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strike-slip component is also present on at least two of the 
northwest-trending faults.

The tectonic stress field within the thesis area is 
characterized by ENE-WSW extension. Normal faults commonly 
have the west-side-down and scarps are commonly left 
stepping. The structural fault trend within the thesis area 
is consistent with the regional fault trend. Exceptions to 
this fault trend are influenced by a local volcanic center.

The Northeast Hayden Hill study area and the Modoc 
Plateau were covered by a thick sequence of volcanic rocks 
throughout the Tertiary. Most current research supports the 
theory that extensional tectonics associated with back-arc 
spreading was responsible for the great outpouring of 
volcanic material. Some authors find instead that Late 
Miocene encroachment of Basin and Range extension upon the 
eastern margin of the Cascade province triggered inception 
of widespread mafic volcanism.
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INTRODUCTION

Location and Access

The Northeast Hayden Hill thesis area encompasses 
approximately 124 km2 (48 mi2) in Lassen County, California, 
approximately 84 km (52 mi) north of Susanville, California 
(Figure 1). The study area is most of the southeast quarter 
of the Ad in 15-minute quadrangle, and also includes small 
areas on the Hayden Hill, Grasshopper Valley, and Likely 15- 
minute quadrangles (Figure 2). Approximately eighty percent 
of the study area lies within the Modoc National Forest, 
with the remainder being private range land.

The Northeast Hayden Hill study area can be accessed by 
way of California State Highway 139 (Figure 2) in the 
southwest, the Ash Valley Road in the northeast, several 
maintained gravel roads, and numerous logging roads. 
Logging roads are constructed and changed yearly, thus 
travel maps and access as determined by air photos rapidly 
become outdated.

Objectives of the Research

The purpose of the research is to describe the volcanic 
and tectonic features present in the previously unstudied
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Figure 1. Location map of the Northeast Hayden Hill thesis 
area in northeastern California.
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Figure 2. Access map of the Northeast Hayden Hill thesis 
area. Heavy line is paved two-lane State Highway. Solid 
line is improved gravel road. Dashed line is un improved
dirt and four-wheel drive road. Road symbols : HH is Hayden 
Hill Road, FS is Foster Springs Road, WR is Williams 
Reservoir Road, HR is Heart Rock Road, HF is Hunsinger 
Flat Road, AV is Ash Valley Road. Portions from four 159 
quadrangles are labeled, except GV which is Grasshopper 
Valley. t
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region northeast of Hayden Hill in northeastern California. 
The geologic map, cross sections, and descriptive results 
can then be used to supplement regional geologic studies and
studies specific to the Hayden Hill area.

The thesis area adjoins a regional volcanotectonic and
geologic mapping project being undertaken by T. L. T. Grose
with support from the U. S. Geological Survey and the 
California Division of Mines and Geology. The area was 
chosen because of its diverse volcanic and tectonic history 
and its proximity to Hayden Hill. Hayden Hill is a gold- 
enriched volcanic center less than one mile from the 
southwest corner of the thesis area.

The objectives of the research are:
1) to map the geology of this previously unmapped area 

at a scale of 1:24,000?
2) to describe and interpret the structural and

tectonic history of the area ;
3) to provide a pétrographie and petrologic analysis

of the igneous rock units ;
4) to determine the stratigraphy and lateral extent of 

the volcanic units ;
5) to provide the geologic framework for possible

future mineral exploration efforts in the thesis 
area.
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Methods of Research

Geologic mapping was done for twelve weeks in late 
spring of 1989 and 1990 on the U. S. Geological Survey Adin, 
Hayden Hill, Grasshopper Valley, and Likely 15-minute 
quadrangle topographic maps enlarged to a scale of 1:24,000. 
U. S. Forest Service color aerial photographs at a scale of 
approximately 1:24,000 were used extensively.

Field notes for rock units included the minéralogie 
composition and texture, small and large scale structures, 
contact relationships, and the degree of exposure and 
weathering as outlined in Compton (1962) and Thorpe and 
Brown (1985). Where obtainable, notes also included 
probable mode of deposition, flow directions, and strike and 
dip.

Approximately 150 rock samples were collected in the 
field. Thirty of the rock samples were thin sectioned by 
the Colorado School of Mines thin section lab. The author 
examined the thin sections on the standard pétrographie 
microscope to obtain pétrographie descriptions of each 
volcanic unit (see Appendix 1).

Nomenclature for volcanic lava flow units was based on 
the classification of Streckeisen (1976), the minéralogie 
characteristics of arc volcanic rock types described in 
Hyndman (1985), and the distinction between basalts and
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andésites in Thorpe (1982). Nomenclature and classification 
of pyroclastic deposits were based on descriptions by Schmid 
(1981).

Two rock samples were crushed, screened at 3 5 to 60
mesh, and given acid baths in nitric and hydrofluoric acid 
in preparation for whole rock potassium-argon age dating. 
The samples were prepared by the author using Colorado 
School of Mines Geology Department equipment. Dating was 
done by Edwin H. McKee with the U. S. Geological Survey in 
Menlo Park, California (see Appendix 2).

Physical Setting. Climate and Vegetation

The Northeast Hayden Hill study area ranges in
elevation from 1414 m (4640 ft) in the northwest corner to
1933 m (6342 ft) in the central part. The terrain is
moderately steep and rugged with dacitic flow margins and 
fault scarps producing the steepest slopes.

The terrain of the thesis area can be divided into two 
distinct types. The northeastern two thirds is
characterized by northwest trending ridges and intervening 
valleys. Narrow ridges are upheld by dacite and mafic 
andésite flows. Broad ridges are upheld by partially welded 
dacitic tuff. Valleys are delineated by normal faults and 
expose non-welded andesitic and dacitic tuffs. The
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southwestern third of the study area is characterized by 
domal shaped hills upheld by dacite flows which are 
dissected and influenced by northwest trending normal 
faults in the center of the study area.

The climate is semi-arid, with most precipitation 
occurring in the winter as snow. Frequent thunderstorms in 
late spring become less frequent in summer and fall. The 
water level of small man-made reservoirs is maintained by 
the melting of each winter's snowpack. Willow and Butte 
Creeks continue to flow year round, but other creeks and 
springs are intermittent.

Two main types of vegetation occur within the 
northeastern Hayden Hill study area. The dominant type of 
vegetation is evergreen forest which varies with elevation. 
Slopes between 1554 m (5100 ft) and 1707 m (5600 ft) have 
mixed juniper, pinion and ponderosa pines, and dense 
mountain-mahogany. Slopes above 1676 m (5500 ft) and ridge 
tops are covered by ponderosa and jeffery pines, juniper and 
dense growths of mountain-mahogany. Valleys, flats, and 
areas below 1585 m (5200 ft) have limited vegetation, 
usually grasses and patchy, dense growths of manzanita, sage 
brush and other low lying scrub brushes.
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Previous Work

Little comprehensive geologic work has been done in 
northeastern California. Early work includes Oilier (1895, 
1906), Hill (1915), Russel (1928), Peacock (1931), Powers 
(1932), Williams (1932), and Anderson ( 1941). Later work by 
Gester (1962) and MacDonald (1963, 1964, 1965, see Figure 3) 
was limited to specific quadrangles. Hannah (1977) and 
Ernst (1981) compiled comprehensive overviews of 
northeastern California. Gravity interpretations of 
northeastern California were published by Pakizer (1964) and 
LaFehr (1965). The Susanville (Lydon, Gay and Jennings, 
1960) and Alturas (Gay and Aune, 1958) two-degree geologic 
maps published by the California Division of Mines and 
Geology were developed by regional reconnaissance mapping 
and from interpretation of air photos (Figure 3).

Recent work near the thesis area has been more detailed 
than previous efforts. Theses by Rudser (1978), Bean 
(1980), Youngkin (1981), Tuppan (1981), Roberts (1984), 
Hazlett (1984), Clynn (1984), and Lerch (1987) have provided 
detailed stratigraphie, petrologic, structural and tectonic 
analyses west and south of the thesis area (Figure 3). Work 
by Grose (1984 and 1991) expands detailed geologic mapping 
on 15-minute quadrangle maps south of the thesis area. Work 
by Grose et al. (1991a and 1991b) is on 1° maps surrounding
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(MacDonald, 1963), M2 (MacDonald, 1964), M3 (MacDonald,
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(Lerch, 1987), G1 (Grose et al., 1991a). G2 (Grose et al., 
1991b), G3 (Grose, 1991).
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Susanville and Eagle Lake.

GEOLOGIC UNITS

The volcanic rocks of the Northeastern Hayden Hill 
thesis area have been divided into 15 lithologie units of 
Miocene and possibly early Pliocene age. One additional 
unit is identified as a Miocene landslide deposit. Five 
additional Quaternary units have been identified based on 
the dominant processes of deposition.

