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INTRODUCTIGON

STATEMENT OF THE PROBLEM

Volcanic rocks typical of Tertiary extrusive activity in socuthwestern
Montana and adjacent areas are located in the Gravelly Range (fig. 1).
Previous studies of these rocks are few and comsist only of the determination
of broad field relationships and of very generalized petrographic data (Manm,
19543 1960). Stratigraphic correlations and evolutionary modes of the
volcanic rocks have yet to be determined.

This investigation focused on the petrogenesis of the Tertiary volcanic
rocks in the Gravelly Range. Field relations, petrographic, major-element,
trace-element, and strontium isotope data from four of the major ocutcrop
areas, Black Butte, Wolverine Basin, Lion Mountain-Windy Hill, and Divide
Mountain, were determined (fig. 2). These data were used to develop possible
melting and crystallization models for the magmas and to examine the
relationships with nearby igneous bodies of similar age for which isotopic

and chemical data are available.

REGIONAL VOLCANO-TECTONIC SETITING

Widespread volcanism occured in the western United States during
the Cenozoic. Types of magma and their tectonic associations changed
markedly during that time in a 1,500-km zone from the Pacific margin

eagstward. Although a direct relationship between volcanism and tectonic
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GENERALIZED GEOLOGIC MAP OF THE GRAVELLY RANGE AREA
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Figure 2. Generalized geologic map showing major volcanic outcrop areas

on the southeastern flank of the Gravelly Range.

Modified from Mann (1954).




regime has been challenged (Gilluly, 1971; 1973), many authors conclude that
such a relationship exists in the western United States (Dickenson, 1972;
Lipman et al., 1972; Christiansen and Lipman, 1972). From Late Cretaceous
through the middle Tertiary, largely calc-alkaline andesite of intermediate
composition and associated silicic differentiates that were related to a
regime of continental-margin plate convergence, characterized the orogenic
phase of volcanism. Associated structural features include folds and thrust
faults. Regional metamorphism alsoc occured. The post-orogenic phase of
volcanism represented by Eocene and younger sequences, may be related to a
regime of extension that resulted in extrusion of mainly bimodal basalt and
high-silica rhyolite. Associated structural features include regional
normal and strike-slip faults.

A similar change of volcanism assoclated with tectonic regime is
exemplified in southwestern Montana, although the shift from calc-alkaline
andesite to alkali basalt occured much earlier there than in much of the
western United States (Chadwick, 1978). Extensional tectonism may have been
active 40 m.y. B.P. (Kuenzi and Fields, 1971), inasmuch as post-Eocene

andesite is uncommon in southwestern Montana.



GRAVELLY RANGE

LOCATION AND ACCESS

The Gravelly Range is a north-trending feature in the southern part of
the Northern Rocky Mountain physiographic pro?ince. It extends more than 80
km from Virginia City in the north to Centennial Valley in the south, and it
covers approximately 800 sq km (fig. 1). The study area is located in
southern Madison County, Montana, in the Cliff Lake and Monument Ridge U.S.
Geological Survey l5-minute quadrangles, on the southeastern flank of the
Gravelly Range. A dirt and gravel road provides access to the area from
Highway 287 at the West Fork Campground. Access within the area is

provided by additional dirt and gravel roads and pack trails,

RELIEF, TOPOGRAPHY, AND VEGETATION

Elevations vary from approximately 2,300 m in the lower valleys to
3,200 m on the top of the highest butte; maximum relief is 900 m. The
average elevation of the crest of the range is 3,000 m; the crest is
smooth and rounded. The west flank is a gentle slope controlled by west-
ward dipping sediments, whereas the east flank is steep and disected by
active streams that are transverse to the structure and drain into the
Madison Valley. Black Butte is the most prominent feature in the range,
rising 450 m above its base. Spruce and Douglas fir dominate the upper

elevations, and birch and aspen dominate the river valleys and lower



elevations. Lodgepole pine now also thrives in the lower elevations since
much of the natural timber was disturbed by logging. The timberline, with

meadows above, occurs at approximately 2,700 m (Mann, 1954).



GENERAL GEOLOGY

INTRODUCTION

Early geologic investigations included a reconnaissance of the_
Gravelly Range. Peale (1896) conducted the earliest study during which he
mapped the surface geology and named the metamorphosed basement rocks the
"Cherry Creek beds". Douglas (1909) described the general physiography
during a trip through the west. Condit et al. (1927) reported on the
phosphate rock in the Yellowstone-Three Forks area.

Scott (1938) and Atwood and Atwood (1945) investigated the area around
Black Butte for -evidence of glaciation and found the gravels for which the
range was named to be of glacial origin. Atwood and Atwood also studied
the regional structure of the area and found the core of the range to
consist of metamorphosed Precambrian sedimentary rocks. Paleozoic and early
Mesozoic sedimentary rocks overlie an erosional surface. Their present 10°
westward dip was the result of uplift during the late Mesozoic. Fissure
volcanism then poured laﬁa over much of the surface in the mid-Tertiary;

erosion which followed reduced the range tc its present configuration.

STRATIGRAPHY

Mann (1954; 1960) provided a detailed description of Paleozoic through
early Cenozoic gedimentary rocks with only brief mention of Precambrian

metamorphic rocks and Tertiary igneous rocks (fig. 3).
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The Cherry Creek Series consist of a sequence of metamorphosed
sediments, and they make up the basement rocks of the Gravelly Range.
Phyllite, quartz-feldspar gneiss, amphibolite, and quartz-biotite-garnet
gneiss are the major rock types. Radiometric ages indicate that similar
metasedimentary rock sequences in nearby ranges are Archean (2,762 + 113
m.y. B.P.)(James and Hedge, 1980); this age corresponds to the "Beartooth
orogeny. "

An angular unconformity separates the Paleozoic sequence from the
Precambrian sequence. With the exception of the Ordovician and Silurian

periods, all of the periods in the Paleozoic Era are represented in the

Gravelly Range by approximately 1,300 m of sedimentary rocks. Major
exposed lithologies incliude limestone, dolomite, shale, and sandstone

with minor chert, silty limestone, and oolitic phosphorite.

The Mesozoic sequence lies conformably on the Paleozoic sequence.

All of the periods in the Mesozoic Era are represented in the Gravelly
Range by approximately 1,200 m of sedimentary rocks. Major exposed lith-
ologies include siltstone, dolomite, red beds, sandstone, claystone,
conglomerate, and shale with minor limestone and gypsum.

An angular unconformity seperates the Cenozoic from the underlying
Mesozoic sequence. The Cenozoic Era is represented by 0-200 m of sediment,
sedimentary rocks, and assorted volcanic rocks. The sedimentary lithologies
include cobble conglomerate, gravel, volecanic tephra, glacial material, and

alluvium.

TECTONIC SETITING

During the Larte Cretaceous Epoch, the Gravelly Range area was a basin

into which was deposited more than 600 m of micgeosgynclinal sediments
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(Eardly, 1960). The Laramide uplift developed northwest-trending thrust
faults south of the Gravelly Range area and created folds of similar trend
within the Gravelly, Madison, Ruby, and Centennial Mountain ranges (Hamilton,
1960; Honkala, 1960).

By the early Cenozoic, two systems of thrust faults were dominant
(Eardly, 1960). One is located northeast of the Gravelly and Madison ranges,
where the overriding block of sedimentary rocks moved southwest. The
second, along which the overriding block moved éedimentary rocks to the
northeast, is located west of the Gravelly Range. An intricate wedge of
material was caught between the two fault systems, and this wedge forms the
éore of the Gravelly Range and the adjacent Madison, Ruby, and Centennial
ranges {(Hamilton, 1960).

During.the middle through late Cenozoic, the strata were offset along
normal faults which followed Laramide fault trends. Recent normal faults
were then superimposed on all previous faults in the Gravelly Range and the
surrounding vicinity. The area now resembles the Basin and Range area of

Nevada (Honkala, 1960).
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VOLCANIC GEOLOGY
INTRODUCTION

Gravelly Range volcanic rocks include a bimodal assemblage of alkali
bas;lt of mid-Tertiary age and minor rhyolitic ignimbrite of unknown age.
Based on relative stratigraphic positions, the rocks may be divided into
four units: (1) basal crystal tuff, (2) alkali basalt suite and associated
volcanoclastic rocks, (3) olivine diabase dikes, and (4) uppermost rhyolitic
ignimbrite.

Recent studies indicate that several volcanic centers, which include
fissures and central vents, are present in the Gravelly Range (Marvin et al.,
197;} Burke-Griffin, 1978; Burke-Griffin and Pushkar, 1979; Eichen, 1979;
Eichen and Pushkar, 1979; this investigation). Based on the major rock
types represanted, these volcanic rocks are assumed to be associated with
recent extensional tectonism (Lipman et al, 1972; Christiansen and Lipman,
1972; Burke-Griffin, 1978; Eichen, 1979). Previous studies have shown that
the field relations of the major rock units as well as the petrography of

the major units are similar from one outcrop area to another (Burke-Griffin,

1978; Eichen, 1979).
FIELD RELATIONS OF THE MAJOR ROCK TYPES
BASAL CRYSTAL TUFF

Approximately 10 percent of the volume of Gravelly Range volcanic rocks

consists of crystal tuff. Where exposed, this unit crops out beneath flow
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basalt. and is commonly intruded and overlain by basaltic units.

Locally, where the tuff is in contact with later units, metamorphic aureoles
are present. Exposed thicknesses vary from 2 to 200 m, and weathered portions
have steep smooth slopes (30°-40°). Poorly defined subhorizontal beds of
varied thickness are observed on the slope of Lion Mountain and in Wolverine

Basin.

ALKALI-BASALT SUITE

Approximately 75 percent of the volume of Gravelly Range volcanic rocks
belongs to the alkali-basalt unit, Rock types, which range from alkali-
olivine basalt to basaltic andesite; silicic-alkalic basalt is the most
voluminous. Minor amounts of associated tephra are interbedded with basalt
from the Lion Mountain-Windy Hill. Flow basalt may retain sinuous stream
patterns, or they may cap sedimentary sequences. A prominant set of closely-
spaced subhorizontal joints is ubiquitous and defines a fissility which
allows the rock to break into slabs. Individual flows may be as thick as
60 m, and crude columnar joints are observed in massive flows. Steep scarps
with broad talus aprons indicate the original basaltic cover was once more
extensive. Tops and bases of individual flows are observed only in a few

areas, e.g. Wolverine Basin, Lion Mountain, and Windy Hill.

