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ABSTRACT 

Petrochemical study of the Clarno Group: 
Eocene-Oligocene continental margin volcanism of 

north-central Oregon 

Joyce Marie Novitsky-Evans 

The Clarno Group is a calcalkaline volcanic association developed 

upon the American plate margin in central Oregon during Eocene-Oligocene 

time in response to eastward subduction of oceanic terrain beneath 

western North America.- This volcanic association is characterized by 

the presence of flows of andesite, basalt, quartz latite and rhyodacite, 

as well as andesitic and rhyodacitic tuff. Mudflows, agglomerates, lake 

beds, and volcanogenic sediments are intercalated with the flows and 

tuffs. 

Chemical analysis of major and minor elements in addition to Rb 

and Sr have been carried out on the flow rocks by X-ray fluorescence 

and, in the case of Na, by neutron activation techniques. 

The chemical character of the Clarno volcanics fits spatially 

into the overall chemical continuum of a major east-west calcalkaline 

province which extends from the Western Cascades of Oregon to western 

Montana. This province notably displays increasing I^O %, K20/Na20 

ratios, and the increasing abundance of differentiated rock types in 

an eastward direction normal to the continental margin. The Clarno 

volcanics are geographically located near the western margin of the 

calcalkaline province. Their proximity to the Early Tertiary continental 



margin is demonstrated by the juxtaposition of the Coast Range tholeiitic 

province and the calcalkaline province of the Western Cascades. 

Comparison of the Clarno volcanics with two volcanic provinces 

(Aleutian Islands and Andes Mountains) that are associated with present¬ 

ly active subducting margins, reveals a close chemical similarity 

between the Clarno and the Aleutian Island volcanic rocks. The composi¬ 

tion of the Clarno volcanics, combined with tectonic and stratigraphic 

considerations, suggests that the suite formed on poorly developed 

continental crust; this crust may have been similar to that of the 

modern western Aleutians, having recently developed from a crust of 

oceanic character. Considering this, the present 40-kilometer-thick 

crust in central Oregon is an indication that crustal thickening and 

processes of continental development have been active on the western 

margin of the American plate. The Clarno volcanism is a manifestation 

of compressive plate interactions when the crust underlying the volcanic 

province was still sub-continental in character. 
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INTRODUCTION 

Basis of this investigation 

Numerous studies of volcanic suites indicate that there may 

exist a correlation between volcanic chemistry and tectonic environ¬ 

ment* This correlation has been especially emphasized in continental 

margin and island arc environments* According to plate tectonic 

theory, the oceanic crust is created at mid-oceanic ridges, spreads 

laterally, and is subduced beneath an adjacent plate margin in 

trenches facing continental margins and island arcs. One of the 

expressions of this plate interaction is igneous activity, pre¬ 

dominantly calcalkaline in character, landward of a subducting plate 

margin. Systematic chemical variations in these volcanic suites 

(for example, increasing I^O or total alkalinity landward of a sub¬ 

ducting plate margin), are believed to be related to the destruction 

of oceanic crust along the subduction zone (Kuno, 1966; Sugimura, 

1967; Dickinson and Hatherton, 1967; and Dickinson, 1968). The 

resultant igneous processes add material to the crust, "continental¬ 

izing" the margins or forming new continental crust in the island arcs. 

Utilizing plate tectonic theory then, one can consider that continental 

crust may be formed and augmented as a consequence of plate inter¬ 

actions. 

The plate margin of the western United States has evolved since 

the Mesozoic from the compressional tectonis of an underthrust margin 
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to the present-day strike-slip tectonic regime (Atwater, 1970). The 

relationship between the congressional tectonics and the igneous 

chemistry can be evaluated by studying the numerous volcanic suites 

coincident with the underthrusting. The present study is an inves¬ 

tigation of an Early Cenozoic volcanic suite, the Clarno Group, from 

north-central Oregon; aspects of its chemistry are compared and con¬ 

trasted with those of other volcanic suites, and its relationship to 

tectonic processes is discussed. 

Location 

The area of this study is located in central Oregon on the 

northern flank of the Ochoco Mountains between the towns of 

Prineville and Mitchell, encompassing parts of Crook, Wheeler, and 

Jefferson counties. The Ochoco Mountains trend east-northeast, 

marking the southern margin of the John Day River Basin, and are 

situated northwest of the Paleozoic inlier which is exposed in the 

uplifted Blue Mountains (Figure 1) . The Ochoco and Blue Mountains 

are similar to other ranges in the area, formed by volcanic upbuild¬ 

ing, folding, and in some cases, block faulting. These ranges are a 

part of a province of dissected lava plateaus and ranges known as the 

Columbia River plateaus. The plateaus extend from the foothills of 

the Cascades to the Idaho batholith and encompass great portions of 

Oregon and Washington, and parts of Idaho and northern California. 

Figure 2 is a map of the study area. 
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Figure 1: Index map of Oregon. Stlpled area designates the 
area of this study. 



Previous work 

Numerous geologic maps are available for parts of the study 

area. Swanson (1969), published the eastern half of the Bend 

Quadrangle (scale, 1: 250,000), in which he incorporated his own 

reconnaissance mapping and a compilation of all available geologic 

maps of the area. Oles and Enlows (1971), in their report on the 

geology of the Mitchell Quadrangle, changed the status of the Clarno 

rocks from "formation" to "group." A comprehensive petrologic study 

of the basal Clarno rocks in the same area of the present study was 

completed by Wilson in 1972. Earlier studies include Merriamfs 

(1901), wherein the Clarno Formation was named, Calkinfs (1902), 

Chaneyfs (1927) investigation of the lake bed flora, work by Waters, 

et al. (1951), and numerous unpublished theses from the Oregon 

universities in which localized stratigraphy and subdivisions of the 

Clarno Formation were presented. 

Present work 

The present work is a petrochemical study of the Clarno Group. 

Field observations and sample collecting were carried out during the 

summer of 1970. Samples were examined petrographically, and major 

and minor element chemistry was obtained on these samples by means of 

conventional X-ray fluorescence and neutron activation analysis. 



5 

Figure 2: Index and sample location map of the study area. Patterns 

show the distribution of major stratigraphic units. For space econ¬ 

omy , the prefix "JN" has been omitted from sample numbers on the map.,,. 

Samples prefixed "PW" were supplied by P. Wilson. Roman numerals 

designate those sections described in the text. 



GEOLOGIC SETTING 

General statement 

The geologic setting of north-central Oregon progressively 

changed from an initial Paleozoic marine environment to one 

characterized by continental fluvial deposition and subaerial 

volcanism common to the Cenozoic. The complexities of the geologic 

development are too diverse to be dealt with here. However, the 

nature of this study requires special emphasis on the location of 

the Oregon continental margin in space and time. 

Paleozoic - Mesozoic 

The limit of continental development was suggested by Moore 

(1959), when he drew the Quartz Diorite Line through the area east 

of central Oregon (Figure 3), indicating oceanic or at least sub¬ 

continental crust west of this line during Pre-Tertiary time. Based 

on Pre-Tertiary stratigraphy, Dickinson (1962), and Dickinson and 

Vigrass (1964), have suggested that the continental margin of Late 

Paleozoic and/or Mesozoic time passed through north-central Oregon. 

Permian units of eastern Oregon are described as containing lime¬ 

stones, chert, greenstones, spilites, and keratophyric flows (see 

the Burnt River Schist, Clover Creek Greenstone, Windy Ridge 

Formation, and the Hunsaker Creek Formation in Beaulieu, 1972, and 

references cited therein). These lithologic units are analogous to 

6 
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Figure 3: Hap of the Pacific Northwest showing the trace of the 
Quartz Diorlte Line (Moore, 1959), and the location of major 
rock units (listed below) used in this study for tectonic inter¬ 
pretation. Stipled area is the study area. 

1. Burnt River Schist 
2. Clover Creek Greenstone 
3. Windy Ridge Formation 
4. Hunsaker Creek Formation 
5. Otter Point Formation 
6. Colebrooke Schist 
7. Hudspeth & Gable Creek Formations 
8. Tyee Formation 
9. Siletz River Formation 
10. Umpqua Formation 
11. Goble Volcanlcs 
12. Cowlitz Formation 
13. Clamo Group 
14. Lower Tillamook Volcanlcs 
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those which today occur in deep water marine environments 

(eugeosynclinal). 

Swanson (1969), describes the glaucophane-lawsonite mineral 

facies near the town of Mitchell in rocks similar in lithology to 

those described as the Burnt River Schist, This occurrence of the 

glaucophane-lawsonite facies is on strike with the same metamorphic 

rock type occurring in the melanged Otter Point Formation and the 

Colebrooke Schist of the Klamath Mountains, in which the metamorphism 

is believed to have taken place in Late Jurassic to Early Cretaceous 

time (Beaulieu, 1971, and references cited therein). The significance 

of the glaucophane-lawsonite metamorphic facies is its presumed high- 

pressure, low-temperature environment of formation suggestive of the 

compressional tectonics of a subducting plate margin. The style of 

deformation, producing melange, is suggestive of that seen in the 

Franciscan terrane of California (Hamilton, 1969). Making the 

assumption that the schist occurrences under consideration are 

cogenetic, then their geographic distribution implies the presence of 

a plate margin trending northeasterly through Oregon at the time of 

the metamorphism in the Mesozoic. 

The Cretaceous (Albian) of north-central Oregon is a period 

of marine and marginal marine sedimentation (deltaic), with deposition 

of the clastic sediments of the Hudspeth and Gable Creek Formations 

(Wilkinson and Oles, 1968). Apparently deeper water marine sedimen¬ 

tation was occurring further to the west; stratigraphic documentation 

of this possibility is not available. 
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Early Cenozoic 

Geophysical studies by Mackenzie and Morgan (1969), and 

Atwater (1970), have suggested a history of underthrusting in the 

Pacific Northwest. Magnetic anomalies indicate that subduction was 

active there during Eocene to Early Oligocène time in response to 

eastward spreading from the East Pacific Rise. Stratigraphic 

evidence helps support the geophysical data. Lovell (1969), inter¬ 

preted the deep water turbidites of the Tyee Formation as possible 

indicators of trench sedimentation during Eocene time in western¬ 

most Oregon, and Early Cenozoic volcanism was extensive in the 

Pacific Northwest as now seen in the Coast Ranges and extending east¬ 

ward to Wyoming. 

The earliest Cenozoic volcanism of the Oregon Coast Ranges 

is characterized by great volumes of submarine low-potassium 

tholeiitic basalts. These tholeiites are the Lower to Early Middle 

Eocene Siletz River Volcanics and the time-equivalent Umpqua Formation 

and lower Tillamook Volcanics. Snavely, et a 1.(1968) interpreted these 

low-potassium tholeiites as oceanic crust and noted that their vertical 

increase in alkalinity is very similar to that of the Hawaiian volcanic 

suite. They hypothesized that the rocks were accreted to the continental 

margin, having first originated in an oceanic environment. In addition, 

scattered occurrences of alkalic volcanic rocks are described in the 

central Coast Ranges (MacLeod and Snavely, 1973). These alkalic 

volcanic rocks consist of units ranging from the Middle Eocene to the 

lowermost Oligocène, such as the Goble Volcanics, the Cowlitz Formation, 
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and isolated flows and hypabyssal rocks. Their alkalic character is 

not unlike that of seamount volcanic rocks, and they, too, may have 

been accreted to the continental margin. 

The contemporaneous volcanism east of the Coast Ranges 

occurring in the Western Cascades, central Oregon, central Idaho, and 

north-western Wyoming and Montana was subaerial and predominantly 

calcalkaline in character. The Clarno Group is part of this Early 

Cenozoic volcanic episode. 

The chemical contrast between the Coast Range volcanism and 

the volcanism farther east, plus the differences in sedimentation, 

infer the presence of a tectonic boundary—the continental margin, 

here indicating the major break between oceanic and non-oceanic crust. 

Apparently, the continental margin as previously described for 

Paleozoic-Mesozoic time migrated westward such that in the Early 

Cenozoic the margin trended north-south located between the Oregon 

Coast Ranges (oceanic tholeiitic province) and the Western Cascades 

(western margin of the calcalkaline province). 



STRUCTURE 

The existing structure of north-central Oregon is the result 

of the overprinting of many orogenic phases. The stratigraphic column 

has abundant unconformities; many such as the post-Permian to pre- 

Cretaceous, and the post-Cretaceous to pre-Eocene unconformities have 

marked angular relationships. Northeast-southwest fold axes define the 

dominant structural trend, having existed since the Early Mesozoic and 

been further enhanced by quasi-continuous disturbances throughout the 

Tertiary. An example is the Blue Mountain Anticlinorium, a major 

feature extending northeast-southwest across the area encompassed by the 

eastern half of the Bend map sheet (scale: 1 : 250,000; Swanson, 1969). 

The associated synclines and anticlines developed on its flanks are 

found throughout the study area. 

This main northeast-southwest structural grain, however, has 

been complicated by more recent but less well-developed cross folds and 

by Tertiary faulting and tilting. Early Tertiary faults such as the 

west-northwest trending Mitchell fault, have a history of both vertical 

and strike-slip movement. The Late Tertiary (Pliocene) east-west 

faulting is essentially normal faulting, as seen in the step faults of 

the Ochoco Mountains. 

The continual orogenic activity, as well as the super-position 

of folding and periodic fault movements, have added a factor of complexity 

to the stratigraphic problems of north-central Oregon which should not 

be considered trivial. 

11 



STRATIGRAPHY 

General statement 

The strata of north-central Oregon vary in age from Paleozoic 

to Recent. Emphasis in this study is on the Early to Middle Cenozoic 

volcanic strata, and with the exception of the Cretaceous sediments, 

the other units were not investigated in the field. For the purpose 

of completeness, however, a brief description of the pre-Tertiary and 

Late Tertiary stratigraphy can be found in Figure 4. 

The Clarno Group is the oldest Tertiary unit in north-central 

Oregon. It has been dated as Eocene to Oligocène based on plant 

fossils and K-Ar radiometric dating (Knowlton, 1902; Arnold, 1952; 

Scott, 1954; Evernden et al., 1964; Swanson and Robinson, 1968; 

Evernden and James, 1964; and Enlows and Parker, 1972). The Clarno 

Group lies unconformably above a thick sequence of deformed Cretaceous 

clastic rocks which, in turn, unconformably overlie Paleozoic meta¬ 

sediments and metavolcanics. The Tertiary is predominantly a period 

of subaerial volcanic activity exemplified by the series of flows and 

pyroclastic units shown in Figure 4. The upper contact of the Clarno 

Group is a slightly unconformity overlain by the red tuffs at the 

base of the John Day Formation. 

Cretaceous sediments 

The deformed clastic sequence underlying the Clarno Group has 

12 



AGE FORMATION LITHOLOGY MAX.TH. 

