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Abstract 

There are many localities of Cretaceous porphyry intrusives in and around the Beartooth 

Range and particularly along the Beartooth Front near Red Lodge, Montana. Although Rouse et 

al. (1937) carried out a study devoted to them, they have been almost ignored since then and 

today new methods are available in order to further our understanding of their history. In recent 

decades, there has been some confusion as to the age of these rocks due to their proximity to 

Paleogene porphyry felsic to intermediate intrusives. In contrast, Cretaceous porphyry intrusive 

rocks represent intrusion prior to the main Laramide thrusting of the region. These are felsic 

porphyries ranging in composition from andesite to dacite and all have large plagioclase 

phenocrysts with prominent zoning. The initial geochemical data suggests that these intrusives 

are the result of fractional crystallization.  Geologic observations of the region have shown 

through relative geochronology that these rocks are late Cretaceous in age and this has been 

confirmed by preliminary geochronology by Barry Shaulis which provided an age of 93 Ma, and 

by this study which yielded an age of 96.7 +/- 1.77 Ma.  
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1 Introduction  

 

1.1 Overview 

This research project focuses on U-Pb geochronology, geochemistry, and petrography of 

andesite porphyry dikes sampled near the Yellowstone Bighorn Research Association (YBRA) 

field station near Red Lodge, Montana. My samples were collected near the Beartooth Thrust 

Fault (also known as the Beartooth Front) as well as near the northeastern corner of the 

Beartooth Mountains. This region in and around Red Lodge and the Beartooth Mountains in 

Montana is adjacent to Yellowstone National Park, making it the focus of many geologic studies. 

However, andesitic intrusions in this region have not been studied in many decades. The older 

studies lacked the technology and regional context that is accessible today. Because these dikes 

were injected into overlying units, they can be used to constrain the timing of tectonic activity. 

Determining the age of these features creates a better understanding of their geologic relation to 

the other units and the Laramide thick-skinned fold and thrust belt. 

 

1.2 Regional Geologic Context and Literature Review  

 

1.2.1 Geologic History and Structures 

As shown in Figure 1, Red Lodge is just to the northeast of the Beartooth Mountains, 

which form a part of the central Rocky Mountains (Dutcher et al., 1986). The Beartooth 

Mountains consists of a Precambrian crystalline core and are the most northerly of several blocks 

created by uplift and thrusting during the Laramide orogeny surrounding the Bighorn Basin in 
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south-central Montana and northwestern Wyoming (Poldevaart and Bentley, 1958; Foose, 1958; 

Dutcher et al., 1986; Wise, 2000). The range is approximately 80 miles long by 20 miles wide 

with a northwest-southeast orientation stretching from Clark, Wyoming to north of Nye, 

Montana (Dutcher et al., 1986; Poldevaart and Bentley, 1958; Foose, 1958; Spencer, 1958; Wise, 

2000).  

During the Precambrian, the region was metamorphosed, deformed followed by intrusion 

of felsic magmas and then basaltic dikes (Foose, 1958; Eckelmann and Poldevaart, 1957). The 

folding, dike injection, and related fractures mainly trend NW-SE which influenced deformation 

patterns much later during the Laramide orogeny (Foose, 1958; Eckelmann and Poldevaart, 

1957).  

Figure 1 Tectonic features of the greater Beartooth uplift. D = Dean dome, M = Mackay dome, P = Phillips Ruby A well, A 

= Amoco Burlington Northern well, R = Roscose dome, S/C = Shell/Carter Line Ditch well. (modified from Wise, 2000) The 

dashed box indicates the area of study shown in Figure 2. 
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Subsequently, the area experienced both marine and terrestrial deposition and was 

generally tectonically inactive from the Paleozoic to the mid Cretaceous (Rouse et al., 1937; 

Foose, 1958; Spencer, 1958). At this point, deformation started during the Laramide orogeny 

(Rouse et al., 1937; Foose, 1958). The Beartooth Front, a thrust fault with a west and southwest 

dip along the east and northeast edges of the Beartooth Mountains, formed and thrust the 

Precambrian basement rocks over Cretaceous and Tertiary rocks during the Laramide orogeny 

(Foose, 1958; Spencer, 1958; Dutcher et al., 1986; DeCelles et al., 1991).  Thrusting occurred 

during and after Paleocene time (Parsons, 1958). The Beartooth Fault produced and eventually 

cut through a large fault-propagation fold, thrusting Precambrian crystalline rocks over part of 

Figure 2 Structural features associated with the Red Lodge corner of the 

Beartooth uplift (mountain front data after Foose et al. (1961), modified from 

Wise (2000)). TP = Towne Point, TG = Towne Gulch, HG = Hayward Gulch. 
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the Bighorn Basin and creating peaks along the east and northeast sides and a gentle slope to the 

southwest (Foose 1958; DeCelles et al., 1991; Omar et al., 1994; Carrapa et al., 2019). The edges 

of the uplift commonly exhibit nearly vertical Phanerozoic units which were thrusted, folded, 

and eroded (Figure 3). The Precambrian basement peaks stand at about 4,000 to 5,000 feet higher 

than the surrounding topography, giving the range a maximum elevation of about 10,000 feet 

(Foose, 1958; Wise, 2000). 

