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ABSTRACT

Many deposits of post-glacial (Holocene) volcanic tephra have been recognized within
and immediately adjacent to the boundaries of the Willamette National Forest in
western Oregon. Ages of these deposits range throughout much of the last 10,000
years, from as recent as about 1,000 years ago to the beginning of the Holocene
Epoch.

The most widespread and voluminous of these tephra deposits originated from Mount
Mazama (Crater Lake) during a series of explosive eruptions about 6,845 to 7,015
radiocarbon years ago. Ash from the Mazama eruptions covered the entire present-
day Willamette National Forest and still exists in many contexts throughout the region
today. It has been identified in several central western Cascades archaeological sites,
though Mazama tephra has undoubtedly gone unrecognized in numerous other
archaeological investigations. Explosive eruptions of silicic tephra also occurred near
South Sister volcano at Rock Mesa and the Devils Hill Dome Chain about 2,000
radiocarbon years ago. Small amounts of tephra from these eruptions are found today
in the eastern central periphery of the Willamette National Forest, though none has
been identified in any archaeological sites to date.

Numerous Holocene cinder cones are also located within a few kilometers of the
Cascade Crest. Basaltic to basaltic andesite tephra is found associated with several of
these cinder cones. Although these deposits are areally-restricted (in comparison to
the more widespread silicic ashes), they have been identified in a few High Cascades
archaeological sites.

Several lines of evidence verify that the eruption of both the silicic and basaltic tephra
deposits were coeval with human occupation in the present-day Willamette National
Forest. The impact of the airfall tephra events on these prehistoric groups is thought
to have been minimal because of the seasonally-utilized nature of the areas that were
most affected by the ashfalls (though the effects of the eruptions may have been
catastrophic to the northeast of the volcano). Observations of observed ashfalls also
suggest that environmental damage caused by tephra falls is quite short-lived.
Disruption of aboriginal seasonal procurement of non-critical resources would have
lasted only a few years at most and it is likely that the eruption of Mount Mazama and
other sources of tephra had little effect on the prehistoric populations utilizing
Cascades resources. The major archaeological significance of the airfall deposits of
silicic and basaltic ash appears to lie in their potential importance as chronologic tools.

A review of previous tephra-related archaeological research carried out within the
Willamette National Forest reveals that the chronologic potential of volcanic ash dating
has been only rarely realized. Volcanic ash from Mount Mazama and basaltic tephra
sources has almost certainly gone unrecognized in excavations in many parts of the
Willamette National Forest.  When volcanic tephra has been identified in
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archaeological sites, it has often not been used as a temporal marker and the
relationship of the tephra to artifactual remains is often only sketchily-described.
These problems are attributed to a lack of familiarity by archaeologists with
tephrochronologic methods, with tephra identification, and with the geographic
distribution of potential Holocene sources of volcanic ash in the Willamette National
Forest.

The Volcanic Tephra Project was initiated in order to address several of these
shortcomings. An overview of Holocene tephra deposits and tephragenic volcanic
activity within the boundaries of the Willamette National Forest study area was
assembled to provide background information for future geoarchaeological
researchers. Tephra samples were collected from locales within the Willamette
National Forest and from potential primary sources of tephra deposits that lay outside
the boundaries of the study area. Major and trace element studies of these samples
were used to ascertain the potential value of atomic absorption spectrophotometry
(AAS) and electron microprobe analysis (EPMA) techniques in characterizing and
correlating tephra deposits found at archaeological sites within the study area.

AAS characterization studies of 50 basaltic and silicic tephra samples from 12 geologic
sources resulted in varied degrees of success. Low cost, ease of sample preparation,
and rapid turnaround time were important criteria in selecting AAS as the primary
characterization method for this study. Major and trace element abundances easily
distinguished between silicic and basaltic tephra sources, as expected, as well as
between the two major silicic source areas (Crater Lake and South Sister).
Characterization studies of Mazama paleosols from several locations were less
successful, however. These paleosols could not be clearly correlated with the Mazama
eruptions, even though their geologic context verified Crater Lake as the source of the
ash. Regularities in major and trace element enrichment and depletions relative to the
Mazama tephra samples suggests that weathering and contamination by adjoining
stratigraphic units played an important role in the differences in chemical composition.
In locations where individual pumice lapillus are available for analysis, AAS
characterization will be an effective characterization technique. = More elaborate
prepreparation of bulk samples of paleosols from secondary contexts such as
archaeological sites is likely to correct most of the problems encountered. AAS
characterization of basaltic tephra deposits showed some promise, though the chemical
clustering of different sources was not as marked as for the silicic tephra sources. The
chemical characterization of basaltic tephra deposits, however, when combined with
a knowledge of the distribution of basaltic tephra sources, may be useful in identifying
the geologic source of basaltic tephra in most locations. @ More elaborate
prepreparation procedures are recommended for any future basaltic tephra AAS
studies.

EPMA studies of a subset of 9 silicic tephra source samples and a single archaeological
sample were used to evaluate the role of this method for future tephra studies in the
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study area. EPMA, while being more expensive, requiring more elaborate sample
preparation methods, and lacking in analytical precision for the trace elements, was
of interest because of the very small sample sizes required for analysis. Individual
shards of tephra or small lapilli from archaeological soils can be easily analyzed.
Major element abundances were used to characterize pumice lapilli from three
geologic sources (Mazama, Rock Mesa, and Devils Hill), paleosols from three
secondary geologic contexts, and a paleosol from the Woodduck Site near Mount
Jefferson. Visual and statistical analysis of the major element data from this small
sample demonstrated that all three sources can be easily distinguished from one
another. Additionally, the suspected Mazama paleosols from the geologic and
archaeological contexts were clearly correlated with the Mazama source. Based on the
success of the EPMA characterization of silicic volcanic ash in the Willamette National
Forest, we recommend that further studies be undertaken with a larger geologic source
sample. EPMA characterization studies of basaltic tephra remain largely unexplored.
The results of AAS analyses of basaltic tephra suggest that major element composition
can be used to characterize basaltic tephra and a preliminary research program is
recommended if further EPMA studies are undertaken.

We conclude that the geochemical characterization of basaltic and silicic volcanic
tephra deposits in the Willamette National Forest will be of further use in
archaeological studies in this region. The chronologic information that these ash
deposits hold should not be neglected in future archaeological research. Further
geochemical studies of basaltic and silicic volcanic ashes in the Willamette National
Forest are recommended. We also conclude, though, that these geochemical studies,
however compelling they might be to the archaeological researcher, may be needed
only on rare occasions. A familiarity with the Holocene volcanic history of the
region, with basic geological field techniques, and with tephra identification methods
may be all that is needed to identify the geologic sources of most tephra deposits
encountered. = We recommend further research not only in the chemical
characterization of regional basaltic and silicic volcanic ash sources, but in the
geological study of Holocene tephra sources. Of particular importance for future
geoarchaeological and geological studies of volcanic tephra is the detailed
identification of the areal distribution of ash from these sources and continued
geochronological study of the tephragenic volcanic activity in the study region.
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PREFACE

The Willamette National Forest Volcanic Tephra Project was conducted for the
Willamette National Forest under contract number 53-04R4-0-2780. All field work
and laboratory analysis (with the exception of the atomic absorption analyses) was
conducted by Craig E. Skinner and Stefan C. Radosevich. Atomic absorption analyses
of the volcanic tephra samples were performed by Christine McBirney, Center for
Volcanology, University of Oregon. ‘

During the 1990 field season, we visited nearly all the known and potential tephra
sources that we had identified in the study area. We did not reach the Carver Lake
vents at the South Sister - our observations about tephra at the Carver flow in that
area came from earlier field work. We considered it unlikely that basaltic tephra from
Horseshoe Cone (Bear Butte) would be found in the Willamette National Forest and
made no attempt to sample this source.

Some of the terminology that is used throughout this report may be unfamiliar to
archaeologists. We have introduced many of the terms in Part II of the report and
have defined them in Appendix One, the glossary. All terms defined in the glossary
(except acronyms) are italicized at their first appearance in each major section of the
text.

We hope that this initial Willamette National Forest volcanic tephra study will
stimulate further research and the increased use of tephrochronologic methods in
future archaeological research. Though we were a little surprised by our own
conclusions, we do see an important place for tephrochronologic studies in the future
of archaeological research in this region.
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HOLOCENE VOLCANIC TEPHRA IN THE WILLAMETTE
NATIONAL FOREST: DISTRIBUTION, CHARACTERIZATION
AND GEOARCHAEOLOGICAL EVALUATION

INTRODUCTION

The purpose of this document is to present the results of a preliminary (Phase I)
research investigation of Holocene (post-glacial) sources and deposits of volcanic
tephra within and immediately peripheral to the Willamette National Forest of Oregon.

ARCHAEOLOGICAL CHRONOLOGIES IN THE WILLAMETTE NATIONAL
FOREST

Prehistoric cultural chronologies are currently poorly-defined and very generalized in
most areas of the Willamette National Forest of Oregon. Up to 1987, only 13
radiocarbon dates from seven archaeological sites had been recorded in the Willamette
National Forest (Minor, 1987:41). Since that time, only a few additional radiocarbon
dates have been added. As a result, chronological estimates have been largely
dependent on the cross-dating of projectile point sequences developed in adjoining
regions (Baxter, 1986a:103-126; Minor, 1987:41-42,159). Recent limited obsidian
hydration studies (see Lindberg-Muir, 1988, for example) have also provided some
raw data for chronologic research. Without more reliable radiocarbon and
tephrochronologic dates with which to calibrate the rates of obsidian hydration,
though, these hydration data can do little more than test for stratigraphic integrity or
relative chronologies at archaeological sites.

Tephrochronologic methods, however, offer the potential of a relatively simple and
cost-effective chronostratigraphic approach for determining relative and absolute age
relationships at Willamette National Forest archaeological sites. In addition, because
of the geographically widespread distribution of some volcanic ash deposits,
tephrochronological methods can provide a valuable tool for the dating and regional
correlation of associated materials at archaeological sites. It is absolutely essential,
however, that geoarchaeological studies of tephra deposits, their sources, and the
appropriate characterization and correlation methods precede any serious
tephrochronologic archaeological applications in a given region. Archaeologists,
though they may be eager to apply geological methods to archaeological problems,
must give adequate attention to the crucial initial geoarchaeological research that must
be carried out prior to reliable archaeological applications of these methods. The
principal general objective of this overview and the tephra research that is reported
here, then, is to provide the initial data needed for reliable future applications of
tephrochronologic methods to archaeological problems within the Willamette National
Forest.



A COMPELLING NEED FOR TEPHROCHRONOLOGIC RESEARCH IN
THE WILLAMETTE NATIONAL FOREST

The area now encompassed by the Willamette National Forest was completely
blanketed by silicic volcanic tephra during the 6,850 - 7,000 B.P. eruptions of Mount
Mazama. When preserved in favorable environments, this well-dated stratigraphic
horizon offers the potential to provide valuable intra- and inter-site chronologic
information. The 2,000 B.P. eruptions of silicic tephra from several vents in the Rock
Mesa area on the eastern border of the Willamette National Forest also offer some
regional tephrochronologic potential (figure 1).

Less well-known and only moderately well-documented in the geologic literature are
the Holocene basaltic eruptions of the central High Cascades. Basaltic tephra
originating from cinder cones located within about 10 km of the Cascade Crest was
erupted throughout the Holocene (figure 1). Some of the most recent basaltic volcanic
activity may have ceased on the southern slopes of Mt. Jefferson only about 1,000
years ago. These basaltic vents and their associated tephra deposits are distributed
within the Willamette National Forest from the upper southern slopes of Mt. Jefferson
to the southern flanks of the South Sister. The archaeological and chronological
significance of this basaltic tephra remains largely uninvestigated to date and only a
few archaeological sites have been found in association with the tephra (see Section
IV). Despite the fact that deposits of basaltic tephra are significantly more localized
in their spatial distribution than the much more geographically dispersed silicic
volcanic ashes, they still have considerable potential for use in the development of
localized chronologies.

The identification and characterization (fingerprinting) of the many deposits of tephra
in the Willamette National Forest hold chronological potential that can prove valuable
for future archaeological studies in the region. The data provided in this overview are
designed to form the foundations on which future tephra studies in the Willamette
National Forest can rest.

RESEARCH OBJECTIVES AND STRATEGIES

Several explicit research objectives and strategies were developed as part of the
Willamette National Forest tephra research project:

1. Identification of previously distinguished and potential Holocene (post-glacial)
deposits and eruptive vents of basaltic and silicic tephra within the Willamette
National Forest.

The identification of potential tephra-producing source vents and deposits in the
Willamette National Forest was based on a comprehensive survey of the literature and
a search of aerial photographs of the High Cascades area. This was followed by field
reconnaissance investigations of most of the known and potential tephra source areas.
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Figure 1. Distribution of Holocene volcanic vents and sources of tephra deposits
within the Willamette National Forest.



2. Preliminary description and initial determination of the areal distribution and
regional stratigraphy of the tephra deposits.

Most of the known and potential tephra sources that were identified were examined in
the field. The approximate spatial distribution and stratigraphic relationships of
volcanic tephra were determined by examination of natural exposures, artificial
exposures such as road and trail cuts, and occasional stratigraphic test pits. These
observations were incorporated into Section III of this document, a description of the
sources of the tephra deposits in the Willamette National Forest.

3. Preliminary geochemical characterization studies of the major silicic and
basaltic sources of tephra.

In this initial evaluation, samples of tephra selected to represent maximum
chronological, spatial, and geochemical variation during eruptive events were collected
at major tephra sources within and adjacent to the Willamette National Forest. This
included tephra from Mount Mazama, Rock Mesa, the Devils Hill Dome Chain,
Forked Butte, South Cinder Peak, Sand Mountain, Nash Crater, Little Nash Crater,
the Lost Lake Group, Belknap Crater, Yapoah Crater, and Collier Cone (figure 1).
While several analytical methods were available for the geochemical characterization
of tephra samples, atomic absorption analysis (AAS) was selected for the initial
primary characterization of the tephra. AAS provided a combination of low sample
cost, minimal sample preparation, rapid turn-around time, and proven effectiveness.
Fifty samples of tephra from geological and archaeological contexts were analyzed
with AAS. An additional eleven samples of silicic tephra were also characterized
using the electron microprobe (EPMA). Microprobe analysis of the ash, while
entailing more detailed sample preparation, greater expense, and lower precision, was
evaluated because of its potential in characterizing very small fractions of tephra. In
addition, the feasibility of using already-existing published compositional data from
several different analytical facilities was investigated through an interlaboratory
comparison of geochemical data.

4. Evaluation of the geoarchaeological significance and potential of
tephrochronologic methods in the Willamette National Forest.

What is the potential archaeological significance of tephrochronologic methods in the
Willamette National Forest? How can tephrochronologic methods best be used in
archaeological research in the study area? What techniques can be effectively utilized
to identify the geologic sources of volcanic ash? What problems are archaeologists
using tephrochronological methods likely to encounter? How effective have previous
archaeological studies been in using tephra-related data? Are further studies of
volcanic tephra within the Willamette National Forest warranted? These and similar
questions were addressed in this stage of the research and are discussed throughout this
overview.



5. Overview of volcanic tephra-producing activity in the Willamette National
Forest.

An overview of tephrochronologic methods, tephra-producing (fephragenic) volcanic
activity in the Willamette National Forest, the results of geochemical characterization
studies, and the application of tephrochronologic methods to archaeological problems
were all integrated into the final report for this project. This overview was intended
to act as an initial reference source for future workers in the Willamette National
Forest until further tephra studies are undertaken.






VOLCANIC TEPHRA: AN INTRODUCTION

WHAT IS VOLCANIC TEPHRA?

The term tephra refers to all pyroclastic ejecta or fragmental material that are blown
into the air through explosive eruptive volcanic activity (Thorarinsson, 1981). When
speaking in a non-specific way of airfall pyroclastic materials, tephra is the general
term of choice. Individual tephra fragments ejected during these explosive volcanic
eruptions are termed pyroclasts. Eruptive activity that produces volcanic tephra may
be called tephragenic eruptions.

The chemical composition of tephras is of particular importance in understanding
tephragenic volcanic activity and their deposits. It is the composition of the magmas
from which tephras are derived, particularly the silica composition, that ultimately
determines most of the characteristics of tephra eruptions and their resultant deposits.
In the current project, tephras have been classified rather broadly on the basis of their
silica composition as either basaltic or silicic. Basaltic tephras are those which have
a silica composition of between 45 and 57 weight percent oxide. In this project,
unless otherwise specified, the category of basaltic tephras explicitly includes tephras
of a basaltic andesite composition, usually considered to have a silica content of
between about 53 and 57 percent. The silicic category of tephras includes, for the
purposes of this project, tephras of a composition described in the literature as
rhyolitic, dacitic, or rhyodacitic (see Appendix 2). All Holocene tephras found within
the Willamette National Forest fall within the boundaries of these two loosely-defined
compositional categories. No Holocene tephras of an intermediate (andesitic) silica
content were found.

Tephra fragments from terrestrial vents are generally transported in one of two
different ways (figures 2 and 3):

1. They are transported through the air and fall back to the surface as airfall or
Jallout deposits. All the Holocene tephra deposits that are known in the Willamette
National Forest are of an airfall origin. Airfall deposits are typical of tephras of both
basaltic and silicic composition.

2. They are transported by ashflows to become pyroclastic flow deposits. These
ashflows or glowing avalanches are created by the near-vent collapse of eruption
columns, by the low-pressure "boiling over" from vents, or from directed lateral blasts
from vents. Tephra suspended in hot gases is carried away from the vent as a gas-
charged flow. These ash flows follow valleys and topographic lows and often move
several tens of kilometers from the vent. Excellent examples of pyroclastic flow
deposits can be found in the upper Umpqua River Valley immediately west of Crater
Lake where they are well-exposed in highway roadcuts. No pyroclastic flow deposits
have been identified within the Willamette National Forest, though ash flows from the
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Figure 2. Typical Plinian-style eruption of silicic tephra. Examples of tephra deposits
in the Willamette National Forest that originated by Plinian activity are Mazama tephra
and the tephra from the vents located on the southern slopes of the South Sister
Volcano.
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Figure 3. Typical Strombolian-style eruption of basaltic tephras. Numerous deposits
of tephra associated with Holocene cinder cones can be found in the Willamette
National Forest near the Cascade Crest from the southern slopes of Mount Jefferson
to the southern flanks of the South Sister volcano.




climactic eruptions of Mount Mazama nearly reached the current southern boundary
of the study area (figure 6). Pyroclastic flow deposits are limited almost entirely to
volcanic tephras of a silicic composition.