QUATERNARY PLEISTOCENE QUATERNARY DEPOSITS Landslide, Floodplain, and \ 

alluvial dapoalis. 
VARIABLE 

RATTLESNAKE FM. Xgnlmbrlte; sands and gravels. 800* 

PLIOCENE DESCHUTES FM. Basalt and tuffacaoua sands. 600' 

DALLES FM. 
Banda, gravais, and agglosMratas. 1500* 

UPPER 
MIOCENE 

MASCALL Fh L < 

I S UJ S 
1 D > 2 

Ash, tuff, gravels and sandstone. 2000' 

TERTIARY COLUMBIA RIVER 
BASALT 

1 ^ ÛC 
£0£O 

o Basalt flows. 4500' 

LOWER 
MIOCENE 

TO 
LOWER 

OLIGOCENE 

JOHN DAY FM. 

Fluvial and lacustrine tuffs, 

rhyolitic ignimbrlte, local 

olivine basalt flows and 

olaystonsa. 

3500' 

LOWER 
OLIGOCENE 

TO 
MIDDLE 
EOCENE 

CLARNO GROUP 

Flows of andesite, basalt, and 

rhyolite with tuft's, intercalated 

lake beds, agglomerates, mudflows, 

and volcanlclaatie sediments. 

6000' 

ALBIAN 
HUDSPETH 

GABLE 
Intertongulng marina and fluvial 

CRETACEOUS TO 
CENOMANIAN 

FM. 
CREEK 

FM. 

deltaic sandstone, mudstone, 

eiltstone, and conglomerate. 

9000* 

PERMIAN 

  _ 

METASEDIMENTS 
Marble, mica schists; sheared 

quartettes. ? 

Figure 4: Generalized composite stratigraphic column for north-central 
Oregon. After Hodge, 1942; Rogers, 1966; Oles and Enlows, 1971; 
and Beaulieu, 1972. 
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been dated as Albian on fossil evidence by Jones (1960)• The mixture 

of mudstone, siltstone, sandstone, and conglomerate is 9000 feet 

thick and, as described by Wilkinson and Oles (1968), consists of 

intertonguing marine and fluvial deltaic facies. This facies develop¬ 

ment indicates sedimentation in a continental shelf environment. 

Clarno Group 

Beginning in Eocene time, the Clarno volcanic sequence was 

unconformably deposited upon the Cretaceous strata. Clarno strati¬ 

graphy has been previously described by Merriam (1901), Calkins (1902), 

Waters, et al. (1951), Hay (1963), Rogers (1966), and in many un¬ 

published theses from Oregon universities. Based on their work in the 

Mitchell Quadrangle, Oles and Enlows (1971), suggested that the major 

division of the Clarno rocks is defined by an angular unconformity 

which separates their Clarno Group into the Lower Clarno and the Upper 

Clarno. They state that the Upper Clarno, as they have defined it, 

has only been recognized in the area near Keyes Mountain, southeastern 

Mitchell quadrangle, Oregon. 

The Clarno rocks involved in the present study probably are 

all included within the Lower Clarno as it is defined by Oles and 

Enlows (1971). It appears possible that the newly defined Upper Clarno 

may be quite a localized lithologic unit and not a time-stratigraphic 

unit, thus much of the previous work done on the Clarno stratigraphy 

was actually confined to the Lower Clarno of Oles and Enlows (1971) . 

The comparison of the stratigraphic details found in the 
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literature exemplifies the fact that the Clarno is extremely variable 

in thickness and lithology. Flows and tuffs have been localized in 

depressions during the depositional phase or later by erosional stripping, 

which in many cases eliminated a significant portion of the strati¬ 

graphic section. Thus, correlation among the previously described 

sections is very difficult even over small distances. Despite the 

complexity, previous work roughly suggests a three-fold division of 

the (Lower) Clarno as summarized by Rogers (1966) : a lower unit of 

andesitic flows and agglomerates, a middle basaltic unit, and an upper 

rhyolitic and tuff-rich unit. All units have interspersed lake beds, 

tuffs, tuffaceous sediments and agglomeratic debris. 

In the study area, the present writer did not find a single 

complete stratigraphic section depicting the stratigraphy as described 

above. Localization of units, erosional unconformities, and faulting 

are factors preventing a simplified evaluation of the stratigraphy, 

except on a generalized level. 

Rigorous subdivision of the Clarno rocks, probably all limited 

to the Lower Clarno Group, into lower, middle, and upper cannot be 

satisfactorily accomplished by this study; however, the relative 

stratigraphic position within the (Lower) Clarno Group is referred to 

without implication of a defined stratigraphic boundary. The lower¬ 

most Clarno is agglomeratic with mudflow units and flows of basaltic 

to andesitic composition (Wilson, 1973). Randomly interspersed are 

fossiliferous lake beds and some tuffaceous units. The middle to upper 

Clarno is characterized by a predominance of flows, mainly andesites 
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and dacltes with some basalt, rhyolite, or acidic vitric crystal tuff. 

The uppermost Clarno, as seen in various sections where the beds un- 

conformably underlie the John Day Formation, ranges from acidic vitric 

tuffs to basalt-andesite flows. 

The level of erosion of the upper Clarno beds varies from 

locality to locality. Evemden and James (1964), have bracketed the 

upper unconformity between 34 and 32 million years by K-Ar dating of 

an upper Clarno tuff (Clarno "nutbed"), and a lower bentonite bed of 

the John Day Formation, respectively. Enlows and Parker (1972), extend 

the Clarno activity to 30 million years. Swanson and Robinson (1968), 

have supported an Oligocène date for the upper part of the Clarno 

Group based on fossil evidence. 

Total thickness of the Clarno Group is highly variable. The 

unit thickens considerably in a general westward direction throughout 

the study area, with estimated thicknesses near Prineville of more 

than 5000 feet in comparison with 1500 feet in the Painted Hills area 

to the northeast. 



STRATIGRAPHIC SEQUENCES 

General statement 

As a general rule, the stratigraphic position of most Clarno 

samples is poorly known because of reasons previously pointed out in 

the stratigraphy section of this paper. The overall distribution of 

the samples is indicated in Figure 2. In an attempt to define 

secular changes within the Clarno Group, a limited quantity of the 

Clarno samples of this study can be placed into abbreviated strati¬ 

graphic sequences. These sequences, which are listed below, are 

each referred to by a name chosen from an associated geographic 

feature. 

Section I; Painted Hills 

This section of Clarno rocks is stratigraphically located 

above the Cretaceous-Clarno contact. The sampled section begins in 

Sec. 19, TUS, R21E, and extends northwesterly along the improved 

road (access to the Painted Hills), to Sec. 13, T11N, R20E, where the 

John Day Formation crops out in the axial portion of a synclinal 

structure. The section includes 10 samples representing approximately 

2000 feet of section. (Samples: PW-40, 41, 42, 43, 44, 45, 46, 47, 

48, 49) 

Section II: Doddfs Creek 

The Doddfs Creek section of Clarno rocks is also stratigraphically 
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located just above the Cretaceous sediments. The sampling began in 

Sec. 8, T12S, R20E, and proceeded northwesterly to Sec. 1, T12S, 

R19E. Six samples represent an estimated 1100 feet of section. 

(Samples; Jn-141, 142, 153, 156, 157, 158.) 

Section III: Stevenson Mountain 

The sampling of Stevenson Mountain extends from Sec. 35, 

TUS, R19E, northwesterly to Sec. 29. Seven samples represent approxi¬ 

mately 2400 feet of section. (Samples: JN-97, 98, 99, 100, 101, 

104, 105.) 

Section IV: Bear Creek 

The Clarno rocks in this section represent only 300-400 

feet of section cropping out along Bear Creek from Sec. 31, T11S, 

R20E, to Sec. 16. Seven samples are in this section. (Samples: 

JN-87, 89, 90, 92, 94, 95, 96.) 

Section V: Scotty Creek and south fork of Bear Creek 

This section extends from Sec. 28, T12S, R19E, north to 

Sec. 9. Fourteen samples represent an estimated 800 feet of Clarno 

rocks. (Samples: PW-10, 11, 12, 16, 18, 19, 22, 23, 24, 25, 26, 

27, 28, 29.) 
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Stratigraphie oxide-plots 

Diagrams showing the oxide variations in each section with 

respect to stratigraphic order are found in Figure 5. There is an 

overall lack of variation in the oxide concentrations, most values 

being characteristic of intermediate rock types. No definable trends 

exist which could possibly be correlated with the stratigraphic order 

in a sequence. The deviations which do exist—extreme examples are 

the basalt or rhyolite occurrences—appear randomly distributed. 
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PETROGRAPHY 

The Clarno rock types of this study include basalt, andesite, 

dacite, latite, quartz latite, rhyodacite, and tuffs of andesite and 

rhyodacite. Rocks of andesitic character are the most common. 

Plagioclase is the most common primary mineral. It is the 

dominate phenocryst mineral, being tabular or lath-shaped, with euhedral 

to subhedral outlines and ranging in size from 1-5 mm. Albite and albite- 

carlsbad twins are ubiquitous; zoning, both normal and oscillatory, is 

always present in the phenocrysts although sometimes it is poorly devel¬ 

oped. Phenocryst compositions range from labradorite to calcic-oligo- 

clase; it is common to see labradorite cores and sodic-andesine mantles. 

Commonly the phenocrysts are riddled with glass inclusions that may be 

distributed throughout the crystal or concentrated in the marginal zones. 

Saussuritic and sericitic alteration is some cases destroys the cores of 

the larger phenocrysts. In the groundmass, plagioclase forms simple 

albite-twinned laths or felted microlites of andesine in the intermediate 

rocks, labradorite-bytownite in the few basalts, and oligoclase in the 

more acidic rock types. 

Phenocrysts of alkali feldspar are found only in the latites and 

rhyodacites. Stubby, untwinned, clear crystals of orthoclase are often 

present in the groundmass of andesites and in all acidic rock types. 

Possibly these were originally sanidine crystals. A mosaic mixture which 

includes alkali feldspar an quartz is also found in the rhyodacites and 

in some devitrified groundmasses. 
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Large embayed quartz phenocrysts are often found as single cry¬ 

stals accompanied by plagioclase and rarely, augite phenocrysts, in the 

andesites. Abundant broken and embayed quartz phenocrysts occur in the 

rhyodacites. In the andesites the quartz is usually encircled with con¬ 

centrations of ferromagnesian granules and hematite, A trace amount of 

quartz is also found in the groundmass of andesites, while it is abundant 

in the mosaic groundmass of the rhyodacites. 

Ferromagnesian minerals include olivine, pyroxenes, hornblende 

and biotite. Often these are found in reaction relationships both in 

pheno crys ts and groundmas s. 

Olivine phenocrysts are present in some basalts and a few irreg¬ 

ular grains are found in andesites surrounded by reaction rims of clino- 

pyroxene or hornblende. More often, phenocrysts pseudomorphed after 

olivine remain now as masses of iddingsite, iron oxides, chlorite and 

uralite. Olivine subhedra and anhedra are present in the basalts1 

groundmass and occasionally as minor grains in the andesites. 

Augite, diopsidic augite and, less commonly, hypersthene are 

found as phenocrysts in the andesites either secondary to plagioclase or 

rarely as the primary phenocryst. These often show reaction rims of 

other ferromagnesians (including other pyroxenes), or are completely 

replaced pseudomorphs. Both clinopyroxene and orthopyroxene are found 

as groundmass granules and irregular grains. 

Hornblende and biotite are seldom primary phenocrysts although 

they do commonly form in reaction relationships to the other ferromagne¬ 

sians, or as pseudomorphed replacements. Occasionally these minerals are 

represented by oxidized laths. 
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The Clamo rocks are usually prophyritic and sometimes even 

glomeroporphyritic. Groundmass textures include intergranular, inter- 

sertal, hyalopilitic, felsophyric, eutaxitic, hyaline and devitrified 

textures (quartzo-feldspathic mosaics, snowflake textures, and spherulites). 

A few of the basalts have subophitic textures. Vesicles and amygdules 

are rare, containing quartz, epidote and calcite. Rare quartz veins 

occur. 

Alteration products include saussurite, sericite, uralite, minor 

chlorite, epidote, biotite, and calcite. 

Petrographic descriptions of the chemically analyzed samples can 

be found in Appendix III. 



CHEMISTRY 

Major and minor element chemical analyses were made on more 

than 100 samples of the Clarno Group. Analytical methods and tables 

containing analytical results can be found in the appendices. 

As a whole, the Clarno Group consists of an intermediate 

calcalkaline volcanic suite, its calcalkaline character evaluated 

by using Kunofs (1958) AFM plot of his hypersthenic (calc-alkali) 

series (Figure 7): the Clarno rocks plot almost totally within the 

area of the hypersthenic series. The rocks have moderate 1^0 contents, 

a moderate slope on a K2O versus SiÛ2 variation diagram (Figure 6), 

and K20/Na20 values less than 1. The trend line on an AFM diagram 

shows only slight iron enrichment (Figure 7) • 

Harker variation diagrams in Figures 8 and 9 indicate the 

expected decreases in Fe2Û3, MgO, CaO, Ti(>2» and increases in alkali 

concentrations correlative with increasing silica contents. The high- 

silica rocks show a depletion in Na2Û which may be due to volatile loss 

as other workers have indicated (Noble, 1965, 1967; McKay and Rogers, 

1970; Schwarzer and Rogers, 1973). 

Jakes and White (1972) published a comprehensive discussion 

of how trace element abundances can be used to differentiate various 

orogenic rock associations. The majority of the Clarno volcanics (70%) 

have moderate Sr contents (250-400 ppm), moderate Rb contents (15-60 

ppm), and K/Rb values (200-400) which, according to Jakes and White 

(1972), are characteristic of calcalkaline associations (Figure 10), 
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Figure 6: Variation diagram of the Clarno Group: wt. % Kji 
wt. % K2O + Na20 (O) vs. wt. X SIO2. 

(•), 
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Figure 8: Harker variation diagram of the Clarno Group 
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very much like island arc associations which developed upon sub¬ 

continental crust. 

Chemical analyses in the present study, coupled with the 

stratigraphic sequences shown in Figure 5, indicate that no secular 

variations occur in those sections of'the Clarno which have been 

sampled with stratigraphic control. In those sections (Figure 5), 

comparable element abundances can be found in similar rock types 

throughout the Clarno Group regardless of stratigraphic position. 

Figure 5 indicates the dominating monotony of each section, composed 

almost entirely of intermediate chemical types. The deviations 

which do occur appear random both in stratigraphic position and 

chemical character. 

Robinson (1969), cites the occurrence of alkaline basalts 

in the uppermost Clarno rocks which are transitional into the John 

Day Formation. Such chemical varieties were not identified in the 

Clarno rock sequences of this study. 



DISCUSSION 

Comparable volcanic suites 

Calcalkaline volcanism Is common throughout the geologic 

record, resulting in a worldwide abundance of suites chemically 

similar to the Clarno Group. The choice of the Aleutian Island 

volcanics and the Andean volcanic suite for comparison with the 

Clarno volcanics was influenced by their association with subduction 

tectonics (Plafker, 1965; James, 1971). The crustal characteristics 

of the two provinces, however, differ markedly. 

