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Abstract

The “’Ar/**Ar dating method is a useful tool in addressing problems concerning
stratigraphic distribution of rock units. This tool is used where previously K-Ar-dated units are
probiematic, and where further chronostratigraphic control is needed for lavas of the Central
Plateau Member (CPM) of the Plateau Rhyolite in Yellowstone National Park and volcanic ash
dispersed in the sedimentary units of the Kenai Group in Cook Inlet Basin.

Sanidine “°Ar/**Ar ages for CPM rhyolite lavas indicate that xenocrysts, excess argon,
and incomplete degassing affected the K-Ar age interpretations. With the “’Ar/*°Ar dating method
these effects are removed, revealing four apparent eruptive episodes at approximately 135, 122,
107, and 90 ka. The “°’Ar/*®Ar eruption ages are 10's ky younger than U-Th ages from zircon,
indicating significant residence time of the CPM magma chamber prior to eruption.

“CAr/*Ar dating using multiple analytical runs and statistical assessment of the data
produced satisfactory resuilts from the potassium-poor, plagioclase-bearing tephras of the Kenai
Group. The results indicate that excess argon, argon loss, and xenocrystic contamination exist.
The chronostratigraphic framework indicates that faulting offsets strata of widely different ages
causing repetition of the stratigraphy. Age data indicate that the Sterling and Beluga Formations
are time-equivalent strata representing lateral facies variations rather than distinct time-
stratigraphic formations. Based on cross-cutting relations and structural folding, the dated
horizons suggest that structural deformation is no older than early Pliocene in age.

Based on the structural complexities affecting the Kenai Group strata, the previously
measured coal resource estimates for the Kenai Peninsula are overestimated by 23% in the Clam
Gulch area and 50% in the Diamond Creek area. Desorbed gas contents, ranging between 66
and 123 scf/t (daf) from cuttings collected from the Beaver Creek and Kenai Gas Fields, are
applied to coal volumes to estimate coalbed methane gas-in-place. CBM in-place estimates
suggest values of 93 Tcf for the Kenai Peninsula and 272 Tcf for Cook Inlet Basin. Hypothetical

recovery rates suggest 4.7 and 13.6 Tcf for the Kenai Peninsula and Cook Iniet Basin,
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respectively. The hypothetical CBM recovery rates could continue naturai gas supplies to the

Anchorage area for an additional 60 years beyond the estimated shortened supply date of 2011.
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Chapter 1 — Application of “°Ar/*Ar Chronostratigraphy to Geologic Problems in
the Yellowstone National Park and Cook Iniet Basin Alaska

Introduction

Understanding the numerical age of rocks is a fundamental key to interpreting geologic
events around the world. For years geologists were limited to simple concepts such as the
principles of superposition and cross-cutting relations. Correlation between areas was often
attempted by finding diagnostic fossil material between sites and using fossil succession to show
the proper stratigraphic order of rock units. With the discovery of radioactivity by Becquerel
(18864, b, c), a whole new methodology was available to scientists who where interested in the
numerical dating of rock units. The radiogenic isotopes recognized by Becquerel were shown to
decay at a constant rate, allowing them to be used as chronometers. Concordant results on the
same rocks using different isotope systems (K-Ar, Rb-Sr, and U-Pb) and the correspondence of
radiocarbon dates with tree ring ages indicate that isotope decay rates have been constant over
geologic time (e.g. Dickin, 1997; McDougall and Harrison, 1999).

Since the late 1940’s, many units have been dated using the K-Ar method whereby the
decay of the radiogenic parent “K to stable daughter ‘“°Ar is successfully utilized to determine the
age of a rock (see McDougall and Harrison, 1999 for a summary of this history). A plethora of
dates have been reported, primarily on igneous rocks, because large sample sizes are needed to
perform the separate K determination. Fall-out tephras (ash beds) found in sedimentary basins
are commonly phenocryst-poor due to finer grain size from long transport distances and thus are
not commonly suitable for K-Ar dating.

Because the K-Ar method relies on the accurate determination of total K and the
complete extraction of the daughter product (*°Ar), it soon became apparent that some ages are
problematic. These problems commonly are associated with incomplete extraction of the
daughter product owing to incomplete degassing of the mineral or possible heterogeneity
between the sample analyzed for potassium and the one analyzed for argon (McDougall and

Harrison, 1999). K-Ar age determination uses an initial *°Ar/®Ar value of 295.5 that is equal to
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present-day atmospheric compositions and assumes that all rocks equilibrate to this vaiue upon
reaching the surface and interacting with the atmosphere but prior to reaching the closure
temperature for Ar exchange. The K-Ar age assigned to a sample is constrained by this
assumption because, in most cases, the method cannot test for variations in the initial “°Ar/*°Ar
composition. For geologic samples that are subjected to alteration or inherit excess argon from a
mantle source during formation, “°Ar/*°K distributions within the sample are no longer consistent.
These conditions lead to over- or underestimation of the ages with the K-Ar technique, or to age
spectra that are difficult to understand.

The “Ar/**Ar method is a derivative of the K-Ar method and has become very effective in
dating rocks around the world. Soon after the introduction of the “Ar/*Ar method, several
advantages over the K-Ar method became apparent; 1) the ratio of daughter (*°Ar) to parent (“K
through its proxy; *Ar) is measured in a single isotopic analysis, thereby avoiding possible
heterogeneity between sample subsets, 2) assessing the relative isotopic ratios eliminates the
need to obtain ali of the daughter product, 3) smalier sample sizes can be analyzed because
large quantities are no longer needed for K determination, 4) samples do not need to be directly
fused to release the argon, but rather they can be heated incrementally in steps starting well
below the fusion temperature (McDougall and Harrison, 1999).

Step-heating allows for analyses of the distribution of relative argon isotopic ratios within
the crystal lattice and can be used to determine Ar loss due to alteration, fractionation in the meit
(varied distribution of “°Ar* [radiogenic argon] relative to distribution of *°K and hence “°Ar), and
excess argon contribution from the mantie. The assessment of age spectra and the use of single
crystal “’Ar/*Ar dating have enabled the recognition of excess argon resuiting from incomplete
degassing of the melt and the identification of xenocrystic contamination at the vent, both of
which can lead to overestimated ages (e.g., Lanphere and Dairymple, 1976, McDougali and
Harrison, 1999). Therefore, the “’Ar/**Ar technique has the potential to ascertain more reliable,
precise, and accurate ages and it can be used to interpret compiex argon storage and retention

histories in problematic samples, thus surpassing the K-Ar method as a chronologic tool.
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Limited exposure to the “°Ar/**Ar method during my Masters research demonstrated the
usefuiness and accuracy of this technique for understanding the age and correlation capabilities
of volcanic ash dispersed in sedimentary basins (Dallegge, 1999). Based on the success from
this previous work, | came to Alaska to pursue further detailed studies using the analytical tool
directly. My goals were to push the limits of this technique and use muiti-horizon dating from
multiple locations to develop high-resolution chronostratigraphic frameworks that could be used to
understand stratigraphic and structural elements in complex nonmarine sedimentary basins.
Initially, a project was undertaken to learn the “ArAr methodology and techniques in the
traditional sense, analyzing volcanic rocks proximal to their source vents (Yellowstone project).

From there the research shifted to the primary focus of working with volcanic ash in a
sedimentary basin (Kenai project). Once the chronostratigraphic framework was established for
the Kenai Group, it was used to interpret the stratigraphic and structural relations on the Kenai
Peninsula. These relations are part of a chronostratigraphic framework that was used as part of a
study to evaluate previous coal resource assessments based on measured outcrops. Collecting
coal cuttings from drilling operations in conventional gas fields is part of my continuing work with
the U.S. Geological Survey and Dr. Charles Barker. We are evaluating the coalbed methane gas-
in-place resources of the Cook Inlet region and assessing the potential for coals to contribute to
conventional gas production. The portion of this research involving the Kenai Peninsula is
included in this dissertation (coalbed methane project)

The following chapters and appendices are the results of this dissertation research. Each
chapter is designed as a self-contained paper that will be submitted to a peer-reviewed journal.
However, Chapter 3 is quite lengthy and will probably be broken into two or more published
papers. Because chapters are intended to stand alone, there is some repetition, especially
background and methodology information. Chapter § is a brief summary of the primary
conclusions from this research and some suggestions for future studies. Associated figures are
unique to each paper and contained within the chapter rather than a composite list at the end.

Cited references are combined for all chapters and included after the final chapter. Below are
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brief synopses of each chapter that provide an overview and significance of the goals of this
research, as well as recognition of the contributions provided by the coauthors.
Yellowstone Project — (Chapter 2)

Recent U-Th age analyses of zircons from the Central Plateau Member (CPM) of the
Plateau Rhyolite from the Yellowstone Plateau volcanic field indicate significant magma
residence times of 10’s of ky (Vazquez and Reid, 2002) based on the K-Ar eruption ages
established by Obradovich (1992). Obradovich (1992) noted that some of his ages might have
suffered from incomplete degassing of the sanidine, causing an underestimation of the ages.
Consequently, Obradovich placed greater reliance on the older ages he reported. However, using
“Arr®Ar single crystal fusion dating, Gansecki et al. (1996, 1998) demonstrated that several older
eruptive units (e.g. Lava Creek Tuff, Upper Basin Member) contained xenocrystic contamination.
If this contamination exists in the Central Plateau Member as well, then assuming the older K-Ar
ages are correct could lead to overestimation of the ages of these flows and underestimation of
magma residence times. In addition, discrepancies exist in the original K-Ar data among separate
analyses of the same sampie and between samples from the same flow collected at different
locations. Some of these problems may be associated with the stratigraphic distribution of
individual flows as interpreted from the mapping of Christiansen and Blank (1972), while others
may be inherent to the limitations of the K-Ar method. These discrepancies led to a collaborative
study with J. Vazquez at UCLA to revisit the previous K-Ar ages and interpreted volcanic
stratigraphy. The CPM provides an ideal example to demonstrate the ability of the “CArr°Ar
method to evaluate potential sources of over- or underestimation of eruptive ages due to excess
argon or xenocrystic contamination.