OLIVINE DIABASE

Medium~grained olivine diabase makes up 10 percent of the Gravelly Range
volcanic rocks. The attitude of these rocks ranges from sub-horizontal sills
concordant with basaltic fissility to near-vertical dikes which tend to
follow columnar jolnts. Complex interfingering and cross-cutting
relationships are formed by this rock type in the vicinity of volcanic vents
and feeder dikes. Thicknesses vary, but are usually less than 20 m in the

largest dimension. Outcrops of this rock type are less resistant to
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weathering than outcrops of the basalt, although there are steep scarps in
Wolverine Basin. Exposures on Black Butte and Lion Mountain tend to be more

rounded, although there are some scarps.

RHYOLITIC IGNIMBRITE

Approximately 5 percent of the volume of Gravelly Range volcanic rocks
consists of rhyolitic ignimbrite. OQuterop of this rock type has been
observed only in Wolverine Basin, although the loose boulders that are
abundant on top of Divide Mountain may represent a disintegrated outcrop.
In both areas, the ignimbrite overlies alkali-basalt. In Wolverine Basin,

the rhyolitic ignimbrite appears to be conformable with the underlying

alkali-basalt. As yet, mo apparent source areas for this rock type have

been found, Thickness of the observed exposures is only a few meters.

PETROLOGY OF THE MAJOR ROCK TYPES

BASAL CRYSTAL TUFF

The basal crystal tuff is a friable, deeply weathered pale orange
volcanic ash. Locally where it is intruded by or is overlain by younger
dikes and flows, it is baked into a well consolidated deep-orange rock which
fractures into semiconchoidal fragments that resemble pottery shards.
Chalcedony and opaline deposits are found in some baked zomes. Petrographic
studies reveal this rock is a hypocrystalline porphyritic ash~fall tuff which
conatins anhedral to subhedral phenocrysts of sanidine, quartz, plagioclase
(Anss-Anss), and traces of hornblende, biotite, and opaque minerals (fig. 4).

Mesostatic fragments include glass shards and clay minerals (Eichen, 1979).



Figure 4. Petrographic illustration of glass

shards in the basal crystal tuff. Uncrossed

nicols.

0.02 mm
ALKALT-BASALT SUITE
Rock types within the alkali-basalt suite vary from fine-grained

porphyritic basalt with millimeter sized phenocrysts of olivine and
clinopyroxene or both, to fine~grained porphyritic basaltic andesite with
phenocrysts of clinopyroxene and occasional resorbed plagioclase. The
porphyritic basalt is black whereas the porphyritic basaltic andesite is
dark gray. Several flows are vesicular and characteristically contain
amygdaloidal carbonate. Minor crystal tuffs similar to the basal unit are
interbedded together with lapilli and lithic tuff and interflow breccia.
These units consist mostly of scoriaceous blocks, bombs, and lapille in an
ashy matrix, and in most places are cemented by carbomate. Petrographic
studies reveal these rocks vary from hypocrystalline to holocrystalline,
and they are porphyritic (figs. 5 and 6). Intersertal alkali-olivine basalt
with plagioclase (Anss—Anys) microlites, phenocrsyts of olivine and augite,

and alkali-rich glass is the most mafic rock type (fig. 5). Intersertal

basaltic andesite with phenocrysts of augite, resorbed plagioclase (caleic),

14
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and plagioclase (Anso-Anso,) microlites in a groundmass of clinopyroxene and
glass in the most silicic rock type (fig. 6). Intergranular texture is also
commonly displayed in the alkali-olivine basalt. Ferromagnesian minerals

commonly are altered to iddingsite, and amygdaloidal carbonate is common

in vesicular to scoriaceous samples.
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Figure 5. Petrographic illustration Figure 6. Petrographic illustration

of an olivine phenocryst surrounded of a resorbed plagioclase phenocryst
by plagioclase microlites and augite  surrounded by plagioclase microlites
grains in the alkali-olivine basalt. and augite grains in the basaltic
Crossed nicols. andesite. Crossed nicols. i
1.0 mm 1.0 mm

OLIVINE DIABASE

The olivine diabase is medium to dark gray, and its grain size varies
from fine to coarse with medium the most common. Subhedral to euhedral white
plagioclase and black hornblende with rounded brown iddingsite-rimmed
clinopyroxene and olivine are present in the coarser zones (Burke-Griffin,
1978; Eichen, 1979). This rock weathers readily, and secondary carbonate
mineralization is common particularly in the coarser zones. Petrographic
studies reveal this rock is holccrystalline and displays intergranular to
ophitic textures(fig. 7). Minerals present in the rock include euhedral to

subhedral plagioclase (4nso.—Anss), olivine, augite, hornblende, opaque
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minerals, and traces of apatite. Ferromagnesian minerals are highly altered
to iddingsite; there is some chloritization and secondary carbonate

mineralization (Burke-Griffin, 1978; Eichen, 1979).

Figure 7. Petrographic illustration of ophitic
intergrowths of plagioclase and augite in the
medium-grained olivine diabase. Crossed nicols.

[

0.01 mm

RHYOLITIC IGNIMBRITE

Fresh surfaces of the rhyolitic ignimbrite are densely welded and vary
from pink to purple-gray; millimeter sized phenocrysts of sanidine are
common. Deeply weathered samples are light pink to orange and are loosely
consolidated. There are occagional pumice fragments ué to a few millimeters
in length; scattered mafic minerals are altered to iromn oxides. Petrographic
studies reveal this rock is a hypocrystalline porphyritic ash-flow tuff which
contains anhedral phenocrysts of quartz, sanidine, and opaque minerals.

Mesostatic fragments include glass shards and clay minerals.
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Figure 8. Petrographic illustration of welded glass
shards that surround a sanidine phenccryst in the

rhyolitic ignimbrite. Uncrossed nicols. ,

1.0 mm

MAJOR OUTCROP AREAS

BLACK BUTTE

Field relations, petrography, and major-element chemistry of volcanic
rocks from Black Butte were examined by Burke-Griffin (1978) and Burke-
Griffin and Pushkar (1979). Black Butte is a volcanic neck located near the
crest of the Gravelly Range (fig.2) and is composed mainly of basalt (fig. 9).
Radiometric ages indicate Black Butte basalt is approximately 23 m.y. old
and may represent the latest activity in the area (Marvin et al., 1974).
Major volcanic rock types, in ascending stratigraphic order include: (1)
alkali-basalt, (2) crystal tuff, (3) agglomerate, and (4) olivine diabase.

Black Butte basalt is interpreted as the erosional remnant of a large
volcanic neck that may have been the source for much of the activity in the
Gravelly Range (Marvin et al., 1974; Burke-Griffin, 1978; Burke-Griffin and

Pushkar, 1979). No evidence of tops and bases of flows is exposed on the
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butte. Nearly vertical columnar-jointed exposures of basalt reach heights
of more than 60 m, thus the initial eruption was probably quiescent.
Sub-horizontal, concordant tuff lenses occur interspersed with basalt near
the top of the butte and may indicate minor intermittent pyroclastic
eruptions. Fragments of medium- to coarse-grained olivine diabase are
plentiful in the talus although outcrop occurs only near the top of the
butte where an olivine diabase dike intrudes the basalt flows. A large
pipe of agglomerate, called vent facies by Burke-Griffin, is exposed over
most of the top of the butte, and it cross-cuts all other rocks. There is
a similar smaller agglomerate pipe on the southeast flank of the butte.
These pipes are indicative of a change to more explosive activity during

the latter stages of the volcanic activity.

WOLVERINE BASIN

Field relations and petrography of volcanic rocks from Wolverine Basin
were examined by Eichen (1979) and Eichen and Pushkar (197%9). Flow basalt
is the most voluminous rock type exposed in the area (fig. 10). Based omn
their similar field relations and petrography, basalt of the Wolverine Basin
is assumed to be the same age as Black Butte basalt (Eichen, 1979). Major
volcanic rock types, in ascending stratigraphic order, include: (1) crystal
tuff, (2) alkali-basalt, (3) olivine diabase, and (4) rhyolitic ignimbrite.

Wolverine Basin basalt was emplaced as a relatively quilescent flow from
an easterly-trending fissure, although only the faulted segments of a
basaltic feeder dike system remain as illustrated by Eichen (fig. 11).
Pyroclastic material is characteristically absent in this area with two
exceptions. Orange-red ash-fall tuff (basal crystal tuff) underlies the
basalts adjacent to the feeder dike, and a purple-gray welded tuff (rhyolitic
ignimbrite) overlies the basalt flows in Roger's Meadow (fig. 10). No

evidence of the source of either of these units was found in Wolverine Basin.
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Figure 9. Geologic map and generalized cross section of Black Butte, a
volcanic neck in the Gravelly Range (modified from Burke-Griffin, 1978).

Solid black aquares indicate sample locations of rocks anmalyzed in this study.
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Figure 10. Geologic map and generalized cross section of Wolverine Basin
volcanic rocks in the Gravelly Range (modified from Eichen, 1979), Solid

black squares indicate sample locations of rocks analyzed in this study.
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Figure 11. Idealized cross section of the field relationships in the
vicinity of the Wolverine Basin feeder dike system (Eichen, 1979).

In addition, several dikes of medium~grained olivine diabase are found with
the feeder dike system, Individual flows of basalt may be as thick as 60 m,
and definite tops and bases of flows are distinguished only in Roger's
Meadow. Crudely columnar-jointed scarps and large talus piles indicate
that the original basalt cover was more extensive. Fissility is commonly

sub~horizontal except in vent areas where it steepens to near vertical.

LION MOUNTAIN-WINDY HILL

Lion Mountain and Windy Hill form a northwest-trending ridge east of
the crest of the Gravelly Range (fig. 2). Flow basalt is the most voluminous
rock type (fig. 12). Mann (1954) determined the basal crystal tuff from
Lion Mountain was mid—Oligoceng in age. Major volcanic rock types, in

ascending stratigraphic order, include: (1) crystal tuff, (2) alkali basalt



24



Figure 12. Geologic map and idealized crossectional view of the
northeast flank of Lion Mountain-Windy Hill, a center of volcanic activity in

the Gravelly Range. Solid squares indicate sample locations of rocks analyzed

in this study.
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(3) agglomerate, and (4) olivine diabase.

