-

grees, and documented the locations of 

breaks in slope.    

 

We dug nine shallow soil pits, one in each 

deposit of interest, to provide quick insights 

into subsurface composition and soil profile 

development. The southern Madison Range 

consists predominantly of Precambrian 

dolomite-quartz marble, with metagray-

Figure 4. Sketch map showing selected late 

Quaternary features in study area. River ter-

race correlations (Montagne, 1965):  I – higher 

Bull Lake, II – lower Bull Lake, III – Pinedale. 

Figure 5. Alidade and plane table in south-

eastward view along fault scarp with graben. 

Canyon of Sheep Creek is in background. 
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wacke, biotite schist, amphibolite, and 

quartzite. The marble component in the 

source areas provides a source of caliche on 

the bottoms of cobbles and boulders in the 

glacial deposits. Unfortunately, however, 

the thickness of caliche varied markedly 

within individual deposits and turned out to 

have little or no correlation with the age of 

the deposit. My field observations revealed 

no datable materials, such as volcanic ash 

or carbonaceous matter, in the deposits. 

And because the Madison Valley contained 

no large glacial lake during Pleistocene 

time, no datable shorelines are present.  

 

No detailed investigations of glacial chro-

nology in the Madison Range had been 

made. Reconnaissance investigators had 

assigned deposits to specific glacial stages 

primarily by using criteria of morphology 

and topographic position, and I did the 

same.   

 

All new age assignments were based on 

relative-dating criteria that permitted corre-

lation of the Pleistocene deposits with de-

posits dated by Pierce (1979) in the nearby 

northern part of Yellowstone National Park. 

The age assignments were based on obsid-

ian-hydration dates from the unusual vol-

canic source area. Approximate age assign-

ments for glacial and fluvioglacial deposits 

in my study are based primarily on mor-

phologic features, the presence or absence 

of a loess mantle, and various cross-cutting 

relationships. 

 

The Fun of Field Work 

 

The difficulties of deciphering the subtle-

ties of scarp morphology and soil stratigra-

phy were balanced by the pleasures of 

working outdoors in Montana. My mother 

learned that a nearby bush is better than a 

distant bathroom. Together we learned to 

read the weather. From our position high on 

the Holocene scarp we evaluated the daily 

afternoon thunder showers as they ap-

proached. If it was a “thin storm,” we’d 

wait it out in the van and resume our field 

work after the rain passed. If it was a “thick 

storm” we’d pack up our equipment and 

head for the campground. Our recipe for 

bratwurst was governed by the evening 

showers: cook it until it starts to rain then 

slap it between two pieces of bread, jump 

in the van, and eat it. 

 

After a couple of weeks at The Slide Inn, 

on the banks of the Madison River which 

we knew was a blue-ribbon trout stream, 

we wondered why we never smelled fish 

Figure 6. Vertical aerial photograph showing 

range front and mudflow complex of Pinedale 

age (center left) at mouth of unnamed canyon 

north of Little Mile Creek. Arrows indicate 

channel of Bull Lake age (left) and treeless 

scarp of Madison Range Fault (right). 
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cooking in the campground. Upon asking 

around we learned that only catch-and-

release fishing was allowed. Then we knew 

that we were surrounded by truly dedicated 

anglers. One night we inadvertently caught 

and released some wildlife of our own; a 

bat found a temporary home inside the 

mechanism of the sliding door on the side 

of our van. Fortunately, we succeeded in 

convincing him or her to depart without 

injury (to any of us). We 

also discovered that ante-

lopes are not silent crea-

tures but can make noise 

with their mouths. Curious 

pronghorns would pause in 

their graceful sprints, stare 

at us from a distance, and 

make a noise that sounded 

like a sneeze. I suspect 

they were signaling to each 

other rather than trying to 

scare us; the noise was 

cute, not frightening. 

 

Occasionally, for a special 

treat, we traveled down the 

road for burgers and 

shakes at the Grizzly Bar, 

a rustic establishment fre-

quented by fishermen and 

locals. (During a return trip 

a decade ago we discov-

ered the Grizzly Bar, along 

with the rest of the upper 

Madison Valley, had gone 

upscale. The burgers and 

shakes had been replaced 

by lobster ravioli and mar-

tinis. And the grocery store 

at The Slide Inn had become a luxurious fly 

fishing shop. The only groceries they sold 

were cans of beer.)  One evening at the 

Grizzly Bar we quickly identified a scruffy-

looking group of young beer drinkers as 

geology field-camp students. They and 

their professor, Paul Pushkar, were from 

Wright State University in Ohio. They in-

vited me to take a break from my field 

work, travel with them to spend the night at 

their camp, and hike with them to Black 

Butte the next day. After the hike we dined 

together at the Longbranch, and they deliv-

ered me back to the Madison Valley and 

the reality of having to wrestle with the 

complexities of my favorite active fault. 

 

Figure 7. Generalized block diagram of fault-

scarp area at mouth of unnamed canyon north 

of Little Mile Creek, looking east-

northeastward (not to scale). Numbers on 

scarp indicate measured vertical surface off-

sets. 
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Just-in-Time Geology 

 

I finished my field work in early September 

as summer waned, 80-degree days alter-

nated with 30-degree nights, and the aspen 

leaves turned yellow. We left the Madison 

Valley just before the first snow of the sea-

son.  Back at Stanford I began my data 

analysis and a series of brainstorming ses-

sions with Dick Jahns. We discussed issues 

such as the tectonic vs. climatic signifi-

cance of glacial outwash terraces on the 

upthrown and downthrown fault blocks, 

and the relative ages of the glacial mo-

raines, outwash channels, and the large 

mudflow deposit displaced by the fault 

(Figures 6 and 7). My collection of diverse 

observations began to make sense, so I put 

pen to paper (not really; I used a Wang 

word processor) and began to share drafts 

of my initial chapters with Dick and with 

Ernie Rich. A few months later Dick, con-

valescing after heart surgery, read the final 

draft of my thesis and approved it in time 

for June graduation. My thesis, “Late Qua-

ternary Activity of the Madison Range 

Fault Along its 1959 Rupture Trace, Madi-

son County, Montana,” was bound in red 

cloth and added to the shelf of the Branner 

Earth Sciences Library at Stanford.   

 

The Meaning of It All 

 

Here’s what I figured out.  The detailed to-

pographic mapping of the mouths of three 

canyons, together with scarp profiling and 

regional age correlations for glacial and 

fluvioglacial deposits, yielded estimates of 

average vertical displacement rates, maxi-

mum displacement amounts, and average 

earthquake recurrence intervals since late 

Pleistocene time.  Differential offsets of 

Bull Lake (135,000-160,000 years BP) mo-

raines and Pinedale (15,000-30,000 years 

BP) moraines and outwash terraces and a 

Pinedale mudflow complex (glacial chro-

nologies by Pierce, 1979, from northern 

Yellowstone National Park) indicated that 

the prominent range-front scarp represents 

multiple prehistoric faulting events. 

 

The estimated average vertical displace-

ment rate is 0.01-0.04 m/yr for post-Bull 

Lake/pre-Pinedale time, and the estimated 

average rate is 0.3-0.4 mm/yr for post-

Pinedale time. These values suggest an or-

der-of-magnitude increase in average verti-

cal displacement rate during late Pleisto-

cene time and suggest that the southern 

segment of the Madison Range Fault may 

have been relatively quiescent during much 

of the Sangamon Interglaciation, 75,000-

125,000 yrs BP. 

 

The composite scarp in my thesis area lacks 

prominent facets that could be attributed to 

individual prehistoric Holocene earth-

quakes; only the scarplets formed in 1959, 

with maximum heights of about one meter, 

were specifically identified. It has been 

suggested that the relatively rapid degrada-

tion of fault scarps here is due to the greater 

humidity of the region as compared with 

areas of the Great Basin where prominent 

facets have been recognized. Nevertheless, 

geomorphic features suggest that three me-

ters may be the average vertical displace-

ment rate for individual faulting events on 

the southern part of the Madison Range 

Fault and that such events may have re-

curred every 7,500-10,000 years, on the 

average, during the past 15,000-30,000 

years. An earthquake with a maximum 

Richter magnitude of 7.3 might be ex-

pected. It is possible, however, that the total 

scarp height is the result of a series of one-

meter displacements similar to the 1959 

rupture. The estimated average recurrence 

interval for such displacements is 2,200-

3,800 years, but it could be as short as 1900 

years. Earthquakes of M 6.8 might be ex-

pected to have accompanied such more fre-

quent displacements. 
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Epilogue 

 

I have been working as a full-

time consulting engineering 

geologist (Figure 8) since 

completing my degree and 

couldn’t have chosen a more 

suitable profession. I’m still a 

disaster freak. At the 2001 

annual meeting of the Asso-

ciation of Engineering Geolo-

gists (AEG,) Montana State 

University M.S. student Cal 

Ruleman (now at the U.S. 

Geological Survey in Denver) 

introduced himself and said 

he was working on the Madi-

son Range Fault. I gave him a 

copy of my thesis, and he later sent me a 

copy of his, “Quaternary Tectonic Activity 

within the Northern Arm of the Yellow-

stone Tectonic Parabola and Associated 

Seismic Hazards, Southwest Montana.”  I 

was excited to learn that great advances had 

been made in investigators’ understanding 

of the regional tectonic setting and equally 

pleased to see that the slip rates I had esti-

mated for the southern part of the Madison 

Range Fault still appeared to be reasonable. 

I’m looking forward to this summer’s field 

conference to hear and see what else has 

been learned in the three decades since I 

crawled the scarps along the Madison 

Range Fault. 
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Figure 8. Disaster freak (the author) at work 

on an undisclosed site in the Rocky Moun-

tains in 2011.  
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Rope descent, Uncle Tom’s Trail, Grand Canyon of the Yellowstone, pre-1905. 

Courtesy /ational Park Service.  
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Abstract 

 

This paper is a follow-up to Shaw (2010) 

providing carbon-14 age dates that had not 

been determined at the time of his original 

work. A bison skull and parts of its skele-

ton, the subject of the original paper, were 

found in the Anaconda Range, 40 km 

southwest of Anaconda. They were found 

pinned under a rock fall at the north side of 

Warren Peak in 1977. A conventional ra-

diocarbon C-14 age date has been obtained 

for some of the bones, providing an age of 

70 ±30 years BP (before present, where 

“present” is defined as AD 1950) for the 

Maloney Basin Bison. This date sets the 

age of the death of the bison with a 95 per-

cent probability from AD 

1810 to 1920. A horn core 

width of one meter suggests 

it is a mountain or wood 

bison, which are extinct in 

the lower 48 states. The left 

horn core shows evidence 

of deformity caused by bac-

terial infection. A two-

meter rock pinned the skull 

to the ground, indicating 

the rock fall may have 

killed the animal. The ra-

diocarbon age date of 70 

±30 years BP is the maxi-

mum age of the rock fall. 

 

Introduction 

 

A bison skull and pieces from its skeleton 

were found by the author in 1977 at an ele-

vation of 2,515 m in the Anaconda Range, 

40 km southwest of Anaconda (Shaw, 

2010). Measurements of the horn core 

show it to be larger than the largest plains 

bison, indicating it is a mountain bison 

(Bison bison athabascae). Although there 

may be hybrids of mountain bison and 

plains bison in Yellowstone National Park, 

Wyoming (Jackson, 2008), pure mountain 

bison (Wilson and Strobeck, 1999) are ex-

tinct in the western U.S. (Meagher, 1973). 

A radiocarbon date was needed to deter-

mine when bison inhabited this area. The 

resulting age date shows it died between 

AD 1810 and 1920 (Beta Analytic Inc., 

2012). The Maloney Basin Bison may be 

the last mountain bison to be found and age 

dated in western Montana. 
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RADIOCARBO� AGE DATE OF A MOU�TAI� BISO� A�D  

ROCK FALL I� THE A�ACO�DA RA�GE, MO�TA�A  
 

Chris Shaw 
Mine Geologist, Turquoise Ridge Joint Venture, Golconda, "V 89414 

Figure 1. The Maloney Basin Bison skull as 

found in 1977, with a 9-cm knife for scale.   
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More Bison Bones Found during 2011 

 

A field trip to Maloney Basin in 2011 by 

Russel Shaw and the author found nine 

more bison bones under the rock fall. Bison 

jawbone with teeth, two vertebras, four rib 

bones, a broken pelvis, and an intact tail-

bone were found and left at the site (Figure 

1). One of the vertebras found has a very 

high hump projection consistent with that 

of a mountain bison. 

 

Radiocarbon Age Dates both the Bison 

and Rock Fall 

 

Bone fragments from the base of the skull 

and jawbone (Figure 3) were submitted for 

conventional carbon-14 age dating. Labora-

tory number beta-320212 (Beta Analytic 

Inc., 2012, Figure 4) returned a measured 

age of 100.1 ±0.4 pMC (percent modern 

carbon), with a 13C/12C ratio of -19.9 2o/

o, providing a conventional age of 70 ±30 

years BP. The 2-sigma calibration has a 

95% probability of age of death at AD 1810 

to 1920. 

The bison skull was found buried beneath a 

rock that is two meters across. The rock fall 

may have killed the bison. Alternatively, if 

the bison died before it occurred, the rock 

fall would be younger than the bison. 

Therefore the radiometric age date of the 

bison is the maximum possible age of the 

rock fall. 

 

Horn Core Infection 

 

The Maloney Basin Bison shows evidence 

of infection in its left horn core (Shaw, 

2010). Bovine brucellosis and tuberculosis 

are common infections found in other 

Holocene-aged bison (Jolly and Messier, 

2004), and these diseases still exist in the 

wild populations today. Currently, the Fort 

Peck and Fort Belknap Indian Tribes are 

moving Yellowstone bison to the Fort Peck 

Indian Reservation with transportation pro-

vided by U.S. Fish and Wildlife Service 

and cooperation from Yellowstone National 

Park. This program is causing controversy 

as Montana stock growers are concerned 

about the potential for tuberculosis or 

brucellosis bacteria spreading to their herds 

(Hansen, 2012).  

  

Figure 2. Photograph of additional bison 

bones found under rock. Note the high 

hump projection consistent with a moun-

tain bison on one of the vertebras. Jaw-

bone is 40 cm long.   

Figure 3. Photograph of bison bone used for 

radiocarbon dating. Tool for scale is 14 cm 

long.   
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Conclusion 

 

The radiocarbon age date of 70 ± 30 years 

BP of the Maloney Basin Bison shows that 

this mountain bison may be the most re-

cently dated mountain bison in Montana, 

and it also dates the maximum age of the 

rock fall. This animal also had a bacterial 

infection likely to have been bovine brucel-

losis or tuberculosis which are thought to 

be common in wild bison. 

 

The author would like to acknowledge Bar-

rick Gold of North America for funding the 

radiocarbon age date. 
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Abstract 

 

Burlington Northern (BN) conducted Ther-

mal Infrared (TIR) surveys and performed 

reconnaissance geologic mapping and geo-

chemical sampling to determine the geo-

thermal potential of the Garnet Range in 

Western Montana. The study was con-

ducted between 1974 and 1981. The TIR 

imagery was used because it detects varia-

tions in the thermal flux of the ground and 

thus can indicate leakage from a subsurface 

geothermal reservoir. The recent develop-

ment of binary technology allows lower 

temperature geothermal systems to be used 

to produce electricity. The authors re-

viewed geothermal data from the Garnet 

Range to determine if any of the geother-

mal systems were suitable for producing 

electricity.  

 

The Garnet Range area is part of a major 

crustal zone or break known as the Lewis 

and Clark Line. Several mineral springs 

and tufa deposits occur along the southeast-

ern margin of the Garnet Range. Most of 

these indicators are suggestive of low tem-

perature geothermal systems except for an 

anomalous tufa deposit on Warm Springs 

Creek near Garrison that has stringers of 

chalcedony/silica in it. The system does not 

appear to be active at the present time but 

the presence of silica suggests that when 

the system was active approximately 

25,000 years ago, its temperature was close 

to 200 degrees C. The authors are updating 

this information and making it available to 

the public. 

 

Introduction 

 

The purpose of this article is to review the 

geothermal data for the Garnet Range to 

determine if the commercial development 

of binary systems has made any of the 

moderate geothermal systems along the 

Garnet Range suitable for producing elec-

tricity. Most the geologic and geochemical 

data and remote sensing imagery included 

in this paper is from the Burlington North-

ern (BN) geothermal exploration program. 

The exploration program was started in 

1974 when the resources group was a de-

partment of the Burlington Northern rail-

road, and was continued when they were 

spun off to form Burlington Resources. The 

BN geothermal program was closed down 

in 1982 and most of the geologic and geo-

chemical data and the remote sensing im-

agery have been sitting in files since then. 

Very little of the information has been 

made public. The authors are updating this 

information and making the remote sensing 

imagery available to the public. 

  

BN became interested in the southeastern 

part of the Garnet Range in 1974 because 

there were warm springs on Warm Springs 

�orthwest Geology, v. 41, 2012, p. 25-34 The Journal of the Tobacco Root Geological Society 
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Creek near Garrison and on the Warm 

Springs Creek tributary to Carpenter Creek 

near Avon, as well as warm springs near 

Nimrod and Bearmouth. BN was also inter-

ested in the area because the company has 

significant blocks of both fee and mineral 

land within the area. The purpose of the BN 

exploration program was to find and de-

velop a geothermal prospect that could be 

used to interest a company in leasing and 

developing the prospect (Vice, 2011b).     

  

The senior author and some assistants con-

ducted field reconnaissance, geochemical 

water sampling, and remote sensing sur-

veys in the Garnet Range area as part of the 

exploration project. BN chose to use Ther-

mal Infrared (TIR) imagery as part of its 

exploration tools because this remote sens-

ing method can cover a lot of ground rap-

idly and is effective in areas of rugged to-

pography or heavy timber or both. In addi-

tion, TIR can directly identify areas of ele-

vated temperature which could represent 

leakage from a subsurface geothermal sys-

tem (Vice, 2007). Two TIR surveys were 

conducted in the Garnet Range, one in the 

Warm Springs Creek area near Garrison in 

1976 (Figure 3), and the second in the east-

ern half of the range in 1981 (Figure 4).  

 

Geothermal energy is present everywhere 

beneath the Earth’s surface due to the in-

crease in temperatures with depth in the 

Earth’s interior (Duffield and Sass, 2003). 

There are two distinct types of geothermal 

systems, which are differentiated by their 

source of heat. A magmatic system obtains 

its heat from nearby intrusive or extrusive 

igneous activity. As the magma rises, it 

brings heat from the interior of the earth to 

the near surface and then transfers heat to 

the groundwater. A tectonic system obtains 

its heat from water that circulates deeply 

within the earth’s crust and is heated by the 

normal geothermal gradient. The existing 

technology can only produce power from 

the magmatic geothermal system.   

 

The new binary technology uses a secon-

dary fluid (e.g., isobutane) to run turbines 

and thus generate electricity (Duffield and 

Sass, 2003), and it has allowed geothermal 

systems with temperatures as low as 76 de-

grees C to be used (Benoit et al., 2007). Bi-

nary technology has widened the available 

resource that can be used to generate elec-

tricity but again, it is limited to the mag-

matic type of geothermal system. 

 

Regional Structure 

 

The Garnet Range is a rugged, east-west 

trending mountain range in Missoula, Gran-

ite, and Powell Counties in western Mon-

tana (Figure 1). Relief can be as great as 

2,000 to 3,000 feet. Precambrian to Quater-

nary rocks are present in a structurally 

complex, intermingled pattern within the 

range (Figure 2, Vice, 1989). 

 

The Garnet Range is unusual in that it cuts 

across the general NNW-SSE trend of the 

Rocky Mountains in northwestern Mon-

tana. The reason for this cross-grain struc-

ture is that the Garnet Range is within the 

Figure 1. Location map of survey area 

(modified from Figure 1 of Sonderegger et 

al., 1982). 
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Lewis and Clark Line (Vice, 1989), a com-

plex system of strike-slip, dip-slip, and 

oblique-slip faults representing a deep-

seated crustal structure. It extends about 

300 miles from Coeur d’Alene, Idaho, east-

ward to the Lake Basin fault zone north of 

Billings, Montana (Wallace et al., 1990; 

Harrison et al., 1974; Douglas and Crosby, 

1973). Lorenz (1984) suggested that this 

structure serves as a boundary between two 

major crustal blocks and that different 

amounts of crustal compression have oc-

curred on either side of this line. There is 

an estimated 60 miles or more of compres-

sion in the fold and thrust belt on the north 

side, and approximately 31 miles of short-

ening on the south side (Vice, 2011a).  

 

Geology and Geothermal Indicators 

 

The core of the Garnet Range contains sev-

eral igneous intrusions, while a sequence of 

Paleozoic and Mesozoic sediments is pre-

sent in folds on the southeastern side of the 

range in the Garrison and Avon areas 

(Vice, 1989). Northwest-trending faults cut 

through most of the range (Vice, 1989). 

Some of these faults are shown in Figure 2. 

The Paleozoic and Mesozoic sediments ap-

pear as a WNW-ESE trending zone, shown 

to have low magnetic values in a 1984 

USGS aeromagnetic map, suggesting that 

the sequence is quite thick and extends 

deep into the subsurface. Eocene Lowland 

Creek Volcanics overlie the sediments 

(Schmidt et al., 1994). 

Figure 2. Geologic map of the Warm Springs Creek-Garrison-Avon area of the Garnet Range in 

western Montana. 
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Most of the igneous intrusions and volcanic 

flows within the Garnet Range area are 

Cretaceous or early Tertiary in age. Luedke 

and Smith’s 1983 map of Montana, Idaho, 

Wyoming, and South Dakota shows that 

the youngest igneous occurrences in the 

Garnet Range are a couple of small rhyoli-

tic bodies in the Nevada Creek valley 

northwest of Avon. They are ten to sixteen 

million years old. The small size and older 

age of these volcanics argue against any 

residual heat being retained in the subsur-

face (Duffield and Sass, 2003).  

 

Geothermal indicators in the Garnet Range 

include warm springs and a tufa deposit at 

Nimrod, and warm springs and tufa depos-

its along Warm Springs Creek near Garri-

son (T9-10N, R9-10W). There are also 

warm springs along the Warm Springs 

Creek near Avon (sections 14 and 23, 

T10N, R8W).   

 

Geochemical Data 

 

Geochemical data obtained from some of 

the mineral springs along the southeastern 

margin of the Garnet Range are shown in 

Table 1. These data include samples from 

the largest spring on Warm Springs Creek 

near Avon (Sample GRM-1) and three sam-

ples (WSM-1, WSM-2, and WSM-3) col-

lected along the Warm Springs Creek near 

Figure 3. Thermal infrared imagery of 

Warm Springs Creek area in the southeast-

ern part of the Garnet Range. This imagery 

is considered to have an approximate scale 

of 1:62,500, but there is no lens so an ac-

tual scale cannot be determined. 

Figure 4.  Thermal infrared imagery of the 

Warm Springs Creek that is tributary to 

Carpenter Creek near Avon, Site C is the 

largest spring on Warm Springs Creek; Site 

D shows bifurcation of Threemile Creek.  
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Garrison (section 34, T10N, R10W and 

section 3, T9N, R10W). In addition, geo-

chemical data obtained from two Northern 

Pacific water wells (Well AFE 393-59 at 

Avon, with a depth of 59 feet, and Well 

AFE 601-39 at Garrison, with a depth of 

172 feet) are included as background. 

 

Only the chemistry of the GRM-1 sample 

near Avon is discussed because it shows 

the least amount of mixing with near-

surface waters. The concentrations of fluo-

rine (F) and lithium (Li) are slightly above 

the levels in the background sample (AFE 

393) which suggests that some type of geo-

thermal system may be present. However, 

the silica concentrations (40 m/l) are only 

slightly elevated and suggest that subsur-

face geothermal temperatures are rather 

low, probably no more than 90 degrees C. 

The low silica concentrations, fluorine, and 

lithium indicators suggest that the current 

geothermal activity is of the tectonic type.   

 

There is one anomalous area of tufa depos-

its (Figure 4) on lower Warm Springs 

Creek near Garrison (Site B in Figure 3) 

that contains stringers of chalcedony, sug-

gesting that a magmatic geothermal system 

occurred there. Two carbon-14 radiometric 

dates provide an age of approximately 

25,000 years (Vice, 1984). This is the 

strongest indicator of higher temperature 

geothermal systems in the Garnet Range 

area and occurs in sections 33 and 34, 

T10N, R10W, and section 3, T9N, R10W 

(Vice, 1984). The presence of the silica 

suggests that the reservoir temperature may 

have been 200 degrees C or higher. 

 

Table 1.  BN Geochemical data from the Southeastern Portion of the Garnet Range 

 
 
1Analyses by Energy Labs, Billings, Montana 
2Analyses in milligrams/liter 
3 Analysis by unknown lab for Northern Pacific RR, 1959, converted from grains/gal. 
4 Analysis by unknown lab for Northern Pacific RR, 1940, converted from grains/gal. 

Sample GRM-1-80-ROM
1
 WSM-1-80-

ROM
1
 

WSM-2-80-

ROM
1
 

WSM-3-80-

ROM
1
 

AFE 

393-59
3
 

AFE 601-

39
4
 

Location NENE Sec. 23, 

10N, 8W 

SESWNE 

Sec. 3, 9N, 

10W 

NWSENW 

Sec. 3, 9N, 

10W 

marshy 

stream, 

NWSWNE 

Sec. 3, 9N, 

10W 

Well, 

Avon 

section 

house 

Well, 

depot at 

Garrison 

Na
2
 68.00 16.00 27.00 27.00 6.85 20.54 

Ca
2
 51.00 37.00 34.00 34.00 70.18 23.97 

Mg
2
 14.00 9.00 4.00 5.00 35.95 6.85 

Sulfate
2
 140.00 23.00 21.00 20.00 15.41 77.03 

Chloride
2
 13.00 7.00 8.00 9.00 11.98 13.69 

Bicarbonate
2
 210.00 143.00 143.00 144.00 112.97 159.20 

Total Solids 

(Calculated) 

403 166 168 170 140 146 

F
2
 5.10 0.41 0.35 0.32     

Li
2
 0.52 0.02 0.04 0.03     

SiO2
2
 40.60 29.90 25.60 25.60   6.85 

pH 7.3 7.6 7.6 7.5 7.5 8.5 
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The Thermal Infrared Survey 

Theory and General Background 

 

TIR is a passive remote sensing method 

that detects variations in the amount of heat 

emitted from the surface of the earth 

(Sabins, 1997). Blackbodies are theoretical 

materials that absorb all the radiant energy 

that strikes them and radiate or emit all of 

this energy back in a wavelength-dependent 

pattern (Sabins, 1997). The Earth’s surface 

can be considered an imperfect blackbody 

which emits heat both from solar heating 

and the internal heat of the Earth (i.e., geo-

thermal heat). This emitted heat is referred 

to as radiant flux. The brightness of the TIR 

imagery is related to the radiant flux and so 

can be used as a close approximation of the 

surface temperature (Vice, 2007). How-

ever, the radiant flux emitted from the 

Earth’s surface is not uniform because of 

the interplay of varying factors including 

the albedo of a surface, which is the frac-

tion of solar energy (shortwave radiation) 

reflected from the Earth back into space; 

surface roughness; topographic slope; soil 

moisture; water temperature relative to the 

soil; and type of vegetative cover (Vice, 

2007). To separate surface factors from 

geothermal anomalies, a combination of 

field-checking and visual interpretation of 

the imagery by a skilled interpreter is 

needed (Vice, 2007).   

     

TIR Survey 

 

As part of the its exploration program in 

Montana, BN conducted one TIR survey of 

the area of Warm Springs Creek in the 

southeastern part of the Garnet Range near 

Garrison in 1976 (Vice, 1984) and another 

over most of the eastern half of the range in 

1981 (Crowley Environmental and Plan-

ning Associates, Inc., 1982; Vice and 

Crowley Associates, 1983). In addition, BN 

performed considerable reconnaissance 

geologic mapping and geochemical water 

sampling of thermal springs in the Garnet 

Range from 1974 through 1981.   

 

The purpose of using TIR imagery was to 

identify structural controls (i.e., faults) that 

would allow geothermal fluids to leak to 

the surface from a subsurface reservoir, and 

to identify subtle surface anomalies relating 

to this leakage. Threemile Creek north of 

Avon showed evidence of recent faulting 

by the bifurcation of a segment of the creek 

(Vice and Crowley Associates, 1983). 

 

There is an instructive example for the ap-

plication of TIR imagery in King County, 

Washington. There is a natural meadow 

close to Lester Hot Springs, and it serves as 

an example of one of the subtle features 

that can be detected using TIR imagery. It 

had not been considered a surface geother-

mal feature until a TIR survey was con-

ducted over the Lester area (Vice, 2008). 

Thermal waters come to the top of the wa-

ter table underneath the meadow and then 

spread laterally toward the Green River. 

The heat from the thermal waters creates a 

short-grass prairie and prevents the growth 

of normal forest vegetation (Vice, 2008). 

The meadow represents a large extension of 

the area of geothermal activity.    

Figure 5. Tufa mound  shown on TIR imagery, 

Figure 3, Site A on Warm Springs Creek.  
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This study has included TIR imagery from 

the southeastern portion of the Garnet 

Range, including all or parts of T10 -11N, 

and R8-11W in Powell County. Several of 

the springs along Warm Springs Creek and 

elsewhere in this area show warmth in the 

TIR imagery (e.g., site A in Figure 3). The 

anomalous tufa shown in Figure 6, at Site B 

on Figure 3, does not appear in the TIR im-

agery. The relatively straight, south-

southwest trend of Warm Springs Creek in 

the TIR imagery is suggestive of fault con-

trol.  

 

Conclusions 

 

A number of warm springs were identified 

along the southern margin of the Garnet 

Range, both from published sources and 

TIR imagery. The lack of volcanics 

younger than five million years old in the 

Garnet Range or nearby areas along this 

segment of the Lewis and Clark Line sug-

gests that these springs represent a tectonic 

type of geothermal system rather than the 

magmatic type. In addition, geochemical 

data suggest that these warm springs do not 

have sufficiently high temperatures to be of 

interest for generating electricity.  

 

 

One reason BN conducted geothermal ex-

ploration in the Garnet Range even though 

no recent volcanics were present and there 

were only limited indications of geothermal 

activity (e.g., warm springs) was that 

movement along the bifurcating fault north 

of Avon appears to have occurred in fairly 

recent times. This movement could have 

kept the fault structures open and possibly 

allowed a higher temperature geothermal 

system to operate in the recent past. 

 

An anomalous tufa deposit along Warm 

Springs Creek near Garrison contains silica 

deposits, which suggests a geothermal sys-

tem with significantly higher temperatures. 

This tufa deposit has a radiometric age date 

of approximately 25,000 years which sup-

ports periodic movement along segments of 

the Lewis and Clark Line.  
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ABSTRACT 

 

The author proposes a plate tectonic model 

for the U.S. and Mexican Cordillera in 

which the Neogene aspects of the tectonic 

feature described by Dr. William Lee 

Stokes as the “Wasatch Line” is interpreted 

to be a northern subsialic portion of the 

East Pacific Rise spreading center.  Within 

it, the Wasatch Line/East Pacific Rise 

spreading center has been an active, not 

incipient spreading center generating two 

divergent basaltic plates directly beneath 

the sialic North American Plate (NAP) for 

approximately 14 million years (Stokes, 

1976). The Neogene Wasatch Line/East 

Pacific Rise plate tectonic model (Wasatch/

EPR Model or just “Model”) interprets cur-

rent U.S. Cordilleran topography and late 

Cenozoic geology to result substantially 

from the operation of the full plate tectonic 

cycle of the East Pacific Rise under the 

NAP, from initial basalt generation, to plate 

subduction (defined as a basalt plate sink-

ing into the mantle), through partial melt-

ing, and finally magma eruption. The au-

thor presents some preliminary evidence 

supporting the Model and suggests that it 

merits (1) additional evaluation, comment, 

criticism and refinement; and (2) a 

“multiple working hypothesis” evaluation 

against “slab gap” theory. This paper is pre-

sented in the spirit of Professor Chamber-

lin’s multiple working hypothesis paradigm 

for study and evaluation of new concepts 

(Chamberlin, 1965).  

 

 

 

WASATCH LI�E (�EOGE�E)/EAST 

PACIFIC RISE PLATE TECTO�IC 

MODEL: SUMMARY DESCRIPTIO� 

 

Wasatch Spreading Center 

 

The Model interprets current Cordilleran 

topography and late Cenozoic geology to 

be primarily the result of the East Pacific 

Rise operating under the North American 

Plate (NAP). The full plate tectonic cycle is 

evidenced under the NAP, from initial ba-

salt plate generation to plate subduction 

(defined as a basalt plate sinking into the 

mantle), partial melting, and eruption. The 

topography of the Wasatch Front/Mogollon 

Rim is an effect of the Wasatch Line/East 

Pacific Rise spreading center (Wasatch 

Spreading Center), but the actual position 

of the Wasatch Line/East Pacific Rise is the 

Intermountain Seismic Belt (IMSB), typi-

cally located to the east of the topographic 

Wasatch Front/Mogollon Rim. The Yel-

lowstone Hot Spot is an Icelandic analogue 

that is integral to the Wasatch Spreading 

Center. Geographically, the Model’s Wa-

satch Line runs from approximately Glacier 

National Park through Yellowstone Na-

tional Park, the Wasatch Front, and the 

Mogollon Rim (Figure 1), and then concep-

tually, the Wasatch Line continues along 

the eastern edge of the Mexican basin and 

range before reconnecting with the East 

Pacific Rise in the Pacific basin. In part, the 

Model’s “Wasatch Line” concept is ex-

trapolated, but substantially modified, from 

Dr. Stokes’ Wasatch Line (Stokes, 1976, 

1986).  