A third type of common eruptive process, the base surge, has also been identified in
association with tephragenic eruptions. Base surge deposits result from violently
explosive eruptions such as those that result from the contact of magma and water
(hydromagmatic eruptions). No base surge deposits were identified within the
Willamette National Forest.

Classification of Tephra

A variety of different classification schemes exist for describing volcanic tephra.
These schemes are based on grain size, chemical composition of pyroclasts and
magma, genesis of the pyroclasts, environment of deposition, and mechanism of
transport and deposition. A simplified classification scheme based on silica
composition (there are many others; see Schmid, 1981, and LeBas et al, 1986, for
some recent developments) was just outlined. The most commonly used classification
scheme and the one best-suited for geoarchaeological studies of tephra deposits,
though, is based on grain size (Fisher, 1961; Williams and McBirney, 1979:127-132;
table 1).

GRAIN SIZE TEPHRA FRAGMENTS TEPHRA DEPOSITS
(MM) (PYROCLASTS) (UNCONSOLIDATED)
Blocks Blocks
256 and Agglomerate
Bombs Bombs
64
Lapilli Lapilli layer or
lapilli bed
2
Coarse Coarse Ash
1/16 Ash
Fine Fine Ash

Table 1. Classification of volcanic tephra by grain size (adapted from Fisher, 1961,
and Schmid, 1981).
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The grain size of a tephra deposit is strongly dependent on the distance of the deposit
from the vent. A coarse-grained deposit, for example, is a reliable sign of the
proximity of a vent. While fine-grained deposits usually signal "farness" from a vent,
Walker (1971) cautions that the presence of fine-grained deposits is not always a
reliable indicator of vent distance. In general, though, grain size decreases as a
function of the distance of the deposit from the vent (Fisher, 1964 and Walker, 1971).
This characteristic may be sometimes used to identify the primary sources of
proximate deposits of tephras from different primary sources. In the South Sister area
of the Oregon High Cascades, for example, lapilli of silicic tephra from the Mazama
eruptions and from the Rock Mesa and Devils Hill eruptions co-occur in many
deposits. The differences in grain size alone between the Mazama and South Sister
deposits are often enough to distinguish between their sources.

Besides the previously introduced terminology relating to chemical composition,
transport methods, and grain size, a few other terms useful for describing tephra are
introduced here.

Three common names based on degree of vesicularity, scoria, cinders, and pumice,
are often used in describing tephra deposits. These names do not refer to size but they
most commonly describe vesicular pyroclasts that fall into the lapilli or larger size
range. Fresh pumice is usually a white to gray or brown silicic glass (occasionally
basaltic) which will often float on water. Scoria and cinders (synonymous terms) are
usually of a basaltic composition, and though they are quite vesicular they will readily
sink in water (Williams and McBirney, 1979:132-133; Fisher and Schmincke,
1984:92).

CHARACTERISTICS OF TEPHRAGENIC ERUPTIONS

The largest volumes and most widespread geographic dispersals of volcanic tephra are
produced primarily by eruptions of a Plinian type, the same style of eruption that took
place at Crater Lake about 7,000 years ago. Considerably lesser and more areally-
restricted quantities of volcanic tephra are produced by Strombolian style eruptions,
the style that is typical of that which produces basaltic cinder cones. Strombolian-style
eruptive activity was responsible for the deposition of the numerous deposits of tephra
of basaltic to basaltic andesite composition that lie within the present-day boundaries
of the Willamette National Forest. (The reader is directed to Heiken and Wohletz,
1965; Fisher and Schmincke, 1984, and Williams and McBirney, 1979, for further
discussions of other eruptive styles).

Most tephras come from new magma that rises through volcanic conduits to a surface
vent. As the rising magma approaches the surface, pressure is lowered, releasing the
dissolved gases (volatiles) which are an important constituent of the magmas. The
release of these dissolved gases (exsolution) drives the eruptive process in a fashion
similar to that of a shaken bottle of soda whose pressure is suddenly lowered by the
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opening of the cap. Early in an eruptive phase, while the amount of volatiles is still
high, the explosiveness of the volcanic activity is at its greatest. It is this stage that
typically produces the greatest volume and widest dispersal of volcanic tephra. Later,
when many of the gases have escaped from the magma, activity becomes quieter; this
stage of the eruption is typified by the extrusion of flows of lava. The maximum size
of pyroclasts deposited at any single location usually marks these early stages of
eruptive activity.

The explosiveness of a volcanic eruption is governed in part by the amount of
dissolved gases in the magma, but is also dependent on the viscosity of the magma.
The thicker and more viscous the magma, the greater the potential for explosive
eruptions during the release of the volatiles. The viscosity of the magmas is directly
related to their chemical composition with the amount of silica (SiO?) being the most
important variable - the greater the amount of silica, the higher the viscosity, and the
greater the potential for explosive eruptive activity. Eruptions of high-silica (silicic)
magmas such as those produced at Crater Lake or during the 1980 activity of Mount
St. Helens are those, then, that tend to produce very explosive volcanic events that
distribute pyroclastic materials (tephra) great distances. It is not unusual for silicic
tephra from these eruptions to travel hundreds, or even thousands of kilometers, from
their sources. The eruptions of less viscous magma of much lower silica composition
(basaltic to basaltic andesite), are much less explosive - tephra produced during these
eruptions often travels no more than a few kilometers from their vents.

The dispersal and grain size characteristics of pyroclastic fall deposits are largely
dependent on wind direction and strength, the height of the eruptive column, the style
of activity (Plinian versus Strombolian), and the degree of fragmentation of the
magma. Wind strength and direction, in particular, are critical in determining the
shape of the tephra depth isopachs and the grain size isopleths of a tephra fall deposit
(Self et al., 1974). The most characteristic pattern to a single tephra sheet is that of
a fan-shaped deposit with the source somewhere near the apex (see figure 4 for some
examples). Fairly symmetrical fallout patterns are also reported, particularly those
resulting from low intensity basaltic eruptions with low eruptive columns. All fallout
tephra sheets tend to systematically thin out along an axis radiating away from the
source, though the rate at which the tephra thins in typical asymmetrical fallout sheets
is dependent on the direction of the deposits from the source. These tephra sheets are
best described with an isopach map constructed from many measurements of the
thickness of the tephra deposits.

Unlike the horizontally-bedded deposits that result from most depositional processes,
primary airfall tephra units are mantle-bedded units that follow the topographic
contours of the terrain that they cover. (This mantle-bedding is illustrated in many
High Cascades roadcuts where silicic and basaltic tephras mantle older glacial deposits;
see plate 11 for an example). Volcanic tephra, though, is easily eroded. After the
initial deposition of airfall tephra, a variety of geomorphic processes act upon the ash
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to remove or transport it to new contexts. The most important of these processes are
fluvial and aeolian transport. Volcanic tephra is often rapidly stripped from steep
slopes and redeposited in depressions or basins (Malin et al., 1983). As a result of
these redepositional processes, the thickness of reworked tephra deposits in even small
basins may considerably exceed the original thickness of the primary airfall deposit.
These redeposited or reworked deposits of ash are termed secondary deposits.

Characteristics of Silicic Tephras and Plinian Eruptions

Widely dispersed layers of pumice and ash (and their associated pyroclastic flows)
derived from high eruption clouds are typical of Plinian style eruptive activity. The
explosive eruption of large quantities of silicic magmas is often associated with the
collapse of large calderas such as the one now holding Crater Lake. Plinian eruptions
need not always be large volume, though. Relatively small-volume eruptions such as
those that took place near the South Sister in the central Oregon Cascades are often
associated with the extrusion of silicic lava domes.

During the eruption, gas-driven particles are ejected into the air, where they rapidly
solidify and are carried leeward by the winds. The explosive decompression of the
gas-charged magma creates a very vesicular ash that may rise to great heights before
falling back to the surface as an airfall tephra blanket. The resultant tephra deposits
are composed primarily of glassy particles created by the rapid quenching of the liquid
magma, crystalline minerals that were present in the magma, and fragments of rocks
that were torn from the vent wall or blown from the vent area. These three principal
components of tephras are known, respectively, as their vitric, crystalline, and lithic
components.

The relative proportions of the vitric, crystalline, and lithic fraction in a tephra unit
are strongly dependent on its distance from the source vent. As the eruption cloud
moves downwind from the vent, the denser and larger crystalline fraction is winnowed
out through aeolian fractionation, relatively enriching the vitric component (Fisher and
Schmincke, 1984:156-162; Felitsyn and Kir'yanov, 1990). Each of these three
components is also chemically distinctive and these relative changes in the proportions
of different fractions often result in differences in the bulk composition of samples
collected at different distances from the source vent. As a result, bulk samples of
tephra must be cautiously when chemical analysis of the samples is to be conducted.
The chemical composition of the vitric fraction, however, is quite consistent over long
distances, and it is this component that is often isolated for geochemical studies of
silicic tephra. A variety of chemical and physical techniques can be used to separate
and clean the vitric component for analysis (Borchardt, 1969:157-159; Steen-
Mclntyre, 1977:64-78).

Post-depositional weathering and alteration of the glassy silicic fraction must further
be taken into account in the analysis of the tephra. The hydration and post-
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depositional alteration of the glass over time (diagenesis) can result in changes in
physical characteristics such as the index of refraction (Steen and Fryxell, 1965).
Diagenetic changes can also influence the chemical composition of natural glasses.
Elements such as Na, K, Ca, Li, Fl, and U may be relatively enriched or depleted as
weathering progresses (Zielinski et al., 1977; Fisher and Schmincke, 1984:327-345).

The morphological characteristics of the high-silica tephras are related to the higher
viscosities of the magmas from which they were derived. The resulting tephras consist
mainly of varieties of pumice or their fragments. Nearly all these pumices are angular
and highly vesicular (plate 22). They may be rather massive with few vesicles or may
be highly vesicular. When viewed with a low-magnification microscope or hand lens,
the vitric component of these high-silica tephras is often characterized by a frothy
glassy texture and the presence of intact vesicles; fragmental pumice often retains a
portion of the bubble-wall shape and may appear as curved, flat, or Y-shaped glass
plates or shards (Heiken, 1972 and 1974; Heiken and Wohletz, 1985). This latter
characteristic may be important in identifying fine-grained silicic tephra from deposits
far removed from the primary vents (distal facies). Tephra shard morphology is
related to chemical composition and eruptive style and may be sometimes used to
characterize or distinguish individual tephra deposits.

Characteristics of Basaltic Tephras and Strombolian Eruptions

This eruptive style, named after the eruptive characteristics of Stromboli Volcano in
the Mediterranean, typically produces a cinder cone at the vent. These cinder cones
are composed of coarse scoria and ash that is ballistically deposited around the vent;
finer ash is carried away by the wind, placing the highest point of the rim of most
cinder cones on the leeward side of the vent (Heiken and Wohletz, 1985:34-45;
Wood, 1980). The high point of the undisturbed cone rim may also be used to
estimate the direction of the main axis of the tephra plume and the location of the
thickest pyroclastic deposits.

Eruptive episodes of basaltic tephra are almost always short-lived. The tephra deposits
that result from this type of volcanic activity, though they may be quite thick near the
vent, typically represent a very short period of time. Wood (1980) notes that 50
percent of 42 observed cinder cone eruptions lasted less than 30 days and that 95
percent were over in less than one year. Cinder cones almost always have associated
lava flows originating at their base. These flows are usually extruded after the
eruption of tephra from the vent.

The tephra produced by Strombolian eruptions consists of a variety of pyroclasts,
ranging from glassy sideromelane droplets to microcrystalline blocky black to dark
brown pyroclasts (tachylite). The sideromelane pyroclasts are often smooth-skinned,
vesicular droplets with an irregular and partly open framework of vesicle walls (see
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plates 19-21). Angular tachylite pyroclasts range in shape from nonvesicular blocky
grains to open-vesicle networks. The gradation from the microcrystalline tachylite
grains to the glassy sideromelane droplets is a reflection of the degree of chilling and
crystallization of the basaltic melt (Heiken and Wohletz, 1985:9-10).

The diagenesis of basaltic glasses over long periods of time leads to the formation of
palagonite or hydrated basaltic glass. Palagonitized basaltic ash has been a subject of
interest to geologists for many years - numerous studies have demonstrated that many
major and trace elements are relatively depleted or enriched over time (Fisher and
Schmincke, 1984:314). The degree and rate of palagonitization has been used in
Hawaii and some other areas to estimate the age of basaltic glass artifacts though the
method has never been used to date deposits of basaltic ash (Morganstein and Riley,
1975).

Unlike large-scale Plinian tephra eruptions, Strombolian eruptive activity typically
distributes basaltic pyroclastic materials not more than a few kilometers to a few tens
of kilometers from the vent. The deposit thickness and maximum grain size decreases
very rapidly with its distance from the source. Because of the proximity of basaltic
tephra deposits to their vents, the source of these pyroclastic materials is often easy
to determine. The direction of the main axis (thickest part) of basaltic tephra ashfalls
can be ascertained by the measurement of ash thickness or can be estimated by the
summit morphology of the source cinder cone. The summits of most High Cascades
cinder cones, for example, are somewhat irregular and highest in elevation on the
northeast to east sides of the cone (the leeward side). The high point indicates the
approximate direction of the axis of the resultant tephra blanket as well as the
dominant wind direction during the eruption.

Sources of Information About Volcanic Tephra

The review of volcanic tephra that is presented in this overview is necessarily brief
and limited to concepts that are particularly germane to Willamette National Forest
research problems. The volume of available tephra-related literature, however, is
considerable. Volcanic tephra has been described and discussed in many publications
and a recent increase in the appearance of tephra-related literature suggests that
interest in tephra research is on the rise. The three most important references for
tephra researchers are Pyroclastic Rocks (Fisher and Schmincke, 1984), A Manual for
Tephrochronology (Steen-Mclntyre, 1977), and Tephra Studies (Self and Sparks,
1981). Excellent discussions or reviews about volcanic tephra are also found in
Heiken (1972 and 1974), Kittleman (1979), and Heiken and Wohletz (1985). The
1980 eruptions of Mount St. Helens also stimulated considerable research into the
geochemical and depositional characteristics of volcanic ash. Current geologically-
related tephra literature is probably best tracked through the Bibliography and Index
of Geology and New Publications of the U.S. Geological Survey.
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Archaeological and geological literature related to Oregon tephra sources can best be
examined with Holocene Volcanic Tephra in Oregon: An Indexed Bibliography
(Skinner, 1990). This bibliography is currently available only as an on-disk document
for IBM PC microcomputers (see Appendix 5 for details).

TEPHROCHRONOLOGIC AND TEPHROSTRATIGRAPHIC APPLICATIONS

Volcanic tephra is of considerable interest to archaeologists primarily because of its
potential as a chronologic tool. In areas where volcanic ash is found, such as in the
Willamette National Forest, the presence of volcanic tephra may provide a simple and
cost-effective technique for establishing chronologies at archaeological sites.

Tephrochronology is a fairly recent field of research that is concerned with the use of
volcanic tephra layers and deposits as dating tools. Tephrochronology is highly
dependent on tephrostratigraphic techniques of the description of tephra layers and
their age relationships.  Tephrostratigraphy and tephrochronology are used
synonymously by most researchers and will be used interchangeably in this report.
Tephrostratigraphers and tephrochronologists attempt to provide limiting ages and
dated stratigraphic/time horizons for tephra layers. This is accomplished through the
use of independent chronologic methods such as radiocarbon dating and, more
commonly, by the careful observation of contact relationships among different tephra
units and their related volcanic rocks.

Under normal circumstances, a deposit or volcanic rock underlying a target tephra unit
under consideration must be older than the target unit; overlying deposits must be
younger than the target unit. If the target unit can be directly associated with a dated
unit (as with the Mazama eruptions, for instance), then the absolute age of the tephra
unit (within the limits of analytical uncertainty) can be established. Should the age
of the underlying or overlying unit be known (say, through an associated radiocarbon
date), then the maximum and/or minimum age limit of the tephra unit may be
established. If the age of the underlying or overlying deposit is known only in
relationship to other units, the relative age of the tephra unit can be ascertained.
Through the interpretation of the contact relationships of overlying and underlying
units with the target unit, a profile of regional tephra chronologies can eventually be
constructed (see figure 16 for a Willamette National Forest example). These
chronologies, while they may not always provide neat absolute ages for associated
archaeological tephra deposits, can provide tephrochronologists with enough
chronologic information to assign tephra units to varied ranges of time.

Principles of Tephrochronologic Analysis

Tephrochronologic and tephrostratigraphic studies are built on several basic postulates
(Steen-MclIntyre, 1977:3):
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1. Volcanic eruptions of tephra from a single eruptive source occur at a specific point
in time. Tephra eruptions tend to be short-lived and represent a fairly discrete point
in time. Tephra deposits, unlike most stratigraphic units, accumulate over a rapid
interval; the thickness of the deposit, then, has little bearing on the length of time it
took to accumulate. A very thick tephra deposit can be formed in a very short period
of time.

2. The fallout area for tephra dispersed by a single eruption may cover an area
ranging from a few square kilometers (typical for eruptions of basaltic tephra) to
thousands of square kilometers (not unusual for eruptions of silicic tephra). The
geographic area covered is correlative with the chemical composition of the magmas
from which the tephra was derived, allowing for the chemical characterization of
many tephra units.

3. In most depositional environments, any given tephra layer will display one or more
chemical, physical, or mineralogical characteristic(s) that allow it to be characterized
or fingerprinted. A characterization attribute need only exhibit adequate intrasource
homogeneity and intersource heterogeneity to allow it to be distinguished or
discriminated from among all potential tephra layers that are likely to be encountered
in a given region.

4. Remnants of the primary tephra blanket tend to be preserved within the fallout
zone in areas of low potential energy. These include lake and pond sediments, low
slope areas (such as saddles or hilltops in mountainous areas), and cave and
rockshelter sediments.

5. Where remnants of a primary tephra fall are preserved, they mantle the topography
that existed prior to the eruption (mantle bedding). This is quite unlike typical
stratigraphic units which are deposited horizontally and which are interpreted with
concepts like the principle of original horizontality.

6. Once a primary deposit of tephra has been dated (whether or not it is directly
associated with a known source), deposits of tephra from the same source can be dated
through the correlation of the dated with the undated unit.

