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ABSTRACT 

 
The LaHood Formation plays a critical role in constraining the sources and 

tectonic setting during the initial stages of formation of the Mesoproterozoic Belt Basin, 
particularly in the Helena Embayment. In the Bridger Range the LaHood Formation is 
composed of coarse conglomerates, lithic arkoses, calcareous shales and siliceous shales. 
Twelve measured stratigraphic sections show a general fining to the northeast with 
calcareous shales exposed only in the northern half of the Range. Lithology provides the 
basis for the LaHood Formation to be divided into three Members: A) conglomerate; B) 
lithic arkose and sandy micaceous shale; C) interbedded Member B with calcareous and 
siliceous shales that are interpreted as correlative rocks of the upper Newland Formation.  

U-Pb ages of detrital zircons (LA-ICP-MS) from four sandstones show: 1) The 
basal conglomerate and coarse arkosic facies in the lower and southern two sections have 
a primary age distribution at ~3.2 Ga with a minor ~3.5 Ga component that corresponds 
to the major TTG crust-forming event in the northern Wyoming Province; 2) zircons 
from an arkosic sandstone inter-fingered with calcareous shales have a dominant ~3.2 Ga 
signal, but includes a significant secondary concentration at 2.8 Ga, which corresponds to 
the age of the Beartooth-Bighorn Magmatic Zone; 3) the northernmost section exhibits a 
concentration near 3.2 Ga, a more significant ~2.8 Ga signal, and the first occurrence of 
~1.8 Ga grains, indicative of the Great Falls Tectonic Zone. These detrital zircon ages 
confirm the results of Guerrero et al. (2015) in the Bridger Range and from LaHood 
exposures in the Horseshoe Hills to the west, but differ significantly from the dominant 
3.4-3.5 Ga signal from LaHood exposures in Jefferson Canyon and north of Cardwell, 
MT (Ross and Villeneuve, 2003; Mueller et al., 2016). Collectively, the detrital zircon 
ages demonstrate a) occurrences of the LaHood Formation across the Belt Basin received 
sediment from temporally distinct sources that do not necessarily include proximal 
Archean basement, and b) the stratigraphic succession reflects contributions from 
progressively younger source areas. The significant variety of ages and abrupt facies 
changes in the LaHood Formation support a series of compartmentalized sub basins.  
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1. INTRODUCTION 

 
Significance of Research 

 
The LaHood Formation has long been considered the basal strata of the Belt 

Supergroup in the southern Helena Embayment (McMannis, 1963; Winston, 1986). 

However, some key points should be addressed: 1) the stratigraphic relationship between 

the Greyson, Newland, and LaHood Formations has been discussed since the late 19th 

century, but not formally established (Peale, 1893; McMannis, 1963; Boyce, 1975; 

Schieber, 1990; Thorson, 1984; Alexander, 1955), 2) the rock type transitions and their 

corresponding sedimentary features allow the LaHood Formation to be broken into three 

members, 3) the provenance can provide insight on the complexity of source terranes for 

the LaHood Formation and how they change temporally within stratigraphy and spatially 

between outcrops, 4) a wide spectrum of depositional environments have been proposed 

from alluvial fans(Boyce, 1975) to turbidites (McMannis, 1963; Hawley, 1973; Hawley 

and Schmidt, 1976; Bonnet, 1979; Hawley et al., 1982) and 5) the common model of a 

faulted margin shedding detritus south to north (McMannis, 1963; Schieber, 1990) cannot 

fully explain the diversity in provenance between the LaHood outcrops.  

 
Belt Basin Geologic Setting 

 
The Belt-Purcell Supergroup spans from southern Canada (Alberta and British 

Columbia) and the northwest United States (western Montana, northern Idaho, western 

Washington) and attains a stratigraphic thickness of 15-20km (Sears, 2007). The original 
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western limit is obscured due to Late Proterozoic Windermere Group deposition, 

Mesozoic accreted terranes and granitic complexes and Eocene extensional core 

complexes (Winston, 1986). 

 The Helena Embayment of the eastern Belt Basin rests over the basement suture 

zone between the Medicine Hat block and the Wyoming Province, which is referred to as 

the Great Falls Tectonic Zone (GFTZ) and may have occurred 1.86 to 1.80 Ga due to 

subduction of the Medicine Hat Ocean (Mueller et al., 2002; Foster et al., 2006, 2014; 

Gifford et al., 2014). The GFTZ is a continuous NE-trending zone of high-angle faults 

and shear zones that extend more than 650 km from Salmon, Idaho to north of  Glasgow, 

Montana in the northeast (O’Neill and Lopez, 1985; Sims et al., 2004), and evident from 

regional geophysical surveys (Anderson et al., 2015). At the surface this lithospheric 

boundary is represented by long linear faults and Mesozoic and Tertiary dike swarms 

(Gifford, 2013). The Perry Line is one of these west and northwest trending linear faults 

as a major basin bounding syn-depositional fault that demarcates the southern contact of 

the Dillon block and southern Margin of the LaHood deposits of the southeastern Helena 

Embayment (McMannis, 1963; Winston, 1986; Lageson, 1989). It is part of a larger 

series of intra-cratonic extensional blocks shown in Figure 1 that characterize the Belt 

Basin as a whole (Sears, 2007).  
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Figure 1: Belt Basin structural architecture map denoting the separate structural elements. 
Modified from (Sears, 2007). 1) northern half graben tilting southwest 2) the central horst 
is a triangular block bounded by normal faults along the western edge. 3) The southern 
graben is the broadest panel extending east-west and includes the Helena Embayment. 
The LaHood Formation denoted by Red box and the Perry line by dashed red line. The 
yellow box denotes the study area. 

 

Numerous interpretations of the tectonic setting of deposition for the Belt Basin 

are shown in multiple studies: rift basin, intra-cratonic lake basin, continental-margin 
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delta, impact basin, and trapped ocean basin  (Ross and Villeneuve, 2003). The Belt Basin 

has been interpreted as a variation of an aulacogen (Harrison et al., 1974; Boyce, 1975) or 

alternatively, it may have originated from a segment of western Laurentia that rifted, 

creating a new ocean basin and continental margin similar to the Atlantic (Sears and 

Price, 1978). Ross and Villeneuve, 2003 suggest an extensional intracontinental 

depositional system, in a collisional/convergent plate margin similar to the Black and 

Caspian Sea sedimentary basins during the closure of Tethys Sea. The timing of the Belt 

Basin is bracketed by the youngest zircon age sampled from crystalline basement in the 

Little Belt Mountains 1.79 Ga (Mueller et al., 2002) and the intrusion of the Moyie sills 

into the Aldridge Formation in British Columbia at 1.45 Ga or the Perma Sills of the 

Prichard Formation in west-central Montana at 1.46 Ga  (Anderson and Davis, 1995; 

Sears et al., 1998; Ross and Villeneuve, 2003)). The youngest detrital zircon sampled 

from the LaHood formation is 1.71 Ga ((Ross and Villeneuve, 2003; Mueller et al., 

2016), providing an unconstrained gap of approximately 160 Myr.  

Various western sources have been proposed for the deposition of the Belt-Purcell 

basin based on limited available geochronological data. Possible sources include Baltica 

(Patchett et al., 1978), Siberia (Sears and Price, 1978; Price and Sears, 2000), Australia 

(Jefferson, 1978; Blewett et al., 1998; Ross and Villeneuve, 2003; Medig et al., 2014; 

Halpin et al., 2014), Baltica-Australia-Western United States – AUSWUS and SWEAT 

(Moores, 1991; Brookfield, 1993; Karlstrom et al., 1999, 2001; Burrett and Berry, 2000) 

or Australia-Antarctica (Moores, 1991). These studies have used the North American 

Magmatic Gap (NAMG, 1610-1490 Ma, Ross and Villeneuve, 2003) as a 

geochronological marker to link zircons from Precambrian sedimentary terranes 
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associated with the formation and break-up of Nuna (Columbia) 1.9- 1.3 Ga and Rodinia 

1.1 to 0.75 Ga (Medig et al., 2014) to the Belt stratigraphy.(Karlstrom et al., 1999) 

The study area is the eastern most exposure of LaHood Formation in the Bridger 

Range within the southern Helena Embayment (Figure 2). Structurally, the Bridger 

Range represents a microcosm of northern Rocky Mountain geology as it encompasses 

Archean crystalline basement, the Mesoproterozoic LaHood Formation, Paleozoic 

through Cenozoic strata, Sevier-, Laramide-, and Basin and Range-style faults, and 

Quaternary surficial deposits (McMannis, 1955; Lageson, 1989). The range is 

characterized by two major structural features 1) Cross Range Fault and 2) the Pass Fault 

Zone, which represent normal faults active at the time of Belt deposition in the 

Proterozoic, reactivated in the Paleozoic and then again reactivated as lateral thrust ramps 

as early as the Paleocene (Lageson, 1989).  
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Figure 2: LaHood Formation location map of the southern Helena Embayment. Study area highlighted in red. Shapefiles 
modified from (MBMG, 2014) 
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The Lower Belt Stratigraphy of the Helena Embayment overly pre-Belt crystalline 

rocks along thrust contacts and include the LaHood, Niehart, Newland, Greyson, and 

Chamberlain Formations (Figure 3). General rock types within the Helena Embayment 

stratigraphy include super-mature quartzites of the Neihart, lithic arkoses, conglomerates 

and sandy shales of the LaHood Formation, grey shales within the Chamberlain 

Formation, and carbonate and calcareous shales and minor sandstones in the Newland 

Formation (Figure 4). Helena Embayment stratigraphy is distinct from the rest of the Belt 

Basin based on thickness (Anderson et al., 2015) and the lack of a clear stratigraphic 

correlation of the LaHood Formation with lower Belt strata shown in Figure 3 (Ross and 

Villeneuve, 2003) and with western equivalents (McMannis, 1963). Correlative Lower 

Belt units to the west include the Altyn, Applekunny and Prichard Formations (Winston 

et al., 1989).  

 

 
Figure 3: Correlation of LaHood Formation and Lower Belt lacks clarity. Modified from 
Ross and Villeneuve, (2003).  
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Figure 4: Stratigraphic columns of the Belt Supergroup in Montana. Lower Belt formations within the Helena Embayment are 
outlined in red and the LaHood Formation denoted by dashed red lines. Modified from Vuke et al., 2009 
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Historical Background 

  
The first description of the LaHood Formation referred to it as a stratified azoic 

layer (devoid of life) between the basement and the Cambrian Flathead Formation by 

members of the Hayden Expedition. (Hayden, 1861; Weed and Pirsson, 1896). Nearly a 

decade later in 1872 Peale measured a 1,600 ft. (487.68 m) section of LaHood Formation 

near Flathead pass underlying the Cambrian Flathead Formation and reporting micaceous 

sandstones with a general color of olive-green, and the presence of mica, small pebbles of 

quartz and opaque crystals of white feldspar and beds of limestone bearing concretions 

(Hayden, 1873).  

Hayden returned to the Gallatin Valley in 1884 (Powell, 1885) with a solely 

geologic expedition and designated the LaHood Formation as the Cambrian East Gallatin 

Group, later amended to Precambrian Algonkian (Van Hise, 1892). At Nixon Gulch 

Bridge an 8,625 ft. (2628.9 m) section revealed alternations of green and greenish-gray 

micaceous sandstones and clay slates or argillites and thin bands of laminated siliceous 

limestones with concretions; all devoid of fossils (Van Hise, 1892; Peale, 1893). Peale, 

(1893) later linked this to the Newland Formation exposures in the Big Belt Mountains 

based on W.M. Davis's, (1880) report. A section in the central Bridger Range in the Tom 

Reese Creek drainage exposed similar micaceous sandstones and conglomerates that 

included large angular masses of gneisses, which geologists presumed were linked to 

basement of the southern Bridger Range (Van Hise, 1892; Peale, 1893; Walcott, 1899) 

and to exposures along the Jefferson River (Peale, 1893).  
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In 1892 Van Hise considered the LaHood Formation to represent a paleo-shore 

whose source lay 12-15 miles (19.31 - 24.14 km) to the south and did not crop out south 

of the Perry Line (Van Hise, 1892; Peale, 1893; Walcott, 1899). Peale (1893) linked the 

Southern Bridger Range basement as a source based on petrographic analyses. Contrarily, 

Deiss, (1931) surmised that the positioning of Cambrian Flathead Formation over 

Archean in the Bridger Range indicated that a massive amount of erosion occurred prior 

to the Cambrian Sea and the thickness of LaHood Formation (~6,000 ft. (1828.8 m)) 

indicated that it extended much farther south of the Perry Line. 

The western boundary of the LaHood Formation was extended to the Highland 

Mountains where the conglomerate facies rests over the Rochester/Cherry Creek schist 

series at the junction of upper Camp Creek and Wickiup Creek (Sahinen, 1950). Mineral 

exploration extended the LaHood Formation 5 miles further to the intersection of Camp 

Creek and Soap Gulch based on corehole SG-1 (Zieg, Personal Communication, 2016).  

After nearly 100 years since Hayden, (Alexander, 1955) proposed the formal 

name LaHood Formation based on his type section at LaHood Park, a name McMannis 

(1963) expanded to all the conglomeratic, arkose, and interbedded limestones series from 

the Highland Mountains in the west to the Bridger Range in the east. The rock facies are 

based on Alexander’s (1955) type section in LaHood Park and McMannis’s (1963) 

principal reference section 6 miles east of Alexander (1955), where McMannis observed 

the LaHood section to be complete and unoconformably overlying a sliver of 

metamorphic rocks half a mile west of Huller Springs. Boyce, (1975) later revised all 

contacts of LaHood Formation on basement rocks as fault contacts.  
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2. FIELD RELATIONS 

 
Introduction 

 

Past studies have shown that the Belt deposits designated as the LaHood 

Formation in the Bridger Range and more western outcrops show a general fining to the 

north (Peale, 1893; Alexander, 1955; McMannis, 1963). To evaluate the significance of 

the transition within the Bridger Range a lithologic examination of the lithology using 

measured stratigraphic sections was conducted to identify facies changes. This section 

intends to define the three lithofacies of the Bridger Range LaHood Formation based on 

megascopic properties, petrography, and sedimentary structures. 

If the LaHood is sourced from a tectonically active terrane than the petrology can 

provide a more complete interpretation of provenance (Dickinson, 1970). Examination of 

the sandstone petrology through point counting with special care to detrital and 

authigenic textures produces better representation of the source terranes. In the LaHood 

Formation, the detrital modes of more soluble minerals such as muscovite and biotite are 

important to understanding the maturity and length of transport from the source terrane.   

 
Methods 

 
Geologic characterization of lithology was completed by mapping, describing, 

and sampling outcrops within the Bridger Range. Stratigraphic sections were measured 

and described at the following locations from south to north: Reese Creek (A1, A2) 

Sacajawea (A3), North Cottonwood (B1, B2, B3), Johnson Canyon (C1, C2, C3), Felix 

Canyon (D1, D2), Morgan Cemetery (E1) and are shown in Figure 5. Detailed site 
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descriptions can be found in Appendix A. Rocks were sampled for petrographic 

description at each section for each rock type and where coarse sandstones interbedded 

with sandy shales they were sampled as a pair. The Fieldmove application operated on a 

GPS enabled 4th generation iPad was used to record in-field observations and structural 

measurements.   