 

�orthwest Geology, v. 41, 2012, p. 35-46 The Journal of the Tobacco Root Geological Society 

 

THE WASATCH LI�E (�EOGE�E)/EAST PACIFIC RISE PLATE 

TECTO�IC MODEL: VIABLE FOR MULTIPLE WORKI�G  

HYPOTHESIS EVALUATIO� AGAI�ST “SLAB GAP”? 
 

Joseph H. Baird 
Baird Hanson Williams LLP, Boise, Idaho 
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Figure 1 – Wasatch Line/East Pacific Rise Model 
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The Wasatch Spreading Center (WSC) has 

been generating two hot, fast-moving, di-

vergent basaltic plates that have been slid-

ing horizontally away from the Wasatch 

Spreading Center directly beneath the NAP 

for approximately 14 million years. The 

West Basalt Plate (WBP) moves southwest-

erly. The East Basalt Plate (EBP) moves 

northeasterly.  Utah’s “rift  pi l-

lows” (Wanamaker et al., 2001, Figure 21) 

provide evidence for magma generation at 

the Wasatch Spreading Center. The WBP 

and EBP are buoyed by intrinsic heat that 

forces the WBP/EBP system up against the 

bottom of the NAP across most of the Cor-

dillera. This intrinsic heat is not easily dis-

sipated through the insulating NAP. Thus, 

the WBP and EBP maintain petrologic con-

ditions favorable for generating pressure-

relief magmatism wherever extension in the 

NAP creates a system of fractures provid-

ing plumbing to the surface.  

 

Once the NAP moves across the Wasatch 

Spreading Center, the NAP is physically 

transferred onto the WBP, which is moving 

more rapidly than the overlying NAP. In-

deed, “[e]vidence exists that the Colorado 

Plateau at its western margin is being con-

verted to lithosphere with rifted Great Ba-

sin properties” (Wanamaker et al., 2001). 

The velocity differentials create extension 

in the NAP, initially creating horst and gra-

ben faulting, and later stretching into listric 

configuration. Great Basin extension is 

concentrated along its eastern margins 

(Wanamaker et al., 2001) consistent with 

the mechanisms of this Model. West of the 

Wasatch Spreading Center, the NAP is a 

relatively passive block dominated by the 

kinetics of the underlying WBP. Great Ba-

s i n  r e g i o n a l  m a f i c  “ u n d e r -

plating” (Wanamaker et al., 2001) as well 

as “possible double-Moho reflections, ani-

sotropy, flatness of the Moho, low-angle 

faults, and opportunities to trace deep struc-

tures back to the surface,” (GreatBreak, 

2004, p. 3) are consistent with the existence 

of the WBP under the Great Basin.         

 

WBP sinking begins at the Walker Lane 

Belt/Gulf of California trough: the WBP 

contacted and tilted the Sierra Nevada and 

Baja California (Baja) batholiths, maintain-

ing the angle of WBP sinking; this tilting is 

also reflected by the distinct regional to-

pography of the Sierra Nevada and Baja 

regions. WBP sinking is further evidenced 

by apparent southwesterly “delamination of 

the Sierra Nevada,” Great Valley “mantle 

drips”, and young coastal-range volcanism, 

as discussed below.  

 

In the Model, the Mojave block plateau lies 

over a segment of the WBP that initially 

locked against the Pacific Plate and has re-

mained essentially horizontal because it 

was insufficiently cool to subduct. The ap-

proximate location of the northern edge of 

this non-subducting WBP segment is 

marked by the southwesterly trace of 

Stokes’ Las Vegas Seismic Line, which 

arises from Stokes’ Marysvale Bifurcation 

and extends to the Garlock fault (Stokes, 

1976). The topographic clarity of the ele-

vated Mojave/Marysvale Block underlain 

by this WBP segment is obscured by Ceno-

zoic erosion created by the Colorado River 

and extension in the basin and range prov-

ince. Nevertheless, immediately to the 

north of the Mojave/Marysvale Block (i.e., 

north of the Garlock fault) and to the south 

(i.e., the Salton trough) there are dramatic 

topographic and structural lows: respec-

tively, Death Valley and the Gulf of Cali-

fornia.  

 

The Mojave/Marysvale Block is a regional 

topographic and structural high that creates 

an apparent north-south topographic break 

between the Sierra Nevada and Baja batho-

liths, the Walker Lane Belt and the Gulf of 

California trough, the basin and range prov-

ince, and Wasatch Front/Mogollon Rim. 
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Each of these paired features would other-

wise be deemed singular topographic fea-

tures requiring singular geologic and tec-

tonic explanations, such as provided by the 

Model. To the north of the Sierra Nevada, 

the NAP topography suggests that the WBP 

is not subducting, but instead is engaged in 

laminar movement immediately under the 

sialic crust, which when combined with 

WBP rotation discussed below gives rise to 

the Plio-Pleistocene Klamath Block uplift.    

 

East Basaltic Plate Movement and In-

cipient Subduction 

 

The EBP moves from the Wasatch Spread-

ing Center in a northeasterly direction, 

demonstrating incipient subduction at the 

Colorado/Wyoming Rocky Mountain Front 

Range. As the EBP starts sinking into the 

mantle, countervailing mantle forces cause 

the EBP to buckle slightly up and 

“backwards” to the southwest causing a 

regional bowing that also creates the 

14,000-foot peaks of the Colorado Front 

Range. South of Colorado’s Canyon City 

embayment, this incipient subduction 

seems to give way to the EBP’s northeast-

erly laminar movement directly under the 

NAP, which characterizes most of the east-

ern Cordillera. Neither the Rio Grande 

“Rift” nor the Jemez Lineament, which 

runs from Springerville in eastern Arizona 

through (and beyond) Raton, New Mexico, 

are integral parts of the Wasatch/East Pa-

cific Rise system; thus the Model assumes 

a conventional interpretation of these fea-

tures as being pre-existing zones of weak-

ness in the NAP. They provide scattered 

local opportunities for pressure-relief melt-

ing of the EBP, but are older than their as-

sociated volcanism (Sanford and Lin, 

1989). Collectively, this gives rise to the 

mafic volcanism of scattered ages and var-

ied locations of the Jemez Lineament that 

confounds any easy magma-tectonic inter-

pretation. The Socorro Fault Zone (Sanford 

and Lin, 1989) may indicate the location of 

another transverse fault line in the Wasatch/

East Pacific Rise system. 

 

Klamath-Blue Mountain Transverse 

Vector and the Juan de Fuca System 

 

The Model interprets the Klamath-Blue 

Mountain Lineament (KBML) (Riddhough 

et al., 1986) to be a transform fault connect-

ing the Wasatch Spreading Center/East Pa-

cific Rise under the NAP with the northern-

most remnant of the old Farallon basaltic 

plate of the East Pacific Rise, located off 

the coast of the Pacific Northwest. Tradi-

tionally, this remnant of the East Pacific 

Rise is deemed to be the Juan de Fuca (JdF) 

spreading center.  The JdF basaltic plate is 

generated perpendicularly, and deemed to 

migrate to the southeast. However, the ac-

tual direction of JdF convergence with the 

NAP is northeasterly (Swanson et al., 1989, 

p. 2; Jordan et al., 2004, Figure 1), suggest-

ing that the JdF plate growth vector is in-

consistent with the direction of the mantle 

flow driving its convergence with the NAP. 

In contrast, the KBML transform fault’s 

strike is consistent with the northeasterly 

direction of JdF/NAP convergence and 

with the apparent direction of mantle flow. 

North of the KBML transform, Cascadia 

subduction more closely resembles tradi-

tional concepts (with the notable exception 

of the Yakima fold belt, discussed below). 

However, since the Model deems the 

KBML to be the northwestern edge of the 

WBP, then per the Model, south of the 

KBML there is a complex interaction of 

continued WBP laminar movement to the 

southwest; the JdF plate passively sinking 

due to the weight of the cold, dense plates; 

and clockwise rotation of the KBML linear 

magma chamber described further below.  

 

The KBML continues offshore under the 

Cascades and continental shelf 

(Riddenhough et al., 1986; Blackwell et al., 
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1990). Based upon the logic of the Model 

and its intriguing bathymetry, the KBML 

transform structure appears to continue 

southwesterly to terminate underneath and 

in the middle of the Gorda Plate. Here, an-

other segment of the East Pacific Rise 

spreading center seems to strike to the 

northwest at 90 degrees from the KBML’s 

southwestern terminus, and then continue 

on-strike to the President Jackson and, per-

haps, Vance Seamounts, underneath the 

mafic plate generated by JdF spreading 

center. Following the Model’s basic “plate 

under plate” paradigm, this suggests the 

existence of both: (1) a lower plate (i.e., an 

EBP analogue) generated and driven by 

direct mantle convection; and (2) an upper 

plate (i.e., the JdF/Gorda plate) driven by 

cold-pull subduction that actually floors the 

Pacific Ocean basin. Importantly, seismic 

reflection of the JdF “has delineated two 

slabs of oceanic lithosphere underlying 

Vancouver Island, one that is currently be-

ing subducted and one that is under-

plated,” (Green et al., 1986, Figure 3, p. 3) 

which is generally consistent with the 

Model.   

 

Klamath-Blue Mountain Lineament and 

Oregon Time-Transgressive Rhyolite 

Rotation 

 

Late Cenozoic silicic volcanism in south-

eastern Oregon manifests a chronologically 

repeating and westerly shortening line of 

northwesterly time-transgressive rhyolite 

domes (TTR) ranging in age from approxi-

mately 10 Ma through the Holocene 

(Jordan et al., 2004). The most recent line 

of Oregon TTR consists of two rhyolite 

domes within Newberry Crater which is 

slightly to the southwest of and on parallel 

strike with the KBML. The Model inter-

prets the Oregon time-transgressive rhyolite 

as evidencing the movement and rotation of 

the KBML under the NAP. To reiterate and 

emphasize, the KBML is also the northwest 

edge of the WBP. The rotating track of the 

KBML starts about 12 Ma at the Steens/

Black Rock Range escarpment (Steens To-

pographic Line), where the WBP edge first 

forced its way under the piece of the NAP 

bounded on the southeast by the Steens To-

pographic Line. The WBP pushes the NAP 

up and out of the way, creating a linear 

pressure-relief magma chamber just to the 

northwest of the KBML, called the KBML 

Chamber. The KBML Chamber is floored 

by mantle, walled to the southeast by the 

WBP and roofed by the NAP; thus, partial 

melting of the mantle and WBP can parent 

a variety of mafic melts on a wide chemical 

continuum. As the KBML advances and 

rotates to the northwest, the KBML Cham-

ber immediately precedes it. In advance of 

the KBML, the overlying NAP is in com-

pression, so the aligned KBML Chamber 

melts must migrate upward and assimilate 

sialic NAP, erupting as lines of rhyolite. In 

contrast, when the KBML Chamber ad-

vances under the generous plumbing of the 

old Western Cascades, the KBML Chamber 

erupts the wide variety of complex mafic 

rocks that is the signature of the southern 

High Cascades. As the KBML rotates un-

der the slower moving NAP, the NAP is 

dragged, extended, and thinned, generating 

pressure-relief magma and plumbing 

sourced from the WBP.  This obviates the 

need for “back-arc” models of more recent 

mafic volcanism in eastern Oregon. The 

Model ascribes central and southern Ore-

gon’s limited andesitic volcanism to ane-

mic subduction of the traditional JdF plate 

because it is descending only by intrinsic 

cold-pull subduction; the JdF plate descent 

is oblique to, and therefore cannot be aided 

by, the apparent direction of mantle con-

vection. In fact, southern Cascadia evi-

dences little indication of subduction seis-

micity or a trench (Wood and Kinle, 1990, 

p. 148); this is also consistent with the 

Model. Rotation of the KBML would also 

create the northerly compression of the 
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NAP necessary to generate the Yakima fold 

belt, which is anomalous to conventional 

Cascadian subduction models. 

 

 

WASATCH LI�E/EAST PACIFIC 

RISE SPREADI�G CE�TER:  

DR. STOKES’ DIRECTED I�QUIRY – 

DRIVI�G MECHA�ISM 

 

The Wasatch Line “is, by any standard, one 

of the most important geologic features in 

North America” (Stokes, 1986, p. 11). Al-

though Stokes suggests the origins of the 

Wasatch Line to be Paleozoic or older, he 

also draws a distinction between this an-

cient correlation and the Cenozoic topog-

raphic and seismic characteristics of the 

Neogene Wasatch Line (Stokes, 1976; 

1986). Thus, even though the Model’s Wa-

satch Line has been significantly extrapo-

lated and modified from Stokes’ Wasatch 

Line (Neogene), his concept and terminol-

ogy remain a useful foundation for the 

Model. Importantly, Stokes provides a line 

of directed inquiry.          

 

Stokes’ fundamental question is “What is 

the Wasatch Line?” The Model proposes 

the Wasatch Line is the East Pacific Rise 

operating under the NAP. The Model 

deems the Wasatch Line/East Pacific Rise 

to be at the Intermountain Seismic Belt 

(IMSB) (http://earthquake.usgs.gov/

regional/imw). The IMSB’s geographic 

pattern describes impressive regional-scale, 

right-angle intersections, similar to the map 

view pattern of mid-ocean ridge transform 

fault systems. Importantly, this generally 

orthogonal pattern of the IMSB at the Wa-

satch Line is similar in structure to late Ce-

nozoic volcanic patterns throughout the 

Cordillera. (See Smith and Leudke, 1984, 

figures 4.2 through 4.8, pp. 50–54). This 

pattern, including an apparently preferential 

northeasterly axis of approximately N50E, 

is deemed to be “Smith-Luedke Fabric.” 

Nevada evidences Smith-Luedke Fabric on 

a smaller, state-wide scale for gravity 

anomalies, geologic blocks, and major 

transverse structures (Shawe, 1991, Figures 

3, 4, and 5, p. 203-5) suggesting that Smith-

Luedke Fabric may profoundly influence 

all aspects of Cordilleran geology. The Wa-

satch Line/EPR Model provides a common 

source for the origin of Smith-Luedke Fab-

ric throughout the Cordillera.  

 

Stokes asks, “What is the Marysvale Bifur-

cation?” (Stokes, 1986). He describes the 

Marysvale Bifurcation in Utah as the point 

where the Las Vegas Seismic Line strikes 

southwesterly from the Wasatch Line to 

merge with the Mojave’s Garlock fault sys-

tem, while the main Wasatch Line strikes 

southeasterly through Arizona (Stokes, 

1976). The Model interprets Stokes’ Las 

Vegas Seismic Line to be a transverse fault 

within the WBP that departs from the Wa-

satch Spreading Center at Marysvale, Utah, 

and then strikes southeasterly to merge with 

the left-lateral Garlock fault system of the 

Mojave Block.  Importantly, Stokes’ Las 

Vegas Seismic Line appears coincident 

with the “Southern Nevada transverse 

zone,” (Kreemer et al., 2010, Figure 1A, 

also referred to as the Pahranagat Shear 

Zone), providing a left-lateral, transverse 

aspect to the Las Vegas Seismic Line. It is 

fully consistent with the Model’s interpre-

tation of Stokes’ Marysvale Bifurcation and 

the Las Vegas Seismic Line, as well as its 

connectivity to the Garlock fault system.           

 

Stokes queries, “Is the Wasatch Line Mi-

grating?” and offers geophysical and vol-

canic observations suggesting the Wasatch 

Line is migrating eastward (Stokes, 1986, 

p. 23). Regionally, time transgressive mafic 

volcanism (TTM) moving northeastwardly 

has been long observed in Idaho, Montana, 

Wyoming, Colorado, Utah, New Mexico, 

Arizona, and eastern Nevada (Smith and 

Luedke, 1984, p. 63). Subsequent work has 
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significantly added to its understanding and 

elaborated upon the TTM. The “Oregon 

Nevada Rift Zone” has been portrayed as a 

north-south line of the volcanic fields 

erupting in the period between 17-14 Ma. 

(herein called the 17-14 Zone), including, 

among other things, the Yellowstone Hot 

Spot with its mafic heat source (Pierce et 

al., 2000, Figure 3). The Model proposes 

that the 17-14 Zone extends southerly to 

include the volcanics of the San Francisco 

mafic sequence near Prescott, Arizona that 

initiated the 15 Ma to Holocene TTM de-

scribed by Reynolds et al. (1986).  

 

The San Francisco mafic sequence de-

scribes a shorter geographic vector, but 

clearly mirrors the Yellowstone Hotspot’s 

TTM over the last 15 million years. Impor-

tantly, the Springerville field on the Ari-

zona-New Mexico border exhibits 

“migration … essentially identical to that 

seen in the San Francisco volcanic 

field” (Condit et al., 1989, p. 7975). Addi-

tionally, the Pahranagat-San Rafael belt 

(15-3.5 Ma.) of Nevada and Utah is 

“similar to the Yellowstone trend” (Nelson 

and Tingey, 1997, p. 1249, 1252). All of 

these TTM trends “terminate” in the vicin-

ity of the Wasatch Line in the Plio-

Pleistocene. If a synchronous line of the 

Wasatch Line TTM is plotted from Pierce 

et al.’s (2000) Oregon-Nevada Rift Zone, 

which is now inclusive of synchronous Ari-

zona fields, to the IMSB/Wasatch Line, this 

plot generally describes a north-south TTM 

line “moving” from southwest to northeast. 

This is a synchronous line, not just several 

isolated hot spots; and, in fact, “… [i]t is 

difficult to equate each of the many 

[volcanic] loci of such a large region with 

its own deep-mantle plume” (Smith and 

Luedke, 1984, p. 63). Stokes was correct; 

the Wasatch Line is migrating. The Model 

provides a specific mechanism to explain 

Wasatch Line TTM.    

 

Arizona volcanism at 20 Ma has been at-

tributed to final foundering of the Farallon 

Plate (Spencer and Reynolds, 1989, p. 542). 

Metamorphic mineralization of 18-17 Ma 

rocks in southwestern Arizona suggests 

“that the cause of regional extension, re-

heating, K-metasomatism, and low-grade 

mineralization along detachment faults 

could be an overridden, post-collision, por-

tion of the East Pacific Rise that sur-

vived” (Brooks, 1985). Then, circa 15 to 13 

Ma, Arizona evidences a fundamental 

change in magma chemistry (Spencer and 

Reynolds, p. 541). In the Model this repre-

sents the reestablishment of the stable man-

tle convection cells supporting the East Pa-

cific Rise that enables the resumption of 

basaltic plate generation all along the north-

south 17-14 Zone. 

 

WALKER LA�E/SIERRA �EVADA/

GREAT VALLEY SUBDUCTIO� 

ZO�E 

 

The asymmetric pattern of seismicity and 

rising magma blebs associated with Long 

Valley volcanism (Hill, 2006, Figure 12, p. 

18) illustrates an idealized subduction zone 

cross-section minus a descending plate. 

Southwesterly directed asymmetric mafic 

“delamination” from under the Sierra Ne-

vada is described as “a nearly horizontal 

shear zone accommodating the detachment 

of the [presumed] ultramafic root from its 

granitoid batholith” (Zandt et al., 2004); the 

Model deems this to be continued sinking 

of the WBP. This “delaminating” slab then 

manifests as the lower of the two plates of 

“Great Valley Ophiolite,” (Brocher et al., 

2000, Figure 3A, p. 235), which is depicted 

to be the thickness of two oceanic plates 

with the lower plate (i.e., the presumed 

WBP) in dip-slip motion descending south-

westerly relative to the upper ophiolite 

plate (Brocher et al., 2000, Figure 3A, p. 

235). Importantly, the Isabella “mantle 

drip” is no longer necessarily “a single, 
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limited, foundering event, it might be the 

oldest of a northward younging series of 

instabilities in the mantle litho-

sphere,” (IRIS, 2006, p. 14) therefore this 

line of mafic material foundering may actu-

ally evidence WBP subduction. Addition-

ally, “… it appears the bright Moho conver-

sion commonly found in the Basin and 

Range extends well into the Sierras, sug-

gesting some Cenozoic modification of 

Moho” (IRIS, 2006, p. 13). The Wasatch 

Line/East Pacific Rise Model is predicated 

upon late Cenozoic continuity between the 

BandR and the SN at the Moho; thus, the 

Model deems this “continuity” to be the 

WBP (see Figure 2). Finally, recent Cali-

fornia coastal range volcanism has been 

attributed to the effects of “young, hot oce-

anic slab … [because this would] explain 

the observed crustal structure, heat flow, 

and sparse Neogene [Coastal Range] vol-

canism” (Brocher et al., 2000); this would 

seem to be more readily explained by 

southwesterly subduction of the younger 

WBP than by easterly convergence of the 

much older remnant of the Farallon plate.    

 

CORDILLERA-WIDE REGIO�AL 

ROTATIO� OF THE WSC/WBP/EBP 

 

As discussed above, TTM volcanism asso-

ciated with the Wasatch Spreading Center 

suggests that the Wasatch Line “moves,” 

but the Wasatch Line TTM appears to be 

“moving” more rapidly in the north at the 

Yellowstone Hot Spot than in the south 

(e.g., Arizona’s San Francisco volcanic se-

quence). Assuming the TTM volcanism 

represents the NAP moving across rela-

tively stationary volcanic sources, the pat-

Figure 2 – Wasatch Line/East Pacific Rise Model – Cross-Section 
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tern of Wasatch Line TTM suggests the 

NAP is also rotating counterclockwise over 

the line of volcanic sources (see Figure 3). 

This would be highly anomalous behavior, 

since GPS studies show the NAP is rotating 

clockwise, logically moving north along the 

point of contact with the Pacific plate 

(Wells and Simpson, 2001). The Model in-

terprets this anomalous NAP counterclock-

wise “movement” to be largely apparent; 

the NAP and the Wasatch Line are both 

rotating clockwise, but the Wasatch Line is 

rotating clockwise more rapidly than the 

NAP. As noted above, once the NAP 

crosses to the west of the Wasatch Spread-

ing Center, the NAP is merely “along for 

the ride” on the WBP and all significant 

NAP tectonic kinetics are imparted to the 

NAP. Thus, per the Model, the kinetic link-

age between the Cordillera and the Pacific 

plate/mantle system (Pacific System) is 

driven by the interaction between it and the 

WBP. The interaction between the NAP 

and the Pacific System is only a secondary 

effect of WBP/Pacific System dynamics.   

 

As was also discussed above, regional rota-

tion of the northwestern edge of the WBP 

(i.e., the KBML transform) underneath the 

NAP has profoundly affected southeastern 

Oregon’s terrain and petrology since about 

12 Ma. Opportunistically, the Garlock fault 

segment of the Mojave/Marysvale Block 

discussed above also presents a northwest 

facing and rotating WBP “edge” that, per 

the Model, might yield additional evidence 
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of the WBP rotating underneath the NAP. 

However, any attempted rotation of this 

edge in California would be impeded by the 

downward projection of the westward tilted 

blocks of the Sierra Nevada and the Great 

Valley Ophiolite, at least initially. In fact, 

the northwestern edge of the WBP may 

have finally worked its way under the Si-

erra Nevada block, and might be evidenced 

by the compressive reverse faulting of the 

White Wolf fault. This fault lies north of 

and parallel to the more quiescent Garlock 

fault and is highly active. If the primary 

kinetic linkage to the Pacific System of the 

Cordilleran is the WBP and not the NAP, 

then the Model provides intriguing possi-

bilities for reevaluating the relationship be-

tween the NAP and the Pacific plate, as 

well as California seismicity, generally, and 

the Eastern California Shear Zone/Walker 

Lane, specifically. 

 

CO�CLUSIO�S 

 

The author respectfully suggests the Model 

presents a comprehensive, integrated para-

digm that is sufficiently tenable to be wor-

thy of further evaluation using Chamber-

lin’s multiple working hypothesis. If the 

Model survives criticism, it will be cor-

rected and modified as necessary. Then, I 

believe the Model will merit a multiple 

working hypothesis evaluation against 

“slab gap.” I believe that the Wasatch/EPR 

Model has significant predictive capability 

potential for both plate tectonic and mineral 

exploration purposes.   
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Abstract 

 

Metasedimentary rocks of the Montana 

Metasedimentary terrain within the Wyo-

ming craton are generally thought to be de-

rived from Archean protoliths. Among 

these are a small belt of schists exposed in 

the southern Ruby Range in southwestern 

Montana. They have traditionally been cor-

related with the Archean Pre-Cherry Creek 

sequence of the Madison Range because 

these rocks do not contain either marble or 

banded-iron formation. However, field rela-

tions, metamorphic grade, and geochro-

nologic constraints indicate that the schists 

are a distinct unit that is Paleoproterozoic 

in age. They are named herein the Garnet 

Mine Schist.  

  

Zircon included in the schist, analyzed by 

laser ablation techniques, yielded ten nearly 

concordant ages and a single weighted-

mean 207Pb /206Pb age of 1769 ±2.6 Ma. No 

significantly older ages were obtained, indi-

cating that the schist had not been meta-

morphosed during an earlier regional Pro-

terozoic event that affected the Montana 

Metasedimentary terrain ≈2450 Ma. In ad-

dition, the schists contain both muscovite 

and sillimanite while the surrounding meta-

morphics experienced conditions above the 

second sillimanite isograd. Finally, the gar-

net leucogneiss that intruded the older Dil-

lon gneiss adjacent to the schists is not 

found within them. Nine high-U and high-

common Pb zircons from the leucogneiss 

yielded weighted-mean 207Pb /206Pb ages 

ranging from 2413 ±9 to 2438 ±9 Ma, de-

pending on the age of included common 

lead. The geochronologic evidence pre-

sented here is the first to confirm that the 

protoliths of some metasedimentary rocks 

within the Montana Metasedimentary ter-

rain were deposited in a Paleoproterozoic 

sedimentary basin.   

 

Keywords: Montana Metasedimentary ter-

rain, Ruby Range, U-Pb geochronology, 

Archean metasedimentary rocks, Early Pro-

terozoic sedimentary basin  

 

Introduction 
 

Basement complexes occur in Laramide 

uplifts throughout southwestern Montana, 

exposing Archean and Paleoproterozoic 

rock of the Wyoming craton (Figure 1A). 

Together, the ranges of the area comprise 

the Montana Metasedimentary terrain 

(Mogk et al., 1992; Mueller et al., 1993), a 

mix of granitoid gneiss and metasedimen-

tary gneiss, schist, and marble. Two distinct 

metasedimentary sequences have been rec-

ognized and correlated throughout the re-

gion based on the presence or absence of 

marble and banded-iron formation. Rock 

sequences with these lithologies are corre-

lated with the Cherry Creek sequence and 

those without are inferred to correspond to 

the Pre-Cherry Creek suite. The implied 
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Figure 1A: Generalized geology of the northwest Wyoming craton exposed 

in Laramide-aged basement uplifts of southwest Montana. Giletti’s line sepa-

rates rocks that experienced post-2000 Ma metamorphism to the northwest 

from those that did not. The Great Falls tectonic zone is an area that experi-

enced intense deformation and metamorphism during the ≈1780-Ma Big Sky 

Orogeny. Stars indicate approximate locations of dated samples within the 

Montana Metasedimentary terrain outside area discussed in detail: a – 1780m 

Ma; b – 2060z and 1760m Ma; c – 3300z, 2780m and 2450m; and d – 2740 z, 

2450 z,m and 1760m (Cheney et al., 2004; Dahl and Hamilton, 2002; Jones, 

2008; Jones et al., 2004; Mueller et al., 2004; Roberts et al., 2002). The z and 

m superscripts indicate zircon or monazite ages respectively. Map follows 

Mueller and others (2005) and references therein. Square indicates location 

of Figure 1B. 
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relative ages of the suites are derived from 

structural relationships observed in the 

Gravelly and Madison Ranges where the 

sequences were first described (Erslev, 

1983; Erslev and Sutter, 1990; Hadley, 

1969). An additional metasedimentary se-

quence has also been tentatively identified 

in the Gravelly Range (O’Neill and 

Christiansen, 2004). These rocks are of 

lower metamorphic grade and so might be 

Paleoproterozoic in age (O’Neill and 

Christiansen, 2004). However, field rela-

tions are inconclu-

sive because no 

Cherry Creek se-

quence rocks are 

found between the 

Pre-Cherry Creek 

rocks and the 

lower-grade meta-

morphics. 

 

Both the Cherry 

Creek and Pre-

Cherry Creek cor-

relatives have been 

identified in the 

Ruby Range (Figure 

1B). The Christen-

sen Ranch meta-

morphic suite, lo-

cated to the north-

west, is dominated 

by metasedimentary 

rocks with banded-

iron formation and 

abundant marble. It 

has been associated 

with the Cherry 

Creek sequence 

(Dahl, 1979; Gari-

han, 1973; James, 

1990; Karasevich, 

1980; Karasevich et 

al., 1981; Okuma, 

1971). In the eastern 

parts of the range 

there are limited exposures of metasedi-

mentary rocks that do not include marble 

and, therefore, have been assumed to be 

Pre-Cherry Creek rocks. Among these is a 

small area of metasedimentary rocks ex-

posed northeast of Sweetwater Creek that is 

mostly hornblende-biotite-garnet and bio-

tite-garnet schists with muscovite or silli-

manite or both, named herein the Garnet 

Mine Schist (Figures 1 and 2).  

 

 

Figure 1B: Geologic map of the southern Ruby Range showing distribution of litholo-

gies (Garihan, 1973; Karasevich, 1980; Karasevich et al., 1981; Okuma, 1971, author’s 

unpublished data) and the approximate locations of previously dated samples (Jones, 

2008; Roberts et al., 2002). Superscripts are z – zircon, m – monazite, and g – garnet. 

Approximate locations of the garnet leucogneiss, RR-05-09, and Garnet Mine Schist, 

Mg-01-10, are indicated by sample number and arrow. UTM coordinates for RR-05-09 

are 12 T 385031 E, 4996749 N. 
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A sample of hornblende-biotite-garnet 

schist from this locale was collected for 

geochronologic analysis as part of a study 

attempting to establish relationships among 

the metasedimentary rocks of the southeast-

ern Ruby Range that lie structurally below 

the Christiansen Ranch sequence (Figures 1 

and 2). The expectation was that zircons 

extracted from the schist would yield meta-

morphic ages ≈2450 and ≈1780 Ma, similar 

to ages obtained from a granitic gneiss that 

lies within a kilometer of the sampled 

schist (Jones, 2008; Jones et al., 2004; Rob-

erts et al., 2002). However, only ages 

≈1770 Ma were obtained. Subsequent field 

work has confirmed these rocks surpassed 

the first but not the second sillimanite iso-

grad and so are lower grade than the sur-

rounding gneiss. Garnet leucogneiss, com-

mon within the older Dillon gneiss adjacent 

to the schists, is not found within them. 

Weighted mean 207Pb /206Pb ages ranging 

from 2413 to 2438 Ma, depending on the 

age of common lead found in the zircons, 

were obtained for zircons from the leu-

cogneiss and are inferred to date emplace-

ment of the gneiss protolith.  

 

When combined, these data indicate that 

the Garnet Mine Schist does not belong to 

the Archean Pre-Cherry Creek sequence. 

Instead its protoliths were deposited after 

the ≈2450-Ma regional metamorphism and 

garnet leucogranite intrusions. These data 

provide evidence that a Paleoproterozoic 

sedimentary basin formed within the Mon-

tana Metasedimentary terrain after ≈2450 

Ma but prior to the ≈1780-Ma Big Sky 

Orogeny. The Big Sky Orogeny is thought 

to be related to collision of the Wyoming 

craton with the Medicine Hat Block to the 

northwest (Dahl et al., 1999; Mueller et al., 

2005; O’Neill, 1998). 

 

Figure 2: Geologic map of portion of the Sweetwater Basin showing outcrop pattern of Garnet Mine 

Schist. Area is dominated by Dillon gneiss that includes garnet leucogneiss, amphibolite, and minor meta-

clastics that are primarily quartzite. Outcrops with garnet leucogneiss indicated by gLgn. UTM coordi-

nates for MG-01-10 are 12T, 392198 E and 4997780 N. 
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Geologic Setting 

 

The Wyoming craton is a mostly Archean 

terrain that has been subdivided into three 

provinces, including the Montana Meta-

sedimentary terrain of southwestern Mon-

tana (Mogk et al., 1992; Mueller et al., 

1993; Roberts et al., 2002). This terrain in-

cludes metasedimentary rocks and granitoid 

gneisses with ages of 3200-3300 Ma and 

2700-2800 Ma. The terrain experienced 

major metamorphic events at ≈2700, 

≈2450, and ≈1780 Ma in the northwestern 

part of the terrain (Cheney et al., 2004; Er-

slev and Sutter, 1990; James and Hedge, 

1980; Jones, 2008; Mueller et al., 2004; 

Roberts et al., 2002). Rocks that experi-

enced this later event lie to the northwest of 

Giletti’s line (Giletti, 1966) and either 

southeast of or within the Great Falls tec-

tonic zone that marks the northwestern 

boundary of the craton (Figure 1A). The 

Great Falls tectonic zone includes Paleo-

proterozoic and older rock metamorphosed 

during the ≈1780 Big Sky Orogeny.    

