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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 

problematic, 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.

4QAr/39Ar dating using multiple analytical runs and statistical assessment of the data 

produced satisfactory results 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 Inlet Basin,
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respectively. The hypothetical CBM recovery rates could continue natural 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 40Ar/39Ar Chronostratigraphy to Geologic Problems in 
the Yellowstone National Park and Cook Inlet 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 

(1896a, 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 to stable daughter 40Ar is successfully utilized to determine the 

age of a rock (see McDougall and Harrison, 1999 fora 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 value 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 40Ar/39Ar 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 40Ar/39Ar method, several 

advantages over the K-Ar method became apparent, 1) the ratio of daughter (^Ar) to parent ("K  

through its proxy; 39Ar) 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 all of the daughter product, 3) smaller 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 melt 

(varied distribution of40Ar* [radiogenic argon] relative to distribution of ̂ K and hence40Ar), and 

excess argon contribution from the mantle. The assessment of age spectra and the use of single 

crystal 40Ar/39Ar dating have enabled the recognition of excess argon resulting 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 Dalrymple, 1976, McDougall 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 complex 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 

usefulness 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, I 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 multi-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 leam the ^Ar/^Ar 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 5 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 

^Ar/^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 sample 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 ^Ar/^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 volcanic 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 (Peariette family of ash beds) 

have been geochemically fingerprinted and correlated to geochemical analyses of lavas from the 

Yellowstone Plateau volcanic field (Powers et al., 1958; Izettetal., 1970,1971,1972; Wilcox et 

al., 1970; Izett, 1981; Izettand Wilcox, 1982; Naeseretal., 1971,1973; Reynolds, 1979; Wilcox
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and Naeser, 1992; Perkins et al., 1998). The dates from the volcanic 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 chronologic 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). I 

conducted the ^Ar/^Ar analyses of samples he collected, interpreted the results, 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 (Triplehom et al., 1977; Turner et al., 1980) and 

palynomorphs and fossil floras that comprise the Neogene provincial paleobotanical stages 

(Seldovian, Homerian, and Clamgulchian; 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 (Triplehom 

etal., 1977; Turner etal., 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
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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 (Barnes 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 faulting (Parkinson, 1962; Kirschner and 

Lyon, 1973; Fisher and Magoon, 1978; Haeussleretal., 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 faults 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 eastern Russia are correlated on the basis of these 

stages (Wolfe etal., 1966; Wolfe, 1972; Wolfe, 1994; Fofyanova, 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; Wolfe, 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 (Clamgulchian 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

I developed this project, collected 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 40Ar/39Ar dating. I 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 (Strieker, 1991). The technology 

of utilizing natural gas from coal beds (termed coalbed methane, [CBM]) has recently come to 

Alaska (e.g. Smith, 1995; Barker etal., 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., Strieker, 1991; 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 faulting 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 ̂ Ar/^Ar can be 

applied to elucidate the stratigraphic and structural relations.

Research Goals

1) Use ^Ar/^Ar 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 results 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 Or. 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 BeaverCreek 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. I 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. I 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 -  40Ar/39Ar geochronology of the Central Plateau Member of Plateau 
Rhyolite, Yellowstone National Park1

Introduction

In the fast -2  My, three eruptive cycles have produced >6000 km3 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 km3), Krakatoa (18 km3), or Tambora (150 km3) 

(Williams and McBirney, 1979; Decker and Decker, 1981). The youngest cycle commenced with 

the collapse of the Yellowstone caldera (604±4 ka, Gansecki et al., 1998) and emplacement of 

the -1000 km3 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 rhyolites (Fig. 2.1) (Christiansen and Blank, 1972).

The Central Plateau Member (CPM) is the youngest and most voluminous (>900 km3) 

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 more than three flows are in stratigraphic contact at any locality (Fig. 2.2) (Christiansen 

and Blank, 1972).

Rhyolites erupted from Yellowstone caldera 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 Izett, 1991; Drake, 1992; Izett, 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

1 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 fora single age population. The resulting 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 results 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.

40Ar/3*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.
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This presents a problem 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 40Ar/39 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 resultant 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 result of the 

limitations of the K-Ar method that can be addressed by the40Ar/39 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 Bern 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 of39Ar from 39K during irradiation. This J value from the fluence mineral is 

used to relate the amount of 39Ar derived from 39K in the unknown thus relating the relative 

amount of daughter ('“ Ar*) to the parent (“ K through its proxy:39Ar) 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 measured40Ar* 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 volcanic minerals (<200 ka) “ Ar* 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 resulted 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 resulting 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 to36Ar of a sample because it 

does not assume an initial atmospheric ^Ar/^Ar ratio of 295.5 as with conventional K-Ar and 

plateau40Ar/^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)40Ar 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)]1/2) for n 

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 1a 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 samples contained large amounts of atmospheric 

argon. This caused the spectrometer to switch from the low voltage 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 oldest and assumes that, for volcanic rocks that have not undergone additional 

heating events, excess40Ar or contamination by older xenocrysts is more likely than Ar loss due 

to alteration. The running mean and MSWD are calculated 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 o 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 “ Ar/̂ An whereas the isochron error accounts for the 

error uncertainty associated with the “ Ar/“ Ar̂  intercept. We assigned the higher precision 

running weighted mean as our preferred eruption age.

Results

Inverse isochron analyses indicate that all sanidine samples have 40Ar/36Ar: compositions 

within 1a 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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<0Ar/39Ar 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, 2a away from the mean age indicating it is probably a xenocryst. 

Removal of this outlier from the isochron calculation 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 2a level. Run #18 has somewhat higher 

precision (66±20 ka), but is not within 2a 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 137±21 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 results 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 (Bechler Meadows sample locality) reflecting the older age (131 ±3 and 

131 ±8 ka, respectively). However, the glass age (103±3 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.

YCV05 -  Havden Valiev 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 2or 

from the mean age for the rest of the data. Two additional individual analyses produced 

anomalous younger ages. These runs have little or no40Ar* (0% #7 and 1% #8; Appendix D), 

thus the young ages. These probably suffered from almost 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 not 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 

122±5 ka (1a) 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 106±7 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 (1a) is 

indistinguishable from this K-Ar age for the Solfatara Plateau flow (Fig. 2.5).

YCV17 -  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

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



21

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 calculation yields an age of 107±15 ka (Table 2.2). 

A running weighted mean age for these is 108±7 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 domal region in the vicinity of Hill 8065 

(south of Norn's 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 Solfatara Plateau flow that has a younger K-Ar age 

(110±3 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 40Ar/39Ar 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, 273±24 ka) is identified as 

xenocrystic, being 2 a from the mean, and is removed from the calculations. An ^Ar/^Ar, value 

of 346±31 indicates that excess argon is a problem 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±3,123±6,126±4 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). Due 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 MSWD 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 statistically 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 values 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 ^Ar/^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 

Plateau 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 39ArK (reactor induced39Ar from 39K) 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 older. 

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.

Maama 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 preemptive 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 flow 

at -107 ka, and culminating 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 o f-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 “'W/'^Ar analyses are suggestive of 

a clustering of eruptive events represented by multiple flows separated by -15 ka hiatuses. If this 

interpretation is correct, and if volcanic 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 Valley 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 40Ar/39Ar 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 results presented in this study demonstrate that excess argon, 

xenocrystic contamination, and argon loss can be more accurately identified and resolved using 

the 40Ar/39Ar method for young volcanic provinces such as the Yellowstone volcanic field.
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Table 2.1 -  Reported Plateau Rhyolite geochronology

Stratigraphic Unit Locality Mineral Method Age (ka) Reference
Central Plateau Member

Pitchstone Plateau Pitchstone Plateau sanidine K-Ar 70±2 Obradovich. 1992
S km east of Phantom 

Fumarole zircon U-Th 101 -10
Vazquez and Reid, 

2002
Grants Pass Bechler Summit sanidine K-Ar 7Z±3 Obradovich, 1992

Bechler Summit glass K-Ar 82±3 Obradovich, 1992

not reported glass obsidian
hydration 100 Friedman and 

Obradovich. 1981
Gibbon River Gibbon Hill dome sanidine K-Ar 11618 Obradovich. 1992

Norn's Basin hill 8065 sanidine K-Ar 159±51 Obradovich, 1992
Norris Basin hill 8065 glass K-Ar 148±3 Obradovich, 1992
Norris Basin hill 8065 plagiodase K-Ar 207±18 Obradovich, 1992
Vent dome hill 8540 glass K-Ar 87±54 Obradovich. 1992
Vent dome hill 8540 glass K-Ar 90±2 Obradovich, 1992

not reported glass obsidian
hydration 110 Friedman and 

Obradovich, 1981
Cliff on east side of 

Gibbon Canyon zircon U-Th 136 :;46
Vazquez and Reid, 

2002
Solfatara Plateau Virginia Meadows sanidine K-Ar 110±3 Obradovich, 1992

Virginia Meadows sanidine K-Ar 108±7 Obradovich, 1992
2.5 km east of Virginia 

Meadows zircon U-Th Vazquez and Reid, 
2002

Hayden Valley Yellowstone River sanidine K-Ar 107±15 Obradovich, 1992
Yellowstone River sanidine K-Ar 114111 Obradovich, 1992
Yellowstone River sanidine K-Ar 99±5 Obradovich, 1992

not reported obsidian 150 Friedman andglass hydration Obradovich. 1981
Bechler River Gregg Fork sanidine K-Ar 11213 Obradovich. 1992

Gregg Fork glass K-Ar 119±3 Obradovich, 1992
Iris Falls sanidine K-Ar 12414 Obradovich, 1992

West Yellowstone West Yellowstone sanidine K-Ar 132161 Obradovich. 1992
West Yellowstone sanidine K-Ar 12013 Obradovich, 1992
West Yellowstone sanidine K-Ar 12316 Obradovich, 1992
West Yellowstone sanidine K-Ar 12614 Obradovich, 1992
West Yellowstone glass K-Ar 10813 Obradovich. 1992

Firehole River sanidine K-Ar 72±12 Obradovich, 1992
Firehole River sanidine K-Ar 9712 Obradovich, 1992

not reported glass obsidian 100 Friedman and
hydration Obradovich.1981

1.5 km north of Mystic 
Falls zircon U-Th 1 « 3 -n

Vazquez and Reid, 
2002

Summit Lake Madison Lake vent sanidine K-Ar 13113 Obradovich, 1992
Madison Lake vent glass K-Ar 10313 Obradovich, 1992
Bechler Meadows sanidine K-Ar 10614 Obradovich, 1992
Bechler Meadows sanidine K-Ar 10513 Obradovich, 1992
Bechler Meadows glass K-Ar 13118 Obradovich, 1992

Nez Perce Creek Upper Mesa Road sanidine K-Ar 15013 Obradovich. 1992
Firehole River sanidine K-Ar 1161282 Obradovich, 1992
Firehole River sanidine K-Ar 16813 Obradovich. 1992

Gibbon Canyon sanidine K-Ar 16514 Obradovich, 1992

Elephant Back Elephant Back 
Mountain sanidine K-Ar 15312 Obradovich, 1992

Aster Creek Flat Mountain Arm sanidine K-Ar 15513 Obradovich, 1992
Flat Mountain Arm glass K-Ar 19313 Obradovich, 1992

West Thumb West Thumb sanidine K-Ar 152162 Obradovich, 1992
West Thumb sanidine K-Ar 14714 Obradovich, 1992
West Thumb glass K-Ar 158111 Obradovich, 1992

not reported glass obsidian
hydration 210 Friedman and 

Obradovich, 1981
Buffalo Lake Latham Spring sanidine K-Ar 16013 Obradovich, 1992
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Stratigraphic Unit Locality Mineral Method Age (ka) Reference
Tuff of Bluff Point Bluff Point sanidine K-Ar 162±2 Obradovich, 1992
Dry Creek Continental Divide sanidine K-Ar 209±72 Obradovich, 1992

Continental Divide sanidine K-Ar 162±2 Obradovich, 1992
2.5 km east of Norn's 

Pass zircon U-Th Vazquez and Reid, 
2002

Mary Lake Mary Lake sanidine K-Ar 16S±4 Obradovich, 1992
Mallard Lake Member

Mallard Lake Isa Lake sanidine K-Ar 149±5 Obradovich, 1992
Mallard Lake Trail sanidine K-Ar 153±5 Obradovich. 1992

Uooer Basin Member
Scaup Lake* Scaup Lake sanidine K-Ar 226±89 Obradovich. 1992

Scaup Lake sanidine K-Ar 275111 Obradovich, 1992
not reported sanidine V A r 198±8 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 479±10 Gansecki et al.. 1996

Canyon Upper Falls plagiodase K-Ar 692±18 Obradovich, 1992
Upper Falls plagiodase K-Ar 613±11 Obradovich. 1992
not reported plagiodase *Ar/“Ar 484±15 Gansecki et al., 1996

Dunraven Road* Dunraven Pass Rd plagiodase K-Ar 672+19 Obradovich, 1992
Dunraven Pass Rd glass K-Ar 678±236 Obradovich, 1992
Dunraven Pass Rd glass K-Ar 680±224 Obradovich, 1992
Dunraven Pass Rd glass K-Ar 619±211 Obradovich, 1992
Dunraven Pass Rd glass K-Ar 629±105 Obradovich, 1992

not reported plagiodase wAr/“Ar 486±42 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 a  using decay constants of Steiger and Jaeger (1977). Preferred age
by investigator is in bold. 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 Runs included ^Ar/^An
Age 

(ka) (H  o)
MSWD

YCV10 -  Summit Lake 11 of 14 294.518.1 137121 1.31
YCV05 -  Hayden Valley 11 of 14 294.414.4 12317 1.57
YCV04 -  Solfatara 15 of 17 292.813.1 113H0 0.87
YCV17 -  Gibbon River 10 of 15 296.6112.6 107115 1.05
YCV09 -  West Yellowstone 11 of 12 346.2131.4 94121 0.59
YCV06 -  Grants Pass Lower bounds 83126
YCV12 -  Pitchstone Plateau 12 of 14 310.5131.9 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, 40Ar/36Ari = initial atmospheric composition of the sample determined from linear 

least squares regression of the isochron (inverse of Y intercept). Weighted average of J = 

0.00007210.000001 calculated from standard Bern 4B (17.25 Ma). Reported error is a 1 a 

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 37Ar and 39Ar. 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

Run# # crystals %40Ar* Age 
(ka) (±1ct)

Wtd Mean (ka) 
(±1o) MSWD

YCV10
2
9

-  Summit Lake 
1 
1

34
41

281±50 
232159

17 A 19 195135 205130 0.29
11 1 16 168161 198127 0.29
12 1 6 1671116 196126 0.22
5 2 35 158121 173116 0.49
15 2 20 1491125 172116 0.40
6 3 17 123121 154113 0.90
3 A 12 121123 146111 1.01
4 1 1 951358 146111 0.88
1 1 12 92124 136111 1.26
13 1 29 87172 135111 1.18
18 1 25 66120 121H2 1.97
16 3 5 11±84 120±12 1.95
YCV05
2

-  Havden Valiev 
1 8 178158

11 1 76 167123 168121 0.03
13 1 67 14H32 160118 0.26
5 A 46 13217 13617 0.89
3 1 22 123114 13416 0.84
6 1 79 12018 12915 1.05
14 1 42 108H2 12615 1.30
4 1 5 108128 12615 1.17
10 1 52 93118 12415 1.40
12 1 49 87132 12315 1.39
15 1 7 79133 12215 1.43
9 1 11 43±26 120±6 2.14
8 1 1 41±120 120±6 2.00
7 1 -2 -63H30 120±6 2.00
YCV04
2

- Solfatara
1 1 13191

12 2 5 371131 21175 0.02
8 1 5 38145 33138 0.03
7 1 2 50147 40130 0.05
6 1 11 70136 52123 0.14
13 3 20 73154 55121 0.14
15 2 16 82124 67116 0.23
4 A 5 95116 81111 0.41
9 1 35 107119 87110 0.54
10 1 27 115113 9818 0.80
11 1 16 115162 9818 0.73
17 A 16 116156 9818 0.67
16 3 14 127114 10517 0.88
14 2 35 156146 10617 0.91
1 1 4 167199 10617 0.87
3 1 31 216±18 119H1 3.06
5 1 23 41H56 123±27 19.62
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Run# # crystals %40Ar* Age 
(ka) (±1o)

Wtd Mean (ka) 
(±1o) MSWD

YCV17
10

-  Gibbon River 
2 7 40±30

8 1 12 42±105 40±29 0.00
13 1 34 82±50 51125 0.26
12 3 18 97±41 63121 0.50
2 2 32 98±20 82114 0.73
15 1 55 104±14 94110 0.83
6 1 17 113±23 97t9 0.79
9 2 21 121±18 10118 0.88
1 1 13 125±86 10218 0.78
5 A 32 127±15 10817 0.943 1 46 145±7 127i8 2.2711 4 50 174±29 128±7 2.294 1 43 197H1 140±10 4.9514 2 48 212±27 142±10 5.117 1 65 450±17 162±22 27.37
YCV06 -Grants Pass 
15 A 34 82±15
11 1 42 86±35 83114 0.01
7 1 48 88±66 83113 0.01
9 1 22 96±15 89110 0.14
8 1 33 102±63 89110 0.12
14 1 68 106±48 90110 0.12
16 1 87 121±74 90110 0.136 A 70 135±3 130±5 2.804 2 51 146±46 131±5 2.63
1 1 65 147±25 131±5 2.38
3 1 51 172±44 131±5 2.232 1 58 175±45 131±4 2.11
17 2 102 177±45 131±4 2.02
10 1 68 228±31 132±5 2.62
5 2 80 247±8 147H1 15.39
18 1 145 267±73 147±11 14.54
YCV12
12

-  Pitchstone Plateau 
2 1 31±375

8 1 3 37±35 37134 0.00
14 2 4 44±95 37132 0.00
5 1 4 44±40 40125 0.01
9 1 7 53±30 46119 0.03
4 3 7 62±22 53114 0.09
13 3 10 73±70 54114 0.09
11 2 8 75±21 60112 0.18
1 1 13 98±37 64111 0.28
6 A 14 146±23 80112 1.43
3 2 19 147±38 84112 1.58
7 1 14 160±47 87112 1.66
2 1 19 185±43 92±13 1.9210 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 o posterior error = weighted error times the 

square root of the MSWD. “/o^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 37Ar and 39Ar. Decay constants after Steiger and Jaeger (1977).
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Table 2.4 - Summary of all age dating methods for the CPM.

Eruption Unit Preferred K-Ar 
(ka)

Other K-Ar 
(ka)

Obsidian 
hydration (ka)

Zircon U-Th 
(ka)

Sanidine 
“ Ar/39 Ar 

(ka)
Summit Lake I3I±3 (s) 

131±8 (g)

I03±3 (g) 

105±3 (s) 

106±4 (s)

135±11

Hayden Valley 114+11 (s) 99±5 (s) 

I07±l5(s)

150 122±5

Solfatara 110±3 (s) I08±7 (s) i67 106±7

Gibbon River 90±2 (g) 87±54 (g) 

116±8 (s) 

I48±3 (g)

159±51 (s) 

207±I8(p)

110 □ 6  :;46 108±7

West 120±3 (s) 72±I2 (s) 100 163 :?7 94±21
Yellowstone I23±6 (s) 

I26±4 (s)

97±2 (s) 

108+3 (g) 

I32±6I (s)

Grants Pass 72±3 (s) 82±3 (g) 100 90±10

Pitchstone
Plateau

70±2 (s) 87±12

Notes: Reported errors: K-Ar 1o standard errors, ^Ar/^Ar “I a posteriori error, zircon mean 2 o. 

Abbreviations: (g) -  glass, (s) -  sanidine, (p) -  plagiodase. 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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West 
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 1—
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Central Plateau 
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Mallard Lake 
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Upper Basin 
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111° 30'
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lavas
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YC V12 Sample number 
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i 1 1 9 0 : 1 X 9 3  
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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-Solfatara Plateau, SPC-Spring Creek, TS-Tuff of Sulfur Creek, WT-West 
Thumb, WY-West Yellowstone. Modified from Hildreth etal. (1984), Christiansen (2001), and 
Vazquez and Reid (2002).
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Fig. 2.4 - Age plots for YCV10. A) Inverse isochron and B) inverse running weighted mean.
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Fig. 2.5 - Revised CPM stratigraphy based on 40Ar/39Ar dating. Location of lavas and geologic quadrangle maps on Figure 2.1. 
Diagram layout follows that of Figure 2.2 for comparison with arrows indicating relevant stratigraphic changes.
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Rg. 2.6 - Age plots for YCV05. A) Inverse isochron and B) inverse running weighted mean.
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39Ar/40Ar
Fig. 2.7 - Inverse isochron plot for YCV04.

3BAr/"Ar
Fig. 2.8 - Inverse isochron plot for YCV17.
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Fig. 2.9 - Inverse isochron plot for YCV09.
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Y C V 1 2  Pitchstone P lateau  flow

39Ar/40Ar

Fig. 2.11 - Inverse isochron plot for YCV12. Two reference isochrons plotted to show 
distribution of wedge-shaped data.
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Chapter 3 - 40Ar/39Ar Chronostratigraphy of the Kenai Group, Cook Inlet, Alaska

Introduction

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 (Fig.

3.1). Due to an abundance of well-preserved plant leaves, the Kenai Group has been designated 

the type section for three Neogene provincial paleobotanical stages: the Seldovian, Homerian, 

and Clamgulchian (Wolfe et al., 1966; Wolfe and Tanai, 1980). The palynomorphs and fossil 

floras that comprise these stages have long age ranges (Wolfe et al., 1966) primarily based on 

limited, imprecise K-Ar dating of outcrop sections from Cook Inlet (Triplehom et al., 1977; Turner 

et al., 1980). Tertiary plant-bearing strata from Alaska, the Pacific Northwest and eastern Russia 

are correlated on the basis of these stages (Wolfe et al., 1966; Wolfe, 1972; Wolfe, 1994; 

Fot'yanova, 1985). In addition, the Kenai Group is an important source of oil and gas production 

and contains a valuable, under-developed coal resource. Thus, understanding the geologic 

history of the basin is important from an economic as well as a paleontological standpoint.

The first discoveries of oil and gas in Alaska were within the Cook Inlet Basin, which 

remains an important producer of these resources. Abundant coal deposits are found throughout 

the basin, but have not been exploited to any significant degree. Even with the extensive 

database compiled by exploration companies, the lateral and vertical relationships between strata 

in isolated outcrops and the subsurface remain poorly documented. Over two-thirds of the entire 

Tertiary section is only known from the subsurface. The situation is further complicated by the fact 

that the type sections for all formations of the Kenai Group are based on subsurface electric log 

characteristics (Calderwood and Fackler, 1972; Hite, 1976). Even with abundant well data, 

subsurface correlation and the projection of units into outcrop are problematic due to the lack of 

diagnostic characteristics of individual units and the lack of age-controlling fossil material. 

Furthermore, well-exposed outcrop sections are mostly restricted to a strip along the coast, and 

even there, the usable exposures are scattered because they are disrupted by landslides,
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eroded, or covered in vegetation and soil (Fig. 3.1). Inland, the strata are mostly covered by 

heavy vegetation, soil development and a thick cover of Quaternary alluvium. Attempts to 

correlate outcrop and well data are further hindered by stratigraphic complexities produced by the 

braided and meandering fluvial systems that deposited the Kenai Group sediments. Many 

attempts have been made to correlate strata both locally and regionally via their physical 

character and use of geochemical analyses of coals and ash bed partings. Other correlations 

involve the use of heavy mineral compositions or sedimentary facies associations. Thus far, these 

studies have had limited success, even over short intervals, despite the abundant work done to 

date. Additionally, there is an indication that the formations in the Kenai Group are time- 

transgressive (Swenson, 1997) (Fig. 3.2).

The terrestrial sedimentary deposits of the Kenai Group contain volcanic ash beds that 

occur as partings within the coal seams or as small individual beds (Adkison et al., 1975; Kremer 

and Stadnicky, 1985; Reinink-Smith, 1987,1989, 1990,1995). Reinink-Smith (1987) reported 

over 98 volcanic ash beds in coals from the Kenai Peninsula. K-Ar and fission track dating of 

these volcanic ash layers has been conducted, but discordant ages occur within the data set (Fig. 

3.3, Triplehom et al., 1977; Tumer et al., 1980). In several cases, the fission-track data disagree 

with plagiodase and hornblende K-Ar ages from the same ash bed or the K-Ar ages for different 

mineral phases from the same bed are discordant (Fig. 3.3). Additionally, several of the horizons 

are out of sequence stratigraphically. Some horizons were disregarded due to apparent detrital 

contamination (Turner et al., 1980) while other discrepancies may be due to the limitations of the 

K-Ar method. Xenocrystic contamination, excess argon, incomplete degassing of crystals, and 

argon loss are several problems that cannot be determined with the K-Ar method but are 

potentially resolvable with the 40Ar/39Ar method.

The primary mineral phase obtained from the volcanic ash is plagiodase, a potassium- 

poor mineral that is problematical to date isotopically. Plagiodase has relatively low potassium 

contents, generally <0.1 to ~1%. Plagiodase is widely used for K-Ar dating of igneous rocks, 

primarily basalts, but relatively little is known of its radiogenic argon retention capabilities and no
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detailed laboratory studies have been undertaken of the argon diffusion characteristics of this 

mineral (McDougall and Harrison, 1999). Due to the low potassium content, the incorporation of 

excess argon can have significant effects on the age of a sample yielding anomalously older 

ages. However, interpretation of 40Ar/39Ar age spectra and isochrons can reveal the presence of 

excess argon and also determine argon loss or other complex argon retention histories (e.g., 

Dalrymple and Lanphere, 1974; Lanphere and Dalrymple, 1976; Berger and York, 1981; Harrison 

and McDougall, 1981; Smith etal., 2000; Layer and Gardner, 2001). Thus, plagiodase is 

increasingly recognized as a useful mineral for ̂ Ar/^Ar dating, especially when cooling histories 

are simple and age spectra are used to identify excess argon or thermal disturbances (McDougall 

and Harrison, 1999). Due to the lack of any other age assignment criteria and the difficulty 

correlating the sedimentary units, dating of plagiodase is currently the best tool we have for 

interpreting the age, distribution, correlation, and structural elements of the Kenai Group 

sediments within Cook Inlet Basin. .

This paper presents the methodology and results of ̂ Ar/^Ar dating of plagiodase from 

volcanic tephra partings in coals from the Kenai Peninsula. With meticulous sample preparation 

and multiple analytical runs, reasonable geologic ages are obtained through age spectra analysis 

and statistical evaluation of the data. These dated horizons are placed in a stratigraphic hierarchy 

and are used to understand the complex stratigraphic and structural relations within the Cook 

Inlet Basin.

Geologic Background

Cook Inlet Basin

The Cook Inlet Basin (Fig. 3.1) is an elongate (110 km x 320 km), northeast-trending, 

fault-bounded forearc basin. The basin begins north of Anchorage in the Matanuska Valley and 

trends south along the Alaska Peninsula (Kelley, 1985; Swenson, 1997). The basin is bounded 

on the north by the Castle Mountain Fault system and to the northwest by the Bruin Bay Fault 

system and the magmatic Aleutian arc. The Chugach Terrane and associated Chugach 

Mountains and Border Ranges Fault Zone abut the southeastern side of the basin. Over 8500
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meters of Tertiary sediments occupy the Basin, 6000 meters of which belong to the Kenai Group 

(Crick, 1971; Fisher and Magoon, 1978).

Kenai Group

Several studies have examined the sedimentology of the Kenai Group. Deposition of the 

entire Tertiary section is considered mostly nonmarine (Kirschner and Lyon,1973; Hayes et al., 

1976; Magoon and Anders, 1992; Swenson, 1997) with the possibility of a minor estuarine 

influence in the lowerTyonek Formation (Kirschnerand Lyon, 1973; Hite, 1976; Flores etal., 

1997a, c). Sediment was transferred to the basin from eroded uplands of the accretionary wedge 

to the east and the active volcanic arc and rocks of the Peninsular terrane to the west by alluvial 

fans (Crick, 1971; Hartman etal., 1972; Hayes etal., 1976; Hite, 1976; Rawlinson, 1984; Magoon 

and Anders, 1992; Swenson, 1997). Additional material was transferred from interior Alaska 

through an axial fluvial system flowing north to south into the Gulf of Alaska (Kirschner and Lyon, 

1973; Rawlinson, 1984). Uplift of the Alaska Range in late Tertiary time supplied abundant 

volcanic grains during deposition of the Sterling Formation (Hayes et al., 1976; Rawlinson, 1984). 

The various depositional settings have been described as braided, anastomosing, and 

meandering stream systems located on a broad alluvial plain (Hayes et al., 1976; Hite, 1976, 

1985; Rawlinson. 1979,1984; Kremer and Stadnicky, 1985; Flores and Strieker, 1992; Flores and 

Strieker, 1993a, 1993b; Flores etal., 1997b). These depositional systems produced lenticular 

coals and fine-grained sediments in the interfluve areas and between fans with channel sands 

and bar deposits accumulating proximal to the axial fluvial system. Ongoing subduction 

underneath Alaska created cycles of uplift, erosion, and accommodation space producing a 

complex stratigraphic framework of interbedded sandstone, siltstone, and coal throughout 

Tertiary time (Swenson, 1997). The three sediment source areas, erosive nature of the fluvial 

systems, and continuous shifting of the basin depocenter produced laterally discontinuous units 

that are easily miscorrelated due to their interbedded nature and similar physical characteristics.

Dali and Hams (1892) first used the term “Kenai Group" for coal-bearing strata in the 

Cook Inlet area. Barnes and Cobb (1959) measured multiple sections and described the coal-
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bearing units, applying the name Kenai Formation to sediments on the Kenai Peninsula. 

Calderwood and Fackler (1972) elevated the Kenai Formation to group status and described and 

defined five formations (West Foreland, Hemlock Conglomerate, Tyonek, Beluga, and Sterling 

Formations) based on subsurface type sections (Fig. 3.2). These type sections are distinguished 

by electric log characteristics and well cuttings, with supporting palynology and heavy mineral 

analyses (Kelley, 1963; Calderwood and Fackler, 1972; Carter and Adkison, 1972; Kirschner and 

Lyon, 1973; Hite, 1976). Fisher and Magoon (1978) removed the West Foreland Formation from 

the Kenai Group because it did not meet the original description of a “coal-bearing unit”

The outcrop sections along the west edge of the Kenai Peninsula have been measured 

by Barnes and Cobb (1959) and Merritt et al. (1987). Barnes and Cobb did not include detailed 

lithology on their sections and primarily plotted only the thicker coal beds. This study was done 

before the current stratigraphic units had been defined for the area. Merritt et al. (1987) measured 

the same outcrops but included detailed lithology and sedimentology on their columns. These 

coastal outcrops are fairly uniform and look very similar along the coast with little identifying 

geography to locate oneself on the map. Unfortunately, their measurements were made before 

the use of the Global Positioning System (GPS) and thus locating their sections is problematic. In 

addition, many of their columns were drafted upside down in the final publication. By close 

inspection of the outcrops with a few identifiable streams and geographic locations, discussions 

with Jim Clough (2001) at the Alaska Department of Natural Resources Geological and 

Geophysical Surveys, and the few remaining field notes left at the survey, I was able to determine 

which sections were incorrectly reproduced. From Falls Creek to Cape Starichkof to the south, 

almost all the stratigraphic columns are printed upside down (Merritt et al., 1987, Plate 13). Their 

drafting error seems to originate from the incorrect interpretation of structure on the correlated 

plate. This is best illustrated (Merritt et al., 1987, Plate 13) south of Corea Creek where two 

columns plotted side by side have a labeled core of an anticline at the top. This area has a broad 

gently folded antiform but based on the layout of the sections, one would move down section
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stratigraphically moving off either limb of the fold as reproduced by Merritt et al. and not up- 

section as would be correct for an antiform.

The Kenai Group has been designated the type section of three Neogene provincial 

paleobotanical stages: the Seldovian, Homerian, and Clamgulchian (Wolfe etal., 1966; Wolfe, 

1972). Tertiary plant-bearing strata from Alaska, the Pacific Northwest and eastern Russia are 

correlated on the basis of these stages (Wolfe, 1972; Wolfe, 1994). Two decades ago, K-Ar 

dating of sparse horizons yielded a limited stratigraphic hierarchy that suffers from discordant and 

imprecise ages. These dates are currently being applied to these stages for regional correlations 

and interpretations (Wolfe etal., 1966; Wolfe, 1972; Wolfe, 1994; Fot’yanova, 1985).

Previous geochronology

Deposition of the Kenai Group appears to have taken ~30 Ma but the age control for this 

determination is poor (Fig. 3.2). The abundant coal-bearing units of the Kenai Group contain 

volcanic ash beds (partings) within the coal seams (Adkison et al., 1975; Kremer and Stadnicky, 

1985; Reinink-Smith. 1987,1989,1990,1995). Reinink-Smith (1987) reported over 98 volcanic 

ash beds in coals from the Kenai Lowland (Fig. 3.1). Imprecise K-Ar and fission track ages of 

these partings indicate the Sterling Formation and upper Beluga Formation represent only 7 

million years of deposition (Fig. 3.3; Triplehom et al., 1977; Turner et al., 1980). The only other 

dated ash horizon (15.8±1.8 Ma [2 a]) is from the upper Seldovian section (lower Beluga or upper 

Tyonek Formation?) on the Chuitna River in the Beluga Coal field on the western side of the inlet 

(Turner et al., 1980). Elsewhere, the lower Beluga Formation and the Tyonek and Hemlock 

Formations are dated on the basis of the distribution of fossil leaves, fruits, and pollen. However, 

many of the palynomorphs are long-ranging genera found in all three of the paleobotanical stages 

(Wolfe et al., 1966). The absence of mammal fossils within these units (Dorr, 1964; McClellan 

and Giovannetti, 1979) eliminates the use of the well-established land mammal ages for North 

America. No published radiometric data are available for the subsurface strata.

Several discrepancies exist in the K-Ar data. Deposits along the western edge of the 

Kenai Peninsula have been designated the type section for the Clamgulchian Stage (Fig. 3.3).
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However, the radiometric data suggests the lower section belongs to the Homerian Stage, based 

on the dated Homeriart/Clamgulchian boundary from Kachemak Bay (Fig. 3.3). Several K-Ar 

chronohorizons were disregarded based on interpretations that detrital material contaminated the 

volcanic ash beds (Turner et al., 1980).