During the Laramide orogeny, conglomerate, sandstone, siltstone, and mudstone units were 

formed in response to the uplift and deposited on the northeastern and eastern flanks of the 

Beartooth Mountains (Dutcher et al., 1986). These rocks are most visible today along the 

northwestern edge of the Beartooth Mountains from Clark’s Fork of the Yellowstone River to 

near Red Lodge (Dutcher et al., 1986).  

Figure 3 Block diagram of structures at the Red Lodge corner of the Beartooth Front (modified from Wise 

(2000)). Red dots represent my sample locations. WCF = Willow Creek fault, MF = Maurice fault, TP = 

Towne Point. 
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The Nye-Bowler lineament (Nye-Bowler zone in Figure 1) is a series of asymmetric 

synclines and anticlines associated with two fault systems stretching from the Beartooth 

Mountains through the Bighorn Basin, and into the Pryor Mountains (Foose, 1958). Movement 

along this fault occurred as the Fort Union Formation was being deposited, creating a difference 

in stratigraphic thickness on the north and south side of the fault (Spencer, 1958; Foose et al., 

1986).  

The Stillwater complex (Figure 1) is a tilted differentiated ultramafic/mafic pluton 

exposed along the northern side of the Beartooth Mountains (Poldevaart and Bentley, 1958; 

Jones et al., 1960). It intruded into early Archean gneisses and metasedimentary units to the 

south during the late Archean. To the north, it is unconformably overlain by middle Cambrian 

sedimentary units. 

 

1.2.2 Igneous Activity  

There are two periods of igneous activity in the Absaroka-Beartooth Region that are of 

interest in this study: these occurred in the late Cretaceous and those intruded in the Paleogene. 

The units formed in the late Cretaceous include the Livingston volcanics, the Sliderock Mountain 

volcano, the Independence volcanics from the Absaroka Range, Southwest Montana Batholiths, 

and the porphyry intrusives from this study. Their composition is intermediate to felsic (Rouse et 

al., 1937; Parsons, 1958). They were emplaced during early Laramide time prior to major 

thrusting and are associated with the Nye-Bowler lineament (Rouse et al., 1937; Parsons, 1942; 

Parsons, 1958). Igneous activity during the Paleogene include the Absaroka-Yellowstone 

volcanics, the Big Timber Stock of the Crazy Mountains, and younger porphyry intrusives 
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(Rouse et al., 1937; Parsons, 1958). These rocks tend to be intermediate to mafic and were 

emplaced during and after the main Laramide thrusting (Rouse et al., 1937; Parsons, 1942).  

The Livingston Group is a felsic volcanic series including intrusives, extrusives, breccias, 

and pyroclastics which grade laterally into volcanic sandstones and conglomerates and then 

Cretaceous sediment (Parsons, 1942; Parsons, 1958). Plant fossil material in these pyroclastics 

are Upper Cretaceous, equivalent to the Judith River Formation that was deposited between 80 

and 75 Ma (Parsons, 1942).  

The Sliderock Mountain Volcano is an Upper Cretaceous stratovolcano located between 

the Crazy Mountains Basin and the Beartooth Mountains and is a part of the first period of 

igneous activity and is associated with the Nye-Bowler Lineament (Du Bray and Harlan, 1998). 

Its composition ranges from basaltic andesite to dacite. 

The Absaroka-Yellowstone Volcanics are a thick volcanic series created during the 

Paleocene that lie adjacent to, and partially cover, the southwest edge of the Beartooth 

Mountains (Foose, 1958; Parsons, 1958; Rubel, 1971).  

Porphyry intrusives can be found in several locations throughout the Beartooth 

Mountains area (Figure 4). They occur along the northeastern flank of the range and most 

intruded into the Cambrian Gros Ventre shales (Rouse et al., 1936; Foose, 1958; Dutcher et al., 

1986). Relatively small sheet-like intrusions outcrop within roughly vertical Cambrian shales 

three miles southwest of Red Lodge and at Line Creek.  These were offset by the Willow Creek 

tear fault shown in Figures 1, 2, and 3 (Dutcher et al., 1986). Half of a mile north of Line Creek 

lies a large laccolith at least 1,000 feet across on the Beartooth Plateau (Dutcher et al., 1986). 

Along the westward extension of the Nye-Bowler lineament several sizeable laccoliths and sills  
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Figure 4 Generalized Map of the Beartooth Area 
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outcrop (Foose, 1958; Dutcher et al., 1986). Commonly, these porphyry intrusives are grouped 

together with porphyritic rhyolite, dacite, quartz latite, and diorite (Rouse et al., 1937; Lopez, 

2005; Van Gosen et al., 2000). 