 

Two metasedimentary sequences have been 

identified within the Montana Metasedi-

mentary terrain and correlated across the 

region even though differences among the 

correlated lithologies have been recognized 

between ranges. The Cherry Creek se-

quence was originally described in the 

Gravelly Range, extended to the Madison 

Range (Erslev, 1983; Erslev and Sutter, 

1990; Hadley, 1969) and then across the 

broader region. It includes marbles and 

banded-iron formation as well as other me-

tasedimentary rocks, amphibolites, and or-

thogneiss. Its lower contact with granitoid 

gneiss and associated metasedimentary 

rocks as observed in the Madison Range 

was determined to be a metaconglomerate 

and interpreted to represent an unconform-

ity (Erslev, 1983). The second suite of 

rocks, basement to the Cherry Creek se-

quence, is dominated by quartzofeldspathic 

gneiss with distinctive metasedimentary 

rocks that do not include either marble or 

banded-iron formation. Because this se-

quence lies beneath the unconformity, it 

was named the Pre-Cherry Creek sequence. 

Archean 40Ar-39Ar ages indicating Archean 

protoliths were obtained from hornblende, 

biotite, and muscovite from both sequences 

in the Madison Range (Erslev and Sutter, 

1990). 

 

O’Neill and Christiansen (2004) reported a 

possible third metamorphic suite including 

metasedimentary rocks and metagabbro in 

the northern Gravelly Range. The base of 

this sequence lies on Pre-Cherry Creek 

metamorphics and is separated from the 

Cherry Creek sequence by sediments in an 

extensive Tertiary to Quaternary basin. Be-

cause these rocks are of lower metamorphic 

grade than the Cherry Creek and Pre-

Cherry Creek sequences, they were inter-

preted to be a distinct Paleoproterozoic unit 

that was deposited after the ≈2450 regional 

metamorphic event. However, it is also 

possible that they are the same age as the 

Cherry Creek rocks but represent a higher 

structural level that experienced less in-

tense metamorphism. 

 

In the Ruby Range, the Christiansen Ranch 

metamorphic suite (James, 1990) has been 

correlated with the Cherry Creek sequence. 

These rocks are predominantly metasedi-

ments that include banded-iron formation 

and abundant dolomitic marble. They com-

prise the majority of rocks exposed on the 

western slope of the southern half of the 

range (Figure 1B). The Christiansen Ranch 

suite structurally overlies the Dillon gneiss. 

Immediately to the east the gneiss includes 

relatively thin but laterally extensive mar-

ble bodies (Garihan, 1973; James, 1990; 

Karasevich, 1980; Karasevich et al., 1981; 

Okuma, 1971). Further east, the marble dis-

appears and the remainder of the range is 

dominated by quartzofeldspathic gneiss 
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with amphibolite and minor metaclasic rock 

(Garihan, 1973; Karasevich, 1980; 

Karasevich et al., 1981; Okuma, 1971; au-

thors’ unpublished data). Within this ex-

panse of gneiss there is a small area, about 

two km2, of garnetiferous schist with both 

muscovite and sillimanite (Figures 1 and 2). 

 

Contacts between the schists and the sur-

rounding gneiss are not exposed, but folia-

tions appear to be structurally conformable, 

dipping moderately to steeply to the north-

west. Because these metasedimentary rocks 

lie structurally below the Christiansen 

Ranch sequence and because they contain 

neither marble nor banded-iron formation, 

they have been correlated with the Pre-

Cherry Creek sequence (Garihan, 1973; 

James, 1990; Karasevich, 1980; Karasevich 

et al., 1981; Okuma, 1971). 

 

U-Pb dating of zircon and monazite has 

yielded consistent ages across the Montana 

Metasedimentary terrain (Figure 1). Proto-

lith ages for granitoid gneiss are ≈3300 and 

2780 Ma (Cheney et al., 2004; Dahl et al., 

2002; Jones, 2008; Jones et al., 2004; Muel-

ler et al., 2004; Roberts et al., 2002). Both 

an Archean and an early Proterozoic meta-

morphic event have been inferred from zir-

con and monazite as occurring at ≈2700 and 

2450 Ma (Cheney et al., 2004; Jones, 2008; 

Jones et al., 2004; Mueller et al., 2004; 

Roberts et al., 2002). A third event, the ca 

≈1780-Ma Big Sky Orogeny is limited in 

extent to areas west of Giletti’s line that 

separates rocks that experienced the Big 

Sky Orogeny from those that did not 

(Cheney et al., 2004; Jones, 2008; Jones et 

al., 2004; Mueller et al., 2004; Roberts et 

al., 2002). One other age of significance, 

2060 Ma, is reported as the intrusive age of 

a metamorphosed mafic dike in the To-

bacco Root Mountains (Mueller et al., 

2005). The intrusion of mafic magma may 

represent a period of crustal extension and 

possible rifting.  

Age data specific to the Ruby Range 

(Figure 1B) include a protolith age for the 

Dillon gneiss at ≈2770 Ma (Alcock and 

Muller, 2010; Jones, 2008; Jones et al., 

2004). Zircons from some of these gneisses 

also provide evidence for metamorphism at 

≈2450 Ma (Jones, 2008; Jones et al., 2004). 

Younger zircon ages, limited to highly dis-

cordant ages obtained from thin rims visible 

in backscatter images, may indicate the 

later Big Sky event. Monazite from the 

gneiss yields both ≈2450 Ma and ≈1780 Ma 

ages and so indicate that the Ruby Range 

also experienced the periods of Paleopro-

terozoic metamorphism inferred from age 

data obtained elsewhere in the Montana 

Metasedimentary terrain (Jones, 2008; 

Jones et al., 2004).  

 

Christiansen Ranch metasedimentary rocks 

yield ages recording a ≈1780-Ma event 

(Jones, 2008; Jones et al., 2004; Roberts et 

al., 2002). A single age of 2550 Ma from 

monazite within garnet provides tentative 

evidence that the protolith dates from the 

Archean (Jones, 2008). Zircons from a 

Christiansen Ranch quartzite yielded only 

one, probably metamorphic, age younger 

than 2850 Ma. The absence of younger de-

trital zircons would be consistent with the 

Christiansen Ranch metasedimentary rocks 

having originally been deposited in the Ar-

chean (Mueller et al., 1998). However nei-

ther datum is conclusive in establishing an 

Archean origin for the metasedimentary 

rocks. 

 

Sample descriptions 

 

Mg-01-10, Garnet Mine Schist 

 

This sample of schist was collected in the 

Sweetwater Basin from an outcrop along 

the Sweetwater Road near the western edge 

of an area with abundant metasedimentary 

rocks. The schist has mafic and felsic layer-

ing. The more mafic layers consist primar-
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ily of hornblende, biotite and garnet. Felsic 

layers contain mostly quartz and two feld-

spars. Neither primary muscovite nor silli-

manite is present in the sample, but both 

occur in other schists of the area. Secondary 

sericite and chlorite are present. Zircon 

grains seen in thin section are small, gener-

ally < 50 µm, within biotite or hornblende, 

identifiable by high birefringence and pleo-

chroic haloes. 

 

RR-05-09, Garnet leucogneiss 

 

The garnet leucogneiss with associated gar-

net pegmatite and garnet leucogranite is a 

common lithology found within Dillon 

gneiss and associated metasedimentary 

rocks that occur structurally below the 

Christiansen Ranch metamorphic suite. 

Gneiss, granite, and pegmatite are predomi-

nantly quartz and microcline with areas of 

abundant garnet and minor biotite and silli-

manite. In some locations, pyroxene occurs, 

seemingly in place of garnet. Sample RR-

05-09 is from a leucogneiss that cuts a calc-

silicate-rich marble. Zircon is a common 

accessory, visible in thin section as inter-

granular grains. 

 

Methods 

 

Approximately five kilograms of each sam-

ple were crushed and the zircons separated 

from the powder using standard heavy liq-

uid and magnetic techniques. Analytical 

procedures used to determine U and Pb iso-

topic contents of the zircon are those of the 

University of Arizona LaserChron Center 

for Laser Ablation-Multicollector-

Inductively Coupled Plasma-Mass Spec-

trometry (LA-ICPMS). Details of analytical 

methods are described in Gehrels et al. 

(2008). Raw data are reduced using the 

NUagecalc software prepared by the Center 

and Isoplot software (Ludwig, 2008) for de-

termining isochron and weighted mean 

ages.  

 

Figure 3: Images taken in plane-polarized light of representative zircons showing morphology and loca-

tion of laser-ablation analyses. Ages (in Ma) are given for accepted spot analyses that can be identified by 

pit visible in image. Inset: Cathodoluminescent images that have been enhanced to increase zoning con-

trast. Ages can be used to correlate images. 
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Geochronology 

 

Garnet Mine Schist, Mg-01-10 

 

Zircons from Mg-01-10 are mostly equant 

with an approximate aspect ratio between 

1:1 and 2:1 and ≤ 100 µm in diameter 

(Figure 3A). A few grains are larger and 

others more prismatic. Color ranges from 

clear to lavender. Cathodoluminescent im-

ages reveal irregular, faint zoning (Figure 

3B).  

 

Sixteen grains were subjected to eighteen 

analyses. Ten of the analyses yielded con-

cordant or nearly concordant ages with low 

error (Table 1 and Figure 5). Together they 

give a weighted mean 207Pb /206Pb age of 

1769 ±2.6 Ma (2s). Of the eight other 

analyses two yielded somewhat older ages, 

≈1850 Ma. Both had large error, >100 Ma, 

and were, therefore, not statistically distinct 

from the mean age. Other ages were similar 

to 1770 Ma or younger. Neither grain size 

nor analysis location within a grain affected 

the results. 

 

Garnet leucogneiss, RR-05-09 

 

Zircons from RR-05-09 are prismatic, 

mostly greater than 200 µm in the long di-

mension. In plane polarized light, the grains 

are dark brown to clear, contain numerous 

small inclusions, and appear to be metamict 

(Figure 4). Cathodoluminescent images re-

veal faint zoning, some concentric, and 

other irregular.  

 

Twenty-five analyses were conducted on 

15 grains. All were rich in uranium and 

contained high levels of common lead. Th/

U ratios are low, all but one less than 0.1 

Figure 4: Images taken in plane-polarized light of representative zircons showing morphology and loca-

tion of laser-ablation analyses. Ages (in Ma) are given for accepted spot analyses that can be identified by 

pit visible in image. Inset shows cathodoluminescent images that have been enhanced to increase zoning 

contrast. Limited contrast is probably a result of radiation damage resulting from high uranium content. 

However, the apparent concentric zoning in both plane-polarized light and cathodoluminescence is consis-

tent with a magmatic origin. 
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(Table 1). Seven analyses were rejected for 

ratios of 206Pb /204Pb that were less than 

125. An additional eight were excluded for 

high error (> 100 Ma, 2σ) or severe discor-

dance (< 60% or > 110% concordant). Nine 

of the remaining ten analyses from seven 

grains yield a weighted mean 207Pb /206Pb 

age of 2420 ±8.1 Ma (2s). All 25 analyses 

yielded 207Pb /206Pb ages between 2305 and 

2580 Ma. Neither grain size, location 

within the grain, nor grain appearance 

could be correlated with age. 

 

The high common lead content of the zir-

cons increases uncertainty regarding the 

robustness of the 207Pb /206Pb age given 

above. Because the source and age of com-

mon lead contamination is uncertain, cor-

recting for its presence introduces an error. 

To better estimate the size of the error, one 

may establish a range of possible ages for 

the leucogneiss by correcting for common 

lead with different ages. To do this, the 

common lead correction procedure used by 

the NUagecalc data reduction program was 

altered to make corrections assuming vari-

ous common lead ages between 0 and 3500 

Ma. The effect of common lead age on the 

apparent age of the leucogneiss is small. 

Calculated age varies between 2413 ±9 and 

2438 ±9 Ma (2σ) (Figure 6). 

 

Discussion 

 

The ≈1770 Ma 207Pb /206Pb ages of zircon 

from the Garnet Mine Schist are consistent 

with metamorphism during the regional Big 

Sky Orogeny, and the ages are much 

younger than 2450 Ma. It is therefore 

unlikely that the metapelite experienced 

high-grade regional metamorphism at either 

≈2700 or ≈2450 Ma, implying that its pro-

tolith was deposited after those events.  

 

Two alternative interpretations might be 

considered. First, the ≈1770-Ma metamor-

phic event could have caused all of the 

older zircon to be dissolved so that the zir-

con U-Pb system was entirely reset. How-

ever, zircon is commonly included within 

biotite and hornblende. Therefore, not only 

zircon, but also all biotite and hornblende 

from the earlier events would have to have 

been entirely recrystallized. There is no 

Figure 5: Concordia diagrams presenting results of U-Pb isotopic analysis of zircons from sample MG-01-

10, Garnet Mine Schist. All analyses except one with very high error are included to produce an isochron 

indicating an age of 1771 ±14 Ma with high MSWD (mean square of weighted deviates). B. Weighted mean 

of 207Pb/206Pb ages of 1769 ±2.6 Ma and low MSWD for ten low-error, nearly concordant zircon analyses.  
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evidence for reactions like biotite dehydra-

tion melting that would have caused it to 

recrystallize, nor is there evidence for ma-

jor dissolution and regrowth induced by 

deformation. For these reasons it seems 

unlikely that an earlier population of zir-

cons was eliminated from the assemblage.  

 

A second possibility is that sampling pro-

duced a biased population of ages. Al-

though this possibility cannot be elimi-

nated, the same is true for every attempt to 

use accessory minerals to date a sample. 

Methods of separation might cause a small 

population of distinct grains to be missed. 

However, of the zircons separated and 

mounted, care was given to analyze grains 

of different appearance and to analyze dif-

ferent locations within grains. No correla-

tion was observed between age and appear-

ance or location. 

 

Other evidence supports the inference that 

the protolith of the Garnet Mine Schist did 

not originate in the Archean. For example, 

the ≈2420 Ma 207Pb /206Pb age of the garnet 

leucogneiss is interpreted to date the intru-

sion of the gneiss protolith towards the end 

of the ≈2450-Ma regional metamorphic 

event. The prismatic habit and the faint 

concentric zoning of many grains visible in 

the cathodoluminescent images are typical 

of magmatic zircons. Although the very 

low Th/U ratios are more typical of meta-

Figure 6: Weighted mean 207Pb /206Pb ages for 10 analyses from sample RR-05-09 that are between 60% and 

110% concordant and with a 2σ error < 100 Ma. Different ages for common lead are used to correct for high 

common lead found in the zircons. Each data point represents the weighted mean age and 2σ error obtained 

for a particular common lead age using the NUagecalc data reduction software. Although potential error in 

any reported age is higher than the standard deviation because of high amounts of common lead, the data 

indicate that the garnet leucogneiss is unlikely to be derived from an Archean protolith.  
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morphic zircons, their habit and appearance 

as well as their occurrence within a meta-

igneous rock suggest that the zircons do not 

have a metamorphic origin.  

 

Instead, the low Th/U ratio may reflect the 

origin of the protolith’s magma. Garnet leu-

cogranite is thought to form during decom-

pression-driven melting of metapelites 

(Harris and Massey, 1994; Patiño Douce 

and Harris, 1998; Streule et al., 2010). If 

this is the origin of the leucogneiss, then 

the magma might form in association with 

a metamorphic fluid that would impact the 

trace element chemistry of the magma and 

the zircons that formed during later crystal-

lization. Because the ≈2420-Ma age is 

somewhat younger than the previously 

identified ≈2450-Ma metamorphic event, 

and because garnet leucogranite is associ-

ated with decompression melting in other 

orogenic belts, we propose that age of the 

leucogneiss dates a period of extensional 

collapse following crustal thickening ≈2450 

Ma. 

 

For the purpose of this study, the intrusive 

age of leucogneiss is significant because it 

sets an upper limit on the age of the Garnet 

Mine Schist. The leucogneiss is a common 

lithology found within Dillon gneiss and 

related amphibolite and metaclastic rock 

that surround the Garnet Mine Schist, but it 

is not found within the schist (Figure 2). It 

follows, therefore, that the schist protolith 

is younger than the leucogneiss. Thus the 

effect of common lead on the preciseness 

of the apparent age of the leucogneiss is 

less important than the potential range of 

ages that might result under reasonable as-

sumptions for the age of the common lead. 

So long as the maximum likely intrusive 

age of the leucogneiss is ≈2450 Ma, then 

added uncertainly caused by the presence 

of common lead in the zircon is not critical 

to the discussion and conclusions of this 

paper.   

As discussed above, a range of possible 

ages was determined. The results indicate 

that the age of the gneiss is similar to the 

previously recognized regional metamor-

phism ≈2450, and it is reasonable to con-

clude that its protolith intruded during that 

early Proterozoic metamorphic event. Be-

cause the leucogranite did not intrude the 

Garnet Mine Schist, it follows that the 

schist protolith was deposited in a Paleo-

proterozoic sedimentary basin after the 

≈2450-Ma regional metamorphism and in-

trusion of the leucogneiss protolith. 

 

A possible origin for such a sedimentary 

basin might be either continued extension 

and crustal thinning after 2420 Ma, as in-

ferred from the age of the garnet leu-

cogneiss, or during a younger period of ex-

tension and possible rifting that has been 

inferred from the 2060-Ma intrusive age of 

a metamorphosed mafic dike in the To-

bacco Root Mountains (Mueller et al., 

2005). There are numerous small- to mod-

erate-sized ultramafic bodies of unknown 

age in the Ruby Range that might be related 

to the Spuhler Peak mafic dikes and also 

indicate crustal thinning and mantle melt-

ing. If this happened at ≈2060 Ma, a sedi-

mentary basin would be expected. The Gar-

net Mine metasedimentary rocks of the 

Sweetwater Basin may preserve a small 

part of that sedimentary history. 

 

The geochronologic evidence presented 

here is the first to confirm that some meta-

sedimentary rocks within the Montana Me-

tasedimentary terrain have a Paleoprotero-

zoic protolith. Because these metasedimen-

tary rocks had previously been correlated 

with the Pre-Cherry Creek sequence of the 

Madison Range, the age of their protolith 

requires that prior inferences of the original 

ages for other metasedimentary rocks in the 

region that are external to the Madison and 

Gravelly Ranges be re-examined. For ex-

ample, monazite and garnet ages from the 
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Christiansen Ranch Metasedimentary Se-

quence in the western Ruby Range do not 

provide conclusive evidence for early Pro-

terozoic metamorphism and by extension 

for an Archean origin, although the rocks of 

the Christiansen Ranch sequence appear to 

be quite similar lithologically to the Ar-

chean Cherry Creek sequence of the Madi-

son and Gravely Ranges.  

 

Detrital zircons establish a maximum age 

of 2.85 Ga (Mueller et al., 1998). A single 

monazite grain from within a garnet yielded 

an age ≈2550 Ma (Jones, 2008) perhaps 

indicative of garnet and monazite growth at 

that time. However, it is worth noting that 

the igneous protolith of quartzofeldspathic 

gneiss of the Ruby Range has an age of 

≈2770 Ma, and so is distinctly younger than 

those of the other ranges. Without addi-

tional data, the age and source of the 

Christiansen Ranch sequence remains prob-

lematic. 

 

Rocks of the Tobacco Root Mountains to 

the north of the Ruby Range also present 

problems of correlation. Mueller et al. 

(2004) studied detrital and metamorphic 

zircons from that region. Within the three 

units studied, two yielded strong evidence 

for metamorphism during the ≈2450 Ma 

event. The third, the Spuhler Peak Meta-

morphic Suite, did not. One zircon ex-

tracted from a quartzite from the Spuhler 

Peak suite yielded a ≈2450-Ma age while 

the great majority of ages were older than 

3000 Ma. Mueller and others (2004) recog-

nized that interpretation of the ≈2450-Ma 

zircon is problematic as it is unclear if it is 

detrital or if it grew in situ during a meta-

morphic event. However, they favored in-

terpreting the grain as metamorphic, which 

would imply an Archean protolith. 

 

In the same volume, Cheney et al. (2004) 

reported monazite ages from a number of 

metasedimentary rocks and amphibolites 

from the Tobacco Roots. Again, two of 

three units preserve ample evidence of a 

≈2450-Ma metamorphic event. However, 

monazites from the Spuhler Peak Metamor-

phic Suite yield ages of only ≈1770 Ma. 

Cheney et al. (2004) considered that the 

distinct metamorphic history of the Spuhler 

Peak suite suggested it is an allochthonous 

terrain added to the Montana Metasedimen-

tary terrain during the Big Sky Orogeny.  

 

In a discussion of possible tectonic prove-

nance of the Spuhler Peak suite, Cheney et 

al. (2004) interpret the chemistry of its ma-

fic rocks to indicate that it has an oceanic 

origin, possibly in a back arc basin (Harms 

et al., 2004). If this interpretation is correct, 

the Spuhler Peak suite is most likely Pro-

terozoic in age. The evidence from the 

Ruby Range that a sedimentary basin 

formed in what is now southwestern Mon-

tana after 2450 Ma raises the possibility 

that the Garnet Mine Schists and the 

Spuhler Peak suite originated in different 

parts of a single basin. The schist protoliths 

were perhaps deposited in a near-shore en-

vironment on continental crust while the 

Spuhler Peak suite originated as oceanic 

crust and deepwater sediments that formed 

as the basin expanded.    

 

Conclusion 

 

A metamorphic age of ≈1770 Ma for the 

Garnet Mine Schist from the Sweetwater 

basin of the Ruby Range establishes that 

the protolith was deposited after a regional 

≈2450-Ma event. This interpretation is sup-

ported by the fact that ≈2420-Ma garnet 

leucogneiss that is common within Dillon 

gneiss and related rocks surrounding the 

Garnet Mine Schist does not occur within 

it. It follows that the Garnet Mine protoliths 

were deposited in the Paleoproterozoic. 

Recognition of early Proterozoic sedimen-

tation within the Montana Metasedimentary 

terrain requires a more careful re-
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evaluation of the age of other metasedimen-

tary rocks in the region and the assumed of 

correlation of units among the various 

ranges of southwestern Montana. 
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Abstract 

 

Precambrian crystalline basement is ex-

posed in the core of the Armstead anticline 

in Beaverhead County, Montana. U-Pb 

ages of zircon from two samples of quart-

zofeldspathic gneiss exposed near Clark 

Canyon Reservoir suggest the protolith 

formed in the late Archean (2729 ± 15 Ma), 

but was likely overprinted twice in the Pa-

leoproterozoic (~2.45 and ~1.8 Ga). Rare 

earth element abundances show a typical 

granitic pattern with (chondrite) normalized 

La of ~300 and strong negative Eu anoma-

lies for both samples. 

Sm-Nd isotopic data 

yield depleted mantle 

model ages in the 

Mesoarchean (~3.3-3.5 

Ga). The primary age 

of ~2730 Ma is uncom-

mon in the major base-

ment uplifts of south-

western Montana (e.g., 

Ruby, Tobacco Root, 

Madison, and Highland 

Ranges), but does 

match ages of migma-

titic gneisses and the 

youngest detrital zir-

cons reported from the 

Gravelly Range. This 

age does, however, cor-

respond closely with 

the emplacement of the 

Stillwater Complex, which suggests a pos-

sible link to post-orogenic collapse of the 

~2800 Ma Beartooth orogen.  

 

Introduction 

 

The Armstead anticline (Figure 1) is one of 

several Sevier thrust structures in south-

western Montana that has exposed crystal-

line basement (e.g., O’Neill et al., 1990; 

Figure 1). Previous work (e.g., Kellogg et 

al., 2004; Foster et al., 2006) demonstrated 

that many of the exposures (e.g., Tendoy 

Mountains, Pioneer Mountains, Biltmore 

�orthwest Geology, v. 41, 2012, p. 63-70 The Journal of the Tobacco Root Geological Society 
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Figure 1. Schematic map of basement uplifts and structures in southwest 

Montana showing location of Armstead anticline (from Foster et al., 2006). 

 



64 

Mueller et al.: Armstead Anticline basement  

anticline, etc.) were exclusively Paleopro-

terozoic (1.7-2.5 Ga). In addition, Mueller 

et al. (2005, 2011) demonstrated that Ar-

chean crust in the Highland and Tobacco 

Root Mountains was remobilized during 

the Great Falls orogeny (also known as Big 

Sky Orogeny) at ~1800 Ma and by an ear-

lier event at ~2450 Ma (herein named the 

Tendoy Orogeny). The Tendoy event is 

poorly understood, but pervasive in crystal-

line basement of southwestern Montana. 

Although a previous report by our group 

showed that crystalline basement west of 

the Blacktail Mountains is typically Pro-

terozoic, no data were reported from the 

Armstead anticline (Foster et al., 2006). In 

this paper we present trace element and iso-

topic data, including U-Pb zircon geochro-

nologic data that show that crystalline base-

ment exposed in the Armstead anticline 

(Armstead gneiss) has a primary Archean 

age that is distinctly younger than the vast 

majority of Archean basement exposed in 

the Tobacco Root, Highland, and Ruby 

Ranges immediately to the east. These data 

may reflect recycling of this older basement 

based on Sm-Nd model ages and distinct, 

negative Eu anomalies.  

 

 

Samples and Methods 

 

Samples (~10 kg) were collected on Henne-

berry Ridge along Forest Service Road 

1893 (N44.59.922, W112.53.943). Whole 

rocks were crushed and prepared for geo-

chemical analysis of major elements 

(XRF), trace elements (high resolution 

ICP), isotopic compositions (multi-

collector ICP), and U-Pb zircon geochro-

nology (SHRIMP-RG). Details of these 

methods can be found in Mueller et al. 

(2010). 

 

 

 

 

Results 

 

U-Pb geochronology   

 

Zircons previously imaged using cathodo-

luminescense were analyzed for U and Th 

concentrations along with Pb isotopic com-

positions in situ using ~30 micrometer di-

ameter primary ion beams of the SHRIMP-

RG ion microprobe. The resulting data for 

sample AA-1 (32 analyses) and AA-2 (4 

analyses) are shown in Table 1. Of the 32 

analyses of AA-1, ten have Th/U ratios of 

0.1 or less, which is indicative of hydro-

thermal growth. These ages are commonly 

viewed as representative of a period of 

Figure 2. U-Pb ages (207Pb/206Pb) plotted se-

quentially for: a) all data regardless of discor-

dance and b) all data with Th/U < 0.1. There is a 

clear tendency for the highest ages in (a) to be 

concentrated in the 2700-2750 Ma range and for 

low Th/U data to be concentrated in the 2400-

2500 Ma range (b). 
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metamorphism during which oxidizing flu-

ids enhanced the mobility of U relative to 

Th, typically leading to growth of new zir-

con with low Th/U ratios and high U con-

tents. For example, the ten analyses with 

Th/U < 0.1 average ~1,000 ppm U; those 

with Th/U >0 .1 average ~400 ppm U. Us-

ing these criteria, a mean, somewhat ad 

hoc, crystallization age of 2706 ± 11 Ma 

for the protolith of sample AA-1 can be ob-

tained from the ten oldest analyses with Th/

U > 0.1.  

 

Only four zircons from sample AA-2 were 

analyzed, and none had Th/U < 0.1. Be-

cause the ages from AA-1 and AA-2 

slightly overlap, they are combined in Fig-

ure 2a, which shows a continuum of ages 

from ~1770 to ~2750 Ma; Figure 2b shows 

only the low Th/U data (ages from ~1700 

to ~2500 Ma). The pattern in Figure 2a 

suggests that Pb-loss has occurred to a sig-

nificant degree (up to 32% discordance) in 

sample AA-1, even in zircons which do not 

show Th/U <0.1.  

 

Figure 3 demonstrates the positive correla-

tion between Th/U and 207Pb/206Pb age for 

the overall population of zircons analyzed. 

Using the 13 oldest ages from the com-

bined data set of AA-1 and AA-2 yields an 

age of 2729 ± 15 Ma for zircons which 

Table 1-B. Trace elemental data for samples AA-1 and AA-2. 
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show discordance <12% no relationship 

between Th/U and age. This age is within 

error of the independent age estimate for 

AA-1 (2706 ± 11 Ma). Within the limita-

tions of the present data, this age (2729 ± 

15 Ma) is the best estimate for the time of 

crystallization of the protolith of the Arm-

stead gneiss. 

 

It is clear from the number of grains with 

low Th/U ratios in AA-1 and the overall 

relationship between Th/U and age (Figure 

3) that sample AA-1 was affected by 

hydrothermal alteration during one or more 

periods in the Proterozoic. The continuum 

of ages makes it difficult to specify the age 

or ages of these events, but Figure 2b 

shows that there is a relatively well defined 

plateau of ages at ~2450 Ma. The youngest 

age is 1771 ± 7 Ma (2% discordant), within 

error of the time of crustal anatexis in the 

Highland and To-

bacco Root Ranges 

(1777 ± 6 Ma; Muel-

ler et al., 2005). As 

seen in Table 1, these 

ages come exclu-

sively from the outer 

portions of individual 

zircons (noted by an 

R next to the grain 

number in Table 1). It 

appears likely that the 

Armstead gneiss also 

experienced both 

events because both 

of these ages (~2450 

and ~1770 Ma) have 

been reported from 

other ranges in southwestern Montana that 

lie both east and west of the sample locality 

(Roberts et al., 2002; Cheney et al., 2004; 

Brady et al., 2004; Mueller et al., 2005, 

2011). The limited low Th/U data for sam-

ple AA-1, however, means the identifica-

tion of the 1770 Ma event at Armstead re-

mains tenuous. 

 

Geochemistry   

 

Trace element, particularly rare earth ele-

ment (REE), abundances in conjunction 

with Sm-Nd isotopic data suggest the pro-

tolith(s) of the Armstead gneiss were mid-

crustal, anatectic melts of older crust. For 

example, Figure 4 shows that REE patterns 

for samples AA-1 and -2 are similar in 

three key features: 1) low La/Yb ratios 

(~9), which indicate that minerals that 

strongly partition any of the REE were not 

important in the petrogenesis of the proto-

lith; 2) negative Eu anomalies, which re-

quire either extensive fractionation of pla-

gioclase from the original magma or that 

the protolith was simply derived from a 

plagioclase-bearing source; and 3) the 

heaviest REEs (e.g., Yb and Lu) are >10 

times chondritic abundances, which largely 

Figure 3. Plot of age (207Pb/206Pb) for all 

analyses vs. Th/U ratio showing a clear pattern 

of decreasing age with decreasing Th/U, even 

for samples with Th/U > 0.1. Vertical line 

represents our best estimate of protolith age as 

discussed in the text. 
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precludes equilibrium with garnet, and even 

makes amphibole an unlikely residual 

phase. In addition, the low Sr/Y ratios of 

these two samples also argue against resid-

ual garnet in the source and are far too low 

for common convergent margin magmas 

such as adakites or Archean tonalite-

trondhjemite-granodiorite (TTG) suites 

(e.g., Martin et al., 2005; Castillo, 2006). In 

particular, the Sr contents are very low, in 

consort with the negative Eu anomalies. 

 

The lack of zircon xenocrysts makes it im-

possible to directly determine the age of the 

source of the protolith. Sm-Nd depleted 

mantle model ages (Tdm), however, can 

provide some useful constraints. In this 

case, both samples AA-1 and -2 yield Tdm 

of ~3400 Ma (Table 1). This model age 

corresponds to a common crystallization 

age of metaigneous rocks throughout south-

western Montana (e.g., Mogk et al., 1988, 

1992; Mueller et al., 1993, 2004). Many of 

these rocks represent relatively juvenile 

magmas, so they also exhibit Tdm in the 

range ~3400 Ma. 

 

Discussion   

 

Confirming an Archean age of the Arm-

stead gneiss, specifically its ~2730 Ma age, 

helps clarify the distribution of Archean 

ages previously reported from southwestern 

Montana. Mueller and Cordua (1976) and 

later James and Hedge (1980) suggested 

that much of the crystalline basement of 

southwestern Montana recorded a tectono-

thermal event at about 2750 Ma ago based 

on whole-rock Rb-Sr analyses of quart-

zofeldspathic gneisses from the Tobacco 

Root, Ruby, and Gallatin Ranges.  

 

Subsequent, more accurate U-Pb zircon 

analyses showed that many, if not most, of 

the basement gneisses were >3000 Ma 

(e.g., Mueller et al., 1993, 2004; Krogh et 

al., 2011) and the ~2750 Ma age proposed 

by James and Hedge (1980) was specifi-

cally considered erroneous by Roberts et al. 

(2002). What is clear at this point, however, 

is that rocks ~2750 Ma in age do occur in 

southwestern Montana and the reconnais-

sance study of James and Hedge (1980) and 

the site specific study of Mueller and Cor-

dua (1976) did reflect a true geologic event. 

Later U-Pb zircon-based studies showed 

metasupracrustal rocks of this age occur in 

the southern Madison Range (Mueller et 

al., 1993), are present in detrital zircon 

suites in low metamorphic grade Archean 

metasedimentary rocks in the Gravelly 

Range (Mogk et al., 2004), and correspond 

to the crystallization age of migmatitic 

gneisses in the Gravelly Range (Mogk et 

al., 2004).  

 

Although recognized in several localities, 

the nature of this event remains cryptic. If 

Figure 4. Chondrite normalized REE abun-

dances for samples AA-1 and -2. 
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2730 Ma accurately reflects the time of this 

event, it is only ~50 Ma younger than the 

major magmatic episode that generated the 

TTG suite in the Beartooth Mountains (e.g., 

Mueller et al., 2010). The isolation of this 

event in time and space, its limited isotopic 

expression, and the varied rock types yield-

ing this age suggests that this event may be 

associated with some form of extension. If 

this is the case, then it may reflect post-

orogenic collapse of the Beartooth margin 

subsequent to the cessation of arc-

magmatism at ~2790 Ma. This episode of 

extension likely lasted until at least ~2700 

Ma when the mafic-ultramafic magmas of 

the Stillwater complex were emplaced in 

the eastern Beartooth Mountains (Premo et 

al., 1990) and, perhaps, is the time when 

other low-grade, apparently allochthonous, 

supracrustal assemblages were emplaced in 

the Gravelly Range, southern Madison 

Range, and the Jardine area of the South 

Snowy Block (Beartooth Mountains and 

Yellowstone National Park). 
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Introduction 

 
This road log describes features related to 
the August 17, 1959, magnitude 7.3 
Hebgen Lake earthquake, which are still 
visible after more than 50 years. The geo-
logic interpretations are based on decades 
of geologic mapping and studies by dozens 
of earth scientists. Stop 5 will require walk-
ing on a half-mile trail that is normally de-
cent, but it may be muddy if wet; sturdy 
hiking shoes are recommended. 