Apatite and zircon fission-track data have been published in conjunction with the K-Ar 

data (Turner et al., 1980). There is good agreement between plagiodase K-Ar and zircon fission- 

track ages for some samples but others are apparently discordant (Fig. 3.3). Only one apatite age 

was reported, the remainder were hampered by crystal defects that interfered with track counting 

and were considered unreliable even though they yielded apparent ages (6.5-10 Ma) similar to 

the other methods (Triplehom et al., 1977). Three samples contained anomalously older 

individual zircon crystals and were used as a basis to suggest that the plagiodase K-Ar ages from 

the same bed also suffered from detrital contamination (Turner et al., 1980). For horizons that 

were discordant, the fission-track age was preferred and detrital contamination was used to 

exclude several K-Ar ages (Fig. 3.3; Turner etal., 1980).

Some of the poor dates may be attributed to inherent problems of dating plagiodase (a 

K-poor mineral) using the K-Ar technique. The K-Ar method is limited to large sample sizes due to 

separate analytical procedures for K and Ar determination. This presents a problem 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 is reliant upon 

complete argon degassing of the crystals (daughter product), a condition where incomplete 

degassing can lead to underestimation of the eruption age. The 40Ar/39Ar method can detect 

many of these problems through step-heating and reverse isochron analysis. In addition, the 

"Ar/^Ar method has several important advantages over K-Ar; 1) the ratio of daughter (40Ar) to 

parent (^K through its proxy: 39Ar) 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 all of the daughter product, 3) smaller sample sizes can be 

analyzed because large quantities for K determination are no longer needed, 4) the sample does
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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 analysis of the distribution of argon within the crystal lattice and can be used to 

determine Ar loss due to alteration, fractionation in the melt (varied distribution of 40Ar*

[radiogenic argon] relative to distribution of 39K hence ^Ar), and excess argon contribution from 

the mantle. The assessment of age spectra and the use of single crystal ^Ar/^Ar dating have 

enabled the determination of excess argon resulting from incomplete degassing of the melt and 

the recognition of xenocrystic contamination at the vent, both of which can lead to overestimated 

ages (e.g., Lanphere and Dalrymple, 1976; McDougall and Harrison, 1999; Layer and Gardner, 

2001). Therefore, the ^Ar/^Ar technique has the potential to ascertain more reliable, precise, and 

accurate ages and can be used to interpret complex argon storage and retention histories in 

problematic samples thus surpassing the K-Ar method as a chronologic tool.

Methods

Volcanic Ash Sample Collection

Volcanic ash layers are commonly associated with coals of the Kenai Group (e.g. 

Triplehom etal., 1977; Turner et al., 1980; Reinink-Smith, 1987,1990). Mires tend to be excellent 

areas for the accumulation and preservation of volcanic tephra because these low-energy 

isolated depositional environments tend to restrict clastic input and are not subject to extensive 

reworking of materials (e.g., Triplehorn and Bohor, 1981,1986; Triplehom et al., 1991). Tephra 

are preserved as partings interbedded with the organic matter (peat). During coalification, 

compaction and chemical changes within the peat disperse the thin partings of ash and can 

remove or alter the glass component of the tephra. Phenocrystic constituents commonly survive 

these diagenetic processes, but varying degrees of alteration are observed.

Tephra in the Kenai coals is identified by close visual inspection. Partings are commonly 

thin (less than 5 cm), reddish-brown to white, with white or clear minerals visible with the naked 

eye or by hand lens (Fig. 3.4). Tephra that are white have a glass component that is unaltered or 

slightly altered whereas the reddish-brown partings tend to have glass that is highly altered and
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commonly indistinguishable. Scattered zones of phenocryst minerals are noted and are often 

overlooked, requiring close inspection of each coal bed. A dry weathered surface will reveal 

minerals as red or white spots on the face cleat surfaces of the coal. The zones are thin (less 

than 3 cm) with scattered minerals above and below (Fig. 3.4a). The scattered nature of the 

minerals may be the result of mixing due to rooting, compaction, or coalification of the peat bed.

All observed volcanic partings were sampled from the western side of the Kenai 

Peninsula along the beach cliff outcrops. Fresh samples were obtained by mining into the coal 

bed taking samples as far from the weathered surface as possible. Care was taken to get clean 

samples while avoiding detrital materials that were consistently moving down the outcrop surface 

or blown by the maritime winds. Multiple partings from individual coal beds were collected. In 

addition, samples of a questionable volcanic origin were collected for close inspection in the lab. 

Samples were collected from available core material at the Alaska Geological Materials Center in 

Eagle River, AK and from core holdings of Marathon Oil Company and Phillips AK, Inc. Detailed 

sample locations are given in Appendix B.

Sample Placement in Stratioraphic Framework

The samples taken from outcrop were placed on the corrected Merritt et al. (1987) 

stratigraphic columns (Plates 1 and 2). In places, the outcrops are either currently covered by 

vegetation or slump blocks or new areas that were covered during the 1986 field season are now 

exposed. The Merritt et al. columns are adjusted to account for these changes by labeling areas 

that are now mostly covered but leaving in their lithology on the column. For areas that are now 

exposed, the new section is measured or visually estimated and placed on the stratigraphic 

framework. The samples taken during this study have locations based on the recently 

unscrambled GPS signal, allowing for precise relocation of sampling sites (Appendix B). 

Preparation of Volcanic Ash for Potential Age Dating

The technique for separating and isolating dateable minerals from the volcanic tephras in 

coals requires multiple steps. Samples were washed and dried to remove adhering detrital 

material from the cleat surfaces. Dried samples were crushed to less than 35 mesh size then

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



55

immersed with de-ionized water in a beaker. The lighter density coal material that floats was 

decanted off. The remaining slurry was placed in an ultrasonic bath for 5 minutes, stirring 

occasionally to loosen or remove adhering coaly material from the mineral phase. The final slurry 

was wet-sieved into 35-60 (0.5-0.25 mm) and 60-100 (0.25-0.15 mm) mesh sizes. The wet-sieved 

fractions were inspected under a binocular microscope to determine which fraction had the best 

and most abundant phenocryst minerals and/or volcanic glass. The chosen fraction(s) were 

separated with heavy liquids, dried, and then run through a Franz magnetic separator. The 

resulting separates were visually inspected for detrital minerals, altered minerals, and uniformity 

of the mineral separate. Altered outer edges or coaly material stuck to mineral surfaces was 

removed by treating with a 14% HF solution for 3-7 minutes depending on mesh size, mineral 

phase, and degree of alteration. A final thorough visual inspection of the separate under a 

binocular microscope and meticulous hand-picking was used to reject minerals that were altered, 

contained inclusions, had adhering coaly material, or were of questionable affinity. An itemized 

list of these procedures is detailed in Appendix A.

Mineral separates from the Kenai samples, in order of abundance, are plagiodase, 

hornblende, glass, magnetite, quartz, beta-quartz, and zircon (Table 3.1 -  separation results). 

Plagiodase is the most abundant phase, occurring in all the separated samples but one 

(000709F). All tephras with more than one phenocryst phase were separated for analysis. Early 

dating results indicated that the analytical precision was not low enough to distinguish between 

multiple partings in the same coal bed. Thus, only the most promising parting from each bed was 

processed for dating even though several were present for some coals.

40Ar/39Ar Age Analysis

Mineral separates were packaged with flux monitor MMhb-1 (513.9 Ma) and sent to the 

McMaster Nuclear reactor in Hamilton, Canada, for a ten or fifteen hour irradiation period. Six 

isotopic analyses were conduded on the fluence monitor and a weighted average was used to 

determine J, a dimensionless parameter relating the production of 39Ar from 39K during irradiation. 

This J value from the fluence mineral is used to relate the amount o f39Ar derived from 39K in the
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unknown thus relating the relative amount of daughter (^Ar*) to the parent ("K through its proxy: 

39Ar) 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). Step heating 

schedules of 3-5 steps were employed for low-K bearing plagiodase and hornblende while 

multiple steps were used for biotite and glass samples. The lower temperature steps have been 

shown to be effective in removing much of the atmospheric argon component (Chesner et al, 

1991; Pringle etal., 1991,1992). Precision for the low K samples was generally poor, so multiple 

aliquots were analyzed in order to improve the statistical precision. These individual runs were 

compiled together to form inverse isochron diagrams (Turner, 1971; Roddick etal., 1980) to 

determine the age of the sample.

A goodness-of-fit parameter, MSWD (mean squared weighted deviation), was used to 

assess the statistical scatter of the data. A MSWD value higher than the critical value of 

(1+2[2/(n-2)]1/z) for n points (Wendt and Carl, 1991) indicates the scatter (95% probability) is not 

from analytical precision alone. Anomalous ages (outliers) can be individually removed from the 

regression until the MSWD is below the critical value. The 1a 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 additionally incorporates the 

scatter of the data.

Anomalous sample behavior was tested by using a running weighted mean following the 

technique of Gansecki etal. (1996,1998). This method sorts the ages from low to high and 

assumes that, for young 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 MSWD were calculated until they reached the critical MSWD value for those n points. The 

assigned age is the last calculated running mean just before the critical value was reached 

(Gansecki et al., 1998).

Several early heating steps contained large amounts of atmospheric argon. This caused 

the spectrometer to switch from the low voltage Daly detector to the high voltage Faraday
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detector. Due to imprecise gain calculations between detectors and to maintain consistency, only 

Daly analyses were used in the age calculations below.

The analyses were conducted over a period from December 2000 to July 2002. The last 

prepared package, containing 67 mineral separates, was lost in the mail en route to the irradiation 

facility. Several key subsurface samples from irreplaceable core material were unfortunately lost 

with this package. Less than half of the 67 had remaining separate material suitable for another 

shipping attempt without significant re-preparation time (8 hours/sample) or trips to the outcrop for 

more sample. Thus, many samples have known mineral separates that potentially could be dated 

but are not include herein (Table 3.1 -  separation results). During the early stages of the 

research, only a few samples were run of several horizons in order to document which sample 

preparation techniques and what analytical protocols were best Additional sample material of 

these earlier dated horizons was also in the package that was lost. Thus, these samples suffer 

from a lack of additional runs that inevitably would have helped the precision and refinement of 

their ages. They are primarily the plagiodase samples in Table 3.2 with five or fewer analytical 

runs.

" A i/’Ar Dating Results

Volcanic ash samples from depositional sequences have additional radiometric dating 

concerns over traditional crystalline rocks. Detrital contamination from the incorporation of older 

“grains” during deposition or from overlying or underlying beds is a potential possibility. Alteration 

by ground water interaction is prevalent in depositional systems. In addition, heating from 

subsequent basin burial can cause chemical reactions that may affect the crystal integrity.

Despite this barrage of potential problems, dating of the interbedded volcanic ash in sedimentary 

systems has been very successful (e.g. Deino et al., 1990; Berggren et al., 1995; Larson and 

Evonoff, 1998; Dallegge, 1999). Sample collection protocols and meticulous preparation 

techniques are required to minimize the detrital contamination. Additional preparation treatments 

such as HF acid, can condition the crystals to remove outer surface contamination, altered areas, 

or adhering altered glass resulting in precise and accurate ages from the cores of the minerals.
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The results presented below show the effectiveness of several preparation techniques 

and the ability of the ^Ar/^Ar method to detect anomalous mineral system behavior. In addition, 

the ^Ar/^Ar results indicate that statistical assessment of multiple analytical runs using a step- 

heating schedule can increase age precision even on K-poor plagiodase samples.

High-Precision Runs

A minor subset of the sampled horizons has individual analyses with high-precision ages. 

These samples have higher potassium contents and thus more radiogenic argon has been 

produced. The increased radiogenic argon boosts the signal into the spectrometer yielding more 

precise measurements. Sample 6-25-77-1 is analyzed using a 4-step heating schedule (Fig. 3.5). 

The higher temperature steps have precisions as low as 72 ka and most are below 500 ka 

(Appendix 0) indicating that any one of the individual analyses would be a suitable age 

assessment for this tephra horizon. An isochron combining all analytical runs yields a very 

precise weighted average age of 6.64±0.07 Ma (Table 3.2). The low Ca/K ratio and increased 

40Ar* yield of this sample suggests that K-feldspar intergrowths or minor amounts of K-feldspar 

crystals may be associated with this sample. In high-temperature volcanic rocks, these two 

plagiodase compositions can coexist in solid solution (Nesse, 1991). Several other samples have 

similar low Ca/K ratios and good precisions on individual runs (e.g. 010526F, 010619B, 0105261; 

Table 3.2).

Low Precision Runs

The analytical precision obtained during this study for most individual plagiodase runs is 

commonly poor (error -5-50% of the apparent age). This results from the inherent nature of 

dating K-poor minerals (plagiodase) using small aliquot amounts.

Plagiodase from sample 010625W in the Diamond Creek area has very low K content, 

thus low radiogenic argon yields. The radiogenic yields from the two higher temperature steps of 

each individual run are between 0.5 to 5% (Appendix D). These low yields are associated with 

abundant scatter due to the detection limits of the spectrometer and signal being just above 

background levels. The error on most individual runs is 30 to 50% of the age. Despite 16
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analytical runs weighted together, the precision on this sample could only be reduced to 0.99 Ma 

on the 7.81 Ma age of the sample (Table 3.2). Other examples of this problem are 010626K, 

010626T, and 010626X (Table 3.2). The low precision on several other samples is related to the 

few analytical runs performed for these samples. This low precision can normally be improved by 

running multiple aliquots of the sample.

Multiple Analytical Runs Increases Precision

Multiple analytical runs can overcome the limitations of poor precision due to low K- 

contents and increase the accuracy of the age. All the samples in this study benefited from 

multiple analytical runs either by combining the individual runs in isochron plots or by taking a 

weighted average of the individual results.

Two to four step heating schedules were used to assess the age of sample 0106260. 

The initial steps contained primarily atmospheric argon where the high-temperature fusion step 

contained most of the radiogenic argon (^Ar*) (Appendix D). The predominantly atmospheric 

steps can be eliminated (Chesner et al., 1991) leaving only the fusion steps. The associated 

errors on these fusion steps range between 0.4 to 2.2 Ma (Appendix D). Averaging the high- 

temperature fusion steps from each of the 13 analyses increases the overall precision for this 

sample, resulting in a weighted average age of 7.53±0.15 Ma.

Plagiodase from a tephra parting in a coal at Falls Creek provides an example where 

multiple analytical runs placed in a combined isochron help to increase the precision (Fig 3.6).

The associated errors for each individual run range between 220 and 570 ka (Appendix D). A 

combined isochron of these runs yields a weighted average age of 6.10±0.11 Ma, half of the 

original amount of the most precise run.

Effectiveness of HF Treatment

Many of the tephra partings once prepared have adhering coaly material or have suffered 

minor alteration. Under the microscope these samples are visibly discolored (they commonly 

have an orange tint) with pitted crystal faces and adhering material. A common procedure for
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removal of adhering glass and contaminants for K-feldspars involves etching in dilute HF acid 

(e.g. Deinoetal., 1990; Obradovich, 1992; Pringle et al., 1992; Gansecki etal., 1996; Gregory 

and McIntosh, 1996). This HF treatment is not well documented for plagiodase. The plagiodase 

was treated with HF acid in an attempt to remove the adhering material and clean up the altered 

outer surfaces of the crystals. A side effect from this treatment is the inclusion of large quantities 

of atmospheric argon apparently to the outer crystal lattice structure of the plagiodase. This 

additional atmospheric argon was not removed during the bake-out indicating that it was 

incorporated into the crystal lattice during etching by the acid This atmospheric increase is seen 

early in the heating schedule (first and/or second step) where 10's to 100's of volts of40Ar are 

released. This causes problems with inaccurate gain determinations between detectors on the 

spectrometer and overwhelms the interior of the flight tube with abundant embedded argon, 

raising the background levels. In order to reduce this problem and to keep the background down 

on the spectrometer, a low temperature heating step of the HF treated samples is used to remove 

the additional atmospheric argon from the extraction line via a turbo pump. This low temperature 

step is not included in the age analysis. Comparison between non-treated and treated samples 

indicates that this initial purging step has little effect on the final age determination.

Several sample subsets were treated with HF acid and analyzed with untreated subsets. 

Commonly, a repetitive pattern of increasing Ca/K ratios is seen throughout the heating schedule 

of a sample, indicating that variability exists between the outer surfaces and cores of the 

plagiodase. Ca/K ratios for the HF treated subset are commonly higher for the low temperature 

heating steps than their untreated sample counterparts. This suggests that the HF treatment is 

removing much of the outer surface alteration or contamination that has disturbed the original K- 

Ca ratio. This relation is seen in sample 010626B where the untreated subset has Ca/K ratios of 

-30 (dimensionless) for heating steps <2000 mW then climbs to -60 for the middle heating step 

(2500-4000 mW), and finally -90 for the highest fusion temperature step (Fig. 3.7). Conversely, 

the HF treated subset ranges from -90 on the low temperature steps to 110-120 for middle to 

high heating steps. Interestingly the apparent age difference between subsets is indistinguishable
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at the obtainable error levels for this sample and similar age variability between runs is noted in 

either subset Based on these increasing Ca/K ratios, removal of the lower temperature steps 

from the final age calculation is justified. Thus, the high temperature fusion steps are the best 

assessment of the age of this sample.

Sample 0106261 has similar relations to sample 010626B, but the degree of variability is 

less. The Ca/K ratios and apparent ages for both the HF treated and untreated, high temperature 

steps are similar. In addition, all runs but one have low temperature Ca/K ratios near 60 for the 

untreated subset (Fig 3.8). These relations suggest that this sample has not undergone the 

degree of alteration seen in sample 010626B. HF treatment for this sample appears to be 

unnecessary.

One sample (010626BB) indicates that HF treatment is vital to interpreting the eruptive 

age (Fig. 3.9). Overall the Ca/K values increase progressively throughout the heating schedule. 

However, the Ca/K values for the untreated subset are highly variable ranging from 10 to 120. 

The higher temperature steps of the untreated sample are similar to their counterparts indicating 

that the variability occurs on the outer surfaces of the crystals. In addition, the Cl/K ratios for this 

sample show similar relations in that the untreated subset has values much higher (0.8-2.0) than 

the expected 0 to 0.3 range of the HF-treated subset and other similar samples. This degree of 

alteration or outer surface contamination has an obvious effect on the apparent ages. Most of the 

low temperature steps have ages that are very old or negative. The high temperature steps have 

reasonable ages in most runs but all have large associated errors. The HF-treated samples are 

considerably more stable and reliable where ages between the middle to higher heating steps are 

concordant and consistent from run to run (Fig. 3.9). An inverse isochron of all HF treated runs 

including all steps yields an age of 7.44±0.42 Ma. This sample clearly shows that the HF 

treatment of the plagiodase is necessary for interpreting the age of the sample.

HF Treatment with Ultrasonic Cleanup

In conjunction with the HF treatment, several samples were also subjected to an 

additional ultrasonic cleanup procedure. After treatments with HF acid, these samples were
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immersed in deionized water and ultrasonically cleaned for an additional 5 minutes. This helped 

to remove loosened material from the acid treatment and took away more of the discoloration. 

This technique is commonly used in conjunction with HF treatment for K-feldspar samples (e.g. 

Deino et al., 1990; Gansecki et al., 1996; Gregory and McIntosh, 1996).

Subsets of plagiodase from sample 010527G are analyzed using untreated, HF-treated, 

and HF-treated ultrasonically cleaned aliquots. Isochron analyses of the untreated sample 

indicate a wedge-shaped pattern to the data. The lower bounds of the wedge are ~6 Ma while the 

upper bound approaches 30 Ma. Isochron assessment of ̂ Ar/^An values of the individual runs 

indicate that they are within 2 a of atmospheric values. However, several intermediate steps are 

anomalously older indicating potential argon storage variations within the crystal lattice structure. 

The ultrasonically cleaned subset tends to support this interpretation in that the isochron has a 

"hockey-stick" pattern where the initial heating steps plot close to the atmospheric intercept while 

there is a distinctive kink in the trend of the data for the intermediate- to high-temperature heating 

steps (Fig. 3.10). For several runs, the high-temperature fusion step has the highest 39Ar/40Ar 

ratio but a lower x Ar/*°Ar ratio than intermediate heating steps. These relations plot the last step 

on the isochron above the intermediate steps along a trend that would yield similar younger ages 

as those of the two youngest untreated runs and fusion steps of the HF-treated subset (Fig. 3.10). 

Two point isochrons through the intermediate steps suggest considerable excess argon may 

have been released during these heating steps but this cannot be confirmed based on the plots of 

the low temperature steps near atmospheric values. This sample has complex argon storage 

sites with variable ratios of argon isotopes that hinders assessment of the true eruptive age and 

does not allow for evaluation of the effectiveness of the ultrasonic cleaning. It is unclear why the 

“hockey-stick” pattern appears in the ultrasonic cleaning subset and not the others, but it does 

clearly illustrate the complex behavior of this sample.

Two other samples were ultrasonically cleaned after HF-treatment but do not show the 

complex behavior of the sample above, nor were there additional subsets processed to evaluate 

the effectiveness of this treatment methodology (Table 3.2). However, the treatment visually
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cleaned up the mineral separates nicely and potentially contributed to the successful analyses of 

these two samples.

Detection of Excess Argon

The ^Ar/^Ar method can detect the presence of excess argon in a sample (^Ar/^Ar 

initial values greater than 295.5), a condition that causes overestimation of the eruption age. 

Using an inverse isochron, the affects of excess argon are removed and the eruptive age is 

calculated. The apparent integrated age of sample 010625L is 6.04±0.48 Ma but a combined 

inverse isochron analysis indicates slight excess argon (^Ar/^An = 299.1±1.3). The isochron age 

corrects for the excess argon yielding a more accurate eruptive age of 5.48±0.39 Ma.

Plagiodase from sample 010530A has age spectra indicative of excess argon. The first 

few heating steps have older apparent ages while subsequent steps drop to lower ages (Fig.

3.11). A combined inverse isochron confirms the presence of excess argon (^Ar/^Ap = 

298.4±1.0; Table 3.2). Assigning the age assessment from the inverse isochron calculation yields 

a more accurate evaluation of the eruptive age.

Due to the possibility of excess argon, age assessment for most samples involved 

isochron ages. The associated error tends to be slightly higher than an apparent age owing to 

inclusion of the posterior error on the ^Ar/^An intercept in the final age determination. However, I 

believe this best represents the correct eruptive age and allows the same systematic criteria to be 

used on all dated horizons.

Xenocrystic Contamination

Several samples have evidence of xenocrystic contamination where entire mineral 

phases are the xenocrysts. Hornblende is one phase that yields much older ages in several 

samples (Table 3.2 -  age data). Sample 010525F is from an argillaceous tephra just below a 

coal bed north of Clam Gulch. Two of the three hornblende runs for this sample yield 40Ar/39Ar 

plateau ages of 79.0±1.6 Ma and 75.5±0.7 Ma. Isochron assessment indicates that 40Ar/36Arj 

values are near atmospheric suggesting that the plateau age is the eruptive age of the 

hornblende (Table 3.2). Clearly these hornblende ages are not representative of the Miocene-
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Pliocene sediments in these locations. The hornblende crystals were probably entrained as 

xenocrysts during the eruption of this tuff through older eruptive units.

Some samples have instances where individual runs are contaminated by xenocrystic 

material and give anomalous older ages. These older ages can be statistically validated as 

outliers to the population and removed, yielding more accurate ages. Sample 010626B-HF 

treated has one fusion run (#5) that gives a precise, but anomalous, older age. Inverse isochron 

analysis indicates this run is a statistical outlier to the population, causing the MSWD to be over 

the critical value. Removal of run #5 from the isochron calculation yields an age of 8.04±0.39 Ma 

with a valid MSWD of 0.73 (Table 3.2). Statistical analysis of the inverse isochron (Fig. 3.12) of 

plagiodase from sample 010625Q indicates that the two runs are outliers to the population 

causing the MSWD to be above critical (2.32). Removal of runs #2 and #17 from the calculation 

yields a statistically valid age of 8.12±0.58 Ma (MSWD = 0.68).

Subsets of plagiodase based on crystal size are analyzed for sample 010529A. Eight of 

nine runs of the 18-35 mesh crystal subset produced a combined isochron age of 7.09±0.25 Ma. 

Run #9 was significantly older and not statistically part of the population. A slight amount of 

excess argon is indicated for this subset (Table 3.2). Ten runs of the 35-60 mesh crystal subset 

did not yield an acceptable isochron. There is significant scatter between runs and within some 

runs. Excess argon is indicated in several of the individual runs and the combined isochron forms 

a wedge shaped pattern. The lowest apparent age indicated is 8.9±0.6 Ma, somewhat older than 

the larger mesh size crystal subset It is unclear why the smaller mesh size crystal subset 

contains so much older material. Potentially these could be related to detrital or xenocrystic 

contamination. The larger crystal subset was composed of individual hand-picked crystals with 

very prominent cleavage planes while the smaller crystal subset used standard heavy liquid and 

magnetic separation procedures with only hand-picked removal of altered or discolored grains. 

Inclusion of detrital material is a possibility in the smaller size fraction.
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Triplehom et al. (1977) and Turner et al. (1980) dated mineral pairs from the same tephra 

horizon using the K-Ar method (Fig. 3.3). For two of the horizons analyzed (DT75-201; DT75- 

208), the hornblende and plagiodase pairs are concordant at the 2 a  error level (Fig. 3.3). 

However, the third dated horizon is discordant (7-13-73-6; Fig 3.3). Similar relations are noted in 

this study, however, use of the 40Ar/39Ar method determines the source of the error for these 

discordant pairs.

Hornblende and plagiodase from sample 010527J have concordant ages. All steps of the 

HF-treated plagiodase runs yield a combined isochron with acceptable precision (Table 3.2). The 

hornblende sample appears to have excess argon. Early heating steps have anomalously higher 

apparent ages that decrease progressively to the higher temperature fusion step. A reverse 

isochron of just the fusion steps from the 13 runs indicates that two of the thirteen are statistical 

outliers and are not part of the population. Removal of the two outliers yields an eruption age 

similar to the plagiodase, but this age is somewhat imprecise due to the lack of data points on the 

isochron and the uncertainty associated with the ^Ar/^Ar intercept

Analyses of hornblende and plagiodase from sample 010619B indicate that hornblende 

is the more stable mineral phase. Ten runs of hornblende yield a good combined isochron age of 

6.90±0.14 Ma. The apparent integrated age for the plagiodase is 9.8±0.2 Ma, potentially what a 

K-Ar age would indicate for this sample. Inverse isochron analysis of the plagiodase yields a 

wedge-shaped scattering pattern to the data that is attributed to inclusion of anomalously older 

ages. Ages range from a lower bound of 6.9 to an upper bound of 13.1 Ma (Fig 3.13). The 

wedge-shaped pattern is probably due to inclusion of excess argon or xenocrystic crystals of 

plagiodase entrained during the eruption. The stable hornblende ages and the similar lower 

bounding age from the plagiodase indicate that the hornblende assessment is a good 

representation of the eruption age.

Sample 010527G has similar relations to the sample 010619b above in that the 

hornblende is a more stable phase. Only two of the ten runs on untreated plagiodase are dose to

Multiple Mineral Phases from the Same Tephra
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the indicated isochron age of the hornblende (Table 3.2). Assessment of the fusion steps only of 

the HF-treated plagiodase subset is similar but imprecise (Table 3.2). Only one of nine HF- 

treated ultrasonically cleaned samples is similar to the hornblende age while the rest form an 

unusual “hockey-stick” pattern on the isochron. Based on the scattered results from the 

plagiodase subsets, the hornblende age is considered more accurate.

Inverse isochron analyses of sample 010526F indicate that possible excess argon is 

present. This sample is a crystal scatter zone in the bottom coal of a doublet that is separated by 

altered tephra south of Clam Gulch. Assessment of the isochron shows that run #7 (36.0±4.5 Ma) 

is a statistical outlier (causes MSWD to be over critical value) and is not part of the population. 

This run is probably contaminated with xenocrystic material or has a higher concentration of 

excess argon causing the anomalous older age. The remaining eight individual analyses of 

single-crystal and aliquot runs form an inverse isochron that indicates excess argon is present 

(^Ar/^Ar, = 325.0±17.2,1cr). An inverse isochron age removes the effed of excess argon and 

produces a statistically meaningful age of 9.23±0.97 Ma (MSWD 0.97). This sample has Ca/K 

values lower than most plagiodase observed in the basin indicating that inclusion of K-feldspar 

intergrowths is probable. In addition, some of the crystals did not fuse well, a common condition 

when using an Ar laser to fuse clear sanidine.

Analyses of multiple mineral phases from sample 010527C are discordant between 

mineral suites. A combined isochron of biotite yields an age of 40.9±9.4 Ma while two of four runs 

of hornblende produced plateau ages of 20.4±2.6 and 25.6±1.8 Ma. Plagiodase from this tephra 

produced a wedge plot on the inverse isochron with lower and upper bounding ages of 5.4 and

9.6 Ma, respectively. Isochron calculations of four runs of volcanic glass from this tephra 

produced a weighted mean age of 5.35±0.33 Ma, very similar to the lower bounds of the 

plagiodase wedge. This suggests that the plagiodase contains crystals with slightly older ages or 

variable zones of argon storage with a slight excess argon component The isochron analyses of
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the biotite and hornblende do not indicate any significant excess argon, so these phases must be 

xenocrystic.

Sample 991015B is from a vitric tuff just north of the Clam Gulch beach access road that 

has several dated mineral phases. Two runs of biotite from this sample yield age spectra 

indicative of open system behavior. The apparent age for each progressive heating step 

increases incrementally reaching ages in excess of 200 Ma. This complex release pattern is 

potentially related to argon loss due to alteration, re-heating from a metamorphic event, or 

variable argon compositions due to incomplete degassing. Plagiodase from the same sample 

also displays similar behavior where the ages increase progressively for each heating step and 

the apparent ages are anomalously old (20-80 Ma). Hornblende from sample 991015B yields 

well-behaved ^Ar/^Ar plateau ages of 158.6±1.1 Ma, 159.5±1.1 Ma, and 157.7±1.3 Ma from 3 of 

4 analytical runs and the fusion step of the fourth is similar (Table 3.2). Isochron analyses of all 

three mineral phases are inconclusive yielding little or no meaningful ^Ar/^An values. The 

heating steps plot randomly on the isochron and no linear trend can be detected to indicate 

uniform ^Ar/^Afc gas release. Based on three discordant mineral phases, open system behavior 

such as argon loss may be responsible for these patterns. However, volcanic glass associated 

with this tephra (see below) produced a reasonable age that is in stratigraphic agreement with 

another glass age higher in the section. Based on the slight degree of argon loss indicated by the 

glass dating, it is probable that the poor dating results of hornblende, biotite, and plagiodase are 

not entirely related to alteration. Potentially the mineral phases were not completely degassed at 

the time of eruption so variability exists in the ^Ar/^Ar compositions throughout the crystal lattice 

due to uptake of excess or inherited argon that was not completely degassed. Plateau ages from 

the hornblende analyses are valid but not supported by isochron determination of the initial 

atmospheric composition. The production of flat plateaus may indicate that this mineral phase is 

xenocrystic and represents actual ages of incorporated wall rock during the eruption.
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Glass Analyses

The dating of volcanic glass is problematic, as glass is susceptible to argon loss due to 

its poor retention capacity (argon diffusion) and susceptibility to devitrification and dehydration. 

However, in geologically young samples that have not had much time to alter, reasonable ages 

have been obtained from glass samples (e.g. Drake et al., 1980). A single glass age may be 

suspect as to its reliability. In spite of this, when several ages from other mineral phases are 

compared in a stratigraphic hierarchy, the reliability and accuracy of a glass analysis can be 

verified.

Two tephra horizons north of Clam Gulch contain volcanic glass and are in good age 

agreement (Plate 3). Three runs of glass from sample 991015B yield age spectra indicative of 

slight argon loss. The apparent ages at the beginning of the run are negative and progressively 

increase to positive at higher temperature steps. Inverse isochron analyses compensate for the 

argon loss resulting in three isochron ages that produce a weighted mean age of 6.69±0.38 Ma. 

Four runs of glass from sample 010525J from a reddish brown parting in a coal seam north of 

Clam Gulch yield flat spectra with minimal argon loss indicated. A weighted average of the 

individual isochron analyses gives an age of 6.06±0.18 Ma. These two tephra horizons are in 

good stratigraphic agreement (Fig. 3.14, Plate 1).

Sample 001019A is from a slightly altered tephra bed between coals south of Clam 

Gulch. Lateral variations in the degree of alteration occur at this location. Three runs of glass 

sampled from a relatively unaltered area yield age spectra indicative of argon loss. Each 

progressive heating step rises in apparent age throughout. Isochron assessment of each run 

indicates that early heating steps are linear. Isochron regressions using the linear trend for each 

run results in three isochron ages that produce a weighted mean age of 8.50±0.12 Ma. This age 

is within error and in good agreement with plagiodase from a parting in the bottom coal below the 

tephra (9.23±0.97 Ma; 010526F; Table 3.2).
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Discussion

Effectiveness of Sample Preparation and ^Ar/^Ar Patina

Meticulous sample preparation is crucial to obtaining clean mineral separates. Turner et 

al. (1980) attributed some of their anomalously older K-Ar ages to detrital contamination but did 

not have any method to validate this observation. It is possible that detrital material was present 

in the large samples required for the K-Ar analyses, but the problems are more likely attributed to 

the contaminate phases found in the results from this study. The ^Ar/^Ar dating results showed 

that most of the older ages are due to xenocrystic contamination and the incorporation of excess 

argon, two problems that are not resolvable with the K-Ar method. Inclusion of this xenocrystic 

material, or crystals with excess argon, causes K-Ar ages to be anomalously older, thus 

potentially explaining the problematic samples in the K-Ar data set.

Early analytical results demonstrated the effectiveness of HF treatment in removing the 

influences of mineral alteration. This sample preparation treatment visually cleaned up samples 

with adhering coaly material and those with altered outer rims. This treatment was tested during 

the early phases of the project and was shown to be effective for most samples, thus it was used 

for additional preparation of problematic samples.

Low-K bearing plagiodase is the dominant mineral phase in Cook Inlet tephras. Despite 

the poor precision attributed to the low-K content, multiple analytical runs overcame this limitation 

and increased the accuracy of the ^Ar/^Ar age. All the samples in this study benefited from 

multiple analytical runs either by combining the individual runs in isochron plots or by taking a 

weighted average of the individual results.

Fifty-nine mineral separates from 42 horizons were 40Ar/39Ar dated for this study (Table

3.2). Five of the 42 horizons did not yield an acceptable dateable mineral phase. The 37 

successfully dated horizons are superimposed on the corrected Merritt et al. (1987) stratigraphic 

columns to form a chronostratigraphic framework for the Kenai Peninsula. This framework is used 

to; 1) interpret the age and distribution of the Kenai Group, 2) assess stratigraphic and structural 

relations within the basin, and 3) provide age correlation from outcrops to the subsurface.
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Kenai Peninsula Chronostratigraphic Framework

The chronostratigraphic framework is used to understand the complex stratigraphic and 

structural relations within the Kenai Peninsula. The dated horizons indicate repetition of strata, 

additional concealed faults, and structural throw greater than that previously inferred. The 

chronostratigraphic hierarchy allows for surface to subsurface correlations and is used to 

estimate a maximum age of deformation and initiation of structural elements. In addition, this 

hierarchy is important for understanding the distribution of depositional units within the basin and 

reveals the time-transgressive nature of the formations.