Research Goals

1) Revisit the K-Ar eruptive ages set by Obradovich (1992) by “Ar/*®Ar dating sanidine

to determine if the U-Th ages are significantly older.

2) Determine the extent of xenocrystic contamination in the CPM lavas.
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3) Assess the stratigraphic relations among separate flows and potentially resolve the
apparent stratigraphic discordance between the K-Ar dates and the Christiansen and
Blank (1972) mapping.

4) Determine the eruptive history for the youngest portion of the CPM and document
potential eruptive frequencies.

Significance of Research

The age of CPM lavas is important for several reasons. Understanding the age of the
flows will document the eruptive history of individual flows and potentially provide insight on the
distribution, timing, and migration of voicanic centers. This could lead to better modeling of the
Yellowstone volcanic system through time. Determination of potential xenocrystic contamination
will provide more accurate age assessments and may explain some discrepancies in the
published K-Ar data. If the “°Ar/**Ar ages support the younger K-Ar eruptive ages, then this is
significant for the modeling of magma residence times in the upper crust and for magma evolution
(Vazquez and Reid, 2002). This age difference, if any, is the key to understanding the subsurface
magma system and its evolution through time.

The Yellowstone area is an active geothermal system presumably generated by an active
magmatic system at depth (Christiansen, 2001). The geologic studies conducted in this area are
primarily concerned with volcanic hazards related to another large scale caldera-forming event
that could be catastrophic to the area and human occupation even 100's to 1000's of km away.
Documenting an accurate eruptive history and evaluating potential cyclicity are crucial for
evaluation of such volcanic hazards.

Of additional importance to understanding the age of the source is the correlation of ash
in distal basins with Yellowstone eruptive units. Many of the interbedded ashes in Quaternary
deposits across the western United States and Great Plains region (Pearlette family of ash beds)
have been geochemically fingerprinted and correlated to geochemical analyses of lavas from the
Yellowstone Plateau voicanic field (Powers etal., 1958; Izett et al., 1970, 1971, 1972; Wilcox et

al., 1970; izett, 1981; Izett and Wilcox, 1982; Naeser et al., 1971, 1973; Reynolds, 1979; Wilcox
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and Naeser, 1992; Perkins et al., 1998). The dates from the voicanic field are applied to the basin
tephras and chronologic information obtained from these correlations is used in studies that
interpret lithostratigraphic, biostratigraphic, and geomorphic problems. If the dates in the source
area are inaccurate, application of the chronolegic information to the basin tephras could lead to
erroneous interpretations of other datasets. Therefore, accurate and precise ages are needed to
make proper correlations and to substantiate interpretations based on these correlations.

Author Contributions

Jorge Vazquez at UCLA collected and separated sanidine samples from several key
flows of the Central Plateau Member used in his U-Th analyses (Vazquez and Reid, 2002). |
conducted the “°Ar/*°Ar analyses of samples he collected, interpreted the resuits, and wrote most
of the manuscript. Vazquez's contributions to the paper include sample information, mineral
separation methods, a comparison of his U-Th ages to the new “°Ar/**Ar ages, and the
significance this has with respect to the magma residence history. He also contributed to the
general geologic background.

Kenai Project - (Chapter 3)

The Kenai Group within the Cook Inlet Basin, south-central Alaska, contains a substantial
record of terrestrial sedimentation and regional volcanism throughout most of Tertiary time. The
chronostratigraphy of the Kenai Group is based on limited K-Ar and fission track dating of
volcanic tephra partings from outcrop locations (Triplehorn et al., 1977; Turner et al., 1980) and
palynomorphs and fossil fioras that comprise the Neogene provincial paleobotanical stages
(Seldovian, Homerian, and Clamguichian; Wolfe et al., 1966; Wolfe and Tanai, 1980). The
palynomorphs have long age ranges (Wolfe et al., 1966) primarily based on limited K-Ar dating.
Deposition of 6000 m of sediments comprising the Kenai Group is believed to have taken ~30
Ma, however the age control for this is poor. The K-Ar and fission track ages that have been
assigned to the upper parts of the group represent only ~7 million years of deposition (Tripiehom
etal., 1977; Tumer et al., 1980). Much of the older portion of the group, mostly seen in

subsurface samples, has only one limiting radiometric age control point. Discordant ages exist

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



within the K-Ar and fission track data set where some dates were disregarded due to interpreted
detrital contamination (Turner et al., 1980) while other discrepancies may be due to the limitations
of the K-Ar method. In addition, much of the available dateable material is plagioclase —
commonly a K-poor mineral that can be difficult to date and that can have complex argon storage
histories (see McDougall and Harrison, 1999). Furthermore, faults exposed at the surface with
small or undetermined amounts of displacement have been noted (Barmes and Cobb, 1959;
Adkison et al., 1975; Reinink-Smith, 1989, 1995). Geophysical studies in other parts of the basin
indicated that substantial offset may accompany this fauiting (Parkinson, 1962; Kirschner and
Lyon, 1973; Fisher and Magoon, 1978; Haeussler et al., 2000). These faults potentially could
repeat the stratigraphy or cause significant offsets between sediments of widely different ages.
These offsets may explain why some of the K-Ar dates do not fit the assumed stratigraphic
hierarchy.

The Kenai Group provides another ideal situation to test the accuracy of previously
reported K-Ar data. The fission track data indicated different ages for the same samples
suggesting potential problems with the K-Ar dates. in addition, several chronohorizons gave
acceptable K-Ar ages that appeared to be anomalously old, thus forcing the interpretation that
detrital material contaminated the sample. By using smaller sample sizes and being able to
interpret excess argon, xenocrystic contamination, or argon loss, the “Ar*°Ar method has the
potential to reveal these sources of error in the K-Ar dataset.

These complexities provide a practical application for “°Ar/*°Ar chronostratigraphy in
understanding basin depositional patterns and any structural overprinting on deposits. The
resulting chronostratigraphic architecture reveals additional sources of error in the K-Ar dataset
by showing that faulits offset and repeat strata, thus discrediting the presumed vertical continuity
of the strata along the western edge of the Kenai Peninsula.

Research Goals
1) Assess the accuracy of the reported K-Ar ages — are xenocrysts, excess argon, or

argon loss potential problems that need addressing?
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2) Establish further chronohorizons around the basin.

3) Develop surface to subsurface correlations.

4) Determine the significance of faults that have apparent minor displacements of
stratigraphic units — are there repetitions of stratigraphy that may explain
discrepancies in the K-Ar data and the apparent long age ranges of palynomorphs?

Significance of Research

Due to the abundance of well-preserved plant leaves, the Kenai Group has been
designated the type section of three Neogene provincial paleobotanical stages: the Seldovian,
Homerian, and Clamgulchian (Wolfe et al., 1966; Wolfe and Tanai, 1980). Tertiary plant-bearing
strata from Alaska, the Pacific Northwest and eastem Russia are correlated on the basis of these
stages (Wolfe et al., 1966; Wolfe, 1972; Wolfe, 1994; Fot'yanova, 1985). The K-Ar dates from
Cook Inlet are being applied to the boundaries of these stages for regional correlations and
interpretations (Wolfe et al., 1966; Woilfe, 1972; Wolfe, 1994; Fot'yanova, 1985). The long age
ranges of the palynomorphs could potentially be attributed to repetition of stratigraphy due to
faulting. An accurate chronostratigraphic hierarchy is the key to understanding the age and
distribution of these plants through time. Therefore the accuracy of ages is paramount to these
palynological applications, correlations, and interpretations.

The ability to correlate around the basin has been a critical issue for exploration
companies and in academia for decades. The complex and often monotonous repetition of sand,
silt, and coal has troubled researchers trying to exploit new resources or understand the
depositional system. Industry data indicate that the stratigraphy may be significantly time-
transgressive (Swenson, 1997). Over two-thirds of the Kenai Group stratigraphy is only known
from subsurface well data while only the upper portions are accessible in outcrop. This upper
portion (Clamguichian and upper Homerian aged strata) was focused on because it was
accessible in outcrop and correlative core material was available for comparison. The
chronostratigraphic framework developed herein is the initial phase of what we hope will be

ongoing studies that attempt to understand the older stages that are not as well exposed around
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the basin. Further dating and development of the chronostratigraphic framework will increase our
understanding of the evolution of the basin, the progression of plant communities, and the
location of natural resources.