 

The field trip begins at the Earthquake 
Lake Visitor’s Center in Madison Canyon. 
To reach the Visitor’s Center from West 
Yellowstone, drive north on Highway 191 
for 8.7 miles (14.0 km) and turn left (west) 
on Highway 287. Drive 20.2 miles (32.5 
km) west to the Madison slide and turn 
right (north) into the Earthquake Lake Visi-
tor Center. Follow the paved road to the left 
to the uppermost parking lot. Figure 1 
shows the field trip route. 

 

Stop 1—Upper parking lot 
at the Earthquake Lake 
Visitor Center.  

 

We are standing on top of the largest seis-
mically triggered landslide in North Amer-
ica to occur in historic times. An estimated 
28 million cubic yards of rock, weighing 60 
million tons, catastrophically slid into 
Madison Canyon from an area on the south 
canyon wall about 30 seconds after the 
strongest seismic shaking that accompanied 
the 11:36 p.m., August 17, 1959, Hebgen 
Lake earthquake. The leading edge, or toe, 
of the slide crossed the river and came to 

rest 400 feet (122 m) up the north canyon 
wall near our present location. Hadley 
(1964) estimated the final volume of the 
slide mass at 37 million cubic yards. The 
slide velocity was estimated at over 100 
miles per hour (161 km per hour), generat-
ing hurricane-force winds around the pe-
rimeter of the slide.  

 

The eastern edge of the slide covered part 
of the Rock Creek Campground, which was 
fully occupied, killing 26 people. The me-
morial boulder, just above where we are 
now standing, commemorates these vic-
tims. For those not directly in the slide 
path, the severe wind blast and a wave of 
thick, muddy water carrying trees, drift-
wood, and small rocks that was pushed 
ahead of the slide mass were the most de-
structive. The blast tumbled cars and trail-
ers outward away from the slide mass.  

 

If you look to the north up above our posi-
tion, the uppermost edge of the slide de-
posit is visible above the parking lot. You 
will notice that most clasts are pinkish-tan 
dolomite and that, looking southward back 
towards the main headscarp, most clasts are 
composed of dark-colored schist and 
gneiss. Looking across the river near the 
base of the headscarp, you can see the 
light-colored dolomite forming a prominent 
band trending westward along the lower 
part of the canyon wall. The dolomite dips 
steeply into the canyon and apparently 
formed a buttress that held the upslope 
mass of gneiss and schist in place. This 
dolomite buttress fractured and broke apart 
during the strong seismic shaking, allowing 
the gneisses and schists upslope to slide 

�orthwest Geology, v. 41, 2012, p. 71-82 The Journal of the Tobacco Root Geological Society 
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into the canyon. The slide mass moved as a 
coherent unit, evidenced by the band of 
dolomite from the bottom of the south can-
yon wall that is now distributed along the 
leading edge of the slide above the parking 
lot. Trees growing on the pre-slide canyon 
wall remain on the slide surface—many of 
their grey-weathered trunks aligned with 
the direction of slide movement are still 
visible.  

 

The Madison slide covered the canyon bot-
tom to a maximum depth of 220 feet (67 m) 
and dammed the Madison River to form 
Earthquake Lake. The following morning, 
emergency responders feared that the rising 
water in Earthquake Lake would overtop 
the dam if not controlled. Had this oc-
curred, it may have rapidly cut a new outlet 
channel, resulting in catastrophic flooding 
affecting the downstream populations.  
At the request of the Governor of Montana, 
the U.S. Army Corps of Engineers mobi-
lized a fleet of earthmoving equipment and 
began excavating an outlet channel across 
the top of the slide. Water began to flow 
through the new outlet on September 10th, 
24 days after the earthquake. The initial 
channel was too steep so work continued to 
excavate the spillway to a more stable con-
figuration 50 feet (15 m) lower. Total cost 
of the project was $1.715 million (U.S. 
Army Corps of Engineers, 1960). There is a 
bathtub ring of drowned trees that encircles 
Earthquake Lake above the current surface 
showing the maximum height of the origi-
nal lake and the extent of the outlet channel 
modifications. 

 

The Madison Fault lies just downstream of 
the slide at the mouth of Madison Canyon. 
This fault bounds the western side of the 
north-trending Madison range (through 
which Madison Canyon is cut) and is 
marked by fault scarps that offset late Pleis-
tocene deposits. There is a two-mile (3.2-

km) section of the Madison Fault just 
southwest of our position that moved dur-
ing the 1959 earthquake, producing a scarp 
up to three feet (0.9 m) high. There is no 
evidence of historic movement along the 
Madison Fault either north of Madison 
Canyon or near its southern terminus.  

 

The relatively minor movements on the 
Madison Fault together with measured 
changes in the land-surface elevation are 
shown in Figure 2 (Myers and Hamilton, 
1964). These coseismic elevation changes 
led to two competing theories to explain the 
subsurface faulting of the 1959 earthquake. 
In the so-called “dual basin concept”, Fra-
ser et al. (1964) argued that measured sub-
sidence in both the southern Madison Val-
ley and the Hebgen Lake Basin resulted 
solely from slip along their respective val-
ley-bounding normal faults, and that meas-
ured subsidence in the upper Madison Can-
yon near Beaver Creek resulted only from 
shaking-induced compaction of alluvial 
materials.  

 

In contrast, Myers and Hamilton (1964) 
argued that a deep-seated, east-west-
trending normal fault controlled the elon-
gate zone of measured subsidence extend-
ing from the southern Madison Valley east-
ward to the Norris Geyser Basin in Yellow-
stone National Park. Movement on this 
deeper fault resulted in a broad zone of sub-
sidence manifested at the surface by faults 
that developed along optimally-oriented 
bedding planes, and in regions lacking 
those, simple warping of the land surface. 
This so-called “single basin concept” sug-
gests that surface faulting along the Madi-
son, Hebgen, and Red Canyon Faults repre-
sents reactivation of existing structures; the 
southern part of the Madison Range sub-
sided along with the Madison Valley to the 
west and the Hebgen Lake basin to the east. 
The seismologically-determined orientation 
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of the 1959 earthquake fault plane (Ryall, 
1962; Dewey et al., 1973; Doser, 1985), the 
distribution of early aftershocks (Dewey et 
al., 1973; Doser, 1985), and later deforma-
tion in the Hebgen Lake Basin (Savage et 
al., 1985, 1993) all seem to favor the single 
basin concept. 

 

0.0  0.0 Reset odometer to zero here. Val-
ues indicate cumulative (left) and interval 
(right) mileage. 

 

0.3 0.3 Proceed to the Earthquake Lake 
Visitor Center entrance and turn left (east) 
on Highway 287. 

 

0.6 0.3 Cross the upstream edge of the 
Madison Slide. 

 

1.2 0.6 Bouldery deposit exposed in road 
cut mapped as Bull Lake Till 
(approximately 140,000 years old) by 
Myers and Hamilton (1964). 

 

2.5 1.3 Beaver Creek end moraine visible 
ahead on north side of Earthquake Lake. 

 

2.9 0.4 Highway 287 leaves the shoreline 
of Earthquake Lake. 

 

3.4 0.5 Remnant of the pre-earthquake 
highway on right is now used as a boat 
launch. 

 

4.4 1.0 Cross Beaver Creek. A re-leveling 
survey in 1964 determined 6-13 feet (1.8-
4.0 m) of earthquake-related subsidence in 
this area (Myers and Hamilton, 1964). 

 

4.8  0.4 Beaver Creek road on left. 

 

5.0 0.2 Refuge point on right. This hill is 
formed on the Beaver Creek moraine and is 
underlain by the Bull Lake Till. It was used 
as a gathering point for campers trapped 

between the Madison slide and the land-
slides that damaged the highway along 
Hebgen Lake. This point of refuge was 
high enough to escape the rising waters of 
Earthquake Lake and above the elevation of 
Hebgen Dam, making it a safe haven in the 
event that the dam might fail. 

 

5.7  0.7 Cabin Creek Campground on left. 

 

5.8 0.1 Cross Cabin Creek, turn left into 
Cabin Creek fault scarp exhibit. Park and 
gather at scarp exhibit sign. 

 

Stop 2—Cabin Creek 
scarp on the Hebgen 
Fault.  

 

The scarp crossing the Cabin Creek drain-
age is near the northern terminus of the 8-
mile (13 km) long Hebgen Fault. At this 
location, the lowest terrace along Cabin 
Creek, dated at 800-1,400 years (Van der 
Woerd et al., 2000), was offset 10.2 feet 
(3.1 m) by the 1959 earthquake. Southeast-
ward along the fault, directly behind the 
sign, the scarp is 17.4 feet (5.3 m) high. A 
7.2-foot (2.2 m) fault scarp existed at this 
location prior to the 1959 earthquake, so 
this scarp represents the combined offset of 
two large earthquakes.  

 

In 1990, the Hebgen Lake Paleoseismology 
Working Group, comprised of personnel 
from the U.S. Geological Survey, Montana 
State University, and Lawrence Livermore 
National Laboratory, teamed up to conduct 
paleoseismic studies of the Hebgen Lake 
and Red Canyon Faults. Trenching pro-
duced evidence for one pre-1959 earth-
quake that radiocarbon dates show to be 
older than 1,000 years (Pierce et al., 2000). 
Although still a very fresh scarp in geomor-
phic terms, Wallace (1980) measured modi-
fication of the 1959 scarp at Cabin Creek 
(and other locations) that resulted from 19 

STOP 2 
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years of weathering and erosion. He docu-
mented the upslope retreat of scarp crests 
and the lowering of average scarp angles 
from about 70° to slightly more than 40° in 
the center portion of the scarp face. 

 

6.1 0.3 Exit Cabin Creek scarp parking 
loop and turn left (east) on Highway 287. 

 

6.7 0.6 Hebgen Dam, on right, was dam-
aged by the 1959 earthquake but did not 
fail. The dam consists of an earthfill em-
bankment, outlet works which extend 
through the dam along the left abutment, 
and a spillway along the right abutment. 
The embankment is 721-feet long and up to 
85-feet high above original ground surface. 
It consists of rock and soil fill excavated 
from nearby hillsides that was dumped in 
place from rail cars without compactive 
effort. The concrete core wall is founded on 
rock, up to 122.5 feet below the top of the 
dam, and extends from the left abutment to 
a point about 50 feet left of the spillway 
structure. The remainder of the core wall is 
founded on natural alluvium/landslide de-
bris comprising the right abutment of the 
dam and about 15 feet below the spillway 
floor (U.S. Society on Dams, 2011).  
  
Earthfill on the downstream side of the 
concrete core slumped and settled up to two 
feet (0.6 m), and up to five feet (1.5 m) on 
the upstream side. The core wall cracked in 
several places, and a series of four seismi-
cally generated waves, or seiches, over-
topped the dam. They gullied the down-
stream face and damaged the old spillway 
beyond repair. Despite this extensive dam-
age, the Hebgen Dam remained functional. 
The Hebgen Fault is less than 250 yards 
upslope from the northeast dam abutment. 

 

7.6  0.9 Turn right into Building Destruc-
tion interpretive display area and park.  

 

Stop 3—Subsidence and 
landslides. 

 

We are standing on the pre-1959 highway. 
About 1,500 feet (457 m) to the northwest, 
a 350,000 cubic-yard landslide in alluvial 
fan and colluvial deposits removed a 525-
foot (160 m) long section of highway 287. 
The Hebgen Fault is less than 600 feet (183 
m) upslope from the headscarp of the land-
slide, which was triggered by strong seis-
mic shaking in the saturated, unconsoli-
dated sediments. A short trail down to the 
lakeshore leads to one of several cabins that 
were built along the shore of Hebgen Lake 
before 1959. This site sits on the hanging 
wall of the Hebgen Fault and the earth-
quake caused the lakeshore here to drop as 
much as 22 feet (6.7 m). The subsidence 
was greater near this location than along 
the lake’s southern reaches, the sudden 
drop in the water level caused large seiche 
waves to rush into this area. Seiches are a 
large wave that oscillated back and forth 
across the lake basin for 12 hours (Myers 
and Hamilton, 1964). The period of oscilla-
tion is estimated to have been 17 minutes 
between successive waves. The elevation of 
the first four waves was high enough to 
overtop Hebgen Dam. The initial waves 
washed several cabins built near this shore 
off their foundations. 

 

7.9  0.3 Exit Building Destruction interpre-
tive site and turn right (east) on Highway 
287. 

 

9.4 1.5 This new section of highway was 
built after the pre-1959 section failed and 
was inundated by lake waters. 

 

10.2  0.8 Park on right side of highway. 

 

 

 

 

STOP 3 
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Stop 4—Hebgen Fault at 
“Section 31 Site.”  

 

At this stop, we will examine the Hebgen 
Fault scarp where it crosses a small alluvial 
fan. The Hebgen Lake Paleoseismic Work-
ing Group named it the “Section 31 site” 
and trenched it in 2000 (Hecker et al., 
2000) and again in 2002 (Hecker et al., 
2002). Photographs of this scarp taken soon 
after the 1959 earthquake clearly show a 
compound fault scarp, with an older, 
rounded crest above the fresh scarp; evi-
dence that a pre-1959 earthquake had also 
offset the surface of this alluvial fan. The 
Working Group found evidence of two pre-
historic earthquakes. The penultimate 
earthquake occurred no more than 3,370 to 
3,840 years before the 1959 earthquake 
(Hecker et al., 2000) and the oldest event 
occurred 8,000 to 16,500 years ago 
(Schwartz et al., 2009). Surficial evidence 
for the oldest event has largely been re-
moved by retreat and modification of the 
1959 scarp. Stable isotope estimates of the 
age of the surface of the alluvial fan range 
from 11,000-15,000 years (Hecker et al., 
2002). 

 

Just to the east, a landslide has obliterated 
the 1959 scarp. Further to the east along the 
north side of Highway 287, the Mission 
Canyon Formation preserves a bedrock 
scarp in the footwall surface of the Hebgen 
Fault. A study describing cosmogenic chlo-
rine-36 dates of samples spanning the 
height of this bedrock scarp postulates that 
six earthquakes over the past 24,000 years 
incrementally exposed this bedrock scarp 
(Zreda and Noller, 1998). Zreda and 
Noller’s surprising result drastically overes-
timates the number of recent earthquakes 
recorded in the adjacent late Quaternary 
deposits and motivated the Hebgen Lake 
Paleoseismic Working Group to conduct 
their studies. Return to vehicles and con-
tinue east on Highway 287. 

13.8 3.6 The Great Unconformity 
(Cambrian Flathead Formation overlying 
Archean metamorphic rocks) is exposed on 
the hillside to left. Straight ahead, the nar-
rows connects the Grayling Arm to Hebgen 
Lake. The peninsula to the south is com-
posed of Bull Lake Till and represents the 
end moraine of the glacier that flowed 
westward from Yellowstone approximately 
140,000 years ago. 

 

15.5  1.7 Turn left (north) on Red Canyon 
road, U.S.F.S. road 681. 

 

18.2  2.7 Park at Red Canyon trail head. 

 

Stop 5—Red Canyon 
Fault scarp. This stop in-
cludes a 0.5 mile (0.8 
km) hike up the Red Canyon trail to view 
the Red Canyon Fault scarp. The trail is 
decent but may be muddy if wet; sturdy 
hiking shoes are recommended. This seg-
ment of the Red Canyon Fault ruptured in 
the 1959 earthquake, extending 13 miles 
(21 km) in an arcuate pattern. It trends 
northeastward near the west end of Kirk-
wood Ridge, southerly along the lower 
reaches of Red Canyon, turning eastward 
north of Grayling Arm, and finally south-
eastward to the boundary of Yellowstone 
Park. The Red Canyon Fault is unusual be-
cause the northwestern two-thirds of the 
fault trace cuts through mountainous terrain 
high on Kirkwood Ridge, and does not 
bound a structural basin except at its south-
eastern end. At our destination, where the 
Red Canyon Fault crosses Red Canyon 
Creek, the 1959 scarp is 19 feet (5.8 m) 
high with 14 to 15 feet (4.3-4.6 m) of dis-
placement. In this area, the fault faithfully 
follows the steeply dipping contact between 
the Mission Canyon and Amsden Forma-
tions (Witkind et al., 1964). The Red Can-
yon and Hebgen Faults are normal faults 
that are likely in the early stages of exten-
sion in this tectonic setting (Lageson, 

STOP 4 

STOP 5 
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2009). Hike back to parking lot and return 
to vehicles.  

 

20.9  2.7 Turn left (east) on Highway 287. 

 

21.7  0.8 Red Canyon Fault scarps are visi-
ble as a series of step faults trending east-
west on the slope to the north. 

 

23.4  1.7 Cross Grayling Creek.  

 

24.5 1.1 Crossing the 11,000-15,000 year 
old Grayling Creek alluvial fan (Haller et 
al., 2002). The Red Canyon Fault scarp is 
visible to the north. The Hebgen Lake Pa-
leoseismic Working Group excavated a 
trench at this site and found that the 1959 
earthquake reactivated a 66-foot (20-m) 
wide graben flanked by a 19.7-foot (6-m) 
high scarp in the footwall. There are anti-
thetic scarps that are 3.3 to 6.6 feet (1-2 m) 
high on the hanging wall (Haller et al., 
2000a, 2000b). Paleoseismic data indicate 
that one Holocene earthquake preceded the 
1959 earthquake; a the total alluvial fan 
surface displacement resulting from both 
earthquakes is only about 6.6 feet (2 m), 
after correcting for back tilting and graben 
development below the main scarp (Haller 
et al., 2002).  

 

25.6 1.1 Duck Creek Wye. Turn right 
(south) on Highway 191. The small rise in 
Highway 191 just north of this intersection 
is the Red Canyon Fault. A scarp of ap-
proximately five feet (1.5 m) offset the 
highway here in 1959. Surface rupture 
along the Red Canyon Fault continues 1.4 
miles (2.3 miles) southeastward before dy-
ing out close to the boundary of Yellow-
stone National Park. 

 

25.9  0.3 Cross Duck Creek. 

 

26.6  0.7 Cross Cougar Creek. After cross-
ing Cougar Creek, Highway 191 traverses a 

broad surface that is sloping very gently to 
the northwest. It is composed primarily of 
obsidian sand covering an area of about 97 
square miles (250 square km) to an average 
depth of 40 feet (25 m). The glassy sand 
was derived from obsidian rhyolite flows 
that erupted south and east of West Yellow-
stone shortly after Bull Lake glaciers re-
treated from the Hebgen Lake Basin 
(Richmond, 1964). Obsidian hydration-rind 
studies indicate that this broad alluvial 
plain was deposited during early the Pine-
dale glaciation, about 30,000 years ago 
(Pierce et al., 1976), as deposits of glacial 
outwash and glacial outburst floods (Pierce, 
1979) known as jökulhlaups. 

 

30.4  3.8 Cross Madison River. Nash 
(1984) used the fluvial terrace risers along 
this reach of the Madison River to develop 
a morphologic dating technique based on 
riser (or fault scarp) profiles. The remain-
der of the trip crosses the obsidian sand 
plain. 

 

34.3  3.9 Arrive at intersection of Yellow-
stone Avenue and Canyon Street in West 
Yellowstone. End of trip. 
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Geologist Ferdinand Vandeveer Hayden during the Yellowstone expedition, 

1871. Photo by William Henry Jackson. Courtesy 7ational Park Service.  
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Hayden’s 1871 map of Yellowstone. 
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Introduction 

 

The Centennial and Henry’s Mountains lie 

on the Montana-Idaho border and are, re-

spectively, E-W- and N-S-trending ranges 

located inside the Yellowstone tectonic pa-

rabola near the eastern margin of the Basin 

and Range Province (Figure 1). The Eocene 

rocks exposed in these ranges represent a 

deeply eroded Eocene volcanic field, which 

we informally refer to as the Sawtell Peak 

volcanic field (SP). This volcanic field is 

exposed in three areas, from west to east: in 

the Centennial Mountains, west of Mount 

Jefferson, and at Sawtell Peak and in the 

Henry’s Mountains near Mount Two Top 

(Figure 1). During the Eocene, this area lay 

just south of the Madison-Gravelly Arch, a 

N-S trending topographic high (Chetel et 

al., 2011). The SP lies between two of the 

largest Eocene volcanic fields in North 

America—the Absaroka and Challis Vol-

canic Fields, located ~80 km to the east and 

~120 km to the west, respectively.  

 

The Absaroka volcanic field was domi-

nated by composite volcanoes, was primar-

ily active ~55-44 Ma, and records composi-

�orthwest Geology, v. 41, 2012, p. 83-94 The Journal of the Tobacco Root Geological Society 
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Figure 1a. Reference map 

showing the distribution of 

Eocene volcanic centers in the 

Idaho-Montana-Wyoming 

area (after Moye et al., 1988), 

including the Sawtell Peak 

volcanic field (SP).   
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tions typical of subduction settings 

(Armstrong, 1991; Luedke, 1994; Bray, 

1999; Hiza, 1999; Feeley et al., 2002; 

Feeley, 2003; Feeley and Cosca, 2003; 

Lindsay and Feeley, 2003; Chandler, 2006). 

The Challis volcanic field, which is part of 

the Challis-Kamloops volcanic belt, con-

tains remnants of composite volcanoes and 

calderas, was active ~51–45 Ma, and re-

cords compositions interpreted to represent 

the opening of a window in the underlying 

subducted slab (Ekren and McIntyre, 1985; 

Lewis and Kiilsgaard, 1991; Norman and 

Mertzman, 1991; Luedke, 1994; Jellinek, 

1994; MacDonald et al., 1998; Breitspre-

cher et al., 2003; Feeley, 2003; Chandler, 

2006). Because of their location, the petrol-

ogy of SP rocks may yield useful insights 

into the petrotectonic history of western 

North America during Eocene time. 

 

Field Relations and Petrography 

 

The SP consists of a ~350-meter-thick se-

quence of dike-fed, shoshonite aa lava 

flows representing eruption of at least 40 

cubic kilometers of magma. These lava 

flows overlie local Paleozoic strata and are 

best exposed at Sawtell Peak (Figure 1). 

The Huckleberry Ridge (~2.1 Ma) and 

Lava Creek (~0.63 Ma) Tuffs, from the 

nearby Yellowstone Plateau volcanic field, 

onlap these rocks at lower elevations 

(Figure 1).  

 

The volcanic features and petrography of 

SP rocks are remarkably uniform—they 

consist almost exclusively of sequences of 

shoshonite aa flows that are one to ten me-

ters thick. These flows typically consist of a 

thin, lower breccia zone; a dense interior; 

and a thicker, upper breccia zone. Where 

slopes are steep the cross sections of indi-

vidual flow lobes are exposed. SP flows are 

sometimes vesicular or amygdaloidal; are 

crystal rich; contain euhedral clinopyroxene 

(cpx) phenocrysts and subhedral olivine 

(ol) phenocrysts that are commonly altered 

to iddingsite; and contain microlites of pla-

gioclase and Fe-Ti oxides (Figure 2). Mo-

Figure 1c. Annotated satellite image (taken from Google Earth) of the field trip route, starting at the junction of 

U.S. Route 20 and Sawtell Peak Road and ending on top of Sawtell Peak. The path is outlined in blue. The yellow 

numbers are the locations referred to below. 



85 

Moore et al.: Eocene igneous rocks, Centennial and Henry’s Mountains 

F
ig
u
re
 1
b
. 
G
eo
lo
g
ic
 m

ap
 s
h
o
w
in
g
 t
h
e 
d
is
tr
ib
u
ti
o
n
 o
f 
th
e 
E
o
ce
n
e 
S
P
 a
n
d
 s
u
rr
o
u
n
d
in
g
 u
n
it
s 
(O
'N
ei
ll
 a
n
d
 C
h
ri
st
ia
n
se
n
, 

2
0
0
4
).
 H
o
t 
p
in
k
 (
T
av
) 
–
 s
h
o
sh
o
n
it
es
 o
f 
th
e 
S
P
; 
th
ic
k
 b
la
ck
 l
in
es
 a
re
 d
ik
es
; 
‘S
’ 
in
d
ic
at
es
 s
ed
im
en
ts
. 
L
ig
h
t 
p
in
k
, 
so
m
e 
w
it
h
 

“v
” 
(T
h
ru
, 
T
h
r)
 –
 H
u
ck
le
b
er
ry
 R
id
g
e 
T
u
ff
. 
L
ig
h
t 
p
u
rp
le
 (
Q
lc
u
) 
u
p
p
er
 m
e
m
b
er
 o
f 
th
e 
L
av
a 
C
re
ek
 T
u
ff
. 
Y
el
lo
w
s 
(Q
al
, 
Q
ls
, 

Q
c,
 Q
ta
, 
Q
at
, 
Q
af
, 
Q
g
t,
 Q
g
o
) 
–
 S
u
rf
ic
ia
l 
d
ep
o
si
ts
. 
 O
th
er
 c
o
lo
rs
 a
n
d
 s
y
m
b
o
ls
 –
 P
re
ca
m
b
ri
an
 m
et
am

o
rp
h
ic
 a
n
d
 P
al
eo
zo
ic
 

se
d
im
en
ta
ry
 r
o
ck
s.
 

85 



86 

Moore et al.: Eocene igneous rocks, Centennial and Henry’s Mountains 

Figure 3 A-C. SP Compositional 

Variations. See page 88 for caption. 
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Figure 3 D-G. SP 

C om p o s i t i o n a l 

Variations. See 

page 88 for caption. 
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dal proportions are 61-69% groundmass, 

22-34% cpx, and 5-12% ol. Modal propor-

tions of clinopyroxene and olivine are in-

versely correlated, i.e., rocks with more cli-

nopyroxene contain less olivine. Three 

units contain phlogopite. The lava flows are 

cut by northwest-southeast trending vertical 

feeder dikes that are typically one to five 

meters thick. Some dikes have chilled mar-

gins, while others are surrounded by zones 

of hydrothermal alteration. Surface expo-

sures of the large dikes are 10-100 m long 

(Figure 1). 

 

No pyroclastic rocks or lahar deposits were 

observed. In a very few locations (indicated 

with an ‘S’ in Figure 1) there are small de-

posits of volcanic sediments between lava 

flows. Most are located in the voids of the 

upper breccia zone of flows. One deposit 

contains highly angular clasts up to one 

meter in diameter in a matrix of fine-

grained volcanic sediments; another deposit 

consists entirely of laminated, fine-grained 

volcanic sediments.   

 

Field relations and age dates suggest the 

lava flows were erupted during a very short 

period in the early Eocene. Three 40/39Ar 

age measurements were performed on the 

following samples: the oldest and youngest 

flows exposed at Sawtell Peak and the 

youngest flow from the area west of Mount 

Jefferson. The reported dates are unable to 

resolve a difference between the initiation 

and cessation of volcanism in the SP, sug-

gesting the flows erupted in a short period 

at ~50 Ma (Turrin, 2011). 

 

Composition and Petrogenesis 

 

Figure 3 shows the basic compositional 

characteristics of SP rocks. SP rocks are 

uniformly shoshonitic (K2O 2-5%), silica-

oversaturated, magnesian, and calc-alkalic 

(Figure 3a-d). SP compositions share many 

characteristics with compositions from the 

Absaroka and Challis volcanic fields, but 

they are most similar to those of the sho-

shonite series (Sunlight Group) from the 

Absaroka volcanic field (Moore et al., 

2010). Figure 3e shows that SP, Absaroka, 

 

Figure 3 (pages 86-87). SP Compositional Variations. Symbol key: Squares are from the SP – blue squares are 

samples from Sawtell Peak, yellow squares are samples from the Henry’s Mountains, and purple squares are sam-

ples from west of Mount Jefferson; circles are from the Absaroka Volcanic Field – red circles are from the sho-

shonite series, blue circles are from the calc-alkalic series; crosses are from the Challis Volcanic Field. For a full 

list of the references for the Absaroka and Challis compositional data see Moore et al. (2010). A) Total alkalis 

versus SiO2 IUGS classification diagram (Le Bas et al., 1991). B) SiO2 versus FeOtotal/(FeOtotal/MgO) diagram of 

Frost (2001), using the dividing line of Miyashiro (1974). C) SiO2 versus modified alkali-lime diagram of Frost 

(2001). D) SiO2 versus K2O using the dividing lines of Ewart (1982). E) Y versus Nb tectonic discrimination dia-

gram of Pearce (1984) showing that all SP samples plot within the volcanic arc field. F)  SP trace element concen-

trations normalized to the primitive mantle values of McDonough (1995) G) Rb versus Sc plot with a basic 

Rayleigh fractional crystallization model (solid line). For model parameters see Moore et al. (2010). 

Figure 2. Photomicrograph in crossed polar-

ized light of a Henry’s Mountain shoshonite 

(HM-1) showing euhedral clinopyroxene and 

subhedral olivine phenocrysts in a felty 

groundmass of plagioclase, Fe-Ti oxides, cli-

nopyroxene, olivine, and glass. 
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and early Challis compositions plot in the 

volcanic arc field, whereas late Challis 

compositions plot in the intraplate field. 

Figure 3f shows that SP compositions share 

the incompatible element enrichment and 

niobium depletion characteristic of subduc-

tion-related rocks. Both major and trace 

element variations in SP compositions are 

relatively small and do not follow straight-

forward liquid lines of descent. Basic 

Rayleigh fractionation modeling suggests 

that mixing of primitive and evolved mag-

mas was important in the genesis of SP 

compositions (Figure 3g). Based on major 

and trace element characteristics we infer 

that SP rocks are subduction related and 

evolved by mixing of magmas and frac-

tional crystallization of the observed 

phases. More detailed and comprehensive 

compositional modeling will yield addi-

tional insights into the petrogenesis of SP 

magmas and their relationship to magma 

genesis in the Absaroka and Challis Vol-

canic Fields. 

 

Road Log 

 

Exposure of and access to the Eocene vol-

canics and near-surface intrusive rocks in 

the SP is best along the road leading to 

Sawtell Peak, National Forest Road 024. 

This road is well-maintained and easily ac-

cessible in most vehicles. For a dirt road, it 

receives a lot of traffic, so when you stop to 

study the rocks pull to the side in an area 

where you can be easily seen from both di-

rections. Watch for cars while on the out-

crop. This field trip can easily be completed 

in half a day. 

 

0.0 miles  Road log mileages are measured 

from the junction of Sawtell Peak Road 

(National Forest Road 024) and U.S. Route 

20 (Lat: 44.5217°, Long: -111.3275°). You 

will stay on Sawtell Peak Road for the en-

tire trip. While you will be passing them, 

do not turn off onto any side roads, e.g., 

Strawberry Rd., Shadow Ridge Rd., Na-

tional Forest Roads 052 or 455, or Stamp 

Meadows Rd. 

 

2.0 miles Location 1 – The Lava Creek 

Tuff (Figure 1), which produced the Yel-

lowstone III caldera, is poorly exposed in 

the woods on either side of the road. This 

tuff overlies the Huckleberry Ridge Tuff, 

which is exposed at Location 3 and pro-

duced the Yellowstone I caldera. These 

units unconformably overlie and onlap the 

Eocene volcanics. 

 

3.8 miles Location 2 – As you drive by, 

you can begin to see Eocene volcanics in 

the float. Weathered surfaces of unaltered 

material are typically brown and smooth. 

Fresh surfaces of unaltered material are 

generally gray to black. Altered material 

commonly displays rounded weathering 

patterns and contains dark, euhedral clino-

pyroxene crystals and reddish olivine crys-

tals that have been altered to iddingsite in a 

devitrified, gray-purple matrix. 

 

4.1 miles Location 3 – The rounded boul-

ders and outcrops seen to the right (north) 

of the road are composed of Huckleberry 

Ridge Tuff. To view the best exposures in 

this unit, park on the small service road to 

the right and hike up the small hill. 

 

8.2 miles  Location 4 (Lat: 44.5494°, Long: 

-111.4233°) – Park on the outside bend of 

the road. On the inside bend there is a resis-

tant unit of shoshonite with subhorizontal 

cooling joints whose outcrop pattern is 

roughly linear and extends northwest-

southeast on both sides of the road. This 

dike is more difficult to identify than the 

other dikes on the map. This is a good place 

to take your first look at the petrography of 

these rocks. In almost every unit, euhedral 

clinopyroxene is abundant, olivine is less 

common, and plagioclase and Fe-Ti oxides 

are phases within the groundmass. 
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8.9 miles  Location 5 (Lat: 44.5514°, Long: 

-111.4351°) – Park uphill from the bend in 

the road, so that cars from both directions 

can see your parked vehicle in time to re-

act. Stay on the inside edge of the road and 

walk back down to the bend. Study the out-

crop on the inside of the bend. Notice two 

main features: the altered flow breccia near 

road level that locally contains sediment, 

and the three overlying lava flows. The 

sediment is fine grained and consists of 

small, rounded to subrounded grains similar 

to what is weathering from the lava flows 

today. Each of the overlying flows consists 

of a cliff-forming flow breccia top and a 

slope-forming interior. Presumably, the 

flow interior forms a gentler slope because 

it is jointed, allowing blocks to fall out 

quite easily. This is the usual weathering 

profile for the thin, unaltered flows that 

characterize the volcanic field. In contrast, 

thicker flows on steep slopes expose the 

entire cliff-forming unit, composed of flow 

breccias with massive interiors. A possible 

history for this area is: deposition and al-

teration of the road-level flow breccia; for-

mation of a small drainage; deposition of 

sediments in the voids and on top of the 

flow breccia; extrusion of the first lava 

flow, which deposited breccia clasts at the 

flow-front, then flowed over them, working 

those clasts down into the underlying sedi-

ment; and emplacement of the other two 

flows, which filled and overflowed the 

small paleodrainage. The current dip of the 

paleodrainage is about 15 degrees to the 

southeast. 