7. With the exception of tephra that has been mixed with older sediments through
human, bioturbaceous, cryoturbaceous, or other physical processes, the maximum age
for deposits of primary or reworked tephra is determined by the age of the parent
eruption.

These principles of tephra analysis form the basis for all tephrochronologic studies and

provide useful general guidelines with which to approach virtually any tephra-related
archaeological and geological problem.
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Tephra Dating Methods

A variety of different chronologic techniques are available for determining the relative
and absolute ages of tephra deposits (table 2). Only a few of these methods, however,
are useful in dating the relatively recent eruptive products of Holocene tephragenic
activity. In the Willamette National Forest, the radiocarbon dating of wood and
charcoal from the base of tephra deposits, from lava tree-casts in tephra-associated
lava flows, and from drowned forests in lava-dammed lakes has proven valuable.
These radiocarbon dates, supplemented by studies of tephra stratigraphy, have allowed
the construction of a fairly detailed chronology of tephragenic events in this region
(see Section III and figure 16 for details).

DATING METHOD BASALTIC (B) REFERENCE
SILICIC (S)
ABSOLUTE METHODS

Association with '*Cdate BS Naeser et al., 1981
Association with Dated Tephra

Deposit (Characterized and BS

Correlated) Many references
Etching of Heavy-Mineral

Phenocrysts S Steen-Mclntyre, 1981
Fission-Track BS Naeser et al., 1981
Magnetostratigraphy S Verosub, 1981
Potassium-Argon (K-Ar) BS Naeser et al., 1981
Sedimentation Rate BS Scott, 1974
Soil Development S Scott, 1987
Tephra Hydration S Steen-McIntyre, 1981
Vegetation Cover or Tree Age BS Many references

RELATIVE METHODS

Association with Undated Tephra BS Many references

Deposit (Characterized and

Correlated)
Stratigraphic Placement/Contact

Relationships BS Many references

Table 2. The major "absolute” and relative tephra dating methods. A number of
different chronological techniques are available for dating tephra deposits and
eruptions, though some of these are not applicable to Holocene deposits.
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CHARACTERIZATION OF VOLCANIC TEPHRA

A principal tool of the archaeologist utilizing volcanic tephra as a dating method is
that of the characterization or fingerprinting (sourcing) of volcanic ash deposits. Once
the geologic source of a volcanic ash deposit at an archaeological site has been
identified, it can often be associated with preexisting radiocarbon dates (or other
absolute dates or relative sequences). In the absence of a known date, a characterized
volcanic ash deposit can be used as a stratigraphic horizon with the ability to tie
archaeological sites together chronologically on a regional scale.

Methods of Characterization

To be useful as a characterization attribute, some physical or chemical property of the
tephra must display sufficient intersource heterogeneity so that different geologic
sources can be identified and enough intrasource homogeneity so that individual
sources may remain individually distinguishable. Kittleman (1979) refers to these
characteristics as discrimination and persistence. He also points out that attributes
chosen for their discrimination and persistence must also be relatively unaffected by
weathering and contamination.

Fortunately, there are a wide variety of suitable attributes and characterization
methods available, though their accuracy varies considerably (table 3). In general,
the most powerful of the characterization techniques are the geochemical ones. Trace
element abundances, and to a lesser degree, the major element composition of volcanic
tephras, have been successfully used to characterize volcanic ash deposits and sources
in many areas of the world. The most commonly-employed geochemical analytical
methods for ascertaining tephra major and trace element abundances are x-ray
fluorescence (XRF) analysis, instrumental neutron activation analysis (INAA), electron
probe micro-analysis (EPMA), and atomic absorption spectrophotometry (AAS). The
choice of a particular characterization method is governed by several considerations,
including the particular suite of major or trace elements that is desired (for chemical
analysis), whether the tephra is from a basaltic or a silicic source, the size of the
available sample, the degree of alteration and weathering, the amount of sample
contamination, the number of sources that must be distinguished in a region, degree
of geologic expertise and stratigraphic or contextual data available for the sample,
and, of course, the cost and availability of the methods. References in table 3, as well
as in other books and review articles (Kittleman, 1979, Self and Sparks, 1981, and
Harbottle, 1982, are recommended) may be consulted for more details concerning the
different tephra characterization methods.

While these chemical characterization methods are powerful discriminators of tephra
sources, other more basic methods can prove equally valuable. Properties that are .
easily observable in the field such as color, deposit thickness, maximum grain size,
and mineralogical component may adequately characterize many, if not most, tephra
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CHARACTERIZATION METHOD BASALTIC (B) REFERENCE
SILICIC (S)
Age BS Many sources; see table 2
Alpha Emissions ) Cormie et al, 1981; Cormie et al.,
1982
Color BS Many references
Deposit Thickness BS Many references
Fission-Track Age S Westgate and Gorton, 1981
Grain Size BS Kittleman, 1973
Isotope Ratios (Oxygen) S Fisher and Schmincke, 1984:56
Major Element Composition (Magnetite
Separates) S King et al., 1982; Beaudoin and
King, 1986
Major Element Composition (Vitric
Fraction):
AA BS This study
EPMA B Larsen, 1981; Oviatt and Nash, 1989
EPMA S Smith and Westgate, 1969; Westgate
and Gorton, 1981; Carrara, 1989,
plus many other references
XRF S Czamanske and Porter, 1965
Magnetic Properties S Yoshida, 1979; Fisher and
Schmincke,
1984:356
Mineral Abundances S Kittleman, 1973; Westgate and
Gorton, 1981
Pore Volume S Borchardt et al., 1968; Doak, 1969
Proportions of vitric, lithic,
crystalline components S Kittleman, 1973
Refractive Index S Powers and Wilcox, 1964; Wilcox,

Relationship to Vent
Shard Morphology

Stratigraphic Position

Trace Element Composition (Crystalline
Fraction):
INAA

Trace Element Composition (Vitric
Fraction):
AA
INAA

XRF

1965; Kittleman, 1979; Westgate and
Gorton, 1981

BS Many references

S Tucker, 1977; Westgate and Gorton,
1981

BS Many references

S Dudas et al., 1973

BS This study

S Randle et al., 1971; Skinner and
Radosevich, 1989, plus many other
references

S Cormie et al., 1981; Cormie and

Nelson, 1983; Carrara, 1989

Table 3. Methods that have been used to characterize and correlate tephra deposits.
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deposits. Chemical characterization techniques are most useful in deciphering tephra
deposits in areas far removed from the source vent or in regions with complex
eruptive histories. The most reliably identified tephra deposit is the one that has been
characterized by as many different properties as possible.

Methods of Correlation

The geologic source of characterized volcanic tephra is determined through the
correlation of characterized reference source samples and characterized samples whose
geologic source provenance is not known. Samples that are geochemically
characterized are most often correlated or clustered with either graphical or statistical
methods.

Graphical or visual methods of correlation are most appropriate when the number of
measured variables (chemical elements) are relatively few and the data sets are
relatively small. In the current investigation, for example, we used visual methods as
the primary correlation technique and relied on statistical methods only as ancillary
techniques. Typical visual correlation methods include the use of bivariate scatterplots
(see Section IV and V of this report for examples) and ternary diagrams. A variety
of other multidimensional graphical methods for cluster recognition are also available,
partially because of the increasing use of graphical methods of exploratory data
analysis (EDA) in the analysis of data sets and partially because of their ease of use
with microcomputers (Tukey, 1977; Chambers et al., 1983). (See the cover of
Section V for an example of one of these multidimensional graphical methods,
Chernoff faces). Graphical methods are surprisingly effective in the identification of
clusters or groups from multidimensional chemical data sets; in the correlation of
geochemically characterized samples, after all, we are merely attempting to find the
known source cluster into which an unknown sample falls. The visual methods are,
in fact, often superior to statistical methods in dealing with small- to medium-sized
data sets (n<100).

Multivariate statistical correlation methods are, however, sometimes required for large
or complex data sets. These methods have become particularly popular since the
advent of statistical packages and microcomputers. Statistical methods such as cluster
analysis (Harbottle, 1983; Romesburg, 1984), discriminant function analysis
(Borchardt et al., 1972; King et al., 1982, and Beaudoin and King, 1986; Stokes and
Lowe, 1988), and the coefficient of similarity (Borchardt et al., 1972; Sarna-Wojcicki
etal., 1979 and 1987) have all enjoyed some popularity as tephra correlation methods.
While these statistical methods are useful in analyzing large data sets, they are also
prone to considerable abuse when used as a "black-box" approach for dealing with
geochemical data. These procedures will find clusters in any data set, even if no
significant groups truly exist. We recommend only the careful and knowledgeable use
of multivariate statistical techniques for correlation purposes and also suggest that they
be used in conjunction with graphical methods, when possible.
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SOURCES OF HOLOCENE VOLCANIC TEPHRA IN
THE WILLAMETTE NATIONAL FOREST

VOLCANIC TEPHRA IN OREGON

The most widespread deposits of volcanic tephra in Oregon have originated from
eruptions of silicic volcanic ash. Several sources of silicic tephra have been identified
in Oregon, all of them associated with vents in or near the High Cascades. In
addition, small quantities of tephra from Mount St. Helens, Glacier Peak, and perhaps
some Northern California sources have been found in Oregon (figure 4). The most
extensive of the Holocene tephragenic eruptions in the western United States and the
one most important to tephrochronological studies within the Willamette National
Forest took place at Mount Mazama in the southern Oregon Cascade Range.
Considerably less spectacular eruptions of silicic tephra also occurred on the highlands
bordering the South Sister. Because of their potential importance in Willamette
National Forest prehistory, these latter eruptions are described in some detail in the
following section of the report.

SILICIC VOLCANIC TEPHRA IN THE WILLAMETTE NATIONAL FOREST

Mount Mazama

Day afier day, night after night, the eruptions continued. There were brief
intervals of comparative calm, but each was brought to a close by an
outburst more violent than the one preceding. It was now increasingly
difficult to see what was happening on the mountain. Fine dust and the
smoke of forest fires permeated the air. The hot, acid fumes were
suffocating. As the activity grew in strength, the winds veered toward the
northeast, in the direction of what is now the town of Bend. The falling
JSragments, which at first had scarcely been larger than peas, were now as
large as a man's fist. Over thousands of square miles the air was so
charged with dust that the days were darker than the blackest night. Close
to the mountain, it was impossible to see one's outstretched hand. Far off,
on the plateau to the east, small bands of Indians gathered in dumb horror
about their campfires, too bewildered to flee for safety. They had often seen
the mountain burst into flame before, but this cataclysm, this ashy darkness,
seemed to be the end of everything.

Dramatic description of the climactic eruptions of Mount Mazama by Howel
Williams (1954:30)

By far, the most significant of all the tephra deposits found within the Willamette
National Forest are those originating from Mount Mazama. The caldera resulting
from the explosive climactic eruption of this High Cascades volcano about 6,850
radiocarbon years ago now holds Crater Lake, the deepest freshwater lake in North
America. The tephra that originated during the eruptions of Mount Mazama has been
identified throughout Oregon, Washington, California, Idaho, Montana, Utah,
Nevada, British Columbia, Alberta, Saskatchewan, and the submarine sediments of the*
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Figure 4. Areal distribution of Holocene tephra sources in the Far Western United
States. The boundaries shown can be considered to be minimal ones and it is likely
that tephra from the various vents can be found in favorable environments beyond the
limits indicated. The distribution for the Mazama tephra is a composite of several
different lobes. The map is from Sarna-Wojcicki et al., 1983:56.
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Oregon archaeologist, were volcanologist Howel Williams from the University of
California, and a geologist and palynologist from Oregon State University, Ira
Allison, and Henry Hansen (Cressman et al., 1940). The discovery by Cressman of
pre-Mazama human artifacts in the Northwest Great Basin of Oregon prompted a lively
debate about the antiquity of occupation in the New World - at this time it was held
by many professional archaeologists that North America had been occupied for only
a few thousand years.

Williams soon moved on to the first detailed geologic description of Crater Lake and
the Mazama eruptions, one in which the depth and distribution of the Mazama tephra
was first ascertained for a large area (Williams, 1942). Research into the details of
the eruptive history of the volcano has most recently been carried out by Charles
Bacon of the U.S. Geological Survey (Bacon, 1983 and 1987; summaries in Cranson,
1982; Matz, 1987, and Nelson et al., 1987). Bacon's work forms the core of the
geologic evidence summarized in the this section of this report.

THE CLIMACTIC ERUPTIONS OF MOUNT MAZAMA:
HOLOCENE ERUPTIVE SEQUENCE AND CHRONOLOGY

During the early Holocene Epoch, Mount Mazama stood as a large glaciated volcano
located towards the southern end of Oregon's Cascade Range. Williams (1942:66)
estimated that the volcano probably stood at an elevation approaching 12,000 feet.
Potassium-Argon dates indicate that the volcano was sporadically active throughout at
least the last several hundred thousand years. Rocks from low in the exposed caldera
walls above Crater Lake have been dated at about 400,000 K-Ar years B.P.

The Redcloud Eruption

In the early part of the post-glacial period, there was apparently little or no activity
on the volcano. About 7,200 paleomagnetic years ago, however, this period of
quiescence was broken by the eruption of the Redcloud rhyodacite flow near the rim
of the present-day caldera (figure 5). The eruption of this flow was probably
accompanied by discharges of tephra, though the distribution of the ash and pumice
may have been fairly local in extent. This activity was probably the first of a series
of precursors to the climactic eruption.

The Lower Pumice Fall and Llao Rock Eruption

About 7015 + 45 radiocarbon years ago (USGS-870), not long after the emplacement
of the Redcloud Flow, activity began at a vent now covered by the Llao Rock flow
(figure 5). Several eruptions of tephra occurred at this vent; volcanic activity
culminated with the extrusion of the flow now known as Llao Rock (plate 2). These
tephra eruptions, collectively known as the Lower Pumice Fall, produced the only
known voluminous tephra deposits associated with preclimactic eruptions at the
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Figure 5. The eruptive sequence leading to and immediately following the climactic
eruptions of Mount Mazama. :

28



et al., 1975), and eastern Oregon soils and lakes (Rai, 1970; Blinman et al., 1979).
Doak (1969:51) also independently deduced, based on the vesicularity characteristics
of the ash, that the Mazama deposits in central Oregon must have resulted from more
than one event. In Nevada, this tephra layer has also been called the Tsoyawata Bed
(Davis, 1978:35-36; 1985). Bacon concluded that, in order for sufficient wind
changes to occur to cause the wide dispersion of the tephra, the Lower Pumice Fall
was deposited over a period of several days. Though tephra from the Lower Pumice
Fall must have covered much of the Willamette National Forest, there are no reported
occurrences of this tephra deposit to date.

The Cleetwood Eruption

The Cleetwood Flow eruption, accompanied by local tephra falls, was the last
preclimactic eruptive event (figure 5). This eruption must have occurred immediately
prior to the climactic eruption - the lava was still fluid enough to ooze down the
caldera wall that was created during the climactic event.

The eruption of the Grouse Hill dome, located near the northern Caldera rim, was
previously thought by Bacon to have occurred after the Llao Rock eruption and before
the Cleetwood eruption (Bacon, 1983:87). This eruptive event is now believed to be
late Pleistocene in age and is not considered to have been formed in the sequence of
eruptions immediately preceding the climactic event (Bacon, 1987).

The Climactic Eruption

About 6850 radiocarbon years ago, the caldera-forming climactic eruptions of Mount
Mazama began. The deposits that resulted from this massive explosive event consisted
of airfall tephra distributed by a high Plinian column and ash-flow tuffs derived from
the collapse of the eruptive column near the vent. The ash-flow tuffs flowed as clouds
of suspended pumice particles and were carried as far as 60 km in all directions down
the major drainages and topographic lows (figure 6). The airfall tephra, sometimes
referred to as the Upper Pumice Fall, was carried primarily to the east and the
northeast and has been identified in Canada over 1500 km from the vent (figures 4 and
7). Tephra from the eruption was spread over a minimum area of 1.7 million km?
(Sarna-Wojcicki et al., 1983). The entire present-day Willamette National Forest was
entirely blanketed with tephra that originated from this event.

Initially, the eruption was probably confined to a single event located somewhere
within the present boundary of the caldera (figure 5). Following this phase, eruptions
continued along multiple vents which likely formed a ring just inside the current
caldera wall. Based on a study of the rate of pollen influx in a Montana bog, the
climactic eruptions are estimated to have taken no longer than two or three years and
probably began in the autumn of the year (Mehringer et al., 1977; Blinman 1978:45).
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Figure 7. Distribution of Mazama tephra throughout the Far West (modified from
Matz, 1987:95-96). Sampling locations are marked by dots. The rose diagram shows
the approximate percentage of time that the wind blows toward various sectors at
Salem, Oregon, at altitudes between 4,000 and 16,000 m. The percentages in italics
are frequencies at an altitude of about 2,500 m. Rose diagram is from Crandell,
1980:62.
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Though several estimates have been made, the volume of the material erupted may
have exceeded 100 cubic kilometers, the equivalent of at least 34 cubic kilometers of
magma (Williams, 1942; Williams and Goles, 1968; Lidstrom, 1972; Bacon, 1983).
During and after the climactic eruptions, the remaining summit of Mount Mazama
collapsed, creating the caldera that now holds Crater Lake. Limited volcanic activity
not long after the formation of the caldera formed Wizard Island and two other cones
now covered by the waters of the lake.

AGE OF ERUPTIONS

The ages of the climactic Mazama eruptions are very well known, adding to the
importance of this event in tephrochronologic studies (table 4). Charcoal associated
with the Mazama eruption was, in fact, one of the first samples to be dated with the
then newly-developed radiocarbon dating technique (Arnold and Libby, 1951).

The considerable range of variation in the radiocarbon ages of the Mazama eruptions
that is apparent in table 4 is due to at least four factors:

1. Analytical errors due to the statistical nature of the way in which radiocarbon ages
are determined.

2. Sample contamination.

3. Problems of association of samples with the Mazama events. Many of the dates
are derived from materials immediately overlying or underlying deposits of tephra and
are not directly associated with the Mazama eruptions. Post-depositional stratigraphic
time displacements of several hundred years have also been reported for tephra
collected from lakes, the source of several of the radiocarbon dates (Anderson et al.,
1984).