Lion Mountain is a basalt-capped erosional remmant of a volcanic center
which was a major source of much of the activity in the Gravelly Range.
Windy Hill is a basalt capped northwest-trending ridge connected to Lion
Mountain by a saddle. Near the central portion of the dissected volcanic
pile, the remnants of a cone of agglomerate approximately 250 m high and a
columnar pipe of lava with vertical foliation exist adjacent to each other
and probably represent the center of much of the activity. The presence of
abundant pyroclastic material indicates very explosive activity with
intersperced eruptions of basalt. Massive flows which cap much of the area
indicate a transitliom to more quiescent activity in the latter stages of the
eruptive episode.

Crystal tuff with interlayered sub-horizontal flow basalt underlies the
area. Thickness varies from approximately 10 to 200 m. Locally, where
the tuff is intruded by basalt dikes, the tuff is baked. Flow basalt which
is approximately 60 to 90 m thick overlies the tuff. At least six individual
flows cap Lion Mountain; at least 13 individual flows cap Windy Hill. A
small breccia pipe several meters thick and minor basalt flows occur near the
diabase, and although the details are obscure, all three appear to cross-cut
the cone of agglomerate. Olivine diabase crops out near the major tephra
cone although the extent of the olivine diabase is uncertain inasmuchas

vegetation and talus obscure its outcrop.

DIVIDE MOUNTAIN
Divide Mountain is located a few kilometers east of the Gravelly Range
and several kilometers south of Lion Mountain-Windy Hi1l{fig. 2). Only a brief
reconnaissance of the field relatlons of the volecanic rocks of this area
was made due to its inaccessible location (fig. 13).

Divide Mountain is underlain by basalt which crops out on the slopes of
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Figure 13. Geologic map of Divide Mountain volcanic rocks (after Mann,
1954) . Solid squares indicate sample locations of rocks analyzed in this

study.
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the mountain. The broad treeless summit crown does not have an outcrop

but is dotted with accumulations of boulders of rhyolitic ignimbrite. No
source for the volcanic rocks in this area has been observed, Mann (1954)
assigned a Tertiary age for these rocks. Major volcanic rock types, in
ascending stratigraphic order, include: (1) alkali basalt and (2) rhyolitic

ignimbrite.

GEOCHRONOLOGY

Mann (1954) reported a mid-Oligocene age for the basal tuff unit of
Lion Mountain. Thus, volcanic rocks of the Gravelly Range are assigned a
maximum age of mid-Tertiary (35 m.y. B.P.) based on their stratigraphic
position,

Nine K-Ar ages are reported by Marvin et al. (1974) on igneous rocks
from eight localities in southwestern Montana. Basalt from Black Butte yields
an age of 23 m.y. B.P. Radiometric ages on the igneous rocks north of Black
Butte indicate volecanic activity continued over a 10 m.y. period from mid-
Oligocene (34 m.y. B.P.) through early-Miocene (23 m.y. B.P.)., Black Butte
basalt has been cousidered by many to be the youngest evidence of volecanic
acitivity in this area. More recent published K-Ar ages suggest the volcanic
activity of the Gravelly Range may have started as early as 51 m.y. B.P.

(Marvin and Dobson, 1979).
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PROCEDURE

SAMPLE COLLECTION

Samples from Lion Mountain-Windy Hill and Divide Mountain were collected
in the field for this investigation by the author during the summer of 1979.
Locations are plotted on geologic maps of these areas (figs. 9-13) which were
prepared from blow-ups of U.S. Geological Survey 15-minute quadrangle maps
with a 40 ft contour interval. Other rock samples from Black Butte and
Wolverine Basin which were amalyzed in this project were provided by Dr. Paul
Pushkar of Wright State University. Locations for these samples were plotted

on geologic maps prepared by Burke-Griffin (1978) and Eichen (1979).

SAMPLE PREPARATION

Thin sections of samples from Lion Mountain-Windy Hill and Divide
Mountain were prepared and examined for this investigation. Thin sections
from Black Butte were described by Burke-Griffin (1978). Thin sections from
Wolverine Basin, with the exception of one slide (P-30B-77) which was
described by the author, were described by Eichen (1979). Only the freshest
samples as determined petrographically were chosen for chemical analyses.

Approximately 100 g of fresh sample was placed in a Spex mixer/mill and
milled for 30 minutes. The milled sample was next passed through a 200-mesh

sieve and stored in a clean glass vial.
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SPECTROPHOTOMETRY

Analyses for the elements Si, Al, Fe, Ca, Na, K, Ti, and Mn were made
on 15 samples and five U.S. Geological Survey standard rocks with a Perkin-
Elmer model 305-B atomic absorption and flame emmission spectrophotometer
with a chart recorder. Lithium metaborate fusion as described by Gutman
(personnal communication), Medlin et al. (1969), and Subr and Ingamells
(1966) was used to digest powdered rock samples. Aliquot portioms of each
sample solution were then diluted to the necessary linear concentration range
for each element. Details of this procedure and the instrumental settings
used are described by Reitz (1980).

Synthetic standards were prepared from stock solutions to bracket the
approximate concentrations of the rock samples. Duplicate analyses of the
U.S. Geological Survey standard rocks G-2, AGV-1, STM-1, BCR-1l, and W-~1l were
conducted to monitor analytical accuracy. Table 1 summarizes the recommended
values reported by Flanagan (1973, 1976). Estimated maximum deviations of
spectrophotometric analyses are: Si0z, Al;0s, and K0 = + 1 percent; Fe,0,

and Na,0 = + 3 percent; Mg0 = + 4 percent; TiO, = + 8 percent.

GRAVIMETRIC ANALYSES

Total water and volatile contents of 15 samples and five U.S. Geological
Survey standard rocks were determined using methods similar to those ofRiley
(1958), Maxwell (1968), and described in Hutchison (1974). H,0 was
determiped by baking approximately omne gram of powdered sample at 110°C
for one hour in a clean previously dried platinum crucible. After cooling

the crucible and sample to room temperature in a dessicator, the residue was
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weighed and the percentage weight lost was reported as adsorbed water (H,0).
Ignition was then performed on the regidual sample by placing the crucible
and sample in a muffle furnace at 1,000°C for 15 minutes. Ignited samples
were cooled in a desiccator and the weight lost was recorded as loss on
ignition.

Fair agreement was obtained with this method for all standard samples
except for sample W-1 (Table 1). Discrepancies are most likely a result of
7 the oxidation of iron which would tend to reduce the amount of weight lost
during ignition. Estimated maximum deviation for ignition values is + 25

percent, except for sample W-1 is approximately 75 percent in error.
MASS SPECTROMETIRY

®79r/®®Sr isotopic ratios for seven samples were determined with a 15
cm, 60° Nier-type mass spectrometer using a Ta filament. Sample preparation
procedures used were described by Chaudhuri (1966), Methot (1973), aﬁd
Kilbane (1978). Prior to analysis, the approximate concentrations of Rb
and Sr were determined spectrophotometrically and sample sizes selected so
that 25 to 40 ppm pf Sr were separated from each sample for amalysis. To
remove instrumental-induced fractionation, all the ®7Sr/®°Sr data were
normalized to an ®°Sr/®®Sr value of 0.1194. Replicate analyses of the Eimer
and Amend SrCO; standard yields a value of 0.7082 + 0.0003. The decay
constant of ®7Rb used for this study is 1.42 x lO-llyrql_

Rb and Sr concentrations, measured in ppm, were determined for nine
samples on a Phillips 1410 X-ray spectrometer located at Ks. Geol. Survey,
wifh an Mo target and LiF analyzing crystal. Instrumental settings were:

50 kv, 50 ma, baseline = 2.1, and window = 2.1. Rb was measured at 28 =

38.00°, and Sr was measured at 28 = 30.00°. Sample concentrations were

determined by camparison to a cdlibration curve of counts per second versus
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concentration determined from five U, S, Geological Survey standard rocks
(-2, w-1, GSP-1, AGV-1l, and BCR-1). Values obtained from the standard rock
samples are compared to the recommended values of Flanagan (1973) in Table
2. Estimated maximum deviations of X-ray fluorescent data are: Rb and Sr

= 4+ 5 percent.

INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS

Concentrations of the elements Ba, Ce, Co, Cr, Cs, Eu, Fe, Hf, La, Lu,
Na, Sb, Sc, Se, Sm, Ta, Tb, Th, U, Yb, and Zn were determined for ten samples
and three U.S. Geological Survey standard rocks by instrumental neutrom
activation analysis (INAA), using a meﬁhod developed by Gordon et al., (1968)
and Jacobs et al., (1977), and modified by Koch (1978) and Kilbane (1978).
Samples were irradiated in the Kansas State University Triga Mark II reactor
and radioassaved on a 25 cm® Ge (Li) detector coupled with a magnetic tape
interface (model 8531 A). A compﬁter program adapted from Jacobs et al.
(1977) was then used to determine standard-to-sample peak-height ratios for
the desired elements. Several U.S. Geological Survey standard rocks and a
Canadian reference soil (50-4) were analyzed during the study. Close
agreement with the published results of Flanagan(1973) was obtained. Table
2 presents a comparison of the results. Estimated maximum deviations for
INAA data are: Co, Hf, Ce, La, and Sm = + 5 percent; Ba, Fe, Na, Sb, Sc, Th,
Eu, Lu, Nd, and Yb = + 10 percent; Cr, Ta, and Tb = + 15 percent; Cs and Rb

= + 20 percent; and U, Zn, and Se > + 25 percent.
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RESULTS

PETROGRAPHY

Petrographic details of thin sections of samples analyzed for this
investigation are shown in Table 3. Normative rock types represented include
alkali~olivine basalt, silicic-alkalic basalt, basaltic andesite, crystal
tuff, and rhyolitic ignimbrite.

Basalt samples vary from holocrystalline to hypocrystalline, and they
are porphyritic-aphanitic to medium-grained phaneritic. Textures displayed
include intergranular, intersertal, subophitic, and ophitic, Most samples
show ferromagnesian mineral grains rimmed by iddingsite with a few completely
altered. Amygdaloidal carbonate is present in one vesicular sample. Common
phenocryst minerals are olivine and augite with less common plagioclase and
hornblende. Opaque minerals are restricted to the groundmass with plagioclase
microlites, augite, and in a few samples apatite or glass.