Five lithofacies within the Bridger Range LaHood Formation are defined using 

Folk et al., (1970) nomenclature.  

To evaluate rock type of the sandstones 19 thin sections were cut from samples 

collected near or within the measured sections. Thin sections were stained with cobalt 

nitrate for easier identification of potassium feldspars. A description using Folk's (1980) 

macroscopic and microscopic character summary was completed for each sample along 

with general 10x magnification pictures using cross polars and plain polarized light were 

completed. Point counting analysis was conducted to gather information on the major 

mineral constituents using the Gazzi-Dickinson method as outlined by Ingersoll et al., 

(1984). To evaluate the plagioclase feldspars the Michel-Levy method was employed to 

measure the anorthite content using curves from Tobi and Kroll, (1975). Thin sections 

were stained to help with the identification and counting of the potassium feldspars. 

Megascopic properties and sedimentary structures at outcrop were utilized to 

divide the LaHood into three members. Identifying grain size transitions and bed contact 

geometry aided in characterizing the types of sedimentary structures observed in outcrop.  
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Figure 5: Bridger Range study area location map. A1&A2: Reese Creek; A3: Sacajawea; 
B1-B3: North Cottonwood; C1-C3: Johnson Canyon; D1&D2: Felix Canyon; E1: 
Morgan Cemetery. 
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Lithofacies 

 
Lithofacies sG 

A sandy (s) granule-boulder conglomerate (G): immature lithic arkose. 

Lithofacies sG is characterized by metamorphic detritus ranging in size from gravels to 

boulders up to 30 m in diameter. The matrix is very coarse to granular, texturally 

immature sandstone, and includes an abundance of lithic fragments including muscovite, 

biotite, and hornblende.   

The sG facies composes a majority of the lower stratigraphic lithofacies of the 

LaHood Formation, which is exposed along the eastern foothills of the Bridger Range. It 

is in contact with Bridger Range Archean metamorphic basement and Paleozoic strata 

along a thrust fault of the Pass Fault Zone.  

Megascopic properties of sG matrix are mainly reflected in color; fresh surfaces 

are recognized by an interstitial medium to dark green and very coarse and poorly sorted 

grains. Exposures typically weather to a light red or brown in heavily weathered areas. 

Coarse grains of hornblende and granules of feldspar are prominent in sG.  

Major mineralogy composition is provided by point counting of the matrix and 

show an average ratio of quartz:feldspar:lithics (QFL) of 30:48:21 and is plotted in green 

on Figure 6. sG (Figure 7 through Figure 10) is petrographically unique due to the 

abundance of hornblende grains (18%) and other accessory heavy minerals such as 

zircon, apatite, epidote and titanite. Quartz and feldspar grains range from angular to sub-

rounded. The plagioclase has minor sericite alteration and both Carlsbad and Albite 

twinning. plagioclase is mostly sodic albite to oligoclase. Plagioclase feldspar were more 
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abundant than potassium feldspars. Tartan twinning in the potassium feldspars indicates 

the presence of microcline.  The hornblende grains have undergone patchy alteration to 

actinolite (Figure 7). Rock fabric is characterized by intergeneration, and 

recrystallization.  Grain contact dissolution is notable from suturing, embayments and 

enclosed grains.  Evidence of fracturing of grains is shown in Figure 7. The plagioclase 

around the fracture has undergone alteration as reflected by the surrounding lighter 

colored material that differs from the fabric of the rest of the grain.  

 

 
Figure 6: QFL diagram of LaHood Formation sandstones from the Bridger Range. This 
diagram plots the % quartz x % feldspar x % lithics.  Green circles are sG samples. Olive 
circles are (g)S samples and have the widest range. Yellow circles are (g)S interbedded 
with Mdc &sfM and have the highest quartz content. 
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Figure 7: Photomicrographs of sG sample 7242015_1 . Hand sample picture on left with decimal inch ruler. Plain light top 
right and crossed polars bottom right. Location is 100 m northeast of thrust fault contact with Bridger Archean Basement. 
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Figure 8: Photomicrographs of sG sample 7282015_2 at stratigraphic section A1. Hand sample picture on left. Plain light top 
right and crossed polars bottom right. 
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Figure 9: Photomicrographs of sG sample 8172015_1 from stratigraphic section B1. Hand sample picture left. Plain light top 
right and crossed polars bottom right. 
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Figure 10: Photomicrographs of sG sample 8520152 from stratigraphic section C1. Hand sample picture upper left with grain 
size boundary shown in red. Plain light upper right and lower middle. Crossed polars bottom left and bottom right.
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Sedimentary structures are rare, but when present include stratified gravels to 

boulders and lenses of coarse material (Figure 11 A, B & C). Near the stratified boulders 

rip up clasts are present and are composed of siliceous shale material. Thin to medium 

beds (5 to 25 cm) of siliceous shales that tend to be friable are also rare and may be 

associated with graded beds (Figure 11 D). These unique fine grained beds tend to pinch 

out and therefore may not be reliable bedding planes or indicators of orientation. 
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Figure 11: Sedimentary structures and lithologic features of sG. A) poorly sorted 
stratified metamorphic clasts. B) poorly sorted metamorphic gravels and boulders. C) 
moderately sorted stratified angular feldspar gravels. D) siliceous laminated shale with 
lenses of coarser sand.  
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Lithofacies (g)S 

This lithofacies includes a slightly pebbly ((g)) coarse sandstone (S): an immature 

lithic arkose. The bed size of (g)S is sometimes massive (>2 m) and when interbedded 

with the sandy micaceous beds is < 2 m.  

This lithofacies is found mostly in the central and eastern parts of the study area 

south of the Cross Range Fault and is in contact with the Cambrian Flathead along an 

angular unconformity at stratigraphic section A3.  

Megascopic properties of (g)S include poorly sorted coarse grains with an 

abundance of lithic fragments. Muscovite and biotite can both typically be identified in 

hand sample. There is a greenish hue though not as dark as sG. The rock typically 

weathers red to brown. Quartz veins are present though it’s timing is unclear as veins are 

found primarily within the massively bedded sections. (g)S also exhibits metamorphic 

cobble to boulder size floating clasts where it is proximal to sG.  

Major mineralogy is provided by point counting of the (g)S, which shows a 

dominantly feldspar composition with 4% lower quartz than the sG. The QFL of 26:49:25 

is plotted in olive on Figure 6. 

In thin section the lithofacies has a lower modal proportion of hornblende (0-

12%) then sG and increased presence of micas (8% avg. vs 3%) (Figure 12 through 

Figure 15). Heavier minerals such as titanite and zircon persist. Texturally, this 

lithofacies shows grain suturing, fractures, and fragmented grains. The sorting is poor as 

both size and roundness vary, but overall grains are sub-angular.  
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Figure 12: Photomicrographs of (g)S sample 8192015_2 from stratigraphic section A3 within Member B. Hand sample picture 
upper left. Plane light upper right and lower middle. Crossed polars bottom left and bottom right. 
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Figure 13: Photomicrographs of (g)S sample 822015_2 from stratigraphic section A2 within Member B. Hand sample picture 
upper left. Plane light upper right and bottom middle. Crossed polars bottom left and bottom right. 
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Figure 14: Photomicrographs of (g)S sample 832015_4 from stratigraphic section A2. Hand sample picture on left. Plain light 
upper right and crossed polars bottom right. 
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Figure 15: Photomicrographs of (g)S sample 81820153 from stratigraphic section B2 in Member B. Hand sample picture on 
left. Plane light upper right and crossed polars bottom right. 
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Lithofacies slM  

The coarse sandy (s) laminated (l) siliceous-shale (M) is interbedded with the 

(g)S. The bed thickness of the slM is never larger than 0.25 meters and tends to be 5 to 10 

cm. This lithofacies is found mostly in the central and eastern parts of the study area 

south of the Cross Range Fault. The slM is finer grained, though does tend to have lenses 

of coarser sand. The slM are characterized by large micas visible in hand specimen, are 

laminated, and largely siliceous and tend to have lenses of sand.  

 
Sedimentary Structures (g)S & slM 

The most prominent sedimentary structures within (g)S is graded bedding and 

occurs when (g)S and slM are interbedded. This lithofacies is lacking lenses of boulder 

conglomerate, but may at times have lenses of pebble conglomerate or singular 

metamorphic cobble size clasts. Pebble conglomerate is typically found within the first 

0.25m of the graded beds.  

Other notable sedimentary structures occur at bed contacts between graded beds 

of (g)S or where it is interbedded with slM.  These features include soft sediment 

deformation that appear wavy and typically come in sets of three to four (Figure 16) but 

are found as singular occurrences. Possible flute casts or sole marks are also seen on the 

underside of grain size transitions where the exposed face is laminated slM (Figure 17). 

Rip up clasts are present near the bed contacts of graded (g)S and are composed of 

siliceous shale, but tend to be rare (Figure 18).  
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Figure 16: Soft Sediment Deformation found in (g)S. A) Soft sediment deformation of 
coarser white material in stratigraphic section A2. B&C) Grain size influenced 
boundaries of soft sediment deformation at stratigraphic section A3.  
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Figure 17: Possible flute casts or sole marks in (g)S.  Features occur along a grain size 
transition in stratigraphic section A3. 
 

 

 
Figure 18: Rip-up siliceous shale clasts in (g)S. Scale in cm on left and red arrows show 
grading of two beds which have a wavy bed contact.  
 

 
Lithofacies Mdc  

The slightly pebbly sandstone and sandy laminated siliceous-shale is a smaller 

component in this lithofacies and is interbedded with the more prominent micritic (M) 

diagenetically altered (d) calcareous (c) shales and. Field observations have shown the 

Mdc beds to be orthochemical and have a micritic fine grained crystalline texture. 
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This lithofacies is found strictly in the northern study area and contains the only 

calcareous deposits. It underlies Paleozoic strata at angular unconformities in 

stratigraphic sections including: Cambrian Wolsey Shale at C3, the Cambrian Flathead at 

D2, and along a fault with Cambrian Meagher Limestone at E1.  

 
Lithofacies sfM 

The siliceous (s) fissile (f) shales (M) is grey to dark grey and fine grained. The 

light tan Mdc are more prominent then the sfM which is fissile and breaks easily making 

it a slope former. The sfM is generally less than 0.5m where and always interbedded with 

Mdc. At stratigraphic section D1 sfM is found to be thicker than 0.5m. 

The sfM lithofacies is found only in the northern study area. It forms sharp and 

occasionally wavy contacts with Mdc and (g)S. This lithofacies lacks any substantial 

carbonate as it does not effervesce with HCL.   

 
(g)S and Mdc/sfM 

In hand sample the (g)S where it is interbedded with Mdc and sfM is moderately 

sorted and muscovite grains are the most prominent lithic mineral fraction and may reach 

sizes of 2mm. The (g)S retains a greenish hue, but where interbedded with Mdc it tends 

to be more grey. The slM in this lithofacies when stratigraphically near the Mdc may 

slightly effervesce.  

The point counting results for the (g)S within this lithofacies provides the highest 

quartz content with a QFL of 40:43:17. Lithic content is also the lowest of all three 

members.  
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Thin section petrography of the (g)S reveals extreme sericite alteration that is 

localized to some areas and moderate to minor in others (Figure 19 through Figure 22). In 

samples where sericite alteration is prevalent iron oxides and sulfides exist as interstitial 

grain matrix. Most biotite grains have some degree of chlorite alteration. Muscovite is 

present as authigenic and diagenetic varieties.  

Although this lithofacies is more sorted, angular grains of feldspar persist. Albite 

and Carlsbad twinning are present in the plagioclase, which are found to be more sodic. 

Well defined tartan twinning is present on the potassium feldspars indicating the presence 

of microcline 
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Figure 19: Photomicrographs of (g)S Sample 812015_2 where it is interbedded with Mdc from stratigraphic section B3. Hand 
sample picture on left. Plane light upper right and crossed polars bottom right.  
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Figure 20: Photomicrographs of (g)S sample 842015_5 where it is interbedded with Mdc in stratigraphic section C2. Hand 
sample picture upper half. Plane light bottom left and crossed polars bottom right. 
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Figure 21: Photomicrographs of (g)S sample 8112015_3 where interbedded with Mdc in stratigraphic section D1. Hand sample 
picture upper half. Crossed polars bottom left and plane light bottom right. 
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Figure 22:Photomicrographs of (g)S sample 8132015_1 where interbedded with Mdc in stratigraphic section E1. Hand sample 
picture upper half. Plane light bottom left and crossed polars bottom right.
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Sand injectites are found in this lithofacies at stratigraphic section C2. In Figure 

23 a (g)S sand intrusion has deformed adjacent calcareous and siliceous shales in two 

directions. The lithofacies is also distinguishable by diagenetic features in the form of 

concretions and mottling found in the Mdc (Figure 24). Concretions in Mdc tend to be 

dolomitic and nucleate from a crystalline center. The crystalline center is distinct due to 

larger radial crystals similar to aragonite. These concretions can come in two forms: 1) as 

ovals within beds that create an undulating contact with sfM above and below, 2) as a 

discoid which nucleates to the point that separates it from neighboring dolomitic 

concretions and is enveloped by sfM. Mottling fabrics within the Mdc are rarer than the 

concretions and are not laterally continuous along bedding planes. 

 
Figure 23: (g)S intrusion within Mdc & sfM. Feature highlighted in red and has deformed 
calcareous and siliceous shales at stratigraphic section C2. Scale provided in cm bottom 
right. Note the short distance between breakout along sills.  
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Figure 24:Diagenetic Features of Mdc. A) Interbedded dolomitic concretion layers and 
fissile siliceous shale at stratigraphic section D2. B) Dolomitic discoid from stratigraphic 
section E1 C&D) Pressure solution fabrics at stratigraphic section C2. 
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Lithofacies Summary 

The results support the division of the LaHood Formation at the Bridger Range 

locality into five lithofacies. A summary of the results from the division into members is 

shown Table 1 below according to lithology. 

 
Table 1: Summary of Lithofacies 

Lithofacies Description Color Thickness Sedimentary 
Structures 

Calcareous 
Beds 
Mdc 

Fine grained to 
crystalline/microspar, 
typically intimately 
interbedded with 
siliceous-shale beds 

Grey to 
Black 

Thinly 
bedded: 2 
cm to 0.25 
m  

Diagenetic features: 
Concretions: 
discoids, ovoids, 
mottling; sand dikes, 

Siliceous-
Shale Beds 
sfM 

Fine grained to 
crystalline 

Dark grey to 
black 

Thinly 
bedded: 1 
to 5 cm 
(fissile) 

May enclose 
diagenetic features of 
Calcareous beds, less 
prominent than 
calcareous beds.  