4. The dating of multiple eruptive events potentially spread out over several hundred
years.

The weighted mean average of four carbon samples associated with the climactic
eruptions is 6845 + 50 C years B.P. (Bacon, 1983), and it is this date that is most
often quoted in the literature today as the age of the Mazama climactic eruptions.
When dendrochronologically corrected, this figure yields an eruption date of a little
over 7600 calendar years B.P. (see table 4).
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SAMPLE LOCATION “C AGE DENDRO- REFERENCE
(YRS B.P.) DATE (A) (NOTES)
Banff National Park, Canada 6,020 + 90 6856-6886 1 (E)
Banff Area, Canada 6,170 £+ 100 7090-7154 2
Mazama Ashflow, Oregon 6,453 + 250 7331 3(B)
Portland Borehole, Oregon 6,490 + 100 7372-7421 4
Simpson Place Bog, Oregon 6,500 £+ 130 7375-7423 5C)
Mazama Ashflow, Oregon 6,500 + 500 7375-7423 6,7 (E)
Arrow Lake, Washington 6,600 + 400 7442 8 (C)
Arrow Lake, Washington 6,630 + 400 7484 8 (B)
Mazama Ashflow, Oregon 6,640 + 250 7490 8 (E)
Lost Trail Pass, Montana 6,700 + 100 7532-7568 9,10 (O)
Lost Trail Pass, Montana 6,720 + 120 7575 9,10 (B)
Wildcat Lake, Washington 6,750 + 90 7584 10,11 (D)
Wildhorse Lake, Oregon 6,765 + 70 7587 10,11 (D)
Mazama Ashflow, Oregon 6,780 + 100 7590 12 (E)
Mineral Lake, Washington 6,800 + 180 7594 13 (B)
Bonaparte Meadows, Washington 6,810 £+ 190 7597 14 (C)
Labish Channel, Oregon 6,820 + 200 7599 15 (C)
Mazama Ashflow, Oregon 6,830 + 110 7606-7646 12 (E)
Umpqua River Valley, Oregon 6,840 + 100 7614-7664 12 (F)
Mount Mazama Average Value 6,845 + 50 7618-7667 12 (G)
Bonaparte Meadows, Washington 6,870 + 110 7681 14 (D)
Labish Channel, Oregon 6,870 + 190 7681 15 (B)
Mazama Ashflow, Oregon 6,880 + 70 7684 12 (E)
Anthony Lakes, Oregon 6,910 + 140 7693 5(©)
Bonaparte Meadows, Washington 6,930 + 110 7702 14 (D)
Lost Creek Damsite, Oregon 6,930 £ 115 7702 16 (F)
Wildcat lake, Washington 6,940 + 100 7717 11 (C)
Wildcat Lake, Washington 6,940 + 120 7717 10 (C)
Muir Creek, Oregon 6,940 £+ 120 7717 6 (E)
Osgood Swamp, California 6,990 + 300 7783 17 (C)
Mazama Ashflow, Oregon 7,000 + 60 7789 12 (E)
Mazama Charcoal, Oregon 7,010 + 120 7795-7900 6 (F)
Willamette Channel, Oregon 7,010 + 220 7795-7900 15 (C)
Llao Rock, Oregon 7,015 + 45 7797-7902 12 (C)
Mineral Lake, Washington 7,100 + 120 7924 13 (C)
Labish Channel, Oregon 7,125 + 160 7932 15 (C)
San Juan Area, Washington 7,140 £ 600 7937-7980 18 (F)
Paisley Cave Dung, Oregon 7,610 + 120 8393 19 (F)

Table 4. Radiocarbon dates associated with Mazama eruptions; see the following page

for details.
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Dendrochronologically-corrected date (reported in calendar years B.P.); results based on a

bi-decadal atmospheric record.

Peat or organic materials from directly above Mazama tephra layer

Peat or organic materials from directly below Mazama tephra layer

Peat or organic materials from between the Upper and Lower Pumice Fall tephra layers
Charcoal in direct association with ashflow or pumice deposit

Charcoal or organic material underlying airfall tephra deposit

Weighted mean age of four samples; this date is currently used by most researchers to fix the
age of the Mazama climactic eruption

Table 4 (Continued). Radiocarbon dates associated with the Holocene eruptions of
Mount Mazama. Dendrochronologically-corrected radiocarbon dates were calculated
using the CALIB 2.0 software of Stuiver and Reimer(1986).
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AREAL DISTRIBUTION OF AIRBORNE MAZAMA TEPHRA

Just how many different eruptive events are recorded in the airfall deposits of Mazama
ash is still not well-known. Nearer to Crater Lake, at least six separate layers of
tephra have been identified by Mullineaux and Wilcox (1980). Grain size analysis of
the tephra by Fisher (1964) indicates the presence of at least three major lobes of air
fall ash - one to the north, one to the northeast, and one to the southeast. The
northeast and southeast lobes are readily identifiable in figure 7 by the shape of the
isopachs. Whether these lobes were attributable to separate eruptive events or to
changes in wind direction during the course of the eruptions is not known. Fisher
(1964:344) does caution, though: "It must be noted that the top of the pumice-fall
layer is of different ages in different places; therefore, a single contour map represents
more than one volcanic outburst at varying intensity in a field of changing wind
direction.” Recent studies of Mount St. Helens tephra have demonstrated, though,
that multiple layers of morphologically differentiated tephra can be deposited near the
vent during a single eruptive event and it is unclear how many eruptive events might
be responsible for the multiple Mazama layers (Waitt and Dzurisin, 1981). Four
major Mazama lobes have also been reported in more distal areas, though details of
their origin in the eruptive sequence of Mount Mazama are lacking (Sarna-Wojcicki
et al., 1983). Because of the difficulties in interpreting tephra stratigraphy, the
thickness and distribution of the Mazama tephra unit (even though it resulted from
several different eruptions spanning a period of perhaps 150 years) is usually mapped
as a single unit. Due to the widespread use of the Mazama tephra as a stratigraphic
marker, the areal distribution and thickness of the airfall tephra are quite well-known
(figures 4,6, and 7).

Distribution of Mazama Tephra in the Willamette National Forest

Mazama tephra has been reported from many locations within the Willamette National
Forest. It is a certainty that the entire region was originally covered by airfall ash
from the Mazama eruptions, though the thickness of the tephra decreased very rapidly
to the west of the Cascade Divide. Hansen (1942), for example, reports only about
2 cm of reworked Mazama tephra from shallow lake deposits in the central Willamette
Valley.

On the upper southern slopes of Mount Jefferson in the Forked Butte and South Cinder
Peak region (figure 13), reworked Mazama tephra up to 40 cm thick along meadows
and lake margins is reported by Gannon (1981:84) and Scott (1974:54). Thicknesses
of about 15 c¢m are reported, though, as more common in this area, a figure that
agrees with the expected fallout thickness (Williams and Goles, 1968). Individual
lapilli size rarely exceeds 1 mm in this area and is commonly sand-sized. The
weathered tephra is a distinctive yellowish-orange and is discontinuously distributed
in this area. Field reconnaissance along the Cascade Crest in this area illustrates that
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the distinctive Mazama ash is often exposed in trail cuts and is commonly directly
overlain by more recent basaltic tephra deposits from local vents. At the sampling
location for sample CARLL-1, 2 km southwest of Forked Butte, 20 cm of basaltic
tephra from Forked Butte directly overlays Mazama tephra; at site SCINP-1
immediately east of South Cinder Peak, 16 cm of basaltic ash overlay Mazama tephra.

Rollins (1976:58) describes a thin layer of light-colored Mazama ash present in several
locations in the northwestern portion of the Willamette National Forest in the
Triangulation Peak area. The tephra was most commonly found in soil horizons that
had been dissected by small streams.

Swanson and James (1975), in a study of the geomorphic history of the Lower Blue
River - Lookout Creek area located about 85 km east of Eugene, used Mazama tephra
as a chronostratigraphic marker. Layers of Mazama ash were used to establish
maximum and minimum ages of fluvial terraces, alluvial fans, and of strata overlying
or underlying the tephra.

A distinctive layer of Mazama tephra was encountered at a depth of 51 ¢cm in a test pit
dug in a McKenzie Pass area kipuka surrounded by basalt flows from Little Belknap
Crater (see figure 35). This Mazama paleosol was directly overlain by more recent
basaltic tephras from Belknap Volcano.

Near the intersection of Highways 20 and 162 just east of the town of McKenzie
Bridge, deposits of glacial till capped with Mazama tephra can be seen in local
roadcuts. Similar deposits of till blanketed with mantle deposits of Mazama ash can
also be seen in many other locales throughout the higher elevation Cascades, including
roadcuts near the intersection of Highways 126 and 20 (also see plate 12).

Woller and Black (1983) mention that Mazama tephra occurs widely in the Waldo
Lake-Willamette Pass area of the Western and High Cascades. The Mazama layer of
ash and small lapilli are best exposed near the Willamette Pass in roadcuts; elsewhere
in the area, the tephra makes up most of the surficial deposits.

Even though the entire Willamette National Forest was originally covered by tephra
from the Mazama eruptions, tephra distribution is somewhat discontinuous today
(though very widespread, as demonstrated by the preceding discussion), particularly
in areas farther west of the Cascade Crest. Volcanic ash is very susceptible to aeolian
and fluvial erosional processes and the Mazama ash depth isopachs shown in figures
6 and 7 must be considered only as averages or approximations. Published accounts
of the amount of Mazama tephra found at different locations must also be considered
not only as estimations of the original ashfall blanket thickness, but as the probable
result of two, and possibly more, separate eruptive events spread out over a period of
up to 200 years. As indicated by the previously discussed Mount Jefferson area
tephra, ash thicknesses may also vary considerably in the same locale. In natural
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basins the tephra accumulates to thicknesses considerably exceeding the depth of the
original ashfall, while on steep slopes tephra may be entirely absent. Soils developed
on Mazama tephra are light-colored yellowish-tan, loamy and rich in volcanic ash and
small pumice lapilli. These small lapilli and ash pyroclasts can often be seen with a
10x - 20x hand lens (see plates 22 and 23) and identify the associated soils throughout
the Willamette National Forest as post-Mazama in age.

DISTANCE-RELATED CHARACTERISTICS OF MAZAMA TEPHRA

Several important characteristics of Mazama tephra are related to the distance of the
tephra from the vent. An understanding of some of these characteristics is important
because of their value in identifying Mazama tephra in the Willamette National Forest
and in sampling the tephra for geochemical analysis. Largely because of prevailing
wind directions at the time of the eruptions, volcanic tephra from Mount Mazama was
not symmetrically spread around the vent - the depth isopachs in figures 6 and 7
clearly show the asymmetrical geographic distribution of the ash. The three attributes
of Mazama tephra discussed here are a function, then, not only of their distance from
the vent, but also of their location in relationship to the main axis of the ashfall. Any
analysis or interpretation of distance-dependent tephra characteristics must take
geographic location into account.

One of the most apparent tephra characteristics related to distance from Crater Lake
is the thickness of the resultant deposits (figures 6 and 8). Because of the potential of
tephra for reworking and redeposition, though, the use of the thickness of deposits to
infer geologic sources should always be used cautiously. Tephra isopachs that are
shown on isopach maps should always be considered as average thicknesses of primary
ash deposits. The actual thickness of deposits of Mazama tephra may be quite locally
variable.

Grain size, particularly maximum grain size, is highly dependent on the distance from
the source and has proven a valuable indicator of the proximity of the source of a
tephra deposit (figure 8). Within the Willamette National Forest, the maximum size
of pumice lapilli ranges from several centimeters at the southern boundaries to 1-2 mm
at the northern boundaries (observed along a High Cascades north-south transect).
Lapilli size also decreases rapidly to the west of the Cascade Divide away from the
north to northeast-trending axes of the ashfall. During this investigation, we found
maximum grain size to be one of the simplest attributes for identifying deposits of
Mazama tephra in areas where Mazama and South Sister tephras co-occurred. As an
example, in an earlier geochemical study of silicic tephras by Randle et al. (1971),
pumice samples from the Sparks Lake area (only a few kilometers from the Rock Mesa
and Devils Hill vents) were mistakenly collected as Mazama tephra. Lapilli at the
collection site were up to 4 cm in diameter and the deposit thickness was at least 1 m,
two distance-dependent characteristics quite inconsistent for Mazama tephra at this
distance from the vent. It was only after the geochemical analysis of the tephra was
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Figure 8. Relationship of the thickness of Mazama tephra deposits and the distance
from the source. Thickness data are from Williams and Goles, 1968.

completed that the researchers realized the non-Mazama origin of the samples and
their contradictory geologic context.

The mineralogical components of Mazama tephra are also strongly influenced by their
distance from the vent. Juvigne and Porter (1985) found that both the heavy mineral
fraction and other mineral components decrease downwind from the volcano (it should
be noted that their results differ from those obtained earlier by Kittleman, 1973). An
important implication is that the geochemical characterization of bulk samples of
Mazama ash should be approached with caution; the changing mineralogical fraction
of the tephra will result in bulk analyses that will vary in relationship to their distance
from the source. Differences in the chemical composition of samples between sources
could easily be obscured by the intrasource compositional variation introduced by
mineralogical variation.
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The vitric component of Mazama tephra, on the other hand, is quite chemically
consistent and is not influenced by its distance from the vent. The use of glass
separates (the vitric fraction of the tephra) for geochemical characterization has
proven to be a reliable technique for chemically characterizing Mazama tephra
(Borchardt, 1969; Borchardt et al, 1971). Our own experience in the geochemical
characterization of tephra samples indicates that minimal sample preparation (removal
of magnetite, obvious phenocrysts, and apparent contaminants) is adequate for pumice
lapilli collected from near-source and intermediate-source facies.

DISTANCE AND MAXIMUM SIZE
Data are from Fisher, 1964
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Figure 9. Relationship of the grain (lapilli)-size of Mazama tephra and the distance
from the source. The maximum lapilli size data in this figure are from the mean
diameter of the five largest fragments measured at a sample location. Samples are
from the main northeast lobe of the ashfall. After Fisher, 1964:343.

Tephra Eruptions at South Sister Volcano
Eruptions from vents on the southwest, southeast, and northwest flanks of the South

Sister during two brief volcanic episodes between about 2,000 and 2,300 radiocarbon
years ago produced relatively modest volumes of silicic volcanic tephra (figure 10).
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During the first, or Rock Mesa, episode, eruptions took place from a vent now
covered by the Rock Mesa obsidian flow and from a short vent system 1 km east-
northeast of Rock Mesa, the Rock Mesa-ENE vent. The second, or Devils Hill,
episode occurred along an alignment of vents that stretches from near the shores of
Sparks Lake to the upper southeastern slopes of the South Sister. The northernmost
and largest of the domes that were extruded after the eruption of tephra at Devils Hill
chain of vents is known as the Newberry flow. At about the same time as the activity
along the Devils Hill chain of vents, another short alignment of vents on the
northeastern flanks of the South Sister were also active, erupting a small quantity of
silicic tephra (Scott, 1987).

The eruptions of silicic tephra at the South Sister were first described in some detail
in an early work by Hodge (1925a) and later, in more detail, by Williams (1944).
Recent research by Taylor (1978), Wozniak (1982), Clark (1983), and especially Scott
(1987; also see Scott et al., 1989; Scott, 1990; and Scott and Gardner, 1990) provides
the most up-to-date description and interpretation of tephragenic volcanic activity in
this area. Their work forms the basis for the following descriptions of tephra
eruptions at the South Sister.

ROCK MESA

The first of the late Holocene pyroclastic episodes at the South Sister took place at the
Rock Mesa vent (figure 10). [Initial eruptions of tephra at this event were
accompanied by small pyroclastic flows and the emplacement of several lava flows and
domes, most notably the Rock Mesa obsidian flow (plate 3). The main vent for these
tephra eruptions now lies under the Rock Mesa flow. Another vent, the Rock Mesa-
ENE vent, consists of a small graben that contains several domes (most of them buried
by pyroclastic materials). This vent is marked by a prominent 200 m-high dome that
is clearly visible in the frontispiece to this report.

Tephra from the Rock Mesa episode was distributed in two lobes, one to the south and
the other to the east of the vents (figure 11). The tephra is coarse-grained near the
vents and large fragments of porphyritic gray to black obsidian and rhyolite can be
found in the pumice fields directly east of the vent. At Moraine lake, about 2 km east
of the vents, fragments of dense pyroclastic materials several centimeters in diameter
are common. Rock Mesa tephra is found as far as 20 km east of the vents where 1
to 3 cm-thick layers of fine ash and lapilli are reported by Scott (1987). Tephra from
the vents is also found several kilometers west of the Cascade Crest in the Willamette
National Forest, though the westward limits of the areal extent of the airfall tephra are
still poorly-known (figure 11). Rock Mesa tephra most often overlies Mazama ash
soils or late Pleistocene glacial till deposits.

Radiocarbon dates of materials associated with the Rock Mesa eruptions (table 5) along

with limited paleomagnetic data indicate that the eruption of the tephra probably took
place between 2,000 and 2,300 radiocarbon years ago.
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EXPLANATION
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Figure 10. Geologic sketch map of Holocene rhyolite flows and pyroclastic deposits
on the flanks of the South Sister volcano. The long-dashed line marks the 100 cm
isopach for the Rock Mesa tephra; the dashed and dotted line is the 100 cm isopach
for the Devils Hill chain of vents ash. Positions numbered 1 through 15 are major
vents for the Devils Hill dome chain. The locations numbered C-1 through C-4 mark
the location of the Carver Lake tephra vents. The eastern boundary of the Willamette
National Forest runs down the center of the Rock Mesa flow. Map is from Scott,
1987:36.
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Eruptions of pumice also preceded the opening of the Newberry obsidian flow
and the recent domes near by, and once more the winds were blowing south
and east. Where the trail to Moraine Lake crosses Fall Creek, waterworn
lumps of pumice up to a yard across are plentiful on the riverbanks. On the
moraines south of broken Top, the mantle of pumice is fairly continuous and
includes fragments up to three inches across. On Talapus Butte, pieces up
to eight inches across are accompanied by fragments of obsidian three inches
in diameter. On Tumalo Mountain, few fragments measure more than an
inch. Though mineralogically similar to the pumice from Mount Mazama,
most of this local pumice is easy to recognize by its coarseness and
admixture with chips of obsidian and lithoidal dacite.

The Devils Hill eruptive episode began not long after the Rock Mesa eruptions had
ceased (table 5). Tephra from the Devils Hill vents overlies much of the east lobe of
the Rock Mesa airfall tephra and the northeast part of south lobe (Scott, 1987).