Faulting

The beach cliff outcrops along the western edge of the Kenai Peninsula are primarily 

northeast dipping and gently folded. Several distinct fault planes are observed in outcrop while 

others are inferred from stream profiles or from slumped and heavily vegetated slopes. Some 

faults that were apparent in the past (Bames and Cobb, 1959) have since been covered. 

Structural throw on these faults was considered minimal (Bames and Cobb, 1959; Wolfe etal., 

1966; Reinink-Smith, 1989,1995).

In the Clam Gulch area, the fault in the creek bed separates two sections of different age 

and structural attitude (Figs. 3.1 and 3.14, Plate 1). North of Clam Gulch the strata are 3.2 to 6.7 

Ma in age while 3 km to the south in a broad syncline with a coal doublet, two dated horizons are 

older, at 8.5-9.2 Ma (Fig. 3.14, Plate 1). A clearly identifiable fault truncates this coal doublet. 

Previous workers interpreted a coal doublet south of the fault as equivalent to the coals north of 

the fault and suggest only a few feet of offset (Bames and Cobb, 1959). However, the coal pair 

south of the fault merges near Falls Creek where an ash parting is dated at 6.1 Ma. This time 

discrepancy indicates a considerably greater amount of throw has occurred on the fault than was 

previously interpreted. The northern block has been significantly upthrown (reverse fault) 

exposing older sediments and disrupting the vertical continuity of strata along this section of the 

outcrop.
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South of Falls Creek the outcrops are covered over a horizontal distance of 890 m. North 

of Corea Creek a clearly identified fault is associated with a broad syncline (Fig. 3.14, Plate 1). 

On the northern limb, two horizons of crystal-rich tuff in coals are dated at 5.4 Ma. Based on the 

dated tephra at Falls Creek (6.1 Ma) and the age of these two crystal-rich tuffs, there probably is 

a concealed fault in the 890 m of covered section with the northern side being the upthrown 

block.

Merritt et al. (1975) measured 335 m of section from the northern limb of a small anticline 

north of Corea Creek up through strata north of Clam Gulch and indicated continuous vertical 

stratigraphic continuity through this interval (Fig. 3.14, Plate 1). The southern portion of this 

section up through the fault north of Falls Creek, is 78 m of the total measured by Merritt et al. 

(1987). The “ Ar/^Ar ages of this southern portion (5.4 to 6.1 Ma) are the same as the strata 

north of Clam Gulch (3.2 to 6.7 Ma) indicating a repeated section. The fault at Clam Gulch does 

not appear to offset the strata significantly as the ^Ar/^Ar ages are concordant up through the 

section north of Clam Gulch (Fig. 3.14, Plate 1). The 78 m of repeated section equates to a 23% 

overestimation of the measured section.

The sediments in the Diamond Creek area range in age from 4.6 to 9.4 Ma and suggest 

that the section is repeated several times (Figs. 3.1 and 3.15, Plate 2). Two fault zones are 

visible, one at Diamond Creek (Flores etal., 1997b) and a low angle, closely spaced fault pair at 

the north end of the outcrop section (-8.3 km from Diamond Creek). Based on the repeated age 

sequence, at least three additional faults may be covered in the numerous slumped and heavily 

vegetated slopes between these two areas (Fig. 3.15, Plate 2). Due to poor resolution on some 

horizons, several of the ages are not statistically different at the two o level except across the 

second fault northwest of Diamond Creek and the first fault south of the fault pair at the 

northwestern end of the section (Fig. 3.15). However, the concordance between dated horizons in 

a stratigraphic section and the multiple analytical runs used to obtain these ages suggests that 

these ages are accurate and that faults exist, most likely in the covered areas. Based on the
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dated horizons on either side of these faults, the sense of movement is reverse, up-throwing 

strata of older age on the southeastern side of the fault (Fig 3.15).

Erosional Scouring

Northwest of Diamond Creek the age of the section dramatically changes from 5.9 to 8.1 

Ma over a vertical interval of 6 m (Plate 2; Fig. 3.15). This may indicate another fault with the 

opposite sense of movement, but more likely it represents a disconformity. Scouring is common 

in the Beluga and Sterling Formations where the coal beds are considered competent enough to 

resist erosion, causing a cessation of down-cutting, but lateral removal of strata above the coal 

bed and subsequent deposition of sandstone above the coal (Kremer and Stadnicky, 1985). 

Rawlinson (1984) noted similar relations in Kachemak Bay where scouring left minor traces of 

previously deposited siltstone beds intact between the resistant coal below and resulted in 

sandstone deposition above after scouring. There is no obvious indication of a fault within the 6 

meters that separate the strata of different ages, thus the “ Ar/^Ar ages support an erosional 

truncation, probably due to scouring along the coal bed.

The most complete section of uninterrupted vertical continuity is 45 m of the total 252 m 

measured in the Diamond Creek area (Merritt et al., 1987). A maximum of 130 m of total 

stratigraphic thickness is estimated from the various sections between faults that have different 

ages (Fig. 3.15, Plate 2).The repetition of strata due to the apparent disconformity and faulting 

indicate that more than 50% of the measured section is repeated.

Time-transgressive formations

The coastal outcrops around Ninilchik, AK and northward have been previously mapped 

as the Sterling Formation while the remaining coastal outcrops on the western edge of the 

Peninsula to the south are mapped as the older Beluga Formation (Fig. 3.1; Sisson, 1985; Lueck 

et al., 1987; Merritt et al., 1987; Flores and Strieker, 1992). This mapping is based on the 

considerably different sediment characteristics at these locations corresponding to descriptions 

from the type section well logs. Fine-grained deposits are interbedded with abundant, thick coals 

of the Beluga Formation at Diamond Creek while, in contrast, coarser, thick channel sandstone
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bodies with sparse, thin interbedded coals and minor fine-grained units occur in the Sterling 

Formation at Clam Gulch. The age data indicate that what is mapped as the Sterling and Beluga 

Formations are time-transgressive units with different physical character, supporting the time- 

transgressive interpretation of Swenson (1997). The similar age relations indicate coeval 

deposition of channel belts, interfluve areas, swamps, and alluvial fans in close proximity with 

shifting depocenters across the basin through time.

Beluga River Field Core Analyses

Three tephra horizons were sampled from well 212-24 in the Beluga River Unit from the 

northwest side of Cook Inlet Phillips Alaska, Inc. released K-Ar data to compare the results 

between the two methods (Fig. 3.1, Table 3.3).

Plagiodase from a tuff parting at the top of a coal bed at 3680' MD (measured depth) 

yields an anomalous older age (33.1±2.0 Ma). Isochron and plateau ages are similar and 

40Ar/36Ari composition suggests that this sample does not contain excess argon (Table 3.2). The 

^Ar/^Ar results are similar to previous, unpublished K-Ar ages for this horizon (Table 3.3). The 

older K-Ar ages were thought to be contaminated and not representative of the age of these 

sediments (Table 3.3). The discordant nature of the mineral phases and the large age difference 

between horizons indicates that these data suffer from xenocrystic contamination. Supporting this 

interpretation is additional material dated from this well that is considerably younger in age (see 

below).

Plagiodase is40At/39At dated from a 1 cm thick zone of grains encased in brown 

claystone at a depth of 3678.7' MD. inverse isochrons of four individual runs yield a weighted 

mean age of 6.85±0.90 Ma (Table 3.2).

Biotite, plagiodase, and volcanic glass were separated from a vitric tuff interbedded with 

brown claystone at a depth of 3595’ MD. The first 6 steps of the biotite analysis form a linear 

trend with an indicated isochron age of 18.3±0.5 Ma (Table 3.2). The two high temperature steps 

plot off the trend and are not statistically part of the population. The trend of these two high 

temperature steps indicates an older age of 20.9 Ma and has an 40Ar/36Ari value indicating excess
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argon (350.6±19.2). The plagiodase run has a spectrum where the Ca/K ratios climb throughout 

the heating schedule. Two apparent plateaus exist for this plagiodase run, one incorporating the 

first three steps at 10.4 Ma and an older one for the last three steps at 15.8 Ma. Isochron 

assessment indicates that the first three steps are linear and the last three plot off the trend and 

are not statistically part of the population. The isochron age of the first three is 11.1 ±1.7 Ma with 

^Ar/^Ar, values near atmospheric (294.4±8.0). This jump to higher apparent ages during the 

higher heating steps potentially indicates incomplete degassing and trapped argon of a 

composition that is not atmospheric within the core of the crystals. Both the plagiodase and 

biotite ^Ar/^Ar isochron ages are younger than the K-Ar data from the same horizon and 

potentially more accurate due to the indication of excess argon in these samples. The apparent 

integrated ages from the 40Ar/39Ar results would include the contributions of excess argon making 

the biotite and plagiodase ages older and closer (20.4 and 13.1 Ma, respectively) to those 

achieved from the K-Ar results.

Hornblende was another phase from the sample at 3595' that was dated using K-Ar but 

additional material was not available to date with the mAr/3aAr method (Table 3.3). The 54.4 Ma 

age is clearly discordant with the biotite and plagiodase analyses. The original K-Ar ages from 

this horizon were interpreted to represent contaminated phases and not the true eruptive age of 

the material. This was apparently based on the discordance among minerals and the younger 

concordant ages from a horizon 1.5' above (Table 3.3).

In addition to the mineral phases above, volcanic glass was separated and dated using 

the 40Ar/39Ar method for this horizon. Four individual inverse isochron analyses yield a weighted 

mean age of 6.24±0.37 Ma (Table 3.2). This age is concordant with the plagiodase age of the 

sample 84' below (3678.7' MD) indicating that the glass from this horizon is representative of the 

true eruptive age and that the other mineral phases are contaminated with excess argon or 

xenocrystic material.

These two dated horizons (6.24 and 6.85 Ma) are near the base of the Sterling Formation 

on the northwest side of Cook Inlet These dated horizons are significant in that they provide a
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critical link to dated outcrops on the Kenai Peninsula (see below) and are the first reported ages 

from the subsurface.

Pioneer Core Analysis

One tephra horizon is sampled from well 14CC in the Pioneer Unit in the Matanuska 

Valley (Fig. 3.1). A 2 cm-thick layer of slightly altered tephra yielded dateable volcanic glass. 

Three individual runs of this glass yield a weighted mean age of 48.65±2.31 Ma (Table 3.2). This 

sample is from a depth of 1948.2 ft in sediments considered to be the Tyonek Formation (Smith, 

1995). Onset of Tyonek Formation deposition elsewhere in the basin is considered to be late 

Oligocene (Wolfe et al., 1966) or early Miocene (Wolfe, 1984) (Fig. 3.2). The 49 Ma 40Ar/39Ar age 

from the Pioneer Unit would push the age of this formation back considerably. However, no floral 

studies or other age-related identification of the strata in the Pioneer Unit have been conducted to 

tie this area to the surface outcrops elsewhere in the basin. This older age suggests either; 1) the 

Tyonek Formation is older than previously interpreted or 2) the Pioneer Unit strata are not from 

the Tyonek Formation, but may be related to older units in the basin such as the Hemlock, West 

Foreland, or Wishbone Formations (Fig 3.2).

Surface to subsurface correlation

Projection of the subsurface Kenai Group type-sections into outcrop is encumbered by 

the myriad problems that attend long-distance correlations. Previous studies based these 

correlations on lithologic criteria (Calderwood and Fackler, 1972), paleobotanical stages (Wolfe et 

ai. 1966), isopach maps (Hartman etal., 1972), and surface maps (Kirschnerand Lyon 1973). 

Adkison et al. (1975) determined the location of the Beluga/Sterling Formation contact by 

projecting surface features shown on a geologic map (Bames and Cobb, 1959) to depth, without 

mapping the contact in the field. This method produced acceptable results, placing the boundary 

between the Beluga and Sterling formations at approximately the same level as the boundary 

between the Homerian and Clamgulchian stages in Kachemak Bay (Wolfe etal., 1966).

The 40Ar/39Ar age data allow for a chronostratigraphic tie to the subsurface at the Beluga 

River Field. The ages (6.2-6.9 Ma) of the BRU 212-24 samples are similar to dated samples
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located north of Clam Gulch, from the upper part of the section at Diamond Creek, and one 

Triplehom et al. (1977) sample we revisited from Fox Creek (Fig 3.16). The samples dated at 

BRU 212-24 are near the base of the Sterling Formation. This would confirm that what is mapped 

as Sterling Formation at Clam Gulch is equivalent to the subsurface deposits of the Beluga River 

Unit. Interestingly, the younger ages at Diamond Creek would indicate that at least the lower part 

of the Sterling Formation is exposed at this location, a situation that has not been recognized 

previously.

The sample from the Pioneer core is the first40A t/39A t dated subsurface sample of the 

Tyonek Formation. No age correlative units outcrop on the Kenai Peninsula, but outcrops of the 

Tyonek do occur near Seldovia, AK and near the Castle Mountain and Bruin Bay faults on the 

western side of the basin (Wolfe et al., 1966; Adkisson et al., 1975). However, most of this 

formation is only found in subsurface well penetrations (Calderwood and Fackler, 1972). At this 

time, no additional radiometric age data has been reported for the Tyonek Formation. The 

^Ar/^Ar dated horizon at the Pioneer Unit will be significant for future researchers in 

understanding the older formations within the basin as additional age data become available. 

Timing of basin structures

Using the subsurface age data, a maximum age of deformation can be estimated for 

structures in Cook Inlet Basin. There are numerous folds in Cook Inlet Basin whose fold axes are 

generally subparallel to the basin margins and trend northeast-southwest Folds throughout the 

basin are doubly plunging and asymmetrical with locally opposing senses of vergence (Haeussler 

et al., 2000). Transverse faults cut and offset fold axes while buried reverse faults core many of 

these folds (Kirschner and Lyon,1973; Haeussler et al., 2000). Development of these structures 

has been interpreted as the result of right-transpressional deformation on oblique-slip faults 

extending down into the Mesozoic basement beneath the Tertiary basin (Swenson, 1997; 

Haeussler et al., 2000). Timing for this deformation has been estimated as late Miocene based on 

isopachs of the Beluga Formation that thin slightly over the crest of the Middle Ground Shoal 

(Hartman etal., 1974). Haeussler et al. (2000) reported folding of the seafloorand probably
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Quaternary sediments on the North Cook Inlet fold based on high-resolution reflection seismic 

surveys. Ongoing earthquake evidence within the basin also suggests present day deformation. 

Haeussler et al. (2000) noted small wedges of sediment on released industry reflection seismic 

profiles of the Beluga River structure that they attributed to deposition of sediment during fault 

growth. These growth wedges are within 1000 feet of the seafloor suggesting they are probably of 

Quaternary age. The dated horizons on the northern end of the Beluga structure indicate a 

maximum timing of deformation at 6.2 Ma, the youngest depositional age of the tephra within well 

212-24. This horizon is at ~3600 feet indicating that an additional 2500 feet of deposition 

occurred prior to initiation of these growth wedges, so the age of deformation may be somewhat 

younger than 6.2 Ma.

Another line of evidence for timing of deformation is the offset of young strata by faults.

On the Kenai Peninsula, a tephra within a coal south of Falls Creek has been truncated by a fault. 

The ^Ar/^Ar age of the tephra horizon is 5.4 Ma indicating that these strata were deposited, 

coalified, folded into a syncline, and truncated by the fault after deposition of the eruptive tephra 

produced at 5.4 Ma. In the Diamond Creek area, tephra horizons within coals date as young as

4.6 Ma. The strata that contain these tephra are tilted slightly to the northeast and are truncated 

upsection by the fault in the valley of Diamond Creek. This suggests deformation had to be post

4.6 Ma in this area. These relations suggest that much of the structural elements in Cook Inlet 

may be relatively young, probably Pliocene or younger.

Age of the Kenai Peninsula Sediments

Based on the new 40Ar/39Ar stratigraphic hierarchy, the age of the upper portion of the 

Kenai Group sediments in Cook Inlet is between 4.6 and 9.4 Ma. Two horizons dated slightly 

younger than this range (Plate 1). Sample 000709F is from an altered tuff exposed in an isolated 

outcrop north of Clam Gulch (Table 3.2). This outcrop is further north than the sections Merritt et 

al. (1987) measured and occurs as a small knob projecting out from under a blanket of 

Quaternary till. The precision on this sample is poor and the stratigraphic affinity is uncertain, 

lending doubt to the accuracy of the age of this horizon. The other horizon was a vitric tuff
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interbedded with thick peat along Kalifomski Beach Road south of Kenai, AK. This section looks 

to be Quaternary in age. The hornblendes from this sample had low40Ar* yields but suggest that 

this is a Pleistocene peat.

The 49 Ma 40Ar/39Ar age from the Pioneer Unit is presently the oldest known age for the 

Kenai Group. This indicates that depositional conditions remained constant from the middle 

Eocene to Pliocene time. This has significant implications for the age of floral material within the 

Kenai Group.

Aaes of Paleobotanical Stage Boundaries

J.A. Wolfe (1975, personal communication in Triplehom etal., 1977) placed the 

Homerian-Clamgulchian boundary at the top of coal bed B (also referred to as the Curtis Seam) 

in section 143 of Barnes and Cobb (1959) west of McNeil Canyon in Kachemak Bay. Triplehorn 

et al. (1977) estimated the age of the Homerian-Clamgulchian boundary to be ~8 Ma based on a 

plagiodase K-Ar age 90 m above Coal Bed B (Fig. 3.3). Turner et al. (1980) dated two additional 

horizons below the Triplehom et al. sample and just above coal bed B validating the age 

assessment of 8 Ma for the boundary. One of the Turner et al. samples (DT 75-204) is probably 

from a thin unnamed coal between beds B and C located on the eastern side of the mouth of 

McNeil Canyon (Fig 3.3). I collected a plagioclase-bearing parting from this coal at McNeil 

Canyon which yielded an ^Ar/^Ar age of 8.99±0.89 Ma (Table 3.2). Additional material was lost 

on the way to the irradiation facility, but the initial results are similar to the K-Ar data indicating the 

Turner et al. (1980) estimate of the age of this boundary is probably correct.

The Clamgulchian type section along the western edge of the Kenai Peninsula has K-Ar 

ages similar to those in the reference section in Kachemak Bay (Fig 3.3). A few of the ages are 

slightly older than the inferred 8 Ma boundary between the stages from Kachemak Bay.

Triplehom et al. (1977) note that associated floras from this area are assigned to the lower part of 

the Clamgulchian stage (J.A. Wolfe, 1975, personal communication in Triplehom et al., 1977) 

thus the older dates are reasonable. The ^Ar/^Ar ages obtained from this area range mostly 

between 4.5 and 8.5 Ma with a few in the Diamond Creek area potentially as old as 9.4 Ma (Plate
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1). This indicates that the discordant older K-Ar ages may be overestimated due to excess argon 

or xenocrystic contamination (Fig. 3.3). The abundant faulting, repetition of strata, and significant 

amount of time-stratigraphic throw on some faults could potentially account for the long age 

ranges of some of the flora by causing repetition of fossils in what was considered continuous 

vertical section. This repeating of fossil material would be problematic for stratigraphic 

correlations.

The Tyonek outcrops along the northwest edge of the basin and west of Seldovia, AK, 

have been assigned to the Seldovian Stage based on macro- and microfossil assemblages (Wolf 

and Tanai, 1980; Wolfe, 1984). The assigned age of the Seldovian is based on one radiometric 

age (15.8±1.8 Ma) from an outcrop in the northwestern portion of Cook Inlet Basin (Turner et al., 

1980), correlations to other areas of Alaska with flora associated with marine invertebrates, and 

distribution of flora in Japan (Wolfe and Tanai, 1980; Wolfe, 1984). Swenson (1997) reports a late 

Eocene age for the lower Tyonek Formation, presumably based on subsurface data. The 49 Ma 

^Ar/^Ar age from the Pioneer Unit would push the age of this formation and potentially the 

Seldovian Stage back considerably. However, no floral studies or other age-related identification 

of the strata in the Pioneer Unit have been conducted. This 49 Ma age suggests either; 1) the 

Tyonek Formation is older than previously interpreted and covers older paleobotanical stages, 2) 

the Seldovian is considerably older than the age assigned by Wolfe and Tanai (1980) and Wolfe 

(1984) or 3) the Pioneer Unit strata are not from the Tyonek Formation, but may be related to 

older units in the basin such as the Hemlock, West Foreland, or Wishbone Formations (Fig 3.2). 

Comparison to Previous K-Ar

The original K-Ar samples (Triplehom et al. 1977; Turner et al., 1980) were analyzed at 

the Geophysical Institute geochronology K-Ar lab at the University of Alaska Fairbanks prior to 

conversion of the lab to the ^Ar/^Ar method in 1990. The mineral separate archives from the K- 

Ar study were apparently misplaced while moving to the new building. Only one mineral separate 

was found from the Triplehom et al. (1977) and Turner et al. (1980) analyses. This sample (6-25

77-1) was analyzed with the new samples collected in this study to compare the two methods.
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The K-Ar age for this sample is 6.9±0.5 Ma (2cr). The ^Ar/^Ar assessment of this horizon is 

similar in age, 6.64±0.14 Ma (2cr), but considerably more precise than the K-Ar evaluation.

The ^Ar/^Ar results highlighted some of the potential problems with the K-Ar age data 

from the Beluga River Unit well 212-24. The isochron analyses indicated that the biotite and 

plagiodase from the 3595' sample had xenocrystic contamination and potentially a trapped non- 

atmospheric component This trapped component potentially resulted from incomplete degassing 

of the crystals upon eruption. These conditions are not detectable with the K-Ar method and thus 

led to overestimation of the age. Both the K-Ar and ^Ar/^Ar assessment of the 3680' sample 

showed that it was anomalously old. ^Ar/^Ar isochron analyses of the release pattern indicate 

that excess argon is not a problem. No other mineral phase was found with this tephra and the 

apparent glass component must have been dissolved away into solution. Without another 

dateable phase it is difficult to assign xenocrystic contamination to the discrepancy but based on 

other dated horizons this seems a plausible cause. The new plagioclase-dated horizon at 3678.7’ 

and the glass analyses from 3595’ are concordant and indicative of the age of these sediments. 

These ages are somewhat younger than the preferred K-Ar age assigned to the sample at 

3593.5' (Table 3.3). Further material at this depth was unavailable for ̂ Ar/^Ar analysis so an 

evaluation of the K-Ar accuracy is not possible. However, based on the multiple problems at other 

horizons and the inability of the K-Ar method to assess xenocrystic contamination and inherited 

argon components, we feel the ^Ar/^Ar ages of the glass and new plagiodase horizon are 

indicative of the age of these sediments in this well.

Overall the K-Ar ages for the western side of the Kenai Peninsula are fairly concordant 

between analyses and in agreement with zircon fission-track dates (Fig. 3.3). However, samples 

7-13-73-6 (8.8±0.5 Ma) and 7-13-73-9 (7.0±0.7 Ma) are discordant stratigraphically (Fig. 3.3). 

Triplehom et al. (1977) attributed this discrepancy to possible local structural complexities 

between locations based on the lack of correlation between two measured sections of Bames 

and Cobb (1959). Based on the observed faults in outcrop and the likelihood of faults covered by
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slumps or vegetation this seems plausible. The ^Ar/^Ar ages from this general area support this 

interpretation. The observable faults north of Falls Creek and north of Corea Creek clearly offset 

significant amounts of strata based on time (Fig 3.14). Between Falls Creek and Corea Creek two 

horizons are younger than the tephra at Falls Creek indicating that a fault must occur in the 890 

m covered interval between these outcrops (Fig. 3.14, Plate 1). The K-Ar-dated sample DT 75

201 is 20 cm stratigraphically above the K-Ar-dated sample 7-13-73-6 and is considerably 

younger (5.9±0.5 Ma, Turner et al., 1980). Turner et al. attributed this discrepancy to the 

existence of an undetected disconformity within the coal, or to detrital contamination in the lower 

bed (7-13-73-6) that produced older ages. Exact sample locations were not reported for the K-Ar 

samples. Two of their samples contained homblende-plagioclase mineral pairs and were 

apparently collected near Falls Creek. Sample 0105261 from this study also has a hornblende and 

plagiodase pair collected from a coal that makes a waterfall at the mouth of Falls Creek. 

Unfortunately, the courier lost the hornblende separate but the additional material from the 

plagiodase separate was analyzed yielding an age of 6.10±0.11 Ma. This sample is similar to the 

younger K-Ar age (DT 75-201) and may be equivalent. Potentially the lower K-Ar horizon (7-13

73-6) was affected by excess argon or xenocrystic contamination thus producing an anomalously 

older age. This would eliminate the need to interpret detrital contamination of the lower bed or the 

presence of a large disconformity to explain the large time gap between horizons 20 cm apart

Summary

1) The results from the ^Ar/^Ar dating demonstrate the effectiveness of dating low-K

plagiodase and hornblende from tephra interbedded with nonmarine deposits. Meticulous 

sample preparation and additional treatment regimens are effedive in removing the 

adhering coaly material and altered crystal rims, thus leading to better age assessments. 

Multiple analytical runs and statistical evaluation of the data verified that accurate ages 

could be obtained from these samples. Even though precision, is not at the levels of other
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high K-bearing minerals, these phases are the only available source of age control within 

a basin that clearly needs chronologic tools to aid correlation.

2) Use of the 40Ar/39Ar method indicates that excess argon and xenocrystic contamination 

occur in Cook Inlet tephra. Through the use of isochron and statistical assessment these 

effects are reduced to produce more accurate and meaningful ages.

3) Dating of multiple mineral phases from an individual sample demonstrates that one or 

more phases may contain excess argon, is a xenocrystic phase, or has suffered 

alteration. This may explain why some of the original K-Ar data are discordant between 

mineral pairs.

4) The ̂ Ar/^Ar chronostratigraphic framework indicates significant time-stratigraphic throw 

on faults thought to have minor vertical offsets. In addition, the framework argues for the 

existence of new faults concealed by slumps or vegetated outcrops and demonstrates 

that the presumed vertical continuity of outcrops northward along the Kenai Peninsula is 

incorrect due to faulting and repetition of strata. A significant disconformity is identified 

where strata representing more than 2 Ma were probably removed above a resistant coal 

bed by erosional scouring. This framework quantifies previous visual interpretations of 

this scouring phenomenon from other areas.

5) The folded and faulted strata containing dated tephra indicate a maximum age of basin 

deformation and formation of many of the folds and faults in the basin. The Beluga River 

structure is no more than 6.2 Ma old. Faults cut tilted or folded strata in the Corea Creek 

area that are 5.4 Ma old. In the Diamond Creek area, tilted strata of 4.5 Ma age are cut 

by faults. These relations suggest that much of the structural deformation in Cook Inlet is 

Pliocene or younger in age.

6) Dating of tephra in the subsurface provides the first reported age tie to surface outcrops 

indicating that the lower Sterling Formation at the Beluga River Field is time-equivalent to 

outcrops in the Clam Gulch, Diamond Creek, and Fox Creek areas.
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7) The new age data show that the formations of the Kenai Group are time-transgressive, 

supporting similar interpretations from industry (Swenson, 1997). These lithologic-based 

units are time-equivalent facies representing coeval deposition of channel belts, interfluve 

areas, swamps, and alluvial fans within close proximity to each other resulting from the 

continuous migration of depositional systems and erosional scouring across the basin 

through time.

8) Based on the new 40Ar/39Ar stratigraphic hierarchy, the age of the upper portion of the 

Kenai Group sediments in Cook Inlet is between 4.6 and 9.4 Ma. These new ages 

support the previous interpretation of an 8 Ma boundary between the Homerian and 

Clamgulchian paleobotanical stages. A single age from the Pioneer Unit indicated that 

onset of the Tyonek Formation is older (49 Ma) than previously reported (~38 Ma) or that 

these 49 Ma sediments belong to an older formation within the basin such as the 

Hemlock, West Foreland, or Wishbone Formations.
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Table 3.1 -  Separation results from Kenai samples

Sample no. Mineral Size' Can* Sample no. Mineral Size* Can*
Sent for irradiation
991015B PI 100 87 010625B PI 100 92

Bi 60 87 010625E pr 100 92
Ho 100 87 010625F pr 100 92,94
Gl 100 87 Hov 100 92

991015C PI 100 87 0106251 pr 100 92,94
PI 100 92 010625J pi 60 92,94
pr 100 92 010625L pi 35 92

991015D pi 100 87 pi 60 92,94
991016A pi 100 86. 92 010625N pi 100 92
000709B Ho 60 83, 84 0106250 pr 100 92,94
000709F'V Ho 100 84. 92 010625Q pi 60 92,94
001019A Gl 60 87 010625S pi 100 87,92
010525F Ho 100 87 010625W pi 100 92,94
010525J Gl 100 87 010625Y pr 100 92
010526F Sa/PI 60 87,92 010626B pi 60 87
0105261 PI 60 92, 94 pr 60 87

Ho 60 92 010626D pr 60 92
010527C PI 60 92, 94 010626E pr 100 92

Bi 60 94 010626F pr 100 87
Ho 60 92,94 010626F B-Qtz 100 87
Gl 60 92,94 010626G pr 60 92

010527G PI 60 92 010626H pr 100 92
pr 60 92, 94 0106261 pi 100 87
Ho 60 92,94 pr 100 87

010527J pr 60 92, 94 010626K pr 100 92,94
Ho 60 92,94 010626L pr 60 92

010529A PI 60 92, 94 0106260 pi 60 87
PI 35 92,94 010626R pr 100 92
Ho 60 92 010626T pr 100 92,94

010530A PI 60 92 010626U pr 60 92
pr 60 92, 94 010626W pr 100 92,94
Ho 60 92 010626X pr 100 92,94

010619B pr 100 92,94 010626BB pi 100 87
Ho1" 100 92,94 pr 100 87

010623A pi 100 92,94 Ho 100 87
14CC, 1948.2' Gl 100 92,94 010626CC pr 100 92,94
6-25-77-1 PI 100 92 010626DD pi 100 92,94
6-25-77-1 PI 150 92,94
Kenai Unit 41- pr 100 92
19. 4134.1'
Kenai Unit 41- pr 100 92
19,4134'
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(Table 3.1 continued)

Prepped samples determined non-dateable
Sample no. Comments
AK94 962-965’ USGS/DNR. Coal only
AK94 1064-68' USGS/DNR. Coal with calcite cleavage fragments and minor detrital quartz
Pioneer 3287- Ocean Energy/Unocal. Coal with calcite cleavage fragments
3288'
KGF 31-7D Marathon. Badly altered hornblende?
7140.6’
13690.8-92.2' Deep Creek #1. Bentonite no identifiable mineral phase
991015A Detrital quartz and altered heavy minerals
000702G No recognizable minerals in crushed coal
000702D No notable minerals in coal
000702K White tuffaceous sandy siltstone
000709A No recognizable minerals in crushed coal
000709H Magnetite and altered glass
000729A Calcite flakes in coal
010525H tuffaceous claystone -  very fine-grained
0105251 Detrital grains of kinked muscovite, quartz
010526B Altered ash?
010527E Detrital parting -  several varieties of quartz and others
010528B <1% non coal material -  didn't process further
010526C Tuffaceous claystone - detrital
010530C Several varieties of detrital quartz
010530D All detrital grains -  nothing euhedral
010622A Nothing survived sieving -  either nonexistent or less 100 mesh
010622B Coal with calcite cleavage fragments
010626P <100 mesh size clear minerals -  did not process further

Note: Abbreviations; PI = plagioclase, Bi = biotite, Ho = hornblende, Gl = glass, B-Qtz = beta
quartz.

