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ABSTRACT 

Distribution and Stratigraphy of Basalts in the Southwest (Aberdeen) Portion of the Big 

Pine Volcanic Field, Owens Valley, California 

By 

Jeffrey M. Woolford 

Master ' s of Science in Geology 

The Pleistocene Big Pine Volcanic Field (BPVF), located in the Owens Valley of 

eastern California, is dominated by basaltic cinder cones and lavas, and should the field 

reactivate poses a potential volcanic hazard to local infrastructure, in particular Highway 

395 and the Los Angeles Aqueduct. However, despite numerous petrologic studies, the 

volcanic history and distribution of products from individual BPVF eruptions are poorly 

known. Using detailed field mapping and petrology, I have determined the distribution 

and stratigraphy of basaltic lavas in the southwest portion of the BPVF, which contains 

the largest number of exposed vents and lava. In the Aberdeen area, individual cinder 

cones and fissure vents are aligned along N-S trending lineaments, with local clustering 

of vents and lavas. Approximately 13 cones, and at least 10 lava flows occur in the area. 

Two cinder cones located near the valley floor are partly buried by younger lavas and 

alluvium. In most cases, lavas are aa in character and traveled ~ 7 km down alluvial fans 

(8% gradient) towards the Owens River. On average, individual lavas cover ca. 10-12 

km2
, with average individual volumes of 0.065 km3

. Two general groups of basaltic lavas 

characterize the Aberdeen area: 1) xenocryst-rich and 2) xenolith-poor basalts. Xenolith-

rich basalts contain variable amounts ofultramafic, mafic, granitic, and metamorphic 

lithologies, whereas xenolith-poor lavas are dominated by olivine phenocrysts . In the 
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xenolith rich lavas, Cr-spinel inclusions occur in olivine phenocrysts. Overlapping flow 

margins define relative ages between adjacent basalts . In both the North and South 

portions of the Aberdeen area, flows composing the base of the volcanic stratigraphy are 

from the xenolith-rich group, and are typically overlain by xenolith-poor flows. These 

xenolith-poor lavas are ~25% larger in volume than the relatively older xenolith-rich 

lavas. The relative stratigraphy of the vents and flows in the Aberdeen area is consistent 

with published isotopic ages for the mapped lava flows. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

It looked as if large masses ofred-hot lava had exploded in 

mid-air and rained down upon the plain only last week. 

Campfires on Desert and Lava. 

William Hornaday, 1908, 

Basaltic Volcanism 

Hawaiian and strombolian eruptions are the least violent form ofvolcanism. 

During strombolian eruptions, magmatic volatiles are released in discrete, often rhythmic 

bursts, each of which disrupt the top of the magma column and eject a shower of 

pyroclasts (Vergniolle and Mangan, 2000; Schmincke, 2004; Valentine et al., 2008). 

Over time, pyroclasts accumulate around the vent opening, and often form cinder cones. 

Lava flows may also be associated with cinder cones when eruptions are non-explosive 

(Vergniolle and Mangan, 2000; Schmincke, 2004; Valentine et al. , 2008). Most basaltic 

volcanic fields are made up of clustered or locally associated groups of vents (Connor 

and Conway, 2000). The alignment and distribution of volcanic vents is a result of 

several factors: magma genesis, magma chemistry, magma viscosity, country rock 

rheology, local fault orientation, and regional tectonic stress (Connor and Conway, 2000). 

The Big Pine volcanic (BPVF) field exhibits almost all of the common features of 

basaltic volcanic fields, and is similar in eruptive styles and products to the Coso volcanic 

field to the south (Darrow, 1972). While much work has been done on the composition, 

chemistry, and age of the basalts in the Big Pine volcanic field (BPVF) (e.g., Darrow, 
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1972; Gillespie et al. , 1983; Martel et al. , 1987; Ormerod et al. , 1991; Beard and Glazner, 

1995; Rodgers et al. , 1995; Connor and Conway, 2000; Blondes et al. , 2007 ; Blondes et 

al. , 2008), this work lacks a stratigraphic framework and is not related to the physical 

features of the preserved volcanism. This Master ' s thesis examines the basaltic volcanism 

of selected flows in the SW portion of the BPVF (west of Aberdeen) (Plate 1 ). 

Goals of study 

1. Construct a map of the volcanic geology of the BPVF near the town of Aberdeen. 

2. Determine relative ages of the southwestern portion of the volcanic field using 

field observations of lava and pyroclastic stratigraphy. 

3. Correlate volcanic products associated with different volcanic vents . 

4. Establish the diversity of eruptive styles at BPVF. 

Methods used 

1 . The distribution of individual lava flows were mapped at 1: 12,000 scale and 

relative volcanic stratigraphy was determined from observed field relations (e.g. , 

overlapping flow margins). 

2. The physical volcanology of lavas and pyroclastic deposits associated with 

individual vents were established from field observations. 

3. To confirm the lava units established by the mapping, six individual lavas were 

analyzed by petrographic analysis and olivine phenocryst and spinel inclusion 

composition was determined by standardized energy dispersive X-ray spectroscopy 

(EDS). 
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This thesis is divided into three chapters. Chapter 1 is an introduction to the BPVF 

and a brief description of previous petrologic and geochronologic studies. Chapter 2 is a 

description of the volcanic geology and stratigraphy observed during field mapping. 