The eruption of silicic tephra from the Devils Hill chain of vents spread primarily to
the east and south of the vents (figure 11). It is unlikely that any significant amount
of tephra from the Devils Hill eruptive episode is found today west of the Cascade
Divide in the Willamette National Forest, though the tephra could prove to be a
valuable local stratigraphic marker on the east slope of the Cascades.

ERUPTIVE UNIT “C AGE LAB. DENDRO- REFERENCE
(YRS BP) NO. DATE (A)

Devils Hill Tephra 1970 + 200 W-4013 1928 1

Rock Mesa Tephra 2150 + 150 W-5556 2141 1

Rock Mesa Tephra 2300 + 200 W-3402 2341 1,2

Devils Hill Tephra 2410 + 80 W-5208 2359 1

Devils Hill Tephra 2480 + 100 W-5016 2499-2709 1

Rock Mesa Tephra 2560 + 200 W-4016 2742 1

Rock Mesa Tephra 2740 + 70 W-5021 2850 1

References:

1. Scott, 1987

2. Taylor, 1978

Notes:

(A) Dendrochronologically-corrected date (reported in calendar years B.P.);

based on a bi-decadal atmospheric record.

Table 5. Radiocarbon dates associated with late Holocene eruptions of silicic tephra
in the South Sister area. Dendrochronologically-corrected radiocarbon dates were
calculated using the CALIB 2.0 software of Stuiver and Reimer (1986).
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developed, pointing to a relatively short interval before they were covered by the
more recent Devils Hill pyroclastic deposits. Several centimeters of peat have
accumulated between deposits from the two events in some locations and Scott (1987)
speculates that the length of time between the two eruptive episodes was probably no
more than a few hundred years but probably at least 100 years.

The chemical composition of the tephras is also virtually identical, pointing to a
common source of magmas for both series of eruptions (Scott, 1987).

CARVER LAKE CHAIN OF VENTS

At about the same time as the eruptions along the Devils Hill chain of vents, eruptions
of silicic tephra also took place from several aligned vents high on the northern slopes
of the South Sister. These vents (C-1 through C-4 in figure 10) were the source of
a much thinner and less extensive tephra blanket than the one from the Devils Hill
vents. Several rhyolite domes were extruded after the tephra eruptions.

The small quantity of ash from the Carver Lake vents was carried primarily to the east
and forms a thinner, more discontinuous, and much less extensive cover than tephra
from the Devils Hill chain of vents. The pyroclastic activity that preceded the
emplacement of the domes was relatively brief and small when compared with other
tephragenic volcanic activity in the South Sister area. Ash from the Carver Lake
eruptions overlies Rock Mesa tephra and is overlain by and perhaps interbedded with
Devils Hill ash. The Carver Lake and Devils Hill eruptions appear to be, in any
interpretation, virtually coeval. Ash from the Carver Lake vents, because of its poor
exposure and limited extent, was not mapped by Scott (figure 11). Though the vents
lie less than 1 km east of the Willamette National Forest boundary, it is unlikely that
significant deposits of the Carver Lake tephra are found there today.

The chemical composition of the Carver Lakes tephra is also indistinguishable from
the Devils Hill and Rock Mesa tephra. It is probable that the magmas erupted at the
Carver Lake vents, as well as those at Rock Mesa and Devils Hill, originated from a
radial dike fed by a single magma chamber located under the south flank of the South
Sister volcano (Scott, 1987). This would account for the compositional similarities
and contemporaneity of the eruptions of tephra in this region.

Some Unusual Deposits of Silicic Tephra
In addition to the Holocene sources of silicic volcanic tephra previously described, two

additional deposits resembling Holocene tephra units were encountered that could
easily be confused with Holocene airfall or ashflow deposits.
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Upper Salt Creek Near-Vent Tephra and Obsidian

Outcrops of tephra-like deposits are exposed in several roadcuts along Highway 58 as
the road passes the southern flank of Mt. David Douglas about 30 km east of
Oakridge. The deposits consist of light-colored ash with a large percentage of gray
to black glassy to microcrystalline obsidian and devitrified glass nodules. The glassy
(obsidian) zone of a rhyolite flow is intersected by one of the roadcuts and the
presence of Oligocene-Miocene rhyolite and obsidian flows are mentioned in the area
by Woller and Black (1983). While the Salt Creek unit could be mistaken for a
Holocene airfall or ashflow deposit, it is interpreted here to be a pre-Holocene near-
vent deposit associated with the flows of rhyolite and obsidian erupted at this location.

Carver Obsidian Flow Pumice Zones

The Carver Obsidian flow is located on the middle northeastern flank of the South
Sister volcano about 1.5 km east of the Cascade Crest. This large glaciated flow of
microcrystalline gray obsidian and rhyolite is approximately 3 km long and over 100
m thick in many locations. Williams (1944:49) mentions that "...some of it consists
of massive, unbanded lava so frothy as to resemble pumice.”

A field check of the western margin of the flow revealed areas covered with silicic
lapilli-like clasts of pumice >10 cm in diameter that could be easily confused with
airfall pumice lapilli from a nearby vent, particularly one of the Carver Lake chain of
vents. The pumice outcrops are all found at about the same elevation at scattered
localities around the western margin of the flow. The large size of the clasts, the
discontinuous exposures, and the lack of a suitably proximate vent argue against an
airfall origin, however. The pumice outcrops are interpreted here to represent
exposures of the pumice zone formed during the emplacement of the rhyolite flow.
Vertical and horizontal zoned textural variations in rhyolite flows are well-documented
and it is likely that the Carver Flow pumice clasts are simply surface exposures of
these pumiceous zones (Fink and Manley, 1987).

HOLOCENE BASALTIC TEPHRA IN THE WILLAMETTE NATIONAL FOREST
Basaltic to basaltic andesite volcanic activity took place in numerous locations in the
present-day Willamette National Forest during the Holocene. These Holocene volcanic
vents, particularly those associated with deposits of basaltic tephra are described in the
following section. A summary of all published radiocarbon dates associated with
basaltic volcanic activity in this region appears in table 6.

Southern Flank of Mt. Jefferson to Santiam Pass

The upper southern flank of Mount Jefferson was the site of several episodes of
tephragenic volcanic activity during the post-glacial period. These tephra sources,
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Figure 12. Distribution of Willamette National Forest Holocene basaltic tephra vents
and potential sources of basaltic tephra deposits.
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more isolated than most within and adjacent to the Willamette National Forest, also
include some of the youngest potential ash deposits in the High Cascades of Oregon.
The location and tephra distribution of Holocene volcanic vents is shown on the
geologic sketch map of the Mount Jefferson area (figure 13).

ERUPTIVE UNIT “C AGE LAB. DENDRO- REFERENCE
(YRS BP) NO. DATE (A) (NOTES)

Belknap Summit Cone,

North Vent Lavas 1400 £+ 100 WSU-270 1303 : 1,2
Belknap Summit Cone,

North Vent Lavas 1590 + 160 WSU-292 1515 1,2
Lost Lake Group South

Cone Cinders 1950 + 150 WSU-371 1892 1,2
Four-In-One Cone Cinders 2550 + 165 WSU-365 2740 1,2
Clear Lake Drowned Forest 2705 + 200 - 2789 3
Little Belknap Lava 2883 + 175 WSU-364 2996 1,2
Clear Lake Drowned Forest 3200 + 220 - 3414-3455 3
Blue Lake Cinders 3440 + 250 WSU-291 3695 1,2
Lava Flow Southeast of

Fish Lake 3850 + 215 WSU-327 4283 1,2
Cayuse Crater Scoria 9520 + 100  W-5209 - 4 (B)
References:
1. Taylor, 1967:40
2. Chatters, 1968
3. Benson, 1965
4, Scott, 1987

Notes:

(A) Dendrochronologically-corrected date (reported in calendar years B.P.);
based on a bi-decadal atmospheric record
(B) Date should regarded as a minimum

Table 6. Radiocarbon dates associated with Holocene volcanic activity in the
Willamette National Forest. Dendrochronologically-corrected radiocarbon dates were
calculated using the CALIB 2.0 software of Stuiver and Reimer (1986).
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RED CINDER CONE

Red Cinder Cone, a Holocene tephra source located at an elevation of 2130 m asl on
the south shoulder of Mount Jefferson, was first named and briefly described by
Hodge (1925b:49):

On the south side just east of Cathedral Rocks is "Red Cinder Cone" rising
to an elevation of 7750 feet. The ridge which is decorated by the Cathedral
rocks is buried on its east side for over a mile by a thick mantle of black
cinders. The cinder field descends from 7900 to 6200 fees ...

This cinder cone, standing about 180 m high and covering an area of about 0.5 km?,
is located 1 km northeast of Goat Peak (plate 5). The cone is mantled by red and
black scoriaceous lapilli, bombs, and ash, and is breached on the southwestern side by
flows of basaltic andesite lavas that moved to the east. The cone was mentioned by
Sutton (1974:29) and most recently was described and mapped by Gannon (1981:80-
82)

The blanket of tephra that originated from Red Cinder Cone covers much of the north-
south ridge leading from The Table past Goat Peak to the upper southern flank of
Mount Jefferson (plate 5). The thickness of the tephra drops off rapidly at the
southern edge of the ridge and finally disappears from surficial deposits at the
southern border of The Table, about 3.5 km south of the vent. The areal extent of the
Red Cinder Cone tephra was estimated by field checks of the southern part of the
deposit, by color changes visible from viewpoints at Forked Butte and the Pacific
Crest Trail (plate 6), and from aerial photograph interpretation.

HODGE CONE

This small cinder cone, located at the base of the southernmost dome of The Table
(figure 13), was named and described by Gannon (1981:91-92), though it was earlier
mapped as a Holocene cone by Scott (1974, Plate I). The cone rises 84 m above the
surrounding glaciated landscape and is topped by a well-preserved crater with an ice-
fed lake. No lava flows are associated with Hodge Cone and any eruptions of tephra
from the vent appear to have been very localized.

Hodge Cone is post-Mazama in age and Gannon (1981:92) suggests that the cone may
be no more than a few thousand years old.

FORKED BUTTE
Originally named Twin Volcano and Twin Cinder Peak by Hodge (1925), Forked
Butte is a large cinder cone situated about 1 km east of the Cascade Crest (plate 7).

Two remnant craters occur at the summit of the cone and at least six lava flows
erupted from vents at the cone.
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that was calibrated by Mazama tephra, Scott estimated that the eruption of the
Breached Cone tephra occurred only about 1000 'C years ago. This age would place
it as one of the most recent volcanic events in Oregon. The age determination of the
Breached Cone eruption was erroneously attributed to radiocarbon dating methods by
Davie (1980:36).

Though tephra from Breached Cone has not been reported from any archaeological
sites, it has been used to establish the relative age of recent glacial advances in the
area (Scott, 1977:118).

Sand Mountain Alignment

The Sand Mountain alignment is a north-south linear alignment of 22 cinder cones and
41 distinct vents that stretches about 9 km from the Lost Lake area to a group of vents
about 2 km south of South Sand Mountain. The major landforms of the Sand
Mountain Alignment are, from north to south: Little Nash Crater and the Lost Lake
Group on the north; Nash Crater and the Central Group farther south; the Sand
Mountain cones, and the South Group (figure 14). Throughout the Holocene , these
closely spaced vents discharged over 4 km® of lavas and a considerable, though still
unknown, volume of tephra of basaltic to basaltic andesite composition (Taylor, 1965;
Taylor, 1967:4-6). Volcanic tephra is known to be associated with several of the
vents of the Sand Mountain chain: Little Nash Crater, the Lost lake Group, Nash
Crater, and Sand Mountain. Much of the recent geologic information concerning the
geology and tephra of the Sand Mountain originates from the work of Edward Taylor
of Oregon State University (Taylor, 1965, 1967, 1968, 1981; Taylor et al., 1987).
The geology of the Sand Mountain area has also been discussed by Brown (1941), Jan
(1967), Davie (1980:36), Goles (1980), and Scott (1974:55). The limits of airfall
tephra from the major Sand Mountain vents were conservatively estimated and the
tephra boundaries shown in figure 14 should be considered as absolute minimums.

It should be noted that the coarse reddish volcanic cinders that are common in many
roadcuts in the Santiam Junction to Santiam Pass area were often not deposited by
volcanic eruptions in the Sand Mountain alignment area, but by snowplows.

LOST LAKE GROUP

A short alignment of four Holocene cinder cones forms a prominent ridge across the
glaciated valley of Lost Lake Creek 3 km east of Santiam Junction. The lava-dammed
Lost Lake provides the name for this chain of cinder cones, the Lost Lake Group.
The smallest cones lies above the north valley wall above Lost Lake, while the
remaining three cones are spaced around the northwestern and western shores of the
lake. The southernmost cone of the Lost Lake Group rises about 100 m above the
Santiam Highway and is intersected by the road not far west of Lost Lake. Lava flows
from the Lost Lake vents are largely obscured by a cover of basaltic tephra from these
vents and from Little Nash Crater to the west (Taylor, 1965; 1967:8-9).
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To the west of the vents, tephra is restricted to the immediate area in the vicinity of
the cones. The greatest volume of pyroclastic materials is found to the east of the Lost
Lake cones, where they were carried by prevailing winds at the time of the eruptions.
Bogs on the summit of Hogg Rock, 3 km to the east of the vents, contains fine ash
that can be traced to the Lost Lake Group (Taylor, 1967:8). Fine ash is also exposed
in Santiam Highway roadcuts just east of Lost Lake where it is overlain by tephra
from Little Nash Crater. ’

Fragments of charred limbs recovered at the base of coarse cinders traced to the south
cone of the Lost Lake Group have been dated at 1950 + 150 radiocarbon years B.P.
(WSU-371)(Taylor, 1967:8-9; see table 6).

LITTLE NASH CRATER

The youngest eruptions along the Sand Mountain Alignment occurred at Little Nash
Crater, a 140 m-high cinder cone located at the junction of the North and South
Santiam highways (22 and 20). The cone has been extensively quarried for cinders
for many years and is slowly vanishing. After the eruption of pyroclastic materials
early in development of the cone, lavas were extruded from a vent at the western base
of the volcano.

Road cuts immediately north of Little Nash Crater (plate 11) display an 8 cm-thick
layer of fine ash from Nash Crater overlain by 1-2 m of Little Nash Crater pyroclastic
deposits. Both of these tephra deposits are underlain by 6,845 year-old Mazama
tephra which rests directly upon glacial moraine deposits.

Tephra from Little Nash Crater thins rapidly to the north, west, and south of the vent,
and cannot be found 0.4 km (.25 mi) from the cone in these directions. East of the
vent, however, the tephra blankets an area of more that 250 km* A thick deposit of
coarse cinders is spread eastward from the vent, rapidly grading to a fine ash that
covers the entire Santiam Junction area. This fine ash from Little Nash Crater is
well-exposed in Santiam Highway roadcuts immediately east of Lost Lake where it
overlies tephra from the Lost Lake Group (Taylor, 1965; 1967:6-7).

No radiocarbon dates are associated with Little Nash Crater, though tephra from the
cone overlies the ash and lavas of the Lost Lake Group eruptions that are dated at
about 1950 radiocarbon years. The presence of 300-400 year-old living trees on the
cone places the age of eruptions at Little Nash Crater at no earlier than 1950
radiocarbon years and no later than the age of the trees (Taylor, 1967:40-41).

NASH CRATER

Nash Crater, a 150 m-high cinder cone found 2 km south of Little Nash Crater, was
the source of several late Holocene lava flows and eruptions of tephra. Lavas from
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vents on the northwest and south flank of the cone flowed several kilometers west to
the Fish Lake area.

The distribution of tephra from Nash Crater is poorly known. A thin layer of ash is
exposed just north of Little Nash Crater in a previously-described roadcut. Taylor
(1967:9 and 1968) also reports that fine ash from the summit crater of the cone can
be found near the vent in interstices of lavas from the northwest vent. Like most of
the High Cascades vents, much of the pyroclastic material associated with Nash Crater
eruptions probably lies to the east of the vent where it is now buried under the more
recent tephra deposits from Sand Mountain.

The age of tephragenic activity at Nash Crater can be only broadly established. Lava
flows originating from a vent at the northern base of Nash Crater flowed to the east
where they overlie an older flow unit that was probably associated with early eruptions
at the volcano. These north vent flows, also known as the Fish Lake Flows, overlie
ash from several other Sand Mountain alignment vents as well as lavas from the west
vent of North Sand Mountain. Fish Lake, a lava-dammed lake located 5 km west of
Nash Crater, was created by a lava flow (known as the flow southeast of Fish Lake)
that is overlain by the Fish Lake Flows from Nash Crater. The flow southeast of Fish
Lake contains tree molds from which charcoal was recovered and dated at 3850 + 214
“C years B.P. This date, then, sets the maximum age for the Fish Lake Flows.
Assuming contemporaneity between basaltic pyroclastic eruptions and the extrusion of
lava flows, this date also fixes the possible earliest age of tephra deposits from Nash
Crater. The minimum age of the Nash Crater tephra can also be only broadly placed.
The Nash Crater scoria and ash are overlain by Little Nash Crater tephra, establishing
the minimum age of the Nash Crater pyroclastic deposits as pre-Little Nash Crater, or
somewhere beteen 1950 *C years ago and a few hundred years ago (Taylor, 1965;
1967:40-41).

SAND MOUNTAIN

The Sand Mountain cones are the two largest volcanoes in the Sand Mountain
Alignment and stand about 230 m above the surrounding lava flows and ash fields.
The most areally widespread and voluminous deposits of basaltic tephra in the Sand
Mountain Alignment area originated from these two cones. These two large
coalescing cinder cones, found 6.5 km west of the Cascade Divide, are the source of
an extensive deposit of basaltic tephra that covers an area of more than 250 km? (100
mi®). Much of the Sand Mountain tephra has been reworked by surface water and it
is difficult to reconstruct the original thickness of the primary deposits (Taylor,
1967:11-13.).

Sometime before 3850 radiocarbon years ago, eruptions from the cones spread up to

90 c¢m of black ash over the Suttle Lake area. Ash from the Sand Mountain eruptions
was deposited largely to the east and northeast of the vents and can be traced for many
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years. The previous contact relationship establishes the minimum age of the Sand
Mountain tephra at 3850 C years ago (Taylor, 1965:23-24,41; see table 6). These
data contraindieate the circa 3,000 B.P. age for the Sand Mountain eruptions that is
suggested by radiocarbon dates from the Clear Lake drowned forest (table 6). Sand
Mountain ash overlies the lava flows that created Clear Lake and it was initially
assumed that the age of the Clear Lake drowned forest was closely associated with the
age of the emplacement of the flow (Benson, 1965). It appears, however, that the
Clear Lake radiocarbon dates do not reflect the actual age of the Sand Mountain
eruptions (Taylor, 1967:24).