Sandy Shale 
slM 

Coarse to mud, 
typically interbedded 
with coarse arkose, 
may pinch out 

Grey to pale 
yellow, 
black  

Thinly 
bedded 1 
cm to 0.25 
m 

Soft sediment 
deformation, small 
scale grading, 
laminated, 

Coarse Arkose 
(g)S  

Very coarse to pebbly 
arkose matrix with 
metamorphic 
cobbles, but boulders 
rare 

Green to 
grey and 
weathers 
grey to red 

Massively 
bedded 
0.25m to 
>5m 

Grading, locally 
interbedded with 
sandy shale along 
normal contacts, soft 
sediment deformation 
structures where in 
contact with sandy 
shale or calcareous 
beds 

Conglomeratic 
sG 

Very coarse to pebbly 
arkose matrix with 
stratified or 
metamorphic and 
igneous cobbles to 
boulders >20m 

Green, 
green-grey, 
locally pink; 
weathers 
light red or 
grey  

Massively 
bedded 1 to 
>20m 

May appear as large 
lenses that pinch out 
to arkose. Finer 
grained to silty layers 
rare and 
discontinuous 

 

Fluid Flow Dynamics 

sG. The massive bedding, lack of internal layering, poor sorting and angular to 

sub-rounded clasts and cobbles of this lithofacies is associated with the rapid deposition 

of material and the absence of fluid-flow traction transport (Boggs, 2009). This mass 
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transport process is a sediment gravity flow in which debris flows are characterized by 

high density and high viscosity. Transport of granule to boulder size clasts is facilitated 

by a largely mud free slurry of coarse sand. These larger clasts are supported by fluid 

turbulence, hindered settling, matrix buoyant lift and dispersive pressure resulting from 

grain collisions (Lowe, 1982). The lack of significant mud in the matrix indicates that this 

is a plastic debris flow supported by a cohesive matrix of coarse sand driven primarily by 

matrix strength and density. The rare stratification of conglomerate beds ranging in size 

from gravels to boulders may represent a brief reworking of clastic detritus associated 

with traction transport due to deceleration and more fluidized flow by escaping pore fluid 

or fluid turbulence. The thin beds of silty material are described as fluxo-turbidites, 

representing brief pauses in mass movement when finer material may settle out (Hawley 

and Schmidt, 1976). These horizons represent a more diluted lower density flow in which 

particles can be maintained in suspension by turbulence alone.  

 
 (g)S & slM. Graded beds of (g)S interbedded with slM constitute the principal 

sedimentary feature within these lithofacies. Past studies (McMannis, 1963; Hawley, 

1973; Hawley and Schmidt, 1976; Bonnet, 1979) have linked such interbedding to 

turbidities, and while the more massive graded sandstone reflects the “A” part of an ideal 

Bouma sequence the sandy micaceous shale reflects none of the well-ordered parallel 

laminae in parts B through D, but could be possibly be interpreted as some type of 

mixing of B and E (Bouma, 1962). Likely these series of beds reflect the suspension 

settling after the debris flow or fluidized flow pulse in a low energy or below wave base 

aqueous setting that involves little reworking of deposits.  
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Rip-up clasts present in (g)S indicate the cohesiveness of shales that are broken 

from the surface during transport of sediment. They are typically associated with 

turbidites, but are also found in debris and sediment gravity flows (Boggs, 2009). The 

rarity of this feature suggests that there was minimal time between flows for clay to 

become cohesive. Alternatively, pulses of sediment strong enough to rip-up more 

cohesive shale beds were infrequent.  

The soft sediment deformation is not pronounced enough to be characterized as 

convolute bedding or flame structures and is likely related to loading of coarser material 

or associated with fluid escape structures. The finer grained material appears to intrude 

vertically, showing fluidization due to differential compaction. 

Flute casts are considered very common on the soles of turbidites, but also form 

sediments in shallow marine and non-marine environments (Boggs, 2009). In (g)S they 

show the swarming nature of flute casts and have an asymmetric shape were one side is 

more bulbous and its orientation may indicate direction of flow (from southwest to 

northeast). They are, however, rare in outcrop, suggesting the more turbulent flow 

required for the feature was rare.  

 
Mdc &sfM. The Mdc &sfM represents deposition between subaqueous flow events 

of (g)S and slM. They were lithified shortly after deposition based on the cross-cutting 

relationship of sand intrusions through the beds and features. The fine grained Mdc is the 

result of low energy pelagic deposition of carbonate interrupted by pulses of fluidized 

terrigenous sfM.  
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The main sedimentary structures within these lithofacies include the diagenetic 

concretions and mottling, which are the result of pressure solution (Zieg, 1981) and 

equivalent to Upper Newland. However, previous studies considered them to be organic 

in origin (Peale, 1893; McMannis, 1963; Bonnet, 1979). The features were interpreted as 

stromatolites, molar tooth, and deformed cryptalgal laminites (McMannis, 1963; Bonnet, 

1979). Both characterizations of the diagenetic features can occur in low energy shallow 

water, but an organic interpretation requires it.  

Other key structures include the fluidization of the lithic arkose and the 

development of sand intrusions. The sand intrusion in Figure 23 has bent surrounding 

strata and reflects the erosive action associated with fluidized sand. This feature appears 

to have occurred after the siliceous and carbonate beds were deposited and likely after 

pressure solution of diagenetic features.  
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Facies Associations 

The sG and (g)S where proximal or interbedded are considered transitional. The 

(g)S is down gradient of sG representing a transition from debris flow to more fluidized 

flow marked by the decrease in cobble to boulder size clasts in (g)S. This is also evident 

as the sG increases in coarse matrix (>50%) and becomes dominantly pebbly moving 

north from the cobble to boulder conglomerate. The presence of floating cobbles within 

the (g)S represents a complex balance and positioning of cobbles between the upper 

turbulent flow and lower inertia flow of the fluidized flow allowing them to be dragged 

beyond the sG facies and deposited within a dominantly coarse to granule matrix of (g)S 

(Postma et al., 1988).  

The interbedded (g)S and slM represent more fluidized mass transport flows of 

(g)S followed by quiescence and suspension settling of slM. This association indicates 

pulses of clastic material as a frontal lobe of sG debris flows or mass transport of unstable 

alluvial material.  

At some locations, the (g)S and slM bedsets are interbedded with more massive 

sG. This association indicates the presence of larger mass transport events of debris flows 

that extended farther into the basin. However, the sG never extends far enough into the 

basin to be interbedded with Mdc or sfM. This implies that only the (g)S and slM of the 

outer more fluidized lobes of the debris flows reach areas in which Mdc and sfM are 

actively being deposited. Furthermore, the beds of (g)S and slM diminish in thickness 

when associated with Mdc and sfM and indicate they are more distal. The Mdc represents 

carbonate precipitation and pelagic deposition and is interrupted by mass transport flows 

of sfM material.  
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Depositional Systems 

The sG is a result of tectonic activity along the Perry Line in the south. Normal 

faults create a series of high relief unstable half grabens where mass transport by 

slumping initiates debris flows (Hawley, 1973; Hawley and Schmidt, 1976). The coarse 

matrix of the sG, some of which is rounded may be associated with erosion of alluvial 

fans along the Perry Line in concert with the slumping (Boyce, 1975). The lack of 

reworking and the presence soft sediment deformation associated with this lithofacies 

indicates that it was subaqueous.  

The (g)S within represents the more distal frontal lobes of the sG debris flows. 

These are more fluidized flows transferring only finer material due to elevated water 

content. The increase in water content is also pronounced by common fluidized structures 

at bed contacts. The slM interbedded with the (g)S represents more passive periods 

directly following the pulses of clastic material in which finer sediment laden with micas 

settles out. The presence of flute casts scoured into the slM by (g)S supports a high 

energy episodic environment. 

The orthochemical crystalline Mdc is equivalent texturally to a siliciclastic 

mudstone or shale such as the sfM  and the lack of winnowing indicates quiet water of 

moderate to shallow water below wave base and out of reach of bottom currents (Boggs, 

2012). The Mdc is likely a consequence of over-saturation during times of quiescence 

when sfM is starved from the environment.  Increased tectonic activity along the 

ancestral Volcano Valley fault in the north could have inhibited pulses of terrigenous 

siliceous material composing the sfM to the over-saturated carbonate environment. The 

Mdc shares a similar environment to the upper Newland Formation which is interpreted 
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to form from deep water pelagic deposition accompanied by low terrigenous input (Zieg, 

1981). The Mdc and sfm lithofacies are interbedded with pulses of coarser detritus of the 

LaHood Formation ((g)S and slM that originate from more distal active terrane in the 

south and are the consequence of larger debris flows.   

The crosscutting relationship of the fluidized (g)S and Mdc and sfM indicated that 

the Mdc and sfM were lithified before they were subjected to pressure that would initiate 

the fluidization of sand. This liquefaction likely occurred due to combination of sediment 

loading and seismic activity associated with both the ancestral Volcano Valley fault in 

the north and the Perry Line in the south. Seismic activity from both is further supported 

by the presence of soft sediment deformation in the (g)S of the southern study area. 

The geometry of fluidized sand intrusions can also provide insight on the pore 

pressure in the depositional environment from which depth can be estimated. The short 

vertical height of the dike from sill suggests a shallower depth, possibly on the order of 

10’s of meters (Vigorito and Hurst, 2010). 

 
Tectonic Environment  

Insight on the tectonic environment of deposition is provided by comparing 

grouping patterns of sandstones from different plate tectonic environments with the 

results of the point counting on a QFL diagram shown in Figure 25 (Dickinson and 

Suczek, 1979). The Bridger Range sandstones overlap with the feldspar rich end of the 

magmatic arc provenance grouping. The magmatic arc provenance includes active arc 

orogens of island arcs or active continental margins. The more feldspar rich end is 

represented by transitional samples that approach the immature extent of the continental 
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block provenances whose sediment sources include shields and platforms or faulted 

basement blocks (Dickinson and Suczek, 1979). 

The results are expected because of the immaturity and poorly sorted lithic 

arkoses that characterize the LaHood Formation sandstones. The samples create a 

transitional bridge between the magmatic arc and continental block provenances 

indicating a complex tectonic environment of deposition that suggests the mixing of 

multiple sources. Based on North American Phaneorozic sandstone groupings the 

proximity to the more immature end of the continental block provenance edge is 

reflective of a shift between continental and basement uplift and the more plutonic end of 

magmatic arc is reflective of a dissected arc (Dickinson, 1983). This tectonic 

environment indicates the LaHood Formation sandstones are sourced from higher grade 

metamorphics and receive input from both felsic and mafic sources.  
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Figure 25: QFL and tectonic environments modified from (Dickinson and Suczek, 1979). 
The sample results plot with higher feldspar continent and represent transitional samples 
associated with magmatic arc provenances and approach more immature sandstones of 
continental block provenances. 
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3. STRATIGRAPHIC FRAMEWORK 

 
Introduction 

 
The understanding of the stratigraphic framework of the LaHood Formation of the 

Bridger Range is important for two main reasons: 1) to demonstrate potential 

interbedding of the LaHood Formation and Newland Formation and 2) to help understand 

the distribution of depositional systems based on stratigraphic associations.   

 
Methods 

 
The drainages southwest to northeast on the western side of the Bridger Range 

north of Ross pass provided adequate exposure to measure 12 stratigraphic sections. A 

Jacob staff was used to measure section. Centimeter scale observations were recorded 

when rock type changes or sedimentary structures were present. 2.5 kg (5.51 lb) rock 

samples were collected at all sections, and where interbedded, shales and sandstones 

where sampled together. Post-processing of field observations was recorded within 

SedLog (Zervas et al., 2009), from which key lithostratigraphic markers were recognized 

and used to correlate between sections. Sedlog stratigraphic columns are not presented in 

the this section, but can be found in Appendix B.  

 
Results 

 
Stratigraphic Sections 

A1 (sG). This 834 m (2,736.22 ft.) section transitions between boulder sG and 

pebbly (g)S with boulder clasts. Fine grained to silty layers of slM occasionally provide 
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limited orientation and pinch out laterally where observed, but appear to have a structural 

dip to the east. A1 begins as a conglomerate that includes large boulders from 1 to more 

than 20 meters within a coarse and poorly sorted light to dark green sG (Figure 26). The 

largest boulders are always plagioclase feldspar rich, opaque, very angular, and typically 

include banded or un-oriented biotite or amphibole and informally referred to as 

pegmatitic. The second type of boulder is a dark grey to black schist that has not been 

observed larger than 2 meters and is less common than pegmatite boulder. Metamorphic 

quartz is commonly the smallest of the clasts and typically found as cobbles that are sub-

angular to sub-rounded, opaque to semi-translucent and no larger than 0.5 meters. The 

transition from A1 to A2 is largely covered except for one large metamorphic boulder 

approximately 20 m in diameter and 3 m in width. A large weathered out mound of 

weathered biotite grains up to an inch in diameter was found on the northeastern portion 

of this outcrop.  
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Figure 26: Pegmatitic boulder in Member A. The boulder measures 39x10’ and is 
surrounded by granule to pebbly lithic arkose. 

 

A2 (sG, (g)S & slM). The presence of identifiable bedding occurs at the A2 

stratigraphic section where beds dip northwest (Figure 27). This section is pronounced by 

two sequences sG with large metamorphic clasts a third of the way through the section 

measuring 42 m and at the top for 15 m. The majority of the section is characterized by 

bedsets or cycles of bedsets of 0.5 to 2 m thick (g)S interbedded with <1 m slM 

exhibiting soft sediment deformation. Figure 27 shows a thickening and coarsening 

upward to sG from several cycles of bedsets of (g)S and slM. 
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Figure 27: Outcrop View of Stratigraphic Section A2 showing interbedded (g)S and slM 
transitioning to massive (g)S and the sG. Red Lines represent thin micaceous slM beds. 
 

 
A3 ((g)S and slM). The LaHood Formation terminates at an angular unconformity 

underlying the Cambrian Flathead west of Pomp Peak. At this location, the LaHood 

Formation strikes N 40° W and dips 54° NE and the Cambrian Flathead Formation 

strikes N 22° W and dips 59° NE. The A3 section dips east throughout the section and 

resembles the interbedded lithology of A2 for 100 meters and transitions west into 

massively bedded (g)S with intermittent thin beds of slM. Quartz veins are sporadically 

present throughout the section.  

A3 lies north of the Corbly Gulch drainage, but a complimentary exposure of 

section lies directly south of Corbly Gulch to the west of Sacagawea Peak. This exposure 

exhibits the same bedding thicknesses, sedimentary structures, and rock types, extending 

the characteristic interbedding of (g)S and slM to the south.  
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B1 (sG) & B2 ((g)S and slM). B1 and B2 have the same lithologic qualities as A1 

and A2, respectively. Boulders within the conglomeratic unit of B1, however, are smaller 

overall and nowhere are boulders observed to be more than 2 meters. Moving along the 

North Cottonwood and Johnson Canyon connector trail between B1 and C1 sG becomes 

noticeably less pebbly and boulder clasts become more sporadic. The general northwest 

to southeast strike and northeast dip continues between these two sections and east to 

section B2. The accessible 174 m (570.9 ft) of outcrop at B2 is largely interbedded 0.5 to 

1 m thick (g)S and <0.5 m slM with the occasional massive (>2 m) beds of (g)S.  

 
B3 ((g)S & Mdc/sfM). B3 differs from all other sections observed due to the 

presence of Mdc and sfM. This section is short (24m) and includes a finer grained (g)S 

interbedded with the calcareous beds. Additionally, the lithic arkoses exhibit large 

muscovite grains visible in hand sample. Some soft sediment deformation is visible but is 

smaller scale (1-2 cm). 