This chapter presents the field relationships and 
microscopic- to outcrop-scale descriptive characteristics of 
each of the identified units. The order of presentation of 
specific units is generally from oldest to youngest. A 
detailed pétrographie description of each volcanic unit is 
presented in Appendix 1.

Miocene Units

Volcaniclastics of Indian Soring
The Volcaniclastics of Indian Spring, Tisv, cover 

approximately .65 km2 (.25 mi2) in the southwestern corner 
of the thesis area. Contrary to evidence presented by 
Hazlett (1984) in his thesis, this is the oldest unit
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exposed in this author's thesis area as determined by field 
relationships. The Volcaniclastics of Indian Spring are 
overlain by the Tuff of Dago Spring. Hazlett (1984) 
estimated the age of the unit to be Late Miocene to Early 
Pliocene based upon the diatom assemblage present (Melosira. 
Fragilaria. Gomohonema. and Navicula).

The Volcaniclastics of Indian Spring include light tan, 
gray, and green, partially welded tuffs that were deposited 
in a lacustrine environment. Evidence of the lacustrine 
environment of deposition includes rounding of plagioclase 
laths and the diatom assemblage present. Some propylitic 
alteration is observed in a few localities in the field. 
The unit exhibits graded bedding with repeated fining upward 
sequences being 0.5 to 10 cm thick. The unit is over 30 m 
thick as exposed in the thesis area, but is probably much 
thicker as the lower contact is not found. Hazlett (1984) 
estimates the unit to be over 90 m thick.

Tuff of Butte Creek
The Tuff of Butte Creek, Tbct, covers approximately 

23.3 km^ (9 mi2) throughout the thesis area, but is most 
extensive in the northern half. The Tuff of Butte Creek 
appears to be the lateral ash-fall and ash-lapilli-flow 
equivalent of the lacustrine deposited Volcaniclastics of 
Indian Spring. The interfingering relationship of these two
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units can be seen in the N2 S29 T37N R10E, both north and 
south of California State Highway 139.

Several lithologies exist within this extensive unit. 
The most common is a repeated fining upward, slightly 
welded, lithic-crystal-vitric ash-lapilli-fall tuff sequence 
(Figure 4) , often with a basal conglomerate present. The 
ash is nonresistant, white or light gray, slightly welded 
and compacted, and from . 3 cm to 3 cm thick. The lapilli 
tuff is usually tan or light brown but can be orange, red or 
purple. The lapilli tuff is partially welded and compacted 
and is more resistant and forms ledges over the less 
resistant ash-fall tuff. The ash and lapilli tuff is 
probably of mafic andésite or andesitic composition based 
upon the minerals present (Appendix 1) . The basal 
conglomerate is composed of rounded pebbles and cobbles of 
mafic andésite and basalt.

In the southern portion of the thesis area, the Tuff 
of Butte Creek contains interbedded lenses of red-brown 
andésite, andesitic lahars, and andesitic partially welded 
lithic-crystal-vitric ash-lapilli-flow tuff. These
andesitic packages are from 1.2 m to 10 m thick and are 
difficult to map as separate units. In the northern portion 
of the thesis area, the Tuff of Butte Creek contains 
undifferentiated interbedded lenses and flows of medium gray





T-3987 14

porphyritic olivine, pyroxene, mafic andésite that are from 
2.4 m to 12 m thick. The thickest section of the Tuff of 
Butte Creek is over 183 m (600 ft) in S29 and S32 T38N R10E 
and the lower contact is not exposed.

The Tuff of Butte Creek may be underlain by a mafic 
andésite exposed in the E2 S26 T37N R10E at several 
locations along the Williams Reservoir road. As only 2.4 m 
to 3 m of the mafic andésite is exposed, it is difficult to 
determine if the mafic andésite underlies or is a flow 
within the Tuff of Butte Creek.

Unwelded Tuff of Stratton Spring
The Unwelded Tuff of Stratton Spring, Tsut, covers 

approximately 31 km2 (12 mi2) within the thesis area. It 
overlies the Tuff of Butte Creek with a gradational contact 
through approximately 5 m where the lithologie composition 
changes from andésite to dacite. The Unwelded Tuff of 
Stratton Spring grades into an upper, 1ithologically 
similar, partially welded portion that has been mapped as a 
separate unit. The unit is absent in the extreme northern 
part of the study area either from erosion or non
deposition. The unit is generally thickest in the central 
and southeastern portion of the thesis area. The maximum 
thickness observed, approximately 168 m (550 ft) , is on a 
fault controlled slope in S25 T37N R10E and S19 T37N RUE
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and the lower contact is not exposed.
The Unwelded Tuff of Stratton Spring is a non-resistant 

tan or gray lithic-crystal-vitric ash-lapilli-flow tuff that 
contains dark brown or black pumice or obsidian lapilli 
(Figure 5) . Compaction and welding, almost absent at the 
base, becomes moderate towards the partially welded 
overlying unit to define a eutaxitic texture. The 
phenocryst mineralogy (Appendix 1) suggests the tuff is of 
andesitic or dacitic composition.

Welded Tuff of Stratton Spring
The Welded Tuff of Stratton Spring, Tswt, extends over 

approximately 7.8 km2 (3 mi2) in the southeast portion of 
the thesis area. This unit directly overlies the Unwelded 
Tuff of Stratton Springs and can be differentiated from the 
lower unit by its color, resistance, compaction and welding. 
K—Ar whole rock dates are 9.9 + 0.5 Ma for this unit
(Appendix 2) . The welded unit is a pinkish and purplish 
gray lithic-crystal-vitric ash-lapi11i-fall partially 
welded tuff (Figure 6). Pumice and obsidian fiamme define 
an excellent eutaxitic layering. The unit is fairly 
resistant, forms good outcrops and often forms 13 m to 2 6 m 
high cliffs.

The thickest section of the Welded Tuff of Stratton 
Spring observed is approximately 98 m (300 ft) thick in S36
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Figure 5. a) Photograph of the Unwelded Tuff of Stratton 
Spring showing nonresistant nature. b) Plane light 
photomicrograph of the Unwelded Tuff of Stratton Spring 
showing relationship of augite (a) and plagioclase (p) 
phenocrysts, glass (g) , and lithic fragments (1) . Long 
dimension of photomicrograph is 2.4 mm. 50x magnification.
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Figure 6. Plane light photomicrograph of the Welded Tuff of 
Stratton Spring showing eutaxitic texture of glass shards 
around plagioclase phenocrysts (p). Long dimension of 
photomicrograph is 2.4 mm. 50x magnification.
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T37N R10E. Layers of white, gray, and red ash from several 
centimeters to 1 m thick exist at several levels throughout 
the unit.

Andésite of McBride Springs
The Andésite of McBride Springs, Tmsa, covers 

approximately 2.6 km2 (1 mi2) in the southwest portion of 
the study area. It directly overlies the Unwelded Tuff of 
Stratton Spring. This relationship, as well as the 
paleotopography on the eroded Unwelded Tuff of Stratton 
Spring, can be observed in a roadcut in the extreme western 
part of S20 T37N R10E on California State Highway 139. The 
Andésite of McBride Springs also overlies the Welded Tuff of 
Stratton Spring, except for one kipuka in the SW S21 and NW 
S28 T37N R10E and two kipukas in the N2 S29 T37N R10E. The 
Andésite of McBride Springs directly underlies the Dacite of 
Dago Spring.

The Andésite of McBride Springs consists of reddish 
brown, purplish brown, and medium gray, augite, olivine, 
labradorite andésite lava flows from 1.3 m to 7 m thick, 
interbedded with reddish brown tuff breccias and tan, 
orange, brown and black mottled crystal-vitric unwelded tuff 
(Figure 7). The most likely source area for this unit is in 
the NE NE NE S28 T37N R10E which is the topographic high for 
the unit and has the thickest section of andésite flows of
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approximately 20 m total thickness.

Miocene Landslide
A chaotic landslide or talus slope deposit that is 

Miocene in age covers approximately .5 km2 (.2 mi2) in S27 
T3 7N R10E. The western and southern portions of the deposit 
are dominated by subangular to subrounded cobbles and 
boulders of the Welded Tuff of Stratton Spring that are up 
up to 2.6 m long and 1.3 m in diameter. The northeastern 
portion of the deposit is dominated by subangular greenish 
gray andésite cobbles and boulders similar to the Andésite 
of McBride Springs. The landslide had a steep, fault- 
controlled western margin against which the Tuff of Dago 
Spring was deposited. The Tuff of Dago Spring erupted with 
such force that it penetrated the voids in the landslide up 
to 5 m and formed the matrix. To the east the matrix is 
composed of an unlithified tan silty tuffaceous sandstone.