The age of other eruptive events along the Sand Mountain alignment suggests that the
maximum age of the Sand Mountain tephra probably lies near the minimum contact
age of 3850 'C years B.P. At this point, however, the maximum age of the Sand
Mountain events simply has not been clearly established. The refinement of the Sand
Mountain eruptive chronology remains a significant problem to be resolved.

Santiam Pass to McKenzie Pass

Several Holocene vents are found along the Cascade Crest between Santiam Pass and
McKenzie Pass, though only one of them, Belknap Volcano, was a source of volcanic
tephra deposits located within the Willamette National Forest.

Hoodoo Butte, a prominent unglaciated cinder cone located at the Santiam Pass, is
assigned a late Pleistocene rather than Holocene age. Taylor (1981) speculates that
the cone was shielded from Pleistocene glaciation by Hayrick Butte, a large andesite
dome located immediately to the east of Hoodoo Butte.

The Holocene volcanic history of the area from Santiam Pass has been described by
a number of researchers, most notably by Brown (1941) and Taylor (1965, 1967,
1968, and 1981).

BLUE LAKE

Blue Lake Crater was created by explosive eruptions that began about 3440 *C years
ago (Taylor, 1965 and 1967). The large crater left by the eruptions is now filled by
Blue Lake. A coarse layer of scoria is well-exposed in road cuts to the east of the
crater; SO cm of Blue Lake scoria overlies 70 cm of Sand Mountain tephra on the
Suttle Lake Moraine. The tephra from Blue Lake Crater rapidly thins to the north;
in Cabot Lake it may be present as a thin, fine-grained black ash (Scott, 1974:55).
No tephra from the Blue Lake eruption was located within the boundaries of the
Willamette National Forest.



MOUNT WASHINGTON SPATTER CONE CHAIN

This alignment-of post-Mazama spatter cones and small craters runs for about 1.5 km
between Blue Lake and Mount Washington. Pyroclastic deposits (mainly bombs and
scoria) associated with this chain of spatter cones are very localized and restricted to
the immediate vicinity of the vents (Taylor, 1965 and 1967:24). No pyroclastic
deposits from these vents are found in the Willamette National Forest.

BELKNAP CRATER

Located along the eastern border of the Willamette National Forest, the Belknap Crater
shield volcano complex was the source of the most extensive Holocene lava flows in
the central High Cascades of Oregon. Flows from the many vents on the Belknap
Crater shield covered an area of nearly 100 km? (Taylor, 1968). The Belknap shield
was also the source of some of the most extensive Holocene eruptions of basaltic
tephra recorded in this region (plate 13).

The main portion of ash from Belknap Volcano was ejected from the southern crater
of the cone and is described by Taylor (1967:18):

The distribution of ash and cinders on the rim of Belknap Crater ... was
caused by strong and prevailing wind transport to the east. Thin deposits of
scoria are found on lava immediately west of the cone, but as the eastern
slopes are approached the lavas become mantled in black ash and fine
cinders. A wide area from Dry Creek on the north to Black Crater on the
south was heavily blanketed and a continuous ash deposit can be traced eight
miles to the east.

Ash deposits from Belknap Crater have been traced over an area greater than 250 km?,
though only a very small percentage is found in the Willamette National Forest
(Taylor, 1981). Exposures of the ash are common along the McKenzie Highway for
several kilometers east of the McKenzie Pass. The Belknap ash thins rapidly to the
north of the McKenzie Pass along the Pacific Crest Trail - within a few kilometers,
Belknap tephra has disappeared completely from trail cuts and the ubiquitous Mazama-
derived soil with its characteristic small pumice lapilli and pyroclasts (less than a few
mm in diameter in this area) is exposed as the uppermost deposit.

A test pit dug in the southernmost kipuka on the lower southern slopes of Belknap
Volcano revealed evidence of at least one major post-Mazama airfall tephra deposit
(figure 35). Thirty-one centimeters of basaltic tephra that appeared to represent a
single eruptive sequence overlay a Mazama paleosol.

No volcanic ash is associated with Little Nash Crater, a small cone located on the

southeastern flank of Belknap Volcano. This vent was the source of extensive basalt
flows on the eastern slopes of Belknap Volcano and is dated at 2883 + 175
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developed paleosols derived from Mazama tephra (see figure 35), suggesting that a
considerable period of time elapsed between the Mazama ashfall and the ensuing
Belknap tephra-falls. It is likely that the age the Belknap tephra lies nearer its
minimum age of 2883 '*C years than the 6850 '“C-year-old age of the underlying
Mazama tephra deposits.

McKenzie Pass to North Sister

Several tephragenic vents are found in the region between the McKenzie Pass and the
base of the North Sister. The geology of this region has been most extensively
described by Taylor (1965, 1967, 1968, 1981) and Taylor et al. (1987), with other
contributions by Hodge (1925), Williams (1944), and Peterson and Groh (1965). The
location of tephragenic vents and the areal distribution of volcanic ash deposits in the
region are illustrated in figure 15, a geologic sketch map of the region.

YAPOAH CRATER

Rising 150 m above its surroundings, Yapoah Crater is the largest of a 2 km-long
alignment consisting of several cones and vents. The southern side of the cone abuts
against a glaciated ridge covered with ash and cinders from Yapoah Crater and the -
more recent Collier Cone (plate 14). Several flows of basaltic lava originated at the -
base of Yapoah Cone and spread northward as far as the McKenzie Highway area
(Taylor, 1965; 1967:26-31). In the vicinity of Yapoah Crater, these flows are lightly
mantled by a cover of basaltic tephra.

In the field, we found it difficult to distinguish tephra originating from Yapoah Crater
from pyroclastic deposits from the younger and more widespread Collier Cone
eruptions. Samples that were collected from tephra units thought to have originated
from Yapoah Crater and Collier Cone are mineralogically and chemically similar (see
Section V). We suspect that the tephra collected from deposits overlying and
bordering Yapoah Crater lava flows did not originate from Yapoah Crater, as we
thought, but from Collier Cone.

Basaltic tephra begins to appear adjacent to the Pacific Crest Trail about 2 km north
of Yapoah Crater in the South Matthieu Lake vicinity. Though we originally thought
that the ash originated from Yapoah Crater, in the light of our reinterpretation, we
consider it likely that these deposits represent the distal margin of the Collier Cone ash
deposits.

Lavas from Yapoah Crater, apparently coeval with the eruption of tephra, overlie
Little Belknap Crater flows and are overlain by cinders from Four-In-One-Cone. This
establishes the maximum age of Yapoah lavas and tephra at 2883 + 175 *C years and
the minimum age at 2550 + 165 “C years (Taylor, 1965:40-42; Chatters, 1968; see
table 6).
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SIMS BUTTE

The presence of.coarse yellow cinders from Sims Butte in road cuts to the west of the
250 m-high cinder cone is noted by Taylor (1968:16). Pyroclastic deposits from the
Sims Butte vent are coarse and are largely confined to a radius of about 1.5 km from
the vent. Thin lava flows from Sims Butte flowed many kilometers to the west down
the glaciated canyon that intersects the McKenzie River (Taylor, 1965 and 1967:24-
26). The lavas from the unglaciated cone of Sims Butte are overlain by Mazama
tephra, placing the age of the eruptions as pre-Mazama but post-glacial.

CONDON BUTTE

Condon Butte is located 7.5 km northeast of Sims Butte and is about the same size as
Sims Butte. Basaltic tephra from Condon Butte appears to be restricted to the
immediate vicinity of the cone. Like Sims Butte, Condon Butte is unglaciated and
covered with Mazama tephra, placing the age of the eruptions there at between about
6850 radiocarbon years ago and about 10,000 years ago (Taylor, 1965 and 1967:26).

OTHER MINOR VENTS

Several other minor Holocene eruptive centers or vents with limited or dubious
tephragenic potential have been described by Taylor (1965 and 1967) in the region
between Broken Top volcano and the North Sister (figures 14 and 15). They include:

1. The Inaccessible Alignment, a short north-south chain of cinder cones southwest
of Mount Washington that was bordered by Belknap Crater Flows.

2. Twin Craters, a cinder cone located at the southern margin of the Belknap lava
fields about 5 km southwest of Belknap Crater.

3. Several small vents north and south of Yapoah Crater that have been assigned
Holocene, pre-Yapoah ages.

These areas, as well as other vents of questionable Holocene age such as those at
Maxwell Butte, Scott Mountain, and Two Butte were not included in the scope of this
current investigation.

South Sister Region
Only two potential Holocene basaltic vents were located in the South Sister region near
the Willamette National Forest boundaries, LeConte Cone and Cayuse Crater. These

two cones are located, respectively, on the Willamette National Forest boundary at the
Cascade Divide and 7 km east of the Divide on the southern slopes of Broken Top.
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Several early Holocene basaltic vents and their associated tephra deposits have also
been recently described from the Mount Bachelor area (Scott and Gardner, 1990).
Located southeast of the South Sister about 10 km, this pre-Mazama alignment of
cinder cones and volcanoes was not considered a likely source for potential Willamette
National Forest volcanic tephra deposits.

LE CONTE CONE

First named and described by Edwin Hodge (1925a), LeConte Cone rises 60 m above
the Wickiup Plain, an area of open meadows covered by tephra from the Rock Mesa
eruptions. The obsidian flow that was extruded after the eruption of tephra from the
Rock Mesa vent banked up against the northern flank of the cone (see figure 10).

Except for a few exposures of red scoria on the upper flank of the cone, LeConte
Cone is almost entirely covered by pumice lapilli and angular fragments of obsidian,
rhyolite, and other ejecta from the nearby Rock Mesa vent. Test units dug on the
middle southern flank of the cone revealed the mantle of Rock Mesa ejecta to be about
0.5 - 0.7 m thick. The age of the LeConte Cone eruptions can be placed as early
Holocene to very late Pleistocene - the Rock Mesa pyroclastic materials directly
overlie a poorly-developed soil of mixed Mazama ash and LeConte basaltic tephra.
The cone and lava flows from the cone exposed in the Cascade Lakes Highway a few
miles to the southeast are covered with tephra from the Mazama eruptions, placing the
age of the LeConte eruptions as pre-Mazama. Scott (1990) speculates that the
LeConte vent may have been active at the same time as nearby vents in the Mount
Bachelor area and estimates the age of the cone as somewhere between 6845 and about
18,000 radiocarbon years B.P.

The original basaltic tephra blanket that was left by LeConte Cone eruptive activity
has been entirely covered by thick deposits of pyroclastic debris from the adjacent
Rock Mesa vent, as well as less extensive tephra units from the Devils Hill Dome
Chain and Mount Mazama. Like most of the High Cascades cinder cones that were
examined in this study, basaltic tephra from LeConte Cone was probably limited to the
immediate locale of the vent. Considering this and the presence of prevailing winds
from the west, it is highly unlikely that LeConte tephra would have penetrated more
than a few kilometers to the west in the present-day Willamette National Forest.

CAYUSE CRATER

Cayuse Crater is a prominent cinder cone located on the southern flank of Broken Top
volcano (Williams, 1944:54). Basaltic tephra from the Cayuse Crater eruptions has
been almost completely covered by later deposits of airfall ash and pumice lapilli from
Rock Mesa, the South Sister Dome Chain, and Mount Mazama. The reddish to black
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basaltic scoria lapilli of the original eruptions can be seen only on the upper slopes of
the cone and in a spring channel exposure located a few hundred meters to the
southeast of the vent. Organic-rich mud from this location yielded a radiocarbon date
of 9520 + 100 radiocarbon years B.P. (W-5209), considered by Scott (1987:39) to
represent a minimum date for the Cayuse Crater eruptions. Two other small aligned
cinder cones located immediately west-northwest of Cayuse Crater are probably
contemporaneous with volcanic activity at the Cayuse Crater vent. Considering the
direction of prevailing winds and the location of Cayuse Crater 7 km east of the
Cascade Divide, we consider it highly unlikely that basaltic tephra from any of these
vents will be found within the Willamette National Forest boundaries.

ERUPTIVE CHRONOLOGY OF TEPHRA VENTS IN THE WILLAMETTE
NATIONAL FOREST: A SUMMARY

The absolute and relative chronologies of basaltic eruptive activity in the Willamette
National Forest is relatively well-known, though there are still many large gaps in our
chronologic knowledge of volcanic activity in the region.

Radiocarbon dates associated with Holocene volcanic activity have been determined
for several eruptive events (tables 4,5, and 6). These dates provide benchmarks for
the sometimes complex contact relationships that still make up the bulk of our
knowledge of recent volcanic chronologies in the Oregon central High Cascades.

The ages of silicic tephra deposits within and immediately adjacent to the Willamette
National Forest are very well-known, with numerous available radiocarbon dates
available, particularly for the Mazama eruptions (tables 4 and 5).

Basaltic volcanic activity in the study area, while common along the Cascade Crest
between Three-Fingered Jack and the South Sister, is not as chronologically well-
known as the silicic tephras. Much of our knowledge of basaltic eruptive sequences
comes from contact relationship among the different tephra and flow units. While
some of these are associated with or can be bracketed by radiocarbon dates, there are
still several significant tephra-fall whose ages can only be broadly ascertained.

A summary of chronologic evidence for Holocene volcanic in the Willamette National
Forest and bordering areas is presented in figures 16 and 17. The reader is also
referred to discussions of eruptive chronologies for individual vents in this report, as
well as to tables 4,5, and 6 for a summary of radiocarbon dating evidence. For more
detailed descriptions of basaltic eruptive activity in the region from Three-Fingered
Jack to the North Sister, we recommend the work of Edward Taylor (1965, 1967) and
Taylor et al., 1987. Charles Bacon (1983) provides the primary reference for the
Mazama eruptions, while William Scott's research at the South Sister supplies much
more detail than we were able to relate here.
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VOLCANIC TEPHRA AND WILLAMETTE NATIONAL
FOREST PREHISTORY AND ARCHAEOLOGY

The Nespelim chief told me that about 1770, when his grandmother was a
very young girl, a shower of dry dust fell over the country. It covered the
land to a depth of 3 to 4 inches and was like a white dust. It is said that this
shower of volcanic ash fell over a large area, including part of the
Wallawalla country. The people were much alarmed at this phenomenon and
were afraid it prognosticated evil. They beat drums and sang, and for a time
held the praying dance almost every day and night. They prayed to the dry
snow, called it Chief and Mystery, and asked it to explain itself and tell why
it came. The people danced a great deal all summer, and in large measure
neglected their usual work. They put up only small stores of berries, roots,
salmon, and dried meat; and consequently the following winter, which
happened to be rather long and severe, they ran out of supplies. A few of
the old people died of starvation and others became so weak that they could
not hunt.

Account of the effects of a Mount St. Helens ashfall on the Okanagan of
eastern Washington (Teit, 1930)

INTRODUCTION

Archaeological research in the Western and High Cascades of the Willamette National
Forest has conclusively demonstrated the presence of long-term prehistoric human
occupation and utilization of this region throughout much of the Holocene. The
extensive use of the Western and High Cascades by prehistoric inhabitants of central
and western Oregon in areas where volcanic fephra has been found is supported by
several lines of evidence, including: ‘

1. The presence of pre-Mazama components in Western and High Cascades
archaeological sites (Olsen, 1975; Snyder, 1981; Flenniken et al., 1989a:74)).

2. The existence of numerous trans-Cascade trails in the ethnographic period (Minto,
1903; Rarick, 1962:32-36; Minor and Pecor, 1977:154-157).

3. Ethnographié accounts of Western Cascades food procurement by central Oregon
Indians (Rarick, 1962:32; Henn, 1975; Murdock, 1980; Minor, 1987:23-24;
Silvermoon, 1988:18).

4. The presence of characterized artifactual obsidian from central Oregon obsidian
sources in Western Cascades archaeological sites, particularly at sites in the
southern half of the Willamette National Forest (Baxter, 1986b:137-144; Jenkins,
1988:57-64; Churchill, 1989:89-97; Churchill and Jenkins, 1989b:91-96;
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Flenniken et al., 1989a: 166-172; Flenniken et al., 1990a:193-206; Flenniken et
al., 1990b:107-114; Nilsson, 1989:131-141; Spencer, 1989a:181-183).

. The presence of extensive prehistoric obsidian quarrying activity at the Obsidian
Cliffs obsidian source in the High Cascades near the Middle Sister (Silvermoon and
Farque, 1986; Skinner, unpublished research).

. Radiocarbon dates associated with Willamette National Forest archaeological
materials that span the period of about the last 8,000 years (Newman, 1966:23;
Minor, 1987:42).

. The presence of hydration rim measurements ranging from less than one micron
to 6.1 microns for characterized obsidian artifacts (Obsidian Cliffs source) from
Willamette National Forest sites (Baxter, 1986b:134-136; Minor, 1987:52-53;
Flenniken and Ozbun, 1988:83-86; Lindberg-Muir, 1988:234-239; Jenkins, 1988:
65-67; Spencer, 1988:227-230; Churchill, 1989:98-102 ; Churchill and Jenkins,
1989a:165-169; Churchill and Jenkins, 1989b:97-99; Flenniken et al., 1989a:
114-118;173-178; Flennikenetal., 1989b:91-94; Nilsson, 1989:124-130; Spencer,
1989a:185-188; Spencer, 1989b:103-106; Flenniken et al., 1990a:207-214;
Flenniken et al., 1990b:173-178; Flenniken et al., 1990¢:89-92). While it is still
not possible to convert hydration rim measurements to calendar dates, the range in
measurements suggests an potential occupation span of several thousand years.

. The widespread distribution of archaeological sites in higher elevation areas where
volcanic tephra has been found or would be expected (Newman, 1966; Henn,
1975; Olsen, 1975; Minor and Pecor, 1977; Toepel and Minor, 1980; Baxter,
1986a; Silvermoon, 1986; Minor, 1987; Flenniken and Ozbun, 1988; Jenkins,
1988; Silvermoon, 1988; Spencer, 1988; Nilsson, 1989; Churchill, 1989;
Churchill and Jenkins, 1989a; Churchill and Jenkins, 1989b; Flenniken et al.,
1989a; Flenniken et al., 1989b; Spencer, 1989a; Spencer, 1989b; Flenniken et al.,
1990a; Flenniken et al., 1990b; Flenniken et al., 1990c - these references apply
to excavated sites only).