The Tertiary volcanic belt of the Aleutian Island Arc is 

developed within oceanic as well as continental crust. Seismic 

refraction studies by Shor (1962, 1964), show that crustal thicknesses 

of the Aleutian ridge near Adak Island, and also south of the 

Pribilof Islands, range between 22-29 km. with Vp approximating 6.6 

km./sec. in the lower 15-22 km. of crust. In the same area, the 

crustal depth to the mantle in the Bering Sea and in the Aleutian 

trench is 8 km., 3 km. greater than the average 5 km. crustal thick¬ 

ness characteristic of oceanic areas. The increased thickness of the 

crust in the Bering Sea and Aleutian trench, however, is attributed 

to sediment accumulations, for the crust of the Bering Sea is 

typically oceanic in that it has a 5 kilometer-thick layer with =* 

6.9 km./sec. The Aleutian Arc extends eastward onto the Alaskan 

Peninsula, and crustal thicknesses increase there. Woollard, et al. 

31 



32 

(1960), report values of 46 km. for mantle depths in the area of the 

Kenai Mountains. 

The geology of the Aleutians also differs from place to place 

along the strike of the arc. The western section of the arc, 

bordered on the north and south by oceanic crust, is composed pre¬ 

dominantly of Tertiary volcanic rocks and volcanogenic sediments with 

some occurrences of Mesozoic flysch and intrusive rocks ranging in 

composition from gabbros to granites (Coats, 1962; Burk, 1965). The 

Tertiary volcanic rocks of the eastern Aleutian Arc are developed on 

an older continental mass which is composed of eugeosynclinal rocks 

of Mesozoic and, in part, Paleozoic age plus some Mesozoic batholiths 

(Coats, 1962)• 

The Tertiary volcanic rocks used in this study are restricted 

to those rocks which developed in the western part of the Aleutian 

Arc, within the oceanic crustal environment. No consideration will be 

made of any volcanic rocks developed on the Alaskan Peninsula. This 

restriction allows the Aleutian province to be considered wholly 

oceanic in this study. 

In contrast to the Aleutian Island Arc, the Late Tertiary 

volcanism of the central Andean western Cordillera is developed upon 

thickened continental crust located on the margin of a large crustal 

plate. James (1971), reports values of up to 70 km. for crustal 

thicknesses beneath the western Cordillera. Here, the lowest crustal 

layer with a » 6.6 km./sec. is very thick, averaging 45-50 km. 
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Variation diagrams for the Aleutian and Andean suites are 

shown in Figures 11-14. Some obvious chemical similarities between 

the volcanic rocks of the Aleutian Islands, the central Andes 

Mountains, and the Clarno Group can be seen in the composite variation 

diagrams in Figure 15. Oxide ranges and trends are quite similar, 

and all three suites are calcalkaline, in that they cluster mostly 

in Kunofs hypersthenic region on an AFM diagram. 

The K20-SiÛ2 trend lines in Figure 15 are reduced major axis 

regression lines calculated from the data plotted in Figures 6, 11, 

and 13. The close similarity between the Aleutian and Clarno 

regression lines is readily apparent by inspection. Both exhibit 

identical regression coefficients equal to 0.14. The Andes regression 

coefficient is mildly dissimilar, being equal to 0.17. Also note that 

the Andes rock suite exhibits the tendency towards more siliceous 

differentiates. This latter statement is, of course, based upon the 

assumption that the reported analyses are representative of the variety 

and their relative abundances within the association. 

A comparison of the regression coefficients was performed 

according to the method described by Miller and Kahn (1962, p. 103). 

The basic assumption of this test is that the two regression lines in 

question are from the same population. The significance of the re¬ 

sultant value, here designated z, was subsequently evaluated according 

to a normal distribution. 

For the parameters evaluated, (K2Û-S102), the test indicates 

that the Clarno-Aleutian pair are chemically indistinguishable. In the 
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Figure 11: Variation diagram of the Late Tertiary volcanic 
rocks of the central Andes Mountains: wt. % (•), wt. % K2O + 
Na2<l (O) vs. wt. % SIO2. Analyses taken from Jenks and Goldich, 
1956; and Zell and Pichler, 1967. 
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Figure 12: AFM-KCN variation diagrams of the Late Tertiary volcanic 
rocks of the central Andes Mountains. Patterned area is Kuno's 
hypersthenic series (1968). Analyses referenced in figure 11. 
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Figure 13: Variation diagram of the Tertiary volcanic rocks of 
the western Aleutian Island Arc: wt. % 1^0 (•), wt. % K2O + Na^O (O) 
vs. wt. % SiC>2. Analyses taken from: Byers, 1959; Coats, 1953, 
1959; Coats, et al., 1961; Fraser and Barnett, 1959; Lewis, et al., 
1960; Powers, et al., 1960; Simons and Matthewson, 1955; and 
Snyder, 1959. 
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Figure 14: AFM-KCN variation diagrams of the Tertiary volcanic rocks 
of the western Aleutian Island Arc. Patterned area is Kuno’s hyper¬ 
sthenic series (1968). Analyses referenced in figure 13. 
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case of the Clamo-Andes, and/or the Aleutian-Andes pair, there is a 

96% confidence that the two provinces of each pair are not chemically 

the same. Although this is not proof that the differences are real, 

it infers a good probability that two different chemical provinces, in 

fact, do exist. 

Although there are chemical distinctions between the suites, 

there also exists the persistent calcalkaline character common to all 

three which implies a common controlling factor—perhaps the com- 

pressional tectonic environment? 

Exactly what controls the chemical character of any one rock 

suite is very difficult to evaluate. The most popular explanations 

include: consideration of source material, degree of partial melting, 

P-T variables, duration and level of crustal residence together with 

the subsequent degree of differentiation and magma evolution, the 

availability of fluids, and the incorporation of wall-rock as con¬ 

taminants, Although all of the above may be contributing factors in 

most cases, their relative importance is essentially unknown, varying 

according to author. 

The number of possible influences on the petrogenesis of the 

various rock suites in this study is infinite. All the volcanism 

discussed here is developed on plate margins contemporaneous with plate 

interactions. The mere interaction of plates affects the thermal and 

pressure regimes which might also alter the level of magma generation 

and thus the initial composition of the source material. It is the 

thickness of the crust in these plates which influences, in part, the 
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degree of redistribution of the thermal and barometric isolines. Most 

of the preceding list of controlling factors do vary as crustal thick¬ 

ness changes. Crustal thickness, it would seem, is a basic influential 

factor which, in these cases, indirectly affects the igneous petro- 

geneses. 

As noted previously, crustal thickness is a major difference 

between the Aleutian and Andean volcanic provinces. The chemical 

variation noted between the Aleutian Island calcalkaline rocks and the 

central Andean calcalkaline rocks may be an example of crustal thick¬ 

ness influencing the petrogenesis of the igneous rocks. In this case, 

the thicker the crust, the greater the abundance of siliceous 

differentiates• 

The Clarno rocks, while being a calcalkaline association, lack 

the great abundance of siliceous differentiates found in the Andes, 

thus leaving the Clarno and Aleutian volcanic rocks very similar (see 

p. 33). Their chemical similarity may be coupled with select tectonic 

similarities. Both developed during compressional plate margin tec¬ 

tonics: subduction was active in the Pacific Northwest during Early 

Tertiary time (MacKenzie and Morgan, 1969; Atwater, 1970). In addition, 

it is strongly inferred from Pre-Tertiary stratigraphy (see p. 6 ), that, 

in Early Tertiary time, the crust underlying north-central Oregon was 

not the well-developed, 40-kilometer-thick, continent that it is today 

(Thiruvathukal, et al., 1970). And so, the crust under north-central 

Oregon in Early Tertiary time was probably much like the present-day 

crust of the western Aleutian Island Arc, poorly developed subcontinental 

crust which had developed from oceanic crustal thicknesses. 
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Comparison of time-equivalent volcanic suites 

Volcanism approximately contemporaneous with that of the Clamo 

extended from the Oregon Coast Ranges east to Montana and Wyoming. 

Lipman, et al. (1972), in their synthesis of the Cenozoic tectonics of 

the western United States, mapped Benioff zones using the empirical 

relationship between 1^0 contents at a given SiC^ value and the depth 

to a seismic zone (K-h plot) which was developed by Dickinson and 

Hatherton (1967) and refined by Hatherton and Dickinson (1969). The 

east-west distribution of volcanic activity is shown in Figure 16. The 

suites compared include the Siletz River Volcanics (Snavely, et al., 

1968), the Little Butte Volcanic Series of the Western Cascades (Peck, 

et al., 1964), the Clarno Group, the Challis Volcanics (Ross, 1962), and 

the Early Tertiary volcanic rocks of the YeHowstone-Montana area 

(Joplin, 1968; and tables referenced from Nicholls and Carmichael, 1969). 

All of the above volcanic sequences are dated by radiometric 

methods, by faunal or floral identifications within parts of the forma¬ 

tion, by means of stratigraphic location, or by a combination of the 

above methods. The majority of the volcanic suites are within the age 

limits of Eocene-Oligocene time, however, paleontological data indicate 

that the Little Butte Volcanics and the Challis Volcanics extend into 

Early Miocene time (22 my), and the Siletz River Volcanics may extend 

down into Paleocene time (57 my). The time-comparison is not ideal 

considering the fact that the volcanic suites occupy various segments 

of a 35 million year period. Because of the lack of detailed data, the 
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Figure 16: The distribution of Early Tertiary volcanlsm in the 
Pacific Northwest; modified from Llpman, et al., 1972. 

Quartz Diorite Line (Moore, 1959) 

|ij:|ijjjl Early Tertiary volcanlsm 

1. Siletz River Volcanlcs, Coast Ranges 
2. Western Cascades 
3. Clarno Group 
4. Challls Volcanlcs 
5. Yellowstone-Montana Volcanlcs 
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consolidation cannot be avoided and, therefore, some over-simplification 

is required. 

Variation diagrams for the individual suites are plotted in 

Figures 17-24. The composite variation diagrams, with 1^0 - SiC^ trend 

lines drawn by reduced major axis regression methods (Figure 25), best 

exemplify the continuum of chemical variation across the plate margin. 

The ^0 versus SiC>2 variation diagram indicates that the suites become 

more potassic eastward, varying from the low-potassium tholeiites of 

the Coast Ranges to the shoshonitic, possibly hybrid rocks (Prostka, 

1973), of the Yellowstone-Montana area, which show variations of as 

much as 4 % K^O at a given SiC^ percentage. The eastward increase in 

potassium content is accompanied by an increasing ^0/^20 ratio and a 

decrease in iron enrichment (Figure 25). Increasing occurrences of more 

silicic rock types are evident in the more potassic suites (with the 

exception of the Yellowstone-Montana suite). 

Lipman, et al. (1972), cited a value of 1.3 % KjO at 60 % SiÛ2 

for the Eocene volcanic rocks of the John Day Basin, and estimated a 

depth of 130 km. to the Benioff zone using a K-h plot (Hatherton and 

Dickinson, 1969). The present study arrived at comparable values on 

the Clarno volcanics—1.25 % K^O at 60 % SiÛ2 (taken from Figure 6), 

which would indicate a depth of 120 km. to the Benioff zone on a K-h 

plot. 

The Siletz River oceanic tholeiites are not comparable to the 

remaining easterly suites, which are all calcalkaline in character. 

The tholeiites are included as an indicator of the position of the 
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Figure 17: Variation diagram of the Siletz River Volcanics: wt. % 
K2O (•), wt. % K2O + Na2Û (O) vs. wt. % Si02- Only aphyric rock 
varieties of the lower parts of the unit (tholeiitic) are repre¬ 
sented. Analyses taken from Snavely, et al., 1968. 
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Figure 18: AFM-KCN variation diagrams of the Siletz River Volcanics. 
Patterned area is Kuno's hypersthenic series (1968). Analyses 
referenced in figure 17. 
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Figure 19: Variation diagram of the Little Butte Volcanics of the 
Western Cascades: wt. % K^O (•), wt. % K^O + Na20 (O) vs. wt. % 
SiC>2. Analyses taken from Peck, et al., 1964. 
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Figure 20: AFM-KCN variation diagrams of the Little Butte Volcanics 
of the Western Cascades. Patterned area is Kuno's hypersthenic series 
(1968). Analyses referenced in figure 19. 
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Figure 21: Variation diagram of the Challis Volcanics of central 
Idaho: wt. % K2O (#), wt. % K2O + Na2Û (O) vs. wt. % SiC^. 
Analyses taken from Ross, 1962. 
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Figure 22: AFM-KCN variation diagrams of the Challis Volcanics. 
Patterned area is Kuno's hypersthenic series (1968). Analyses 
referenced in figure 21. 
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Figure 23: Variation diagram of the Early Tertiary volcanics of the 
Yellowstone-Montana area: wt. % ^0 (•), wt. % 1^0 + Na20 (O) vs. 
wt. % Si02» Analyses taken from Joplin, 1968, and from tables 
referenced by Nicholls and Carmichael, 1969. 
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Figure 24: AFM-KCN variation diagrams of the Early Tertiary volcanics 
of the Yellowstone-Montana area. Patterned area is Kuno's hypersthenic 
series (1968). Analyses referenced in figure 23. 
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oceanic-continental transition during Eocene-Oligocene time, which must 

be located between the oceanic tholeiite province and the calcalkaline 

province. 

Along the east-west extent of the calcalkaline province, the 

crust gradually thickens from the westward margin eastward such that 

each successive easterly suite is developed upon thicker crust. Some 

chemical parameters empirically vary sympathetically with crustal 

thickness and/or depth to the Benioff zone, such as 1^0 %, K20/Na2Û, 

and iron enrichment (Figure 25)• Whether this variation is directly 

related to crustal thickening cannot be determined by this study. 

Empirically however, relative crustal thicknesses beneath a calcalkaline 

suite can be estimated from such chemical parameters. Similar rela¬ 

tionships between chemistry and crustal thickness have been described 

by other workers who have looked at igneous chemical variations across 

island arcs and continental margins (Rittman, 1953; Kuno, 1966; 

Sugimura, 1967; Jakes and White, 1970, 1971; and Gill, 1970). In all 

cases, the unidirectional increase of chemical trends indicates the 

direction of subduction. A further study of the oxide levels allows 

an empirical evaluation of relative crustal thickness beneath the 

igneous province. Thickness estimates may even be semi-quantitative 

if a present-day model of the particular tectonic environment exists 

for comparison. These simple tools are invaluable when applied to 

paleotectonic problems, and their usefulness is expanded each time 

another example is documented. 
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Speculation on continentalization 

The progressive outbuilding of the western margin of the Ameri¬ 

can plate is a process questionably related to the tectonic activity 

localized on the western margin. If the trend of the Quartz Diorite 

Line in Figure 16 is a division between continental and non-continental 

crust, then most of the area of Oregon, within the embayment, is con¬ 

sidered non-continental in crustal characteristics prior to the Ter¬ 

tiary. In contrast, a continental crust 40 kilometers thick exists 

in this same area today, and evidence for the continuing existence of 

the major embayment no longer exists. The present continental margin 

trends north-south through Oregon. This apparent crustal change, as 

well as the previous discussion of westward migrating continental mar¬ 

gins from Paleozoic to Holocene time, generates speculation concerning 

(rapid) continentalization and outbuilding of the continental margin 

in Oregon. 