  

1.2.3 Relevant Sedimentary Units 

There are several conglomerate units which contain clasts of andesite porphyry including 

the Livingston Group, Linley Conglomerate, Frontier Formation, Beartooth Conglomerate and 

unnamed conglomerates in Gold Creek and Bennett Creek. These are synorogenic deposits 

which were carried and dropped by a system of alluvial fans, a coarse braided fluvial system, and 

swamp deposits which transported sediment basinward from the Beartooth Front (Duthcer et al., 

1986; DeCelles et al., 1991; Lopez, 2005).  

The Livingston Group is overlain by the Fort Union Formation (Jobling and Dutcher, 

1972; Jobling 1974). Part of the proximal facies of the Fort Union Formation include 

conglomerates with clasts compositions including Paleozoic limestones, igneous and 

metamorphic rock fragments, and andesite porphyry in a coarse sand matrix (Dutcher et al., 

1986).  

The Linley Conglomerate is a member of the Fort Union Formation (Lopez, 2005). The Fort 

Union formation overlies the Cretaceous Livingston Group and its proximal facies include a 

pebble conglomerate with clasts of andesite porphyry, Paleozoic limestone, and igneous and 

metamorphic rock fragments in a coarse sand matrix (Dutcher et al., 1986). The lower Linley 

conglomerate contains a minor amount of andesite porphyry clasts (Dutcher et al., 1986). The 

middle and proximal facies of the Linley Conglomerate, however includes clasts of andesite 
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porphyry rocks as a major constituent (Dutcher et al., 1986; Jobling and Ritter, 1986). Dutcher et 

al. (1986) interpreted these clasts to be from the younger group of andesite porphyry rocks 

studied by Rouse et al. (1937) but they do not provide an explanation as to why.  This 

interpretation is problematic as the Linley Conglomerate was deposited on the northeastern side 

of the Beartooth Mountains, rather than the western side, where Rouse et al. (1937) said that the 

younger porphyries are found. Dutcher et al. (1986) found that, generally, the abundance of 

andesite porphyry clasts increases upward (basinward) and towards the northeast. The andesite 

porphyry clasts tend to occur as well rounded, medium to coarse grains and are commonly more 

altered than other lithic clasts (Dutcher et al., 1986). Geochronology techniques have failed to 

give an exact age to the conglomerate, but it is generally considered to be Paleocene in age, 

although an Eocene age has not been entirely ruled out (Dutcher et al., 1986).  

The Frontier formation has conglomerates made up of mostly felsite porphyry pebbles 

(Foose et al., 1986). Pebble conglomerates in Gold Creek also have clasts of the younger 

intrusives. Conglomerates in Bennet Creek also have the younger porphyry clasts (Rouse et al., 

1937; Foose et al., 1986). The Beartooth Conglomerate is an Upper Paleocene conglomerate 

located along the eastern edge of the Beartooth Mountains (DeCelles et al., 1991). The Gold 

Creek exposure includes conglomerates with clasts of older porphyries (Foose et al., 1986). 

Based on the spread of porphyry intrusives and clasts in conglomerates, a greater 

percentage of the rocks were transported east of the Beartooth range, while a smaller amount 

were deposited to the southeast around Bennet Creek or northwest and southwest near Rock 

Creek (Dutcher et al., 1986). These conglomerate units are interpreted as alluvial fan deposits 

consisting of clasts which originated in the Beartooth Mountains (Dutcher et al., 1986). 
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1.3 Motivation for Study 

Work by Rouse et al. (1937) used relative geochronology techniques in order to better 

understand the age of the porphyries and their petrology. Conglomerates of the Wasatch beds 

contain clasts of these rocks. Their study proved that most of them were formed prior to the 

Wasatch period.  

Although mentioned in some subsequent studies (e.g., Poldevaart and Bentley, 1958; 

Foose, 1958; Parsons, 1958; Spencer, 1958; Jones et al., 1960; Catanzaro and Kulp, 1963; Rubel, 

1971; Lopez, 2005), these Cretaceous porphyry intrusives were last studied several decades ago 

and their geologic history could thus be improved by using present day research techniques. 

There is very limited information on these dikes, however, they are usually assumed to be 

Paleocene in age and younger than the Beartooth Conglomerate created by the Laramide 

Orogeny (Rouse, 1937; Parsons, 1958; Stobbe, 1952). It has also been suggested that they are 

related to the previously mentioned felsic volcanic rock activity of Independence Volcano 

(Rouse, 1937; Rubel, 1971). The only readily available research on these andesite porphyry dikes 

appears to be from Rouse et al. in 1937 which posits that they are more likely older than the 

Beartooth thrust fault and therefore the Beartooth Conglomerate. Apart from this, most sources 

that mention the porphyry intrusives of the region cite Rouse et al (1937) when discussing the 

age.  

As mentioned in the previous section, many of the porphyries intruded into the area along the 

Red Lodge Front which underwent deformation in the form of folding and faulting during the 

Laramide Orogeny. Despite this, the intrusives here maintain their composition, texture, and 

thickness throughout and occur in a sheet-like form parallel to bedding planes (Rouse et al., 

1937). They are also displaced along several tear faults in the area. They likely intruded into the 
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incompetent Gros Ventre shale after their ascent through older layers prior to thrusting along the 

Front (Rouse et al., 1937). 

