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Investigations were conducted to (1) determine the origin of

crystalline 2:1 and 2:2 type phyllosilicates in Mazama ash soils, (2)

evaluate amount of contamination of ash with non-ash material for

fine ash soils in Oregon and to compare the effects of contamination

to effects of weathering, (3) evaluate authigenic clay mineral forma-

tion in selected Mazama ash soils, and (4) determine petrological

and chemical nature of the pyroclastic deposit in order to interpret

the layers within the deposit and their implication to the eruptive

history of Mount Mazama.

Origin of 2:1 and 2:2 type phyllosilicates in soils of the coarse

Mazama pumice was traced to the accidental lithic fragments in the

deposit. Clay minerals in the < 2p, fraction separated from lithic

fragments included chlorite, chloritic intergrades, mica, smectites,

and possibly vermiculite. This inherited origin of crystalline clays



is in contrast to the previously suggested origin which involved

weathering of ash. For volcanic ash soils in forested areas located

at distances farther than 100 km from the source (Crater Lake),

2:1 and 2:2 type clay minerals separated from ash horizons were

shown to have originated primarily from underlying paleosols.

Crystalline clay suites in different ashy profiles exhibited greater

similarity to their respective paleosol clay fractions than to each

other. Once incorporated into ashy horizons, paleosol clay high in

montmorillonite exhibited a slight tendency towards chloritization

and samples high in mica exhibited some loss of interlayer K.

Uprooting of trees is believed to be the major mechanism involved

in contamination of ash soils with paleosol in forested areas where

the Mazama deposit is relatively thin (less than 100 cm).

Content of crystalline clay, enrichment of Co, Cr, and Fe,

and content of pebbles in ash horizons and paleosols were used to

calculate amount of paleosol contamination of Mazama ash soils

developed on the fine ash deposit in Oregon. On the basis of

crystalline clay content, amount of paleosol material in Al horizons

of ash profiles ranged from 33% for the Ochoco Butte site to 56% for

the Dick Springs site. Amount of paleosol contamination generally

increased as thickness of ash deposit decreased (increasing distance

from source). For a given profile, amount of contaminants was

highest in Al horizons and decreased to a few percent in C horizons.



Weathering of ash as determined by elemental enrichment or deple-

tion was found to be only slight; considerable enrichment in some

elements in ash horizons was found to be related to the presence of

highly weathered paleosol contaminants in the ash horizons and not

due to weathering. As an example, Co in the Al ashy horizon from

the Ochoco Butte site was enriched about 6 fold relative to

unweathered reference Mazama pumiceous lapilli; approximately

93% of the enrichment in Co was due to the incorporation of paleosol

in ash and 7% was due to weathering of ash. Analysis for Fe, Cr,

and Sc resulted in similar conclusions.

Authigenic clay mineral formation in ash soils for well drained

sites occurred primarily near the contact of ash and paleosol. The

dominant authigenic clays identified in the well drained sites con-

sisted of halloysite and/or allophane. Localized formation of these

clays appeared related to the higher moisture content and concomi-

tant greater rate of weathering of ash near paleosol contacts than in

surficial ash horizons. The relatively impermeable paleosol is

believed responsible for the enhanced moisture content in ash near

the paleosol-ash contact. In poorly drained sites, considerable

weathering of the Mazama tephra was evidenced by high clay con-

tents (15 - 20%) and physical disintegration of tephra to a slippery

paste. Authigenic clays identified throughout profiles in poorly

drained areas consisted of halloysite and/or allophane.



The Mazama airfall deposit consists of a layer of coarse

dacitic pumice (C1) overlying a banded and finer pumice layer (C2).

The contact between the two layers is abrupt and follows the contour

of the old land surface. These layers and bands are strikingly

evident in the deposit near Crater Lake and are also observed at

locations several hundred kilometers from the source where the

deposit has not been disturbed. Trace element abundances in

plagioclase concentrates from progressive depth samples from the

Mazama deposit displayed sharp discontinuities coincidental with

the particle size discontinuity. Abundances of some elements in

plagioclase displayed an irregular pattern for samples from the C2

layer. Both trace element chemistry of plagioclase samples and

stratigraphic observations suggested an eruptive history of Mazama

consisted of a number of distinct showers or eruptions instead of a

single and continuous ejection of pumice.
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MINERALOGY AND TRACE ELEMENT CHEMISTRY
OF MAZAMA ASH SOILS

I. INTRODUCTION

Dacitic ash from the eruption of Mount Mazama (present site

of Crater Lake) blanketed an extensive area of the Pacific Northwest

(Fryxell, 1965). Pyroclastic material from Mount Mazama repre-

sents the largest surficial deposit of ash and pumice1 in the state

of Oregon. The present occurrence of Mazama ejecta on the land-

scape is largely related to elevation, topography, vegetation, and

distance from Crater Lake. Mazama ash constitutes the parent

material for many of the Oregon soils east of the Cascade Range,

particularly in forested regions.

Several studies dealing with the physical and chemical pro-

perties of Mazama ash soils in Oregon have been recently completed.

Included in the investigations were (a) the identification of Mazama

ash as a soil parent material along a 450 km transect in Oregon

(Borchardt and Harward, 1971a), (b) chemical and mineralogical

characterization of clay separates from selected Mazama ash soils

1/ In the present investigation the term "pumice" is meant to
include all glassy vesicular pyroclastic ejecta; the term "ash" is
meant to include uncemented pyroclastic ejecta of less than 4. 0 mm
diameter and the term "lapilli" is meant to include all unconsolidated
vesicular pyroclastic material greater than 4.0 mm diameter.
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soils were contaminated with non-ash materials. A quantitative

measure of contamination of ash soils was essential in order to

understand the possible mineralogical and chemical characteristics

inherited by each profile.

During the mineralogical examination of a few well drained ash

profiles, a significant amount of halloysite was detected. Its pres-

ence in the ash profile only near the contact of ash and paleosol

suggested the possibility of differential weathering and authigenic

clay formation. The mode of occurrence of halloysite appeared

related to soil moisture content. Studies of authigenic clay forma-

tion were pursued and sampling sites extended to include poorly

drained soils. This phase of the study was intended to provide

further insight into weathering and soil formation under various

environmental conditions for the Mazama deposit.

Previous stratigraphic studies (Rai, 1971) indicated the

Mazama deposit consists of two layers or units different from each

other in coarseness of particles in relation to distance from the

source. The suggestion was made that these two units or layers may

represent different eruptive showers. Several other reports also

allude to the possible eruptive history of Mazama (Doak, 1969;

Fisher, 1964; Harward and Youngberg, 1969; Williams, 1942).

Questions exist on the interpretation of "depositional" layers in soil

profiles and their relation to the sequence of events associated with
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the ejection of pyroclastics from Mazama. Since chemical and min-

eral analysis of the Mazama deposit was necessary for other phases

of the study, it was feasible to extend these analyses to provide

information on the nature of layers in the deposit and their relation-

ship to eruptive events. Accordingly, investigations were directed

along these lines.

The major objectives for the thesis study were:

1. To determine the origin of crystalline 2:1 type phyllo-

silicates in Mazama ash soils;

2. To evaluate amount of contamination of ash with non-ash

material for fine ash soils in Oregon and to compare the

effects of contamination to effects of weathering;

3. To evaluate authigenic clay mineral formation in

selected Mazama ash soils;

4. To determine petrological and chemical nature of the

pyroclastic deposit in order to interpret the layers within

the deposit and their implication to the eruptive history

of Mount Mazama.

The text of this dissertation is organized in chapters pertaining

to each of these objectives.
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II. ORIGIN OF 2:1 PHYLLOSILICA TES
IN SOILS FROM MAZAMA ASH

Introduction

The eruption of Mount Mazama 6600 years ago (Allison, 1966)

resulted in deposition of dacitic tephra over an extensive area of the

Pacific Northwest. Airborne ejecta covered most of Oregon and

Washington and parts of Idaho, Montana, Nevada, Alberta, and

British Columbia (Fryxell, 1965). Mazama tephra is the largest

surficial ash deposit in Oregon and constitutes the parent material

for many of the soils east of the Oregon Cascade Range.

Recent clay mineralogical investigations by Chichester et al.

(1969) indicated a dominance of chloritic intergrades, smectite, and

mica in the crystalline clay fraction from soils formed on coarse

Mazama pumice. This suite of 2:1 and 2:2 type phyllosilicates was

found in all soils examined irrespective of variation of such factors

as vegetation, precipitation, temperature, and depth of pumice

mantle. To explain the occurrence of the crystalline clays,

Chichester et al. (1969) proposed two possible mechanisms. The

first suggestion was that porous lapilli provided a poorly drained

microenvironment suitable for the genesis of the 2:1 type phyllo-

silicates. The condition of alternate wetting and drying of pumiceous

soils was also suggested as a possible mechanism. Other reports
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also indicate the dominance of 2:1 clays in the crystalline clay frac-

tion separated from Mazama ash soils in northeastern Oregon

(Borchardt et al., 1971b).

In contrast, volcanic ash soils in Japan frequently contain

halloysite and allophane as typical weathering products (Aomine and

Wada, 1962; Kanno, 1956; Sudo, 1954). Similarly, formation of allo-

phane and metahalloysite has been recognized in New Zealand

volcanic ash deposits (Fie ldes, 1957; Fie ldes, 1955).

In previous clay mineralogical investigations it was assumed

that clay from Mazama ash soils represented in situ weathering pro-

ducts. However, before interpreting the presence of clay minerals

as weathering products, it is necessary to establish that they are

not of detrital origin and not a constituent of the parent material

at the time of deposition. The objective of this investigation was

to determine the origin of 2:1 phyllosilicates in Mazama ash soils

in Oregon. The hypotheses of this study were (a) 2: 1 type phyllo-

silicates are in situ weathering products of Mazama dacitic tephra

or (b) the 2:1 clay minerals in Mazama ash soils represent inherited

and/or detrital clay minerals. Research was therefore directed to

testing these alternative hypotheses.

Materials

Samples of soils developing on Mazama tephra were obtained
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along a transect extending in a northeast direction from Crater Lake.

Distances from Crater Lake and location of sampling sites are given

in Table 1. The sampling sites used in this investigation are the

same as those used by several previous investigators and are des-

cribed elsewhere (Borchardt and Harward, 1971a; Borchardt et al. ,

1971b; Doak, 1969; Rai, 1971).

Table 1. Sample description and site location for the selected
soils developing on Mazama tephra.

Site name Location

Distance
from

Crater Lake
(km)

Depth
of ash
profile
(cm)

Huckleberry
Spring NE 1/4, sec. 36, T. 27S. , R. 9E. 50 224

Ochoco Butte NE 1/4, sec. 11, T. 13S. , R. 20E. 110 104

Day Creek NE 1/4, sec. 24, T. 11S. , R. 30E. 300 72

Dick Springs NE 1/4, sec. 11, T. 3N. , R. 37E. 445 68

Meadowood SW 1/4, sec. 29, T. 4N. , R. 37E.. 450 71

Weakly developed Al, AC, and C horizons are characteristic

for the soil profiles throughout the sampling transect. The soil at

Huckleberry Spring consists primarily of lapilli and are classified

as Orthents while the finer textured ashy soils are Vitrandepts or

Cryandepts (Borchardt and Harward, 1971a). Samples were obtained

at each site from each soil horizon as well as from the underlying
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paleosol. Data for routine analysis of soils similar to those at the

Huckleberry Spring site are given by Chichester et al. (1969).

Methods

The less than 2 micron fraction was separated from soil sam-

ples by gravity sedimentation (Jackson, 1956). Ultrasonic vibration

was the only treatment employed to facilitate dispersion of clay sized

material. Clay separates were treated with boiling KOH and acid

ammonium oxalate according to the method outlined by Dudas and

Harward (1971a) for removal of amorphous components. Oriented

clay samples of the residue were prepared on glass slides using the

paste method (Theisen and Harward, 1962). X-ray diffraction pat-

terns were obtained using CuKa
radiation and goniometers equipped

with curved crystal monochromators. X-ray identification of phyllo-

silicates was based on the same criteria as outlined by Chichester

et al. (1969)

Five size fractions in the sand sized range (2 to 0.05 mm) for

each horizon sample were obtained by wet sieving (Table 2). Thin

sections of sand fractions were made by casting small bricks each

containing approximately 1 g of the appropriate size fraction.

Laminac-2/ was used as the casting resin. All sections were ground

2/A polyester resin manufactured by Cyanamide Corp.,
Stanford, Conn.



9

to 30 microns thickness.

Pyroclastic lithic fragments (fractured remnants of rock which

prior to eruption constituted the summit of Mount Mazama) were hand-

picked from the AC horizon from the Huckleberry Spring soil. These

were then crushed, treated with ultrasonic vibration, and suspended

in distilled water. The less than 2 micron fraction was separated

and used for x-ray diffraction analysis without further treatment.

Thin sections of air-dried lithic fragments and pumiceous lapilli were

prepared using Laminas for impregnation.

Results and Discussion

Petrological and Diffraction Analysis
of Lithics and Pumiceous Lapilli

Mineralogical analysis of pumiceous lapilli and lithic fragments

was undertaken as the initial step in elucidating the origin of 2:1 and

2:2 type clay minerals. Devitrification or other indications of

weathering of glass was anticipated if the reported clay minerals had

formed in situ by alteration of pumiceous lapilli. Williams (1942)

estimates that of the approximate 11 cubic miles of ejecta, 1.5 cubic

miles consists of old rock fragments which prior to the eruption con-

stituted the summit of Mount Mazama. These pyroclastic lithic

fragments were also examined because their constituent minerals

could include crystalline phyllosilicates.
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Several thin sections of pumiceous lapilli (particles larger than

4 mm) from different horizons of the Huckleberry Spring soil were

examined in detail with a petrographic microscope. The pumiceous

lapilli was characterized by high porosity, low phenocryst content

(about 5 percent by volume), and an unaltered appearance for both

glass and phenocrysts. Pumiceous lapilli from the Al and AC hori-

zons displayed a thin reddish-brown exterior coating in plane light

which was indicative of some oxidation of iron. No evidence was

found for devitrification or occurrence of clay in capillary pores in

the pumiceous lapilli.