Crude correlation between lithologic occurrences and crustal 

characteristics based on modern analogs allows speculation on the 

crustal thickness in an area at a point in geologic time. In such a 

manner, paleocrustal thicknesses were estimated for central Oregon. 

Previous discussion in this paper on the Clarno volcanism proposed 

that the crustal thickness in central Oregon during Eocene to Oligocène 

time was similar to that found in the western Aleutian Arc today (22— 

29 km.). Still further back in geologic time, Triassic chert and 

keratophyres are described by Dickinson and Vigrass (1964) for central 

Oregon, and similar lithologies are described for the Permian of 
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northeastern Oregon in Beaulieu (1972). The occurrence of keratophyric 

rocks is still poorly understood, however their association with island 

arc development (for example, the Virgin Islands) is suggestive of a 

sub-continental crust, but not truly abyssal-oceanic in character. 

This may be the situation during the Permo-Triassic in Oregon and a 

speculative crustal thickness is estimated at 15-18 km. which is a 

median value between oceanic crustal thickness and the thickness of 

the Aleutian Island Arc crust. 

Figure 26 is a schematic graph depicting the estimated crustal 

thickness in central Oregon with respect to time. It appears that 

crustal thickening is a progressive accumulative process, but not 

necessarily linear. In addition, the migration of the continental 

margin (p. 6-10) infers the progressive outbuilding of a continental 

mass. The net result of these processes contributes significantly to 

the geologic development and continentalization of Oregon. Most likely, 

these processes are active on most continental margins which are coin¬ 

cident with active plate margins. 
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Figure 26: Schematic diagram of crustal thickening in 
central Oregon. A - bracket Indicates the estimated thick¬ 
ness during development of the Permo-Triassic keratophyres, 
B - bracket indicates the estimated thickness during the 
Clarno volcanism, and C - present-day thickness of the 
crust. 



SUMMARY 

Tertiary sedimentation in north-central Oregon began in the 

Middle Eocene (?) when the previous Cretaceous marine sediments began 

to be covered by the subaerial volcanism of the Clarno Group. The 

calcalkaline volcanism comprising the Clarno Group extended into Early 

Oligocène time (30 my) and was characterized by the development of 

lavas of andesite, basalt, rhyolite, quartz latite and rhyodacite, and 

rhyodacitic and andesitic tuffs. In addition to the lavas and tuffs, 

mudflows, agglomerates, lake beds, and volcanogenic sediments are 

present throughout the stratigraphic column. The flow rocks display 

no noticeable secular chemical variation in the stratigraphic sections 

inspected. 

Contemporaneous with the Clarno volcanism, compressional tec¬ 

tonics existed throughout the Pacific Northwest as the Pacific oceanic 

plate was underthrust beneath the North American plate. Comparison 

of the chemical trends of time-equivalent volcanic suites spatially 

located east to west, transverse to the continental margin, shows a 

progressive chemical variation (tholeiite, calcalkaline, shoshonite), 

normal to the plate margin that compares with numerous studies made in 

island arcs and other continental margins. The Clarno volcanism fits 

spatially into this east-west chemical continuum. The Clarno volcanic 

rocks are geographically located near the western margin of the calc¬ 

alkaline province. The boundary between the tholeiite and calcalkaline 
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provinces implies that the continental margin of Early Tertiary time 

existed east of the Oregon Coast Ranges—much farther west than the 

position implied by the Quartz Diorite Line for the pre-Tertiary 

continental margin. 

The Clarno volcanism is analogous to the Late Tertiary volcanism 

of the Aleutian Island Arc. Both provinces developed near the margin 

of an underthrusted plate, and both are characterized by intermediate 

calcalkaline suites. The crustal section beneath the Aleutian Island 

Arc approximates 22-29 km. in thickness. By analogy with the Aleutian 

Island Arc, and by inference based on pre-Tertiary stratigraphy, the 

crust underlying north-central Oregon during the period of Clarno 

volcanism (Eocene-Oligocene) was also poorly developed continental 

crust. In fact, the volcanism was a part of the crustal development, 

as shown by the westward migration of the continental margin (now 

located west of the Coast Ranges), and by the present 40 kilometer 

thickness of the crust in north-central Oregon. 
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APPENDIX I 

ANALYTICAL TECHNIQUES 

Sample processing 

Rocks were broken, trimmed, and sorted to eliminate apparent 

weathering and alteration. Selected chips were passed successively 

through a steel jaw crusher and roller crusher until at least one pint 

of sample was reduced to pea-size fragments. An aliquot of this crush¬ 

ed rock was then further ground for 15-20 minutes to approximately 200 

mesh in a tungsten carbide vial on a Spex mixer mill. The resultant 

rock powders were utilized for the following analytical methods. 

X-ray fluorescence 

Undiluted pressed powder pellets of samples and standards were 

constructed in a hydraulic press utilizing approximately three grams 

of rock powder, boric acid as a molding, and six tons applied pressure. 

The amount of rock powder was great enough to insure an infinite thick¬ 

ness of sample (2 mm.) for the more penetrative radiation utilized 

(Mueller, personal communication). Prepared pellets were checked for 

uniformity of grain size, (the grain size being comparable to that of 

standard rock powders), and the lack of pits and rough surfaces. Fin¬ 

ished pellets were stored in a dessicator until processed. 

Samples were analyzed for Mg, Al, Si, K, Ca, Ti, and Fe on a 

Phillips vacuum-path fluorescence unit equipped with a Cr tube, LiF, 
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EDT, and ADP analyzing crystals. A minimum of 10,000 counts were 

accumulated for each element, except Mg, in order to limit the counting 

error to within + 1 % (see Table 2b). Owing to the low count rate, the 

average accumulation on Mg was between 4,000-9,000 counts, thus increas¬ 

ing the counting error to + 3 % or greater. 

Standard calibration curves were constructed using U. S. G. S. 

rock standards: AGV-1, GSP-1, G-2, W-l and BCR-1 (Fleischer, 1969; and 

Flanagan, 1969). In some cases GA, GH and BR (Roubalt, et al., 1966), 

and T-l (Thomas and Kempe, 1963), were also used. Corrections for 

drift were applied to the calibration curves where necessary. The MgO 

calibration curve was plotted after subtraction of the measured back¬ 

ground counts for each standard. The non-linearity of the silica cali¬ 

bration curve above 75 % SiC^ was evaluated utilizing rock samples 

ranging from 70.5 %-95.0 % SiC^* These samples had been analyzed for 

silica gravimetrically by E. Marcucci in the Rice laboratory and sub¬ 

sequently were analyzed by X-ray fluorescence techniques. 

Most data reduction calculations were performed using programs 

designed for an Olivetti desk programma. These have been since re¬ 

programmed for a Monroe desk computer and are available upon request. 

Table 1 compiles the standard operating conditions for each ele¬ 

ment analyzed. A number of replicate analyses were performed to moni¬ 

tor repeatability. Data on the replicate analyses is listed in Table 2a. 

The precision of the XRF data is dependent upon the effects of 

random and systematic errors. Sources of random error include counting 

statistics, equipment stability, and other equipment errors. The most 

significant and the limiting error in this category is the counting 
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Table 2. Precision for X-ray fluorescence analyses 

2a: Relative % deviation (std. dev./abs. wt. %) of replicate analyses 
of selected standards (single pellets)* Values reported for each oxide 
are the largest values encountered for all pellets on which replicate 
analyses were made. 

Oxide sio2 A12°3 Fe2°3 , MgO CaO K20 Ti02 

Relative % 
amt. present — 5 .9 .8 5.6 1 7 .9 

Amt. present ,Q 
(wt. %) 68* 

15 15.10 7.41 2.48 4.97 2.84 1.09 

# replicates 52 25 5 22 12 44 19 

2b: Counting error; 
random error.) 

<T = -Jn/n (considered to be a minimum estimate of 

2c: Estimates of systematic error based on the dis¬ 
persion of standard points along calibration curves. 

2d: Estimates of total uncertain¬ 
ties for XRF analyses (maximum 
values taken from 2b and 2c.) 

^ total 
£ ^ ^ 
random systematic 

Oxide wt. % <f(± rel. %) ± wt. % + rel. % amt. 
present 

£ (± rel. %) 
total 

Si02 48.2-77.5 0.6-0.4 0.25-0.87 0.5-1 1.07 

A12°3 
13.1-18.3 0.7-0.5 • 006-.025 .04-0.1 0.8 

Fe2°3 
1.8-11.0 1 0.6-0.2 0.25-0.50 1-4 4 

MgO 0.1-6.7 4.1-1.1 0-1 1-14 14 

CaO 3.0-11.5 0.6-0.3 0 1.05-0.15 1 1.16 

K2O 0.03-5.0 1.0-0.3 0-0.15 1-0.3 3.01 

Ti02 0.1-2.0 1.0-0.4 0.0.05 1-0.4 2.03 
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error (see Table 2b) whereby one standard deviation (tf) =* ifn/n; where 

n » average number of counts. Thus, this error is only time dependent. 

Sources of systematic error are mainly related to the effects of 

sample matrix, however they also include the effects of sample prepara¬ 

tion, the accuracy of the standards analytical data, and operator error. 

A total systematic error for each major oxide was estimated from the 

dispersion of the standard points along the calibration curves (Table 2c). 

The total relative error of any measurement is equal to the square- 

root of the sum of the squares of the random error and the systematic 

error respectively. Based on the latter equation, an estimate of the 

total relative error was calculated using the information found in Table 

2b and 2c. The total relative error is reported in Table 2d for each 

major oxide and can be used as a guideline in evaluating the precision 

in the analyses reported in Appendix III. 

Trace element analyses for Sr and Kb were performed on a General 

Electric XRD-5 spectrometer equipped with Mo tube and LiF analyzing 

crystal. The technique was essentially that of Reynolds (1963, 1967). 

where the intensity of the unknown, corrected for background, is com¬ 

pared to one or two standards, thus not requiring a calibration curve. 

Trace element analyses were not rigorously perfected and systematic 

errors are easily incorporated in the form of sample inhomogeneity and 

background estimation. The precision of the Rb and Sr analyses is, at 

best, ± 10 % and ± 5 % respectively. Mass absorption coefficients were 

calculated for each unknown based on measured element concentrations. 
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Neutron activation 

Sodium analyses were performed at the Nuclear Science Center of 

Texas A, & M. University. Weighed aliquots (.3-.5 grams) of the undi¬ 

luted rock powders were sealed in polyethylene vials. Both unknowns 

and U. S. G. S. rock standards: GSP-1, G-2, AGV-1, BCR-1 and W-l were 

arranged in a rotatable sample container designed for uniform neutron 

11 2 
flux. Samples were thus irradiated in a flus » 10 neutrons/cm. sec., 

or at 200 kilowatts for 5 minutes and allowed to decay for 24 hours 

1/2 
(T =* 14.97 hours) prior to analyzing the gamma-ray emissions from 

24 
the Na isotope. 

The detector system consisted of a 400 channel analyzer and a 

three-inch lithium-drifted germanium crystal fitted with beta shields 

and a sample holder slot to insure identical counting geometry for all 

samples. Counts were accumulated over the entire sodium spectra, shown 

in Figure 27, for one to two minutes, depending on activity levels. 

Both the 1.6853 MeV and the 2.7539 MeV energy peak areas were integrated 

after subtracting background. Only one peak area is necessary for 

comparison with a standard. The relative precision of this method is 

± 5 %. 
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24 
Figure 27: Gamma-ray energy spectrum of Na . 



APPENDIX II 

CHEMICAL ANALYSES OF THE CLARNO SAMPLES 

The Clarno chemical analyses are reported in Table 3 with two 

decimal figures in order to permit averaging of the analyses. The 

analytical errors discussed in Appendix I justify only one significant 

decimal figure. This fact should be considered when referring to 

Table 3. 

Water analyses are not included in the total sum. Wilson (1973) 

performed water analyses on the basal Clarno rocks and reported 3-4 wt. % 

water content. Comparable values are assumed to exist in many of these 

analyses (Table 3) where totals are low* 
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Table 3. Chemical analyses of the Clarno samples 

JN-4 JN-7 JN-8 JN-22 JN-25 JN-26 JN-27 

Si02 77.5 58.42 60.68 56.48 51.35 58.22 63.80 

M2°3 14.32 16.71 15.52 15.89 15.45 15.62 15.85 

$ Fe as Fe^O^ N.D. 7.75 7.19 9.01 9.36 11.00 5.72 

MgO N.D. 2.84 2.75 3.48 5.44 2.18 1.55 

CaO 0.41 7.97 6.07 7.58 8.18 5.16 5.53 

Na20 3.31 3.41 3.68 3.47 3.35 4.39 4.25 

K2° 4.91 1.08 1.10 1.39 1.30 2.33 1.94 

TIO2 0.14 0.94 1.02 1.29 1.40 1.65 1.01 

Total 100.59 99.12 98.01 98.59 95.83 100.55 99.65 

Rb [ppm] 184 33 36 46 37 67 57 

Sr[ppm] 28 407 393 357 277 311 373 

K20/Na20 1.48 0.31 0.29 0.40 0.38 0.53 0.45 

K/Rb 221 271 253 250 291 288 282 

JN-28 JN-29 JN-32 JN-35 JN-36 JN-38 JN-39 

S102 70.45 57.84 76.6 58.12 59.22 62.15 62.65 

A12°3 14.71 15.40 13.08 15.97 15.26 15.70 15.72 

2. Fe as Fe^^ 3.20 7.76 1.95 8.11 8.71 7.15 7.12 

MgO 0.28 2.86 0.40 3.22 3.69 2.31 2.15 

CaO 2.74 6.72 1.08 7.05 6.63 5.81 5.59 

Na20 3.20 3.68 3.67 4.14 3.69 3.78 3.99 

K2O 2.81 0.45 4.19 1.35 0.88 1.70 1.65 

TIO2 0.58 1.22 0.21 1.37 1.14 1.12 1.03 

Total 97.97 95.93 101.18 99.33 99.22 99.72 99.90 

Rb[ppm] 55 52 148 49 11 55 48 

Sr [ ppm] 200 404 83 396 363 388 392 

K20/Na20 0.87 0.12 1.14 0.32 0.23 0.44 0.41 

K/Rb 424 71 235 228 664 256 285 
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Table 3 Continued 

JN-41 JN-42 JN-43 JN-46 JN-47 JN-48 JN-49 

Si02 58.67 57.28 60.57 64.55 71.4 60.02 60.25 

15.55 15.59 15.68 15.24 15.76' 15.89 15.89 

£ Fe as Fe^^ 9.34 9.38 7.74 5.65 2.81 7.46 7.31 

MgO 2.23 2.92 2.69 2.01 0.73 2.11 3.08 

CaO 6.71 7.16 6.36 3.29 3.14 6.61 6.29 

Na20 3.93 3.61 3.79 3.95 2.81 3.65 3.50 

K2O 0.82 0.77 1.10 2.21 2.72 1.33 1.53 

Ti02 1.54 1.52 1.23 0.63 0.60 1.10 1.03 

Total 98.79 98.23 99.16 97.53 99.97 98.17 98.88 

Rbfppm] 61 42 21 70 78 33 52 

Srtppm] 414 414 415 259 151 386 385 

K20/Na20 0.20 0.21 0.29 0.55 0.96 0.36 0.43 

K/Rb 111 152 434 262 289 334 244 

JN-50 JN-51 JN-52 JN-54 JN-57 JN-58 JN-59 

Si02 58.45 57.67 54.40 54.37 61.35 59.38 53.66 

“z°3 16.75 17.34 16.85 15.72 15.62 14.57 14.26 

f. Fe as Fe^^ 7.80 7.37 9.74 9.52 7.34 7.07 9.42 

MgO 3.02 3.55 4.53 3.57 2.07 4.43 7.17 

CaO 7.98 8.44 9.62 8.78 4.31 5.41 9.64 

Na20 3.42 3.13 3.09 3.29 4.13 3.30 3.03 

K2O 1.06 0.89 0.64 0.95 .,1.82 1.37 N.D. 