The landslide or talus slope deposit probably 
accumulated as normal faulting occurred to the east, causing 
blocks of the brittle Welded Tuff of Stratton Spring to 
break away and fall down the forming cliff wall. The 
landslide also covers an area where two northwest trending 
normal faults intersect two older east-west trending normal 
faults. This unit is at least 40 m thick in places and the 
lower contact is not exposed.
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Tuff of Dago Spring
The Tuff of Dago Spring, Tdst, covers approximately 3.6 

km2 (1.4 mi2) in the southwestern portion of the thesis 
area. Hazlett (1984) mapped this as two separate units ? the 
Tuff of Willow Creek and the Tuff of Dago Spring. The tuff 
overlies the Volcaniclastics of Indian Spring in the 
southwestern portion of the thesis area. The tuff overlies 
and was deposited against the Andésite of McBride Springs, 
the Tuff of Butte Creek, and the Miocene landslide deposit 
at fault controlled contacts.

The Tuff of Dago Spring is a white and buff, poorly 
lithified, lithic-crystal-vitric block-ash-flow tuff (Figure 
8a) . Compaction and welding are slight. The mineralogy is 
similar to to the Dacite of Dago Spring and is 
characteristic of a dacitic or andesitic composition. 
Lithic clasts of the Dacite of Dago Spring up to 1 m long 
are common throughout the tuff, which creates a distinctive 
bimodal-sized lithology and suggests simultaneous extrusion 
of these two units. Four dikes of the Dacite of Dago Spring 
intrude the Tuff of Dago Spring and can be seen along 
California State highway 139. The tuff shows a baked zone up 
to . 5 m  thick where the dacite has intruded it. Lithic 
clasts up to 2 m long of the Andésite of McBride Springs and 
Welded Tuff of Stratton Spring are common where the Tuff of
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Dago Spring was deposited against these other units. The 
unit also contains lithic clasts of the Tuff of Butte Creek 
up to 10 cm. Two local lacustrine deposits up to 5 m thick 
that exhibit fining upward sequences are present within the 
unit (Figure 8b). The unit ranges in thickness from 13 m to 
66 m. It is nonresistant and has been extensively eroded.

Dacite of Dago Soring
The Dacite of Dago Spring, Tdsd, covers approximately 

2 6 km2 (10 mi2) in the western and south-central portions of 
the study area. Four nearly vertical dikes intrude the Tuff 
of Dago Spring along California State highway 139 (Figure 
9a), but most of the dacite was extruded as flow domes. The 
unit directly overlies the Tuff of Dago Spring, the Unwelded 
and Welded Tuff of Stratton Spring, the Andésite of McBride 
Springs, and the Tuff of Butte Creek.

The unit consists of distinctive gray, black, and black 
and red streaked, glassy, porphyritic, sanidine, 
orthopyroxene, oligoclase-andesine dacite (Figure 9b). The 
gray and red dacite is partially to completely devitrified. 
The mineralogy (Appendix 1) is characteristic of an 
andesitic composition ; however, a spectrophotometric 
analysis by Hazlett (1984) provided a silica content of 
63.9% Si021 indicative of a low-silica dacite.

The geomporphology is dominated by domal and mound
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shapes in the southwest and more linear, fault-controlled 
landforms to the northeast. The domes occasionally exhibit 
well defined radial and fantail jointing, but usually have 
a well developed platy structure. The maximum preserved 
dacite dome flow thickness is approximately 200 m in the NE 
S33 and SE S28 T37N R10E.

All dikes exhibit excellent radial and fantail 
jointing. Dacite that exhibits radial and fantail jointing 
may have been intrusive and dacite that is platy may have 
formed extrusive flow domes.

Several isolated areas of adularia alteration, 
approximately 1.6 m to 3.2 m in diameter, are present on the 
southwest side of the dacite dome located in the NE S32 T37N 
R10E. The joint system probably served as conduits for 
hydrothermal solutions.

Tuff of Soring Hill
The tuff of Spring Hill, Tsht, is found only in an 

east-west depression overlying the Dacite Dome of Dago 
Spring in the N2 NE S32 T37N R10E. The unit consists of a 
light tan crystal-vitric ash-fall tuff that is moderately 
compacted and welded. Devitrification is slight. Although 
biotite is not seen in thin section analysis, it is 
occasionally seen in hand samples. The rocks are probably 
of dacitic composition based on the phenocryst mineralogy



T-3987 26

present (Appendix 1) . The unit probably covered a more 
extensive area originally, but has been eroded away due to 
the non-resistant nature of the tuff.

Mafic Andésite of Chicken Spring
The Mafic Andésite of Chicken Spring, Tcsa, covers 

approximately 2.6 km2 (1.0 mi2) in the south-central portion 
of the thesis area. The lava apparently flowed down a 
fault-controlled half-graben from south to north. The flow 
was contained by the upthrown fault block on the east. The 
unit directly overlies the Unwelded Tuff of Stratton Spring 
and the Tuff of Butte Creek. This unit was called the 
Basalt of Chicken Spring by Hazlett ( 1984).

The rocks are a medium to dark gray, porphyritic, 
orthopyroxene, augite, olivine, andesine-labradorite mafic 
andésite (Figure 10). They are usually massive and blocky 
with rare ropey flow structure. Some horizons contain as 
much as 20% vesicles up to 1 cm in length that are aligned 
and slightly flattened.

Individual flows are difficult to distinguish. Some 
6.6 m to 10 m high cliffs exist where the exposures appear 
to be fault controlled. Total thickness of the unit is 
difficult to determine because of the paleotopography on the 
Unwelded Tuff of Stratton Spring upon which the Mafic 
Andésite of Chicken Spring was deposited. A kipuka of
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Figure 10. Plane light photomicrograph of the Mafic 
Andésite of Chicken Spring showing pilotaxitic texture of 
both plagioclase phenocrysts (p) and microlites. Olivine 
(o) is partially altered to iddingsite. Euhedral augite (a) 
phenocryst shown. Long dimension of photomicrograph is 3.2 
mm. 39x magnification.
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Figure 11. Photomicrograph of the Mafic Andésite of Foster 
Spring Road under crossed nicols showing glomeroporphyritic 
texture of plagioclase (p), augite (a) , and altered olivine 
(o) phenocrysts. Long dimension of photomicrograph is 1.8 
mm. 70x magnification.
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up to 35% vesicles that are aligned with the flow direction. 
Quartz has partially filled in some vesicles in fractured 
zones ? probably from a later vapor phase that penetrated the 
fractures.

Mafic Andésite of Walker Springs
The Mafic Andésite of Walker Springs, Twsa, covers 

approximately .65 km2 (.25 mi2) in the northwest portion of 
the thesis area. No source area was found for these flows, 
but they apparently flowed down paleovalleys. The maximum 
thickness of the unit is 7 m. The unit lies directly upon 
the tuff of Butte Creek.

The rocks are a gray, porphyritic, slightly vesicular, 
olivine, andesine, mafic andésite. Some vesicles are 
covered by a quartz film which was probably emplaced by a 
later vapor phase.

Mafic Andésite of Bert Bath Soring
The Mafic Andésite of Bert Bath Spring, Tbba, covers 

approximately .26 km2 (.1 mi2) in S4 T37N R10E. The source 
is probably at the largest exposure. There appear to be
several weathered, blocky dikes in this area. Cliffs 10 m 
to 13 m high exist on the western margin of this exposure. 
The unit intrudes and was deposited upon the Unwelded Tuff 
of Stratton Spring and the Dacite of Dago Spring.
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The rocks are a medium to dark gray, porphyritic, 
olivine, andesine, mafic andésite (Figure 12) . The rocks 
are dense and contain few vesicles.

Mafic Andésite of Oxendine Soring
The Mafic Andésite of Oxendine Spring, Tosa, extends 

for approximately 8 km (5 mi) and covers 9 km2 (3.5 mi2) in
the northeast portion of the thesis area. On the basis of
elevation, the lava appears to have flowed down a broad, 
gently dipping valley from southeast to northwest. The unit 
directly overlies the Unwelded Tuff of Stratton Spring and 
the Tuff of Butte Creek.

The rocks are a medium gray, aphanitic, slightly 
vesicular, olivine, augite, labradorite mafic andésite 
(Figure 13) . The rocks are dense and flows have a massive 
or platy habit. Individual flows are 2.6 m thick. The
maximum thickness of this unit is 40 m in the SW S31 T38N
RUE.