* Can 92 was lost by courier on way to irradiation facility.
# Sieve mesh size, 100 = 0.15 mm, 60 = 0.25 mm, 35 = 0.5 mm. 

i|/ Sample treated with HF acid
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Table 3.2 -  40Ar/39 ages for Kenai Group samples

Sample no. Run
#

N* Mineral ^Ar/^Ar,
(±1o)

Age type* %JMArK 
[steps or runs]

Integrated
Ca/K

MSWD Age (Ma) 
(±1o)

Kalifornski Beach Rd
000709B 6 Ho Fusions 31 Appendix D

6 Mean 0.28 0.96±0.24

N Clam Gulch

000709F 4 Ho Fusions Appendix D
4 Mean 281 0.25 3.17±1.58

010525J 4 Gl Isochrons Appendix D
4 Mean 62 0.64 6.0610.18

010525F 1 Ho 305.617.5 Isochron 100 [5of5] 20 1.66 79.011.6
2 Isochron 20 101.5 NC
3 303.4±2.1 Isochron 81 [3of51 20 0.10 75.510.7

991015B 2 Bi 1 NC
991015B 1 Ho Plateau 96 [3of4] 15 0.78 158.611.1

2 Plateau 76 [3of5] 14 0.10 159.511.1
3 Plateau 98 [4of5] 13 1.51 157.711.3
4 Fusion 14 157.510.5

991015B 4 PI 22 NC
991015B 3 Gl Isochrons Appendix D

3 Mean 28 1.31 6.6910.38

S Clam Gulch
001019A 3 Gl Isochrons Appendix D

3 Mean 51 0.68 8.5010.12

010526F 9 Pl/Sa Fusions 11 Appendix D
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Sample no. Run
#

N* Mineral W at,
(±1o)

Age type* %J8ArK 
[steps or runs]

Integrated
Ca/K

MSWD Age (Ma) 
(±1a)

9 325.0117.2 Isochron 8 of 9 0.97 9.2310.97

Falls Creek
0105261 12 PI 296.112.1 Isochron All steps 33 1.45 6.1010.11

010527C 3 Bi 290.412.1 Isochron 100 10 1.24 40.919.4
010527C 1 Ho 296.714.7 Isochron 96 [4of6] 50 0.75 20.412.6

2 65 NC
3 53 NC
4 289.915.3 Isochron 96 [5of7] 34 0.72 25.611.8

15 PI Wedge Lower 5.4
Upper 9.6

010527C 4 Gl Isochrons 36 Appendix D
4 Mean 4 of 4 0.30 5.3510.33

Corea Creek
010527G 7 Ho 291.012.0 Isochron 92 [32of35] 38 1.62 5.3710.13
010527G 10 PI Isochron Wedge 67.76 NC

4 292.712.9 Isochron 100 [5of5] 42 0.24 6.0610.47
8 289.214.5 Isochron 100 [4of4] 43 0.02 6.1010.37

010527G-HF treated 11 PI 302.418.0 Isochron Fusions 36 1.46 6.0712.81
010527G-HF treated 9 PI Isochron Wedge 36 27.68 NC

ultrasonic cleaned
2 293.912.3 Isochron 100 [5of5] 42 0.97 6.6210.42

010527J 13 Ho 298.2110.2 Isochron 11 of 13 41 0.51 6.5811.54
Fusions

010527J-HF treated 15 PI 293.611.0 Isochron All steps 41 1.08 6.6210.33

Ninilchik
010529A 35-60 mesh 10 PI Isochron 25 21.55 NC
010529A 18-35 mesh 9 302.212.5 Isochron 8 of 9 35 1.48 7.0910.25

00
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Sample no. Run N* 
#

Mineral wArA"Ari
(±1o)

Age type* %iBArK 
[steps or runs]

Integrated
Ca/K

MSWD Age (Ma) 
(±1o)

010530A-HF treated 15 PI 298.4±1.0 Isochron 98 [53of55] 43 1.66 7.2210.25

S DeeD Creek 
010619B-HF treated 
010619B-HF treated

10
15
15

Ho
PI

292.3±2.5 Isochron
Isochron
Wedge

All steps
All steps 

Lower 
Upper

22
24

1.28
15.60

6.9010.14

6.9010.37
13.1

010623A 10 PI Wedge Lower
Upper

8.7
15.8

Diamond Creek 
991015C 3 PI 302.8115.1 Isochron 78 [5of8] 32 2.07 7.6610.75

99101SD 4 PI 295.9±8.2 Isochron 97 [13of 15] 102 1.31 6.4711.68

010625F-HF treated 
ultrasonic cleaned

15 PI 294.4H.4 Isochron All steps 115 1.09 6.3110.36

0106251-HF treated 
ultrasonic cleaned

11 PI 290.6±1.6 Isochron All steps 152 0.37 6.5110.98

010625J 16 PI 293.611.1 Isochron All steps 143 0.91 4.5710.72

010625L 16 PI 299.111.3 Isochron All steps 110 1.39 5.4810.39

0106250-HF treated 16 PI 292.711.9 Isochron All steps 126 0.61 5.8810.51

010625Q 17 PI 293.611.7 Isochron 15 of 17 98 0.68 8.1210.58

010625S 5 PI 295.813.2 Isochron All steps 93 0.77 8.26H.14

010625W 14 PI 293.111.4 Isochron All steps 116 0.64 7.8110.99
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Sample no. Run
#

N* Mineral ',uAr/°°Ar,
<±1o)

Age type" %J3ArK 
[steps or runs]

Integrated
Ca/K

MSWD Age (Ma) 
(±1o)

010626B 11 PI 299.1 ±5.3 Isochron Fusions 97 0.63 8.2210.46
010626B-HF treated 6 PI 279.4±16.5 Isochron 5 of 6 fusions 115 0.73 8.3510.81

All methods 17 298.5±5.0 Isochron 16 of 17 0.73 8.0410.39
fusions

010626F 3 PI 293.611.3 Isochron All steps 105 0.52 8.4211.44

0106261 5 PI 299.315.6 Isochron 89 [11of17] 88 0.51 8.9011.13
0106261-HF treated 13 PI 294.810.9 Isochron All steps 113 0.77 7.7310.29

All methods 17 295.110.9 Isochron All steps 0.93 8.1310.27

010626K-HF treated 17 PI 294.811.5 Isochron 14of17 runs 138 1.19 9.0911.24

0106260 16 PI 297.115.9 Isochron 13of16 fusions 135 0.90 7.3810.47
16 R-Mean 13of16 fusions 0.72 7.5310.15

010626T-HF treated 10 PI 296.511.7 Isochron 51 [19of37] 182 0.16 3.5U1.28

010626W-HF treated 5 PI 293.213.7 Isochron All steps 126 0.63 7.8316.10

010626X-HF treated 16 PI 292.811.4 Isochron 82 [45of50] 83 1.04 9.3510.62

010626BB 2 Ho 35 NC
010626BB 6 PI 43 NC
010626BB-HF treated 5 PI 295.711.5 Isochron All steps 111 0.38 7.4410.42

010626CC-HF treated 15 PI 291.211.2 Isochron All steps 136 0.83 6.9610.54

010626DD 15 PI 289.312.4 Isochron All steps 125 0.98 7.0910.39

Kachemak Bay
991016A 3 PI 318.6117.4 Isochron 7 of 8 28 0.77 8.9910.86

00(O
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Sample no. Run
#

N* Mineral "Ar^Ar,
(±1o)

Age type* %jaArK 
[steps or runs]

Integrated
Ca/K

MSWD Age (Ma) 
(±1o)

6-25-77-1 10 PISSa 302.5112.4 Isochron All steps 9 0.84 6.6410.07

BRU 212-24
3595' MD 1 Bi 309.618.7 Isochron 76 [6of8] 11 2.02 18.310.5

1 PI 294.418.0 Isochron 51 [3of6] 0.03 11.111.7
4 Gl Isochrons 75 Appendix D
4 Mean 0.82 6.2410.37

3678.7' MD 4 PI Isochrons 115 Appendix D
4 Mean 0.15 6.8510.90

3680’ MD 1 Pl/Sa 295.716.5 Isochron 85 [4of5] 4 1.49 33.112.0

Pioneer 14CC
1948.2' MD 1 Gl Plateau 51 [4of12] 1.67 43.4313.06

2 Plateau 96 [11 of 14] 1.02 51.0512.39
3 Plateau 95 [10of14] 0.98 50.0113.14

3 Mean 2.05 48.6512.31

Notes: Preferred sample age in bold. Analyses in italics are not included in age calculations due to apparent xenocrystic contamination 

or open system behavior. Individual analyses available in Appendix D. Abbreviations: NC = not calculated -  did not meet plateau criteria 
or statistical scatter higher than allowed, PI = plagioclase, Ho = hornblende, Bi = biotite, Gl = volcanic glass, Sa = sanidine, HF = 

Hydrofluoric Acid, MD = measured depth, MSWD = mean squared weighted deviation, a goodness-of-fit parameter used to assess the 

statistical scatter of the plotted data, 40Ar/36Ari = initial atmospheric composition of the sample determined from linear least squares 

regression of the isochron (inverse of Y intercept). 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 of37Ar and39Ar. Decay constants after Steiger and Jaeger (1977). Irradiation parameter J determined from 
fluence monitor MMHB-1 with an age of 513.9 Ma.

COo
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* Number of analytical runs.

# Plateau = age calculated if >%50 39ArK gas release from consecutive steps and MSWD below critical value. MSWD critical value: A 

value higher than (1+2[2/(n-2)]1/2) for n points (Wendt and Carl, 1991) indicates that scatter (95% confidence) is not due to that expected 
for a single population. Fusion = age of single high temperature fusion step or complete one-step fusion run. Isochron = age calculated 

using inverse isochron of individual run or a combination of high temperature fusion steps. Mean = age calculated using a weighted 

average, R-Mean = running weighted mean assessment, Wedge = combine isochron indicates scattering of ages with a wedge shaped 

pattern having lower and upper bounding ages indicated.

<o
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Table 3.3 -  K-Ar ages from BRU 212-24 core material

Depth (feet MD) Sample Mineral Age (Ma)
3593.5 Volcanic ash Glass 11.9±0.7

Plagiodase 11,4±1.2
3595.0 Tuff Plagiodase 22.1 ±2.2*

Low-K biotite 26.0±4*
Hornblende 54.4±3.4*

3680 Tuff Plagiodase 25.9±2.4*

Notes: The amount of age precision (1a or 2a) was not reported. Data provided by Phillips 

Alaska, Inc. Age analyses conducted by Krueger Enterprises, Inc.
‘Considered too old due to contaminated phases (ARCO internal report)
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Fig. 3.1 - Regional and geologic maps of Cook Inlet area, south-central Alaska. Adapted and 
modified from Lueck et al., (1987); Reinink-Smith, (1990); Flores etal., (1997).
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Fig. 3.4 - Tephra partings in coal. A) Crystal scatter zone in coal, sample 010S26F. B) Redish- 
brown tuff parting in upper portion of composite coal seam, sample 010626S. Crystal scatter 
zone in lower coal bed where pick is sticking out of bed, sample 010626R.
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20 Age Spectrum

CD

Plateau Age = 
Number of fractions' 
% of 39Ar released = 
Plateau MSWD =

6.80 +/- 0.13 Ma 
3 of 4 
99.4 %
0.92

 i------------- 1-------------1------------- 1—
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Fraction of 39Ar released
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Fig. 3.5 - Age spectrum for sample 6-25-77-1 run #2. This spectra shows a four step 
heating schedule with decent precision obtained for 99% of 39Ar released.
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Fig. 3.6 - Inverse isochron for sample 0105261. Twelve individual runs are conducted for this sample where the 
associated errors for each individual run range between 220 to 570 Ka. The combined isochron shows the 
increased precision obtained from the statistical manipulation of multiple analytical runs.
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Fig. 3.7 - Age spectra for sample 010626B showing HF treated vs. untreated subsets. The untreated sample has low Ca/K ratios for 
early heating steps but then increases for the remaining steps indicating alteration of the outer rims of the crystal. This effect is 
reduced in the treated sample indicating that the HF treatment is removing the altered rims of the crystal. CO
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Fig. 3.8 - Age spectra for sample 0106261 showing HF treated vs. untreated subsets. This sample indicates that the HF 
treatment has little effect on the outcome of the age of sample and that alteration is not a factor for this sample.
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Fig. 3.9 - Age spectra for sample 010626BB showing HF treated vs. untreated subsets. The untreated subset shows variable 
ages with large errors and Cl/K rations significantly higher than the treated subset. A statistically valid age can not be calculated 
from the untreated sample but the well-behaved spectra from the treated sample shows that HF treatment is vital for assessing 
the age of this sample.
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Fig. 3.10 - inverse isochron for sample 010527G HF treated and ultrasonic cleaned. Intermediate heating steps
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010530A-HF PL Run #6

Fraction of 39Ar released

Fig. 3.11 - Age spectrum for sample 010530A HF treated displaying a pattern indicative of 
excess argon.
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Fig. 3.12 - Inverse isochron for sample 010625Q. This sample has several xenocrystic steps that are removed 
to yield an accurate eruption age.
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Fig. 3.13 - Inverse isochron for sample 010619B. This sample shows a wedge-shaped scattering of ages. The wedge
shaped pattern is probably due to inclusion of excess argon or xenocrystic crystals of plagioclase entrained during the 
eruption.
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Fig. 3.14 - Schematic representation of interpreted vertical continuity of stratigraphy from Corea Creek to north of Clam Gulch by 
Merritt et al. (1087). Merritt et al. interpreted minimal throw on fault in syncline. The ̂ Ar/^Ar ages superimposed on the stratigraphy 
indicates that two coals are not correlative due to large amount of time-stratigraphic throw on fault. Note: section not to scale. See 
Plate 1 for detailed measured sections, Table 3.2 for age data, and Appendix B for sample locations.
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Fig. 3.16 - Map distribution of 40Ar/39Ar ages in Cook Inlet Basin. Strata in the BRU well 212-24 
are age equivalent to strata at Clam Gulch, Diamond Creek, and Fox Creek. See Plates 1 and 2 
for detailed dated horizon locations. Maps adapted and modified from Lueck et al., (1987); 
Reinink-Smith, (1990); Flores etal., (1997).
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Chapter 4 - Coalbed Methane Resource Assessment Using 40Ar/39Ar 
Chronostratigraphy for Enhanced Regional Coal Correlations and Coal-ln-Place 

Estimates, Kenai Peninsula, Cook Inlet Basin, Alaska2

Introduction

The Kenai Group of Cook Inlet Basin, Alaska (Fig. 4.1) contains Tertiary non-marine 

rocks that are important producers of oil and natural gas and include a large undeveloped coal 

resource. In 1999, Cook Inlet Basin produced 10.9 mmbl/yr of oil and 218 Bcf/yr of natural gas 

from conventional sandstone reservoirs, most of which are within the Kenai Group (Alaska 

Department of Natural Resources Division of Oil and Gas [ADNRDOG] Annual Report, 2000). 

Based on reported reserves of 2564 Bcf, natural gas demand of 220 Bcf/yr (ADNRDOG Annual 

Report, 2000) will over-run supply for south-central Alaska by as early as 2011. This has 

prompted exploratory drilling for new conventional reserves and has brought into focus the vast 

undeveloped coal resource as a possible target for coalbed methane (CBM). Although these coal 

resources seem to have significant CBM-in-place potential, uncertainties exist regarding 

commercial producibility that have limited exploration and development to date. In the Kenai 

Peninsula, uncertainties also exist regarding the nature, distribution, and total mass of the coals 

as well as their gas contents.

Coal resource estimates within Cook Inlet Basin vary, but a range of 1.2 to 1.5 trillion 

short tons (1.1 to 1.4 trillion metric tons) combined of bituminous and sub-bituminous rank coal 

has been reported (McGee and O’Connor, 1975; Merritt and Hawley, 1986; Strieker, 1991; Smith 

1995). The higher end estimate is one third of the total volume cited for the entire conterminous 

United States, some 4.5 trillion short tons; Potential Gas Committee, 2001). The variation in 

reported coal resources is due to poor descriptions of assessment areas and the lack of reported 

methodologies concerning both coal volume to coal mass conversion and the splitting of the 

resource based on rank. The original assessment used well log data to estimate 1.3 trillion short 

tons of coals between the surface and 10,000 feet (3.0 km) (McGee and O’Connor, 1975).

2 Coauthor C.E. Barker, U.S. Geological Survey, Denver, CO
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Subsequent studies modify the McGee and O’Connor assessment but it is unclear exactly how 

the resource was updated.

In addition to problems with the coal resource assessments, the distribution and lateral 

continuity of coal beds are not well documented. Given the rapid fluvial deposition, general lack of 

stratigraphic markers and the monotonous, repetitive character of Kenai Group strata, repeated 

section is difficult to detect because the rocks look similar and the age differences across the 

group are poorly known. The situation is complicated by the fact that the type sections for all 

formations of the Kenai Group are based on subsurface electric log characteristics (Calderwood 

and Fackler, 1972; Hite, 1976). Over two-thirds of the entire Tertiary section is only known from 

the subsurface. Even with abundant well data, subsurface correlation and the projection of units 

into outcrop are problematic due to the lack of diagnostic characteristics of individual units and 

the absence of age-controlling fossil material. Furthermore, well-exposed outcrop sections are 

mostly restricted to a strip along the coast and even there the usable exposures are scattered 

because they are disrupted by landslides, eroded, or covered in vegetation and soil (Fig. 4.2). 

Attempts to correlate outcrop and well data are additionally hindered by stratigraphic complexities 

produced by the braided, anastomosed, and meandering fluvial systems that deposited the Kenai 

Group sediments (Fig 4.3) (e.g. Calderwood and Fackler 1972; Adkison et al., 1975; Hite, 1976; 

Swenson, 1997). Many attempts have been made to correlate strata locally and regionally via 

their physical character and geochemical analyses of coals and ash bed partings (e.g. Barnes 

and Cobb, 1959; Merritt et al., 1987; Reinick-Smith 1987,1989,1990,1995). Other correlation 

methods involve the use of heavy mineral compositions or sedimentary facies associations 

(Kirschner and Lyon, 1973; Hite, 1976; Flores et al., 1997b). Thus far, all of these studies have 

had limited success with correlation, even in closely-spaced sections that have undergone 

detailed sampling and analyses.

Provided that coal distribution can be determined, the Kenai Peninsula within Cook Inlet 

basin is a key area for CBM resource assessment. Abundant infrastructure currently exists to 

support onshore and offshore conventional oil and gas exploration and production. In addition,
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over two-thirds of the natural gas produced in the basin is utilized on the Peninsula for Phillips 

Alaska and Marathon Oil's liquefied natural gas plant that exports to Japan, and to make nitrate- 

based fertilizers at Unocal's Agrium Agriculture Fertilizer Plant Only one area outside of the 

Kenai Peninsula, the Pioneer Unit, near Wasilla, AK is currently being tested for CBM. Other 

areas in the basin lack oil and gas infrastructure, and consequently are too risky and expensive to 

explore at present The Kenai Peninsula is also important because coal outcrops occur, are 

accessible, have been measured, and coal geochemistry exists for many samples (Lueck et al., 

1987; Merritt et al., 1987). Even on the well studied Kenai Peninsula, it is uncertain if the outcrops 

are representative of a complete vertical section through the Sterling and Beluga Formations or 

how they relate to the subsurface-defined type sections. The use of chronostratigraphy is 

fundamental to addressing these questions.

This study integrates new 40Ar/39Ar dating of volcanic tephra partings in coals to provide a 

better estimate of the coal reserves on the Kenai Peninsula through improved understanding of 

the complex stratigraphic and structural relations within the Kenai Group. We explore whether 

published measured stratal thicknesses are realistic or if there is repetition of strata attributable to 

faults or laterally time-equivalent strata in the basin. The new chronostratigraphic framework 

enables enhanced accuracy of coal tonnage in place for measured outcrop sections along the 

western edge of the Kenai Peninsula. Additionally, the net coal thickness of McGee and 

O'Connor (1975), plus data from new wells, are used to better constrain coal volumes for the 

Kenai Peninsula and Cook Inlet Basin. These coal volumes are converted to coal tonnages using 

coal geochemistry from outcrop and subsurface samples. This study reports the first desorption 

analyses of coal cuttings from the conventional Beaver Creek and Kenai Gas Fields on the Kenai 

Peninsula (Fig. 4.4). The samples taken from these fields provide the opportunity to assess the 

volume of co-produced CBM within conventional gas fields and its contribution to reserves and 

reserve growth. These measurements are used with the coal tonnage estimates in order to make 

CBM in place estimates for this region and Cook Inlet Basin.
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Geologic Background

Cook Inlet Basin

The Cook Inlet Basin (Fig. 4.1 and 4.3) is an elongate (110 km x 320 km), northeast- 

trending, fault-bounded forearc basin. The basin begins north of Anchorage in the Matanuska 

Valley and trends south along the Alaska Peninsula (Kelley, 1985; Swenson, 1997). The basin is 

bounded on the north by the Castle Mountain Fault system and to the northwest by the Bruin Bay 

Fault system and the magmatic Aleutian arc. The Chugach Terrane and associated Chugach 

Mountains and Border Ranges Fault Zone abut the southeastern side of the basin. Active 

tectonism in the Cook Inlet region spans back to Late Triassic times with onset of subduction and 

formation of an island arc system with a forearc basin (Wang et al., 1988; Swenson, 1997). 

Unroofing of the arc-related highlands and erosion to the north provided sediment for Mesozoic 

forearc sediments which presently underlie the Tertiary Kenai Group (Swenson, 1997).

Kenai Group

Dali and Hams (1892) first used the term “Kenai Group” for coal-bearing strata in the 

Cook Inlet area. Bames and Cobb (1959) measured multiple sections and described the coal- 

bearing units, applying the name Kenai Formation to sediments on the Kenai Peninsula. 

Calderwood and Fackler (1972) elevated the Kenai Formation to group status and described and 

defined five formations (West Foreland, Hemlock Conglomerate, Tyonek, Beluga, and Sterling 

Formations) based on subsurface type sections (Fig. 4.2). These type sections are distinguished 

by electric log characteristics and well cuttings, with supporting palynology and heavy mineral 

analyses (Kelly, 1963; Calderwood and Fackler, 1972; Carter and Adkison, 1972; Kirschner and 

Lyon, 1973; Hite, 1976). Fisher and Magoon (1978) removed the West Foreland Formation 

because it did not meet the original description of a “coal-bearing unit.”

Several studies have examined the sedimentology of the Kenai Group. Deposition of the 

entire Tertiary section is considered mostly nonmarine (Kirschner and Lyon, 1973; Hayes et al., 

1976; Magoon and Anders, 1992; Swenson, 1997) with the possibility of a minor estuarine 

influence in the lower Tyonek Formation (Kirschner and Lyon, 1973; Hite, 1976; Flores et al.,
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1997a, c). These mostly non-marine sediments are the result of rapid subsidence and deposition 

initiated after the subduction of the Kula spreading ridge in early Eocene time (Byme, 1979; 

Pavlis, 1982). Sediment was transferred to the basin from eroded uplands on the accretionary 

wedge on the east and the active volcanic arc and rocks of the Peninsular terrane to the west by 

alluvial fans (Crick, 1971; Hartman etal., 1972; Hayes etal., 1976; Hite, 1976; Rawlinson, 1984; 

Magoon and Anders, 1992; Swenson, 1997). Additional material was transferred from interior 

Alaska through an axial fluvial system flowing north to south into the Gulf of Alaska (Kirschner 

and Lyon, 1973; Rawlinson, 1984). Uplift of the Alaska Range in late Tertiary time supplied 

abundant volcanic grains during deposition of the Sterling Formation (Hayes et al., 1976; 

Rawlinson, 1984). The various depositional settings have been described as braided, 

anastomosing, and meandering stream systems located on a broad alluvial plain (Hayes et al., 

1976; Hite, 1976,1985; Rawlinson, 1979,1984; Kremer and Stadnicky, 1985; Flores and 

Strieker, 1992; Flores and Strieker, 1993a, 1993b; Flores etal., 1997a, b, c). These depositional 

systems produced lenticular coals and fine-grained sediments in interfluve areas and between 

fans while channel sands and bar deposits accumulated proximal to the alluvial fans and axial 

fluvial system. Ongoing subduction underneath Alaska continued the cycles of uplift and erosion 

and created the accommodation space to accumulate repeated interbedded units of sandstone, 

siltstone, and coal throughout Tertiary time (Swenson, 1997). The mixing of three sediment 

source areas, the erosive nature of the fluvial systems, and the continuous migration of 

depositional systems across the basin produced laterally discontinuous interbedded units that are 

difficult to correlate (Fig 4.3).

Absolute dating methods have been employed to support correlation efforts, primarily on 

accessible Kenai Peninsula outcrops. Deposition of the Kenai Group is believed to have taken 

-30 Ma but the age control for this determination is poor. Imprecise K-Ar and fission track ages of 

volcanic ash partings in coal indicate the upper parts of the group represent only 7 million years 

of deposition (Fig. 4.5) (Triplehom et al., 1977; Turner et al., 1980). Several discrepancies exist in 

the K-Ar data including discordance between mineral pairs from the same parting, discordance
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between K-Ar and fission track ages, and assignment, placement, and age of the paleobotanical 

stage boundaries (Figs. 4.2 and 4.5). The remainder of the section is dated on the basis of the 

distribution of fossil leaves, fruits, and pollen. However, many of the palynomorphs are long- 

ranging genera found in all three of the paleobotanical stages (Wolfe et al., 1966). There is some 

debate about whether the units in the Kenai Group are time-transgressive (Swenson, 1997) (Fig. 

4.2). The long-ranging floras, problematic K-Ar ages, and possible time-transgressive nature of 

the units clearly illustrate the correlation difficulties experienced with the Kenai Group.

Coal Deposition. Rank, and Quality

Hayes et al. (1976) and Kremer and Stadnicky (1985) attributed coal deposition within the 

Beluga Formation to broad vegetated fan slopes in a humid climate. For the Sterling Formation 

they attributed coal deposition to intervening floodplain deposits of a meandering stream system. 

Flores and Strieker (1992,1993a, b) attributed coal deposition to raised and low-lying mires on an 

alluvial plain. They assign thick accumulations of coal and carbonaceous shale to mires on 

abandoned wide fluvial belts of braided streams while relatively thin coals and carbonaceous 

shales were deposited in low-lying mires or flood basins drained by crevasse splays and 

anastomosed streams (Flores and Strieker, 1993a).

The modem day geothermal gradient varies within Cook Inlet Basin from 1.2°F/100 ft 

(2.2°C/100 m) along the Chugach Mountains to the east to 1.6°F/100 ft (2.9°C/100 m) near 

Tyonek, AK (Fig. 4.1) along the west side near the arc (Kinney, 1976). Results from the Cost #1 

well to the south near the Augustine-Seldovia arch yield a gradient of 1.25°F/100 ft (2.28°C/100 

m) (Magoon, 1986), similar to that from the Swanson River Oil Field at 1.30°F/100 ft (2.37°C/100 

m) (Castano personal communication cited in Magoon, 1986). The general geothermal gradient is 

somewhat lower than the world average for sedimentary basins at 1.3 to 2.2 F/100 ft (2.4 to 4.1 

C/100 m) (Fertl and Wichmann, 1977). This atypically low geothermal gradient is significant for 

the distribution of oil and gas, and for coal rank within the Kenai Group.

Coal seams on the Kenai Peninsula range from a few cm’s to 2.5 m in thickness, most 

containing multiple partings. Locally the coals have one prominent cleat with a uniform strike of
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N40°W to N60°W and one subordinate cleat perpendicular to the main cleat (Bames and Cobb, 

1959). Coal outcrops on the Kenai Peninsula have vitrinite reflectance values (R om ax) from 0.3 to 

0.4% and moisture contents between 15 to 35% (Merritt et al., 1987) with a mean of 24% 

(n=144). Ash contents (noncombustible matter) on the Kenai Peninsula range from 2 to 46% (as 

received basis, Bames and Cobb, 1959; Lueck et al., 1987; Merritt et al., 1987) with a mean of 

16% (n=144). Surface coal outcrops on the Kenai Peninsula range from lignite to subbituminous 

C in rank but increase to high-volatile bituminous at depth (Bames, 1962.1967). Maceral 

analyses of the Kenai coals indicated that 85% are from the vitrinite group with 10% liptinite, and 

5% inertinite (Merritt et al., 1987). The coals within the basin are commonly low in sulfur, with 

some of the lowest reported values in the United States (Patsch, 1975; Lueck et al., 1987; Merritt 

etal., 1987; Strieker, 1991).

Elsewhere in the basin, coals of the Sterling and Beluga Formations are lignite to 

subbituminous in rank while coals of the Tyonek and Hemlock Formations are subbituminous to 

bituminous in rank (Patsch, 1975; Affolterand Strieker, 1985; Strieker et al., 1986; Smith, 1995). 

Post-depositionai uplift of the basin margins has put older rocks of higher maturity closer to the 

surface along the western and northern edges of the basin (Smith, 1995). Coals with an Ro of 

0.6% are found at less than 5,000 (1,500 m) feet along this margin, while along the basin axis 

these ranks are only obtainable at depths of 15,000 feet (4,600 m) or more (Smith, 1995). 

Previous Coal Mass Estimates

There is considerable confusion about the reported coal mass resources for Cook Inlet 

Basin (Table 4.1, Fig. 4.6). The coal resource estimates for the subbituminous coals in the Cook 

Inlet Basin are based on indicated coal thicknesses in measured outcrops and from well logs. The 

use of coal thicknesses derived from well logs for isopach maps implicitly incorporates an 

inference that these coal zones have continuity between wells and, therefore, that the correlation 

of these coal zones is real. Also, these published coal tonnage estimates often use isopach 

calculations to estimate coal volume by projecting net coal thickness measured in wells into areas 

with little data control, often over distances of tens of miles, making the results locally hypothetical
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(McGee and O'Connor, 1975; Merritt and Belowich, 1984; Merritt and Hawley, 1986; Merritt et al., 

1987; Strieker, 1991; Smith, 1995). Further, the reports that estimate basin-wide resources are 

mostly based on the original work of McGee and O'Connor (1975) (Table 4.1). McGee and 

O'Connor based their resource estimate on electric logs from 86 wildcat wells in an area that 

extends from the town of Wasilla south to the tip of the Kenai Peninsula and is bounded on the 

west by the Castle Mountain Fault and to the east by the Bruin Bay Fault (Fig 4.6). This excludes 

some but not all of the bituminous coals in the upper Matanuska Valley and the subituminous 

Susitna and Yentna coals north and west of the Castle Mountain Fault It is uncertain if the scatter 

of reported coal resources in Table 4.1 is due to misquoting, recalculation, or new data sources. 

The newer reports are vague in their methodology for arriving at these values and most credit 

McGee and O'Connor for the data. Clearly such variations would have significant impacts on any 

resource estimate for the basin. These published estimates have received little scrutiny because 

the abundant repeated appearances of coal zones in the Kenai Group provide little evidence to 

contradict these well correlations.

CBM Assessment

Coals constitute a unique hydrocarbon system where they act as source bed, reservoir 

rock, migration path, and trap for methane. Methane is generated by microbial (biogenic) or 

thermal (thermogenic) processes shortly after burial and humification of peat and throughout the 

diagenetic cycles resulting from further burial or exhumation of the coal (e.g. Murray, 1990,1991; 

Papp et al., 1998). The gas (primarily methane) is physically held (adsorbed) on the surface area 

of the coal microporosity (pores <5 micron) (Littke and Leythaeuser, 1993; Yee et al., 1993) by 

Langmuir monolayer adsorption. Gas storage capacity generally increases with rank and 

pressure and decreases with increasing temperature (Littke and Leythaeuser, 1993).

The coals in Cook Inlet Basin appear to be generally saturated with CBM. Saturation is 

indicated by geochemical studies of hydrocarbon fields indicating that up to 93% of the natural 

gas discovered to date in conventional sandstone reservoirs (on the order of 8 to 10 trillion cubic 

feet [Tcf]; 0.23 to 0.28 trillion m3) is sourced from coal beds (Claypool et al., 1980). Gas analyses
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from desorbed coal beds are geochemically similar to the gas from the conventional sandstone 

reservoirs, suggesting that the coals have generated enough gas to saturate themselves and 

expulse gas in excess of the storage capacity of the coal beds into adjacent sandstones.

Previous CBM Testing 

Even given the indications of a large coal-in-place resource, testing of coal for coalbed 

methane plays has been limited in Alaska. The absence of testing has been widely attributed to 

the low gas price in this stranded market This fact stimulated the government, rather than 

industry, to drill the first coalbed methane test well. The Alaska Department of Natural Resources 

in conjunction with the USGS drilled the DNR AK-94 coalbed methane test well in the Matanuska 

Valley near Wasilla, AK in 1994 (Smith, 1995). After penetrating the Tyonek Formation at 354 ft 

(108 m), continuous core was taken to a total depth of 1,245 ft (380 m). Desorption analyses 

indicated significant gas content in the bituminous coals, ranging from 63 scf/t (1.97 cc/g) to 245 

scf/t (7.66 cc/g) on a dry, ash-free basis (daf) (Smith, 1995). Unocal subsequently formed the 

Pioneer unit in the area. In 1998, the first significant Cook Inlet Basin coalbed methane 

exploration and production program was initiated by Ocean Energy, Unocal's partner in the 

Pioneer unit. Three closely-spaced wells (160 acre spacing; 0.6 km2) were drilled on the 54 

square mile (141 km2) Pioneer Prospect near Wasilla, AK. Gas-in-place (GIP) estimates suggest 

a coalbed methane resource estimated at 3.6 Tcf (0.1 trillion m3) (Seamount in Barker et al., 

2001).

Recent analyses of coals in wildcat wells have revealed moderate to good, average 

methane contents, above a depth of 6000 ft (1825 m), ranging from 80 to 230 standard cubic feet 

(scf)/ton (2.5 to 7.2 cc/g) daf. The initial results of these analyses applied to published coal-in- 

place estimates of Smith (1995) suggest some 140 Tcf (4 trillion m3) CBM in place for the basin 

(Barker etal., 2001). The Potential Gas Committee (2001) indicated 245 Tcf (7 trillion m3) for the 

basin but this estimate did not have access to the additional gas content data that is discussed in 

Barker et al., (2001) and Montgomery and Barker (2002).
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The disadvantage of using Smith’s (1995) coal resource estimate is that a 10,000 ft depth 

is beyond present limits of CBM production and thus overestimates the present-day technically 

recoverable resource. Coalbed methane (CBM) is now being produced as deep as 7547 ft (2300 

m) in the Piceance Basin, Colorado (Schwochow, 1997; Tyler et al., 1996). We expect 

technological innovations will soon deepen the maximum depth of CBM production, thus justifying 

completing coal-in-place resources down to 10,000 ft

The testing for CBM potential of coals within mature gas fields has not been well 

reported. For water saturated coals in CBM fields, adsorbed gas is held in place by the pressure 

generated by the overlying groundwater column (hydrostatic head) above the coaly interval. 

Reduction of this pressure, either artificially by pumping out formational water or naturally by 

tectonic exhumation and erosion, will reduce the storage capacity of the coalbed to hold gas and 

cause desorption. For coals clearly within the gas cap (a zone of limited producible water) of a 

conventional gas field, the pressure holding the gas in place within the coals (CBM storage 

capacity) is assumed to be the same as the pressure in the conventional reservoir. Langmuir 

adsorption theory indicates that a drop in conventional reservoir pressure below the saturated 

storage capacity of a coal as indicated by adsorption isotherms will cause desorption, yielding 

free gas that will inhibit pressure decline in the reservoir (Barker and Crysdale, 1994). This paper 

develops the idea that the desorbed CBM is a highly mobile gas that rapidly migrates into 

adjacent sandstone reservoir beds adding to the conventionally producible reserves of the gas 

fields. The samples taken from the Beaver Creek and Kenai Gas Fields provide the opportunity to 

assess the volume of co-produced CBM and its contribution to reserves and reserve growth.

Methods

Volcanic tephra partings in coals were identified, sampled, and prepared for age dating 

following the criteria outlined in Chapter 3. Samples were collected from outcrops, core material 

at the Alaska Geological Materials Center in Eagle River, AK, and from core holdings of Marathon 

Oil Company and Phillips Alaska, Inc.
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To assess CBM resources, the USGS gathered cuttings samples from wildcat exploration 

wells and conventional development wells drilled on the Kenai Peninsula. This assessment 

project was limited by the use of drilling methods (PDC bits) that ground the coal so fine that not 

enough sample for accurate analysis could be caught by our screening technique. By careful 

examination of thousands of feet of section, we were able to collect three coal cuttings samples 

from the shale shaker during drilling at the Beaver Creek and Kenai Gas Fields we considered to 

be of adequate size. The cuttings were washed with fresh water and screened to an approximate 

0.25 to 0.5 inch (0.6 to 1.3 cm) range and then the actively degassing coal samples were 

immediately placed in a pressure-tight vessel called a canister to evaluate their CBM potential. 

The atmospheric air in the canisters was purged with helium to reduce oxidation of the coal 

during desorption.

During canister desorption, desorbed gas is measured over time while keeping the 

canister at a constant temperature in a water bath. The bath temperature is set to the drilling mud 

temperature (measured at the shale shaker inlet). This temperature is thought to represent the 

temperature conditions at which the cuttings began losing gas while rising in the well bore. “Lost 

Gas" is the amount of gas that desorbs from the coal from the initial penetration with the drill bit 

(initially depressurizing the coal cuttings) to the time it was sealed in the desorption canister. This 

lost gas is unmeasureable and must be calculated by extrapolating the initial canister desorption 

rate back to time zero -  the time when the coal was penetrated (after Bureau of Mines Method). 

The lost gas volume is added to the measured volume to compute gas content on a weight basis. 