 

9.3 miles  Location 6 – As you drive past, 

notice the outcrops of Huckleberry Ridge 

Tuff on the side of the road. Here, the tuff 

thinly covers the Eocene volcanics. 

 

10.1 miles  Location 7 (Lat: 44.5567°, 

Long: -111.4384°) – Park in the pullout on 

the outside of the sharp bend in the road. 

This is a great spot for an overlook of Is-

land Park, but you can see more from the 

top so we’ll wait to describe what we see in 

the distance. As you walk up the right side 

of the road, notice the succession of flows. 

Figure 4 shows the contact between two 

flows.   

 

10.6 miles  Location 8 (Lat: 44.5593°, 

Long: -111.4463°) – Park on the outside of 

the sharp bend in the road. Observe the 

cross-section of the lava tube(s) in the road-

cut directly to the north, as shown in Figure 

5. Walk to the left (west) side of this out-

crop so that you can observe the stacks of 

flows exposed in the steep, west-facing 

slope to your north. Figure 6 shows a close-

up of a flow that crops out about a quarter 

of the way down the west-facing slope 

northwest of Sawtell Peak. 

 

11.5 miles  Location 9 (Lat: 44.5618°, 

Long: -111.4451°) – Once you reach the 

peak, park in the cleared area to your right 

(east). On a clear day, the views from this 

location provide an excellent overview of 

the geology of Island Park and the sur-

rounding areas. To the northwest you can 

see the Henry’s Mountains and Mount Two 

Figure 4. Photo of the contact between the 

lower part of a thin flow (that lacks a lower 

breccia zone) and the upper breccia zone of the 

underlying flow. 



91 

Moore et al.: Eocene igneous rocks, Centennial and Henry’s Mountains 

Top, where the eastern exposures of the SP 

are located. The ridgeline of Mount Two 

Top is formed by a dike. To the west you 

can see the Yellowstone Plateau, which is 

composed of large rhyolite flows that 

erupted in the Yellowstone III caldera. To 

the south you can see Ashton Hill and Big 

Bend Ridge, which form the southern and 

western rims of the Yellowstone I and II 

calderas. You can also see the Island Park 

dam and reservoir. To the southwest you 

can see the Spencer - High Point Rift Zone 

and much of the rest of the Eastern Snake 

River Plain. To the west you can see Mount 

Jefferson, beyond which lie the western 

exposures of the SP. If you walk north past 

the radar station you can see the succession 

of lava flows that form Sawtell Peak. Be 

careful; the slopes are very steep and the 

trail is rugged. If you walk far enough, you 

can see Henry’s Lake and the northwestern 

Henry’s Mountains, which are composed of 

Precambrian medium-grade metamorphic 

rocks and Paleozoic sedimentary rocks. 

 

Exploring other parts of the Sawtell 

Peak volcanic field 

 

The western portion of this volcanic field is 

exposed west of Mount Jefferson. To ex-

plore, follow these instructions: from the 

junction of Sawtell Peak Road (NF Road 

024) and U.S. Route 20, go south on U.S. 

Route 20 for 5.1 miles; turn right on Yale-

Kilgore road; after 11.9 miles turn right on 

NF Road 046; and drive about three miles 

to the gate. The best exposures of the Eo-

cene volcanics are on the west side of the 

drainage between you and the Continental 

Divide (just up from Blair Lake). NF Road 

046 is well maintained and can be traversed 

in most vehicles. Hiking from your vehicle 

to the top and back will require most of a 

day. A GPS unit will help you navigate the 

forested slopes near your vehicle. 

 

The eastern portion of this volcanic field is 

exposed in the Henry’s Mountains. To ex-

plore, follow these instructions: From the 

junction of Sawtell Peak Road (NF Road 

024) and U.S. Route 20, go north on U.S. 

Route 20 for 4.7 miles; turn right onto 

Meadow Creek Road (NF Road 060); after 

0.8 miles head straight onto Twin Creek 

Road; after 420 feet turn left (north) onto 

NF Development Road 061 (i.e., Mount 

Two Top Trail); and after 1.5 miles stay 

right on NF Road 061. Continue for about 

Figure 5. Photo of a cross-section of several 

lava flow lobes, each with a dense flow interior 

and a breccia carapace. Dashed lines indicate 

approximate flow boundaries. 

Figure 6. Photo of a typical SP aa flow showing 

the thin lower breccia zone, a dense interior, 

and thick upper breccia zone. 
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another six miles as this road winds its 

way into the heart of the Henry’s Moun-

tains; the best exposures of the Eocene 

volcanics are on the west side of Mount 

Two Top (the prominent ridge to your 

southwest). A dike runs the length of, and 

forms, Mount Two Top. NF Road 061 re-

quires a four-wheel-drive vehicle, particu-

larly when it is wet. Hiking from your ve-

hicle to Two Top, down the west face, 

then onto the road and back to your vehi-

cle will require a whole day. A GPS unit 

will help you find NF Road 061 on the 

west side of Two Top. 
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An early Yellowstone visitor. Courtesy 7ational Park Service. 
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Hendrix: Yellowstone Caldera and thermal features 

Yellowstone National Park contains the 

densest collection of active geothermal fea-

tures occurring anywhere on Earth, includ-

ing roughly one-half of the world’s active 

geysers. The heat driving these geothermal 

features comes from an active thermal 

plume under the Yellowstone Volcano that 

has produced three major caldera-forming 

eruptions over the past 2.1 million years, in 

addition to large outpourings of rhyolite 

and minor eruptions of basalt between ma-

jor caldera-forming events.  

 

The northwestern margin of the most recent 

caldera is exposed in western Yellowstone 

Park. The caldera collapsed 640,000 years 

ago following the eruption of the Lava 

Creek Tuff. Since then, the caldera has 

largely been filled in with younger rhyolitic 

volcanics. This one-day field trip focuses 

on these geologic features east and south of 

Madison Junction and also provides an in-

troduction to some of the active thermal 

features in the Norris and Upper Geyser 

Basins. A geologic map showing the field 

trip stops is provided as Figure 1 (modified 

from Christiansen, 2001). Radiometric 

dates are as reported by Christiansen 

(2001). 

 

0.0 miles (0.0 km): Start at West Entrance 

to Yellowstone National Park 

 

Beginning at the West Entrance, the West 

Entrance Road crosses glacial outwash 

overlying the Madison River Basalt (0.13-

0.40 Ma), one of several post-caldera 

flows. At 6.4 miles, the road enters a can-

yon and passes by good exposures of the 

Mount Jackson rhyolite (0.609 ±0.006 Ma), 

another of the pre-caldera flows. By 9.5 

miles, post-caldera rhyolite flows of the 

West Yellowstone Flow (.110 ±0.001 Ma) 

form the canyon wall to the south. The cal-

dera rim is less than a mile to the south 

along this stretch of the West Entrance 

Road, although it is largely covered by rhy-

olite flows of the Central Plateau Member, 

including the West Yellowstone Flow. 

 

11.5 miles (18.5 km): Madison Junction: 

proceed left toward Norris Geyser Basin 

 

Between Madison Junction and Gibbon 

Falls, the Grand Loop Road parallels the 

former margin of the caldera. The escarp-

ment forming the south face of Purple 

Mountain is the topographic expression of 

this segment of the caldera margin, which 

is covered nearly everywhere else by 

younger volcanic flows. Across the Gibbon 

River to the south is the Nez Perce rhyolite 

flow, one of several voluminous post-

caldera flows. We will examine parts of the 

Nez Perce Flow at Stop 4. 

 

Purple Mountain, located between Madison 

Junction and Stop 1, consists of Lava Creek 

Tuff (0.640 ±0.002 Ma) and is outside of 

the caldera. Christiansen and Blank (1972) 

subdivided the Lava Creek Tuff into an up-

per and lower member. Both members con-

sist mainly of densely welded ash flow tuff, 

and the two members are separated by a 

widespread air fall tuff of low density. In 

this part of Yellowstone, the Lava Creek 
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Figure 1: Geologic map of west central Yellowstone National Park, showing location of field 

trip stops (modified from Christiansen, 2001). 
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Tuff consists entirely of Member A, which 

is over 450 m thick and has an estimated 

initial volume of 510 km3 (Figure 2; 

Christiansen, 2001). Based on isopach 

trends, Member A likely erupted from the 

ring fracture system along this part of the 

caldera margin. 

 

13.3 miles (21.4 km): 

Stop 1: Tuff Cliff 

 

Tuff Cliff (Figure 3) is an exposure of the 

lower part of Member A. At this stop, the 

lower part of Member A consists of a low-

density ash flow breccia that has undergone 

vapor phase recrystallization. Several indi-

vidual ash flows can be distinguished in the 

lower cliff, and large pumice clasts are 

abundant.   

Continue east on Grand Loop Road. The 

Grand Loop Road passes several small road 

cuts of welded Lava Creek Tuff (Member 

A) before curving north near Gibbon Falls. 

About half a mile after turning north, the 

road climbs out of the Gibbon River Can-

yon up onto a flat surface formed by the top 

of the Lava Creek Tuff, here mantled by a 

thin cover of Quaternary alluvium.  

 

18.0 miles (29.0 km): 

Stop 2: Turn out loop on 

north side of road.   

 

From this vantage point, a prominent es-

carpment of Lava Creek Tuff is visible to 

the north, across the Gibbon River Canyon 

(Figure 4). This escarpment formed by col-

lapse of a large slump block of Lava Creek 

STOP 1 

Figure 2: Isopach map of Lava Creek Tuff, Member A (modified from Christiansen, 2001). Location of field trips 

stops 1 and 2 are highlighted in white. 

STOP 2 
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Tuff into the caldera shortly after it had col-

lapsed. The slump block formed by catas-

trophic subsidence of the caldera floor 

along the main ring-fracture zone, followed 

by inward slumping of the oversteepened 

caldera walls. The slump block is about 

five miles in length (east-west) and about a 

mile across (north-south) and it extends 

from the vicinity of Stop 2 westward to the 

region between Madison Junction and Tuff 

Cliff (Figure 1). 

 

Continue northward towards Norris Geyser 

Basin. From Stop 2, the Grand Loop Road 

drops off the slump block and re-enters the 

Gibbon River Canyon. The prominent can-

yon wall to the west consists of Member A 

of the Lava Creek Tuff. The east wall of the 

Gibbon River Canyon is the Gibbon River 

Flow (0.090 ±0.002 Ma). The road climbs 

slowly out of the Gibbon River Canyon and 

crosses Gibbon Meadows before traversing 

over a low ridge formed by both members 

of the Lava Creek Tuff. The tuff underlies 

the Norris Geyser Basin which is located 

several kilometers beyond the ridge. 

 

25.1 miles (40.4 km): 

Stop 3: Turn left (west) to 

Norris Geyser Basin 

 

The Norris Geyser Basin is located just out-

side the northwestern edge of the Yellow-

stone Caldera and is the most geologically 

unstable of Yellowstone’s thermal areas. 

North-trending faults of the Norris-

Mammoth corridor intersect the ring faults 

that define the caldera’s margin, providing 

a fracture network that extends deep into 

the subsurface. The fracture network allows 

deep thermal water to reach the surface at 

Norris Geyser Basin.  

 

Nearly every year, usually in August or 

September, thermal features across the ba-

sin undergo multiple simultaneous and gen-

erally temporary changes during a geother-

mal disturbance. Based on weekly sampling 

Figure 3: Tuff Cliff at Stop 1. Tuff Cliff is formed 

by the lower part of Member A and consists of at 

least two ash flows. Note the presence of large an-

gular pumice clasts. 

Figure 4: View to the north from Stop 2. The prominent escarpment consists of Member A of the Lava 

Creek Tuff and is the footwall of a large slump block that collapsed into the caldera shortly after it 

formed. Stop 2 is located on the slump block. 

STOP 3 
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and monitoring of eight different thermal 

features in Norris Geyser Basin in 1995, 

Fournier et al. (2002) concluded that the 

geothermal disturbance reflects a seasonal 

lowering of the water table that decreases 

the hydrostatic pressure in deep, super-

heated water sources under the geyser basin 

and promotes mixing of different water 

sources within the plumbing system of the 

basin.  

 

Based on chemical and isotopic analysis, 

Fournier et al. (2002) suggested that the 

deepest source of thermal water in Norris 

Geyser basin is 0.5 mile (0.8 km) or more 

below the surface, clear blue, and >270 de-

grees C, although some estimates exceed 

300 degrees C. Situated above this hot wa-

ter is a reservoir of cooler water, estimated 

to be <250 degrees C. Relative to the water 

below it, this reservoir is acidic and cloudy 

because of suspended clay derived from 

altered volcanic rocks. The top layer is 

dominated by meteoric water derived from 

surface runoff. 

 

Fournier et al. (2002) concluded that lower-

ing of the water table during the geothermal 

disturbance causes superheated water at 

depth to flash to steam, and promotes mix-

ing between acidic, cloudy water from in-

termediate depths and clear blue water from 

the deeper reservoir. This mixing causes 

acidic, muddy water to discharge from ther-

mal features that normally are dominated by 

the clear blue water from the deeper reser-

voir. Other changes in the basin’s thermal 

features that have been observed during 

past geothermal disturbances include tem-

perature fluctuations, more frequent geyser 

eruptions, more vigorous boiling of some 

hot springs, and temporary conversion of 

some springs to fumaroles. 

 

Proceed south along the Back Basin board-

walk to Pearl Geyser, a good example of a 

fountain geyser that has undergone signifi-

cant changes in water chemistry and hydrol-

ogy over the past several decades. In 1969, 

Pearl Geyser contained relatively clear, blue 

water reflecting the presence of dissolved 

silica colloids. During a particularly strong 

geothermal disturbance in August, 2003, 

Pearl Geyser lost its surface water and be-

came a fumarole. Photographs of the geyser 

in 2008 show that it was bluish and milky, 

indicating that it contained dissolved silica 

as well as larger solid particles of sus-

pended silica. 

 

Continue west along the boardwalk to Pork-

chop Geyser, the site of a hydrothermal ex-

plosion in 1989. Hydrothermal explosions 

occur as superheated water in the subsur-

face flashes to steam, causing explosive 

ejection of overburden and the development 

of a crater. Such explosions can occur due 

to seasonal or climate-related decreases in 

hydrostatic pressure related to water table 

lowering or seismic energy. Although the 

Porkchop Geyser hydrothermal explosion 

was relatively small, much larger explosion 

craters have been documented along the 

northern margin of Yellowstone Lake, in-

cluding Indian Pond (0.4 km diameter), 

Turbid Lake (1 km diameter), and Mary 

Bay (2.4 by 2.8 km), which may be the 

world’s largest recognized hydrothermal 

explosion crater. 

Figure 5: Pearl Geyser in 2008; the milky color of 

the thermal water indicates that it has suspended 

silica colloids. 
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The 1989 hydrothermal explosion of Pork-

chop Geyser was preceded by significant 

changes in the behavior and hydrology of 

the feature during the prior two decades 

(Fournier et al., 1991). Between 1960 and 

1971, Porkchop Geyser was an unobtrusive 

vent a few centimeters across from which 

thermal water occasionally seeped. Begin-

ning in 1971, infrequent eruptions began to 

occur, with spouts of water rising up to 

about 5 m. Presumably the transition from a 

thermal spring to a geyser resulted from 

precipitation of silica within the geyser vent 

and the development of a constriction. Ad-

ditional silica precipitation and vent con-

striction caused the frequency of eruptions 

to increase, and by 1985 the geyser had de-

veloped into a perpetual spouter that pro-

duced a loud roar and formed a jet of ther-

mal water about 9 m high. 

 

The hydrothermal explosion occurred dur-

ing the early afternoon of September 5, 

1989, when the spout height more than 

doubled for several seconds before the gey-

ser exploded. The explosion propelled large 

fragments of sinter outward as far as 60 m, 

leaving a crater about 11.5 x 13 m across 

and over one meter deep. The explosion 

likely resulted from sudden release of pres-

sure as part of the constriction gave way, 

reducing the confining pressure on super-

heated water within the geyser’s plumbing 

system and leading directly to the explo-

sion. 

 

Return to bus by continuing clockwise 

around the Back Basin to the parking lot. 

 

From Norris Geyser basin, backtrack to 

Madison Junction. Reset odometer at Madi-

son Junction and proceed south on the 

Grand Loop Road. 

 

0.5 miles (0.8 km): Stop 

4: Turn right (west) into 

one-way Firehole River 

Canyon drive; continue to a small pull-out 

on left at 1.3 miles. 

 

Collectively, the post-caldera rhyolite flows 

were so voluminous that they have filled in 

much of the youngest caldera. Forty indi-

vidual post-caldera rhyolites across Yel-

lowstone have been mapped, ranging in 

size and shape from relatively small domes 

less than 2.6 km2 in area to gigantic flows 

exceeding 260 km2 (Christiansen, 2001). 

Most are so large that it is difficult to ap-

preciate their overall shape from the 

ground. The biggest individual flows are 

about 32 km across and nearly 300 m thick. 

Figure 6: Porkchop Geyser with surrounding debris field from 1989 hydrothermal explosion. 

STOP 4 
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Vent locations have been determined by 

mapping flow boundaries and flow lines 

formed perpendicular to the direction of 

lava movement (Figure 1). Weathering of 

the rhyolite has produced thin, nutrient-

poor soil unable to support diverse tree spe-

cies. As a result, Yellowstone’s forests con-

sist almost exclusively of lodgepole pine 

(Pinus contorta) and are susceptible to 

large wildfires. 

 

The first post-caldera rhyolites to erupt be-

long to the Upper Basin Member and range 

in age from 0.516 to 0.486 Ma. These flows 

were followed by emplacement of several 

relatively small rhyolite domes and the 

eruption of basalt flows, ranging in age 

from 0.399 to 0.151 Ma.   

 

Massive outpourings of rhyolite forming 

the Central Plateau Member of the Plateau 

Rhyolite took place between 0.165 and 

0.070Ma – the age of the most recent erup-

tions from the Yellowstone Volcano. Dif-

ferences in composition between Upper 

Basin Member and Central Plateau Mem-

ber rhyolites, combined with the lack of 

widespread volcanism between the two 

members, suggest that rhyolites of the Cen-

tral Plateau Member may represent the start 

of a new eruptive cycle of the Yellowstone 

Volcano. 

 

Among the two largest flows in the Central 

Plateau Member are the Nez Perce Creek 

Flow and the West Yellowstone Flow, both 

of which are exposed in the Firehole River 

Canyon. The Nez Perce Creek Flow 

erupted 0.160 ±0.002 Ma from a vent in the 

Mary Mountain region and traveled over 19 

km west, reaching just beyond the Firehole 

River at Stop 4 (Figure 1). 

 

The West Yellowstone Flow erupted 0.108 

±0.001 Ma from a vent near the southwest-

ern edge of the caldera and flowed about 24 

km to the northeast, reaching nearly all the 

way to what is now Madison Junction 

(Figure 1). The western end of the Nez 

Perce Creek Flow impeded the progress of 

the West Yellowstone Flow. 

 

The front of the West Yellowstone Flow 

forms the canyon wall on the far (west) side 

of the Firehole River at Stop 4. The pat-

terns visible on the canyon wall were 

formed by mixing of the moving lava along 

the flow front and formation of hyaloclas-

tite by hydrothermal alteration along per-

meable zones within the lava. 

 

Rocks exposed along the east (left) side of 

the road provide superb views of the inter-

nal structure of the Nez Perce Creek Flow, 

including interlayering of flow-banded and 

autobrecciated rhyolite (Figure 7). About 

75 m up the canyon from the pullout are 

angular clasts of black obsidian encased in 

a light-colored, ash-rich matrix. The fact 

that the clasts are made of obsidian sug-

Figure 7: Interstratification of flow-banded and 

autobrecciated rhyolite in the Nez Perce Creek Flow 

at Stop 4. 
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gests that the lava cooled very rapidly, and 

the angularity of the clasts suggests that 

this process was violent enough to brecciate 

the quenched lava. Perlite, hydrated obsid-

ian preserved as masses of BB-sized spher-

ules, also is common at Stop 4 (Figure 8), 

suggesting that the Nez Perce Creek Flow 

may have encountered a body of cold water 

or glacial ice at this point. 

 

Similar perlite forms a sheath along the 

eastern margin of the West Yellowstone 

Flow at the Little Firehole Meadows, Buf-

falo Meadows, and Lower Geyser Basin 

(Christiansen, 2001). At those locations, the 

flow also contains several odd reentrants 

(Figure 1), suggesting that the lava may 

have encountered lobes of glacial ice. Cos-

mogenic dating of erratic boulders in the 

Yellowstone region (Licciardi et al., 2001; 

Licciardi and Pierce, 2008) suggests that 

the Bull Lake glaciation had reached its 

maximum advance as little as 12,000 years 

before the West Yellowstone Flow erupted, 

permitting the interpretation that there may 

have been ice lobes remaining from the 

Bull Lake glaciation during the eruption. 

  

From Stop 4, return to Grand Loop Road 

and proceed south. 

 

 

Mile 10.4 (16.7 km): Stop 

5, small pullout on east 

side of road just beyond 

the turn-off to Midway Geyser Basin.   

 

Stop 5 provides a good view of the Biscuit 

Basin Flow (Figure 9), one of two rela-

tively small post-caldera flows belonging to 

the Upper Basin Member. The Upper Basin 

Member predates the massive rhyolite out-

pourings of the Central Plateau Member. 

The Biscuit Basin Flow is dated at 0.516 

±0.007 Ma and is the first recognized vol-

canic rock to have erupted after the Lava 

Creek Tuff and caldera collapse. The Bis-

cuit Basin Flow vent is approximately 1.6 

km northeast of Stop 5.  

 

Flow banding is well developed at the base 

of the Biscuit Basin Flow at Stop 5. The 

flow banding contrasts with fragmented 

and brecciated rhyolite at the top of the ex-

posure, indicating that the upper surface of 

the flow had started to cool and solidify 

while the hotter interior behaved plasti-

cally. In several places there are centime-

ter-scale recumbent folds in the flow band-

ing (Figure 10); larger meter-scale folds 

also are present though less obvious. 

 

The Biscuit Basin Flow at Stop 5 also con-

tains abundant spherical lithophysae, likely 

formed from vapor-phase precipitation of 

Figure 8: Perlite in rhyolite of the Nez Perce Creek 

Flow at Stop 4. 

Figure 9: The Biscuit Basin Flow at Stop 5. 

STOP 5 
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finely crystalline minerals on the interior of 

gas bubbles formed in the lava. Note that 

the lithophysae are absent in the dark gray 

rhyolite at the base of the outcrop on its 

southern end but increase in abundance up-

ward, reflecting the decrease in pressure at 

higher levels within the flow. 

 

Abundant clear or white oligoclase feldspar 

crystals also characterize the lowest parts of 

the flow. Gansecki et al. (1996) demon-

strated that the ages of individual crystals 

in Upper Basin Member rhyolites vary 

widely despite similar appearance and co-

occurrence. Termed xenocrysts (from 

Greek for ‘stranger’), many of the crystals 

were interpreted by Gansecki et al. (1996) 

to have been derived from older rhyolites 

forming the vent walls that the magma 

passed by during the eruption, rather than 

forming from the cooling melt directly. 

Abundant perlite also characterizes the 

lower part of the Biscuit Basin Flow at Stop 

5. 

 

From Stop 5, continue south on Grand 

Loop Road 

 

15.8 miles (25.4 km): Stop 6:  Upper Gey-

ser Basin. Take the Upper Geyser Basin 

exit and follow the signs to 

Old Faithful Lodge and 

Old Faithful. 

Located in the upper reaches of the Fire-

hole River drainage, the Upper Geyser Ba-

sin contains a wide variety of geothermal 

features, including Old Faithful, Yellow-

stone’s most famous geyser. Start at the 

Visitor Center and proceed to the board-

walk surrounding Old Faithful Geyser. 

 

Old Faithful Geyser was named on Septem-

ber 18, 1870, by members of the 

Washburn-Langford-Doane expedition. It is 

a good example of a cone geyser in which 

siliceous sinter surrounding the vent forms 

a cone, and a constriction in the vent causes 

thermal water to be erupted as a vertical jet. 

The constriction of the vent is produced by 

precipitation of amorphous sinter spicules 

on the vent interior. The spicules are elon-

gate and grow inward, forming a palisade-

style fabric that resists destruction by the 

erupting thermal water. Ongoing precipitat-

ing of sinter in the geyser conduit can 

change the style and frequency of eruptions 

and ultimately seal the conduit altogether, 

causing the geyser to become inactive. The 

presence of inactive sinter mounds in the 

vicinity of Old Faithful suggests that cone 

geysers similar to the currently active gey-

ser existed here recently. 

 

Episodic geyser eruptions like those of Old 

Faithful are produced by heated groundwa-

ter and are a function of the shape of the 

geyser conduit. Too little water in the 

plumbing system will result in a fumarole, 

whereas too much water or insufficient heat 

will produce a thermal spring. A constric-

tion that delays the escape of steam to the 

surface is needed for pressure to build 

enough to initiate an eruption.  

 

Following an eruption, a geyser’s plumbing 

system is refilled by the thermal water 

draining back into the vent, by lateral flow 

from shallow groundwater, and from up-

ward circulation of thermal water from 

greater depths. As the plumbing system re-

Figure 10: Recumbent folds in the lower part of the 

Biscuit Basin Flow at Stop 5. 

STOP 6 
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fills, hydrostatic pressure causes superheat-

ing of thermal water to beyond the boiling 

point. As the superheated water circulates 

upward and hydrostatic pressure decreases, 

some of it turns to steam which rises in the 

plumbing system, heating cooler water at 

shallower depths and escaping out the gey-

ser’s vent. Some of the steam can become 

trapped at constrictions within the conduit. 

As the size of the steam bubble grows, 

some of the overlying water is forced out 

of the vent, lowering the confining pressure 

in the conduit below. The pressure decrease 

causes superheated water in the shallower 

parts of the plumbing system to boil, initi-

ating the main eruption as water and steam 

are forced past the constriction. The escape 

of this water in turn lowers pressure at 

greater depths within the main reservoir, 

causing superheated water there to flash to 

steam and sustaining the eruption until in-

sufficient water remains or the temperature 

drops enough to prevent further mass boil-

ing. 

 

Between 1983 and 1994, Hutchinson et al. 

(1997) lowered a video camera, thermome-

ters, and pressure gauges down the upper-

most portions of Old Faithful geyser’s con-

duit. They found that Old Faithful’s con-

duit is dominated by a single, east-west, 

mostly vertical opening. It contains a con-

striction roughly 10.5 cm wide and no 

more than two meters long at a depth of 

about 6.4 m. Hutchinson et al. interpreted 

the constriction to be a choke point and es-

timated that during the peak of an eruption, 

thermal fluids move past the choke point at 

about 70 m per second or 253 km per hour 

(157 miles per hour). 

 

Although widely regarded as perhaps the 

most predictable geyser on Earth, both 

long-term and short-term variations in 

eruptive behavior of Old Faithful Geyser 

have been observed. Hurwitz et al. (2008) 

correlated the eruptive interval over multi-

year periods with the discharge of the 

Madison River, to which the Firehole River 

is a tributary. During years when flow in 

the Madison River is high, more water is 

available to fill the plumbing system, in-

creasing hydrostatic pressure and resulting 

in more frequent eruptions. During low-

flow years, less water is available, decreas-

ing hydrostatic pressure and leading to less 

frequent eruptions. Seasonal variations in 

runoff also affect the eruptive interval. The 

longest intervals typically occur in the 

spring and summer, during and after peak 

runoff when cooler water infiltrates the 

system. The shortest eruptive intervals oc-

cur in the fall and winter when warmer wa-

ter infiltrates the plumbing system and the 

thermal water there heats more quickly.  

 

Earthquakes also have affected the eruptive 

behavior of Yellowstone’s geysers. Old 

Faithful’s eruptive interval increased im-

mediately after the 1959 Hebgen Lake 

earthquake (Marler, 1964) and again after 

the 1983 Borah Peak earthquake in Idaho 

(Hutchinson, 1985). Variations in eruptive 

behavior related to earthquakes likely result 

from physical alteration of the plumbing 

system or conduit or both as sediment or 

rock is dislodged and affects the circulation 

of thermal water. 

 

From Old Faithful, proceed east across the 

footbridge and onto the boardwalk towards 

Pump Geyser (Figure 11). Pump Geyser is 

a good example of a fountain geyser in 

which hot water erupts from an open pool 

and splashes back into and around the vent. 

This process produces the surging eruption 

characteristic of Pump Geyser and rapidly 

refills the geyser conduit, typically within a 

few seconds. Although much of the water 

flows back into the vent following each 

surge, some flows into the surrounding 

moat or runs off in a small stream that 

passes under the boardwalk.  
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The thermal water erupting from Pump 

Geyser is about 86 degrees C and supports 

a community of thermophilic archaea and 

bacteria. Chlorophyll and carotenoid com-

pounds in the microorganisms produce the 

bright colors of the sinter in the geyser pool 

and the stream draining away from it. Dis-

tinct color zonations of the sinter result 

from the specific temperature tolerances of 

the different thermophiles. 

   

Sinter morphologies around Pump Geyser 

vary depending on their proximity to the 

vent and the runoff stream produced by the 

geyser. Complete submergence or constant 

wetting of sinter produces a botryoidal 

(globular) habit. This habit is formed by 

elongate silica spicules oriented perpen-

dicular to the growth surface. The spicules 

form a palisades-type structure similar to 

that observed in the conduits of fountain 

geysers. More unusual are the small mush-

room-like knobs that occur around the rim 

of the geyser’s vent and within and along 

the small stream of water running from the 

geyser. The knobs form from episodic wet-

ting and drying of their upper surface. 

Sinter precipitates more rapidly there than 

on the narrower columns underneath which 

are constantly wet.  

 

From Pump Geyser, proceed northward 

along the boardwalk to Doublet Pool, a 

good example of a thermal spring. The 

deep blue color of the thermal water is par-

ticularly striking. Although water has a 

natural blue color due to preferential ab-

sorption of red wavelengths within the visi-

ble spectrum, the more intense blue color of 

Doublet Pool is caused by Rayleigh scatter-

ing of the blue portion of the visible spec-

trum by silica colloids in the water. The 

longer molecular chains of silica (between 

0.1 and 0.5 µm) are particularly effective at 

scattering blue wavelengths of light.  

 

The water below the surface in the deepest 

parts of Doublet Pool also appears to shim-

mer faintly, similar to the way that salt or 

sugar water poured into a glass of freshwa-

ter produces a shimmering as the different 

density fluids mix and the refractive index 

varies. In Doublet Pool, local variations in 

the amount of dissolved silica alter the re-

fractive index in the turbulently-circulating 

fluid to produce the shimmering.  

 

The white crust protruding into Doublet 

Pool from its margins is characteristic of 

many thermal springs. The lower surface of 

the crust is approximately level with the 

water surface and is constantly wet. In con-

trast, the top of the crust is usually dry and 

slopes slightly away from the edge of the 

Figure 11: Pump Geyser, a good example of a foun-

tain geyser. 

Figure 12: Doublet Pool. The striking blue color is 

produced by Rayleigh scattering of silica colloids in 

the water. 
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pool. Numerous lobe-shaped protrusions 

characterize the crust, which extends from 

the pool edges out and over the water sur-

face about ten cm. The tips of the lobes are 

bright white, whereas the crust a few centi-

meters away from the water’s edge weath-

ers to gray. Further away from the water’s 

edge, the crust is covered by loose sediment 

weathered from the surrounding ground 

surface. Examining similar crusts in hot 

springs from Yellowstone, Braunstein and 

Lowe (2001) found that the crust is lami-

nated and very porous, and that seasonal 

changes in air temperature altered the rate 

of precipitation. Sinter precipitation rates 

were highest in the fall, winter, and spring 

and lowest in the summer, consistent with 

the observed inverse relationship between 

the temperature of the thermal water and 

silica concentration. 

 

Time permitting, other examples of thermal 

features can be viewed by continuing 

around the Upper Geyser Basin boardwalk. 

Return to bus. 

 

End of field trip.   

 

Return to West Yellowstone via Grand 

Loop Road to Madison, then west on West 

Entrance Road. 
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Introduction 

 

An intricate geologic story for Montana’s 

Centennial Valley has been quietly assem-

bled by many of our geologic colleagues 

over the past few decades. As with any 

truly good story, it gets better with time. 