Porphyries near Nye and MacLeod also suggest intrusion prior to deformation based on 

laccoliths. They must be at least as young as the late Cretaceous as they occur in Upper 

Cretaceous stratigraphic units in some areas around Nye (Rouse et al., 1937). 

Rouse et al. (1937) asserts that the porphyries started their ascent prior to thrusting in the 

northern and eastern regions of the Beartooth Mountains in response to the bulging of the 

Beartooth Mountains just before the thrusting. This “bulging” is not an emplacement mechanism 

favored today. The structure of the intrusives was mostly determined by pre-existing structures 

such as the Nye-Bowler lineament. However, the southern region of the Beartooth Mountains, 

around the Mill Creek area show intrusion of porphyries after the thrusting creating a series of 

younger porphyries nearby to the south west of the older porphyries (Rouse et al., 1937). This 

likely lead to some of the age confusion in other sources. The younger intrusives are not the 

focus of this study, but they are important to mention as they help to build up a geologic picture 

and explain previous confusion. These were intruded along the steep faults which mark the 

southern boundary of the Beartooth block (Wilson, 1936; Rouse et al., 1937). Although the 

younger porphyry intrusives did commonly follow steep faults, no porphyries intruded along 

thrust faults due to the environment of compression (Rouse et al., 1937). These younger 

porphyries have a much larger range in composition and are intermediate to mafic in origin 

(Rouse et al., 1937). 

Although much of the geology in and around YBRA has been heavily studied, research 

on these dikes is fragmented. It is usually assumed that they were injected in the Paleocene and 

are younger than the Beartooth Conglomerate created by the Laramide Orogeny (e.g., Lopez et 
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al., 2005). Alternatively, Rouse et al. (1937) posits that the andesite porphyry dikes are more 

likely late Cretaceous in age based on extensive relative geochronology, making it older than the 

Beartooth thrust fault. Recently Barry Shaulis completed an initial U-Pb analysis using laser 

ablation which produced a preliminary age of about 93 million years old, which reinforces the 

hypothesis of Rouse et al. (Shaulis, personal communication to Sisson, 2018). Because of these 

contradictory theories and general lack of study, we found it necessary to further analyze these 

dikes and continue Shaulis’ work.  

 

2 Sampling and Analytical Methods 

2.1 Locations and Petrography 

The samples studied in this paper were collected from a variety of locations around the 

Beartooth Front during July 2018 and July 2019. The two primary locations are the Red Lodge 

Front and the Switchbacks, shown in Figures 4 and 5. The Red Lodge Front samples include 

those taken near Willow Creek (WC) and near Towne Gulch (TG). The Switchbacks (S) includes 

samples collected from Switchbacks 1, Quad Creek, and the Scenic Overlook. Figure 6 shows 

both hand samples and thin section examples for each of my sample locations. The top row (A, 

B, and C) and from Willow Creek. All other rows are from various locations along the 

Switchbacks. 
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Figure 5 Generalized map of the Beartooth Front Area. Geologic contacts and structures are based on maps from Rouse et al. 

(1937), Wise (2000), and Van Gosen et al. (2000). 



 

14 

 

 

 

   

Figure 6 Examples of samples in both hand sample and thin section. From left to right, the columns are hand samples, thin 

sections in PPL, thin sections in XPL. From top the bottom the rows are Willow Creek samples, Switchbacks 1, Switchbacks 2, 

and ABP. 
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2.1.1 Red Lodge Front 

Samples from the Red Lodge Front (Figure 7) were collected by Barry Shaulis near 

Towne Gulch, Manuel Paez Reyes, John Boyle, and Spruce Schoenemann on July 23, 2018 near 

Willow Creek and by Logan French on July 8, 2019 near Willow Creek. This area is the same as 

the “Red Lodge Front” described in Rouse et al. (1937). Samples from Shaulis’ study were not 

available to me but based on descriptions from him and Rouse et al. (1937), they should be very 

similar to the Willow Creek samples. In this location, the porphyry occurs as a continuous sheet-

like body intruding the Gros Ventre shale (Cambrian) and has been offset by the Willow Creek 

Figure 7 Area west of Red Lodge. Geologic contacts based on maps from Rouse et al. (1937) and Van Gosen et al. (2000). 
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Tear Fault as well as several minor faults which activated during overthrusting (Rouse et al., 

1937; Dutcher et al., 1986).  

The Willow Creek outcrop intrudes the near-vertical Gros Ventre shale and lies adjacent 

to a mafic basement exposure (personal communication from Paez Reyes, 2019). LF-WC- 

samples were collected a year later when conditions were more wet and the area was severely 

overgrown, obstructing the view of any other units or structures. They were all found on the 

slope of a small hill. The outcrop appeared to be dark grey because the rocks were wet and 

covered in lichen. Outcrop was found by locating piles of broken-off rock and walking up the 

hill from those points. Float was much more prevalent than the actual outcrop. Due to the heavy 

weathering, good samples were somewhat difficult to find. They consisted of porphyry intrusions 

with xenolith inclusions of shale (Figure 8 and 9).  