Examination of thin sections of several pyroclastic lithics from

the Huckleberry Spring soil indicated a dominance of pyroxene

andesites. In many sections, pyroxene and plagioclase phenocrysts

exhibited alteration and the matrix material (brown glass) exhibited

moderate to complete devitrification. Birefringent alteration pro-

ducts commonly line cavities within the lithic fragments or occur in

masses throughout the matrix (Plate 1 ) . The pyroxene phenocryst

shown in the lower center of the micrographs (Plate 1) exhibits

alteration at the crystal edges to material of low birefringence.

Plagioclase phenocrysts in many of the lithic fragments have partially

altered to sericite. Petrographic examination suggested that at

least some of the alteration products in the pyroclastic lithic frag-

ments were crystalline phyllosilicate s.
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Plate 1. Photomicrographs of a thin section illustrating alteration
products (AP) in a pyroclastic lithic fragment (a - plane
light, b - partially polarized light).
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Clay (< 2p, size) extracted from the crushed lithic fragments

gave strong x-ray diffraction peaks (Figure 1) without resorting to

dissolution treatments. On the basis of diffraction patterns, most

of the clay from lithic fragments appeared crystalline. The amount

of < 2p, size material extracted represented approximately a 10 per-

cent content of clay in lithic fragments. In contrast, content of total

clay for the coarse pumice soils (e. g. Huckleberry Spring soil)

generally was found to be less than 5 percent of which only 20 to 30

percent was crystalline (Chichester et al. , 1969). To obtain x-ray

diffraction peaks, dissolution treatments were required for clay

separates from the coarse pumice soils.

X-ray data revealed the presence of chloritic intergrades,

montmorillonite, a micaceous mineral, and possibly vermiculite in

the clay sized fraction extracted from the lithic fragments. The 2:1

type phyllosilicates identified in these lithic fragments are strikingly

similar to the clay minerals described by Chichester et al. (1969)

which were assumed to be weathering products of Mazama pumice.

Recognition of significant amounts of 2:1 and 2:2 type phyllo-

silicates in pyroclastic lithic fragments precludes the weathering and

clay genesis theory as the prinicple origin of 2:1 and 2:2 type clays

in Mazama pumice soils. The qualitative similarity of phyllosilicates

in pyroclastic lithic fragments and pumice soils and lack of
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Figure 1. X-ray diffraction patterns for < 2 micron clay obtained
from Mazama pyroclastic lithics.
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devitrification of pumiceous lapilli also discredits the theory of

in situ clay formation.

Petrological Analysis of Fine Ash Soils

In the coarse pumice soils, origin of 2:1 and 2:2 type phyllo-

silicates were traced to the pyroclastic lithic fragments. With

increasing distance from the source (Crater Lake), the occurrence of

lithic fragments diminishes in the ash soils. In soils of the fine

ash transect, pyroclastic lithic fragments were not observed in soil

profiles during field examination. The origin of 2:1 phyllosilicates

in soils of the fine ash transect therefore remained to be clarified.

Primary minerals indigenous to the Mazama tephra include

zoned plagioclase, orthopyroxene, clinopyroxene, hornblende,

opaques, and apatite (Dudas et al., 1971b; Powers and Wilcox, 1964;

Randle et al., 1971; Williams, 1942). Qualitative deviations from

this primary mineral suite for Mazama ash samples would indicate

the presence of detrital material and contamination of soils.

Examination of thin sections of sand fractions from some of

the fine ash soils indicated the presence of considerable detrital

material particularly in surface horizons (Table 2). In the Dick

Springs profile, biotite and muscovite were apparent in the finer

sand fractions separated from the Al horizon. These two sand

sized phyllosilicates are not part of the original Mazama mineral



Table 2. Mineralogical composition of detritus in sand fractions for Al horizons of Dick Springs
and Ochoco Butte profiles.

Horizon
Siize

fraction
% of

total

% Composition of each size fraction
Rock a/fragments Biotite Muscovite Quartz b/Feldspar

Dick Springs profile

Al 2 - 1 0. 20 35 40 0 0 0 0

1 - . 5 0. 23 25 - 30 0 0 0 0

5 . 25 0. 69 6- 10 0 0 0 1 - 2
. 25 - .10 7.5 5- 7 1 - 3 1 1 6 - 9
.10 - .05 9. 2c/ 4- 6 2- 3 1 - 2 1 4- 7

Paleosol 2 .05 ND 30 6 4 5 40

Ochoco Butte profile

Al 2 - 1 O. 77 10 - 15 0 0 0 0

1 - .5 4.9 7 - 10 0 0 0 0

.5 .25 28 3- 5 0 0 0 1 - 2
25 - .10 34 3- 5 0 0 0 4 - 6

.10- .05 6.7 I- 3 0 0 0 8 - 10
2 - .05 ND 65 1 0 1 - 2 25

a/Refers to rock fragments which show mineralogical similarity to paleosol rock fragments.

12/Refers to feldspar unrelated to Mazama plagioclase (i. e. alkali feldspar, intensely altered
feldspar).

c/ND, not determined.
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suite. In the paleosol, below the ash at the Dick Springs site, biotite

and muscovite constitute about 10 percent of the total sand sized

fraction. Quartz, which accounts for about 5 percent of the paleosol

sand fraction, was identified in the Al horizon. Rock fragments in

the paleosol sand fraction at the Dick Springs site consist of aggre-

gates of alkali feldspar, plagioclase, biotite, and quartz and of

basaltic fragments. Identical aggregates and basaltic fragments

are abundant in the ash horizons (Table 2). Similarly, alkali feldspar

grains are present in the ashy profile and are not indigenous to the

Mazama tephra. This wide variety of detrital material strongly

indicates the Dick Springs ashy soil is contaminated with non-ash

material. Similar mineralogical contaminants were identified in

the Meadowood profile. From thin section observations it was

apparent that detrital components also occur in AC and C horizons

although their amounts decreased with depth. All mineral contami-

nants identified in the Meadowood and Dick Springs soils were also

observed in the respective paleosol.

Examination of thin sections of sand fractions from the Ochoco

Butte profile also indicated paleosol contamination (Table 2). The

paleosol sand fraction is characterized by a high percentage of rock

fragments. Mineralogical ly, these rock fragments are often holocry-

stalline and consist of plagioclase, clinopyroxene, olivine, magnetite,

and minor accessory minerals (Plate 2). Rock fragments,



Plate 2. Photomicrographs of a thin section of the 2 1 mm size
fraction from the Ochoco Butte paleosol (a plane light,
b partially polarized light).
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mineralogically identical to those in the underlying paleosol, were

evident in the Al Horizon (Plate 3). A significant number of plagi-

oclase grains which were altered and did not exhibit the typical zon-

ing of Mazama plagioclase were evident in the finer sand fractions

from the Ochoco Butte samples. Only traces of biotite and quartz

were noted in the paleosol sand fraction; these two minerals were

not evident in the Al horizons (Table 2). Thin section examination

of sand fractions from the Day Creek ash samples also revealed the

presence of detrital minerals and basaltic rock fragments. These

contaminants were also identified in thin sections of Day Creek

paleosol.

X-ray Diffraction Analysis of Clay
From Fine Ash Soils

X-ray diffraction data for all clay samples from ashy soil

horizons indicated the dominance of 2:1 type phyllosilicates in the

crystalline clay fraction. For the Meadowood soil, the major crys-

talline clays were identified from x-ray diffraction patterns as

chloritic intergrades, mica, vermiculite, and smectite (Figures 2

and 3, Table 3). Small amounts of quartz and kaolinite were also

detected in the Meadowood clay fractions. Qualitatively the clay

fraction does not change appreciably with depth for the Meadowood

profile although diffraction intensities decrease (Figure 4). The
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Plate 3 Photomicrographs of a thin section of the 2 - 1 mm size
fraction from the Al horizon of the Ochoco Butte ash pro-
file (a - plane light, b - partially polarized light).
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Figure 3. X-ray diffraction patterns for < 2 micron Mg-saturated
clay samples.



Table 3. Components of clay fractions from selected Mazama ash soils and paleosols.

% Crystalline
a/Crystalline constituents of clay fraction

Horizon clay Dominant Abundant Minor Trace

Meadowood profile

Al 4. 7 - - Mic. , Verm. , Chl, Int. Sm. , Kaol. Qtz.

AC 2. 1 Chl. Int. Sm. , Verm. ? Mic. Kaol. , Qtz.

C 0. 4 Chl. Int. - Verm. ? Sm. , Kaol. , Mic.,Qtz.

Paleosol 5. 9 Mic. - Kaol. , Sm. Chl. Int. , Qtz. , Verm.

Ochoco Butte profile

Al 0. 6 - Chl. , Sm. , Chl. Int. Verm. ? Mic.

AC 0. 2 Chl. Int. Chl.', Sm. Verm. ?

C1 0. 3 Chl. Int. Sm. , Chl. Verm. ?

C2 0. 6 - - - Sm. , Chl. Int. - - Verm. ?

Paleosol 1. 8 Sm. Chl. Int. , Verm. Mic. Qtz. , Kaol

a/Dominant, greater than 50%; Abundant, 10-50%; Minor, 5-10%; Trace, less than 5%.

12/Symbols for < 2µ minerals are: Mic. - micaceous minerals, Sm. - smectite, Chl. Int. -

chloritic intergrades, Verm. - vermiculite, Kaol. -
kaolinite, Chl. - chlorite, Qtz - quartz.
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intensity decrease, typical of all profile clay patterns, likely reflects

incomplete removal of amorphous components; only one dissolution

treatment was used on clay samples. From weight loss values (not

shown), amorphous components in clay fractions consistently

increased with depth for each profile. Content of crystalline clay

in the < 2p, fractions from the Meadowood profile varied from 4.7

percent in the Al horizon to 0. 4 percent in the C horizon (Table 3).

The decrease in intensity of x-ray patterns with depth in a given

profile may also be a reflection of a relative increase in fine clay in

AC and C horizons. Diffraction analysis of clay from the paleosol

immediately below the ash in the Meadowood profile revealed a suite

of phyllosilicates strikingly similar to those found in the ashy hori-

zons (Figure 4). Mica was the dominant clay mineral found in the

paleosol sample; however, kaolinite, smectite, chloritic intergrades,

quartz, and possibly vermiculite were also identified. Clay minerals

identified in the ashy horizons from the Dick Springs site were

similar to those found in the underlying paleosol.

For the Ochoco Butte samples, the crystalline clays identified

in the ashy horizons consisted of a dominance of chloritic intergrades

with lesser amounts of smectite (Figures 2 and 3, Table 3). Smectite

was the cominant phyllosilicate detected in the paleosol sample

although some chloritic intergrades were identified. As with the

Meadowood soil, clays separated from the Ochoco Butte ashy
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horizons were essentially those found in the paleosol.

Data are not shown for the Day Creek soil; however, both

petrographic examination of sand fractions and diffraction analysis

of clay separates indicated paleosol material was present in the ashy

horizons.

Origin of 2:1 Phyllosilicates

For soils formed on the coarse Mazama pumice (soils near

the source), origin of 2:1 phyllosilicates was attributed to their pre-

sence in the deposit in pyroclastic lithic fragments. Such an origin

is consistent with previous results (Chichester et al. , 1969) of very

low clay contents in pumice soils and qualitative constancy of crystal-

line clay mineral suite for soils in diverse environmental conditions.

The content of pyroclastic lithic material in the Mazama deposit

decreases with increasing distance from the source (Williams, 1942).

Pyroclastic lithic content in the Ochoco Butte ashy profile was judged

insignificant from thin section examination.

Evidence has been presented illustrating that finer ash soils

of the transect (Ochoco Butte to Dick Springs) contain material not

indigenous to the Mazama deposit. From thin sections, origin of

biotite, quartz, muscovite, and majority of rock fragments in ashy

horizons were traced to the paleosols. Two basic features became

evident from diffraction analysis of clay sized separates from ashy
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horizons and paleosols. First, crystalline clay minerals in a given

ashy profile exhibited close qualitative similarity to the clay mineral

assemblage found in the underlying paleosol. Once incorporated into

ashy horizons, paleosol clay exhibited a slight tendency toward

chloritization particularly for the Ochoco Butte samples. This is

indicated by greater resistance to expansion and collapse (Figures

2 and 3). Paleosol clay high in mica also exhibited some weathering

after incorporation into ash profiles as evidenced by increased

vermiculite content and decreased mica content in some ash samples

relative to paieosol samples. Secondly, crystalline clay mineral

suites in the ashy profiles exhibited greater similarity to their

respective paleosols than to each other. For example, mica is abun-

dant and quartz is present in the Meadowood profile and paleosol but

quartz is absent (not detected) and mica occurs only as a trace in

the Ochoco Butte profile and paleosol. Content of crystalline clay

in the Ochoco Butte profile were found to be considerably less than

contents in the Meadowood profile and appeared to reflect the differ-

ences between contents of the two paleosols (Table 3). Crystalline

clay content in Al horizons for the Dick Springs and Day Creek soils

were 2.9 percent and 2.3 percent respectively while the correspond-

ing paleosol samples were 5. 2 percent and 5.3 percent.

These two mineralogical features suggested that contamination

of ash profiles is primarily due to a local process. A widespread,
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regional process of contamination of the soils of the fine ash transect,

such as clay contribution from pyroclastic lithics, is not substantiated

by the data. Similar clay mineral suites for ashy soils in different

geographical areas would be expected for a regional process of

contamination.

Tree throw is believed to be the major mechanism involved in

mixing of paleosol material with ash in forested areas where the

Mazama deposit is relatively thin (less than 100 cm). Recent tree

throws shown in Plate 4 illustrates the mixing mechanism. Paleosol

material can be seen adhering to the displaced root system. With

time, both ash and paleosol are deposited onto the ground surface.