Recent work has emphasized the topog-

raphic expression of Holocene faults and 

the evolution of major, Late Pleistocene 

faults which bound and transect the valley 

and Centennial Range to the south. Obser-

vations of F.E. Petrik (2010) introduce sev-

eral features to be seen and discussed on 

this trip:  “The present Centennial Moun-

tains are subdivided into two stratigraphi-

cally different blocks by the Odell Creek 

normal fault. The eastern Centennial Moun-

tains are interpreted as the upthrown block 

of the Odell Creek normal fault exposing 

Precambrian and Paleozoic rock along the 

northern face of the range. The western 

Centennial Mountains are interpreted as the 

downthrown block of the Odell Creek nor-

mal fault exposing Cretaceous and younger 

rocks. Both eastern and western segments 

of the Centennial Mountains are then offset 

along the range-bounding Centennial nor-

mal fault. Offset along the Centennial nor-

mal fault started approximately 2.1 Ma as 

evidenced by the displacement of the 2.1 

Ma Huckleberry Ridge tuff. It is believed 

that prior to the emplacement of the 2.1 Ma 

Huckleberry Ridge tuff, the Centennial 

Mountains had minimum to no surface re-

lief. The majority of offset along the Cen-

tennial normal fault has occurred within the 

Late Pleistocene with estimated slip rates of 

0.65-0.82 mm/yr. Late Pleistocene surface 

offsets along the Centennial Mountains 

have an average of 9.1-9.6 meters with 

similar offsets seen along the eastern and 

western segments.” 

 

The road log presented here, between miles 

18.5 and 62.9, is condensed from a detailed 

log prepared by W.J. McMannis and Fred 

Honkala for the Billings Geological Soci-

ety’s (“BGS”) 11th annual field conference 

in 1960. Their log has been updated and 

annotated to include new stops for inspec-

tion and discussion. The reader/traveler is 

encouraged to track the BGS log as well. 

Note: there are no services for the next 100 

miles (82 miles are unpaved); be sure your 

tank is topped-off and spare tires ready. 

 

Road Log - The field trip route and planned 

stops are shown on Figure 1. 

 

Leave West Yellowstone and drive west on 

State Highway 20.   

 

Set Odometer to 0.0 at the junction of State 

Highways 287 and 20. Turn west and stay 

on Hwy 20 for 13 miles. 

 

9.0 Targhee Pass. Cross the Continental 

Divide and enter Idaho. 

 

13.0 Junction of Hwy 20 and Hwy 87. 

Turn RIGHT (NW) on Hwy 87. The high-

way eventually wraps around the north 

shore of Henry’s Lake. Black Mountain, 

rising north and east above the lake, is un-

derlain by Lower Proterozoic metamorphic 

rocks. 

 

18.5 Junction of Hwy 87 and Henry’s 

Lake Drive (US Forest Service Road 055). 

�orthwest Geology, v. 41, 2012, p. 109-116 The Journal of the Tobacco Root Geological Society 
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Compilers of road log and references 



110 

Cox and Sherwin: Centennial Valley road log 

F
ig
u
re
 1
. 
R
o
u
te
 L
o
ca
ti
o
n
 M
ap
 f
o
r 

th
e 
C
en
te
n
n
ia
l 
V
al
le
y
 
R
o
ad
 
L
o
g
. 

A
p
p
ro
x
im
at
el
y
 
1
0
0
 
m
il
es
 
ea
st
 
to
 

w
es
t;
 e
ig
h
t 
F
ie
ld
 T
ri
p
 S
to
p
s 
n
o
te
d
. 



111 

Cox and Sherwin: Centennial Valley road log 

F
ig
u
re
 2
. 
E
as
te
rn
 C
en
te
n
n
ia
l 
V
al
le
y
 B
as
em
en
t 
In
te
rp
re
ta
ti
o
n
 M
ap
. 
 M
o
d
if
ie
d
 f
ro
m
 S
h
ee
t 
4
 b
y
 J
.D
. 
S
ch
o
fi
el
d
 i
n
 S
o
n
d
er
eg
g
er
 e
t 
al
. 
(1
9
8
2
).
  
F
ie
ld
 

S
to
p
s 
1
-4
 a
re
 s
h
o
w
n
. 



112 

Cox and Sherwin: Centennial Valley road log 

The BGS road log mileage here is 14.05 

[sic]. Turn LEFT (SW). There are rhyolite 

outcrops and boulders for the next six 

miles.  They are locally lithophysal, which 

is likely to have formed during the flow 

from vapor-phase precipitation of finely 

crystalline material on the interior of gas 

bubbles in the lava (Hendrix, M., this vol-

ume). 

 

24.4 Junction of Henry’s Lake Drive and 

USFS Road 053 (Red Rock Road), STAY 

RIGHT (SW) toward Red Rock Pass. Road 

name changes from Red Rock Road to Red 

Rock Pass Road. 

 

29.0 STOP 1: Red 

Rock Pass, Elev. 7,150 

feet. This is a mature ero-

sional surface with a terminal moraine in 

the timber at left. This is the eastern margin 

of the complex faulted terrain of Centennial 

Valley including the Alaska Basin, a base-

ment depression that was geophysically 

interpreted (Figure 2). Cross the Continen-

tal Divide and re-enter Montana.   

 

32.8 Roadcuts to the left are composed 

of rhyolite. 

 

33.4 We are travelling parallel to a 

young fault scarp on the left. 

 

34.0 At 3:00 there is a NW-trending fault 

offsetting the rhyolite. 

 

34.4 Up-faulted remnant of an erosional 

surface in front of Paleozoic cliffs of the 

Centennial Range. Peaks of the Snowcrest 

Range are at 1:00. 

 

35.8 Boundary of Red Rock Lakes Mi-

gratory Waterfowl Refuge. 

 

36.5 Junction of USFS Road 053 and Elk 

Lake Road, STAY LEFT (south). To the 

left are Precambrian carbonate strata which 

have been contorted and silicified. Road 

name changes to County Route 509 (South 

Valley Road). 

 

37.0 STOP 2: This stop 

is on the trace of a suspect 

normal fault which forms 

the linear north shore of Upper Red Rock 

Lake. The high escarpment ahead (south) is 

a west-northwest trending strand (?) of the 

Centennial fault. Note the terminal mo-

raines of small valley glaciers at the base of 

the Range. On aerial photos, some of these 

moraines appear to override beach lines of 

an old Pleistocene Red Rock Lake.   

 

38.8 Cross Tom Creek. 

 

42.4 STOP 3: Upper 

Lak e  C ampg round .  

Lunch. 

 

45.4 Cross Odell Creek. 

 

45.8 STOP 4: Junction 

of County Road 509 and 

Odell Creek Road. This is 

on the down-thrown block of the Odell 

Creek-Elk Creek fault and is underlain by 

Cretaceous Frontier Formation. Triassic 

and Permian rocks (including phosphorites 

of the Phosphoria Formation) form the crest 

of Sheep Mountain on the up-thrown block 

on the skyline to the southeast. This field 

trip will not follow the phosphate mine side 

trip noted in the BGS road log. Continue 

STRAIGHT, westward toward Monida. 

 

46.0 Lake View. Headquarters for Red 

Rock Lakes Migratory Waterfowl Refuge. 

 

47.0 Baldy Mountain, elev. 9,889 feet, to 

the left. It is composed of Cretaceous sedi-

ments overlain by Tertiary volcanics. 

Lower Red Rock Lake is at 2:00. 

 

47.6 Landslide from 10-12:00 developed 

STOP 1 

STOP 2 

STOP 1 

STOP 4 
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along the Centennial fault. This fault scarp 

is characteristically unstable and there are 

many landslides evident along the fault be-

tween here and Monida. 

 

48.9 Views of Baldy Mountain, left, for 

about the next mile. Note volcanic neck on 

spur to left of peak. 

 

54.1 Young scarp along Centennial fault 

expressed by local steepening at base of 

slope, 9:00. 

 

56.0 Slump along scarp at left. 

 

57.1 STOP 5: Small 

knob at 2:00 has outcrops 

of suspect pillow basalts 

underlain by two or more rhyolite flows. 

These strata are dipping steeply northward 

toward the center of the Centennial Valley. 

Outcrops north and east of Stop 5 may be 

offset segments of this volcanic sequence.   

 

58.6 Aspen-covered hills to left are in 

Cretaceous (Colorado Group) rocks, which 

are folded into the Peet Creek Anticli-

norium. 

 

59.3 Note southwest-dipping slopes off 

flanks of folds in Cretaceous rocks at 9:00. 

 

60.4 Scarp cuts stream deposits at mouth 

of small creek at 9:00. 

 

62.9 STOP 6: Junction 

of Blacktail-Deer Creek 

Road 202. The road log 

turns northward here on Price Lane, crosses 

Red Rock River, and makes two stops on 

the northern side of the Centennial Valley 

before arriving at I-15 at Lima. Persons 

wishing a more direct route to the paved 

road can continue westward. That route fol-

lows the trace of the Centennial fault for 

2.6 miles, then traverses alluvial fan depos-

its and the Beaverhead Formation for an-

other 6.4 miles to I-15 at Monida. 

From Stop 6, TURN RIGHT (north) across 

the Centennial Valley. The Snowcrest 

Range is straight ahead. This valley is typi-

cal of many intramontane structural basins 

in Southwestern Montana. It is far too large 

to have been formed by the westward-

flowing Red Rock River, and contains rem-

nants of larger Pleistocene lakes that once 

occupied it. Pleistocene and Recent sedi-

ments cover the valley floor and may over-

lie older Tertiary volcanics. 

 

66.0 Price Lane turns left. STAY RIGHT 

on Road 202.  

 

66.2 Bridge over Red Rock River. Snow-

crest Range ahead. Antone Peak is the 

highest point on skyline. From 9 to 12:00, 

the range crest is underlain by rocks of the 

Cretaceous Beaverhead Formation in a 

broad syncline resting unconformably on 

older rocks. 

 

66.5 Junction of Blacktail-Deer Creek 

Road 202 and North Valley Road 204. Turn 

LEFT (NW) and stay on Road 202 – the 

TRGS trip leaves the BGS trip at this junc-

tion. 

 

67.1 Road 202 makes a 90-degree turn 

northward. 

 

70.6 Road 202 makes a 90-degree turn 

westward. For the next ~2.6 miles, the road 

follows the contact between Quaternary 

alluvial fan deposits (left) and Beaverhead 

Formation rocks (right). 

 

70.9 Cross First Wolverine Creek. 

 

71.8 Cross Second Wolverine Creek. 

 

72.7 Cross Sandy Creek. 

 

73.2 Pass Sandy Creek Road on right. 

STAY ON ROAD 202 which bends south-

west. 

 

STOP 5 

STOP 6 
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74.5 Junction. Blacktail-Deer Creek 

Road 202 turns westward. TURN HARD 

LEFT (south) on Road 205 toward Lima. 

 

75.0 Cross main channel of Clover 

Creek. 

 

76.0 Road 205 makes a 90-degree turn 

westward. 

 

76.2 STOP 7: Head-

scarp and discussion of 

Lateral Spread flanking 

the Lima Reservoir. Along the north side of 

Lima Reservoir, there are a number of land-

slides on the hills flanking the Centennial 

Valley, and on the gently sloping valley 

floor. Bartholomew et al. (2002) interpret a 

large area (at least 5.5 km in the east-west 

direction and about 5 km from north to 

south) as a low-angle landslide or lateral 

spread that was most likely associated with 

liquefaction of valley sediments during 

strong seismic shaking accompanying a 

large earthquake. A headscarp, with right-

angle bends and up to 20-foot high offsets, 

defines the top of the lateral spread where it 

cuts the alluvial fan gravels of Clover 

Creek. The lateral spread obliterates the 

geomorphic expression of the Lima Reser-

voir fault where the fault trends into the 

landslide mass. An unusual linear drainage 

with perpendicular branches is roughly col-

linear with the Lima Reservoir fault and 

may reflect its presence below the slide 

mass. The lower part of the landslide clos-

est to Lima Reservoir is underlain by Pleis-

tocene lacustrine deposits that have a 

“churned” appearance in aerial photo-

graphs; these lacustrine sediments may 

have played a crucial role in the movement 

of the lateral spread. A trench excavated 

across the Lima Reservoir fault in 1986 

provides evidence for six earthquakes that 

ruptured at the surface during the late Qua-

ternary (Bartholomew et al., 2002). 

 

Continue on Road 205 for approximately 

8.4 miles, crossing Shineberger Creek and 

Trail Creek en route. Beaverhead Forma-

tion rocks are north of the road; Quaternary 

lake deposits and Lima Reservoir are to the 

south. Most of this distance is on or near 

the trace of the landslide headwall. 

 

84.5 STOP 8: Contin-

ued discussion of the 

Lima Reservoir lateral 

spread. From here, a USDI Bureau of Land 

Management guide will lead a 3/4 mile 

round-trip walking traverse to the Merrell 

Paleontology / Archaeology site. Note: visi-

tors are welcome to examine and photo-

graph (but not touch) any fossils and arti-

facts that may be exposed. These items are 

protected under the Antiquities Act and it is 

important that they be preserved. 

 

Donald Merrell, a lifelong resident of Lima, 

Montana, discovered fossil bones at Lima 

Reservoir and brought them to the attention 

of the Bureau of Land Management in 

1988. Since then, the Merrell Site has been 

the focus of several paleontologic and ar-

chaeologic investigations (Hill and Davis, 

2005). Site stratigraphy is comprised of 

Late Pleistocene alluvium, lacustrine, and 

debris flow sediments overlain by colluvial 

soils. Researchers have identified over 19 

species of Pleistocene fauna including a 

mammoth, scimitar cat, horse, Yesterday’s 

camel, and a Trumpeter swan. This was the 

first trumpeter swan fossil found in Mon-

tana. Finite radiocarbon (C14) dates for 

these fauna range from ca. 49,000 to 19,000 

years BP. The Merrell Site has yielded 

fewer than 100 plains paleoindian artifacts 

including four stone tools. Sadly, a reliable 

chronology of the artifacts has been com-

promised by bioturbation and erosion. 

 

Return to vehicles, continue westward on 

Road 205. 

  

STOP 7 

STOP 8 
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92.9 Four-way intersection. BEAR 

RIGHT (westward) and stay on Road 205. 

 

98.4 Lima, Montana. US I-15 junction is 

0.5 miles south (left).  

 

End of Road Log. 
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Tourists at Old Faithful Inn, 1922. Courtesy 'ational Park Service. 
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Introduction 

 

The initiation and early evolution of the 

intermontane basins of southwestern Mon-

tana is a subject of considerable contro-

versy. Particularly disputed issues include: 

1) the timing of the initial formation of the 

basins; 2) the mechanisms responsible for 

the formation of accommodation space for 

sediment accumulation, in particular the 

importance of active normal faulting rela-

tive to erosional incision; 3) the existence 

of Paleogene paleotopography and its influ-

ence on the nature of basin sedimentation; 

4) temporal changes in basin tectonics, cli-

mate, and volcanism and their influence on 

sedimentary depositional environments and 

accommodation space; and 5) the relation-

ship of intermontane basins to the underly-

ing geology and the influence of earlier 

events, such as late Cretaceous orogeny and 

igneous intrusion, on Cenozoic basin evolu-

tion.  

  

Previously proposed models for Cenozoic 

basin formation fall into three distinct cate-

gories:  

 

1) Models which assume that modern ba-

sins had a direct Paleogene ancestor and 

that active normal faulting was an impor-

tant, probably dominant, factor in the evo-

lution of intermontane basins and the for-

mation of accommodation space (Fields et 

al., 1985; Hanneman, 1989, 1991; Ruppel, 

1993).  

 

2) Models which propose a two-phase de-

velopment of intermontane basins. In the 

first phase, a largely featureless, tectoni-

cally inactive volcanic plateau was situated 

between surrounding volcanic highlands 

during the Paleogene (Challis-Absaroka-

Lowland Creek volcanic centers). During 

the second phase, this low-relief plateau 

was dissected, first by a major middle Mio-

cene tectonic event, which formed a re-

gional angular unconformity and northeast-

trending half-grabens, and later by north-

west-trending normal faults related to uplift 

along the flanks of the Yellowstone hotspot 

(Sears, 1995; Sears et al., 1995; Sears and 

Fritz, 1998; Sears and Thomas, 2007). 

 

3) Models similar to the second class, but 

which recognize distinct sub-basins, gener-

ally correlated to late Cretaceous orogenic 

and igneous remnants within a larger Paleo-

gene basin system. In this model, differen-

tial erosion, climate change, volcanic flows, 

and drainage disruption were major influ-

ences on the basin evolution of a complex 

but tectonically inactive Paleogene basin 

(Rothfuss et al., 2012; Lielke, 2010; Roth-

fuss, 2010).  

 

This trip will examine the early Cenozoic 

geologic record of the Timber Hill area. 

�orthwest Geology, v. 41, 2012, p. 117-138 The Journal of the Tobacco Root Geological Society 
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Figure 1. Map showing road log stops in Upper Ruby River Valley. 
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Figure 2. Map showing road log stops and radiometric age dates in Timber Hill area. 
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Local stratigraphy consists of Archean 

basement; middle Eocene Lower Dillon 

volcanic rocks; a basal conglomerate unit 

informally referred to here as the Spring 

Brook conglomerate; the Climbing Arrow, 

Dunbar Creek and Passamari Members of 

the late Eocene to early Miocene Renova 

Formation; and the Neogene Sixmile Creek 

Formation. The Timber Hill area presents 

several features of interest relevant to the 

Paleogene history of southwestern Mon-

tana. In particular, the existence of Paleo-

gene paleotopography and the nature of the 

basal Renova sediments and their relation 

to Archean basement and Eocene volcanics 

will be examined.  

 

The purpose of this field guide is to exam-

ine the localities listed above that are rele-

vant to the interpretation of early Cenozoic 

basin evolution. Preferred interpretations, 

which reflect the opinions of the authors, 

will be offered in the hope that they will 

clarify the issues involved and the evidence 

required to test them, provoke discussion of 

possible alternatives, and encourage further 

research. 

 

Itinerary and Methodology 

 

This field trip will start at Dillon, Montana, 

and travel over the Sweetwater and Ruby 

roads to the Ruby Reservoir in the Upper 

Ruby River Valley. The roads are mostly 

unpaved. Most stops will be along the main 

road; however, the field trip will venture 

off the main road in the Timber Hill area to 

visit several key outcrops (Figure 1). The 

stops on this road log can all be viewed 

from a vehicle, but several stops also in-

clude optional walking trips to observe im-

portant outcrops firsthand. All road and 

walking stops have been located in the field 

with a handheld GPS and these coordinates 

(in UTM units) are provided in Appendix 1 

as an aid to navigation.  

Road Log – Dillon to Ruby Reservoir  

 

Meet at a convenient location in Dillon. 

Proceed to Beaverhead County High 

School just past the intersection of Helena 

and Atlantic Streets and drive east on 

Thompson Avenue. Proceed four blocks 

and then turn left onto Oliver Lane. Take 

the first right onto Sweetwater Road and 

drive east toward the Ruby Range. The 

road log proper will start at an overview of 

the Timber Hill locality. Cenozoic geology 

along the Sweetwater Road to the southern 

Ruby Range mostly involves Neogene to 

recent normal faulting and related sedimen-

tation (Sears et al., 1995); however, at some 

points remnant surfaces of an Archean 

basement unconformity can be seen. This 

surface appears to continue to the east, 

where it underlies sediments of the Paleo-

gene Renova Formation. North of the 

Sweetwater Road near Sweetwater Pass, an 

Eocene basalt flow (41.5 ± 0.9 Ma age 

from K/Ar) directly overlies this erosional 

surface (Sears et al., 1995; Fritz et al., 

2007).  

 

Approximately 10 miles southeast of 

Sweetwater Pass, the road abruptly bends 

toward the north and descends a steep hill. 

The road log proper begins just before this 

steep descent.  

 

Mileage 

 

Stop 1 – Overview of 

Timber Hill locality 

(Figure 2). Turn out to the 

left where jeep track intersects main road. 

This locality provides a good overview of 

the Timber Hill area. Sweetwater Creek has 

cut a narrow canyon through which the 

main road passes. The post-Middle Mio-

cene history of this area is dominated by 

the interplay between a northeast-trending 

Neogene paleovalley, which parallels the 

Cretaceous Snowcrest/Greenhorn thrust 

STOP 1 
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system, and a younger system of northwest-

trending normal faults related to deforma-

tion along the flanks of the Yellowstone 

hotspot. For a more comprehensive discus-

sion of the late Cenozoic history and strati-

graphy of this area refer to the road log of 

Sears et al. (1995) - Stop #5 of this earlier 

road log corresponds to the current locality. 

  

Proceed downhill toward ranch buildings. 

 

0.1 Gray outcrop forming low scarp to 

the left is a terrestrial hot spring or lacus-

trine limestone deposit (Ripley, 1995).     

 

0.3 Ranch buildings to left at base of 

hill. Cross Sweetwater Creek at bridge.  

 

0.7 Archean outcrops are present along 

the road. Archean basement here is overlain 

by the Big Hole Member of the Neogene 

Sixmile Creek Formation. Whole rock K/

Ar age dates, ranging from 4.2 ± 0.2 to 6.3 

± 0.2 Ma, have been reported from basalt 

flows within the Sixmile Creek Formation 

(Marvin et al., 1974; Fritz et al., 2007). 

These lava flows are likely related to explo-

sive caldera volcanism in the Heise vol-

canic field of eastern Idaho, which pro-

Figure 3. Overview of Timber Hill area look-

ing south. Numbers correspond to road log 

stops in figure 2. Tb = Timber Hill Basalt (~6 

Ma). 
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duced voluminous felsic tuffs in addition to 

lesser amounts of basalt. Specifically, these 

basalt flows closely correspond in age to 

the ~4.3-Ma Kilgore tuff and the 6.3- to 

6.5-Ma Walcott tuff (Pierce and Morgan, 

1992; Anders et al., 2009). Basalt flows 

further south near Timber Hill may corre-

spond to the eruption of the ~6.0-Ma Co-

nant Creek tuff (Morgan, 1992; Anders et 

al., 2009). These age dates, and their close 

correlation to known caldera eruptions in 

the Heise volcanic field, suggest that multi-

ple individual basalt flows are present in 

this area and that these flows are geneti-

cally related to Yellowstone hot spot vol-

canism.    

 

1.2 Stop 2 – Virginia 

Springs Gulch. Stop at 

turnout along right shoul-

der of road (Figure 3). To the south of the 

road, Virginia Springs Gulch cuts through 

sediments of the Sixmile Creek Formation. 

A gentle dip slope of about 6-Ma Timber 

Hill basalt caps the flat-topped hills to the 

southwest. The Sweetwater normal fault 

offsets the Timber Hill basalt flow, which 

is also bisected by Sweetwater Creek Can-

yon. Field trip will eventually proceed up 

this gulch. To the north of the road is a cliff 

composed of Archean basement buried by 

Sixmile Creek sediments and later exposed 

by the down-cutting of Sweetwater Creek. 

This Archean knob represents Paleogene 

paleotopography related to the erosional 

surface exposed along Sweetwater Pass to 

the west. This Archean outcrop can be vis-

ited provided that caution is exercised 

while crossing the road. When finished, 

return to vehicles and continue east along 

main road.  

 

1.5 Fries Place: old ranch buildings.  

 

1.7 Intersection with Spring Brook 

Road. Turn right and take Spring Brook 

Road past gates and corrals. You may need 

to open and close these gates when area is 

being used for grazing.  

 

2.2 Road forks – take right (west) fork. 

Note small forested hill to right front. This 

hill is composed of Spring Gulch conglom-

erate, an informal unit at the base of the 

Paleogene sedimentary section. To the 

northeast, Archean basement is present at 

the base of the deep canyon cut by Sweet-

water Creek (Figure 4). Middle Eocene 

Lower Dillon volcanic rocks form the coni-

cal hill on the skyline and the prominent 

cliffs above the Archean basement rocks. 

 

At the base of the hill directly to the east 

are lacustrine shales and limy mudstones 

belonging to the Passamari Member of the 

Renova Formation. Passamari playa lake-

beds onlap the Eocene volcanics to the 

northeast. The Neogene Sixmile Creek For-

Figure 4. Spring Gulch looking northeast. A = 

Archean, Tv = Eocene volcanics, Trp = Renova 

(Passamari Member), Tsa = Sixmile Creek 

(Anderson Ranch Member), Tsb = Sixmile 

Creek (Bighole Member), Qal = Quaternary 

alluvium. 

STOP 2 
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mation overlies the Renova sediments. 

Cross-bedded tephras of the Anderson 

Ranch Member form the prominent white 

bluffs about halfway up the hill. Well-

rounded fluvial conglomerate of the Big 

Hole Member overlies these tephras and 

forms the treeless and barren hill tops.   

 

2.4 Stop 3 – Spring 

Gulch Conglomerate. 

Stop along fence line and 

proceed on foot toward bluffs near top of 

small hill. This unit is composed predomi-

nately of crudely cross-bedded to horizon-

tally bedded coarse sandstone and con-

glomerate. Individual clasts are almost ex-

clusively composed of angular to sub-

rounded cobbles of Archean felsic gneiss in 

a matrix of weathered Archean material. 

Crossbeds and imbricated cobbles indicate 

flow from the north-northwest (N09W). 

This unit is interpreted to be the proximal 

portion of an alluvial fan sourced in the Ar-

chean rocks of the southern Ruby Range.  

 

The age of the deposit is uncertain, but 

based on its stratigraphic position and clast 

provenance it appears to be at least middle 

Eocene in age. A lack of exotic cobbles and 

reworked Renova mudstone differentiates 

this unit from typical Sixmile Creek con-

glomerates. No obvious Eocene volcanic 

lithologies are present, suggesting that this 

unit predates the emplacement of Lower 

Dillon volcanic rocks. If this age assess-

ment is correct, then this high energy allu-

vial fan suggests the presence of significant 

relief in the southern Ruby Range during 

early Paleogene time. The early Miocene 

playa lakebeds of the Passamari Member 

directly onlap Eocene volcanics at the head 

of Spring Gulch, implying the dominance 

of subaerial erosion, not deposition, prior to 

this time.  

      

 

Similar basal conglomerates, dominated by 

local bedrock lithologies and lacking 

younger sedimentary clasts, have also been 

described from the southern Tobacco Root 

Mountains to the east (Lielke, 2008a) and 

the northern Boulder basin to the north 

(Rothfuss et al., 2008; Rothfuss et al., 

2012). Recent provenance studies, employ-

ing both detrital zircon analysis and tradi-

tional methods, also suggest the presence of 

relict paleotopography during deposition of 

the Renova Formation (Lielke, 2008b; 

Lielke, 2010; Rothfuss, 2010; Rothfuss et 

al., 2012).  

 

2.7 Return to vehicles and continue 

along road over the hill towards Virginia 

Springs Gulch. Proceed through gate. This 

road cuts up section through Sixmile Creek 

Formation sediments.  

 

3.0 Driving through white, cross-

bedded tephra deposits of the Anderson 

Ranch Member of the Sixmile Creek For-

mation. Generally treeless hills above 

Anderson Ranch are composed of well-

rounded fluvial conglomerates of the Big 

Hole Member of the Sixmile Creek Forma-

tion.  

 

3.2 Proceed through gate and downhill 

into Virginia Springs Gulch. Small rounded 

hill to right across fence line is composed 

of Big Hole conglomerate. Flat topped hills 

on skyline are held up by ~6.0-Ma Timber 

Hill basalt flow. This flow, sourced in 

Idaho, traveled down a long-lived north-

east-trending paleovalley and was later cut 

and tilted by a series of northwest-trending, 

down-to-the-east normal faults (Sears et al., 

1995). Sweetwater Creek follows one of 

these later grabens which crosscut the Mio-

cene Ruby paleovalley (Sears et al., 1995).  

 

4.0 There are impressive cliff exposures 

of the Anderson Ranch Member of the Six-

STOP 3 
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mile Creek Formation along the left side of 

the road. Whole rock K/Ar age dates on 

rhyolite tuff from this locality range from 

16.7 ± 0.3 Ma at the base of the section to 

10.2 ± 0.4 Ma in the upper cliff exposures 

(Fritz et al., 2007). These age dates would 

bracket eruptive activity from the 15-16 Ma 

McDermitt volcanic field in southeastern 

Oregon to the ~10-Ma Picabo volcanic 

field in east-central Idaho. In particular, the 

~10.2-Ma age date corresponds closely to 

the eruption of the Blackfoot Caldera that 

deposited the widespread Arbon Valley tuff 

(10.34 ± 0.01 Ma at Arbon Valley, ID; 

10.41 ± 0.02 at Grand Valley, ID; 10.3 ± 

0.6 Ma at Jackson Hole, WY – dates from 

Anders et al., 2009). The ~16.7-Ma age 

date suggests that deposition in the Ruby 

paleovalley probably began during, or im-

mediately after, the begin-

ning of extension associ-

ated with the outbreak of 

the Yellowstone hot spot 

around 17 Ma in the Mid-

dle Miocene. The Ander-

son Ranch Member varies 

greatly in thickness de-

pending on its original po-

sition in the Miocene Ruby 

paleovalley.   

 

4.2 Continue along 

main road. Side road to the 

right leads to old ranch 

building along Virginia 

Springs Creek. Rounded 

cobble hills along right 

side of road are Big Hole 

Member sediments located 

in the hanging wall of the 

Sweetwater normal fault. Sixmile Creek 

Formation sediments are in fault contact 

with Archean basement and Renova sedi-

ments in the footwall of the Sweetwater 

fault. Prominent cliff along west side of hill 

(benchmark 6,607 feet), which can be seen 

in the distance, is composed of Archean 

basement. The Sweetwater fault offsets 

Timber Hill basalt on skyline to the west.  

 

4.5 Stop 4 – Buttress 

unconformity. Stop along 

main road where white 

Renova Formation sediments can be seen 

past outcrops of the Big Hole conglomerate 

along the west side of main road (Figure 5). 

Proceed on foot to Renova Formation out-

crops. The Sweetwater fault separates Big 

Hole Member conglomerates in the down-

dropped hanging wall from Archean base-

ment and Renova Formation sediments in 

the uplifted footwall. The Renova Forma-

tion passively onlaps the Archean base-

ment, which can be seen in the cliff imme-

diately to the west of this location. These 

Figure 5. Buttress unconformity at Virginia 

Springs looking southwest. The Renova sedi-

ments onlap Archean basement in the footwall 

of the Sweetwater normal fault. Archean spur 

represents Eocene topography exposed by the 

modern erosion of Renova sediments. 

STOP 4 
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relations provide further evidence that the 

Timber Hill area was an area of positive 

relief gradually buried by the encroaching 

Renova Formation during the early Paleo-

gene.  

  

In the Timber Hill area, there is no evi-

dence of fault movement between the 

Renova Formation and any of the older 

rocks it overlies; therefore this contact 

probably represents a buttress unconform-

ity. Renova sediments slowly buried an Eo-

cene or older erosional surface whose origi-

nal topography is gradually being revealed 

by modern erosion and normal faulting. On 

the hill to the east of the road, a rhyolite 

shard in the Renova Formation yielded a K/

Ar age date of 39.2 ± 3.0 Ma providing a 

maximum age date for the Renova at this 

location (Fritz et al., 2007). The Renova 

sediments onlapping basement here appear 

to be older than those at the entrance to 

Spring Brook, where the early Miocene 

Passamari Member onlaps Eocene volcan-

ics. This suggests that the unconformity at 

the base of the Renova is diachronous even 

over short distances.  

Return to vehicles and continue along main 

road. 

 

5.0 Road forks – take right (west) fork 

and proceed toward Virginia Springs.  

 

6.3 Stop 5. Virginia Springs overlook. 

Stop along turnout just before road heads 

down hill toward Virginia 

Springs, the green marshy 

area along the base of 

Timber Hill. Walk to top of small hill for 

overview of area (Figure 6). The flat-

topped, forested hill to the west is named 

Timber Hill and is topped by the Timber 

Hill basalt flow. A whole rock K/Ar age 

date of 5.9 ± 0.2 Ma was obtained from the 

basalt flow near the steep north edge of 

Timber Hill (Fritz et al., 2007). This age 

closely corresponds to the reported K/Ar 

age of 5.99 ± 0.06 Ma for the Conant Creek 

tuff of the Heise volcanic field (Morgan, 

1992; Anders et al., 2009) suggesting a 

possible genetic relationship.  

 

Immediately to the north, Archean base-

ment is exposed in the cliff directly to the 

east of Virginia Springs Creek. Rolling to-

pography between here and this hill is 

Renova Formation onlapping exhumed Pa-

leogene topography developed on the Ar-

chean basement. About a mile to the south, 

a K/Ar date of 19.2 ± 0.4 Ma was obtained 

Figure 6. Buttress unconformity looking north. 

Sixmile Creek sediments (Ts) and Timber Hill 

basalt formerly covered Renova (Tr) and Ar-

chean rocks in axis of Miocene Ruby paleoval-

ley. 

STOP 5 
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from a rhyolite tuff near the top of the ex-

posed Renova section at an elevation about 

500 feet higher than the current locality 

(Fritz et al., 2007). This gives a rough esti-

mate of the amount of Renova sediment 

removed by recent erosion. The Sweetwater 

fault cuts across the hill to the northeast 

near location of Stop #4. The smaller hill to 

the south is also formerly buried Archean 

basement which will be visited at next stop. 

On the skyline to the north and east are Six-

mile Creek outcrops, including prominent 

white tephras of the Anderson Ranch Mem-

ber, in the hanging wall of the Sweetwater 

normal fault.  

 

Proceed downhill toward Virginia Springs. 

Caution – the road beyond this point is nar-

row and of poor quality especially when 

wet. You may wish to skip, or visit on foot, 

the weathered Archean gneiss at mileage 

marker 6.8. An alternative route to Stop #6 

is to return to the fork in the road at mile-

age marker 5.0 and then take the east fork 

of the main road.  

 

6.6 Road forks past creek crossing. 

Take left fork and proceed through tall 

sagebrush towards exposed outcrops of Ar-

chean basement rocks on small hill directly 

to the east. 