Crystal tuffs are hypocrystalline and porphyritic. Less silicic samples
are not welded, though silicic samples are eutaxitic. Common phenocryst
minerals include quartz, sanidine, opaque minerals and augite in less silicic
samples. In silicic samples, phenocryst minerals are less common, and
ferromagnesian minerals are completely altered to iron oxides. Mesostatic

glass shards are slightly altered to clay minerals.
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MAJOR ELEMENTS

INTRODUCTION

Major-element contents of representative samples of the volcanic rocks
from each of the major outcrop areas are reported in Table 4, Analyzed
rock types include the following: alkali-olivine basalt, BB-9-77; silicic-
alkalic basalt, P-5-77, SR-24~79, BB-26B-77, SR-14B-79, P-36A-77, SR~-15B-79,
and SR-19-79; basaltic andesite, P-62B-78 and SR-22B-79; crystal tuff, SR-1C-79

and P-13F-77; and rhyolitic ignimbrite, SR-25A-79, SR-25B-79, and P-30B-77.

CLASSIFICATION

Based on a plot developed by Kuno (1966) in which the total weight
percent of alkali content (INa,0 + K,0) is plotted against the weight percent
of 8i02, Gravelly Range mafic rocks are classified as an alkalic suite (fig.
14), MacDonald and Katsura have subdivided the field of alkali-olivine
basalts on the same plot with a more restricted Si0, range, and this
classification has been used by Lipman and Mehnert (1975) to classify alkali
basalts from Néw Mexico. The Gravelly Range basalt are contained in the
silicic-alkalic basalt field with one sample in the alkali-olivine basalt
field and two samples in the basaltic andesite field (fig. 15). Gravelly
Range tuff is classified by normative color index and by normative plag-
ioclase composition. Crystal tuffs vary from andesitic to dacitic comp-
ositions, and the ignimbrites are rhyolitic in composition (Irving and

Barager, 1971)(fig. 16).



41

sardues JTOTT1S 3doOXD ‘(9/6T ‘SMo0Iy)

Q%24 se paje[nored 94 1eviol (L)
X9pul UOTIRTIUSIDIITA = Id (€)
*(8/6T) ®iep paysItqndun ‘uosispuy Aq pouUT[INC SE pPaIRTNOTED 21

‘CT°0 = ®Qfef/p24 woiy juodaad Jyfrem €(hTag pue 094 polewflsqy (Z)
‘aprx0o juadiad Jy3rem Se poleInd[roa1 pur Ailemojoydoiloads £q peurwislep Juajuod [eiuswRTd (1)

¥1°6% 90°¢Y 68°0% 0% 0% %0 °8€ 79°%¢ Ak 13 ¥G*ZE (€£)1da
68°C 9Z°Y 18°C o%'¢ 70°S 99°¢ LL € GE°¢ TI
G T G6°T 6L°T 99°T 66°1 TL°T G6°T 08°T B}
(911 £8°/ #1°€T €0°01 12°8 8y°s 60°61 62T 10
——— -— ——m 62°L e 1%°Z -— -— £y
8%° 2T 20° %2 96" /T 88°91 90°12¢ 91°62C 66°0Z €9°6T Ta
86°ST 89 6°1 ——— 8E" ¥ —_— 8% 0 6L°6 aN
96°8 CH T 87°07 68791 8122 66 7T 69°91 RC°LT uy
85°¢ RS A %797 8" 1T 0607 %6 *47¢ GG €T 2 81 qv
56°6 £2°ST £6°2T £6°C1 9T ¢T 89°6 6€°0T 298 10
— —— il [oS—— P i ——— e e Sl i U
o et s e —— —_— ——— S U
901 HE'T €2°1 HT°T [€°T 8T°1 VAT | VIAN Y (Z)=p%ag
80/ 068 818 86"/ Y16 c8°/ 96°8 9Z°8 (2)o®a
90°66 %9°86 9/°66 08°86 107001 £9°66 CY°66 1€°66 TVIOL
£1°0 TI1°0 Z1°0 11°0 #1°0 91°0 £€1°0 ST 0 OUuKr
751 VT A I6°1 6L°T $9°¢ 0% 1 86°1 9.°T 011
0%°0 8T°0 %70 06°0 ZL°0 £8°0 %Z°'0 2270 -0%H
78°1 6v°2 il 4 vl £€2°¢C £8°¢€ 90°¢ 0£°1 uofITudy
69°1 86°C 61°2 08°1 5T 9 T 9/°T 9% 1 074
61°9 76°€ 9% ¢ oy 1€°€ G6°Z 06°2 0€ "€ 0%eN
6€° L 9/°8 T%°8 19°¢ TL°6 89°01 6G°8 CE0T 0®ed
6L°9 GE Y 86°G 69"/ S0 Y 6E°Y ¥L°6 6£°9 038W
6°L 9G5°0T 1476 v6'8 %2701 1€°6 9%°01 0L°6 (L)=p%ag
0€°GT ViRl Ak 06°6G1 T6° €T €£°9T 06 %1 8L°CT 8T L1 EQTV
£V 6Y 16°8% G0°0¢S o%°1S 07" 8% %G 6% 18°8% 0S°LY Z01S
6/.-6T-8S 6/-9GT-4S LL-V9€-d  6/[-9%T-¥S [[/-997-9° 6.-%7-¥4S LL-G—d LL-6-99 (T)AAIXO0

JTeseq

s3Teseq OTTEN[B-OIOITIS SQUTAITO

~TTIEATV

*53001 oTuedToA @8ury ATyoArIH

Jo (3ueo1ad) uorlTsodwod [EIDUTW VAT JRULIOU MAID pue (Juadiad Jy3yem) Jusajuod Jusway2a-10flEl % ATUVI



42

Uﬂoﬁawm 3dadxs “(9/6T “syooiq)
lapixo juwoiaad y3rom se pajeTnoreadax pur Lijawojoydoizosds £q pautwrsiap Jusjuod Tejuwdwad  (T)

€p%o4 s poleInoTed 24 TRIoL (1)
XIpul UOoTILTIIUBIRIITA = 10 (E)

*(8(6T) ®iep peystIqndun ‘uosispuy Aq paurTINo Se paleTndTed 3aie soaTdues
*GT'0 = €0%°24/0°94 woij juadiad ydrem Tpfag pur Q34 pivwllsdy (T7)

69°16 9/°06 SE°88 0T €L €L°2S 91°66 18°9% 1d
€0 e e 66°0 01 10°¢€ 0L°¢ 11
Z20°1 oT°'T 96°0 6°1 LL°0 %91 LL°T I
- -—- —— -— -— 90/ 05°0T T0
70T A | VAR o%°S 0S°€T — o An
LZ°0 89°T 77°1 —— —— VIRrA ! T12°61 Ta
-— —— - —-— —-—- 99°T o aN
€T Z8°¢ 66°€ T€°0T 06°TT €E°GT 7Y% 8T uy
0T T¢€ AN YA 86°8T A | 78°0T 6%°G¢ £%°8¢ qvy
0T’ 1€ 01" 1¢ [8°T€E %9°91 87 €T 70°22 ET'ST 10
—_— — -— €9°1 98¢ -— -— o)
6€°6C %Z°0¢ 06° L2 £1°6€ £9°8¢ —— -— )
0270 9/°0 99°0 %0° 1 £6°0 €T°T AN (Z)=0%24
80°T T10T 96°0 ¥9°Z 16°¢ G/ 91°g (z)o2a
98" /6 £5°66 L1796 77°86 Z1°'86 6€°66 19°701 TVIOL
£0°0 Z0°0 £0°0 £0°0 ZT°0 Z1°0 11°0 0Uul
L1°0 £1°0 Z1°0 5°0 %60 Z1°0 T1°0 ZOTL
69°0 8T°0 %1°0 6£°C 0Z°8 L0 6G°0 ~0%H
€0 Z5°0 65 0 £€€°C €6°S 61°T TL¥g uoT3Tuldy
6G6°S 1T°S ov-g vg°Z 6T°¢ 9°¢ 86°T 0%
CL'€E 8v°¢ L i 8 T oYY G0y 0%eN
I%°0 [T°T 01T 80°Z 0%°¢ £0°9 I%°8 0®ed
200 SZ°0 0z°0 68°0 67°¢ 07T 18°7% 03K
86°T 88°1 9.°T 0y LT 70°8 89°6 (1L)f0%°4q
%21 £8°21 [8°TT 8 1T 4°CT 91" /T 7091 0TV
Ly TL 08°¢L 8T " 1¢ €1°69 0Z°LS 89" %S 6528 Z01S
LL-90E~d 6L-957-4S 6 /-VSZ—-4S LL-A€T-d 6.-01-4S 6.-92Z-49S 8/-929-d

se3Taqurud] OTJTITES

Tel1sfin
2TI1Toe(-OTITSapUy

S931TS9puUy OTITESEY

3o (jueoiad) uorITsodwod JeiduTW SATIBUIOU MJTD pue (Juadiad JySTem) Jusjuod JuswaTa-ioley

*5)201 DTuEITOA 23uery LAJT2ARIY

“(*Juod) 4% AIIVL



T T T L J ' "
~
Q, 97 Alkdline field ]
X ol
ﬁ SF"'
O, a4f
2

, 2} " Tholeiitic field )
I~ 11 1 L ' . o

45 50 55 80 65 70 75
Si0,

Figure 14, Chemical classification of Gravelly
range basaltic rocks based on alkali-gilica
variations and field boundaries (Kuno, 1966).

Alkali-olivine basalt (A); Silicic-alkalic basalt

(@); Basaltic andesite (@).
} I LI { ] T T T
[ ]
ar I 2 =
Alkali- | Silicio cikalic Basaltic
olivine | = basait o andesite
6 Mbasait -

| Bosanite]

|
|
|
|
|
|
|
|
|
|
|
|

—
o
N
>
5 p
+
o ¢ )
o5 3 Tholeiitic :
=
~“ oL Olivine tholeiite andesite .
I~
| - -
L [ I i ! 1 i
47 48 49 50 51 52 53 54 55
SiOz

Figure 15. Chemical classification of Gravelly

Range basalts based on

alkali-silica variations and

field boundaries between Hawaiian alkalic and tholeiitic

basalts (MacDonald and

Katsura, 1964). Alkali-olivine

basalt {(&); Silicic-alkalic basalt @); and basaltic

andesite (@).
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VARTIATION DIAGRAMS

Normative nepheline is present in all mafic samples with the exception
of two silicic-alkalic basalts (SR-24-79 and SR-14B-79). Crystal tuff and
welded tuff samples (P-13F-77, SR-1C-79; and P-30B-77, SR-25A-79, and SR-25B-
79) contain normative quartz and hypersthene. Differentiation indices
increase in the order: alkali-olivine basalt < silicic-alkalic basalt,
basaltic andesite, and andeéitic—dacitic crystal tuff < rhyolitic ignimbrite

In terms of alumina saturation, the Gravelly Range volcanic rocks are
peraluminous in the alkali-olivine basalt, basaltic andesite, and rhyolitic

ignimbrite. Silicic-alkalic basalt ranges from metaluminous to peraluminous.