Authors Contributions

| developed this project, coilected all samples, and conducted all analyses. Dr. Don
Triplehom helped to develop my interest in the Kenai Group and advised me in the recognition of
volcanic ash in coals. This research developed protocols for handling the dispersed ash in the
coal beds and for processing these unusual samples for “Ar/*SAr dating. | interpreted the age
data and developed the stratigraphic application of this data. Dr. Paul Layer assisted in the
interpretations of problematic samples and will be co-authoring the papers derived from this data.

Coalbed Methane Kenai Peninsula Project — (Chapter 4)

Cook Inlet Basin is an important producer of oil and gas for the State of Alaska and it also
contains a large coal resource that has not been widely exploited (Stricker, 1991). The technology
of utilizing natural gas from coal beds (termed coalbed methane, [CBM]) has recently come to
Alaska (e.g. Smith, 1995; Barker et al., 2001; Dallegge and Barker, 2002; Montgomery and
Barker, 2002). in order to accurately assess the CBM resource potential of the basin, in-situ coal
bed gas contents or storage capacity must be measured and coal tonnage estimated. Gas
contents were determined from direct desorption experiments of freshly extracted cuttings from
active drilling locations and gas storage capacity was determined experimentally through
adsorption isotherm analysis. Coal volume for the basin was first estimated by McGee and
O'Connor (1975) to be 1.3 trillion tons based on well logs. Since then, new numbers have
emerged quoting the McGee and O'Connor report but reporting different values ranging from 1.2-
1.5 trillion tons (e.g., Stricker, 1891; Smith, 1995). These reports do not document the criteria
used to support revising the coal resource estimate.

Given that the coal tonnage is fundamental to CBM assessment, determining an accurate
coal volume is crucial. Measured outcrop sections are commonly used to directly indicate net coal

thickness for a given section. Subsurface net coal thicknesses are identified from well logs. The
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measured coal thickness and the identified coal thicknesses from the wells are then combined
and isopach maps are created to determine a hypothetical coal resource volume in the
assessment area. If fauiting has repeated the strata, or the lateral continuity of the coal beds is
poorly understood, then these resource volumes can be overestimated. Erosional unconformities
can thin or remove coal-bearing strata, resulting in underestimation of the coal resource. The
increased understanding of the vertical and lateral stratigraphic relations and improved
knowledge of how structure influences stratigraphic distributions of coal will lead to more accurate
and reliable assessments of coal volume. This project is an example of how “Arr*°Ar can be
applied to elucidate the stratigraphic and structural relations.
Research Goals
1) Use “ArAr dating to determine the lateral and vertical stratigraphic relations of the
Kenai Group.
2) Reduce the effect of structural repetition or erosional removal of strata and thus
reduce errors in estimating coal volume.
3) Use new chronostratigraphic relations to better assess the coal volume for the Kenai
Peninsula area
4) Assess net coal thickness from wells to determine the coal mass of the Kenai
Peninsula and Cook Inlet Basin.
5) Apply desorption resulits from coal cuttings from the Beaver Creek and Kenai Gas
Fields to the coal mass estimates to evaluate the coalbed methane-in-place potential
for these areas.
Significance of Research
Conventional oil and gas exploration in Cook Inlet has provided the energy resources for
south-central Alaska since oil was first discovered in Cook Inlet in the late 1950’s. In addition the
basin has a considerable coal resource (1.3 trillion tons; McGee and O'Connor, 1975). Current
natural gas consumption for this area is 220 BCF/yr (DOG Annual Report, 2000). One-third of the

gas is used to generate electricity and heat homes in the Anchorage area while two-thirds is
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converted to LNG for shipment to Japan or used to make nitrate fertilizer. Projections of reported
reserves indicate that the Anchorage area may require new sources of gas as early as 2008 or
2012 (Barker et al., 2001). Coal within the Kenai Group is an important potential source for
coalbed methane. To estimate the amount of gas resource available, a detailed understanding of
the stratigraphy and depositional distribution of coal deposits must be known. Knowledge gained
from understanding the chronostratigraphy of the basin can be directly applied to estimating the
coal resources and associated coalbed methane potential. CBM production in Cook Inlet may
ease the demands on finding conventional gas in this mature, developed basin and contribute
significantly to future production.
Author Contributions

This chapter incorporates my continuing collaboration with Dr. Charles Barker of the
U.S.G.S. and our efforts to quantify the CBM resources of Cook Inlet. Dr. Barker and the U.S.G.S
provided funding to collect and analyze the coal samples. Access was granted by Marathon Oil to
collect cuttings from active drilling sites on the Kenai Peninsula. The data fell under a three year
proprietary period for release of the data. Later, permission was received to publish the data from
the Kenai and Beaver Creek Fields (David Brimberry, 2001, written communication). Dr. Barker
supplied the necessary equipment for collecting and processing the coals. The U.S.G.S. paid for
coal chemistry, gas geochemistry, and coal isotherm analyses. Dr. Barker assisted me in the field
during sample collection and with subsequent desorption measurements. The U.S.G.S.
completed the desorption analyses after the initial collection on site. | measured canister
headspace and split the samples for analysis. Additionally, Dr. Barker helped with the data
interpretation and made many of the initial reviews of this thesis chapter. | loaded digital well logs
from the Alaska Oil and Gas Commission and raster images purchased by the U.S.G.S. from MJ
Systems into an academic copy of GeoPlus Petra® software in order to evaluate subsurface data
and relations. The U.S.G.S. paid for travel and tuition to attend a course on the Petra program.
Coal volumes were interpreted from Petra-generated isopachs of net coal thickness in wells from

Petra-generated e-log determination of coal bed thicknesses.
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Chapter 2 - “°Ar/*?Ar geochronology of the Central Plateau Member of Plateau
Rhyolite, Yellowstone National Park’

introduction

In the last ~2 My, three eruptive cycles have produced >6000 km® of rhyolitic and basaltic
lavas, ignimbrites, and associated ash-fall tephras of the Yellowstone Plateau volcanic field
(Christiansen and Blank, 1972; Christiansen, 1984, 2001); a significant volume compared to other
recent eruptions such as Mount St. Helens (1-2 km®), Krakatoa (18 km®), or Tambora (150 km®)
(Williams and McBirney, 1979; Decker and Decker, 1981). The youngest cycle commenced with
the collapse of the Yellowstone caldera (604t4 ka, Gansecki et al., 1998) and emplacement of
the ~1000 km® Lava Creek Tuff (Christiansen, 1984). Following the caldera collapse, eruption of
voluminous lavas and tuffs comprising the Upper Basin Member (UBM), Mallard Lake Member
(MLM), and Central Plateau Member (CPM) of the Plateau Rhyolite has filled the caldera floor
with sanidine-rich rhyalites (Fig. 2.1) (Christiansen and Blank, 1972).

The Central Plateau Member (CPM) is the youngest and most voluminous (>900 km?)
eruptive phase of post-collapse volcanism in the caldera. Individual CPM flows are up to 300+ m
in thickness and may extend more than 20 km from their source vents (Christiansen and Blank,
1972). Eighteen separate CPM flows and domes have been mapped, yet despite their areal
extent no mare than three flows are in stratigraphic contact at any locality (Fig. 2.2) (Christiansen
and Blank, 1972).

Rhyolites erupted from Yellowstone caidera have been the subject of several dating
studies. Many of these studies focused on the Lava Creek Tuff because it is an important
Quaternary stratigraphic marker (Obradovich and lzett, 1991; Drake, 1992; 1zett, et al., 1992;
Gansecki et al., 1996, 1998; Lanphere et al., 2002). Dating results of the Lava Creek Tuff and
early post-caldera UBM lavas indicate that xenocrystic contamination, excess argon, and

incomplete degassing of phenocrysts are problems that may not be resolved by the K-Ar method

! Coauthor: Vazquez, J.A., Department of Earth and Space Sciences, UCLA
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(Drake, 1992; Gansecki et al., 1996, 1998). In order to account for the contaminating effects of
xenocrysts, Gansecki et al. (1996) assigned apparently more accurate eruption ages by using a
running weighted mean age appropriate for a single age population. The resuiting ages are
younger than the previously determined K-Ar analyses (Table 2.1). Obradovich (1992) conducted
K-Ar age dating of the Plateau Rhyolite, including the CPM (Table 2.1). Prior to this research,
there had not been a “°’Ar/*°Ar study of the CPM units.

Apparently discordant ages exist in the original K-Ar data (Obradovich, 1992), thus
making the ages of several of the CPM lavas uncertain. As with the older post-collapse lavas, the
CPM lavas may contain xenocrystic sanidine, hence calling into question the accuracy of the K-Ar
ages. These K-Ar ages have been widely used to infer volcanic stratigraphy, crystallization
histories, magma evolution and residence time, eruption hazard assessment, and glacial
chronologies (e.g., Richmond, 1986; Obradovich, 1992; Christiansen, 1984, Christiansen, 2001;
Vazquez and Reid, 2002). For example, U-Th dating of zircon in the CPM lavas yields
crystallization ages that are up to ca. 60 ky older than the K-Ar eruption ages reported by
Obradovich (1992), suggesting significant pre-eruptive residence of rhyolite beneath the caldera
or significant underestimation of the K-Ar ages (Vazquez and Reid, 2002). Accurate eruption
ages are critical to magma and glacial chronologies and to evaluate the rates and repose of
volcanism in Yellowstone caldera. We have, therefore, redated several units in the CPM using the
“Ar*°Ar method.

