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Preface

The North American Cordillera is home to a greater diversity of volcanic provinces than any 
comparably sized region in the world. The interplay between changing plate-margin interactions, 
tectonic complexity, intra-crustal magma differentiation, and mantle melting have resulted 
in a wealth of volcanic landscapes. Field trips in this series visit many of these landscapes, 
including (1) active subduction-related arc volcanoes in the Cascade Range; (2) flood basalts 
of the Columbia Plateau; (3) bimodal volcanism of the Snake River Plain-Yellowstone volcanic 
system; (4) some of the world’s largest known ignimbrites from southern Utah, central Colorado, 
and northern Nevada; (5) extension-related volcanism in the Rio Grande Rift and Basin and 
Range Province; and (6) the spectacular eastern Sierra Nevada featuring Long Valley Caldera 
and the iconic Bishop Tuff. Some of the field trips focus on volcanic eruptive and emplacement 
processes, calling attention to the fact that the western United States provides opportunities to 
examine a wide range of volcanological phenomena at many scales. 

The 2017 Scientific Assembly of the International Association of Volcanology and Chemistry of 
the Earth’s Interior (IAVCEI) in Portland, Oregon, marks the first time that the U.S. volcanological 
community has hosted this quadrennial meeting since 1989, when it was held in Santa Fe, New 
Mexico. The 1989 field-trip guides are still widely used by students and professionals alike. This 
new set of field guides is similarly a legacy collection that summarizes decades of advances in 
our understanding of magmatic and tectonic processes of volcanic western North America.

The field of volcanology has flourished since the 1989 IAVCEI meeting, and it has profited from 
detailed field investigations coupled with emerging new analytical methods. Mapping has 
been enhanced by plentiful major- and trace-element whole-rock and mineral data, technical 
advances in radiometric dating and collection of isotopic data, GPS (Global Positioning System) 
advances, and the availability of lidar (light detection and ranging) imagery. Spectacularly 
effective microbeam instruments, geodetic and geophysical data collection and processing, 
paleomagnetic determinations, and modeling capabilities have combined with mapping to 
provide new information and insights over the past 30 years. The collective works of the 
international community have made it possible to prepare wholly new guides to areas across the 
western United States. These comprehensive field guides are available, in large part, because 
of enormous contributions from many experienced geologists who have devoted entire careers 
to their field areas. Early career scientists are carrying forward and refining their foundational 
work with impressive results. 

Our hope is that future generations of scientists as well as the general public will use these 
field guides as introductions to these fascinating areas and will be enticed toward further 
exploration and field-based research. 

Michael Dungan, University of Oregon
Judy Fierstein, U.S. Geological Survey
Cynthia Gardner, U.S. Geological Survey
Dennis Geist, National Science Foundation
Anita Grunder, Oregon State University
John Wolff, Washington State University

Field-trip committee, IAVCEI 2017
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Introduction

Overview

The Yellowstone Plateau is one of the largest manifesta-
tions of silicic volcanism on Earth, and marks the youngest 
focus of magmatism associated with the Yellowstone Hot 
Spot (Christiansen and others, 2002). The earliest products of 
Yellowstone Hot Spot volcanism are from ~17 million years 
ago (Ma), but may be as old as ~32 Ma (Seligman and others, 
2014), and include contemporaneous eruption of voluminous 
mafic and silicic magmas, which are mostly located in the 
region of northwestern Nevada and southeastern Oregon (fig. 
1) (Camp, 1995; Coble and Mahood, 2012). Since 17 Ma, the 
main locus of Yellowstone Hot Spot volcanism has migrated 
northeastward producing numerous silicic caldera complexes 
that generally remain active for ~2–4 million years (m.y.), 
with the present-day focus being the Yellowstone Plateau 
(figs. 1, 2). Northeastward migration of volcanism associated 
with the Yellowstone Hot Spot resulted in the formation of the 
Snake River Plain (SRP), a low relief physiographic feature 
extending ~750 kilometers (km) from northern Nevada to east-
ern Idaho (fig. 1). Most of the silicic volcanic centers along 
the SRP have been inundated by younger basalt volcanism, but 
many of their ignimbrites and lava flows are exposed in the 
extended regions at the margins of the SRP. 

Contrasting tectonic and physiographic elements of 
the western United States surround the Yellowstone Plateau 
and SRP. Over at least 20 m.y., basin-and-range extension 
has occurred at different rates in the regions to the north and 
south of the SRP, suggesting that the Neogene magmatism of 
the SRP and Yellowstone Hot Spot may have tracked along 
an accommodation zone between these regions (Konstanti-
nou and Miller, 2015). Earthquakes around the Yellowstone 
Plateau are largely confined to a “seismic parabola”, which 
appears to reflect the lithospheric response to heating at the 
leading edge of the hot spot (fig. 2; Anders and others, 1989). 
Older portions of the hot spot along the SRP are seismically 

quiescent, possibly reflecting time-integrated strengthening of 
the lithosphere by magmatic inputs into the lower and middle 
crust (Anders and others, 1989).  The Yellowstone Hot Spot 
has been ascribed to a deep-sourced and fixed mantle plume, 
with the eastward migration of volcanism reflecting the west-
ward movement of the North American Plate (for example, 
Anders and others, 1989, 2014; Pierce and Morgan, 1992; 
Smith and others, 2009). High 3He/4He ratios in Yellowstone-
related basalts have been interpreted as geochemical evidence 
for a deep mantle source (Graham and others, 2009). Alter-
natively, the hot spot has been ascribed to a shallow sourced 
plume or upper mantle upwelling (for example, Humphreys 
and others, 2000; Christiansen and others, 2002; James and 
others, 2011).  

Since 2.1 Ma, silicic volcanism associated with the Yel-
lowstone Hot Spot has been centered at Yellowstone Plateau. 
Approximately 6,500 cubic kilometers (km3) of magma has 
erupted on the Yellowstone Plateau during three caldera 
cycles.  During these three caldera cycles the Huckleberry 
Ridge (HRT), Mesa Falls (MFT), and Lava Creek (LCT) Tuffs 
were deposited (Christiansen, 1984, 2001). Volcanism at Yel-
lowstone is the surface expression of a batholithic-scale accu-
mulation of intrusions estimated to be 3 to 10 times greater in 
volume than what has been erupted (Christiansen, 2001; White 
and others, 2006).  Seismic tomography indicates that the Yel-
lowstone Plateau, specifically under the third cycle Yellow-
stone caldera (fig. 3), is underlain by a 90-km-long low veloc-
ity zone between 5–17 km deep, which correlates with the 
location of a large negative gravity anomaly (Farrell and oth-
ers, 2014). This low velocity zone is interpreted to represent 
the Yellowstone’s current upper-crustal magma reservoir with  
~5 to 15 percent partial melt, or 200–600 km3 of melt (Farrell 
and others, 2014), although seismic data do not indicate the 
particular distribution of melt (spread uniformly throughout 
versus accumulated in smaller pods of larger-melt fraction). 
At least 30 percent of the CO2 from the active geothermal 
system appears to be derived from basaltic magma, suggest-
ing the upper crustal reservoir is underlain by mafic intrusions 
(Werner and Brantley, 2003; Hurwitz and Lowenstern, 2014). 
Furthermore, using a joint local and teleseismic earthquake 
P-waves seismic inversion, Huang and others (2015) suggests 
that a basaltic magma body with a volume of 46,000 km3 and 
a melt fraction of ~2 percent resides in the lower crust beneath 
Yellowstone.
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This field guide examines the volcanic products of the 
Yellowstone Plateau, with emphasis on units that have been 
important for establishing the geochronology and understand-
ing the petrologic evolution of the Pliocene–Quaternary 
rhyolites and basalts in and around Yellowstone. The figures 
and table provided are intended to provide relevant back-
ground information for this field trip. Major geologic features 

in the western United States and Snake River Plain are shown 
in figures 1 and 2, respectively. Major geologic features at and 
around the Yellowstone Plateau volcanic field and the location 
of the field trip stops for each day are shown in figure 3. Table 
1 includes all of the published geochronology data that are 
referred to throughout this field trip guide. Unless noted, the 
radioisotopic dates presented in this guide are as published in 
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the scientific literature, and have not been normalized to any 
common set of calibration factors. 

A number of excellent field guides have been published 
on Yellowstone, including those that focus on petrology and 
volcanology (Christiansen and Embree, 1987; Christiansen 
and Hutchinson, 1987; Bonnichsen and others, 1989; Embree 
and Hoggan, 1999; Morgan and others, 2008), as well as the 
hydrothermal system and glacial geology (Fournier and others, 
1994). We refer the reader to these publications for more gen-
eral information on the regional geology, tectonics, glacial his-
tory, and hydrothermal system at Yellowstone Plateau. Please 
keep in mind that collecting any kind of sample in a United 
States National Park is prohibited by law except when done by 
permission and under a specific collecting permit issued by the 
United States National Park Service. Field trip participants 
are asked to leave their geologic hammers in their luggage 
while in Yellowstone National Park.

The Petrologic Evolution of Yellowstone Plateau

In order to provide a framework for the petrologic evolu-
tion of Yellowstone’s magmatic system and to highlight the 
current research questions being addressed at Yellowstone, 
we provide a brief description of the volcanic history of Yel-
lowstone Plateau from 2.1 Ma to the present day. We focus 
on recent studies that examine the eruption and crystallization 
ages and geochemistry of volcanic products at Yellowstone. 
A simplified stratigraphy of volcanic deposits at the Yellow-
stone Plateau volcanic field is available in figure 4. Published 
geochronology data that are referred to throughout the text can 
be found in table 1.

First Cycle Rhyolitic Volcanism 
The Yellowstone Plateau volcanic field is the youngest 

expression of the Yellowstone-SRP Hot Spot. An approxi-
mately 2.3 m.y. hiatus occurred between the last significant 
caldera-forming events, the 4.5 Ma Kilgore eruption (Wotzlaw 
and others, 2014) in the Heise volcanic field to the south-
west (Morgan and McIntosh, 2005; Ellis and others, 2017a) 
and the initiation of volcanism at Yellowstone Plateau around 
2.1 Ma. The first known eruption at Yellowstone Plateau pro-
duced the Snake River Butte, which is a small rhyolite dome 
located at the southeast margin of the Big Bend Ridge caldera 
(the caldera produced during the first caldera-forming eruption 
at Yellowstone). The Snake River Butte is the only preserved 
eruption that occurred before the first caldera-forming eruption 
at Yellowstone. The eruption age of the Snake River Butte has 
been constrained by a sanidine potassium-argon (K-Ar) date 
of 1.99±0.02 Ma (Obradovich, 1992), but recent uranium-lead 
dating reveals that most Snake River Butte zircons crystallized 
2.1506±0.0052 Ma, which may indicate an older eruption age 
than indicated by the K-Ar dating (Wotzlaw and others, 2015).

Following eruption of the Snake River Butte rhyolite, 
the voluminous Huckleberry Ridge Tuff was erupted at 
2.079±0.005 Ma (Rivera and others, 2014) and formed the Big 
Bend Ridge caldera (fig. 3). The Huckleberry Ridge Tuff has 
been the focus of numerous recent geochronologic and petro-
logic studies. For example, Rivera and others (2014) measured 
uranium-lead dates and trace-element compositions for zircons 
from Huckleberry Ridge Tuff member B and concluded that 
the Huckleberry Ridge magma differentiated over a 10 thou-
sand year period prior to eruption about 2.08 Ma. Additionally, 

Figure 4. Simplified volcanic stratigraphy for the Yellowstone Plateau volcanic field. Modified from Christiansen (2001).

Figure 4.
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Unit Source Lithology Age (Ma) ± Age (Ma)
Uncertainty 
confidence 

level1

Method

Pinehaven basalt George and others (2015) Basalt 0.029 0.009 1 sigma Ar/Ar
Pitchstone Plateau flow Stelten and others (2015) Rhyolite 0.0749 0.0034 1 sigma Ar/Ar
Moose Falls flow Christiansen and others (2007) Rhyolite 0.0806 0.0046 1 sigma Ar/Ar
Hayden Valley flow Obradovich (1992) Rhyolite 0.102 0.004 1 sigma K/Ar
Solfatara Plateau flow Christiansen and others (2007) Rhyolite 0.1028 0.0076 1 sigma Ar/Ar
Obsidian Cliff flow Nastanski (2005) Rhyolite 0.1056 0.0010 1 sigma Ar/Ar
Gibbon River flow Dallegge (2008) Rhyolite 0.1076 0.0071 1 sigma Ar/Ar
West Yellowstone flow Christiansen and others (2007) Rhyolite 0.1140 0.0012 1 sigma Ar/Ar
Summit Lake flow Christiansen and others (2007) Rhyolite 0.124 0.010 1 sigma Ar/Ar
Gibbon Hill dome Nastanski (2005) Rhyolite 0.1343 0.0026 1 sigma Ar/Ar
Tuff of Cold Mountain Creek Christiansen and others (2007) Rhyolite 0.143 0.005 1 sigma Ar/Ar
Nez Perce Creek flow Christiansen and others (2007) Rhyolite 0.1483 0.0051 1 sigma Ar/Ar
Elephant Back flow Obradovich (1992) Rhyolite 0.153 0.002 1 sigma K-Ar
Aster Creek flow Obradovich (1992) Rhyolite 0.155 0.003 1 sigma K-Ar
Dry Creek Flow Christiansen (2007) Rhyolite 0.166 0.009 1 sigma Ar/Ar
Tuff of Bluff Point Christiansen and others (2007) Rhyolite 0.1731 0.0049 1 sigma Ar/Ar
Swan Lake Flat Basalt (Panther Creek vent) Bennett (2006) Basalt 0.174 0.046 1 sigma Ar/Ar
Paintpot Hill dome Nastanski (2005) Rhyolite 0.2081 0.0049 1 sigma Ar/Ar
Scaup Lake flow Christiansen and others (2007) Rhyolite 0.257 0.013 1 sigma Ar/Ar
South Biscuit Basin flow Watts and others (2012) Rhyolite 0.261 0.017 1 sigma Ar/Ar
Gardner River complex Nastanski (2005) Rhyolite 0.3005 0.0028 1 sigma Ar/Ar
Tuff of Sulphur Creek Gansecki and others (1996) Rhyolite 0.479 0.020 2 sigma Ar/Ar
Middle Biscuit Basin flow Gansecki and others (1996) Rhyolite 0.516 0.014 2 sigma Ar/Ar
Riverside flow Nastanski (2005) Rhyolite 0.526 0.003 1 sigma Ar/Ar
Madison River Basalt Bennett (2006) Basalt 0.530 0.060 1 sigma Ar/Ar
Swan Lake Flat Basalt (Tower Road vent) Bennett (2006) Basalt 0.590 0.065 1 sigma Ar/Ar
Lava Creek Tuff Matthews and others (2015) Rhyolite 0.6313 0.0043 95% conf. Ar/Ar
Mount Haynes flow Troch and others (2017) Rhyolite 0.7016 0.0016 2 sigma Ar/Ar
Harlequin Lake flow Troch and others (2017) Rhyolite 0.8300 0.0074 2 sigma Ar/Ar
Wapiti Lake flow Troch and others (2017) Rhyolite 1.2187 0.0160 2 sigma Ar/Ar
Lookout Butte Troch and others (2017) Rhyolite 1.2190 0.0146 2 sigma Ar/Ar
Osborne Butte Troch and others (2017) Rhyolite 1.2784  0.0054 2 sigma Ar/Ar
Warm River Butte Troch and others (2017) Rhyolite 1.2943 0.0026 2 sigma Ar/Ar
Mesa Falls Tuff Rivera and others (2016) Rhyolite 1.300 0.001 95% conf. Ar/Ar
Tuff of Lyle Spring Obradovich (1992) Rhyolite 1.32 0.02 1 sigma K-Ar
Headquarters flow Rivera and others (2017) Rhyolite 1.9476 0.0037 2 sigma Ar/Ar
Blue Creek flow Rivera and others (2017) Rhyolite 1.9811 0.0035 2 sigma Ar/Ar
Snake River Butte Obradovich (1992) Rhyolite 1.99 0.02 1 sigma K-Ar
Huckleberry Ridge Tuff Singer and others (2014) Rhyolite 2.077 0.003 2 sigma Ar/Ar
Tuff of Kilgore Wotzlaw and others (2014) Rhyolite 4.510 0.047 2 sigma Ar/Ar
Tuff of Wolverine Creek Anders and others (2014) Rhyolite 5.72 0.03 1 sigma Ar/Ar
Blacktail Creek tuff Anders and others (2014) Rhyolite 6.66 0.01 1 sigma Ar/Ar
Tuff of American Falls Anders and others (2014) Rhyolite 7.58 0.01 1 sigma Ar/Ar
Arbon Valley Tuff Anders and others (2014) Rhyolite 10.27 0.01 1 sigma Ar/Ar

1Uncertainties and confidence intervals are those reported in the original literature. 

Table 1. Summary of selected K-Ar or 40Ar/39Ar eruption ages for units discussed in the field trip guide.
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Wotzlaw and others (2015) performed uranium-lead dating, 
oxygen isotope, and hafnium isotope analysis of zircons from 
Huckleberry Ridge Tuff members B and C, and suggested the 
Huckleberry Ridge Tuff was rapidly assembled from multiple, 
chemically heterogeneous magma bodies stored within Yel-
lowstone’s magmatic system. 

Second Cycle Rhyolitic Volcanism 
The second volcanic cycle is the smallest—in terms of 

volume of erupted material—of the caldera cycles on the Yel-
lowstone Plateau (Christiansen, 2001). The Mesa Falls Tuff 
reflects the caldera-forming eruption of the second cycle at 
1.30 Ma (Rivera and others, 2016; Wotzlaw and other, 2015; 
Ellis and others, 2017b), and is primarily distributed around 
the Island Park area (Christiansen, 2001). The Mesa Falls 
eruption generated the Henrys Fork caldera, which is centered 
in the Island Park area of the Yellowstone Plateau (fig. 3). 
Pre-Mesa Falls Tuff eruptions associated with the second cycle 
are represented by several domes and tuffs that crop out along 
the western portion of the Island Park area (Christiansen, 
2001). K-Ar dating and field relations suggest these rhyolites 
erupted shortly before the Mesa Falls eruption (Christiansen, 
2001). Post-Mesa Falls Tuff domes of crystal-rich rhyolite are 
exposed on the floor of the Henrys Fork caldera (fig. 3), and 
are collectively known as the Island Park Rhyolite (Christian-
sen, 2001). 40Ar/39Ar dating indicates the Island Park Rhyolite 
domes erupted during an ~80 k.y. interval after the Mesa Falls 
eruption (Troch and others, 2017). These second cycle rhyo-
lites are distinct because of their relatively high abundance of 
hydrous minerals such biotite and amphibole (Christiansen 
and others, 2001; Troch and others, 2017). Coeval with the 
eruption of the youngest (~1.22 Ma) Island Park Rhyolite 
domes, the Wapiti Lake rhyolite, with compositional similari-
ties to the rhyolites of the third cycle, erupted near the eastern 
margin of the later-formed Yellowstone caldera, suggesting 
the presence of widely distributed and compositionally distinct 
bodies of magma at the end of the second caldera cycle (Troch 
and others, 2017).

Third Cycle Rhyolitic Volcanism
The onset of the third volcanic cycle was marked by the 

eruption of the large silicic lavas of the Mount Jackson and 
Lewis Canyon Rhyolites (Christiansen, 2001), which together 
yield 40Ar/39Ar dates from about 1.22 Ma to 702 ka (Troch and 
others, 2017). These lavas are exposed along the western walls 
of Yellowstone caldera, and may have erupted along incipi-
ent ring faults (Christiansen, 2001). The enormous (>1,000 
km3) explosive eruption that resulted in the Lava Creek Tuff 
and Yellowstone caldera is dated to approximately 630 ka 
based on 40Ar/39Ar dating (Matthews and others, 2015; Jicha 
and others, 2016; Mark and others, 2017) and reflects the 
evacuation of a shallow rhyolitic magma body with gradients 
in geochemistry, mineralogy, temperature (Hildreth, 1981; 

Hildreth and others, 1991; Christiansen, 2001; Matthews and 
others, 2015), and isotopic composition (Wotzlaw and others, 
2015). As with the Huckleberry Ridge Tuff and Mesa Falls 
Tuff rhyolites, uranium-lead dating of Lava Creek zircons 
suggests the voluminous Lava Creek magma chamber evolved 
relatively rapidly over a few tens of thousand of years before 
eruption (Matthews and others, 2015; Wotzlaw and others, 
2015). The Lava Creek eruption generated extensive tephra, 
which covered much of the western United States and has 
served as an important chronostratigraphic marker for diverse 
Quaternary studies (Sarna-Wojcicki and others, 1984). The 
extremely widespread dispersal of Lava Creek tephra suggests 
ash transport in a continent-scale umbrella cloud, which was 
little affected by ambient winds (Mastin and others, 2014).