Mafic Andésite of Covote Flat
The Mafic Andésite of Coyote Flat, Tcfa, extends for 

approximately 10 km (6 mi) from the central to the north- 
central portion of the thesis area, and covers a total area 
of about 4 km2 (1.5 mi2) . The source area was near the 
southern-most exposure of the unit as the upper section of
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Figure 12. Photomicrograph of the Mafic Andésite of Bert 
Bath Spring under crossed nicols showing glomeroporphyritic 
nature of plagioclase (p) and partially altered olivine (o) 
phenocrysts. Long dimension of photomicrograph is 2.4 mm. 
50x magnification.
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Figure 13. Photomicrograph of the Mafic Andésite of 
Oxendine Spring under crossed nicols showing vesicular (v) 
and intergranular texture. Olivine phenocryst (o) is 
partially altered to iddingsite. Augite (a) partially 
encloses plagioclase microlites in a subophitic texture. 
Long dimension of photomicrograph is 2.4 mm. 50x
magnification.
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mafic andésite flows there contains abundant scoria and 
clinker. On the basis of elevation, the lava is interpreted 
to have flowed north along a paleovalley. The rock is 
jointed and has a platy habit (Figure 14) at many exposures 
in the S2 S14 and the N2 S U  T37N R10E. Joints are almost 
vertical or dip 70° east. Plates are 2 cm to 3 cm wide. 
The maximum total preserved thickness of this unit is 
approximately 52 m (160 ft) in the S2 S24 T37N R10E near the 
source area. The unit lies directly on the Unwelded Tuff of 
Stratton Spring and the Tuff of Butte Creek.

The rocks are a medium to dark gray, porphyritic, 
augite, olivine, andesine mafic andésite (Figure 15) . The 
lower horizons are dense and blocky while flow tops contain 
up to 2 5% vesicles. The tops of some parts of the flow are 
composed of consolidated clinker and cobbles of mafic 
andésite. Some oxidized, red scoriacious zones exist. Some 
vesicles in the gray mafic andésite are amygdoloidal.

Pliocene Units

Mafic Andésite of Willow Creek
The Mafic Andésite of Willow Creek, Twca, covers 

approximately 1 1cm2 (.4 mi2) in the southwest portion of the 
thesis area. The unit consistently dips to the southeast 
and appears to have originated northwest of the thesis
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Figure 14. Photograph of the Mafic Andésite of Coyote Flat 
in the NE S14 T37N R10E showing almost vertical joints and 
platey habit indicative of a source area.
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Figure 15. Photomicrograph of the Mafic Andésite of Coyote 
Flat under crossed nicols showing pilotaxitic texture 
defined by plagioclase microlites and olivine phenocryst (o) 
partially altered to iddingsite. Long dimension of 
photomicrograph is 2.4 mm. 50x magnification.
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area. The northeast portion of the unit has slumped, 
following a pre-existing normal fault.

The rocks are a medium gray, porphyritic, augite, 
olivine, labradorite mafic andésite (Figure 16). The lower 
horizons are dense, massive, and blocky while flow tops are 
vesicular and sometimes ropey. The flow lies directly upon 
the Dacite of Dago Spring and the Tuff of Butte Creek.

STRUCTURAL GEOLOGY

Regional Setting and Structural Trends

The Northeast Hayden Hill thesis area is within the 
southern part of the Modoc Plateau, a physiographic province 
in northeastern California. The Modoc Plateau is bounded by 
the Cascade Range to the west, the Sierra Nevada province to 
the south, and the Basin and Range province to the east 
(Figure 17) . The Modoc Plateau grades into the Oregon 
Plateau to the north, the boundary being in name only and 
not reflected in physiography or geology.

The Cascade province has a transitional boundary with 
the Modoc Plateau immediately west of the study area. The 
Cascade province is an andesitic volcanic arc that formed in 
Late Cenozoic time in response to the subduction of the Juan
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Figure 16. Photomicrograph of the Mafic Andésite of Willow 
Creek under crossed nicols showing ophitic texture of augite 
(a) and pilotaxitic texture defined by plagioclase 
microlites. Olivine phenocryst (o) is partially altered to 
iddingsite. Long dimension of photomicrograph is 1.8 mm. 
7Ox magnification.
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de Fuca Plate beneath the North American Plate. It is 
composed of a chain of southeastward-trending shield and 
composite volcanoes (Fuis and others, 1987). Lithologie and 
chemical similarities between the Modoc Plateau and the 
Cascade province cause the boundary to be transitional and 
indistinct. Hannah (1977) and McKee and others (1983) have 
suggested that the widespread Late Cenozoic basaltic 
volcanic rocks of the Modoc Plateau were emplaced in an 
extensional back-arc basin environment behind the Cascade 
volcanic arc.

The Sierra Nevada province, approximately 97 km (60 mi) 
to the south, represents arc plutonism resulting from 
subduction of the Farallon Plate beneath the North American 
Plate in Mesozoic and Early Cenozoic time. The older 
Sierra Nevada terrane has had little influence on the 
tectonic regime and volcanic activity in the Modoc Plateau, 
which formed from the Oligocene to present.

The Modoc Plateau is influenced by the northwest 
extension of the Walker Lane right lateral shear zone 
(Grose, 1986 and Hazlett, 1984). The Walker Lane is
probably controlled by a combination of Basin and Range 
extension and San Andreas transform motion (Stewart, 1978). 
The Honey Lake fault, southeast of the thesis area, and the 
Likely fault, northeast of the thesis area (Figure 17) , are
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both dominated by right-lateral strike-slip displacement 
(Pease, 1969 and Hannah, 1977).

There is no distinct boundary between the Modoc 
Plateau and the Basin and Range province and many 
investigators feel they are one and the same. The fault- 
block terranes of the two regions are structurally similar 
in that both were created in an extensional environment. 
The Modoc Plateau volcanics differ from the Basin and Range 
volcanics in both chemical content and volume. The Modoc 
Plateau basalts have anomalously high A1 and Ni, but Basin 
and Range basalts do not (McKee et al., 1983) . Basin and 
Range volcanics occur as a thin veneer intermittently 
throughout the Basin and Range. The Modoc Plateau has been 
completely overwhelmed by Tertiary volcanics and no older 
rocks are exposed.

The f ault-block terranes of the Basin and Range 
province and the Modoc Plateau are structurally related, 
although vertical offset is distributed across many small 
faults in the Modoc Plateau instead of being concentrated on 
major horst and graben faults as in the Basin and Range. 
Faults in the Basin and Range generally trend north, but 
most faults in the Modoc Plateau region trend northwest as 
illustrated by Hannah (1977).

The Modoc Plateau is characterized by fault-block
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mountain ranges separated by flat-floored basins (MacDonald, 
1966). Page et al. (1987) state that the Quaternary normal 
faults in the Modoc Plateau generally have down-on-the-west 
displacement and are commonly left-stepping. Page et al. 
also found that most faults display differential movement on 
two or more formations and probably have both local volcanic 
and regional tectonic genetic influences. Displacement on 
the normal faults varies from several meters to over 300 m 
(MacDonald, 1966). Oligocene to Holocene volcanism 
dominates the landscape as basalt flows and ash-flow tuffs. 
Andésites, mafic andésites, dacite domes, and lacustrine 
volcaniclastic deposits are also present.

The structural trend extending into and 100 km (62 mi) 
south of the thesis area (Figure 18) is consistent with the 
regional trend of the Modoc Plateau. The majority of faults 
are northwest-trending normal faults. Exceptions to this 
trend generally exist at a small scale and are attributable 
to local volcanic influences.

Local Structural Trends

The structural geology of the northeast Hayden Hill 
study area has been influenced by the regional tectonic 
pattern of northeast California and by a local volcanic 
center. The northwest-trending faults common to northeast
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California extend through the thesis area. Northeast- 
trending faults, influenced by local volcanism centered 
around Hayden Hill, extend into the southwest portion of the 
study area (Plate 1).

Eleven faults in the thesis area trend north-northwest, 
six trend northeast, two trend west-northwest, and one 
trends east-west (Plate 1 and Figure 19). The predominantly 
normal-slip movement on faults indicates that an extensional 
tectonic regime prevailed. At least two faults appear to 
have a small strike-slip component as discussed later in 
this section.

The northwest trending faults have most strongly 
influenced the structures and present geomorphology within 
the study area. All but two northwest-trending faults 
outline northeast-tilted fault blocks dipping 2°-20° with a 
relative displacement of the southwestern block down. The 
fault blocks form NNW-SSE trending elongate ridges. The 
fault traces die out along trend and are mostly left 
stepping. The scarps are fault-line scarps as erosional 
landforms prevail. None of the faults are believed to be 
currently active.