 The rocks are a light grey color and zoning is visible in many plagioclase phenocrysts 

even in hand sample (Figure 6). The rock is primarily groundmass with euhedral plagioclase 

phenocrysts. The groundmass is too fine grained to allow for identification. Almost all the 

plagioclase is severely altered, but zoning is still apparent. Smaller anhedral to euhedral biotite 

Figure 8 Willow Creek samples in outcrop. The image on the left has xenoliths (Paez Reyes, personal communication 2019 ). 
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phenocrysts are common and, in some cases, altered to chlorite. Hornblende and quartz 

phenocrysts are also present, although they are smaller and sparse. Rouse et al. (1937) classified 

these intrusives as quartz monzonite, however they are severely altered and aphanitic, therefore 

the classification diagram used in this study is based only on trace elements for volcanic rocks. 

Using this method, these intrusives are andesite porphyries.   

There are two xenolith inclusions in samples from this location as shown in Figures 8 and 

9. The triangular xenolith in Figure 8 is a shale. There has been some speculation that it was clay 

created by the normal fault that the intrusive magma likely traveled through during emplacement. 

However, this is unlikely as it was lithified and had distinct sharp edges. It is mostly made up of 

Figure 9 Photomicrographs of xenoliths in the Willow Creek samples shown in both PPL (left) and XPL (right). The upper 

images are shale and the lower images are quartz feldspar biotite gneiss. 
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strained quartz. We believe that it most likely belongs to the Woolsey shale (Cambrian). The 

other is quartz feldspar biotite gneiss. It is made up of strained quartz, biotite, and plagioclase. 

Some of the plagioclase is sericitized. We believe that this is the Precambrian basement. 

 

2.1.2 Switchbacks 

The Switchbacks refers to an area of the Beartooth Highway (US Route 212) southwest 

of Red Lodge leading up to Beartooth Pass (Figure 10). Samples were taken from three locations 

in this area including near Quad Creek (sample S2 and S3), along a walking path at the scenic 

Overlook (sample ABP), and what I refer to in this paper as “Switchbacks 1” (sample S1) as 

there are no convenient landmarks nearby.  

The Quad Creek outcrop appears to be slightly pink orange in color and is very 

prominent. Quad Creek samples very closely resemble the samples from the Switchbacks 1 

Figure 10 Map of the Beartooth Highway Switchbacks. Geologic contacts are based on Van Gosen et al. (2000). 

Base map from USGS topographic map. 
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location, but with a brown to pink groundmass. LF-S-2- and LF-S-3 samples were also found in 

outcrops right along the side of the road. The color is more like Overlook samples, although the 

matrix is more uniform, and the plagioclase grains are larger. These intrusions were also heavily 

fractured, and the ground was covered in fractured pieces. Weathered faces are slightly darker in 

color. 

Phenocrysts in this rock include plagioclase, quartz, biotite, and opaque minerals such as 

hematite. Many of the opaque minerals are euhedral. These intrusions seem to have a larger 

amount of fracturing and alteration, which has obscured zoning in some cases. Phenocrysts are 

smaller than those in intrusives from the Red Lodge Front and there is more variety. Biotite and 

chlorite are not present. Quad Creek intrusives are on the boundary of trachyte and 

trachyandesite according to Figure 18.   

The Overlook outcrop appears to be slightly pink orange in color and is very prominent. 

It is in place along most of the trail leading to an outlook point from a parking lot along the 

Switchbacks. It occurs along most of the trail out to a US Forest Service visitor overlook. It is 

more coarsely grained than the other porphyry intrusives in this study, though the groundmass is 

still microcrystalline.  

This intrusive is similar to the Quad Creek rocks in that they both commonly have 

opaque minerals. In this rock, however, the opaques tend to be smaller. Alteration in the 

plagioclase phenocrysts is much heavier on the outer edges and although fractures are common, 

the centers of the larger grains are relatively clear. Small rounded quartz grains are 

common. Biotite and chlorite are absent. Although in hand sample Overlook samples 

appear quite different from Quad Creek, both intrusives lie on the border between trachyte and 

trachyandesite.   
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Switchbacks 1 samples were collected on the switchbacks of Beartooth Highway near the 

Overlook samples. S1 samples were right along the side of the road at turns. The intrusive shown 

just to the west were not observed. This does not appear to connect to the Overlook sill. Some 

orange lichen was on the surface, but for the most part relatively fresh faces were common. 

These faces were light grey in color and the plagioclase grains were clearly visible apart from the 

matrix. The rock was fractured heavily and because the unit was cut by the road, was being 

eroded causing fractured pieces to cover the ground between the road and the outcrop. Here the 

porphyries occur as sills with thicknesses of 50 to several hundred feet and dips of nearly 

horizontal to about 30 degrees and have prominent jointing (Stobbe, 1953).  