Since the Lava Creek eruption at 631.3±4.3 ka (Matthews 
and others, 2015) the magmatic system at Yellowstone Plateau 
has been characterized by dominantly effusive intracaldera 
eruptions and a few explosive eruptions. Intracaldera rhyolitic 
eruptions at Yellowstone have volumes ranging from <0.5 km3 
to as much as 70 km3 (Christiansen, 2001). Post-Lava Creek 
Tuff intracaldera volcanism has been divided into two general 
groups that make up the Upper Basin and Central Plateau 
Members of the Plateau Rhyolite, both of which have distinc-
tive petrologic characteristics (Christiansen and Blank, 1972). 
The first post-Lava Creek eruptive episode produced the 
Upper Basin Member rhyolites, which are characterized by a 
mineral assemblage of plagioclase, quartz, sanidine, pyroxene, 
iron-titanium oxides, and trace zircon. The Upper Basin Mem-
ber rhyolites can be divided into the early Upper Basin Mem-
ber rhyolites and the late Upper Basin Member rhyolites. The 
early Upper Basin Member rhyolites, which erupted between 
516±14 ka and 479±20 ka (Gansecki and others, 1996) near 
the Mallard Lake and Sour Creek resurgent domes (fig. 5)  are 
characterized by large depletions of 18O in the melt (δ18O as 
low as ~1‰ [per mil, or part per thousand]; Hildreth and oth-
ers, 1984; Bindeman and Valley, 2001; Bindeman and others, 
2008; Pritchard and Larson, 2012) and zircon populations 
with heterogeneous δ18O values (Bindeman and Valley, 2001; 
Bindeman and others, 2008). Additionally, each Upper Basin 
Member rhyolite has a distinct trace-element composition rela-
tive to the other Upper Basin Member rhyolites (Girard and 
Stix, 2009). Based on these observations (and zircons as old 
as 2.1 Ma) the early Upper Basin Member rhyolites have been 
interpreted to represent independent parcels of melt gener-
ated by remelting of hydrothermally altered intracaldera rocks 
composed of Huckleberry Ridge Tuff and pre-Lava Creek Tuff 
Yellowstone rhyolites (or their unerupted equivalents). The 
heat source driving this remelting has been attributed to mafic 
magmas ponding beneath the silicic magma reservoir and 
potentially silicic recharge magmas injected into the reservoir 
(Bindeman and others, 2008; Girard and Stix, 2009). 

After an ~220 k.y. hiatus the late Upper Basin Mem-
ber rhyolites, which include the South Biscuit Basin flow 
(40Ar/39Ar date of 261±17 ka; Watts and others, 2012) and 
Scaup Lake flow (40Ar/39Ar date of 257±13 ka; Christiansen 
and others, 2007), erupted near the Mallard Lake resurgent 
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dome. Similar to the early Upper Basin Member rhyolites, 
the late Upper Basin Member rhyolites have less chemically 
evolved mineral and whole-rock compositions relative to the 
younger Central Plateau Member (CPM) rhyolites (Vazquez 
and others, 2009; Girard and Stix, 2009, 2010). The late Upper 
Basin Member rhyolites also have a similar mineralogy to the 
early Upper Basin Member (UBM) rhyolites. However, the 
late Upper Basin Member rhyolites have neodymium, lead, 
and oxygen isotopic compositions that are more similar to the 
Central Plateau Member rhyolites than the early Upper Basin 
Member rhyolites (Bindeman and others, 2008; Pritchard 
and Larson, 2012; Till and others, 2013; Vazquez and Reid, 
2002; Vazquez and others, 2009). These observations have 
been interpreted to suggest that the late Upper Basin Member 
rhyolites represent a transitional period between early Upper 
Basin Member and the subsequent Central Plateau Member 
magmatism (Girard and Stix, 2009, 2010; Vazquez and Reid, 
2002; Watts and others, 2012). In fact, Loewen and Bindeman 
(2015) refer to the late Upper Basin Member rhyolites as the 
beginning of the Central Plateau Member eruptive episode 
rather than the end of the Upper Basin Member eruptive 
episode.

Approximately 80 k.y. after eruption of the late Upper 
Basin Member rhyolites, the second major post-Lava Creek 
Tuff eruptive episode generated the voluminous Central Pla-
teau Member rhyolites, which consist of at least 18 lava flows 
and two ignimbrites, which were erupted intermittently from 
~170 ka to ~70 ka (fig. 3; Christiansen, 2001; Christiansen and 
others, 2007). The Central Plateau Member rhyolites are pet-
rographically distinct from the Upper Basin Member rhyolites 
because they typically lack plagioclase and are dominated by 
sanidine and quartz. The Central Plateau Member rhyolites 
were likely erupted episodically in four or five pulses sepa-
rated by 15 to 30 k.y. (Christiansen and others, 2007). How-
ever, the number of pulses reported for the Central Plateau 
Member eruptive episode ranges from three to five, depending 
on the author (Christiansen and others, 2007; Girard and Stix, 
2010; Loewen and Bindeman, 2015). Additionally, the tim-
ing between eruptions within a given eruptive pulse remains 
geochronologically unconstrained and is currently limited 
by the precision of the K-Ar and 40Ar/39Ar dates reported for 
Yellowstone. Understanding the potentially episodic nature 
of volcanism at Yellowstone is critical for improving proba-
bilistic estimates of future volcanic hazards (Christiansen 
and others, 2007). Higher precision 40Ar/39Ar dates would 
further constrain the number and duration of eruption pulses at 
Yellowstone.

The Central Plateau Member rhyolites have low δ18O 
compositions of ~4.5‰ and therefore their source region is 
composed, at least partly, of remelted hydrothermally altered 
material (Loewen and Bindeman, 2015). However, their δ18O 
values are significantly higher than the preceding Upper Basin 
Member rhyolites, suggesting less hydrothermally altered 
material in the source region for the Central Plateau Mem-
ber rhyolites. Unlike the Upper Basin Member rhyolites, the 
Central Plateau Member rhyolites erupted along two north-
northwest trending vent lineaments, which align with major 

extracaldera faults (Christiansen, 2001; Christiansen and 
others, 2007). The tectonically controlled vent locations of 
the Central Plateau Member rhyolites have been interpreted to 
reflect the reestablishment of major extracaldera faults through 
the top of a crystallizing magma chamber (Christiansen, 2001; 
Girard and Stix, 2010). 

Several studies have suggested that the Central Pla-
teau Member rhyolites were derived from a common mushy 
magma reservoir (not a single large tank of magmatic liquid), 
which evolved over time to more fractionated compositions, 
cooler temperatures, and more juvenile isotopic compositions 
thorough a combination of crystallization, assimilation, and 
magma recharge. This model is based on secular trends in: 

•	 Glass and whole-rock trace-element and isotopic 
compositions (compatible elements like Sr, Eu, and 
Ba decrease through time and incompatible elements 
such as Nb and Y increase through time), 

•	 Compositions of major mineral phases, 

•	 Zircon trace-element compositions, and 

•	 Various geothermometry estimates for Central Plateau 
Member rhyolites (Hildreth and others, 1984, 1991; 
Christiansen, 2001; Vazquez and Reid, 2002; Vazquez 
and others, 2009; Girard and Stix, 2010, 2012; Watts 
and others, 2012; Stelten and others, 2015). 

However, Loewen and Bindeman (2015) propose a dif-
ferent model for the generation of the Central Plateau Member 
rhyolites where the observed chemical trends through time 
are the result of repeated batch melting events at the base of a 
homogenized low-δ18O intracaldera fill. This produces liquidus 
rhyolites and a refractory residue that is rich in feldspar. 

A key difference between the models for the temporal 
evolution of the Central Plateau Member rhyolites centers on 
the thermal evolution of the magmatic system. In the crystal-
lization model, the temperature of the system is decreasing 
though time, which is supported by temporal decreases in 
titanium-in-quartz temperatures, pyroxene-fayalite tempera-
tures, titanium-in-zircon temperatures, and iron-titanium oxide 
temperatures (Vazquez and others, 2009; Girard and Stix, 
2010; Stelten and others, 2015). The temperatures implied 
by the progressive crystallization model are also supported 
by recent experimental work performed on natural Central 
Plateau Member rhyolites by Befus and Gardner (2016), 
which suggest minerals in the rhyolites crystallized at 750±25 
°C, in excellent agreement with titanium-in-zircon crystalliza-
tion temperatures of Stelten and others (2015). Conversely, 
Loewen and Bindeman (2015) present a model where the 
rhyolites are generated by equilibrium melting of a shallow 
refractory feldspar-rich source, which can be in a mushy or 
subsolidus state. In this model the temperature of the rhyo-
lites would increase though time as the source becomes more 
refractory and difficult to melt. Evidence for this temperature 
increase comes largely from oxygen isotopic measurements of 
pyroxene-quartz and glass δ18O thermometry and increasing 
(or constant) zircon saturation temperatures observed in glass 
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of the Central Plateau Member rhyolites. Loewen and Binde-
man (2015) suggest that the source for the Central Plateau 
Member rhyolites is melted to form zircon-undersaturated 
supersolidus rhyolites that then cool and crystallize sanidine, 
pyroxene, quartz, and zircon prior to eruption.

Some degree of open system behavior is required during 
the Central Plateau Member eruptive episode as demonstrated 
by systematic temporal changes in lead isotopic composi-
tion observed in the rhyolite glasses and their phenocrysts 
(Vazquez and others, 2009; Watts and others, 2012; Stelten 
and others, 2015). However, the source(s) responsible for the 
isotopic changes in the Central Plateau Member rhyolites and 
the amount of material required to generate these changes is 
currently debated. Based on temporal lead isotope trends in 
the Central Plateau Member rhyolites, it is likely that injection 
of silicic derivatives of Yellowstone basalts into the shallow 
magmatic system is driving the isotopic changes though time 
(Vazquez and others, 2009). This concept is supported by 
zircon crystallization age and hafnium isotope data reported 
by Stelten and others (2013), which document the presence of 
young zircons with near mantle-like hafnium isotope composi-
tions in some Central Plateau Member rhyolites. However, the 
amount of recharge material required to generate these tempo-
ral isotopic changes though time is likely small (~5 percent). 

Basalts
In addition to producing large rhyolitic ignimbrites and 

lava flows, Yellowstone has been the site of numerous erup-
tions of tholeiitic basaltic magma over its ~2.1 m.y. history. 
Although basaltic eruptions are volumetrically minor com-
pared to rhyolitic eruptions, basaltic magmas are interpreted as 
fundamental to volcanism at Yellowstone because they provide 
the heat necessary to develop and maintain Yellowstone’s 
silicic magmatic system (Hildreth and others, 1991). Even 
though no basaltic eruption has occurred at Yellowstone in the 
last ~30 k.y., evidence from modern day CO2 emissions and 
heat flux estimates at Yellowstone suggest high intrusion rates 
of basaltic magma (~0.3 cubic kilometers per year [km3/y] 
assuming 1 weight percent CO2 in mantle-derived basalt, 
which is comparable to the Hawaiian hot spot; Lowenstern 
and Hurwitz [2008]) persist to this day.

Unlike the majority of rhyolite flows at Yellowstone, 
which erupt within the margins of the preceding caldera-form-
ing eruption, basaltic magmas erupt peripherally to the caldera 
margins (fig. 3). Most Yellowstone basalts are assigned to nine 
units, which correspond to eruptive groups based largely on 
the location of their eruption and their stratigraphic relation 
to deposits from the caldera-forming eruptions at Yellowstone 
(fig. 4; Christiansen, 2001). Each of these eruptive groups 
consists of as many as 50 lava flows, with total volumes 
ranging from <1 to ~25 km3, erupted from a dozen or more 
separate vents. Basalts from a given eruptive group are not 
necessarily associated in time and often have eruption ages 
that differ by tens to hundreds of thousands of years. In this 

field trip we will examine the youngest, post-Lava Creek Tuff 
basalts, which erupted in three principal locations (fig. 3): 

•	 North of the Yellowstone caldera along the zone of 
recurrent faulting that extends north from Norris 
Geyser Basin to Mammoth Hot Springs (the Norris-
Mammoth corridor), 

•	 North-northwest of Yellowstone caldera along a vent 
zone trending northeast from Madison Valley into the 
Norris-Mammoth corridor, and 

•	 Southwest of Yellowstone caldera. 
The pattern of basaltic volcanism that has been exclu-

sively erupted outside of its contemporaneous caldera margin 
on the Yellowstone Plateau is interpreted to reflect the exis-
tence of a silicic magmatic system over the past ~2.1 m.y. that 
provides a low-density barrier through which ascending basal-
tic magmas cannot penetrate (Smith, 1979; Christiansen, 1984, 
2001). It is worth noting that no basaltic magmas have erupted 
within the present day Yellowstone caldera, but many post-
Lava Creek Tuff basaltic eruptions have occurred within the 
first and second cycle caldera margins (fig. 3). Additionally, 
some SRP-type basalts (which are compositionally distinct 
from Yellowstone basalts; Doe and others, 1982; Hildreth and 
others, 1991) have erupted within the western margin of the 
first and second cycle calderas. This observation is interpreted 
to mean that the silicic reservoirs feeding the first and second 
cycles of magmatism at Yellowstone have cooled and crys-
tallized to the point where basaltic magmas are now able to 
ascend through this portion of the crust.

In addition to providing the heat necessary to generate 
silicic magmas at Yellowstone, chemical and isotopic data 
suggest that basaltic magmas contribute a significant amount 
of mass to the silicic system. Isotopic data rule out the pos-
sibility that Yellowstone rhyolites are pure differentiates of 
Yellowstone basalts (Hildreth and others, 1991; Nash and 
others, 2006; Watts and others, 2010). However, isotopic data 
also demonstrate that erupted Yellowstone rhyolites have iso-
topic compositions intermediate between Yellowstone basalts 
and the potential crustal sources (fig. 6). These observations 
require that some mass fraction of the rhyolites at Yellow-
stone come from mantle-derived basalts and both mafic and 
silicic crustal sources (Hildreth and others, 1991; Nash and 
others, 2006; McCurry and Rodgers, 2009). This observation 
is typically explained by hybridization of basaltic magmas 
with crustal melts (Hildreth and others, 1991; Christiansen, 
2001; Watts and others, 2010; Wotzlaw and others, 2015). In 
this model the source for intracaldera rhyolites and caldera-
forming eruptions at Yellowstone is a hybridized crust that 
consists of mantle derived magmas mixed with partial melts of 
various crustal components (fig. 7).  This hybridized source, 
with isotopic compositions intermediate to that of Yellowstone 
basalts and the surrounding crust, is then melted to form silicic 
magmas with isotopic compositions similar to the erupted 
intracaldera rhyolites and caldera-forming eruptions (Hildreth 
and others, 1991). These silicic magmas may undergo further 



Introduction  11

0

–10

–30

–20

–5

–15

–25

Eruption age, in millions of years ago (Ma)

–8

Extracaldera

CPM

–12

–16

2.0 1.5 1.0 0.5 0

Caldera forming

Intracaldera

Archean
lower crust

with
intruded
basalt?

All pre-CPM
Yellowstone

rhyolites*

Archean mid-upper crust
(εNd from –20 to –50)

ε N
d

ε N
d

Yellowstone basalts 

HRT-C

CPM melt

EXPLANATION

, i
n 

pa
rt

s 
pe

r m
ill

io
n

, i
n 

pa
rt

s 
pe

r m
ill

io
n

Extracaldera rhyolite 
produced by 
melting crust 

(no hybridization)

M
ai

n 
re

se
rv

oi
r (

in
tr

ac
al

de
ra

 
rh

yo
lit

es
)

Ri
si

ng
 b

as
al

tic
 m

ag
m

a
(z

on
e 

of
 p

ar
tia

l m
el

tin
g 

an
d 

hy
br

id
iz

at
io

n)

Basalt

Rhyolite

Caldera margin

Hydrothermally altered 
crustal material

No hydrothermal alteration

D
ep

th
, i

n 
ki

lo
m

et
er

s

5

15

17

40

Figure 6. Summary of neodymium isotopic data for Yellowstone 
rhyolites, basalts, and local crust. The Nd isotopic compositions 
are reported in epsilon units, calculated as [(143Nd/144Nd Sample)/ 
143Nd/144Nd CHUR(0)) -1]*10,000, where 143Nd/144Nd CHUR(0) = 
0.512638. CHUR(0) = Chondritic Uniform Reservoir at time zero. 
Potential crustal sources for the generation of the Central Plateau 
Member (CPM) rhyolites are shown in black. The mantle input into 
the system (the Yellowstone basalt) is shown in white. The CPM 
rhyolites are shown in gray. The extracaldera rhyolites are shown 
with a hatched fill. Note that Yellowstone rhyolites (the caldera-
forming eruptions and intracaldera rhyolites) have εNd values 
intermediate to potential local crustal source and Yellowstone 
basalts. The field labeled “All pre-CPM Yellowstone rhyolites*” 
includes the range of data for all Yellowstone rhyolites except 
for Huckleberry Ridge Tuff member C, which shows evidence for 
large amounts of crustal assimilation and is plotted separately 
(see Hildreth and others, 1991). Neodymium isotopic data are 
from Hildreth and others (1991), Vazquez and Reid (2002), Bennett 
(2006), Nash and others (2006), and Pritchard and Larson (2012). 
Figure modified from Stelten and others (2017).

Figure 7. Schematic diagram showing the relation 
between basaltic magmas, intracaldera rhyolites (including 
caldera forming tuffs, pre-, and post-caldera rhyolites), and 
extracaldera rhyolites. Depths are based on Farrell and 
others (2014).



12  A Field Trip Guide to the Petrology of Quaternary Volcanism on the Yellowstone Plateau

melting and assimilation of upper crustal rocks before being 
erupted (fig. 7; Wotzlaw and others, 2015). 

Extracaldera Rhyolites
Following eruption of the caldera-forming Lava Creek 

Tuff at 631.3±4.3 ka (Matthews and others, 2015), numerous 
small volume rhyolites have erupted outside of Yellowstone 
(fig. 3). These extracaldera rhyolites erupted from ~530 to 
~80 ka and span the same range of time as post-Lava Creek 
Tuff intracaldera rhyolite eruptions (Christiansen and others, 
2007), but are distinct from intracaldera rhyolites in several 
ways. In general, extracaldera rhyolites have distinct isotopic 
compositions relative to intracaldera rhyolite flows. Compared 
to intracaldera rhyolites, extracaldera rhyolites have lower 
143Nd/144Nd, which suggests a stronger crustal influence during 
their formation (fig. 6; Hildreth and others, 1991; Pritchard 
and Larson, 2012; Pritchard and others, 2013). Modeling 
by Pritchard and Larson (2012) suggests that the isotopic 
composition of the extracaldera rhyolites can be explained 
by injection of basaltic magmas into the crust, followed by 
assimilation of Archean crust and extensive fractional crys-
tallization. In addition to lower 143Nd/144Nd, the extracaldera 
rhyolites have higher δ18O relative to intracaldera eruptions at 
Yellowstone and are similar to the earliest Huckleberry Ridge 
Tuff magmas (Hildreth and others, 1984). This suggests that 
the extracaldera rhyolites did not interact with hydrothermally 
altered crust prior to eruption, and this in turn implies that 
the crust outside of the caldera has not been hydrothermally 
altered. The compositional distinction between extracaldera 
and intracaldera rhyolites provides an opportunity to assess the 
structure of the magmatic system at Yellowstone.

Extracaldera rhyolitic lavas at Yellowstone are divided 
into two groups based on their petrography. The Obsidian 
Creek Member rhyolites are porphyritic with quartz, sanidine, 
and plagioclase phenocrysts, and the Roaring Mountain Mem-
ber rhyolites are sparsely porphyritic to aphyric. The aphyric 
nature of the Roaring Mountain rhyolites suggests these 
magmas were emplaced at, or above their liquidus temperature 
(Christiansen, 2001; Christiansen and others, 2007). Both the 
Obsidian Creek and Roaring Mountain rhyolites occur almost 
exclusively to the north of Yellowstone caldera in the Norris-
Mammoth corridor (the same area as the majority of post-Lava 
Creek Tuff basaltic volcanism; fig. 3). In several cases extra-
caldera rhyolites are intimately associated with basalt, which 
occurs as quenched magmatic inclusions or large masses 
within the rhyolites (for example, the Gardner River and 
Grizzly Lake complexes). So although volumetrically minor, 
extracaldera rhyolites provide important information about the 
interaction of basalt and rhyolite at Yellowstone. Examples of 
Obsidian Creek rhyolites, Roaring Mountain rhyolites, and a 
mixed basalt-rhyolite complex can be seen on this field trip.

Hydrothermal Features

Yellowstone Plateau is host to a vast hydrothermal 
system and is world famous for its spectacular hydrothermal 
features. A detailed discussion of the hydrothermal system at 
Yellowstone is beyond the scope of this field trip guide; read-
ers interested in detailed descriptions should see Fournier and 
others (1994), Hurwitz and Lowenstern (2014), or Morgan 
and others (2009). On this field trip we will briefly examine 
a number of hydrothermal features located outside of Yel-
lowstone caldera that lie along a network of faults in the zone 
extending from Norris Geyser basin through Mammoth Hot 
Spring (the Norris-Mammoth Corridor). Hydrothermal activity 
in this region is intimately related to extracaldera basaltic and 
rhyolitic magmatism and is the result of several factors:

•	 An abundant supply of meteoric recharge water that 
largely originates from snow on the surrounding 
mountains,

•	 The abundant heat supply from the magmatic system 
underlying Yellowstone Plateau, and

•	 Frequent seismic activity at Yellowstone, which opens 
fractures in the crust, creating pathways for fluid flow 
(Fournier and others, 1994).

In general, hydrothermal activity is located near zones 
with abundant fractures in the crust such as the outer edge of 
the main ring fracture zone, near the Mallard Lake and Sour 
Creek resurgent domes within the caldera, and outside of the 
caldera in the Norris-Mammoth Corridor.