 

6.8 Weathered felsic gneiss is exposed 

along the road at this location. This small 

basement spur is another example of relict 

paleotopography slowly being exposed as 

erosion strips away overlying Renova sedi-

ments. Since this outcrop has been uncov-

ered relatively recently, the high degree of 

weathering likely reflects Paleogene subae-

rial exposure and provides further evidence 

of an extensive area of pre-Renova relief in 

the southern Ruby Range. Proceed uphill to 

the intersection with the main road.  

 

 

7.0 Across fence line, bluffs on skyline 

are composed of a relatively complete sec-

tion of Sixmile Creek Formation in the 

hanging hall of the Sweetwater normal 

fault.  

 

7.3 Stop 6 – Over-

view of Timber Hill area. 

From the top of this hill, 

the gross structure of the Timber Hill area 

can be easily seen. The main structural ele-

ment is the northwest-trending Sweetwater 

normal fault which tilts Timber Hill south-

west and uplifts it relative to the lower, flat-

topped hill directly to the northeast. Both of 

these hills are capped by the ~6.0-Ma Tim-

ber Hill basalt flow which serves as a use-

ful regional datum (Sears et al., 1995; Sears 

and Thomas, 2007). Other remnants of this 

flow can be seen offset and tilted by related 

northwest-trending normal faults towards 

the south in the direction of the Blacktail 

Deer Creek drainage (Sears et al., 1995). 

The Sweetwater fault cuts the eastern edge 

of “Hill 6607” and obliquely crosses the 

main road roughly following the line of low 

hills to the east of the road.  

 

The higher hills in the background, within 

the down-dropped hanging wall of the 

fault, are composed of sediments of the 

Sixmile Creek Formation. The white, cliff-

forming Anderson Ranch Member is a use-

ful visual cue which broadly outlines the 

hanging wall area of the fault. In the foot-

wall of the Sweetwater fault, Renova For-

mation sediments form the low rolling to-

pography in the immediate foreground. Re-

cently exhumed remnants of Archean base-

ment poke through this thin veneer of Pa-

leogene sediments. The Sixmile Creek For-

mation overlies the Renova and forms the 

top of Timber Hill, capped by the Timber 

Hill basalt flow.   

 

Return to vehicles and follow the main road 

north back to the intersection of Spring 

STOP 6 
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Brook Road with the Sweetwater Road 

(mileage marker 1.7).   

 

11.2 Turn right onto Sweetwater Road at 

junction with Spring Gulch Road. Drive 

through narrow canyon cut by Sweetwater 

Creek. Sweetwater Creek is likely a super-

posed stream which cut downward from a 

Sixmile topographic surface until it incised 

buried Archean basement.  

  

11.5 Cliffs on both sides of road are 

composed of highly silicified Eocene vol-

canic rocks. Alteration of original volcanic 

material was likely hydrothermal in origin. 

Note fracture sets which may have local-

ized hydrothermal fluids.  

 

12.0 Archean felsic gneiss is exposed in 

road cuts. These gneisses are overlain by 

Eocene volcanic rocks and the Big Hole 

Member of the Sixmile Creek Formation. 

Sweetwater Creek is likely controlled by 

the same northwest-

trending normal fault sys-

tem which offsets the Tim-

ber Hill basalt flow over 

most of its area of exposure 

(Sears et al., 1995). From 

an original Miocene or 

Pliocene fluvial-alluvial 

surface, Sweetwater Creek 

has incised a narrow into 

these crystalline Eocene 

volcanic and Archean meta-

morphic rocks.   

 

12.7 Stop 7 – Eocene 

Dillon volcanics overview. 

Turn out at the wide shoul-

der on the left side of the 

road adjacent to Sweetwater Creek. On the 

south side of the road, a barren cone-shaped 

hill of Eocene volcanic 

rock forms a prominent 

landmark; the hill is vari-

ously known as Cone Hill or the Anthill. 

To the north of the road, a continuation of 

these Eocene volcanic rocks forms the 

prominent cliff above the bend of the road. 

In the swale directly to the north, Renova 

sediments can be seen onlapping the vol-

canic rocks. These sediments belong to the 

late Eocene Climbing Arrow Member of 

the Renova Formation (Monroe, 1976). 

This area will be visited at the next stop. 

Proceed east along the Sweetwater Road.   

 

12.9 Round corner. Silicified cliffs of 

Eocene volcanics to the left are separated 

from the bulk of Cone Hill by incision of 

Sweetwater Creek.  

 

13.1 Stop 8 – Park at 

BLM sign just before 

road crosses cattle guard 

and fence line. Proceed west on foot fol-

lowing fence line along northern side of hill 

composed of Eocene volcanics. Caution 

Figure 7. Renova Climbing Arrow sediments 

(Trc) onlapping Eocene volcanics (Tv) at Cone 

Hill (the Anthill) looking south. Highly cross-

bedded fluvial sandstone located to right. 

STOP 7 
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should be taken crossing creek bed espe-

cially during periods of wet weather. Walk 

to swale on northwest side of hill. At this 

location, approximately horizontal sedi-

ments of the Climbing Arrow Member of 

the Renova Formation onlap middle Eo-

cene volcanic and volcaniclastic sedimen-

tary rocks (Figure 7). Looking to the north, 

Climbing Arrow sediments also underlie 

the bluffs which stretch into the distance 

roughly paralleling the Sweetwater Road. 

These sediments contain a late Eocene 

(early Chadronian NALMA) fossil mam-

mal fauna (Monroe, 1976). These relations 

suggest that the initial Renova deposition in 

this area filled topographic depressions in 

an erosional terrain developed on the mid-

dle Eocene volcanic rocks. These late Eo-

cene Climbing Arrow sediments are signifi-

cantly older than the early Miocene Pas-

samari sediments which onlap the Eocene 

volcanics at the head of Spring Gulch, fur-

ther illustrating the diachronous nature of 

this erosional surface. No evidence of nor-

mal faulting is apparent.  

 

Volcanics and related sediments have been 

silicified to a high degree, probably by 

hydrothermal fluids during or soon after 

emplacement of the volcanic rocks. On the 

west side of the swale is a low ridge formed 

by a white, trough cross-bedded, fluvial 

sandstone. A similar sandstone bed, across 

the Sweetwater Road from this location, 

was previously interpreted as having been 

deposited on a relatively featureless vol-

canic plateau (Thomas, 1995; Sears et al., 

1995). More recent studies, which include 

sandstone detrital zircon analysis, suggest 

Renova deposition occurred in distinct sub-

basins separated by relict paleotopography 

which included an ancestral Ruby Range 

(Lielke, 2010; Rothfuss, 2010; Rothfuss et 

al., 2012). Neither of these models invokes 

active normal faulting during deposition of 

the Renova Formation, in contrast to earlier 

models proposed for Renova deposition 

(Pardee, 1950; Kuenzi and Fields, 1966; 

Fields et al., 1985; Hanneman, 1989, 1991).     

 

Return to vehicles and proceed north along 

Sweetwater Road. Warning: beyond this 

point, localities off the main road are on 

private ranch land. Respect private property 

and do not visit any sites off of the main 

road without obtaining landowner permis-

sion first. All field trip stops beyond this 

point are road stops.  

 

16.0 Note flat-topped mesa of Renova 

sediments to the west.  

 

16.9 Stop 9 - Gravel 

pit. Stop at gravel pit in 

modern alluvium on right 

side of road. From this vantage point, the 

relationships between the Renova Forma-

tion and both overlying and underlying 

units can be observed. Sediments of the late 

Eocene (Chadronian) Climbing Arrow 

Member of the Renova form the low line of 

bluffs to the west. These Renova sediments 

occur in the footwall of the northwest-

trending Stone Creek fault whose surface 

trace is usually expressed by a change in 

topography between easily eroded Renova 

mudstones to the south and resistant, coarse 

clastic Sixmile Creek sediments to the 

north. In the hanging wall of the Stone 

Creek fault, Sixmile Creek sediments form 

resistant upper bluffs underlain by light-

colored, calcareous playa lakebeds of the 

early Miocene (Arikareean) Passamari 

Member.  

 

On the skyline overlooking the Sage Creek 

drainage to the north is a prominent cliff of 

Sixmile Creek sediments overlying the type 

section of the Passamari Member. The an-

gular unconformity between the Renova 

and Sixmile Creek Formations is well ex-

posed here. This angular relationship devel-

STOP 9 
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oped during the well-recognized middle 

Miocene extension, which formed the 

northeast-trending Ruby paleovalley (Sears 

et al., 1995; Sears, 1995; Sears and Fritz, 

1998). This paleovalley likely formed by 

extensional collapse of the Snowcrest/

Greenhorn thrust system, tilting the Renova 

sediments toward the southeast. Sixmile 

Creek Formation sediments and volcanic 

material later filled the half-graben formed 

by this tilted fault block. The northwest-

trending Stone Creek fault is a younger fea-

ture probably related to crustal realign-

ments caused by passage of the Yellow-

stone hotspot (Anders and Sleep, 1992; 

Sears et al., 1995; Sears and Fritz, 1998; 

Sears and Thomas, 2007).  

 

Late Eocene Climbing Arrow sediments 

represent a low energy fluvial environment, 

with a few mature cross-bedded sandstones 

encased in an apron of fine-grained over-

bank sediments which 

show variable degrees of 

paleosol development. 

Closer to the Ruby Range, 

alluvial fans and high en-

ergy, coarse-grained flu-

vial sandstones and con-

glomerates indicate sig-

nificant relief in the area 

of the modern Ruby 

Range. Our preferred in-

terpretation is that Renova 

sediments  pass ive ly 

onlapped this ancestral 

Ruby Range, although this 

relationship is generally 

obscured by younger sedi-

ments and faulting. Detri-

tal zircon age dates from Renova sandstone 

on the western side of the Ruby Range also 

suggest the presence of relict Paleogene 

paleotopography in the area of the modern 

Ruby Range (Rothfuss et al., 2010; Roth-

fuss et al., 2012).     

 

17.8 Crossing cattle guard. Ranch build-

ings to left. Low hills beyond irrigated 

fields are Passamari Member lakebed sedi-

ments.  

 

19.5 Stop 10 – Caldwell Springs. Stop 

along edge of road op-

posite steep bluffs just 

past irrigated fields. 

The bluffs to the west expose a coarse clas-

tic, lake-margin facies that is rare in the 

Passamari Member (Monroe, 1976, 1981). 

The early Miocene (Arikarrean) Passamari 

Member represents a radically different de-

positional environment compared to earlier 

Renova sediments. Following a trend to-

wards a cooler, drier, and more seasonal 

climate regime (Lielke et al., in press), a 

closed basin containing a playa lake devel-

oped by late Oligocene or early Miocene 

time  flanking the ancestral Ruby Range 

(Monroe, 1976, 1981; Ripley, 1995). 

Figure 8. Soft sediment deformation in Mio-

cene lacustrine limestone of the Passamari 

Member of the Renova Formation. Prograding 

delta sandstone deformed unconsolidated off-

shore lake carbonates during a lake level low-

stand. 

STOP 10 
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Coarse clastic fluvial and deltaic facies 

drained radially into the lake, interfingering 

with mixed lake-margin and open-lake car-

bonate facies (Monroe, 1976, 1981). 

 

At this locality, a siliciclastic delta se-

quence prograded into an open water car-

bonate environment. Coarse sandstone and 

conglomerate (which can be identified by 

their darker color and resistant topography) 

compose most of the northern part of the 

bluffs. Fine-grained lacustrine limestone 

forms the white, less resistant southern part. 

Spectacular soft-sediment deformation can 

be seen where the weight of the prograding 

delta contorted the underlying lakebeds 

(Figure 8). This suggests that the lake de-

posits were saturated, soft, and unconsoli-

dated when deformed. Overlying the delta 

deposits, across the top of the bluffs, is an 

undeformed open-lake carbonate bed of 

considerable lateral extent. This bed can be 

traced to the north and west and represents 

a major expansion of the lake. These strati-

graphic relations, similar to those observed 

at other Passamari outcrops, suggest that 

lake level fluctuations were common dur-

ing the lifecycle of Lake Passamari. Mon-

roe (1981) concluded that tectonic adjust-

ments likely influenced changes in lake 

level; however, a lack of direct evidence for 

contemporary seismicity or normal faulting 

suggests the possibility of climate-induced 

lake fluctuations. Playa lakes are known to 

be highly susceptible to even minor varia-

tions in climate, especially precipitation 

(Cohen, 2003).  

   

19.8 To the left, on the north side of 

Sage Creek drainage, is Neogene normal-

fault contact between white Passamari lake-

bed sediments to the left, and Sixmile 

Creek conglomerates to the right.  

 

20.1 Buildings to left (Ball Place) are 

surrounded by cliffs of Sixmile Creek con-

glomerate, most likely the basal Sweet-

water Member.  

 

20.3 Note change in attitude of Sixmile 

Creek beds in cliffs to left. Crossing the 

Ball Place normal fault, which separates the 

older Sweetwater Member from younger 

Big Hole Member conglomerates (Monroe, 

1976).  

 

21.4 Crossing bridge over Ruby River.  

 

21.9 Junction with Ruby Road. Take left 

fork and proceed north toward Ruby Reser-

voir. Cliffs along both sides of the road to 

the reservoir are composed of sediments of 

the Sixmile Creek Formation. Light-

colored Renova outcrops can be seen fur-

ther to the west. Cenozoic sediments are 

oldest along the Ruby Range front and gen-

erally decrease in age toward the east. The 

entire Cenozoic section appears to be tilted 

southeast into the normal fault along the 

Greenhorn Range front. This fault likely 

became active during the middle Miocene 

tectonic event and formed the Neogene 

Ruby paleovalley (Sears et al., 1995). 

 

A major normal fault has historically been 

mapped along the Ruby Range front as 

well, but convincing evidence for Paleo-

gene tectonism is not apparent in the 

Renova Formation; this relationship ap-

pears to be one of passive onlap. Active 

faulting may have started later, during the 

Neogene, but the simple presence of Ceno-

zoic sediments located against Archean 

basement is not sufficient evidence to de-

duce a fault relationship. This could be a 

buttress unconformity similar to those seen 

in the Timber Hill area only on a much lar-

ger scale. Minor Neogene normal faulting 

may have accommodated extension in a 

half-graben controlled by the dominant 

Snowcrest/Greenhorn normal fault system 

to the east. Northwest-trending Neogene 
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extensional faults, 

such as the Stone 

Creek fault, later 

cut through the en-

tire Ruby Valley 

including the Ar-

chean core of the 

Ruby Range.   

 

22.6 There are 

prominent cliffs of 

the Sweetwater 

Member of the Six-

mile Creek Forma-

tion along this sec-

tion of road. Note 

calcic paleosol lay-

ers which separate 

distinct conglomer-

ate units.  

 

24.2 Gravel road ends and pavement be-

gins.  

 

24.3 Stop 11 – Over-

view of Fossil Basin 

area.  Cottonwood 

Creek Road intersects the Ruby Road to 

left. Turn off at a convenient point at this 

juncture. Northwest, to the right of the Cot-

tonwood Creek Road, is the Fossil Basin 

locality, where a drainage basin developed 

in the eastern foothills of the Ruby Range 

without a modern perennial stream. The 

stratigraphy of the Fossil Basin area con-

sists of Climbing Arrow and Dunbar Creek 

sediments overlain unconformably by the 

Big Hole Member of the Sixmile Creek 

Formation (Figures 9 and 10). This area is 

important to the study of the evolution of 

Paleogene climate and vegetation since it 

contains multiple fossil plants at different 

stratigraphic positions across the Eocene-

Oligocene boundary (Becker, 1960, 1961, 

1972 and 1973; Lielke et al., in press).  

 

Revisions in the age of closely related fos-

sil floras and changes to the NALMA time 

scale have refined the dating of the Fossil 

Basin paleofloras to the late Eocene-early 

Oligocene, and refute their prior assign-

ment to the early Miocene Passamari Mem-

ber (Figure 10). Paleoclimate estimates, 

based on leaf morphology and nearest liv-

ing modern analogs, indicate a cooling and 

drying trend across the Eocene-Oligocene 

transition with the most important trends 

being increased seasonality and summer 

dry conditions (Lielke et al., in press). Sub-

tropical and warm, temperate species were 

replaced by cool temperate forms of more 

modern aspect. A dry-adapted (xeric) ele-

ment also became pronounced during the 

early Oligocene (Becker, 1961). The pres-

Figure 9. Fossil Basin area looking north. Oli-

gocene Dunbar Creek fluvial sandstone con-

formably overlies late Eocene-early Oligocene 

Climbing Arrow lake shales which host the 

Ruby paleoflora. Big Hole Member of Sixmile 

Creek Formation overlies the Renova Forma-

tion with angular unconformity. Note red lime-

stone conglomerate on skyline to right. 
STOP 11 
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Figure 10. Location of fossil-bearing 

horizons within the stratigraphy of the 

Renova Formation. Note that the Fossil 

Basin paleofloras occur in three different 

sedimentary depositional environments 

(alluvial-fluvial overbank, open lake-

near shore lacustrine and fluvial channel-

overbank) and that these sediments ap-

pear to be conformable from late Eocene 

to early Oligocene time. 
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ence of high altitude coniferous genera 

(Abies [Fir], Picea [Spruce], Pinus and 

Pseudotsuga [Douglas Fir]) preserved in 

lake deposits is independent evidence of 

high-elevation Paleogene paleotopography 

(Becker, 1961). 

 

27.0 Stop 12 – Ruby 

Reservoir Overview. 

Turn left into Ruby 

Reservoir campground and park at the top 

of the hill. From this vantage point, several 

features of interest are visible. The Ceno-

zoic sedimentary section is tilted east-

southeast toward the Greenhorn Range. Be-

cause of this tilting, the Cenozoic sedi-

ments are oldest in the west, along the 

Ruby Range front, becoming progressively 

younger toward the east. These basin-fill 

sediments overlie an 

older Paleogene ero-

sional surface devel-

oped on Archean, Pa-

leozoic, and Paleogene 

age rocks. Looking 

east, Sixmile Creek 

coarse, clastic sedi-

ments occupy most of 

the area between Ruby 

Road and the Green-

horn Range. To the 

north, just to the right 

of the Ruby Dam, is a 

prominent mountain 

composed of Archean 

basement intruded by 

an Eocene volcanic 

plug. The Archean 

rocks tend to be more heavily vegetated 

than the volcanic rocks at higher elevations. 

  

Archean and Paleozoic basement rocks 

comprise the high ground to the west of the 

dam. These basement rocks are onlapped 

by Renova sedimentary rocks. In the Spring 

Creek drainage, directly south of the base-

ment exposures, early Chadronian NALMA 

fossils have been found in sediments depos-

ited in alluvial and fluvial environments 

sourced from the ancestral Ruby Range. 

Overlying the Renova sediments are 

rounded-clast conglomerates of the Big 

Hole Member of the Sixmile Creek Forma-

tion, and an enigmatic terrestrial limestone 

of apparent hot spring or lake provenance. 

Tumbled blocks of these terrestrial carbon-

ates can be seen along the western shore of 

the reservoir and are found in place further 

to the west where they cap the Renova sedi-

ments and in turn are overlain by Sixmile 

Creek gravels (Figure 11). 

  

Similar terrestrial carbonates occur at Table 

Mountain (Monroe, 1976), which can be 

seen on the far southern horizon, and along 

the western margin of the Gravelly and 

Greenhorn Ranges to the east (Hadley, 

Figure 11. Late Eocene (early Chadronian 

NALMA) sediments overlain by a cliff of ter-

restrial hot springs-lake carbonate. Renova 

sediments onlap Paleozoic marine limestone to 

right. This hot springs algal carbonate unit may 

correlate with similar rocks to the south at Ta-

ble Mountain and along the western margin of 

the Madison Valley to the east. 
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1980). One hypothesis for the formation of 

these basin-margin hot spring carbonates, 

which stratigraphically appear to cap the 

Renova Formation, is that they formed as a 

response to the greatly increased tectonic 

activity which accompanied the middle 

Miocene tectonic event. More research on 

the nature and stratigraphic position of 

these hot spring deposits is necessary to 

evaluate their significance to the Cenozoic 

history of the area. Prominent red horizons 

may represent paleosols associated with the 

middle Miocene climatic optimum 

(Thompson et al., 1981).  

 

Directly across the reservoir from this 

point, the hills between Spring Creek and 

Fossil Basin are composed of the Sweet-

water Member of the Sixmile Creek Forma-

tion, which directly overlies Renova sedi-

ments at this locality. The red-orange unit 

at the top of the hill nearest to Fossil Basin 

is an enigmatic conglomerate composed of 

grey fragments of carbonate rock supported 

by a red-orange matrix (Figures 9 and 12). 

Interpretations of this unit range from Cre-

taceous Beaverhead conglomerate (Dorr 

and Wheeler, 1964) to Pleistocene landslide 

deposits (Monroe, 1976). Our favored in-

terpretation is that this unit is located 

within the Sixmile Creek Formation al-

though its significance is uncertain.    

 

End Road Log – Return to Dillon via Alder 

and Twin Bridges or back the way you 

came. 
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Appendix 1 - GPS coordinates (UTM)  

 

Road Log #1 – Timber Hill and Upper Ruby Valley  

 

Zone, Easting, �orthing  Locality  

 

12T, 399797, 4990917  STOP #1 Timber Hill north overlook 

12T, 401241, 4990013  STOP #2 Head of Virginia Springs Gulch 

12T, 402411, 4989468  STOP #3 Spring Brook 

12T, 402248, 4989409  CONG  Spring Brook Conglomerate outcrop 

12T, 400480, 4987624  STOP #4 Buttress Unconformity – Hill 6607 

12T, 399493, 4987211  STOP #5 Virginia Springs overview 

12T, 399251, 4986693  ARCHEAN Archean basement outcrop 

 12T, 399864, 4986498  STOP #6 Timber Hill south overlook 

12T, 403661, 4992165  STOP #7 Anthill (Cone Hill) overview 

12T, 403995, 4992496  STOP #8 Volcanic intrusion – Ant (Cone) Hill 

12T, 403534, 4992564  EOCENE Eocene sediments onlaping volcanics 

12T, 405927, 4995006  STOP #9 Gravel Pit – Renova Fm. overview 

12T, 408510, 4998363  STOP #10 Caldwell Springs – Passamari delta 

12T, 410563, 5004782  STOP #11 Cottonwood Creek – Fossil Basin overview 

12T, 412437, 5008349  STOP #12 Ruby Reservoir overview 

Yellowstone visitors in 1896 repairing their 

buggy. Courtesy 2ational Park Service. 
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Introduction 

 

This field guide examines the depositional 

systems, paleoenvironments, and tectonic 

settings of the Paleogene sedimentary and 

volcanic rocks of southwestern Montana. 

During the first leg of the journey, from the 

area south of Dillon through Beaverhead 

Canyon, the field trip will examine Paleo-

gene volcanic rocks and explore the role of 

pre-existing paleovalleys and topography 

on the development of early intermontane 

basins. During the second and third legs of 

the trip, to the Sage Creek and Muddy 

Creek basins respectively, Paleogene sedi-

ments deposited under different tectonic 

boundary conditions will be examined. The 

field trip will also examine the influence of 

the topographic inversion of the volcanic 

rocks in the Beaverhead Canyon area on 

later Paleogene sedimentary depositional 

environments.     

  

Itinerary and Methodology 

 

This field trip will start at Dillon, Montana 

and travel south along Interstate 15 to Bar-

retts Park at the head of Beaverhead Can-

yon. From there, the trip will travel mostly 

along side roads to Clark Canyon Reser-

voir, regaining Interstate 15 at that point 

and ultimately arriving at Dell, Montana. 

Two separate trips will then visit Sage 

Creek basin to the east and Muddy Creek 

basin to the west of Dell. Most stops will be 

along main roads, but several stops involve 

optional walking trips to observe key out-

crops firsthand. These walking tours are 

included because several important areas, 

such as the Sage Creek Formation type sec-

tion, cannot be accessed by vehicle but are 

still vital to understanding the Paleogene 

history of the region. All road and walking 

stops have been located in the field with a 

handheld GPS and these coordinates (in 

UTM units) are provided in Appendix 1 as 

an aid to navigation.  

    

Road Log  

 

Leg 1– Dillon to Dell, Montana  

 

Meet at a convenient location in Dillon. 

Proceed to Interstate 15 and drive south. 

The road log proper will begin at Barretts 

Park. Leg 1 of the road log through Beaver-

head Canyon will examine the thick section 

of Paleogene volcanic rocks which are ex-

posed along the narrow canyon cut by the 

Beaverhead River. As you drive south, the 

Blacktail Mountains stretch across your 

center of vision, cut by the notch of the 

Beaverhead River Canyon directly ahead. 

Modern topography along the Blacktail 

Mountains is controlled by the still-active 

Blacktail normal fault. This fault has been 

�orthwest Geology, v. 41, 2012, p. 139-160 The Journal of the Tobacco Root Geological Society 
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Figure 1: Map showing road 

log stops and radiometric 

age dates in the Beaverhead 

Canyon area. 
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active for approximately 6 Ma and likely 

represents an example of extension occa-

sioned by motion of the North American 

plate over the Yellowstone hot spot (Sears 

and Thomas, 2007). Uplift of the Blacktail 

Mountains disrupted a northeast-trending 

Miocene paleovalley, with the modern Bea-

verhead River likely an antecedent stream 

still following its original Miocene course 

(Sears et al., 1995).  Stream gravels of the 

Big Hole Member of the Sixmile Creek 

Formation were deposited in this Beaver-

head paleovalley, remnants of which still 

exist as cut surfaces above the level of the 

modern river valley (Sears et al., 1995; 

Sears, 2007).    

 

Turn off of the Interstate at Exit 56 and turn 

left at intersection. After crossing beneath 

underpass, turn right onto State Highway 

91 and proceed to Barretts Park at entrance 

to Beaverhead Canyon.   

 

Mileage  

 

0.0 Stop 1 – Barretts 

Park (Figures 1 and 2). 

Stop at parking lot near 

grassy area. There is an impressive cliff of 

black basaltic lava across the stream whose 

continuation can be seen across the inter-

state to the west. The Lower Dillon Volcan-

ics have at least 600 feet of relief at this 

point. A whole-rock K/Ar age date of 43.3 

± 2.3 Ma was obtained from a rhyolite tuff 

interbedded with basalt flows across the 

highway approximately 0.5 mile to the 

south (Fritz et al., 2007). Volcanic litholo-

gies in Beaverhead Canyon include sub-

alkalinic andesite and dacite tuffs interbed-

ded with low-silica alkalinic basalts (Leeth, 

1998).  

   

Since lava and pyroclastic flows follow the 

path of least resistance under gravity’s in-

fluence, this area must have been a topog-

raphic low during deposition of the Eocene 

Lower Dillon Volcanics. The exposed 

thickness of Eocene volcanic rocks is over 

200 meters which suggests that this area 

was a significant early to middle Eocene 

paleovalley. The volcanic source was 

nearby (Leeth, 1998), probably one of the 

easternmost Challis volcanic centers. The 

presence of Cretaceous volcanic flows on 

the western flank of Beaverhead Canyon 

(Leeth, 1998) suggests that this was a pale-

ovalley with Cretaceous ancestry. It drained 

the Sevier orogenic highlands, given its ori-

entation perpendicular to the Cretaceous 

overthrust belt. For a discussion of the Neo-

gene tectonics of this area, see Stop #4 of 

Sears et al. (1995).  

  

1.1 Road cut of basalt to right across 

from railroad bridges. End of pavement just 

past basalt outcrop.  

 

1.5 Waterfall to east of basalt cliffs. 

 

2.0 Silhouette of buffalo on top of ba-

salt cliff across stream. This surface has 

been interpreted as a Miocene valley rem-

nant (Sears, 2007), and will be part of the 

next stop. 

 

2.1 Stop 2 – Basalt 

along railroad cut. Cross 

bridge and railroad tracks, 

park along side of road. Carefully proceed 

north along railroad tracks to outcrop of 

black basalt. Fine-grained black basalt is 

well exposed in the cliff along the right side 

of the railroad tracks. Multiple intersecting 

fracture sets are visible in this otherwise 

massive basalt flow. A sample from a rhyo-

lite porphyry, a little to the south along the 

west bank of the river, yielded a K/Ar age 

date of 38.9 ± 1.7 Ma (Chadwick, 1978). 

This rhyolite tuff likely underlies the basalt 

at this location.  

 

Return to vehicles and proceed south on 

frontage road.  

STOP 1 

STOP 2 
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2.4 More basalt to left of road. Note 

near vertical fracture sets. 

 

2.6 Purplish-red basaltic tuff along side 

of road. A K/Ar age date of 46 ± 2.0 Ma 

was obtained from basalt near this location 

(Chadwick, 1980). 

 

2.7 Grasshopper Creek drainage located 

to right (west) across highway. Paleogene 

volcanic rocks make up the hills (white 

tuffs overlain by reddish-brown basalt 

flows) on the north side of the drainage. 

Cretaceous volcanic rocks underlie these 

Cenozoic volcanics further to the west 

(Leeth, 1998). Modern landslide deposits 

flank the east side of the basalt flows above 

the interstate. There are Paleozoic rocks on 

the south side of Grasshopper Creek which 

form the local basement which was buried 

by younger volcanic rocks. The well-

layered rocks to the left (south) directly 

across the interstate are Triassic marine car-

bonates of the Dinwoody Formation.  

 

2.9 Road turns to the right and crosses 

railroad tracks. The dirt road intersects with 

a paved road. Turn left onto pavement, 

cross bridge and then drive through inter-

state underpass.  

 

3.2 Intersection – turn left and regain 

Interstate 15 South (Idaho Falls). 

 

3.5 White Rattlesnake Cliff to right 

composed of Pennsylvanian Quadrant 

quartzite. Around corner, swale composed 

of Permian Phosphoria Formation separates 

the Quadrant from overlying Dinwoody 

Formation. These Paleozoic marine rocks 

likely represent early Cenozoic topography 

buried by Eocene volcanic flows that have 

been exposed by erosion. Eocene volcanics 

across the river include white rhyolitic ash 

and basalt flows.  

 

4.4 Take Exit 51 (Daly’s Spur). Turn 

left at the intersection and drive through 

Interstate 15 underpass, then turn right onto 

High Bridge Road.   

 

6.0 Cross bridge – to right note spec-

tacular columnar jointing in massive basalt 

cliff (Pipe Organ Rocks). Hummocky ter-

rain to south represents modern landslide 

deposits. Basalt continues across river.   

 

6.8 Valley widens ahead. Reddish-

orange rocks occur in railroad cuts to left. 

These are Cretaceous Beaverhead siliciclas-

tics in the footwall of the Sevier overthrust 

belt. Paleozoic sedimentary rocks in the 

hanging wall of the overthrust belt can be 

seen on the western skyline in several lo-

calities along the road.  

 

7.0 Road turns to the right and contin-

ues through I-15 underpass. At turn in 

paved road, a dirt road continues straight 

ahead and can be used to access Beaver-

head sedimentary rocks. 

 

7.8 Reddish Beaverhead sedimentary 

rocks in railroad cut to left (east) are visibly 

tilted to the north.  

 

9.5 Railroad cut to left (southeast) is 

same outcrop which will be observed from 

Stop #3. From this vantage point, horizon-

tal white tephra (Anderson Ranch Member 

of Neogene Sixmile Creek Formation) can 

be seen overlying older Eocene volcanics 

(mostly reddish basalt but also a white tuff 

bed) on north side of the railroad cut.   

 

9.7 Cross under bridges – Beaverhead 

River to right. Impressive basalt cliff lo-

cated directly ahead along left side of road. 

 

9.9 Dirt road to left travels up steep 

slope and can be used to access railroad 

cut.   
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10.0 Stop 3 – Turn onto 

wide shoulder to right 

alongside river. On the skyline to the north-

east is an outcrop of rounded-cobble con-

glomerate of the Big Hole Member of the 

Neogene Sixmile Creek Formation which 

overlies Eocene volcanic rocks with angu-

lar unconformity (Figure 3). To the north, 

white Anderson Ranch tephra underlies the 

Big Hole Member and overlies red-brown 

Eocene basalt, and a silicified white tuff on 

the far northern end of the railroad cut. 

  

During the middle Miocene, this area was 

tilted and onlapped by Sixmile Creek For-

mation sediments within the Beaverhead 

paleovalley (Sears et al., 1995; Sears 2007). 

This area was later uplifted as a fault block 

in the footwall of northwest-trending nor-

mal faults related to the Yellowstone hot 

spot (Sears and Thomas, 2007). The Bea-

verhead River is likely an antecedent 

stream, a modern day rem-

nant of the middle Mio-

cene paleovalley (Sears et 

al., 1995; Sears, 2007). A 

thin veneer of Sixmile 

Creek sediments is still 

present in Beaverhead 

Canyon overlying older 

volcanic and basement 

rocks, often preserved 

within isolated Miocene 

valley surfaces (Sears, 

2007). The railroad cut 

which exposes these rela-

tionships can be accessed 

from the steep dirt road at 

the curve of the main road 

at mileage marker 9.9.  

 

Return to vehicles and 

continue south along front-

age road.     

 

11.4 Cross interstate overpass, drive 

through four-way intersection and into 

gravel parking area to left of interstate on-

ramp.  

 

11.5 Stop 4 – Clark 

Canyon Reservoir. Stop at 

gravel parking area be-

tween interstate onramp and dam. From 

this locality, the gross structure of the area 

can be observed. Across the dam, Creta-

ceous synorogenic Beaverhead conglomer-

ate is present in the footwall of the Sevier 

fold and thrust belt. The leading edge of the 

overthrust hanging wall is represented by 

Paleozoic carbonates, which make up the 

ridge on the skyline above the dam. It is 

hypothesized that Paleogene volcanic rocks 

occupy a paleovalley oriented perpendicu-

lar to the overthrust belt (Figure 2). This 

thick pile of durable volcanic rocks was 

later topographically inverted by differen-

tial erosion and supplied sediment to the 

middle Eocene (Bridgerian NALMA) vol-

STOP 3 

STOP 4 

Figure 2: Google Earth image showing road 

log stops in relation to Cenozoic volcanic 

rocks and Cretaceous fold and thrust belt.  
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caniclastic sandstones of the Sage Creek 

Formation. These sediments will be exam-

ined on the second leg of this road log. For 

a discussion of the middle Miocene and 

younger history of this area, see Stop #1 of 

Sears (2007).  