The precise dip of fault planes is not evident in the 
field; only a general dip can be determined. No outcrops 
reveal slickensides or surfaces characteristic of fault
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planes. The tilted fault blocks and moderately curvilinear 
fault traces suggest some faults are listric.

The most extensive throw on a fault in the northeast 
Hayden Hill thesis area, based on observed vertical 
displacement of beds, is a minimum of 22 3m ( 680 ft) and 
occurs on the southeast portion of the northwest-trending 
fault that follows coyote Flat Draw (labeled A in Figure 
19) . It is more difficult to estimate the throw on the 
remaining northwest-trending faults, but they appear to be 
from a few meters to 200 m. The faults in the southwest 
portion of the thesis area tend to be closer together and 
have less vertical offset. The northwest-trending faults in 
the middle of the study area approach 200 m of displacement.

The northeast-trending faults are displaced by the 
northwest-trending faults and thus are older. Vertical 
displacement is difficult to measure on these faults, but 
appears to be from several meters to 100 m. The relative 
displacement is the northwestern-block-down.

A small strike-slip component appears to exist along 
two faults in the study area. The northwest-trending fault 
that is located near old Willow Creek Station (labeled B in 
Figure 19) appears to have right lateral slip of 13 m to 20 
m. This is best observed from displacement on the vertical 
dike of the Dacite of Dago Spring that exists on both sides



T—3987 47

of California State highway 139 in the SE S28 T37N R10E. 
The northwest-trending fault located north of Smith Flat 
(labeled C in Figure 19) appears to have right lateral slip 
of up to 100 m. The best evidence for this within the 
thesis area is the possible displacement of three lobes of 
the Dacite of Dago Spring on the southwest side of the 
fault. Directly west of the thesis area, Obernyer (personal 
communication, 1991) has found shear zones and rotated fault 
blocks associated with the western extension of this fault. 
Both of these faults (labeled B and C in Figure 19) 
intersect other faults to form a wedge pattern which may 
have facilitated oblique-slip movement on the left splay of 
each fault. The fault block movements may be similar to 
those where subsided tipped fault wedges help accommodate 
shear (Crowell, 1974).

The temporal relationships between episodes of 
volcanism and faulting within the study area are not always 
clear. Faulting has been active from Late Miocene to at 
least Early Pliocene. All extensive pyroclastic units have 
been cut by at least one episode of faulting (Plate 2) . 
Several faults appear to have been reactivated and may have 
experienced several episodes of movement. This is 
especially apparent on the northwest-trending fault located 
near Shingle Mill Spring and Walker Springs (labeled D in
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Figure 19) . Reactivation and vertical displacement on the 
fault have elevated both the Mafic Andésite of Coyote Flat 
and the Mafic Andésite of Walker Springs on the east side of 
the fault.

Quaternary deposits are not faulted in the thesis 
area, except along the slump in the northern portion of the 
Mafic Andésite of Willow Creek in the E2 S29 T37N R10E 
(Plate 1 and Plate 2) . The slump follows the trace of an 
earlier fault that either facilitated slumping or was 
reactivated.

GEOLOGIC SETTING

Regional Geology

The rocks that underlie the Modoc Plateau can only be 
speculated upon due to a lack of outcrops older than 
Tertiary in age. The composition of volcanic rocks erupted 
throughout the Modoc Plateau changed from andesitic 
volcaniclastics in the early Tertiary to interbedded 
rhyolitic tuffaceous and lacustrine deposits and basalt 
flows in the Miocene (MacDonald, 1966) that have continued 
to Recent time. Shield volcanoes and rows of cinder cones 
localized by faults are common (MacDonald, 1966; Duffield
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and Fournier, 19 7 4 ; Grose, 1991; Grose et al., 1991a,
1991b).

McKee, Duffield, and Stern (1983) studied the basalts 
in the Devils Garden area, which form a plateau 80 
kilometers northwest of the thesis area, in part to 
determine the petrology and origin of the lavas and to 
interpret the tectonic setting of the Modoc Plateau region. 
They found the most abundant rock type in the Devils Garden 
area to be a dictytaxitic olivine basalt with an age range 
between 6 and 9 m.y. that occurs as lava flows. The Devils 
Garden basalts are olivine-normative tholeiites, rich in 
A1203, MgO, CaO, and. Ni and depleted in Ti02, Na20, K20,
Rb, Cs, and Zr. The Devils Garden basalts were found to 
contain alkali-metal trace element contents and high Ni 
contents similar to mid-ocean ridge basalts, but alkaline- 
earth trace elements and a high 87Sr/86Sr ratio similar to 
island arc tholeiites. The authors concluded the Devils 
Garden basalts are best explained as back-arc basin basalts, 
which are a low-K tholeiite with geochemical and isotopic 
ranges between mid-ocean ridge basalts and island arc 
tholeiites.

The chemical data for the Devils Garden basalts is 
consistent with magma derived from a peridotite mantle 
source at depths of 25 to 70 km (McKee and others, 1983) .
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As seen from the chemical data, the magmas have a lack of 
significant upper crustal contamination and are regarded as 
primary. There is also a lack of sialic crustal xenoliths 
in the Devils Garden basalts which, when combined with the 
lack of crustal contamination, suggests that sialic crust 
may not exist beneath the Modoc Plateau. The lack of sialic 
crust could have resulted from crustal extension of the 
Klamath Mountains, the Coast Ranges in Oregon and 
Washington, and the Cascade Range (Magill and Cox, 1981). 
The Modoc Plateau may lie in the wake of a terrane that has 
moved about 340 km west during the past 20 m.y.

Fuis and others (1987) propose a different geologic 
setting beneath the Modoc Plateau. The Modoc basement 
velocity of 6.2 km/s increases to 6.4 km/s at 9 to 10 km and 
steps to 7.0 km/s at depths of 25 km similar to velocities 
beneath the Sierra Nevada. These high velocities indicate 
that, below the Tertiary volcanic cover, the Modoc Plateau 
is underlain by granitic and metamorphic rocks such as those 
characteristic of a magmatic-arc environment. Any volcanic 
or sedimentary rocks which once existed beneath the Tertiary 
volcanics have been metamorphosed to a high degree to 
produce a velocity of 6.2 km/s. The velocity increase to 
6.4 km/s at 10 km represents a composition or metamorphic 
facies change. The velocity step to 7.0 km/s at 2 5 km is
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probably caused by a composition change to mafic plutonic 
rocks or metamorphic rocks of granulite facies. Moderate to 
high resistivities (greater than 100 to 300 ohm-m) taken to 
depths of 15 km are consistent with a granitic and 
metamorphic rock composition, and are in sharp contrast to 
the much lower resistivities (5 to 20 ohm-m) of the 
overlying Tertiary volcanics (Fuis and others, 1987). The 
basement of the Modoc Plateau may contain the roots of 
magmatic arcs, the tops of which were carried westward by 
the extension proposed by Magill and Cox (1981) . The 
extensional environment of the Modoc Plateau that existed 
from Miocene to Recent time allowed mantle-derived magma to 
pass through the sialic crust too rapidly to permit 
contamination.

Guff anti et al. ( 1990) propose that the volcanic and 
tectonic regime around the Lassen region is best explained 
by encroachment of Basin and Range extension upon the 
Cascade province beginning about 8 Ma. Supporting evidence 
includes a lack of volcanism prior to the Late Miocene and 
the inception of widespread mafic volcanism in the Lassen 
region after the onset of ENE extension in the Late Miocene. 
Also the trend for alignment of vents and normal faults is 
NW to NNW to NS, similar to normal faults along the 
northwestern margin of the Basin and Range province.
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Local Geology

The Northeast Hayden Hill thesis area is characterized 
by two distinct ages and types of volcanism. The oldest 
exposed rocks are Middle to Late Miocene andesitic and 
dacitic tuffs and flows. The laterally extensive tuffs 
appear to be underlain by mafic andésites (minimally 
exposed) within the thesis area. The tuffs are underlain by 
mafic andésites and basalts south and southeast of the 
study area as determined by Hazlett (1984) and Grose (1991). 
The eruption of the more siliceous volcanics was followed by 
a hiatus until mafic andésites began to erupt locally in the 
study area at 7.4 + 0.3 Ma.

During the Late Miocene, a more siliceous magma chamber 
developed directly west of the southwestern corner of the 
thesis area in the vicinity of Hayden Hill (McCusker and 
Obernyer, personal communication, 1990). Explosive volcanic 
eruptions caused the extensive andesitic Tuff of Butte Creek 
and its lacustrine equivalent, the Volcaniclastics of Indian 
Spring, to be deposited upon the paleotopography of the pre
existing mafic andésites and basalts.