 
C1 (sG). C1 is composed mainly of the conglomeratic lithic arkose with rare silty 

to sandy discontinuous thin beds that dip northeast. Graded sections of pebbly lithic 

arkose with very thin sandy micaceous shale ( <10 cm) break up the more massive 

boulder clast bearing units within section C1. sG at C1 is the least coarse of all sections 

that contain the conglomerate, while maintaining an absence of interbedded (g)S and slM.  

 
C2 ((g)S/slM & Mdc/sfM). C2 transitions between interbedded Mdc and sfM to (g)S 

and slM. Within the calcareous sections are examples of the diagenetic features described 
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by others (Walcott 1899, Bonnet, 1979, Zieg, 1981). These features include concretionary 

beds and mottling fabrics, but not discoids.  

 
C3 ((g)S & Mdc/sfM). C3 is predominantly (g)S laden with quartz pebbles and 

transitions twice into the Mdc and sfM. Concretionary calcareous shales and discoids are 

observed at two thin (~2-5 m) calcareous sections within C3. These sections are a critical 

point where the LaHood Formation extent narrows towards Flathead Pass and is 

composed of multiple lithofacies.   

 
D1&D2 ((g)S/slM & Mdc/sfM). The section was broken into D1 and D2 due to its 

total size (914.1 m). D1 includes mostly Mdc and sfM interbedded with muscovite rich 

(g)S. Beds of (g)S in D1 are infrequent and range in thickness from 5 cm to several 

meters. Concretionary beds and mottling fabrics are found only within section D1. Nearly 

40 meters of cover separates D1 from D2.  D2 includes pebbly (g)S with centimeter scale 

beds of slM. D2 underlies the Cambrian Flathead sandstone at an angular unconformity. 

Sections D1 and D2 are overturned, dipping west instead of dipping east as their southern 

counterparts do.  

 
E1 ((g)S/slM & Mdc/sfM). E1 is characterized by micaceous rich (g)S with large 

muscovite grains interbedded with the Mdc and sfM bearing the discoid concretions 

(Zeig, 1981). This section dips north-northwest nearly congruent to the ridge forming 

Paleozoic limestones. Structure in this area is accentuated by the divergence to the 

northwest from the general north to south trend that characterizes the rest of the Bridger 

Range.  
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Stratigraphic Correlations 

 
For the interpretation of stratigraphy an east-west and north-south stratigraphic 

cross section was created whose locations are shown in Figure 28. The C1 through C3 

stratigraphic sections provide a unique opportunity to correlate between all five 

lithofacies (Figure 29). The stratigraphic cross section shown in Figure 29, just south of 

Flathead Pass, correlates C1 to C2 by a series of (g)S and slM couplets and C2 to C3 by a 

series of interbedded Mdc, sfM and (g)S, where the Mdc beds display distinct diagenetic 

mottling and concretions. This correlation links the (g)S typical of the LaHood Formation 

of the Bridger Range (McMannis, 1963) to the Upper Newland Formation lithology 

(Zeig, 1981).  

A south to north stratigraphic correlation shown in Figure 30 shows not only the 

fining towards the northeast, but also the change to the finer grained (g)S interbedded 

with the Mdc and sfM representing movement away from southern active terrane where 

the debris flows originate.  

From these correlations, it is shown that the LaHood Formation of the Bridger 

Range can be broken into three geographically and lithologically separate parts 

necessitating the revision of the LaHood Formation into three members. According to the 

North American Commission on Stratigraphic Nomenclature, (2005) regional scale 

correlation of the LaHood Formation to the Newland Formation is significant and permits 

the formal naming of members by which these two formations can be connected. The 

three members include: 1) Corbly Canyon Conglomerate Member (sG), 2) Reese Creek 
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Sandstone Member ((g)S and slM, and 3) Johnson Canyon Carbonate Member of the 

Newland Formation (Mdc &sfM).  

In Figure 29 the LaHood Formation and the Newland Formation are shown to 

interfinger based on the presence of the both the Reese Creek Sandstone and the Johnson 

Canyon Carbonate Members at stratigraphic section C2.  

Figure 30 illustrates the connection between all three members in the Bridger 

Range. In this cross section the members are laterally equivalent and show the transition 

to finer grained facies to the northeast. The Reese Creek Sandstone interfingers with the 

Johnson Canyon Carbonate Member in the yellow shaded portion of the section and is 

not the dominant lithology. Time lines are shown in red and distinguish separate pulses of 

debris differing in magnitude and or affected by a rise water level. At time 2 the Corbly 

Canyon Conglomerate does not extend into the basin as far as time 1 and 3. This 

variation may be representative of a transgressive sequence in which accommodation 

outpaces sediment supply and retrogradation occurs.  
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Figure 28: Location map of cross sections. Cross Section C1 to C3 in Johnson Canyon in 
dashed red and the south to north cross section in blue. USGS topographic and boundary 
layer for reference (USGS, 2015). 



 
 

56 

 
Figure 29: Stratigraphic Correlation between C1, C2, and C3  
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Figure 30: South to North Stylized Stratigraphic Cross Section. Time lines shown in red denoting separate sequences of 
laterally equivalent pulses of clastic material into the system.
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The facies map shown in Figure 31 is generated from the interpretation of 

measured sections and observations made at outcrops between sections. This map 

reinforces the general fining towards the northeast as the Corbly Canyon Conglomerate 

Member transitions to the Reese Creek Sandstone Member, which interfingers with 

calcareous and siliceous shales of the Johnson Canyon Carbonate Member.  
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Figure 31: Facies map of the LaHood Formation members and contact with Quaternary 
alluvium, Paleozoic strata, and Archean metamorphic basement along the Pass Fault 
Zone.  
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4. DIAGENESIS AND METAMORPHISM 

 
Introduction 

 
If the LaHood is sourced from a tectonically active terrane than the petrology can 

provide a more complete interpretation of provenance (Dickinson, 1970). Examination of 

the sandstone petrology through point counting with special care to detrital and 

authigenic textures produces better representation of the source terranes. In the LaHood 

Formation, the detrital modes of more soluble minerals such as muscovite and biotite are 

important to understanding the maturity and length of transport from the source terrane. 

Authigenic muscovite, chlorite, and sericite relate to metamorphism after deposition. The 

degree of metamorphism is important as it can reduce the effectiveness of point counting 

and characterization of the provenance.  

 
Methods 

 
Photomicrographs of thin sections slides were taken of sandstones from each of 

the Members. Annotation of metamorphism within grains was completed on a series of 

minerals to distinguish authigenic from detrital minerals. 

 
Results 

 
Corbly Canyon Conglomerate Member (sG) 

The plagioclase has minor sericite alteration and both Carlsbad and Albite 

twinning. plagioclase is mostly sodic albite to oligoclase. Plagioclase feldspar were more 

abundant than potassium feldspars. Tartan twinning in the potassium feldspars indicates 
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the presence of microcline.  The hornblende grains have undergone patchy alteration to 

actinolite (Figure 32). 

 
Reese Creek Sandstone Member (g)S 

Biotite is typically associated with some degree of chlorite alteration while 

muscovite is found to be both diagenetic and authigenic. Detrital muscovite is often 

kinked and/or has some degree of chlorite replacement. Authigenic muscovite shows 

uniform extinction and form on grain surfaces of plagioclase and may have tabular 

texture.  

Sericite alteration of feldspars is also more prevalent and the presence of possible 

prehnite replacement is noted in Figure 33.  Prehnite appears as a series of ribbons on the 

plagioclase grain that have undulose extinction. The replacement is slightly patchy, with 

plagioclase remaining as ovals that appear oriented parallel to cleavage. 
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Figure 32: Actinolite (Act) alteration of Hornblende (Hbl) in sample 7282015_2 in 
Member A. Additional minerals include Quartz (Qz), Plagioclase (Pl), Epidote (Ep), and 
Titanite (Ttn). 
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Figure 33: Potential Prehnite (Prh) replacement of plagioclase (Pl) in sample 81820153 of 
Member B. Prehnite is distinguishable by undulose ribbon-like extinction on grain 
surfaces of feldspars and appears patchy in texture. 
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Johnson Canyon Carbonate Member 

Thin section petrography reveals extreme sericite alteration that is localized to 

some areas and moderate to minor in others. In samples where sericite alteration is 

prevalent iron oxides and sulfides exist as interstitial grain matrix. Most biotite grains 

have some degree of chlorite alteration. Muscovite is present as authigenic and diagenetic 

varieties based on features discussed for the Reese Creek Sandstone Member and are 

shown in Figure 34. The authigenic muscovite in Figure 34 has uniform extinction and 

appears to be replacing a plagioclase grain. Detrital muscovite is shown in Figure 35 

where the cleavage of a muscovite grain has been kinked towards the center and clearly 

shows a bend toward the top.  

Figure 36 shows further examples of authigenic and detrital muscovite and 

chlorite from both the Johnson Canyon Carbonate and Reese Creek Sandstone Members. 

In subset A an authigenic muscovite grain is shown to be forming around a quartz grain. 

Comparatively a detrital muscovite grain is shown in subset B and is kinked in multiple 

sections. The characteristic radiating ribbons and berlin blue of chlorite is seen in subset 

photos C and D. E and F show an example of a biotite grain that has almost complete 

alteration to chlorite, however, its cleavage shows bending around grains and by 

compaction of a grain at the top of the mineral and suggests that it could possibly be 

detrital chlorite.  
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Figure 34: Photomicrographs of authigenic muscovite in sample 81120151. 
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Figure 35:Photomicrographs of detrital muscovite in Sample 81120151, notice bent end 
at top and kink at arrow. 
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Figure 36: Examples of Authigenic and detrital muscovite and biotite. Sample 82020151 
(Corbly Canyon Carbonate Member): A: Muscovite forming around a quartz grain; B: 
Muscovite kinked at several points with some alteration to chlorite; C and D: Authigenic 
chlorite grain with characteristic ribboning. Possibly a replacement of a biotite grain. 
Sample 72420151 (Reese Creek Sandstone Member) E and D: a kinked band of biotite 
altered to chlorite in center to top. Notice deformation caused during compaction from 
grain collision at top. 
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Interpretation 

 
In the northern Bridger Range LaHood Formation, the immature lithic arkose has 

undergone incipient low-grade metamorphism as determined by the presence of prehnite-

pumpellyite to greenschist facies metamorphic mineral assemblages. However, this 

metamorphism is most likely due to burial metamorphism, as there is little evidence of 

penetrative deformational fabrics such as slaty cleavage development. Prehnite and 

epidote are observed locally in the Corbly Canyon Conglomerate Member as 

replacements of plagioclase. Prehnite has been associated with a variety of biotite-

plagioclase bearing supracrustal sediments and basic volcanic rocks that have undergone 

low-grade zeoloite, prehnite-pumpellyite or greenschist facies metamorphism (Field and 

Rodwell, 1968). Field and Rodwell, (1968) found prehnite to be a consequence of late 

stage hydrothermal sericitisation of plagioclase feldspar, which released calcium into 

solution and then invaded the suitable cleavage planes of biotite. The prehnite-

pumpellyite metamorphic is most abundant within regional metamorphic rocks derived 

from greywacke and basalt (Nesse, 2000).  

Additional low grade metamorphic mineral assemblages occur within the Corbly 

Canyon Conglomerate and Reese Creek Sandstone Members including the accessory 

mineral titanite, which could be detrital or the result of low-grade metamorphic 

replacement of titaniferous hornblende or biotite by chlorite and secondary titanite. The 

occurrence of patchy actinolite alteration on grains of hornblende is also an indication of 

low-grade retrograde metamorphism. The actinolite and hornblende transition is 

reflective of the greenschist facies and may coincide with the presence of prehnite. 
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The Johnson Canyon Carbonate Member is characterized by the presence of 

authigenic muscovite which is stable at both low and higher temperatures. The high 

degree of chlorite alteration along with authigenic muscovite indicate that these formed at 

low-grade (greenschist facies or lower) metamorphic conditions. At stratigraphic sections 

D1 to D2 sericite alteration is highest and may represent a localized area of more 

sustained metamorphism. 

Low grade metamorphism likely occurred after diagenesis of carbonate sections, 

as the sedimentary structures associated with the Johnson Canyon Carbonate likely occur 

shortly after deposition due to differential compaction. The cross-cutting relationship of 

sand intrusion to beds with mottling fabrics and alternating calcareous and siliceous 

shales further supports the diagenesis occurred shortly after deposition.  
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5.GEOCHRONOLOGY 

 
Major and Trace Elements 

 
Introduction 

Trace element analysis is a popular method for understanding provenance of 

sedimentary rocks by providing information on REE patterns, and the enrichment or 

depletion of elements through diagenesis or sedimentation. The rare earth elements 

(REE) of La through Lu exhibit low solubility and mobility and short residence times in 

sea water, making them good candidates for preserving their pattern within clastic 

deposits (Taylor and McLennan, 1985, 1995). 

Plotting of LaHood Formation trace element data normalized to modeled crustal 

or sampled chondrite abundances can provide evidence for the composition of potential 

source areas, as reflective of crustal maturity and age (Taylor and McLennan, 1985) and 

more importantly the average composition of the possible crustal source areas at the time 

of the eastern Belt Basin. Trace element data can also be normalized to the Post Archean 

Australian Shale (PAAS) abundances or the North American shale composite (NASC) to 

reflect the progression of differentiation within the crust and provide insight on the 

provenance of the LaHood Formation. 

In general, the Archean sedimentary rocks differ from post-Archean in three 

aspects 1) no detectable Eu anomaly, 2) lower La/Yb ratios and 3) lower total REE 

abundances (Taylor and McLennan, 1985). However, more detailed elemental and 

chemistry nuances exist. 
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Major elements have also shown secular trends from the Archean to the 

Phanerozoic which may reflect evolutionary changes in the composition of the upper 

continental crust (Taylor and Mclennan, 1985). These trends reflect the transition from 

more mafic Archean UCC to a more felsic post-Archean crust, which is mainly uniform. 

The transition is reflected by the depletion in Si and K and enrichment of Na, Ca and Mg 

of the bulk Archean rocks versus their post-Archean counterparts (Taylor and Mclennan, 

1985).  

Comparison of Bridger Range Mesoproterozoic LaHood Formation to Bridger 

Range Archean basement is important for addressing any connection between the 

LaHood Formation and proximal basement, which has long been considered as the 

source.  