Chapter 3 is a description of the results of x-ray analyses of olivine phenocryst and spinel 

inclusions in order to confirm the field-based discriminations of different basalt flows 

from different vents. 

Origin of Basaltic Magmatism in the BPVF 

The origin of magmatism in the BPVF is associated with the extension of the 

Basin and Range Province. Extension in this area resulted in regional delamination, 

crustal thinning, and a shallower Moho depth (Dixon et al., 2000; Ducea and Saleeby, 

1998; Ducea and Park, 1998). The current Basin and Range topography reflects this 

extension, as N-S trending mountain fronts are separated by down dropped valley blocks. 

The Owens Valley is the westernmost fault-bounded valley associated with the uplift of 

the Sierra Nevada block and extension of the Basin and Range Province (Bierman et al., 

1991 ). Basaltic volcanoes are most common in extensional or convergent tectonic 

settings, or in intraplate settings that are within active extension regions (e.g. , Basin and 

Range Province). They occur as isolated features (e.g., Glazner et al. , 1991), as basaltic 

volcanic fields (e.g., Condit et al., 1989; Connor, 1990; Camp et al., 1991; Briggs et al., 

1994; Connor and Conway, 2000; Aranda-Gomez et al., 2003; Hare and Cas, 2005; Hare 

et al., 2005; Valentine and Pen·y, 2006), or in association with (often peripheral to) silicic 

volcanoes and calderas (e.g., Smith et al. , 1970; Cam, 2000; Valentine and Gregg, 2008) 

(Figure 1.1 ). Volcanic centers within the Basin and Range Province develop where 
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basaltic magma ascended from the upper mantle along the bounding normal faults of the 

valleys and across-basin oblique faults (Best and Brimhall, 1974; Bietman et al. , 1991; 

Dixon et al. , 2000; Slemmons et al., 2008). 
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Figure 1.1. Distribution of late Cenozoic (mostly post-Miocene) basaltic rocks in the 

western United States (Modified from Best and Brimhall, 1974). Dotted line 

delimits the margins of the Basin and Range Province. 

Lavas in the BPVF erupted up along the range-bounding faults of the Sierra 

Nevada and the White-Inyo Mountains in Owens Valley and toward the center of the 
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field along trans-basinal oblique faults (Dixon et al. , 2000). The BPVF lies across four 

principle tectonic blocks in the northern Owens Valley (Figure 1.2). The four blocks are 

the northern SieiTa Nevada block, the Owens Valley graben blocks 1 and 2, and the 

northern Inyo Mountains block (Slemmons et al. , 2008). The cinder cones throughout the 

BPVF erupted along both the active SieiTa Nevada range front faults and the Owens 

Valley fault zone within the valley floor (Slemmons et al. , 2008). More specifically, the 

BPVF basalts erupted mostly on the northern graben of Owens Valley with vents 

occulTing in the northernmost portion of the southern graben (Figure 1.2), with the 

greatest density of vents centered near the septum between the northern and southern 

grabens (Bierman et al. , 1991). 
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Skm 

N 

t 
Figure 1.2. Location of principal tectonic blocks and faults associated with BPVF. 

The Owens Valley fault zone lies on the eastern margin of the study area (taken 

from Slemmons et al., 2008). The study area lies within the north en portion of the 

Owens Valley where 4 major structural blocks make up the tectonic framework 

(Siemmons et al., 2008). The BPVF is mostly distributed on block 2, with some 

eastern flows on the septum between block 1 and block 2. The majority of vents in 

the study area are aligned along the Sierra Nevada frontal fault. 
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BPVF basalts are progressively younger to the north and west. This progression 

of vent eruptions appears to correspond with similar age progression in the structural 

evolution of the Owens Valley fault (Connor and Conway, 2000). The Owens Valley 

fault zone is the dominant transtentional dextral fault system through the Owens Valley 

during Pleistocene-Holocene time (Dilek et al. , 2002). The BPVF developed during a 

period of the valley ' s evolution when extension was focused primarily inanE-W 

direction across the basin (Dilek et al., 2002). This E-W extension has recently given way 

toN-S trending strike-slip movement characteristic of the Eastern California Shear Zone, 

primarily along the Owens Valley fault system (Dilek et al. , 2002) (Figure 1.3). 
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Figure 1.3. Tectonic map of the Eastern California Shear Zone (figure is from Lee et 

al., 2006). ECSZ - Eastern California Shear Zone. Basin and Range Province shaded 

in gray. Faults showing in ECSZ with arrows showing sense of shear. 
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Study Area 

The study area is located in the southwest portion of the BPVF, directly west of 

the town of Aberdeen, CA (Figure 1.4). Here, there are 14 recognizable vents, one of 

which appears to be a relatively small shield volcano. Aside from this exception, each 

vent is characterized by a conical or iiTegular-shaped cinder (scoria) cone. Ten of these 

cones are associated with lava flows, although only 6 of these are exposed well enough to 

make a robust estimate of their areal extent and eruptive volume. The vents of the study 

area are clustered in linear trends that follow or parallel the frontal faults of the Sierra 

Nevada (Moore, 1963). Some lavas have overlapping margins, allowing their relative 

ages and stratigraphic relations to be dete1mined. 
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Figure 1.4. Index map of the BPVF showing distribution (black) of primarily 

basaltic lavas and cones. Black box outlining the study area. Vents with published 
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isotopic ages labeled with ages and method, (Cox et al., 1963; Gillespie et al., 1983, 

1984; Cerling, 1989; Stone et al., 1993; Blondes et al., 2008). 