This paper reports the first sanidine “’Ar/*°Ar ages for rhyolite lavas from the youngest
episode of volcanism at Yellowstone caldera. Our resulits indicate that xenocrysts, excess argon,
and argon loss are present in these lavas. The “Ar°Ar ages are used to infer eruptive histories,
stratigraphic relations, and magma residence times.

““Ar/*Ar Dating of Young Rhyolites

The “°’Ar/*°Ar dating method has several advantages over the K-Ar method that

potentially allow for more accurate age assessment of volcanic eruptions. K-Ar age dating is

limited to large sample sizes due to separate analytical procedures for K and Ar determination.

Reproduced with permiésion of the copyright owner. Further reproduction prohibited without permission.



14

This presents a probiem if the sample homogeneity is compromised by xenocrystic
contamination, inherited argon (excess argon), or open system behavior such as argon loss due
to alteration. In addition, K-Ar dating is reliant upon complete argon degassing of the sample, a
condition that can lead to underestimation of the eruption age. The “Ar**Ar method can detect
many of these problems through isochron analysis and is not limited by sample size. Single-
crystals and small aliquots can be successfully analyzed and anomalous older or younger ages
can be identified and eliminated from the final age calculation. The “’Ar/*® Ar method uses only
one analytical procedure and is not dependent upon complete mineral degassing. By using a flux
monitor mineral with a known age, the “°Ar/*°Ar method can determine the age of a sample
without completely degassing the crystal. The “Ar*Ar method has improved on the K-Ar method
for interpreting complexities within volcanic rocks, thus providing improved chronologic control
that allows for better understanding of geologic events.

The K-Ar age analyses constrain the CPM eruptive episode between 70 and 165 ka
(Table 2.1, Fig. 2.2; Obradovich, 1992). Ages for phenocrysts and host glasses are discordant for
individual lavas or between lavas mapped as the same flow (Table 2.1). Additionally, Obradovich
(1992) assigned ages to some flows based on glass dating while rejecting phenocryst ages
(Table 2.1). For other flows, he preferred the phenocryst age to the glass age (e.g. Summit Lake
Flow, Fig. 2.2). For phenocryst ages that appear too young, Obradovich cities potential
incomplete degassing for the resuitant older age. For glass ages that appeared too young, he
credits Ar loss due to alteration as the source of the discrepant age. Obradovich does not report
any systematic criteria used in determining which age is correct or why he preferred different
mineral phases for different flows. Many of these inconsistencies could be the resuit of the
limitations of the K-Ar method that can be addressed by the “°Ar/*® Ar method.

Limited obsidian hydration dating exists for some of the Plateau Rhyolite units including
the CPM (Friedman and Obradovich, 1981). The hydration ages vary 17-39% from the preferred

K-Ar ages (Table 2.1).
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Methods

Sanidine from seven Central Plateau Member lavas is dated using the “°’Ar/**Ar technique
(Fig. 2.1). Four of these samples are from the same lavas whose zircons were dated by ion
microprobe in order to infer the durations of magma storage and crystallization prior to eruption
(Vazquez and Reid, 2002). The mean zircon ages are consistently older than their respective K-
Ar ages, thus making these lavas good candidates to test the accuracy of the K-Ar dating (Table
2.1, Fig 2.3). In addition, these seven are the stratigraphically youngest flows where xenocrystic
contamination could be a problem due to incorporation during eruption through older units. These
samples are chosen as a representative subset of the CPM lavas to initially test the hypotheses
set forth above.

Fresh vitrophyres were hand crushed and cleavage fragments of a single sanidine
phenocryst were hand-picked for analyses. Sanidine with adhering glass, signs of exsolution, or
those with inclusions were excluded from the analyzed aliquots. Mineral separates were
packaged with fluence monitor Bem 4B (17.25 Ma) and irradiated for one hour in the McMaster
Nuclear reactor in Hamilton, Ontario, Canada. Five isotopic analyses were conducted on the
fluence monitor and a weighted average was used to determine J, a dimensionless parameter
relating the production of *Ar from ¥K during irradiation. This J value from the fluence mineral is
used to relate the amount of **Ar derived from *°K in the unknown thus relating the relative
amount of daughter (“°Ar*) to the parent (*°K through its proxy: *Ar) for calculation of the
unknown age. Irradiated samples were fused and step-heated using an Ar ion laser following the
procedure of Layer et al. (1987) and Layer (2000). Individual sample runs were either fused in a
single step or first heated with low temperature step(s) and then fused at high power to
concentrate the radiogenic yield (‘°Ar') as described by Chesner et al. (1991) and Pringle et al.
(1991, 1992). This low-to-high step procedure reduces the “’Ar atmospheric component, thus
improving precision on the measured “Ar* that is released during the final fusion step. A zero-
aged and degassed basalt bead was used to act as a fluxing agent for fusion of the sanidine. As

with most young voicanic minerals (<200 ka) “CAr* gas yields are commonly low due to the long
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half-life of potassium. Nevertheless, single crystal dating was attempted for all of the lavas.
However, in each case small aliquots of 2-10 grains were fused together in an attempt to increase
gas yields and thus precision, yet in some instances this procedure apparently resuited in aliquots
that were a mix of phenocrysts and xenocryst (see below).

The low temperature atmospheric steps from each analysis were removed (Chesner et
al., 1991; Pringle et al., 1992) and the resuilting high temperature steps were combined to make
inverse isochron plots (Turner, 1971; Roddick et al., 1980). The inverse isochron plot is
fundamental to understanding the initial atmospheric ratio of *“°Ar to **Ar of a sample because it
does not assume an initial atmospheric “’Ar/*®Ar ratio of 295.5 as with conventional K-Ar and
plateau “’Ar/*°Ar assessments. The Y-intercept of a regression through the data points on an
inverse isochron plot enables the determination of the original atmospheric component at
eruption, giving a measure of any inherited (excess) “OAr component. The X-intercept is related to
the age of the sample and is independent of the initial atmospheric component, thus allowing
calculation of the true eruptive age of the sample despite any inherited component. A goodness-
of-fit parameter, MSWD (mean squared weighted deviation), was used to assess the statistical
scatter of the plotted data. A MSWD value higher than the critical value of ( 1+2[2/(n-2)]"2) forn
points (Wendt and Carl, 1991) indicates that the scatter (95% confidence) is beyond that
expected for a single population. A statistically single population can be constrained if anomalous
older ages are removed (from oldest to youngest) from the regression until the MSWD is below
the critical value. The 1o or posteriori error reported throughout is the weighted error times the
square root of the MSWD. A regular weighted error only accounts for the analytical precision
error; a posteriori error incorporates the scatter of the data.

Several single-crystal and aliquot sampies contained large amounts of atmospheric
argon. This caused the spectrometer to switch from the low voitage Daly detector to the high
voltage Faraday detector. Due to imprecise calculation of the signal gain between detectors and

to maintain consistency, only Daly analyses were used in the age calculations below. Nine
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individual analyses were lost due to mechanical failure, thus some samples have fewer reported
analyses.

Ages for each sample were calculated using a running weighted mean following the
technique of Gansecki et al. (1996, 1998). Their method sorts the ages of the individual analyses
from youngest to oidest and assumes that, for voicanic rocks that have not undergone additional
heating events, excess “°Ar or contamination by older xenocrysts is more likely than Ar loss due
to alteration. The running mean and MSWO are caiculated for each additional older age until they
reach the critical MSWD value for that number of data points. The preferred age is the last one
calculated before the running mean reaches the critical value (Gansecki et al., 1998). ir several
instances, the ages are sorted from high to low when individual analyses had anomalously young
ages or negative ages due to low K contents or argon loss. The running weighted mean is
calculated the same, only from high to low in these instances (see below).

Our preferred eruption ages were assigned by first analyzing the inverse isochron plots to
check that initial “°Ar/**Ar compositions (“°Ar/*®Ar,) are similar to atmospheric values and to
evaluate scatter in the data (anomalous points). If the inverse isochron plot yielded “°Ar/*Ar,
compositions within 1 g of the atmospheric value we used the apparent ages from the individual
runs to calculate a running weighted mean. The running weighted mean age is more precise than
that from the inverse isochron regression age because the running weighted mean age uses the
apparent ages based on fixed value for “OAr/*®Ar; whereas the isochron error accounts for the
error uncertainty associated with the “°Ar/**Ar, intercept. We assigned the higher precision
running weighted mean as our preferred eruption age.

Results

Inverse isochron analyses indicate that all sanidine samples have ‘°Ar/**Ar. compositions

within 1o of atmospheric (295.5) with the exception of one. YCV09 has an apparent initial

atmospheric composition (346.2+31.4) that indicates excess argon (see below). Preferred
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“Arr*°Ar individual age results are listed in Table 2.2; analytical data of the individual runs are
available in Appendix D.
YCV10 — Summit Lake flow

Fourteen individual analyses of sanidine single crystal and aliquot runs form an inverse
isochron with a MSWD (2.53) above the critical value. Run #2 is a single-crystal analysis that
yields an age of 281+50 ka, 2c away from the mean age indicating it is probably a xenocryst.
Removal of this outlier from the isochron caiculation does not reduce the MSWD (1.92) below the
critical limit (1.85). Two runs yield ages that are significantly younger (runs #16 and 18) than the
isochron formed by the remaining data. Run #16 (11+84 ka) has a large associated error and
would be indistinguishable from the data set at the 2¢ level. Run #18 has somewhat higher
precision (66120 ka), but is not within 2¢ of the isochron formed by the remaining data. These
two anomalously younger ages likely represent open system loss of argon. Removal of these two
runs from the isochron analysis yields an acceptable MSWD (1.31) below the critical level and a
resulting age of 137121 ka (Table 2.2, Fig. 2.4).