Given the well-documented use of the Western and High Cascades in the prehistoric
period, it is likely that aboriginal groups witnessed at least some of the volcanic
tephragenic eruptions that took place. This would have been particularly true during
the mid- to late-Holocene when widespread prehistoric use of the Western and High
Cascades is most clearly documented.

Archaeological Implications of Volcanic Eruptions

There is no doubt that volcanic activity can affect prehistoric groups and that these
effects can affect the archaeological record. Examples of this are not uncommon in
the archaeological literature - the 1500 B.P. eruption of Thera (Santorini) in the
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Mediterranean (Renfrew, 1979); the catastrophic ashfalls and mudflows of Vesuvius
in A.D. 79 (Jashemski, 1979); the eruption of El Salvador's Ilopango Volcano in the
third century A.D. (Sheets, 1983); the volcanic activity of Sunset Crater, Arizona,
early in the present millenia (Pilles, 197%), and the prehistoric eruptions of volcanic
tephra in the subarctic regions of northwest North America (Workman, 1979). All of
these have indelibly left their mark in the archaeological record and in their disastrous
effects on the populations that were affected by these volcanic events.

How might the volcanic ashfalls of the Western and High Cascades have affected the
groups that used this region? Despite the multiple eruptions of volcanic tephra that
occurred in the Willamette National Forest, the effects of these ashfalls on the
prehistoric inhabitants were probably relatively minimal and short-lived. Blong
(1984:79) points out: "The most important thing about tephra falls is that they kill
relatively few people, being responsible for only about 4.6% of recorded volcano-
related deaths since AD 1600." Fatalities directly resulting from ashfalls are rare
except in instances, such as at Pompeii, where great quantities of ash have fallen in
a very short period of time. Deleterious effects of ashfalls to human populations are
most likely to result from damage to the environment and to the subsistence base. As
research following the 1980 eruptions of Mount St. Helens showed, even severe
damage to vegetation and faunal resources is likely to be quite short-term (Matz,
1987:31-49).

Ethnographic accounts of the effects of recent ashfalls on populations in the Western
United States are, understandably, uncommon and are limited to the nineteenth century
eruptions of Mount St. Helens in Washington (Teit, 1930; Ray, 1932; Holmes, 1955).
These brief descriptions (the one at the beginning of this chapter is typical) suggest,
however, that the primary impact of ashfalls on aboriginal groups is related not to
environmental damage, but to the disruption of annual subsistence activities.

Eruptions of basaltic tephra from vents near the Cascade Crest were geographically
limited and probably had little or no effect on the groups that passed through the area
during the summer and fall months.

The explosive eruptions of silicic tephra at Rock Mesa and the Devils Hill Dome
Chain were also fairly areally restricted, though they may yet eventually prove to be
significant local.stratigraphic horizons for archaeologists. Significant adverse effects
of these eruptions were probably confined to an area only a few kilometers from the
vents. The Mazama ashfall, though unquestionably the most significant of the Oregon
Cascades tephra eruptions, also probably had only a limited impact on human groups
in the Cascades. While the environmental effects of the eruptions were undoubtedly
significant in the High Cascades, the thickness of the primary tephra deposits
decreased very rapidly to the west of the Cascade Crest. Given that the most heavily
affected areas of the Cascades were only seasonally utilized for non-essential food and
lithic resources, it is likely that only a few years were required for compaction or
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erosion of ash and recovery of animal and vegetation populations. It seems unlikely
that any significant disruption to critical subsistence scheduling occurred as a result
of the eruptions,

The pyroclastic flows of pumice and ash that swept down the valleys that led into
Western Oregon claimed at least one known human victim. In 1940, skeletal remains
were found under six feet of pumice by a road construction crew working on the
Medford-Crater Lake Highway west of Crater Lake. The find was reported to Luther
Cressman who confirmed that the skeleton was a casualty of the climactic eruptions
of Mount Mazama (Cressman, 1939-40).

Though the direct environmental effects of volcanic ashfalls on the prehistoric groups
using the Cascades were probably limited, the potential importance of the resultant
tephra deposits to archaeologists is still considerable. Not only do these volcanic ash
layers provide a potential means of dating archaeological sites, but the rapid burial of
sites provides one of the few archaeological environments in which the pompeii effect
may be demonstrated (Binford, 1981). The very rapid deposition of volcanic ash has
the ability to literally capture and preserve a moment in time at an occupation site.
The many cultural and natural post-depositional processes that typically modify and
obscure the archaeological record may be largely obviated by a thick cover of volcanic
tephra. It is perhaps unfortunate that the archaeological sites of the Western and High
Cascades that are most amenable to preservation through rapid tephra burial are
probably relatively minor ones related primarily to seasonal subsistence and
procurement activities. It is a virtual certainty, though, that many of these sites
remain undiscovered and preserved today by their protective cover of volcanic ash.
Serendipity may play an important role in the future discovery of these particular
sites. It is important to remember, however, that many site locations are periodically
reoccupied for long periods of time because of favorable environmental settings. The
discovery of a culturally sterile stratum of volcanic ash, no matter how thick, during
the excavation of a site should not be taken as an indication that the earliest site
occupation level has been reached. It should be approached instead as an atypical
stratigraphic unit representing a very rapid depositional event that has taken place over
a short period of time.

PREVIOUS TEPHRA-RELATED ARCHAEOLOGICAL RESEARCH

Despite the presence of Mazama tephra throughout the entire Willamette National
Forest and the existence of many other more areally-restricted basaltic and silicic
tephra deposits, archaeological use of volcanic tephra as a stratigraphic marker has
been minimal (figure 18). An interest in the explicit use of tephra deposits in
archaeological studies, though, has recently begun to surface in regional
archaeological studies. Davis (1987:25) noted that volcanic deposits could be
important temporal horizons, though he admitted that "... little systematic research
toward using these deposits as time markers at lithic scatter sites within the western
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Baby Rockshelter (35LA53)
Cougar Ridge Way Trail #4 (35LIN116)
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Figure 18. Distribution of archaeological sites in the Willamette National Forest
where volcanic tephra has been explicitly identified.

83



Cascades” had been carried out. In a preliminary research design study of the Scott
Mountain Plateau Study Unit in the McKenzie Ranger District, Silvermoon (1988:20)
directly addressed the need for tephra studies in this region:

An important and basic component of future research conducted at Scott
Mountain Plateau Study Unit sites will be the detailed identification and
analysis of the soil matrix at each site and the identification, trace element
analysis, and description of tephra deposits which may be present.

The use of volcanic tephra in previous Willamette National Forest archaeological
research is summarized and evaluated in the remainder of this section of the overview.

Baby Rockshelter Site (35SLAS3)
The first archaeological site within the Willamette National Forest in which volcanic

tephra was explicitly used as a tephrochronologic marker was at Baby Rockshelter, a
small overhang found not far east of Oakridge in the Western Cascades. This probable

Baby and Pepper Rockshelter Tephra
Data are from Radosevich, 1989
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Figure 19. Scatterplot of selected trace element data for tephra from the Baby
Rockshelter and Pepper Rockshelter archaeological sites. Graphical correlation of the
tephra with published values of Mazama tephra suggest that Mount Mazama, as
expected, was the source of the volcanic ash.
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hunting camp had been extensively disturbed by relic collectors prior to excavation.
Bands of Mazama tephra were identified (no method indicated) in Stratum C which
directly overlay the earliest occupation level at the site (Olsen, 1975). The existence
of a pre-Mazama occupation layer was also corroborated by obsidian hydration
analysis of artifacts from the site. Hydration rim measurements indicated that the pre-
Mazama component lay in undisturbed sediments; hydration rim thicknesses of up to
5.1 microns were also consistent with artifacts of considerable antiquity (Fagan,
1975).

Recently, the tephra from Baby Rockshelter and Pepper Rockshelter was characterized
using neutron activation analysis and correlated with known sources of silicic volcanic
ash (Radosevich, 1989). Not surprisingly, the most likely source of the Baby
Rockshelter tephra was found to be Mount Mazama (figure 19).

Cougar Ridge Way Trail #4 Site (35LIN116)

During excavation of the Cougar Ridge Way Trail #4 Site, a probable prehistoric
temporary campsite in the Western Cascades, a few small lenses of homogeneous,
fine-grained and well-sorted pure gray to white volcanic ash were found (Flenniken
and Ozbun, 1988:30). In an attempt to identify the geologic source of the ash,
samples of this tephra were subjected to electron microprobe analysis. Though the
location of the site and the intact lenses of tephra would suggest Mount Mazama as the
source of the ash, the results of the microprobe analysis proved to be surprising and
somewhat enigmatic (figure 20). Out of 18 shards analyzed, 12 correlated well with
the Mazama eruption, as expected. The remaining six shards, though, presented a
surprise - two were chemically similar to Glacier Peak Layers B and M (dated at about
11,000-12,000 years B.P.), sample 31 was correlated with Mount St. Helens Ser S
(dated at about 13,000 years ago), and three remained unidentified (Cochran, 1988).

These findings are particularly enigmatic considering the previously described
distribution of the tephra sets B and M from Glacier Peak and Set S from Mount St.
Helens. Mount St. Helens Set S consists of several tephra layers, the products of
multiple eruptive events that have been described from deposits primarily east of the
volcano; a few eruptions also deposited ash to the north of the vent (Sarna-Wojcicki
et al., 1983; Mullineaux, 1986). While tephra associated with the S Set has been
identified several hundred kilometers downwind to the east and the northeast of Mount
St. Helens, none has been recognized in Oregon (Mullineaux et al., 1978). Similarly,
tephra deposits associated with sets B and M from Glacier Peak have been found
several hundred kilometers east and southeast of the volcano and perhaps in the
northeastern corner of Oregon (Rai, 1970; Porter, 1978). It seems unlikely, however,
that tephra from the sets identified from either of these volcanoes, particularly those
from Glacier Peak, would have made its way into central western Oregon.
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We suggest that the presence of Glacier Peak and Mount St. Helens tephra at the
Cougar Ridge Trail #4 Site be accepted only very tentatively. The data are presented
in percentages and, as such, are not directly comparable to published chemical data
relating to these two sources. Before the acceptance of the existence of tephra from
these two sources, a reanalysis of the ash should be carried out.

Cougar Ridge Way Trail #4 Tephra
EPMA data are from Cochran, 1988:89
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Figure 20. Scatterplot of electron microprobe analysis major element data from
volcanic tephra recovered at the Cougar Ridge Way Trail #4 archaeological site.
Individual shards of tephra from this site were initially correlated with eruptions at
Mount Mazama, Mount St. Helens, Glacier Peak, and two unknown sources. Data
were normalized to 100 percent.

Dale Beam Site (35LA793)

"Tephra-like" material was found in many test units at the Dale Beam Site, a
prehistoric campsite located about 17 km east of the McKenzie Pass. This "tephra-
like" material was found at an average depth of 28 cm below the surface and was
reported in 15 test units at the site (Spencer, 1989a:45). The tephra occurred as small

86



(1-2 mm diameter) cream-yellow to pink-colored pyroclasts in a soil matrix.
McDowell (1989), in an analysis of the tephra, confirmed that the soil from the site
was a poorly sorted pebbly loam containing a proportion of redeposited volcanic ash.

No attempt was made to identify the geologic source of the volcanic tephra from the
site.

The lapilli size and color of the pyroclasts are both consistent with a Mazama origin
and it is almost certain that the tephra at the Dale Beam site came from Crater Lake.
The description of the sediments at the site suggests that the tephra was incorporated
into soils that developed after the primary deposition of the ash. Post-Mazama soils
containing a significant proportion of small pumice lapilli and volcanic ash are found
throughout the High and Western Cascades within the Willamette National Forest.
These soils are particularly noticeable in higher altitude areas such as those at the Dale
Beam Site (994 m asl) where soil development is slow and vegetational cover is
limited. A radiocarbon date of 3100 + 90 (Beta-25882) from carbon recovered at a
depth of 22-27 cm below the surface provides some limited temporal control for the
tephra. Rock Mesa and the Devils Hill Dome Chain, local sources of silicic tephra
that erupted about 2,000 years B.P., are located about 23 km southeast of the site, but
are considered unlikely sources of the tephra at the Dale Beam Site. The radiocarbon
date and known distribution of ash from the Rock Mesa and Devils Hill vents (Scott,
1987) further support the Mazama origin to tephra incorporated into soils at the Dale
Beam Site.

Diamond Lil Site (35LA807)

Volcanic ash from an undetermined source was identified in sediment samples
collected at the Diamond Lil Deer Kill Site located in the lower elevation Western
Cascades (Flenniken et al., 1990a:58). Hassan (1990:180) reported that volcanic glass
shards were found in the upper two samples of a sediment column collected in Test
Unit 5 of the site. Volcanic tephra was not found in the lower six sediment samples.
The volcanic glass was thought to be mixed (redeposited) and no attempt was made
to characterize the glass. Obsidian hydration measurements of artifacts from the site,
virtually the only chronologic information available, indicated a very late prehistoric
age of the site and this, along with the geographic location of the site, suggest that the
ash almost certainly originated from Mount Mazama.

Frog Camp Site (35LAS520)

Located about 1 km north of Sims Butte, the Frog Camp Site was tested and evaluated
in 1985 prior to construction activity in the area (Silvermoon, 1986). The site is
located at a major trailhead into the Three Sisters Wilderness Area about 8 km west
of the Cascade Divide. Though it is apparent that much of the site deposits consist of
basaltic cinders and ash, details of the tephra and its association with cultural materials
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are not well-documented. The location of the site suggests that a nearby vent or vents,
possibly Sims Butte, was the source of the parent material. The presence of obsidian
debitage throughout the basaltic tephra deposits at the site further suggests that the
deposits are secondary, reworked materials that gradually accumulated during the
occupation of the site. No stratum resembling Mazama tephra was described. Based
on the presence of two projectile points found on the surface, the occupation span at
the site was estimated to range from the Ethnohistoric period to as early as the Late
Archaic (Silvermoon, 1986:38,41). The presence of reworked basaltic tephra in the
site deposits does little to add to these chronologic speculations. If the tephra did
originate at nearby Sims Butte, the age of the deposits must be younger than the
eruption of the tephra at some time between about 7,000 and 10,000 years ago.

Gate Creek #1 Site (35LA295)

The Gate Creek site is located in the Western Cascades in the Hills Creek drainage
southwest of Oakridge. This site is a probable temporary campsite, is situated on a
ridge saddle about 80 km north of Crater Lake and 5 km southeast of McCredie Hot
Springs. Excavations at the site revealed aeolian sediments containing pyroclastic
materials that resemble Mazama tephra. These sediments overlie near-surface glacial
deposits. Tephra "gravels" (small pumice lapilli) averaging about 4 mm in diameter
and 20-30% by volume were identified in the A horizon; the tephra in the B horizon
was estimated at about 30-40% volume (Flenniken et al., 1990b:31,34). The
geographic location of the site, the lapilli size, and the volume of tephra in the
sediments confirms Mount Mazama as the original source of the ash. No attempt was
made to use the tephra for chronological purposes at the site and obsidian hydration
analysis of materials from the Gate Creek site was considered the only means of
chronological association available (Flenniken et al., 1990b:71).

Hoodoo Site (35LIN132)

One of the few archaeological tephrochronologic applications within the Willamette
National Forest involving basaltic tephra occurred at a small obsidian scatter
positioned about 4 km east of Sand Mountain. This minor site, located about 1 km
south of Hoodoo Butte in the area burned by a 1967 fire, was found directly on top
of a basaltic tephra deposit that originated from the Sand Mountain vents to the west
(Toepel and Minor, 1980). Volcanic sand (e.g. basaltic tephra) removed from a 30
cm-deep test pit "...yielded no flakes, strongly suggesting that most of the cultural
material is confined to the surface of the site." The deposit was identified as Sand
Mountain volcanic sands, and the site was dated at younger than 3,000 years because
the flakes overlay the tephra deposits.

Several meters of basaltic tephra from the Sand Mountain vents were deposited during

a relatively short interval at some point prior to the occupation the site, easily
explaining the lack of cultural subsurface materials in the deposit under the surface
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artifacts. This rapid deposition is one of the chief characteristics of volcanic ash that
makes it particularly useful in tephrochronologic applications at archaeological sites.

The age of eruption of the important and widespread Sand Mountain basaltic tephra
deposit has still not been firmly placed (see Section III for a discussion). The 3,000
year old date used as the age of the tephra at this site utilization appears to have
originated from the radiocarbon dates of Benson (1965 and table 6). Benson dated
trees drowned by a lake created when Sand Mountain lava flows dammed a cteek to
the west of the cones. A more accurate estimate of the minimum age of the Sand
Mountain tephra deposits (and the earliest maximum age of the Hoodoo Butte Site)
would be about 3,850 years B.P.

Irish Camp Lake Site (35LA392)

The Irish Camp Lake Site is located in the High Cascades about 11 km west of the
Cascade Crest and 4 km west of Sims Butte (R. Davis, 1978). Limited test
excavations and a soil analysis at the site identified silicic volcanic tephra as the parent
material for soils found at the site (Radosevich, no date). Yellowish pumice lapilli up
to 2 mm in diameter were reported. The location of the site and lapilli diameter leave
little doubt that the parent tephra originated from Mount Mazama and that any
archaeological materials found in association with the Mazama soils must be less than
7,000 radiocarbon years in age.

Lupher's Road Site (35LA632)

The Lupher's Road Site is situated on a ridge immediately southeast of Saddleblanket
Mountain in the southwestern quadrant of the Willamette National Forest. This site
is located only a few kilometers from two other sites described here, the Merrill-Exton
and Oakridge Spur sites. A single stratum consisting of silty to sandy sediments with
poorly-sorted granule to cobble-sized gravels (lapilli) of "pumice or tuffacious rock"
was described from test units in a highly disturbed area of the site (Flenniken et al.,
1989a:104). The yellowish color of the pumice (10YR7/6) and the location of the site
only about 110 km WNW of Crater Lake suggests that the tephra in the sediments
almost certainly originated from the Mazama eruptions. No attempt was made to
characterize the tephra or to use it for tephrochronologic purposes.