We desorb the coal samples for an extended period of time (commonly >2 to 4 months) to allow 

time for all desorbable gas to be released (at ambient pressure) without mechanically pulverizing 

the sample to release the so called “residual gas." Given the extended time of desorption and the 

fine (0.25 to 0.5 inch; 0.6 to 1.3 cm) size range of the cuttings, we believe most, if not all, of the 

mobile gas is removed. This avoids the possibility that the mechanical action of pulverizing the 

coal, with its impact and heating effects, can generate gas from coal forming “residual gas" where 

none was present before (Toth et al., 1999).
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After completing desorption, the coal sample is analyzed using proximate methods to 

estimate ash yield and moisture and an adsorption isotherm experiment is conducted to measure 

the storage capacity of the coal (maximum gas volume that a coal can contain at specific 

temperature and pressure conditions). These coal chemical data were employed to correct the 

desorption analyses to standard dry, ash-free (daf) conditions. In this paper, daf values are used 

for relative comparisons of samples after the effect of ash and moisture were removed.

Publicly available subsurface logs, either in digital format from the Alaska Department of 

Natural Resources Division of Oil and Gas Commission or from purchased raster images of paper 

logs (MJ Systems), along with well header information from Pl/Dwights were loaded into the 

GeoPlus Petra® software program. Petra is an oil and gas, PC-based, program that covers most 

mainstream functions of the industry such as, contour mapping, cross sections, volumetric 

calculations, working with well logs, etc. Directional surveys were provided by Marathon Oil Co. 

for the Beaver Creek Field to compensate for potential apparent thickening due to well bore 

trajectory. Several formation top depths were available for some wells in the Pl/Dwights header 

information. These tops (654STER, 654BLUG, 654TYNK) were used to correlate from well to well 

within the Beaver Creek and Kenai Gas Fields. These tops are assumed to be the reporting 

company’s interpretation of the tops of the Sterling, Beluga, and Tyonek Formations or key 

production horizons. The subsurface strata were split into Sterling Pool and Beluga Pool intervals 

at the Beaver Creek and Kenai Gas Fields. Strata between the 654STER and 654BLUG tops are 

equivalent to the producing portion of the Sterling Formation and strata between the 654BLUG 

and 654 TYNK tops are equivalent to the Beluga Formation which we assume is also the 

producing interval.

Coal beds were picked based on bulk density response with support from the resistivity 

and gamma ray tool responses. The logs provided to the state by the operators are the raw data 

logs. The quality of these logs can be quite variable and commonly uncorrected for hole size, 

mud type, depth, tool calibration errors (up to 5%), formation water salinities, and bed thickness 

resolution of tool (for normal logging speeds the bulk-density log value is an average over 3 feet)
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(Dewan, 1983; T. Hillegeist, 2002, personal communication). Comparison of the raster images 

and digital logs, in conjunction with the visual determination of coal beds on the cross section 

Petra module, indicated that most wells required a bulk-density log cutoff value of 1.90 g/cm3 to 

pick coals between 2,000 to 5,000 ft depth (600 to 1,500 m) and a value of 2.05 g/cm3 for coals 

between 5,000 to 10,000 ft depth (1,500 to 3,000 m) (Fig 4.7). Due to the uncorrected nature of 

the raw log data, several wells had shifted logs. In order to compensate for this shift, it was 

simpler and more effective to adjust the cutoff value for these problematic wells and compute net 

coal thickness on an individual well rather than attempt to determine how much data shift was 

needed to correct the logs, thus values as low as 1.6 g/cm3 and as high as 2.3 g/cm3 were 

needed to accurately pick coals. The cutoff values used in this study are higher than normal coal 

densities in order to accurately evaluate all possible coaly rocks that could contain CBM and to 

accurately characterize coal bed thickness. These higher cutoff values are within the range of 

those noted for San Juan Basin coals where ash densities range between 1.75 and 2.5 g/cm3 

(Nelson et al.. 1997). Nelson et al. (1997) found that using the rule-of thumb log cutoff value of 

1.75 g/cm3 (maximum mineral matter content limit in the geological definition of coal [>50 wt% 

mineral matter]) often underestimated rocks with significant gas storage capacities amounting to 

22% of total gas-in-place volume for the San Juan Fruitland Formation.

Net coal thicknesses for the individual intervals (e.g. Sterling Pool, coals between 2,000 

and 5,000 ft) were automatically calculated by Petra for the digital log suite and corrected for true 

vertical depth (TVD) if a directional survey was available. The accuracy of the automated 

computation from the digital log suite was tested for several wells by visual comparison and 

summation of net coal thickness to assure that Petra summed the correct net coal thickness (Fig.

4.7). Coals using the raster image log suite were hand picked from depth registered images and 

summed by Petra. For wells with raster images and directional surveys, the hole-angle was 

computed for the top of the interval and the net interval net thickness was geometrically corrected 

based on the hole angle. For wells without directional surveys, the net coal thickness was 

corrected geometrically using the map distance between surface and bottom hole locations with
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the measured length of the hole. This method may tend to underestimate the correction factor 

due to the nonlinear well bore trajectory. However, our geometric corrections seem comparable to 

the net thickness achieved by Petra and reported by McGee and O'Connor (1975) for a well in 

the Kenai Unit (KU 14-6). Petra yielded a net coal thickness between 5,000 and 10,000 ft depth of 

333.1 feet that is TVD corrected based on the directional survey. Using a geometric correction the 

net thickness is 337.5 feet McGee and O'Connor reported a net coal thickness of 305 feet for this 

same interval.

We entered the original net coal thickness data from McGee and O’Connor (1975) into 

Petra using their depth intervals. Well name, operator, and township and range were the only 

descriptions reported for the McGee and O’Connor (1975) data set. We were unable to load 

some data due to difficulties in determining which well they used. Several of the wells in their data 

set did not drill to 5,000 ft or 10,000 ft or had limited log coverage. However, McGee and 

O'Connor included some of these wells if net coal thickness was similar to nearby wells and the 

coverage was considered nearly complete. We did not agree with this contention, and 

consequently we removed these potentially erroneous data points. Coal volumes are computed 

for the McGee and O'Connor (1975) intervals based on a contoured, least-squares, grid algorithm 

used by Petra of the net coal thickness from each well. The basin bounding faults were entered 

as zero isopach lines to constrain the coal volumes near these boundaries. This is probably 

accurate for the wedge-shaped onlapping relations of the strata near the Border Ranges Fault on 

the east side of the basin but may be misleading on the western side where uplift along the Bruin 

Bay Fault juxtaposes older strata with nearly complete coal thickness against the faulted margin. 

However, many data points (wells) along the west side are within a few of kilometers of these 

zero isopach lines, so the amount of coal volume lost during contouring is negligible due to the 

100+km wide basin area used in the calculations (Plates 3 and 4).

Production data for individual pools of the Kenai Field through December 2001 were 

available from Brimberry et al. (2001). Production data for Beaver Creek Field, virgin and 

historical reservoir pressures, reported reserves, and locations of the gas/water contact were
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provided through personal communications with the Alaska Department of Natural Resources 

Division of Oil and Gas (ADNRDOG) or were available in the ADNRDOG Annual Report (2000).

Results

<0Ar/39Ar Chronostratioraphic Architecture

The coastal outcrops along the western edge of the Kenai Peninsula are primarily 

northeast dipping and gently folded. Several distinct fault planes are observed in outcrop while 

others are inferred from stream profiles or from slumped and heavily vegetated slopes. Faults that 

were apparent in the past (Bames and Cobb, 1959) have since been covered. Structural throw on 

these faults was considered minimal (Bames and Cobb, 1959; Wolfe et al., 1966; Reinink-Smith, 

1989, 1995).

The ^Ar/^Ar dating indicates repetition of strata, additional faults, and structural throws 

greater than previously inferred. The sediments in the Diamond Creek area have ^Ar/^Ar ages 

ranging from 4.6 to 9.4 Ma. The section appears to be repeated several times (Fig. 4.8; Plate 2). 

Two fault zones are visible, one high angle fault at Diamond Creek (Biddle, 1977) and a low 

angle, closely spaced fault pair at the north end of the outcrop section (-8.3 km from Diamond 

Creek) (Bames and Cobb, 1959). Based on the repeated age sequence, at least three additional 

faults may be covered in the numerous slumped and heavily vegetated areas between these two 

areas (Fig. 4.8; Plate 2). Due to poor resolution on some horizons, several of the ages are not 

statistically different at two sigma levels except across the second fault northwest of Diamond 

Creek and the first fault south of the fault pair at the northwestern end of the section (Fig. 4.8). 

However, the concordance between dated horizons stratigraphically and the multiple analytical 

runs used to obtain these ages, suggests that these ages are accurate and that faults exist, most 

likely in the covered areas. Based on the dated horizons on either side of these faults, the sense 

of movement is reverse, up-throwing strata of older age on the southeastern side of the fault (Fig 

4.8).

Northwest of Diamond Creek the age of the section dramatically changes from 5.9 to 8.1 

Ma over a vertical interval of 6 m (Plate 2; Fig. 4.8). This may indicate another fault with the
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opposite sense of movement, but more likely it represents a disconformity. Scouring is common 

in the Beluga and Sterling Formations where the coal beds were considered competent enough 

to resist erosion, causing a cessation of down-cutting but lateral removal of strata above the coal 

bed and subsequent deposition of sandstone above the coal (Kremer and Stadnicky, 1985). 

Rawlinson (1984) noted similar relations in Kachemak Bay where scouring left minor traces of 

previously deposited siltstone beds intact between the resistant coal below and resulting 

sandstone deposited above after scouring. There is no obvious indication of a fault within the 6 

meters that separate the strata of different age, thus the ^Ar/^Ar ages support an erosional 

truncation, probably due to scouring along the coal bed.

In the Clam Gulch area, the fault in the creek bed separates two sections of different age 

and structural attitudes (Fig. 4.9; Plate 1). North of Clam Gulch the strata are 3.2 to 6.7 Ma in age 

while 3 km south of the creek at a broad syncline with a coal doublet, two dated horizons are 

older, at 8.5 to 9.2 Ma (Fig. 4.9; Plate 1). A clearly identifiable fault truncates this doublet.

Previous workers interpret a doublet south of the fault as equivalent to the coals north of the fault 

and suggest only a few feet of offset (Barnes and Cobb, 1959). However, the coal pair south of 

the fault merges near Falls Creek where an ash parting is dated at 6.1 Ma. This time discrepancy 

indicates a considerably greater amount of throw has occurred on the fault than was previously 

interpreted. The northern block has been significantly upthrown exposing older sediments and 

disrupting the vertical continuity of strata along this section of the outcrop.

The coastal outcrops around Ninilchik, AK and northward have been previously mapped 

as the Sterling Formation while the remaining coastal outcrops on the western edge of the 

Peninsula to the south are mapped as the older Beluga Formation (Fig. 4.10) (Sisson, 1985;

Lueck et al., 1987; Merritt et al., 1987; Flores and Strieker, 1992). The mapping is based on the 

considerably different sediment characteristics at these locations corresponding to descriptions 

from the type section well logs. Fine-grained deposits are interbedded with abundant thick coals 

of the Beluga Formation at Diamond Creek while, in contrast, coarser thick channel sandstone 

bodies with sparse thin interbedded coals and minor fine-grained units occur in the Sterling
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Formation at Clam Gulch. The age data indicate that what is mapped as Sterling and Beluga 

Formations are time-transgressive units with different physical character supporting the time- 

transgressive interpretation of Swenson (1997). The similar age relations indicate coeval 

deposition of channel belts, interfluve areas, swamps, and alluvial fans in close proximity with 

continuous migration of the depositional systems across the basin through time. Faulting has 

juxtaposed blocks of similar age all along the western edge of the Peninsula and caused 

repetition of the stratigraphy in several places. This has significant implications concerning the 

previously presumed vertical continuity of strata through the Beluga and Sterling Formations and 

causes considerable overestimation of resources based on this assumed continuity (see below). 

Desorption Analyses

Cuttings from a Sterling Formation coal (3472 ft measured depth [MD]) in well KBU 42-7 

(Fig. 4.4) in the Kenai Gas Field were collected for coalbed methane analysis. This horizon is 

-400 ft above the Sterling Pool production interval. Proximate and ultimate analyses indicating a 

moisture plus ash content of 39% are used to correct gas contents to a dry ash-free basis (daf) 

(Table 4.2). Desorption results yielded a dry, ash-free gas content of 61 scf/t (1.9 cc/g) (Fig.

4.11a). During the final stages of desorption, the canister lost pressure containment and the 

experiment was stopped. Approximately 200 cc/month (for the last three months) were being 

desorbed at the time the experiment was stopped. The desorbed gas content was still continuing 

to rise during this portion of the experiment (Fig. 4.11a), thus considerable additional desorbed 

gas may have been lost from this sample.

Two samples from well BC10 from the Beaver Creek Field (Fig. 4.4) are analyzed for 

their coalbed methane content. Proximate analyses of cuttings from a coal seam at 5365 ft MD 

(within the Sterling Pool) indicate a moisture plus ash content of 53% (Table 4.2). Desorption 

results yielded a dry, ash-free gas content of 90 scf/t (2.8 cc/g) (Fig. 4.11 b). The second sample 

is from a depth of 4645 ft MD (above producing intervals) and has a moisture plus ash content of 

67%. The desorbed gas content of this sample is 48 scf/t (1.5 cc/g) (daf) (Fig. 4.11c).
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Gas content measurements on cuttings commonly range from 21 to 50% lower than 

related core samples (Nelson et al., 1997; Mavor and Nelson, 1997; Nelson, 1999; Pratt et al., 

1999; Nelson et al., 2000). We attribute the difference to: 1) dilution of the gassy coal-zone 

cuttings with non-gas-bearing cuttings during transport in the wellbore, and 2) more rapid and 

complete gas-loss from the finer sized coal fractions included in the sample canister, even after 

screening to remove the less than 0.25 inch fraction (6 mm fraction). A 25% cuttings correction 

was used to make cuttings approximately equivalent to core measurements from the Tyonek 

Formation at the Pioneer Unit (Barker et al, 2001). This correction factor, if applied to coals of the 

Kenai Peninsula, would be conservative because the coals from the surface to 7,000 ft (2.1 km) 

depth are mostly, sub-bituminous in rank — somewhat lower than the bituminous rank of the 

Tyonek Formation coal at the Pioneer Unit In general, subbituminous coals tend to have higher 

matrix permeability and lose gas more quickly than bituminous coals (Bustin and Clarkson, 1998), 

thus the degree of correction needed for subbituminous coal is higher.

Highly productive CBM fields in the Powder River Basin yield substantial coalbed gas 

from low rank (subbituminous), high moisture (27%) content coals of the Fort Union Formation 

(Pratt et al., 1999; Nelson et al., 2000). These Fort Union Formation coals are the closest 

analogues to the low rank coals tested in this study, but they have considerably lower gas 

contents (26 to 31 scf/t [0.88 cc/g] daf) due to their shallow depths (Nelson et al., 2000). Cuttings 

desorption measurements averaged 36% less than their core counterparts (Nelson et al., 2000).

Because the Kenai Peninsula coals are similar to the Powder River Basin samples, we 

applied the average cuttings correction of 36% to the Kenai desorption samples, but acknowledge 

that this still may be underestimating the actual level of correction needed. This increases the dry, 

ash-free gas contents for the KBU 42-7 sample to 83 scf/t (2.6 cc/g), for the BC10 5365 ft sample 

to 123 scf/t (3.8 cc/g), and for the BC10 4645 ft sample to 66 scf/t (2.1 cc/g).

Gas Analyses

Gas analyses of the KBU 42-7 sample indicate the gas is very dry (C-i/C^s > 0.99), 

isotopically light, and has 513C ratio of-64°/oo. Gas analyses of the 5365 ft sample from the BC10
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well indicates the gas is very dry (Ci/Cus> 0.99), isotopically light, and has S13C ratio of -58 °/oo. 

These gas analyses are indicative of a group of non-associated gases produced from the upper 

Tyonek, Beluga, and lower Sterling Formations at depths of less than 7,500 ft (2,287 m) which 

have their sources in coals of the Tyonek, Beluga, and Sterling Formations (Fig. 4.12) (Claypool 

et al., 1980). A Bernard plot of two gas samples from this study indicate that they are similar to 

the biogenically sourced Coffee Creek samples but not the mixed thermogenic and biogenic 

gasses from the Tyonek coals in the Matanuska Valley (Fig. 4.12).

Adsorption Analyses

Langmuir adsorption isotherm analyses experimentally establish equilibrium coal gas 

storage capacity under constant temperature and increasing pressure conditions. Isotherms can 

be used to determine if the coals are saturated with gas by comparing them to the results of the 

canister desorption analyses. Splits of the desorption samples were sent to R.M.B. Earth Science 

Consultants Ltd. who conducted these high-pressure volumetric adsorption analyses at 

equilibrium moisture conditions based on the technique described by Mavoretal. (1990).

Temperature and moisture have prominent roles in gas storage capacity of a coal (Fig.

4.13) (Mavor et al., 1990). Higher reservoir temperatures inhibit the coals' ability to hold gas due 

to higher energy state of the gas. Because the samples are temperature sensitive, we ran the 

isotherms at two different temperature conditions attempting to bracket the reservoir temperature. 

Reservoir temperatures are reported for several horizons in both the Beaver Creek and Kenai 

Gas Fields (ADNRDOG Annual Report, 2000) with one additional horizon provided by Marathon 

Oil Co. A temperature gradient for each field is determined by a best fit line to available data and 

the temperature for each sample horizon is extrapolated based on this gradient The calculations 

result in an estimated temperature of 31°C for the Kenai sample and 39°C (4645 ft) and 43°C 

(5365 ft) for the Beaver Creek samples.

The pressure ranges used for the isotherm analyses are the laboratory default pressure 

ranges which are not as high as the reported virgin reservoir pressure. This oversight can be 

corrected by using a Langmuir plot that charts pressure divided by volume (psia*tons/scf) against
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pressure (psia). This normalizes the Type 1 isotherm to a straight line whose goodness of fit can 

be evaluated. Langmuir plots with high R values can be used to extrapolate forward to higher 

pressure conditions, thus enabling a determination of the maximum gas storage capacity of the 

organic material (Fig. 4.14). The Langmuir plots are used to determine the maximum storage 

capacity at virgin reservoir conditions for the Beaver Creek and Kenai Gas Field samples.

The Langmuir adsorption isotherm plots for the 3472 ft KBU 42-7 sample indicate 

maximum storage capacities ranging from 127 to 130 scf/t (4.0 to 4.1 cc/g) (daf) at an 

extrapolated virgin reservoir pressure of 1758 psia (12 MPa) (Fig. 4.14a). There is an 

uncharacteristic merging of regression lines near the extrapolated virgin reservoir pressure. This 

may be related to the scatter in both temperature runs and associated errors in projecting the 

isotherms out to reservoir pressure conditions. Based on the cuttings corrected desorbed gas 

content obtained (83 scf/t [2.6 cc/g] daf), this sample appears to be undersaturated at both 

temperature conditions and this reservoir pressure. However, the total desorbed gas is low due to 

interruption of the experiment from pressure containment loss. In addition, the in-situ moisture 

content for this sample could be considerably higher than that used for the isotherm analysis. 

Moisture competes against methane for storage sites and thus can limit the amount of desorbed 

gas obtained from a sample (Fig. 4.13). Therefore, either due to the lost desorbed gas, 

uncertainty in the isotherm analyses, or possible variation in in-situ moisture variations, it is 

difficult to establish if this sample is actually undersaturated.

The Langmuir adsorption isotherm plots of the upper sample at BC10 (4645 ft) indicate 

maximum storage capacities between 50 scf/t (1.6 cc/g) (daf) and 118 scf/t (3.7 cc/g) (daf) at an 

extrapolated virgin reservoir pressure of 2098 psia (14 MPa) (Fig. 4.14b). The separation 

between the two temperature isotherms demonstrates the effect of temperature on the storage 

capacity with the higher temperature holding less gas. The cuttings corrected desorption result of 

66 scf/t (2.1 cc/g) (daf) is within the range of the two temperature isotherms. A linear extrapolation 

between the two temperature isotherms suggests that the storage capacity, at the estimated 

reservoir temperature of 39°C, is -64 scf/t (2.0 cc/g). The isotherm and desorption results are
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equivalent indicating saturated conditions. This supports the use of the 36% cuttings correction to 

bring these results to core-equivalent levels.

The deeper sample at BC10 (5365 ft) has indicated maximum storage capacities 

between 106 and 147scf/t (3.3 and 4.6 cc/g) (daf) at an extrapolated virgin reservoir pressure of 

2423 psia (17 MPa) (Fig. 4.14c). The cuttings corrected desorption result (123 scf/t [3.8 cc/g] daf) 

is within the range of the two temperature isotherms. A linear extrapolation between the two 

temperature isotherms suggests that the storage capacity, at the estimated reservoir temperature 

of 43°C, is -131 scf/t (4.1 cc/g) (daf). The adsorption isotherm indicates slightly undersaturated 

conditions. However, unlike the other two samples, this sample is within the Sterling Gas Pool. 

Since initiation of gas production from the Beaver Creek Field in 1972, the reservoir pressure has 

been reduced. This drop in reservoir pressure reduces the coals' ability to hold gas, and thus this 

sample should appear to be undersaturated using original virgin reservoir pressure comparisons. 

We expected this behavior from this sample because of its stratigraphic location and our 

inference that the coals are contributing to production (see below).

Coal Volume and Mass Estimates 

Coal volumes and masses are computed or corrected for two resource estimates. First, 

coal volumes are calculated for the Kenai Peninsula and Cook Inlet Basin using previous data 

from McGee and O’Connor (1975) supplemented by new data. Second, Kenai Peninsula outcrop 

coal masses are corrected based on stratigraphic and structural relations determined from the 

new ̂ Ar/^Ar chronostratigraphic information.

Coal Volume and Mass Calculated From Previous Data

Based on the variation of coal masses reported for Cook Inlet Basin (Table 4.1) and the 

need to determine the coal mass resource for the Kenai Peninsula, we revisited the McGee and 

O'Connor (1975) coal data, updating and adding to their original dataset. McGee and O’Connor 

(1975) picked coals using a 2 foot (0.6 m) minimum based on resistivity, sonic, and density logs 

that were verified by mud log descriptions. Actual cutoff values for the log suite or the criteria for 

concordance between logs were not reported. McGee and O’Connor reported coal masses for
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three different depth intervals, surface to 2,000 ft, 2,000 to 5,000 ft, and surface to 10,000 ft The 

coal resources they reported were based on the area in square miles times net coal thickness 

under the area times one million short tons. The one million short tons value was apparently from 

published data at that time that indicated 25 cubic feet of coal in place is equivalent to 

approximately one short ton. This equates to a coal density of 80 lbs/ft3 (1.28 g/cm3). This is 

similar to the original rule-of-thumb values of 1.32 to 1.36 g/cm3 for the average in-situ coal 

density that Nelson et al. (1997) demonstrated underestimated the gas-in-place estimates for the 

San Juan Basin Fruitland Formation coals by 10 to 36%.

Due to the potential for underestimating CBM resources, we estimated coal density from 

plots of coal mixed with ash for a given rank (Fig. 4.15). Based on these plots, McGee and 

O'Connor’s (1975) correction would apply to coals with ranks higher than high-volatile B 

bituminous. The coals in Cook Inlet Basin are of low rank (lignite to high-volatile C bituminous) 

and only get to high-volatile B bituminous or higher ranks where contact metamorphism has 

baked nearby coals (e.g. Mantanuska Valley; Strieker, 1991). Sterling and Beluga Formation coal 

outcrops on the Kenai Peninsula have an average ash content of 16% (Merritt et al., 1987) while 

subsurface bituminous Tyonek coals from the AK94 well have an average ash content of 24% 

(Smith, 1995). From Figure 4.15, these values indicate coal densities of 1.6 g/cm3 (99.9 lbs/ft3) for 

both coal ranks. These values are similar to the bulk densities (1.4 to 1.8 g/cm3) from the higher 

ash content (20-61%) bituminous Fruitland Formation coals from the San Juan Basin (Nelson

2000) but higher than the low ash content (4-8%) subbituminous Powder River Basin coals (1.3 

g/cm3) (Pratt et al., 1999; Nelson et al., 2000). Because ash content drives coal bulk density, we 

believe our estimate of 1.6 g/cm3 is representative of the actual in-situ density of the higher ash 

content Cook Inlet coals.

The density determinations above were used to calculate the coal masses in Table 4.3. 

Our hypothetical coal mass estimates for the interval surface to 10,000 ft are 2.0 trillion short tons 

(1.8 trillion metric tons) and 0.6 trillion short tons (0.54 trillion metric tons) for the interval 2,000 to

5,000 ft, higher than the 1.3 and 0.3 trillion short tons (1.2 and 0.2 trillion metric tons) reported by
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McGee and O’Connor (1975), respectively (Tables 4.1 and 4.3). The larger numbers are from the 

higher densities we used and potentially, in part, from a larger basin surface area used (Fig. 4.6).

We supplemented the McGee and O'Connor (1975) data with additional well logs. These 

new data points included areas where the original data were sparse and provided additional 

resolution in areas where fields have further well coverage (Table 4.4). Coal volumes calculated 

from isopach maps (Plates 3 and 4) indicated that the additional well coverage yields slightly 

higher coal resources (0.8 trillion short tons [0.7 trillion metric tons]) for the interval 2,000 to 5,000 

ft (Table 4.3).

The interval 2,000 to 10,000 ft contains both low and high rank coals. In order to split the 

coals into more representative ranks, we contoured a new interval for coals between 5,000 and

10.000 ft by subtracting the net coal thickness of the two upper intervals from the surface to

10.000 ft interval of McGee and O’Connor (1975). The removal of well data that did not reach

10.000 ft drilled depth (of McGee and O'Connor, 1975) and the addition of extra well data shows 

that the interval 5,000 to 10,000 ft has a larger coal resource than what is computed for the 

surface to 10,000 ft interval (Table 4.3). We believe this larger number results from removing 

smaller net thickness derived from using wells with log coverage that did not extend to 10,000 ft 

and the additional well control we provided. The contouring of these intervals is important 

because the interval 2,000 to 5,000 ft would be the most likely target for initial CBM testing while 

the 5,000 to 10,000 ft interval may be successful in certain areas or with future technologies (see 

below).

Kenai Peninsula Coal Mass

The stratigraphic and structural complexities indicated by the ^Ar/^Ar chronology have a 

significant impact on the previously reported coal resources of the Kenai Peninsula. Merritt et al. 

(1987) reported coal mass resources of several resource blocks for the Kenai Peninsula based 

on measured, identified, and hypothetical calculations (Fig. 4.10). Merritt etal. based their 

calculations on USGS criteria but did not list either these criteria or the citation. Their measured 

coal resource is based on assumed stratigraphic continuity along the exposed outcrops of
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Kachemak Bay and along the west side of the Kenai Peninsula. Using the new stratigraphic and 

structural interpretations from the age data, we evaluate the overestimation of resources for two 

of the Merritt et al. resource blocks.

Merritt et al. (1975) measured 335 m of section from the northern limb of a small anticline 

north of Corea Creek up through strata north of Clam Gulch and indicated continuous vertical 

stratigraphic continuity through this interval (Fig. 4.9; Plate 1). The southern portion of this section 

up through the fault north of Falls Creek, is 78 m of the total measured by Merritt et al. (1987).

The 40Ar/39Ar ages of this southern portion (6.1 to 5.4 Ma) are the same as the strata north of 

Clam Gulch (6.7 to 3.2 Ma) indicating a repeated section. The fault at Clam Gulch does not 

appear to offset the strata significantly as the ^Ar/^Ar ages are concordant up through the 

section north of Clam Gulch (Fig. 4.9, Plate 1). The 78 m of repeated section equates to a 23% 

overestimation of the vertical continuity of strata. Merritt et al. (1987) reported a measured coal 

resource of 2.1 million short tons (1.9 trillion metric tons) and a hypothetical coal resource of 

1,500 million short tons (1361 trillion metric tons) for the Clam Gulch block (Fig. 4.10). It is 

unclear how Merritt et al. (1987) computed the hypothetical number but based on the repetition of 

strata, the outcrop measured resource estimate should be reduced by 23%.

A similar relation is noted north of Diamond Creek where Merritt et al. (1987) measured 

252 m of section in this area and assumed vertical continuity through the section and across the 

slumped and heavily vegetated intervals. The chronostratigraphy indicates repetition of strata due 

to faulting and the presence of a significant disconformity in the section (Fig. 4.8; Plate 2). The 

most complete section of uninterrupted vertical continuity in the Diamond Creek area is 45 m of 

the total 252 m measured by Merritt et al. (1987). A maximum of 130 m of total stratigraphic 

thickness is estimated from the various sections between faults that have different ages (Plate 2, 

Fig. 4.8). The repetition of strata due to the apparent disconformity and faulting indicate more 

than 50% of the section is repeated. Merritt et al. (1987) reported measured coal resources of 2.8 

million short tons (2.5 trillion metric tons) for the Anchor Point resource block (Fig. 4.10). This coal 

mass is based on the vertical continuity of the strata and is clearly overestimating the measured
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resource. This resource estimate needs to be reduced by at least 50% to better estimate the coal 

mass in place for this block.

The outcrop coal resource estimates are clearly affected by repetition of strata due to 

faulting, but documenting this relation in the subsurface is limited by the lack of dated horizons 

and widely spaced well locations. The assumptions made when using net coal thicknesses from 

well data tend to minimize the associated problems caused by complex structural and 

stratigraphic relations. For example, a coal seam that shows up on a well log in a given well may 

not show up on a neighboring well due to the lenticular nature of coal deposits. However, the 

likelihood that the neighboring well has a different coal seam that is not in the first well is just as 

plausible. Thus, over the large vertical interval (1000's of feet) that is used to compute net 

thicknesses, these well to well variations tend to be homogenized resulting in a similar net coal 

thickness over an areal extent of a few 10’s of km2 as long as the depositional system does not 

change dramatically. With good well coverage across a basin, the accuracy of the estimated coal 

mass increases. In addition, net coal thickness computations will show areas where coal 

deposition was most favorable, and thus indicate potential economic targets where thicker 

occurrences of coal may contain large quantities of gas-in-place leading to a CBM play.

Gas-ln-Place CBM Resource 

CBM gas-in-place (GIP) is calculated for the Kenai Peninsula and Cook Inlet Basin using 

desorption data from this study and previously reported values (Barker et al., 2001; Montgomery 

and Barker, 2002) to the recalculated coal volumes in Table 4.3.

Gas-in-place estimates are calculated using the following formula:

GIP = GcxCm

where

GIP = gas in place (Mcf)

Gc = gas content, dry ash-free basis 

Cm = total pure coal mass
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Gas content (Gc) values are taken firom the desorption results from the Marathon wells 

(Table 4.5). Total pure coal mass (Cm) is calculated using the coal volumes in Table 4.3 minus 

the appropriate average ash yield + moisture content

Barker et al. (2001) previously estimated the total coalbed methane resource for Cook 

Inlet Basin by separate calculations for the bituminous Tyonek coals of the Matanuska Valley and 

western onshore and offshore Cook Inlet and the subbituminous Sterling and Beluga coals in the 

basin. The bituminous coals have average gas contents of 230 scf/ton (daf, core; 7.2 cc/g) while 

the subbituminous coals have average gas contents of 75 scf/ton (daf. 25% cuttings corrected;

2.3 cc/g) (Barker et al., 2001). Total pure coal (pure coal = in situ coal reserves, minus an 

estimated typical 25% ash yield + moisture content) for coal beds above 5,000 ft (1,525 m) was 

estimated at 350 billion tons (320 billion metric tons) pure coal-equivalent and 750 billion tons 

(700 billion metric tons) pure coal-equivalent for coals below 5,000 ft (Barker et al., 2001 using 

coal mass from Smith, 1995). These data indicate a gas-in-place resource of 60 Tcf (1.7 trillion 

m3) for the subbituminous coals and 80 Tcf (2.3 trillion m3) for the bituminous coals for Cook Inlet 

Basin

Interval 2.000 to 5.000 ft

The interval 2,000 to 5,000 ft is within the range of many producing coalbed methane 

fields (e.g., Uintah, San Juan, and Raton Basins). The Pioneer Unit in Alaska is targeting the 

upper levels of this interval. For the Kenai Peninsula, this would probably be the target range for 

early CBM exploration attempts.

The GIP resource is significant for the Kenai Peninsula ranging between 8.9 to 11.1 Tcf 

(0.2 to 0.3 trillion m3) using the lower desorbed gas content values from the Marathon wells 

(Table 4.5). Using the average gas content for subbituminous coals (75 scf/t daf) reported by 

Barker et al. (2001) is similar to the calculations using the Marathon data but slightly higher due to 

a lower ash + moisture correction (Table 4.5). Projecting these desorption rates for the entire 

Cook Inlet Basin yields GIP estimates of 33.5 to 42.1 Tcf (0.1 to 1.2 trillion m3) (Table 4.5). If only 

10% of this resource is accessible for production at a 50% recovery rate, then potential CBM
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produced gas would be on the order of 0.4 to 0.6 Tcf (0.1 to 0.2 trillion m3) for the Kenai 

Peninsula and 1.7 to 2.1 Tcf (0.5 to 0.6 trillion m3) for Cook Inlet basin.

Interval 5.000 to 10.000 ft

Coals of higher rank and higher gas contents exist in the interval 5,000 to 10,000 ft As 

mentioned previously, CBM is being produced at depths of 7547 ft (2300 m) in the Douglas Arch 

and Piceance Basin, Colorado. Theoretically coals in this interval could be produced, especially 

with future advancements in technology or increased gas prices. GIP for this interval for the Kenai 

Peninsula is 81.3 Tcf (2.3 trillion m3) using the higher desorption value from the Beaver Creek 

Field (Table 4.5). Extrapolating this desorption value to the rest of Cook Inlet Basin would indicate 

a GIP of 230.1 Tcf (6.5 trillion m3) (Table 4.5). If only 10% of this resource is accessible for 

production at a 50% recovery rate, then CBM produced gas would be on the order of 4.1 Tcf (0.1 

trillion m3) for the Kenai Peninsula and 11.5 Tcf (0.3 trillion m3) for Cook Inlet basin. A portion of 

this interval consists of Tyonek Formation coals similar to the ones in the Matanuska Valley. The 

average gas content from these higher rank coals is 230 scf/ton (7.2 cc/g) daf (Barker et al.,

2001). Using this as a maximum value for the coals in this interval would indicate GIP of 152.1 

and 430.3 Tcf (4.3 and 12.2 trillion m3) for the Kenai Peninsula and Cook Inlet Basin, 

respectively. Hypothetical recovery rates would be 7.6 and 21.5 Tcf (0.2 and 0.6 trillion m3). 

