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ABSTRACT 

GEOCHEMISTRY AND REGIONAL CORRELATION 

OF PRE-TERTIARY VOLCANIC ROCKS 

IN WEST-CENTRAL NEVADA 

by 

a MICHAEL SEIDENSTICKER 

Isolated exposures of late Paleozoic and Mesozoic volcanic rocks in the 

Walker Lake region of west-central Nevada are tectonically disrupted, and their 

interrelationships are uncertain. Recent work has resulted in the recognition 

of several formations: The Pennsylvanian Shamrock, Permian Black Dyke, 

Triassic Pamlico, and Cretaceous Gold Range. Each of these formations is 

characterized, with particular emphasis on lithology, petrography, chemistry, 

and age. Outcrops of pre-Tertiary volcanic rocks of unknown age are similarly 

characterized, and several units are thereby correlated with known formations. 

Geochemical data confirm the presumption that the volcanic rocks formed at 

a convergent plate boundary. Upper Paleozoic volcanic rocks were created in 

an island arc system which underwent major deformation during the Early 

Triassic Sonoma orogeny, whereas Mesozoic volcanic rocks were erupted along 

an active continental margin and deposited in a back arc basin of the Mesozoic 

Sierran arc system. 
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INTRODUCTION 

Late Paleozoic and Mesozoic volcanic rocks occur in isolated exposures 

throughout the Walker Lake region of the northwestern Great Basin, where 

they are found in association with sedimentary deposits of a widespread Mesozoic 

marine province (Speed, 1978; Oldow, 1983a). The marine province developed 

above simatic or noncontinental crust in a marginal basin east of the Mesozoic 

Sierran magmatic arc (Oldow, 1983a). Rocks of the Mesozoic marine province 

were involved in Middle to Late Jurassic through Early Cretaceous development 

of a.regional fold and thrust belt which accommodates large magnitude NW- 

SE stratal shortening (Figure 1). Thrusting caused significant disruption of 

Mesozoic depositional and stratigraphic relationships within the marine province, 

and the picture is further complicated and obscured by Basin and Range 

extension and Cenozoic cover deposits. 

Earlier workers (Talukdar, 1972; Rogers and others, 1974) divided pre- 

Tertiary volcanic rocks of the northwestern Great Basin into two broad groups. 

The mafic "Excelsior volcanics" were considered to have an oceanic island arc 

origin, pre-dating the Early Triassic Sonoma orogeny. Siliceous volcanic rocks, 

thought to be younger than the mafic suite and called the "Gillis volcanics," 

were interpreted to have been erupted through continental crust, after the 

Sonoma orogeny. The division of these units into the two groups was based 

almost entirely on geochemical differences. No regional structural or 

stratigraphic framework of sufficient detail existed at the time of the earlier 

studies to allow corroboration of the proposed segregation of units. 

During the past decade, detailed work in the region (Speed, 1977a, 1977b, 

1977c, 1978; Oldow, 1978, 1981a, 1981b) has resulted in establishing much of 
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Figure 1. Map of the northwestern Great Basin showing the Early Triassic 
Golconda thrust (GT) and allochthon, and Mesozoic litho- 
tectonic assemblages. LFT is the Luning-Fencemaker thrust, P 
is the Pamlico thrust, and PNF is the Pine Nut fault. I is the 
allochthonous Pamlico assemblage, II is the allochthonous 
Luning assemblage, 111 is the Gold Range para-autochthon, and 
IV is the allochthonous Pine Nut assemblage. After Oldow 
(1983a). 
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the structural development of the late Mesozoic fold and thrust belt and the 

recognition of several lithotectonic assemblages (Oldow, 1983a). Aspects of 

the confused stratigraphy of the region have also been revised, and several 

new formations are recognized. Nevertheless, many outcrops of the pre-Tertiary 

volcanic rocks remain uncorrelated with established formations. 

In this study, pre-Tertiary volcanic rocks of known and unknown 

formational status are investigated in the Walker Lake region (Figure 2) with 

the purpose of elucidating their interrelationships and original tectonic settings 

in the light of recent work. Rocks of two recently defined formations, the 

Permian Black Dyke Formation (Speed, 1977b) and the Triassic Pamlico Formation 

(Oldow, 1978), are recognized in a number of localities beyond their original 

known distribution. Regional correlation of these units is based on lithologic, 

petrographic, and geochemical characteristics, and known or inferred ages. 

Where possible, geochemical discriminators are used to help constrain the 

tectonic setting of the volcanic suites at the time of their extrusion. 
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Figure 2. Generalized geologic map of the Walker Lake region. Sample 
areas are shown as numbered triangles. Location numbers with 
prefix "T" are for sample areas of Talukdar (1972). After 
Oldow (1978, 1983a). 
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REGIONAL SETTING 

Mesozoic tectonism in the northwestern Great Basin is dominated by 

two episodes of regional contraction that resulted in the development of the 

Golconda and Luning-Fencemaker thrusts (Figure 1). Both thrust systems are 

regionally extensive structures and accomodate significant stratal shortening. 

The Golconda allochthon was emplaced in the late Early Triassic (Speed, 1977a, 

1979) during the Sonoma orogeny and the Luning-Fencemaker thrust was 

emplaced during the Jura-Cretaceous (Oldow, 1983a; Oldow and others, 1983). 

The intervening period between episodes of compressional deformation was 

characterized by local development of a marine successor-basin in which 

sedimentation was relatively continuous from the Early Triassic through the 

Early Cretaceous. Development of the successor-basin was largely controlled 

by the distribution and mechanical properties of the underlying crust of the 

region, which is interpreted as nonsialic (Kistler, 1978; Speed, 1977a, 1979, 

1983; Oldow, 1983a; Oldow and others, 1983). The origin of this crustal enclave 

is controversial, particularly in its relationship and significance with respect 

to the tectonic setting of the emplacement of the Golconda allochthon. 

Rocks of the upper plate of the Golconda thrust are exposed in a north- 

south trending belt through central and northern Nevada (Figure 1) and consist 

of upper Paleozoic basinal clastic and volcanic rocks (Speed, 1977a; Miller and 

others, 1981). The upper plate assemblage has experienced a complex 

deformational history of polyphase folding and thrust imbrication, whereas rocks 

in the lower plate are deformed only in a narrow zone lying beneath the 

Golconda thrust. 

7 
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The structure and morphology of the upper plate assemblage and the 

general lack of structural involvement by the lower plate are partially 

responsible for the interpretation that the Golconda allochthon represents a 

grounded accretionary prism that overrode the late Paleozoic passive margin 

of western North America (Dickinson, 1977; Speed, 1977a, 1979, 1983). The 

implication of this model is that the allochthon represents the leading edge of 

an exotic terrane, named "Sonomia" by Speed (1979), that collided with and 

was accreted to North America in the early Mesozoic. 

An alternative explanation, based largely on regional arguments, holds 

that the Golconda allochthon was emplaced during the closure of a back arc 

marginal basin in the early Mesozoic (Burchfiel and Davis, 1972, 1975; Miller 

and others, 1981). Support for this model is based partially on the existence 

of volcanic rocks within thrust slices in the Golconda allochthon and their 

implications for facies reconstructions (Miller and others, 1981). More important 

is the recognition of extensive late Paleozoic plutonism in the Mojave desert 

region which is interpreted to represent the roots of a magmatic arc lying on 

an active continental margin of western North America (Miller and Sutter, 

1982). In this scenario, upper Paleozoic rocks in the Klamath Mountains of 

northern California and Oregon are considered part of the arc system, which 

in its northern extension is constructed on noncontinental crust (Davis and 

others, 1978; Burchfiel and Davis, 1981). The Klamath arc is considered to 

be North American and not an exotic fragment accreted in the early Mesozoic. 

In both models, isolated exposures of upper Paleozoic massive volcanic 

rocks in the northwestern Great Basin are interpreted to represent fragments 

of the arc assemblage associated with the Golconda allochthon (Speed, 1977a, 
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1979; Schweickert and Snyder, 1981). The major controversy rests with 

establishing the polarity of the arc and its relationship to North America. 

Following emplacement of the Golconda allochthon, the region underwent 

a period of subsidence and successor-basin development (Speed, 1977a, 1978; 

Oldow, 1983a). The basin was bound on the east and south by continental 

uplands, on the west by the Sierran arc, and had a central region consisting of 

a northerly-opening axial depression. Deposition in the west was dominated 

by volcanism, whereas in the central and eastern areas deposition consisted 

largely of terrigenous clastic and carbonate accumulation. Subsidence was 

apparently rapid in the early history (Triassic) and slowed with time, giving 

rise to the interpretation that the basin formed as a result of thermal contraction 

of an underlying magmatic arc assemblage (Speed, 1977a). 

In the Middle or Late Jurassic, regional shortening began and continued 

through the Early Cretaceous, resulting in the emplacement of the Luning- 

Fencemaker fold and thrust belt (Oldow, 1983a, 1983b; Oldow and others, 1983). 

The upper plate of the Luning-Fencemaker thrust consists of several fault- 

bound lithotectonic assemblages (Figure 1), each composed of highly imbricated 

coeval successions derived from distinct depositional settings. Common elements 

exist in all the assemblages, tying them together depositionally, but significant 

segments of their respective stratigraphies are distinctly different, indicating 

large displacements among the different lithotectonic assemblages. East and 

south of the Luning-Fence maker thrust, para-autochthonous assemblages, which 

have been affected by the Jura-Cretaceous event only within a few kilometers 

of the basal thrust, are exposed. The fold and thrust belt is bound on the west 

by an allochthonous assemblage which has undergone a complex history of 

strike-slip translation (Oldow, 1983a). 
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In the Walker Lake region (Figure 2), four lithotectonic assemblages are 

important to this study: The Pamlico and Luning assemblages of the fold and 

thrust belt, the para-autochthonous Gold Range assemblage south of the Luning- 

Fencemaker thrust, and the allochthonous Pine Nut assemblage located west of 

the fold and thrust belt. 

The Pamlico and Luning assemblages are complexly deformed stacks of 

imbricate thrust sheets composed exclusively of either Mesozoic or Paleozoic 

rocks. Few depositional contacts between Mesozoic and known Paleozoic rocks 

are recognized. Permian volcanic arc rocks occur in small exotic thrust-slices 

in the predominantly Mesozoic assemblages. The oldest known Mesozoic rocks 

in the Pamlico assemblage are Early to Late Triassic volcanic, volcanogenic 

sedimentary, and carbonate rocks deposited in and around a volcanic archipelago 

(Oldow, 1978, 1983a). Lower Mesozoic rocks of the Luning assemblage consist 

of platform carbonates and shallow marine to deltaic clastic rocks derived from 

continental sources. The upper part of both these assemblages is a regionally 

extensive shelf carbonate, conformably overlain by distal shelf clastic and 

carbonate rocks derived from an easterly continental source. These are 

conformably overlain by Lower to Middle Jurassic quartz arenite and poorly 

sorted, coarse clastic rocks which grade upward into volcanogenic-sedimentary 

and volcanic rocks. 

The para-autochthonous Gold Range assemblage is composed 

predominantly of interbedded Mesozoic clastic and volcanic rocks overlying 

with angular unconformity a Permian basinal assemblage considered to be part 

of the Golconda allochthon. The oldest Mesozoic rocks are subaerial and 

shallow marine terrigenous clastic, volcanoclastic, and minor carbonate rocks 

overlain by Lower Jurassic shelf carbonates. Quartz arenite and coarse clastic 
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rocks disconformably overlie the shelf carbonate and grade upward into poorly 

sorted volcanogenic sandstone and coarse clastic rocks. In the eastern Excelsior 

Mountains, intercalated clastic and siliceous volcanic rocks of Cretaceous age 

overlie the Permian basinal rocks with angular unconformity. 