Previous Geologic Studies in the BPVF 

Background p etrology of the BPVF 

Previous work in the BPVF focused on the petrology and geochronology of the 

BPVF. James G. Moore published a general map ofthe BPVF in 1963. Moore describes 

the lava flows and cones and their relations to Quatemary alluvium. Arthur Dan·ow 

(1972) documented the major element composition of the Big Pine basalts, and described 

the relations between cones and basalt flows. The composition basalt has been 

determined to range between alkalic and tholeiitic in nature throughout the entire BPVF 

(Ormerod et al. , 1991 ; Rogers et al., 1995; and Vamell, 2006). 

Based on bulk basalt compositions, Wang et al. (2002) calculate that BPVF 

basalts are generated by melting of mantle between 45 and 70 km depth, whereas Rogers 

et al. , (1995) calculate melting depths between 30 and 60 km for BPVF tholeiites and 45 

to 75 km depth for BPVF alkali basalts. Mordick and Glazner (2006) used clinopyroxene 

geobarometry to dete1mine that crystallization of BPVF basalts occurs at an average 

depth of 45 km (near the Moho) and at temperatures of 1240-1360°C. Using isotopic 

compositions, Blondes et al. (2008) concluded that BPVF basalts are ultimately generated 

from melting of two distinct peridotite compositions of a heterogeneous mantle source, 

and Beard and Johnson (1997) concluded that the source is lithospheric. Ormerod et al. 
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(1989) and Beard and Glazner (1995) measured strontium isotope compositions of the 

BPVF basalts and xenoliths. 

Background geochronology of the BPVF 

Beginning with age dates outside the study area and moving south to north the 

following ages have been determined for vents in the BPVF (Figure 1.4). Gillespie et al. 

(1983 , 1984) performed isotopic dating ofBPVF basalts and determined a 1.18 ± 0.05 

Ma age for basalt at Oak Creek at the southern edge of the field, using 40 ArP 9 Ar methods. 

Blondes et al. (2008) used (U/Th)/He methods to date zircons from basalt-hosted granitic 

xenoliths to calculate eruption ages of 176 ± 6.1 ka for Oak Creek basalts. Gillespie et al. 

(1983, 1984) performed isotopic dating ofBPVF basalts and determined a 119 ± 7 ka 

age for basalt at Sawmill Canyon (south just outside the study area) using 40 ArP 9 Ar 

methods. For the Fish Spring rhyolite dome Cox et al. (1963) determined a 0.99 ± 0.04 

MaK-Ar age for the isolated rhyolite lava located north of the study area near Fish 

Springs. Blondes et al. (2008) used (U/Th)/He methods to date zircons from basalt-hosted 

granitic xenoliths to calculate eruption ages of 243 ± 11 ka for the Fish Springs cone. 

Martel et al. (1985) determined a 314 ± 36 ka age for the Fish Springs cinder cone using 

the 39 Ar/40 Ar methods. Stone et al. (1993) used cosmogenic 3He dating to determine a 

circa 110 ka age for basalt at Crater Mountain which is the northernmost locale within the 

BPVF. 

Moving south to north the following ages have been determined for vents in the 

study area (Figure 1.4). Cerling (1989) used cosmogenic 3He dating to determine ages of 
12 



11.8 ± 1.0 ka (2a), 13.6 ± 1.2 ka, and 12.6 ± 1.1 ka for basalt from Armstrong volcano. 

Within the study area Stone et al. (1993) used cosmogenic 3He dating to determine a 25 

ka age for basalts in Armstrong Canyon and Goodale Creek. Using 40 A.J.·/39 Ar methods, 

Blondes et al. (2008) determined an age of 31.8 ± 12.1 ka for the "Goodale Bee" cone 

(Aberdeen volcano, this study) and an age of 61.6 ± 23.4 ka for "Volcanic Bomb" cone 

(Taboose volcano, this study). These ages including uncertainties for basalts in the study 

area are consistent with the mapping and stratigraphy from this study. 
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CHAPTER2 

VOLCANIC GEOLOGY AND ERUPTIVE PROCESSES 

This chapter provides field observations and interpretations of observed volcanic 

structures and lava stratigraphy (Figures 2.1 , 2.2 and 2.3). It includes explanations of the 

map units (Plate 1 ), and a description of the physical volcanic features associated with 

each mapped vent and or lava. This chapter also explains of the methods used to map 

these units and determine the stratigraphy of the basalts. 