The main phenocryst in these rocks are zoned plagioclase. The grains are usually 

euhedral and tend to be less altered than in other intrusives described here. Rounded and 

embayed quartz phenocrysts are common. Biotite phenocrysts are common and, in many 

cases, have been replaced partially by chlorite. There are some rare pyroxene grains. This is 

trachyandesite porphyry.   

 

2.1.3 Summary  

 Several other studies have identified other outcrops of porphyry intrusives in the 

Beartooth Mountain area. Although these occurrences were not sampled for this study, it is still 

important to try to identify relationships between them. The porphyry intrusives from different 

localities vary somewhat, but Rouse et al. (1937) suggests that they are all very similar rock 

types. They all consist of plagioclase phenocrysts in a felsic groundmass and seem to all be late 

Cretaceous in age. Across all the locations noted in Rouse et al. (1937), the plagioclase 

phenocrysts range in composition from Ab90An10 to Ab70An30. The normative plagioclase 
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varies from Ab100An0 to Ab89An11. The main difference between the intrusives is the presence 

or lack of quartz phenocrysts.  

 

2.2 Isotopic Geochronology 

 U-Pb analysis was completed in situ using thin sections. The zircon grains were identified 

using a petrographic microscope in transmitted and reflected light. LA-ICPMS (varian), rep rate 

= 10 Hz, burst count = 300 shots, fluence = 3.95 J/cm^2, spot size = 25 um/ 15um, energy 

setpoint = 5.00 mJ, pressure = 6046 mbar, voltage = 15.40 kV. An average of ten grains were 

analyzed for each location.  

 

2.2.1 Preliminary Research from Shaulis 

 Barry Shaulis carried out his own geochronology research prior to this study. He 

collected in an area by the West Fork of Rock Creek near Red Lodge (N 45 09’05.26” W 109 

18’53.26”) referred to in this paper as Towne Gulch (TG in figures) and shown in Figure 7. 

Shaulis analyzed his samples using a new wave 213 nm laser coupled with Nu Plasma HR 

MCICPMS, 5Hz, 30-micron spot size, ~3.4 J/cm^2 (57% power).  

The weighted average 206/238 age was determined using both laser ablation and TIMS 

methods for the rims of the zircon grains. Laser ablation (n=10) achieved an age of 93.7 +/- 1.1 

Ma. The TIMS method resulted in an age of 93.4 +/- 0.5 Ma. These results have good agreement 
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and are shown in the Concordia plot in Figure 11. 
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The age was also determined for the cores of the zircon grains which were produced during a 

much earlier crystal-forming event and are visible in CL to their rounded edges inside of well-

formed zircon grains (Figure 13). Laser ablation (n=55) resulted in cores as old as 3.44 Ga. 

Using TIMS the oldest age was 3206.6 +/- 2.3 Ma (3.2066 +/- 2.3 Ga). Data from both processes 

are presented in Figure 11 and 12. These ages correlate with the results of Mueller et al. (1992) 

and Catanzaro and Kulp (1963) which analyzed zircon grains from an Archean quartzite and 

metasedimentary rocks in the Beartooth Mountains. They found a predominant age of about 3.3 

Ga with a maximum age of 3.96 Ga.  

Figure 11 The Concordia plot for the rims of zircon grains. Blue ellipses show individual grains and rims. Thin 

line shows inherited data. Thick line shows expected Concordia for rims. This data gives an average age of 91 Ma 

for the dikes. 
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Figure 12 The concordia plot for the cores of zircon grains. Blue ellipses show individual cores. Thick line shows 

expected concordia for cores. This data shows previous igneous activity in the area. 

Figure 13 Cathodolumiscence photographs of zircon grains showing rims and cores (Personal communication from Shaulis 

(2018)). 
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2.3 Geochemical Techniques  

 The samples were crushed with a ceramic jaw crusher and powdered with a ceramic 

shatter box and agate ball mill. They were then processed by the Washington State University 

GeoAnalytical Lab using both their standard XRF and ICP-MS set-ups. The XRF analysis was 

done using a ThermoARL Advant’XP+ sequential X-ray fluorescence spectrometer. The powder 

was prepared by chipping, grinding, weighing with di-lithium tetraborte flux (2:1 flux:rock), 

fusing at 1000 degrees C in a muffle oven, and cooling before regrinding, refusing, and polishing 

on diamond laps. ICP-MS analysis was completed by an Agilent 7700 ICP-MS quadrupole mass 

spectrometer. Samples were prepared using a Cetac ASX-510 auto-sampler and a HEPA filtered 

enclosure. An all Teflon PFA nebulizer with a quartz, Scott-type, spray chamber was kept at 2 

degrees C. The plasma is typically operated at 1250W in this lab. Usual Argan gas flow 

conditions are as follows: 15 L/min plasma gas, 1 L/min auxiliary gas, 0.8 L/min nebulization 

gas, and 0.3 L/min make-up gas. Sampling and skimmer cones are made of nickel. In the vacuum 

region of the Agilent 7700, the positive beam is extracted from the expanding jet, focused, offset 

by 1 cm, and refocused into a unit mass resolution quadrupole mass filter. Pulse counting at low 

beam intensities and through current integration at high beam intensities (>3.0 MHz per second) 

is used for detection by electron multiplier.  