Ti02 0.93 0.88 1.26 1.31 1 f 04 0.90 1.23 

Total 99.41 99.27 100.13 97.51 97.68 96.43 98.41 

Rb[ppm] 36 23 13 23 59 40 N.D. 

Sr[ppm] 415 391 393 356 279 279 365 

K20/Na20 0.30 0.28 0.20 0.28 0.44 0.41 - 

K/Rb 244 321 408 342 256 284 - 
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Table 3 Continued 

JN-60 JN-61 JN-62 JN-63 JN-64 JN-71 JN-72 

Si02 58.26 49.75 60.41 62.43 66.36 52.15 74.0 

M2°3 15.26 15.24 14.80 15.76 15.20 15.39 14.23 

£ Fe as Fe
2°3 7.40 10.69 6.94 7.18 4.81 11.16 2.66 

MgO 4.32 9.13 4.07 3.22 2.84 4.99 0.28 

CaO 7.63 10.64 6.11 5.81 4.28 8.63 1.27 

Na20 3.25 3.11 3.32 3.87 3.67 3.23 4.09 

K2° N.D. 0.38 1.38 1.45 2.17 1.69 3.75 

Ti02 0.94 1.26 0.92 0.93 0.67 1.92 0.32 

Total 97.06 100.20 97.95 100.65 100.00 99.16 100.60 

Rb[pptn] N.D. 5 39 46 79 51 146 

Sr [ppm] 408 285 294 371 272 364 98 

K20/Na20 - 0.12 0.41 0.37 0*59 0.52 0.91 

K/Rb — 630 293 261 228 275 213 

JN-73 JN-74 JN-76 JN-77 JN-78 JN-80 JN-81 

Si02 63.59 54.94 59.38 60.75 55.10 60.05 60.87 

A12°3 15.66 16.33 15.24 15.48 15.99 15.18 15.99 

£ Fe as Fe^^ 3.25 9.77 8.94 7.14 9.01 8.47 7.62 

MgO 1.20 4.45 1.87 2.33 4.75 3.71 3.10 

CaO 5.63 8.31 6.20 5.91 8.55 6.55 6.22 

Na20 4.06 3.58 4.18 4.25 3.65 3.59 3.49 

K2O 1.54 0.81 0.99 1.54 0.93 1.39 1.60 

Ti02 0.91 1.33 1.63 1.20 1.25 1.05 0.96 

Total 95.84 99.52 98.43 98.60 99.23 99.99 99.85 

Rb[ppm] 44 37 58 45 27 44 46 

Sr[ppm] 337 408 418 367 420 297 367 

K20/Na20 0.37 0.22 0.23 0.36 0.25 0.38 0.45 

K/Rb 290 181 141 284 285 262 288 
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Table 3 Continued 

JN-82 JN-87 JN-89 JN-90 JN-92 JN-94 JN-95 

Si02 59.13 63.32 60.32 61.56 61.21 59.64 60.93 

A12°3 16.02 15.53 15.51 15.60 16.14 15.68 15.45 

£ Fe as 8.22 6.62 7.57 8.10 7.54 7.64 7.52 

MgO 3.42 2.57 3.59 2.33 2.15 2.60 1.81 

CaO 7.45 5.53 6.51 6.84 6.48 6.70 6.04 

Na20 3.42 3.62 3.58 3.62 3.89 3.93 3.72 

K2O 0.87 1.48 1.12 1.15 1.51 1.30 1.61 

TIO2 1.17 1.03 1.12 1.21 1.18 1.18 1.24 

Total 99.70 99.70 99.32 100.41 100.10 98.67 98.32 

Rbfppm] 42 48 32 32 52 40 52 

Sr[ppm] 387 313 325 362 297 341 326 

K20/Na20 0.25 0.40 0.31 0.31 0.38 0.33 0.43 

K/Rb 171 255 290 298 241 269 257 

JN-96 JN-97 JN-98 JN-99 JN-100 JN-101 JN-104 

S102 61.44 69.59 70.2 67.87 61.69 65.26 63.64 

AI2O^ 15.62 14.82 14.95 15.03 15.60 15.11 15.25 

£. Fe as Fe2C>2 8.09 5.20 5.46 6.04 7.87 6.23 7.08 

MgO 2.71 0.29 0.37 0.94 1.73 1.24 1.29 

CaO 6.85 3.02 3.09 3.99 5.38 4.58 5.27 

Na20 3.47 3.79 3.84 3.87 4.17 3.69 4.22 

K2O 0.65 2.89 2.74 2.20 1.91 2.11 1.60 

TIO2 1.07 0.68 0.68 0.92 1.27 1.05 1.21 

Total 99.90 100.28 101.33 100.86 99.62 99.27 99.56 

Rb[ppm] 12 114 99 76 57 76 55 

Sr[ppm] 324 230 243 282 355 288 317 

K20/Na20 0.18 0.76 0.71 0.56 0.45 0.57 0.37 

K/Rb 449 210 229 240 278 230 241 



77 

Table 3 Continued 

JN-105 JN-112 JN-113 JN-114 JN-115 JN-116 JN-117 

Si02 61.26 58.67 49.73 52.82 50.44 59.27 48.97 

"2°3 15.03 15.81 14.67 15.91 14.72 16.22 14.42 

£ Fe as Fe^^ 7.05 7.04 10.20 9.73 9.96 8.47 10.91 

MgO 2.67 2.59 9.16 4.57 7.79 1.63 10.05 

CaO 7.10 7.63 11.08 9.59 10.50 6.57 11.18 

Na20 3.89 4.08 2.83 3.22 2.71 3.35 2.51 

K2O 1.24 1.18 0.23 0.66 0.39 1.27 0.11 

Ti02 0.95 1.03 1.35 1.26 1.31 1.50 0.98 

Total 99.19 98.03 99.25 97.76 97.82 98.28 99.13 

Rb [ppm] 36 26 1 7 8 42 1 

Sr[ppm] 314 411 354 377 351 333 241 

K20/Na20 0.31 0.28 0.08 0.20 0.14 0.37 0.04 

K/Rb 285 376 1909 782 404 251 913 

JN-118 JN-119 JN-120 JN-121 JN-122 JN-124 JN-125 

Si02 59.59 59.98 56.66 48.19 63.91 56.80 63.66 

M2°3 15.28 15.72 16.10 14.95 14.15 15.32 14.99 

£ Fe as Fe
2®3 8.46 6.53 8.90 10.93 6.74 9.16 7.38 

MgO 3.41 1.39 3.20 10.64 3.51 3.10 2.38 

CaO 6.78 8.67 7.63 9.97 5.20 6.94 5.45 

Na20 3.55 3.53 3.53 2.17 3.46 3.40 3.98 

K2O 0.65 1.81 0.60 0.47 2.01 1.42 1.03 

Ti02 1.18 0.82 1.40 0.96 0.89 1.13 1.02 

Total 98.90 98.45 98.02 98.28 99.87 97.27 99.89 

Rb[ppm] 71 72 62 13 67 46 112 

Sr[ppm] 419 293 492 288 293 379 288 

K20/Na20 0.18 0.51 0.16 0.21 0.58 0.41 0.25 

K/Rb 76 208 80 300 249 256 76 
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Table 3 Continued 

JN-126 JN-127 JN-128 JN-129 JN-131 JN-133 JN-135 

Si02 65.65 58.31 61.94 62.55 63.75 59.38 60.89 

A12°3 14.72 15.43 14.73 14.82 15.07 15.53 16.06 

£ Fe as 6.79 8.70 6.96 6.87 6.20 8.61 7.31 

MgO 1.72 4.20 2.98 3.37 2.49 3.36 1.88 

CaO 4.87 7.08 5.14 5.19 5.33 6.88 6.75 

Na20 3.62 3.39 3.52 3.67 3.67 3.89 4.09 

K2O 2.10 1.36 2.21 1.98 1.42 1.02 0.52 

Ti02 0.99 1.08 1.01 0.98 0.87 1.20 1.17 

Total 100.46 99.55 98.49 99.43 98.80 99.87 98.67 

Rb[ppm] 69 19 78 1 46 25 25 

Sr[ppm] 283 349 272 271 348 286 356 

K20/Na20 0.58 0.40 0.62 0.53 0.38 0.26 0.12 

K/Rb 252 594 235 16437 256 338 172 

JN-136 JN-141 JN-142 JN-153 JN-156 JN-157 JN-158 

Si02 52.56 55.55 49.48 53.93 48.83 63.48 61.36 

A12°3 16.66 15.01 13.62 16.33 13.17 15.43 15.55 

£ Fe as T’e2°3 9.48 9.95 10.58 8.67 10.92 6.31 6.64 

MgO 5.21 4.57 10.57 3.90 12.38 1.08 2.28 

CaO 9.94 7.83 11.46 9.00 10.51 5.15 5.19 

Na20 3.40 3.31 2.16 3.14 2.02 4.28 4.16 

K2O 0.74 0.81 0.22 0.89 0.03 1.49 1.55 

Ti02 1.22 1.29 0.72 1.33 0.95 0.83 0.88 

Total 99.21 98.32 98.81 97.19 98.81 98.05 97.61 

Rb [ppm] 20 22 0.5 15 N.D. 48 53 

Sr[ppm] 360 486 405 349 324 293 276 

K20/Na20 0.21 0.24 0.10 0.28 0.01 0.34 0.37 

K/Rb 307 305 3652 492 - 257 242 
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Table 3 Continued 

JN-159 JN-161 JN-164 JN-165 JN-166 JN-167 JN-176 

Si02 57.20 54.61 55.51 52.64 49.83 51.38 64.13 

A12°3 16.46 15.04 15.90 16.41 15.83 15.70 13.55 

f. Fe as Fe?0^ 7.04 6.81 7.67 7.10 11.83 9.90 6.16 

MgO 3.71 5.04 4.39 3.79 6.44 6.72 2.36 

CaO 7.72 7.31 7.03 9.64 10.78 9.39 5.24 

Na20 3.32 4.05 3.75 1.72 3.07 3.13 3.78 

K2O 0.91 1.75 1.50 1.28 0.28 1.04 2.02 

Ti02 0.84 0.93 1.03 0.90 1.60 1.42 0.89 

Total 97.20 95.54 96.78 93.48 99.66 98.68 98.13 

Rb [ppm] 24 27 37 32 0.3 24 63 

Sr[ppm] 393 627 360 383 300 395 270 

K20/Na20 0.27 0.43 0.40 0.74 0.09 0.33 0.53 

K/Rb 314 538 336 332 7264 359 266 

JN-177 JN-178 JN-179 JN-180 PW-10 PW-11 PW-12 

Si02 64.49 69.94 71.31 63.02 57.92 65.71 59.97 

A12°3 14.73 14.46 14.82 15.43 15.97 14.72 15.11 

£ Fe as Fe
2®3 5.58 1.83 1.78 5.79 7.53 4.73 8.02 

MgO 1.29 0.43 0.12 1.45 2.68 2.31 2.36 

CaO 4.08 4.21 2.27 5.36 6.40 3.85 6.16 

Na20 4.48 3.52 3.91 3.71 3.88 3.58 3.96 

K2O 2.17 3.61 3.54 1.67 1.36 2.17 1.16 

Ti02 0.72 0.50 0.45 0.87 1.30 0.67 1.34 

Total 97.54 98.50 98.20 97.30 97.04 97.74 98.08 

Rb[ppm] 65 81 109 57 36 74 102 

Sr[ppm] 246 155 149 288 346 247 381 

K20/Na20 0.48 1.02 0.90 0.45 0.35 0.60 0.29 

K/Rb 277 370 269 243 313 243 94 
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Table 3 Continued 

PW-16 PW-18 PW-19 PW-22 PW-23 PW-24 PW-25 

sio2 64.04 61.15 63.77 61.72 59.47 60.42 56.55 

"2°3 
14.11 15.40 15.11 14.94 15.71 15.32 14.44 

£ Fe as Fe2®3 5.72 6.43 5.79 7.39 7.60 8.53 9.72 

MgO 3.01 3.09 2.60 2.62 3.35 3.53 5.16 

CaO 5.22 5.44 5.76 5.72 6.57 6.87 7.67 

Na20 3.92 3.92 3.82 3.95 3.44 3.74 3.28 

K2O 1.62 1.74 1.43 1.76 0.76 1.17 0.49 

TIO2 0.80 0.93 0.85 0.99 1.02 1.12 1.29 

Total 98.44 98.10 99.13 99.09 97.92 100.70 98.60 

Rb[ppm] 47 54 37 53 46 26 2 

Sr[ppm] 302 319 340 371 394 333 392 

K20/Na20 0.41 0.44 0.37 0.44 0.22 0.31 0.14 

K/Rb 286 267 320 275 137 373 2033 

PW-26 PW-27 PW-28 PW-29 PW-41 PW-42 PW-43 

S102 60.42 60.12 60.12 60.92 55.18 57.61 55.14 

A1
2°3 

15.42 15.54 15.52 15.61 15.51 14.68 17.60 

£ Fe as Fe2°3 8.43 8.43 9.18 8.80 9.67 9.24 7.27 

MgO 2.77 2.81 2.08 2.12 3.66 4.72 4.29 

CaO 6.85 6.92 6.91 6.55 6.38 6.94 8.67 

Na20 3.72 3.76 3.80 3.70 3.02 3.19 3.00 

K20 1.12 0.84 1.15 1.17 2.62 1.68 1.42 

TIO2 1.15 1.18 1.27 1.24 1.27 1.25 0.94 

Total 99.88 99.60 100.03 100.11 97.31 99.31 98.33 

Rb[ppm] 22 33 28 31 55 36 42 

Sr[ppm] 290 330 348 339 548 556 404 

K20/Na20 0.30 0.22 0.30 0.31 0.86 0.52 0.47 

K/Rb 422 211 340 313 395 387 280 
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Table 3 Continued 

PW-44 PW-45 PW-46 PW-47 PW-48 PW-49 

sio2 50.65 66.47 59.40 58.60 51.83 57.99 

Al2°3 15.78 15.09 15.56 18.33 15.09 15.61 

£ Fe as Fe2°3 12.06 4.38 7.19 6.64 8.56 7.73 

MgO 5.48 1.47 0.84 1.21 2.83 2.31 

CaO 11.03 4.26 5.66 4.05 11.12 6.21 

Na20 2.87 4.05 4.51 2.27 3.50 4.14 

K2O 0.59 1.79 1.81 1.61 0.77 1.37 

TIO2 1.29 0.77 1.39 1.25 1.14 1.39 

Total 99.75 98.28 96.36 93.96 94.84 96.75 

Rb[ppm] 5 56 49 48 23 41 

Srtppm] 241 289 361 153 270 239 

K20/Na20 0.20 0.44 0.40 0.70 0.22 0.33 

K/Rb 979 265 306 278 277 277 



APPENDIX III 

PETROGRAPHIC DESCRIPTIONS OF THE CLARNO SAMPLES 

JN-4: Rhyodacite 
Porphyritic eutaxitic texture; phenocrysts of quartz—10 %, rounded, 

embayed, rarely broken, max. up to 1 mm.; groundmass is a mosaic of 
quartz and feldspar (sometimes in plume-like aggregates), and with minor 
hornblende, zircon, and opaques; spherulites of quartz and alkali 
feldspar. 