 
Methods 

Major and trace element data were collected for 13 samples to capture the Bridger 

Range LaHood stratigraphy. Trace and major element data were collected on a Rigaku 

Supermini Wavelength Dispersive XRF at University of Florida Geology Department 

isotope geoscience research facility. Sample descriptions are provided in Table 2 below. 
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Table 2: Major and trace elment samples 

Sample Number Latitude  Longitude Rock Type Stratigraphic 
Section 

NF72920154 45.898 -111.01996 Sandy Shale A1 
NF8320153 45.893353 -111.01547 Sandy Shale A2 
NF8320154 45.893353 -111.01547 Coarse Arkose A2 
NF81920153 45.895503 -110.98153 Sandy Shale A3 
NF81820151 45.927435 -111.03245 Sandy Shale B2 
NF81820154 45.927793 -111.0319 Sandy Shale B2 
NF8120153 45.930049 -111.04862 Shale B3 
NF8520151 45.947611 -111.04836 Sandy Shale C1 
NF8520152 45.947611 -111.04836 Coarse Arkose C1 
NF8420155 45.966782 -111.03122 Sandy Shale C2 
NF8420152 45.966782 -111.03312 Sandy Shale C3 
NF81320151 46.008866 -111.09427 Coarse Arkose E1 
NF81320152 46.008866 -111.09427 Shale E1 

 

LaHood samples were plotted for comparison with analyses from Adam, (2014), 

and Mueller et al., (2016). Fifteen samples were plotted from Adams, (2014); 11 Greyson 

Formation samples along Newlan Creek and 1 along Deep Creek, 1 Spokane Formation 

sample, and 2 Chamberlain Formation samples. Mueller et al., (2016) samples include 9 

cobble and 1 matrix form LaHood Formation conglomerate in Jefferson Canyon, five 

arkosic and shale samples in Nixon Gulch and nine samples from Bridger Range 

metamorphic basement characterized as tonalite-trondhjemite gneisses (Lageson et al., 

2014) at Sypes Canyon south of the Pass Fault zone. 
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Major Elements 

 
Results 

Harker Diagrams. Major element data in weight percent are presented as Harker 

Diagrams in Figure 37 and Figure 38. Weight percent SiO2 is plotted on the horizontal 

axis as reference. Higher concentrations of TiO2, Al2O3, and Fe2O3 in the lithic arkoses 

over metamorphic cobbles indicate enrichment. The TiO2 of the sandstones are elevated 

by a factor of 3 to 6 compared to the grouping of metamorphic cobbles.  The LaHood 

shales are all depleted compared to the metamorphic cobbles, except for Fe2O3 which 

shows moderate to no enrichment versus the cobbles. LaHood shales overall have higher 

concentrations of MnO and CaO.   

The metamorphic cobbles show TiO2 and Al2O3 concentrations reflective of the 

TTG suite. The enrichment of TiO2 in the sandstones relative to the metamorphic cobbles 

could be the result of detrital titanite, which was identified in thin section petrography, 

mainly in the coarser Corbly Canyon Conglomerate and Reese Creek Sandstone 

members. The presence of iron oxide minerals such as magnetite were identified in thin 

section and separated during detrital zircon prep. The elevated concentrations of Fe and 

Ti likely represents sedimentologic concentration.    

CaO values in the shales are 3 to 5 orders higher than other samples. CaO is likely 

associated with the carbonate development at the time of deposition. The high aluminum 

content is indicative of the amount of feldspars present and the immaturity of the rocks. 
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Figure 37: Harker diagrams with SiO2 wt.% as reference axis. 
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Figure 38 Harker diagrams continued with SiO2 wt.% as reference axis. 
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CaO-Na2O-K2O. The alkali metals and alkaline earth metal oxides can be plotted in 

Figure 39 as a ternary diagram to visualize the overlap with crystalline source rocks 

(Condie, 1967; Bhatia, 1983). 

The sandstones and metamorphic cobbles of the LaHood Formation coincide with 

Precambrian Wyoming greywackes sampled by Condie, (1967) and the A, B, and B and 

C broad tectonic groupings from Bhatia, (1983). Within these three groupings are also 

averages for 1) andesite 2) dacite, 3) granodiorite, 4) granite (Le Maitre, 1976).  

There are several LaHood samples with higher ratios of CaO that do not overlap 

with any basement type and reflect the more calcareous Johnson Canyon Carbonate 

Member. These higher ratio CaO LaHood Formation sandstones and shales and the rest 

of the sample suite plot distinctly apart from the Greyson samples (Adams, 2014) half of 

which group tightly into the continental island arc (B) and passive margin grouping (D).  

The broad grouping of metamorphic cobbles and sandstones within the two active 

terranes are interesting in that they both would indicate magmatism, but no tuff, ash, or 

intrusion is known to have occurred during deposition of the Lower Belt strata of the 

Helena Embayment. Furthermore, the feldspar component is mostly sodic plagioclase to 

orthoclase reflecting slow cooling plutonic sources. The correlation of LaHood 

Formation sandstones and metamorphic cobbles to the intermediate to felsic crystalline 

averages from Le Maitre, (1976) show that the Na2O component may suggest mixing of 

more than one provenance, though variation may instead reflect the mobility of Na in 

aqueous systems.   
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Figure 39: Ternary diagram of major element values K2O/Na2O-SiO2. Outlines represent 
broad groupings of sample suites of four terrains from Bhatia, (1983). Outlines include: 
A) oceanic island arc; B) continental island arc; C) active continental margin; D) passive 
margins. Arabic numerals denote: 1) andesite, 2) dacite, 3) granodiorite, 4) granite (Le 
Maitre, 1976).  
 

 
 Al2O3/SiO2-MgO+Fe2O3. The ratio of Aluminum oxide to SiO2 versus the sum of 

magnesium oxide and ferric oxide has been used in the discrimination of tectonic setting 

in greywackes of Australia. Bhatia (1983)’s sample suites for these tectonic terrains 

increase in maturity (silica content) from island arc to passive margin settings and all 

sandstones from the suites are classified as greywacke deposited by turbidity currents and 

mass-flow processes. In Figure 40 the four tectonic terrains are illustrated by outlines: A) 



78 
 

oceanic island arc, B) Continental island arc, C) active continental margin, and D) 

passive margin (Bhatia, 1983). 

 Most sandstones fall within oceanic island arc, along with Greyson shale samples. 

Only three samples fall within the continental arc and include Spokane, Greyson, and 

LaHood lithic arkose. Metamorphic cobbles plot with similar Al2O3 concentration to the 

rest of the Belt samples but with much lower MgO and Fe2O3. Overall, there is still 

considerable scatter in the samples which may reflect localized development of clays and 

weathering. The correlation of LaHood sandstones again in oceanic island arc and 

continental arc could relate to the immaturity (high feldspar) of the sample suites used to 

represent those categories by Bhatia (1983).  Interestingly the Greyson samples now plot 

within the oceanic island arc grouping, contrasting with the last plot and bringing the 

validity of such correlations into question. 
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Figure 40: Major Element Ratio Plot. Ratio of aluminum oxide to silica oxide versus the 
sum of magnesium and ferrous iron oxide. A: Oceanic island arc; B: Continental Island 
arc; C: Active continental margin; D: Passive margins 

 

Trace Elements 

 
Results 

V-Sc. Vanadium (V) and scandium (Sc) are found in ferromagnesian minerals 

reflective of a provenance with higher mafic contents and can be used as an indicator of 

tectonic setting based on the decrease in their abundance from active arc to passive 

margin (Bhatia and Crook, 1986).  

The legend for the elemental plots is presented again below in Figure 41. 

Significant separation of the sandstones from the metamorphic cobbles is apparent 

(Figure 42). Many of the shales and basement material plot at lower ratios, but are more 

scattered to higher ratios. The higher ratios of V and Sc within in the sandstones likely 



80 
 

reflects the immaturity of the sandstones. Comparatively, the shales plot lower due to 

quartz dissolution, suggesting longer travel from source or separate provenance. The 

metamorphic cobbles group with the lowest ratios of V/Sc and are the least affected by 

sedimentary processes.  

 

 
Figure 41: Legend for geochemistry plots. 

 

 
Figure 42 Elemental Plot 1. Vanadium versus scandium (ppm) 
 

 
The metamorphic cobbles and basement plot with lower content from the lithic 

arkoses, supporting a separate more mafic input to account for the enrichment of V and 

Sc in the LaHood Formation sandstones.  
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 Ba/La-Eu/Eu*. The relationship of the ratio of barium (Ba) and lanthanum (La) to 

the ratio of measured and expected europium (Eu/Eu*) offers insight to provenance 

(Figure 43). Higher Eu/Eu* is sometimes reflective of older continental crust material 

based on the depletion of Eu in post-Archean sedimentary rock. The ratio of Ba/La 

provides indication of depletion in LREE and enrichment of Ba which is commonly 

found as barite associated with lead-zinc veins. This plot was conceptualized by Peterson, 

(2009) for discrimination of arc rocks and passive margin sediments. For the LaHood 

Formation, it is to test the significance of barite which is an indication of lead circulation 

within limestone deposits, and is present in economically significant Lower Belt strata in 

Black Butte. 

Nearly half the metamorphic cobbles and two basement samples plot with higher 

Ba/La and Eu/Eu* ratios. There is no significant enrichment of Barite in the LaHood 

Sandstones.  
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Figure 43 Elemental Plot 2. Ratio of barium to lanthanum versus the ratio of measured to 
expected europium 
 

 
The separation of some metamorphic cobbles and basement from LaHood 

samples suggests they are not direct sources. Conversely, most of the basement (+) aligns 

with the sandstones suggesting similar provenance. Both results show that LaHood 

detritus is not a simple mixing of provenances. Furthermore, the samples are not 

significantly enriched in barium versus the basement and metamorphic cobbles indicating 

that the LaHood Formation was not involved with basin scale alteration that occurred 

later to Belt deposits at Black Butte. 

 
La/Th. The La/Th ratio have good correlation because of their similar weathering 

characteristics (Taylor and Mclennan, 1985). Bhatia and Crook (1986) found a significant 

correlation between the two elements in graywackes of eastern Australia and showed 
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discrimination between tectonic environments indicating that La and Th behave similarly 

during deposition. 

In Figure 44 the logarithmic plot can be broken into thirds beginning with the 

LaHood shales and Bridger basement in the lower left followed by a concentration of 

Newland samples and metamorphic cobbles. The upper right includes LaHood 

sandstones, a separate concentration of LaHood shales (Sheiber, 1990) and the Greyson 

shale samples. The lower left third corresponds with fine grained Archean sediments and the 

upper right third with Post-Archean fine grained sediments (Taylor and Mclennan, 1985). The 

center corresponds with mixing of Archean and Post Archean fine grained sedimentary rocks 

from Taylor and Mclennan (1985). Overall, the majority of LaHood shale samples are separated 

from the LaHood lithic arkoses by a concentration of Newland shales. 

 

 
Figure 44:Elemental Plot 3. La vs Th trace element Plot (ppm) 
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The distribution of samples does not support a local primary source with short 

transport as the distribution of samples within the plot cannot be explained by simple 

mixing.  

 
Cr-Ni. Cr-Ni is largely believed to be removed prior to eruption due to crystal 

fractionation implying that Cr-Ni is concentrated in the lower crust. The presence of 

elevated Cr and Ni in LaHood Formation deposits relative to the metamorphic cobbles 

would indicate additional input from a more mafic source.  

The Cr-Ni plot in Figure 45 shows a close linear correlation and separates the 

LaHood Formation lithic arkoses from the LaHood Formation shale samples. The Bridger 

Range basement groups with the LaHood Formation lithic arkose, whereas the 

metamorphic cobbles have lower concentrations along with the shales. The Sandstones 

do not display elevated concentration versus Bridger Range basement, but are enriched 

versus the suite of leucogneiss, layered gneiss, quartzo-feldspathic gneiss, quartzite, and 

foliated granitoid cobbles (Jefferson Canyon) and LaHood Formation shales. 
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Figure 45:Elemental Plot 4. Cr vs Ni trace element plot (ppm) 
 

 
The alignment of Bridger basement and LaHood Formation sandstones suggests 

the basement contributed in part to LaHood detritus. The separation of the metamorphic 

cobbles from the LaHood sandstones suggest the cobbles were derived from a separate 

provenance.  

 
REE Plots 

 
Results 

Figure 46 shows the LaHood Formation samples from the Bridger Range 

normalized to the chondrite abundances from McDonough and Sun, (1995). LaHood 

Formation samples are enriched ~15 to ~240 times in light rare earth elements (LREE; 

La-Sm) excluding Eu and ~5 to ~45 times in heavy rare earth elements (HREE; Gd-Lu). 

All samples display a negative Eu anomaly, which is attributed to the partitioning of Eu 

in melts that form within the plagioclase stability field (<10 Kbar; <40 km) (Taylor and 
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McLennan, 1985). The shales, shown in solid black circles, have the lowest overall 

enrichment of REE. One sample (NF81820151) is non-uniform with the rest with more 

depleted LREE. Ce in two of the higher LREE concentrated sandstones shows both slight 

depletion and enrichment.  

 

 
Figure 46: REE Plot of Bridger Range LaHood Formation. Plot normalized to chrondrite 
abundances (Sun and McDonough, 1995) 
 

 
In Figure 47 the post-Archean Average Australian Shale (PAAS) abundances are 

plotted for reference. The PAAS plots in the middle of the group and almost coincides 

completely with the abundances of sample NF72920154 (near A1). The PAAS pattern 
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has uniformity with the North American shale composite (NASC) and the European shale 

composite (ES) all of which are thought to reflect the UCC exposed to weathering and 

erosion (Taylor and McLennan, 1985). 

In Figure 48 the average of the Bridger Range LaHood samples is plotted versus 

the PAAS and show almost complete uniformity. The PAAS is better paired with the 

LaHood samples than the ES and NASC and when plotted linearly has a R2 of 0.997. 

 

 
Figure 47: PAAS versus Bridger Range LaHood. Chondrite Normalized PAAS (Taylor 
and McLennan, 1985) in dashed black. 
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Figure 48: PAAS vs Average LaHood Formation Sandstones from the Bridger Range 
Values are Chrondrite normalized and show PAAS (black dashes) and Bridger Range 
LaHood sandstones(blue) 
 

 
Normalizing the LaHood samples to PAAS (Nance and Taylor, 1976) shows 

uniformity except for NF81820151 which is depleted in LREE and enriched in HREE 

with a pronounced depletion in Eu (Figure 49). Samples NF8320153 (dark blue) and 

NF8420152 (dark purple) maintain their depletion and enrichment of Ce, respectively. 

NF8320153, however, has a Ce value comparable to PAAS, but is enriched in its other 

LREE abundances. All samples have a slight positive Tm anomaly, but this is not 

pronounced in Figure 47.  
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Figure 49: PAAS normalized REE of Bridger Range LaHood samples. Note the depletion 
of LREE in sample NF81820151 (green). 
 

 
The Bridger Range LaHood shales and sands are plotted versus Bridger Range 

basement and the Jefferson Canyon metamorphic cobbles in Figure 50 and Figure 51, 

respectively. The LaHood sandstones are averaged to reduce clutter and the LaHood 

shales are plotted separately. Both the cobbles and basement plot lower than the LaHood 

samples, but the basement is more depleted in HREE. 

Figure 52 compares LaHood Formation shales and sandstone of the Bridger 

Range and the Horseshoe Hills (in red, Mueller et al., 2016). The samples generally 

parallel the patterns of the Bridger Range shales while the average Bridger Range 

sandstones have higher abundances. The matrix of the Jefferson Canyon shown in Figure 

53 (in blue, Mueller et al., 2016) has a noticeably flatter geometry with only a slight 

positive curve to LREE. 
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Figure 50: REE of Bridger Range LaHood and Sypes Basement Chondrite Normalized 
 

 

 
Figure 51: REE of Bridger Range LaHood and metamorphic cobbles 
 from Jefferson Canyon. Chondrite normalized 
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Figure 52:REE of Bridger Range and Nixon Gulch LaHood Formation. Nixon Gulch 
shales in solid red circles and sandstone in open circles (Mueller et al., 2016). Chondrite 
normalized. 