By plotting the weight percent oxides of {(IZNa:0 + K.0) and Ca0 versus
Si0; on the same graph and determining their intersection, the alkali-lime
differentiation index is obtained. When basaltic through dacitic rocks are
plotted on this type of diagram, the intersection falls in the alkali-

calcic range (Si0, = 54.5).
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Figure 16. Chemical classification of Gravelly Range tuff based on the
normative color index versus the normative plagioclase composition and
field boundaries between basalt, andesite, dacite, and rhyolite (Irving
and Barager, 1971). Crystal tuff {(O) and ignimbrite (@).



The normative mineralogy and differentiation index (normative Q + Or +
Ab + Ne + Le + K1) of analyzed rocks were calculated (Table 4). Silicic
sample FeO concentrations were calculated by using the equation suggested by
Anderson (unpublished data, 1978):

Fe;05/(Fe;0a2 + FeQ) = 0.0281 (weight percent K,0 + Na,0) + 0.148.
Basaltic sample Fe(O concentrations were calculated using the equation
suggested by Brooks (1976):

Fe,05/(Fe;05 + FeO) = 0.15.

Major-element variation diagrams for volcanic rocks from the Gravelly
Range are obtained from the data of this study (Table 43 figs. 17 to 20).
Plots of the weight percent of the major-element oxides versus the DI
show a discontinuous trend from mafic to silicic rocks (fig. 17). S5i0,,
Na,0 and K,0 increase with increasing DI whereas CaO, Mgd and Fe,05(T)
{Fe,05(T) denotes total Fe as Fe,0;) decrease with increasing DI. Al,0,
remains almost constant.

Plots of the ratios Ca0/(Ca0 + Na,0) and Fe;05 (T)/ Fe,0; (T) + Mg0
versus Al;0s (fig. 18) seperate Gravelly Range rocks into three groups: (1)
the alkali basalt, (2) the crystal tuff, and (3) the rhyolitic ignimbrite.
An increase in Ca0 with Al,0. is suggested for the silicic samples whereas
a slight decrease in Ca0 with Al,;0. is suggested for the mafic samples.
Silicic samples decrease in Fe,0; (T) as Al,0; increases.

The alkali-basalt group and the crystal tuff group show a similar
increase in alkali content (fig. 19). Rhyolitic tuffs show extremely high
alkali content and low Mg0O concentrations. A gradual increase in K0
relative to Na 0 within the mafic samples is observed with one exceptiom, a
silicic-alkalic basalt (SR-19-79) that is comsiderably higher in Na.0
content than expected for the trend (fig. 20). Seperate, though similar,

trends are also displayed by the silicic rocks.
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Figure 17, Major-element variation diagram for Gravelly Range volcanic
rocks, Weight percent oxide versus differentiation index. Alkali-olivine
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Basaltic andesite: aphanitic (@), phaneritic (0); Crystal tuff: aphanitic ©);
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Figure 18. Major-element variation diagram for Gravelly Range volcanic
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Figure 19. Major-element variation diagram for Gravelly Range
volcanic rocks. AFM diagram (see fig. 17 for explanation of symbols).
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Figure 20. Major-element variation diagram for Gravelly Range
volecanic rocks. Ca0-K;0~Na,0 diagram (see fig. 17 for explanation
of symbols).
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TRACE ELEMENTS

INTRODUCTION

Trace-element contents of representative samples of each of the vol-
cénic rock units are reported in Table 5. REE (rare-earth element) contents
not analyzed are estimated from chondrite-normalized curves (Haskin et al.,
1968) to calculate IREE (total rare-earth element) contents. Ratios of
La/Lu and Eu/Sm are calculated from their measured concentrations in each
rock. The ratio Eu/Eu®* is calculated from chondrite-normalized values
where Eu is from the measured Eu content and Eu* is is extrapolated from Sm
and Tb contents (assuming no fractionation of Eu). Both Eu/Sm and Eu/Eu*
indicate depletion or enrichment of Eu relative to the other REE. Accounting
for experimental error in this study, an Eu/Eu* value greater than 1.2 is
considered a positive Eu anomaly, and an Eu/Eu* value less than 0.8 is con-
sidered a negative Eu anomaly. Analyzed rock types include alkali-olivine
basalt (BB-9-77); silicic-alkalic basalt (P-5-77, BB-26B-77, SR-14B-79, SR-
24~79, P-36A-77, SR-15B-79, and SR=19-79); basaltic andesite (SR-22B-79, and
P-62B-78); andesitic-dacitic crystal tuff (P-13F-77 and SR-1C-79); and
rhyolitic ignimbrite (SR-25A-79, SR-25B-79 and P-30B-79). Only the elemental
contents of Ba, Rb, and Sr were determined for SR-24-79, P-364-77, SR-15B-

79, P-62B-78, and SR-1C-79.
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RARE-EARTH ELEMENTS

Alkali-Basalt Suite

Chondrite-normalized plots of the REE contents of the mafic rocks from
the alkali-basalt suite are illustrated in Figure 21. Similar moderate to
highly fractionated REE patterns are displayed with La/Lu ratios from 81 to
329, Higher than average heavy rare-earth elements (HREE) are shown by one
sample of silicic-alkalic basalt (BB-26B-77). Cross-over patterns are
displayed by HREE, although these may be the result of experimental error

for Tb. For mafic samples, the IREE ranges from 155 to 338,

Crystal Tuff

A chondrite-noramlized plot of the REE contents of the crystal tuff
sample is shown in Figure 22. A moderately fractionated pattern, with a
La/Lu ratio of 95.5, is accompanied by a negative Eu anomaly of Eu/Eu* =

0.657. For the crystal tuff, ZREE is 150.

Rhyolitic Ignimbrite

Chondrite-normalized plots of the REE contents of the rhyolitic
ignimbrite are indicated in Figure 22. Similar moderately fractionated REE
patterns with La/Lu ratios from 94 to 137, and negative Eu anomalies with
Eu/Eu* = 0,335 to 0,479 are the major characteristics of the REE TFor the

rhyolitic ignimbrite, the IREE range from 291 to 423,
OTHER TRACE ELEMENTS
Alkali-Basalt Suite

Continuous, fairly colinear trends are observed in the relationship

between trace-element contents and DI for the alkali basalt {(fig. 23).
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Gravelly Range basaltic rocks (see fig. 17 for explanation
of symbols).
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Figure 22.
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Chondrite-normalized REE plots for selected

Gravelly Range andesitic-rhyolitic rocks (see fig. 17 for
explanation of symbols).
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Figure 23. Trace-element variation diagrams for Gravelly
Range volcanic rocks. Elemental content (ppm) versus
differentiation index (see fig. 17 for explanation of symbols).

Incompatible trace elements (Ce, Ba, Cs, Hf, Rb, Se, Sr, Ta, Th, U, and Zn)

increase as DI increases. Compatible trace elements (Co, Cr, and Sc)

decrease as DI increases.
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The alkali-basalt suite has smooth trends for trace elements in
variation diagrams (figs, 24-26), Positive correlations are displayed by
plots of Ba versus Sr (fig. 24), Rb versus K (fig. 25), and Ce versus K
(fig. 26), whereas Rb versus Sr (fig. 24) shows a subhorizontal trend.
however, one sample of silicic-alkalic basalt (SR-19-79) plots considerably
off the trend on the Ce versus K plot (fig. 26).

Selected ratios of trace elements also indicate a relationship between
the rocks of the alkali~basalt suite, although the trends are less linear
(figs. 27 and 28). Poorly-defined negative correlations are displayed by
plots of Sr/Ba versus K (fig. 27) and Sr/Ba versus Rb (fig. 28). A negative,

near vertical correlation is displayed by a plot of K/Rb versus K (fig. 27).

Crystal Tuff

Trace-element contents versus the DI of the crystal tuff unit are
plotted in Figure 23. For most compatible elements (Hf, Rb, Se, Th, and U),
crystal tuff plots along the trend defined by the basaltic suite, and for
some (Ba, Ce, Cs, Ta, and Zn) it plots off the trend. High mobility of the
latter group of elements may account for the different trend in the crystal
tuff. Ba shows much lower contents in the tuff than in the basaltic suite.
Sr changes from an incompatible trend (basalcic suite) to a compatible
trend for the crystal tuff. Other compatible-element trends for the basaltic
rocks (Co, Cr, and Sc) remain compatible for the crystal tuff unit as salic
mineral content increases.

Crystal tuff shows a continuation of the trends for most trace-element
diagrams (figs. 25-26). Positive correlations are displaved by plots of Ba
versus Sr (fig. 24) and Rb versus K (fig. 25) whereas a negative correlation
is displayed by Rb versus Sr (fig. 24), and mo correlation is displayed by
K versus Ce(fig. 26).

A continuation of trends established by the basalt is shown by the
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Figure 24.

rocks with an expanded scale plot of rhyolitic ignimbrite samples.
content {ppm) of Ba and Rb versus Sr(ppm) is plotted (see fig. 17 for
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Figure 25, Trace-element variation diagram
for Gravelly Range volcanic rocks. Elemental content
(ppm) of Rb versus K (percent). (See fig. 17 for
explanation of symbols).

crystal tuff for trace-element ratio diagrams (fig. 27 and 28). Negative
correlations are displayed by plots of Sr/Ba versus K (fig. 27), and K/Rb

versus K (fig, 27); a positive trend is displayed by Sr/Ba versus Rb (fig. 28).
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Figure 26. Trace-element variation diagram for
Gravelly Range volcanic rocks. Elemental content of Ce
(ppm) versus K (percent). (See fig. 17 for explanation
of symbols).

Rhyolitic Ignimbrite

Trace-element contents versus DI are plotted for the rhyolitic .
ignimbrite (fig. 23). For most of the incompatible elements (Ce, Cs, Hf,
Rb, Se, Ta, Th, U, and Zn}), rhyolitic ignimbrite closely follows the

trends defined by the basaltic rocks., Ba is much lower in the rhyolitic
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Figure 27. Trace-element variation
variation diagram for Gravelly Range volcanic
rocks. Elemental ratios of Sr/Ba and K/Rb
versus K {percent). (See fig. 17 for explanation
of symbols).

ignimbrite, and an incompatible trend is observed. Sr continues the compatible
trend shown by the crystal tuff. Other compatible elements (Co, Cr, and Sc)
continue trends defined by the basaltic rocks.