Day 1 

Overview

The first day will concentrate on the calderas and ignim-
brites produced by the three caldera cycles of the Yellowstone 
Plateau volcanic field, and discussing their petrology and 
geochronology (see fig. 4 for general stratigraphic relation-
ships at Yellowstone). Stops include examining exposures of 
the Huckleberry Ridge, Mesa Falls, and Lava Creek Tuffs; and 
viewing the caldera structures associated with each explosive 
eruption. In addition, we will examine the tuff of Kilgore a 
voluminous low d18O rhyolite, which represents the youngest 
ignimbrite-forming eruption from the pre-Yellowstone Heise 
volcanic center (figs. 1, 2). Post-caldera basalt that marks the 
end of the second caldera cycle, which produced the MFT, 
will also be examined. The trip will begin in the city of Idaho 
Falls, Idaho, drive to the edge of the Snake River Plain (SRP), 
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proceed through the Island Park basin, and end in the northern 
portion of Yellowstone caldera within Yellowstone National 
Park. It is important to note that traffic as well as wildlife, 
such as rattlesnakes, bison, and bears, are potential hazards in 
the Yellowstone area. 

Day 1 Road Log

Mileage (in miles)
0.0 Reset trip odometer at Idaho Falls airport terminal, 

and exit the airport along Skyline Drive. 
0.9 Turn left (east) onto Grandview Drive. Grandview 

Drive turns into U.S. Route 20, which is America’s longest 
road, extending 3,365 miles from Newport, Oregon, to Boston, 
Massachusetts. 

4.7 Exit Route 20 at St. Leon Road (Exit 311). Turn right 
(south) onto St. Leon Road. 

5.3 Turn left onto East 49th Street after crossing railroad 
tracks. 

7.1 Turn left (east) onto U.S. Highway 26. 
19.8 Turn right onto Meadow Creek Road. 
23.0 Pass entrance to Ririe Recreation Area. Continue on 

gravel road. 
26.1 Stop 1.1 Tuff of Kilgore and Huckleberry Ridge 

Tuff near Ririe Reservoir, Idaho. Park at intersection of 
Meadow Creek and Mud Springs Roads, and walk down-
hill along Meadow Creek Road. Here a stratigraphic section 
including ignimbrites and fallout erupted from the Heise 
volcanic field then capped by HRT is nicely exposed in a 
roadcut. Watch out for rattlesnakes. The Heise volcanic field is 
significant for understanding Yellowstone magmatism because 
it is the youngest complex that has completely endured the 
compositional, isotopic, and volcanic evolution associated 
with the development of a nested caldera cluster along the 
Yellowstone Hot Spot, including the generation of voluminous 

low d18O rhyolite at the end of its lifespan (figs. 1, 2). Four 
Miocene–Pliocene caldera-forming eruptions occurred at the 
Heise center since ~6.7 Ma, resulting in a ~10,000 square 
kilometer (km2) area of nested calderas, although much of the 
volcanic center is now buried by sediments and Pleistocene–
Holocene basalts of the SRP (Morgan and McIntosh, 2005). 
The youngest Heise units, sampled by drill cores, are dated at 
~3.9 Ma (Watts and others, 2011; Ellis and others, 2017a).

The volcanic sequence includes pyroclastic units from the 
Heise and Yellowstone Plateau centers (Morgan and others, 
2008; Watts and others, 2011). At the base of the sequence is 
the gray-colored tuff of Wolverine Creek containing glassy 
pyroclasts of obsidian and pumice. Sanidines from the tuff of 
Wolverine Creek have yielded 40Ar/39Ar dates of 5.72±0.03 
Ma (Anders and others, 2014) and 5.59±0.05 Ma (Morgan and 
McIntosh, 2005). The latter date recalculates to 5.67 Ma if the 
calibration factors of the former are used (Anders and others, 
2014).  206Pb/238U dating of zircons yields a slightly younger 
date of 5.5941±0.0097 Ma (Szymanowski and others, 2016). 
The sense of this discordance is reversed from what would be 
expected for eruption quench ages (Ar/Ar) and pre-eruptive 
crystallization (U-Pb) ages. The reason for this difference is 
unclear, but may reflect imperfect intercalibration of the Ar/Ar 
and U/Pb geochronometers (Renne and others, 2010) or prob-
lems related to crystal recycling and (or) excess argon, which 
could result in Ar/Ar dates that are too old (Ellis and others, 
2017b). The tuff of Wolverine Creek is noteworthy because it 
contains a subpopulation of zoned low-Mg# (~60–90) clinopy-
roxenes that contain melt inclusions with intermediate, 57–67 
weight percent SiO2, compositions (Szymanowski and others, 
2015). These intermediate composition melt inclusions appear 
to record the compositional signature of fractional crystalliza-
tion that is partly responsible for the evolved compositions of 
Yellowstone Hot Spot-related rhyolites (Szymanowski and 
others, 2015).  

Figure 8.

HRT KT

PKS WCT

Figure 8. Photograph showing roadcut exposures along Meadow Creek Road near Ririe Reservoir, Idaho. Section includes 
the gray-colored and obsidian-rich tuff of Wolverine Creek (WCT), which is unconformably overlain by a pre-Kilgore sequence 
(PKS), composed of gravels, paleosols, reworked pyroclastic material and bedded fallout. This sequence is overlain by the dark 
vitrophyric tuff of Kilgore (KT). The entire exposed sequence is capped by Huckleberry Ridge Tuff (HRT). 
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The pre-Kilgore sequence, an approximately 11-meter 
(m) package of gravels, paleosols, and sandy tuffaceous sedi-
ments unconformably overlies the tuff of Wolverine Creek 
ignimbrite (fig. 8).  Gravel and resedimented volcanic clasts 
locally occupy channels that crosscut and scour the ignim-
brite. This sequence of sediments includes a primary fallout 
bed about 1.1 m above the tuff of Wolverine Creek (Watts and 
others, 2011). Zircons from this fallout bed yield a 206Pb/238U 
date of 4.8896±0.0066 Ma (Wotzlaw and others, 2014). The 
top of the package is capped by a coarse lithic breccia, which 
contains abundant sandstone clasts (Watts and others, 2011). 

Dark-colored tuff of Kilgore, an approximately 4-m-thick 
resistant unit of crystal-poor densely welded tuff, directly 
overlies the pre-Kilgore package of sediments (fig. 8; Watts 
and others, 2011). The lower ~1 m of the tuff is somewhat less 
welded and less dark than its overlying portion.  Lithic frag-
ments of sandstone and volcanic rock are scattered through 
the tuff (Watts and others, 2011). The tuff of Kilgore was the 
youngest of the large explosive eruptions from Heise volca-
nic center, it covered an area of at least 20,000 km2 across 
Idaho, Montana, and Wyoming (Morgan and McIntosh, 2005), 
and has yielded a 40Ar/39Ar sanidine date of 4.510±0.047 Ma 
(Wotzlaw and others, 2014). At least 1,100 km3 (Anders and 
others, 2014) and possibly as much as 4,000 km3 of low δ18O 
rhyolite (δ18O = +3.4‰) was released during the Kilgore 

eruption (Bindeman and others, 2007; Watts and others, 
2011). This volume is comparable to the largest supererup-
tions from the Yellowstone Plateau. Similar to many other 
Yellowstone Hot Spot-related rhyolites, the tuff of Kilgore 
has low crystal concentrations and yields relatively high 
magmatic temperatures. The tuff of Kilgore contains 1–10 
percent phenocrysts of plagioclase, sanidine, clinopyroxene, 
and orthopyroxene, along with iron-titanium oxides that yield 
eruption temperature estimates of ~860 °C (Watts and others, 
2011). Kilgore zircons yield a limited range of 206Pb/238U dates, 
which are indistinguishable from the apparent eruption age 
from 40Ar/39Ar dating (fig. 9A). The Kilgore zircons show a 
range of δ18O values (fig. 9B,C) with most between –1 to +3‰ 
(within and between individual crystals), indicating that the 
Kilgore rhyolite is a low δ18O magma derived by near-eruption 
assembly of isotopically distinct batches of magma, which 
were at least partly derived from remelting of shallow hydro-
thermally altered subcaldera rocks (Watts and others, 2011; 
Wotzlaw and others, 2014). These isotopic data constrain 
the magma generation and assembly timescale to within the 
uncertainties of the geochronology, over a timescale of 1–10 
k.y. (Wotzlaw and others, 2014). Heise center rhyolites show 
decreasing δ18O values over time, which resembles the isoto-
pic evolution of Yellowstone Plateau rhyolites, and indicates 
a shallow hydrothermal rather than a deeper crustal or mantle 
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Figure 9. Chart showing Pb/U dates and oxygen isotope compositions of zircon crystals from the tuff of Kilgore. A, High precision 
206Pb/238U dates for single zircons determined by isotope dilution thermal ionization mass spectrometry (ID-TIMS) for two samples (blue 
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Day 1   15

source for the low δ18O values (fig. 10, Bindeman and others, 
2007). Bindeman and others (2007) noted that magmatic δ18O 
values for Heise and Yellowstone Plateau rhyolites appear to 
be positively correlated with eruptive volume, suggesting that 
rhyolites formed by larger degrees of shallow crustal remelting 
have a larger contribution of source material that is relatively 
unaffected by hydrothermal alteration and low δ18O values. 
However, the time integrated effects of remelting, mixing, 
and hydrothermal alteration in the subcaldera system result in 
an inverse relation of ~1‰ decrease for every ~1,000 km3 of 
cumulative erupted rhyolite (Watts and others, 2011). 

HRT ignimbrite overlies the dark-colored tuff of Kilgore 
(figs. 8, 11), with an ~0.5 m bed of calcrete paleosol separating 
the two tuff units (Watts and others, 2011). At more than 2,500 
km3, the HRT is the largest of the Quaternary ignimbrites 
erupted from Yellowstone Plateau and covers an area of more 
than 15,000 km2 (fig. 12, Christiansen, 1982, 2001). The HRT 
is divided into three informal members; A, B, and C (Chris-
tiansen and Blank, 1972). Based on isopach thicknesses, these 
informal members appear to have vented from different parts 
of the Yellowstone Plateau (figs. 12, 13). The HRT exposed 
here is from member B (Christiansen, 2001), and shows a 
vertical change in color from tan to pink related to degree of 
devitrification (fig. 6). The HRT rhyolite contains phenocrysts 
of sanidine, quartz, plagioclase, hedenbergitic clinopyroxene, 
fayalite, magnetite, and accessory zircon and chevkinite (Hil-
dreth, 1981; Christiansen, 2001). Abundant lithic fragments 

occur in the HRT ignimbrite at this location (Watts and others, 
2011). 

Recent 40Ar/39Ar dating studies using single sanidines 
from HRT member B by Singer and others (2014) and Rivera 
and others (2014) have derived similar ages for the Huckle-
berry Ridge eruption of 2.077±0.003 Ma and 2.079±0.005 Ma, 
respectively, (figs. 14, 15). Ellis and others (2012) determined 
indistinguishable 40Ar/39Ar dates for HRT members A and B, 
but determined that member C sanidines may have erupted at 
least 6 k.y. later from a different magma body. However, high 
precision 206Pb/238U dating of zircons from HRT members A, 
B, and C has yielded indistinguishable dates (fig. 15), sug-
gesting that the three members indeed reflect a single erup-
tion at 2.08 Ma (Wotzlaw and others, 2015). 40Ar/39Ar dating 
studies using single crystals (Gansecki and others, 1998; Ellis 
and others, 2012; Singer and others, 2014; Rivera and others, 
2014) have revealed the pervasive presence of sanidines that 
yield “old” dates, owing to excess argon derived from melt 
inclusions, near-eruption recycling of antecrystic sanidines 
that did not have sufficient time to re-equilibrate and release 
their radiogenic argon, or both. This characteristic has been 
noted in other Yellowstone rhyolites (Stelten and others, 2015; 
Matthews and others, 2015; Troch and others, 2017). The 
206Pb/238U datasets (fig. 15) have been interpreted to indicate 
that the majority of HRT zircons crystallized within 1–10 
k.y. of the eruption age (Rivera and others, 2014b; Wotzlaw 
and others, 2015); similar crystallization duration has been 
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Figure 10. Graph showing temporal variation of oxygen isotope compositions for volcanic rocks from 
the Yellowstone Plateau and Heise eruptive centers. Calculated melt compositions are shown by the 
gray lines. LCT, Lava Creek Tuff; MFT, Mesa Falls Tuff; HRT, Huckleberry Ridge Tuff; SRP, Snake River 
Plain; VSMOW, Vienna Standard Mean Ocean Water. Figure modified from Bindeman and others (2007).
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Figure 11.

Figure 11. Photograph showing Huckleberry Ridge Tuff exposed along Meadow Creek Road, showing a change in 
color and character of parting. From Morgan and Bonnichsen, (1989).
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Figure 12. Maps of (A) Huckleberry Ridge Tuff (HRT), 
Mesa Falls Tuff (MFT), and Lava Creek Tuff (LCT) members 
occurrences on and around the Yellowstone Plateau; and 
(B) tephra distributions around the continental United 
States. (A) modified from Wotzlaw and others (2015), and 
(B) from Christiansen and others (2007).
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Figure 13.
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Figure 14. A, High precision 40Ar/39Ar dates for single 
sanidines and isotope dilution thermal ionization 
mass spectrometry (ID-TIMS) 206Pb/238U dates for 
single zircons from the Huckleberry Ridge Tuff (Rivera 
and others, 2014). Ranked single crystal dates (blue 
and white bars) along with their corresponding 
contents of radiogenic argon showing a multi-
modal distribution of dates (green curve) that is also 
observed in other Yellowstone rhyolites (Gansecki 
and others, 1996; Stelten and others, 2015. The older 
outliers (white bars) are likely to represent recycled 
sanidine antecrysts (Rivera and others, 2014) or 
analyses biased by excess argon (Singer and others, 
2014). A young population of sanidine dates (blue 
bars) yield a distribution (blue curve) suggesting an 
eruption age of 2.08 Ma. B, The apparent eruption age 
from the 40Ar/39Ar dating is approximately 30–40,000 
years younger than the youngest mode of 206Pb/238U 
dates derived for associated zircons (Rivera and 
others, 2014). The dates for the HRT have been 
used to refine the early Pleistocene geomagnetic 
timescale.
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determined for LCT zircons (Matthews and others, 2015; Wot-
zlaw and others, 2015).

Like the older rhyolites of the Yellowstone Hot Spot 
(Nash and others, 2006) the radiogenic (lead-strontium-neo-
dymium) isotope compositions of HRT whole rocks (Hildreth 
and others, 1991) and the hafnium-isotope compositions of 
HRT zircons (Wotzlaw and others, 2015) indicate ~15–50 per-
cent addition of melted Archean basement to mantle-derived 
magma (McCurry and Rodgers, 2009; Wotzlaw and others, 
2015). Zircons from the HRT members fall into two hafnium-
isotope populations (fig. 16), with epsilon hafnium (εHf) values 
of approximately -22 (members A, C) and -6 (members A, 
B). Member A zircons with similar crystallization ages but 
different hafnium isotope compositions indicate the mixing of 
at least two isotopically diverse reservoirs of rhyolite (Wot-
zlaw and others, 2015). Intercrystal hafnium isotope variation 
within each of these two zircon populations (fig. 16) suggests 
the two rhyolite reservoirs were assembled from smaller and 
isotopically heterogeneous magma batches.  The relatively 
normal and limited intercrystal and intracrystal variation d18O 

values (fig. 16) of HRT zircons suggest the mixing of Archean 
crust and mantle-derived melts occurred at a level too deep 
to assimilate much shallow and hydrothermally altered rock 
(Wotzlaw and others, 2015). Trace element zoning in HRT zir-
cons appears to record 30–40 percent fractional crystallization 
over a temperature range of ~700–850 °C (Rivera and others, 
2014b; Wotzlaw and others, 2015).

Return to Hwy 26 along Meadow Creek Road.
32.2 Turn left (north) onto Hwy 26. 
33.7 Turn right (east) onto Hwy 26 Business. 
34.7 Turn left (west) onto Idaho State Highway 48 in 

Ririe, and veer right. 
35.1 Turn left onto East County Road.
43.2 Turn right (east) onto Hwy 20, and head east toward 

the towns of Rigby and Rexburg.
89.4 Stop 1.2 Mesa Falls Tuff along Hwy 20 between 

Ashton and Island Park. Pull off onto turnout on right side 
of Hwy 20. At this stop, the MFT is exposed in the roadcut 
along west side of Hwy 20. Be very careful when viewing this 
outcrop. It is located on the side of a busy highway. Stay a safe 
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distance from the shoulder of the road and be careful if you 
decide to cross the highway.

The MFT is distributed over more than 2,700 km2 primar-
ily around the Island Park area. At Thurmon Ridge (fig. 17) to 
the northwest, and around Upper Mesa Falls to the southeast, 
the MFT is as much as ~150 m thick, but is commonly 30–70 
m thick (Christiansen, 2001).  Here, the MFT is on the inside 
of the caldera rim and directly overlies a thin bed of uncon-
solidated loess, which in turn overlies gray welded HRT (fig. 
18). The basal 5–6 m of the MFT is composed of a white, 
planar-bedded, and well-sorted fallout deposit, which mantles 
the underlying paleotopography and reflects the early Plin-
ian stage of the MFT eruption (Christiansen and Blank, 1972; 
Neace and others, 1986). The basal fallout contains as much as 
70 percent crystals (Neace and others, 1986). In contrast, the 
pumice from the overlying portion of the MFT contains ~30 
percent crystals (Neace and others, 1986). This relative enrich-
ment in crystals within the basal fallout indicates loss of glass 
relative to crystals in the eruption column (Neace and others, 
1986). The MFT contains the typical Yellowstone rhyolite 
mineral assemblage of sanidine, quartz, plagioclase, iron-rich 
clinopyroxene, magnetite, zircon, chevkinite, ilmenite, and 
fayalite, but also contains the hydrous minerals allanite and 
hornblende (Christiansen, 2001; Rivera and others, 2016). 
Sanidine and quartz phenocrysts in the Mesa Falls rhyolite 
are as large as several centimeters (cm) in size (Christiansen, 
2001). Locally, pumice clasts in the Mesa Falls ignimbrite are 
as much as 30 cm in size, which is large relative to those in 
the other ignimbrites of the Yellowstone Plateau (Christiansen, 
2001). The glass composition and mineralogy of the MFT 
fallout is distinct from either the HRT or LCT (Christiansen, 

2001), this correlates the fallout to distal tephra, formerly 
called the Pearlette-S ash (Izett, 1981), which occurs in middle 
Pleistocene deposits of the southern Rocky Mountains and 
the Great Plains (fig. 12, Izett and Wilcox, 1982). The upper 
portion of the basal unit is coarser with more pumice and 
shows low-angle cross-bedding and channeling, which may 
reflect the passage of dilute pyroclastic currents, and in some 
places the passage of pyroclastic flows (Neace and others, 
1986; Christiansen, 1982, 2001). Overlying the basal unit is a 
main ignimbrite body composed of pink-colored pyroclastic 
flow units (fig. 18), which are unwelded, show vapor-phase 
alteration, and contain pumice lapilli and blocks (Christiansen, 
1982, 2001; Neace and others, 1986). 

40Ar/39Ar dating of MFT sanidines indicates an eruption 
age of 1.300±0.001 Ma (Rivera and others, 2016). 206Pb/238U 
dates for MFT zircons suggests this batch of caldera-forming 
rhyolite was generated, stored, and differentiated over an 
interval of, at most, several tens of thousands of years (Rivera 
and others, 2014b; 2016; Wotzlaw and others, 2015). The Hf 
isotope composition of MFT zircons is distinct from those 
associated with the older HRT and younger LCT. The low 
δ18O composition of MFT minerals (+5.5 to +6.0‰ quartz, 
Hildreth and others, 1984) indicates remelting-assimilation 
of shallow hydrothermally altered crust, while the hafnium 
isotope composition of MFT zircons suggests a lower crustal 
source, which at times provided variable amounts of an 
Archean crustal component to ascending silicic melts (Wot-
zlaw and others, 2015). These observations are consistent with 
geochemical modeling indicating multistage generation of 
low δ18O rhyolites from normal δ18O crust (Watts and others, 
2010). 