The premise of the running weighted mean calculation is to order the individual ages from
young to old with the intent of identifying xenocrysts. This approach assumes that the youngest
ages are more representative of the eruption age and that there has been no alteration to the
analyzed grains. If a sample has suffered argon loss, anomalous younger ages are produced due
to the loss of the daughter product. Arranging ages for a running weighted mean calculation from
high to low (“inverse running weighted mean”) would indicate if the younger ages are part of the
population. Calculating an inverse running weighted mean age after removal of the xenocrystic
run #2 would indicate that the two young ages of runs #16 and #18 are not part of the population
(Fig 2.4). The resulting inverse running weighted mean is 135+11 ka (MSWD = 1.18), similar to
the isochron age.

Obradovich (1992) reported several K-Ar ages for the Summit Lake flow from two

locations (Fig 2.2, Table 2.1). His resuits suggest two age populations, one at 131 ka and the
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other ~105 ka. Sanidine results from the vent area (Madison Lake) are concordant with glass
results from the flow front (Bechier Meadows sample locality) reflecting the older age (131+3 and
13118 ka, respectively). However, the glass age (1033 ka) from the vent area is younger than
the sanidine (131+3 ka) but comparable to the younger sanidine ages from the flow front (105+3,
106+4 ka). Obradovich was uncertain why there was variability between mineral phases at the
same locality but agreement between different mineral phases from the two locations.

The variability in the K-Ar data may be related to the scatter we see in our results and the
apparent anomalous younger and older ages. Based on these discrepancies, we are unable to
determine if two populations exist. Open system behavior is the most likely cause for the
variability in the K-Ar ages. Based on the justifications we present for removing the older
xenocryst age and the anomalous young ages, we believe the inverse running weighted mean
age of 135+11 ka is representative of the age of the Summit Lake flow (Fig. 2.5). This age is in
agreement with the preferred K-Ar ages of Obradovich obtained from glass and sanidine from two

separate locations.

YCVQ5 - Hayden Valiey flow

Fourteen individual analyses of individual sanidine single crystal and aliquot runs form an
inverse isochron yielding an age of 122+7 ka with a MSWD of 2.07. This MSWD is above the
critical value indicating that the scatter in the data is not from a single population. Run #9 (Table
2.2) is a three step heating analysis of a single grain yielding an age of 43+26 ka that falls above
the trend of the rest of the data (Fig. 2.6). The age spectra has progressively increasing ages for
each step suggesting possible argon loss, probably due to alteration. This run is not included in
the isochron age calculation because of the potential for argon loss and for being more than 2o
from the mean age for the rest of the data. Two additional individual analyses produced
anomalous younger ages. These runs have little or no “par (0% #7 and 1% #8; Appendix D),
thus the young ages. These probably suffered from aimost complete Ar loss. After exclusion of

these three discrepant runs, the inverse isochron yields an age of 123+7 ka (MSWD of 1.57).
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Due to the argon loss, an inverse running weighted mean is calculated yielding an age of
122+5 ka (MSWD of 1.43) that indicates the three youngest ages are not part of the population

(Fig. 2.6). This final calculation agrees well with the isochron age above.

Obradovich (1992) reported three K-Ar ages for this flow (Fig. 2.2, Table 2.1). He
preferred the older age 114+11 ka but did nct document his reasoning. This 114 ka age is within
error of the new ““Ar/*Ar assessment but it is uncertain whether this K-Ar age includes
anomalous younger grains. Two of his K-Ar ages are younger and may include anomalous
crystals similar to those seen in our analyses. Based on the potential for contamination by
younger material in the K-Ar analyses we assign the inverse running weighted mean age of
12245 ka (10) for the Hayden River flow (Fig. 2.5).

YCV04 — Solfatara Plateau flow

Seventeen individual analyses of sanidine single-crystal and aliquot runs form a well-
constrained inverse isochron plot that indicates two anomalous older ages (Fig. 2.7). A weighted
average of all analyses is 126+21 ka with a MSWD of 4.88 indicating that the data scatter is not
from a single population. Removal of two anomalous older single-crystal ages (411 and 216 ka
indicated ages) from the isochron yields a weighted average age of 113+10 ka (MSWD of 0.87).
The two older crystals are probably xenocrysts incorporated during eruption. A running weighted
mean age calculation for all analyses confirms that the two older single-crystal ages are not part
of the population yielding an eruption age of 1067 ka (Table 2.2).

Obradovich (1992) reported two K-Ar ages for this flow (Fig. 2.2, Table 2.1). His preferred
age is the higher precision run at 110+3 ka. Our running weighted mean age 106+7 ka (1) is
indistinguishable from this K-Ar age for the Solfatara Plateau flow (Fig. 2.5).

YCV 17 — Gibbon River flow

Our analysis of a sample taken from a cliff on the east side of Gibbon Canyon yielded a

variety of ages. Fifteen individual analyses of sanidine single crystal and aliquot runs form an

inverse isochron with apparent xenocrystic contamination (Fig. 2.8). Run #3 (146 ka), #4 (197
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ka), and #7 (450 ka) are single-crystal analyses and potentially could represent older eruptive
units. Runs #11 (174 ka, 4 crystals) and #14 (212 ka, 2 crystals) are aliquot runs so they
represent a possible mixture of older xenocrysts with phenocrysts from this flow. Removing these
five older xenocrystic ages from the isochron caiculation yields an age of 107+15 ka (Table 2.2).
A running weighted mean age for these is 10817 ka excluding the five older ages. Both age
assessments are in agreement and indicate that the five older ages have xenocrystic
contamination.

The K-Ar results for the Gibbon River flow are discordant between mineral phases and
samples from two different locations (Fig. 2.2, Table 2.1). A glass (obsidian) sample taken from
the vent area of Hill 8540 (Christiansen, 1974) yielded K-Ar ages of 87+54 ka and 90+2 ka
(Obradovich, 1992). Obradovich dated a sample from a domai region in the vicinity of Hill 8065
(south of Norris Basin) which yield a K-Ar age of 148+3 ka for the glass component and 159+51
ka for a sanidine separate (Table 2.1). These older ages were disregarded by Obradovich due to
stratigraphic relations with the underlying Soifatara Plateau flow that has a younger K-Ar age
(11043 ka). Obradovich prefers the K-Ar age of 90+2 ka from the vent dome and speculated that
what is mapped as the Gibbon River flow is possibly two flows of widely different age. The five
xenocrystic contaminated “°Ar/**Ar analyses have similar apparent ages as the age range of K-Ar
sanidine assessment from Hill 8540 (159+51 ka). it is quite possible that the K-Ar age included
xenocrystic material thus giving anomalous older ages. Based on the presence of xenocrysts and
the discordant nature of the K-Ar data, we assign the running weighted mean age of 108+7 ka to
the Gibbon River flow (Fig. 2.5).

YCV09 —- West Yellowstone flow

Twelve individual analyses of sanidine single-crystal and aliquot runs form an inverse
isochron that reveals excess argon (Fig. 2.9). One run (#4, 273124 ka) is identified as
xenocrystic, being 2 o from the mean, and is removed from the calculations. An “Ar/*Ar, value

of 346431 indicates that excess argon is a probiem for this sample. Age assignment is possible
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from an inverse isochron when excess argon is present yielding an isochron age of 94+21 ka
(Table 2.2).

Our integrated age is 129+8 ka, similar to the K-Ar ages (120+3, 12346, 12614 ka)
assigned to this flow by Obradovich (1992). Due to excess argon in this sample, these ages over
estimate the true age because they assume an ““Ar/*Ar, value of 295.5. Obradovich dated glass
(108+3 ka, Fig 2.2, Table 2.1) from the West Yellowstone location that was younger than his
sanidine analyses. This may indicate that the glass age is correct due to the late-forming nature
of the glass at eruption allowing it to equilibrate with atmospheric values prior to reaching closure
temperature. In addition to the glass age, younger sanidine K-Ar ages were reported by
Obradovich (1992) for this flow from a sample in the Firehole River area (72+12 ka, 97+2 ka,
Table 2.1). The sanidine from this location may not be as contaminated with excess argon or
alternatively, the sanidine was not completely degassed. These two younger ages reported by
Obradovich are slightly discordant indicating that problems may still be associated with this flow
at the Firehole River location. These younger ages suggest that the West Yellowstone flow is
probably <100 ka in age and not ~123 ka as interpreted by Obradovich (1992). Cue to our large
errors on the isochron and the uncertainty with the younger K-Ar ages, we tentatively assign an
eruption age of 94 ka for the West Yellowstone flow (Fig. 2.5).