No Paleozoic rocks are reported in the Pine Nut assemblage, but the 

results of this study suggest that some volcanics previously thought to be 

Mesozoic are Paleozoic. No depositional lower contact is recognized for the 

lowest known Mesozoic unit, which consists of intermediate volcanic rocks 

dated by Rb-Sr at 215 mybp (Einaudi, 1977). Above the Mesozoic volcanic 

succession lies a sequence of rocks similar to the Mesozoic sequence which is 

exposed in the Pamlico assemblage. The sequence consists of a volcanic 

archipelago succession overlain by distal shelf clastic rocks, followed by quartz 

arenites and siltstones. The assemblage is capped by intermediate to siliceous 

volcanic flows, breccias, and volcanogenic sedimentary rocks. No major thrust 

faults are recognized in the Pine Nut assemblage. 



PALEOZOIC VOLCANIC ROCKS 

Known upper Paleozoic volcanic rocks are exposed in three areas of the 

Walker Lake region. Two successions, located in the eastern Garfield Hills 

(sample area 5; see Figure 2 and Appendix B, Figure B.5) and the southern 

Excelsior Mountains (sample area 7; see Figure 2 and Appendix B, Figure B.7), 

constitute the Black Dyke Formation (Speed, 1977a) and are dated as 252+3 

and 253+3 mybp (Speed and Armstrong, 1971), respectively. To the east in 

the Shoshone Mountains (sample areas 1 and 2; see Figure 2 and Appendix B, 

Figure B.2), a volcanic-carbonate succession originally identified as the Pablo 

Formation (Silberling, 1959) has been reassigned to the Shamrock Formation 

(Silberling, written communication with J.S. Oldow, 1982) and has yielded 

conodonts dated as Pennsylvanian. Elsewhere, lithologically similar rocks are 

exposed but they are undated. Correlation of these undated rocks with the 

dated successions on the basis of their petrography and chemistry has been 

attempted. 

In its type locality in the eastern Garfield Hills (sample area 5), the 

Black Dyke Formation is composed of mafic volcanic breccia and minor amounts 

of related sedimentary rocks, lava, and small intrusions. Sedimentary rocks 

include massive conglomerate, pebbly sandstone, massive sandstone, and 

turbidites. The succession is interpreted as having been deposited on the slopes 

and base of a constructional volcanic ediface under shallow marine to subaerial 

conditions (Speed, 1977b). 

Massive volcanic breccia is estimated to constitute up to 70 percent of 

the entire formation (Speed, 1977b) and is largely monolithologic with clasts 

of up to 20 cm floating in a granular matrix. Phenocryst assemblages are 

dominated by elinopyroxene and plagioclase, and commonly contain hornblende. 

12 
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Sparse occurrences of olivine are found among the mafic phenocrysts, and 

abundant quartz is restricted to rare dacitic masses. Within the different 

lithologic units, phenocrysts range from 20 to 70 percent of the total rock, 

and the microlitic groundmass typically is moderately to extensively replaced 

by epidote, chlorite, and opaque minerals. Petrographic descriptions of these 

rocks are given in Appendix C. 

Chemical analyses of samples selected for their minimal degree of 

alteration are illustrated in Figure 3 and tabulated in Appendix D. Rocks of 

the Black Dyke Formation are characterized in TiC>2 versus Si02 and FeO* 

versus Si02 (FeO* = FeO + 0.9Fe2O3> plots and show a restricted field of 

compositions. All of the analyzed rocks have greater than 7.5 percent FeO*, 

greater than 0.6 percent Ti02» and less than 55 percent Si02* The vast number 

of samples are basalts and basaltic andesites, with a few andesites. Variations 

in the chemistry of the samples follow the calc-alkaline differentiation trend 

(Figure 4). The number of samples (21) and their distribution within the 

compositional range of rocks exposed in the Black Dyke Formation represent 

a reasonable approximation of the chemistry of the suite. FeO* and Ti02 

were used to characterize the chemistry of the rocks because these oxides are 

relatively immobile during secondary alteration processes (Miyashiro, 1975). 

Comparison of the petrographic and compositional character exhibited 

by several undated successions (in the Wassuk Range and Candelaria Hills: 

sample areas 4 and T1-T4) allowed speculation that they may be correlatives 

of the Black Dyke Formation. Chemical analyses of sixteen samples from five 

localities in these successions are plotted in Figure 5A and are remarkably 

similar in composition to the known Black Dyke rocks. On the basis of lithology, 
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Figure 3. FeO* and Ti02 versus Si02 for samples from the type sections 
of the Black Dyke, Pamlico, and Gold Range Formations. 
Circles are analyses of this study; triangles are data from 
Talukdar (1972). 
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Figure 4. AFM diagram (A = Na2<5 + K2O, F = FeO*, M = MgO) showing 
the tholeiitic (TH) and calc-alkaline (CA) differentiation trends. 
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Figure 5. FeO* and ÜO2 versus Si02 for samples from unknown volcanic 
units. Dashed lines show the outlines of compositional fields 
displayed by the type sections of the Black Dyke, Pamlico, and 
Gold Range Formations (see Fig. 3). A: Analyses of rocks 
correlated with the Black Dyke Formation. Open circles are 
data of this study from sample location 4 (see Fig. 2). Closed 
circles are data of Speed (1977c) from the Shamrock Formation. 
Remaining symbols are data of Talukdar (1972): plus signs are 
from sample location 7; hexagons, open triangles, and closed 
triangles are from T2, T3, and T4, respectively; squares are 
from Tl. B: Analyses of rocks correlated with the Pamlico 
Formation. Closed triangles are data of this study from loc¬ 
ations 13 and 14; open symbols are data of Talukdar (1972) from 
13, 14, T5, and T6. C: Analyses of undifferentiated rocks. 
Circles are data of this study from locations 9 and 10. Tri¬ 
angles are data of Speed (1977c) from just north of location 3. 
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petrography, and chemistry, it is proposed that the undated successions are 

genetically related to the Black Dyke Formation and are correlatives. 

Various geochemical criteria have been developed in attempts to 

discriminate amongst various possible tectonic settings for the eruption of 

volcanic suites. Volcanic rocks evolved at convergent plate margins have 

distinctively low values (less than 1.3 percent) of TiC>2 (Pearce and Cann, 1973; 

Gill, 1981) and are characteristically calc-alkaline (Miyashiro, 1974, 1975). The 

compositional range of the Black Dyke Formation and its correlatives falls 

within these limits, suggesting a convergent margin origin for the rocks. 

Additional resolution in deducing the tectonic setting of volcanic 

successions, in particular discriminating between active continental margin and 

island arc suites, is discussed by Jakes and White (1972). They observe that 

island arc calc-alkaline rocks typically have Si02 values below 66 percent, 

whereas active continental margin volcanics commonly are biased toward higher 

Si02* Also, FeO*/MgO ratios for volcanic rocks are generally below 2 for 

island arcs and above 2 at continental margins. By both these criteria, 

compositions of the rocks of the Black Dyke Formation are typical of those 

of island arcs. 

Miyashiro (1975) introduced graphical discriminators to differentiate 

abyssal tholeiites, island arc volcanics, and active continental margin volcanic 

rocks. Three of the discriminators, plots of Ni, TiC>2, and Ba against FeO*/MgO, 

are applied here (Figure 6). The FeO*/MgO ratio is used to represent the 

degree of fractional crystallization of a volcanic suite (Miyashiro, 1974). Ni 

versus FeO*/MgO plots of Black Dyke data lie within the field designated as 

island arc and active continental margin, and are distinct from the combined 

fields of stable continental and oceanic island volcanics, and from abyssal 
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Figure 6. Geochemical discriminators of Miyashiro (1975). Hachured 
lines enclose the compositional fields of abyssal tholeiites. On 
the Ni diagram, undifferentiated fields of island arc and cont¬ 
inental margin volcanics lie between the solid lines, and comp¬ 
ositions of volcanic rocks from stable continents and oceanic 
islands lie to the right of the dashed line. 
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tholeiites. The plots of ÜO2 versus FeO*/MgO classify the Black Dyke analyses 

as representative of island arc volcanic compositions, generally distinct from 

those of abyssal tholeiites. This plot does not allow differentiation of island 

arc and active continental margin volcanics, however. Finally, Ba versus 

FeO*/MgO clearly illustrates that the Black Dyke compositions fall outside of 

the range of abyssal tholeiites, but the consistently high concentration of Ba 

in the rocks places them in the field of active continental margin volcanics. 

Without knowing the phase distribution of Ba in the samples, however, little 

emphasis is placed on this relationship. The possibility exists that Ba is 

concentrated in the groundmass and is the product of enrichment due to 

hydrothermal alteration either during or after active volcanism. 

The rocks of the Black Dyke Formation have a compositional range and 

chemistry indicative of island arc volcanism. The implication is that during 

Permian magmatic activity the constructional volcanic arc developed on 

noncontinental crust. 

Pennsylvanian mafic volcanic rocks are exposed in the Shoshone Mountains 

(sample areas 1 and 2) and are designated Shamrock Formation by N.J. Silberling 

(written communication with J.S. Oldow, 1982). The succession is disconformably 

overlain by the Middle Triassic Grantsville Formation and was originally 

interpreted as part of the Permian Pablo Formation (Silberling, 1959). 

Correlation with the Pablo was disproved by later work (Speed, 1977c), and 

afterwards the assemblage was simply called the sub-Grantsville unit. The 

Shamrock consists of three units. A basal clastic member is composed of 

volcanogenic and minor terrigenous clastic detritus which attains a thickness 

of 356 m and grades upward into a relatively thin (60 m), fine-grained crystalline 

carbonate member. The carbonate rocks are overlain by a thick (up to 600 
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m) greenstone consisting of andesitic flows, volcanic breccia, and tuffs 

intercalated with subordinate clastic rocks. 

Samples of flows, tuffs, and breccias were collected in two traverses 

across the upper greenstone member. Phenocryst assemblages and abundances 

are similar for all rock types, and contain plagioclase + clinopyroxene in 

abundances of 25 to 60 percent of the total rock. Both phenocrysts and 

groundmass are extensively replaced, often to the point of obliteration, by 

epidote, chlorite, and calcite. Due to the extensive alteration no chemical 

analyses were performed on these samples. Nevertheless, reconstruction of the 

primary petrography of the greenstone of the Shamrock Formation indicates 

that it is very similar to that of the Black Dyke Formation. 

The only available chemical data for the Shamrock Formation is a single 

analysis of a lava reported by Speed (1977c). Presumably, the sample was 

better preserved than those collected for this study. Its composition falls well 

within the range of Black Dyke analyses (Figure 5 A). The correspondence in 

petrography and the single chemical analysis suggests that the Shamrock may 

have formed in an environment similar to that of the Black Dyke Formation. 



MESOZOIC VOLCANIC ROCKS 

Mesozoic volcanic rocks are widespread in the region and are dated 

locally by Rb-Sr and faunally by fossils recovered from intercalated carbonate 

rocks. The most widespread unit is the Triassic Pamlico Formation (Oldow, 

1978) which constitutes the dominant lithologic unit of the allochthonous Pamlico 

lithotectonic assemblage (Oldow, 1983a) (Figure 2). Rocks of the para- 

autochthonous Gold Range Formation (Speed, 1977b) are dated as Cretaceous 

(103+5 mybp) by Speed and Kistler (1980) and have a restricted distribution 

(Figure 2). Elsewhere, Jurassic age volcanics are exposed in the para-autochthon 

of the Pilot Mountains and have yielded a Rb-Sr age of 143+17 mybp (Speed 

and Kistler, 1980). Rocks of the Dunlap Formation (Muller and Ferguson, 1939) 

contain volcanic detritus and, locally, interbedded tuffs in the upper part of 

the succession. The lower Dunlap contains Early Jurassic fossils, but new 

understanding of regional relations suggests that some exposures may be as 

young as Cretaceous (R.C. Speed, oral communication with J.S. Oldow, 1980; 

Oldow, unpublished data). Volcanic clasts of the Dunlap Formation were not 

sampled in this study, nor were the volumetric ally minor tuffs. An attempt 

to characterize the dominant episodes of Mesozoic magmatism has been made 

by concentrating effort on the Pamlico and Gold Range Formations. 