Figure 16.
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Figure 16. Graph showing distribution of Hf and O isotope compositions for single zircons from Huckleberry Ridge 
Tuff (HRT), Mesa Falls Tuff (MFT), and Lava Creek Tuff (LCT), and the pre-HRT Snake River Butte (SRB). The Hf 
isotopic compositions are reported in epsilon units, calculated as [(176Hf/177Hf Sample)/

176Hf/177Hf CHUR(0)) -1]*10,000, where 
176Hf/177Hf CHUR(0) = 0.282772 (Vervoort and Blichert-Toft, 1991). CHUR = Chondritic Uniform Reservoir. For comparison, 
whole rock Hf isotope values for HRT and LCT are shown by crosses. Distributions of oxygen isotope compositions 
include values for cores of single zircons (dashed lines) and rims (solid lines). Modified from Wotzlaw and others 
(2015).
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Figure 17. Shaded relief map showing physiography of the Island Park region, defined by the semi-circular scarp of 
the Henrys Fork and Big Bend Ridge caldera segments.
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A

B

Figure 18. Photographs showing (A) Present-day roadcut exposure of Huckleberry Ridge Tuff (HRT) and Mesa Falls Tuff (MFT) 
along U.S. Route 20 between Ashton and Island Park, Idaho; and (B) the same roadcut section as pictured in Hamilton (1965). 
Section is approximately 18 meters high. From bottom-to-top, the section is composed of 1, welded HRT: 2, unconsolidated loess 
that is now mostly covered by slope wash; 3 and 4, base of MFT composed of non-welded white and well-sorted crystal-rich ash 
fallout whose top contains abundant pumice lapilli; and 5, partly welded MFT ignimbrite.
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Continue on Hwy 20.
92.7 Additional exposures of MFT in roadcuts along the 

east side of Hwy 20.
93.2 Pass Anderson Mill Canyon road.
106.6 Turn right (east) onto Mesa Falls Scenic Byway.
106.8 Stop 1.3 Island Park basin, and Big Bend and 

Henrys Fork caldera rims. Park in turnout on the north side of 
road. This stop provides an overview of the Island Park basin, 
with the margins of the Big Bend Ridge and Henrys Fork 
calderas visible to the west. The Island Park basin is located 
in the westernmost area of the Yellowstone Plateau volcanic 
field, and represents the transition from the rhyolite-dominated 
Yellowstone Plateau to the basalt-dominated SRP. The topog-
raphy of the Island Park basin reflects the volcanic activity 
from the three different caldera cycles associated with the Yel-
lowstone Plateau over the last 2.1 m.y. (figs. 17, 19). This stop 
is in the approximate vent location of HRT member B (fig. 13, 

Christiansen, 2001). The southwestern and western portions of 
the Island Park basin are bounded by Big Bend Ridge, which 
represents the margin of the caldera associated with eruption 
of the HRT. To the southeast, along the Big Bend Ridge, is 
the pre-HRT Snake River Butte. The northwestern portion of 
the basin is bounded by Thurmon Ridge, which represents the 
overlapping margins of the first cycle caldera associated with 
eruption of the HRT, and the Henrys Fork caldera associated 
with eruption of the MFT (Christiansen, 2001). The eastern 
portion of the basin is bounded by the flow margins of the 
thick rhyolitic lava flows associated with the third and young-
est caldera cycle, which form the Madison Plateau. These 
rhyolite lavas represent pre-Lava Creek effusive activity as 
well as the post-collapse effusive volcanism that has filled 
Yellowstone caldera and compose the Plateau Rhyolite. In 
the southwest portion of the basin, the scarp is a composite 
of several structural faults. Originally envisioned as a single 

Figure 19.
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caldera by Hamilton (1965), later detailed field mapping and 
stratigraphy by R.L. Christiansen revealed that the circular 
basin resulted from the processes associated with the other 
caldera cycles.

The volcanic products associated with the second caldera 
cycle are primarily exposed in the Island Park area, and they 
have been key to understanding the progressive magmatic evo-
lution responsible for the bigger first and third caldera cycles, 
as well as the transition from voluminous rhyolite magmatism 
to the basaltic magmatism characterizing the SRP. The second 
cycle rocks record the generation and caldera-forming erup-
tion of the MFT rhyolite followed by cessation of the rhyolitic 
magma chamber and postcollapse effusion of the rhyolitic 
domes composing the Island Park Rhyolite (Christiansen, 
1982, 2001). During this rhyolitic volcanism, basalt vented 
outside of the main focus of rhyolitic activity, suggesting a 
persistent locus of shallow silicic magma generation (Chris-
tiansen, 2001). The eruption of pre-Lava Creek basalts within 
Island Park signaled the final cooling and solidification of the 
second cycle subvolcanic reservoir to the point that basaltic 
magmas could begin erupting. As a result, this portion of the 
Yellowstone Plateau has subsided and been partly buried by 
lavas from the eastern SRP, thus capturing the transition from 
rhyolitic to basaltic dominated volcanism. 

Return to Hwy 20 and turn left (south) toward Harriman 
State Park.

108.0 Turn right (west) onto Green Canyon Road (Forest 
Road 167).

108.5 Pass entrance to Harriman State Park.
110.4 Turn left (south) onto unmarked gravel road.
110.6 Stop 1.4 Pleistocene lava flow of the caldera-

filling Gerrit Basalt. Park at former quarry with outcrops of 
basalt. Walk approximately 100 m to the west to reach rubbly 

exposures of basalt. At this location, the rubbly flow top and 
tumuli of the 29±9 ka (George and others, 2015) Pinehaven 
basalt are exposed (fig. 20). Much of the Island Park basin and 
floor of Henrys Fork caldera have been covered by basaltic 
lava flows; in the western portion of the basin these basalts 
include tholeiites associated with the SRP. The Pinehaven 
basalt is one of the flows of the Gerrit Basalt that have yielded 
K-Ar and 40Ar/39Ar dates between ~450 ka (Christiansen, 
2001) and ~30 ka (George and others, 2015). The Gerrit 
basalts cover much of the Island Park area and overlie the 
MFT and domes of the Island Park Rhyolite. Flows from the 
Gerrit Basalt have yielded elevated 3He/4He signatures of ~16 
times the ratio in air (Ra), suggesting a deep mantle source for 
Yellowstone basalts (Abedini and others, 2006; Graham and 
others, 2009). Eruption of basaltic magma in the caldera floor 
has been attributed to final cooling and solidification of the 
shallow silicic magma reservoir that otherwise impedes the 
ascent and eruption of basalt during the earlier stages of the 
caldera cycle (Smith, 1979; Christiansen, 1984, 2001).

Return to Green Canyon Road, turn right (east) and return 
to Hwy 20.

113.1 Intersection of Green Canyon Road and Hwy 20. 
Turn left (north) onto Hwy 20. Continue along Hwy 20 toward 
the town of West Yellowstone, Montana.

141.4 Exposures of HRT in roadcuts along Hwy 20 over 
Targhee Pass.

151.6 Turn right (south) onto U.S. Highway 191 (North 
Canyon Street) through downtown West Yellowstone.

151.9 Turn left (east) onto Yellowstone Avenue, and pro-
ceed toward west entrance to Yellowstone National Park.

152.4 Entrance to Yellowstone National Park. 
164.4 Stop 1.5 Yellowstone caldera rim and pre-caldera 

lavas near Harlequin Lake. Turn into large pullout on the right 

Figure 20.

Figure 20. Photograph of rubbly 
tumulus on a lava flow of Gerrit 
Basalt exposed on the western 
portion of Island Park.
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(south) side of road. The west entrance road to Yellowstone 
National Park and the Madison River follow the margins of 
Yellowstone caldera, the (now) lava-filled 45 × 85 km caldera 
that formed as a result of the LCT eruption (Christiansen, 
2001). To the north (fig. 21), LCT member A is exposed in the 
dramatic cliff, which is the topographic edge of Yellowstone 
caldera. The cliffs to the south across the Madison River are 
300 m high and are the eroded flow edge of the post-LCT West 
Yellowstone flow, one of the voluminous lavas (~41 km3) of 
the Plateau Rhyolite that filled Yellowstone caldera (Christian-
sen and others, 2007). The LCT overlies the pre-caldera Har-
lequin Lake and Mount Haynes flows of the Mount Jackson 
Rhyolite (Christiansen and Blank, 1972), which are exposed 
across the road in the low hills at the base of the caldera rim 
(fig. 21). Based on their distribution around the caldera and 
apparent proximity to their vents, the Mount Jackson flows 
appear to have erupted along the zone that subsequently 
became the ring-fracture zone of Yellowstone caldera (Chris-
tiansen, 2001). The Harlequin Lake flow yields a sanidine 
40Ar/39Ar date of 830.0±7.4 ka and the Mount Haynes flow 
yields a date by the same technique of 701.6±1.6 ka (Troch 
and others, 2017). Hence, the Mount Haynes flow erupted 
~70 k.y. before the LCT. Christiansen and Blank (1972) note 
that the upper glassy portions of the Mount Jackson Rhyolite 
flows are well preserved in contact with the overlying LCT, 
suggesting little erosion and in turn a geologically brief time 
before the Lava Creek eruption. Aside from their apparent 
eruption ages, these precaldera flows significantly differ in 
their pyroxene assemblages, with the Mount Haynes rhyolite 
containing a clinopyroxene to orthopyroxene ratio of 9:1, and 
the Harlequin Lake rhyolite containing only orthopyroxene 
(Troch and others, 2017). The oxygen isotope compositions 
of Harlequin Lake flow quartz and sanidines are somewhat 

lower than for the Mount Haynes flow, but elevated relative to 
second cycle rhyolites (Troch and others, 2017). The average 
oxygen isotope compositions of Mount Haynes quartz indicate 
equilibrium melt in the range of normal (+5.8–6.3‰) rhyolitic 
melts, with values resembling those for the LCT, and elevated 
relative to second cycle and older Mount Jackson Rhyolite 
flows (Hildreth and others, 1984; Bindeman and Valley, 2001; 
Troch and others, 2017). Sanidines from the Harlequin Lake 
flow have lead isotope compositions resembling those from 
the MFT and other second cycle rhyolites, whereas the Mount 
Haynes flow sanidines more closely resemble the LCT (Troch 
and others, 2017), which together with the oxygen isotopes 
suggest that these flows mark a transition in the petrology 
characterizing the second and third cycles. 

From here, continue east on West Entrance Road. 
165.9 Madison Junction. Turn left onto Grand Loop 

Road and continue east. 
167.4 Stop 1.6 Lava Creek Tuff Member A at Tuff Cliff. 

Turn left into parking lot for Tuff Cliff picnic ground. At this 
stop, member A of the LCT (LCT-A) is well exposed in the 
dramatic cliff that marks the margin of Yellowstone caldera 
(fig. 22). Member A represents the first portion of the LCT to 
be erupted (Christiansen, 2001), and is elsewhere overlain by 
member B (LCT-B). Abundant lapilli of phenocryst-bearing 
pumice are evident in the cliff outcrops and talus boulders, but 
are friable because the ignimbrite here has endured vapor-
phase crystallization. 

The LCT-A and LCT-B members each have eruptive 
volumes of ~500 km3, but differ in their composition, min-
eralogy, vent regions, and regional distribution (Christiansen 
and Blank, 1972; Christiansen, 2001). Based on isopachs 
and phenocryst-lithic distributions, LCT-A vented from the 
western portion of the caldera, whereas LCT-B vented from 

Figure 21.

LCT

MJR

Figure 21. Photograph showing view 
north across U.S. Highway 20. Low 
hill and its exposed outcrop along 
the northwestern rim of Yellowstone 
caldera are composed of pre-Lava 
Creek Tuff flows of the Mount Jackson 
Rhyolite (MJR). The Mount Haynes and 
Harlequin Lake flows are exposed here. 
The peaks behind MJR are composed 
of Lava Creek Tuff (LCT) exposed along 
the caldera margin. Relief from road 
to top of MJR is about 200 meters, and 
about 450 meters to top of LCT cliff.
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the eastern portion (Christiansen, 2001). The two members 
have conformable contacts and form a compound cooling 
unit suggesting rapid emplacement (Christiansen, 2001). A 
principal difference between the two LCT members is the 
presence of hornblende (Christiansen and Blank, 1972), which 
is otherwise rare in Yellowstone rhyolites, as well as the light 
rare earth element-rich accessory mineral allanite, in LCT-A 
(Hildreth, 1981). In contrast, LCT-B lacks hornblende and 
allanite, and contains iron-rich clinopyroxene as its main mafic 
silicate phase (Hildreth, 1981). Eruptive temperature estimates 
for the LCT from iron-titanium oxides range from ~800–900 
°C (Hildreth and others, 1984), although the rims of LCT 
zircons yield crystallization temperatures as low as ~740 °C 
(Matthews and others, 2015). Glass inclusions in Lava Creek 
quartz crystals contain H2O concentrations of ~3.5 weight 
percent and CO2 concentrations of 200–800 parts per million 
(ppm), corresponding to crystallization and melt entrapment 
pressures of 100–200 megapascals (MPa) if the melts were 
volatile-saturated (Gansecki, 1998). Distal tephra correlated 
with LCT-A ignimbrite occurs east of Yellowstone in areas 
of northern Wyoming, whereas tephra correlated with LCT-B 
ignimbrite occurs over a wide area of the western United 
States including locations in coastal California (Izett and 
Wilcox, 1982). 

The 40Ar/39Ar dating of bulk LCT sanidine by Lanphere 
and others (2002) yielded a date of 639±2 ka, which becomes 
655 ka when recalculated using up-to-date revisions for the 
ages of commonly used argon fluence monitors (Matthews and 
others, 2015). Recent 40Ar/39Ar dating of single LCT sanidines 
(Matthews and others, 2015; Jicha and others, 2016; Mark and 
others, 2017) suggests the Lanphere and others (2002) bulk 
sanidine date may have been skewed older by the unresolved 

presence of xenocrysts. Each of these recent studies identified 
a majority population of young sanidine (fig. 23) indicating 
an eruption age of 631.3±4.3 ka (Matthews and others, 2015), 
630.9±2.7 ka (Jicha and others, 2016) or 627.0±1.7 ka (Mark 
and others, 2017), with their differences reflecting somewhat 
different calibration factors (Mark and others, 2017). The 
youngest 206Pb/238U dates for LCT zircons from high precision 
isotope-dilution thermal ionization mass spectrometry (ID-
TIMS) (Wotzlaw and others, 2015) and high spatial resolu-
tion secondary ion mass spectrometry (SIMS; Matthews and 
others, 2015) analyses are consistent with the 40Ar/39Ar dating 
(fig. 24). The spread of intracrystal and intercrystal U-Pb crys-
tallization ages suggests that the LCT magma was developed 
over an interval of 35 k.y. or less, perhaps a short as a few 
thousand years (fig. 24; Matthews and others, 2015; Wotzlaw 
and others, 2015). An eruption age of around 630 ka is sup-
ported by the stratigraphic position of distal LCT-B fallout 
within pluvial sediments of the western United States (Sarna-
Wojcicki and others, 1984), as well as near-shore marine sedi-
ments (Dean and others, 2015) deposited at the Marine Isotope 
Stage 15-16 boundary. This boundary is dated to about 630 ka 
by astrochronology (Lisiecki and Raymo, 2005) and 230Th dat-
ing of speleothems (Cheng and others, 2013).

Distal tephra that is correlated to member A covers a 
much smaller area than that correlated to member B (Izett and 
Wilcox, 1982), despite the comparable volumes of their ignim-
brites (Christiansen, 2001). Distal LCT-B tephra blanketed 
much of the western United States (fig. 12), with ~2,400 km 
between the furthest correlated locations in southern Saskatch-
ewan, Canada, and south central Texas (Izett and Wilcox, 
1982; Sarna-Wojcicki and others, 1987). Early tephrochrono-
logic studies referred to distal LCT-B tephra as the Pearlette O 

Figure 22.

Figure 22. Photograph looking 
North from Tuff Cliff picnic area 
showing exposure of lower Lava 
Creek member A at Tuff Cliff. Relief 
from road to top of cliff in this view 
is about 180 meters.
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Figure 23.

Lava Creek Member A Lava Creek Member B

Isochron date: 631.8 ± 2.2/3.3 ka
95% confidence, MSWD: 1.4
Initial 40Ar/ 36Ar = 293.9 ± 3.8

Isochron date: 631.3 ± 3.5/4.3 ka
95% confidence, MSWD: 1.2
Initial 40Ar/ 36Ar = 303.0 ± 7.5

Wtd. mean date: 633.0 ± 1.3/2.8 ka
95% confidence, MSWD: 1.3, n=72/99

Wtd. mean date: 633.3 ± 2.9/3.7 ka
95% confidence, MSWD: 1.3, n=66/66
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Figure 23. Graphs of A, Sanidine inverse isochron plot, and B, age-ranked single crystal 40Ar/39Ar 
dates for members A and B of Lava Creek Tuff from Matthews and others (2015). The somewhat high 
initial 40Ar/36Ar suggests the presence of excess argon and in turn an approximately 630 ka eruption 
age (Matthews and others, 2015). Single sanidine 40Ar/39Ar dating by Jicha and others (2016) and Mark 
and others (2017) confirms an approximately 630 ka eruption age.

(Izett and others, 1970; Naeser and others, 1973) and Wascana 
(Westgate and others, 1977) tephras of the United States and 
Canada. Distal LCT-B tephra occurs in numerous sedimentary 
sequences in the western United States (Izett, 1981; Izett and 
Wilcox, 1982) and has served as an important chronostrati-
graphic marker. 

Turn left and continue eastward on Grand Loop Road. 
170.7 Pass Gibbon Falls along the Gibbon River mark-

ing edge of Yellowstone caldera.
174.1 Pass Beryl Spring on the west side of road.
175.5 Pass entrance to Artist’s Paint Pots hydrothermal 

area.

179.2 Turn right (east) onto Norris Canyon Road, and 
head east toward Canyon Village.

180.8 Turn right onto one-way Virginia Cascade Drive, 
which follows the Gibbon River. 

181.8 Stop 1.7 Lava Creek Tuff along Gibbon River at 
Virginia Cascade. Park in turn off on the left side of Virginia 
Cascade Drive. Watch for traffic along the narrow road. Both 
LCT-A and -B are well exposed in the canyon at Virginia 
Cascade along the Gibbon River (fig. 25). Here, the two 
members form steep jointed outcrops above and below the 
road.  The contact between the two members corresponds to 
a decrease in welding intensity and crystal content, as well as 
the presence of a 20–30 cm thick bed of well-sorted crystal 
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Figure 24.
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Figure 24. Secondary ion mass spectrometry (SIMS) 206Pb/238U dates for the crystal faces and interiors of single zircons 
from members A and B of Lava Creek Tuff (Matthews and others, 2015). The difference between dates for the crystal faces 
and interiors suggests crystallization over approximately 35 k.y., although reverse zoning of trace elements in many of 
the crystals suggests rejuvenation <10 k.y. before eruption (Matthews and others, 2015). High-precision isotope dilution 
thermal ionization mass spectrometry (ID-TIMS) Pb/U dates for single whole Lava Creek zircon crystals (Wotzlaw and 
others, 2015) is consistent with the SIMS dating of Matthews and others (2015) and provides precise constraints on the 
final crystallization of the Lava Creek magma.

ash fallout, which marks the base of LCT-B (Christiansen and 
Blank, 1972; Christiansen, 2001). The presence of this ash 
bed, together with the changes in welding and crystal content, 
has been interpreted by Christiansen (2001) to reflect a pause 
or change in the nature of the LCT eruption. At this location, 
the bedded ash is approximately at the road level but is poorly 
exposed because of slope wash (Christiansen, 2001). Good 
exposures of the bedded ash occur near Flagg Ranch, Wyo-
ming (Matthews and others, 2015). The outcrops of LCT-B 
above the road are partly to moderately welded and devitrified 
with platy and vertical jointing (fig. 25). Phenocryst content 
increases upward through the member (Christensen, 2001). 

LCT-A below the road forms large resistant joint columns of 
welded devitrified tuff, in some zones rich in lithophysae, and 
contains about 30 percent phenocrysts. This part of LCT-A is 
stratigraphically higher than the LCT-A observed at Stop 1.7 
(Christiansen, 2001).

Zircons and sanidines from the LCT members at this and 
the last stop have compositions that correspond their position 
in the stratigraphy. Zircons from the earliest erupted portion 
of LCT-A have rims with the highest uranium concentrations, 
lowest crystallization temperatures, and least amount of core-
to-rim zoning (fig. 26), whereas zircons from LCT-B including 
its basal bedded ash have a greater degree of zoning, rims with 
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lower uranium concentrations, and higher apparent crystal-
lization temperatures (Matthews and others, 2015). Many of 
the LCT zircons contain cores with high uranium concentra-
tions, as much as 5,000 ppm, which indicates crystallization 
from highly fractionated melts. These highly evolved cores 
are overgrown by mantles and rims that have less evolved 
compositions, suggesting maturation of the LCT magma body 
occurred along on an up-temperature path (Matthews and 
others, 2015). Sanidine crystals from the lower part of LCT-A 
and upper portion of LCT-B are relatively unzoned in cathodo-
luminescence (CL) images, whereas those in the upper part of 
LCT-A and basal bedded ash of LCT-B have bright-CL rims 
with high barium concentrations, which suggest crystallization 
after addition of less evolved silicic magma (Matthews and 
others, 2015).

The oxygen and hafnium isotope compositions of the 
cores and rims of LCT zircons are distinct between the two 
members (fig. 16), suggesting that two physically separated 
yet coeval bodies of rhyolite were tapped for eruption (Wot-
zlaw and others, 2015). The hafnium and oxygen isotope 
signatures suggest mixing of Archean crust, mantle-derived 
magma, and low δ18O hydrothermally altered rocks from the 
shallow subvolcanic environment (Wotzlaw and others, 2015). 

Figure 25. Photograph showing outcrops of Lava Creek Tuff 
member B at Virginia Cascade in Yellowstone National Park. 
Contact with upper portion of member A is near the road level. 
Photograph from Matthews and others (2015).

Figure 25.
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Figure 26. Chart showing concentrations of uranium, titanium-in-zircon temperatures, and magnitudes of 
europium anomalies recorded by the crystal faces (outermost rims), of zircons from different parts of the Lava 
Creek Tuff (LCT) stratigraphy. The europium anomaly is calculated as [EuCN/(SmCN0.5 * GdCN0.5)], where CN 
indicates the measured elemental concentrations have been normalized to chondritic values. Zircons from the 
lowermost portion of LCT member A (LCT-A) have the most evolved compositions (highest uranium, lowest Eu/
Eu*), consistent with the compositions of LCT-A glass. Mean titanium-in-zircon temperatures and their standard 
deviation are noted, followed by median values and number of data. From Matthews and others (2015).
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Continue driving along Virginia Cascade Drive and return 
to Norris Canyon Road.

182.8 Turn left onto Norris Canyon Road and return to 
West Yellowstone. 

Day 2

 Overview

The second day will focus on the Island Park area and 
its products of pre- and post-caldera volcanism of the first 
and second caldera cycles. See figure 27 for a geologic map 
and the locations of the field stops. Stops will include the 
oldest rhyolite (Snake River Butte) associated with the first 
caldera cycle, pre- and post-MFT rhyolites (some of which are 
exceptionally rich in phenocrysts), basalts that have flooded 
the Island Park region, and finally post-HRT rhyolites, which 
are famous for their extreme oxygen-isotope compositions and 
provide important insights into the generation mechanisms of 
low δ18O rhyolites.