Temporal, spatial, and volumetric characteristics of Big Pine volcanic field 

The Big Pine Volcanic field contains at least 24 vents almost all of which formed 

cinder cones (Connor and Conway, 2000). The southwestern (west of Aberdeen) portion 

of the BPVF that has been mapped in this thesis contains at least 13 vents with associated 

cinder cones. The compositions of basalts throughout the entire BPVF range from alkali 

basalt to tholeiite and olivine tholeiite basalts (Dan·ow, 1972; Beard and Glazner, 1995; 

Omerod, et al. , 1991). These lavas erupted from vents oriented in linear trends along the 

frontal faults at the base of the Siern Nevada. Two vents (Aberdeen and Burro cone) are 

located in seemingly non-linear trends down slope and toward the center of the valley 

(Plate 1). One "cone-free" vent is located at 1600 meters elevation (36° 59.668'N, 118° 

18.972'W) adjacent to a large cinder cone (Taboose- 36° 59.329'N, 118° 18.566'W). The 

cinder cone with the greatest relief in the study area is Blackrock cinder cone with a 

height of approximately 230 m (Plate 1 ). Most of the cinder cones in the map area are 

between 80-150 m high. The second largest cinder cone is Red Hill (37° 1.796'N, 118° 

17 .388'W), located just north of the study area. 
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Figure 2.1. Collage of aerial photographs of the BPVF showing the study area 

(boxed area), Red Hill, Crater Mountain, Fish Springs cone, Fish Springs Rhyolite 

dome, Crater Mountain flows, and the east field cones and flows highlighted in 

black. Poverty Hills shaded in tan, White/Inyo Mountains in blue. 
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The cones east of Owens River and the cones of Crater Mountain appear to have a 

greater relief because of their higher elevation. The cinder cones east of Owens River are 

all less than 100 m high, and the tallest of the cones on Crater Mountain is about 145 m 

high. 

The lava flows in the study area consist of ~ 13 cones and ~9 lava flows. These 

flows traveled furthest from the vent and are the largest in volume of any of the lava 

flows in the entire BPVF (Moore, 1963; Plate 1 ). The longest lava flow is 7.3 km in 

length and erupted from Taboose vent (Table 2.1 ). The other flows in the map area are 

about 4.5 to 5.5 km in length (Plate 1). This basalt is well exposed and some are youthful 

in appearance, with well-preserved flow margins and tops. In the northern portion of the 

BPVF field at Crater Mountain, three cinder cones each with their own associated lava 

flows, appear to have erupted through bedrock associated with the Poverty Hills (Figure 

2.1). A small cinder cone (Fish Springs) occurs south of the lava flows associated with 

the Crater Mountain vents. Both the Crater Mountain lava flows and the Fish Springs 

cinder cone are offset by the Owens Valley fault zone (Moore, 1963; Martel eta!. , 1987; 

Zehfuss et al. , 2001; Slemmons eta!. , 2008). 

The study area is located within block 2 of the Owens Valley Graben (Slemmons 

et al., 2008), which is fmmed by the active range front faults and the Owens Valley fault 

zone (Slemmons et al. , 2008). The distribution of volcanic vents appears to be controlled 

by faults and lineaments within the graben (Gillespie, 1982; Slemmons et al. , 2008). An 

isolated cinder cone erupted through the southern tip of bedrock composing the Poverty 

Hills. A few small isolated outcrops of cinders and lava occur in the Poverty Hills 
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between Crater Mountain and Red Hill (Darrow, 1972; Connor and Conway, 2000; Beard 

and Glazner, 1995). Three cinder cones and at least 4lava flows are located on the 

eastern side of the BPVF in the White/Inyo Mountains (Figures 2.1 and 2.2). A few 

exposures of basalt are located southwest of the retention dam of Tinemaha Reservoir, 

and one further to the south (Charlie ' s Butte: 37° 1'4.91"N, l18°13'37.34"W) near the 

distal portions of the eastern BPVF lava flows. The southernmost exposures of BPVF 

basalt occur at Oak Creek and Sawmill Canyon (Connor and Conway, 2000; Beard and 

Glazner, 1995). 

Figure 2.2. Aerial photograph of eastern BPVF cinder cones (outside of study area). 

Asterisks mark vent locations. Black shading outlining extent of cinder cones and 

pyroclastics. Top center cinder cone has associated lava flows. 
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METHODS 

This is the first detailed volcanic map of the distribution and stratigraphy of 

individual basaltic lava flows in the southwest portion of the BPVF. Each basalt flow has 

been mapped into individual units and related to a single vent; the cinder cones associated 

with each vent are mapped as separate units. Physical volcanic features have been 

described for basalt unit (Tables 2.1 , 2.2, and 2.3). Basalt units are distinguished in the 

field by phenocryst assemblage (Table 2.2). Thin-section and SEM analysis were used to 

confirm different map units. Stratigraphic relations between each unit were observed in 

the field (Figure 2.3). 

s Relative Volcanic Stratigraphy 

Undifferentiated Volcanic Units 

Goodale II Elk I I Antler II Big Horn I I Shingle Mill I Prospect I 

0 -Cone and now 0 - Cone only • - Flow only 

Figure 2.3. Volcanic stratigraphy of basalts in study area (including cones and 

flows). Units that are in direct contact are illustrated on this figure by mutual 

borders. * from Cerling, 1990. ** and *** from Blondes et al., 2008. 
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Exposed Lava* Exposed Lava* Exposed Lava* 
Basa lt flow length (km) flow area (km2

) flow volume (km3
) 

Taboose 7.34 13.1 0. 11 

Aberdeen 2.75 9.96 0.08 

Blackrock 5.48 23.7 0.21 

Armstrong 6.87 70.5 0.63 

Divisio n 5.91 19.2 0.1 7 

Fortney 6.34 26. 1 0.23 

Total estimated 

Pyroclastic Cone minimum erupted 
Basalt Cone area (kml) volume** (km3

) volume*** (km3
) 