As the magma became more siliceous, the tuff being 
deposited became dacitic in composition. The Unwelded Tuff 
of Stratton Spring overlies the Tuff of Butte Creek with a 
gradational contact. The Tuff of Stratton Spring
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accumulated to such thickness (minimum 265 m) in the 
southeast portion of the study area that the heat and 
pressure caused moderate compaction and welding in the upper 
65 m to 98 m of the unit. The Tuff of Stratton Spring is 
anomalously absent from the southwest portion of the thesis 
area (Plate 1) . If the tuff was ever deposited in this 
area, it was eroded away before deposition of the Dacite of 
Dago Spring.

A NW-SE trending vo1canotectonic depression 
(McCusker, 1990) that extends into the southwest portion of 
the northeast Hayden Hill thesis area and covers 
approximately 30 km2 (Hazlett, 1983) developed around Hayden 
Hill, probably as a result of partial depletion of the 
siliceous magma chamber by eruption of the pyroclastics. A 
volcanotectonic depression or "cauldron" is defined by Smith 
and Bailey (1968) as a "volcano-tectonic depression... whose 
shape is controlled by the regional framework". After 
eruption of the aerially extensive pyroclastic deposits and 
development of the volcanotectonic depression, Hayden Hill 
began to experience hot spring activity, dated at 8.6 Ma, 
responsible for the emplacement of a shallow level 
epithermal Au-Ag deposit (McCusker, 1990).

At least one mafic magma chamber still existed and 
erupted to form the various 1ithologies found in the
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Andésite of McBride Springs unit. Movement and release of 
stress associated with normal faulting caused the brittle 
Welded Tuff of Stratton Spring to break into blocks, fall 
down the newly forming fault scarps, and accumulate in a 
talus and landslide deposit. More explosive and siliceous 
volcanism followed, with the eruption of the dacitic Tuff of 
Dago Spring which is preserved only within the 
volcanotectonic depression. The viscous Dacite of Dago 
Spring intruded the previous units, formed dikes and 
extruded to form flow domes. Northeast normal faulting 
occurred in the southwest portion of the study area after or 
simultaneously with depletion of the siliceous magma 
chamber. The normal faults seem to radiate from or 
otherwise be associated with Hayden Hill.

After depletion of the siliceous magma in the Late 
Miocene, there was a period of volcanic quiescence. 
Northwest-trending normal faulting continued or resumed in 
the study area to form fault controlled valleys.

In the Late Miocene, a second stage of mafic volcanism 
commenced and the lava flows followed the fault controlled 
valleys. Eruption of the Mafic Andésite of Chicken Spring 
was followed by the eruptions of the Mafic Andésite of 
Foster Spring Road, the Mafic Andésite of Walker Springs, 
the Mafic Andésite of Bert Bath Spring, the Mafic Andésite
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of Oxendine Spring, the Mafic Andésite of Coyote Flat, and 
the Mafic Andésite of Willow Creek. These mafic andésite 
flows are all limited in aerial extent (Plate 1).

A volcanotectonic interpretation can be developed for 
the thesis area (Correlation diagrams, Plate 3). During the 
Miocene, the study area was experiencing east-west crustal 
extension, as was all of northeast California in the Modoc 
Plateau area. Aerially extensive basalts and mafic 
andésites were erupted as is consistent with a back arc 
spreading center. A siliceous magma chamber or chambers 
became localized at depth in the vicinity of the Hayden Hill 
area. Large pyroclastic eruptions and depletion of the 
magma chamber facilitated the development of an elongate 
volcanotectonic depression. Pre-existing normal faults were 
reactivated allowing large blocks to be down-dropped to the 
west. The Dacite of Dago Spring was extruded with a 
significant amount flowing over a depression bounding fault 
or being supplied by a feeder dike. After a volcanic hiatus 
until the Late Miocene, mafic volcanism resumed, but at a 
much reduced scale volumetrically. Volcanism soon stopped 
altogether.
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ECONOMIC POTENTIAL

There appears to be little potential for future mineral 
exploration in the thesis area. Two small areas were found 
with hydrothermal alteration. Several separate areas of 
adularia alteration approximately 2 m to 4 m in diameter 
exist on the southwest side of the dome of Dacite of Dago 
Spring located in the NE S32 T37N R10E. These areas of 
alteration are too small for the likelihood of any gold 
to be present in economic quantities. There are also areas 
of hydrothermal alteration in the S2 S27 T37N R10E along the 
fault labeled E in Figure 19. The alteration does not 
extend for more than a few meters on either side of the 
fault and is not continuous along the length of the fault.



T-3987 57

CONCLUSIONS

Field and pétrographie investigations indicate that the 
Northeast Hayden Hill thesis area experienced a complex 
volcanic evolution from the Middle Miocene through the Early 
Pliocene. The composition of extruded magmas evolved 
sequentially from andesitic to dacitic. After a period of 
quiescence, mafic extrusions briefly resumed, then all 
extrusive volcanism stopped. Lava flows, volcanic breccias, 
and pyroclastic deposits are locally interbedded with 
volcaniclastic sediments. Pyroclastic deposits and volcanic 
flows of intermediate composition probably originated from 
the area that developed into an elongate volcanotectonic 
depression from depletion of the underlying magma chamber. 
Mafic lava flows originated from local, commonly fault 
controlled, vents.

The regional ENE-WSW extensional tectonic regime 
extends into and had the major influence on the tectonic 
evolution of the thesis area. Faults in the southwest 
quarter of the thesis area are influenced by a local 
volcanic center in the vicinity of Hayden Hill. Northeast- 
trending faults are displaced by northwest-trending faults. 
All faults are normal faults although at least two faults 
appear to contain a small strike-slip component that may be
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related to the northwestern projection of the Walker Lane.
The thesis area contains only two small areas that 

exhibit hydrothermal alteration. The potential for mineral 
deposits of economic proportion to exist within the area is 
minimal to non-existent.
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APPENDIX 1

PETROLOGIC AND PETROGRAPHIC DESCRIPTIONS 
OF EACH VOLCANIC UNIT

Order of presentation is from oldest to youngest as 
stated in the Geologic Units chapter.

Miocene Units

Volcaniclastics of Indian Spring. Tisv, Sample 50, SW NW SW 
S32 T37N R10E; Sample 96, SW NW SW S32 T37N R10E.

Phenocrvsts. Phenocrysts comprise 9% to 12% of the
rock.

Plagioclase: 8% to 10%, 0.1 mm to 2 mm, subhedral to
anhedral, normal and oscillatory zoning, blebs of glass 
inclusions, some rounded grains, andesine (An 4 0-4 2 )*

Augite: < 1%, 0.4 mm, anhedral.
Biotite: << 1%, 0.1 mm to 0.2 mm, anhedral.
Opaque oxides : 1% to 2%, microscopic to 0.1 mm.
Groundmass Mineralogy. Glass comprises 83% to 91% of 

the rock. Glass shards account for 60% to 80%, and glassy 
pumice for 20% to 40% of the glass. Pumice is rounded and 
partially devitrified. Glass shards are moderately
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compacted and welded and moderately to completely 
devitrified.

Lithics. Lithics comprise 0% to 5% of the rock. 
Lithics are mostly cinders that are rounded and partially 
devitrified.

Texture. Hypocrystalline, some crystal aggregates with 
plagioclase and pyroxene, and size stratified bedding with 
fining upward sequences. Rounding of plagioclase, pumice, 
and cinders and large amount of devitrification are the 
result of the ash fall being deposited in a lacustrine 
environment.
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Tuff of Butte Creek. Tbct, Sample 14, SW SE SW S35 T37N
R10E; Sample 15, NE NW SW S35 T37N R10E; Sample 22, NW NW SW
S26 T37N R10E.

Phenocrvsts. Phenocrysts comprise 8% to 2 3% of the
rock.

Plagioclase: 6% to 15%, 0.1 mm to 2 mm, subhedral to
anhedral, shattered, broken, some oscillatory zoning, 
magnetite and glass bleb inclusions, andesine to labradorite

(An 32-60**
Augite: 0% to 1%, 0.1 mm to 0.2 mm, subhedral to

anhedral, twinned and zoned, partially resorbed, some rims 
of opaque oxides.

Olivine: 1% to 7%, 0.1 mm to 1.5 mm, subhedral to
anhedral, lamellar twinning, hour-glass and concentric 
zoning, partially (reaction rims) to completely altered to
iddingsite, some relect texture.

Opaque oxides: 1%, 0.1 mm to 0.8 mm.
Groundmass Mineralogy. Vitroclastics comprise 77% to

86% of the rock as glass shards and pumice fragments. The 
glass is orange and brown, slightly to moderately compacted 
and welded, and partially devitrified, especially along 
cracks.