Field observations of tree throw indicated that ash material tended

to fall off the root system first after which paleosol material is

deposited and forms a surficial layer over the disturbed ash. This

sequence likely accounts for the higher amounts of contaminants

detected in Al horizons than in AC or C horizons. Soil disturbance

and variability caused by the uprooting of trees is well documented

(Lyford and MacLean, 1966; Lutz, 1940; Stephens, 1956). Shallow

mounds and pits were evident particularly at the Day Creek and Dick

Springs sites. Contamination of the fine ash profiles by other means,

such as by wind or water transportation of non-ash material, may

have occurred; however, tree throw was believed to be the major

mechanism. Tree throw was not apparent at the Huckleberry Spring



Plate 4. Photographs illustrating major mechanism for mixing of
paleosol with ash in (a) the Day Creek area and (b) in
the Ochoco Butte area.
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site. Uprooting of trees has probably occurred in this area; however,

the deep pumice mantle (Table 1) essentially isolates the paleosol

from the uprooting process.

Results of this investigation verified hypothesis (b) by showing

2:1 phyllosilicates are inherited and/or detrital clay minerals and

not products formed by the weathering of Mazama dacitic tephra.
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III. EVALUATION OF WEATHERING AND MIXING
IN SELECTED MAZAMA ASH SOILS

Introduction

Soils developing on the Mazama deposit in Oregon were thought

to be ideally suited for studies dealing with weathering, clay forma-

tion and profile development. Dating of the eruption at 6600 years

b. p. (Allison, 1966) provided an accurate time control for duration

of weathering and soil formation. In addition to the established age,

the Mazama deposit provides a rather unique parent material for

soil genesis investigations.

Several investigations have been conducted to evaluate some of

the physical, chemical, and mineralogical properties of Mazama ash

soils in Oregon. These involved a sampling transect in the fine ash

region in central Oregon where thicknesses of ash were about 85 cm

and extending to the northeast where thicknesses were about 68 cm

(Harward and Youngberg, 1969). Sampling sites were chosen on

forested high plateaus and ridge tops. Stratigraphic and weathering

studies (Rai, 1971) and clay mineral investigations (Borchardt et al.,

1971b) have been reported for Mazama ash soils from this sampling

transect. These investigations were based on the assumption that

little or no contamination occurred in the Mazama ash soils.

Recent studies have shown Mazama ash soils from the fine ash
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transect are contaminated with paleosol material (Chapter II).

Studies dealing with mineralogical, chemical, and physical properties

of Mazama ash soils could be severely confounded by the presence

of weathered paleosol material in the ash profiles. Although paleosol

contaminants in soils of the fine ash transect were described as the

dominant source of 2:1 phyllosilicates, the amount of contamination

by paleosol remains to be determined. The influence of mixing of

highly weathered paleosol with ash was generally not recognized in

previous weathering studies. Therefore, it was felt desirable in the

present study to evaluate effects due to weathering and due to mixing

(paleosol contamination).

The objectives of this investigation were: (1) To quantitatively

evaluate the amount of contamination in Mazama ash soils of the fine

ash transect; and (2) T)3 compare effects of weathering to effects of

mixing of weathered paleosol with ash for a typical fine ash transect

soil.

Materials

Samples and sites used in the study of origin of 2:1 phyllo-

silicates (Chapter II) were also used in this investigation. These

included the Ochoco Butte, Day Creek, Dick Springs, and Meadowood

sites; respective thickness of the Mazama ash at the sampling sites

was 102, 72, 68, and 71 cm. Detailed profile descriptions and
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locations are given by Doak, 1969; Harward and Youngberg, 1969;

Rai, 1971. Samples were obtained for soil horizons and underlying

paleosols at the four locations. All ash profiles consisted of weakly

developed A and AC (or B) horizons; the soils were classified as

Vitrandept or Cryandepts (Knox, 1972).

Methods

Clay (< 2p, size) was separated from portions of each soil

sample by ultrasonic treatment, dispersion in distilled water, and

gravity sedimentation. The separated clay samples were Mg-

saturated, freed of excess salt, and freeze-dried. A portion of each

clay sample was subjected to one KOH - ammonium oxalate dissolu-

tion treatment for removal of amorphous constituents following the

procedure outlined by Dudas and Harward (1971b). Residue remain-

ing after the dissolution treatment was Mg-saturated, freeze-dried,

and weighed to calculate weight loss. Content of residue (crystalline

clay) in soil horizons and paleosol was used for one method of

calculating amount of mixing. Five sand fractions in the sand sized

range (2 to 0.05 mm) were obtained for each soil sample by wet

sieving. A portion of each sand fraction was used for thin sections

using standard preparation techniques.

Three types of samples were used for chemical analysis for

the evaluation of mixing. These included (a) the < 2 mm size
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fraction from the buried soils which are referred to as paleosol, (b)

the < 2 mm size fraction from ashy soil horizons which are referred

to as total soil and (c) unweathered pumiceous lapilli from the C

horizon from the Huckleberry Spring site which are referred to as

Mazama lapilli in the text. Samples of total soil, paleosol and

Mazama lapilli were finely ground with mortar and pestle prior to

analysis.

For the comparison of effects due to weathering of ash and due

to mixing of paleosol with ash, chemical analysis was conducted on

additional soil fractions. Included in these fractions were (a) the

< 2 µ size fraction from buried soils referred to as paleosol clay,

(b) the < 2 p, fraction from ashy soil horizons referred to as total

clay and (c) the 2 - 0. 5 mm size fraction from ashy horizons

referred to as paleosol-free ash in the text. The paleosol-free ash

samples were obtained by first sieving bulk samples and retaining

the 2 - 0. 5 mm size fraction. Fragments of paleosol material were

then removed from these 2 - 0. 5 mm fractions by handpicking with

the aid of tweezers and binocular microscope. The paleosol-free

ash samples were then treated with ultrasonic vibration to remove

possible contaminants adhering to ash particles. The < 2 p, size

fraction from paleosols (paleosol clay) and ashy soil horizons (total

clay) was obtained as outlined above. Clay samples were Mg-

saturated, freed of excess salt, freeze-dried, and used for chemical
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analysis without further treatment.

Instrumental neutron activation analysis was used for elemental

abundance determinations for Fe, Co, Sc, Cr, La, Ba, Rb, Cs, Th,

and Eu. Samples of about 1/2 g were sealed in polyvials and irra-

diated in the Oregon State University TRIGA reactor at a thermal

neutron flux of about 2 x 1012 n/cm2/sec for 3 hours. Gamma-ray

spectra of samples were obtained with a high resolution 30 cc Li-

drifted germanium detector following the procedure of Gordon et al.

(1968). Counting time varied from a few minutes to 11 hours per

sample depending on characteristic of isotopes and sample weights.

Samples were dissolved in HF and HC1 following essentially the pro-

cedure described by Angino and Billings (1967) and analyzed for K

and Mg using a Perkin Elmer model 303 atomic absorption spectro-

photometer.

Results and Discussion

Evaluation of Mixing

Three different methods of calculating paleosol addition to ash

horizons by tree throwing mixing were used in this investigation,

The methods were based on content of crystalline clay, content of

pebbles (rock fragments greater than 2 mm in size), and relative

abundances of elements in ash horizons and paleosol soil.
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Mixing Based on Clay Content

X-ray examination of the crystalline clay fraction separated

from the fine ash transect soils indicated a dominance of 2:1 type

phyllosilicates (Chapter II). It was demonstrated that 2:1 clays in

ash horizons from fine ash soils were primarily inherited from

underlying paleosols. For the calculation of mixing, a basic assump-

tion was made that all crystalline clay (residue remaining after

dissolution treatment) in a specific ash profile was derived from the

underlying paleosol. Furthermore, it was assumed that no preferen-

tial addition to ash horizons of any one particle size class (sand, silt

or clay) of paleosol soil occurred during the mixing process. Stated

in another manner, all particle size classes for the paleosol soil

were added to ash horizons in the same relative amounts as present

in the paleosol soil. The basic assumption was derived from results

of previous investigations which illustrated the close similarity of

2:1 type clays in ash horizons and underlying paleosol (Chapter II).

Rece t investigations have shown allophane and halloysite are formed

by we the ring of Mazama ash both of which are destroyed by the

disso ution treatment (Chapter IV). The second assumption precludes

the preferential aeolian addition of clay or silt to surface horizons.

Contents of clay (< 2 µ,) and weight loss due to dissolution of

amorphous components are given in Table 4. In general, total clay



36

content decreased with increased profile depth. Total clay in a given

horizon increased as thickness of ash decreased. Weight loss was

generally inversely related to total clay content both for a given ash

profile and among ash profiles (Table 4). Contents of crystalline

clay also decreased with depth (except for the bottom C horizon

samples from Day Creek and Ochoco Butte which will be discussed

in Chapter IV). The weight percentage of paleosol mixed into ash

horizons was calculated by dividing the content of crystalline clay in

a horizon by the content of crystalline clay in the respective paleosol.

For the Day Creek Al horizon, content of crystalline clay was 2.3

percent; the Day Creek paleosol contained 5.3 percent crystalline

clay. The presence of 2.3 percent crystalline clay in the Al horizon

represents an addition of about 43 percent (2.3/5.3 x 100) paleosol

material to the Al ash horizon (Table 4). Values for the other hori-

zons were calculated in a similar manner.

Amounts of paleosol contamination in ash horizons, calculated

on the basis of crystalline clay content, were found to increase as

thickness of ash decreased, the Meadowood profile being an excep-

tion (Table 4). Examination of thin sections of sand fractions indi-

cated paleosol contamination was less than the amount calculated on

the basis of crystalline clay content for the Meadowood profile. The

discrepancy for the Meadowood site likely arises from the assump-

tion that all crystalline clay in ash horizons was derived from the



Table 4. Clay content and paleosol contamination for selected Mazama ash profiles.

Horizon Depth (cm)
Total clay
< 2 p. ( %)

Weight
loss (%)

Crystalline
clay (%) Contamination (%)

Meadowood

Al 0 - 30 11.2 58 4.7 80

AC 30 - 40 5. 5 61 2. 1 36

C 40- 71 3.2 87 0.4 7

Paleosol 70+ 10.1 42 5.9

Dick Springs

Al 0 - 22 13.1 78 2. 9 56

AC 22 - 50 12.0 82 2. 2 42
C 50 68 5. 3 93 0.4 8

Paleosol 68+ 14. 3 64 5. 2

Day Creek

Al 0 - 25 6. 0 62 2. 3 43

AC 25 - 45 4. 3 68 1. 4 26

Cl 45 - 60 4. 0 83 O. 7 13

C2 60 72 4. 5 75 1. 1 21

Paleosol 72+ 19.5 73 5. 3

Ochoco Butte

Al 0 22 4. 3 85 0. 6 33

AC 22 50 2. 2 93 0. 2 11

Cl 50 80 2.3 85 0.3 17

C2 80 - 104 3. 3 82 0. 6 33

Paleosol 104+ 9. 5 81 1. 8
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paleosol. The Meadowood paleosol is aeolian material and the site,

located at the western edge of a mountain range near an extensive

loess deposit, probably received some further aeolian additions in

the past 6600 years. If this recently deposited wind detritus con-

tained a higher relative proportion of clay than that in the Meadowood

paleosol, calculations based on crystalline clay content would reflect

higher than actual paleosol additions to ash horizons. The discre-

pancy between calculated values (Table 4) and thin sections observa-

tions strongly indicated the Meadowood profile was contaminated both

by the tree throw mechanism suggested in Chapter II and by aeolian

additions. Examination of thin sections for content of paleosol

material in sand fractions from soils of the other sites agreed with

calculated values for paleosol contamination. Contamination was

highest in A horizons and generally decreased with depth for the

four fine ash transect profiles.

Mixing Based on Pebble Content

Data on pebble content (particles greater than 2 mm) of ash

horizons were available from studies by Rai (1971). These were

compared to pebble content in underlying paleosols obtained in this

study.

Mazama pyroclastic material was smaller than 2 mm at all

sites as evidenced by thin section observations. From thin section



39

examinations, pebbles in ash horizons were found to be mineral-

ogically identical to paleosol rock fragments (Chapter II). The

assumption was made that pebbles in ash horizons were derived by

incorporation of paleosol soil into the ash profile. It was also

assumed that paleosol addition to ash horizons occurred without

selective addition of any one particle size class of paleosol soil.

Calculation of paleosol addition to each ash horizon was based on

the content of pebbles in each horizon relative to content in paleosol.

For the Dick Springs profile, a pebble content of 1.16 percent in the

Al horizon represents the addition of about 22 percent (1.16/5.37 x

100) of paleosol material. Values for paleosol contamination in other

horizons were calculated in a similar manner (Table 5). Paleosol

contamination of ash horizons calculated on the basis of pebble con-

tents probably represent the minimum amount of mixing. Pebbles

are not expected to be blown into the ash sites, but selective addition

of fine sand, silt and clay from non-ash areas may have occurred by

aeolian deposition. Paleosol contamination decreases with profile

depth to almost insignificant amounts in C or C2 horizons (Table 5).

Surface horizons however are significantly contaminated with paleosol

soil, particularly the Day Creek and Dick Springs profiles. Pebbles

in the AC and C horizons and decreased contamination with profile

depth support the tree throw mixing mechanism presented in Chapter

II. On the basis of content of pebbles in ashy soil horizons,
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Table 5. Pebble content and paleosol contamination for selected
Mazama ash soils.