Taboose 1.29 0.55 0.78 

Aberdeen 0.58 0.1 7 0.37 

Blackrock 5.23 2.98 3.1 9 

Armstrong 1.02 0.39 1.65 

Division 0.36 0.08 0.42 

Fortney 1/ J\ r I A 0.46 

Goodale 0.1 6 0.02 0.02 

E lk 0.09 0.01 0.01 

Antler 0.37 0.08 0.08 

Big Horn 0.4 0.10 0. 10 

Shingle Mill 0.85 0.29 0.29 

Prospect 0.99 0.37 0.37 

r-. Ietate 1.24 0.52 0.52 

Wagner 0.53 0. 15 0. 15 

Bmro 0.48 0. 13 0.13 

Table 2.1. Physical characteristics basalt flows and cones. *Exposed lava not 

covered by alluvium, **Calculated volume of a cone, ***Total eruption volume 

calculated as volume of cones and total volume of interpreted extent of erupted lava. 
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Observed volcanic features Ta boose Abe rdeen Blackrock Armstrong Division Fortney 

aa lava • • • • • • 
pahoehoe lava D D • • D • 

blocky lava • • • • • • 
shelly lava D D D D D • 

rafted pyroclastic mounds • • • D D D 

accre tion a ry lava ba lls • • • • • D 

la rge tumuli • • • D D • 
late ral breakout nows • • • • • D 

pa ras itic vents D D D • • D 

ex posed dikes D D D D D • 
lava channels D • D • • • 

exposed lava tubes D D D D D • 
• Obse rved 0 Not Observed 

Table 2.3. Observed physical features associated with well-exposed flows in the 

study area. 

VOLCANO DESCRIPTIONS 

The volcano descriptions are listed in the order of the volcanoes with mapped 

relative stratigraphic relations in order from oldest to youngest. Those volcanoes or vents 

that could not be placed with this relative stratigraphic framework are listed afte1ward. 

These volcanoes are described in order from north to south. 
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Taboose Volcano 

Physical Characteristics 

Located approximately 3 km west of the Goodale Creek campground (36° 

59.331'N, 118° 18.575'W), Taboose volcano is the most prominent cinder cone in the 

study area and is associated with a basaltic lava flow (Plate 1). The cinder cone has a 

circular base and is highest in elevation on its eastern side. Taboose lava flow is directly 

overlain by Fortney lava (Figure 2.4). Taboose basalt contains ultramafic and mafic 

xenoliths, and large (up to 1 em) plagioclase megacrysts, and small pyroxene (3-5 mm) 

megacrysts in outcrop. The basalt contains 5-l 0% olivine with some lava flow lobes 

containing large (up to 3 mm) phenocrysts. Taboose basalt also contains a larger 

percentage (1 0-15%) of pyroxene phenocrysts than most of the other flows in the study 

area (Table 2 .2). The plagioclase phenocryst content (1 0-15%) of this flow is 

representative of lavas in the study area. 

Two prominent mounds of pyroclastic material ( ~ 730 m3 and 650 m3
) occur on 

top ofTaboose lava approximately 1.6 km and 5.7 km east of the vent (Figures 2.4, 2.5, 

and 2 .6). Both mounds have bombs up to 86 em in length. A collapsed lava tube(~ 4.6 m 

in length) and lava channel with exposed levees occurs near the larger mound. Taboose 

flow contains scattered accretionary lava balls (up to 1. 7 m in diameter) along the length 

of the flow. These are approximately 113 the size of accretionary lava balls on other lavas 

of the study area. Accretionary lava balls consist of clinker and cinders that become 

covered by lava at the front of an a a flow. The area directly east of Taboose volcano 

includes a ~ 1 m layer of apparently windblown sediment that covers at least several 
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meters of tephra . The distal portion of the Taboose flow has collapse tubes, which are 

hollow open channels where the top of a lava tube has fallen or collapsed on to the tube 

floor (Maley, 2005). The flow contains inflation pits, which are inverted topography that 

forms as a flow lobe inflates during the course of emplacement, leaving pits that fmm 

from inflation of the surrounding flow crust rather than collapse (Maley, 2005). Taboose 

flow also has tumuli, which are ridges of flow crust that become tilted upward during the 

inflation of a flow lobe (Walker, 1991 ). In general, Taboose lava is best exposed near the 

flow lobe front where it is exposed by road cuts along Highway 395. 

Figure 2.4. Aerial photograph of Taboose Cinder cone and adjacent Fortney lava 

flow. Taboose cone and flow, Aberdeen lava flow, and Fortney lava flow are 

outlined. Fortney lava flow is annotated with lines showing flow margins, channels, 

and lobe boundaries. Locations of rafted mounds on Taboose flow are marked as A 

& B. This and all other black and white aerial photographs in this thesis are from a 

1944 State of California land use survey. 
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Interpretation of Physical Features 

The characteristics and relation of lava and cone structure provides constraints on 

the eruption ofTaboose volcano. The eruption ofTaboose volcano began with an initial 

cone-forming stage. This is consistent with a typical basaltic vent with volatile 

segregation and release dominating the initial eruption phase (Vergniolle and Mangan, 

2000; Scarth, 1994; Valentine et al. , 2005). The eruption transitioned into a basalt flow 

that erupted out of the northwestern portion of the cone and moved down slope (east) 

away from the vent. The two mounds to the east represent rafted cone material. Rafting 

and destruction of cone structures (Figures 2.4, 2.5 and 2.6) is a relatively common 

process during basaltic eruptions (Holm, 1987; Valentine and Gregg, 2008; Valentine et 

al. , 2005; Wood, 1980). The associated lava flow initiated as a lateral breakout flow from 

the northwest quarter of the cone base. The eruption of lava from the base of the cone 

deformed the northwest quarter of the cone. 