 

3 Results and Discussion  

 

3.1 U-Pb Geochronology 

 Based on Shaulis’ preliminary work, an age of around 93 Ma was expected. The data 

provided an age of 96.7 +/- 1.7 ma which has good agreement with the preliminary study. This 
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confirms the late Cretaceous age achieved by Rouse et al. 1937 using relative geochronology. 

Inherited grains average 106 +/- 44 Ma.  

 Shaulis extracted zircons and imaged them in cathodoluminescent light in order to 

analyze specific parts of the zircon grains. He was therefore able to distinguish between inherited 

cores and the rims which indicate the age of the rocks. My study analyzed the grains in situ 

without cathodolumiscence imaging. This means that it was not clear what part of the grain I was 

looking at until the results were processed, giving two distinct ages.  

 In the Figures 14 and 15, blue data points represent inherited grains and green data 

represents the age of the intrusive. Data tends to plot linearly rather than on the concordia due to 

Pb loss. In both Shaulis’ study and mine, inherited data is more clustered than colinear because 

the grains are not all from exactly the same age. It is likely that this study produced a slightly 

Figure 14 Concordia Plot 
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older age of new zircon due to the fact that we could not distinguish rims from cores, meaning 

that some older parts of the grains were possibly included and could have skewed the data 

making it seem older.  

 The Terra-Wasserberg plot (Figure 15) exaggerates the intercepts allowing a better view 

of the true scatter of the data. There is some variation of the 238 to 206 Pb ratio which may 

suggest that the true intercept is actually a younger age.  

 If we assume that all of the rocks analyzed in both studies are related, the spread of ages 

can be attributed to differential Pb loss and to the fact that parts of old zircon may have been 

averaged into my results. It is also possible that these rocks formed at slightly different times and 

are less related than previously thought.  

Figure 15 Terra-Wasserburg Plot 
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3.2 Geochemistry 

 Whole rock and trace element data from eight samples are shown in Tables 3, 4, 5, and 6 

(sources are provided in Table 7). Loss on ignition values range from 1.80% to 2.82%. The 

major element data has been normalized to aid in comparison and analysis. This is possible due 

to the small range in LOI values and the similar degree of alteration.  

Table 2 Geochronology Data 
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 The SiO2 composition ranges from 64.33 wt% to 69.46 wt% across all samples. Samples 

from locations in the Switchbacks (Switchbacks 1, Quad Creek, and Overlook) have higher SiO2 

contents than those from Willow Creek. Rouse et al. (1937) analyses of porphyry intrusive 

samples had a similar range of 62.43 wt% to 70.74 wt%, with the Rock Creek sample at 62.43 

wt%, Beartooth Plateau from 65.83 wt% to 66.05 wt %, and the Nye Quadrangle at 66.28 wt% to 

79.74 wt%. Rouse et al. (1937) does not state the geochemical methods used.  

Table 3 Major oxide data 
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 Major oxide data has been plotted on Harker diagrams shown in Figure 21. Data from the 

general region has been compiled from other published studies as well as from GeoRoc in order 

to make comparisons. The data is color coded to differentiate between geologic time periods. All 

geochemical plots use the same legend (see Figure 16).  

  

Table 4 Major oxide data from Rouse et al. (1937) 
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Table 5 XRF trace element data 

Table 6 ICPMS trace element data 
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 XRF and ICP-MS analyses of trace elements and REEs had good agreement and element 

data covered by both techniques were averaged in this study. Two classification diagrams are 

presented. The first is one of the most used geochemical classification diagrams and uses major 

elements geochemistry. The second uses trace elements. Both are included to allow for 

comparison, but the trace element classification is favored in this study as the trace elements are 

less likely to have been altered and is therefore more reliable for these heavily altered rocks. 

Although these are predominantly fine-grained rocks, Rouse et al. (1937) used a classification 

scheme for intrusive rocks. Here we have also plotted Rouse et al. (1937) samples and refer to 

them under the same classification as our samples.  

Table 7 Geochemical Data Sources 
Figure 16 Legend for use with geochemical 

diagrams 
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Figure 18 IUGS Classification 

Figure 17 Map showing locations of various geochemical data sites color coded by geologic time period 
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Figure 19 Classification using immobile trace elements: Winchester and Floyd, 1977 

Figure 20 Chondrite-normalized Spider Diagram: Sun and McDonough 1989 
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Geochemical data is only analyzed on a preliminary basis and a more rigorous study 

would need to be carried out in order to support the initial observations stated here. Based on 

these initial graphs, the data is consistent with what would be expected from an igneous series 

Figure 21 Harker Diagrams 



 

36 

 

that has gone through fractional crystallization. As shown in the Harker Diagrams of Figure 21, 

MgO and CaO oxides decrease with increasing SiO2 content and K2O and Na2O oxides increase 

with increasing SiO2 content. REE patterns are nearly parallel on the Chondrite Spider Diagram 