Pebble
Horizon Depth (cm) content ( %or

Paleosol
contamination (%)

Meadowood

Al 0 - 30 0. 36 ND

AC 30 - 40 0. 21 ND

C 40 71 0. 10 ND

Paleosol

Al

AC

C

Paleosol

71+

0 22

22 50

50 68

68+

b/ND

Dick Springs

22

13

0. 7

1.16

0. 69

0. 04

5. 37

Day Creek

Al 0 - 25 2. 97 31

AC 25 - 45 2. 78 29

C1 45 - 60 0.93 10

C2 60 72 O. 18 2

Paleosol 72+ 9.47

Ochoco Butte

Al 0 22 1.02 11

AC 22 50 0.61 7

Cl 50 - 80 0. 07 1

C2 80 - 104 0.02 0. 2

Paleosol 104+ 8.94

a/ Pebble content in ash horizons based on data from Rai
(1971).

b/ND refers to not determined.
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Rai (1971) concluded, "the total amount of mixing of non-ash with

ash is small. " Reinterpretation of data for pebble content indicates

paleosol mixing with ash is substantial.

Mixing Based on Elemental Abundances

Analysis of paleosol soil (less than 2 mm size fraction) indi-

cated significant elemental differences between the Dick Springs

and Ochoco Butte sites (Table 6). The Meadowood paleosol was

chemically similar to the Dick Springs paleosol and the Day Creek

paleosol was chemically similar to the Ochoco Butte paleosol. For

this reason, data are only shown for the Dick Springs and Ochoco

Butte sites.

Contents of K, Rb, Cs, Ba and La were higher in the Dick

Springs paleosol than in the Ochoco Butte paleosol; these elements

were also highest in the Dick Springs ashy horizons (Table 6).

Association of higher amounts in paleosol with higher amounts in

ashy, horizons is also evident for Fe, Mg, Cr, and Co. The chemical

differences between the paleosol samples and reflection of these

differences in ashy horizons supported the mixing mechanism previ-

ously outlined (Chapter II).

Calculation of amount of contamination of ash profiles was

based on contents of Co, Cr, and Fe in ashy horizons and paleosol

soil. These elements were selected for the calculation primarily



Table 6. Elemental abundances (in ppm except where % is indicated) for < 2 mm fractions from
Mazama ash soils and paleosols.

Horizon % Fe % Mg %K Rb Cs Ba La Cr Co

Dick Springs profile

Al 3.93 0.65 1.62 53 3.4 1070 30 25 13

AC 3.71 0.64 1.63 37 3.1 840 31 24 12

C 1.95 0.35 2.04 42 2.4 665 32 6 4

Paleosol 5.92 0.75 1.82 63 3.7 1290 47 50 27

Ochoco Butte profile

Al 4.51 1.15 1.15 22 1.5 490 15 29 17

AC 3.89 1.17 1.23 22 1.6 540 17 22 13

C 1 3.02 1.20 1.22 26 2.0 550 20 15 10

C2 3.00 0.72 1.71 28 2.1 580 20 12 5

Paleosol 7.68 1.65 0.75 22 2.1 450 23 166 48

Mazama
lapilli 1.95 0.40 1.90 52 2.9 800 22 4 4

± (%) 3-6-a/
5-8 3-6 3-6 3-6 6-10 3-6

-a/Range in precision of determinations based on one standard deviation for counting statistics.
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because their contents are much higher in paleosols than in Mazama

unweathered lapilli (Table 6). Those elements which displayed

similar abundances in reference Mazama pumiceous lapilli and

paleosol are not diagnostic for the paleosol and were not used in

calculation of paleosol addition to ash profiles. The assumption was

made that enrichment of a particular element (Co, Cr, or Fe) in an

ash horizon relative to unweathered Mazama lapilli occurred by

incorporation of paleosol into the ash horizon and not by weathering

of ash. The later possibility was found to be small compared to

enrichment of elements due to mixing (page 46-62, this chapter).

Values for enrichment of Co, Cr, and Fe (Table 7) were obtained

by expressing elemental contents for ash and paleosol samples as

ratios relative to elemental content in Mazama lapilli. For example,

the Dick Springs Al horizon contained 3.93 percent Fe which repre-

sents an enrichment of 2.02 (3.93/1.95) relative to Fe content of

unweathered Mazama lapilli.

Amount of paleosol addition to ash profiles was based on

elemental abundances shown in Table 6 using the following method of

calculation for each ashy horizon:

a. A = g paleosol

1 - A = g ash

b. let Bx concentration of element x (x = Fe, Cr,

or Co) in ash horizon
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Cx = 'Concentration of same element x in

unweathered Mazama lapilli

Dx = concentration of same element x in

paleosol soil

c. then Bx = ADx + (1-A)Cx

d.

and A = Bx Cx
Dx -Cx

A x 100 = weight percent paleosol mixed into an

ashy horizon

Calculated values for amount of paleosol addition to each horizon

(Table 7) represents maximum addition for the following reasons:

1. enrichment of an element was attributed solely to mixing

of the highly weathered paleosol with ash

2. no selective addition of non-ash material high in Fe,

Cr, and/or Co to ash horizons was assumed

3. biocycling of elements was assumed negligible.

For the Dick Springs profile, calculations based on the three

elements gave similar results for amount of paleosol addition (Table

7). A wider range of values for paleosol addition was calculated for

the Ochoco Butte samples. Values obtained for additions based on

Cr content are probably the most accurate; Cr in both paleosols is

considerably higher than in unweathered Mazama lapilli and would

provide the most sensitive measure of paleosol additions to ash.
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Table 7. Enrichment of Fe, Cr, and Co relative to unweathered
Mazama lapilli in ash soils and paleosols and calcula-
tion of maximum amount (in weight %) of paleosol
additions.

Horizon
Enrichment factor' Maximum paleosol addition (%)

Fe Cr Co Fe Cr Co

Dick Springs profile

Al 2.02 6.25 3.25 50 46 40

AC 1.90 6. tiO 3. 00 44 43 35

C 1.00 1.50 1.00 0 4 0

Paleosol 3.04 12.5 6.75 -

Ochoco Butte profile

A 1 2.31 7.25 4.25 45 15 28

AC 1.99 5.50 3.25 34 11 21

C1 1.55 3.75 2.50 19 6 14

C2 1.54 3.00 1.25 18 5 2

Paleosol 3.94 41.5 12.0

a/ Values obtained by dividing abundances in Table 6 by 1.95%
for Fe, 4 ppm for Cr, and 4 ppm for Co in unweathered Mazama
lapilli.
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Although the three different methods of evaluating paleosol

contamination gave different results, a range of probable values

for amount of paleosol addition to ash horizons was established

(Table 8). All methods revealed that Al horizons of ashy profiles

contained the highest amount of contaminating paleosol. Results

also indicated that contamination by paleosol mixing generally

decreased with depth in each profile. Data also suggested mixing of

paleosol with ash profiles becomes increasingly important as the

deposit thins (increasing distance from source). Although the

quantitative calculation of paleosol additions based on pebble content

likely represent minimum amounts of mixing, their values indicated

substantial contamination has occurred for ashy profiles used in this

investigation.

Comparison of Weathering and Mixing

Several recent studies have alluded to the effects of weathering

in soils from the fine ash transect (Brochardt and Harward, 1971a;

Borchardt et al. , 1971b; Rai, 1971). Trace elements in amorphous

clays and bulk chemistry of ash profiles were interpreted without

due regard to chemical and mineralogical contributions from

paleosol contamination. A more accurate evaluation of weathering of

Mazama ash from the mixed soils of the fine ash transect was of

particular interest in this investigation. However, this can not be
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Table 8. Summary of amount of paleosol contamination in
selected Mazama ash soils.

Amount paleosol contamination in weight percent

Horizon
Clay
basis

Chemical
basisa/

Pebble
basis

Dick Springs

Al 56 45 22

AC 42 41 13

C 8 1 1

Ochoco Butte

Al 33 29 11

AC 11 22 7

Cl 17 13 1

C2 33 8 0

a/Average values from Fe, Cr, and Co calculations from
Table 7.
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accomplished without cognizance of the importance of mixing and

contamination of ash with paleosol. This is best viewed by comparing

the effects of paleosol mixing with ash to the effects of weathering of

ash.

Examination of thin sections of sand fractions separated from

the four ash soils consistently indicated coarser ash fractions were

more weathered than finer ash fractions. Selected micrographs

(Plate 5) illustrate the physically observable difference in weathering

between coarse and fine sand sized ash from the same horizon. Ash

of 2 - 1 mm size from the Ochoco Butte Al horizon exhibited some

weathering; reddish - brown colors were evident particularly at the

exterior of particles (Plate 5; a, b, and c). Glass in coarse sand

fractions appeared slightly turbid and brown, but extensive devitrifi-

cation was not evident. Fine ash (0. 25 to 0.05 mm) consisted mostly

of individual shards of glass which had a clear glassy appearance

and did not appear to be significantly altered (Plate 5, d). Pheno-

crysts in all size fractions appeared essentially unweathered. The

greater weathering of coarser sand sized ash than fine ash is thought

to be related to the internal porosity of the respective sized particles.

Thin section observations suggested porosity increased as particle

size of ash increased. This relationship was previously evaluated

by mercury intrusion measurements of pore volumes in Mazama ash

by Doak (1969). The higher internal porosity and concomitant higher
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C

Plate 5. Photomicrographs of thin sections of sand fractions from
the Ochoco Butte AC horizon (a - 2-1 mm size fraction,
reflected light; b - same as a, transmitted light; c - 2-1;i
mm size fraction, transmitted light; d - 0.1-0. 05 mm size
fraction, transmitted light).
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water retention capacity likely facilitates greater rate of weathering

in coarse sand sized ash than in finer sized particles.

Evaluation of weathering was based on chemical analysis of

the paleosol-free, 2 0. 5 mm sized ash from the Ochoco Butte

profile. This size fraction was used primarily to obtain a measure

of maximum weathering for a typical Mazama ash soil. From thin

section observations, ash less than 0. 5 mm in size did not appear

as weathered as the 2 - 0.5 mm fractions for reasons outlined above.

Results of chemical analysis of total soil, total clay (Mg-

saturated but not subjected to dissolution), and sand fractions ( 2

O. 5 mm) free of paleosol contaminants from the Ochoco Butte profile

are given in Tables 9, 10, and 11. For total soil Fe, Co, Sc, and

Cr contents decreased with depth in the ash profile but increased

sharply in the non-ash paleosol (Table 9). Contents for Rb, Cs, Th,

and Na generally increased with depth to the bottom of the C2 hori-

zon; contents of Rb and Na were lowest in the paleosol soil. These

chemical trends for the profile samples reflect the influence of both

weathering and paleosol mixing with ash.

Elemental content of total clay fractions (Table 10) reflect

their origin from the paleosol. Abundances of Fe, Co, Sc, and Cr

are high in paleosol clay relative to contents of clay from C2 hori-

zons. Clays from upper horizons contained considerably higher

contents of Fe, Co, Sc, and Cr than clays from relatively



Table 9. Elemental abundances of total soil (< 2 mm) for Ochoco Butte profile and underlying
paleosol./

Horizon Depth (cm) % Na % Fe Co Sc Cr La Ba Rb Cs Th Eu

Al 6 12 2.73 4.40 16.5 12.6 29 16 500 21 1. 5 3.9 1. 1

25 31 2. 69 4.64 17.3 12.9 28 15 480 26 1. 6 3. 7 1. 0

AC 38 44 2.76 3.99 14.4 12.0 25 18 550 26 1. 5 4. 4 1.0

50 57 2.84 3. 54 12.4 11.0 19 17 530 20 1.7 4.3 1.0

Cl 63 - 69 2.95 2.90 10.0 9.4 14 20 560 24 2.0 4.9 1. 1

73 78 Z. 81 3. 16 10.9 9. 8 17 20 540 32 2. 0 4.4 1.0

C2 80 85 2.98 3. 24 10.9 9.3 14 19 560 30 1. 8 4.4 1.0

91 - 99 3.01 2. 17 5.2 7.3 8 22 660 38 2.4 5.8 0.9

99 - 104 2.76 2.02 4.7 7.9 12 23 650 35 2.6 6.2 1.0

Paleosol 110 - 130 1.24 7. 68 48.0 61.1 166 23 450 22 2. 1 6.0 1.6

(%)-
b/ 1-3 3-6 3-6 1-3 6-10 6-10 6-10 6-10 6-10 3-6 6-10

---/Abundances are in ppm by weight except for Na and Fe.

b/ Precision of determination based on one standard deviation for counting statistics; the same
values apply for Tables 10 and 11.



Table 10. Elemental abundances of total clay (< 2 11) for Ochoco Butte profile and underlying
paleosol.A/

Horizon Depth (cm) Na % Fe Co Sc Cr La Ba Rb Cs Th Eu

Al 6 - 12 3780 4.95 21.8 18.0 55 32 500 17 3.8 12.5 1.6

25 31 4290 5.55 26.9 22.8 61 47 490 16 2..8 15.3 2.1

AC 38 44 5110 5. 54 26.0 21.4 69 43 500 15 3. 8 14.2 1. 8

50 - 57 6880 4.74 18.5 18.8 68 40 590 18 2. 8 13.6 1.9

Cl 63 - 69 8730 4.49 15.2 15.5 48 42 660 19 3.4 13.7 2. 1

73 - 78 10740 3.97 15.1 13.2 32 34 720 24 3. 4 11.8 1.6

C2 80 - 85 14200 3. 17 8.4 11.4 26 26 750 32 3. 2 10.4 1.2

91 - 99 12100 2.93 8.2 10.7 28 29 720 34 2.2 8.9 1.3

99 - 104 9890 3.78 8.6 17.7 61 22 780 27 2. 2 10.0 1. 2

Paleosol 110 - 130 1300 7. 53 31.3 40.4 159 20 230 28 2. 0 6.4 1. 7

&Abundances are in ppm by weight except for Fe.