Rafted Pyroclastic Mounds 

Cone 
Build-up 

Latera l 
Break-out 

Flow 

Rafting 
of py roclasti c 
materia l a long 

la tera l fl ow 

Figure 2.5. Schematic drawing showing rafting of cone material during lava 

effusion. This is an illustration of the mechanism for rafting away mounds of 

pyroclasts from the cone edifice by way of a lateral breakout flow from the base of 
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the cone. The flow may either deform the cone edifice or entrap cone pyroclasts in 

the flow top 'rafting' it away from the vent. 

Figure 2.6. Rafted mound of pyroclastic material. This mound is located 1.6 km 

from Taboose vent. Large (up to 90 em in length) pyroclasts and vent ejecta (i.e., 

bombs) are on this mound. Photo taken looking west toward Taboose cone in upper 

right of photo. 
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Aberdeen Volcano 

Physical Characteristics 

The products from Aberdeen volcano (36° 58.244'N, 118° 17.760'W) 

stratigraphically underlie Armstrong volcano lava flow. It is located SE ofTaboose lava 

flow. Aberdeen basalt contains 5-10% ultramafic and mafic xenoliths, and 5-10% 

plagioclase megacrysts in outcrop (Table 2.2). The basalt contains 10-15% olivine and 

plagioclase phenocrysts, mostly small grains (less than 2 mm in diameter), and 5-10% 

pyroxene phenocrysts. 

Aberdeen cinder cone is horseshoe shaped with a breach on its east side. Two 

prominent ridges trending east away from Aberdeen vent are composed of pyroclastic 

deposits, some of which lie on top of the lava flow. Pyroclastic deposits are pieces of lava 

that cooled in mid-air and landed around the vent (Scarth, 1994). Many large (> 90 em) 

volcanic bombs occur in this material. These ridges represent ~0.15 km3 of pyroclastic 

material. Aberdeen cinder cone contains large accretionary lava balls, up to 3.6 min 

diameter, some of which are partially eroded and hollow. Large tumuli occur in the 

southern-most portions of the flows. Tumuli are ridges of flow crust that become tilted 

upward during the inflation of a flow lobe (Walker, 1991 ). Flow fronts are buried by 

alluvium. 
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Figure 2.7. Aerial photograph of Aberdeen cone. Dotted pattern outlines ridges of 

rafted cone pyroclasts. Aberdeen cone and flow, Fortney lava, and Armstrong lava 

flow are outlined. 

Interpretation of Physical Features 

Aberdeen volcano underlies Armstrong lava flow, and Fortney lava flow; it 

contains ultramafic and mafic xenoliths that are common among the stratigraphically 

older lava flows in the study area. The eruption of Aberdeen volcano initially formed a 

cinder cone and later generated a lava flow. A large portion of the eastem side of the 

cinder cone was rafted away from the cone and transported down slope atop the basalt 

flow. This rafted pyroclastic material is distributed eastward from the vent in semi

parallel ridges. These ridges are vent pyroclastics pulled away from the cone by erupting 

lava from the base of the cone (Valentine, 2008). The total volume of pyroclastics in the 

ridges(~ 0.24 km3
) is more than the approximate missing (~25%) portion of the 
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Aberdeen cone edifice. The ridges are made up of pyroclastics that include the original 

cone pyroclastics in addition to fallout that rained out onto the lava flow during the 

eruption (Holm, 1987). The outcrops of tumuli at the eastern edge of the flow indicate a 

prolonged inflation of the flow lobe during the course of the eruption (Walker, 1991; Self 

et al., 1998; Pasquare, 2008). 

Blackrock Volcano 

Physical Characteristics 

Blackrock volcano (36° 55.866'N, 118° 17.635'W) is the southernmost vent in the 

map area. Blackrock basalt contains 10-15% ultramafic and mafic xenoliths, 10-15% 

plagioclase megacrysts, and 5-10% pyroxene megactysts (Table 2.2). The basalt contains 

15% or greater in some areas plagioclase phenocrysts, some <5% olivine phenocrysts, 

and 10-15% pyroxene phenocrysts. 

A basalt flow extends down-slope 3.6 km from the vent. Tinemaha road crosses 

through Blackrock basalt near the toe of the flow. Large pressure ridges, tumuli, and 

squeeze-ups in the flow are well exposed at the rest stop on Highway 395 . The Blackrock 

flow is overlain by basalt from Division volcano. This cross-cutting relationship is 

exposed in outcrops along Division Creek where the base ofBlackrock volcano is 

incised. Here, Blackrock basalt is present as thin pahoehoe flows that are overlain by 

younger and xenolith-poor Division basalt. Near the vent some thick portions of the 

Blackrock basalt show a poorly developed columnar jointing. However, much of 

Blackrock basalt is covered by alluvium from Division Creek. Most of the flow is 

exposed as pressure ridges (plates of flow lobe crust that become tilted upward during an 
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eruption (Maley, 2005), squeeze-ups (upward convex bulbous protrusions of lava that 

extrude out of clefts in the flow crust (Maley, 2005), and tumuli (ridges of flow crust that 

become tilted upward during the inflation of a flow lobe (Walker, 1991) which protrude 

through alluvium. The large exposed area of the Blackrock basalt south of Tinemaha road 

contains an isolated area of bedded pyroclastic material (Figure 2.8). Tephra restricted to 

isolated deposits south of Blackrock volcano has a mineral assemblage identical to basalt 

from Blackrock volcano consistent with a fallout blanket covering >5 km2
. 