The Pamlico Formation (Oldow, 1978) was originally defined in the 

western Garfield Hills (sample area 12; see Figure 2 and Appendix B, Figure 

B.ll) where earlier investigators (Ferguson and Muller, 1949; Ross, 1961; 

Archbold and Paul, 1970) mapped it as parts of several different formations 

ranging from Permian(?) through Triassic age. The major problem in its 

recognition as a single stratigraphic unit was the poor understanding of complex 

structural relations, which, once unraveled, make its existence obvious. The 

25 
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Pamlico Formation is distinctly different lithologically from partially age 

equivalent successions of the Upper Triassic Luning Formation (Muller and 

Ferguson, 1939; Oldow, 1981b) exposed in areas to the south and east (Figure 

2). Both successions contain carbonate rocks but they differ in that the 

siliciclastic components of the Pamlico contain only volcanic and volcanogenic 

rocks (Oldow, 1978), whereas those of the Luning are dominated by continentally 

derived detritus (Reilly and others, 1980). 

The Pamlico Formation is entirely allochthonous and resides in a 

complexly deformed pile of thrust sheets. In its type locality (sample area 

12), the Pamlico has a thickness in excess of 1500 m and may be significantly 

thicker since no depositional base is known and numerous faults of undetermined 

displacement disrupt the succession. The upper age limit of the Pamlico is 

constrained by conformably overlying carbonate rocks which are dated at the 

contact as late Late Triassic (Oldow, 1978). The maximum age is poorly 

constrained but a preliminary age assignment of Early Triassic (Spathian?) has 

been made on a conodont recovered from a carbonate unit (R.J. Tipnis, written 

communication with J.S. Oldow, 1983) within the succession. 

Rocks of the Pamlico Formation are intercalated intermediate and 

siliceous volcanics, volcanogenic sediments, and carbonates deposited in shallow 

marine and near-source subaerial environments in and around a volcanic 

archipelago (Oldow, 1978). The volcanic rocks are composed of porphyritic 

lava flows, volcanic breccias, crystal tuffs, and quartz-rich ignimbrites. 

Porphyritic lavas contain 10 to 30 percent phenocrysts of plagioclase + quartz 

+ mafic minerals in an aphanitic groundmass which contains varying amounts 

of epidote and fine-grained opaques. Volcanic breccias have up to 40 percent 

lithic lapilli averaging 2 cm in diameter. The lapilli and their enclosing 
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groundmass are compositionally the same as that of the porphyritic lava. 

Quartz-rich ignimbrites contain between 10 and 15 percent quartz phenocrysts 

and plagioclase that ranges from less than 5 percent to greater than 40 percent. 

Analyses of eighteen samples collected in the type locality of the Pamlico 

Formation are plotted in Figure 3. A wide range in composition is observed, 

with Si02 values ranging from 47 to 79 percent, and probably represents a 

fairly complete igneous differentiation trend. Although a few basaltic and 

andesitic rocks were analyzed, the majority of the analyses have SiC>2 values 

greater than 63 percent, and represent mostly dacitic and rhyolitic compositions. 

The relative abundances of analyses are representative of the compositional 

distribution of the rocks throughout the assemblage. Where detailed work is 

complete, an apparent decrease in mafic and corresponding increase in siliceous 

lithologies is recognized upsection in the Pamlico (Oldow, 1978). 

On the basis of local age control, lithology, and chemical analyses, the 

areal distribution of the Pamlico Formation is extended into the Gillis Range. 

Forty-five samples from the Gillis Range have been analysed and the data are 

plotted in Figure 5B. The compositional range of the rocks shows a strong 

correspondence with the compositional field defined by data from the type 

locality of the Pamlico Formation. 

The geochemical criteria discussed previously support the interpretation 

that the rocks of the Pamlico Formation are derivatives of a convergent 

boundary magmatic system. The rocks consistently have low TiC>2 contents 

and follow the calc-alkaline trend (Figure 4). SiÛ2 values greater than 66 

percent and FeOVMgO ratios generally greater than 2 compare favorably with 

volcanic compositions developed on active continental margins. Following the 

discrimination schemes of Miyashiro (1975) (Figure 6), the Ni plot groups the 
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Pamlico analyses with those of typical convergent plate boundaries and distinct 

from those of stable continents, oceanic islands, and abyssal tholeiites. The 

Ti02 plot characterizes the compositional range as island arc related but it 

must be recalled that this discriminator has no compositional field for continental 

margin volcanics. The Ba diagram classifies the Pamlico Formation with analyses 

representative of continental margin volcanic rocks, distinct from abyssal 

tholeiites. All the indicators are consistent with an interpretation that the 

magmatic arc that generated the Pamlico suite formed on an active continental 

margin. 

Unlike the Pamlico Formation, the Gold Range Formation, exposed in 

the eastern Excelsior Mountains (sample area 6), is not allochthonous and lies 

beneath the Luning thrust segment of the regionally extensive Luning- 

Fencemaker thrust. The succession unconformably overlies rocks of the Permian 

Mina Formation (Speed, 1977b), interpreted to be basinal sedimentary rocks 

deposited during extrusion of the rocks of the Black Dyke Formation. The 

Mina Formation, although autochthonous or para-autochthonous with respect to 

late Mesozoic thrusting (Speed, 1977b; Oldow, 1977, 1981a, 1981b, 1983a), is 

interpreted to represent part of the Golconda allochthon which underlies most 

of northwestern Nevada and which was apparently emplaced in the Early Triassic 

(Speed, 1977a, 1979). The Gold Range Formation represents the latest preserved 

pulse of Mesozoic volcanism and has been dated at 103+5.7 mybp by a whole- 

rock Rb-Sr isochron (Speed and Kistler, 1980). 

The Gold Range Formation is composed of three units (Speed, 1977b). 

The lower clastic unit is about 250 m thick and consists of feldspar-chert- 

quartz wacke and arenite, chert breccia, and pelite. It grades upward into a 

middle volcanic member, 500 to 700 m thick, composed largely of massive 
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welded tuff and volcanic breccia with lesser amounts of volcanogenic 

sedimentary rocks. The massive tuff units are dominantly quartz + feldspar 

prophyries containing 10 to 30 percent phenocrysts in an epidotized matrix of 

quartz and feldspar microlites. Altered relics of hornblende and biotite 

phenocrysts are occasionally present as well. Volcanic breccias are mostly 

monolithologic, with 20 to 60 percent clasts up to 8 cm in diameter which are 

petrographically similar to the massive tuffs. The top of the middle member is 

a sedimentary breccia that grades into the upper clastic member, composed of 

at least 200 m of dark gritty and pebbly chert-quartz-volcanic wackes. The 

Gold Range Formation is interpreted as avalanche deposits delivered from the 

steep edifaces of a volcanic uplands to a proximal subaerial basin (Speed, 

1977b; Speed and Kistler, 1980). 

Eight chemical analyses of Gold Range volcanic rocks reveal extremely 

siliceous (72 to 77 percent Si02: rhyolites), calc-alkaline (Figure 4) compositions 

which cluster tightly together on the variation diagrams of Figure 3. FeO* 

and TiÜ2 contents are very low, less than 3.2 percent and 0.37 percent, 

respectively. The Gold Range Formation is not correlated with any other 

volcanic unit considered in this study. 

Based on its calc-alkalinity, low Ti02 content, and distribution on a plot 

of Ni versus FeO*/MgO (Figure 6), the volcanic rocks of the Gold Range 

Formation may be interpreted as representative of typical convergent plate 

boundary compositions. High contents of Si02, and FeO*/MgO greater than 2 

are suggestive of continental margin volcanism. The TiÛ2 versus FeO*/MgO 

diagram places Gold Range analyses in the field of island arc volcanics, and 

on the Ba versus FeO*/MgO diagram (Figure 6) the analyses straddle the division 

between the fields of island arc and active continental margin volcanic 
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compositions. The implication is that the Gold Range volcanic rocks probably 

are related to an active continental margin setting. 

Volcanic rocks of the autochthonous Gold Range Formation are unique 

among the volcanic outcrops studied here. Phenocrysts are dominantly quartz 

and feldspar, and the chemistry of the Gold Range volcanic rocks is limited 

to extremely siliceous compositions. The early Cretaceous age of these volcanics 

is much younger than that known or suspected for any of the other volcanic 

units studied. So, the Gold Range Formation appears to contain some of the 

most highly fractionated, final products of Mesozoic convergent boundary 

volcanism found in the Mesozoic marine province of the northwestern Great 

Basin. 



UNDIFFERENTIATED VOLCANIC ROCKS 

Several of the volcanic assemblages that were studied have not been 

correlated with either the Paleozoic or Mesozoic successions. Their age 

relations are still unclear, but in one case a speculative correlation is suggested. 

Southern Garfield Hills 

Small exposures of allochthonous, pre-Tertiary volcanic and sedimentary 

rocks, protruding from the eroded northeastern edge of an extensive sheet of 

Cenozoic volcanic flows in the southern Garfield Hills (sample areas 9-11), 

were assigned to the Triassic Excelsior and Jurassic Dunlap Formations by 

Ferguson and Muller (1949). No age diagnostic fossils are known from these 

locations. The volcanic rocks are porphyries, crystal tuffs, and volcanic 

breccias. Phenocrysts, making up 15 to 60 percent of the rocks, are plagioclase 

+ clinopyroxene and, rarely, plagioclase + quartz. The matrix is glassy. 

Most samples are moderately to extensively replaced by combinations of 

epidote, chlorite, sericite, and opaque minerals, but five samples were considered 

fresh enough to justify chemical analysis. The range in chemical composition 

displayed by the southern Garfield Hills unit is similar to that of the Pamlico 

Formation (Figure 5C), and distinct from the limited compositional fields of 

the Black Dyke and Gold Range Formations. The common occurrence of 

clinopyroxene phenocrysts and the scarcity of quartz in the southern Garfield 

Hills unit, however, differs from known Pamlico rocks. The possibility exists 

that the limited exposures in this area are solely of the lower part of the 

Pamlico Formation, which elsewhere is relatively mafic. 

Analyses from the southern Garfield Hills unit are calc-alkaline (Figure 

4) and are low in TiÛ2; characteristics indicative of a convergent plate boundary 

origin. FeO*/MgO ratios greater than 2 and moderately high SiÛ2 values (54 

31 



32 

to 69 percent) argue for a continental margin rather than an island arc setting. 

Miyashiro's (1975) discrimination diagrams (Figure 6) are consistent with this 

interpretation. 

Northern Paradise Range 

Rocks in the northern Paradise Range (sample area 3), originally called 

Permian(?) volcanics by Ferguson and Muller (1949), are interpreted as an 

allochthonous succession of volcanic greenstone and sedimentary rocks (Oldow, 

1983a). The succession is devoid of identifiable fossils and lacks exposed 

depositional contacts with dated pre-Tertiary rocks. The unit contains massive 

andesite, andesitic breccia, massive quartz + K feldspar porphyry, siliceous 

welded tuff, quartz arenite, carbonate rocks, and volcanogenic sedimentary 

breccia, conglomerate, and arenite (Speed, 1977c). Andesitic rocks and crystal 

tuffs were sampled for this study. Phenocryst assemblages of plagioclase + 

clinopyroxene make up 25 to 40 percent of the rock. Plagioclase is sericitized 

and clinopyroxene is replaced with epidote, chlorite, and opaque minerals. The 

rock matrix is similarly altered, but in addition may contain 5 to 20 percent 

fine-grained quartz. The samples are too altered to provide interpretable 

chemical analyses. However, a single analysis of greenstone from Craig Canyon, 

about 3.5 km north of sample location 3, is reported by Speed (1977c), and is 

shown on Figure 5C. This analysis is distinct from Black Dyke and Gold Range 

compositions but indistinguishable from those of the Pamlico Formation. No 

correlation with the Pamlico can be substantiated, however, since many northern 

Paradise unit rocks contain significant amounts of mafic phenocrysts, which 

are uncommon in the Pamlico. A correlation with the Black Dyke Formation 

is not considered likely due to the 64 percent Si02 content of the single 

analysis, and the presence of quartz + K feldspar porphyry and siliceous tuff. 
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Geochemical indicators support a convergent plate boundary origin, possibly at 

a continental margin, but a single analysis can hardly be considered 

representative of a varied suite of rocks. 