Table 11. Elemental abundances of paleosol free ash (2 - 0. 5 mm fraction) for Ochoco Butte
profile and for unweathered Mazama lapilli, a'

Horizon Depth (cm) % Na % Fe Co Sc Cr La Ba Rb Cs Th Eu

Al 6 - 12 2.68 2. 48 5. 3 7.9 13 24 670 28 2. 7 7. 0 0. 8

25 31 2.78 2. 39 5. 3 8. 3 13 22 670 36 2. 4 7. 4 0.9

AC 38 44 2. 92 2. 50 5. 6 8. 5 8. 3 26 670 38 2. 2 7. 6 I. 1

50 57 3.09 2. 23 5. 2 7.8 7.3 23 650 32 2. 6 7.0 1.0

Cl 63 - 69 3.06 2. 00 4. 1 7. 2 5. 8 23 690 35 2. 2 7. 0 1.0

73 - 78 3. 13 2. 12 4.9 7. 8 7.6 22 690 39 2.7 6. 5 0.7

C2 80 85 3. 22 1.77 3.7 6.9 3.8 26 710 33 2.5 6.6 0.8

91 - 99 3.21 2.20 4. 8 7.6 7.4 26 690 43 2.4 6. 8 0.9

99 - 104 3. 10 2. 11 4. 8 8.7 13.6 25 680 38 2.6 6. 8 0.9

Mazama
lapilli 3.20 2.00 4.2 6.5 4.2 24 760 50 2.9 5.8 1.0

..-/Abundances are in ppm by weight except for Na and Fe.
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unweathered and uncontaminated C2 horizon samples. Elemental

chemistry of clay separates from the Ochoco Butte profile was

recognized as reflective of some weathering in addition to dilution of

clay sized ash products with intensely weathered paleosol clay.

Analysis of the 2 - 0. 5 mm paleosol-free ash fractions indi-

cated only slight weathering has occurred in the Ochoco Butte profile.

Chemical alteration of the paleosol-free samples was evidenced

in some depletion of Na and Rb in surface soil horizons relative to

C2 samples or unweathered Mazama lapilli (Table 11). Weathering

has also resulted in some enrichment of Fe, Co, Cs, and Cr in Al

and AC horizon samples.

Comparison of elemental distribution with profile depth between

the total soil samples and the paleosol-free ash samples provided

a relative evaluation of chemical alteration of Mazama ash due to

mixing plus weathering vs. weathering alone. The transition

elements Fe, Cr, Sc, and Co serve as good indicators of both

weathering and paleosol mixing processes. Content of Fe relative

to the unweathered Mazama pumiceous lapilli for the paleosol-free

ash samples illustrated enrichment in surface horizons due to some

weathering of ash (Figure 5). Samples from the C horizons are

essentially unweathered as indicated by similar Fe contents for

reference lapilli and paleosol-free ash samples. In comparison,

total soil samples exhibited considerable enrichment in Fe for
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surface horizons. Content of Fe decreased with profile depth for

total soil samples. Enrichment in Fe in the Ochoco Butte profile is

largely due to incorporation of paleosol into ash horizons as evi-

denced by the relatively minor contribution to Fe enrichment by

weathering. The decrease in Fe content with profile depth for total

soil samples reflects the decrease in contamination of ash as profile

depth increases.

Content of Fe in clay samples decreased with profile depth

and reflects, in part, the decreased contamination of subsurface

horizons. Content of Fe in paleosol clay and paleosol were about

equal (Figure 5) but (for a given ash horizon) total clay was generally

found to be much higher in Fe than total soil. There are several

possible explanations for higher Fe content in total clay than in total

soil samples even though Fe contents are similar in paleosol and

paleosol clay. The first possibility involves transfer of Fe to clay

particles which have been mixed into ashy horizons. Iron released

from the mixed ash horizons by weathering and cation exchange

reactions may be absorbed to clay particles forming hydrous iron

oxide coatings. Selective retention of iron as hydrous oxide coat-

ings on clay particles could easily account for the high iron content

in total clay samples. The second explanation is based on selective

addition of paleosol clay to ash horizons. It was assumed that all

size fractions of paleosol soil were added to ash in the same relative
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proportion as present in the paleosol. Preferential addition of

paleosol clay to ash horizons would account for the higher Fe content

in total clay separates compared to total soil samples for a given ash

horizon. The third, and most probable explanation is based on

dilution of paleosol material once mixed into ash. In effect, the ash

dilutes the incorporated paleosol material. Because of the low clay

content in uncontaminated ash, only slight dilution of paleosol clay

occurs with mixing of paleosol and ash. Paleosol material in the

total clay samples is, in all likelihood, less diluted than paleosol

material in total soil samples.

Cobalt was slightly enriched in paleosol-free ash samples

relative to unweathered Mazama pumiceous lapilli and demonstrated

the minor extent of weathering of the Ochoco Butte profile (Figure 6).

For total soil samples, enrichment in Co was highest in the Al hori-

zon and decreased with depth to essentially similar content as

paleosol-free ash for the bottom, C2 horizon samples, For each

horizon, the difference in Co content between paleosol-free ash and

total soil was mainly attributed to mixing of weathered paleosol

with ash. The high Co content in clay samples from Al and AC

horizons reflected their paleosol origin. Results for Sc and Cr

analysis illustrated trends similar to those discussed for Fe and Co.

Loss of Rb from the paleosol-free ash was evident and also

indicated some weathering of ash has occurred at the Ochoco Butte
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site. Compared to the reference unweathered lapilli, Rb contents in

paleosol-free ash samples were much lower for all horizons (Figure

7). Data for Fe and Co indicated an unweathered nature for the C2

horizon samples. The apparent discrepancy in extent of weathering

based on loss of Rb and enrichment of Fe or Co is likely attributed

to "sensitivity" of these elements to weathering processes. Rubidium

is probably readily lost from ash even under mild weathering condi-

tions. Data for Rb content in total soil samples indicated the

influence of both weathering and mixing of paleosol with ash.

Summary and Conclusions

Mixing and contamination of Mazama ash with weathered

paleosol for the four fine ash transect soils has occurred in sub-

stantial amounts. On the basis of three different methods of calcula-

tion about 10 to 33 percent, 30 to 40 percent and 22 to 56 percent of

the Al horizons consisted of paleosol material for the Ochoco Butte,

Day Creek, and Dick Springs soils, respectively. Of the three

methods used to evaluate amount of contamination of ash horizons,

pebble analysis provided the minimum estimate. All three methods

indicated surface ashy horizons contained higher quantities of

paleosol material than AC or C horizons. As the deposit thins,

amount of paleosol contamination increases.

Mixing of paleosol with ash should be recognized as a process



0

32

60
n.

80

Al horizon

AC horizon

Cl horizon

1

o\ \A o o

/ \ \
A 0 o

Paleosol
Paleosol clay

A Total
soil

Total
clay

0
/ Paleosol-free

ash
0 ___.---)

A ° \o
C2 horizon v o

104 I

0 8 16
ppm Rb

Figure 7. Distribution of Rb for total soil, paleosol-free ash (2 - .5 mm), and
total clay (< 2 ii) for the Ochoco Butte profile.

/A/ a 0
Z

Mazama
lapilli

I 1 1 I 1

24 32 40 48 56



61

which imparts several properties to the fine ash transect soils.

For accurate interpretation of chemical, mineralogical and physical

properties of the fine ash soils, attention should be given to the

influence of addition of substantial amounts of highly weathered

paleosol to the relatively unweathered ash. Most Mazama ash soils

for thinner deposits in forested areas are likely to be influenced by

paleosol additions from the uprooting of trees and in some instances,

additional contamination may have occurred by deposition of wind

borne non-ash material.

It must be emphasized that values for amount of contamination

of ashy horizons obtained in this investigation apply only to the four

sampled soils. Samples used in this investigation were obtained

from the same soil pits as were used in several previous studies;

assessment of these soils was felt desireable if they are to be used

in future investigations. The choice of the Ochoco Butte, Day Creek,

and Dick Springs site locations was based on examination of a number

of profiles in each area and sites were selected where mixing and

overthickening was minimal (Harward and Youngberg, 1969). Some

of the Mazama ash soils near each of the four sites are likely to be

contaminated with paleosol in quantities greater than calculated for

the profiles of this investigation.

Some weathering of ash from the Ochoco Butte profile has

occurred during the past 6600 years as evidenced by the depletion
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of alkali earth elements and slight enrichment of transition elements

in paleosol-free ash samples relative to unweathered reference

Mazama lapilli. Ash from C horizons were essentially unweathered.

Incorporation of highly weathered paleosol with ash imparted several

chemical properties to ashy soil horizons. Enrichment of Fe, Cr,

Co, and Sc was used in previous studies as indicative of weathering

of Mazama ash. Results of this investigation indicated enrichment

of elements in ash horizons was primarily due to the paleosol

detritus and not due to weathering of ash.
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IV. AUTHIGENIC CLAY MINERALS IN MAZAMA ASH SOILS
OF OREGON

Introduction

Extensive studies conducted in Japan have shown weathered

volcanic ash and pumice deposits commonly contain halloysite and

imogolite and the amorphous constituent, allophane (Aomine and

Wada, 1962; Aomine and Yoshinaga, 1955; Aomine and Miyauchi,

1965; Yoshinaga and Aomine, 1962). The weathering sequence of:

volcanic glass, feldspar--->allophane --->hydrated halloysite

has been proposed by both Aomine and Wada (1962) and Fieldes (1955)

for ash soils in Japan and New Zealand.

The Mazama ash deposit is similar in many respects to those

of New Zealand and Japan. Mineralogical ly, the Mazama tephra con-

sists of about 85 to 90 percent dacitic glass (Williams, 1942).

Plagioclase (An = 40%), clinopyroxene, orthopyroxene, hornblende,

and magnetite are the dominant primary mineral constituents (Dudas

et al., 1971; Powers and Wilcox, 1964). The Mazama deposit forms

a thick pumice mantle near the source (Crater Lake) and progressively

thins to about 70 cm of ash 450 km from Crater Lake (Harward and

Youngberg, 1969). Age of the Mazama deposit has been generally

recognized as 6600 years (Allison, 1966).

In contrast to the occurrence of 1:1 type clay minerals in
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volcanic ash deposits in Japan and New Zealand, initial investigations

indicated the dominance of 2:1 type phyllosilicates in the crystalline

clay sized fraction from Mazama pumice soils of Oregon (Chichester

et al. , 1969). Crystalline clays identified in the pumice soils

included chloritic intergrades, chlorite, vermiculite, smectites, and

mica. Formation of these clay minerals was postulated to have

occurred in the poorly drained microenvironment of porous lapilli

particles and/or as a result of weathering under alternate wet and

dry climate. Approximately 85 percent of the clay sized fraction

was found to be amorphous but it was not established whether or not

allophane was the particular constituent. Recent studies have shown

that the 2:1 and 2:2 type phyllosilicates present in the soils of coarse

lapilli originated from pyroclastic lithic fragments and not by

weathering of Mazama glass or phenocrysts (Chapter II). In the fine

ash area of northeastern Oregon, 2:1 and 2:2 type phyllosilicates

identified in Mazama ash soils originated from the paleosol; incorpora-

tion of paleosol with ash occurred primarily by uprooting of trees

(Chapter II).

The question of what clay materials are formed by weathering

of Mazama ash still requires clarification. Clay mineral investiga-

tions of Mazama ash soils were originally restricted to established

sites located on topographic high positions on broad forested ridge

tops and, in the thick pumice area, well drained areas. Only the
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major soil horizons were sampled for clay mineral studies. In the

evaluation of weathering and pedoturbation in Mazama ash soils

(Chapter III), results indicated relatively high clay contents immedi-

ately above the paleosol - ash contacts (Table 4). The possibility

exists that differential weathering of pumice and ash may have

occurred, leading to the formation of clay minerlas, immediately

above the boundary of paleosol and tephra.

This investigation was initiated to provide information regard-

ing clay mineral formation in Mazama ash soils. Authigenic forma-

tion of clay sized material in ash soils near paleosol - ash boundaries

and in poorly drained areas was of particular interest.

Materials

Samples of Mazama tephra were obtained from seven different

locations in Oregon (Figure 8 and Table 12). The deposit consisted

mainly of lapilli (particles greater than 4 mm) at the Huckleberry

Spring and Gilcent sites; at the other sites the deposit consisted

largely of sand- and silt-sized ash. The Gilcent, Keeney Meadow

and Andies Praire sites were located in depressional areas whereas

the other sites were located on broad forested ridge tops or plateaus

having less than 5 percent slope. Ground water table was observed

in the profiles for the Gilcent, Keeney Meadow and Andies Prairie

sites during the moist spring season. At the Gilcent site, three
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Table 12. Sample site locations.

Site name Location
Approximate distance
from Crater Lake (km)

Depth of
ash (cm)

Huckleberry Springs NE 1/4, Sec. 36, T. 27S., R. 9E. 45 224

Gilcent SW 1/4, Sec. 17, T. 24S., R. 7E. 60 230+

Ochoco Butte SE 1/4, Sec. 11, T. 13S., R. 20E. 215 104

Day Creek NE 1/4, Sec. 24, T. 11S., R. 30E. 300 72

Keeney Meadow SW 1/4, Sec. 16, T. 11S.1, R. 31E. 300 68

Meadowood SW 1/4, Sec. 29, T. 4N., R. 37E. 445 71

Andies Prairie NE 1/4, Sec. 34, T. 3N., R. 38E. 450 50
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samples were obtained at 1 month intervals; the depth of sampling

decreased for successive samples and corresponded to depth to

ground water. A bulk sample of ash or lapilli was obtained from the

interval from 0 - 10 cm above the contact of Mazama tephra and

paleosol for each of the remaining sites. At most sites, the paleosol

consisted primarily of weathered basalt. At the Ochoco Butte site,

samples of major soil horizons of the ash profile were obtained in

addition to the ash sample just above the paleosol contact. Detailed

soil profile descriptions for the Mazama ash profiles are well

documented (Doak, 1969; Rai, 1971). All samples were obtained and

stored in a field moist condition.