YCV06 - Grants Pass flow

Sixteen individual analyses of sanidine single crystal and aliquot runs combined form an
inverse isochron that indicates a mixed population of crystals. The individual runs plot as a wedge
formed by an isochron of a possible lower bounding age of 83 ka and the oldest age of 267 ka
(Fig. 2.10). The MSWOD for all runs is 12.57 suggesting that the older numbers are xenocrysts or
aliquot runs with mixed xenocryst crystals. Calculation of this lower bounding age incorporates
the 7 youngest ages (82-121 ka). The best-fit regression to these points yields a lower bounding
age of 83+26 ka with a MSWD of 0.13. This would suggest that the older numbers are xenocrysts

or aliquot runs with mixed xenocryst grains. A running weighted mean calculation confirms the
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presence of mixed populations where only the first seven ages are statistically below the critical
MSWD, after which a large jump to higher values (2.80) is observed when including the next
oldest grain (Fig. 2.10). The running weighted mean age of the younger seven is 90+10 ka (Table
2.2).

Obradovich (1992) reported two K-Ar ages for this flow, one from sanidine and one from
glass (Fig. 2.2, Table 2.1). His preferred age is the 72+3 ka sanidine analysis but the glass age of
82+3 is more consistent with our lower bounding isochron age (Fig. 2.10). His K-Ar sanidine ages
could have been underestimated due to incomplete degassing of the feldspar. incorporation of
xenocrysts from underlying older flows could explain the variability of ages in our sample. Six
ages fall along a similar trend shown by a 145 ka reference isochron on Figure 2.10. This age is
similar to the K-Ar eruption ages assigned to the West Thumb or Mallard Lake flows (Table 2.1).
This 145 Ka age trend in the Grants Pass sample may reflect xenocrystic material incorporated
during the eruption through these underlying older flows. Because this is one of the
stratigraphically youngest flows (Christiansen, 2001), we feel justified in assigning the running
mean age of 90+10 ka from the seven younger runs (Fig. 2.5).

YCV12 — Pitchstone Plateau flow

Fourteen individual analyses of sanidine single crystal and aliquot runs form an inverse
isochron indicating two possible populations (Fig. 2.11). There are nine runs that are less than
100 ka in age while the other five are 146 ka or older. in order to obtain a statisticaily valid
isochron age, runs #10 (291 ka) and #2 (185 ka) need to be removed as outliers in order to yield
an age of 46+91 ka with an MSWD of 1.81. The clustering of data, associated error uncertainties,
and potentially two populations of similar age limit the age precision. The running weighted mean
age of 87+12 ka (MSWD of 1.66) confirms that the two oldest ages (185 and 291 ka) are not part
of this population. There is a sharp jump to higher vaiues in the MSWD (0.28 to 1.43)
corresponding to the break in clustering ages of those less than 100 ka and those greater than

145 ka (Table 2.2). Runs #3 (147 ka) and #6 (146 ka) are multi-grain aliquot analyses that may
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have a mixture of xenocrystic material. The resulting age would be dependent on the age and
amount of xenocrysts in these two runs and could significantly influence all age calculations.

Obradovich (1992) reported one sanidine K-Ar age of 70+2 ka for this flow (Fig. 2.2,
Table 2.1). Although our ages are similar to his reported age, our analyzed sample apparently
had a considerable amount of older material. Potentially the sanidine K-Ar age is underestimated
due to incomplete degassing but we can not confirm this relation. We assign the running
weighted mean age of 87+12 ka to the Pitchstone Plateau flow but acknowledge that a possible
older population is influencing our age assignment (Fig. 2.5).

Discussion

Overall, our ages are similar to the original K-Ar ages but slightly older for some lavas
(Table 2.3). Our “°Ar/*°Ar ages from the Gibbon River, Grants Pass, and Pitchstone Plateau are
older than their K-Ar counterparts supporting Obradovich's (1992) assumption that some of his
ages were underestimated due to incomplete degassing of the sample. The ‘°Ar/*°Ar ages for the
Summit Lake, Hayden Valley, and Solfatara Plateau flows substantiate the K-Ar ages only after
removal of several anomalous runs that were attributed to argon loss and xenocrystic
contamination. Xenocrystic contamination was common in our dataset and is evident in the K-Ar
data, especially with the Gibbon River flow where ages around 145 Ka suggest contamination of
these sample runs. This recurring age of 145 ka is seen in our Grants Pass flow data suggesting
contamination during eruption through older flows such as the West Thumb and Mallard Lake
flows (Table 1). The excess argon noted in the West Yellowstone flow is not common for sandine
but has been documented in a few cases (e.g. Mcintosh et al., 1996; Singer and Brown, 2002).

The associated problems documented by the “’Ar/*?Ar dating and the variability within the
K-Ar dataset clearly indicate that a single age analyses for any of these flows could be suspect.
The ability of single-crystal *’Ar/*°Ar dating using multiple analytical runs to detect these problems

eliminates the uncertainty Obradovich was faced with in interpreting the variability within his K-Ar
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data. Even though several of his interpretations were correct, our method increases the
confidence level of the eruptive ages assigned to these CPM units.

Previous obsidian hydration dates varied 17-39% from the preferred K-Ar ages of
Obradovich, and are older in all cases except the sample from the West Yellowstone location
(Friedman and Obradovich, 1981). Comparison of these dates with our “°Ar*°Ar ages indicates
that the obsidian hydration data are in better agreement. The obsidian hydration ages are still
older than our preferred ‘“°Ar/*°Ar ages but the overestimation is less (2-22%) than the K-Ar
comparison suggesting the hydration data are better than previously regarded. The younger
obsidian hydration age on the West Yellowstone flow supports our interpretation that excess
argon yielded erroneously older K-Ar ages.

These new ““Ar/®Ar age determinations are effective for interpreting relations for the
CPM. The data give rise to several possible new stratigraphic associations and possibly explain
age discrepancies between sample locations. In addition, the “Arf*°Ar ages yield insight into the
residence time and magma evolution for the CPM and give a better estimate of the eruptive

frequency of this unit.

Volcanic stratigraphy
The revised volcanic stratigraphy using the new “’Ar*’Ar age suggests that several flows

erupted at similar times (Table 2.3). For example, the Grants Pass flow and the Pitchstone
Piateau flow have similar ages. Christiansen (2001) suggested that the Grants Pass flow
probably represents a lateral fissure vent of the more voluminous Pitchstone Plateau flow. The
linear vent of the Grants Pass flow trends in the direction of the Pitchstone Plateau vent
(Christiansen, 2001). Both of these flows were susceptible to xenocrystic contamination and have
similar wedge-shaped data plots on their isochrons. However, all analyses of the Grants Pass
flow have significantly more *Ar, (reactor induced **Ar from **K) suggesting that it has a higher K
composition. This could imply that the two did not erupt at similar times allowing for differentiation
of the melt prior to eruption of the younger unit but they could also be different phases within the

chamber.
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Our analysis of the West Yellowstone flow indicates that excess argon led to the
overestimation of the K-Ar age of this unit. Based on the apparent isochron age of 94+21 ka and
younger K-Ar ages Obradovich obtained from the Firehole River sample location (Fig. 2.2), we
assigned an age of 94 ka for this flow. This suggests that the time of eruption was similar to the
Grants Pass and Pitchstone Plateau flows and not 123 ka as was previously reported. This
implies that approximately half the volume of CPM was erupted with these three flows at about 90
ka.

Based on the new age data, the Solfatara Plateau flow and Gibbon River flow have
indistinguishable ages. Previous discrepancies between K-Ar sample localities led Obradovich
(1992) to suggest that there may be two separate flows. Our analyses indicate that xenocrystic
contamination occurs in the Gibbon River flow. This contamination could explain the discrepancy
in the Obradovich analyses. Based on the stratigraphic relations at the flow front (Christiansen
and Blank, 1974), the Solfatara flow underlies the Gibbon River flow and is probably slightly oider.
This age difference is probably not currently resolvable with either method but the similarity in age
suggests that these flows occurred closely spaced in time.

The Summit Lake flow was the oldest flow we dated at 135 ka. It seems to be an isolated

event not related to any other flows.

Magma residence time
Vazquez and Reid (2002) demonstrated that zircons from four of the CPM lavas dated in

this study (Pitchstone Plateau, West Yellowstone, Gibbon River, and Solfatara Plateau) yield
crystallization ages that are 31 to 57 ky older than their respective K-Ar ages (Table 2.3),
suggesting durations of pre-eruptive residence of the CPM magma that are consistent with
estimates for other voluminous caldera-related rhyolites. The revised ages presented here (Table
2.3) confirm the antiquity of the CPM zircons relative to their eruption, and are consistent with the
presence of a small minority of variably aged zircon xenocrysts in the CPM rhyolites. The

presence of undegassed sanidine xenocrysts suggests that some of these zircons may have
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been incorporated by the rhyolites as they ascended through relatively cold material of the
caldera floor and fill (cf. Spell et al., 1993, Gansecki et al., 1996)
Eruptive History and Hazard assessment

The “°Ar*’Ar analyses indicate four eruptive phases for the youngest portion of the CPM.
These four phases are separated by ~15 ka and began with the eruption of the Summit Lake flow
at 135 ka, followed by the Hayden Valley flow ~122 ka, then the Gibbon River and Solfatara fiow
at ~107 ka, and cuiminating with the West Yellowstone, Grants Pass and Pitchstone Plateau
flows at ~90 ka.