CONCLUSIONS 

Pre-Tertiary volcanic rocks in the study area belong to two groups, 

distinguishable by petrography, chemistry, and age. Late Paleozoic volcanics 

are predominantly mafic in composition and characteristically contain 

phenocrysts of clinopyroxene and plagioclase. Dated units are of Pennsylvanian 

and Permian ages. Mesozoic volcanic rocks are predominantly siliceous to 

intermediate in composition; phenocrysts of plagioclase, sometimes accompanied 

by quartz, are typicaL Some units are dated with fossil evidence between 

Early and Late Triassic, whereas others yield radiometric ages of Early 

Cretaceous. Geochemical data confirm the idea that all of these volcanic 

rocks were created at a convergent plate boundary. Furthermore, the late 

Paleozoic mafic volcanic rocks appear to be most compatible with genesis in 

an island arc setting. Early Mesozoic volcanics, however, are more probably 

related to plate convergence along a continental margin. 

Wherever observed, late Paleozoic volcanic rocks are allochthonous. 

Within the Mesozoic fold and thrust belt, they occur in structural positions 

interpreted to be at or near the bottom of lithotectonic assemblages, just above 

major thrusts involving large magnitude displacements (Oldow, 1981a, 1981b). 

Such a position is consistent with an interpretation that the Paleozoic-Mesozoic 

interface acted as the décollement for Mesozoic thrusting, with Paleozoic 

basement rocks becoming involved in thrusting only at localized asperities in 

the basement surface. This idea is in harmony with Speed's (1977a, 1977b) 

interpretation of the Black Dyke Formation as part of an extensive late 

Paleozoic island arc terrane whose deposits constitute the regional basement 

of the Mesozoic marine province. Identification of rocks at three locations 

in the Wassuk Range (T2-T4; Figure 2), which lies in the Pine Nut assemblage, 
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as Black Dyke equivalents is at odds with earlier studies which have reported 

no rocks of Paleozoic age in the Pine Nut assemblage (Oldow, 1983a). If valid, 

this correlation further expands the recognized distribution of the late Paleozoic 

island arc terrane. 

Whether the late Paleozoic volcanic rocks were part of an exotic intra- 

oceanic arc which migrated over large distances above a west-dipping subduction 

zone before collision with the North American continent (Speed, 1979), or they 

were part of a long-standing North American feature, developed in association 

with easterly subduction and separated from the continent by a wide marginal 

basin (Burchfiel and Davis, 1972), is a question which is not resolvable with 

geochemical data on hand. The subduction of oceanic crust beneath well 

developed island arc crust would be attendant in either case, resulting in 

chemically and tectonically analogous situations. The only difference which 

might be expected to develop between the two scenarios is in the directional 

trend of lateral variations in magma composition across the arc. For example, 

increasing K2O contents away from the plate boundary have been observed and 

correlated with increasing depth to the dipping seismic zone in many modern 

volcanic arcs (Dickinson, 1975). In the Walker Lake region, no lateral variations 

in geochemistry are detected, or in all probability are detectable, in the late 

Paleozoic volcanics, which might be indicative of the polarity of subduction 

during the Sonoma orogeny. The resolution of subduction polarity is not terribly 

important so far as the kinematics of the Sonoman event are concerned, however. 

That is, the Golconda allochthon, which consists of thrusted oceanic sedimentary 

and volcanic rocks, probably would have much the same morphology whether 

it represents an accretionary prism constructed at a trench in front of an 

advancing oceanic island arc, or whether it is marginal basin fill thrust onto 
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the continent during collapse of the basin. Both models involve subduction of 

oceanic crust as the arc impinges upon the continental margin. The kinematic 

difference in the models is one of degree, concerning the amount of crust 

subducted during the convergence. 

Siliceous and intermediate Triassic volcanic rocks, of continental margin 

origin, are probably directly related to the Mesozoic Sierran magmatic arc 

system. The volcanics accumulated in a marine province located behind the 

Sierran arc. The facts that a marine basin existed behind the arc, and that 

the entire system developed outboard of the old sialic margin in Nevada, are 

not obviously reconcilable with the interpretation that the Triassic volcanic 

rocks of the marine basin developed on an active continental margin. 

Apparently, accretion of the late Paleozoic island arc terrane during the Sonoma 

orogeny caused sufficient thickening of the nonsialic or simatic crust to allow 

more extensive differentiation of later subduct ion-related magmas during their 

ascent to the surface, resulting in eruption of volcanic compositions more akin 

to those of island arcs developed on actual sialic crust. Rogers and others 

(1974) argue that gradual crustal thickening occurred following the Sonoma 

orogeny by the injection of newly formed sialic material, derived from the 

mantle, into the accreted island arc crust. The apparent increase in SiÛ2 

content encountered in going upsection through the Triassic Pamlico Formation, 

and the extremely siliceous composition of the Cretaceous Gold Range 

Formation, are compatible with some mechanism of progressive crustal 

thickening. 
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APPENDIX A. Sample locations. 

map 
location* 

, latitude 
and longitude 

map 
location* 

latitude 
and longitude 

1 38° 55» 35" 8 38° 18» 41" 
117° 33’ 52" 118° 22' 50" 

2 38° 54' 01" 9 38° 22» 46" 
117° 35' 18" 1180 22» 50" 

3 380 54' 26" 10 38° 25' 10" 
1170 48» 57" 1180 23» 22" 

4 38® 23» 11" 11 38° 25» 20" 
118° 03* 24" 1180 24» 25" 

5 38° 26» 03" 12 38° 28» 50" 
118° 09» 49" 118° 27» 55" 

6 380 20» 29" 13 380 39» 22" 
118° 11' 55” 118° 30» 57" 

7 380 16» 44" 14 38° 47» 50" 
118° 20» 40" 118° 36» 00" 

♦see Fig. 2. 
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APPENDIX B: Geologic maps and cross-sections of sample areas. 
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Figure B.l. Explanation of symbols used on geologic maps and cross- 
sections. 
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Figure B.2. Geologic map and cross-sections of sample areas 1 (in Sheep 
Canyon) and 2 (in Buffalo Canyon) (both shaded). Samples are 
from the upper greenstone member of the Pennsylvanian 
Shamrock Formation. After Silberling (1959, plate 10). 
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Figure B.3. Geologic map and cross-section of sample area 3 (shaded) in the 
northern Paradise Range (arrow points to shaded sample area). 
Samples are from unknown Permian greenstone. After 
Vitaliano and Callaghan (1963). 
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Figure B. 4. Geologic map and cross-section of sample area 4, in Mac 
Canyon of the northwest Pilot Mountains. Samples are from 
unknown Permo-Triassic volcanic greenstone. After Oldow 
and Dockery (1983). 
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Figure B.5. Geologic map and cross-section of sample area 5 in the eastern 
Garfield Hills. Samples are from the type locality of the 
Permian Black Dyke Formation. After Oldow and Speed (1983). 
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Figure B.6. Geologic map and cross-section of sample area 6 in the eastern 
Excelsior Mountains. Samples are from the type locality of the 
Cretaceous Gold Range Formation. After Garside (1979). 
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Figure B.7. Geologic map and cross-section of sample area 7 in the central 
Excelsior Mountains. Samples are from the Marietta exposure 
of the Permian Black Dyke Formation. After Speed (1977), 
Bowen (1982), and Garside (1982). 
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Figure B.8. Geologic map and cross-section of sample area 8 in the central 
Excelsior Mountains. Samples are from unknown Mesozoic- 
Paleozoic volcanic greenstones. Mapping done for this study. 
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Figure B. 9. Geologic map of sample areas 9 (SE corner of map), 10 
(east-central portion of map), and 11 (NW corner of map) in the 
southern Garfield Hills. Samples are from unknown Mesozoic- 
Paleozoic volcanic rocks. After Oldow (1983c). 
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Figure B. 10. Geologic cross-sections for sample areas 9-11. After Oldow 
(1983c). 
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Figure B. 11 Geologic map and cross-section of sample area 12 in the 
northwest Garfield Hills. Samples are from the type locality 
of the Triassic Pamlico Formation. After Oldow (1983c). 
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Figure B. 12. Geologic map and cross-section of sample area 13 (shaded) in 
the central Gillis Range. Samples are from unknown Permo- 
Triassic volcanic rocks. After Ross (1961). 
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Figure B.13. Geologic map and cross-section of sample area 14 (shaded) in 
the northern Gillis Range. Samples are from unknown Triassic 
volcanic rocks. After Hardyman (1980). 
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APPENDIX C: Pétrographie descriptions. 

1-2 Hand sample: massive gray-green crystal tuff. Phenocrysts: 35% 

extensively saussuritized plagioclase, 10% opaques. Matrix (55%): 

extensively epidotized, with much calcite and minor fine opaques. 

1-3 Hand sample: massive green lithic lapilli tuff; 40% lapilli up to 

3 cm. Phenocrysts: 20% saussuritized plagioclase, 5% opaques, 

accessory clinopyroxene. Matrix (75%): extensively epidotized, 

with fine opaques and much calcite. 

1-4 Hand sample: massive red-green lithic lapilli tuff; 50% lapilli up to 

5 cm. Phenocrysts: 30% extensively saussuritized plagioclase, 15% 

opaques. Matrix (55%): extensively epidotized, with fine opaques, 

much calcite and iron staining. 

1-7 Hand sample: massive dark red aphanite. Phenocrysts: 30% 

extensively saussuritized plagioclase, 5% clinopyroxene replaced 

with calcite, 10% opaques. Matrix (55%): extensively epidotized, 

with fine opaques and much calcite. 

1-8 Hand sample: massive dark red aphanite. Phenocrysts: 30% 

extensively saussuritized plagioclase, 10% opaques. Matrix (60%): 

extensively epidotized, with many fine opaques and much calcite. 

1-12 Hand sample: massive dark red lithic lapilli tuff in an aphanitic 

matrix; 5% lapilli up to 2 cm. Phenocrysts: 30% extensively 

saussuritized plagioclase, 5% opaques. Matrix (65%): extensively 

epidotized, with fine opaques and much calcite. 

1-13 Hand sample: massive dark red lithic lapilli tuff; 30% lapilli up to 

5 cm. Phenocrysts: 30% saussuritized plagioclase, 5% opaques. 
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Matrix: (65%): extensively epidotized, with fine opaques and 

much calcite. 

1-15 Hand sample: massive lithic lapilli tuff; 30% purple and red lapilli 

1 to 5 cm in a dark red aphanitic matrix. Phenocrysts: 30% saus- 

sirltized plagioclase, 10% opaques. Matrix (60%): extensively 

epidotized, with opaques and much calcite. 

1-16 Hand sample: massive dark gray feldspar-pyroxene porphyry. 

Phenocrysts: 30% recrystallized plagioclase, 10% clinopyroxene 

extensively altered to epidote, 20% opaques. Matrix (40%): hya- 

lopilitic; extensively epidotized, with fine opaques. 

2-1 Hand sample: massive green lithic lapilli tuff; 10% lapilli up to 

2 cm. Phenocrysts: 20% extensively saussuritized plagioclase, 5% 

clinopyroxene altered to epidote and opaques, 5% opaques. Matrix: 

(70%): cloudy and extensively epidotized; minor fine opaques. 

2-2 Hand sample: massive dark green plagioclase-pyroxene porphyry. 

Phenocrysts: 20% extensively saussuritized plagioclase, 10% clino¬ 

pyroxene altered to epidote and opaques, 5% opaques. Matrix 

(65%): extensively epidotized; fine opaques. 

2-3 Hand sample: dark green crystal tuff. Phenocrysts: 40% exten¬ 

sively saussuritized plagioclase, 20% epidotized clinopyroxene, 15% 

opaques. Matrix (25%): extensively epidotized; minor fine opaques. 

2-5 Hand sample: dark green crystal tuff. Phenocrysts: 35% exten¬ 

sively saussuritized plagioclase, 10% clinopyroxene replaced with 

epidote and opaques, 15% opaques. Matrix (40%): extensively 

epidotized; fine opaques. 