Interpretation of Physical Features 

The eruption of Blackrock volcano was initially highly volatile-rich forming a 

cinder cone and fallout deposit, and subsequently generated a lava flow. Weathering and 

erosion has left this area appearing as though there is more than one small vent directly 

south of Blackrock volcano. Moore (1963) attributes two vents to Blackrock volcano, 

one toward the base of the Siena slopes and another further up the slopes. However, I 

found only one vent (Figure 2.9). Higher up the slopes, there are exposed layers of 

pyroclastic deposits. This feature, interpreted by Moore (1963) as a vent, falsely 

resembles a discrete vent due to the in·egular distribution of pyroclastic material around 

the true vent. 
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Figure 2.8. Aerial photograph of Blackrock cone and lava flow. Blackrock vent and 

flow, Division flow, and Burro pyroclastics are outlined. Blackrock lava flow is 

annotated with lines showing flow margins, channels, and lobe boundaries. 

Figure 2.9. Aerial photograph of Blackrock cone. Blackrock cone extent is outlined. 

Location of the Blackrock vent is marked with an asterisk and the exposed layering 

that Moore (1963) interpreted as a vent is labeled. 
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Burro pyroclastic deposits 

Physical Characteristics 

Burro pyroclastic deposits (36°56'32.04"N, ll8°15'16.62"W) are an isolated area 

of bedded agglomerate located in a large area of exposed Blackrock lava near Tinemaha 

road (Plate 1). Burro pyroclastic deposits are similar in mineral assemblage to Blackrock 

basalt except Burro pyroclastics do not contain ultramafic xenoliths. The Burro 

pyroclastic deposits are exposed in a small cinder pit near Tinemaha Road. There are 

small(< 10 em in diameter) bombs within the pyroclastic material in the pit walls . As it 

remains today the south wall of the pit has very poor bedding. A large area surrounding 

the pit is covered by pyroclastic material and with a thin alluvial cover. 

Interpretation of Physical Features 

It is uncertain if the Burro cone is a separate vent and cone or if it is just a rafted 

portion of Blackrock cinder cone. Burro cone is isolated in the study area . It does not 

align along any faults with other cinder cones in the study area. The pyroclastics contain 

bedding that formed during the vent eruption. This bedding implies that the pyroclastics 

are original vent fallout (i .e., intact cinder cone material) . It is possible that this bedding 

was deposited in this location or was rafted from Blackrock vent (Holm, 1987; Valentine, 

2008). Burro pyroclastics may represent an isolated vent that produced a small cinder 

cone, not dissimilar from the anomalous outcrops of basalt at Charlie's Butte and the 

southwest comer ofTinemaha Reservoir. These outcrops ofbasalt do not appear to align 

with each other or along any faults in the study area. 
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Armstrong Volcano 

Physical Characteristics 

Armstrong volcano (36° 57.258'N, 118° 20.l21'W) consists of a cinder cone with 

multiple small parasitic (bocca) vents and a basaltic lava flow (Figure 2.10). A bocca vent 

is a vent located on the side of a cone that has lava flow lobes associated with it. The 

parasitic vents develop on the cone slopes and typically have lava flows associated with 

them. Armstrong basalt is flanked on south and north respectively by Division and 

Fortney lava flows. Armstrong basalt has the most distinct outcrop mineral assemblage in 

the study area. Armstrong basalt is free of ultramafic or mafic xenoliths, as well as 

plagioclase or pyroxene megacrysts. However, the basalt has the highest olivine 

phenocryst content (15% or greater) in the study area, with less than 5% plagioclase and 

pyroxene phenocrysts. The olivine grains are uniformly small ( < 2 mm in diameter) 

within the outcrops of A1mstrong basalt. 

Armstrong volcano is located farthest to the west and farthest up-slope in the field 

area. The northwest side of the cone is eroded and dissected by Goodale Creek, which 

exposes a cross-section of the cinder cone stratigraphy (Figure 2.1 0). The north side of 

the cone (36° 57.383'N, 118° 20.304'W) exposes a basaltic dike that is ~4 m thick and 

~50 m long, and oriented N42°E. The basaltic lava that effused from Armstrong volcano 

is composed of multiple lobes, and covers approximately 2800 km2
. This 0.63 km3 flow 

extends ~6. 7 km down-slope as far as the south side of Goodale Creek and south of 

Wagner cinder cone, and is the longest flow in the study area (Table 2.1). This shows the 

potential northern extent of Armstrong lava flows , with a substantial portion being 

32 



covered by alluvium from Armstrong and Goodale canyons. The original front of the 

flow is preserved. Features such as lava tubes, lava channels and levees, and large 

(approximately 2m in diameter) accretionary lava balls are well preserved on the flow 

lobes. In most places, the lava balls are cored by agglomerate blocks. In some cases these 

cores are eroded, leaving them hollow. 