Methods

The clay fraction (< 2 1.1,) was separated from each soil sample

by dispersion in distilled water and gravity sedimentation (Jackson,

1956) following ultrasonic vibration. Fractionation of some clay

separates into coarse and fine clay portions was accomplished by

centrifugation in distilled water. Clay separates were magnesium

saturated with 1N MgC12 then freed of excess salt by distilled water

washings. Portions of Mg-saturated clays were used for the prepara-

tion of slides for x-ray diffraction analysis using the paste method

(Theisen and Harward, 1962). Slides were stored at 54 percent

relative humidity to prevent dessication prior to solvation and heat
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treatments for x-ray diffraction analysis. Potassium saturated slides

were prepared and stored in a similar manner. X-ray diffraction

patterns were obtained with CuK radiation using goniometers
a

equipped with curved crystal monochromaters. A portion of each Mg-

saturated clay sample was transferred into separate test tubes for

determination of cation exchange capacity (CEC). Magnesium,

exchanged with three washings of 1N KC1, was determined by atomic

absorption spectroscopy; the clay was washed free of KC1, dried and

weighed for calculation of CEC. Another portion of the Mg-saturated

samples was freeze-dried, then equilibrated at 54 percent relative

humidity for differential thermal analysis. A DuPont Model 900

Differential Thermal Analyzer was used to obtain thermograms.

Results and Discussion

Evidence for Differential Weathering

Differential weathering has been defined as the unequal rates

of weathering for a given rock mass (Leet and Judson, 1960). Dif-

ferential weathering of Mazama ash was suggested from investigation

of pedoturbation and weathering in Mazama ash soils as previously

outlined in Chapters II and III. For example, in the Ochoco Butte

ash profile clay content was found to first decrease with depth then

to increase to maximum content for samples near the contact of
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paleosol and ash (Figure 9 and Table 13). Initially, it was felt that

clay was simply translocated to the bottom of the ash profile. Trace

element analysis of the clay separates indicated that clay in the

upper soil horizons originated primarily from the paleosol by mixing

processes (Chapter III). Paleosol clay was found to be high in Co

and La; clay from the upper soil horizons from the Ochoco Butte

profile also contained high contents of Co and La and reflected a

paleosol origin. However, clay separates from the C2 horizon con-

tained lower amounts of Co and La than either paleosol or upper

horizons (Figure 9) and suggested a different origin. A large shift

in particle size distribution from coarse sand towards very fine sand

(0. 10 to 0.05 mm) and silt (0.05 to 0.002 mm) for the bottom two

samples of the C2 horizon also indicated the possibility of greater

weathering near the paleosol contact (Table 13). Ash from the

bottom of the C2 horizon could be crushed by hand to a slippery paste

while samples from other horizons were difficult to crush and had

a gritty consistency.

Previous investigations indicated clay minerals separated from

major soil horizons from several Mazama ash profiles were inherited

from the paleosol (Chapter II). Clay sized fractions were predomi-

nantly amorphous materials; the crystalline portions consisted largely

of 2:1 and 2:2 type phyllosilicates. Only slight weathering of the major

soil horizons occurred for well drained ash profiles (Chapter III).



Table 13. Particle size analysis of the Ochoco Butte profile.

Horizon Depth (cm) % Sand % Silt go Clay
% of sand fraction

VCS CS MS FS VFS

Al 6 - 12 82 17 1.2 0.38 3.7 49 38 7.8

25 31 84 15 0. 8 0.31 2.7 42 45 10

AC 38 44 85 15 0. 4 0. 24 3.9 44 44 7.9

50 57 80 19 0. 6 0. 12 3.4 46 42 7. 8

Cl 63 69 75 24 O. 7 0. 20 4.9 47 40 8. 4

73 78 68 30 1. 1 1. 5 10 44 34 9.9

C2 80 85 65 33 1.4 6.0 27 44 19 3.3

91 99 41 57 2. 1 0.40 1.3 46 47 4. 5

99 - 104 30 66 3.9 0.64 0. 83 3. 4 44 51

Paleosol 104 - 116 35 55 9. 5 12 11 12 26 38
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Evidence for greater weathering of ash at the contact of paleosol and

ash than in upper soil horizons stimulated further investigations on

the occurrence of clay minerals in the selected portion of each ash

profile.

Clay Minerals of Well-Drained Sites

Selected x-ray diffraction patterns of clay separates from the

10 cm interval above the paleosol ash contact for the well drained

Mazama tephra profiles are given in Figures 10 and 11. Diffraction

patterns were obtained without resorting to dissolution treatment for

removal of amorphous constituents. Crystalline components in the

fine clay fraction from the Huckleberry Spring and Ochoco Butte

sites consisted of hyrdated halloysite and metahalloysitel/ (Figure

10). Clay separated from the Day Creek site was x-ray amorphous.

For the Meadowood sample, halloysite minerals and vermiculite and

smectite minerals were identified in the clay separates. The origin

of vermiculite and smectites in the Meadowood profile was previously

traced to the paleosol (Chapter II). Halloysite from all sites

exhibited low heat stability as evidenced by disappearance of the
0

7. 2 - 7.4 A peaks after heating to 300°C for two hours.

Coarse clay from the Huckleberry Spring site contained

3/Nomenclature of halloysite minerals presented by Brindley
(1961) will be used in this text.
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beidellite-4/ in addition to hydrated halloysite and metahalloysite

(Figure 11). Although beidellite appeared as a possible minor con-

stituent in the clay sized separate from pyroclastic lithic fragments,

the presence of montmorillonite, chloritic intergrades, and vermi-

culite in the same clay separate prevented a conclusive identification

of beidellite. Beidellite in the 2 - 0.4 µ size fraction from the

Huckleberry Spring sample appears as the dominant crystalline clay

mineral (Figure 11). If the beidellite originated solely from lithic

fragments, an approximate equal proportion of montmorillonite,

vermiculite, and chloritic intergrades from lithic fragments would

also be expected in the coarse clay separate. From these considera-

tions, an authigenic origin seems possible for beidellite in the Huckle-

berry Spring sample.

Differential thermal analysis supported the interpretation of

x-ray diffraction patterns. Thermograms shown in Figure 12 were

obtained using a nitrogen atmosphere; in preparation of the figure,

baselines were adjusted to correct for instrument characteristics.

Except for the Day Creek sample, DTA patterns are characterized

by low temperature dehydration endotherms, dehyroxylation endo-

therms near 500oC, and exotherms in the neighborhood of 930oC.

Sharper, larger, and slightly higher temperature exotherms were

4/The clay mineral referred to as beidellite could also be
nontronite or a mixture of both.
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obtained for fine clay separates compared to coarse clay fractions

(Figure 12). Patterns for the Huckleberry Spring and Ochoco Butte

samples were interpreted as indicative of halloysite. Similar pat-

terns for metahalloysites from New Zealand volcanic ash soils were

reported by Fie ldes (1955). The Day Creek sample exhibited a low

temperature dehydration endotherm and an exotherm at 930oC. A

small endotherm appeared at 485°C. The DTA pattern for the Day

Creek sample was interpreted as predominantly allophane. The Day

Creek pattern bears close similarity to DTA patterns shown by

Aomine and Yoshinaga (1955) for allophane separated from volcanic

ash soils in Japan. The small 485 oC endotherm may be due to a

small proportion of halloysite in the Day Creek sample. The DTA

pattern for the clay separates from the Meadowood site also suggested

the presence of halloysite. A doublet exotherm with peaks at 915°C

and 960°C was attributed to the presence of both halloysite and some

2:1 type phyllosilicates in the Meadowood clay sample.

Mean temperatures for endothermic and exothermic peaks

for several halloysite samples were compiled by Mackenzie (1957).

For 13 hydrated halloysite samples of different origin, the average

temperature for the dehydration endotherm and dehydroxylation

endotherm was 1360C and 573 oC, respectively. The average tempera-

ture for the high temperature exothermic reaction was 968°C.

Corresponding temperatures for halloysites of this investigation,
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particularly the dehydroxylation endotherm, were somewhat lower

than the mean temperatures compiled by Mackenzie.

The presence of halloysite and allophane in Mazama ash soils

only at the contact of paleosol and ash and not in upper soil horizons

confirmed that differential weathering had occurred in the well drained

soil profiles. Both halloysite and allophane were interpreted as

authigenic clays formed by weathering of Mazama ash or pumice.

Clay minerals in the paleosols were dominated by 2:1 and 2:2 type

phyllosilicates and generally were not recognized in the samples of

this investigation. The general absence of clay minerals diagnostic

of paleosol material precluded a paleosol origin for the halloysite or

allophane. Differential weathering of ash and formation of halloysite

near the paleosol contact is believed to be related to an enhanced

water regime. Normally, the major portion of ash profiles at the

well drained sites are dry during the summer season and moist only

during the winter season when temperatures are low (Rai, 1971).

The heavier textured paleosols would restrict water drainage and

provide more moist conditions at the ash-paleosol contact compared

to upper soil horizons. This was confirmed by moisture determina-

tions on samples taken during early and late summer (Table 14).

Heat and moisture studies of Mazama pumice soils by Cochran (1966)

also indicated moisture contents were highest in C horizons during

the hot and dry summer season.
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Table 14. Water content in percent by weight (oven-dry basis)
for the Ochoco Butte profile for 1971.

Horizon
% H2O

(June 15)
0/0 H2O

(September 20)

Al 25 6

AC 25 6

C1

a

38 7

C2
bC2/

54

56

10

16

a/10 - 25 cm above paleosol.
b/ 0 - 10 cm above paleosol.

Compared to surface soil horizons, the higher moisture con-

tent of ash immediately above the paleosol contact during the summer

when temperatures are favorable likely accounts for the greater rate

of weathering and the authigenic formation of clay minerals.

Clays in Poorly Drained Tephra Profiles

The relationship of occurrence of halloysite and high moisture

content for ash samples near the paleosol contact stimulated further

investigations on the nature of clay sized materials in poorly drained

profiles. Relatively high yields of clay sized material was obtained

from the four poorly drained sites. For example, about four per-

cent of clay sized material was obtained for the bottom sample of

the Ochoco Butte profile. In comparison, the Gilcent samples
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yielded about 15 percent clay sized material. For well drained soils

near the Gilcent site, clay contents were found to be about 2 to 3

percent for comparable sampling depths (Chichester, 1969).

Three samples were obtained at the Gilcent site. The sample

designated as Gilcent I was an integrated sample obtained from the

top 90 cm of the pumice deposit; ground water level was at a depth

of 90 cm from the surface at the time of sampling in June. As the

ground water table receded (during the course of three months) two

additional depth samples were obtained: Gilcent II from the 90-150

cm interval and Gilcent III from the 150-230 cm interval. Clay

sized material separated from the Gilcent samples exhibited diffrac-
0

tion properties similar to each other (Figure 13). Strong, 10A

diffraction peaks were evident for all Mg-saturated samples regard-

less of solvation treatment. Saturation with K and heating to 105°C
0

for 2 hours collapsed peaks to about 7.4A. Irreversible dehydration
0

of Gilcent samples occurred as evidenced by 7. 4A peaks for K-

saturated slides which were equilibrated to 54 percent relative

humidity after the 105°C heat treatment. X-ray diffraction peaks

were not present for samples heated at 300 oC for two hours. These

data indicated hydrated halloysite was the dominant crystalline con-

stituent in Gilcent samples. Clay sized material separated from the

Keeney Meadow site displayed x-ray diffraction properties almost

identical to those of the Gilcent samples. Diffraction analysis of the
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Figure 13. X-ray diffraction patterns for < 2 micron clay fractions.
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Andies Prairie sample indicated most of the less than 2 micron frac-

tion was x-ray amorphous.

Differential thermal analysis of Gilcent and Keeney Meadow

samples substantiated the interpretation of x-ray diffraction patterns.

Differential thermal curves for Gilcent and Keeney Meadow samples

are characterized by low temperature dehydration endotherms,

dehydroxylation endotherms near 500oC and high temperature recrys-

tallization exotherms (Figure 14). Small endothermic peaks at

361°C and 371°C for Gilcent patterns may be due to hydrated aluminum

or iron oxides (Aomine and Yoshinaga, 1955). The low temperature

dehydration endotherm and high temperature exotherm at 9 2 3o C for

the Andies Prairie sample indicated the presence of allophane.

Endothermic reaction at 419 oC may be due to imogolite (Aomine and

Miyauchi, 1965). The differential themal behavior of the Andies

Prairie sample was similar to allophane separates from ash deposits

in Japan (Miyauchi and Aomine, 1966; Aomine and Yoshinaga, 1955).

Cation Exchange Capacities of Clay Separates

Cation exchange capacities (CEC) for most of the clay samples

of this investigation are given in Table 15. The highest ECE was

obtained for the Keeney Meadow hydrated halloysite sample. Except

for this sample and the coarse clay fraction from the Ochoco Butte

site, samples containing halloysite displayed CEC in the range of
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18 to 30 me/100 g. For hydrated halloysite, Grim (1968) suggests

CEC of 40 50 me/100 g as typical although method of determination

was stressed as having substantial influence on CEC values. Cation

exchange capacities for the two allophane samples (Day Creek and

Andies Prairie) are low.

Table 15. Cation exchange capacities (in me/100 g) of clay
separates from Mazama ash.

Sample Size fraction C. E. C.

Huckleberry Spring 2 - 0. 4 p, 29

Huckleberry Spring < 0. 4 p, 30

Ochoco Butte 2 - 0. 4 p, 9

Ochoco Butte < 0. 4 p. 20

Gilcent I < 2 p, 19

Gilcent II < 2 p, 18

Gilcent III < 2 p, 21

Keeney Meadow < 2 p, 45

Andies Prairie < 2 p, 2

Day Creek < 2µ 1

Nature of Authigenic Clays and Factors Affecting
Their Genesis

Halloysites identified in this investigation appeared to be poorly

crystalline. This was indicated first by 001 diffraction peaks which
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invariably disappeared after heating at 300oC for two hours. Secondly,

dehydroxylation endotherms occurred at temperatures which were

lower than typical for halloysite. Dehydroxylation temperatures for

most samples of this study were about 60 oC to 70 oC lower than the

average value given by MacKenzie (1957) for several hydrated

halloysite samples of different origin. High temperature exotherms

were also about 30oC lower than the average value.