Day 2 Road Log

0.0 Begin the day’s trip in West Yellowstone, Montana, 
at the intersection of Hwy 20 (Targhee Pass Highway) and 
U.S. Hwy 191 (Gallatin Road). Reset trip odometer, proceed 
west on Hwy 20 toward Island Park, Idaho.

47.9 Turn left (east) onto Anderson Mill Road (Forest 
Road 164) and proceed east into Island Park basin.

49.3 Pass rounded outcrops of welded MFT.
50.4 Fork in road. Turn left (east) to remain on Anderson 

Mill Road.
51.3 Intersection with Sheep Spur 1 Road. Veer right to 

stay on Anderson Mill Road.
52.1 Continue through intersection.
52.8 Stop 2.1 Rhyolite of Snake River Butte and Big 

Bend Ridge caldera margin. Park near intersection. To the 
south, the wooded Snake River Butte and margin of the Big 
Bend Ridge caldera are exposed. Snake River Butte (SRB) is 
a crystal-rich pre-HRT rhyolite lava dome that erupted from 
the southern portion of the Island Park area (figs. 27, 28), 
possibly along an incipient ring-fracture zone. It is the oldest 
recognized product of silicic volcanism on the Yellowstone 
Plateau (Christiansen, 2001). The caldera-forming eruption of 
the HRT and associated caldera collapse truncated the SRB 
flow, resulting in a cross-section exposure along the Big Bend 
Ridge (Hamilton, 1965; Christiansen, 1982, 2001). Sanidine 
from the SRB dated by Obradovich (1992) yielded a K-Ar 
date of 1.99±0.02 Ma, but the SRB rhyolite can be observed 
to underlie the HRT (Christiansen, 1982, 2001). Zircons 
from the SRB rhyolite yield 206Pb/238U dates with a popula-
tion at ~2.16 Ma (fig. 15) or about 70–80 k.y. before eruption 

of the HRT (Rivera and others, 2014; Wotzlaw and others, 
2015). The SRB zircons have trace element compositions, a 
crystallization age spectrum (Rivera and others, 2014), and 
hafnium isotope compositions (Wotzlaw and others, 2015) 
like the oldest zircons documented in the HRT (Rivera and 
others, 2014; Singer and others, 2014; Wotzlaw and others, 
2015), suggesting an unerupted residuum of SRB rhyolite was 
recycled by the later caldera-forming HRT magma (Rivera and 
others, 2014; Wotzlaw and others, 2015). Like the HRT, the 
SRB rhyolite and its constituent minerals record crystallization 
from a melt with normal δ18O values (fig. 16) and little input 
from hydrothermally altered crust (Hildreth and others, 1984; 
Bindeman and others, 2008; Wotzlaw and others, 2015). In 
addition, the SRB and HRT rhyolites yield the least radiogenic 
lead isotope compositions of the Yellowstone rhyolites (Doe 
and others, 1982; Hildreth and others, 1991), which provides 
insight into the isotopic baseline for Yellowstone rhyolites 
prior to shallow-level assimilation. 

Return to Hwy 20 by way of Anderson Mill Road.
64.8 Turn right (north) onto Hwy 20 heading towards 

West Yellowstone.
73.4 Turn left (west) onto North Antelope Flat Road 

(Forest Road 168).
77.2 Pass intersection with Forest Road 170
77.9 Stop 2.2 Tuff of Lyle Spring along caldera mar-

gin. At this stop, pumiceous ignimbrite of the tuff of Lyle 
Spring, a unit of the Big Bend Ridge Rhyolite, is exposed 
along roadcuts at the wall of the first cycle caldera (fig. 29). 
Rhyolites of the Big Bend Ridge Rhyolite represent flows 
and minor pyroclastic deposits associated with the first and 
second caldera cycles. The rhyolites associated with the first 
cycle, including the Headquarters and Blue Creek flows, have 
low δ18O values and yield Ar/Ar dates of ~1.96 Ma, whereas 
the flows associated with the second cycle have higher δ18O 
values and isotopic compositions resembling MFT (Hildreth 
and others, 1984; Christiansen, 2001). The Big Bend Ridge 
Rhyolites, including the tuff of Lyle Spring, Bishop Mountain, 
and Green Canyon flows, have yielded K-Ar dates of ~1.2–1.3 
Ma for their sanidines (Obradovich, 1992), suggesting they 
are temporally related to the second caldera cycle (Christian-
sen, 2001). However, field relations appear to indicate these 
rhyolites predate the MFT (Christiansen, 1982, 2001), in turn 
indicating some of their reported K-Ar dates are too young. 
The tuff of Lyle Spring has yielded a sanidine K-Ar date of 
1.32±0.02 ka (Obradovich, 1992). The tuff of Lyle Spring and 
the Bishop Mountain flow are noteworthy because they are 
amongst the rare Yellowstone rhyolites that contain a hydrous 
major mineral, in this case biotite. Hornblende occurs in the 
lower portion of the LCT, and as an accessory mineral in the 
MFT and post-MFT domes of the Island Park Rhyolite (Chris-
tiansen, 2001). The oxygen isotope composition of quartz 
from the tuff of Lyle Spring and the Bishop Mountain flow 
resembles the MFT and other second cycle rhyolites, with δ18O 
values (~5–6‰) that record a rebound from the exceptionally 
low values (2–3‰) of the earlier Blue Creek and Headquarters 
flows of the first cycle (Hildreth and others, 1984; Bindeman 
and Valley, 2001). 
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field trip stops shown by green numbered circles. Map scale is 
1:125,000. Modified from Christiansen (2001). 
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Figure 28.

Figure 28. Photograph of 
Snake River Butte looking 
south from within the 
Big Bend Ridge caldera 
segment. Top of butte is 
about 175 meters higher 
than the road in the 
foreground, and about 1.2 
kilometers to the south.

Figure 29. Photograph 
from North Antelope Flat 
Road looking North showing 
exposures of vapor-phase 
altered ignimbrite of the tuff 
of Lyle Spring along. The tuff 
of Lyle Spring is one of the 
few Yellowstone rhyolites 
with a biotite as a major 
phase mineral.

Figure 29.
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Return to Hwy 20 using North Antelope Flat Road
82.4 Turn left (north) onto Hwy 20.
85.8 Turn right (east) onto Mesa Falls Scenic Byway.
87.9 Gerrit Basalt is exposed in road cuts. 
89.9 Turn left (east) onto North Hatchery Butte Road. 

The low hills to the left (north) of the road make up Osborne 
Butte.

90.3 Stop 2.3 Osborne Butte. Park along the road and 
walk ~75 m north to rounded exposures of Osborne Butte 
rhyolite that are rich in phenocrysts (figs. 30, 31). Osborne 
Butte is one of several crystal-rich rhyolite domes of the 
Island Park Rhyolite, which stand above the floor of the Island 
Park basin and post-date the Mesa Falls eruption (fig. 27). The 
steep-sided morphology and concentric flow pattern of this 
~100-m-high dome suggest endogenous growth (Christiansen, 
2001). Osborne Butte, Silver Lake, Lookout, and Warm River 
butte domes define a 30-km-long and 7-km-wide northwest-
trending lineament of eruption vents (fig. 27). Recent 40Ar/39Ar 
dating of sanidine suggests that these domes were erupted 

during the 1.2943±0.0026 Ma (Warm River Butte flow) to 
1.2190±0.0146 Ma (Lookout Butte flow) interval (Troch and 
others, 2017). This lineament parallels not only fault zones 
associated with the resurgent areas of the Yellowstone cal-
dera, but also parallels major tectonic fault zones and the 
Teton Range to the southeast, suggesting a structural control 
(Christiansen, 2001). Sanidine 40Ar/39Ar dates for Osborne 
Butte indicate an eruption age of 1.2784±0.0054 Ma (Troch 
and others, 2017), likely only tens of thousands of years after 
the MFT eruption. The lavas of the Island Park Rhyolite are 
distinct on the Yellowstone Plateau because they contain as 
much as 40 percent phenocrysts (Troch and others, 2017), 
often several centimeters in size (fig. 31), which is much more 
crystalline in terms of size and abundance than the <20 per-
cent phenocryst content of the same mineral assemblage that 
characterizes the MFT. Glomerocrysts composed primarily of 
pyroxenes, plagioclase, and oxides, but lacking sanidine and 
quartz, occur in the Osborne Butte rhyolite and are interpreted 
to represent cumulate material left over from the crystal-melt 

Figure 30.

Figure 30. Photograph showing exposures of crystal-rich Island Park Rhyolite at Osborne Butte.
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fractionation that led to the Island Park Rhyolite (Troch and 
others, 2017). The lead isotope compositions of sanidines from 
the crystal-rich Island Park rhyolites indicate an affinity to the 
MFT rhyolite and the second cycle (Troch and others, 2017).

Return to Mesa Falls Scenic Byway.
90.7 Turn left (south) onto Mesa Falls Scenic Byway.
99.5 Stop 2.4 Upper Mesa Falls overlook. Turn right 

into Upper Mesa Falls and drive down to park in the overlook 
parking lot. Note that this parking lot requires a fee ($5.00 as 
of August, 2017). Walk down to the overlook past lava flows 
of Gerrit Basalt to observe a cliff-forming section of MFT 
directly across the falls (fig. 32). Upper Mesa Falls is the 
location for the principal reference section for the MFT, with 
about 140 m of exposed thickness (Christiansen and Blank, 
1972). The lower portion of the section is composed of welded 
devitrified tuff with abundant large phenocrysts, and the upper 
portion is a vapor-phase zone (Christiansen and Blank, 1972; 
Neace and others, 1986). Crystal content decreases upsection 
from ~40 percent to 25 percent crystals (Neace and others, 
1986). This exposure represents MFT that ponded within 
the Big Bend Ridge caldera and later was exposed by the 
Henrys Fork River. The overlook is located at the edge of an 
erosional terrace, which was produced by an earlier period 
of incision by the ancestral Henrys Fork River. This terrace 

was later inundated by lava flows of Gerrit Basalt, which rest 
unconformably on the welded devitrified portion of the MFT 
and form the current lava bench at the level of the overlook 
(Christiansen, 2001). Field mapping and paleomagnetism has 
correlated the bench-forming basalt at the overlook to the 
~30 ka Pinehaven flow (George and others, 2015) observed at 
Stop 1.4 (fig. 20), indicating that this lava flow spilled into the 
ancestral Henrys Fork canyon and traveled ~25 km down-
stream (George and others, 2015). Scattered outcrops and 
benches of older basalts and hyaloclastite occur upstream and 
downstream of Upper Mesa Falls, and represent older episodes 
when basaltic lavas spilled into and flowed down the ancestral 
Henrys Fork canyon (George and others, 2015).

Return to Mesa Falls Scenic Byway (Idaho State High-
way 47) and turn right (south). Continue on Mesa Falls Scenic 
Byway to Ashton.

102.1 Turnout for Lower Mesa Falls. 
108 Cross Warm River, a tributary to the Henrys Fork 

River.
111.8 Veer right, continue on Hwy 47 toward Ashton.
116.8 Turn left (south) onto Hwy 20 heading toward 

Twin Falls.
126.6 Turn right onto East 700 North road.
127.7 Turn right (north) and cross bridge across Henrys 

Fork River.
127.8 Turn left (west) onto East 700 North road.
128.5 Turn right (north) onto Sand Creek Road. Proceed 

north.
143.6 Veer left, continue on Sand Creek Road.
144.5 Turn left (west) onto Snowshoe Beetle Road.
145.3 Stop 2.5 Headquarters flow near Sand Creek 

Reservoir. Park next to jagged outcrops of devitrified, spheru-
litic, and flow banded rhyolite of the post-HRT Headquarters 
flow. Phenocrysts include plagioclase, sanidine, and quartz 
(Christiansen, 1982). The Headquarters (fig. 33) and Blue 
Creek rhyolite flows share nearly identical low δ18O mineral 
and glass values (Hildreth, 1984; Bindeman and Valley, 2001), 
radiogenic lead-strontium isotope compositions (Hildreth and 
others, 1991), and sanidine Ar/Ar dates (Rivera and others, 
2017) consistent with the latter flow underlying the former 
(Christiansen, 2001). These are key petrologic units at Yel-
lowstone because they are the oldest rhyolites heralding the 
considerable depletion of 18O/16O ratios that is characteristic 
of most of the rhyolites on the Yellowstone Plateau. Sanidines 
from the Headquarters and Blue Creek flows yield Ar/Ar 
dates of 1.9476±0.0037 Ma and 1.9811±0.0035, respectively 
(Rivera and others, 2017). These flows, and the newly identi-
fied low-δ18O Sheridan Reservoir flow that is located to the 
north and yields a uranium-lead zircon crystallization date of 
2.07±0.19 Ma (Watts and others, 2011), appear to have vented 
from within the HRT caldera (Watts and others, 2011). The 
similar isotopic compositions and eruption ages of the Head-
quarters and Blue Creek flows suggest both units record the 
same general time interval and state of the magmatic system 
~95–130 k.y. after the first cycle caldera collapse associated 
with the HRT. Quartz phenocrysts from the Headquarters 

Figure 31.

Figure 31. Close-up photograph of crystal-rich rhyolite of the 
Osborne Butte flow, with approximately 40 percent crystals 
including phenocrysts of sanidine, quartz, and plagioclase.
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flow yields δ18O values of about +4‰ (Hildreth and others, 
1984; Bindeman and Valley, 2001), suggesting a melt value 
of +3.5‰ and a drop of ~3–4‰ below the normal δ18O values 
characterizing the HRT (Hildreth and others, 1984; Bindeman 
and Valley, 2001). The remarkably low δ18O of these flows 
indicates parental magma with a large component of hydro-
thermally altered shallow crust (Hildreth and others, 1984; 
Bindeman and Valley, 2001; Bindeman and others, 2008). 
Based on the presence of zircon xenocrysts in the Blue Creek 
flow (described at the next stop), at least some of this hydro-
thermally altered crust may have been intracaldera rhyolite 
related to the HRT (Bindeman and others, 2008). 

Head back east on Snowshoe Beetle Road. 
146.1 Enter Sand Creek Reservoir campground.
146.8 Turn left onto road toward Blue Creek Reservoir.
146.9 Veer right on road toward Blue Creek Reservoir.
147.7 Quarry for basaltic cinders located on the west 

side of road. This represents a vent area for basalts of the SRP.
148.8 Stop 2.6 Blue Creek flow at Blue Creek Reser-

voir. Park in the turnaround near Blue Creek Reservoir. To the 
west, the margin of the Blue Creek flow is exposed as dark 

cliff-forming outcrops with vertical jointing (fig. 34). Like 
the Headquarters flow, the Blue Creek flow is characterized 
by very low δ18O values. Blue Creek zircons yield an aver-
age δ18O value of about +2‰ (Bindeman and Valley, 2001), 
although with up to ~6‰ variation within single zircons 
including high- and low-δ18O cores (Bindeman and others, 
2008). Ion microprobe 206Pb/238U dating of Blue Creek zircons 
reveals the presence of inherited crystals (from older, first 
cycle rhyolites) dating back to ~2.3 Ma (Bindeman and oth-
ers, 2008). This inheritance and variability in oxygen isotope 
composition within and between Blue Creek zircons indicates 
remelting of multiple source rocks with different δ18O (Binde-
man and others, 2008). A rimward decrease of oxygen-isotope 
compositions characterizes the Blue Creek zircons, which 
is consistent with cannibalization of hydrothermally altered 
first-cycle rhyolites and the immersion and re-equilibration 
of inherited crystals in low δ18O melt (Bindeman and Valley, 
2001). Based on the scale of this zoning and experimentally 
established kinetics of oxygen diffusion, Bindeman and Valley 
(2001) calculated that the Blue Creek zircons were immersed 
in low δ18O melt for no more than 10 k.y. before eruption. 

Figure 32.

Figure 32. Photograph of Mesa Falls Tuff (MFT) at the principal reference section exposed 
along the Henrys Fork River at Upper Mesa Falls (Christiansen and Blank, 1973). The exposed 
cliff at the falls is about 40 meters (m) high, but the thickness of the MFT in the section is 
about 140 m (Christiansen and Blank, 1973). A resistant welded and devitrified zone makes up 
the lower portion of the MFT at this location and grades upward into a less-resistant vapor-
phase zone (Christiansen and Blank, 1973; Neace and others, 1986). Apparent horizontal 
layering reflects lithologic variations and variable erosion of different pyroclastic flow beds (R. 
Christiansen, oral comm., 2017). The sequence represents a single cooling unit. Near the canyon 
rim, the Mesa Falls Tuff is overlain by Lava Creek Tuff and in turn Gerrit Basalt (Christiansen and 
Blank, 1973; Christiansen, 2001).
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Figure 33.

Figure 33. Photograph of margin of post-Huckleberry Ridge Tuff and low d18O Headquarters 
flow near Sand Creek Reservoir.

Figure 34.

Figure 34. View to west at turnaround near Blue Creek Reservoir. The cliff exposure is the 
eroded margin of the low d18O Blue Creek flow. Distance to flow is 0.4 kilometer. Relief is 220 
meters.
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Similar applications of diffusion geochronometry to other 
Yellowstone rhyolites (Bindeman and Valley, 2001; Till and 
others, 2015; Loewen and others 2017) have also yielded short 
timescales between remelting and eruption. 

Return to West Yellowstone.

Day 3

Overview

The third day of the field trip will focus on examining 
extracaldera basaltic and rhyolitic volcanism at Yellowstone. 
Including: 

•	 Extracaldera rhyolitic magmas with various petro-
graphic characteristics that are contemporaneous 
with the post-Lava Creek Tuff (LCT) magmatism at 
Yellowstone, 

•	 Several Yellowstone basalts including an excellent 
exposure of columnar jointed basalt, 

•	 A mixed basalt-rhyolite complex, and 

•	 Hydrothermal discharge features associated with extra-
caldera volcanism. 

The trip begins at the west entrance to Yellowstone 
National Park, continues east along the northern margin of 
Yellowstone caldera to Norris, and then heads north to Mam-
moth along a region of abundant normal faulting that hosts the 
majority of Yellowstone’s extracaldera volcanism. See figures 
35 and 36 for maps showing the location of the field trip stops 
as well as geologic features of interest.

Day 3 Road Log

0.0 Start at west entrance to Yellowstone National Park. 
Reset trip odometer.

1.4 Turn left onto unnamed road.
1.6 Stop 3.1 Madison River Basalt. Park at the end of 

the road and walk a short distance down a dirt path to the edge 
of the Madison River. Dense basalt crops out at the base of 
Madison River on both sides. This is a flow of the Madison 
River Basalt (fig. 37), a plagioclase and olivine-phyric basalt 
(Christiansen, 2001), which yields an 40Ar/39Ar date of 530±60 
ka (Bennett, 2006). Several more outcrops of Madison River 
Basalt that erupted from several different vents can be found 
to the north and northwest of this location (fig. 36).  Just over 
the northern riverbank is the Riverside flow, an extracaldera 
rhyolite that yields a sanidine 40Ar/39Ar date of 526±3 ka (Nas-
tanski, 2005) and is part of the Roaring Mountain Member 
of the Plateau Rhyolite (Christiansen, 2001). Madison River 
Basalt and the Riverside flow represent some of the first-
erupted extracaldera magmas following the caldera-forming 

eruption of the LCT, and are broadly contemporaneous with 
the early Upper Basin Member rhyolites, which represent 
some of the first eruptions into the newly formed Yellowstone 
caldera (Christiansen, 2001). The contemporaneous eruption 
of basalt, extracaldera rhyolites, and intracaldera rhyolite has 
occurred throughout the post-Lava Creek volcanic history of 
Yellowstone.

Although the timing of post-LCT basaltic and rhyolitic 
(both extracaldera and intracaldera) volcanism is broadly 
contemporaneous, there appears to be no geochemical evi-
dence that these suites of magmas are directly related. Instead, 
Yellowstone basalts, extracaldera rhyolites, and intracaldera 
rhyolites have distinct isotopic compositions (Hildreth and 
others, 1991; Pritchard and Larsen, 2012; Stelten and oth-
ers, 2015), which require a distinct source for each suite (fig. 
6). For example, isotopic data demonstrate that intracaldera 
Yellowstone rhyolites (and the caldera-forming eruptions) 
have isotopic compositions intermediate between Yellow-
stone basalts and their potential crustal sources (fig. 6). This 
characteristic suggests that Yellowstone rhyolites are derived 
from a hybridized source region in the lower- to mid-crust 
(Hildreth and others, 1991;Christiansen, 2001; Watts and oth-
ers, 2010; Pritchard and Larsen, 2012; Wotzlaw and others, 
2015). The extracaldera rhyolites have lower 143Nd/144Nd and 
higher 87Sr/86Sr than the intracaldera rhyolites, which indicates 
a relatively larger crustal influence during their formation 
(fig. 6; Hildreth and others, 1991; Pritchard and Larson, 2012; 
Pritchard and others, 2013).

The coeval nature of post-LCT basaltic volcanism around 
the margins of Yellowstone caldera while rhyolitic volcanism, 
both intracaldera and extracaldera, was active suggests a 
rejuvenation of the system with basaltic magmatism, which 
resulted in 

•	 Eruption of peripheral basalts, 

•	 Melting of local crust outside of Yellowstone caldera to 
form the extracaldera rhyolites, and 

•	 Melting of a hybridized crustal source that underlies 
Yellowstone caldera to form the intracaldera rhyolites 
(fig. 7; Stelten and others, 2013). 