JN-7: Andesite 
Microporphyritic; phenocrysts of plagioclase—18 %, A^g, laths, 

ragged terminations, max. up to 0.1 mm., poor albite twins; phenocrysts 
of augite—2 %, small anhedra to subhedra; very fine grained intersertal 
groundmass of plagioclase laths, anhedral pyroxenes, opaques, and minor 
brownish glass. 

JN-8: Andesite 
Vesicular felsophyric texture; few plagioclase phenocrysts (An^g), 

normal zoning, albite twins; felsophyric groundmass of alkali feldspar 
laths, blocky sanidine, and microcrystalline quartz; biotite—10 %, laths 
in groundmass, now totally oxidized to hematite. 

JN-22: Andesite 
Porphyritic; phenocrysts of plagioclase—45 %, An^^gg, euhedral- 

subhedral, max. up to 0.5 mm., abundant albite twins, weafc-moderate 
normal and oscillatory zoning; phenocrysts of hypersthene—5 %, broken, 
subhedral, max. up to 0.3 mm., partially-totally uralitized; phenocrysts 
of augite—2 %, small anhedra; intersertal groundmass of plagioclase 
laths (An^i-), subhedral hypersthene, opaques, and brown glass. 

JN-25: Andesite 
Felted intergranular texture of euhedral plagioclase laths (AI^Q^Q) » 

—65 %, subhedral to anhedral hypersthene—25 %, often replaced by 
hornblende, and euhedral opaques. 

JN-26: Andesite 
Porphyritic; phenocrysts of plagioclase—10 %, An^o, rounded, sub¬ 

hedral, max. up to 2.5 mm., reaction rims commonly filled with glassy 
inclusions, polysynthetic albite twins, oscillatory zoning; intergran¬ 
ular groundmass of plagioclase laths (An^g), granules of hypersthene and 
augite commonly rimmed with uralite, irregular patches of uralite and 
elongated and skeletal opaques. 
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JN-27: Andesite 
Slightly porphyritic; phenocrysts of plagioclase—3 %, An~Q, broken 

and rounded grains, broad reaction rims filled with glassy inclusions, 

minor albite twins and broad zoning; intergranular matrix of plagioclase 

microlites, stumpy sanidine crystals, biotite, hornblende, and opaques; 

minor microphenocrysts of hypersthene rimmed with hornblende; few 
quartz-filled vesicles. 

JN-28: Porphyritic; phenocrysts of quartz—3 %, embayed, anhedral, max. 
up to 2.5 mm., often encircled by granular augite; phenocrysts of plag¬ 

ioclase—3 %, An^cjj euhedral to subhedral due to reaction rims, albite- 

carlsbad twins, moderate zoning; intergranular to intersertal fine 

grained groundmass of twinned plagioclase laths (An^), subhedral augite 
and hypersthene grains often rimmed with opaques, minor K-feldspar 

(sanidine ?), brown glass, and iron oxides. 

JN-29: Andesite 

Slightly porphyritic and vesicular; phenocrysts of plagioclase—6 %, 
A1I30, euhedral and broken anhedral, some have reaction rims filled with 
glass blebs, max. up to 2 mm., non-uniform irregular albite twins, weakly 
zoned; augite—2 %, small irregular phenocrysts; intersertal to inter¬ 
granular groundmass of euhedral plagioclase laths (An^), augite, minor 
blocky orthoclase, abundant disseminated hematite dust, euhedral opaques, 

possibly some hornblende, yellow-brown glass. 

JN-32: Rhyodacite 

Porphyritic; phenocrysts of plagioclase—30 %, An^g, broken and 

cracked, some have albite and carlsbad twins; phenocrysts of quartz—10 % 
fine grained quartzo-feldspathic groundmass with minor biotite, opaques, 

and a trace of zircon. 

JN-35: Andesite 

Porphyritic; phenocrysts of plagioclase—15 %, often with reaction 
rims, irregular twinning and zoning, seriate size range down from 1 mm.; 
hypersthene—1 %, small subhedral phenocrysts; holocrystalline ground- 
mass of plagioclase laths (A^g), biotite, opaques, minor orthoclase and 

hornblende. 

JN-36: Andesite 

Glomeroporphyritic; phenocrysts of plagioclase—15 %, An,-Q, max. up 
to 2.5 mm., euhedral to rounded by reaction, weakly zoned, irregular 
albite twins, rims filled with glass blebs, minor sausseritization of 

cores; fine grained intergranular groundmass of plagioclase laths (An^,.), 

ferromagnesian granules (augite ?), and opaques. 

JN-38: Andesite 

Porphyritic; phenocrysts of plagioclase—15 %, &Ii27-329 max* UP to 

3.5 mm., irregular-subhedral, often with glass-filled reaction rims, 

weak to strong oscillation zoning, irregular albite twins; phenocrysts 

of quartz—2 %, anhedral with finely granular reaction rims; minor 
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euhedral phenocrysts of augite, max. up to 0.5 mm.; intergranular fine 
groundmass of plagioclase laths (An^), clinopyroxene granules, opaques, 
minor orthoclase. 

JN-39: Andesite 
Porphyritic; phenocrysts of plagioclase—8 %, An^Q* .anhedral, rounded 

by reaction, marginal zones filled with glass blebs, max. up to 2 mm., 
weak zoning, irregular albite-carlsbad twins; phenocrysts of quartz—3 %, 
embayed, rounded, reaction rims of granular ferromagnesians (augite ?) 
and iron oxides; intergranular groundmass of plagioclase laths (An^)> 
hypersthene and diopsidic augite granules, blocky orthoclase, iron oxides; 
microphenocrysts of hypersthene—3 %. 

JN-41: Andesite 
Hyalopilitic texture; scarce phenocrysts of plagioclase—1 %, An^g» 

max. up to 1 mm., euhedral to subhedral, weakly zoned, poor irregular 
albite-carlsbad twins; felted plagioclase laths (An^), hypersthene 
granules, opaques, and brown glass. 

JN-42; Andesite 
Seriate grain sizes, max. up to 1 mm.; large plagioclase crystals—5 %, 

broken, rounded and resorbed, irregular albite twins; hypersthene—1 %, 
larger crystals either rimmed with augite or mostly resorbed; glassy, 
partially devitrified groundmass with plagioclase laths (An^g), blocky 
orthoclase, and irregular pyroxene, possibly hypersthene rimmed with 
augite, as well as augite and opaques. 

JN-43: Andesite 
Porphyritic; phenocrysts of plagioclase—20 %, An^» euhedral to 

broken anhedral, max. up to 3 mm., often with reaction rims and broad 
outer glass-filled zones, weak zoning, poorly developed albite twins; 
occasional phenocrysts of hypersthene, rimmed with granular augite; 
intergranular groundmass of plagioclase laths (An,*-), hypersthene and 
augite granules, iron oxides, and minor blocky orthoclase. 

JN-46: Trachyte 
Porphyritic; phenocrysts of quartz—10 %, max. up to 2.5 mm., broken, 

anhedral; phenocrysts of plagioclase—2 %, A^g, subhedral, rounded, 
albite twins; phenocrysts of orthoclase—1 %; trachytic groundmass of 
very fine grained feldspar microlites, ferromagnesian granules, oxidized 
laths (biotite ?), orthoclase, opaques; hematitic alteration especially 
of the ferromagnesian minerals. 

JN-47: Quartz latite 
Porphyritic; phenocrysts of plagioclase—5 %, max. up to 3 mm., 

rounded, glass-filled border zones, poorly twinned, calcite alteration; 
phenocrysts of quartz—10 %, irregular, embayed; very fine grained 
groundmass, mixture of microcrystalline quartz, alkali feldspar microlites, 
orthoclase, oxidized biotite laths. 
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JN-48: Andesite 
Minor phenocrysts of plagioclase, rounded, glassy-blebbed margins, 

poor albite twins; rare quartz phenocrysts, broken and glass-rimmed; 
hyalopilitic groundmass of plagioclase laths (An^g), hypersthene granules, 
rare orthoclase, minor iron oxides, brown glass, 

JN-49: Andesite 
Sparsely porphyritic; phenocrysts of plagioclase, rounded, glass- 

filled margins, weakly twinned to untwinned; phenocrysts of quartz, 
rounded, hematitic corona; intergranular groundmass of plagioclase laths 
(An^g), augite granules, hornblende, and opaques* 

JN-50: Andesite 
Porphyritic; seriate; phenocrysts of plagioclase—20 %, An,Q, max, 

up to 1 mm, euhedral, broken, weakly zoned, irregular albite twins; 
phenocrysts of hypersthene—10 %, euhedral to broken; hypocrystalline 
groundmass of plagioclase laths (An^,-^,-), hypersthene granules, stubby 
orthoclase crystals, opaques and glass. 

JN-51: Andesite 
Porphyritic; phenocrysts of plagioclase—20 %, An^Q_g^, max. up to 

2 mm., broken subhedra to anhedra, albite twins on some, weakly zoned, 
few with glass-filled rims; phenocrysts of hypersthene—10 %, subhedra 
to anhedra; phenocrysts of quartz—2 %, max. up to 3 mm., broken, 
intergranular groundmass of plagioclase laths (An^), pyroxene granules, 
large iron oxides, minor orthoclase, hematitic staining. 

JN-52: Basaltic andesite 
Nonporphyritic; intergranular to intersertal texture; plagioclase 

laths(An^g^i^)* augite granules, minor olivine, euhedral opaques, minor 
yellow-brown glass. 

JN-54: Basaltic andesite 
Nonporphyritic, serpentine-uralite pseudomorphs after possibly 

olivine; intergranular groundmass of plagioclase laths (An^g), irregular 
augite grains, iron oxides, and interstitial epidote; epidote amygdules. 

JN-57: Dacite (latite ?) 
Porphyritic; phenocrysts of plagioclase totally altered to calcite- 

sericite; very fine grained groundmass of feldspar microlites, probably 
both plagioclase and alkali feldspar, microcrystalline quartz, orthoclase 
and interstitial chlorite (?). 

JN-58: Dacite ? 
Altered, slightly porphyritic; phenocrysts of quartz—2 %, broken and 

embayed; few phenocrysts of plagioclase (An^g), rounded, saussuritized 
cores, more often totally altered by calcite; groundmass is made of plag¬ 
ioclase microlites (An^g_j., ), orthoclase, quartzo-feldspathic mosaic , 
and great concentrations of calcitic and clayey alteration, opaques, 

interstitial chlorite; quartz veins. 
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JN-59: Andesite 
Nonporphyritic; plagioclase laths (An,«), unrecognizable ferromag- 

nesian granules, opaques, larger hornblende pseudomorphs (chlorite), 
splotchy sericite and calcite alteration, minor quartz. 

JN-60: Andesite 
Porphyritic; phenocrysts of plagioclase—15 %, An^, max. up to 2 mm., 

euhedral and broken, distinct albite twins, moderate zoning, some calcite 
alteration; groundmass of plagioclase microlites, orthoclase, irregular 
quartzo-feldspathic mosaic, minor opaques and interstitial chlorite; 
spotty sausseritic alteration of the groundmass. 

JN-61: Basaltic andesite 
Porphyritic; hornblende, chlorite and iddingsite. pseudomorphed after 

pyroxene or olivine—5 %, max. up to 2 mm.; intergranular groundmass of 
plagioclase laths (An^g), minor augite granules, olivine granules, and 
chlorite plus disseminated iron oxides. 

JN-62: Latite 
Porphyritic; phenocrysts of quartz—5 %, irregular, embayed, reaction 

rims of oxidized ferromagnesians (biotite?); occasional feldspar pheno- 
cryst, untwinned, calcite alteration; groundmass of felted plagioclase 
microlites, orthoclase, biotite, microcrystalline quartz, and minor 
opaques; patchy sericitic and chloritic alteration. 

JN-63: Basaltic andesite 
Seriate grain size distribution; largest plagioclase crystals—25 %, 

max. up to 3 mm., An_fi, euhedral to subhedral and broken, twinned, zoned, 
saussuritized cores; large hypersthene crystals rimmed with clinopyroxene 
and/or hornblende; groundmass of plagioclase microlites, irregular ferro- 
magnesian minerals (pyroxene, hornblende and biotite) often in reaction 
relationships, and opaques; chloritic alteration of ferromagnesians. 

JN-64: Latite 
Porphyritic; phenocrysts of quartz—5 %, max. up to 2.5 mm., irregu¬ 

lar reaction rims of hematite; phenocrysts of plagioclase—2 %, broad 
reaction rims stuffed with glass blebs, albite-carlsbad twins (An.g); 
fine grained holocrystalline groundmass of plagioclase laths (An^g), 
opaques, hornblende and minor orthoclase. 