Lithics. Lithic fragments of basalt comprise up to 6% 
of the rock.
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Texture. Hypocrystalline, glomeroporphyritic, with 
glass rimmed vesicles. A random arrangement of glass 
shards, ash, crystal lapilli, pumice, and basalt fragments 
were deposited together and slightly compacted and welded. 
Some basalt fragments exhibit a pilotaxitic texture.
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Unwelded Tuff of Stratton Spring. Tsut, Sample 56, NW SW NW 
S20 T37N R10E; Sample 84, SW NW NE S5 T37N R10E; Sample 108, 
SW NW NE S20 T37N R10E.

Phenocrvsts. Phenocrysts comprise 7% to 2 8% of the
rock.

Plagioclase: Usually 5% to 6%, occasionally as much as
25%, 0.1 mm to 2 mm, subhedral to anhedral, oscillatory
zoning, magnetite, pigeonite and glass bleb inclusions, some 
exsolution lamellae, andesine to labradorite (An 3 4-5 2 )•

Augite: 1% to 3%, 0.1 mm to 0.5 mm, euhedral to
anhedral, some magnetite inclusions.

Pigeonite: 0% to 2%, 0.3 mm to 1 mm, anhedral, broken,
many magnetite rimmed.

Hornblende: < 1%, 0.2 mm to 0.4 mm, anhedral.
Opaque oxides : 1%, 0.1 mm to 0.3 mm.
Groundmass Mineralogy. Glass comprises 60% to 8 8% of 

the rock. Glass shards account for 55% to 70% and pumice 
for 30% to 45% of the glass. The glass shards are slightly 
compacted and welded. Some glass shards are completely
devitrified.

Lithics. Lithic fragments of basalt porphyry and
cinders comprise 5% to 12% of the rock.

Texture. Hypocrystalline and crystal aggregate
textures are present.
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Welded Tuff of Stratton Spring. Tswt, Sample 27, NW SW SE 
S36 T37N R10E? Sample 41, NW SE SW S23 T37N R10E; Sample 92, 
NW NW NW S41 T37N R10E.

Phenocrvsts. Phenocrysts comprise 8% to 27% of the
rock.

Plagioclase: 7% to 25%, 0.2 mm to 4 mm, subhedral to
anhedral, shattered and broken, normal and oscillatory 
zoning, glass bleb inclusions, seriate texture common, 
oligoclase to andesine (An 2 5-4 0 )•

Augite: 1%, 0.2 mm to 0.7 mm, anhedral.
Orthopyroxene: < 1%, 0.1 mm to 0.3 mm, anhedral.
Iddingsite: << 1%, 0.1 mm, anhedral, altered from

olivine.
Opaque oxides : < 1%, 0.1 mm to 0.3 mm.
Groundmass Mineralogy. Glass comprises 75% of the rock 

as glass shards and pumice. The glass shards are brown, 
moderately compacted and welded, and partially devitrified, 
especially rims around the pumice. The pumice is partially
to completely devitrified and contains plagioclase
microlites.

Lithics. Lithics comprise 0% to 3% of the rock and are 
cinder and basalt fragments.

Texture. Hypocrystalline, crystal aggregate, lithic
partially welded tuff.
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Andésite of McBride Springs. Tmsa, Sample 57, SW SW NW S20 
T37N R10E; Sample 58, NW NW SW S20 T37N R10E? Sample 91, NE 
NE NE S28 T37N R10E.

Phenocrvsts. Phenocrysts comprise 31% to 43% of the
rock.

Plagioclase: 25% to 30%, 0.3 mm to 3 mm, subhedral to
anhedral, mottled and oscillatory zoning, sieve texture 
defines growth rings, augite and devitrified glass 
inclusions, labradorite (An 5 0-7 0 )*

Olivine: 3% to 10%, 0.1 mm to 1 mm, euhedral to
anhedral, magnetite rimmed, partially to completely altered 
to iddingsite, serpentine, and talc.

Augite: 1% to 2% , 0.1 mm to 1 mm, subhedral to
anhedral.

Opaque oxides : 1%, 0.1 mm.

Groundmass Mineralogy. The groundmass comprises 57% to 
69% of the rock. The groundmass in the tuffs and lahar 
matrix consists of mostly devitrified glass shards and 
pumice fragments. The groundmass in the andésite lenses and 
cobbles consists of mostly plagioclase microlites with minor 
amounts of microcrystalline augite and magnetite. Glass 
comprises up to 25% of the rock in some lava flows.

Texture. The texture of the tuff is hypocrystalline, 
pilotaxitic, vesicular, and contains crystal aggregates.
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The texture of the andésite lava flows is either 
holocrystalline, porphyritic, and microcrystalline 
intergranular or hypocrystalline, glomeroporphyritic, 
intersertal, and subophitic.
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Tuff of Daao Spring. Tdst, Sample 1, NW NW SE S26 T37N R10E; 
Sample 20, NW SW NE S33 T37N R10E.

Phenocrvsts. Phenocrysts comprise 9% to 23% of the
rock.

Plagioclase: 8% to 2 0%, ,0.2 mm to 2 mm, subhedral to
anhedral, bent and broken, oscillatory and mottled zoning, 
clinopyroxene and glass bleb inclusions, sieve texture, 
andesine (An 3 0-4 2 )•

Augite: 0% to 2%, 0.1 mm to 1 mm, anhedral, broken,
convolute zoning, found mostly in pumice fragments.

Opaque oxides : 1%, 0.1 mm to 0.5 mm.
Groundmass mineralogy. The groundmass comprises 77% to 

91% of the rock. It is composed of glass shards and pumice, 
with plagioclase microlites and microcrystalline pigeonite 
in the pumice. The glass is slightly to moderately 
compacted, slightly welded, and slightly devitrified.

Lithics. Lithics comprise 0% to 5% of the rock. Lithic 
fragments consist of cinders, basalt fragments, fragments of 
the Tuff of Stratton Spring, the Tuff of Butte Creek, and 
the Volcaniclastics of Indian Spring.

Texture. Hypocrystalline, slightly vesicular, and
contains crystal aggregates. Plagioclase has sieve texture. 
Some lithic fragments are holocrystalline with 
glomeroporphyritic or microcrystalline texture.
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Dacite of Daao Spring. Tdsd, Sample 9, NE NE SE S28 T37N 
R10E; Sample 44, SE SE NE S16 T37N R10E; Sample 106, SE SE 
SE S29 T38N R10E.

Phenocrvsts. Phenocrysts comprise 7% to 24% of the
rock.

Sanidine: 0% to 2%, 0.2 mm to 2 mm, euhedral to
subhedral, Carlsbad twinning, contains inclusions of 
magnetite.

Plagioclase: 10% to 16%, 0.1 mm to 4 mm, subhedral to
anhedral, lamellar twinning, normal zoning, magnetite and 
glass bleb inclusions, oligoclase to andesine (An 28-46)*

Orthopyroxene : 0% to 4%, 0.1 mm to 1 mm, euhedral to
subhedral, contains magnetite inclusions.

Iddingsite: << 1%, microcrystalline, anhedral, relect,
altered from olivine.

Opaque oxides : 1% to 2%, 0.1 mm to 0.3 mm.
Groundmass Mineralogy. The groundmass comprises 76% to 

93% of the rock. The groundmass in domal structures 
consists of 90% glass and 10% plagioclase microlites. The 
groundmass in dikes consists of 50% glass, 48% plagioclase 
and sanidine microlites, and 2% microcrystalline enstatite. 
Glass is partially to completely devitrified, with 
devitrification more common on tops of domal structures.

Texture. Hypocrystalline, with phenocrysts defining a
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glomeroporphyritic texture, while groundmass exhibits 
intersertal texture with glass filling wedge-shaped 
interstices between feldspar microlites. Hiatal texture of 
minerals is exhibited. Flow banding is common in the 
northern portion of the thesis area where plagioclase 
phenocrysts define a subpilotaxitic texture.



T-3987 75

Tuff of Spring Hill. Tsht, Sample 47, NW NE NW S32 T37N 
R10E.

Phenocrvsts. Phenocrysts comprise 5% of the rock.
Plagioclase: 5%, 0.05 mm to 0.3 mm, anhedral, rounded,

broken, oligoclase (An 2 7 )•
Opaque oxides : < 1%, 0.05 mm to 0.1 mm.
Groundmass Mineralogy. Glass comprises 95% of the rock 

as mostly glass shards with a few small pieces of pumice. 
The glass is moderately compacted and welded. It is 
slightly devitrified. Some phenocrysts have been resorbed 
leaving relect shapes that have been filled with devitrified 
ash.

Texture. Fine-grained, layered, slightly welded and 
compacted ash matrix. Some vesicles have been zeolitized 
with a fibrous intergrowth.
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Mafic Andésite of Chicken Spring. Tcsa, Sample 54, NW NW SW
S26 T37N R10E; Sample 55, SE SE SW S26 T37N R10E.