2-6 Hand sample: dark green crystal tuff. Phenocrysts: 20% saus- 
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suritized plagioclase, 10% clinopyroxene replaced by epidote and 

opaques, 5% opaques. Matrix (65%): extensively epidotized; fine 

opaques. 

2- 7 Hand sample: dark red lithic lapilli tuff; 30% lapilli up to 4 cm. 

Phenocrysts: 30% extensively saussuritized plagioclase, 15% clino¬ 

pyroxene replaced by epidote and calcite, 10% opaques. Matrix 

(45 %): extensively epidotized; many fine opaques. 

3-1B Hand sample: massive gray-green crystal tuff. Phenocrysts: 30% 

sericitized plagioclase, minor quartz. Matrix (70%): feldspathic 

with epidote, calcite, and minor fine opaques. 

3-ID Hand sample: massive feldspar porphyry in black aphanitic matrix; 

iron-stained. Phenocrysts: 30% sericitized plagioclase, 10% clino¬ 

pyroxene altered to epidote, chlorite and opaques. Matrix (60%): 

feldspathic with 5% quartz, minor fine opaques and iron stains. 

3-1G Hand sample: massive dark green crystal tuff. Phenocrysts: 30% 

sericitized plagioclase, 10% mafics altered to epidote, chlorite and 

opaques. Matrix (60%): feldspathic with 20% quartz; epidote and 

some calcite; fine opaques. 

3- 2 Hand sample: massive dark gray feldspar porphyry; iron-stained. 

Phenocrysts: 20% sericitized plagioclase, 20% mafics altered to 

epidote and opaques. Matrix (60%): feldspathic with 5% quartz; 

little epidote or fine opaques. 

3- 3 Hand sample: massive dark gray feldspar prophyry; iron-stained. 

Phenocrysts: 25% sericitized plagioclase. Matrix (75%): feldspathic 

with 10% quartz; epidote and fine opaques. 

4- 2 Hand sample: massive dark red lithic lapilli tuff; 20% lapilli up to 
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1 cm. Phenocrysts: 30% extensively sericitized plagioclase, 25% 

clinopyroxene, minor opaques. Matrix (45%): feldspathic with many 

fine opaques; calcite veins. 

4-3 Hand sample: massive green lithic lapilli tuff; 40% lapilli up to 

0.5 cm. Phenocrysts: 40% saussuritized plagioclase, 10% clino¬ 

pyroxene, accessory opaques. Matrix (50 %): feldspathic with acces¬ 

sory hornblende; epidote and fine opaques. 

4-6 Hand sample: massive dark green feldspar porphyry. Phenocrysts: 

20% extensively saussuritized plagioclase, minor clinopyroxene, 

accessory opaques. Matrix (80%): feldspathic with clinopyroxene 

microlites; epidote and fine opaques. 

4-7 Hand sample: volcanic breccia; red and brown blocks up to 15 cm 

in green, fine grained matrix. Phenocrysts: 30% mildly sericitized 

plagioclase, 10% clinopyroxene, minor opaques. Matrix (60%): feld¬ 

spathic with clinopyroxene microlites; epidote and fine opaques. 

4-9 Hand sample: massive dark green crystal tuff. Phenocrysts: 30% 

saussuritized plagioclase, 30% clinopyroxene, minor opaques. 

Matrix (40%): feldspathic with clinopyroxene microlites; much 

epidote, minor fine opaques. 

4- 13 Hand sample: massive dark green crystal tuff. Phenocrysts: 40% 

saussuritized plagioclase, 30% clinopyroxene, accessory opaques. 

Matrix (30%): feldspathic with clinopyroxene microlites; epidote, 

minor fine opaques. 

5- 2B Hand sample: massive dark green lithic lapilli tuff; 20% lapilli up to 

1.5 cm. Phenocrysts: 20% saussuritized plagioclase, 5% magnetite, 

5% clinopyroxene. Matrix (70 %): feldspathic with epidote and many 
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fine opaques. 

5-2C Hand sample: massive, dark green, fine grained crystal tuff. Phen- 

ocrysts: 10% saussuritized plagioclase, 10% clinopyroxene, minor 

magnetite. Matrix (75 %): feldspathic with epidote and many fine 

opaques. 

5-5 Hand sample: massive green lithic lapilli tuff; 20% lapilli up to 

1 cm. Phenocrysts: 10% plagioclase, 20% clinopyroxene. Matrix 

(70%): feldspathic with clinopyroxene microlites; extensively 

replaced with epidote and fine opaques. 

5-7A Hand sample: massive dark green crystal tuff. Phenocrysts: 15% 

saussuritized plagioclase, 10% hornblende, minor magnetite. Matrix 

(75%): microcrystalline clinopyroxene; extensively epidotized, 

minor fine opaques. 

5-7B Hand sample: massive light green crystal tuff. Phenocrysts: 10% 

hornblende, 10% clinopyroxene. Matrix (80%): microcrystalline 

clinopyroxene with minor feldspar and quartz microlites; epidotized 

with minor fine opaques. 

5-8 Hand sample: massive light green crystal tuff. Phenocrysts: 

originally pyroxene(?); sample is extensively recrystallized. 

5-9 Hand sample: massive light green lithic lapilli tuff; 25% lapilli up to 

4 cm. Phenocrysts: 20% extensively saussuritized plagioclase, 15% 

recrystallized clinopyroxene. Matrix (65 %): extensively epidotized 

glass; minor fine opaques. 

5-10 Hand sample: massive lithic lapilli tuff; 25% pink and dark green 

lapilli up to 4 cm in a dark green, fine grained matrix. Phenocrysts: 

10% extensively saussuritized plagioclase, 10% hornblende, minor 
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magnetite. Matrix (75%): epidotized glass; minor fine opaques. 

5-11B Hand sample: massive dark green pyroxene porphyry. Phenocrysts: 

10% extensively saussuritized plagioclase, 20% clinopyroxene. 

Matrix (70%): epidotized glass; minor fine opaques. 

5- 12 A Hand sample: massive green lithic lapilli tuff; 35% lapilli up to 

4 cm. Phenocrysts: 5% saussuritized plagioclase, 15% moderately 

to extensively altered clinopyroxene. Matrix (80%): extensively 

epidotized glass; minor fine opaques. 

6- 1A1 Hand sample: massive dark red lithic lapilli tuff; 50% lapilli up to 

5 cm in an aphanitic matrix. Phenocrysts: 20% extensively saussur¬ 

itized plagioclase, 10% completely epidotized mafics. Matrix (70%): 

feldspathic with epidote and many fine opaques. 

6-1B1 Hand sample: massive dark green crystal tuff. Phenocrysts: 30% 

extensively saussuritized plagioclase, 15% completely epidotized 

mafics. Matrix (55%): feldspathic; epidotized, minor fine opaques. 

6-1B2 Hand sample: massive, dark gray-purple crystal tuff. Phenocrysts: 

30% extensively saussuritized plagioclase, 15% completely 

chloritized mafics. Matrix (55%): feldspathic; epidotized, many 

fine opaques. 

6-1C Hand sample: massive lithic lapilli tuff; 30% gray, green and pink 

lapilli up to 5 cm in a dark red aphanitic matrix. Phenocrysts: 5% 

moderately to extensively saussuritized plagioclase, 20% quartz, 

accessory opaques. Matrix (75 %): gray glass; minor fine opaques. 

6-2 Hand sample: massive lithic lapilli tuff; 60% dark green lapilli up to 

5 cm in a dark red, aphanitic matrix. Phenocrysts: 20% saussur- 
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itized plagioclase, minor opaques. Matrix (75%): epidotized glass; 

many fine opaques. 

6-3A Hand sample: massive dark red quartz-feldspar porphyry. Pheno- 

crysts: 5% mildly sericitized plagioclase, 30% quartz. Matrix 

(65%): hyalopilitic with accessory fine opaques. 

6-3B Hand sample: massive lithic lapilli tuff; 30% gray lapilli up to 

5 cm in a dark purple aphanitic matrix. Phenocrysts: 5% mildly 

sericitized plagioclase, 20% quartz, accessory opaques. Matrix 

(75%): glassy; epidote and fine opaques. 

6-3C Hand sample: massive lithic lapilli tuff; 20% light and dark gray 

lapiUi up to 5 cm in a dark red fine grained matrix. Phenocrysts: 

10% mildly to moderately saussuritized plagioclase, 10% quartz, 

accessory opaques. Matrix (80%): feldspathic; epidotized, many 

fine opaques. 

6-3D Hand sample: volcanic breccia; 40% light gray blocks up to 8 cm in 

a dark gray fine grained matrix. Phenocrysts: 10% mildly saussur¬ 

itized plagioclase, 10% quartz, accessory opaques. Matrix (80%): 

feldspathic; epidote, many fine opaques. 

6-4 Hand sample: volcanic breccia; 30% light gray blocks up to 7 cm in 

a dark gray fine grained matrix. Phenocrysts: 10% plagioclase, 10% 

quartz, accessory opaques. Matrix <80 %): feldspathic; epidote, 

many fine opaques. 

6-5 Hand sample: volcanic breccia; light gray blocks up to 7 cm in a 

dark red fine grained matrix. Phenocrysts: 10% extensively saus¬ 

suritized plagioclase,*10% quartz, accessory opaques. Matrix (80%): 

glassy with many fine opaques. 
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6-6 Hand sample: massive dark gray-green feldspar porphyry. Pheno- 

crysts: 10% completely saussuritized plagioclase. Matrix (90%): 

hyalopilitic; epidote, many fine opaques. 

6-7 Hand sample: massive lithic lapilli tuff; 30% lapilli up to 4 cm in a 

dark red aphanitic matrix. Phenocrysts: 10% moderately saussur¬ 

itized plagioclase, 5% quartz, minor opaques. Matrix (85%): feld- 

spathic; extensively saussuritized, many fine opaques. 

6-8 Hand sample: volcanic breccia; light gray blocks in a dark gray fine 

grained matrix. Phenocrysts: 10% variably saussuritized plagio¬ 

clase, 20% quartz, accessory opaques. Matrix (70%): feldspathic; 

epidote, many fine opaques. 

6-9 Hand sample: massive dark gray lithic lapilli tuff; 20% lapilli up to 

5 cm. Phenocrysts: 10% extensively saussuritized plagioclase, 15% 

quartz, accessory opaques. Matrix (70%): feldspathic; extensively 

saussuritized, many fine opaques. 

6-10 Hand sample: dark gray laminated crystal tuff. Phenocrysts: 15% 

extensively saussuritized plagioclase, 5% quartz, accessory opaques. 

Matrix (80%): feldspathic; epidote, many fine opaques. 

6- 11 Hand sample: massive dark gray aphanite. Phenocrysts: 5% 

completely saussuritized feldspar, minor quartz, accessory opaques. 

Matrix (95%): hyalopilitic; saussuritized, fine opaques. 

7- 1A Hand sample: dark red aphanite. Phenocrysts: 15% clinopyroxene, 

accessory opaques. Matrix (85%): hyalopilitic; extensively 

epidotized, many fine opaques. 

7-1B Hand sample: dark green aphanite. Phenocrysts: 15% clino¬ 

pyroxene, minor opaques. Matrix (85 %): hyalopilitic; extensively 
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epidotized, fine opaques. 

7-1C Hand sample: dark red aphanite. Phenocrysts: 5% clinopyroxene. 

Matrix (95%): hyalopilitic; extensively epidotized; calcite vugs and 

many fine opaques. 

7- 2A Hand sample: dark green lithic lapilli tuff; 50% lapilli up to 

3 cm. Phenocrysts: 10% extensively saussuritized plagioclase, 

minor opaques. Matrix (90%): epidotized glass, fine opaques. 

8-1 Hand sample: feldspar porphyry in a dark green aphanitic matrix. 

Phenocrysts: 50% moderately saussuritized plagioclase, 10% com¬ 

pletely epidotized mafics, minor magnetite. Matrix (40%): 

extensively epidotized, fine opaques. 