 
 

 
Figure 53: REE of Bridger Range and Jefferson Canyon LaHood Formation matrix 
samples. Jefferson Canyon is shown in blue (Mueller et al., 2016). Chondrite normalized.  
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Interpretation 

Overall the REE abundances match well with PAAS and are enriched compared 

to chondrite, indicating more evolved upper crustal sources. The shales group the lowest 

overall in abundances when normalized to chondrite or PAAS and suggest they are less 

affected by the heavy minerals, feldspars, and accessory minerals due to quartz dilution. 

Additionally, the shales have larger carbonate fractions and less terrigenous input 

contributing to overall lower abundances.   

The unique geometry of the NF81820151 sample is similar to REE analysis 

completed on garnets (Taylor and Mclennan, 1985) that show common heavy minerals 

such as zircon and garnet will have HREE enrichment. The sample in question however 

is more a-typical of the sample suite due to depletion in LREE and cannot be explained 

alone by heavy mineral composition.     

Differences in REE patterns from the metamorphic cobbles at Jefferson Canyon 

and the basement at Sypes Canyon likely indicates their provenances are only partial 

inputs for the Bridger Range LaHood shales and lithic arkoses.  

Comparison of the REE abundances from LaHood Formation sandstones and 

shales with Horseshoe Hills (Mueller et al., 2016), show the shales coincide well, but the 

average Bridger Range sandstones have higher abundances. This could indicate that the 

Horseshoe hills is more representative of Member C sands, which have lower abundances 

due to quartz dilution.  

The Jefferson Canyon LaHood Formation matrix is distinct from both the Bridger 

Range and Horseshoe Hills REE patterns with a flatter geometry. This may indicate a 

more significant change in primary source in more western LaHood Formation outcrops.  
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Calculated Chemical Index of Alteration 

 
Introduction 

The chemical index of alteration (CIA) within sedimentary rocks can provide 

information on the degree of expected mobilization of soluble alkali and alkaline earth 

elements due to weathering and erosion. The CIA is a calculated value using molecular 

weights of mobile oxides  and is shown in Equation 1 (Nesbitt and Young, 1982). 

𝑪𝑪𝑪𝑪𝑪𝑪 = [𝑪𝑪𝑨𝑨𝟐𝟐𝑶𝑶𝟑𝟑/(𝑪𝑪𝑨𝑨𝟐𝟐𝑶𝑶𝟑𝟑 + 𝑪𝑪𝑪𝑪𝑶𝑶 + 𝑵𝑵𝑪𝑪𝟐𝟐𝑶𝑶 + 𝑲𝑲𝟐𝟐𝑶𝑶)]×𝟏𝟏𝟏𝟏𝟏𝟏 Eq. 1 

The results can be categorized into different stages of weathering that provide 

insight on the relationship between sedimentary rocks and the UCC (Taylor and 

McLennan, 1985).  

 
Results 

The calculated chemical index of alteration (CIA) from Nesbitt and Young, 

(1982) is plotted against wt. % SiO2 in Figure 54. There is no linear relationship with 

SiO2 content, but the average CIA of 70.29 coincides with average shales of the upper 

continental crust (Taylor and McLennan, 1985). Much of the LaHood, Greyson and 

Chamberlain Formations plot above the average shale line signifying a degree of 

alteration with LaHood Formation having the least.  
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Figure 54: CIA of Bridger Range LaHood sandstones. 
 

 
Interpretation 

The sandstones have not undergone substantial weathering but have are slightly 

elevated in degree of alteration above the average shale (Taylor and McLennan, 1985). 

This alteration is supported by the presence of sericitized feldspars, authigenic muscovite 

and chlorite alteration presented in Chapter 3. Comparison of the CIA to Eu/Eu* and 

SUMREE (Bhatia, 1985) do not show any pronounced correlation or increasing of 

maturity as observed in post-Archean mudrocks of Australia.  
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Sm-Nd Systematics 

 
Introduction 

Sm-Nd systematics are useful for modeling ages of whole rock sedimentary 

samples by providing average time of formation of the source of sediments if Sm and Nd 

are not fractionated during sedimentation or diagenesis. The modeled age using depleted 

mantle parameters can offer useful information on the possible changes of upper crustal 

composition during the post-Archean (Taylor and Mclennan, 1985). The calculation 

normalizes the ɛNd for the present day using CHUR Sm-Nd isotope parameters. Sm-Nd 

systematics were calculated using Isotopia (P. Mueller ©). The results are presented in 

Table 3 below. 

 
Results 

 
Table 3: Sm-Nd systematics results 

Sample Number Stratigraphic 
Section 

ɛNd Tdm 
(Ga) 

147Sm/144Nd 

NF72920154 A1 -34.6 3.44 0.113 
NF8320153 A2 -39.2 3.43 0.102 
NF8320154 A2 -41.7 3.39 0.095 

NF81920153 A3 -35.5 3.23 0.104 
NF81820151 B2 -19.1 6.24 0.177 
NF81820154 B2 -32.0 3.41 0.118 
NF8120153 B3 -22.7 2.35 0.106 
NF8520151 C1 -33.4 3.30 0.112 
NF8520152 C1 -35.9 3.26 0.104 
NF8420155 C2 -32.2 3.36 0.116 
NF8420152 C3 -27.0 2.79 0.110 

NF81320151 E1 -27.4 3.26 0.125 

NF81320152 E1 -21.9 2.51 0.115 
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The ɛNd values range from -41.69 to -19.08. The -19.08 corresponds with a Tdm 

of 6.24, which is erroneous based on age of the earth (~4.6Ga).  The modeled ages are 

plotted versus the ɛNd in Figure 55. 

 

 
Figure 55: ɛNd versus Sm-Nd modeled age (Tdm (Ga)) for LaHood samples in the 
Bridger Range 
 

 
Results show three groupings with the main group of sandstones corresponding to 

a 3.2-3.4 Ga modeled age and one separate age of 2.79. The shales are grouping separate 

from the sandstones with lower modeled ages and higher ɛNd. Sm-Nd results in this 

study are more negative εNd values than LaHood Formation sampled by Frost and 

Winston, (1987).   
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Interpretation 

The anomalous 6.43 Tdm value is likely a result of garnet, which can skew the 

results of the modeling.  

A previous study by (Guerrero et al., 2016) found a similar separation between 

the shales and sandstones within the interbedded limestone and lithic arkose stratigraphy 

of the Bridger Range LaHood Formation. The departure between shales and sandstones 

suggests separate provenances or a relationship between grain size and the Sm-Nd system 

(Guerrero et al., 2016) possibly due to quartz dissolution.  

The modeled ages, similar to Guerrero et al, (2016) include both Proterozoic and 

Archean signals as opposed to Archean only of Frost and Winston (1987), who sampled 

LaHood Formation from exposures east of the Jefferson Canyon locale. Frost and 

Winston’s (1987) Archean interpretation provides additional evidence to the variation of 

REE patterns of LaHood Formation outcrops from east to west.  

 
Detrital Zircon Geochronology 

 
Introduction 

The advent of time efficient U-Pb dating of detrital zircons has allowed 

provenance studies in the Belt Basin to gain momentum. Zircons provide a closed system 

for the U-Pb system providing the ability to calculate reliable ages in suitable samples by 

modeling 207Pb/206Pb isotopes.  

The Hf isotopic signature of a zircon in conjunction with U-Pb dating can provide 

a modeled age of closure of the Lu-Hf system, which in turn offers insight on the crustal 

evolution of the source terrain by characterizing the host magma or thermal events of 
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which it has undergone. The Lu-Hf system has a higher closure temperature than the U-

Pb system, sheltering it from most thermal events after the zircon is formed allowing for 

better control on timing of separation from the host magma. In this study, the Hf depleted 

model age is used (HfTDM) representing the time since separation of the source rock of 

zircon from the depleted mantle. By incorporating both systems two ages are provided, 

crystallization or metamorphism of host rock and separation from the mantle.   

 
Methods 

Five LaHood Formation samples from the Bridger Mountain Range were 

processed for detrital zircon geochronology. LaHood Formation samples were chosen to 

cover the entirety of the stratigraphy and whose details are provided in Table 1 below. 

 

Table 4: LaHood Formation Detrital Zircon Geochronology Samples 

Sample X Y Stratigraphic 
Section 

Rock Type Description 

NF72420151 -111.014 45.88224 A1 Conglomeratic <100m east of contact 
with Bridger Crystalline 
Basement 

NF81820151 -111.032449 45.927435 B2 Sandy Shale micaceous interbedded 
with pebbly arkose; 
Center of LaHood extent 
in Bridger Range 

NF8120152 -111.005045 45.929792 B3 Sandy Shale First location North of 
Ross Pass with CaCO3 

NF82020151 -111.080968 46.01315 South of E1 Coarse Arkose Proximal to silty shales 
NF81320151 -111.094271 46.008866 E1 Coarse Arkose Most northern extent of 

LaHood in Bridger Range 

 

Sampled zircon crystal morphology include rounded to subangular grains that are 

typically fragmented. Some zircons sampled were fragmented and subsequently rounded. 

Colors varied from clear to dark bronze. 
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Approximately two kilograms of sample were required for processing which 

began with jaw crushing and separating of finer fractions by sieving the disk milled 

product using a #50 mesh (300 micron). The <300 micron sample is further concentrated 

by hydraulic water separation in a blue bowl (commonly used for gold separation). This 

step removes common silicates to concentrate denser minerals including zircon. The 

concentrate is left to air dry and filtered for heavily magnetic minerals using a simple 

hand magnet covered by plastic.  

A Frantz magnetic separator is used remove additional magnetic minerals and 

produces a lighter colored separate largely devoid of darker magnetic minerals. The final 

step to concentrating the sample is emersion in Tetrobromethane (TBE) fluid with density 

of ~2.96 g/cc, which will cause quartz and feldspar to float and ferromagnesian and 

accessory minerals to sink.  

Zircon crystals are individually sampled from the sink concentrate under 

binocular microscope using a single thread paintbrush and oil from the users face (to 

capture crystal). Theses zircons are placed in a grid pattern on double sided tape. The 

epoxy and hardener are applied to the tape in the shape of a puck. Care and thorough 

mixing of epoxy is paramount to avoiding bubbles and weak puck integrity. This puck is 

then carefully polished to expose the zircons to capture backscatter (BSE) and 

cathodoluminescense (CL) images from the scanning electron microscope (SEM) (See 

Appendix C). Isotope sampling of U-Pb and La-Hf were conducted using a New Wave 

213 nm laser to ablate the polished crystals which were then analyzed using a Nu Plasma 

multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS). More 

detailed methods are reported in Mueller et al., (2008). 
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U-Pb isotopes were post-processed using Calamari version 8.5 (P. Mueller ©) and 

calibrated against the FC-1 natural zircon standard (1098 Ma; Mattinson, 2010). Ages 

were derived from the ratio of Pb isotopes 207/206. A <10% discordance cut off was 

used for U-Pb ages. Age distribution plots were created using kernel density estimation 

(KDE) in the Density Plotter Java program (Vermeesch, 2012). Lu-Hf isotopes were 

calibrated against the FC-1 natural zircon standard (Black et al., 2003; Woodhead et al., 

2004) and post-processed using Isotopia (P. Mueller ©). Modeled crystallization ages 

provided in the results are based on the depleted mantle model. 

 
Results 

In Figure 56, sample 72420151 has a dominant signal of ~ 3.2 Ga. A secondary 

signal is shown at ~3.15 Ga and ancillary ages include ~3.08, 1.86, 3.43, and 3.61 Ga. 

The 1.86 Ga age was sampled from a zoned zircon on the outer rim. Sample 81820151 

includes no Proterozoic signals but is also limited by the small sample size (n=10). 

Nevertheless, the same ~3.2 peak persists and two Paleoarchean signals are picked up at 

3.75 and 3.96 Ga. Sample 81220152 retains the same dominant peak at ~3.2 Ga but is 

more dispersed to secondary peaks including the first Neoarchean signal at 2.77 – 2.80, 

and extra Mesoarchean to Paleoarchean signals of 3.33, ~3.4, and 3.68 to 3.81 Ga. One 

rim analysis is included at 3.14 Ga. Sample 81320151 tells almost an identical 

distribution as 81220152 except for the first Paleoproterozoic non-rim sample at 1.86 Ga 

and two rim analyses at 3.22 and 3.05 Ga.  

The depleted mantle modeled La-Hf ages concentrate between 3.30 to 3.87 Ga 

(Figure 57). The northernmost sample has the youngest modeled age of 1.86 Ga 
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corresponding with a 2.18 Ga U-Pb age. The 72420151 sample has the least dispersed 

modeled ages concentrating at ~3.1 to ~3.2 Ga. The oldest U-Pb age (3.96 Ga – U-Pb) 

has a Tdm of ~4.2 Ga (81820151). 

The Lu-Hf results concentrate at 3.3 Ga with a range of 3.3 to -12.85 ɛHf and 

decrease in minimum initial values at younger ages.  
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Figure 56:Detrital Zircon Geochronology. Bridger Range LaHood Formation samples (this study), western outcrops 
highlighted in red (Mueller et al., 2016). 
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Figure 57: ɛHf values versus respective U-Pb age DM: depleted mantle model; CHUR: 
chondritic uniform reservoir. Black arrow represents crustal recycling (Mueller and 
Wooden, 2012). 

 

Interpretation 

The basal conglomerate and coarse arkosic facies in the lower and southern two 

sections (72420151 & 81820151) have a primary concentration at ~3.2 Ga with a minor 

~3.5 Ga component, which may be linked to older Wyoming craton terrains where a 

crustal forming event of TTG suite occurred at ~3.2 Ga (~2.6 to 3.5 (Mueller et al., 

2016)), however, the Medicine Hat block cannot be ruled out as a source (2.6-3.3 

(Mueller et al., 2016)). Furthermore, zircons in these basal samples were affected by the 

GFTZ to at least a minor degree based on a 1.86 Ga rim analysis.  
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The zircons from an arkosic sandstone inter-fingered with limestone (81220152) 

has a dominant ~3.2 Ga signal, but includes a significant secondary concentration near 

2.8 Ga, which corresponds to the age of the Beartooth-Bighorn Magmatic Zone. The 

northernmost section (81320151) exhibits a concentration near 3.2 Ga, a more significant 

~2.8 Ga signal, and the first occurrence of ~1.8 Ga grains, indicative of the Great Falls 

Tectonic Zone. These detrital zircon ages confirm the results of Guerrero et al. (2015) in 

the Bridger Range and from LaHood exposures in the Horseshoe Hills to the west, but 

differ significantly from the dominant 3.4-3.5 Ga signal from LaHood exposures in 

Jefferson Canyon and north of Cardwell, MT (Ross and Villeneuve, 2003; Mueller et al., 

2016).  

Collectively, the detrital zircon ages demonstrate a) the stratigraphic succession 

within the Bridger Range reflects contributions from progressively younger source areas 

and b) occurrences of the LaHood Formation across the Belt Basin received sediment 

from temporally distinct sources that do not necessarily include proximal Archean 

basement.  These findings are further supported by the Lu-Hf, Sm-Nd systematics and 

trace element analyses. Additionally, lower abundances in Jefferson Canyon LaHood 

Formation REE patterns are attributable to the older primary U-Pb peak of ~3.5 Ga 

(Mueller, 2016) versus ~3.2 Ga. An older source having a lower abundance due to the 

progression of enrichment of the UCC overtime.  