(Figure 20). These observations support the fractional crystallization hypothesis; however, they 

do not prove it. This hypothesis necessitates the assumptions that these rocks were all derived 

from the same lava, that SiO2 content represents the extent to which the magma evolved, and 

that fractional crystallization is the sole process involved. It may be noted that the rocks in 

question do not form perfectly straight lines on the Harker and Fenner diagrams. This may be 

due at least in part to the porphyritic nature of the rock. Porphyries indicate that the phenocrysts 

had a longer time to crystallize followed by a shorter period of more rapid crystallization to 

create the more finely grained groundmass which makes up the rest of the rock. These 

Figure 23 Primitce Mantle Spider Diagram normalized to Sun and McDonough 1989 
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phenocrysts are included in the data and may have formed under different processes which could 

throw off the fit on the Harker Diagram. in the data and may have formed under different 

processes which could throw off the fit on the Harker Diagram.  

 

 

 

Figure 22 Fenner Diagrams 
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3.3 Regional Relations and Cross Section 

 

  

Based on cross sections from previous studies, and the work done in this study, especially 

the fact that an inclusion was found in one of the intrusives in the Switchbacks, a general cross 

section is presented below. This cross section aligns with the contemporary theory that the 

Beartooth Front is dominantly a horizontal detachment under the basement (Wise, 2000; Berg, 

1962; Gries, 1983; Smithson et al., 1978; Erslev, 1993; Allmendinger, 1986; Jordan and 

Almandinger, 1986; Cook and Varsek, 1994). The lower cross section shows emplacement of the 

Based on cross sections from previous studies, and the work done in this study, especially the 

Figure 24 Alkalinity Classification Diagram: De La Roche et al., 1980 
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fact that an inclusion was found in one of the intrusives in the Switchbacks, a general cross 

section is presented below. This cross section aligns with the contemporary theory that the 

Beartooth Front is dominantly a horizontal detachment under the basement (Wise, 2000; Berg, 

1962; Gries, 1983; Smithson et al., 1978; Erslev, 1993; Allmendinger, 1986; Jordan and 

Almandinger, 1986; Cook and Varsek, 1994). The lower cross section shows emplacement of the 

intrusives. Rouse et al. (1937) speculates that there were other sills which were eroded away and 

others that are still buried beneath those observable today. This is reflected in the cross sections. 

The top cross section shows the general structure existing today as well as projected units that 

Figure 25 Cross section. The lower figure shows the speculative intrusion while the above figure represents a 

simplified version of the current state of the rocks. 
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have since been eroded away. In summary, the porphyries intruded mainly as sills into 

Precambrian and Phanerozoic rocks which were then faulted and folded by the Beartooth Thrust 

Fault. Much of the structure has undergone heavy erosion, creating the deposits of the Bighorn 

Basin which include conglomerates consisting of porphyry intrusives.  

 Andesitic rocks are generally formed as Continental arcs rather than thrust belts, which is 

consistent with this study. As discussed previously, these Cretaceous porphyry intrusives were 

formed prior to main Laramide thrusting, and thus are unrelated to the thrust belt despite their 

current proximity. Figure 26 provides a general reconstruction of geologic events in the western 

United States of today. The red square represents my area of study. Although the porphyry 

intrusives were emplaced are 93 to 97 Mya, this diagram offers interpretations of 100 Ma and 80 

Ma. Figure 27 shows cross sections associated with Figure 26. These cover an area south of my 

area of study but clarify the interaction between the region and the subduction zone to the west. 

The intrusives of this study are possibly related to the plumes derived from the subducting 

Farallon plate.  
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Figure 26 Recreations of the northwestern US. The red square shows the approximate location of the region discussed in this 

study. 
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3.5 Further Research 

 Rouse et al. (1937) posits that there are likely other outcrops of andesite porphyry dikes 

in the area and gives the locations. It would be beneficial to carry out geochronology on more 

Cretaceous porphyry intrusives from the area as well as a more in-depth geochemical study. 

More in depth comparisons of the Cretaceous porphyries of the region would aid in 

understanding their relation or lack thereof.  

 

 

4 Conclusion 

 Cretaceous Porphyry intrusives as first analyzed by Rouse et al. 1937 represent a range in 

compositions from andesite to dacite. These rocks are part of the late Cretaceous igneous activity 

which occurred prior to main phase of Laramide thrusting. Rouse et al. (1937) used relative 

geochronology to conclude that these rocks were late Cretaceous in age. In the decades since 

then, this has come under dispute as other studies confused them with the Paleogene porphyry 

intrusives. Barry Shaulis carried out a preliminary study and achieved an age of about 93 Ma 

from samples near Towne Gulch along the Red Lodge Front and this study aimed to confirm or 

dispute that age. U-Pb geochronology methods concluded that the porphyry intrusives from the 

Switchbacks were 96.7 +/- 1.7 ma, achieving good agreement with the preliminary data and 

conclusions of Rouse et al. (1937). Observations from geochemical data suggest that Cretaceous 

porphyry intrusives were formed through fractional crystallization. These rocks were likely 

derived from magmas generated by the subducting Farallon plate to the west.  
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