Comparison to Conventional Gas Reserves

The CBM in-place values reported above are significant in comparison to the indicated 

conventional gas reserves for Cook Inlet Basin. The Alaska Department of Natural Resources 

reports total conventional gas reserves for Cook Inlet of 2.564 Tcf (0.073 trillion m3) (ADNRDOG 

Annual Report, 2000). The potential estimated recoverable CBM resource (1.7 to 2.1 Tcf) for the

2.000 to 5,000 ft interval equates to over two-thirds of the proven conventional gas reserves. The 

theoretical estimated recoverable CBM resource (11.5 Tcf) for the deeper interval (5,000 to

10.000 ft) is over four times larger than the proven conventional gas reserves in Cook Inlet. The 

combination of these two CBM resources indicates that gas produced from coals could be a 

significant contributor to declining conventional resources currently used for the Anchorage area
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and beyond. The hypothetical CBM recovery rates could continue natural gas supplies to the 

Anchorage area for an additional 60 years beyond the estimated shortened supply date of 2011. 

This makes Cook Inlet Basin a likely prospect for CBM exploration.

Coalbed Methane Contributions to Reserves

Conventional gas production in Cook Inlet is primarily from sandstone in the Sterling, 

Beluga, and Tyonek Formations. Within the structural traps of these conventional fields are also 

abundant coal beds. As demonstrated above, coal beds constitute considerable gas storage 

reservoirs. How the depressurization of the reservoir affects the interbedded coals has not been 

demonstrated. The convention for producing CBM fields is the reduction of hydrostatic pressure 

by pumping water out of the production interval. This reduction in pressure limits the coals ability 

to hold gas which causes desorption leading to production (Fig. 4.16). In a conventional gas field 

with interbedded coals, we assume that the gas held in the coals is governed by the reservoir 

conditions within the water-free gas cap. It is our contention that as the reservoir is produced, 

reducing the pressure in the gas-cap, the coals should lose their ability to hold gas (Fig. 4.16). 

This desorbed gas could migrate from the coal into adjacent sands and be co-produced with the 

conventional gas.

The samples taken from the mature Beaver Creek and Kenai Gas Fields provide the 

opportunity to pursue this issue of co-produced coalbed gas and its contribution to reserves and 

reserve growth. Extended conventional production has depressurized these fields and we 

hypothesize that much of the original CBM in-place has been co-produced with the conventional 

gas. At present, original reservoir pressures have been reduced to near the estimated ultimate 

recovery (EUR) level in the Kenai Gas Field (ADNRDOG Annual Report, 2000). This reduction in 

pressure is far below the critical desorption pressure indicated from the coal isotherm data and 

implies that significant quantities of CBM have apparently been desorbed and produced through 

the conventional reservoir sands.

Net coal thicknesses tor wells in the Kenai Gas Field are about twice the values of the 

three wells reported by McGee and O'Connor (1975). Most of this discrepancy is due to higher
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density cutoff values used, better resolution of modem log suites, and considerably more wells on 

the structure. The higher cutoff values are used due to the low rank and high ash content of these 

coals and to account for rocks with a high organic content that could have significant methane 

generation and storage capacities such as the high ash coal sampled in the Beaver Creek #10 

well. Net coal thicknesses were contoured using a least-squares grid algorithm in Petra. Volumes 

are clipped fora polygon corresponding to the gas cap in each field (Figs. 4.17,4.18). Pure coal 

mass is calculated using the coal volumes times the density (99.9 lb/ft3 [1.6 g/cm3]) corrected to 

daf conditions using the proximate data from the adsorption isotherm analyses (Table 4.6). The 

moisture contents of the isotherm proximate data are more representative of the in-situ conditions 

rather than the as-received proximate moisture analyses.

GIP is calculated for the Beaver Creek and Kenai Gas Fields using the desorption data 

corresponding to the volumes clipped to the gas cap polygon for each field (Table 4.6). Available 

historical pressure and production data from the producing horizons (ADNRDOG Annual Report, 

2000; Brimberry et al., 2002) is used to estimate the potential CBM co-produced contribution to 

reserves. Estimates are made for the separate production pools for cases where the data are 

available.

Kenai Gas Field CBM Contributions

Recent field pressures are available for the Kenai Gas Field from the Alaska DNR 

(ADNRDOG Annual Report, 2000) that enable estimation of the co-produced methane from the 

coal beds. The reported pressure in November, 2000, for the Sterling Pool was 310 psia (2.1 

MPa) (Table 4.7). Even though the desorption results from the KBU 42-7 well indicate the coal is 

undersaturated, the current reservoir pressure is well below the critical desorption pressure.

Thus, when the reservoir pressure fell below this critical point, the coal should have lost its gas 

retention capabilities allowing for gas to desorb and migrate out of the coal. The adsorption 

isotherm indicates the coals in the Sterling Pool would have a maximum storage capacity of 40 

scf/t (1.3 cc/g) daf at the reported reservoir pressure (310 psia). The amount of GIP at this 

pressure level is calculated by multiplying this storage capacity by the coal mass within the gas
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cap. Subtraction of this computed GIP from the original gas-in-place (OGIP) value indicates that 

15.9 Bcf (0.5 billion m3) of free gas was expelled from the coals prior to November, 2000 (Table

4.7). This free gas could not be contained within the coals and thus, likely migrated through the 

cleat systems and into adjacent producing sands. The long production life of this field (> 30 

years) suggests there is ample time for desorption and migration to the wellbore. These 

calculations are also conducted for the Beluga Pool based on a reported reservoir pressure of 

466 psia (3.2 MPa) (Table 4.7) (ADNRDOG Annual Report, 2000).

The ultimate recovery level (EUR) for an individual field varies based on the depth to 

pool, reservoir pressure, compression costs, regional economics, etc. We estimated the EUR for 

the Sterling and Beluga Pools using a hypothetical ultimate pressure recovery of 100 psia and 

200 psia (0.7 and 1.4 MPa), respectively. Based on these levels the GIP is calculated and the 

potential co-produced CBM is calculated (Table 4.7). The adsorption isotherms indicate that the 

maximum storage contents of the coals in the Sterling and Beluga Pools will be 20 and 30 scf/t 

(0.6 and 0.9 cc/g) daf, respectively. At these levels, the Sterling and Beluga coals will potentially 

contribute 23.3 and 40.8 Bcf (0.7 and 1.2 billion m3) of gas from coals within the gas cap (Table

4.7).

Beaver Creek Field CBM Contributions

Reported pressure values for the Beaver Creek Field are not current so only the ultimate 

recovery level is calculated for this field. Again, hypothetical ultimate pressure levels of 100 and 

200 psia are used for the Sterling and Beluga Pools, respectively. These calculations are made 

using the desorption and adsorption isotherm data from both samples from this field (Table 4.8).

The total gas contributions are lower than the Kenai Field primarily due to the smaller 

reservoir at the Beaver Creek Field (Table 4.8). However, these values would be higher if the 

undersaturated nature of the sample at 5365 ft is considered. This sample is within the producing 

horizon of the Sterling Pool. As of Novermber, 1998 the reservoir pressure at 5,000’ was 2070 

psia (14 MPa) down from the original reported pressure of 2200 psia (15 MPa) (ADNRDOG 

Annual Report, 2000). If the 5365 ft sample was saturated at initial reservoir conditions, then the
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amount of desorbed gas is reflective of the current reservoir pressure (less than that reported in 

1998). This drop in pressure would lower the coal’s gas storage capacity and would explain the 

undersaturation based on the adsorption isotherm. Using the maximum from the adsorption 

results (131 scf/t [4.1 cc/g] daf) would increase the OGIP to 12.1 Bcf (0.3 billion m3) for the 

Sterling Pool and 11.5 Bcf (0.3 billion m3) for the Beluga Pool. This would increase the EUR co

produced CBM amounts to 11.0 Bcf (0.3 billion m3) for the Sterling Pool and 9.3 Bcf (0.3 billion 

m3) for the Beluga Pool.

Co-produced CBM Significance

The total potential CBM co-produced gas from the Kenai Field is insignificant in 

comparison to the expected reported recovery of 2615 Bcf (74 billion m3) (also includes Tyonek 

Pool; source AK DNR). As of December, 2000, the Kenai Field has produced 1774 Bcf (51 billion 

m3) from the Sterling Pool and 158 Bcf (4 billion m3) from the Beluga Pool (Brimberry et al.,

2001). The co-produced CBM would only account for 1% of total Sterling Production. This 

seemingly insignificant contribution is swamped by the large volume of net pay sand (424 ft [129 

m]) in the Sterling Pool and the large areal extent of the field. The average Sterling Pool net coal 

thickness is 49.6 ft (15.1 m). The net coal thickness to net sand pay ration of 0.1 is low, reflecting 

the small percentage of contribution by the coals.

The Beluga Pool at the Kenai Gas Field has a much larger net coal thickness to net sand 

pay ratio of 0.5 (107 ft [33 m] net coal thickness to 213 ft [65 m] net sand pay). Thus, the coals 

constitute a larger portion of the potential reservoir. Of the 158 Bcf (4 billion m3) of gas produced 

as of December, 2000,14% may be attributed to the coals. However, due to the fine-grained 

nature, lenticular channels, deeper depths (>4500 ft; 1372 m), and smaller sandstone units of the 

Beluga Formation, sand connectivity with desorbing coals may be an issue. This disconnectivity 

and potential isolation of coal beds would limit the exposure to lowered pressures and the ability 

to contribute gas to the Beluga Pool.

CBM contribution has greater significance at the Beaver Creek Field. Only the total 

produced gas for all pools combined is available from the AK DNR. The 161 Bcf (5 billion m3) of
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gas is attributed to 175 ft (53 m) of net pay sand in the Sterling, Beluga, and Tyonek Pools.

Based on the calculations using the 5365 ft sample, the coals from the Sterling and Beluga Pools 

could ultimately contribute 8% of recovered gas from this field. Depending on the size of the 

Tyonek Pool contributions, this percentage could be much higher. Potentially, depending upon 

assumed saturation of the 5365 ft sample, the CBM contribution could ultimately contribute 9% of 

the total recovered gas from this field.

Future Considerations

The purpose for documenting the CBM contribution is to propose a mechanism for 

reserve growth noted in conventional reservoirs with interbedded coals. As the structure and 

nature of a field is better understood through development, changes and increases in reserves 

are common. In some cases, reserve growth cannot be explained by reservoir modeling or 

changes to volumetric calculations, especially late in the life of a field. Simply stated, some coal- 

bearing fields and wells produce more gas than expected from EUR studies. The reserve growth 

seen late in the life of a field might be explained by an increased release of coalbed gas due to 

the effect of the isotherm curve as pressures near the ultimate recovery, even for undersaturated 

coals (Fig. 4.16). Potentially this could be documented with a complete data set by a deflection on 

a P/Z plot as a result of this co-produced CBM (Fig. 4.19). Unfortunately, the publicly available 

information and historical data for the Beaver Creek and Kenai Gas Fields are incomplete. The 

small ratio of net coal thickness to net pay sand in the Kenai Field probably would prohibit the 

ability to note a deflection on a P/Z plot beyond the errors associated with the EUR estimation. In 

addition, the gas fields in Cook Inlet tend to be very large and have commingled production where 

cross-flow from deeper, high-pressure zones is in communication with low-pressure shallow pools 

(B. Swenson, 2002, personal communication). The flow of gas from higher pressure zones would 

increase the pressure in the reservoir causing a deflection on a P/Z plot, thus making it nearly 

impossible to determine whether the additional gas is coming from deeper horizons, or the coals. 

Similar problems would also be seen from contributing fine-grained sandstone or siltstone 

production, units that are not commonly accounted for in volumetric analyses but can cause
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reserve growth. As the Beaver Creek Field becomes depleted, the higher CBM contribution 

potential may be recognizable on a P/Z plot in this smaller field. Ultimately to test this hypothesis 

one would need a single isolated pay interval (single sand) with interbedded coals of a closed 

system (tank) where the effects of pressure support could be limited to one mechanism, i.e. the 

coals.

Summary

1) The application of the ^Ar/^Ar chronostratigraphic framework shows that reported coal 

resource estimates based on outcrop studies overestimate coal resources by 23 to 50% 

in the Clam Gulch and Diamond Creek areas. The error in coal resource estimates is due 

to repetition of strata due to faulting and previous interpretation of vertical continuity of 

the strata along the western edge of Kenai Peninsula.

2) This study reported the first CBM desorption results of cuttings taken from conventional 

hydrocarbon fields on the Kenai Peninsula. Gas contents ranged between 66 to 123 scf/t 

(2.1 to 3.8 cc/g [daf]), similar to CBM storage contents from other CBM plays (e.g., 

Powder River).

3) Adsorption isotherm analyses indicate that the BC10 4645 ft sample is saturated when a 

36% cuttings correction is applied to the desorption data. The sample from the Kenai Gas 

Field is undersaturated, but several other problems associated with the data collection 

may have caused the undersaturation. The 5365 ft sample from the Beaver Creek Field 

is slightly undersaturated at virgin reservoir conditions. However, this sample is within the 

producing Sterling Pool where pressure drawn through production down has reduced the 

ability of the coal to hold gas. We contend these coals are desorbing and contributing to 

production as the pressure of the field continues to be lowered.

4) Analyses from the desorbed gas indicate the gas is very dry, isotopically light, and has 

613C ratio indicative of group of non-associated gases produced from the upper Tyonek, 

Beluga, and lower Sterling Formations at depths of less than 7,500 ft (2,287 m). The
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desorbed gases are similar to the biogenic sourced Coffee Creek samples and not the 

mixed thermogenic and biogenic gasses from the Tyonek coals in the Matanuska Valley.

5) Recalculated coal resource estimates for Cook Inlet Basin and the Kenai Peninsula 

indicate significant coal masses of 3.5 and 1.2 trillion short tons (3.2 and 1.1 trillion metric 

tons), respectively, for the interval between 2,000 and 10,000 feet The Cook Inlet Basin 

value is over double the previous resource assessment and the Kenai Peninsula 

assessment area is the first reported resource that covers the entire onshore peninsula 

region.

6) CBM in-place estimates using this coal resource data suggest values on the order of 93 

Tcf (2.6 trillion m3) for the Kenai Peninsula and 272 Tcf (7.7 trillion m3) for Cook Inlet 

Basin. Hypothetical recovery rates suggest 4.7 and 13.6 Tcf (0.1 and 0.4 trillion m3) for 

the Kenai Peninsula and Cook Inlet Basin, respectively. The hypothetical CBM recovery 

rates could continue natural gas supplies to the Anchorage area for an additional 60 

years beyond the estimated shortened supply date of 2011.

7) Our contention is that interbedded coals within conventional hydrocarbons fields will 

desorb their gas contents as a field is producing thus contribute to reserves via 

connectivity with producing sands. CBM contributions to reserves could be significant for 

the Beaver Creek field at 8% of the total predicted recovery based on desorption results 

of a coal from within the Sterling Pool. The Sterling Pool in the Kenai Gas Field has a 

significantly lower net coal thickness to net pay sand ratio, thus the contribution to 

reserves is minor compared to the gross volume from conventional sand production. 

However CBM co-produced gas could be 2.5% of the estimated ultimate recovery for this 

field.
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Table 4.1 -  Previously reported coal resource estimates.

Identified Hypothetical
Assessment (millions (millions

Reference Area short tons) short tons) Comments
Bames and Homer District 400 “Several Estimate is based on
Cobb billion" outcrops for southern half of
(1959) Kenai Peninsula
McGee and Cook Inlet Basin — 100,000 Estimates broken down by
O'Connor 300,000 net coal thicknesses from:
(1975) 1,300,000 1) Surface to 2000 ft

2) 2,000 to 5,000 ft
3) Surface to 10,000 ft

Merritt and Matanuska Coal 81 183 Report two values, one low
Belowich field confidence (183) the other
(1984) 248 high confidence.
Merritt and Beluga Field 10,000 30,000 Cite McGee and O'Connor
Hawley Yentna Field 1,000 2,500 (1975) for original estimate
(1986) Kenai Field but it is unclear how they

Onshore 320 35,000 increased hypothetical
Offshore 1,500,000 resources

Matanuska Field 150 500
Susitna Field 110 2,300

Total 11580 1,570,300
Merritt et al. Outcrop 347.2 41,550 Total depth and
(1987) exposures on 

Kenai Peninsula
methodology not reported

Affolter and Offshore Cook 800,000 An apparent misquote(?) by
Strieker Inlet Basin Affolter and Strieker of
(1987) McGee and O'Connor 

(1975) as 1.2 trillion short 
tons. Used COST #1 well in 
southern inlet to limit coal 
resource to the south and 
calculated offshore only.

Strieker Cook Inlet Basin 400,000 Cite Affolter and Sticker
(1991) Onshore (1987) and subtract 0.8 from 

1.2 trillion to get onshore 
amount

Smith Bituminous 'Included subsurface Cook
(1995) Cook Inlet 

Subbituminous
500,000* Inlet and Matanuska coal 

field bituminous coals.
Cook Inlet 1,000,000 Cites Merritt and Hawley
Susitna 3,000 (1986) for original coal 

tonnage value
Notes: See Figure 4.6 for location map of assessment areas.
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Table 4.2 -  Ash and moisture analyses of desorption samples from Beaver Creek and Kenai Gas

Field desorption samples.
Samde/ Moisture Ash Specific Rank from
well/ As As Gravity Heating heating value
deDth Received

(%)
Received

(%>
g/cc value 

(BTU/lb) daf
ASTM

Can 4-99-23
High-volatileKBU 42-7 24.91 14.40 N/A 12421

3472 ft C Bituminous
Can 4-99-21
BC10 32.98 34.26 1.89 N/A N/A
4645 ft
Can 4-99-13 High-volatileBC10 30.74 32.34 1.60 12188
5365 ft C Bituminous

Notes: Analyses by Geochem Laboratories. N/A = analyses not conducted

Table 4.3 -  Coal mass volumes estimates

Area
(ft2)

Coal volume 
(millions of ft3)

Density
(lb/ft3)

Coal mass 
(millions short 

tons)
Usina onlv McGee and 
O’Connor (1975) data 

Coals surface to 10,000 ft 
Cook Inlet Basin 6,375,426 52,194,034 80.0 2,087,761

Coals 2,000 to 5,000 ft
Cook Inlet Basin 6,375,426 16,185,345 80.0 647,413

Usina McGee and O’Connor 
data with additional wells 
Coals 2,000 to 5,000 ft
Kenai Peninsula 2,133,147 4,515,985 99.9 225,538
Cook Inlet Basin 6,375,426 16,944,067 99.9 846,226

Coals 5,000 to 10,000 ft
Kenai Peninsula 2,133,147 18,917,893 99.9 944,804
Cook Inlet Basin 6,375,426 53,512,722 99.9 2,672,552
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Table 4.4 -  Coal net thickness for selected wells used to calculate coal volumes

API Well Label
Latitude

(N)
Longitude

(W)

Sterling
Pool
(ft)

Beluga
Formation

(ft)
2,000-5,000

(ft)
5,000-10,000

(ft)
50133100030000 NINILCHIK UNIT 1 60.07849 151.61122 37 6I0
50133100040000 DEEP CREEK UNIT 1 60.00860 151.48369 81 361
50133100080000 KASILOF STATE 2 60.31595 151.37841 56
50133100130000 KENAI UNIT 41-2 60.55866 151.14712 42 83
50133100140000 KENAI UNIT 13-8 60.53682 151.25437 52
50133100890000 KENAI UNIT 14-6 60.46027 151.26363 50 305
50133200300000 KUSTATAN RIDGE 1 60.85130 151.81744 230
50133201240000 BEAVER CREEK UNIT 3 60.65812 151.01805 56
50133202190000 NORTH KUSTATAN ST 1 60.74675 151.86009 132 380
50133202390000 BEAVER CREEK UNIT 4 60.65710 151.03109 70 49.8 205.1
50133202620000 BEAVER CREEK UNIT 5 60.65828 151.01924 61 56.3 266.3
50133202840000 BEAVER CREEK UNIT 7 60.64269 151.03833 56.9 86 206.2
50133203040000 KENAI BELUGA UNIT 13-8 60.44255 151.24408 52
50133203260000 NINILCHIK 1 60.16280 151.48921 52 470.4
50133203410000 KENAI UNIT 42-30 60.49381 151.26884 43 146.5 248.3
50133203420000 KENAI UNIT 14X-6 60.46068 151.26258 49.25 95.0 333.1
50133203460000 BEAVER CREEK UNIT 6 60.65785 151.01986 58.4 64.2 86 254
50133203480000 KENAI UNIT 34-32 60.47930 151.23595 45.5 97
50133203490000 KENAI UNIT 11-17 60.44266 151.24456 55 108
50133203510000 KENAI UNIT 14-32 60.47560 151.26981 48.25 83
50133203520000 KENAI UNIT 24-7 60.44277 151.24521 63.75 91
50133203580000 KENAI UNIT 24-05 60.45832 151.24468 68 107
50133203800000 KENAI BELUGA UNIT 33-7 60.44295 151.24575 51 86.5 90
50133204670000 COREA CREEK FED1 60.18936 151.45061 383.9
50231100050000 ANCHOR POINT 1 59.75348 151.82304 155 337
50283100080000 IVAN RIVER UNIT 44-1 61.24092 150.79674 37 186
50283200040000 THREE-MILE CREEK 1 61.16357 151.21290 56 285
50283200370000 BELUGA RIVER UNIT 212-24 61.20310 151.00099 247
50283200810000 PRETTY CREEK UNIT 22 61.27034 150.90089 83
50283200940000 COFFEE CREEK 1 61.28397 151.14801 340 324
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API Well Label
Latitude

(N)
Longitude

(W)

Sterling
Pool
(ft)

Beluga
Formation

(«)
2,000-5,000

(ft)
5,000-10,000

(ft)
50733100300000 SRS-SO COOK INLET 2 60.89548 151.18403 22 179
50733100370000 SRS STATE 1 60.93899 151.14189 53 145
50733200450000 KASILOF UNIT 1 60.32351 151.42753 58
50733201280000 KUSTATAN UNIT 43-30 60.66670 151.97010 276 660
50733201440000 CLAM GULCH 1 60.20463 151.52502 55 292
50883100170000 COOK INLET ST 18740 61.06418 150.98860 147
50883100180000 NORTH COOK INLET 1 61.10374 150.91569 38 216
50883200840000 SUNFISH 1 61.06225 150.97287 79
50883200870000 NORTH COOK INLET A-13 61.07682 150.94885 64 193.7
50883200900000 SUNFISH 3 61.07683 150.94933 120 262.02
50733100440000 GRAYLING 1-A 60.84017 151.61490 254 547
50133201700000 JOHNSON SLOUGH 1 60.73527 151.99732 137
50283200610000 LEWIS RIVER UNIT C-0 61.34294 150.85307 168.5
50283200680000 LEWIS RIVER UNIT D-1 61.34888 150.84145 139
50733201380000 MIDDLE RIVER ST UNIT 60.88247 151.73267 231
50133202090000 MINK CREEK 14-20 60.67828 150.90662 60 287
50883200930000 NORTH COOK INLET B-01 61.07684 150.94940 223.1
50733200400000 REDOUBT SHOAL 1 60.69204 151.65914 58 268
50831100020000 STARICHDF ST 1 59.87889 151.85989 122 229
50831200010000 STARICHKOF STATE UNIT 59.90836 151.83261 134
50733200330000 STATE 36465 1 60.64696 151.71313 38 66
50133204850000 STERLING UNIT 32-09 60.53801 151.02879 74
50133202100000 SUNRISE LAKE 1 60.78117 150.66709 14 226
50133200610000 SWANSON LAKES 1 60.90369 150.44329 5 134
50733200280000 TRADING BAY 2 60.95104 151.47526 77 350
50883100020000 TYONEK ST 175881 61.00987 151.24610 33 346
50133202500000 W FORLAND STATE A-#1 60.81165 151.83449 212
50733200960100 WEST FORELAND UNIT 5 60.84672 151.73467 403
50733200960000 WEST FORELAND UNIT 5 60.84672 151.73467 123
50283200340000 WEST TYONEK 1 61.05458 151.47057 134
500091001300 PITTMAN 1 61.60282 149.63257 59
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API Well Label
Latitude

(N)
Longitude

(W)

Sterling
Pool
(ft)

Beluga
Formation

(ft)
2,000-5,000

(ft)
5,000-10,000

(ft)
501332020900 MINK CREEK UNIT 60.67792 150.90639 60
501331003600 PT POSSESSION UNIT 1 60.93969 150.50253 40 294
501331001700 NAPTOWNE UNIT 24-08 60.62061 150.72567 26 242
508311000700 COAL BAY ST 1 59.66576 151.35234 80 134
502312000200 N FORK UNIT 11-04 59.86425 151.53099 70 362
502311000100 HAPPY VALLEY UNIT 31 59.99530 151.49270 90 366
507331001500 KALGIN ISLAND STATE 60.50287 151.88689 80 370
501331002900 BIRCH HILL UNIT 22-2 60.84427 150.79653 56 233
502832001400 CAMPBELL POINT 1 61.17015 150.05140 124
502832002200 THEODORE RIVER 1 61.26359 150.89449 97 453
502832001100 LEWIS RIVER 13-02 61.33117 150.84876 77 209
500091000400 LORRAINE STATE 1 61.29531 149.99467 87
501332034300 SOLDOTNA CREEK 13-09 60.70716 150.87635 505.7
501332038700 CANNERY LOOP UNIT 4 60.55294 151.21799 78 86.5 226
501331013600 SWANSON RIVER UNIT 3 60.79210 150.83427 53 2I3
507331003300 E MGS ST 18751 60.87254 151.40302 48 388
507332015800 N TRADING BAY UNIT S 60.92845 151.53033 281 620
507332001900 TOWER 2 60.94767 151.39330 94 532
500091000100 ROMIG PARK INC 1 61.13951 149.98298 13 17
500091001200 WASILLA ST 1 61.51672 149.45135 48
500091000700 FISH CREEK UNIT 12-8 61.49490 149.86137 112
500092000100 BIG LAKE USA 1 61.41775 149.91424 145
502831001000 SUSITNA ST UNIT 1 61.38527 150.04970 210 352
502831001100 BELL ISLAND 1 61.40177 150.46321 102 291
500091000300 KNIK ARM STATE 1 61.32884 149.91478 48
502831000500 CHUIT STATE 1 61.14479 151.27636 336 565
502831000400 CHUIT STATE 2 61.14329 151.28987 314 649
502831000600 CHUITNA RIV ST03193 61.13643 151.37341 75 217
502831000700 STEDATNA CK 1 61.09635 151.47454 32
507331005900 GRANITE POINT 1 60.96180 151.33165 120 387
507331003800 TOWER 1 60.97573 151.37985 109 573
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API Well Label
Latitude

(N)
Longitude

(W)

Sterling
Pool
(ft)

Beluga
Formation

(ft)
2,000-5,000

(ft)
5,000-10,000

(ft)
507331004700 MCARTHUR STATE 1 60.86962 151.57381 277 636
507331002600 W FORELAND UNIT 1 60.81108 151.70916 195 473
501332017700 BACHATNA CK ST 36448 60.76425 151.92946 175
507331001600 DRIFT RIVER ST 1 60.53672 152.20648 58
507331000900 OLDMAN'S BAY ST 1 60.38331 152.00356 90 495
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Table 4.5 -  GIP calculations for Kenai Peninsula and Cook Inlet Basin

Coal Mass 
(millions 

short tons)

Pure Coal 
Mass1 d.a.f. 

(millions 
short tons)

Desorption 
Gas 

Content 
(scf/t, d.a.f.)

GIP2
(Tcf)

Hypothetical
recovery3

(Tcf)
Coals 2,000 to 5,000 f t
Kenai Peninsula
BC10 desorption 4645 ft 225,538 135,323 66 8.9 0.4
KBU desorption 3472 ft 225,538 135,323 83 11.2 0.6
Barker etal. (2001) 

subbituminous 
average

Cook Inlet Basin

225,538 169,154 75 12.7 0.6

BC10 desorption 4645 ft 846,226 507,736 66 33.5 1.7
KBU desorption 3472 ft 846,226 507,736 83 42.1 2.1
Barker etal. (2001) 

subbituminous 
average

Coals 5,000 to 10,000 f t
Kenai Peninsula

846,226 634,670 75 47.6 2.4

BC10 desorption 5365 ft 944,804 661,363 123 81.3 4.1
Barker etal. (2001) 

bituminous average

Cook Inlet Basin

944,804 708,603 230 163.0 8.2

BC10 desorption 5365 ft 2,672,552 1,870,786 123 230.1 11.5
Barker etal. (2001) 

bituminous average
2,672,552 2,004,414 230 461.0 23.1

Notes: Abbreviations; scf/t = standard cubic feet per short ton, d.a.f. = dry-ash-free basis, GIP =
gas-in-place, Tcf = trillion cubic feet of gas.

1 Pure coal mass determined by multiplying coal mass times (1 - ash+moisture content). 

Ash+moisture content is 0.4 for the interval 2,000-5,000 ft based on the average ash+moisture 

content from the subbituminous coals of the Kenai Peninsula (Merritt et al., 1987). Ash+moisture 

content is 0.3 for the interval 5,000 to 10.000 ft based on the average ash+moisture content from 

the bituminous coals of the Pioneer Unit (Smith, 1995). Ash+moisture content is 0.25 for all 
Barker etal. (2001) coals.
2 GIP is calculated by multiplying pure coal mass by the gas content.
3 Hypothetical recovery based on 10% of resource is accessible with a potential 50% recovery 

rate.
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Table 4.6 -  Coal mass and GIP calculations for BeaverCreek and Kenai Gas Fields

Gas Cap Fetch Area1

Coal Volume 
(millions of 

ft3)

Pure Coal Mass' 
(millions of short 

tons)

Desorption Gas 
Content 

(scf/t, d.a.f.)
GIP3 

(Bcf d.a.f.)
Kenai Gas Field
Sterling Pool 11,264 369.8 83 30.7

Beluga Pool 23,474 770.7 83 64.0

Beaver Creek Field 

Sterling Pool

4645 ft sample 3,507 68.3 66 4.5
5365 ft sample 3,507 92.7 123 11.4

Beluga Pool

4645 ft sample 3,334 65.0 66 4.3
5365 ft sample 3,334 88.1 123 10.8

Notes: Abbreviations; ftJ = cubic feet, scf/t = standard cubic feet per short ton, d.a.f. = dry-ash- 
free basis, GIP = gas-in-place, Bcf = billion cubic feet of gas.
1 Fetch area based on polygon encompassing Gas Cap = gas/water contact.
2 Pure coal mass determined by multiplying density (99.9 lb/ft3) times coal volume then correcting 

to d.a.f. (times 1 - ash+moisture content). Ash+moisture content based on adsorption isotherm 

proximate analyses of 34% for Kenai Gas Field, 61% for the 4645 ft Beaver Creek sample, and 

47% for the 5365 ft sample.

3 GIP is calculated by multiplying pure coal mass by the gas content.
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Table 4.7 -  Potential co-produced CBM for Kenai Gas Field

As of Recent Reservoir 
Pressure

Ultimate Recovery Level

Kenai Gas Field

OGIP
(Bcf)

Coal 
Storage 

Capacity1 
(scf/t daf)

GIP
Left2
(Bcf)

Co
produced 

CBM Gas3 
(Bcf)

Coal 
Storage 

Capacity1 
(scf/t daf)

GIP
Left2
(Bcf)

Co
produced 

CBM Gas3 
(Bcf)

Coals Sterlina 
Pool 

Gas Cap 30.7 40 14.8 15.9 20 7.4 23.3

Coals Beluaa 
Pool 

Gas Cap 64.0 55 42.4 21.6 30 23.1 40.8

Notes: Abbreviations; OGIP = original gas-in-place at virgin reservoir pressure conditions (from
Table 4.6), GIP = gas-in-place, Bcf = billion cubic feet
1 Coal storage capacity is determined by: 1) using the most recent reported pressures (310 psia 

Sterling Pool November 2000 ~depth at middle of pool, 466 psia Beluga Pool May 1999; source 

ADNRDOG Annual Report, 2000) for the individual pools to extract gas content off of the 

isotherm curve and 2) using an estimated ultimate recovery level of 100 and 200 psia for the 

Sterling and Beluga Pools respectively.

2 GIP Left is calculated by applying coal storage capacity to pure coal mass estimate to determine 

GIP left in reservoir under new pressure regime.

3 Co-produced CBM gas is the free gas expelled from the coal due to lower pressure regime and 

inability to retain gas. It is hypothesized that this co-produced gas potentially migrates through 

connected sands and into well bore.
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Table 4.8 -  Potential co-produced CBM for Beaver Creek Field

Ultimate 
Recovery Level

Sample 4645 f t Sample 5365 f t

Beaver Creek 
Field

OGIP
(Bcf)

Coal 
Storage 

Capacity1 
(scf/t daf)

GIP
Left2
(Bcf)

Co
produced 

CBM Gas3 
(Bcf)

OGIP
(Bcf)

Coal 
Storage 

Capacity1 
(scf/t daf)

GIP
Left2
(Bcf)

Co
produced 

CBM Gas3 
(Bcf)

Coals Sterlina 
Pool 

Gas Cap 4.5 7 0.5 4.0 11.4 12 1.1 10.3

Coals Beluaa 
Pool 

Gas Cap 4.3 16 1.0 3.2 10.8 25 2.2 8.6

Notes: Abbreviations; OGIP = original gas-in-place at virgin reservoir pressure conditions (from
Table 4.6), GIP = gas-in-place, Bcf = billion cubic feet
' Coal storage capacity is determined by using an estimated ultimate recovery level of 100 and 

200 psia for the Sterling and Beluga Pools respectively.
2 GIP Left is calculated by applying coal storage capacity to pure coal mass estimate to determine 

GIP left in reservoir under new pressure regime.

3 Co-produced CBM gas is the free gas expelled from the coal due to lower pressure regime and 

inability to retain gas. It is hypothesized that this co-produced gas potentially migrates through 

connected sands and into well bore.
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Fig. 4.1 - Regional and geologic maps of Cook Inlet area, south-central Alaska. Adapted and 
modified from Lueck et al., (1987); Reinink-Smith, (1990); Flores et al., (1997).
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Fig. 4.2 - Time stratigraphic chart of Cenozoic units in Cook Inlet Basin showing three stratigraphic models. Note - Tertiary Series 
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Cook Inlet Forearc Basin
Magmatism  

(Uthospharic Malts)
63 * 46 Ma Alluvial Fan Systam
25 >46 Ma /  \  Fau||

Younging

Interlobe \  /  \  Ruvial Sediments
Sediments Alluvial Fan ___ .