Phenocrvsts. Phenocrysts comprise 32% to 43 % of the
rock.

Plagioclase: 25% to 30%, 0.2 mm to 5 mm, subhedral to
anhedral, normal zoning, augite and magnetite inclusions, 
some laths have sieve texture, andesine to labradorite (An

45-57)•
Olivine: 5% to 8%, 0.1 mm to 0.2 mm, euhedral to

anhedral, with rims altered to iddingsite.
Augite: 2% to 3%, 0.2 mm to 0.5 mm, euhedral to

anhedral, oscillatory zoning.
Orthopyroxene: 1% to 2%, 0.1 mm to 0.4 mm, euhedral to

anhedral, growing in interior of some olivine phenocrysts. 
Opaque oxides: 1% to 2%, 0.1 mm to 0.2 mm.
Groundmass mineralogy. The groundmass comprises 57% to 

68% of the rock. It consists of mostly plagioclase 
microlites with minor amounts of microcrystalline olivine, 
augite or pigeonite, orthopyroxene, and magnetite.

Texture. Holocrystalline, porphyritic, subpilotaxitic, 
and microcrystalline intergranular. Plagioclase has sieve 
texture.
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Mafic Andésite of Foster Spring Road, Tfsa, Sample 63, NW NW 
NE S20 T37N R10E; Sample 115, NE SW NW S20 T37N R10E.

Phenocrvsts. Phenocrysts comprise 29% to 32% of the
rock.

Plagioclase: 25%, 0.2 mm to 5 mm, subhedral to
anhedral, bent and broken, groundmass incorporated into the 
growing phenocrysts, normal zoning, sieve texture, 
labradorite (An 50„57).

Olivine: 4%, 0.1 mm to 0.7 mm, euhedral to anhedral,
cracks and rims altered to iddingsite.

Augite: 2%, 0.1 mm to 0.3 mm, subhedral to anhedral.
Groundmass Mineralogy. The groundmass contains mostly 

plagioclase microlites with up to 10% microcrystalline 
clinopyroxene ( augite and/or pigeonite) and minor amounts 
of microcrystalline magnetite.

Texture. Holocrystalline, glomeroporphyritic,
microcrystalline intergranular, and vesicular. Plagioclase 
demonstrates sieve and hiatal texture.
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Mafic Andésite of Walker Springs. Twsa, Sample 107, SE SE NW 
S28 T38N R10E.

Phenocrvsts. Phenocrysts comprise 60% of the rock.
Plagioclase: 52%, 0.2 mm to 2 mm, subhedral to

anhedral, broken, oscillatory and convolute zoning, sieve 
texture, andesine (An 31).

Olivine: 8%, 0.3 mm to 1 mm, euhedral to anhedral,
magnetite inclusions,partially to almost completely altered 
to iddingsite.

Opaque oxides : < 1%, 0.05 mm.
Groundmass Mineralogy. The groundmass comprises 40% of 

the rock. It consists of plagioclase microlites and glass. 
The glass is mostly devitrified and has a spherulitic 
texture.

Texture. Hypocrystalline and glomeroporphyritic. 
Domains of both intersertal and intergranular texture are 
present. Plagioclase exhibits hiatal and sieve texture. 
Glass has a spherulitic texture.
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Mafic Andésite of Bert Bath Spring. Tbba, Sample 130, SE NE 
SW S4 T37N R10E.

Phenocrvsts. Phenocrysts comprise 36% of the rock.
Plagioclase: 30%, 0.2 mm to 4 mm, subhedral, normal

zoning, andesine (An 4g).
Olivine: 6%, 0.3 mm to 1 mm, subhedral to anhedral,

normal zoning, partially to almost completely altered to 
iddingsite.

Groundmass Mineralogy. The groundmass comprises 7 4% of 
the rock. It consists of mostly plagioclase microlites with 
minor amounts of microcrystalline clinopyroxene (augite 
and/or pigeonite) and opaque oxides.

Texture. Holocrystalline, glomeroporphyritic, and 
pilotaxitic.
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Mafic Andésite of Oxendine Spring, Tosa, Sample 72, NE SE SW 
S31 T38N R HE.

Phenocrvsts. Phenocrysts comprise the entire rock.
Plagioclase: 55%, 0.3 mm to 1 mm, subhedral to

anhedral, seriate texture, labradorite (An 52)-
Augite: 40%, 0.1 mm to 1 mm, anhedral, some may be

pigeonite.
Olivine: 4 %, 0.1 mm to 0.8 mm, subhedral to anhedral,

partially altered to iddingsite.
Opaque oxides : 1%, microcrystalline to 0.1 mm.
Texture. Holocrystalline, vesicular, usually

intergranular relationship, but in places the randomly 
arranged plagioclase laths are partially enclosed by uniform 
growth clinopyroxene crystals in a subophitic texture.
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Mafic Andésite of Covote Flat. Tcfa, Sample 71, NW NE 
NW S U  T37N R10E; Sample 93, NE NW SE S14 T37N R10E.

Phenocrvsts. Phenocrysts comprise 14% to 35% of the
rock.

Plagioclase: 10% to 28%, 0.1 mm to 2 mm, subhedral,
andesine (An 46_48).

Olivine: 2% to 5%, 0.2 mm to 4 mm, euhedral to
anhedral, partially altered to iddingsite in some parts of 
the flow.

Augite: 0% to 2%, 0.2 mm, anhedral.
Opaque oxides : 1% to 2%, seen as inclusions in all

other phenocrysts.
Groundmass Mineralogy. The groundmass comprises 65% 

to 65% of the rock. It consists of roughly equal amounts of 
glass and plagioclase microlites near the source with minor 
amounts of microcrystal1ine pigeonite and magnetite. About 
3 km away from the source, the groundmass consists of mostly 
plagioclase microlites with minor amounts of 
microcrystal1ine olivine, pigeonite, and magnetite.

Texture. The rock is hypocrystalline with an 
intersertal texture near the source and becomes 
holocrystalline with a microcrystalline intergranular 
texture about 3 km away from the source. The rock uniformly 
exhibits a glomeroporphyritic and pilotaxitic texture.
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Pliocene Units

Mafic Andésite of Willow Creek. Twca, Sample 46, NE NW NE 
S32 T37N R10E.

Phenocrvsts. Phenocrysts comprise 75% to 90% of the
rock.

Plagioclase: 60% to 68%, 0.1 mm to 0.5 mm, subhedral,
labradorite (An 54).

Augite: 25% to 3 0%, 0.1 mm to 2 mm, anhedral.
Pigeonite may also be present.

Olivine: 6% to 8%, 0.5 mm to 2 mm, subhedral to
anhedral, rims altered to iddingsite.

Opaque oxides : 1 to 2%, 0.05 to 0.2 mm, seen as
inclusions in all other minerals.

Texture. Holocrystalline, glomeroporphyritic,
intergranular texture. Commonly, the subpilotaxitic 
plagioclase laths are enclosed by uniform growth augite
crystals in an ophitic texture.
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APPENDIX 2

K-AR WHOLE ROCK AGE DATE INFORMATION

The samples were prepared at Colorado School of Mines 
by the author and argon and potassium analyses were 
performed in the U. S. Geological Survey laboratories at 
Menlo Park, California by E. H. McKee, in accordance with 
specifications established by McKee and Klock (1979). Refer 
to Plate 1 for locations.

Sample 1

A sample of the Welded Tuff of Stratton Spring was 
obtained in the NE SW NW S31 T37N RUE, labeled XI on Plate 
1. The sample contained 3.14 wt. % K20 and 13.5 wt. % 40Ar 
or 4.4958 X 10”11 mol/g 40Ar. An age of 9.9 + 0.5 Ma was 
obtained.

Sample 2

A sample of the Mafic Andésite of Chicken Spring was 
obtained in the SW NE SW S35 T37N R10E, labeled X2 on Plate 
1. The sample contained 1.089 wt. % K20 and 21.9 wt. % 40Ar 
or 1.16664 X 10-11 mol/g 40Ar. An age of 7.4 ± 0.3 Ma was
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PLATE 3
EXPLANATION OF GEOLOGIC MAP UNITS
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uff of Spring Hill: Light tan,
oderately welded, dacitic, biotit

of tan unlithified

taxitic, augite

Town, orange, red, and purple, slightly 
■o partially welded, andesitic, augite.

flow tuff. Fining

Gray, porphyritic, vesicular, augite, 
olivine, labradorite mafic andésite.

lightly welded, poorly lithified, d.

sties of Indian Spring: 

t. Graded bedding with fining
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