Rhyolitic ignimbrite follows most trends defined by basaltic rocks for

other trace-element diagrams (fig, 24-26). On an expanded scale, a plot
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Figure 28. -Trace-element variation diagram for Gravelly Range
yolcanic rocks, Elemental ratio of Sr/Ba versus Rb (ppm). (See
fig. 17 for explanation of symbols).

of Ba versus Sr reveals a negative correlation; a plot of Rb versus Sr
reveals a slight positive correlation (fig. 24). Total Rb contents are
much greater in the rhyolitic rocks, and a plot of Rb versus K shows a
negative trend (ﬁig. 25). Total DI contents are also much greater in the
rhyolitic rocks, and a positive, near vertical trend is observed om a plot
of Ce versus K (fig. 26).

For trace-element ratio diagrams, rhyolitic ignimbrite follows the
trends defined by the basaltic tocks for two of the plots (Sr/Ba versus K;

fig. 27; and Sr/Ba versus Rb; fig, 28),.
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STRONTIUM ISQTOPES

INTRODUCTION

Elemental concentrations of Rb and Sr measured ®7Sr/®°®Sr, and calculated
®7Rb/®°Sr and ”Sr/'”’Sr:L ratios of Gravelly Range rocks are presented in
Table 6. Analyzed samples include the following: alkali-olivine basalt
(BB-9-77); silicic-alkalic basalt (P-5-77, BB-26B-77, and SR-19-79); basaltic
andesite (SR-22B-79), and rhyolitic ignimbfite {SR~-25B-79 and P=30B-77). The
data are plotted on a Rb-Sr evolution diagram (fig. 29). No linearities
are observed to permit the construction of an isochron. On an expanded scale,

a negative correlation is observed within the basaltic suite (fig. 29).
INITIAL RATIOS

Alkali-Basalt Suite

Initial ratios of the basaltic suite are calculated with an assumed
maximum age of mid-Oligocene (set at 35 m.y. B.P.). Considerable variability
in the initial ratios is displayed with a range of values from 0,7044 (BB-9-
77) to 0.7129 (SR-22B-79).

Additional variation diagrams of ®7Sr/®°®Sr, versus DI and versus 1/Sr

i
content are plotted in Figures 30 and 31. There is positive correlation
between the initial ratio and the DI (fig. 30) and a less negative correlation

between the initial ratio and 1/Sr content (fig. 31).

Rhyolitic_Ignimbrite
Initial ®7Sr/®°Sr ratios and ages of the rhyolitic ignimbrite samples

(SR-25B-79 and P-30B-77) are unknown. Calculated initial ratios which
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Figure 29. Rb-Sr evolution diagram for Gravelly Range
volcanic rocks with basalt plotted on an expanded scale (see

fig. 29).
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assumed an age as young as 20 m,y. B,P, resulted in unrealistic values (less
than 0.7000). Assuming a closed system and a minimum ratio of 0,7045 for
the initial ratio {lowest measured value in the area), maximum reasonable
ages were calculated (Table 6). Ages of 14.7 m.y. B.P. for sample P-30B-77
and 3.5 m.y. B.P. for sample SR-25B-79 were obtained, in which case these

rocks are younger than the mafic suite.
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DISCUSSION
INTRODUCTION

Field rglations, pefrographic, major-element, trace—element, and
strontium isotope data restrict the possible sources and processes involved
in the formation of Gravelly Ranée volcanic rocks. Analysis of these data
yeilds a petrogenetic interpretation of these rocks and a possible, although
not unique, model of the formation.

Quantative trace-element models are especially useful to limit models
developed from other methods. A non-modal, aggregate~liquid model (Shaw,
1970) is used for calculations in this study, and it is expressed as:

Cl/co = 1/F [1 - (1 - ¥/poy]Y/®

where:

Cl = elemental concentration in liquid

Co = elemental concentration in source

F = fraction melted
= proportionality coefficient

Do = overall distribution coefficient
with P and Do further defined as:

P = PaKa + PRKB...

where:
Pa,B = proportion of phase in the ligquid
Ka,B = distribution coeffieient of the element in the liquid

Do = XaDa + XBDB...

where:
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Da,B = distribution coefficient of the element in the liquid
Xa,B = fraction of the phase in the source
Haskin et al. (1970) present a mathematical equation which describes
trace element behavior during fractional crystallization. Quantitative
calculations from Gravelly Range rocks are based on this modél, expressed as:
Cr/Ca = (1 - X)Do =4

where:

Cr = the average concentration of a particular element in the
residual phase

Ca = the average concentration of a particular element in the system
X = the fraction of completion of the process
Do = overall distribution coefficient

with Do further defined as:
Do = XaDa + XBDB...
where:

Do, B = distribution coefficient of the element in the phase
X0, = fraction of the phase crystallizing

Distribution coefficient data have been compiled by numerous authors as
summarized in Frey (1979). Data used in these calculations (Table 7) represent
several sources (Kilbane, 1978; Philpotts and Schnetzler, 1970a; 1970b;

and Cox et al., 1979).
RELATIONS BETWEEN VOLCANIC ROCKS

Major element and trace element data define two distinct, genetically
unrelated groups of volcanic rocks in the Gravelly Range: (1) the basaltic

suite and the andesitic-dacitic crystal tuff, and (2) the rhyolitic
ignimbrite {figs. 14-28). Isotopic data support the distinction as the

K~Ar age of a basalt From the Black Butte area (believed to be the youngest

basaltic activity in the Gravelly Range; is 22.3 m.y. B.P. (Marvin and others,



1974), whereas ®7Str/®°Sr ratios and their corresponding ®’Rb/%°Sr ratios

limit the formation of the silicic ignimbrite to less than 14.7 m.y. B.P.

Field studies also indicate that the basaltic suite is older than the rhyolitic
ignimbrite. Crystal tuff may represent a third suite, although the majority

of the data suggest that they are related to the alkali-basalt suite. Both
major-element and trace-element data tend to show a contimuum in variation
diagrams for the rocks of the basaltic suite (figs. 14-28}.

Petrogenetic models (Holmes, 1931; Wager et al., 1965; Schmincke, 1969;
Blake et al., 1965; Fenner, 1948) that could explain contemporaneous basaltic
and rhyolitic compositions are summarized in Yoder (1973). Hypothesis include
the following: (1) the magma was generated from separate magma chambers, or
the sources for the magma were different, or both; (2) the silicic material
was melted by thé upwelling basaltic material; (3) there was one chamber which
contained two immisicible liquids; (4) a common source was fractionally fused
at different invariant points.

Major-element and trace-element data for Gravelly Range samples indicate
that separate sources formed the mafic and silicic rocks. Major-element and
trace-element variation diagrams show distinctly separate trends between the
two rock types, and these criteria have been used to define the bimodal
distribution of mafic and silicic suites in this area. Chondrite-normalized
REE patterns reinforce the two-fold division by having no significant Eu

anomaly for the mafic suite and a pronounced Eu anomaly for the silicic suite.

GENESIS OF THE ALKALI-BASALT SUITE

ISOTCPIC RELATIONS
The Rb-Sr isotopic data vary considerably among rocks of the Gravelly Range
basaltic suite. The initial ®7Sr/®°Sr ratios range from 0.7044 (alkali-olivine

basalt) to 0.7129 (basaltic andesite), and these ratios show a positive
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correlation with DI (fig. 30). The °7Sr/®°Sr ratios have an apparent negative
correlation with ®’Rb/%°Sr ratios (fig. 29), as do the initial *’Sr/®®Sr ratios
with 1/Sr values (fig. 31). The correlations among the rocks could be
indicative of varied assimilation of crustal material by a parent magma; or of
varied degrees of partial melting of a source region that was heterogeneous
with respect to its Sr isotopic composition.

The lowest initial ®7Sr/®°Sr ratio of 0.7044 might be construed as the
value of an uncontaminated mantle source region for the alkali-olivine basalt.
A silicic-alkalic basalt from the same vent (BB-26B-77) has a higher initial
ratio of 0.7083. If the parent magma of alkali-basalt composition were
contaminated by a low Rb/Sr, high-radiogenic Sr material, such as a sedimentary
carbonate rock, the increase in the initial ®7Sr/®°Sr ratio could be explained
as well as the observed decrease in the °’Rb/®°Sr ratio. The increase in
overall Sr content (632 ppm in sample BB-9-77 to 1090 ppm in sample BB-26B-77)
could be related to fractional crystallization of clinopyroxene from a parent
magma.

The silicic-alkalic basalt, sample P-5-77, also has an initial ratio that
is higher than that of the alkali-olivine basalt (0.7066 versus 0.7044), and
a lower °’Rb/%°Sr ratio (0.187 versus 0.195). Like in the silicic-alkalic
basalt (BB-26B-77), an assimilation of crustal material from a low-Rb/Sr,
high-radiogenic Sr source, such as a sedimentary carbonate rock, could explain
the initial ®7Sr/®®Sr ratio of the basalt, P-5-77. Alternatively, a source
that is heterogeneous with respect to ®7Sr/%°Sr and ®7Rb/®°Sr could also
explain the variation in the initial ratio.

The silicic-alkalic basalt, sample SR-19-79, has an initial ratio of 0.7087
which is significantly higher than expected if it was derived from a mantle
source similar to that of the alkali-olivine basalt (BB-9-77). A very high
Sr content coupled with the high ®7Sr/°°Sr ratio of SR-19-79 will generally

preclude consideration of an isotopically similar source for the two basalt
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units. The high ®7Sr/°°Sr ratio of the silicic-alkalic basalt, sample
SR-19-79, is incompatible with its observed ®’Rb/®°Sr ratio of 0.107, as the
calculated age is more than 6 b.y. B.P. From the isotopic consideration, the
magma could not have been generated from a source having a single-stage model
of isotopic evolution.

The basaltic andesite (SR-22B-79) which has the highest initial ratio
(0.7129) is from the same vent area as the one of the silicic-alkalic basalt
SR-19-79. The decrease in Sr content (from 1400 ppm in sample SR~19-79 to
936 ppm in SR~-22-79) can be attributed to the higher degree of partial melting;
however, the Rb/Sr would also be expected to decrease and not increase as has
been observed for the andesite. The high °7Sr/®°Sr ratio of the basaltic
andesite could have resulted from incorporation of some crustal material having
high ®7Sr/®°Sr and ®’Rb/®°Sr ratiocs, by magmas isotopically similar to that
of the silicic-alkalic basalt (SR-19-79). A source that is heterogeneous with
respect to 27Sr/®®Sr and ®7Rb/°°Sr could also explain the variation in the
initial ratios between the basaltic andesite and the silicic-alkalic basalt.