1.8  Drive to main road (Hwy 20) and turn left. 
12.5 Excellent view of the northern margin of the ~114 

ka West Yellowstone flow to the south. 
13.9 Madison Junction. Turn left onto Hwy 89 towards 

Norris/Mammoth.
18.7 Stop 3.2 Gibbon Falls. Turn right into parking area 

for Gibbon Falls. South of here the Gibbon River crosses from 
a slumped caldera block into the main caldera basin. The falls 
represents headwater retreat along the Gibbon River from the 
inner caldera scarp and is held up by densely welded LCT. The 
Nez Perce Creek flow, a ~148 ka intracaldera rhyolite flow 
forms the skyline to the south. To the north, the outer caldera 
rim is capped by LCT-A (fig. 38).
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Figure 35.

44°

45°

111° 110°

Mammoth Hot
Springs
Mammoth Hot
Springs

Hebgen
Lake

Hebgen
Lake

Yellowstone
Lake

Canyon
Village
Canyon
Village

GardinerGardiner

Jackson
Lake

Jackson
Lake

EXPLANATION

Park boundary

Island
Park
Island
Park

UPPER GEYSER
BASIN

MIDWAY GEYSER
BASIN

First-cycle caldera

Second-cycle caldera

Rhyolite vent

SC

ML

SC

ML

Extracaldera rhyolite

Basalt
Basalt vent

Mixed ryholite-
basalt vent

AshtonAshton

UPPER GEYSER
BASIN

Madison
Junction

West Yellowstone
Madison
Junction

West Yellowstone

NORRIS GEYSER
BASIN

MIDWAY GEYSER
BASIN

NORRIS GEYSER
BASIN

Falls RiverFalls River

Cougar CreekCougar Creek

1 Field trip stop

Third-cycle caldera

Resurgent dome

1 2
3

4
5

6

7

8

1 2
3
4

5

6

7

8

MONTANA

IDAHO

W
Y

O
M

IN
G

ID
A

H
O

MONTANA

WYOMING

0 10 20 KILOMETERS

0 10 20 MILES

Base from Christiansen and others (2007)

Roads

State boundary

Town or point of interest

Figure 35. Map of Yellowstone National Park and vicinity showing extracaldera rhyolites and basalts that erupted after the 
caldera-forming eruption of the Lava Creek Tuff. ML, Mallard Lake resurgent dome; SC, Sour Creek resurgent dome. Modified 
from Christiansen and others (2007).
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Figure 36. Map showing close-up view of Day 3 field trip stop locations. Extracaldera basalts and rhyolites 
are included for reference. Modified from Christiansen and others (2007).
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Figure 37. Photograph of outcrop of Madison River Basalt along the Madison River, west of Yellowstone 
caldera. Basalt outcrop is approximately 1 meter high relative to the river level.
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Continue north on Hwy 89 towards Norris. Note the 
hydrothermal discharge features on the side of the road as we 
drive through Gibbon River Canyon.

23.0 Stop 3.3 Gibbon River flow. Park in the roadside 
turnout on left. We are stopped at the northern end of Gib-
bon River Canyon. To the southwest is a tilted fault block of 
LCT-A, located just outboard of the outer caldera scarp. To the 
east is the Gibbon River flow, an extracaldera rhyolite of the 
Roaring Mountain Member (fig. 39). The Gibbon River flow, 
with an eruption age of 107.6±7.1 ka based on 40Ar/39Ar dating 
of sanidine (Dallegge, 2008), vented near the northern caldera 
margin and flowed both into and out of Yellowstone caldera 
(Christiansen, 2001). The Gibbon River flow is distinct from 
other Roaring Mountain Member rhyolites because it contains 
~10 percent phenocrysts of sanidine, quartz, and minor pla-
gioclase, opaque minerals, olivine, and amphibole (Wooton, 
2010), whereas other Roaring Mountain Member rhyolites are 
nearly aphyric. 

Based on feldspar compositions and trace elements, Woo-
ton (2010) concluded that the Gibbon River flow is composed 
of three compositionally distinct magmas that erupted simulta-
neously. To understand mixing between intra and extracaldera 
rhyolites at the margin of Yellowstone caldera, Stelten and 
others (2013) compared (1) 238U-230Th crystallization ages, 
trace-element concentrations, and Hf-isotope ratios in zircons, 
and (2) lead isotope compositions, major-element, and barium 
concentrations in individual sanidine crystals from the Gibbon 
River flow to the nearby Solfatara Plateau flow and Hayden 
Valley flow, which erupted at 102.8±7.6 ka and 102±4 (Chris-
tiansen and others, 2007), respectively (fig. 39). 

The Gibbon River flow rhyolite hosts one zircon popu-
lation and one sanidine population that are compositionally 
distinct from the same minerals hosted in the Hayden Valley 
flow or other intracaldera rhyolites (fig. 40). However, the 
Solfatara Plateau flow contains multiple populations of sani-
dine and zircon crystals, some of which are identical to those 
found in the coeval Gibbon River and Hayden Valley flows. 
These data suggest that the Solfatara Plateau flow rhyolite was 
formed by mixing the rhyolitic magma that fed the extracal-
dera Gibbon River flow with magma at the margin of the main 
subcaldera reservoir that had fed the Central Plateau Member 
flows. A detailed field and geochemical study by Befus and 
Gardner (2016) demonstrated that the Solfatara Plateau flow is 
heterogeneous in trace element composition, and the portion 
sampled by Stelten and others (2013) is likely to be a volu-
metrically minor compositional component of the Solfatara 
Plateau flow. Nevertheless, the zircon and sanidine data 
described above demonstrate that extracaldera magma mixed 
with the margin of the main subcaldera reservoir during the 
genesis of the Solfatara Plateau, Gibbon River, and Hayden 
Valley rhyolites. 

Continue north along Hwy 89. 
23.5 Turn right into parking area for Paintpot Hill dome. 
23.7 Stop 3.4 Paintpot Hill dome and associated hydro-

thermal features. We are now located at the southern end of 
the Norris-Mammoth corridor, the location of abundant north-
south oriented normal faulting as well as extracaldera basaltic 
and rhyolitic volcanism. Paintpot Hill dome is a small rhyolite 
dome located in the foreground to the southeast, which erupted 

A

B

C

Lava Creek Tuff

Outer caldera rim

Nez Perce Creek flow

Figure 38. Photographs of Gibbon Falls. A, View of Gibbon Falls 
cutting into densely welded Lava Creek Tuff. It is approximately 
23 meters from the base of the waterfall to the top of the outcrop. 
Gibbon Falls is located on a slumped caldera block at the northern 
margin of Yellowstone caldera. B, View looking north from the 
Gibbon Falls parking area. The outer caldera rim can be seen. 
C, View looking south from the Gibbon Falls parking area. The 
approximately 148,000-year-old Nez Perce Creek flow forms the 
skyline to the south.
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at 208.1±4.9 ka based on 40Ar/39Ar sanidine dating (Nastanski, 
2005; fig. 41). Paintpot Hill Dome is an extracaldera rhyolite, 
which is part of the Obsidian Creek Member. Obsidian Creek 
Member rhyolites are exclusively found in the Norris-Mam-
moth Corridor and are distinguished from Roaring Mountain 
Member rhyolites based on petrography. The Obsidian Creek 
Member rhyolites are porphyritic with quartz, sanidine, and 
plagioclase, whereas the Roaring Mountain Member rhyolites 
are sparsely porphyritic to aphyric. In fact, the Obsidian Creek 
Member rhyolites petrographically resemble some of the intra-
caldera rhyolites.

To the east Gibbon Hill dome can be seen. Gibbon Hill 
dome is an extracaldera rhyolite of the Obsidian Creek Mem-
ber, which erupted at 134.3±2.6 ka based on 40Ar/39Ar dating 
(Nastanski, 2005). From this vantage point, the Gibbon River 
flow can be seen forming the skyline behind Gibbon Hill and 
Paintpot Hill domes (fig. 41). The majority of the extracaldera 
rhyolites of both the Obsidian Creek and Roaring Mountain 
Members are located to the north-northeast along the Norris-
Mammoth Corridor.

This location also provides excellent examples of the 
hydrothermal features for which Yellowstone National Park is 
famous (fig. 42). We will walk along the short 1.8 km (round 
trip) Artist’s Paint Pots Trail located at the southeast end of 
the parking lot. Along this trail there are more than 50 springs, 
geysers, vents, and mud pots for viewing. The large clear hot 
springs represent areas of unrestricted discharge of thermal 
waters from the hydrothermal system. The colors in the pools 
are typically related to the presence of bacteria colonies, with 
lighter colors corresponding to higher water temperatures 
(Fournier and others, 1994). Fumaroles have formed in places 
where only vapor has found a pathway to the surface, while 
the geysers reflect the variability of the hot spring system, 
with the frequency and magnitude of their activity controlled 
by plumbing geometry, discharge rate, and (or) heat loss 
(Fournier and others, 1994). The mud pots are not directly fed 
by the underlying hydrothermal system and instead formed 
where water collected on the ground surface owing to con-
densation and oxidation of acid gases and steam (Christiansen 
and others, 2007). Conversion of H2S in the steam by bacteria 
produces sulfuric acid, which acts to alter and break down the 
surrounding rocks into an impermeable mash of clay miner-
als that hold water and form mud pots (Fournier and oth-
ers, 1994). The bubbling of the mud pots reflects continued 
percolation of gas. We refer the reader to Fournier and others 
(1994), Hurwitz and Lowenstern (2014), and Morgan and oth-
ers (2009) for detailed descriptions of the hydrothermal system 
at Yellowstone. In addition to viewing the spectacular hydro-
thermal discharge features in this area, this short hike offers a 
great panoramic view of the surrounding region. 

Return to the vehicles and drive back to the main road 
(Hwy 89; Grand Loop Road).

23.9 Turn right onto Hwy 89/Grand Loop Road.
27.6 Norris Junction. Turn left toward Norris Geyser 
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Figure 39. Gibbon River flow. A, Close-up map showing the 
northern margin of Yellowstone caldera, the extracaldera Gibbon 
River flow, Paintpot Hill dome, and Gibbon Hill dome, as well as 
the intracaldera Solfatara Plateau and Hayden Valley flows. The 
Gibbon River flow erupted approximately 108 ka near the northern 
margin of Yellowstone caldera. The Solfatara Plateau and Hayden 
Valley flows are intracaldera rhyolites (part of the Central Plateau 
Member rhyolites) that erupted approximately 103 ka near the 
northern margin of Yellowstone caldera (coeval with the Gibbon 
River flow). The vent location for the Hayden Valley flow is not 
known. Map modified from Christiansen and others (2007). B, 
Photograph of outcrop of the Gibbon River flow at Stop 3.3 of 
the field trip (annotated on map A). The outcrop shown here is 
approximately 12 meters tall.
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Figure 40. Cathodoluminescence (CL) image of a sanidine grain from the Solfatara Plateau flow that displays multiple zones with 
distinct lead isotopic composition and barium concentrations. A, Unedited image, and B, annotated image. The open white circles 
in B represent the locations of lead isotopic analyses performed via laser ablation multi-collector inductively coupled plasma mass 
spectrometry. The filled white circles in B represent the locations of the electron microprobe analyses for major-element and barium 
concentrations, barium concentrations annotated in parts per million (ppm). The black dashed lines in B mark the boundaries between 
the zones of different CL brightness within the sanidine crystal. Note the systematic zoning from a low barium and low 208Pb/206Pb core 
to high barium and high 208Pb/206Pb rim. C, Hafnium versus Eu/Eu* (the europium anomaly) for zircons from the extracaldera Gibbon River 
flow compared to intracaldera rhyolites (Dry Creek flow, Pitchstone Plateau flow, and West Yellowstone flow). Eu/Eu* is calculated 
as [EuCN/(SmCN

0.5 * GdCN
0.5)], where CN indicates the measured elemental concentrations have been normalized to chondritic values, 

and is used here a proxy for magmatic differentiation (lower Eu/Eu* corresponds to a more evolved melt). D, Hafnium versus Eu/Eu* 
(the europium anomaly) for zircons from the Hayden Valley flow and Solfatara Plateau flow, two intracaldera rhyolites coeval with the 
Gibbon River flow. Reference fields for Gibbon River flow zircons, main reservoir Central Plateau Member zircons, and Scaup Lake flow 
zircons are included for comparison. Note how the Solfatara Plateau flow contains zircons similar to those found in the extracaldera 
Gibbon River flow and the intracaldera rhyolites. Modified from Stelten and others (2013).
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Figure 41. Photograph from the parking lot for Paintpot Hill dome (or Artist’s Paint Pots Trail). Gibbon Hill dome, 
and the Gibbon River flow are young, extracaldera rhyolites, which erupted just north of Yellowstone caldera 
at the southern end of the extensional Norris-Mammoth corridor. For reference, the peak of Paintpot Hill dome 
is approximately 210 meters above the elevation of the parking lot. 40Ar/39Ar dates are from Dallegge (2008) and 
Nastanski (2005).
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Figure 42. Photograph from the Artist’s Paint Pots Trail, Yellowstone National Park 
showing hydrothermal discharge features near Paintpot Hill dome. Photograph by 
Jon Sullivan.
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28.0 Stop 3.5 Norris Geyser Basin. We briefly describe 
some of the features of Norris Geyser Basin here, but the 
reader is referred to Fournier and others (1994) and White 
and others (1988) for more thorough descriptions. Most of the 
information presented here is based on descriptions from these 
publications. 

Norris Geyser Basin is a large area of hydrothermal activ-
ity and can be viewed on two loop trails starting from the visi-
tor center. Norris Geyser Basin is known for having the hottest 
shallow reservoir of any thermal area in Yellowstone National 
Park (Fournier and others, 1994). Additionally, Norris Geyser 
Basin hosts Steamboat Geyser, which is the highest-erupting 
active geyser in the world (Fournier and others, 1994).

Walk to the Norris Museum visitors center located near 
the parking lot. Looking north from the Norris Museum visitor 
center you will see the Porcelain Basin (fig. 43), which is host 
to numerous geysers. The waters that discharge into Porcelain 
Basin, and the 100 Spring Plain just beyond Porcelain Basin, 
are supersaturated with respect to silica but deposit little sinter 
because of the acidity (pH 3–4) of the water (Fournier and oth-
ers, 1994). These acidic waters have caused intense surficial 
alteration of the LCT, which is the lithology that encloses most 

of Norris Geyser Basin. The white deposits around the Porce-
lain Basin are not hot-spring precipitates, but instead acid-
leached LCT (Fournier and others, 1994). The geysers can be 
viewed from the platform on the north side of Norris Museum. 

At Porcelain Terrace, located on the east of Porcelain 
Basin, (fig. 43), the waters being discharged are from the 
deepest and hottest (275–325 °C) reservoir at Norris Geyser 
Basin and silica is being deposited faster than any other place 
in Yellowstone National Park (Fournier and others, 1994). 
USGS drill hole Y-12 is located at the south edge of Porcelain 
Terrace, and penetrates through the LCT with temperatures of 
~240 °C at a depth of 323 m (Fournier and others, 1994). Drill 
hole Y-12 was significant because it provided information on 
the chemical composition of the deep water in the hydrother-
mal system (Truesdell and others, 1977; Fournier and others, 
1994). As you walk though Porcelain Basin, take note of the 
color of the discharge channels. The vibrant green color seen 
in some of the areas of hot water reflects the activity of cya-
nobacteria, which thrive in low pH waters, whereas the areas 
with yellow, red, and brown colors reflect bacteria that prefer 
neutral pH environments (Fournier and others, 1994). 

To the south-southwest of the Norris Museum is Back 
Basin (fig. 43). Back Basin is host to numerous geysers includ-
ing the highest-erupting active geyser in the world, Steamboat 
Geyser, and Echinus Geyser, which erupts approximately once 
per hour. Steamboat Geyser produces irregular and infrequent 
eruptions, which can reach more than 100 m (Fournier and 
others, 1994). Echinus Geyser has more predictable eruptions, 
some of which can eject centimeter-sized fragments of pyrite 
and marcasite (FeS2), and its slightly acidic waters produce 
a spiny texture around its pool (Fournier and others, 1994). 
Other features of interest at this stop include Porkchop Geyser 
Crater and the explosion debris produced when the Porkchop 
exploded in September 1989 (Fournier and others, 1994), and 
Cistern Spring, which is host to a spectacular sinter terrace.

Return to the vehicles and return to the main road.
28.4 Norris Junction. Turn left onto Hwy 89 (Grand 

Loop Road).
36.8 Stop 3.6 Obsidian Cliff flow. Park at the turnout 

on the left. At this stop we will examine the flow features 
and crystallization textures of a glassy extracaldera rhyolite. 
Across the road to the southeast is Obsidian Cliff, which is 
the west margin of the Obsidian Cliff flow, part of the Roar-
ing Mountain Member rhyolites. The Obsidian Cliff flow 
has yielded a 40Ar/39Ar date of 105.6±1.0 ka for its obsid-
ian groundmass (Nastanski, 2005. Obsidian Cliff is notably 
aphyric to sparsely phyric, suggesting it erupted close to its 
liquidus temperature (Christiansen and others, 2007). The vent 
for the Obsidian Cliff flow is approximately 1 km to the east 
of the road (Christiansen, 2001). 

Note the large columnar joints at the base of the flow 
near the road and prominent flow layering near the top of the 
flow (fig. 44). The flow layering becomes steep and contorted 
near the top of the flow. Walk across the road to the base of 
Obsidian Cliff. A close inspection of the talus blocks at the 
base of the cliff reveals spherulitic and lithophysal obsidian 
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as well as small-scale flow structures. Lithophysae are hollow 
spherulitic cavities lined by concentric shells of small crystals, 
which generally include tridymite, alkali feldspar, and minor 
accessory minerals that are separated by open interspaces. 
Small-scale flow structures are apparent and marked by 
bands of small gray spherulites. Some pinkish spherulites and 
lithophysae are 1–5 cm in size. The lithophysae of the Obsid-
ian Cliff flow caught the attention of pioneering American 
petrologist J.P. Iddings, who produced a remarkably detailed 
description of the occurrence (Iddings, 1888). Lithophysae 
represent vapor exsolution and crystallization of minerals 
from the vapor phase at relatively high temperatures before 
or after solidification of the flow (Breitkreuz, 2013). Iddings 
(1888) noted that some of the lithophysae have been crushed 
by surrounding glass that was forced into their cavities, in 
turn suggesting the glass was viscous at the time of formation. 
However, using oxygen isotope thermometry, Befus (2016) 
determined that spherulites in another Yellowstone flow 
(Pitchstone Plateau) formed in the ~300–580 °C temperature 
interval, which is below the glass transition of 600–700 °C, 
indicating crystallization from solid volcanic glass. 

The Obsidian Cliff flow was a source of Native American 
arrowheads around the greater Yellowstone area, and is an 
archeological resource. Important Note: Do not collect from 
this location, or others in the National Park, without prior 
permission from National Park Service.

Return to the vehicles and continue north on Hwy 89 
toward Mammoth. 

41.25 Cross the Gardner River bridge.
41.4 Turn right towards Sheepeater Cliff. 
41.65 Stop 3.7 Sheepeater Cliff and the mixed basalt-

rhyolite of Gardner River. Park in Sheepeater Cliff parking 
area. At the northwest end of the parking lot is Sheepeater 
Cliff, which is a spectacular cross-section exposure of a 
columnar-jointed lava flow of the Swan Lake Flat Basalt (fig. 
45). There is a short trail that heads to the northwest where 
more exposures of columnar jointed basalt can be seen. Swan 
Lake Flat Basalt is a stratigraphic unit composed of a number 
of different post-LCT lava flows (Christiansen and Blank, 
1972). The basalt exposed at Sheepeater Cliff is derived from 
Panther Creek volcano located west of the Sheepeater Cliff 
on the other side of Hwy 89 (fig. 45) and dated at 174±46 ka 
(40Ar/39Ar date, Bennett, 2006). Other lava flows of the Swan 
Lake Flat Basalt are located near this area, and include those 
from the Horseshoe Hill volcanoes to the southeast and Tower 
Road volcano to the northeast (fig. 45). The basalt that erupted 
from the Tower Road volcano yields an 40Ar/39Ar date of 
590±65 ka (Bennett, 2006). The flows of the Swan Lake Flat 
Basalt are some of the most isotopically primitive basalts at 
Yellowstone with εHf ranging from 3.25 to 5.46 (Stelten and 
others, 2017) and epsilon neodymium (εNd) ranging from -3.02 
to -2.36 (Hildreth and others, 1991), suggesting they expe-
rienced little contamination prior to eruption. Because of its 
primitive isotopic composition, the Swan Lake Flat Basalt has 
been used as the mantle end-member in mixing models seek-
ing to explain the range of isotopic compositions observed for 

Figure 44.

Figure 44. Photograph of the south face of Obsidian Cliff. The cliff face is approximately 30 meters tall. Photograph 
by John Good, U.S. National Park Service, 1965.
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the Yellowstone rhyolites (Hildreth and others, 1991; Stelten 
and others, 2017). 

Downstream from the picnic area, and stratigraphically 
between the basalt and underlying LCT is the mixed basalt-
rhyolite complex of Gardner River (fig. 46). The rhyolite 
end-member of the mixed complex yields a date of 300.5±2.8 
ka from 40Ar/39Ar dating of sanidine (Nastanski, 2005). Walk 
downstream along an unmaintained trail about 250 m and after 
passing the base of another basaltic cliff the trail will cross a 
low bluff of weathered rhyolite (spherulitic and lithophysal) 
at the western margin of the complex. Just past this bluff, the 
mixed basalt-rhyolite lavas are exposed in outcrops along 
the trail and in cliffs along the stream bank (fig. 46). We will 
examine outcrops that are mostly rhyolite with basaltic inclu-
sions (fig. 46). However, the outcrops across the river are 
mostly basalt with rhyolitic inclusions.