8-2 Hand sample: massive, dark green lithic lapilli tuff; 20% lapilli up 

to 2 cm. Phenocrysts: 10% extensively sericitized plagioclase, 10% 

magnetite, minor clinopyroxene. Matrix (80%): extensively 

epidotized glass. 

8-4 Hand sample: massive dark green aphanite. Phenocrysts: 30% 

extensively sericitized plagioclase, minor clinopyroxene, accessory 

magnetite. Matrix (70%): turbid glass; epidotized, fine opaques. 

8- 7A Hand sample: massive dark green aphanite. Phenocrysts: 30% 

extensively sericitized plagioclase, accessory magnetite. Matrix 

(70%): extensively epidotized, few fine opaques. 

8-9 Hand sample: massive dark green aphanite. Phenocrysts: 10% 

extensively sericitized plagioclase, minor magnetite. Matrix 

(90%): feldspathic; epidotized, many fine opaques. 

9- 2A Hand sample: massive dark green crystal tuff. Phenocrysts: 20% 

extensively epidotized clinopyroxene, accessory saussuritized plag- 
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ioclase. Matrix (80%): turbid, epidotized glass, few fine opaques. 

9-6A Hand sample: massive light green crystal tuff. Phenocrysts: 50% 

mildly sericitized plagioclase, accessory clinopyroxene. Matrix 

(40%): turbid, epidotized glass, few fine opaques. 

9-7 Hand sample: massive lithic lapilli tuff; 30% white lapilli up to 

3 cm in a dark green fine grained matrix. Phenocrysts: 10% exten¬ 

sively sericitized plagioclase, 10% extensively altered clino¬ 

pyroxene, minor magnetite. Matrix (80%): turbid, epidotized glass, 

fine opaques. 

9-8 Hand sample: massive green lithic lapilli tuff; 50% lapilli up to 

1 cm. Phenocrysts: 10% mildly saussuritized plagioclase, 5% clino¬ 

pyroxene, accessory magnetite. Matrix (85%): turbid glass; epidote 

and fine opaques. 

9-9 Hand sample: massive green aphanite. Phenocrysts: 30% plagio¬ 

clase, 10% clinopyroxene, minor magnetite. Matrix (60%): turbid 

glass; epidote and fine opaques. 

10-1C Hand sample: massive green crystal tuff. Phenocrysts: plagio- 

clase(?). This rock is extensively altered, with much epidote, 

chlorite, calcite and opaques. 

10-2C Hand sample: massive lithic lapilli tuff; 10% dark purple lapilli up 

to 3 cm in a dark red aphanitic matrix. Phenocrysts: plagioclase(?). 

This rock is extensively altered with much epidote, chlorite and 

fine opaques. 

10-3A Hand sample: massive feldspar porphyry in a red aphanitic matrix. 

Phenocrysts: 25% completely sericitized plagioclase, minor 

opaques. Matrix (75%): hyalopilitic with much epidote, chlorite and 
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10-4 

10-7 A 

10-9 

10-14 

10-15B 

11-1A 

11-5B 

fine opaques. 

Hand sample: massive feldspar porphyry in a red aphanitic matrix. 

Phenocrysts: 20% completely sericitized plagioclase, 5% mafics 

altered to chlorite and epidote, minor opaques. Matrix (70%): glass 

with much epidote and many fine opaques. 

Hand sample: massive feldspar porphyry in a red aphanitic matrix. 

Phenocrysts: 20% saussuritized plagioclase, accessory altered clino- 

pyroxene, minor opaques. Matrix (75%): epidotized glass; fine 

opaques. 

Hand sample: massive feldspar porphyry in red-purple aphanitic 

matrix. Phenocrysts: 20% mildly sericitized plagioclase, 5% exten¬ 

sively epidotized and recrystallized clinopyroxene, 5% opaques. 

Matrix (70%): epidotized glass; fine opaques. 

Hand sample: massive lithic lapilli tuff; 35% green, dark red and 

dark gray lapilli up to 4 cm in a dark red fine grained matrix. 

Phenocrysts: 10% extensively sericitized plagioclase, 5% opaques. 

Matrix (85%): epidotized glass with many fine opaques. 

Hand sample: light and dark brown flow-banded rock. Phenocrysts: 

10% plagioclase, 5% opaques. Matrix (85%): very fine grained with 

fine opaques and calcite. 

Hand sample: massive green aphanite. Phenocrysts: epidotized 

feldspar(?), accessory magnetite. This rock is extensively replaced 

by epidote. 

Hand sample: massive green aphanite. Phenocrysts: 15% mildly 

saussuritized plagioclase, 15% altered clinopyroxene. Matrix (70%): 

extensively epidotized glass, few fine opaques. 
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11-6 A Hand sample: massive gray-brown crystal tuff. Phenocrysts: 15% 

mildly saussuritized plagioclase, 5% quartz, 5% magnetite. Matrix 

(75%): turbid brown glass, few fine opaques. 

11- 65 Hand sample: massive green aphanite. Phenocrysts: 20% mildly 

epidotized plagioclase, 10% epidotized clinopyroxene, 5% magnet¬ 

ite. Matrix (65%): turbid, epidotized glass. 

11-9 Hand sample: massive green feldspar porphyry. Phenocrysts: 25% 

mildly saussuritized plagioclase, 5% clinopyroxene, accessory 

magnetite. Matrix (70%): hyalopilitic; mildly epidotized, fine 

opaques. 

11-11B Hand sample: massive lithic lapilli tuff; 30% green and dark red 

lapilli up to 1 cm in a dark green fine grained matrix. Phenocrysts: 

5% saussuritized plagioclase, 15% clinopyroxene, 5% magnetite. 

Matrix (75%): turbid glass extensively replaced with epidote, 

chlorite and fine opaques. 

12- 4B Hand sample: massive lithic lapilli tuff; 40% dark gray lapilli up to 

2 cm in a dark red matrix. Phenocrysts: 30% saussuritized plagio¬ 

clase. Matrix (70%): turbid glass with epidote and many fine 

opaques; some quartz-filled voids. 

12-4C Hand sample: massive dark red aphanite. Phenocrysts: 25% plagio- 

clase(?) replaced by opaques. Matrix (75%): hyalopilitic with 

epidote and many fine opaques. 

12-4E Hand sample: flow-banded green-yellow aphanitic to porphyritic 

flow rock. Phenocrysts: up to 20% extensively recrystallized 

plagioclase. Matrix (80%): hyalopilitic with epidote. 

12-4F Hand sample: green lithic lapilli tuff; 10% lapilli up to 2 cm. 
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Phenoerysts: 15% completely epidotized plagioclase. Matrix (85%): 

turbid glass with feldspar microlites; epidote, few fine opaques. 

12-5B Hand sample: massive gray crystal tuff. Phenoerysts: 10% plag¬ 

ioclase, 5% quartz. Matrix (85%): feldspathic; mildly sericitized. 

13-B Hand sample: massive black aphanite with quartz veins. Pheno- 

crysts: 20% plagioclase(?) extensively replaced by sericite and 

magnetite. Matrix (80%): turbid glass with many fine opaques. 

13- C Hand sample: massive dark green-black feldspar porphyry. Pheno- 

crysts: 20% mildly sericitized plagioclase, accessory recrystallized 

clinopyroxene, accessory magnetite. Matrix (80%); hyalopilitic 

with minor replacement by epidote and fine opaques. 

14- A Hand sample: massive feldspar porphyry in a dark green aphanitic 

matrix; accessory pyrite. Phenoerysts: 20% epidotized plagioclase. 

Matrix (80%): feldspathic with epidote. 

14-B Hand sample: laminated quartz porphyry in a gray-green aphanitic 

matrix. Phenoerysts: 10% fractured quartz, minor mildly sericit¬ 

ized glomeroporphyritic plagioclase, accessory fractured and 

epidotized clinopyroxene. Matrix (90%): foliated light green glass. 

14-C Hand sample: massive gray-green crystal tuff. Phenoerysts: 10% 

quartz, 1% plagioclase, 5% magnetite. Matrix (85%): light green 

foliated glass. 

14-D Hand sample: massive light gray crystal tuff; accessory pyrite. 

Phenoerysts: 15% quartz, accessory sericitized plagioclase. Matrix: 

(85%): light green glass. 

14-E Hand sample: massive gray-green crystal tuff. Phenoerysts: 20% 

extensively recrystallized plagioclase. Matrix (80%): light green 



82 

mildly epidotized glass. 

14-L Hand sample: massive feldspar porphyry in a black aphanitic 

matrix. Phenocrysts: 5% extensively saussuritized plagioclase, 

20% clinopyroxene. Matrix (75%): turbid glass with many fine 

opaques. 



83 

APPENDIX 0. Corrected ICP whole-rock analyses. 

At. 4> 4-3 4-7 4-9 4-13 5-2B 5-2 C 5-7 A 5-7 B 5-9 5-10 5-llB 8-1C 

SiO-r 59.2 54.6 51.0 51.4 52.6 51.7 55.5 51.0 55.0 55.8 47.6 76.6 
no^ .499 .745 .767 .932 .823 .875 .664 .735 .721 .714 .696 .142 

15.0 15.6 15.8 14.5 16.2 16.8 18.8 18.1 17.9 17.7 11.8 13.2 
FeO* 6.14 8.21 9.39 8.98 8.64 10.2 8.05 8.76 7.81 8.14 10.3 1.29 
MnO .154 .163 .162 .161 .175 .200 .179 .188 .198 .185 .187 .117 
\igo 4.62 4.69 7.99 7.67 7.02 5.98 5.19 3.92 3.77 4.14 16.9 .436 
CaO 8.56 8.04 10.7 11.3 8.57 8.11 4.88 14.4 8.68 6.87 10.3 .951 
Na»0 4.59 5.59 3.34 3.80 4.80 5.37 4.90 2.03 4.32 4.68 1.14 3.68 
K->b .93 .95 .69 .42 .98 .58 1.63 .71 1.35 1.45 .89 3.34 
PfO* .17 .32 .25 .19 .18 .20 .30 .23 .28 .25 .18 .06 

ppiD 

515 752 811 426 653 376 2750 254 987 1220 286 344 
Be 1.1 1.0 1.1 l.l .4 1.0 1.0 l.l 1.1 l.l .5 5.2 
Co t2 29 40 28 28 40 17 28 5 10 52 nd 
CP 142 70.2 75.7 129 112 nd 76.7 72.4 41.0 54.4 510 23.5 
Cu 91.0 54.2 48.5 162 119 20.8 61.4 41.9 62.7 82.6 174 2.1 
si 52 31 31 42 36 23 23 31 19 52 145 14 
Sr 213 473 461 257 378 738 760 606 544 448 323 382 
V 188 256 306 320 297 320 210 365 251 233 255 13.4 
Zn 59 63 72 59 97 83 75 41 61 64 69 30 
Zr 43 46 46 53 47 53 67 61 67 50 46 55 

At. * 6-3 A 6-38 6-3C 6-3D 6-4 6-5 6-9 9-6 A 9-8 10-4 10-9 10-1SB 

■>i02 75.3 76.4 76.3 74.9 77,0 73.8 72.3 66.4 58.1 59.9 54.3 69.0 
TI02 .195 .166 .199 .195 .179 .177 .369 .447 .578 .794 .882 .619 
U203 14.3 13.8 14.3 13.0 14.3 13.6 13.3 17.8 19.9 17.5 19.5 16.1 
FeO* 2.03 1.55 2.04 2.08 1.86 2.02 3.13 1.12 5.59 6.53 8.32 2.85 
itnO .0790 .0862 .0617 .120 .0771 .0992 .0896 .0807 .114 .136 .153 .0586 
MgO .851 .574 .764 .927 .606 .702 1.93 1.58 2.35 2.25 ' 3.00 .229 
CaO 1.20 .994 1.31 1.87 .927 .955 1.52 3.60 3.95 5.49 4.93 1.10 
NaiO 2.64 4.73 3.19 3.24 3.05 3.80 4.07 8.44 8.41 5.63 5.30 6.34 
K2O 3.22 1.60 1.74 3.77 1.97 4.76 3.24 .63 .40 1.48 3.29 3.60 