Based on the concordance between dating systems for some lavas, the relative accuracy
of much of the K-Ar data, and the assigned eruptive ages for the older CPM units and the Mallard
Lake flow, there is a clustering of ages around ~150 ka and another at ~165 ka (Table 2.1). This
suggests that the recurrence interval established with the “°Ar/*°Ar data of ~15 ka may extend
back in time to the eruption of older CPM units. This implies that the eruptive phases separated
by 15 ky hiatuses are markedly consistent for the CPM.

Estimations of eruptive frequency commonly produce questions regarding the culmination
of volcanic activity or the possibility of further eruptions. The “°Ar/**Ar analyses are suggestive of
a clustering of eruptive events represented by muitiple flows separated by ~15 ka hiatuses. If this
interpretation is correct, and if voicanic activity resumes, we should expect large volume eruptions
over short time periods that could be very devastating to human activities in the immediate area
and beyond.

Conclusions

Our “Ar/*°Ar analyses of the Central Plateau Member lavas were successful in
identifying several sources of anomalous behavior that influence assessments of the eruption
ages. Incorporation of xenocrystic material was identified as a problem, to varying degrees, for all
flows analyzed except the Hayden Valley flow. Excess argon is a newly recognized problem for
sanidine from the West Yellowstone flow that discredits any integrated age calculations

completed for this flow. In addition, open system behavior is a possibility for the Summit Lake and
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Hayden Vailey flows where argon loss may be responsible for anomalous younger ages. Using
inverse running weighted means, these anomalous younger ages can be statistically validated as
outliers to the population, thus leading to a better assessment of the eruptive age. Ages for the
Grants Pass and Pitchstone Plateau flows are problematic due to mixed populations of crystals
for which identification of contamination or argon loss are difficult to determine due to the
resolution limits of the technique on geologically young samples.

The previous K-Ar data had discordant mineral phases and analytical runs and several
ages that did not fit the interpreted stratigraphic hierarchy. The ‘°Ar/*°Ar ages indicate
stratigraphic conformity for mapped eruptive units and demonstrate the potential problems with
the discordant K-Ar data.

The new ““Ar/**Ar ages suggest an eruptive frequency of ~15 ka for the CPM and a
clustering of eruptions during shorter time periods than was previously known. This suggests that
future eruptions also could occur in short, extremely violent bursts that will have serious
consequences to humans.

The “°Ar/**Ar ages presented here confirm previous assertions of zircon crystallization in
the CPM magma at 10's of ky prior to eruption. This implies significant magma residence times
beneath the Yellowstone caldera.

Overall, the age resuits presented in this study demonstrate that excess argon,
xenocrystic contamination, and argon loss can be more accurately identified and resolved using

the “°Ar/*°Ar method for young volcanic provinces such as the Yellowstone volcanic field.
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Table 2.1 — Reported Plateau Rhyolite geochronology
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Stratigraphic Unit Locality Mineral Method Age (ka) Reference
Central Plateau Member
Pitchstone Plateau Pitchstone Plateau sanidine K-Ar 70+2 Obradovich, 1992
§ km east of Phantom - +11 Vazquez and Reid,
Fumarole Zircon U-Th 101 ¥ 002
Grants Pass Bechler Summit sanidine K-Ar 72+3 Obradovich, 1992
Bechler Summit glass K-Ar 82+3 Obradovich, 1992
obsidian Friedman and
not reported glass  p dration 100 Obradovich, 1981
Gibbon River Gibbon Hill dome sanidine K-Ar 11648 Obradovich, 1992
Norris Basin hill 8065 sanidine K-Ar 159+51 Obradovich, 1992
Norris Basin hili 8065 glass K-Ar 14813 Obradovich, 1992
Norris Basin hill 8065  plagioclase K-Ar 207+18 Obradovich, 1992
Vent dome hill 8540 glass K-Ar 87+54 Obradovich, 1992
Vent dome hili 8540 glass K-Ar 90+2 Obradovich, 1992
obsidian Friedman and
not reportad glass v dration 110 Obradovich, 1981
Ciiff on east side of : + Vazquez and Reid,
Gibbon Canyon Zlrcon U-Th 136 -ll: ? 2002
Solfatara Plateau Virginia Meadows sanidine K-Ar 11013 Qbradovich, 1992
Virginia Meadows sanidine K-Ar 108+7 Obradovich, 1992
2.5 km n::as:l :L;ﬁrglma zireon U-Th 167 :‘lf Vazquezz o(a)gd Reid,
Hayden Valley Yeilowstone River sanidine K-Ar 10715 Obradovich, 1992
Yeilowstone River sanidine K-Ar 114£11 Obradovich, 1992
Yellowstone River sanidine K-Ar 99+5 Obradovich, 1992
obsidian Friedman and
not reported glass . dration 150 Obradovich, 1981
Bechler River Gregg Fork sanidine K-Ar 11243 Obradovich, 1992
Gregg Fork glass K-Ar 11913 Obradovich, 1992
Iris Falls sanidine K-Ar 12414 Obradovich, 1992
West Yellowstone West Yellowstone sanidine K-Ar 132461 Obradovich, 1992
West Yellowstone sanidine K-Ar 12043 Obradovich, 1992
West Yellowstone sanidine K-Ar 12316 Obradovich, 1992
West Yellowstone sanidine K-Ar 12644 Obradovich, 1992
West Yellowstone glass K-Ar 10843 Obradovich, 1992
Firehole River sanidine K-Ar 72412 Obradovich, 1992
Firehole River sanidine K-Ar 97+2 Obradovich, 1992
obsidian Friedman and
not reported glass hydration 100 Obradovich,1981
1.5 km ngrat::s of Mystic Zircon U-Th 163 :zlc; Vazquezzoggd Reid,
Summit Lake Madison Lake vent sanidine K-Ar 1313 Obradovich, 1992
Madison Lake vent glass K-Ar 10313 Obradovich, 1992
Bechier Meadows sanidine K-Ar 106+4 Obradovich, 1992
Bechler Meadows sanidine K-Ar 105+3 Obradovich, 1992
Bechier Meadows glass K-Ar 13148 Obradovich, 1992
Nez Perce Creek Upper Mesa Road sanidine K-Ar 150+3 Obradovich, 1992
Firehole River sanidine K-Ar 1161282 Obradovich, 1992
Firehole River sanidine K-Ar 168+3 Obradovich, 1992
Gibbon Canyon sanidine K-Ar 16514 Obradovich, 1992
Elephant Back E'e,ag:::::d‘ sanidine K-Ar 153+2 Obradovich, 1992
Aster Creek Flat Mountain Arm sanidine K-Ar 158+3 Obradovich, 1992
Flat Mountain Arm glass K-Ar 19313 Obradovich, 1992
West Thumb West Thumb sanidine K-Ar 152462 Obradovich, 1992
West Thumb sanidine K-Ar 14714 Obradovich, 1992
West Thumb glass K-Ar 158111 Obradovich, 1992
obsidian Friedman and
not reported glass  p dration 210 Obradovich, 1981
Buffalo Lake Latham Spring sanidine K-Ar 160+3 Obradovich, 1992
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Stratigraphic Unit Locality Mineral Method Age (ka) Reference
Tuff of Bluff Point Biuff Point sanidine K-Ar 162+2 Obradovich, 1992
Dry Creek Continental Divide sanidine K-Ar 209172 Obradovich, 1992
Continental Divide sanidine K-Ar 162+2 Obradovich, 1992
2.5km e:as;sof Norris zircon U-Th 167 36! Vazquezz oggd Reid,
Mary Lake Mary Lake sanidine K-Ar 16524 Obradovich, 1992
Maliard Lake Member
Maiiard Lake Isa Lake sanidine K-Ar 14915 Obradovich, 1992
Mailard Lake Trail sanidine K-Ar 15315 Obradovich, 1992
Upper Basin Member
Scaup Lake* Scaup Lake sanidine K-Ar 226189 Obradovich, 1992
Scaup Lake sanidine K-Ar 275+11 Obradovich, 1992
not reported sanidine  “Ar™Ar 19818 Gansecki et al., 1996
Tuff of Sulphur Creek# Grand Canyon sanidine K-Ar 2900+80 Obradovich, 1992
Broad Creek sanidine K-Ar 948+17 Obradovich, 1992
not reported sanidine  “Ar/°Ar 47910 Gansecki et al., 1996
Canyon Upper Falis plagiociase K-Ar 692+18 Obradovich, 1992
Upper Falls plagioclase K-Ar 61311 Obradovich, 1992
not reported plagiociase  ““Ar/°Ar 484115 Gansecki et al., 1996
Dunraven Road* Dunraven Pass Rd plagioclase K-Ar 672+19 Obradovich, 1992
Dunraven Pass Rd glass K-Ar 6781236 Obradovich, 1992
Dunraven Pass Rd glass K-Ar 6801224 Obradovich, 1992
Dunraven Pass Rd glass K-Ar 619+211 Obradovich, 1992
Dunraven Pass Rd glass K-Ar 629+105 Obradovich, 1992
not reported plagioclase  “Ar/*Ar 486142 Gansecki et al., 1996
Biscuit Basin Midway Basin sanidine K-Ar 542142 Obradovich, 1992
not reported sanidine “Ar°Ar 51617 Gansecki et al., 1996

Note: All ages reported at 1 o using decay constants of Steiger and Jaeger (1977). Preferred age
by investigator is in boid. Location information for flows as reported by investigator — no further

detail is available.