Occurrence of halloysite and/or allophane only near the contact

of ash and paleosol for well drained Mazama tephra profiles lead to

speculation concerning mode of formation. The influence of paleosols

on water movement was thought to be of considerable importance for

authigenic formation of clays. In well drained ash profiles which

normally are dry during the summer months, paleosols enhanced

the moisture content of soil just above the contact of ash and paleosol.

This enhanced moisture regime at the paleosol contact appears

responsible for the accelerated in situ weathering of tephra. In addi-

tion to more rapid weathering near paleosol contacts, upper soil

horizons may be leached of ions (possibly in polymerized form)

requisite for genesis of halloysite and/or allophane. These leachates

may stagnate in the ash near the relatively impermeable paleosol.

With seasonally alternating wet and dry conditions, a chemical

environment may exist near the paleosol contact, at some time inter-

val in the year, suitable for the formation of clay minerals. The
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importance of a relatively impermeable layer for formation of

halloysite in volcanic ash has also been stressed by Aomine and

Wada (1962). Kanno (1956) found that hydrated halloysite content in

surficial ash deposits increased with depth. Later, Kanno (1959)

suggested stagnant ground water played an important role in occur-

rence of hydrated halloysite in selected pumice deposits.

Examination of the Mazama tephra from poorly drained sites

also substantiated weathering and authigenic clay formation was

related to moisture content. Soil samples from the poorly drained

sites contained relatively high quantities of clay sized material.

Gilcent, Keeney Meadows, and Andies Prairie samples each con-

tained about 20 percent clay sized material. High water table in

these poorly drained profiles greatly accelerated rate of weathering;

ash and pumice was readily crushed to a slippery paste whereas

comparable surficial samples from well drained sites displayed a

hard and brittle consistency for individual particles. Halloysite was

identified as the most common authigenic clay mineral in poorly

drained sites although allophane appeared as the major constituent

in the clay sized separate from Andies Prairie. Differences in soil

temperature, water content and quality (stagnate or flowing), and

extent of wetting and drying between the Andies Prairie site and the

Gilcent and Keeney Meadows sites may account for the observed clay

mineralogical differences among the wet sites.
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Conclusions

1. Authigenic clay minerals identified in Mazama tephra profiles

consisted of allophane and halloysite. The hydrated form of

halloysite was the dominant crystalline clay mineral.

2. Authigenic clay formation was related to moisture regime of

tephra profile s.

3. In well drained profiles, authigenic halloysite or allophane

occurred only near the contact of paleosol soil and ash.

4. In poorly drained sites, considerable clay (15 - 20 percent)

was formed by weathering of tephra. Hydrated halloysite was

the major component of clay-sized separates from two poorly

drained sites; allophane was the major component in the third

poorly drained site.
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V. CHEMICAL COMPOSITION OF MAZAMA TEPHRA FOR
EVALUATION OF ERUPTIVE HISTORY

Introduction

The Mazama tephra deposit near Crater Lake, Oregon, is

characterized by an abrupt particle size discontinuity where coarser

pumice overlies finer pumice. The coarser upper stratum has been

designated Cl'-5 and the finer sized lower stratumas C2 (Chichester

et 2.1., 1969; Harward and Youngberg, 1969). Both coarse and fine

strata are recognized in the Mazama deposit located as far away as

200 km northeast of the source (Rai, 1971). Transition between Cl

and C2 generally occurs within a 1 to 2 cm interval for the deposit

located near and northeast of Crater Lake. The line of contact

between Cl and C2 most often follows the relief of the buried land

surface. For samples taken 50 km northeast from Crater Lake,

mean weight diameters ranges from 1.02 to 1.65 mm for the C1

stratum and from 0.29 to 0. 58 mm for the C2 stratum (Doak, 1969).

The distribution and thickness of Mazama air-fall pumice near

the source is given in an isopach map by Williams (1942). Both a

5/The labels Cl and C2 are commonly used to designate soil
horizons. The labels, as used in this text, are not meant to imply
soil horizons; they are used to designate depositional layers. Use
of the labels in the present discussion is made to remain consistent
with previous documentation.
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southeast-trending lobe and a northeast-trending lobe are depicted

by the isopach drawing. These two distinct lobes are often inter-

preted as the result of a wind-shift during the continuous eruption

of Mazama. Alternatively, the two distinct lobes described by

Williams and the occurrence of a coarse stratum (C1) overlying a

finer particle size stratum (C2) may be the result of more than one

eruptive event. The abrupt contact between Cl and C2 strata does

not appear consistent with the wind shift theory unless this was

accompanied by some break in the eruptive event. Williams recog-

nized upper portions of the deposit to be coarser than material at

depth which he interpreted as evidence for increasing violence of

eruptions. He does not mention the sharp boundry between coarse

and fine pumice; however, Williams did not have the present day

advantage of deep road cuts which expose entire sections of the

Mazama deposit for considerable lateral distances.

Fisher (1964), on the basis of grade size of tephra, suggested

more than one depositional episode may have been involved in the

Mazama eruption. From his isomedium map (p. 347, Figure 6),

three definite depositional lobes are evident. Fisher clearly shows

that coarse pumice (64 - 32 mm) extends only in north-trending and

northeast-trending lobes.

Examination of the Mazama pumice deposit in regions outlined

by Williams as the southeast lobe revealed the absence of the C1 /C2
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particle size discontinuity and the absence of the Cl stratum

(personal communication, C. T. Youngberg). These observations

also suggest the possibility of an eruptive history more complex

than the commonly expressed view of a continuous eruption. Evi-

dence for two possible eruptive events appears in the porosity studies

of Doak (1969). For 1 - 0.5 mm size separates, percentage of the

volume in pores between 30 - 0.2 microns diameter was about 83.5

percent for the Cl stratum and 77 percent for the C2 stratum. Abrupt

pore volume change roughly coincided with the C1 /C2 particle size

discontinuity. Pumice from the Cl stratum was shown to be more

vesicular than comparable sized material from the C2 stratum.

Both field observations and previous laboratory investigations

resulted in speculations by soil scientists as to the eruptive history

of Mount Mazama. Although the eruptive nature is of interest

primarily to the geologist, it is also useful information in the study

of soil genesis and morphology. Depositional layers must be

recognized and differentiated from pedogenic layers or horizons.

This differentiation may be difficult for those ash soils at distant

locations from the source. Accordingly, the objectives of this

investigation were:

to determine trace and minor element abundances in

pumice and in selected minerals from a deposit of
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Mazama tephra displaying the C1 /C2 particle size

discontinuity;

2. to determine zoning pattern in plagioclase crystals with

particular attention given to discordant breaks in

oscillatory zoned crystals.

Investigation of the distribution of trace and minor elements with

depth of deposit and the possibility of a chemical discontinuity coin-

ciding with the particle size discontinuity would provide new informa-

tion applicable to assessment of eruptive events of Mazama. Occur-

rence of discordant breaks in zoned plagioclase would also assist in

evaluation of the eruptive nature of Mazama.

Materials and Methods

Sample Description and Preparation

The sampling site chosen for this investigation is a road cut

located on Oregon Highway 58 due east of Crescent Lake, Oregon,

(SE 1/4, Sec. 21, T. 23., R. 7 E.) and will be referred to as the

Crescent Lake site. The site is approximately 60 km north north-

east of Crater Lake. Thickness of the Cl and C2 strata was 93 cm

and 74 cm, respectively. The deposit at the Crescent Lake site is

characterized by coarse pumice overlying banded fine pumice (Plate

6). These bands consist of crystal concentrates and closely follow
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Plate 6. Vertical view of the Crescent Lake site showing the Cl and C2 strata and the crystal-rich
bands in the C2 stratum.
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the relief of the buried land surface. Distance between crystal-rich

bands remained constant along exposed highway cuts; bands were

continuous and could be traced for several hundred yards. The

abrupt boundary between Cl and C2 strata is strikingly evident

(Plate 6).

Samples obtained at the Crescent Lake site included four from

the Cl stratum and six interband samples from the C2 stratum

(Figure 15). For each sample, material was obtained throughout

the depth interval occupied by the designated layer or interband.

Plagioclase crystals from each sample were concentrated

first by sieving to obtain the 2 - 1 mm size fraction. This size frac-

tion contained a relatively high amount of crystals. Plagioclase in

the 2 - 1 mm size fractions was further concentrated by specific

gravity separations using upper and lower densities of 2.89 and

2.60, respectively. Ultrasonic vibration was used prior to heavy

liquid separation to remove glass coatings on feldspar crystals. As

a final preparation step, concentrates were handpicked with the aid

of tweezers and a binocular microscope to obtain high purity plagi-

oclase samples. Feldspar samples were then washed with dilute

HC1, acetone and doubly distilled water, dried and then sealed into

polyvials for activation analysis. Sample weights varied from about

0.6 g to 1.0 g.

Whole pumice samples for analysis (phenocryst content about
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ash deposit at the Crescent Lake site.
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10%)were obtained by sieving the bulk samples and retaining the

4 8 mm size fraction. This size fraction was then ground to a fine

powder and sealed into polyvials. Sample weights were about 0. 5 g.

Analytical Methods

Samples and liquid monitors were irradiated in the Oregon

State University TRIGA reactor for 3 hours at a thermal neutron flux

of about 2 x 1012 n/cm2/sec. The method of Gordon et al. (1968)

for gamma-ray spectroscopy was used in this investigation. Samples

were counted with a 30 cc Ge(Li) semiconductor detector coupled to

a Nuclear Data 2200 multichannel analyzer. Counting time varied

from a few minutes to 11 hours depending on properties of the

isotopes of interest, sample weights, and elapsed time from end

of neutron bombardment. Variable count times were used in order to

obtain acceptable levels of precisions for most elements.

Thin Section Preparation

For thin sections, a second portion of each bulk sample was

sieved and the 4 - 0.5 mm size fraction was retained. Specific

gravity separations were employed to further concentrate feldspar

in the 4 - 0.5 mm size fraction. After washing with acetone and

distilled water, the plagioclase concentrates were impregnated with

Laminac. A portion of each hardened cast was cut, polished, and
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fitted to a petrographic slide with Lakeside 70.12-/ Mounted sections

were then ground to 30 microns thickness.

Results and Discussion

Petrographic Analysis

Use of zoned plagioclase as indicators of major eruptive events

is described by Ewart (1963) in his analysis of volcanic pumice

deposits in New Zealand. Within the Waimihia pumice deposit, a

number of distinct eruptive sequences were established on the basis

of stratigraphic and particle size studies. Examination of plagioclase

phenocrysts from the Waimihia deposit disclosed discordant breaks

in the normal oscillatory zoning pattern. Ewart suggested that these

discordant breaks in the zoning pattern were related to eruptive

events (distinct showers) within the major Waimihia eruption. From

detailed petrographic analysis, he was able to correlate discordant

breaks in zoning in plaigoclase to an earlier eruption or shower.

Similar use of zoning in plagioclase from the Mazama deposit was

attempted in this investigation.

Examination of thin sections of plagioclase separates from

both Cl and C2 strata revealed pronounced oscillatory zoning (Plate

7, a). Shown in the photomicrograph is an example of the extreme

a/Trade name of thermoplastic cement, Wards of California,
Monterey, California.
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Plate 7. Photomicrographs of thin sections of Mazama plagioclase

grains from the Crescent Lake site illustrating (a)
oscillatory zoning and (b) discordant break in oscillatory
zones.
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in oscillatory zoned plagioclase; many grains contained fewer zones

and some grains were not zoned. Numerous grains displayed both

oscillatory zoning and twinning. Progressive zoning was also evident

in plagioclase in both Cl and C2 samples. Partial embayment was

noticeable for most plagioclase crystals; embayment of crystal cores

appeared typical. Small inclusions such as magnetite, apatite, and

brown glass commonly occurred in crystal cores.

Discordant breaks in the oscillatory zoned plagioclase was of

particular interest in this study. In light of Ewart's (1963) investi-

gations it was thought that occurrence of discordant breaks in plagi-

oclase from Cl stratum samples but not in plagioclase from C2

samples would provide sound evidence for proposing distinct eruptive

events for the Mazama dacitic tephra. An example of a discordant

break in an oscillatory zoned plagioclase is shown in Plate 7,

micrograph b. The break in the oscillatory zones is seen near the

exterior edge of the crystal (labelled DB). A maximum of only one

discordant break was observed in crystals; only a small fraction of

plagioclase crystals displayed the discordance. Extensive examina-

tion of thin sections revealed that discordant breaks occurred in

plagioclase for samples from both Cl and C2 strata. A number of

grains with one discordant break were observed in samples from

interband 8. Since this interband is near the base of the deposit

and represents an initial depositional layer, the observations



100

precluded the approach used by Ewart in substantiating eruptive

sequences on the basis of discordant breaks in oscillatory zoned

plagioclase. Evaluation of such features as extent of embayment and

number and type of inclusions in the Mazama plagioclase was also

attempted; however no obvious differences were detected between

Cl and C2 samples. Discordant breaks appear to be caused by

sudden changes in pressure and/or temperature at some time period

during the crystallization of the plagioclase (Ewart, 1963). Several

eruptive events occurred prior to the culminating ejection of dacitic

pumice from Mazama (Lidstrom, 1972); these early volcanic

activities associated with Mount Mazama may be responsible for the

discontinuity in oscillatory zoned plagioclase in the airfall dacitic

pumice.

Chemical Analysis

The trend in elemental content with progressive depth incre-

ments was of major interest in elucidating the possibility of more

than one eruptive event for Mazama. Minor fluctuations and progres-

sive changes in elemental content of plagioclase and pumice with

depth of tephra deposit were assumed to reflect chemical character-

istics and physical conditions of the magma body prior to and during

a continuous eruption. An abrupt chemical change(s) was assumed

to be indicative of a period of queiscence between distinct showers
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or eruptions. It was also assumed that portions of all dacitic tephra

ejected by Mazama is present at the Crescent Lake site.