JN-71: Basalt 
Essentially nonporphyritic; an irregular quartz phenocryst; few 

large subhedral grains of plagioclase; intersertal groundmass of euhedral 
twinned plagioclase laths (An^), olivine partially to totally altered 
to iddingsite and uralite, hypersthene grains, and subhedral opaques. 

JN-72: Quartz latite (tuff ?) 

Porphyritic; devitrified spherulitic phenocryst margins; phenocrysts 
of plagioclase—30 %, An^g, max. up to 2 mm., euhedral and broken, em¬ 
bayed; hornblende—5 %, small euhedral phenocrysts; Orthoclase—3 %, 
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clear blocky crystals; devitrified groundmass with a snowflake mosaic 
of quartz and alkali feldspar, and opaques. 

JN-73: Andesite 
Seriate grain size distribution; larger plagioclase—35 %, max. up 

to 2 mm., ^n32» euhedral to anhedral, albite twins; larger augite—1 %, 
broken, irregular, 0.3mm., rims of hornblende; larger hypersthene—1 %, 
broken; groundmass of plagioclase laths, hornblende wisps,, and opaques. 

JN-74: Pyroxene basalt 
Intergranular texture; plagioclase laths (An^2^’ diopsidic augite, 

irregular iddingsite/chlorite pseudomorphs after olivine, few olivine 
anhedra, and opaques. 

JN-7 6: Andesite 
Vesicular; nonporphyritic; few large augite crystals; intergranular 

to intersertal groundmass of plagioclase laths (An^), clear, untwinned 
stubby orthoclase crystals, irregular grains of augite, euhedral opaques, 
and brown glass. 

JN-77: Andesite 
Porphyritic; phenocrysts of plagioclase—10 %, A^^» euhedral to 

irregular, some show albite twinning; phenocrysts of quartz—5 %, anhedral, 
embayed, rims of hematite and ferromagnesian granules; intergranular 
groundmass of plagioclase laths (An^), hypersthene granules, stubby 
orthoclase crystals, and opaques. 

JN-78: Andesite 
Microporphyritic, 0.4 mm. max.; phenocrysts of plagioclase—40 %, 

An^; iddingsite-uralite pseudomorphs of possible olivine—8 %, hematitic 
rims; small irregular augite grains—5 %; very fine grained quartzo- 
feldspathic groundmass and disseminated opaques. 

JN-80: Andesite 
Slightly porphyritic; phenocrysts of quartz and plagioclase—3 %, 

very irregular reaction rims of granular ferromagnesians and iron oxides; 
intergranular groundmass of plagioclase laths (An^)» augite granules, 
hornblende and opaques. 

JN-81: Andesite 
Felted, nonporphyritic; plagioclase laths (An,*), hypersthene and 

lesser diopsidic augite granules, and opaques; uralitic alteration of 
ferromagnesian minerals. 

JN-82: Andesite 
Hypocrystalline, seriate grain size distribution, max. up to 0.5 mm.; 

plagioclase laths (An^Q^ moderate zoning and albite twins; few small 
olivine grains; hypersthene, some rimmed with augite; augite; opaques 
and small orthoclase crystals. 
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JN-87: Hornblende andesite 
Porphyritlc to glomeroporphyritic; phenocrysts of plagloclase—30 %, 

AnQg often cores of An_,, max. up to 3 mm., albite-carlsbad twins, 
oscillation zoning, euhedral-subhedral, saussuritized cores; phenocrysts 
of hornblende—10 %, often pseudomorphed after pyroxene; phenocrysts of 
augite—3 %, small, euhedral-broken, rimmed with hornblende; groundmass 
of large iron oxides—2' %, plagloclase microlites, very fine grained 
mosaic (probable quartz and feldspar), iron oxides, hornblende and minor 
biotite. 

JN-89: Andesite 
Porphyritic-glomeroporphyritic; phenocrysts of plagloclase—20 %, 

^n48-58ï euhedral-subhedral, albite-carlsbad twins, saussuritized cores 
on some; phenocrysts of augite—7 %, subhedral-broken, few replaced by 
hornblende; holocrystalline groundmass of plagioclase laths (An^), 
hypersthene granules, hornblende, iron oxides, minor quartz and untwinned 
orthoclase. 

JN-90: Pyroxene andesite 
Porphyritlc; phenocrysts of plagioclase—25 %, An^Q_^g, euhedral- 

subhedral, commonly zoned, regular albite twins; phenocrysts of augite- 
-10 %, euhedral-subhedral, some with augite overgrowths; groundmass of 
plagioclase laths (An^g), augite granules, and iron oxides. 

JN-92: Andesite 
Porphyritlc, seriate grain size distribution; phenocrysts of plagio¬ 

clase—30 %, An^g gQ, max. up to 3 mm., euhedral-subhedral, commonly 
rounded with glass-filled rims, albite-carlsbad twins, normal and 
oscillatory zoning; phenocrysts of augite—10 %, euhedral and anhedral; 
glassy groundmass of plagioclase microlites, pyroxene granules, dissem¬ 
inated iron oxides, brown glass and rare chlorite-filled amygdules. 

JN-94: Basaltic andesite 
Porphyritlc; phenocrysts of plagioclase—20 %, An^^^» euhedral to 

subhedral, strongly zoned, albite-carlsbad twins, larger ones (2 mm.) 
often resorbed and pitted, glassy inclusions, red hematitic -filled 
cracks; phenocrysts of augite—8 %, often rimmed with biotite; phenocrysts 
of biotite—10 %, resorbed centers, rimmed with granular augite; very 
fine grained groundmass of plagioclase laths and microlites (An^), 
ferromagnesian granules, biotite, and opaques. 

JN-95: Andesite 
Porphyritlc; seriate phenocrysts of plagioclase—25 %, An^g, euhedral- 

broken subhedral, larger crystals are spongy (2 mm.), smaller crystals 
are regularly twinned; phenocrysts of augite—10 %, euhedral-irregular, 
often thin marginal zone of hornblende or biotite; very fine grained 
groundmass of plagioclase microlites, microcrystalline quartz and alkali 
feldspar, disseminated ferromagnesian minerals and opaques. 
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JN-96: Pyroxene andesite 
Porphyritic-glomeroporphyritic; phenocrysts of plagioclase—25 %, 

An^g, commonly 0.5 mm., max. up to 1.5 mm., euhedral, larger embayed 
crystals, spongy, albite twinning; phenocrysts of augite—25 %, euhedral- 
subhedral; intersertal groundmass of plagioclase laths (An,g_^g), anhe- 
dral augite, iron oxides, possible hypersthene, brownish glass. 

JN-97: Dacite (?) 
Nonporphyritic, micro-snow flake texture; few larger plagioclase 

laths (An^), max. up to 0.1 mm., albite twins; very fine grained (devit- 
rified) groundmass of feldspar microlites, mosaic of quartz and feldspar, 
iron oxides, and ferromagnesian granules, possibly hornblende. 

JN-98: Dacite (?) 
Slightly porphyritic; few plagioclase phenocrysts (An^g); glassy to 

devitrified groundmass, few large plagioclase laths (0.1mm.), few large 
pseudomorphed pyroxenes (hornblende), quartzo-feldspathic mosaic, iron 
oxides, and ferromagnesian granules. 

JN-9 9: Dacite (?) 
Porphyritic-glomeroporphyritic; phenocrysts of plagioclase—20 %, 

An^g, euhedral, broken, often saussuritized cores, max. up to 1 mm., al- 
bite-carlsbad twins; phenocrysts of augite—5 %, subhedral-broken anhedral, 
rounded often with hornblende overgrowth; snowflake and intersertal 
groundmass of plagioclase microlites, pyroxene granules, hornblende puffs, 
iron oxides, brown glass or devitrified quartzo-feldspathic mosaic. 

JN-100: Pyroxene andesite 
Porphyritic-glomeroporphyritic; phenocrysts of plagioclase—15 %, 

An^g, max. up to 2 mm., euhedral and broken, strong normal and oscillatory 
zoning, larger crystals are commonly spongy or untwinned, smaller crystals 
have regular twins, saussuritic cores; phenocrysts of augite—20 %, com¬ 
monly glomeroporphyritic, max. up to 1 mm., subhedral-irregular, often 
hypersthene overgrowths; very fine grained groundmass, large iron oxides 
(0.1 mm.), plagioclase microlites and crystallites, ferromagnesian gran¬ 
ules, possible hornblende, iron oxides; epidote alteration of groundmass; 
minor orthoclase and microcrystalline quartz. 

JN-101: Latite 
Porphyritic; phenocryst size range 0.5-3 mm., phenocrysts of plagio¬ 

clase—10 %, An^g* twinned, zoned, large crystals are spongy, saussuritic 
cores; phenocrysts of augite—5 %, subhedral-anhedral, often hypersthene 
rim; hypocrystalline groundmass of plagioclase microlites and skeletal 
feldspars, very fine grains of ferromagnesians, microcrystalline alkali 
feldspar, orthoclase, iron oxides, minor brown glass. 

JN-104: Andesite 
Glomeroporphyritic; phenocrysts of plagioclase—20 %, broken subhedra- 

rounded an hedra, saussuritic cores, oscillatory zoning and complex 
twinning; phenocrysts of augite—10 %, small subhedra-anhedra; intersertal 
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groundmass of plagioclase laths (An^), pyroxene granules, orthoclase 
crystals, Iron oxides and brown glass. 

JN-105: Trachyandesite 
Nonporphyritic, intersertal texture; large embayed quartz crystal; 

groundmass of plagioclase laths (An ), blocky, untwinned orthoclase, 
biotite specks, pyroxene granules, iron oxides and brown glass. 

JN-112: Basaltic andesite 
Porphyritic; phenocrysts of plagioclase—30 %, An^,-, max. up to 2.5 

mm., euhedral, subhedral and rounded, commonly twinned, zoned, moderate 
saussuritic alteration of cores; phenocrysts of augite—10 %, subhedral- 
anhedral, reaction rims of possible granular hornblende, also filling 
cracks; intergranular groundmass of plagioclase laths (An^), clear 
blocky orthoclase, specks of hornblende, iron oxides, calcite alteration 
of the groundmass. 

JN-113: Basalt 
Porphyritic; phenocrysts of pyroxene—5 %, pseudomorphed after oli¬ 

vine, now mostly uralite and chlorite, 1-2 mm.; intersertal groundmass 
of plagioclase laths (An^), few large olivine grains (rounded), olivine 
and diopsidic augite granules, iron oxides, patchy uralitic alteration, 
and yellow-brown glass. 

JN-114: Basalt 
Seriate grain size; plagioclase, max. up to 1 mm., An^,.; few large 

altered patches, possibly olivine or pyroxene phenocrysts - now iddings- 
ite, chlorite, clay; intersertal groundmass of plagioclase laths, augite 
and olivine granules, iron oxides and interstitial chlorite. 

JN-115: Olivine basalt 
Porphyritic; phenocrysts of olivine—5 %, max. up to 1.5 mm., sub¬ 

hedral-rounded, iddingsite alteration; intersertal groundmass of plagio¬ 
clase laths (Anfif0, olivine and augite granules, iron oxides and brown- 
black glass. 

JN-116: Pyroxene basalt 
Hyalopilitic texture; plagioclase laths, few larger grains, An^, 

well-developed albite twins, occasional carlsbad twin, weak zoning, 
smaller grains - An_~; augite, few larger grains, subhedral-anhedral, 
max. up to 1 mm. ana groundmass granules; olivine, minor groundmass 
granules; iron oxides and brown glass. 

JN-117: Basalt 
Intergranular to intersertal; plagioclase laths (An^); oxyhornblende 

replacement of former pyroxene crystals; augite and hypersthene granules; 
interstitial chlorite, hornblende and iron oxides. 
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JN-118: Pyroxene basalt 
Glomeroporphyritic; phenocrysts of auglte—15 %, max. up to 0.5 mm., 

euhedral-subhedral; occasional plagioclase phenocryst, An,_, albite 
twins, zoned, euhedral; hyalopilitic groundmass of plagioclase laths 
(An^g), pyroxene granules, iron oxides and yellow-brown glass. 

JN-119: Dacite 
Porphyritic; phenocrysts of plagioclase—15 %, An,,, max. up to 5 mm., 

albite-carlsbad twins, oscillatory zoning, euhedral and anhedral, large 
crystals are spongy; altered masses of chlorite, calcite and biotite—10 %, 
sometimes pseudomorphed after pyroxene; large euhedral iron oxides; very 
fine grained mosaic-like groundmass of alkali feldspar, plagioclase, 
quartz, iron oxides, specks of chlorite, and interspersed biotite clumps. 

JN-120: Andesite 
Vesicular, nonporphyritic, intergranular; plagioclase laths (An^), 

subhedral augite, orthoclase, euhedral iron oxides, minor chlorite and 
uralite. 

JN-121: Olivine basalt 
Porphyritic; phenocrysts of olivine—5 %, max. up to 0.5 mm., largely 

iddingsite plus chlorite and clinopyroxene; intergranular groundmass of 
plagioclase laths (An^^), anhedral olivine, augite and iron oxides, specks 
of chlorite and iddingsite. 

JN-122: Dacite 
Porphyritic; phenocrysts of plagioclase—30 %, An^„» euhedral- 

subhedral, twinned, max. up to 5 mm., moderate oscillatory zoning; phen¬ 
ocrysts of augite—10 %, mostly replaced by biotite, iron oxides, uralite, 
and calcite, anhedral-subhedral, often glomeroporphyritic masses; pheno¬ 
crysts of olivine—3 %, broken and subhedral, granular augitic rims; 
devitrified groundmass of probable orthoclase microlites, plagioclase, 
quartz and iron oxides. 

JN-124: Andesite 
Porphyritic; phenocrysts of plagioclase—5 %, subhedral, resorbed, 

zoned, often with glass-filled rims; phenocrysts of augite—5 %, irreg¬ 
ular and subhedral grains, often replaced by biotite and iron oxides; 
biotite—3 %, ragged plates; intergranular groundmass of plagioclase laths 
(An^g), hornblende, biotite, diopsidic augite granules, and iron oxides. 

JN-125: Pyroxene andesite or (dacite ?) 
Porphyritic; phenocrysts of plagioclase—15 %, An,.,, max. up to 5 mm., 

commonly albite-carlsbad twins, zoned, large crystals are spongy, some 
with glass-filled rims; phenocrysts of augite—25 %, euhedral to broken, 
commonly 2 mm., range 0.2-3 mm.; glassy groundmass with feldspar microlites, 
possible orthoclase and quartz plus iron oxides. 
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JN-126: Andesite (dacite ?) 
Porphyritic; phenocrysts of plagioclase—20 %, An^, max. up to 2 mm., 

euhedra.1 and broken rounded grains, oscillatory zoning, abundant poly¬ 
synthetic albite twins; phenocrysts of augite--10 %, smaller euhedral, 
and larger irregular broken grains, max. up to 2 mm.; glassy groundmass 
with very fine feldspar microlites, iron oxides, and larger broken 
subhedral plagioclase laths (An^g), and augite. 