It has been shown in Figure 30 that the initial ®7Sr/°°Sr ratio increases

with DI for the basaltic suite. Under constraints set by the isotopic data,
the trend among the various rocks of the wuite cannot be explained as solely
due to fractional crystallization from a parent magma. Nor could the
relationship be produced if the rocks had originated as a result of varied
degrees of partial fusion of a chemically and isotopically similar source.

In both of these cases, the initial B7Sr/°SSr ratios for all the derivatives
are expected to be similar. As an alternative to the above modes of evolution,
a process of assimilation of crustal material by a magma typically derived
from the mantle may be deduced to explain the observed relationship between
the initial Sr isotopic composition and the DI. To be compatible with the model
of assimilation of average crustal material, having Rb/Sr and °7Sr/®°Sr ratios

higher than those of a parent basaltic magma typified by the alkali-olivine
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basalt (BB-9-77), the ®7Sr/®°Sr ratios can be expected to increase with
increasing °’Rb/®°Sr ratios rather than decreasing which is true for these
rocks. The negative trend between the ®7Sr/®°Sr and the ®’Rb/°°Sr ratios,
illustrated in Figure 29, can be explained by considering assimilation of
carbonate rocks having low Rb/Sr ratios. Because many Paleozoic carbonate
rocks are known to occur in this regiom, these rocks can be potential
contaminants in the assimilative process. Paleozoic carbonate rocks often
contain less than 400 ppm of Sr and have ®7Sr/®°Sr ratios of 0.710 or less,
and thus the hypothesis of assimilation-of carbonate rocks is fraught with
three major difficulties: (1) it would require incorporation of an unusually
large amount (more tham 75 percent) of carbonate rock to generate the observed
875r/%®Sr ratios of some of the rocks, (2; it would not be possible to have

a 5r content as high as 1000 ppm for some of the magmas unless they were
accompanied by a large degree of pyroxene fractiomation, and (3) the
relationship between ®7Sr/®°Sr and 1/Sr whould be a positive one contrary to
the negative one observed for these rocks.

From consideration of the Sr isotopic data, the choice 6f a chemically
and isotopically uniform source for derivation of the magmas is prohibited. As
an alternate to a homogeneous-source model, the isotopic data can be reconciled
with evolution of these mafic rocks from isotopically and chemically varied

sources.

VARIATION DIAGRAMS

Major-element and trace-element variation diagrams of the alkali-
basalt suite display smooth linear trends. Ca0O and MgO show a definite
compatible relationship with DI, whereas K.0, Na,0, and Si0; show a definite
incompatible relationship with DI. In contrast, Al,0s; and Fe,05(T) remain
fairly constant with DI (fig. 17). Ce, Ba, Cs, Hf, Rb, Se, Sr, Ta, Th, U, and

Zn also show an incompatible relationship with DI whereas Co, Cr, and Sc show
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a compatible relationship with DI (fig. 23).

These continuous major~element and trace-element variations for the
suite may be explained by one or more of the following processes: (1) varied
fusion of a source material; (2) fractional crystallization; (3) varied
composition of the source region; and (4) crustal contamination; or (5) any
combination of these processes (Cox et al., 1979).

Of the processes outlined above, only the varied composition of the
source retion and the varied partial.fusion processes are definitely supported
by the variation of Ce with K (fig. 26). Sun and Hamson (1975) haﬁe shown that
the presence or absence of a mineral in which K is an ESC (essential structural
constituent) could affect the correlation of Ce with K during progressive
partial fusion. Most Gravelly Range alkali basalt, with the exception of one
(SR-19-79) show a positive correlation of Ce with K which would occur during
progressive partial fusion of a source without a phase in which K is an ESC.
The K content of sample SR-19-79 is much lower than expected and this may be
the result of residual phlogopite or amphibole in which K Is an ESC. Residual
phlogopite is preferred because no anomalous behavior of K with Rb, as
illustrated by Figure 25, is observed for this same sample.

REE data suggest that most rock types of the Gravelly Range basaltic
suite have evolved from a source region that contains residual garnet as La/Lu
ratios range from 81 to 329. Except for a negative Eu anomaly (Eu/Eu* = 0.657)
for the dacitic tuff, the lack of any significant Eu anomaly is a common
characteristic of the rocks of the basaltic suite. Low-pressure fractionation
of plagioclase from a basaltic parent could account for the Eu anomaly observed
for dacitic tuff. The lack of an Eu anomaly in the basaltic suite could be
related to (1) absence of any significant plagioclase fractionatiom, (2)
plagioclase fractionation accompanied by a much greater degree of clinopyroxene
fractionmation, or (3) plagioclase fractionation of a parent magma that had an

inherently positive Eu anomaly.
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Sample BB~26B-79 displays considerably higher HREE content than other
rock samples. The source mineralogy that formed this rock may have been
slightly different. The absence of residual garnet which retains HREE

could explain the observed HREE content.

QUANTITATIVE PETROGENETIC MODEL

Experimental petrologists have shown that alkali basalt may originate by
2 to 15 percent partial melting of a mantle peridotite at pressures of 27 kb
or greater (Kay and Gast, 1973; Ringwood, 1975). Alternatively, they could
form by fractional crystallization of orthopyroxene from an olivine tholeiite
parent magma at pressures between 13 and 18 kb pressure (Ringwood, 1975).
Partial melting of mantle peridotite is the preferred principal formational
process for Gravelly Range basaltic rocks because the presence of olivine
tholeiite in the Gravelly Range has not been confirmed.

Kay and Gast (1973), based on REE patterns, suggested that alkali-olivine
basalt forms by partial melting of mantle peridotite. Similarly, the preferred
model presented here for Gravelly Range basalt (fig. 32) has a garnmet lherzolite
source (initial ratio of olivine/orthopyroxene/clinopyroxene/garnet = 40/30/28/
02) which melts (in a ratio of orthopyroxene/clinopyroxene/garnet = 25/67/08)
from 1 to 20 percent. REE contents of the source could vary, with increased
enrichment of LREE/HREE resulting in greater fractionation for small degrees
of fusiomn.

The sample of silicic-alkalic basalt (BB-26B-~79), which has an olivine
diabase texture, displays comsiderably less LREE/HREE fractionation than other
rock types. Partial melting of a source that contains spinel instead of garmet
could produce the observed REE pattern.

One sample of crystal tuff (P-13F-77) that appears to be related to the
basaltic suite shows a considerable Eu anomaly and less LREE/HREE fractiomation

than most Gravelly Range basalt. Fractional crystallization (10-50 percent)
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Figure 32. Chondrite~normalized REE plots of model melts for Gravelly
Range alkali-basaltic magma. Solid lines (%) represent maximum and minimum
values of Gravelly Range volcanic rocks. Solic line &% represents the
average value for Gravelly Range basaltic rocks. Dashed lines represent
model values with percent of fusion indicated. Garnet and clinopyroxene melt
preferentially with an initial ratio of olivine/orhtopyroxene/clinopyroxene/
garnet = 40/30/28/02 and a melt ratio of orhtopyroxene/clinopyroxene/garnet =
25/67/08.
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of phenocryst minerals (in a ratio of clinopyroxene/plagioclase/orhtoclase =
30/35/35) from a silicic-alkalic basalt magma equivalent in composition to
that of sample P-5-77 would produce a pattern similar to that observed for the
crystal tuff (fig. 33). Although experimental petrologists have shown that
a quartz normative liquid (such as sample P-13F-77) cannot be derived from a
nepheline normative liquid {such as sample P-5-77) by low~pressure fractional
crystallization of any phase, this liquid (P-5-77) may not be truly nepheline
normative. Ratios of Fe,05/Fe0 were estimated, and a slight adjustment of
this ratio could result in a safurated or quartz-normative liquid.

Models developed from REE data are also supported by Co, and Sc data.
Both Co and Sc model values bracket the values of Gravelly Range basalt
(Table 8). Sr, Ba, and Rb values are slightly higher in the basalt than the

model wvalues.

GENESIS OF THE RHYOLITIC IGNIMBRITE

ISQTOPIC RELATIONS

Initial Sr isotopic compositions cannot be evaluated as the ®7Rb/®®Sr
ratios of the rhyolitic ignimbrite samples are significantly high (43.97 to
44,58) and their ages are unknown. However, the Rb-Sr isotopic data do
1imit the maximum age of these rocks to less than 14.7 m.y. B.P. for sample
P-30B-77, and less than 3.5 m.y. B.P. for sample SR-25B~79, if closed system

behavior is assumed.

VARTATION DIAGRAMS

Rhyolitic ignimbrite forms a distinct suite when plotted on major-
element and trace-element variation diagrams. The three samples analyzed are
compositionally bery similar, which suggests that they may have evolved from

similar sources.
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Figure 33. Chondrite-normalized REE plots of fractional crystallization
models for a Gravelly Range crystal tuff. Solid line (@) represents a silicic-
alkalic basalt source magma. Solid line (O) represents an observed crystal
tuff. Dashed lines represent model values with percent of completion of the
fractionation process indicated. Clinopyroxene preferentially crystallizes
in a ratio of clinopyroxene/plagioclase/orthoclase = 30/35/35.
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TABLE 8. Comparison of selected trace element contents in the hypothetical
source with Gravelly Range basalts.

Predicted
ELEMENT Peridotite* Gravelly .Range coSteite
Basalts
(1-20 pct. melt)

Co 35-120 29-47 19-66
Sc 5-15 12-29 9-26
Sr 10-40 560-1400 50-811
Ba 4=5 790-1700 20-500
Rb 2-8 43-92 10-800

*values compiled from Condie, 1967; and Condie et al., 1970.

Significant negative Eu anomalies (Eu/Eu* < 0.479) are displayed by the
rhyolitic ignimbrite. Fractional crystallization of plagioclase could generate
such an anomaly. Altermatively, the source could have had an inherent Eu
anomaly. La/Lu ratios (94.2-137) reveal that significant fractionation has
occurred; these ratios might be explained by the presence of residual

hornblende in the source.

QUANTITATIVE PETROGENETIC MODEL

Winkler (1976) has shown partial fusionm of a quartz, albite, anorthite, and
orthoclase source will result in a melt which plots along a cotectic trace of
the corresponding pressure on the Qz-Ab~-An-Or tetrahedron. Gravelly Range
rhyolitic samples plot between the 5 and 10 kb cdtectic traces on a projection
of the Qz-Ab-An-Or tetrahedron through the An apex (fig. 34).