Sediments Paleocene
Sediments Unconformity

Crustal 
Melting 

60 -  45 Ma

Accretionary
Complex

Magm atic Are
Foraarc Basin Accretionary Complex

Fig. 4.3 -  Block diagram of the Cook Inlet forearc basin. The mixture of alluvial fan, fluvial, and 
interfluve deposits produce complex stratigraphic packages of similar character that are difficult to 
correlate region to region. From Swenson (1997).

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



156

7001000 FT 800,000 FT m o o o  ft 1.000.000 FT 1.1001000 FT 1.200000 FT 1,300,000 FT

700.000 FT 000.000FT 800,000FT 1,000,000FT 1.100,000FT 1.300.000FT 1,300,000FT

Fig. 4.4 - Cook Inlet Basin showing basin outline and well locations. WeH labele abbreviations: 
BCU - Beaver Creek Unit, CLU - Cannery Loop Unit, KBU - Kenai Beluga Unit, KU - Kenai Unit 
MGS - Middle Ground Shoal, NCIU - North Cook Inlet Unit Map generated in Petra.
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Fig. 4.5 - Comparison of all available absolute dates for the Beluga and Sterling Formations, Kenai Peninsula. Letters on Kachemak Bay 
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Fig. 4.6 - Cook Inlet Basin showing outlines of coal assessment areas. Previously reported 
assessment areas estimated from available data in individual report. Map generated in Petra.
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Fig. 4.7 - Log suite showing coal picks from Kenai Gas Field. Bulk Density cutoff for coal pick is 
<1.90 g/cc. Deep resisitviy log is shaded (>9 ohm-m) to show interpreted sandstone units. Petra 
automatically calculated 41.5 ft and 24.0 ft of net coal thickness fbrwels KU 11-17 and KU 42
30 respectively. Visual estimation of net coal thicknesses in each wed is 41 ft for KU 11-17 and 
25 ft for KU 42-30.654STER is top of Sterling Pool from Pl/Dwights header infbramtion.
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Schematic Stratigraphy from Diamond Creek to ~8.3 km Northwestward
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Fig. 4.8 - Schematic representation of interpreted vertical continuity of stratigraphy north of Diamond Creek 
by Merritt et al. (1987). The ̂ Ar^Ar ages superimposed on the stratigraphy indicate that the section is not 
continuous and that faults may exist within the covered intervals. Note: section not to scale and no fault 
plane orientation is indicated. Fault pair on left of diagram has apparent ~20 degree dip northward. See Plate 
2 for detailed measured sections, Table 3.2 for age data, and Appendix B for sample locations.
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Schematic Stratigraphy from Corea Creek to North of Clam Gulch
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Fig. 4.9 - Schematic representation of interpreted vertical continuity of stratigraphy from Corea Creek to north of Clam Gulch by 
Merritt et ai. (1987). Merritt et ai. interpreted minimal throw on fault in syndine. The ̂ Ar/^Ar ages superimposed on the stratigraphy 
indicates that two coals are not correlative due to large amount of time-stratigraphic throw on fault. Note: section not to scale. See 
Plate 1 for detailed measured sections, Table 3.2 for age data, and Appendix B for sample locations.
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Resource block Measured Identified Hypothetical
Homer 11.4 68.2 8.250
Canyons 11.2 67.5 8,000
Kachemak Bay 10.0 60.0 7,250
Lower Deep Creek 6.5 39.0 4.750
Ninilchik 4.9 30.0 3,500
Plateau 4.2 25.5 3,000
Happy Creek 3.4 20.2 2,500
Anchor Point 2.8 16.5 2,000
Clam Gulch 2.1 12.8 1.500
Upper Deep Creek 0.7 4.5 500
Cape Starichkof 0.4 3.0 300

TOTAL
57.6 347.2 41,550

Fig. 4.10 - Geologic map of the Kenai Peninsula. Adapted and modified from Lueck et al., 
(1987); Reinink-Smith, (1990); Flores etal., (1997). The tabular data below are for the coal 
resource blocks used to calculate total coal mass (millions of short tons) by Merritt et al. (1987).
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Fig. 4.11 - Desorption plots for the Beaver Creek and Kenai 
Gas Field samples. The plots show the cumulative desorbed 
gas vs. square root of elapsed time and are scaled (negative 
vertical axis) to show the lost gas extrapolation line to time 
zero (time coal was penetrated and began losing gas; Y- 
intecept = loss gas amount).
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Fig. 4.12 - Bernard diagram showing Beaver Creek and Kenai Gas Field desorption gas analyses compared to data from other CBM 
prospects and conventional hydrocarbon fields of Cook Inlet Basin. The two samples from the Beaver Creek and Kenai Gas Fields are 
similar to what has been interpreted as biogenic-sourced Coffee Creek 1 gases and nonassociated gasses interpreted by Claypool et al. 
(1980) and not the mixed biogenic/thermogenic sourced coals from the Pioneer wells or other associated gases from conventional 
hydrocarbon fields. Modified from Barker et al. (2001). 2
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SOUTHERN UTE-MOBIL 36-1

1600 1800 2000
Pressure (psia)

b)
Triton Federal #21C-2623

Pressure (psia)

-36% moisture -30% moisture -20% moisture -10% moisture

Fig. 4.13 - Moisture and temperature effects on sorption isotherms, a) Moisture and 
temperature effect on sorption isotherm for a Fruitland Formation bituminous coal from the 
San Juan Basin. After Mavor et al. (1990). b) Effect of moisture on the sorption capacity of 
the Fort Union Formation subbituminous Canyon coal seam in the Powder River Basin. 
After Pratt et al., (1999).
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Fig. 4.15 -  Coal density versus ash yield plotted for various coal ranks. Knowing the rank and ash 
content of a coal the density can be extrapolated from the diagram.

Gas Released as Pressure Declines

Desorbed  
gas content

"5 ,

Fig. 4.16 -  CBM release pattern related to coal storage capacity as pressure is reduced on coal. 
When pressure is lowered to the critical desorption point, gas storage capacity is reduced 
allowing gas to migrate out of the coal. At a reservoir pressure of Pi, the amount of gas is small 
based on the shape of the isotherm (Gt). Near the ultimate recovery level of a reservoir (P2), the 
amount of gas released is considerably larger (G2).
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Fig. 4.17 - Net coal thickness isopach map of Sterling Pool Coals. Map generated by Petra 
based on wells from each field and a few outlying wels.
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Fig. 4.18 - Net coal thickness isopach map of Beluga Pool Coals. Map generated by Petra 
based on wells from each field and a few outlying weds.
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P/ZftotsfrEH lM tlm RtlnteBacm ryiBbiFM b

EUR0 = initial estimated ultimate recovery 
EUReblll = EUR with CBM contribution 
P = reservoir pressure 
Pa s abandonment pressure ~ 700-1000 psi 
Z = compressibility foctor -  0.7 to 1.2

Fig. 4.19 -  P/Z plot for estimating ultimate recovery levels in gas fields. The deflection of the 
curve is hypothesized as CBM desorption and co-produced gas contribution after the coals reach 
their critical desorption pressure (CDP).

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



171

Chapter 5 -  Summary and Future Considerations

The preceding chapters demonstrate the effectiveness of the "Ar/^Ar dating method for 

the geologically young Central Plateau Member of Yellowstone Caldera and the challenging 

tephra samples in coal from Cook Inlet Basin. K-Ar ages with apparent discordant results have 

been reported for some horizons from both of these areas. These horizons were reevaluated 

using the “ Ar/^Ar method to elucidate problems in the K-Ar data set. The “ Ar/^Ar method has 

advantages over the K-Ar method in that problematic factors causing over- or underestimation of 

the eruptive ages of volcanic units can be identified. Correcting for these factors enables the 

assignment of more accurate and reliable eruptive ages. Although we did not have the exact 

sample suites used in previous K-Ar studies, the results from this study identified excess argon, 

xenocrystic contamination, and argon loss as the factors most likely responsible for the over- or 

underestimation of the age of some eruptive units. This study also extended the ^Ar/^Ar method 

to the limits of its resolution, both in age resolution and with low K content samples. With the 

Yellowstone project, the ages were near the lower-end age resolution, about 100 Ka. In the Kenai 

Project, the difficulty was with low K content plagiodase samples taken from tephra beds in 

sedimentary sequences. For both projects, eruptive ages were obtained by interpretation of age 

spectra and the statistical manipulation of multiple analytical runs. These ages were fundamental 

in interpreting geologic histories and revealed topics requiring additional work.

The chronostratigraphic framework from the Kenai Project was used to evaluate coal 

distribution, and thus coal resources, in the Kenai Peninsula. The coal resource data is needed to 

make use of coal gas content data collected during this study in order to estimate the CBM in

place resource of the Kenai Peninsula and Cook Inlet Basin. The coal gas content data was 

collected from mature conventional gas fields that provided the opportunity to pursue co

produced CBM as a possible source of reserve growth noted in some Cook Inlet Fields.
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Yellowstone Project

^Ar/^Ar analyses of the Central Plateau Member lavas were successful in identifying 

several sources of problematic behavior that influenced assessment of the eruption ages. 

Incorporation of xenocrystic material was identified and the effects were removed yielding 

younger eruptive ages than the xenocrystically influenced K-Ar ages. Excess argon was indicated 

in one flow, a condition that is not common for sanidine crystals but does cause an overestimated 

eruptive age using the K-Ar method. In addition, argon loss was determined for some crystals that 

caused anomalous younger ages. Using inverse running weighted means, these anomalous 

younger ages were statistically validated as outliers to the population, thus leading to a better 

assessment of the eruptive age. Ages for the two youngest flows were problematic due to mixed 

populations of crystals. Identification of contamination or argon loss was difficult to determine in 

these younger samples due to the resolution limits of the technique.

The "Ar/^Ar ages indicate stratigraphic conformity for mapped eruptive units and 

demonstrated potential problems with the previous K-Ar data that had discordant mineral phases 

and analytical runs and several ages that did not fit the interpreted stratigraphic hierarchy. The 

^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 human 

occupation of the Yellowstone National Park area and beyond. 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 prior 

to eruption. Overall, the age results presented in this study demonstrate that excess argon, 

xenocrystic contamination, and argon loss can be more accurately identified and resolved using 

^Ar/^Ar method for young volcanic provinces such as the Yellowstone volcanic field.

Several topics should be considered for future ^Ar/^Ar dating of the Central Plateau 

Member. This study focused on sanidine from units that contained U-Th dated zircon (Vazquez 

and Reid, 2002) and several other units that were interpreted to be some of the youngest eruptive
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events (Christiansen and Blank, 1972; Obradovich, 1992). Thus, not all units of the CPM were 

dated, leaving open the possibility that K-Ar dates from these flows are also susceptible to the 

problems identified in this study. Dating of these additional units could document similar eruptive 

frequencies in the older units of the CPM. suggesting an eruption pattern that could be valuable 

for hazard assessment Additions to the chronostratigraphy developed in this study will be 

important for understanding the migration of eruptive centers and relative distribution of flows. In 

addition, several of the ^Ar/^Ar dated samples (e.g. West Yellowstone, Grants Pass, Pitchstone 

Plateau; Summit Lake) would benefit from additional analytical runs to help improve precision and 

further document problematic behavior. The uncommon occurrence of excess argon in sanidine 

crystals from one of the flows is an interesting topic that should be pursued further.

Kenai Project

The results of the ^Ar/^Ar dating demonstrate the effectiveness of dating low-K 

plagiodase and hornblende from tephra interbedded with sedimentary units. Meticulous sample 

preparation and additional treatment regimens were effective in removing the adhering coaly 

material and altered crystal rims, thus leading to better age assessments. Multiple analytical runs 

and statistical evaluation of the data verified that accurate ages could be obtained from these 

samples. Use of the ^Ar/^Ar method indicated that excess argon, xenocrystic contamination, and 

argon loss occurred in Cook Inlet tephra. Through the use of isochron and statistical assessment 

these effects were reduced, producing more accurate and meaningful ages.

The developed 40Ar/39Ar chronostratigraphic framework indicates significant time- 

stratigraphic throw on faults thought to have minor vertical offsets. In addition, the framework 

argues for the existence of new faults concealed by slumps or vegetated outcrops and 

demonstrates that the presumed vertical continuity of outcrops northward along the Kenai 

Peninsula is incorrect due to faulting and repetition of strata. A significant disconformity is 

identified where strata representing more than 2 Ma were removed above a resistant coal bed, 

probably by erosional scouring. This chronostratigraphic framework quantifies previous visual 

interpretations of this scouring phenomenon from other areas. The folded and faulted strata
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containing dated tephra indicate a maximum age of basin deformation and establishment of many 

of the folds and faults in the basin. Cross-cutting relations suggest that much of the structural 

deformation in Cook Inlet is Pliocene or younger in age.

Dating of tephra in the subsurface provides the first reported age tie to surface outcrops 

indicating that the lower Sterling Formation at the Beluga River Field is time-equivalent to 

outcrops in the Clam Gulch, Diamond Creek, and Fox Creek areas. These age relations indicate 

that the formations of the Kenai Group are time-transgressive. These lithologic based units are 

time-equivalent facies representing coeval deposition of channel belts, interfluve areas, swamps, 

and alluvial fans within close proximity to each other resulting from the continuous migration of 

depositional systems across the basin through time. Based on the ^Ar/^Ar stratigraphic 

hierarchy, the age of the upper portion of the Kenai Group sediments in Cook Inlet is between 4.6 

and 9.4 Ma. A single age from the Pioneer Unit indicates that either onset of Tyonek Formation 

deposition is older (49 Ma) than previously reported (-38 Ma) or that these 49 Ma sediments 

belong to an older formation within the basin such as the Hemlock, West Foreland or Wishbone 

Formations.

Several areas of interest from this chapter need future consideration. The precision 

obtained in this study is reasonable for these low K-bearing mineral phases and similar to K-Ar 

dated levels. The precision on the single-run K-Ar analyses benefited from large sample sizes. 

Theoretically this would also help the precision of the 40Ar/39Ar analyses. Currently, the UAF 

Geochronology Laboratory does not have an operational furnace, a heating system that allows for 

larger sample sizes than the laser system used in this study. Use of the furnace heating system, 

in conjunction with the ^Ar/^Ar method, could obtain precise ages by increasing the signal to 

noise ratio. However, these samples should first be dated with the laser system to verify that 

xenocrystic contamination is not prevalent Use of the furnace would require larger initial sample 

quantities and substantial additional sample preparation time.

This study demonstrated that careful lab procedures and abundant time are necessary to 

prepare samples for dating. Thus, all possible horizons were not dated. This study was
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compromised when several sample separates were lost on their way to the reactor. These lost 

separates produced clean mineral separates that may be dateable and should be revisited. 

Additional sample material is archived at the UAF Geochronology Laboratory for most of these 

samples. However, the subsurface samples lost in this group were from limited core material and 

are irretrievably lost The largest majority of samples dated in this study were collected in the 

Diamond Creek area. Based on ages similar to strata in the Ninilchik to Clam Gulch areas, many 

of the dated horizons could have correlatives in the north and may have been overlooked during 

sampling. The northern areas were sampled early in the field season (late May to early June) 

when the coals were often covered by melting snow. This hampered the identification of crystal 

scatter zones and made partings muddy and difficult to work with. Resampling of this area would 

potentially provide additional samples that would elucidate further stratigraphic relations between 

the sparsely dated areas in the north and the abundantly dated Diamond Creek area.

Further searches for available core material through contacts with other petroleum 

companies may provide desperately needed subsurface horizons. The Kachemak Bay section 

and outcrops from the western side of Cook Inlet were not sampled in this research. Sampling of 

these areas and dating of available tephras would significantly add to the initial 

chronostratigraphic framework developed herein. This study focused primarily on the Sterling and 

Beluga Formations with only the one sample dated from the Matanuska Valley. The Eocene age 

from the Pioneer Unit suggests that there may be a stronger link between the Kenai Group strata 

and “older” formations elsewhere in the Matanuska Valley.

Coalbed Methane Project

The chronostratigraphic framework was applied to the Kenai Peninsula to evaluate coal 

distribution and thus, coal resources. The application arose from the need to better assess the 

coal resource and subsequently estimate the CBM in-place resource of the Kenai Peninsula and 

Cook Inlet Basin. The application of the ^Ar/^Ar chronostratigraphic framework demonstrates 

that reported coal resource estimates based on outcrop studies overestimated coal resources by 

23 to 50% in the Clam Gulch and Diamond Creek areas. The error in coal resource estimates is
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due to repetition of strata from faulting and previous interpretation of vertical continuity of the 

strata along the western edge of Kenai Peninsula.

Recalculated coal resource estimates for Cook Inlet Basin and the Kenai Peninsula 

indicate significant coal masses of 3.5 and 1.2 trillion short tons (3.2 and 1.1 trillion metric tons), 

respectively, for the interval between 2,000 and 10,000 feet. The Cook Inlet Basin resource is 

more than double the previous resource assessment and the Kenai Peninsula assessment area 

is the first reported resource that covers the entire onshore peninsula region.

This study reports the first CBM desorption results of cuttings taken from conventional 

hydrocarbon fields on the Kenai Peninsula. Gas contents range between 66 to 123 scf/t (2.1 to 

3.8 cc/g [daf]). Analyses of the desorbed gas indicate the gas is very dry, isotopically light, and 

has S13C ratio indicative of a group of non-associated gases produced from the upper Tyonek, 

Beluga, and lower Sterling Formations at depths of less than 7,500 ft (2,287 m).

CBM in-place estimates using the coal resource data suggest values on the order of 93 

Tcf (2.6 trillion m3) for the Kenai Peninsula and 272 Tcf (7.7 trillion m3) for Cook Inlet Basin. 

Hypothetical recovery rates suggest 4.7 and 13.6 Tcf (0.1 and 0.4 trillion m3) for the Kenai 

Peninsula and Cook Inlet Basin, respectively. The hypothetical CBM recovery rates could 

continue natural gas supplies to the Anchorage area for an additional 60 years beyond the 

estimated shortened supply date of 2011.

Our contention is that interbedded coals within conventional hydrocarbon fields will 

desorb their gas contents as a field is produced, thus contributing to reserves via connectivity with 

producing sands. CBM contributions to reserves could be significant for the Beaver Creek field at 

8% of the total predicted recovery. CBM co-produced gas could be 2.5% of the estimated ultimate 

recovery for the Kenai Gas Field.

Several items evolving from this study need future consideration. The adsorption 

isotherm analyses were inadvertently run at the laboratory default pressures and not the 

calculated virgin reservoir conditions. Even though the use of the Langmuir plots and regression 

out to initial reservoir conditions provided adequate estimates, these isotherms need to be rerun
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at higher pressure intervals, especially since there is some scatter in the data. Currently the 

USGS lacks funding to conduct these costly analyses but plans are set to rerun these in the next 

fiscal year (beginning October 2002). The new analyses should provide a better understanding of 

the higher pressure effects on the low rank coals and more accurately determine saturation 

conditions. This would indicate original gas-in-place within the coals and increase the percent 

contribution of recovered reserves.

Further enhancements to the chronostratigraphic framework suggested above in the 

Kenai Project would greatly benefit the coal resource estimates in this project Additional 

subsurface dating is required to understand potential fault repetition of strata and removal of 

strata due to erosionaf scouring. These relations would place tighter constraints on the 

hypothetical coal resource calculations and thus, a better CBM assessment

The pursuit to document the CBM contribution from coals in actively producing 

conventional gas fields is difficult in Cook Inlet Basin. The appearance of a deflection (slope 

break) on a P/Z plot is a simplistic approach to indicate CBM contribution late in the production 

life of a field. The Cook Inlet Basin has obvious coalbed gas-charged sand reservoirs but 

documenting a slope break caused by co-producing desorbing coals is hampered by commingled 

production, multiple sands open to a single production liner, high net sand pay to net coal 

thickness ratios, and producing fine-grained sandstone and siltstone units not normally accounted 

for in volumetric modeling. Ultimately, a test of this hypothesis of co-produced CBM one would 

require a single isolated pay interval (i.e. a single sand) with interbedded coals of a closed system 

(tank) where the effects of pressure support could be limited to one mechanism, i.e. the coals.
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Appendix A -  Sample Separation Procedure

Preparation from start to finish for an individual tephra parting in a coal varies depending 

on number of mineral components, degree of alteration, and inclusion of xenocrystic or detrital 

components. In general, preparation takes 6-8 hours per sample. This time can be reduced by 

applying assembly line techniques to multiple samples. The ultrasonic, heavy liquid, and hand- 

picking require substantial time per sample so several samples can be worked together to 

increase efficiency. By the end of this study, sample prep was reduced almost in half using 

multiple sample techniques. The following is an itemized list of procedures (“cook book") for 

generating mineral separates used in this study.

1) Wash samples with deionized (Dl) water to remove detrital minerals and fines adhered to 

coal surfaces.

2) Dry samples overnight in a vacuum oven.

3) Crush samples to less than 35 mesh size (0.5 mm) and bag (use larger sieve size if 

sample contains bigger phenocrysts). Samples from tephra partings generally need one, 

two ounce bag (Nasco Whirl Pack or equivalent) of material when finished crushing. For 

scattered crystal zones in coal, crush enough material for 1.5 to 2, two ounce bags.

4) Place the resulting crushed sample in a 250-500 ml beaker and fill with Dl water. Stir into 

slurry and then place beaker in an ultrasonic bath for 5 minutes, stirring occasionally. 

Remove beaker from ultrasonic bath, use Stake's Law to determine time required for 100 

mesh (0.15 mm) or greater grains to settle out of suspension, and then pour off the 

suspended fines. Certain components of coal will float and can be scooped off the top or 

poured off. Refill with Dl water, stir, let settle, then pour off additional fines, repeat until 

most fines have been removed. Fill again with Dl water and then place in ultrasonic bath 

for additional 1-3 minutes, stirring occasionally. Repeat procedure to decant off fines.

5) Wet Sieving: Rinse grains with Dl water through a stacked sieve set of 60 and 100 mesh 

sieves washing through material on 60 mesh sieve to push fines through to 100. After 

several minutes of rinsing and spraying grains on 60 mesh sieve, remove 60 mesh and
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repeat rinsing and spraying of grains on 100 mesh size to push through remaining fines. 

Collect the 60 and 100 mesh fractions. Anything finer than 100 mesh is not recovered. 

Larger samples should be wet sieved as splits to allow for better separation.

6) Check sieve separates under binocular scope to determine mineral constituents, quality, 

and quantity per fraction. This can be done wet but requires a trained eye and 

experience. It is easier to identify mineral components if the samples are first dried. 

Determine best sieve ffaction(s) for heavy liquid separation.

7) Heavy Liquid Separation: Wet sieve fractions can go directly into heavy liquids without 

drying in between. This keeps the grains wet and makes immersion into the heavy liquid 

easier. After placing appropriate sieve fraction in heavy liquid, several cycles of stirring 

are required to properly isolate minerals of different specific gravity. Time and patience 

are the most important part of this procedure. Gravity works wonders and even quartz 

can be separated from feldspar given time and delicate touch. The degree of feldspar 

alteration becomes evident in the heavy liquid. Alteration to sericite makes the feldspar 

grains less dense and will produce a zone of feldspar within the heavy liquid rather than a 

discrete layer. Careful removal of each layer from the heavy liquid can save a lot of time 

hand-picking the altered material.

8) Dry heavy liquid separates in a vacuum oven. Drying can be eliminated if samples need 

HF treatment (see below).

9) Inspect individual heavy liquid separates for mineral type, degree of alteration, and 

possible xenocryst or detrital contamination. If the separate is composed of primarily one 

mineral phase free from alteration, then proceed to Franz or hand-picking phase.

Minerals with alteration, adhering glass, or coaly grunge stuck to outer surfaces (such 

grains tend to have a light orange staining) are treated by placement in a 14% 

hydrofluoric acid bath (3:1 dilution by volume of commercial grade 49% HF 

concentration). The amount of time in the HF bath varies with degree of alteration, type 

and amount of grunge stuck to grains, mineral, and sieve size. In general, 60 mesh
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plagioclase separates are treated for 5-7 minutes, while 100 mesh plagioclase grains are 

treated for 3-5 minutes. Hornblende separates need less time, usually 3 minutes or less 

is appropriate. After HF treatment, grains can be placed in Dl water and ultrasonic bath 

for 1-2 minutes to remove remaining adhered material and to remove altered outer edges 

of grains. This second ultrasonic treatment cleans up the sample quite well.

10) Franz Separation: magnetic separation may be necessary for some heavy liquid 

separates. Grains with inclusion of magnetite or slightly altered magnetite or other heavy 

minerals may be found with the feldspar separate. Runs through the Franz at varying 

levels of magnetism can improve the quality of the separate sample and save a lot of 

time under the scope hand-picking.

11) Hand Picking: Arguably the most time consuming part of the separation procedure. 

Mineral separates are inspected and crystals with inclusions, possible xenocrysts and 

detrital minerals, or alteration are removed with tweezers dipped in ethanol. Not all 

feldspar from an explosive volcanic eruption has perfect euhedral grains or faces. 

Commonly they can look like conchoidal quartz grains but if HF treated, the cleavage 

becomes apparent and the grains may take on a frosted look. In general, the most 

homogeneous looking sample separate will generate the best data and precision in the 

dating process. Crystals of beta-quartz were picked out if they constituted >2% of the 

separate, otherwise they were left with the feldspar.

12) A detailed sample preparation worksheet was developed to keep track of the treatment 

each sample underwent and the observations made. With the high number of samples 

prepped during this study, these sheets become very valuable. Completed sheets are 

archived in the Sample Logbooks in the UAF Geochronology Laboratory.
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The following table contains detailed outcrop descriptions for each sample collected 

regardless of whether or not it was processed for analysis. Latitude and longitude were taken with 

a Garmin GPS 12 using the Alaska NA027 datum. At the time of sampling, the government had 

recently unscrambled the civilian GPS so location information is better than was previously 

achievable. Sample labeling follows AABBCCX where AA is last two digits of the year, BB is 

month, CC is day, and X is alphabetic consecutive numbering of samples collected. Thus 00702B 

is the second sample collected on July 2nd, 2000. Several samples were collected in 1999 that 

were resurveyed with the unscrambled GPS signal. Prior to 2001 field season, samples were 

collected for palynology and vitrinite reflectance work based on a submitted proposal for NSF 

funding. NSF funding was not obtained, thus this sampling project was suspended. Abbreviations 

in table as follows, c/s -  claystone, m/s -  siltstone, s/s -  sandstone, silt/s -  siltstone, paly -  

palynology, carb -  carbonaceous, ND -  not determined.

Table B1 -  Sample information and locations.
Sample # and Description_________________________________ Latitude Longitude
991015A -  ash parting from center of a large coal bed just north of 

the creek at the Clam Gulch beach access road 
991015B -  thin (4-5 cm) white ash bed interbedded with thin-bedded 

c/s, m/s, and silt/s just above a cross-bedded s/s north of the 
creek at the Clam Gulch beach access road 

991015C -  sample of phosphatic material from ashy bed with coal 
stringers on south side of the mouth of Diamond Creek 

991015D -  scattered pumice fragments in coal seam ~3 m below the 
first composite seam at a small waterfall just north of Diamond 
Creek exit

991016A -  ash parting in coal on east side of the mouth of McNeil 
Creek, Don Triplehom believes this is same sample as the one 
used to date the Homerian/Clam Gulchian boundary 

000702A -  limy s/s with carbonized leafs and stems, unit 11 BCW#1 
measured section 

000702B -  limy silty s/s, sample for paly, unit 4 BCW#2 section 
000702C -  green c/s, sampled for paly, unit 10 BCVW2 section 
000702D -  3 cm dirty coal, unit 11 BCW#2 
000702E -  green c/s, sampled for paly, unit 12 BCW#2 section 
000702F -  green silty c/s, sampled for paly, unit 15 BCW#2 section 
000702G -1 0  cm coal, unit 16 BCW#2 section 
000702H -  green silty claystone, sampled for paly, unit 17 BCW#2 

section
000702I -  green s/s, fine-grained, sampled for paly, unit 4 BCW#3 

section

Appendix B -  Sample Information
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Sample # and Description Latitude
000702J -  green laminated c/s, sampled for paly, unit 5 BCW#3 59.48087

section
000702K -  sandy ash-looking bed with organic material, unit 6 59.48087

BCW#3 section
000709A -  composite coal sample of 40 cm thick coal, sampled for 60.27910 

vitrinite reflectance (Ro)
000709B -  white ashy bed with small black minerals that may be 60.37050

hornblende? collected at the top of a 3 m thick section of peat just 
below soil profile above probable Quaternary sediments along 
Kalifbmski Beach

000709C -  sample of peat below ash for possible paly 60.37050
000709D -  sandy s/s for possible palynology, upper portion of fining 60.28830

upward ~5 m ripple laminated s/s just above 1-2 cm lignite bed 
000709E - 1  -2 cm thick lignite bed -  sampled for Ro 60.28830
000709F -  white weathered, reddish brown wet, ash bed with clear 60.28830

and white euhedral looking minerals, just above lignite bed 
00709E

000709G -  sample of green m/s for paly just above ash bed 60.28830
000709E

000729A -  5 cm thick coal second one up from beach level -100 m ND
west of BCW#1

001019A -  altered ash between two coals near syncline 60.21068
010525A -  ash parting in center of lenticular ~10 cm thick coal seam 60.24066
010525B -  prominent ash bed north of Clam Gulch beach access 60.24076

road, 7 cm thick, white, friable, same as sample 991015B 
010525C -  tuffaceous looking c/s with coal fragments at base of coal 60.24137

15.2 m above 525B
010525D - tuffaceous c/s, weathers white, 6 cm thick, 35 cm above 60.24137 

525C
010525E -  scattered crystal zone, iron-oxidized, in 10 cm coal just 60.24137

above 525D
010525F -  tuffaceous c/s w large grains just below base of a 50-60 60.24642

cm thick platy lignite, N of Clam Gulch 
010525G -  sample of bone coal surrounded by green tuffaceous? 60.25293

c/s with brown ashy? material, N of Clam Gulch 
010525H -  carbonaceous shale with white spots, 3 m above 525G 60.25285
010525I -  reddish-brown tuff/tuffaceous c/s at base of coal, weathers 60.25520

white, N of Clam Gulch 
010525J -  sample of ashy parting in middle of coal seam, weathers 60.25520

white, reddish-brown fresh, N of Clam Gulch 
010526A -  ashy m/s with coal fragments at base of coal, S of Clam 60.23649

Gulch at first outcrop past covered section 
010526B -  tuffaceous c/s with coal fragments just above a 50 cm 60.22584

thick dirty coal bed, can see potential clear minerals, S Clam 
Gulch

010526C -  green, tuffaceous c/s with scattered clear grains, 3.5 m 60.21608
above the large doublet coals with altered ash in between, S of 
Clam Gulch

010526D -  tuffaceous c/s -  carb shale at base of upper coal in 60.21132
doublet and above the altered ash 

010526E -  another sample of altered ash at different location -  looks 60.21132 
less altered here? sampled near base at contact with underlying

Longitude
-151.65577

-151.65577

-151.38530

-151.34280

-151.34280
-151.38320

-151.38320
-151.38320

-151.38320

ND

-151.42511
-151.39803
-151.39792

-151.39734

-151.39734

-151.39734

-151.39467

-151.39363

-151.39187
-151.39039

-151.39039

-151.40079

-151.40757

-151.41720

-151.42277

-151.42277
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Sample # and Description Latitude
coal

010526F -  crystal scatter zone in coal 35 cm from base, abundant 60.21132
euhedral grains with crystal faces or cleavage, same location as 
526E

010526G -  crystal rich reddish-brown tuff, -1.5 m from base of lower 60.20899 
coal, s side of fault where doublet is on N side 

010526H -  tuffaceous brown c/s ~5 cm from base of coal, at 60.20340
waterfall of Falls Creek, S side 

0105261 -  crystalline parting in coal seam, probable plagiodase, just 60.20340 
above what appears to be pockets/lenses of sand, 95 cm from 
base of coal, S side of Falls Creek 

010527A -  clear and white creamy looking grains in parting in a coal, 60.19501 
62 cm from base of coal, S of Falls Creek past covered section in 
a small outcrop up in trees 

010527B -  tuffaceous reddish-brown c/s with scattered lenses and 60.18622
white and clear grains, see cleavage or crystal faces, first good 
outcrop exposure after long section of heavily vegetated slopes 

010527C -  crystal tuff, ~10 cm thick, reddish-brown wet, white dry, 60.18455
within a 30 cm zone of carby coal, 6.5 m above 527B 

010527D -  sample of rock fall of coal from cliff face with distinct 60.17383
white band can see from beach level, two coals on cliff -  this is 
upper one, frothy looking ash parting in coal, no apparent 
phenocrysts noted, less than 1 cm thick 

010527E -  sampled rock fall of what I believe is larger of two 60.17383
partings -  this is one I can see from beach level, thicker 1-1.5 cm, 
and white in color, some crystals evident, coal seam is ~30 cm 
thick, 527D 20 cm from base, this sample 29 cm from base 

010527F -  crystal scatter zone in ~ 1 m thick coal, euhedral spar 60.17498
floating in coal matrix, appear as red dots on weathered coal 
surface, 30 cm from base of coal, this coal can be traced back N 
where it is stratigraphically above the samples of 527D, E 

010527G -  crystal tuff with coal lenses throughout, lenticular -  thins 60.17498
and thickens rapidly, average 3 cm thick, weathers white, 
orangish-brown wet, 60 cm from base of coal, this coal continues 
S toward the fault N of Corea Creek, it is the coal at beach level 
just before the fault

010527H -  greenish white tuffaceous c/s with coaly fossils, poor 60.17196
sample, in large slide area with small outcrops, S side of 'corea' 
fault N of Corea Creek 

010527I -  another poor sample of brown coaly tuffaceous c/s just 60.17196
above 527G, trying to get an age tie on S side of fault 

010527J -  crystal tuff, 10 cm thick, abundant clear euhedral spar, 60.15788
sparkles in sunlight, seems monomineralic, parting in coal seam,
25 cm from base, nice coalified stump at this location -  stump 
projects up into overlying sands, S of Corea Creek 

010528A -  ash clasts in cross-bedded s/s, nice hornblende and spar 60.14900
visible in clasts -  but probably no way to eliminate potential 
detrital contamination from s/s, at cliff section capped by large 
coal bed that I can’t get up to 

010528B -crystal scatter zone in 1.1 m coal, 15 cm from top of coal, 60.14581
5 cm thick zone of clear and white euhedral crystals, north limb of 
subtle antiform

Longitude

-151.42277

-151.42651

-151.43547

-151.43547

-151.44673

-151.46085

-151.46327

-151.47227

-151.47227

-151.47643

-151.47643

-151.48061

-151.48061

-151.49901

-151.51118

-151.51539

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



194

Sample # and Description_________________________________ Latitude
010528C -  green tuffaceous c/s, weathers white, 8-10 cm thick, just 60.11629 

above large channel s/s, N side of small creek near fishing hut 
with red roof, road comes to beach at S side of creek but has 
locked gate, may be near gravel pit on map up on bluff top 

010529A -  crystal tuff, 7 cm thick, reddish-brown, abundant clear 60.08322
euhedral spar, parting 12 cm from base of 1.2 m coal, fourth coal 
up in S dipping section, S of road to beach that is accessible ~3/4 
mile N of the Deep Creek Reality offices of Ninilchik, AK, several 
houses along beach on vegetated beach dunes 

010529B -  crystal tuff, 7 cm thick, 29 cm from base of 1.5 m coal, 60.07910 
looks similar to 529A, on S side of covered slide area that is -150 
m wide

010529C -  crystal scatter zone in clinker coal, 4 cm thick, -70 cm 60.06695
from base, clinker coal at beach level S of section with several 
thick coal beds on cliff that I cant get to. Cliff section is of limited 
lateral scope.