The Gardner River complex has been the target of mul-
tiple studies over more than a century because it represents 
a curious example of direct mixing of basalt and rhyolite at 
Yellowstone. Note that this mafic-felsic mixing, at least at 
this scale, is not observed in the intracaldera rhyolites. Only 
one intracaldera rhyolite has been reported to contain rare 
mafic inclusions (Christiansen and others, 2007). In one of the 
earliest studies, Iddings (1899) concluded that the rhyolitic 
component succeeded the basaltic component and partially 
fused it, resulting in streaking mixtures of basalt and rhyolite 
at their contacts. A major flaw with this model is that the rhyo-
lite must be intruded at temperatures above the solidus of the 
basalt. Later, Fenner (1938, 1944) concluded that the rhyolite 
flow intruded and dissolved deeply eroded older basalt. Using 
a combination of detailed mapping and petrography, Wilcox 
(1944) concluded that the rhyolitic and basaltic components 
of the complex were both liquid at the time of their joint 
eruption. He showed that the basalt was chilled against the 
rhyolite, but never the reverse. Additionally, Wilcox showed 
that quartz and sanidine xenocrysts in the basalt, interpreted 
to be derived from the rhyolitic component, occur away from 
the contact with the rhyolite, indicating the basalt was liquid 
or at least partly liquid when the two magmas mixed. Hawkes 
(1945) proposed a model similar to Wilcox (1944), but pro-
posed that mixing occurred on the surface. Boyd (1961) and 
Struhsacker (1978) concluded that the basaltic and rhyolitic 
melts variably mixed in a composite feeder, because micro-
phenocrysts in the basaltic portions of the unit are aligned with 
flow banding and minerals in the rhyolitic groundmass.  

Based on observations from the Gardner River complex 
as well as three nearby locations that also preserve basalt-
rhyolite mixing, Pritchard and others (2013) concluded that 
syneruptive mixing between the basalt and rhyolite occurs 
because of decompression after the rhyolitic magma body is 
underplated by a basaltic intrusion (fig. 47). The basalt intru-
sion causes ascent and decompression of the rhyolitic magma, 
which in turn decompresses the deeper basalt and leads to 
decreased density and an ascent rate that would be greater 
than that for the rhyolite. This inversion would result in coeval 
eruption and mixing of the basalt and rhyolite (fig. 46). See 

Pritchard and others (2013) for a more detailed description of 
this model.

Return to the vehicles and return to the main road (Hwy 
89).

41.9 Turn right onto Hwy 89. 
47.8 Turn left onto Upper Terrace Loop Drive. 
47.9 Turn right towards Mammoth Hot Springs overlook. 
48.1 Stop 3.8 Mammoth Hot Springs. Park in one of 

the parking areas for Mammoth Hot Springs. At this stop we 
will explore the extensive travertine terraces at Mammoth Hot 
Springs.

In the foreground to the east is the active part of the Main 
Terrace of Mammoth Hot Springs. The currently active hot 
spring area at Mammoth is an elongate depositional mound 
with an area of nearly 1 km2, which hosts approximately 100 
active hot springs (Bargar, 1978). Unlike the many other 
hydrothermal areas in Yellowstone that primarily deposit 
silica, Mammoth Hot Springs is a carbonate depositing system 
and forms large travertine terraces (fig. 48). In fact, Mam-
moth Hot Springs is the world’s largest carbonate depositing 
spring system (Fournier and others, 1994). Hot spring waters 
at Mammoth are generally cooler (~73 °C) than hot spring 
waters discharging at the geyser basins within Yellowstone 
caldera (Fournier and others, 1994).

The exposed bedrock in the area consists of Mesozoic 
sandstones and shales (Pierce and others, 1991; Christiansen, 
2001). The Mississippian Mission Canyon Limestone under-
lies the Mesozoic rocks and is a regional aquifer and likely 
source for carbon in the thermal waters discharging at Mam-
moth Hot Springs (Pierce and others, 1991). The location of 
the hot springs is likely a result of the Gardner syncline and 
local faults (Pierce and others, 1991). The thermal waters at 
Mammoth are high in dissolved carbonate and sulfate, and 
release excess CO2 as they emerge into the lower pressure 
at the surface, resulting in travertine, which forms ridge-like 
mounds above the discharge fractures (Fournier and others, 
1994). Water that pools and evaporates around these mounds 
loses CO2 to the atmosphere and deposits layers of carbonate 
(Fournier and others 1994). In 1967–8, approximately 77 m 
of travertine was cored at Mammoth Hot Springs from U.S. 
Geological Survey drill hole Y-10 (White and others, 1975). 
Pierce and others (1991) and Sturchio and others (1994) report 
uranium-series dates for travertine and found that Mammoth 
Hot Springs deposits have been active since approximately 
8.8 ka, whereas travertine deposits atop Terrace Mountain to 
the south formed about 375 ka. Drill hole Y-10 is noteworthy 
because of the high 3He/4He (Ra=8.4) measured in waters from 
the hole. These high 3He/4He ratios indicate the helium is at 
least partly mantle derived and relatively undiluted by crustal 
helium (Kharaka and others, 1991). In turn, the helium sug-
gests inputs of magmatic heat and volatiles underneath Mam-
moth Hot Springs (Kharaka and others, 1991). 

Across the Gardner River, the visible cliff side of Mount 
Everts is capped by a mesa-like section of HRT. This Mount 
Everts location is noteworthy because the base of HRT mem-
ber A is well exposed, including an ~2.5-m-thick sequence of 
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Figure 45. Sheepeater Cliff. A, Map of the region around Sheepeater Cliff showing 
extracaldera basalts, rhyolites, and mixed basalt-rhyolite complexes. The vent locations 
for the Panther Creek volcano, Tower Road volcano, and Horseshoe Hill volcanoes, which 
are different eruptions that make up the Swan Lake Flat basalts, are included. Modified 
from Christiansen and others (2007). Vent location for the Panther Creek volcano is from 
Bennett (2006). B, Photograph of columnar jointed Swan Lake Flat Basalt at Sheepeater 
Cliffs. Geologist (1.8 meters [m] tall; indicated by yellow circle) is standing at the base of 
the columnar jointed section of the outcrop. The cliff face of the columnar jointed section is 
approximately 6 m tall.

Gardner River or Gardiner 
River?
A careful reader of this field trip 
guide might notice that refer-
ences by Fenner (1938, 1944), 
Hawkes (1945), and Wilcox (1944) 
use the name Gardiner River, 
while throughout the field trip 
guide we use Gardner River. So 
is it Gardiner River or Gardner 
River? Well, that depends on 
when the reference was written.
The U.S. Board on Geographic 
Names (BGN) is a Federal body 
created in 1890 to maintain 
uniform geographic name usage 
throughout the Federal Govern-
ment. BGN officially named it 
Gardiner River in 1930; then in 
1960 BGN officially named it 
Gardner River. So the authors 
who published before 1960 are 
correct to use Gardiner River, 
and authors since 1960 use Gard-
ner River. 
Now you know.

Reference Cited
U.S. Board on Geographic 

Names, 2017, BGN Home: U.S. 
Board on Geographic Names web 
page, accessed October 05, 2017 at 
https://geonames.usgs.gov.
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Figure 46. A, Photographs of outcrops of the rhyolite-basalt mixed lavas of Gardner River, located downstream of the 
Sheepeater Cliff parking area. Outcrops in this area are primarily rhyolitic with basaltic inclusions. B, Close-up of basalt 
mixing with rhyolite in the Gardner River complex. Red basalt can be seen hosted in dark obsidian.
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Figure 47. Conceptual model for the formation of mixed basalt-rhyolite complexes at 
Yellowstone. A, A rhyolite magma body is underplated by a basaltic magma body, and 
both underlie a normal fault. B, The rhyolite ascends through the normal fault causing 
decompression in both the rhyolite and underlying basalt. Rapid decompression of the 
basaltic magma causes a decrease in the density of the mafic magma. Since the rhyolitic 
magma has a higher viscosity than the basalt, it is likely that the basaltic magma would 
rise at a faster rate and initiate mixing. This would allow for coeval eruption and mixing of 
the basalt and rhyolite. C, As the rhyolite flow inflates, basaltic enclaves are pulled into 
the base of the complex. Modified from Pritchard and others (2013).

continuously bedded and nonwelded fallout marking the start 
of the HRT eruption (Christiansen, 2001; Myers and others, 
2016). The trace element compositions of quartz-hosted glass 
inclusions, reentrants, and obsidian pyroclasts from this fall 
deposit suggest the early portions of the HRT eruption tapped 
multiple cupolas above a larger magma body (Myers and oth-
ers, 2016).

Head back to the vehicles and return to the main road 
(Hwy 89).

48.4 Turn right onto Hwy 89 (Grand Loop Road) toward 
Norris.

80.3 Madison Junction. Turn right on West Entrance 
Road (Hwy 20) towards the west entrance of the park and the 
town of West Yellowstone.

93.8 Arrive at the west entrance to Yellowstone National 
Park. Continue straight to the town of West Yellowstone for 
lodging.
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Day 4 

Overview

On Day 4 we will examine the post-LCT intracaldera 
volcanism at Yellowstone. Topics to be discussed include the 
petrogenesis of the post-caldera rhyolites, the mechanisms and 
timescales of rhyolite generation, the nature of the magma res-
ervoir at Yellowstone caldera, and the different eruptive styles 
of the post-caldera volcanism. See figures 5 and 49 for maps 
showing the location of the field-trip stops as well as geologic 
features of interest.

Day 4 Road Log

0.0 Start at west entrance to Yellowstone National Park. 
Head east.

13.5 Madison Junction. Turn right and head south on 
Grand Loop Road toward Old Faithful.

14.0 Turn right onto the one-way Firehole Canyon Drive. 
This road follows the Firehole River through a canyon with 

the West Yellowstone flow on the west side of the river and the 
Nez Perce Creek flow on the east side. 

14.4 Stop 4.1 The West Yellowstone flow and models for 
rhyolite generation at Yellowstone. Pull into turnout on left. To 
the west across the Firehole River, a dramatic cliff of rhyo-
lite marks the little modified margin of the West Yellowstone 
flow. The West Yellowstone flow is a Central Plateau Member 
rhyolite that erupted at 114.0±1.2 ka based on 40Ar/39Ar dating 
(fig. 50; Christiansen and others, 2007). Internal flow layering 
with variable dip is apparent in these cliff outcrops. The West 
Yellowstone flow is one of the most voluminous post-caldera 
eruptions at Yellowstone with a volume of ~40 km3 (Christian-
sen and others, 2007). On the east side of the road is the flow 
margin of the ~6 km3 Nez Perce Creek flow, which is another 
Central Plateau Member rhyolite and yields an 40Ar/39Ar date 
of 148.3±5.1 ka (Christiansen and others, 2007).

The Central Plateau Member rhyolites represent the 
youngest eruptive episode at Yellowstone caldera (from 
~170 to ~70 ka; Christiansen, 2001; Christiansen and others, 
2007; Stelten and others, 2015). The Central Plateau Member 
rhyolites were likely erupted episodically in four or five pulses 
separated by 15 to 30 k.y. (Christiansen and others, 2007), and 
the West Yellowstone flow and Nez Perce Creek flow repre-
sent rhyolites that erupted during different pulses. 
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0.5 m
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Travertine (10 months later)

Travertine (Initial)

A

B

Figure 48. Time-series photographs of 
travertine buildup at Narrow Gauge spring, 
Mammoth Hot Springs. A, Photograph taken 
September 16, 2008. B, Photograph taken 
July 20, 2009. From Housel and others (2010).
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Figure 49. Close-up map of Yellowstone caldera showing major geologic features of interest and the field trip stop 
locations. Units that are visited on Day 4 of the field trip are highlighted. Vents for the lava flows from the younger Central 
Plateau Member rhyolites (approximately 170–70 ka) form two linear northwest trending vent zones across the caldera. 
ML, Mallard Lake resurgent dome; SC, Sour Creek resurgent dome.  Modified from Christiansen and others (2007).

The origin and compositional evolution of the Central 
Plateau Member rhyolites has been the topic of multiple stud-
ies over the past decade or so. A key consideration in these 
studies has been the presence or absence and the source of 
recycled zircons because they yield important clues about 
the petrogenesis of Yellowstone rhyolites. Several studies 
have performed 238U-230Th dating of zircon crystals from the 
Central Plateau Member rhyolites and initially found contrast-
ing results. Vazquez and Reid (2002) measured 238U-230Th 
dates for sectioned Central Plateau Member zircon interiors 
and found the zircons typically have crystallization ages that 
are tens of thousands of years older than their eruption age, 
and concluded these zircons record crystallization events that 
preceded eruption by a similar amount of time (fig. 51). In a 
later study, Watts and others (2012) similarly dated sectioned 
Central Plateau Member zircons, albeit for a smaller number 
of crystals than Vazquez and Reid (2002), but instead found 
238U-230Th dates suggesting majority crystallization close to the 
eruption age (fig. 51). Citing the apparent paucity of antecrys-
tic zircons found by Watts and others (2012), Loewen and 
Bindeman (2015) concluded that the Central Plateau Member 
rhyolites were heated above their zircon saturation tempera-
tures prior to eruption (to dissolve pre-existing zircon) and 

then were cooled to allow crystallization of new zircon shortly 
before eruption.  

Stelten and others (2015) resolved this uncertainty about 
zircon crystallization and the presence of antecrystic zircons 
in Central Plateau Member rhyolites by performing detailed 
238U-230Th dating and trace-element analysis of crystal 
surfaces and sectioned interiors for a larger number of zircons 
than previous studies (fig. 51). The extended range of crystal-
lization ages found by Stelten and others (2015) demonstrate 
that the interiors (or cores) of zircons from Central Plateau 
Member rhyolites are typically tens of thousands of years 
older than their eruption age and thus are antecrysts inherited 
from older episodes of Yellowstone magmatism, whereas 
the zircon surfaces crystallized from their host melt shortly 
before eruption (fig. 51). In addition, they found that Central 
Plateau zircons record decreasing crystallization temperatures 
over time (fig. 52). Accordingly, the Central Plateau Member 
rhyolites could not have been heated above zircon saturation 
such that preexisting zircons in the source region were entirely 
dissolved. Instead, material from the preceding episodes of 
magmatism must have been remobilized by younger Central 
Plateau Member rhyolite eruptions, and additional zircon 
growth must have occurred shortly before eruption.
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Figure 50.

A

B

Figure 50. A, Cliff exposure of the approximately 114 ka West Yellowstone 
flow along the Madison River, east-northeast of Stop 4.1. The West 
Yellowstone flow is part of the most recent eruptive episode at Yellowstone 
Plateau (approximately 170–70 ka), which produced the Central Plateau 
Member of the Plateau Rhyolite. In general, the West Yellowstone flow here 
is approximately 475 meters (m) thick. B, West Yellowstone flow exposed 
along the west side of Firehole Canyon at Stop 4.1. The flow front in this area 
is approximately 250 m thick.
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Figure 51. Summary of uranium-thorium dates for 
the West Yellowstone flow at Yellowstone caldera. All 
uncertainties are 2σ. Note that the zircon surfaces and 
sanidine grains crystallized very shortly before eruption, 
whereas the zircon interiors crystallized several tens 
of thousands of years before eruption. The 40Ar/39Ar 
eruption age is from Christiansen and others (2007) 
and has been recalculated relative to Fish Canyon Tuff 
sanidine at 28.201 Ma (Kuiper and others, 2008).
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Figure 52. Graphs showing summary of zircon thermometry for the Central Plateau Member rhyolites. A, Average zircon 
238U-230Th crystallization age versus average titanium-in-zircon crystallization temperature for Central Plateau Member 
zircons (data from Stelten and others, 2015). Note that the Central Plateau Member zircons display a linear decrease in 
crystallization temperature with age. The solid red line represents a linear fit to the data and the dashed lines represent 
the 95 percent confidence intervals on the regression line. B, Eruption age (K-Ar or 40Ar/39Ar) versus zircon saturation 
temperatures for Central Plateau Member rhyolite glasses. Note that zircon saturation temperatures may show a slight 
increase though time, although the correlation is weak. The grey field in each graph corresponds to experimentally 
constrained crystallization temperatures determined for the Central Plateau Member rhyolites by Befus and Gardner (2016).
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In addition, Stelten and others (2015) performed 
238U-230Th dating of phenocrystic sanidine from the same 
rhyolites and showed that the sandines crystallized at the same 
time as the zircon surfaces (within a few thousand years of 
eruption; fig. 53). Stelten and others (2015) concluded that 
these data indicate the Central Plateau Member rhyolites were 
generated by extracting melt and antecrystic zircons from a 
long-lived (150–250 k.y.) crystal mush, whereas the larger 
sanidine crystals remain trapped in the locked crystal network 
(accounting for the lack of inherited sanidine). The extracted 
melts plus antecrystic zircons are then amalgamated into a 
liquid-dominated magma body, which resides in the crust for 
≤1 k.y. before being erupted. Loewen and Bindeman (2015) 
provided an alternative model for the petrogenesis of the 
Central Plateau Member rhyolites based on zircon saturation 
temperatures (fig. 52), in which the rhyolites are generated by 
equilibrium melting of a shallow feldspar-rich source region, 
which may be in mushy or a subsolidus state. In a more recent 
study, Loewen and others (2017) concluded that the interiors 
of quartz from the 124 ka (Christiansen and others, 2007) 
Summit Lake flow are antecrystic and reflect incomplete 
resorption of crystals recycled from deeper in the magmatic 
system after an episode of recharge and thermal rejuvenation 
of intrusions and (or) crystal mush, similar to the Stelten and 
others (2015) model for CPM zircons. Using titanium-in-
quartz geospeedometry, Loewen and others (2017) calculated 
only years or decades between recycling and eruption. 

 Continue south on Firehole Canyon Drive. 
14.8 Stop 4.2 Marginal flow breccia of the Nez Perce 

Creek flow and the synglacial West Yellowstone flow. Pull 
into the turnout on left side of the road in Firehole Canyon. 
Be careful for traffic on this narrow road. The location of the 
Firehole River Canyon is likely to have been topographically 
controlled by the contact between the West Yellowstone and 
Nez Perce flows (Fournier and others, 1994). On the east side 
of the road behind the turnout, the brecciated flow margin 
of the Nez Perce Creek flow is exposed in the roadcut. The 
autoclastic breccia of the flow margin is characterized by 
many blocks of perlitic rhyolite (fig. 54). This perlitic breccia 
suggests the margin of the Nez Perce Creek flow contacted 
a small body of water, causing high-temperature hydration 
of the rhyolite (Christiansen, 2001; Bindeman and Lowen-
stern, 2016). Locally, the flow breccia is mingled with larger 
domains of flow banded rhyolite from the interior of the lava, 
which reflects dynamic interaction between the viscous and 
fluid interior of the flow and the outer carapace of quenched 
and broken blocks (Fournier and others, 1994).

The West Yellowstone flow is noteworthy for its map-
scale features, which suggest synglacial emplacement (fig. 
54). Large reentrants are apparent on the eastern portion of the 
West Yellowstone flow, which suggests flow of the rhyolite 
lava around areas that contained a stagnating or retreating 
glacier (Christiansen, 2001). Richmond (1986) notes that 
erratics of basalt are found on the margins of the West Yellow-
stone rhyolite, but not on its top, consistent with emplacement 
against a glacier. Given the ~114 ka 40Ar/39Ar date, the glacier 

responsible for the reentrants may reflect glacial advance dur-
ing the global shift to a cooler climate during substage D of 
Marine Isotope Stage 5. (Pierce, 2003). 

Continue south on Firehole Canyon Drive. 
16.2 Turn right onto Hwy 191. 
20.1 After crossing Nez Perce Creek, the ~153 ka 

Elephant Back flow can be seen to the east (left).
21.3 Enter Upper Geyser Basin. 
24.3 Stop 4.3 Middle Biscuit Basin flow. Park in the 

turnout on the left, just past the parking area for Grand 
Prismatic Spring. To the west is Grand Prismatic Spring, the 
largest hot spring in the United States. 