A majority of rim analyses were discordant but the few concordant rim analyses 

reflect a thermal event which is likely due to the Great Falls orogeny. As most of the U-

Pb ages did not have a GFTZ signature or zoning, it is likely that the source terrane 

and/or basin was somewhat removed from the immediate GFTZ. 
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The 3.96 Ga U-Pb Signal is interesting in that it suggests derivation from recycled 

Archean crust, supporting tectonic processes and formation of sedimentary terranes 

beginning in the Archean as the stabilization of modern cratons did not occur until the 

Neoarchean. 

The Lu-Hf systematics show that the one Proterozoic grain reflects a more 

juvenile source, but may be attributed to magmatism associated with the GFTZ. The 

oldest 207Pb/206Pb ages have a constant minimal initiation value likely signifying a more 

homogenous reservoir type. Heterogeneity of the source reservoirs is evident at the ~3.2 

Ga concentrations where the variable initial ɛHf values indicate mixing with more 

primitive magmas. However, many values are more negative (only 4 positive) suggesting 

the mixing with more primitive magmas was not extensive. The decrease of initial 

minimum values with younger 207Pb/206Pb ages is correlative with sampling of more 

differentiated crustal sources. 

 
Summary 

The significant variety of ages and abrupt facies changes in the LaHood support 

syn-depositional extension within multiple compartmentalized basins. The progressively 

younger ages within the stratigraphy correlated with the sedimentary structures support 

the interfingering of the LaHood Formation and the upper Newland. Spatially, the 

LaHood is sampling progressively older zircons moving west from the Bridger Range, 

Horseshoe Hills, and Jefferson Canyon outcrops. In the Bridger Range the zircons are 

predominantly sampled from a source characterized by Archean ages and progressively 

more negative initial ɛHf values with younger 207Pb/206Pb ages. 
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6. DISCUSSION 

 
Lithofacies 

 
Facies changes within the LaHood Formation are well documented by McMannis 

(1963) and efforts have been made to establish stratigraphic markers to connect the finer 

siliceous calcareous bearing facies from east to west. These markers include concretions, 

mottling, and laminations typical of the upper Newland units I, III, VI (Zieg, 1981; 

Schieber, 1986; Schieber, 1990). These markers are unique to the East Gallatin (Peale, 

1873; McMannis, 1963), Bridger Range (McMannis, 1963; Bonnet, 1979), the Big Belt 

Mountains and White Sulphur Spring areas (Zieg, 1981). Originally, the features were 

believed to be of organic origin (Peale 1893; Walcott 1899; McMannis, 1963), but later 

proven to be of diagenetic origin (Fenton and Fenton, 1936; Gutstadt, 1975; Zieg, 1981). 

The concretions (ovoids and hemispheroids) nucleate from a coarser grained center that 

leaches calcium from proximal beds. The mottling is controlled by stylolites and form 

within dark gray microspar and black siliceous material that is clay and quartz rich, but 

calcite deficient (Zieg, 1981; Zieg, Personal Communication, 2016).  

The concretions and mottling and diminishing grain size in the more northern 

LaHood Formation outcrops of the Bridger Range are the basis for connecting the Reese 

Creek Sandstone Member to the upper Newland Formation, which is equivalent to 

Johnson Canyon Carbonate. The LaHood Formation exposures along the East Gallatin 

River in the Horseshoe Hills have equivalent lithofacies as the Johnson Canyon 

Carbonate based on the documented concretions (Peale, 1873) and mottling that are 
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interbedded with the micaceous lithic arkose equivalent to lithofacies within the Reese 

Creek Sandstone Member (McMannis, 1963).  

 
Depositional Setting 

 
Older studies agree that the LaHood Formation represented a near-shore 

environment where erosion was controlled by high relief along the Perry Line where the 

southern, positive block of metamorphic assemblages shed detritus to the down-dropped 

northern block (Van Hise, 1892; Walcott, 1899; Sahinen, 1950, Alexander, 1955; 

McMannis, 1963; Bonnet, 1979; Winston, 1986;). Deiss (1935), Reynolds (1984), and 

Schieber, (1990), were exceptions, believing that Lower Belt deposits extended much 

farther to the south, perhaps near Madison and Gravelly ranges (Reynolds, 1984). 

Moreover, the carbonate may have been sourced from a platform south of the Perry Line 

(Foster, 1999), but this theory contrasts with most depositional models for carbonate in 

the Helena Embayment which are thought sourced instead from the north.  

In Figure 58 a location map of Lower Belt Supergroup outcrops and pre-Belt 

Supergroup basement assemblages is presented. This figure includes detrital zircon U-Pb 

ages for the proximal pre-belt basement and the Black Hills to the east (Mueller et al., 

2016; McCombs et al., 2004). The western source label pertains to the several conceptual 

paleogeographic models including, but no limited to: AUSWUS or SWEAT which 

include a multitude of detrital zircon dating that has been linked to younger Belt 

Supergroup stratigraphy. The map provides a means to spatially relate the various inputs 

that could supply clastic detritus to the LaHood and Newland Formations. The red box 
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denotes the area for which a series of cross sections showing the evolution of the 

depositional environment will be discussed.  

This study’s review of the LaHood Formation in the Bridger Range, Horseshoe 

Hills, and Jefferson Canyon allows for a series conceptual cross sections depicting the 

changing depositional environments through time. The deposition begins with a set 

compartmentalized basins, the result of en echelon normal faulting within a pull-apart 

tectonic setting undergoing dextral shear (Schmidt and Garihan, 1986). Debris flows are 

sourced from the south and characterized by coarse matrix supported conglomerate with 

metamorphic boulders formally named as the Corbly Canyon Conglomerate (sG) 

Member (Figure 59). The coarseness, poor sorting, angular cobbles, and stratified beds in 

the Corbly Canyon Conglomerate indicate turbidity (McMannis, 1963), alluvial debris 

flows (Boyce, 1975), or submarine slides and delta front slumps (Hawley, 1973, Hawley 

and Schimdt, 1976, Hawley, Bonnet, Coppinger, 1982). The coarse arkose interbedded 

with sandy laminae has been interpreted as fluxoturbidites (Hawley and Schmidt, 1976) 

or mid fan below the intersection point (Boyce, 1975). The lack of reworking, stratified 

beds, and lenses of sandy laminae indicate a subaqueous debris flow. 

The Corbly Canyon Conglomerate member is dominated by a U-Pb signal at ~3.2 

Ga reflective of the Bridger Range Basement and the Wyoming Craton and likely 

indicates that the conglomerate was sourced by slumping of proximal basement.  
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Figure 58:Map of LaHood Formation deposits and Pre-Belt Basement. U-Pb zircon geochronology ages (Ga) are shown for 
basement suites (McCombs et al., 2004; Brady et al., 2004; Cheney et al., 2004; Mueller et al., 2004). The red box outlines 
area for following interpretive cross sections in Figures 59 through 61. General outcrop extent was digitized from mapped Belt 
outcrops using GIS. Shapefiles for outcrop extents were modified from MBMG, (2014). Orange marker lines digitized from 
Vuke et al., (2007)and Anderson et al., (2015)
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Figure 59: Depositional time series 1; inception of coarse conglomerate deposition due to tectonic activity along the Perry line 
causing large sub-aqueous debris flows into compartmentalized basins. Debris flows become more fluidized as they move out 
into the basin floor and characterized by coarse sandstones. Slumps of alluvial fans deposit finer grained deposits. Movement 
along the ancestral Volcano Valley Fault is beginning to initiate. Detrital zircon ages are dominantly Archean.



111 
 

The second stage of deposition is attenuated by additional input from the Wyoming 

Craton indicated by a more diverse U-Pb zircon age array. Distal clastic material was transported 

to the system by large braided streams (Figure 60). Clastic material from the fluvial systems 

accompanies debris flows and forms the fluidized frontal lobes characterized by the Reese Creek 

Sandstone Member ((g)S and slM). The lithofacies within this member were interpreted as distal 

portions of turbidites and mid-fan distributary channels (Hawley, 1973, Hawley and Schmidt, 

1976, Bonnet, 1979) or deltaic sequences from distal alluvial fans-fan deltas (Boyce, 1975).  The 

lack of reworking, the presence of only the A portion of a Bouma sequence, and a plethora of 

fluidization and soft sediment structures indicate that this member is consequence of rapid 

deposition and favors pulses of subaqueous debris flows below wave base and out of reach of 

strong bottom currents.  

Fluidized flows are commonly found in deep water where debris from shelf slumping 

may occur as well, however, two sedimentary structures within the LaHood Formation point to 

more shallow water: 1) the sand intrusion geometry in Johnson Canyon is reflective of lower 

pore pressures found in 10’s of meters where the distance between dike and sill are short 

(Vigorito and Hurst, 2010) and 2)the lack of reworking between bedforms of differing grain size 

do not constrain it to shallow or deep, but  the presence of sharp bed contacts suggest below 

wave base.  

Peripheral listric normal faults to the north and the south continue to develop as 

movement along the Perry Line and the ancestral Volcano Valley fault continues.  



 

112 

 
Figure 60:Depositional time series 2 Sub basins begin to see more input from distal southern sources of the Wyoming Craton. 
Finer grained clastic material (g)S and slM is delivered by fluvial systems that pulse into the compartmentalized basins as 
fluidized flows. The detrital zircon signals become more diverse than at Time 1. The ancestral Volcano Valley Fault is 
incurring additional movement creating half grabens. Carbonate precipitation (Mdc) is forming by pelagic deposition in basins 
forming to the north. Siliceous material (sfM) is transported south to the area by fluvial systems and pulsed into the carbonate 
basins.
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The last stage of deposition is punctuated by carbonate precipitation (Mdc) in the 

northern end of the basin (Figure 61). This may be the result of formerly 

compartmentalized basins connecting to the southern clastic type basins of the LaHood 

Formation by down-dropping of the footwall along the ancestral Volcano Valley Fault to 

the south coinciding with a rise of water level. The carbonate precipitation in the north is 

interrupted by pulses of siliceous terrigenous material (sfM) reflective of movement 

along the ancestral Volcano Valley Fault. The Mdc and sfM lithofacies compose the 

Johnson Canyon Carbonate Member and interfinger with the Reese Creek Sandstone 

Member. U-Pb dating from Reese Creek Sandstone Member interbedded with the 

Johnson Canyon Carbonate Member shows the first Paleoproterozoic signals and is the 

most diverse while still retaining a primary peak of ~3.2 Ga. The presence of the 

additional younger age signal and the diagenetic features strongly supports the Johnson 

Canyon Carbonate as an upper Newland Formation equivalent. 

The upper Newland Formation formed in a regressive sequence below wave base 

characterized by periods of high carbonate production and pulses of terrigenous debris 

(Zieg, 1981) and compliment the alternation between calcareous and siliceous shales of 

Johnson Canyon Carbonate Member.  The lack of sedimentary structures indicative of 

shallow water environments (McMannis, 1963, Boyce 1975) implies that clastic LaHood 

Formation members were deposited rapidly and without significant re-working 

(McMannis, 1963) and possibly discontinuously as lobes as part of a wedge arkose 

(Alexander, 1955). Moreover, normal bed contacts are very common within the 

calcareous bearing units of the Newland Formation equivalent and familiar shallow water 

structures are uncommon (Alexander, 1955; Bonnet, 1979). 
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Figure 61: Depositional time series 3. Considerable increase in carbonate precipitation rise in water level and downward 
movement along the ancestral Volcano Valley Fault. Continued pulses of (g)S and slM from the south interfinger with 
carbonate and siliceous material from the north. Because of water level rise basins are becoming interconnected. Detrital 
zircon ages show input from Paleoproterozoic signals and are similar east to west from the Bridger Range to Horseshoe Hills 
outcrops.
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Regional Stratigraphic Framework  

 
McMannis, (1963) correlated the finer grained and calcareous deposits of the 

Johnson Canyon Carbonate Member to establish the presence of inter-fingering 

relationships between the Newland and LaHood Formations at five localities: 1) Bridger 

Range 2) Horseshoe Hills 3) Toston quadrangle 4) St. Paul Gulch (Newland equivalent) 

and 5) Bone Basin (Newland equivalent). The LaHood Formation is further correlated 

with other Lower Belt stratigraphy such as the Greyson at the Toston quadrangle and 

Jefferson Canyon and with more western Lower Belt Prichard Formation in the Highland 

Mountains (Figure 62).  

The discussion for the Horseshoe Hills and Bridger Range LaHood Formation 

inter-fingering with the Newland Formation was introduced by Peale, (1893) and has 

long been discussed through the 20th century. Boyce (1975) provided further constraint 

on the inter-fingering relationship by correlating the limestone at the base of the Felix 

Canyon section (Bridger Range) to the Newland Formation in the Big Belt Mountains. 

Shieber (1990) suggested that metamorphic rock fragments, and sedimentary structures in 

the Newland Formation and Greyson Formation sequence of the Big Belts are similar to 

the LaHood Formation, extending the correlation from the Bridger Range and Horseshoe 

Hills to as far as Deep Creek Canyon in Big Belt Mountains. 

This study provides the means to formally establish the inter-fingering of LaHood 

and Newland Formations in the northern Bridger Range through the Reese Creek 

Sandstone and Johnson Canyon Carbonate Members, which also connect the Bridger 

Range and the Horseshoe Hills. This correlation suggests that the Horseshoe Hills could 
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represent the complimentary western limb of the basement cored Bridger Anticline that 

has since collapsed to form the Gallatin Valley (Lageson, 1989). 

The intertonguing relationship of Newland and LaHood Formations west of the 

Horseshoe Hills remains enigmatic due to the lack of stratigraphic markers and the 

dependence on solely grain size, presence of carbonate, and corehole interpretation. The 

inter-fingering of arkoses with the Newland Formation shales at the Soap Gulch area is 

evident in corehole (SG-1, CC-1 and CC-2) (Zieg, Personal Communication, 2016), 

however, discussion remains on whether the Newland Formation at Soap Gulch is instead 

the Prichard Formation (Thorson, 1984) or some other equivalent (McMannis, 1963).  
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Figure 62: Intertonguing relationships as defined by McMannis (1963). 1) Bridger Range 2) Horseshoe Hills 3) Totson 
Quadrangle 4) Boulder River Area (Jefferson Canyon/Golden Sunlight Mine) 5) St. Paul Gulch (north) and Bone Basin (south)
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LaHood Formation Provenance 

 
The Belt Basin provenance discussion pertains largely to the existence of a 

conjugate western source. This is not the case for the LaHood Formation as detrital 

zircon studies have linked it to the GFTZ and Wyoming Province, requiring no western 

source (Frost and Winston, 1987, Mueller et al., 2004, Muller et al, 2016). Two important 

questions on the provenance of the LaHood Formation exist: 1) its stratigraphic position 

within the Lower Belt stratigraphy, which has remained largely enigmatic (Muller et al., 

2016) and the correlation of adjacent basement as the source rock (Van Hise, 1892, 

Walcott, 1899; Alexander, 1955, McMannis, 1963, Bonnet, 1979, Craiglow, 1986, 

Winston, 1986).  