P205 .14 .08 .09 .09 .06 .10 .10 .17 .57 .26 .41 .15 

ppm 

Ba 417 257 321 298 262 480 349 231 136 1070 2510 1240 
Be 6.0 3.7 8.0 4.5 6.0 4.3 3.7 1.6 1.9 1.9 1.9 1.9 
Co nd nd nd nd nd nd 12 nd nd 14 29 5 
Cr 45.2 64.6 49.7 53.9 43.3 31.1 111 nd nd 22.5 nd nd 
Cu 1.5 1.9 nd 1.5 nd 4.7 5.1 9.4 188 26.8 64.7 nd 
Si 19 14 19 IS 14 14 50 nd nd 14 14 nd 
Sr 265 298 294 364 134 240 273 408 565 690 762 237 
V 27.3 19.3 27.3 33.7 34.6 28.0 66.1 90.7 126 156 224 36.4 
Zn 20 18 21 24 20 28 45 26 73 67 65 24 
Zr 55 57 55 60 35 70 67 47 84 171 116 210 

At. * 12-14 12-28 12-3D 12-5B 12-6 A 14-A 14-B 14-C 14-D 14-E 14-L 

Si02 67.0 64.9 71.6 73.1 65.6 68.8 75.0 64.2 74.9 70.6 61.5 
Ti02 .685 .551 .372 .342 .567 .370 .167 .624 .245 .383 .728 
M2°3 19.7 20.2 16.6 14.5 20.4 16.2 15.8 22.8 14.8 15.8 17.5 
FeO* 5.72 4.54 • 3.25 2.40 4.87 3.76 1.82 5.39 1.55 3.44 6.83 
’4nO .00771 .0224 .0393 .0831 .0127 .143 .0329 .0551 .0368 .106 .184 
MgO 1.12 2.30 1.80 1.38 1.78 2.29 .944 .935 .558 1.95 4.42 
CaO .711 1.51 2.35 3.03 1.48 1.80 .344 .091 1.80 1.89 3.07 
Sa20 1.92 2.01 2.84 3.35 2.29 4.82 1.62 1.19 1.96 1.79 4.41 
K2O 3.12 3.92 1.08 1.79 2.91 1.87 4.28 4.66 4.07 3.86 1.23 
P205 nd .04 .06 .09 nd .17 .05 .01 .05 .12 .19 

ppm 

Ba 1100 878 947 1100 1150 1090 1150 1850 1270 1260 225 
Be 2.7 2 1.6 1.7 2.7 2 1.9 2.7 1.7 1.7 1.6 
Co 5 5 nd nd 5 14 5 nd nd nd 29 
Cr nd nd nd nd nd nd nd nd nd nd 34.6 
Cu nd 10.1 1.1 21.3 nd 4.4 21.1 nd 1.7 16.6 7.8 
Si 12 nd nd nd U nd nd nd nd nd 19 
Sr 281 344 293 302 345 193 51.0 40.7 106 110 401 
V 74.5 67.6 51.8 53.4 78.3 47.7 46.0 71.0 24.7 56.9 128 
Zn 18 25 31 36 29 70 19 17 8 42 114 
Zr 105 107 73 67 10S 82 61 119 99 96 61 



APPENDIX E. Sample preparation and quality of analyses. 

Samples selected for whole-rock chemical analysis were sawed into slabs 

roughly 1 cm thick and then passed through a large roll mill. The fragments 

so produced were then examined, and those containing conspicuous veins or 

iron staining were discarded. The remaining fragments were rinsed with water 

to remove any small foreign particles, then dried. The fragments were next 

passed through a small jaw crusher, after which they were ultrasonically cleaned 

in weak HC1, then dried. Approximately 200 gm of each sample was then 

powdered and homogenized in a Spex ball mill. Approximately 2 gm of the 

resulting powder was submitted for each analysis. All analyses were performed 

by Barringer Magenta, Ltd., by induction coupled argon plasma spectrometry 

(ICP). 

Accuracy of major element determinations, as received from Barringer 

Magenta, Ltd., of U.S. Geological Survey rock standards GSP, AGV, BHVO-1, 

and BCR is generally within 5 percent, or better, for two replicate analyses 

of each standard. Major exceptions are for CaO and Na20, which have errors 

of 8 to 13 percent. MnO and P2O5 have errors in determination as large as 

33 percent, however, it should be noted that these elements are in very low 

abundance. Accuracy of trace element determinations for these standards is 

generally within 10 percent, except occasionally for Cu, Ni, Zn, and Zr, which 

may have up to 25 percent error, and Be, Co, and Cr, which, at very low 

concentrations, suffer up to 70 percent error in determination. The analytical 

values as received differ systematically from the recommended values; the 

analyses reported in Appendix D have been corrected using the average of: 

the accepted values divided by the values as received (A/X) for each element. 
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The coefficients of variation about the mean of two replicate analyses 

on each of the standard rocks and on three of the samples collected for this 

study give a measure of analytical precision (p. 90-94). Precision of major 

element determinations is good: within 5 percent of the amount present for 

nearly all elements, and within 2.5 percent of the amount present for most. 

Exceptions are: a coefficient of variation of 5.8 percent (not unacceptable) for 

a single pair of TiC>2 determinations, one of 36.4 percent for a single pair of 

K2O determinations, and several between 10 and 30 percent for P2O5 

concentrations near the detection limit. Precision of trace element 

determinations is within 10 percent of the amount present, except for Be and 

Co, which occasionally have coefficients of variation up to 22 percent, and Ni, 

which has coefficients of variation between 18 and 30 percent for three of the 

replicates. Precision worse than this is rare, and in each instance (there are 

three: one each for Be, Cr, and Cu) it is for determinations of concentrations 

near the detection limit. 

Since many of the collected samples are coarse lapilli tuffs or volcanic 

breccias, the chemical homogeneity of individual hand samples is suspect. In 

order to evaluate sample homogeneity, three samples containing coarse lithic 

clasts were cut in half and thenceforth treated as separate samples for analysis. 

To facilitate comparison of homogeneity within replicated samples with that 

between sample splits, unbiased estimates of pooled standard deviations of 

replicate and split analyses were computed (p. 95). Higher values of this statistic 

for split analyses than for replicates indicates that some sample inhomogeneity 

exists for the elements: MgO, MnO, CaO, Na20, Cr, Cu, Sr, Zn, and Zr. 
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Accuracy of replicate analyses of standard GSP 

Wt. % R X A A/X 

Si02 
Ti02 

68.4-69.1 68.8 67.38 0.98 
.640-. 653 .647 .66 1.02 

A12C>3 14.3-14.4 14.4 15.25 1.06 
FeO* 3.77-3.90 3.84 3.90 1.02 
MnO .0328-.0333 .0331 .042 1.27 
MgO .995-. 995 .995 .96 0.96 
CaO 1.93-1.95 1.94 2.02 1.04 
Na20 2.75-2.76 2.76 2.80 1.01 
K20 5.36-5.42 5.39 5.53 1.03 
P2O5 .22-22 .22 .28 1.27 

ppm 

Ba 1270-1290 1280 1300 1.02 
Be .7-1 .9 1.5 1.67 
Co nd 6.4 "V™ 

Cr nd-7.5 7.5 12.5 1.67 
Cu 28.8-28.9 28.9 33 1.14 
Ni 8-12 10 12.5 1.25 
Sr 232-237 235 233 0.99 
V 50.6-52.9 51.8 53 1.02 
Zn 96-101 99 98 0.99 
Zr 29-29 29 nd 

symbols: R = range of two ICP values (min-max) 
X = mean of two ICP values 
A = accepted value for standard 

A/X = accuracy; correction factor 
nd = not detected 
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Accuracy of replicate analyses of standard AGV 

wt. % R X A A/X 

Si02 
Ti02 

60.6-61.0 60.8 59.00 0.97 
1.03-1.04 1.04 1.04 1.00 

A12C>3 16.3-16.4 16.4 17.25 1.05 
FeO* 6.05-6.18 6.12 6.08 0.99 
MnO .0891-. 09 39 .0915 .097 1.06 
MgO 1.51-1.54 1.53 1.53 1.00 
CaO 4.63-4.69 4.66 4.90 1.05 
Na20 4.09-4.14 4.12 4.26 1.03 
K2O 2.89-2.96 2.93 2.89 0.99 
P205 .40-.41 .41 .49 1.20 

ppm 

Ba 1180-1250 1215 1208 0.99 
Be 1.7-2.2 2.0 3 1.50 
Co 12-36 24 14.1 0.59 
Cr 2.3-14.6 8.5 12.2 1.44 
Cu 53.4-56.2 54.8 60 1.09 
Ni 19-24 22 18.5 0.84 
Sr 620-620 620 657 1.06 
V 113-117 115 125 1.09 
Zn 79-87 83 84 1.01 
Zr 192-196 194 225 1.16 
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Accuracy of replicate analyses of standard BHVO-1 

wt. % R X A A/X 

Si02 
Ti02 

50.3-50.8 50.6 50.86 1.01 
2.62-2.62 2.62 2.75 1.05 

Al203 13.2-13.2 13.2 13.8 1.05 
FeO* 10.46-10.57 10.52 10.89 1.04 
MnO .154-.154 .154 .166 1.08 
MgO 7.55-7.55 7.55 7.33 0.97 
CaO 10.3-10.4 10.4 11.6 1.12 
Na20 2.01-2.02 2.02 2.29 1.13 
K2O .52-.53 .53 .55 1.04 
P2O5 .21-. 21 .21 .28 1.33 

ppm 

Ba 126-128 127 130 1.02 
Be .7-. 7 .7 nd 
Co 51-51 51 43.5 0.85 
Cr 240-242 241 266 1.10 
Cu 125-125 125 133 1.06 
Ni 103-103 103 118 1.15 
Sr 372-384 378 375 0.99 
V 298-298 298 328 L10 
Zn 90-92 91 101 1.11 
Zr 145-145 145 150 1.03 
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Accuracy of replicate analyses of standard BCR 

wt. % R X A A/X 

Si02 
Ti02 

55.6-55.6 55.6 54.50 0.98 
2.13-2.14 2.14 2.20 1.03 

Al203 12.9-12.9 12.9 13.61 1.06 
FeO* 11.62-12.32 11.97 12.06 1.01 
MnO .163-174 .169 .18 1.07 
MgO 3.17-3.20 3.19 3.46 1.08 
CaO 6.34-6.39 6.37 6.92 1.09 
Na20 2.98-3.08 3.03 3.27 1.08 
K2O 1.64-1.71 1.68 1.70 1.01 
P205 .27-. 28 .28 .36 1.29 

ppm 

Ba 660-675 668 675 1.01 
Be 1.0-1.3 1.2 1.7 1.42 
Co 31-40 36 38 1.06 
Cr 21.8-24.1 23.0 17.6 0.77 
Cu 16.2-16.3 16.3 18 1.10 
Ni 16-17 17 16 0.94 
Sr 309-324 317 330 1.04 
V 377-382 380 399 1.05 
Zn 113-114 114 120 1.05 
Zr 159-161 160 190 1.19 
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Precision of replicate analyses of standard GSP 

wt. % R X S C 

Si02 
Ti02 

68.4-69.1 68.8 .5 0.7 
.640-.653 .647 .009 1.391 

A12C>3 14.3-14.4 14.4 .1 0.7 
FeO* 3.77-3.90 3.84 .09 2.34 
MnO .0328-.0333 .0331 .0004 1.2085 
MgO .995-. 995 .995 .000 0.000 
CaO 1.93-1.95 1.94 .01 0.52 
Na20 2.75-2.76 2.76 .01 0.36 
K2O 5.36-5.42 5.39 .04 0.74 
P2O5 .22-22 .22 .00 0.00 

ppm 

Ba 1270-1290 1280 14 1 
Be .7-1 .9 .2 22.2 
Co nd nd 
Cr nd nd 
Cu 28.8-28.9 28.9 .1 0.3 
Ni 8-12 10 3 30 
Sr 232-237 235 4 2 
V 50.6-52.9 51.8 1.6 3.1 
Zn 96-101 99 4 4 
Zr 29-29 29 0 0 