010529D -  lavender-brown tuffaceous c/s at base of first coal seam 60.06005
N of Ninilchik, composite of several seams here -  may be split of 
large seam near Ninilchik docks?

010530A -  pumice tuff. 40 cm below pair of coals up near tree 60.04042
capped cliff, scrambled up talus to get to bed, coals are 10-30 cm 
thick, S of Ninilchik Campground and N of Deep Creek 

010530B -  crystal scatter zone in coal 20 cm from top of coal, 1 cm 60.03853
thick zone, coal -2  m thick, N of Deep Creek 

010530C -  crystal scatter zone, 0.5 cm thick, 10 cm from base of 30 60.02482
cm coal, S of Deep Creek Campground and boat launch area 

010530D -  tuffaceous brown coaly c/s, weathers white, 2-3 cm thick 60.01134
parting in upper coal of pair, 25 cm from base of upper 40 cm 
coal, S of Deep Creek 

010619A -  3 mm thick parting, 27 from base of a 40 cm coal, S of 60.00233
fault/slide area, further S of Deep Creek 

010619B -  ashy parting in 60-70 cm thick coal seam, 1-2 cm of 59.99774
friable ash, weathers brownish white, greenish-brown wet,

010619C -  ash clasts in channelized s/s just below, coal, biotite and 59.99055
possible hornblende -  potential for detrital contamination, just 
under a building on bluff top that says Deep Creek B&B 

010619D -  lenticular parting in 0.9 m coal seam, grungy clayey 59.96679
parting with white and clear crystals, some look euhedral, quite a 
bit S of last sample, and S of a small creek and old road with 
falling rock signs posted 

010620A -1  cm thick crystal scattered zone of very small clear 59.95910
grains -  noted them mostly on cleat surfaces -  very suspect 
sample -  may be calcite or soot ash? 7 cm from base of 70 cm 
thick coal seam

010620B -  crystal scatter zone, <1 cm thick, 3 cm from base of a 40 59.95479
cm coal, see euhedral spar 

010620C -  crystal scattered zone, <1cm thick, 12 cm from base of 59.95479
same coal as 620B, smaller grains in this sample but clean 
sample

010620D -  crystal scattered zone, 1 cm thick, 15 cm from base of 40 59.93608
cm coal of a doublet pair (this one lower one), doublet separated 
by 20 cm of c/s, N of Happy Creek? and houses along beach with

Longitude
-151.56998

-151.62740

-151.63225

-151.64805

-151.65480

-151.68390

-151.68879

-151.70555

-151.71412

-151.71788

-151.71940

-151.72098

-151.72915

-151.73244

-151.73438

-151.73438

-151.74345
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Sample # and Description Latitude
lodge

010622A -  3 mm thick parting in 27 cm coal, appears detrital, first 59.64139
coal come to walking beach west of Homer (entered beach at 
Ocean Shores Motel)

010622B -  crystal scatter zone, 2 lenticular layers of very fine white 59.64230
and clear grains, may be detrital, in a 52 cm coal, W of Homer 

010622C -  very thin wispy crystal layer of clear grains scattered in 1- 59.64357
2 mm thick zone, 1 m from base of what has been described as 
the 1.85 m Cooper Coal bed (Bames and Cobb), W of Homer 

010622D -  oxidized crystal scatter zone in Cooper Coal, 1.1m from 59.64357
base, 2 cm concentration then scattering over next 50 cm, mined 
into coal but could not get good unaltered grains, W of Homer 

010624A -  4-6 cm parting in 25 cm coal 10 cm from base, weathers 59.66902
white, yellowish-brown fresh, second coal coming back N from 
south side of Diamond Creek where Merritt et al. started 
measuring section, entered beach at boat launch just north of the 
Beluga Campground at Anchor River recreation area 

010624B -  3 cm parting 15 cm from base of a 45 cm coal bed, 3rd 59.66902
coal (down section), S of Diamond Creek, same sample as 
991015C

010624C -  small parting and crystal scatter zone 7 cm higher than 59.66902
624B, lenticular, S of Diamond Creek 

010625A -  ashy zone, lenticular <1 cm thick, 5 cm from base of 22 59.67193
cm coal, reddish-brown with white grains, first coal in waterfall cut 
back into cliff N of Diamond Creek (-100 m), same samples as 
991015D

010625B -  crystal scatter zone, 1 cm thick, 10 cm from base of same 59.67193
seam as 625A, white crystals, may be same as sample 625A?

010625C -  parting in same seam as 625B, C 12 cm from base, 5 cm 59.67193
thick reddish-brown with white crystals 

010625D -  white crystal scatter zone in carb shale, 7-10 cm thick, 2 59.67261
cm from base, lower 40 cm of 75 cm thick coal is carby, N of 
Diamond Creek

010625E -  crystal scatter zone, <2 cm thick, 47 cm from base of 59.67261
same coal as 625D

010625F -  crystal parting, 4 cm thick, 40 cm from base of 75 cm 59.67289
coal, clear spar, maybe green hornblende, N of Diamond Creek, 
coal bed 625D and E is above this bed at this location 

010625G -  crystal parting, 1 cm thick, 4 cm from base of 60 cm coal, 59.67406
clear grains visible, N of diamond Creek 

010625H - crystal parting, 2 cm thick, 17 cm from base of same 60 59.67406
cm coal of 625G

0106251 - crystal parting, fine-grained, 2 cm thick, 44 cm from base 59.67406 
of same 60 cm coal of 625G 

010625J -  ash bed in coal, clear spar floating in dark brown matrix, 59.67426
good cleavage and sparkles in sunlight, 5-7 cm thick, 35 cm from 
base of 50 cm coal, next coal down section, can see coals with 
samples 625d thru I above 

010625K -  crystal scatter zone, 5 cm thick, 20 cm from base of 70 59.67650
cm thick coal seam, clear grains with cleavage in black coal 
matrix, next coal down section 

010625L -  ash bed parting, 4 cm thick, 55 cm from base of same 59.67650

-151.57066

-151.57538

-151.58427

-151.58427

-151.69878

-151.69878

-151.69878

-151.70547

-151.70547

-151.70547

-151.70681

-151.70681

-151.70755

-151.71025

-151.71025

-151.71025

-151.71089

-151.71659

Longitude

-151.71659
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Sample # and Description Latitude
coal as 625K

010625M -  crystal scatter zone and ash parting, 6 cm thick, 16 cm 59.67722
from base of 85 cm coal, next coal down section 

010625N -  crystal scatter zone, 7 cm thick, 65 cm from base of 59.67722
same coal as 625L, mud stuck to cleat surfaces 

0106250 -  altered? crystal zone, <1 cm thick, 74 cm from base of 59.67829
1.2 m coal

010625P -  white weathered parting, reddish-brown fresh, 9 cm thick, 59.67867
base of parting is 90 cm from top of coal seam, very indurated -  
hard to dig out of outcrop, next coal down section 

010625Q -  crystal scatter zone, 5 cm thick, 110 cm from top of same 59.67867 
coal as 625P, clear grains in black matrix 

010625R -  crystal parting, <2 cm thick, 34 cm from base of 68 cm 59.67925
thick coal, parting appears altered and fine-grained 

010625S -  reddish-brown tuff parting, crystalline, 3 cm thick, 9 cm 59.67975
from base of a 32 cm coal, next coal down section 

010625T -  reddish-brown parting, very fine-grained, 5 mm thick, 19 59.67975
cm from base of same coal as 625S 

010625T2 -  crystal scatter zone extending 4 cm below 625T, has 59.67975
larger grains

010625U -  crystal parting, 2-5 cm thick-lenticular, 23 cm from base 59.68049
of 1.1 m coal bed, clear grains in black matrix, next coal down 
section

010625V -  crystal tuff bed, 4 cm thick, 80 cm from base of same coal 59.68049
as 625U, wet and grungy -  altered?

010625W -  crystal reddish-brown zone, 4 cm thick, 105 cm from 59.68049
base of same coal as 625U, V, weathers white 

010625X -  reddish-brown crystalline tuff, weathers white, fine- 59.68121
grained but see grains, 7 cm thick, 70 cm from base of multi
seam coal sequences, lies between coals 

010625Y -  reddish-brown tuff, lenticular, 1.67 m from base of multi 59.68121
seam sequence and is in center of last coal of this sequence, 6 
individual beds of coal in sequence 

010626A -  lenticular crystal zone, wavy, few grains, somewhat 59.68268
weathered, 0-2 cm thick, 25 cm from top of coal seam 

010626B -  crystal scatter zone, 2 cm thick, 45 cm from top of same 59.68268
coal as 626A, consists of two main layers with fewer grains in 
between upper and lower concentrations 

010626C -  carb shale weathers white, lavender brown fresh, some 59.68268
scattered grains in upper part, lower part is black with one small 
concentrated layer near contact with underlying coal bed, 107 cm 
from top of same seam as 626A, B to base of carb shale 

0106260 -  reddish-brown c/s parting with clear spar floating in dark 59.68340
brown matrix, 3 cm thick, 70 cm from top of coal to base of 
parting, coal near small stream valley, base of coal not exposed 

010626E -  crystal scatter zone, 3 cm thick, 10 cm from top of same 59.68340
coal as 625D and just below a white weathered zone 

010626F -  crystal scatter zone, 3 cm thick, 50 cm from top of coal, N 59.68480
of covered section

010626G -  reddish-brown c/s parting, 2 cm thick, 66 cm from top to 59.68480
base of parting of same coal as 626F 

010626H -  crystal scatter zone, 2 cm thick, 28 cm from base of 52 59.68627

-151.71826

-151.71826

-151.72105

-151.72214

-151.72214

-151.72353

-151.72463

-151.72463

-151.72463

-151.72686

-151.72686

-151.72686

-151.72911

-151.72911

-151.73340

-151.73340

-151.73340

-151.73498

-151.73498

-151.73906

-151.73906

Longitude

-151.74332
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Sample # and Description_________________________________ Latitude
cm coal bed, clear grains in dark matrix 

0106261 -  crystal scatter zone, 4 cm thick, 84 cm from base of 114 59.68928
cm coal bed

010626J -  reddish-brown parting, 1-2 cm thick, 20 cm from top of 59.69584
exposed coal bed at beach level -60 cm showing, further N coal 
is exposed and is 50 cm thick 

010626K -  crystal scatter zone, 3 cm thick, 17 cm from top of coal 59.69673
bed, only -40 cm of coal exposed, clear spar evident 

010626L -  reddish-brown crystalline c/s parting, 4 cm thick, 60 cm 59.69990
from base of 1.1 m coal bed above small waterfall 

010626M -  red oxidized crystal scatter zone, 2 cm thick, 9 cm above 59.69990 
top of 626L sample same coal bed 

010626N -  reddish-brown tuff parting, fine-grained, wavy, lenticular, 59.69990 
2-6 cm thick, 17 cm from base of 80 cm coal seam, at 30 cm have 
30 cm thick c/s parting, forms waterfall ledge same location as 
626M

0106260 -  coarse crystalline reddish-brown tuff parting, wavy, 59.69957
lenticular, 2-4 cm thick, 17 cm from base of 1.4 m coal seam, 
down section in waterfall cut 

010626P -  reddish-brown, lenticular, discontinuous, fine-grained tuff 59.69957 
parting, 28 cm from base of same coal as 6260,41 cm from base 
of this coal is a 9 cm parting composed of coarse-sand-sized m/s 
rip-up clasts

010626Q -  reddish-brown tuff parting, very fine- to fine-grained, 59.70349
lenticular, 2-7 cm thick, 80 cm from base of 1.2 m coal seam 

010626R -  crystal scatter zone, 4 cm thick, visible grains, 9 cm from 59.70450
base of 1.5 m composite coal seam 

010626S -  orangish-brown tuff parting, very fine-grained, weathers 59.70450
white, 8-10 cm thick, 34 cm from base of same coal as 626R 

010626U -  crystal scatter zone, 4 cm thick, 5 cm from base of 50 cm 59.70488 
thick coal bed

010626V -  orangish-brown tuff parting, lenticular, 2 cm thick max, 3- 59.70488
4 mm above 626U -  glass part of this ash bed?

010626T -  crystal scatter zone, -1 cm thick, 50 cm from base of 59.70826
-1.5 m coal with multiple partings, (skipped sample #, reused 
here)

010626W -  crystal scatter zone, white grains, -5  cm thick, 54 cm 59.70961
from base of 65 cm coal bed of a doublet pair, this is lower one, 
several layers of material -  sampled coarser fraction 

010626X -  crystal scatter zone and parting, parting 3 mm thick, zone 59.70961
is <1 cm thick, 13 cm from base of upper 1.1m coal in doublet 

010626Y -  crystalline white parting similar to 626X with 3 mm parting 59.70961
and crystal zone 2 cm thick, 27 cm from base of same coal as 
626X

010626Z -  crystalline white parting similar to 626X, Y with 3 mm 59.70961
parting and crystal zone 2 cm thick, 51 cm from base of same 
coal as 626X, Y

010626AA -  reddish-brown c/s parting, 1 cm thick, 50 cm from base 59.71578
of 1.2 m thick coal, concretionary s/s bed above this coal 

010626BB -  reddish-brown crystal parting, sparkles, 2 cm thick, 87 59.71578
cm from base of same coal as 626AA 

010626CC -  reddish-brown crystalline parting and zone, 3 mm thick 59.71598

Longitude

-151.75080

-151.76794

-151.77081

-151.77778

-151.77778

-151.77778

-151.77791

-151.77791

-151.78728

-151.78961

-151.78961

-151.79032

-151.79032

-151.79869

-151.80177

-151.80177

-151.80177

-151.80177

-151.81399

-151.81399

-151.81445
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Sample # and Description_________________________________ Latitude
parting with 2 mm thick crystal zone above, possible altered, clear 
grains?, 20 cm from base of 70 cm coal, next coal down section 

010626DD -  orangish-brown crysatlline scattered zone, medium- to 59.71739 
coarse-grained, 8 cm thick with concentration at top and bottom,
27 cm from base of 45 cm coal bed in doublet, this is lower bed 

010627A -  crystal scatter zone, very fine-grained, 10 cm from top of 59.64540
65 cm coal of unit 36 in measured section west of Homer, coal 
above Cooper Coal

010627B -  resampled red oxidized zone in Cooper Coal unit 20 in 59.64273
second measured section W of Homer, equivalent sample to 
01622C

020517A -  white weathered, pale green wet weathered tuff? 60.15232

Longitude

-151.81713

-151.60649

-151.57940

-151.50684
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Appendix C -  Measured Sections
The following measured sections were made during the course of this investigation where

previously published sections were unavailable. Color, if indicated, was determined using the

abbreviated version of the Munsell Color Chart distributed by the Geological Society of America.

Appendix C 1- Barbara Creek West #1

Measured by Jacob staff and ruler on July, 2,2000

Field Assistants: Sabrina Dallegge, Ron Tingook

Location: Northeast of Seldovia, AK near Barbara Point at N59.4785° by W151.6591°. Located 

west of the Tingook property and north of Vemon Sylvia Ross homestead along the 

beach outcrops of Kachemak Bay, Cook Inlet This area is type section for Seldovian 

paleofloral section of Wolfe and Tania (1980).

Outcrop attitude: N28W by 4NE measured from resistant sandstone ledge 

Measured bottom up

Table C1 -  Barbara Creek West #1 Meters
Unit 17 -  Claystone Covered

by
vegetation

Unit 16 -  Conglomerate: similar to unit 1 except rounded, quartz dominant rock type 2.5
with chert subordinate, maximum clast size 5 cm, fines upward at top to granule 
conglomerate then coarse sandstone, weathers to resistant slope, contact 
gradational with 17.
Unit 15 -  Limy siltstone: weathers to resistant ledge, traceable along outcrop. Scour 0.3
contact with 16.
Unit 14 -  Claystone: same as unit 12. Iron-oxide stained, weathers to slope, contact 1.7
sharp with 15.
Unit 13 -  Granule conglomerate: same components as unit 1, friable, structureless, 0.15
weathers to break in slope, contact sharp with 14.
Unit 12 -  Claystone interbedded with siltstone and minor sandstone. Claystone: 11.5
5GY 2.5/1, blocky fracture, laminated in parts, occasional carbonaceous material in 
laminations, weathers to slope. Siltstone: 5Y 4.5/2, noncalcareous, slightly 
argillaceous, structureless, weathers to slope. Sandstone: fine-grained, subangular, 
poorly sorted, friable, structureless, fines upward, beds 10-20 cm thick. 2.4 m from 
base 5 cm thick carbonaceous shale. 6.6 m from base lenticular limy siltstone. Iron- 
oxide staining common in fractured units and coarse-grained beds. Unit weathers to 
slope. Contact sharp with 13.
Unit 11 -  Limy siltstone: 10YR 5/2 fresh surface (wet), 10YR 6/6 weathered (dry), 0.15
very calcareous, well indurated, structureless, contains carbonized plant fragments, 
weathers to ledge, contact sharp with 12. Sample #000702A.
Unit 10 -  Claystone interbedded with siltstone. Claystone: 5GY 2.5/1, blocky 5.6
fracture, laminated in parts, occasional carbonaceous material in laminations,
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Table C1 -  Barbara Creek West #1 Meters
weathers to slope. Siltstone: 5Y 4.5/2, noncalcareous, slightly argillaceous, 
structureless, weathers to slope. Contact sharp with 11.
Unit 9 -  Sandy granule conglomerate, 5GY 6/2, iron-oxide stained, weathers to 
ledge, contact sharp with 10 
Unit 8 -  Siltstone: same as 5, contact sharp with 9 
Unit 7 -  covered interval
Unit 6 -  Sandy granule conglomerate: 5GY 6/2, abundant iron-oxide staining, 
coarsens upward to conglomerate of unit 1, weathers to resistant ledge.
Unit 5 -  Siltstone: 5Y 4.5/2, noncalcareous, slightly argillaceous, structureless, 
weathers to slope, contact sharp with 6.
Unit 4 -  Pebble conglomerate: same as 1, maximum clast size 2 cm, weathers to 
ledge, contact sharp with 5
Unit 3 -  Claystone: 5GY 2.5/1, no silt noted, blocky fracture, weathers to slope, 
sharp contact with 4.
Unit 2 -  covered interval-colluvium
Unit 1 -  Conglomerate. 5GY 6/2, clast supported pebbles dominated by N35 black 
microcrystalline chert with minor jasper, vein quartz, and metasedimentary 
metaconglomerate clasts, maximum clast size 5 cm, weakly thick-bedded, minor 
fining upward; matrix: coarse-grained sand, subangular to subrounded, well sorted, 
slightly calcareous, unit forms resistant bench at base of cliff, contact with 2 
covered.
Base of formation not exposed

Total thickness measured

Appendix C2 -  Barbara Creek West #2 

Measured by Jacob staff and ruleron July, 2,2000 

Field Assistants: Sabrina Dallegge, Ron Tingook 

Location: Northeast of Seldovia, AK near Barbara Point at N 59.4811 ° by W 151.6562°. 

Continuation of the previous section #1. Followed unit 15 (limy siltstone) and 16 

(conglomerate) to this location where more of upper section is exposed.

Outcrop attitude: measured same as #1 

Measured bottom up

Table C2 -  Barbara Creek West #2_________________________________________Meters
Npt

measured 
5

0.8

0.1
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Unit 19 -  Alluvium? Quaternary? loose gravel and sand, debris like -  till?

Unit 18 -  Sandstone: 5Y 5.5/1, variable grain size, noncalcareous, friable, 
structureless in parts to planar cross-bedded further down outcrop, oxidized bands 
and zones, becomes well indurated in places at top, weathers to slope and minor 
ledge, contact scour with 19.
Unit 17 -  Claystone: same as unit 15, weathers to slope, contact sharp with 18. 
Sample #000702H at base.
Unit 16 -  Coal: finely laminated, dirty partings noted, weathers to ledge, contact

1.7

1.0
1.3
1.9

0.85

0.6

2.2

2.1
Base

covered

33.55
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Table C2 -  Barbara Creek West #2_________________________________________ Meters
gradational with 17. Sample #000702G.
Unit 15 -  Silty claystone: laminated, platy, noncalcareous, weathers to slope, 0.5
contact sharp with 16. Sample #000702F.
Unit 14 -  sandstone: 5Y 5.5/1, same as unit 12, noncalcareous, weathers to slope, 1.7
contact sharp with 15.
Unit 13 -  Limy siltstone: same as unit 4 but finer-grained, contains black day or 0.5
organic particles, weathers to prominent ledge, contact sharp with 14.
Unit 12 -  Claystone coarsening to sandstone. Claystone: 5Y 3.5/1, laminated, iron- 1.45
oxide stained on surface, breaks into large platy pieces. Sandstone: 5Y 5/2, fine- to 
medium-grained, subrounded, moderately to well sorted, thin- to medium bedded, 
organic stringers and 20 cm thick claystone interbeds in middle and top part of 
sandstone. Unit changes to sandstone at 40 cm from base, weathers to slope, 
contact sharp with 13. Sample #000702E.
Unit 11 -  Coal: thin laminated, dull, dirty partings noted, weathers to ledge, contact 0.03
sharp with 12. Sample #000702D.
Unit 10 -  Claystone: 5Y 3.5/1, weakly laminated, silt in some laminations, 0.9
noncalcareous, weathers to slope, contact sharp with 11. Sample #000702C 
Unit 9 -  Sandstone with interbeds of mudstone. Sandstone, 5Y 5/2, fine-grained, 1.6
subrounded, well sorted, laminated with black organic stringers, calcareous.
Mudstone: laminated, thin beds, more abundant near top of unit Unit weathers to 
steep slope.
Unit 8 -  Claystone: 10YR 3/2, laminated, noncalcareous, contains plant debris, 1.1
weathers to slope, contact sharp with 9.
Unit 7 -  Conglomerate: same as 5 but no sandstone, weathers to break in slope, 0.5
sharp contact with 8.
Unit 6 -  Argillaceous siltstone: 5Y 5/2, laminated, weathers to slope, contact sharp 0.9
with 7.
Unit 5 -  Conglomerate with interbedded sandstone. Conglomerate: rounded 2.4
pebbles in sandy clast-supported matrix, quartz dominant rock type with chert 
subordinate. Sandstone: lenticular, forms 5-6 cm beds within conglomerate. Unit 
weathers to resistant slope, contact sharp with 6. Lateral equivalent of unit 16 in 
section #1.
Unit 4 -  Limy silty sandstone: very fine-grained, weakly bedded, very calcareous, 0.9
well indurated, weathers to prominent ledge, scour contact with 5. Lateral equivalent 
to unit 15 in section #1. Sample #000702B.
Unit 3 -  Claystone: 5Y 5/2, laminated, very calcareous, contorted bed features, 0.12
weathers to slope, sharp contact with 4.
Unit 2 -  Sandstone: 5Y 5/2, fine-grained, subrounded, moderately sorted, single 0.1
bed, thin bed of granules at base, iron-oxide stained, noncalcareous, upper surface 
contorted, scour? contact with 3.
Unit 1 -  Mudstone: 5Y 5/2 (dry), weakly thin-bedded, very calcareous, weathers to Only top 
slope, sharp contact with 2. exposed

Total thickness measured 18.6
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Appendix C3 -  Barbara Creek West #3 

Measured by Jacob staff and ruler on July, 2,2000 

Field Assistants: Sabrina Dallegge, Ron Tingook

Location: Northeast of Seldovia, AK near Barbara Point at N59.480870 by W151.65577°. Further 

east along section near drop in point from trail at large boulders on beach. Measured 

small section at beach level with ashy looking sandstone. Similar to lower portion of 

previous section #2. Followed units 2, 3,4, and 5 to this location where unit 4 splits. 

Outcrop attitude: measured as flat, slight fold here brings sediments almost horizontal.

Measured bottom up

Table C3 -  Barbara Creek West #3________________________________________ Meters
Not 

measured 
0.55 
0.13

0.16

0.45

0.13 

0.12 

0.32

T l6
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Unit 8 -  Conglomerate: same as unit 5 in section #2.

Unit 7 -  Limy mudstone: same as 3, weathers to ledge, scour contact with 8.
Unit 6 -  Ashy sandstone: 5Y 7/1, wavy laminated, organic lamanae in upper half, 
weathers to slope, contact scour with 7. Sample #000702K.
Unit 5 -  Claystone: same as unit 2, laminated, weathers to slope under ledge, 
contact sharp with 6. Sample #000702J.
Unit 4 -  Sandstone: fine-grained, subrounded, moderately sorted, structureless, 
noncalcareous, weathers to slope under overhang, sharp contact with 5. Sample 
#0007021.
Unit 3 -  Limy mudstone: 5Y 5/2, laminated, very calcareous, weathers to ledge, 
sharp contact with 4.
Unit 2 -  Claystone. same as unit 3 of section #2, weathers to slope under 
overhang, sharp contact with 3.
Unit 1 -  Sandstone: same as unit 2 in section #2, thicker in this location, weathers 
to slope, sharp contact with 2.

Total thickness measured
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Measured by Jacob staff and ruler on June, 27, 2001

Field Assistants: none

Location: West of Homer along northern shore of Kachemak Bay. Section starts at western most 

point of in-situ outcrop, further west large slump blocks and slide areas distorts 

stratigraphy. At small gully on western edge of cliff face at N59.64540 W151.60649°. Did 

quick measurement in order to place collected samples in stratigraphic hierarchy.

Outcrop attitude: measured as flat

Measured first two units from bottom up, then units 19-3 from top down due to small sandstone 

cliff could not get up and over. Measured 20-37 bottom up moving towards east working 

up gullies.

Appendix C4 -  Homer West #1

Table C4 -  Homer West #1 Meters
Cliff section -  could not get higher, at least three more coals in section above Not

measured
Unit 37 -  Claystone *6
Unit 36 -  Coal, competent, single bed, forms resistant ledge 0.65
Unit 35 -  Argillaceous siltstone with two <5 cm thick sandstone beds and a 3.2
carbonaceous shale 1.2 m from base
Unit 34 -  Coal, no evident partings 0.25
Unit 33 -  Argillaceous siltstone with limy nodular concretion layer in middle 7.8
Unit 32 -  Carbonaceous coal 0.07
Unit 31 -  Green sandy siltstone fining upward to silty claystone 4.5
Unit 30 -  Covered interval 1.1
Unit 29 -  Cooper Coal Not

measured
Transferred along Cooper Coal bed east to another gully -  N59.64464° by 
W151.59167°
Unit 28 -  Cooper Coal bed: composite seam with minor partings, alternating bright 1.85
and dull bands, wavy 1-2 mm crystal scatter zone at 1 m from base (sample 
#010622C), red oxidized crystal scatter zone 50 cm thick, concentrated at 2 cm 
layer at base (sample # 010622D), forms large ledge.
Unit 27 -  Silty claystone 0.45
Unit 26 -  Coal, single bed, no partings 0.2
Unit 25 -  Argillaceous siltstone fining upward to claystone 1 m from base 2.6
Unit 24 -  Sandstone, fine-grained, laminated, planar cross-bedded 0.3
Unit 23 -  Argillaceous siltstone 0.65
Unit 22 -  Coal, wavy lenticular 0.1
Unit 21 -  Sandy siltstone fining upward to argillaceous siltstone at 1.5 m from base, 5.2 
small nodular limy concretion layer at top 10 cm thick.
Unit 20 -  Sandstone, medium- to coarse-grained, trough cross-bedded, with 11
nodular lenticular limy concretions
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Transferred along 19 around cliff face (east) and went further up section -
N59.644720 by W151.59503°
Unit 19 -  Sandstone, orangish-tan, coarse-grained, planar cross-bedded, coaly Cliff face
stringers in part Lateral equivalent of unit 20 to east
Unit 18 -  Claystone with bed of siltstone and sandstone: pale olive green, slightly 2.2
silty, contains 30 cm thick very fine-grained sandstone and 10 cm thick siltstone 
beds, contact scour with 19.
Unit 17 -  Coal, black, semi-bright to bright competent 0.3
Unit 16 -  Sandstone: yellow, very fine-grained, single bed. 0.1
Unit 15 -  Claystone coarsening upward to siltstone: pale olive green. 1.8
Unit 14 -  Sandstone: tan, very fine-grained. 0.3
Unit 13 -  Siltstone: pale olive green, sandy at basal 30 cm. 1.2
Unit 12 -  Argillaceous sandstone with <5 cm siltstone interbeds. 0.6
Unit 11 -  Siltstone: pale olive green, sandy at basal 30 cm. 0.9
Unit 10 -  Siltstone coarsening upwards to argillaceous sandstone at 70 cm from 1.0
base.
Unit 9 -  Interbedded claystone and siltstone, limy nodular 1.1m from base. 2.2
Unit 8 -  Coal, single bed, forms ledge. 0.2
Unit 7 -  Siltstone with <20 cm interbeds of argillaceous sandstone. 1.5
Unit 6 -  Claystone with siltstone interbeds, siltstone beds increase in number near 0.8
base.
Unit 5 -  Sandy siltstone with claystone rich intervals, at 0.8 m from base nodular 2.4
limy concretion layer.
Unit 4 -  Silty claystone. 1.2
Unit 3 -  Limy concretion layer 0.2
Unit 2 -  Sandstone: medium-grained, ripple laminated, trough cross-bedded, coaly 4.8+
stringers in part, has 30 cm thick lenticular limy concretion at 2.3 from base.
Unit 1 -  Modem beach sand. covered

Total thickness measured 67.62

Table C4 -  Homer Wert #1 Meters
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Measured by Jacob staff and ruler on June, 27, 2001

Field Assistants: none

Location: West of Homer along northern shore of Kachemak Bay. Section starts at first coal

samples headed west along beach at N59.64139° W151.57066°. Did quick measurement 

in order to place collected samples in stratigraphic hierarchy.

Outcrop attitude: measured as flat

Measured bottom up moving west along outcrop towards section #1.

Appendix C5 -  Homer West #2

Table CS -  Homer West #2 Meters
Unit 20 -  Cooper Coal bed, sample #010627B. 1.9
Unit 19 -  Sandy mudstone 0.7
Unit 18 -  Silty claystone 0.5
Unit 17-Coal 0.15
Unit 16 -  Covered by colluvium 13
Unit 15-Siltstone 4.5
Transferred west along coal of 14 to N59.64273° by W151.57940° unit 14 thins to 
25 cm here
Unit 14 -  Coal, semi-dull, thin 5 cm carby layer 30 cm from base. 0.4
Unit 13 -  Siltstone: with occasional limy concretion near base. 2.6
Unit 12 -  Sandstone: fine-grained, ripple laminated. 0.6
Unit 11-Siltstone 1
Unit 10 -  Coal, with crystal parting, sample #010622B. 0.52
Unit 9 -  Siltstone fining upward to silty claystone 5 m from base, lateral extensive 6.5
concretion layer 10-15 cm from base
Unit 8 -  Sandstone: very fine-grained, coarsens upward to fine-grained 30 cm from 0.5
base, carbonaceous at base
Unit 7 -  Claystone, platy 30 cm from base 3.3
Transferred along coal of 6 to west until disappears in colluvium, started 
again at - N59.64199° by W151.57457°
Unit 6 -  Coal, small parting in upper part, sample #010622A. 0.25
Unit 5 -  Sandy argillaceous siltstone with two 40 cm thick beds of argillaceous 2.7
siltstone at 0.8 and 1.9 m from base.
Unit 4 -  Sandstone, medium grained. 0.8
Unit 3 -  Sandy siltstone with interbedded claystone, very fine-grained sandstone, 4.5
and mudstone, interbeds 10-20 cm thick, 4 m from base have limy sandstone 
concretion layer
Unit 2 -  Coal: dull, sandy lower 2/3. 0.2
Unit 1 -  Sandstone: tan, medium- to coarse-grained, planar cross-bedded, 5 cm 2.6+
thick lenticular coal 0.9 m from base, base of unit not exposed. ________

Total thickness measured 47.22
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This appendix contains the individual analyses (runs) for all the ^Ar/^Ar data used in this study
which can be found on the accompanying CD-ROM at the back of this volume. The first page lists
the analysis criteria as shown below:

•  Runs are either mini step heat analyses or single fusion steps after initial atmospheric 
removal (see text)

• Laser Power (in milliwatts) is the heating step from a defocused argon-ion laser 8000-8900 
mW represents the fusion step in most cases

39 39• % A r: the proportion of Ar released in each step

• Measured isotopic ratios (and 1 -sgima error indicated in the ± column to the right of the 
measured column) are corrected for reactor induced interferences and decay of 37Ar and 39Ar

• %40Ar*: percent of radiogenic40Ar in the sample assuming and initial ^Ar/^Ar ratio of 295.5

• 40Ar*/39ArK and ages (and 1-sigma errors) calculated using the equations and constants 
quoted in McDougall and Harrison (1999)

• J: dimensionless irradiation parameter used as a nuetron dosimeter for the unknown sample

• The table lines in bold type indicate those used to calculate isochrons or plateaus (see text 
and Tables 2.2 and 3.2)

• MSWD: (mean squared weighted deviation) A goodness-of-fit parameter used to assess the 
statistical scatter of the plotted data

• MSWD critical value: A value higher than the critical value of (1+2[2/(n-2)]1/2) for n points 
(Wendt and Carl, 1991) indicates that scatter (95% confidence) is not due to that expected for 
a single population

• Plateau age: calculated if there is >%50 39ArK gas release from consecutive steps and MSWD 
below critical the value

• Isochron age: linear least squares regression with errors of the data points on isochron plot

• Isochron error 1 sigma or posteriori error reported is the weighted error times the square root 
of the MSWD

• ^Ar/^Ar,: initial atmospheric composition of the sample determined from linear least squares 
regression of the isochron (inverse of Y intercept)

• Weighted mean: average of individual isochron, plateau, or single fusion analyses wiehted by 
the associated errors

• Note: Given the youth of the rocks, Yellowstone project ages are listed in ka while the older 
Cook Inlet Basin strata ages are listed in Ma. Page is setup for printing on legal paper in 
landscape mode.

Appendix D -  40Ar/39Ar Analytical Data
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