The forested hill immediately to the east is the Middle 
Biscuit Basin flow, one of the rhyolites of the Upper Basin 
Member of the Plateau Rhyolite (Christiansen and Blank, 
1972; Christiansen, 2001). Nice exposures of rhyolite occur 
in the roadcut at the road level. To the south and southeast 
beyond the Middle Biscuit Basin flow is the uplifted Mallard 
Lake resurgent dome. Originally mapped as one unit with 
discontinuous outcrops across the basin, the Biscuit Basin 
flow is one of the first intracaldera eruptions that followed 
the caldera collapse associated with the Lava Creek eruption 
(Christiansen, 2001). Based on differences in geochemistry 
and geochronology, recent studies have recognized that the 
original informal Biscuit Basin map unit is actually composed 
of multiple units, which are now called the South, North and 
East Biscuit Basin flows (Bindeman and others, 2008; Watts 
and others, 2011). The original flow is now termed the Middle 
Biscuit Basin flow, and has yielded a sanidine 40Ar/39Ar date 
of 516±14 ka (Gansecki and others, 1996). Field relations 
suggest that eruption of the Biscuit Basin rhyolites preceded 
resurgence. The Upper Basin Member rhyolites are rela-
tively distinct in that they tend to have a greater proportion 
of plagioclase and more calcic feldspar relative to the older 
and younger rhyolites of the third cycle (Christiansen, 2001).  
The Middle Biscuit Basin flow is notable for its low δ18O 
melt value of ~1.1‰ (Hildreth and others, 1984; Bindeman 
and Valley, 2001; Bindeman and others, 2008), and for zircon 
crystals with diverse oxygen isotope compositions (fig. 55). 
These zircons typically have high δ18O values in their cores 
(similar to LCT and pre-LCT rhyolites) and have low δ18O 
values in their rims, which are in equilibrium with their host 
melt (Bindeman and others, 2008; Watts and others, 2012). 
The low δ18O values and zircons with crystallization ages of 
up to ~2.1 Ma have led to the interpretation that the Middle 
Biscuit Basin flow was generated by remelting of deeply 
buried hydrothermally altered intracaldera rocks composed of 
HRT and pre-LCT Yellowstone rhyolites, or their unerupted 
equivalents, owing to heating by mafic or silicic magmas that 
ponded beneath the caldera (Bindeman and others, 2008). This 
model accounts for 

•	 Low δ18O melt composition of the Middle Biscuit 
Basin rhyolite, which is inferred to be derived from 
melting hydrothermally altered rocks, 
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Figure 53. Summary of ages for the Central Plateau Member rhyolites from Stelten and others (2015). The green square 
in the Grants Pass flow panel corresponds to a 238U-230Th crystallization age measured for a clinopyroxene separate. The 
horizontal dashed lines denote the timing of the late Upper Basin Member (UBM) rhyolites and the start of the Central 
Plateau Member (CPM) eruptive episode. Note that for each rhyolite the zircon interiors are tens of thousands of years 
older than both the eruption age of the host rhyolite and the age of the zircon surfaces and major phases. The 40Ar/39Ar 
eruption ages for the late Upper Basin Member rhyolites are from Bindeman and others (2008) and Christiansen and others 
(2007). The 40Ar/39Ar eruption age for the West Yellowstone flow is from Christiansen and others (2007).

•	 Presence of inherited zircon cores with high δ18O that 
crystallized from pre-LCT melts with originally 
higher δ18O (before hydrothermal alteration), and 

•	 Low δ18O values of the zircon rims, which grew from 
their low δ18O host melt. 

In support of a remelting origin for the early Upper Basin 
Member rhyolites is the presence of pyroxenes in the Middle 
Biscuit Basin flow with exsolution lamellae, which are con-
sistent with recycling of crystals from subsolidus intrusions 
(Vazquez and others, 2009). 

Continue south on Hwy 89/Hwy 20.
27.8 Stop 4.4 The South Biscuit Basin and East Biscuit 

Basin flows. Turn right into the Biscuit Basin parking area 
and park. Walk along the boardwalk at the west end of the 
parking area. This path will take you over the Firehole River 
and though Biscuit Basin, which has numerous hydrothermal 
discharge features including hot springs and geysers. Some 
hydrothermal features to note include Rusty Geyser, Sapphire 
Pool, Jewel Geyser, Shell Geyser, Avoca Spring, and Mustard 
Springs. Exit the Biscuit Basin loop at its western end and 
follow the trail towards Mystic Falls.  Hike along this trail for 
approximately 0.5 mile to an excellent exposure of the South 
Biscuit Basin flow. The South Biscuit Basin flow has yielded 
a 40Ar/39Ar date of 261±17 ka (Watts and others, 2012) and is 
part of the Upper Basin Member of the Plateau Rhyolite. To 
the west, 114 ka West Yellowstone flow overlies the South 
Biscuit Basin flow and forms a prominent plateau. To the east, 
the Mallard Lake resurgent dome can be seen. The abundant 

hydrothermal activity to the southeast is at Upper Geyser 
Basin.

The South Biscuit Basin flow and the petrographically 
identical Scaup Lake flow (Till and others, 2015) are part of 
the formal Upper Basin Member (Christiansen and Blank, 
1972), although recent geochemical and geochronologic stud-
ies have demonstrated these two rhyolites are transitional in 
their isotopic composition between early Upper Basin Mem-
ber and the subsequent Central Plateau Member magmatism 
(Vazquez and Reid, 2002; Girard and Stix, 2009, 2010; Watts 
and others, 2012), and yield indistinguishable 40Ar/39Ar dates 
that are ~220 k.y. younger than the next youngest Upper Basin 
Member rhyolite (Christiansen and others, 2007; Watts and 
others, 2012). These characteristics suggest a common magma 
chamber and coeval volcanism for the two flows (Till and oth-
ers, 2015).

Petrography and mineral compositions indicate that the 
South Biscuit Basin and Scaup Lake rhyolites were generated, 
like the older Upper Basin Member rhyolites, by remelting 
of shallow lithologies. Both rhyolites contain clinopyroxene 
phenocrysts with cores that display exsolution lamellae, which 
has been taken to implicate recycling of crystal residue from 
subsolidus intrusions (Vazquez and others, 2009; Till and oth-
ers, 2015). In addition, their zircons have heterogeneous δ18O 
values, which point to remelting of hydrothermally altered 
upper crustal rocks (fig. 54; Bindeman and others, 2008; Watts 
and others, 2012). Several observations suggest that the Scaup 
Lake and South Biscuit Basin rhyolites were reheated prior to 
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Figure 54. A, Photograph of rhyolitic flow breccia from the approximately 148-ka Nez Perce Creek flow. Outcrop is about 
7 meters tall. B, Map of West Yellowstone flow showing glacial reentrants and the field trip stops. These reentrants are 
interpreted to be areas where the movement of ~114 ka West Yellowstone flow was impeded by the presence of a glacier 
(the lava flowed around the glacier).
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eruption, likely by the influx of a hotter, less evolved silicic 
magma, including 

•	 Clinopyroxenes from both rhyolites are reversely zoned 
with higher magnesium/iron rims than their cores 
(Vazquez and others, 2009; Till and others, 2015), 

•	 Scaup Lake plagioclase and sanidine phenocrysts have 
ubiquitous and sharply bounded rims enriched in 
barium, strontium, and calcium (fig. 56; Till and oth-
ers, 2015), and 

•	 Scaup Lake quartz crystals have relatively high tita-
nium rims suggesting renewed crystallization from 
higher temperature silicic magma (Vazquez and oth-
ers, 2009). 

Alternatively, these high titanium rims could reflect 
magma mixing that resulted in lowered melt titanium activ-
ity and in turn increased titanium concentrations in newly 
grown quartz (Vazquez and others, 2009), the consequence of 
renewed quartz growth at lower pressures after magma ascent 
(Thomas and Watson, 2012), accelerated quartz growth rates 
(Huang and Audetat, 2012), and/or buildup of titanium-rich 
crystal-melt boundary layers (Pamukcu and others, 2016). 

Using geospeedometry, Till and others (2015) quanti-
fied the time between rejuvenation and eruption of the Scaup 
Lake rhyolite at no more than about 40 years because its 
sanidines do not show diffusional exchange of barium and 
strontium across the inner boundary of their rims (fig. 56B). 
However, an apparent record of magnesium diffusion across 

these same boundaries suggests a timescale of only 10 months 
before eruption (Till and others, 2015).  A similar approach 
has yielded short timescales for other Yellowstone rhyolites. 
Loewen and others (2017) used the low degree of titanium 
diffusion across the rim-interior boundaries of antecryst-cored 
quartz phenocrysts to determine durations as short as 3–5 
years between rejuvenation, fractionation, and final eruption 
and emplacement of the 124-ka Summit Lake flow rhyolite.

In addition to viewing the South Biscuit Basin flow at this 
location, the East Biscuit Basin flow can be seen as a small, 
forested hill located approximately 1.2 miles to the southeast. 
Similar to the other Biscuit Basin flows, the East Biscuit Basin 
rhyolite is a low δ18O (~1‰) dome, which erupted near the 
Mallard Lake resurgent dome. There are currently no pub-
lished dates for the East Biscuit Basin flow, but it appears to be 
one of the oldest of the post-LCT rhyolites (Watts and others, 
2012). Girard and Stix (2009) first recognized the East Biscuit 
Basin flow because of its low whole-rock SiO2 (~70 percent) 
relative to the other Biscuit Basin rhyolites (>72 percent SiO2), 
as well as its lack of quartz and sanidine in the plagioclase-
dominated phenocryst assemblage. East Biscuit Basin zircons 
have a range of δ18O values that are not in equilibrium with 
their host melt, suggesting the rhyolite reflects remelting of 
hydrothermally altered lithologies of pre-LCT age (Watts and 
others, 2012).

Return to the vehicles and drive back to the main road 
(Hwy 191/Hwy 20). 

28.0 Turn right onto Hwy 191/Hwy 20 towards Old 
Faithful. 

Figure 55.
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Figure 55. Oxygen isotope data for zircons 
from the Middle Biscuit Basin flow. The x-axis is 
arbitrary. Note that zircon cores tend to have higher 
oxygen isotopic compositions than the zircon 
rims, and most zircon rims have oxygen isotopic 
compositions that are in, or close to, equilibrium 
with their host melt (equilibrium value shown by 
the horizontal solid line). Data from Bindeman and 
others (2008).
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Figure 56.
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Figure 56. A, Graph of oxygen isotopic data versus age for single zircons from the South Biscuit Basin 
flow. Note that the zircon cores have lower oxygen isotopic compositions than the zircon rims. This 
suggests the South Biscuit Basin flow was formed by remelting of low d18O upper crustal rocks (Bindeman 
and others, 2008). Graph modified from Watts and others (2012). B, Cathodoluminescence image of a 
sanidine grain from the South Biscuit Basin flow. Note the bright rim on the sanidine. This bright rim is more 
calcic and has higher concentrations of feldspar compatible trace elements such as strontium and barium 
than does the crystal core, suggesting growth from a hotter less-fractionated melt. Image modified from Till 
and others (2015).

28.3 Turnout on right. You can park here and hike along 
the Daisy Trail (trailhead on the other side of the road) to get 
to the East Biscuit Basin flow. 

29.9 Exit right to Old Faithful. 
31.6 Stop 4.5 Old Faithful. No trip to Yellowstone would 

be complete without observing the most famous geyser in the 
United States, Old Faithful! Old Faithful typically erupts every 
60 minutes to 120 minutes. The prediction of when Old Faith-
ful will erupt is largely dependent on the duration of the previ-
ous eruption. Eruptions from Old Faithful range from ~30 to 
55 m in height and eruptions normally last 1½ to 5½ minutes 
(Fournier and others, 1994). Long eruptions are typically 
followed by long intervals (70–120 minutes) whereas short 
eruptions are typically followed by shorter intervals (30–65 
minutes) (Fournier and others, 1994). We refer the reader to 
White (1967) and Fournier and others (1994) for detailed 
descriptions of the hydrothermal systems at Yellowstone.

A variety of food options are available at this stop includ-
ing the Old Faithful Inn Dining Room, Old Faithful Lodge 
Cafeteria, and the Obsidian Dining Room. Gift shops are also 
available.

Return to main road (Hwy 191/Hwy 20) when done. 
33.3 Merge south onto Hwy 191/Hwy 20/Grand Loop 

Road towards Jackson. 
41.0 Turnout on right near Isa Lake. The Mallard Lake 

resurgent dome can be seen to the north. 
46.9 Continental divide. 
50.6 Stop 4.6 Duck Lake explosion crater. Park where 

there are turnouts on both sides of the road. To the north-
northeast is Duck Lake, a hydrothermal explosion crater just 

to the west of Yellowstone Lake (fig. 57) and at the edge of the 
Dry Creek flow, a ~166 ka Central Plateau Member rhyolite. 
Duck Lake has an average diameter of 617 m and a maxi-
mum water depth of 18 m (Christiansen and others, 2007). 
The crater is rimmed by an explosion breccia composed of 
silicified clasts of sinter, obsidian, tuff of Bluff Point, lake 
sediments, and cemented beach sand (Morgan and others, 
2009).  At Yellowstone, a record of hydrothermal explosions 
is only preserved for events that occurred after the last glacial 
cycle (Pierce and others, 2002; Christiansen and others, 2007), 
and there have been about 20 large post-glacial hydrothermal 
explosion events (Morgan and others, 2009). Most of the larg-
est hydrothermal explosion craters are found within Yellow-
stone caldera, but some are located in the Norris-Mammoth 
corridor (Morgan and others, 2009).

Continue south on Hwy 191/Hwy 20/Grand Loop Road 
towards Jackson.

51.0 Turn left onto Hwy 20 towards West Thumb. 
54.6 Stop 4.7 Tuff of Bluff Point and West Thumb 

caldera. Park on the shoulder just before a roadcut exposure 
of the tuff of Bluff Point on the north side of the road. Be safe 
and mindful of traffic on this busy road. If it looks difficult 
to park here, there is a turnout at 40.9 miles. At this outcrop 
you can observe the tuff of Bluff Point in contact with the Dry 
Creek flow (fig. 58), which yield indistinguishable sanidine 
40Ar/39Ar dates of 173.1±4.9 ka and 166±9 ka respectively 
(Christiansen and others, 2007). Abundant pumice clasts as 
well as a gradation in the degree of welding and appearance 
of fiamme (dark, vitric lenses in welded tuff) can be observed 
in this outcrop of tuff of Bluff Point. The relative age between 
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the two units is obscured by slope wash at this roadcut, but 
mapping has established that the tuff of Bluff Point is strati-
graphically younger than the Dry Creek flow (Christiansen, 
2001; Christiansen and others, 2007). However, field relations 
exposed elsewhere between these two units suggest that the 
tuff of Bluff Point was emplaced onto the Dry Creek flow 
while it was flowing (Christiansen, 2001). The eruption of 
the tuff of Bluff Point is thought to have created West Thumb 
caldera (fig. 49), which is now marked by the West Thumb of 
Yellowstone Lake (Christiansen, 2001) located southeast of 
the road. Based on his field observations, Christiansen (2001) 
suggested that the tuff of Bluff Point could be a late-stage 
explosive phase from the Dry Creek vent, which appears to 
have been located where the West Thumb caldera is today. 

The tuff of Bluff Point has a volume of ~50 km3 (Chris-
tiansen and others, 2007) and is one of only two Central 
Plateau Member eruptions that produced extensive pyroclastic 
deposits (Christiansen, 2001). The other large pyroclastic 
deposit is the tuff of Cold Mountain Creek, which yields an 
40Ar/39Ar date of 143±5 ka (Christiansen and others, 2007) and 
crops out west of Shoshone Lake in the Yellowstone back-
country. Although small relative to the enormity of Yellow-
stone caldera, the West Thumb caldera is comparable in size to 
the caldera forming Crater Lake, Oregon. 

Continue heading north-northeast along Hwy 20 and find 
a place to turn around.

54.9 Turn around using the turnout on the left. 
58.3 Turn left onto Hwy 191 towards Jackson. 
66.0 Continental divide. 

69.7 View of Lewis Lake on the right. 
73.5 Stop 4.8 Southern margin of Yellowstone caldera at 

Lewis Falls (optional stop). Cross Lewis River bridge and park 
at the turnout on the right. We are located just inside of the 
southeastern fault scarp of Yellowstone caldera, which trends 
northeast from this location along the west side of the Red 
Mountains (Christiansen, 2001). There is no clear topographic 
expression of the caldera margin west of the Lewis River 
because the margin has been inundated by the Pitchstone Pla-
teau flow. At this location, the Lewis River cuts into the 155±3 
ka (K-Ar date; Obradovich, 1992) Aster Creek flow of the 
Central Plateau Member and forms Lewis Falls (fig. 59). The 
Pitchstone Plateau flow forms the skyline to the west. 

Continue south along Hwy 191 towards Jackson. 
74.7 Stop 4.9 Pitchstone Plateau flow. Park at turnout 

on left. Here the eastern margin of the Pitchstone Plateau flow 
can be observed (fig. 60).

The Pitchstone Plateau flow is the largest of the Central 
Plateau Member rhyolites, with a volume of ~70 km3 (Chris-
tiansen, 2001; Christiansen and others, 2007). The Pitchstone 
Plateau flow is the youngest rhyolite erupted at Yellowstone 
and yields a sanidine 40Ar/39Ar eruption age of 74.9±3.4 ka 
(Stelten and others, 2015). Despite its large volume, the Pitch-
stone Plateau flow is remarkably homogeneous in its mineral 
composition and only displays limited trace-element variations 
in its glass composition (Loewen and Bindeman, 2015).

Stelten and others (2015) performed 238U-230Th dating 
and trace-element analysis of Pitchstone Plateau zircon crystal 
surfaces and sectioned crystal interiors (fig. 60). Results from 

Figure 57.

Duck Lake hydrothermal 
explosion crater

West Thumb caldera

Elephant Back �ow
(153 ± 2 ka)

Figure 57. Photograph 
looking east over Duck Lake, 
a large Holocene (~6–4 ka) 
hydrothermal explosion 
crater. The West Thumb of 
Yellowstone Lake can be 
seen in the background. 
Duck Lake has an average 
diameter of 617 meters (m) 
and a maximum water depth 
of 18 m (Christiansen and 
others, 2007).
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Figure 58.

Tu� of Blu� Point

Dry Creek �ow

Figure 58. Panoramic photograph of outcrops of the approximately 173 ka tuff of Bluff Point and ~166 ka Dry Creek flow 
along Grand Loop Road (U.S. Highway 20). Note geologist at the base of the outcrop for scale. Be careful when walking 
next to or across the road and watch for traffic.

Figure 59.

Figure 59. Photograph of Lewis Falls on the Lewis River. Here, the Lewis River cuts into the approximately 155 ka 
Aster Creek flow. The waterfall is approximately 9.1 meters (30 feet) tall.
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this study demonstrate that the interiors or cores of the Pitch-
stone Plateau zircons have an average crystallization age of 
102±20 ka (Stelten and others, 2015), but the zircon surfaces 
crystallized shortly before eruption at 72.1±3.2 ka. In addi-
tion, Stelten and others (2015) performed 238U-230Th dating 
of Pitchstone Plateau sanidines and showed that this major 
phase crystallized at 73.9±5.6 ka and therefore coeval with the 
zircon surfaces (fig. 53). This same relation was observed for 
zircons and sanidines from several other Central Plateau Mem-
ber rhyolites and suggests these rhyolites were derived from a 
long-lived (~150 k.y.) source region, from which antecrystic 
zircons are recycled and eruptible bodies of melt-dominated 
magma only reside for ~1 k.y. before eruption (Stelten and 
others, 2015).

The range of crystallization ages recorded by the auto-
crystic and antecrystic domains in zircons from the Pitchstone 
Plateau flow and other Central Plateau Member rhyolites 
(Stelten and others, 2015) is greater than observed for zircons 
from the rhyolites associated with the major caldera-forming 
eruptions of the three cycles. As described earlier in this guide, 
multiple studies using different techniques (Rivera and others, 

2014; Matthews and others, 2015; 2016; Wotzlaw and others, 
2015) reveal zircons in the caldera-forming rhyolites yield 
crystallization ages that only range to a few tens of thousands 
of years older than eruption. This difference may indicate the 
absence of a long-lived source like the one that fed the Central 
Plateau Member magmas.

Return to the vehicles and continue south on Hwy 191 
towards Jackson. 

76.6 LCT is exposed in roadcuts and across the river. 
82.2 Stop 4.10 Moose Falls flow. Park in the turnout 

on the left side of the road just before Moose Falls. We will 
walk down a short trail to view the Moose Falls rhyolite flow 
at Moose Falls (fig. 61). The Moose Falls flow is somewhat 
unique because it is the only young extracaldera rhyolite 
located southeast of Yellowstone caldera although it lies just 
within the first-cycle caldera margin (Christiansen, 2001). 
The rhyolite exposed at the falls is a spherulitic vitrophyre, 
which locally displays flow layering that fans upward, sug-
gesting flow to the east (Bonnichsen and others, 1989). This 
rhyolite has yielded a sanidine 40Ar/39Ar date of 80.6±4.6 ka 
(Christiansen and others, 2007). Despite its location outside of 

Figure 60.

Figure 60. Photograph of a cliff along margin of the ~75 ka Pitchstone Plateau flow. The Pitchstone Plateau 
flow is the youngest and most voluminous (~70 cubic kilometers) of the post-Lava Creek Tuff intracaldera 
rhyolites at Yellowstone. The cliff exposure seen from this location is approximately 70 meters tall.
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Figure 61.

Figure 61. Photograph of Moose Falls flow exposed at Moose Falls on Crawfish Creek. The approximately 81 ka 
Moose Falls flow is a unit of the Central Plateau Member rhyolites even though it erupted outside of Yellowstone 
caldera. It is worth noting that the Moose Falls flow erupted near the first-cycle caldera margin. Moose Falls is 
approximately 9.1 meters (30 feet) tall.
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Yellowstone caldera, the Moose Falls flow is considered to be 
a unit of the Central Plateau Member (Christiansen and others, 
2007). The Moose Falls flow appears to have erupted along 
an extension of the northwest-southeast trending lineament of 
Central Plateau Member vents within the western portion of 
Yellowstone caldera. An affinity to the Central Plateau Mem-
ber rhyolites is supported by a hafnium isotopic composition 
of -5.83 εHf, which is within the -6.36 to -5.69 εHf range of haf-
nium isotope compositions that characterize Central Plateau 
Member rhyolites (Stelten and others, 2017). 

Continue south on Hwy 191 towards Jackson. 
83.5 Southern entrance to Yellowstone National Park. 
90.4 Enter Grand Teton National Park. 
106.4 Park at the turnout on the right for an excellent 

view of the Grand Tetons. 
140.8 Enter Jackson, Wyoming. Find hotel for the night.
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