*Units where the use of “’Ar/*°Ar dating verses K-Ar indicated xenocryst or excess Ar

contamination or incomplete degassing of phenocrysts.
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Table 2.2 - “’Ar/*°Ar isochron ages for the Central Plateau Member lavas

Isochron Runsincluded  “Ar*®Ar; Age MSWD
(ka) (x10)

YCV10 — Summit Lake 11 0of 14 294.5+8.1 137+21 1.31
YCVO0S - Hayden Valley 11 0of 14 294.4+4 4 123+7 1.57
YCV04 - Solfatara 15 of 17 292.8+3.1 113¢10 0.87
YCV17 - Gibbon River 10 of 15 296.6+12.6 107¢15 1.05
YCV09 — West Yellowstone 110f 12 346.2+31.4 94121 0.59
YCV06 - Grants Pass Lower bounds 83+26

YCV12 - Pitchstone Plateau 120f 14 310.5+£31.9 46191 1.81

Notes: Ages in bold are preferred eruption age assigned to lava. Abbreviations: MSWD (mean
squared weighted deviation) A goodness-of-fit parameter used to assess the statistical scatter of
the plotted data, “°Ar/*®Ar; = initial atmospheric composition of the sample determined from linear
least squares regression of the isochron (inverse of Y intercept). Weighted average of J =
0.000072+0.000001 caiculated from standard Bern 4B (17.25 Ma). Reported errorisa 1 o
posterior error = weighted error times the square root of the MSWD. See Appendix D for
measured isotopic ratios from individual analyses. Ages and 1-sigma errors are calculated using
the equations and constants quoted in McDougall and Harrison (1999). Measured isotopic ratios
are corrected for system blank, mass discrimination, and reactor induced interferences and decay
of “Ar and **Ar. Decay constants after Steiger and Jaeger (1977).
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Table 2.3 - “Ar/*°Ar running mean ages for the Central Plateau Member lavas

07407 o Age Witd Mean (ka)
Run # # crystals % " Ar (ka) (+10) (10) MSWD
YCV10 — Summit Lake
2 1 34 281150
9 1 41 232459 - -
17 A 19 195435 205+30 0.29
1 1 16 168161 198+27 0.29
12 1 6 167116 196426 0.22
5 2 35 158+21 17316 049
15 2 20 149+125 172416 0.40
6 3 17 12321 154+13 0.90
3 A 12 12123 146:11 1.01
4 1 1 954358 146111 0.88
1 1 12 92424 136¢11 1.26
13 1 29 87+72 135211 1.18
18 1 25 66+20 121£12 1.97
16 3 5 11484 120+12 1.95
YCVO0S — Hayden Valley
2 1 8 178458 - -
11 1 76 16723 168+21 0.03
13 1 67 14132 160418 0.26
5 A 46 132+7 136+7 0.89
3 1 22 123¢14 134+6 0.84
6 1 79 12048 129+5 1.05
14 1 42 108+12 12615 1.30
4 1 5 108+28 1265 1.17
10 1 52 93+18 12415 1.40
12 1 49 87432 1235 1.39
15 1 7 79433 12215 143
9 1 11 43426 120+6 2.14
8 1 1 41£120 120+6 2.00
7 1 -2 -63+130 12046 2.00
YCV04 - Solfatara
2 1 1 13+91 - -
12 2 5 37131 21£75 0.02
8 1 5 38445 33+38 0.03
7 1 2 50447 40£30 0.05
6 1 11 7036 52423 0.14
13 3 20 73454 55+21 0.14
15 2 16 82424 67+16 0.23
4 A 5 95+16 81£11 0.41
9 1 35 107¢19 87+10 0.54
10 1 27 115413 98+8 0.80
1 1 16 115462 9818 0.73
17 A 16 11656 9848 0.67
16 3 14 127114 105+7 0.88
14 2 35 156146 10617 0.91
1 1 4 167499 106+7 0.87
3 1 31 216+18 119211 3.06
5 1 23 411156 12327 19.62
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0z 408 o Age Witd Mean (ka)
Run # # crystals %" Ar (ka) (+10) (#10) MSWD
YCV17 — Gibbon River
10 2 7 40130 - -
8 1 12 42+105 40129 0.00
13 1 34 82150 51+25 0.26
12 3 18 97441 63121 0.50
2 2 32 98120 82+14 0.73
15 1 55 104114 94+10 0.83
6 1 17 113+£23 979 0.79
9 2 21 121+18 1018 0.88
1 1 13 125186 1028 0.78
5 A 32 127%15 108%7 0.94
3 1 46 1457 127+8 2.27
11 4 50 174+29 128+7 2.29
4 1 43 197+11 140£10 4.95
14 2 48 212427 142110 511
7 1 65 450+17 162122 27.37
YCV06 -Grants Pass
15 A 34 82+15 - -
11 1 42 86+35 83t14 0.01
7 1 48 88166 8313 0.01
9 1 22 96+15 89+10 0.14
8 1 33 102463 89+10 0.12
14 1 68 106148 90+10 0.12
16 1 87 12174 90110 0.13
6 A 70 1353 1305 2.80
4 2 51 146146 1315 2.63
1 1 65 147425 1315 2.38
3 1 51 172144 1315 2.23
2 1 58 175%45 13124 2.11
17 2 102 177145 13114 2.02
10 1 68 228+31 1325 2.62
5 2 80 24718 147+11 15.39
18 1 145 267+73 147+11 14.54
YCV12 — Pitchstone Plateau
12 2 1 31+£375 - -
8 1 3 3735 37434 0.00
14 2 4 44195 3732 0.00
5 1 4 44+40 40125 0.01
9 1 7 53+£30 46119 0.03
4 3 7 62122 53t14 0.09
13 3 10 73+70 54114 0.09
11 2 8 7521 60+12 0.18
1 1 13 98+37 64111 0.28
6 A 14 146423 80£12 1.43
3 2 19 147138 84+12 1.58
7 1 14 160147 87¢12 1.66
2 1 19 185+43 92+13 1.92
10 1 35 291£121 93+13 1.98
-
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(Table 2.3 continued)

Notes: Ages from each run are fusion step (see text). Weighted mean ages in bold are
preferred eruption age assigned to lava. A running weighted mean is not calculated for the West
Yellowstone flow due to the indication of excess argon on the isochron. Abbreviations: MSWD
(mean squared weighted deviation) = A goodness-of-fit parameter used to assess the statistical
scatter of the plotted data. Numbers in italics are excluded from calculation due to MSWD value
above critical limits (see text). Weighted average of J = 0.000072+0.000001 calculated from
standard Bern 4B (17.25 Ma). Reported error is a 1 ¢ posterior error = weighted error times the
square root of the MSWD. %*°Ar* is percentage of radiogenic argon in fusion step. See Appendix
D for measured isotopic ratios from individual analyses. Ages and 1-sigma errors are calculated
using the equations and constants quoted in McDougall and Harrison (1999). Measured isotopic
ratios are corrected for system blank, mass discrimination, and reactor induced interferences and
decay of *’Ar and **Ar. Decay constants after Steiger and Jaeger (1977).
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Table 2.4 - Summary of alf age dating methods for the CPM.

Eruption Unit Prefe(r:(ea? K-Ar Oth(ekra I)(-Ar hy(ci)rgfiig;a(nka) Zirct():al).l-Th ?oinr(&';:’ix
Summit Lake 13143 (s) 10343 (g) 135211
13118 (g) 10543 (s)
1064 (s)
Hayden Valley 11411 (s) 9915 (s) 150 12245
107415 (s)
Solfatara 11043 (s) 1087 (s) 16712 1067
Gibbon River 90+2 (g) 87+54 (g) 110 13616 10817
11618 (s)
14843 (g)
159451 (s)
20718 (p)
West 12043 (s) 72+12 (s) 100 16372 9421
Yellowstone 12346 (s) 9742 (s)
12614 (s) 10813 (g)
132161 (s)
Grants Pass 7243 (s) 8213 (g) 100 90£10
Pitchstone 7042 (s) 101 :ll; 87+12
Plateau

Notes: Reported errors: K-Ar 10 standard errors, ‘“CAr/">Ar 10 posteriori error, zircon mean 2 g.
Abbreviations: (g) — glass, (s) - sanidine, (p) ~ plagioclase. K-Ar ages from Obradovich (1992).
Obsidian Hydration ages from Friedman and Obradovich (1981). Zircon ages from Vazquez and
Reid (2002).
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Figure 2.1 - Map of associated lavas of the Plateau Rhyolite. CPM flows dated in this study are
darker shaded. Lava flow abbreviations: AC-Aster Creek, BB-Biscuit Basin, BL-Buffalo Lake, BP-
tuff of Bluff Point, BR-Bechler River, C-Canyon, DC-Dry Creek, DR-Dunraven Road, EB-Elephant
Back, GP-Grants Pass, GR-Gibbon River, HV-Hayden Valley, M-Mallard Lake, ML-Mary
Lake,NP-Nez Perce Creek, PP-Pitchstone Plateau, SC-Spruce Creek, SCP-Scaup Lake, SL-
Summit Lake, SP-Soifatara Plateau, SPC-Spring Creek, TS-Tuff of Sulfur Creek, WT-West
Thumb, WY-West Yellowstone. Modified from Hiidreth et al. (1984), Christiansen (2001), and
Vazquez and Reid (2002).
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