Chemical composition of plagioclase and pumice for samples

from the two major strata are given in Tables 16 and 17. Calcula-

tions for single standard deviations derived from Poisson counting

statistics indicated precisions of 1 to 3 percent for Na, Sc, and

Sm; 3 to 6 percent for Th, Hf, Ba, Fe, Co, and La; 6 to 10 percent

for Cs, Rb, Cr, and Eu for pumice samples. Precisions for ele-

ments determined in plagioclase samples were calculated to be 1 to 3

percent for Na, Sc, and Sm; 5 percent for La; 6 to 10 percent for

Cs, Th, Hf, Ba, Fe, Co, and Eu; 10 to 15 percent for Rb and Cr.

Content of several elements in plagioclase samples exhibited

an abrupt change across the contact of Cl and C2 strata (Table 16

and Figure 16). Cobalt in plagioclase displayed a change from 700

ppb for the layer 4 sample to 1325 ppb for interband 1 sample.

Abrupt changes in Sc, Sm, and Fe content in feldspar are also evi-

dent at the contact of Cl and C2 strata. Content of Rb in plagioclase

also changed abruptly at the C1 /C2 particle size discontinuity

(Figure 17). Sodium, a major element of plagioclase, illustrated

slight change in content from Cl to C2 feldspar samples.

Chemical analysis of whole pumice samples indicated a

relatively uniform composition for the entire deposit at the Crescent

Lake site (Table 17). In general, chemical differences found



Table 16. Abundances of major, minor, and trace elements in plagioclase.

Unit % Na
a/Cs- b/

R ly--
a/Th- a/Hf- b/Ba- % Fe

a/ a/Cr- Sc- a/ a/ b/Co- Sm- La- Eu-b
/

Layer 1 4.92 170 2. 0 320 210 320 0.46 600 650 730 570 4.74 1. 36

Layer 2 5.01 220 1.7 290 200 310 0.41 530 550 630 520 4.77 1.36

Layer 3 4.96 200 1. 8 340 205 310 0.44 610 600 710 570 4.49 1.34

Layer 4 5.05 260 1. 8 390 330 340 0.46 680 645 700 660 5. 25 1.42

Interband 1 4.88 220 3.4 445 440 330 0.68 790 900 1325 830 5. 20 1.39

Interband 2 4.89 280 3. 6 535 490 340 0.70 850 925 1220 910 5.97 1.45

Interband 5 4.99 280 3. 5 615 420 340 0.64 680 890 1120 910 6.97 1.41

Interband 6 4.49 310 5. 6 665 470 360 0.49 490 890 860 960 6.79 1.43

Interband 7 4.96 370 5. 3 700 570 360 O. 51 620 960 805 1070 5. 88 1.39

Interband 8 4.94 320 2. 6 655 450 350 0. 49 400 825 700 950 6. 57 1.37

a/Values are in ppb.

b/ Values are in ppm.



Table 17. Abundances of major, minor, and trace elements in 4 - 8 mm size lapilli.

Unit Na Cs Rb Th Hf Ba % Fe Cr Sc Co Sm La Eu

Layer 1 2.49 1.94 24 7.4 7.0 460 3.20 6.8 9.4 5.2 5.2 19 1.01

Layer 2 3. 25 2. 18 40 6. 3 5.0 535 2.74 2.7 6.6 3.0 5.4 22 0.84

Layer 3 3. 59 2. 82 32 6. 5 5. 8 682 2. 27 2. 7 7. 4 4. 1 5. 2 21 1. 03

Layer 4 3. 58 3.01 30 5. 8 5. 2 700 2. 16 3. 1 7. 2 3. 7 4. 8 20 0, 96

Interband 1 3.66 3. 23 43 6. 3 5. 4 730 2. 25 3. 2 7. 5 4. 6 5. 2 22 1.03

Interband 2 3. 69 3.02 42 5.9 4. 8 680 2.08 3. 7 6. 6 3.9 5. 2 20 1. 10

Interband 5 3.62 3. 16 34 6.0 5.2 735 2. 13 3. 1 6. 6 3.6 4.7 20 1. 12

Interband 6 3. 68 2.92 33 5.9 4.9 700 2.07 3.0 6. 8 4. 0 4. 8 20 1.05

Interband 7 3. 83 3. 07 39 6. 0 4. 7 730 2. 17 3. 4 6. 8 3.9 4. 8 19 1.00

Interband 8 3.74 3.07 43 5. 8 4. 5 700 2.05 3. 8 6. 8 3.9 4.6 21 1.06

-a/Values are in ppm except Na and Fe which are in percent.
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between layer 4 and interband 1 samples of pumice were not larger

than differences between an adjacent pair of samples from the C2

stratum. In contrast, Rai (1971) found significant chemical differ-

ences between Cl and C2 stratum for deposits in the fine ash transect

of Oregon. His analysis was conducted on total soil samples and

probably are influenced by crystal sorting effects and paleosol con-

tamination of surface soil horizons.

The most striking feature of results of chemical analysis was

the relatively uniform contents of trace and minor elements in

plagioclase samples from the Cl stratum but fluctuating contents in

samples from the C2 stratum. Before discussion of the implications

of the chemical abundances in plagioclase to eruptive history, it may

be in order to examine the variation of content of selected elements

in feldspar separates.

Correlation coefficients were determined for several element

pairs in plagioclase (Table 18) and for elements in plagioclase and

pumice (Table 19). Fluctuation or variation in Cr, Sc, and Co

contents were correlated with the variation in Fe content for plagi-

oclase separates. Calculations indicated variation in content of

Co, Fe, Sc, Cr, and possibly Sm in plagioclase samples were not

correlated to variation in contents of these elements in respective

whole pumice samples.
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Table 18. Correlation coefficients for elements in plagioclase
separates.

Fe - Cr Fe - Sc Fe - Co Fe - Sm Co - Sc Sc - Sm

r +0.74 +0.7A +0.97 +0.52 +0.69 +0-95

r2 0.55 0.54 0.95 0.27 0.48 0.90

Table 19. Correlation coefficients for elements in plagioclase and
pumice samples.

Co Fe Sc Sm Cr

r +0.20 -0.41 -0.37 -0.67 -0.03

r2 0.04 0.17 0.13 0.44 0.00

Correlation coefficients suggested that variation in some trace

and minor elements in plagioclase samples are partly related to iron

content. From thin section observations, iron in the Mazama plagi-

oclase probably occurs in minute inclusions of magnetite, hornblende

and/or glass. Variation in quantity of small magnetite inclusions

among the plagioclase samples may be responsible for the trends in

Co, Sc, Cr, and Fe contents although thin section examinations indi-

cated amount of inclusions was similar for plagioclase from both

strata. It has been shown that Fe content in plagioclase crystals is

significantly correlated with mass or size of feldspar grain (Osborn

et al., 1972). A large plagioclase grain which contains some Fe-

bearing inclusion (e. g. magnetite) will display a lower Fe
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concentration than a small plagioclase crystal containing the same

absolute amount of the Fe-bearing inclusion. Although all plagioclase

separates of this study were of 2 - 1 mm in size, samples from the

Cl stratum were larger in size than those from the C2 stratum. A

portion of the variation in Fe content among plagioclase samples may

be due to differences in size of feldspar grains from Cl and C2

strata. However, this size argument does not apply to variation in

Fe content in C2 plagioclase samples because size of plagioclase

grains appeared uniform among the interband samples.

Assuming trace and minor element variation among plagioclase

samples is not greatly influenced by the possible size difference in

the 2 - 1 mm class, the chemical data may be interpreted with

respect to eruptive history of Mazama dacite. Four features which

were apparent in the chemical data included (a) relatively uniform

chemical composition of whole pumice with depth, (b) uniform chemi-

cal composition of Cl plagioclase samples, (c) fluctuating chemical

composition of plagioclase from successive interbands in the C2

stratum and (d) abrupt increases in some trace and minor elements

proceeding from layer 4 to interband 1 plagioclase samples (across

the C1 /C2 particle size boundry. )

The relatively uniform composition of the dacitic pumice with

depth at the Crescent Lake site suggested little or no fractionation

had occurred in the magma body prior to eruption of Mazama. That
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chemical discontinuities are not apparent in pumice samples suggests

eruption of the dacitic ash occurred in a relatively short interval.

The initial eruption represented by C2 stratum appears to have

consisted of a number of pulses or showers. A discrete time inter-

val must be envisioned between successive eruptive pulses in order

to account for chemical fluctuations encountered in plagioclase

samples. Specifically, abundances of several elements in plagioclase

from interband 7 appeared anomalous in comparison to elemental

content of plagioclase separated from adjacent interbands. Except

for plagioclase samples from interband 7, chemical composition

of feldspar separates change progressively in the C2 stratum.

Assuming interband 7 represents pumice from a distinct shower, a

probable eruptive history would involve at least three separate

showers within the major initial eruption represented by the C2

stratum.

In contrast to chemistry of C2 plagioclase separates, those

from the Cl stratum displayed only a slight progressive change in

minor and trace element content. This could be interpreted as indica-

tive of a continuous and rapid ejection of magma during the second

major eruption.

Coincidence of an abrupt change in concentration of some trace

and minor elements in plagioclase with the C1/C2 particle size

discontinuity suggests Cl stratum represents an eruptive event
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distinct from the earlier eruptions. Again, a time lapse must have

occurred after eruption of the C2 stratum in order to provide condi-

tions for further feldspar crystallization of different trace and minor

element composition.

Morphology of the Mazama Tephra

As previously mentioned, two morphological features are

strikingly evident at the Crescent Lake site: (1) a sharp particle

size break between the coarse upper pumice and the finer pumice

below and (2) banding in the C2 stratum (Plate 6). Particle size of

pumice in the Cl stratum is uniformly coarse and does not show a

gradation in size. Similarly, particle size of pumice in the finer

C2 stratum is also quite uniform and does not display a regular size

gradation. In essence, the deposit consists of two discrete major

layers each of different particle size than the other. Gradation in

particle size, proceeding from top to bottom of the deposit was not

evident at the many sites investigated near Crater Lake. If the

eruption of Mazama was continuous and of increasing violence during

a period of shifting winds, some gradation in particle size with depth

of deposit would be expected.

Banding similar to that displayed in the C2 stratum has also

been discribed by Baumgart (1954) and Ewart (1963) for the pumice

deposits in New Zealand. In a detailed study of the Taupo deposit,
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Baumgart describes at least 14 constituent bands; he refers to these

bands as shower banding or shower bedding caused by successive

eruptions.

Shower bedding (banding) in the Mazama deposit has been

briefly referred to by Rai (1971) and Borchardt et al. (1972). Bedding

in the C2 stratum was distinctly evident in locations as far as 100 km

from Crater Lake, Oregon. A typical bedding sequence found at the

Ochoco Butte location (described in Chapter II) is depicted in Figure

18. An intact 20 cm slice of the deposit was impregnated with

Laminac and selected portions were used for thin section preparation.

A brief description of the recognizable members is given in Table 20.

Member 2 in the sequence has been recognized in bog samples

located 450 km from the source (Borchardt et al., 1972). It has

previously been referred to as the "pink layer. " Member 7 probably

corresponds to the bottom of the CI stratum previously discussed

for the Crescent Lake site. The bedding sequence is not recognized

at all sites in Oregon primarily because of mixing and distrubance

of the ash profile. Most sites used in previous investigations were

located in forested areas, consequently profiles were often disturbed.

Examination of the Mazama ash in different geographic areas would

be beneficial in furthering our knowledge of the bedding sequence in

the C2 stratum and the stratigraphy of Cl and C2 strata.
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Table 20. Petrographic description of bedding members.

Member
Number Description

1 medium to fine sand sized ash, slight relative concentration
of crystals and lithic fragments, abundant organic remmants

2 very fine sand to silt sized ash and shards, very dense
appearance, slight horizontal orientation of elongate crystals
and ash, abrupt particle size change from member 1

3 slight relative concentration of crystals and lithic fragments
at contact of members 2 and 3, medium sand sized particles
are dominant, loosely arranged particles, abrupt transition

from member 2

4 very fine sand sized ash and shards, densely packed, small

fraction of medium sand sized ash near contact with members

3 and 5, normal proportion of crystals and ash

5 predominantly a mixture of medium sand sized ash and silt
sized shards, contact abrupt with member 4 and gradational

into member 5, loose arrangement of particles

6 very fine sand sized ash and silt sized shards, densely
packed, several root channels penetrate this member, irregu-
lar patches of medium sand sized ash within this member

7 coarse sand sized ash and medium sand sized crystals
dominant, distinctly coarser in particle size than other mem-
bers, boundry with member 6 abrupt where not disturbed by

root penetration
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Summary

Following Williams' (1942) comprehensive study of the geology

of Crater Lake National Park, a number of investigators from the

fields of soil science and geology have verbally expressed their view

that the culminating activity of Mazama was a continuous eruption

of dacitic pumice and ash during a period when winds shifted direc-

tion. However, in describing the eruption of Mazama, Williams

often refers to "initial explosions, " "early eruptions" and final

"colossal eruptions. " Results of the present investigation coupled

with previous studies and preliminary field examinations suggest

that a continuous eruption of Mazama could be seriously contested.

Morphological features of the Mazama deposit such as coarse pumice

overlying fine pumice, banding or shower bedding, and abrupt particle

size discontinuities can be interpreted as indicative of a number of

distinct eruptive events. Trace element chemistry of plagioclase

separates also substantiate the contention that Cl and C2 strata repre-

sent different eruptive events. Chemistry of plagioclase from the

C2 stratum suggested the possibility of a number of eruptive pulses

or showers which is in agreement with morphological observations.

Although the abnormal occurrence of coarse pumice over fine pumice

has been explained on the basis of a wind shift, it is also sound to

postulate that such a morphological feature is due to two closely
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spaced but separate eruptions each of different violence. Detailed

petrochemical and stratigraphic studies on the Mazama deposit should

be conducted to provide a more complete account of eruptive events

associated with Mount Mazama.
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