Merrill-Exton Site (35L.A814)

Located along a saddle in the southwestern part of the Willamette National Forest, the
Merrill-Exton Site is another in which volcanic tephra has been identified. A primary
deposit of tephra up to S cm in thickness is reported from the southeastern portion of
the site within the upper twenty to thirty centimeters of the deposit (Flenniken et al.,
1989a:74). The ash appears to overlie sediments containing artifacts in this part of
the site. Some additional artifacts were also recovered from redeposited ash

89



sediments. The location of this site, approximately 110 km WNW of Crater Lake,
points to Mount Mazama as the original source of tephra at the site. The possible
presence of artifacts below the well-dated Mazama tephra also suggests a considerable
potential age of occupation of the Merrill-Exton Site. Hydration rim measurements
of obsidian artifacts from the Obsidian Cliffs source ranged in thickness from only 2.0
to 2.8 microns, though, and do not directly support a pre-Mazama antiquity to the
artifacts (see the Baby Rockshelter discussion)(Flenniken et al., 1989:173-178). The
tephra at the Merrill-Exton Site was neither characterized nor used for
tephrochronologic purposes.

Oakridge Spur Site (35LA633)

Situated less than 2 km south of the Merrill-Exton Site on a level bench of a eastward-
sloping ridge system, volcanic tephra is also reported from the Oakridge Spur Site
(Flenniken, 1989a:89). Yellow granule-sized gravels within Stratum II of the site
were thought to be redeposited tephras. This description, along with the proximity
of Crater Lake about 100 km to the south, again suggests Mount Mazama as the source
of any silicic tephra found at this location.

Pepper Rockshelter Site (35LA801)

Excavations in 1988 at Pepper Rockshelter revealed the presence of pumice deposits
associated with cultural materials. Redeposited pea-sized and smaller pumice lapilli
were found mixed with silty sands and basaltic clasts from a depth of 20-30 cm to
about 70 cm below the surface of the site (Churchill and Jenkins, 1989b:23-27). This
secondary deposit of pumice was used to separate the assemblage at the rockshelter
into two separate components representing multiple site occupations (Churchill and
Jenkins, 1989b:45). The trace element composition of the tephra was determined with
neutron activation analysis and the geologic source of the ash was identified as Mount
Mazama (Radosevich, 1989)(figure 19).

Vine Rockshelter Site (351.A304) and the Mazama Mimic Problem

Vine Rockshelter is located in the central Western Cascades of Oregon immediately
south of the Middle Fork of the Willamette River and about 20 km west of the
Cascade Crest. -During excavations in 1983, a thick primary deposit of silicic volcanic
ash and pumice lapilli was found near the bottom of the deposits in front of the
rockshelter. Pumice lapilli were also found scattered throughout the rockshelter
deposits. Though the tephra was initially thought to have originated from nearby
Mount Mazama, neutron activation analysis of the ash suggested that the 6,845 year-
old eruption was not the source (figure 21). The Vine Rockshelter tephra was very
similar in color, lapilli-size, and mineralogical characteristics to Mazama ash,
however, and became known as the Mazama Mimic tephra. Tephra from another
archaeological site located 30 mi NNE of Vine Rockshelter, 35LAS1, was
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characterized at the same time and was also found to have originated from the same
source. Limited archaeological evidence also suggested that the Mazama Mimic tephra
might be considerably younger than the Mazama tephra (Baxter and Connolly,
1985:19-21; Baxter, 1986a:67-69).

A new tephra horizon in the central Cascades would provide an important
tephrochronological tool for archaeologists and geologists working in the region.
Additionally, a new source of volcanic tephra would also call into question all
previous archaeological conclusions that had been based on the unquestioned
assumption of the presence of Mount Mazama as the source of any silicic volcanic ash
that was found. Any former archaeological studies that had assumed that silicic ash
originated from Mount Mazama would have to be reevaluated. The resolution of this
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Figure 21. Scatterplot illustrating the Lanthanum/Ytterbium ratio versus the Thorium
content for small pumice lapilli from Vine Rockshelter, 35LA51, and several other
Oregon tephra sources. The lack of correlation between the archaeological tephra and
the published values for other sources led to speculation about the existence of a new
Mazama Mimic tephra source somewhere in the Cascades. The diagram is from
Baxter and Connolly, 1986:21.
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Figure 22, Scatterplot of the same elements and archaeological tephra samples that
were illustrated in figure 20. The data are from a reanalysis of the Vine Rockshelter
and 35LAS51 tephra that was instigated to clear up the Mazama Mimic tephra problem.
In the reanalysis, tephra samples from the archaeological sites were found to correlate
with Mazama tephra, effectively solving the mimic problem.

problem, as pointed out by Baxter and Connolly (1985:20), was essential to Western
Cascades archaeological chronologies.

The presence of a new source of volcanic ash in the geologically well-studied and
mapped central Cascades, however, would be rather unexpected. Was the Mazama
Mimic tephra from a new and previously unidentified source or was it a from an
already known source, most likely Mount Mazama? Was the problem a real or an
analytical one? Only a reinvestigation of the tephra could provide evidence that would
answer these questions.
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In an attempt to solve these nagging questions, a new study of the Mazama Mimic
tephra was initiated in 1989 (Skinner and Radosevich, 1989). Volcanic ash was
collected from several different Holocene vents in the Vine Rockshelter region for
comparison to the archaeological tephra: Mount Mazama (Crater Lake), Newberry
Volcano, Rock Mesa, and the Devils Hill Dome Chain. Tephra samples from several
late Holocene eruptions in the Medicine Lake Highlands of Northern California were
also included for additional comparison.

Neutron activation analysis and correlation of tephra from Vine Rockshelter, 35LAS51,
and the Oregon and Northern California tephra sources indicated that Mount Mazama
was clearly the source of the so-called Mazama Mimic tephra (figure 22). The initial
misidentification of the source of the archaeological tephra was attributed to
unexpected analytical geochemical variation encountered during the correlation of the
original archaeological samples with previously published geochemical source data.

The identification of Mount Mazama as the source of the Vine Rockshelter and
35LA51 tephra effectively solved the mystery of the Mazama Mimic tephra - it simply
did not exist. The correct identification of the source of the tephra, however, does
suggest that the initial occupation of Vine Rockshelter may have begun at an earlier
date than was previously thought.

Woodduck Sites (35LIN67/35LIN370)

A soil deposit containing volcanic ash was also found at the Woodduck Site Complex
during limited test excavations at the site. These sites, lithic scatters consisting
primarily of obsidian debitage and occasional cores, are located about 8 km east of
Mount Jefferson. Well-consolidated soils containing tephra were reported from a
depth of about 30 to 70 cm below the surface (Beardsley, 1989, and personal
communication).

Examination of a soil sample from the Woodduck sites confirmed the presence of
small pyroclasts of pumice with a maximum diameter of about 2 mm. The small
lapilli are easily recognizable when examined with a 10x-30x hand lens or microscope
(plate 23). The location of the sites and the size of the pyroclasts are consistent with
soils developed on deposits of parent Mazama tephra. Electron microprobe
characterization of glass tephra shards from a soil sample collected at this location
confirmed Mount Mazama as the source of the ash (see Section V).

EVALUATION OF PREVIOUS ARCHAEOLOGICAL RESEARCH
There is little doubt that volcanic tephra deposits, particularly those that originated
from Mount Mazama, are present in many Willamette National Forest archaeological

sites. There is also no question as to the contemporaneity of prehistoric human
utilization of the Western and High Cascades and the eruption of volcanic ash in the
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region. Despite this, volcanic tephra has rarely been used for tephrochronological
purposes in archaeological contexts, even when it has been recognized within sites.
When volcanic ash has been found at a site, the relationship of tephra deposits and
artifactual materials has often been poorly-described. It is also likely that the presence
of tephra at sites is commonly overlooked during excavations and that volcanic tephra
is much more widespread in archaeological contexts than the literature would indicate.
Potential high-probability occupahon areas such as ridges, basins, saddles and
rockshelters are often areas in which tephra is also well-preserved.

A literature review of Willamette National Forest sites in which volcanic tephra was
identified demonstrates that silicic tephra, almost certainly originating during the
climactic eruptions of Mount Mazama, is widely distributed, particularly in the High
Cascades and the eastern part of the Western Cascades. Silicic tephra from the Rock
Mesa and Devils Hill vents, on the other hand, has not been identified at any known
archaeological sites in western Oregon. Tephra from basaltic eruptions, so far found
in only a few Western Oregon archaeological sites, still holds some tephrochronologic
potential, though only in relatively limited areas within the Willamette National Forest.

It appears that a major problem of tephrochronological research lies in the simple
identification of tephra at sites, a topic discussed in the previous section. The
presence of Mazama tephra, in particular, should be anticipated in Cascades
archaeological sites. When sites are found in the vicinity of known basaltic tephra
vents, site deposits should be carefully evaluated for the presence of datable
pyroclastic materials. It is also important in future archaeological studies that the
relationship of analyzed artifactual materials, intrasite stratigraphy, and tephra deposits
or soils be clearly documented. The well-described provenance of all datable
artifactual and ecofactual materials is significant not only for the construction of site
chronologies, but in their ability to provide internal cross-checks among different
chronologic techniques. = Chronologic information from obsidian hydration
measurements, volcanic tephra deposits, radiocarbon dates, and temporally-diagnostic
artifacts can be used to these ends, though, only when their intrasite stratigraphic
relationships are thoroughly recorded.

Future archaeological research in the Willamette National Forest has much to gain
from the adoption of more rigorous tephrochronologic evaluation methods.

MAJOR ISSUEé IN WILLAMETTE NATIONAL FOREST ARCHAEOLOGICAL

TEPHRA STUDIES

During the course of this investigation, four interrelated key issues germane to
archaeological tephra studies in the Willamette National Forest were identified. For
archaeological and tephrochronologic studies to be successfully carried out in the study
region, these issues must be explicitly and sequentially addressed (table 7).
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Is It Volcanic Tephra?

‘How Can the Deposit Bo:ndaries Be Distinguished?
What is the Geologic Sou:ce of the Tephra Deposit?
Where are the Potential Sources?

How O:d Is It?

Table 7. Major issues in Willamette National Forest tephrochronologic studies.

Is It Volcanic Tephra?

The initial problem facing an archaeologist using tephrochronologic methods is the
simple recognition of tephra at an archaeological site. A variety of different natural
deposits resemble volcanic ash, though, and it is not always obvious whether a deposit
in an archaeological context is volcanic ash or a soil that merely resembles volcanic
ash. This can be a significant problem if archaeologists have not previously worked
with volcanic tephra or if the tephra layer is thin or stained with iron or organic
matter.

IDENTIFICATION OF SILICIC TEPHRA

Light-colored layers or deposits of silicic tephra often stand in contrast to darker soils
or deposits of basaltic ash. The identification of silicic ash, though more
straightforward than for basaltic ash, is not always a simple matter.

In arid environments, light-colored layers of well-consolidated caliche are sometimes
mistaken for volcanic ash. Caliche layers contain significant quantities of calcium salts
and will fizz and dissolve away in dilute hydrochloric acid (10% HCl). If a light-
colored layer dissolves in water, it is probably a mineral salt. If the sample is inert
in acid but feels slippery to the touch, it may be gypsum. Silicic tephra feels gritty
between the fingers or teeth, though this characteristic may also indicate the presence
of diatomite, silt, or opal phytoliths. A small sample examined with a microscope at
about 100x magnification will clearly distinguish among these materials, though -
volcanic ash will consist of irregularly shaped glass shards and fragments of mineral
crystals (Steen-McIntyre, 1985).

Within the Willamette National Forest, primary deposits of airfall silicic tephra occur
as loosely-consolidated units ranging in color from light gray to yellowish-tan to
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orange. Near vents, the presence of easily-identifiable pumice lapilli up to several
centimeters in diameter characterizes these deposits. The surface and internal texture
of the larger pumice lapilli is quite distinctive and can be discerned with the naked eye
or with a low-magnification hand lens (plate 21). As the distance from the vent
increases, the grain size of the lapilli rapidly decreases. In the northern part of the
Willamette National Forest, primary Mazama deposits and Mazama-derived soils
contain pyroclasts of pumice no larger that 1-2 mm in diameter. These pumice
pyroclasts are rounded to subrounded, yellowish-tan to orange in color, and are
relatively easy to identify with a low-magnification hand lens (plate 22). When the
pumice grains are examined under higher magnification (> 30x), the distinctive glassy
texture that is evident in plate 21 is usually quite easy to see. Soils developed on
Mazama tephra can be identified by their yellowish-tan color and loamy texture. They
usually contain a large percentage of pumice grains, though they may be thoroughly
mixed with a matrix of organic debris, basaltic tephra, and various erosional products.
The pyroclasts in these soils can often be identified with a 10x-20x hand lens, though
slightly higher magnification (<100x) may be useful when the pyroclasts are very
small (plate 23).

Other sources of evidence for the presence of silicic Holocene tephra deposits include:

1. Co-occurrence of obsidian fragments. Small angular to subangular fragments of
porphyritic gray obsidian are found in association with pyroclastic products erupted
from the Rock Mesa and Devils Hill chain of domes vents. These are discussed in
more detail later in this section.

2. Stratigraphic Position. Is the suspected tephra deposit in a reasonable stratigraphic
position? The previously-described Upper Salt Creek tephra (see Section III), for
example, could be confused for a Holocene tephra deposit except that it is locally
overlain by Miocene basalt flows.

3. Grain size. Isthe grain size of pyroclasts in the suspected tephra deposit consistent
with the distance of the unit from known sources?

4. Deposit thickness. Does the thickness of the suspected ash unit agree with what
would be expected in relation to the distance from potential sources?

5. Geographic location. Is the potential ash deposit found in a geographically feasible
area? Are known sources of volcanic tephra close enough to reasonably account for
the deposit?

One source of misunderstanding among archaeologists in the identification of volcanic
tephra appears to be the confusion of soil structures such as peds for lapilli. Peds are
non-slaking soil aggregates formed in soils that are moderately to well-developed
(Retallack, 1988). Peds are usually recognizable by an encasing clay layer on the ped
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Plates 18-23 (Overleaf). Low-magnification photomicrographs of basaltic and silicic
tephra samples from some important Willamette National Forest sources. These
photographs approximate what would be seen if a sample was examined with a hand
lens, although a little of the fine detail has been lost in the reproduction. The scale
bars in the upper left corners of the pictures are 1 mm long.

Plate 18 (1): Basaltic tephra from the Sand Mountain. Tephra from these eruptions
is characteristically fine-grained and consists almost exclusively of small droplets of
sideromelane and tachylite. The scoriaceous texture of many of the pyroclasts is
typical of those from basaltic tephra deposits. Sample SANDM-3; 10x.

Plate 19 (2): Fine-grained basaltic tephra from Belknap Crater. Sample BELKC-9;
15x.

Plate 20 (3): Fine-grained ash from Collier Cone. Tephra from this source is
distinguished from many (but not all) basaltic ash sources in this region by the
presence of a significant free crystalline component - the arrow points to a single
crystal of quartz. Sample COLLC-2; 15x.

Plate 21 (4): Close-up of the surface of a small pumice lapillus of silicic tephra from
Mount Mazama. The frothy, glassy texture of a typical silicic pyroclast is illustrated
in this photograph. The same general texture can clearly be seen in many silicic
pyroclasts, even very small ones. Sample MAZA-2; 10x.

Plate 22 (5): Buried Mazama soil. This paleosol was overlain by about 0.5 m of
basaltic tephra from nearby Belknap Crater. The yellowish-tan color of the deposit
and the presence of small pumiceous pyroclasts (such as the largest granule in the
image) mark this as silicic tephra unit. The rounded grains (pyroclasts) are not a
reflection of the depositional environment (e.g. fluvial), but of their volcanic origin.
The geographic location of the soil, the maximum grain size (1-2 mm), and the
thickness of the deposit (several centimeters) were used to identify the geologic source
of the tephra as Mount Mazama (later confirmed by electron microprobe analysis).
Sample BELKC-7; 15x.

Plate 23 (6): Soil from the Woodduck Site Complex (35LA67 and 35LA370). The
circle surrounds a single pyroclast of silicic tephra enclosed in a darker soil matrix;
the arrow points to a larger pyroclast about 1 mm in diameter. The fine frothy, glassy
texture of the granules that identifies them as silicic tephra pyroclasts is not clear in
the photographs, though it is readily apparent with a hand lens. The geographic
location of the sample pointed to a Mazama origin and this was later confirmed by
electron microprobe analysis. The presence of Mazama tephra in the soil dates the soil

and any associated archaeological materials as post-Mazama in age. Sample WDUCK-
1; 30x.
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face, but in this project region where little clay has formed in most areas, the peds
must be distinguished by their structural form and texture. In the slow-forming soils
of much of the Willamette National Forest, peds do occur, but not commonly. The
typical peds in this area are medium-sized granular to subangular-blocky, typical of
an A and Bw horizon or, if clay has been formed, Bt horizons (Birkeland, 1984).
Typical sizes for these moderately friable peds are from 5-10 mm (Soil Survey Staff,
1975; Buol et al., 1981). Peds typical of lower C horizons, such as prismatic or platy
ones, generally are not found because of the attenuated development processes, the
sandy soils, and the episodic nature of volcanic events over the last 10,000 years
which have not allowed time for such below-B horizon development.

Mazama tephra and Mazama-derived soils are extensively distributed throughout the
Willamette National Forest. In the higher elevations, many if not most of the surficial
deposits are Mazama in origin, though organic debris and more recent airfall deposits
of basaltic tephra cover them in some locations. Once the origin and characteristics
of these tephra-based soils are recognized, however, they are quite easy to identify
with only minimal equipment (a hand lens is mandatory) in the field.

IDENTIFICATION OF BASALTIC TEPHRA

The identity of basaltic tephra deposits can be verified through many of the same
contextual means as silicic ash - geographic location, thickness, stratigraphic position,
and grain size. The physical characteristics of basaltic ash are quite different than
those of silicic tephra and require different criteria for identication. We find that
deposits of basaltic tephra are relatively easy to distinguish in the field if adequate
contextual information is available, particularly the location of known vents. We also
note that it may be quite difficult to identify the presence of small amounts of basaltic
tephra that have been incorporated into redeposited units.

Basaltic tephra deposits usually range in color from brown to reddish-brown to near
black and are easily distinguished from silicic deposits on the basis of this one trait.
When examined with a hand lens or low-magnification microscope, basaltic pyroclasts
display a number of morphological characteristics which can be used to distinguish
them from other materials. The tephra can sometimes be identified by its "sandy"
feel. Under low magnification, the typical scoriaceous texture of individual small
pyroclasts can often be seen (plates 18-20). The pyroclasts are usually rounded to
subrounded and their unbroken surfaces are often smooth or slightly glassy, a
reflection of their rapid cooling during eruption. Numerous scanning electron
m