An average Precambrian formation (Condie, 1970) that is enriched in LREE
may represent a possible source for Gravelly Range rhyolitic rocks (initial

ratio of quartz/plagioclase/orthoclase/biotite/hornblende = 20/34/20/25/01)



that melt in a ratio of quartz/plagioclase/orthoclase/biotite = 30/35/30/05)
from 1 to 30 percent (fig. 35) of this Precambrian source could generate the
observed REE pattern. The same model can be used to explain the Ba, Rb, and
Sr contents. The calculated model values and their observed values are in
good agreement (Table 9).

REE data suggest that the rholitic ignimbrite could have formed by
fractional crystallization of plagioclase from a mafic parent, however major=

element and trace-element data reveal there are mo intermediate compositions

that would substantiate such a history. Altermatively, these rocks could have

formed by varied partial fusion of a lower-crust assemblage such as an average

Precambrian formation.

TABLE 9. Comparison of selected trace-element contents in the hypothetical
source with Gravelly Range rhyolitic ignimbrite.

79

Gravelly Range Fiadiaked

*

ELEMENT Crustal Rocks 8111cte Lgnimbrites %ifggn;ct nele)
Ba 900-2000 550-750 240-570

Rb 12-300 170-200 8-204

Sr 20-1100 11-16 9=-540

*ranges compiled from Arth and Hanson (1973).
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Ab ' Or

Figure 34. Projection of the Qz-Ab-An-Or tetrahedron through the An apex
for Gravelly Range tuffs (Winkler, 1976). Minimum melt cotectic curves are
showm at varied pressures. Point P (@) moves along these curves as anorthite
content increases toward P(X). Rock types: rhyolitic ignimbrite (@); and
crystal tuff (Q).
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Chondrite—-normalized REE plots of model melts for Gravelly
Solid lines (@) represent rhyolitic ignimbrite,

Solid line @) represents an average Precambrian formation (Condie, 1967

Condie et al., 1967; Condie et al., 1970).
model values with percent of fusion indicated.

Dashed lines represent

Orthoclase and plagioclase

preferentially melt with an initial ratio of quartz/plagioclase/orthoclase/

biotite/hornblende
orthoclase/biotite

20/34/20/25/01 and a melt ratio of quartz(plagioclase/
30/35/30/05.
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RELATIONSHTIP WITH THE

SNAKE RIVER PLAIN-YELLOWSTONE REGION

Christiansen and Lipman (1972) and Lipman et al. (1972) have shown that
post-orogenic volcanism in the western United States is fundamentally basaltic
or bimodal and may be related to an extensional tectonic regime. Gravelly
Range volcanic rocks represént a bimodal assemblage of alkali basalt and
rhyolitic ignimbrite as do the volcanic rocks from the Snake River Plain-
Yellowstone Region.

Field relations suggest the cycles of volcanism in the two areas are
similar. Early activity in the Yellowstone Region involved the eruption of
tholeiitic basalt followed by small rhyolitic flows and tuff (Eaton and others,
1975). Alkali basalt was first extruded from Gravelly Range centers. This
was probably accompanied by zonation of a few magma chambers as suggested by
the occurrence of a basal crystal tuff in some areas. Extrusion of small volumes
of rhyolitic ignimbrite followed tha basaltic activity. Gravelly Range basaltic
activity is much older (greater than 22 m.y. B.P.) whereas the activity in the
Snake River - Yellowstone Region occurred much more recently (less than 15 m.y.
B.P.).

Major-element contents of average Gravelly Range rock types are similar to
those from the Snake River Plain - Yellowstone Region (Table 10), although the
alkali contents (Na,0 + K,0) are much greater in the Gravelly Range basalt, and
Si0, is lower in the Gravelly Range rhyolitic ignimbrite. Because of the higher
alkali contents, Gravelly Range rocks are classified as alkali basalt. Snake
River Plain - Yellowstone basalt is classified as tholelitic basalt. Thompson

(1975) suggested, however, some Snake River basalt may not be tholeiitic (it may
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be nepheline normative) if measured Fe;0; contents (Tilley and Thompson, 1970)
are not representative of the original Fe,0s; contents.

Trace-element ;ontents of average Gravelly Range rock types are quite
different from average Snake River Plain rock types (Table 11). Ba, Rb, and
Sr contents are much greater in Gravelly Range basalt and similar for Gravelly
Range rhyolitic ignimbrite whereas Co, Cr, and Sc contents are lower in Gravelly
Range basalt and similar for Gravelly Range ignimbrite. LREE contents are much
greater in Gravelly Range rocks; HREE contents are lower.

Variations in initial ®7Sr/®°Sr ratios of Gravelly Range basalt (0.7044 to
0.7129) are similar to the variations of Smake River Plain basalt (0.7060 to
0.7180) determined by Leeman and Manton (1971). Higher values are associated
with more evolved lavas in both areas. Leeman and Manton suggest that this is
a source characteristic. Similar variatiom in source material is proposed in
this study for the Gravelly Range basalt.

Trace~element data suggest Gravelly Range basalt could have formed by the
partial melting of a garnet lherzolite or a spinel lherzolite (1-20 percent).
Leeman and Vitaliano (1976) concluded that the Smake River basalt formed by
partial melting of a spinel peridotite.

Although the basaltic activity in the Gravelly Range may have occurred
earlier than in the Snake River Plain, the rhyolitic activity in the two areas
may have been contemporaneous. Chemical data suggest that some source
similarities as well as differences exist. REE data, however, indicate that
the source area was much shallower for the Snake River basalt than for the
majority of the Gravelly Range basaltic rocks. Rhyolitic volcanism could be

from the same type of source region for both areas.
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CONCLUSION

Tertiary igneous rocks of the Gravelly Range chemically, petrographically,
and spatially , form two distinct suites: (1) the alkali-basalt suite and
(2) the rhyolitic ignimbrite suite. Major-element and trace-element variation
diagrams, despite béing distinct between the two suites, form smooth trends
for the rocks within an individual suite. These data suggest that they were
not derived from similar sources. The basaltic suite is characterized by a
high degree of fractionation of the REE and an apparent lack of Eu anomaly,
whereas the ignimbrite suite has a low degree of fractionation of the REE and
pronounced negative Eu anomalies.

The continuum of compositions for the rocks of the basaltic suite may be
generated by: (1) fractional crystallization of a parent magma, (2) varied
partial melting of a similar source, (3) varied amounts of crustal assimilation
by a parent magma, (4) varied source composition, or (5) a combination of the
above. Petrogenetic models based on the REE data can relate many of the rocks
of the alkali-basalt suite to varied degrees of partial melting from a common
peridotitic source in the mantle or to small degrees of fractional
crystallization of olivine, pyroxene, and plagioclasé from a parent magma. The
St isotopic relationship among the rocks of the basaltic suite, however, serve
to emphasize that they can neither be related by fractional crystallization from
a common parent nor can they be rela;ed by varied degrees of partial fusion from
n isotopically homogeneous source. The isotopic composition of these rocks
requires that they be derived from partial melting of a varied source. The

simplest explanation of the evolution of the rocks of the basaltic suite is
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that they were derived by partial melting of an upper-mantle source having a
homogeneous REE pattern but a varied Rb/Sr ratio.

From the integrated study of chemical, isotopic and field relations of the
basaltic igneous rocks of the Gravelly Range area, it is suggested that these
rocks are the result of derivation from a varied mantle source material. The
crystal tuff could have formed by fractional crystallization of plagioclase,
clinopyroxene, and orthoclase from a basaltic parent. Rhyolitic ignimbrite
could have formed by lesgs than 30 percenp fusion of an average Precambrian rock.
The evolution of the Gravelly Range rocks is similar to that of the rocks of

the Snake River Plain as suggested by Leeman and Manton (1971).
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ABSTRACT

The Tertiary volcanic rocks that occur along the crest of the Gravelly
Range, Madison County, Montana, have been examined in this investigation.

Major rock types that occur in the study area include, in ascending stratigraphic
order; basal crystal tuff, alkali-basalt suite, olivine diébase, and rhyolitic
ignimbrite. Field, petrographic, major-element, trace-element, and strontium
isotopic data were studied from four of the major outcrop areas: Black Butte,
Wolverine Basin, Lion Mountain-Windy Hill, and Divide Mountain.

Major-element contents of samples of the major rock types that occurred
in each area were determined. Representative samples were then analyzed for
Ba, Ce, Cr, Co, Cs, Hf, Rb, Sc, Se, Sr, Ta, Th, U, Zn, for REE (rare-earth
elements) contents, and for Rb-Sr isotopilc compositions. Two distirct suites
~are suggested by these data: (1) an alkali-basalt suite that includes alkali-
olivine basalt, silicic-alkalic basalt, basaltic andesite, and crystal tuff,
and (2) a rhyolitic ignimbrite. Variation diagrams reveal significant
discontinuities between the basaltic suite {DI (differentiatiom index) < 73.10,
Eu/Eu* > 0.657, and ®7Rb/%®Sr < 0.285} and the rhyolitic ignimbrite (DI > 88.35,
Eu/Eu* < 0.479, and °7Rb/°°Sr 2 44.58).

Major-element and trace—element wvariation diagrams display continuous
colinear trends for rock types within the basaltic suite. Processes that could
explain these trends include the following: (1) varied partial fusion of source
material, (2) fractional crystallization of a parent magma, (3) varied
omposition of the source region, (4) assimilation of crustal material, or (5)

any combination of the above processes. Rb-Sr isotopic data indicate that a



chemically and isotopically varied source region formed the basaltic suite.
The REE data tend to suggest that the Gravelly Range hasaltic rocks could have
formed by less than 20 percent fusion of a mantle assemblage such as a garnet
or spinel lherzolite, whereas the crystal tuffs could have formed by fractiomal
crystallization of plagioclase and clinopyroxene from a basaltic magma.
Major~-element and trace-element data are similar for analyzed samples of
rhyolitic ignimbrite, and a genetic relationship is suggested by their
normative quartz, albite, anorthite, and orthoclase countents. Partial fusion
of an average Precambrian formation from 5 to 10 kb pressure could produce a
melt with the observed composition of the rhyolitic ignimbrite. Sr isotopic
data suggest that these rocks may be 8 to 20 m.y. younger than the most recent

known basaltic activity (23 m.y. B.P.) of the area.