symbols: R = range of ICP values (min-max) 
X = mean of ICP values 
S = standard deviation of ICP values 
C = coefficient of variation (100S/X) 

nd = not detected 
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Precision of replicate analyses of standard AGV 

wt. % R X S C 

SiC>2 60.6-61.0 60.8 .3 0.5 
Ti02 1.03-1.04 1.04 .01 0.96 
AI2O3 16.3-16.4 16.4 .1 0.6 
FeO* 6.05-6.18 6.12 .09 1.47 
MnO .0891-.0939 .0915 .0034 3.7158 
MgO 1.51-1.54 1.53 .02 1.31 
CaO 4.63-4.69 4.66 .04 0.86 
Na20 4.09-4.14 4.12 .04 0.97 
K2O 2.89-2.96 2.93 .05 1.71 
P2O5 .40-. 41 .41 .01 2.44 

ppm 

Ba 1180-1250 1215 49 4 
Be 1.7-2.2 2.0 .4 20.0 
Co 12-36 24 17 71 
Cr 2.3-14.6 8.5 8.7 102.4 
Cu 53.4-56.2 54.8 2.0 3.6 
Ni 19-24 22 4 18 
Sr 620-620 620 0 0 
V 113-117 115 3 3 
Zn 79-87 83 6 7 
Zr 192-196 194 3 2 
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Precision of replicate analyses of standard BHVO-1 

wt. % R X S C 

SiC>2 
Ti02 

50.3-50.8 50.6 .4 0.8 
2.62-2.62 2.62 .00 0.00 

AI2O3 13.2-13.2 13.2 .0 0.0 

FeO* 10.46-10.57 10.52 .08 0.76 
MnO .154-. 154 .154 .000 0.000 
MgO 7.55-7.55 7.55 .00 0.00 

CaO 10.3-10.4 10.4 .1 1.0 

Na20 2.01-2.02 2.02 .01 0.50 
K2O .52—.53 .53 .01 1.89 
P2O5 .21-21 .21 .00 0.00 

ppm 

Ba 126-128 127 1 1 

Be .7-. 7 .7 .0 0.0 
Co 51-51 51 .0 0 
Cr 240-242 241 1 0 

Cu 125-125 125 0 0 
Ni 103-103 103 0 0 

Sr 372-384 378 8 2 

V 298-298 298 0 0 
Zn 90-92 91 1 1 
Zr 145-145 145 0 0 
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Precision of replicate analyses of standard BCR 

wt. % R X S C 

Si02 
Ti02 

55.6-55.6 55.6 .0 0.0 
2.13-2.14 2.14 .01 0.47 

Al203 12.9-12.9 12.9 .0 0.0 
FeO* 11.62-12.32 11.97 .49 409 
MnO .163-. 174 .169 .008 4.734 
MgO 3.17-3.20 3.19 .02 0.63 
CaO 6.34-6.39 6.37 .04 0.63 
Na20 2.98-3.08 3.03 .07 2.31 
K2O 1.64-1.71 1.68 .05 2.98 
P205 .27-. 28 .28 .01 3.57 

ppm 

Ba 660-675 668 11 2 
Be 1.0-1.3 1.2 .2 16.7 
Co 31-40 36 6 17 
Cr 21.8-241 23.0 1.6 7.0 
Cu 16.2-16.3 16.3 .1 0.6 
Ni 16-17 17 1 6 
Sr 309-324 317 11 3 
V 377-382 380 4 1 
Zn 113-114 114 1 1 
Zr 159-161 160 1 1 



Precision of replicate analyses of sample 5-2B 

wt. % R 

split 1 split 2 between splits 

X S C X S C X S C 

Si02 50.4-52.6 52.0 1.2 2.3 51.3 1.3 2.5 51.7 .5 1.0 

Ti02 
.774-. 790 .782 .011 1.407 .782 .000 0.000 .782 .000 0.000 

AI2O3 14.9-15.3 15.1 .3 2.0 15.0 .1 0.7 15.1 .1 0.7 
FeO* 8.29-8.54 8.42 .18 2.14 8.49 .04 0.47 8.46 .05 0.59 
MnO .150-. 154 .152 .003 1.974 .154 .000 0.000 .153 .001 0.654 
MgO 6.58-6.92 6.59 .01 0.15 6.87 .07 1.02 6.73 .20 2.97 
CaO 7.40-7.97 7.52 .17 2.26 7.91 .08 1.01 7.72 .28 3.63 
Na20 4.35-4.47 4.44 .04 0.90 4.36 .01 0.23 4.40 .06 1.36 
«20 .57-. 96 .77 .28 36.36 .93 .00 0.00 .85 .11 12.94 
P2O5 .13-. 16 .13 .00 0.00 .15 .01 6,67 .14 .01 7.14 

ppm 

Ba 644-664 660 6 1 645 1 0 653 11 2 

Be .2-. 5 .2 .0 0.0 .4 .2 50.0 .3 .1 33.3 
Co 23-29 26 4 15 29 0 0 28 2 7 
Cr 105-119 109 5 5 116 5 4 113 5 4 
Cu 104-111 110 2 2 106 3 3 108 3 3 
Hi 35-37 36 1 3 36 1 3 36 0 0 

Sr 369-381 381 1 0 372 4 1 377 6 2 

V 274-282 278 6 2 278 1 0 278 0 0 

Zn 95-99 99 0 0 96 1 L 98 2 2 
Zr 39-44 42 4 10 41 0 0 42 1 2 

Precision of replicate analyses of sample 6-30 

Wt. % R 

split 1 split 2 between splits 

X S C X S c X S C 

St02 73.6-77.5 75.7 1.3 1.7 75.6 2.8 3.7 75.7 .1 0.1* 
Ti02 .183-. 199 .191 .011 5.759 .187 .006 3.209 .189 .003 1.587 
AI2O3 12.2-12.4 12.3 .0 0.0 12.3 .1 0.8 12.3 .0 0.0 

FeO* 2.02-2.10 2.08 .06 2.91 2.10 .01 0.48 2.08 .03 1.44 
MnO .0892-1126 .0892 .0000 0.0000 .126 .000 0.000 .108 .026 24.074 
MgO .878-. 951 .884 .008 0.905 .951 .000 0.000 .918 .047 5.120 
CaO 1.46-1.64 1.46 .00 0.00 1.62 .03 1.85 1.54 .11 7.14 
Na20 2.98-3.08 2.99 .01 0.33 3.06 .03 0.98 3.03 .05 1.65 
K2O 3.63-3.82 3.74 .11 2.94 3.66 .04 1.09 3.70 .06 1.62 
P205 .05-. 08 .07 .01 14.29 .07 .02 28.57 .07 .00 0.00 

ppm 

Ba 289-322 307 22 7 289 0 0 298 13 4 
Be 2.8-2.8 2.8 .0 0.0 2.8 .0 0.0 2.8 .0 0.0 

Co nd nd nd nd 
Cr 49.6-58.7 51.2 2.3 4.5 56.6 3.0 5.3 53.9 3.8 7.1 
Cu 1.3-1.4 1.4 .0 0.0 1.4 .1 7.1 1.4 .0 0.0 
Ni 14-18 16 3 19 15 1 7 16 1 6 
Sr 345-380 352 10 3 377 5 1 365 18 5 
V 31.0-32.2 31.6 .8 2.5 31.3 .4 1.3 31.5 .2 0.6 
Zn 21-27 21 0 0 27 0 0 24 4 17 
Zr 53-54 54 1 2 53 0 0 54 l 2 

Precision of replicate analyses of sample 6-5 

Wt. % R 

split 1 split 2 between splits 

X S C X S C X S C 

Si02 72.3-76.4 74.4 2.9 3.9 74.7 1.3 1.7 74.6 .2 0.3 
Ti02 .159-. 183 .165 .008 4.848 .179 .006 3.352 .172 .010 5.814 
AI2O3 12.6-13.1 12.6 .0 0.0 13.1 .1 0.8 12.9 .4 3.1 
FeO* 1.94-2.10 1.95 .01 0.51 2.10 .01 0.48 2.03 .11 5.42 
MnO .0849-. 0909 .089 .0000 0.0000 .0879 .0042 4.7782 .0881 3 .0009 1.0158 
MgO .637-.7S5 .640 .004 0.S25 .751 .006 0.799 .696 .078 11.207 
CaO .855-. 911 .858 .004 0.466 .911 .000 0.000 .885 .037 4.181 
Na20 3.40-3.72 3.41 .01 0.29 3.70 .03 0.81 3.56 .21 5.90 
K2O 4.53-4.81 4.76 .08 1.68 4.59 .08 1.74 4.68 .12 2.56 
p2°5 .07-.08 .08 .01 12.50 .08 .01 12.50 .08 .00 0.00 

ppm 

Ba 469-504 472 4 1 489 21 4 481 12 2 

Be 2.8-2.8 2.8 .0 0.0 2.8 .0 0.0 2.8 .0 0.0 
Co nd nd nd -- nd 
Cr 23.1-41.1 23.2 .1 0.4 38.9 3.1 8.0 31.1 11.1 35.7 
Cu 1.6-5.2 3.4 2.5 73.5 5.1 .0 0.0 4.3 1.2 27.9 
Ni 14-14 14 0 0 14 0 0 14 0 0 
Sr 234-247 240 2 t 241 9 4 241 l 0 
V 24.4-27.8 24.5 .1 0.4 27.8 .0 0.0 26.2 2.3 8.8 

Zn 23-33 24 1 4 31 3 10 28 5 18 
Zr 59-64 59 0 0 64 0 0 62 4 8 

symbols: K - ranjje of U'P values (min-max) 
X - mean of U'P values 
S * standard deviation of U'P values 
C - coefficient of variation (UKIS'X) 

nd = not detected 
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Pooled standard deviations* 

an an 
replicate between replicate between 
analyses splits analyses splits 

Si02 1.5 .3 Ba 19.2 12.0 
Ti02 .008 .006 Be .2 .1 
Al203 .1 .2 Co 8.3 no data 
FeO* .17 .07 Cr 41 7.4 
MnO .003 .015 Cu 1.5 1.9 
MgO .02 .13 Ni 1.9 .6 
CaO .07 .17 Sr 6.5 11.0 
Na20 .03 .13 V 2.6 1.3 
K2O .11 .10 Zn 2.5 3.9 
P2O5 .01 .01 Zr 1.6 2.4 

* Computed as the square root of pooled variance, Sp2: 

Sp2 = (nj - 1) Si2 / nj - k, 

where nj = number of replicate analyses of sample i, 

Si2 = variance of replicate analyses of sample i, and 

k = number of replicated samples (Dixon and 
Massey, 1957). 



APPENDIX F. Key to analyses of Talukdar (1972) used in this study, 

location 5*: ST-1, ST-2, ST-2A, ST-3, ST-5, ST-6, ST-7, ST-8, ST-9, 
ST-10, ST-11, ST-12, ST-13, ST-14 

location 7: ST-21, ST-22, ST-23, ST-24 

location 12: JR-70-5, JR-70-6, JR-70-7, JR-70-8, ST-31, ST-32, 
ST-33, ST-34A, ST-34B, ST-35, ST-36, ST-37, ST-38 

location 13: 9-2, 9-3, 9-4, 9-5, 9-7, 10-4, 10-9, 11-3, 11-6, 11-9, 
11-11, JR-70-1, JR-70-2 

location 14: 29- 1, 29-2, 29-5, 29-7, 29-10, 29-11, 30-1, 30-5, 30-7, 
30- 8, 30-10, 1J1, 1J2, 1J6, 1J7, 1J11, 1J12 

location Tl: ST-15, ST-16, ST-17, ST-18, ST-19, ST-20 

location T2: ST-25, ST-26, ST-27 

location T3: ST-40 

location T4: JR-70-3, JR-70-4 

location T5: 17-13, 13J1, 22-7 

location T6: 16-1, 16-3, 20-4, 22J4, 22J5, 22J6, 23J1, 23J2 

♦see Fig. 2. 
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