JN-127 ï Basaltic andesite 
Porphyritic; phenocrysts of plagioclase—10 %, An^, broken and 

rounded, often with many glassy inclusions in mantles, max. up to 2 mm., 
oscillatory zoning, twins; phenocrysts of augite—10 %, euhedral-sub- 
hedral, often glomeroporphyritic, twinned, commonly 1 mm.; hyalopilitic 
groundmass of plagioclase laths, An,.Q, hypersthene and augite subhedra, 
iron oxides, few orthoclase crystals and brown glass. 

JN-128: Andesitic lithic crystal tuff 
Phenocrysts of plagioclase—15 %, An,./, broken, twinned, zoned, 

glassy rims, partially resorbed;.nonporphyritic lithic fragments of 
basaltic andesite with intersertal texture; phenocrysts of augite—5 %, 
broken euhedra, and fragments; glassy-devitrified groundmass with 
feldspar microlites and ferromagnesian granules, larger augite and 
possible hornblende, and iron oxides. 

JN-129: Dacite 
Porphyritic; phenocrysts of plagioclase—15 %, An^Q, max. up to 2.5 mm., 

euhedral-subhedral, distinct twins, moderate oscillatory zoning; pheno¬ 
crysts of augite—10 %, euhedral, often resorbed and fragmented, 1mm. 
down to 0.1 mm.; devitrified felsophyric groundmass of probable quartz 
and feldspar, snowflake texture, parts still glassy, iron oxides, larger 
irregular ferromagnesian (pyroxene ?). 

JN-131: Pyroxene andesite 
Microporphyritic; phenocrysts of augite—15 %, euhedral-anhedral; 

phenocrysts of hypersthene—10 %, euhedral; hyalopilitic groundmass of 
glass, devitrified snowflake texture, feldspar laths (An^g), orthoclase, 
pyroxene granules, minor iron oxides and crystallites. 

JN-133: Pyroxene andesite 
Microglomeroporphyritic; phenocrysts of augite—5 %, euhedral - 

subhedral, max. up to 0.5 mm.; intergranular groundmass of plagioclase 
microlites, ferromagnesian granules (problbly clinopyroxene), possible 
biotite, and iron oxides. 

JN-135: Andesite 
Porphyritic; phenocrysts of plagioclase—45 %, euhedral and broken, 

most have sieve textures—stuffed with glass inclusions, An,-g, max. up 
to 3 mm., twinned and zoned (not distinct due to inclusions; groundmass 
of brownish glass with larger augite granules and subhedra, possible 
orthoclase, plagioclase laths (An^g), and iron oxides. 
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JN-136: Basaltic andesite 
5 % resorbed, totally oxidized phenocrysts, iddingsite alteration 

and iron oxide concentrations suggest olivine; groundmass of zoned 
plagioclase laths (An,-0), ferromagnesian granules, opaques, few irregu¬ 
lar olivine grains, and hematitic alteration. 

JN-141: Andesite 
Nonporphyritic, hyalopilitic texture; plagioclase laths (An,2), 

occasional larger clinopyroxene, often altered to calcite and chlorite, 
ferromagnesian granules, and iron oxides, plus brown-green glass. 

JN-142: Olivine basalt 
Porphyritic; phenocrysts of olivine—15 %, subhedral to rounded an- 

hedral grains, cracks and rims lined with iddingsite and iron oxides, 
commonly 1 mm.; intergranular groundmass of plagioclase laths (Angg), 
irregular olivine and augite grains and iron oxides. 

JN-153: Andesite 
Porphyritic; phenocrysts of plagioclase—5 %, An,f)_1-1., euhedral, 

broken anhedral, strongly zoned, commonly albite twinned; phenocrysts of 
augite—2 %, anhedral to subhedral grains; intersertal groundmass of 
plagioclase laths (An.g), augite granules, larger hypersthene subhedra, 
dark brown glass and fine iron oxide dust. 

JN-156: Basalt 
Porphyritic; phenocrysts of now altered masses of chlorite and 

serpentine pseudomorphed after possible olivine—15 %; intersertal 
groundmass of plagioclase laths (An^^), diopsidic augite, minor iron 
oxides, yellow glass and chlorite. 

JN-157: Andesite (?) 
Porphyritic; phenocrysts of plagioclase—5 %, subhedral to anhedral, 

often filled with glass inclusions; phenocrysts of augite—1 %, irregular 
and som subhedral grains; hyalopilitic groundmass of plagioclase microlites 
and skeletal crystals, ferromagnesian granules, iron oxides, and glass. 

JN-158: Andesite (?) 
Few phenocrysts of highly saussuritized plagioclase, quartz, and 

augite; very fine grained groundmass of plagioclase microlites, ferro¬ 
magnesian granules, iron oxides, occasionl blocky orthoclase. 

JN-159: Andesite 
Porphyritic; phenocrysts of plagioclase—15 %, An^g_^^, euhedral- 

subhedral, cores saussuritized, twinned and zoned; phenocrysts of augite 
—5 %, subhedral, commonly glomeroporphyritic; holocrystalline ground- 
mass of plagioclase laths (An_„), blocky orthoclase crystals, diopsidic 
augite, iron oxides and hematite dust. 
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JN-161: Lithic crystal (andesite ?) 
40 %—fragmental microcrystalline felsophyric mixture of quartz and 

alkali feldspar; 5 fragmental augite crystals; glassy groundmass with 
iron oxides and hematite dust, 

JN-164: Basaltic andesite 
Porphyritic; phenocrysts of plagioclase—15 %, An^g_g^, euhedral to 

broken, cores destroyed by saussuritization; phenocrysts of augite—3 %, 
subhedral to irregular grains; intersertal groundmass of varying amounts 
of glass, plagioclase microlites, pyroxene granules, iron oxides, and 
stubby orthoclase crystals. 

JN-165: Lithic crystal (tuff ?) 
30 %—elongate amygdules filled with quartz or alkali feldspar; 

15 %—lithic fragments of felsophyre; 5 %—fragments of feldspar cumulates; 
3 %—augite, euhedral to broken; 1 %—hornblende; 5 %—plagioclase, very 
glassy and partially resorbed; glass groundmass. 

JN-166: Olivine basalt 
Intersertal to subophitic texture; plagioclase laths (An^)» augite, 

partially enclosing feldspar in a subophitic fashion; olivine, subhedral 
grains; uralite, uralitization of the feldspar; iron oxides, irregular, 
intersertal. 

JN-167: Basalt (?) 
Few broken phenocrysts of probable feldspar, totally saussuritized; 

hyalopilitic groundmass of very fine feldspar microlites, ferromagnesian 
granules, abundant iron oxides, brown glass. 

JN-176: Andesite 
Porphyritic; phenocrysts of plagioclase—30 %, An,,,, max. up to 2 mm., 

euhedral, often rounded, some subhedral, twinned, oscillatory zoning; 
phenocrysts of augite—10 %, often cumuloporphyritic, euhedral and 
anhedral; phenocrysts of orthoclase—3 %, anhedral and zoned; intersertal 
groundmass of plagioclase microlites, disseminated iron oxide granules, 
pyroxene anhedra, and brownish glass. 

JN-177: Dacite 
Porphyritic; phenocrysts of plagioclase—15 %, An^g, sukhedral, 

rounded, saussuritized cores, zoned, twinned, sericitxc alteration; 
phenocrysts of biotite, pseudomorphed after pyroxene—5 %; very fine 
grained groundmass of feldspar laths, possible quartz, iron oxides, and 
possible biotite; quartz veins. 

JN-178: Dacite (?) 
Porphyritic, vesicular; 10 %—phenocrysts of pyroxene and plagioclase 

plucked and altered by calcite; glassy hypocrystalline groundmass of 
pyroxene granules, feldspar microlites, disseminated opaque dust and 
glass. 
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JN-179: Quartz latite (tuff?) 
Porphyritic; broken oligoclase, orthoclase and quartz phenocrysts- 

-30 %, in a snowflake, devitrified groundmass, minor opaques. 

JN-180: Basaltic andesite (?) 
Porphyritic; phenocrysts of plagioclase—25 %, AngQ, commonly with 

glassy inclusions, subhedral, anhedral, zoned and twinned; phenocrysts 
of augite—15' %, euhedral-aubhedral, twinned; phenocrysts of hornblende 
—3 %, oxidized, eùhedral; intergranular groundmass of plagioclase mic- 
rolites, orthoclase, ferromagnesian granules and iron oxides. 

PW-10: Basaltic andesite 
Porphyritic; phenocrysts of plagioclase—15 %, An„, euhedral, twin¬ 

ned; phenocrysts of hypersthene—8 %, euhedral, sometimes mantled with 
augite; intersertal groundmass of plagioclase microlites, ferromagnesian 
granules, orthoclase, interstitial quartz (?), and opaques. 

PW-11: Dacite (?) 
Porphyritic; phenocrysts of oxyhornblende replacement of euhedral 

pyroxene and elongated laths—10 %; phenocrysts of plagioclase—3 %, 
saussuritic alteration, glass-filled margins; phenocrysts of quartz—Tr. 
reaction rim of ferromagnesians, embayed; few large euhedral augite cry¬ 
stals; very fine felsophyric groundmass, few plagioclase crystallites, 
ferromagnesian granules, and iron oxides. 

FW-12: Trachyandesite 
Few plagioclase phenocrysts (An-0) in a trachytic groundmass of 

plagioclase laths (An^), intergranular ferromagnesian granules, iron 
oxides and glass. 

PW-16: Dacite 
Uralitized; 5 % phenocrysts of augite, partially to totally urali- 

tized and oxidized in a holocrystalline groundmass of plagioclase micro¬ 
lites, pyroxene granules, hornblende, biotite, quartz and iron oxides. 

PW-18: Andesite 
Porphyritic; phenocrysts of plagioclase—15 %, almost totally saus- 

suritized, An-~> zoned, twinned; phenocrysts of augite—20 %, small 
subhedra, broad hematitic reaction coats; intersertal groundmass of plag 
ioclase microlites, orthoclase, oxidized ferromagnesians (probable 
hornblende), and glass. 

PW-19: Lithic andesite 
Porphyritic: 15 %—lithic fragments of coarse grained andesite; 

phenocrysts of plagioclase, An^, zoned, twinned; large augite grains 
in the groundmass of plagioclase laths, pyroxene granules, uralite, 
orthoclase and iron oxides. 
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PW-22: Andesite (?) 
Slightly porphyritic; phenocrysts of rounded plagioclase grains with 

broad glass-filled mantles, small hypersthene euhedra and subhedra; very 
fine grained, hyalopilitic groundmass of plagioclase microlites, ferro- 
magnesian granules, erthoclase, iron oxides and glass. 

PW-23: Andesite 
Slightly porphyritic; embayed quartz phenocrysts, and anhedral stuf¬ 

fed plagioclase phenocrysts surrounded by granular clinopyroxene, are 
embedded in a pilotaxitic groundmass of plagioclase (An«g) microlaths, 
clinopyroxene, glass and opaques; also found are micropnenocrysts of clino¬ 
pyroxene. 

PW-24: Andesite 
Porphyritic; anhedral-euhedral phenocrysts of augite are set in a 

groundmass of subparallel andesine microlaths, euhedral clinopyroxene, 
and opaques; slight chlorite alteration. 

PW-25: Andesite 
Nonporphyritic; intersertal arrangement of plagioclase (An^g) laths, 

subhedral clinopyroxene, opaques, and glass filling interstices. 

PW-26: Andesite 
Porphyritic; euhedral and broken phenocrysts of hypersthene, augite, 

twinned and zoned plagioclase (An,n minor hornblende, all set in an 
intergranular groundmass of andeslne^Iaths, subhedral clinopyroxene and 
opaques. 

PW-27: Andesite 
Porphyritic; euhedral and broken phenocrysts of hypersthene, rimmed 

with granular clinopyroxene, phenocrysts of augite, rimmed with hornblende, 
phenocrysts of hornblende, rimmed with granular clinopyroxene, and 
phenocrysts of plagioclase (An^)» twinned and zoned, in an intergranular 
matrix of andesine microlites, clinopyroxene, opaques and microfelsite. 

PW-28: Andesite 
Porphyritic; broken to euhedral phenocrysts of plagioclase and augite 

rimmed with hornblende, in a groundmass of randomly oriented andesine 
laths, clinopyroxene, opaques, and minor chlorite alteration. 

PW-29: Basaltic andesite 
Nonporphyritic; intergranular arrangement of subparallel plagioclase 

laths (An^Q ^Q)> augite, opaques, minor chlorite; an occasional broken 
olivine crystal riddled with magnetite. 

PW-41: Andesite 
Nonporphyritic; intergranular arrangement of plagioclase laths (An^g), 

with clinopyroxene, opaques, minor chlorite and brown glass. 
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PW-42: Andesite 
Microphenocrysts of augite and saussuritized plagioclase with an 

intergranular groundmass of andesine, clinopyroxene, opaques; highly 
chloritized. 

PW-43: Andesite 
Porphyritic; Broken phenocrysts of plagioclase, An,.^, weakly zoned, 

twinned; minor hornblende and clinopyroxene phenocrysts in an intergran¬ 
ular groundmass of plagioclase laths (An^) » clinopyroxene, and opaques. 

PW-44: Basalt 
Porphyritic; phenocrysts of plagioclase, An--» twinned and weakly 

zoned in an intergranular matrix of oligoclase laths, augite, and minor 
olivine with interstitial iron oxides; minor chlorite and brown glass. 

PW-45: Andesite 
Glomeroporphyritic clusters of stuffed, saussuritized plagioclase, 

sanidine, partially uralitized clinopyroxene, all in a partly trachytic 
groundmass of andesine laths and a finer snowflake texture of plagioclase 
and alkali feldspar microlites, iron oxides, probable quartz and pyroxenes 

PW-46: Andesite 
Larger crystals of plagioclase (oligoclase), showing oscillatory zon¬ 

ing, slightly glomeroporphyritic together with smaller fragments and 
grains of hornblende and pyroxene. Groundmass composed of intergranular 
arrangement of oligoclase-andesine laths, hornblende, opaques, minor 
clinopyroxene and brown glass. 

PW-47: Basalt (altered) 
Porphyritic; relict plagioclase phenocrysts, now heavily saussuritized 

pilotaxitic groundmass now filled with iron oxides, chlorite, and calcite. 

PW-48: Andesite 
Few large broken and rounded crystals of zoned plagioclase (An^), 

outer zones are stuffed with glassy inclusions, these phenocrysts are 
embedded in a pilotaxitic groundmass of andesine laths, clinopyroxene, 
iron oxides, and minor chlorite. 

PW-49: Basalt 
Porphyritic; phenocrysts of strongly oscillatory zoned plagioclase 

(AncQ_gQ), with abundant albite twins and minor carlsbad twins, set in 
an intergranular groundmass of labradorite microlites, pyroxene and opa¬ 
ques. 