Schieber (1990) established a REE horizon marker within the lower Newland to 

show that the lower Newland Formation diverges from the Newland Transition Zone 

(NTZ) and upper Newland Formation, whose REE geometries correspond with the 

LaHood Formation. This correlation supports lower Newland deposition before LaHood 

Formation. The lower Newland could possibly have deposited south of the Perry Line 

because the uplift that shed LaHood Formation detritus likely occurred after the Lower 

Newland (McMannis, 1963, Schieber, 1990).  

Recent detrital zircon geochronology studies (Ross and Villeneuve, 2003; Muller 

et al, 2004; Guerrero et. al., 2015; Muller et. al., 2016) have shown that there are multiple 

signals of Paleoarchean, Neoarchean, and Paleoproterozoic, revealing a more complex 

source history for lower Belt Supergroup deposits. 
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The addition of younger U-Pb ~2.8 Ga signals moving up in the stratigraphy of 

the LaHood Formation in the Bridger Range (south to north) can be linked to the 

Beartooth-Bighorn Magmatic zone. These younger signals occur at the same position in 

the stratigraphy as the mottled and concretionary calcareous shales unique to the Upper 

Newland. Such a correlation would make the LaHood Formation and the upper Newland 

Formation time equivalent. This insight brings valuable credence to Shieber’s (1990) 

second view of Lower Belt Deposition in the Helena Embayment initiating with the 

broad deposition of lower Newland, possibly south of the Perry line, prior to the tectonic 

uplift that McMannis, (1963) associated with the coarse LaHood detritus. Due to 

Laramide movement this relationship is obscured in the Bridger Range and more western 

outcrops. 

The common correlation of adjacent basement as source to the LaHood detritus is 

also brought into question by results from this study. The REE patterns provide evidence 

that adjacent Archean crystalline exposures are not direct sources and is further supported 

by the presence of muscovite and K-Feldspar which are not prevalent in the Bridger 

basement because it is of the Tonalite-Trondhjemite-Granodiorite (TTG) series. Initially 

the input in the lower stratigraphy was likely dominantly from the Bridger Range 

basement because it is associated with a ~3.2 crustal forming TTG suite event that 

matches the primary U-Pb signals of the Corbly Canyon Conglomerate and Reese Creek 

Sandstone Members (Mueller, Personal Communication, 2016).  

U-Pb geochronology of this study and Mueller et al, 2016’s special paper of the 

LaHood Formation in the Jefferson Canyon and Golden Sunlight Mine areas provide the 

need for distal sources in addition to contributions of adjacent Archean crystalline 
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terrains due to the lack of correlative U-Pb age suites in proximal basement exposures. 

Adding more complexity to the provenance, the Lu-Hf results from this study suggest a 

mixing of more mafic sources with older 207Pb/206Pb ages within the Bridger Range 

stratigraphy. 

Ross and Villeneuve, (2003) and Anderson et al., (2016) have found that the 

Newland has a profoundly different U-Pb provenance, which implies that the clastic 

debris of the LaHood and Newland Formations are coming from two separate sources, 

the latter which has no proximal counterparts and the former likely sourcing from both 

proximal and distal. 

Frost and Winston (1987) suggested that the LaHood Formation was mainly 

derived from the Archean Wyoming Province based on Nd Isotope systematics whereas 

the remainder of the belt included source rocks from Early Proterozoic age. Additionally, 

anomalously high isotopic concentrations of 206Pb/204Pb in conglomerate arkoses of the 

Jefferson Canyon also support an Archean source (Zartman, 1989). In comparison with 

results from Horseshoe Hills and Bridger Range, the transition to older source rocks 

moving west to Jefferson Canyon is apparent from multiple studies and geochronologic 

methods. 

The consequence of this study and the others discussed necessitates the need to 

review the suitability of the common tectonic model of a faulted margin along the Perry 

line shedding detritus from south to north as sufficient for explaining the complexity of 

the provenance signals within the LaHood Formation and its interfingering with the upper 

Newland Formation. The spatial variance in provenance within the Bridger Range 

stratigraphy and between western outcrops of the LaHood Formation provides evidence 
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for a possible series of compartmentalized sub basins. The size and mixing of these sub 

basins could be very large as the Bridger Range and Horseshoe Hills localities share 

common strata and may link as far north as the Big Belt Mountains. The common strata 

and the strong similarity between the northernmost U-Pb array sample of this study with 

the Horseshoe Hills array from Mueller et. al., (2016) provides further credence to the 

Horseshoe Hills representing the western limb of the Bridger Anticline. To the west in 

Jefferson Canyon the dominant provenance signals within the LaHood lithic arkose 

matrix of the conglomerate that is lithologically equivalent to the Corbly Canyon 

Conglomerate Member are approximately 300 Ma older and the eastern LaHood 

Formation U-Pb signals are secondary.  

Such variety of provenance points to a large fluvial system such as a braided river 

which can sample and transport separate sources. These sub basins were only initially 

compartmentalized, as the provenance signal becomes more diverse within the upper 

Bridger Range LaHood Formation strata, suggesting that these basins interconnected, 

possibly due to periods of transgression. 

A majority of the rocks, whether in the clastic members or the calcareous 

member, show evidence of low grade metamorphism and are not affected by basin scale 

metamorphism as seen in Black Butte. The localized higher degree of alteration in Felix 

Canyon suggest the burial history is more complex. Additionally, in Member C, sand 

intrusions are shown to have fractured alternating layers of calcareous and siliceous 

shales, likely indicating that the diagenesis from which the mottling and concretions 

formed occurred before compaction was sufficient to create pore pressures high enough 

to initiate fluidized sand flow.  
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7. SUMMARY AND CONCLUSIONS 

 
The Bridger Range LaHood Formation interfingers with upper Newland. This 

correlation can be extrapolated to the Horseshoe Hills based on Member C characteristics 

coincident with similar U-Pb age signals. The Newland Formation shares only the GFTZ 

(~1.8 Ga) U-Pb signals with the LaHood Formation and otherwise has a separate 

provenance and therefore necessitates an alternate source likely from the north. This 

relationship also brings into question the LaHood Formation as the southern demarcation 

of Belt Deposits as it is possible the Lower Newland may have extended further south 

depending on the timing of uplift associated with the LaHood Formation (Schieber, 

1990).  

The depositional environment of the LaHood Formation is characterized by three 

stages of subaqueous deposition controlled by activity along the Perry line in the south 

and along the ancestral Volcano Valley fault in the north. Deposition begins with the 

Corbly Canyon Conglomerate Member due to increased normal faulting along the Perry 

Line. The Reese Creek Sandstone Member sees more input from distal southern sources 

from the Wyoming Craton evident from increased diversity of U-Pb zircon ages. The 

member is carried farther into the basin as the fluidized frontal lobe of debris flows to 

interfinger with the Johnson Canyon Carbonate which is equivalent to the upper Newland 

Formation and sourced from the North. The Johnson Canyon Carbonate is punctuated by 

pulses of siliceous material from the north associated with movement along the ancestral 

Volcano Valley Fault and has the most diverse U-Pb zircon ages and the first signals 

from the Paleoproterozoic.  
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The U-Pb ages within the Corbly Canyon Conglomerate Member of the Bridger 

Range are partially sourced from the Bridger Range Basement which has a similar ~3.2 

Ga peak, but younger U-Pb signals are acquired in the Johnson Canyon Carbonate 

Member showing a temporal variation within the Bridger Range stratigraphy.  

REE patterns of the LaHood Formation matrix differ from metamorphic clasts 

and matrix in the Jefferson Canyon and adjacent metamorphic basement of the Bridger 

Range. This discrepancy indicates that the adjacent basement is not a direct source and 

provenance changes spatially between outcrops. This is further supported by the 

increasing age of the LaHood Formation matrix from the Bridger Range to the Jefferson 

Canyon outcrop and necessitates the need for separate primary sources for each outcrop.  

The complexity of the spatial variation in source and provenance cannot be 

explained by a simple faulted margin shedding detritus from south to north. The primary 

U-Pb age signal of the Bridger Range persists in the more western outcrops but is only 

secondary indicating that sources are mixing at some point during deposition. The 

restricted signal suggests a series of compartmentalized sub basins that have differing 

primary sources, but begin mixing with the onset of carbonate deposition. These basins 

likely occurred in a series of en echelon normal faults in a pull-apart basin undergoing 

dominantly dextral shear.  
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Reese Creek and Corbly Gulch 

 
The Reese Creek field sites are in the NE ¼, NE ¼, 36, T 2N R5E and the SW ¼, 

and SE ¼, 30, T2N R6E (A1) and the NE ¼ and NW ¼, SW ¼, 29, T2N R6E (A2). 

These sections are accessed via Tom Reese road through private land with permission 

from Frank Norman. A1 and A2 are exposed by Quaternary erosion along the Evan 

Reese Creek drainage. A1 includes 834 meters of mixed cover and outcrops. A2, shown 

in Figure 63 has 313 meters of well exposed nearly continuous outcrop along a steep 

slope leading into the drainage and is accessed by hiking east along the ridge and 

descending to an adjacent saddle.  

 
Figure 63:Stratigraphic Section A2 Outcrop Overview. Inset detailed section in bottom 
right showing stratigraphic transition between Members A and B. Red lines in larger 
denote lithologic packages. 
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The Sacajawea field site shown in Figure 64, NE ¼ & SE ¼, NW ¼, 28, T2N 

R6E, is accessed via the Fairy Lake Trailhead to the saddle between Pomp Peak and 

Sacajawea Peak and then descending into the Corbly Drainage then proceeding north to 

the saddle west of Pomp Peak where to the east the A3 can be accessed by traversing the 

ridge where the first 100 meters provides continuous exposure of bedding and the 

remaining 230m are mixed cover and outcrops.  

 
Figure 64: Stratigraphic Section A3 Outcrop Overview. Red lines show the angular 
unconformity with Paleozoic strata. 
 

 
North Cottonwood 

 
The North Cottonwood field sites are south facing exposures along the northern 

ridge of the North Cottonwood drainage and are accessed via the public trailhead. B1 

field site is located in NW ¼, SE ¼, 14 T 2N R5E and SW ¼ & SE ¼, NE ¼, 13, T 2N 

R5E and includes 125 meters of mixed cover and weathered exposures and can be 
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accessed by traversing the drainage shortly after entering Forest Service land and 

ascending the ridge. B2 field site is located in NE ¼ & SE ¼, NE ¼, 18, T2N R6E and 

requires hiking 2 miles along the North Cottonwood trail and then heading northeast 

along a boulder field to 175 meters of clean exposure along very steep terrain (Figure 65). 

B3 is located in NW ¼, NE ¼, 17, T2N R6E and accessed by turning north before the 

trail heads southeast to Hardscrabble Peak and ascending to the northern ridge west of the 

prominent Paleozoic limestone exposures. The series of three sections is positioned 

within the middle and at the widest extent of mapped LaHood Formation exposures, 

north of the Pass Fault and south of the Cross Range fault.   

 

 
Figure 65: Stratigraphic Section B2 Outcrop Overview.  Red lines denote sandy shale 

layer interbedded with pebbly lithic arkose N 45 W 68NE (45.92N, -111.03W) 
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Johnson Canyon 

 
Johnson Canyon sections (C1, C2, & C3) occur south of Flathead Pass. C1 is 

positioned south of the Cross Range fault along the southwestern range front edge of Mill 

Creek Canyon in SW ¼ & SE ¼, SW ¼, 1, T 2N R5E and can be accessed by taking the 

southern road at the fork entering Johnson Canyon (Figure 66). C1 includes 356 meters 

that is best exposed at lower elevations near Mill Creek. C2 and C3 where measured 

north of the Cross Range Fault along Johnson Canyon road outcrops at NE ¼, SW ¼, 36, 

T3N R5E and NW ¼, SE ¼, 36, T3N R5E (C2) and NE ¼ & NW ¼, SW ¼, 31, T3N 

R6E (C3) and are shown in Figure 67. C2 is well exposed in two sections along the 

Johnson Canyon road within the first mile of the seasonal gate. C3 underlies the 

Cambrian Wolsey Shale along an angular unconformity and best exposed along an old 

logging road and continues west along the ridge in mixed cover and outcrops.  
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Figure 66: Stratigraphic Section C1 Outcrop Overview. A: shows a prospect mine where 
quartz veins occurred, but no other mineralization was evident. B: A rare 0.25m bed of 
sandy shale material 
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Figure 67: Stratigraphic Sections C2 and C3 Outcrop Overview. Inset images include A: interbedded calcareous and siliceous 
shales, B: interbedded lithic arkose and sandy shales, C: Massively bedded pebbly lithic arkose, D: Concretionary calcareous 
shale.
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Felix Canyon 

 
North of Flathead Pass along the lower of two roads within the Felix Canyon 

recreation area 914 meters where measured and described in NE ¼ and NW ¼, NW ¼, 

26, T3N R5E and NW ¼, NW ¼, 25, T3N R5E. In Figure 68 the D2 section underlies the 

Cambrian Flathead Formation along an angular unconformably near the spring within 

Felix Canyon below the Paleozoic Limestones. This angular unconformity is measurable 

to a difference of 15° in dip and in that the LaHood Formation strikes more northwesterly 

(~25° more NW). 

The northernmost field site and measured section, E1, is separated from the D1 

and D2 by a ridge of the lithic arkose and carbonaceous shale and located at NE ¼, SW 

¼, 15, T3N R5E (Figure 69). The site can be accessed via a corner of state land across 

from Morgan Lane or hiking east along the Rocky canyon drainage from Morgan 

Cemetery. Forty meters of well exposed section rests on a south facing slope north of 

Garden Gulch and rests unconformably beneath Paleozoic limestone. 
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Figure 68: Stratigraphic Sections D1 and D2 Outcrop Overview. Images to the southeast show continuation of lithic arkose and 
calcareous strata. A: folded calcareous and siliceous shales. B&C: massive lithic arkose beds, interbedded with calcareous and 
siliceous shales. D: concretionary calcareous shales and fissle siliceous shales. E: massive, slightly pebbly lithic arkose. F: 
Cambrian Flathead sandstone. G: graded pebbly lithic arkose. H: calcareous and siliceous shales. 
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Figure 69: Stratigraphic Section E1 Outcrop Overview. A: interbedded calcareous and siliceous shales. B: Concretionary 
discoid that is dolomitic. C: thin layers of siliceous material within a calcareous that are likely due to diagensis. D: shows the 
continuation of calcareous LaHood Formation Member C strata separated from E1 by Paleozoic strata.  
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Figure 70: 722420151 SEM map of zircon samples. 
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Figure 71:81220152 SEM map of zircon samples. 
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Figure 72: 81320151 SEM map of zircon samples. 
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Figure 73: 81820151 SEM map of zircon samples. 
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Figure 74: 82020151 SEM map of zircon samples
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The following stratigraphic sections created in SedLog are provided in this 

supplemental file: Fox_Nicholas_AppendixC.pdf.  

Plate 

1. Stratigraphic Log Lithology Legend 

2. Stratigraphic Log A1 

3. Stratigraphic Log A2 

4. Stratigraphic Log A3 

5. Stratigraphic Log B1 

6. Stratigraphic Log B2 

7. Stratigraphic Log B3 

8. Stratigraphic Log C1 

9. Stratigraphic Log C2 

10. Stratigraphic Log C3 

11. Stratigraphic Log D1 

12. Stratigraphic Log D2 

13. Stratigraphic Log D3 
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