 

Return to vehicles and drive across dam. 

Proceed along lake front road several miles 

to Stop 5.   

 

11.8 Road cut in Cretaceous Beaverhead 

conglomerate on west side of dam. The 

Beaverhead Formation is a synorogenic 

conglomerate located in the footwall of the 

Sevier overthrust belt. The Beaverhead 

conglomerate at this point is composed 

mostly of limestone clasts in a yellowish 

carbonate matrix. These carbonate clasts 

were derived from Paleozoic limestone in 

the hanging wall of the overthrust belt.  

 

12.0 White Carboniferous limestone 

makes up the cliffs on the skyline to the 

west. These marine carbonates represent 

the eastern margin of the Sevier fold and 

thrust belt in this area.  

 

12.9 Island to left. Limestone outcrops in 

road cut to right contain several unusual 

breccia deposits. For a discussion of the 

significance of these breccias see Stop #5 

of Sears (2007).   

 

13.9 Horse Prairie campground entrance 

to left. The open valley to the right repre-

sents the Archean core of the Armstead an-

ticline, a Cretaceous orogenic feature. Mul-

tiple stacked thrust sheets occur in this area. 

Paleozoic marine rocks make up the hang-

ing walls of these thrust sheets and roughly 

outline the structure of the overthrust belt 

in this region.  

 

14.9 Road cut exposes the Great Uncon-

formity – the contact between the Archean 

basement and the basal Phanerozoic sedi-

mentary section, here represented by the 

Cambrian Flathead sandstone and overlying 

green Wolsey shale. A weathered layer oc-

curs at the top of the Archean basement.  

 

16.0 Road cut in prominent cliff of Penn-

sylvanian Quadrant quartzite.  

 

Figure 3: Sixmile Creek Formation Big Hole 

Member fluvial conglomerates (Tsb) and white 

Anderson Ranch Member tephras (Tsa) overly-

ing red-brown Eocene volcanics (Tv) in rail-

road cut east of Beaverhead River. 

Figure 4: Tilted Oligocene lake beds along road 

cut west of Clark Canyon Reservoir. These lake 

beds were deposited in a Paleogene basin con-

trolled by active low-angle normal faulting. The 

lake beds are tilted east into the Grasshopper/

Muddy Creek fault zone. Variations in climate 

may have also played a role in controlling lake 

level fluctuations and sediment deposition.  
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18.0 Horse Prairie basin opens ahead. 

Crossing into area of Paleogene normal 

faulting which is interpreted by Janecke 

(2007) as a low-angle normal fault, the 

Muddy Creek/Grasshopper fault zone.  

 

20.0 Medicine Lodge basin opens to left. 

 

22.6 Bannack Bench road to right. For 

next couple of miles, road cuts to left ex-

pose thin-bedded, fossiliferous lake-

deposited shales.  

 

25.6 Mansfield Lane intersects the main 

highway to right. This road goes to the 

ghost town of Bannack, now a Montana 

state park. Spectacular cliff of layered Oli-

gocene lake beds to left. 

 

25.8 Stop 5 – Stop 

along right side of road at 

western edge of promi-

nent road cut developed in layered lake de-

posits (Figure 4). These tilted lakebed sedi-

ments represent deposition in an area of 

active Paleogene extension, the Grant Pro-

tobasin of Janecke (2007). This area of ex-

tension coincides with the trace of the Cre-

taceous fold and thrust belt, and is likely 

the result of extensional collapse of unsta-

ble, over-thickened crust. Alternating layers 

of sedimentary rock, mostly siliciclastic 

shales and fine-grained carbonates, are 

likely due to lake level fluctuations caused 

by a variable climate or tectonic move-

ments. Coarse-grained sediments are not 

common here, which, along with the thin-

bedded nature of the sediments, suggests a 

STOP 5 

Figure 5: Google Earth image showing Paleogene Muddy Creek and Sage Creek Basins in relation to Cretaceous 

fold and thrust belt and Paleogene low-angle, Muddy Creek fault zone. The Muddy Creek/Grasshopper fault zone 

likely represents extensional collapse of the Cretaceous fold and thrust belt. Sediments in Muddy Creek and Sage 

Creek basins, despite their proximity, were deposited under very different tectonic boundary conditions.     
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calm, relatively deep-water environment.  

Other interpretations are possible however. 

  

These road cuts, modified from their origi-

nal form by later road work, host the Horse 

Prairie (Grant) section of the Beaverhead 

Basins paleoflora of Becker (1969). This 

fossil plant flora is early Oligocene in age 

and contains vegetation from multiple habi-

tats which surrounded the lake basin. A 

high elevation coniferous forest association 

indicates the presence of high relief in close 

proximity to the lake basin. Fossil plant 

specimens can still be found in this area, 

especially in the finely-laminated lake-

deposited shales. These deposits can easily 

be visited by climbing up the small gully on 

the western side of the road cut to the wide 

ledge which runs parallel to the highway.  

Exercise caution crossing the road.  

 

Return to vehicles, backtrack to Interstate 

15 and proceed south to Dell, Montana.     

 

 End of first leg of road log.    
 

Leg 2 – Dell to Sage Creek Basin 

 

Mileage  

 

0.0 The remaining two legs of the field 

trip will examine the sedimentary deposits 

of the Muddy Creek and Sage Creek basins. 

These two basins differ from each other in 

their relation to the Cretaceous overthrust 

belt and its subsequent extensional collapse 

(Figure 5). The second leg of the field trip 

begins at the town of Dell, just off of Inter-

state 15 and travels to the Sage Creek basin 

east of the thrust front, outside the zone of 

Paleogene extension. Proceed to the Dell 

Merc parking lot. Reset mileage here. Turn 

left leaving the Dell Merc parking lot, and 

then turn right at stop sign.  

 

0.5 Proceed north parallel to interstate 

and then turn right onto the Sage Creek 

Road and cross railroad tracks.  

1.6 Reddish Beaverhead conglomerate 

in quarry to right. Ranch buildings to left. 

 

2.9 Turn left and cross Sage Creek. To 

the right, flat-topped basalt ridges can be 

seen tilting to the south-southwest.    

 

3.6  Turn right at ranch buildings and 

proceed along Sage Creek Road parallel to 

north bank of Sage Creek. Red rocks in road 

cut near ranch buildings are Cretaceous 

Beaverhead conglomerate. 

   

4.6 Beaverhead conglomerate is ex-

posed in road cuts and hillsides along the 

left side of the road. To the right, the promi-

nent dark-colored, linear ridge capping the 

hill south of Sage Creek is the ~6-Ma basalt 

flow correlated with the Timber Hill basalt. 

This Pliocene basalt flow outlines a dis-

sected inverted paleovalley of probable 

middle Miocene ancestry (Sears and Tho-

mas, 2007).   

 

6.4 Gate onto BLM land to left. On east-

ern side of this narrow draw, an exposure of 

reddish Beaverhead conglomerate can be 

seen in a small quarry. These hills may rep-

resent relict topography buried by younger 

Renova and Sixmile Creek sediments that 

are now being exposed by erosion.    

 

6.7 Well-exposed sandstone layers to 

left are an isolated outcrop of the Oligocene 

Cook Ranch Member of the Renova Forma-

tion. This outlier demonstrates that the 

Cook Ranch Member was once more widely 

distributed and has subsequently been re-

moved by erosion to expose older Renova 

sediments and Cretaceous rocks. These 

sediments appear to onlap a hill whose core 

is composed of Beaverhead conglomerate. 

This suggests that Renova sediments filled 

an Eocene terrain developed on the Beaver-

head Formation.  
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7.2  Stop 1 – Turn off 

to left and proceed on 

jeep trail onto BLM land. 

The hills on either side of 

the primitive road are 

composed of the dominantly fine-grained 

Dell Beds Member of the Renova Forma-

tion (Figures 6 and 7). This unit contains 

Uintan NALMA (Eocene) fossils and is 

interpreted as the fine-grained, distal por-

tion of an alluvial fan flanking higher 

ground to the west/northwest. Overlying 

the Dell Beds Member in most places is 

float derived from the Neogene Sixmile 

Creek Formation or younger units. From 

here, the field trip will proceed up the draw 

to visit several locations of interest in the 

Dell Beds Member and the older Sage 

Creek Formation. The primitive jeep track 

is impassable beyond a certain point so 

these locations will have to be visited on 

foot. This part of the field trip can be physi-

cally challenging, so you may prefer to re-

turn to the main road and continue on to 

Stop #2.    

 

If you wish to continue, proceed up the 

draw as far as you reasonably can and then 

continue on foot to Waypoint 1a.  

 

Waypoint 1a. At this locality, several 

coarse-grained sandstone and conglomerate 

beds can be observed surrounded by typical 

Dell Beds mudstone and siltstone. Most of 

these coarse-grained units are in the form 

of cut channels, some of which show a fin-

ing-upward trend from large angular clasts 

to pebble conglomerate and coarse sand-

stone. Clast-supported 

conglomerates are fre-

quently imbricated and 

show a consistent flow 

direction from the 

west-northwest. Clast 

compositions indicate 

derivation from the 

Cretaceous Beaverhead 

Conglomerate and the 

Eocene Hall Springs 

basalt, both of which 

outcrop to the west-

northwest. These cut 

channels are interpreted 

as resulting from high 

ene rgy d i scharge 

events, likely seasonal 

floods in a dominantly 

arid environment. To-

ward the top of this 

draw, well-developed 

calcic paleosols, typical 

of arid climates with alternating wet and 

dry seasons, are found. Round concretions 

resembling golf balls in size and shape are 

also present in the Dell Beds Member.  

 

Figure 6: Google Earth image of Big Bend of Sage 

Creek area looking east. Paleogene sediments 

young toward the east. Numbers refer to stops on 

walking tour of area. See Figure 8 for close-up of 

Sage Creek type section (black box).   

LEG 2 

STOP 1 
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Proceed northwest in the direction of the 

Sage Creek type section (toward Waypoint 

1b). An alternate route to this area is to re-

turn to the gate at mileage marker 6.4 and 

proceed up that draw. However, this road 

also washes out short of its destination; the 

Sage Creek type section area can only be 

accessed on foot.  

 

Waypoint 1b – The top of this hill pro-

vides an excellent overview of the middle 

Eocene Sage Creek Formation (Figure 8). 

The Sage Creek Formation is a multistory 

fluvial sandstone unit which is separated 

from the overlying Dell Beds Member of 

the Renova Formation by a major uncon-

formity. To the west, low hills of reddish-

weathering conglomerate of the Cretaceous 

Beaverhead Formation can be seen. Pro-

ceed downhill towards Waypoint 1c.  

 

Waypoint 1c – Base of the Eocene Sage 

Creek Formation. The Sage Creek Forma-

tion is composed of trough cross-bedded 

volcaniclastic sandstone beds stacked on 

top of each other. Channels have been 

eroded into older sandstone beds and filled 

with younger channel deposits. Cross-bed 

orientations and aligned wood fragments 

indicate flow from the north-northwest 

likely off of topographically inverted mid-

dle Eocene volcanics in the Beaverhead 

Canyon area. Near the base of this outcrop, 

a biotite-rich air-fall tuff (T-SC-01) is pre-

sent, likely derived from the contemporary 

Challis volcanic field to the west (Figures 7 

and 10). The first prominent sandstone 

ledge above this tuff was sampled for detri-

tal zircon analysis (Rothfuss et al., 2012). 

The age of the youngest zircon in this sam-

ple suggests that the basal Sage Creek For-

mation is no older than ~46 Ma which is 

 

Figure 7 (opposite): Measured sections and detrital zircon data from Stops #1 and #2 of Leg 2 of road log. Dell Beds 

section #1 corresponds to Waypoint 1a, Sage Creek section #1 corresponds to Waypoints 1c-f. Cook Ranch section 

#1 corresponds to Waypoint 2a, Cook Ranch section #2 corresponds to Waypoints 2b-c. Detrital zircon data were 

acquired from fluvial cross-bedded sandstones at locations indicated on measured sections.    

Figure 8: Sage Creek Formation type section looking north. Walking tour stops 1c – 1f are shown. Photo was taken 

from vicinity of walking tour stop 1b. Major unconformity exists between the Bridgerian Sage Creek Fm. and the 

Uintan Dell Beds Member of the Renova Fm. Late Cretaceous Beaverhead Formation conglomerate outcrops to the 

far left.    
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consistent with Bridgerian NALMA fossils 

(Tabrum et al., 1997). The majority of the 

zircons are in the 46-47 Ma age range, con-

sistent with derivation from middle Eocene 

volcanic rocks in the Beaverhead Canyon 

area (Figure 7, zircon sample 10-SC-01).  

 

Proceed uphill toward Waypoint 1d – this is 

the area where Sage Creek section #1 

(Figure 7) was measured. About a third of 

the way up, observe the unconformity be-

tween the Sage Creek Formation and the 

Dell Beds. This surface represents a major 

hiatus in sediment deposition. To the north-

west, the Eocene Hall Springs basalt flow 

was emplaced on this surface.  

 

Waypoint 1d – At this location, a thick 

conglomerate layer occurs within the Dell 

Beds Member. This conglomerate fills an 

eroded surface and contains cobbles which 

appear to be derived from local sources im-

mediately to the west: the Cretaceous Bea-

verhead Conglomerate and the Hall Springs 

Basalt. Conglomerate beds become thicker, 

laterally continuous, and more abundant 

toward the west suggesting proximity to 

source. It is theorized that the smaller, con-

glomerate-filled channels at Waypoint 1a 

are the distal equivalents of these near-

source conglomerate beds.  

Proceed back downhill toward Waypoint 

1e. Observe the large scale trough in the 

Sage Creek sandstone at Waypoint 1e as 

you approach from above. Also note sand-

stone onlapping reddish hill across gully. 

This may be an example of a partly ex-

humed hill of Beaverhead Conglomerate 

that was buried and now unearthed by mod-

ern erosion.   

 

Waypoint 1e – At this location, sedimen-

tary structures within the Sage Creek sand-

stones can be easily observed. Trough 

cross-bedding on multiple scales is present 

throughout this outcrop. Along the western 

side of this outcrop, a silicified log is pre-

sent parallel to the long axis of the trough, 

oriented in the direction of flow toward the 

south-southeast. A horizontal layer of gyp-

sum is also present, easily observed along 

the northern rim of the outcrop. Gypsum is 

present at intervals within the Sage Creek 

Formation and is indicative of a seasonally 

dry climate.     

 

Return to vehicles and backtrack to the 

Sage Creek Road. You may need to com-

pensate for the mileage driven up the draw. 

Turn left onto Sage Creek Road.  

 

 

Figure 9: Cook Ranch Member of the Renova Formation type section. The Oligocene Cook Ranch Member is over-

lain by the Miocene Big Hole Member of the Sixmile Creek Formation with angular unconformity. Walking tour 

stops 2a – 2c are shown.    
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8.0 Big Hole conglomerate to left of 

road. 

 

8.4 Stop 2 – Cook 

Ranch Member type sec-

tion (Figures 7 and 9). 

Park along the side of the 

road. The outcrop to the 

left of the road is the Cook Ranch type sec-

tion. Renova sediments of the Cook Ranch 

Member contain Chadronian and Orellan 

mammal fossils, which along with magne-

tostratigraphic studies indicate that these 

sediments straddle the late Eocene-early 

Oligocene boundary (Tabrum et al., 1997). 

On this side of the hill, the Orellan Cook 

Ranch Fauna and a correlated zone of 

mostly normal polarity suggest that these 

sediments represent early Oligocene depo-

sition (Tabrum et al., 1997). At the summit 

of the hill, conglomerate of the Big Hole 

Member of the Sixmile Creek Formation 

overlies the Renova sediments with pro-

nounced angular unconformity. Within the 

Cook Ranch Member, several features of 

interest relevant to the interpretation of cli-

mate and environmental conditions during 

the early Oligocene are present. The re-

mainder of this stop will consist of a walk-

ing tour of this locality.   

 

Leave vehicles and proceed north toward 

GPS waypoint 2a. Note red-black basalt 

float underlying Cook Ranch Member at 

this location. The significance of this vol-

canic material is unknown, but it is possible 

that it is a basalt flow on the unconformity 

between the Dell Beds and Cook Ranch 

Members of the Renova Formation. 

 

Waypoint 2a – Caution: avoid walking on 

Renova outcrops as footing is unstable es-

pecially on unvegetated surfaces. At this 

location, along the northeastern rim of the 

outcrop area, about seven discrete air-fall 

tuffs form prominent white layers which 

can be traced laterally across the entire out-

crop face (Figure 7, Cook Ranch section 

#1). These air-fall tuffs are likely fallout 

from explosive rhyolitic caldera eruptions 

in the Great Basin (Figure 10). Interlayered 

mudstones and siltstones contain a high 

proportion of volcanic material likely re-

worked from ash deposited at higher eleva-

tions by these same eruptions. Prominent 

ledges and lenses are composed of sand-

stone and conglomerate layers and chan-

nels. Near the top of the hill, toward the 

center of the outcrop, are several prominent 

conglomerate lenses. These represent cut 

channels which contain multiple fining-

upward sequences. Each individual se-

quence is composed of basal breccias 

which grade upwards to coarse sandstone. 

The depositional environment is interpreted 

to be a dominantly fine-grained, distal allu-

vial fan which contains tabular sheet-flood 

sandstones; thin, ephemeral cross-bedded 

fluvial sandstones; and cut channels filled 

with high discharge flood deposits all en-

cased in volcaniclastic siltstones and mud-

stones.  

 

Proceed carefully towards the southwest 

along the base of the outcrop area to Way-

point 2b.     

 

Waypoint 2b – Warning: watch your foot-

ing on this outcrop especially on steep and 

unvegetated slopes.  This location presents 

several features of interest relevant to the 

interpretation of early Oligocene climate 

and sedimentary depositional environ-

ments. A sheet of thin, cross-bedded sand-

stone extends across this outcrop several 

meters above the base. This sandstone has a 

well-developed pebble lag at the base and 

is interpreted as a small ephemeral stream 

which meandered across the low gradient 

distal portion of an alluvial fan. Very small 

freshwater gastropods are present in this 

fluvial sandstone. These are likely dwarfed 

versions of common freshwater gastropods 

living in an arid environment (Roth, 1987). 

LEG 2 

STOP 2 
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Additional evidence of an arid climate is 

present in the form of highly developed cal-

cic soil horizons (calcisols). This type of 

paleosol is characteristic of arid environ-

ments with seasonal wet periods, where 

calcium carbonate is alternately dissolved 

and re-precipitated (Retallack, 2001). In 

some places these paleosol layers have be-

come interconnected, forming a three-

dimensional web. A couple of tuff layers, 

which can be visually traced across the out-

crop, are also visible. These layers are a 

useful datum to gauge the southeastern tilt 

of the Renova section in the direction of the 

Snowcrest Range which can be seen on the 

horizon to the south.   

 

Carefully walk to the edge of the outcrop 

and proceed uphill along the grass fringe 

which borders the south rim of the outcrop 

area. Avoid walking off the grassy area as 

footing on the bare rock surfaces is quite 

hazardous.  

 

Waypoint 2c –  From the top of the hill, 

the unconformity between the Renova and 

the Sixmile Creek Formations can be di-

rectly observed. Using the white tuff layers 

as a visual cue, the angular nature of the 

unconformity can be seen. The rounded 

cobble, fluvial conglomerate topping the 

hill is the Big Hole Member of the Sixmile 

Creek Formation. This unit represents 

deposition in a major through-going stream 

and contains exotic clasts with an Idaho 

provenance. This stream flowed northeast 

along the middle Miocene Beaverhead pa-

leovalley. Stretching from east to west 

across the horizon are other remnants of 

this Miocene paleovalley including more 

Big Hole Conglomerate as well as a dis-

sected linear ridge of black basalt to the 

southwest, the ~6.0-Ma Timber Hill basalt 

flow. For a more detailed discussion of the 

significance of this Miocene paleovalley 

see Sears et al. (1995).  

 

Looking northwest, Dell Beds Member 

sediments are visible. Magnetostratigraphic 

work and fossil mammal biostratigraphy 

suggest that the Eocene-Oligocene bound-

ary may be present near the base of this 

hill. The Chadronian (late Eocene) Little 

Spring Gulch local fauna is found in a 

stratigraphically low position in the Cook 

Ranch Member (Tabrum et al., 1997). To 

the east across Sage Creek, white fine-

grained sediments of the Whitneyan and 

Arikareean (Oligocene to early Miocene) 

age Blacktail Deer Creek Member form 

low undulating hills. The resistant layers 

capping these hills are conglomerate beds 

of the Big Hole Member.    

 

End Road Log Leg 2 – Return to Dell.  

 

 

Leg 3 – Dell to Muddy Creek Basin 

 

Mileage  

 

Field trip begins at the Dell Merc parking 

lot in the town of Dell, Montana. 

 

Red Butte, the prominent red bluff to the 

east, is composed of Cretaceous Beaver-

head conglomerate. This syntectonic con-

glomerate was shed from Cretaceous thrust 

sheets (Medicine Lodge, Tendoy, etc.) to 

the west. Turn left out of Dell Merc parking 

lot, drive through stop sign, after stopping, 

and through interstate underpass.  

 

0.2 Turn left onto Westside Frontage 

Road at sign for Big Sheep Creek. Tendoy 

Range directly ahead on horizon. Promi-

nent peaks are Dixon Mountain to the south 

and Timber Butte to the north separated by 

Little Water Canyon.  

 

1.5 Good view of the internal stratigra-

phy of the Beaverhead Conglomerate on 

south side of Red Butte to left.   
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1.8 Turn right onto Big Sheep Creek 

Road. 

 

4.0 Road crosses small linear hill. This 

hill represents the fault scarp of the active 

normal fault along the front of the Tendoy 

Range. Poorly sorted conglomerate of the 

Sixmile Creek Formation is exposed in this 

road cut. Road ahead crosses through nar-

row valley cut by Big Sheep Creek through 

the Tendoy Range. Canyon walls expose 

the internal structure of Cretaceous thrust 

sheets and Paleogene normal fault zone.  

 

4.4  More Sixmile conglomerate in road 

cut to right. 

 

6.0 South side of Dixon, Mountain. Pa-

leozoic Quadrant quartzite in roadcuts and 

cliffs to right. Road is crossing through the 

footwall of the Paleogene Muddy Creek 

fault zone (Figure 5). This area is also the 

footwall of the modern Tendoy normal 

fault. During Cretaceous time, this area was 

subjected to a considerable amount of 

crustal shortening as evidenced by the Ten-

doy, Four Eyes Canyon, and Medicine 

Lodge thrust sheets.   

 

9.6 Cross cattle guard. Muddy and Big 

Sheep Creek basins open straight ahead. 

Note westward-dipping Paleozoic strata in 

cliffs to north and northeast on flank of 

Dixon Mountain. Crossing approximate 

location of Paleogene Muddy Creek normal 

fault zone.  

 

9.8 Turn right onto Muddy Creek Road 

(BLM road #1829). Road through Muddy 

Creek Basin crosses both BLM and private 

access land; stay on road while crossing 

private access land. The road cuts generally 

down section from Oligocene sedimentary 

basin fill to middle Eocene volcanic and 

volcaniclastic sediments.  

 

10.2 Crossing fence line and gate. Paleo-

gene sedimentary rocks exposed ahead; re-

sistant ledges are conglomeritic channels 

cut into fine-grained siltstones and sand-

stones. Note gentle eastward tilt of Paleo-

gene beds compared to steeply dipping Pa-

leozoic Quadrant quartzite exposed on the 

southwest slope of Dixon Mountain. Paleo-

gene sediments are tilted eastward into the 

Muddy Creek fault zone.  

 

10.5 Stop 1. Climb 

slope to right to view con-

glomerate lenses cut into 

fine-grained Paleogene 

sediments. These deposits 

correspond to Facies 5 of Janecke et al. 

(1999) and represent the youngest 

(Oligocene) basin fill of Muddy Creek ba-

sin. Toward the east, the unit becomes 

coarser grained, grading to alluvial con-

glomerate deposits along the edge of the 

Muddy Creek footwall. Clasts are predomi-

nately angular boulders and cobbles of 

Quadrant quartzite derived from the Muddy 

Creek fault footwall directly to the east 

(Janecke et al., 1999) documented con-

glomerate clast compositions which can be 

traced to individual portions of the foot-

wall, demonstrating the existence of locally 

derived alluvial fans. Clast imbrication in-

dicates derivation from Dixon Mountain to 

the east. During the later stages of the evo-

lution of Muddy Creek basin these coarse-

grained alluvial deposits prograded 

throughout most of the basin, covering the 

older lacustrine and fluvial deposits. This 

change corresponds roughly to the final de-

scent into ice-house climatic conditions 

across the Eocene-Oligocene boundary.    

 

10.9 Lacustrine and fluvial beds to right 

are covered with a thin drift of Quadrant 

quartzite cobbles. These beds correspond to 

Facies D of Janecke et al. (1999) and are 

late Eocene to earliest Oligocene 

(Chadronian NALMA) in age based on the 

mammal biostratigraphy work of Dunlop 

LEG 3 

STOP 1 
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(1982). This would make them roughly 

time equivalent to the alluvial fan deposits 

of the Cook Ranch type section (Stop #2 of 

Leg 2 of this road log). Lakebed sediments 

are commonly organic rich and thin bed-

ded. Note that the organic-rich beds in this 

unit tend to weather to lighter colors. Lake-

beds of this unit continue to the north for 

several miles. To the east, toward the foot-

wall, these lake sediments eventually grade 

to conglomerate similar to that at stop #1.  

 

12.6 Stop 2 – Trail 

Creek road. Turn off and 

park at Trail Creek Road 

(BLM Road #1830) turn-

out. Best exposure of or-

ganic-rich lacustrine shale facies (Facies D 

of Janecke et al., 1999) is in semi-circular 

box canyon to east of road. Dark organic-

rich shale (lighter colored when weathered) 

predominates but is interlayered 

with siliceous shale, lignitic coal, 

limey mudstone, and minor sand-

stone layers (Figure 11). Ash is 

uncommon suggesting the cessa-

tion of most local igneous activity 

by this time (Janeke et al., 1999). 

Sandstone units are well-

laminated, tabular and contain 

abundant crossbeds. Plant debris, 

especially wood fragments, are 

common in the dark-brown or-

ganic-rich shale layers. 

  

These deposits have been inter-

preted as shallow freshwater pond- 

and lake-margin environments (Janeke et 

al., 1999) considering the interlayered 

cross-bedded sandstone and interbedded 

coal seams. However, the presence of well-

preserved organic debris and paper shale 

suggest that poorly oxygenated conditions 

with little bioturbation were present over a 

wide area. A deeper lake environment is an 

alternate explanation if tabular sandstone 

deposits are either turbidities or representa-

tive of temporary lake-level drops. These 

lake deposits represent a significantly dif-

ferent depositional environment from the 

roughly contemporary sediments in Sage 

Creek despite their close proximity to each 

other.  

 

If you wish to examine these lakebeds up 

close, proceed across road, cross fence 

(carefully) and walk to Waypoint 2a. This 

is one of the most easily accessible areas 

where the lakebeds are well exposed.  

 

When finished, return to vehicles and con-

tinue north.    

 

13.7 Stop 3 – To the right are more lake 

and fluvial deposits of Facies D of Janecke 

et al. (1999). Fossil mam-

mal remains from this 

locality and Stop #2 are 

early Chadronian (early 

Figure 11: Lake beds in the Muddy Creek Basin. 

Lake beds tilt eastward into basin bounding Muddy 

Creek fault system of Paleogene age. These lake 

deposits are similar to those visited at Stop #5 of 

Leg 1 of road log, which are controlled by the same 

fault system, but radically different from the alluvial 

fan deposits in the Sage Creek area despite their 

overlapping ages and close proximity to each other. 

This suggests that the Muddy Creek/Grasshopper 

normal fault system represents a major Paleogene 

structural boundary.     

LEG 3 

STOP 2 

LEG 3 

STOP 3 
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late Eocene) in age and come primarily 

from high in the section (Dunlap, 1982). 

Waypoint 3a marks the location of a thin, 

laterally persistent cross-bedded sandstone 

bed containing abundant freshwater inver-

tebrates which can be visited on foot. This 

sandstone is encased in dark shale and 

could be a fluvial deposit, or alternatively, 

a turbidity flow. Correct interpretation of 

these coarse grained deposits has important 

implications for the interpretation of the 

lakebeds especially in regards to their depth 

and paleoenvironment.  

 

14.2 The Johnson Creek area. To the east 

along this stretch of road, beyond the Ceno-

zoic lakebeds, are Mesozoic rocks within 

the hanging wall of the Cretaceous Four 

Eyes Canyon thrust fault. The modern can-

yon between Dixon Mountain and Timber 

Butte is occupied by the Little Water Syn-

cline, a fold in the footwall of the Creta-

ceous thrust. The south side of Timber 

Butte is folded by the paired Timber Butte 

Anticline (Dunlop, 1982). The Paleogene 

Muddy Creek normal fault appears to be 

localized above a Cretaceous thrust ramp, 

an example of fault reactivation likely re-

lated to extensional collapse of overthick-

ened and thermally weakened crust.   

 

15.4 Stop 4 – Ranch 

buildings at McNinch 

Creek. To the east of the 

corrals, more lake depos-

its of Facies D can be 

seen tilted approximately 30 degrees to the 

east into the Muddy Creek basin normal 

fault. To the west across Muddy Creek are 

distinctive white layers of tuffaceous silt-

stones and shales belonging to Facies C of 

Janecke et al. (1999). These are well-

laminated tuffaceous shales and mudstones 

with minor sandstone, limestone, and well-

rounded and well-sorted pebble conglomer-

ates. These deposits represent a shallow 

freshwater lake margin, stream, and marsh 

setting. Facies C may represent a shallower 

water setting compared to the organic rich 

shales of Facies D. Alternatively, it may 

reflect a reduction in the influx of volcanic 

material in the later Eocene. The contact 

between Facies C and D appears to be gra-

dational, suggesting a long-lived lake basin 

which persisted for approximately 10 Ma. 

(Janeke et al., 1999). Further to the north-

northwest in the higher elevations, Eocene 

volcanic and related volcaniclastic rocks 

can be seen. These deposits are synrift vol-

canics related to the middle Eocene Challis 

volcanic field in Idaho.  

 

E�D ROAD LOG HERE – Turn around 

and return to junction with Big Sheep 

Creek Road and retrace your path back to 

Dell.   
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Appendix 1 - GPS coordinates (UTM)  

 

Road Log Leg #1 – Dillon to Dell via Beaverhead Canyon   

 

Zone, Easting, Northing  Locality  

12T, 363131, 4998594  STOP #1 – Barretts Park 

12T, 362289, 4997158  STOP #2 – Railroad Cut – volcanics 

12T, 355239, 4986075  STOP #3 – Sixmile overlying volcanic 

12T, 355426, 4986474  VOLCANICS – along railroad cut 

12T, 353871, 4984287  STOP #4 – Clark Canyon Overview – overthrust belt 

12T, 333466, 4985952  STOP #5 – Grant roadcut – tilted lake beds  

12T, 333648, 4985951  LAKE BEDS – bench above road  

12T, 365346, 4953632  DELL MERC - end road log here 

 

Road Log Leg #2 – Dell to Sage Creek Basin   

 

Zone, Easting, Northing  Locality  

12T, 365346, 4953632  Dell Merc - begin road log here 

12T, 374963, 4955284  STOP #1 – BLM access road 

12T, 374906, 4956621  Waypoint 1a – Dell Beds conglomerate 

12T, 373967, 4956866  Waypoint 1b – Overview of Sage Creek type section 

12T, 373946, 4956979  Waypoint 1c – Cross-bedded sandstone and tuff 

12T, 373921, 4957015  Waypoint 1d – Unconformity - Sage Creek and Dell Beds 

12T, 373563, 4957379  Waypoint 1e – Conglomerate in Dell Beds 

12T, 373941, 4957011  Waypoint 1f – Sage Creek trough crossbeds and fossil log 

12T, 376238, 4956184  STOP #2 – Cook Ranch Member type section 

12T, 375955, 4956359  Waypoint 2a – Air-fall tuffs in Cook Ranch Member 

12T, 376047, 4956209  Waypoint 2b – Paleosols and fluvial sandstone bed  

12T, 375955, 4956125  Waypoint 2c – Unconformity between Sixmile and Renova 

 

Road Log Leg #3 – Dell to Muddy Creek Basin   

 

Zone, Easting, Northing  Locality  

12T, 365346, 4953632  Dell Merc - begin road log here 

12T, 356531, 4944598  STOP #1 – Conglomerate  

12T, 354514, 4947342   STOP #2 – Trail Creek turnout 

12T, 354547, 4947643  WAYPOINT 2a – Lake Beds 

12T, 353832, 4948543  STOP #3 – Lake Beds overview 

12T, 354154, 4948543  WAYPOINT 3a – Fluvial bed  

12T, 353599, 4949233  JOHNSON CREEK - Overthrust overview 

12T, 352767, 4951413   STOP #4 – McNinch Creek 
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Oregon Short Line depot at West Yellowstone, about 1908. 

Courtesy 1ational Park Service. 