Figure 2.10. Aerial photograph of Armstrong cone, showing basaltic dike location 

and bocca vents. Arrows mark Goodale Creek (top left), 'bocca' vents (center), and 

basaltic dike (bottom left). 
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Interpretation of Physical Features 

Armstrong volcano erupted a cinder cone and lava flow that broke out from the 

base of the cone. Lava erupted from the northwest side of the cone and flowed down 

slope towards the east. Samples from the distal portions of the basalt flow yield a 3He 

exposure age of ~ 11-13 ka (Cerling, 1990) (Figure 2.3). Some of the lava effused from 

small parasitic vents (boccas) on the east side and southeast side of the cone. The flow 

grew by sequential lobe emplacement. Portions of the flow formed squeeze-ups, pressure 

ridges, and tumuli features during the eruption indicating inflation after emplacement 

(Kilburn, 2000). Lobes of Armstrong basalt flowed around Aberdeen volcano. 

Division Volcano 

Physical Characteristics 

Division volcano (36°56'52.35"N, 118°19'42.02"W) is located south of 

Armstrong volcano in the west portion of the study area (Figure 2.11 ). Division basalt 

contains 5-10% felsic xenoliths, and 10-15% plagioclase megacrysts. The basalt contains 

15% or greater plagioclase phenocrysts, and less than 5% olivine and pyroxene 

phenocrysts . Southeast of Division cone, there are localized patches of outcrops with 

higher concentration of plagioclase megacrysts. 

Division volcano is a cinder cone that erupted lava from parasitic vents along the 

flanks. South of the cone is a small mound of bedded pyroclastic material ( ~ 7200 m2
). 

Division lava is relatively rich in plagioclase and poor in olivine phenocrysts compared to 

other lavas in the study area (Table 2.2). Some plagioclase crystals are up to 1.5 em in 
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length. The lava contains ridges that are topped by pyroclastic material that has the same 

porphyritic mineral assemblage as Division cinder cone (Figure 2.11). Division lava has 

similar flow features (e.g. , lava tubes, lava channels and levees, and large (up to 2 m in 

diameter) accretionary lava balls) as Armstrong volcano, but is covered by more 

alluvium. The southern lobe of the flow is almost completely covered by alluvium 

apparently derived from Division Canyon Creek, and is only exposed where squeeze-ups, 

and channel levees crop out above the alluvium. The leading edge of the south lobe is 

exposed south and east of the Los Angeles Department of Water and Power station 

(36°56'22.44"N, ll8°16'57.59"W) powerhouse along Division Creek. Division flow 

preserves original lava channel levees. Like Armstrong flow, the Division flow has 

hollow and filled large accretionary lava balls(~ 3m in diameter). 
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Figure 2.11. Aerial photograph of Division volcano. Division vent, Pyroclastic 

mound and localized concentrated patches of plagioclase megacryst outcrops 

labeled. 

Interpretation of Physical Features 

Division volcano erupted a cinder cone and lava flow that broke out in multiple 

lobes from the eastern side of the cone. The lava flow was emplaced by multiple lobes 

that formed channels and levees. The lobes moved along the southern edge of the 

Armstrong flow. The northern lobes of Division flow overlie Armstrong basalt (Plate 1 ). 

Alluvium deposition out of Division Canyon is likely to have controlled the slope 

topography allowing Division lava to flow over it (Figure 2.12). The southern lobes 

overlie Blackrock basalt (Figure 2.8) and thus were not diverted during flow, suggesting 

that alluvium had aggraded to the upper levels of the Blackrock flow by the time of the 

Division eruption. Portions of Division cone rafted away partly when the south side of 

the cone partially collapsed during the eruption. A small portion of the cone either rafted 
36 



away or was the result of fallout on a moving lava flow away from Division cone 

approximately 30 m south resulting in the small mound of bedded pyroclasts (Figure 

2.11 ). The cinders on top of the ridges to the southeast were likely a result of fallout from 

the vent on the moving lava that carried them away with the lava during the eruption. The 

cinder "cone" is asymmetric, which makes identification of a main vent somewhat 

ambiguous (cf. Scarth, 1994; Valentine et al., 2008; Wood, 1980). 

Figure 2.12. Selected portion from Plate 1, map of Division Creek. Blackrock Lava 

flow (Qb6) is in red; Blackrock pyroclastic deposits (Qbp6); Burro pyroclastic 

deposits (Qbp3) and Division lava flow (Qb1 and Qbp1) are in pink; Armstrong lava 

flow (Qb4) is in purple; and alluvium (Qal) is in tan. Black arrows show flow 

direction. 

Fortney Lava 

Fortney lava flow contains both aa and pahoehoe lobes. Pahoehoe lava flows 

show a smooth continuous surface. The surface is due to development of a decimeter(s) 

thick crust that develops across the entire flow surface (Kilburn, 2000). This crust 

insulates the heat and the lobes grow slowly in stages by inflation of the crustal covering. 
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Aa and block lava have very in·egular surfaces made up of broken flow crust. Blocky lava 

has surfaces with fractured and broken lava fragments that are larger in scale than aa lava 

flow debris (sometimes meters across) (Kilbum, 2000). Aa and blocky lava flows 

advance quickly and the surface cmst cmmbles at the margins of the flow fronts. As these 

flows progress they often develop into channels that may overtime form lava tubes. 

Physical Characteristics 

Fortney lava overlies both Taboose basalt and Wagner cinder cone (Plate 1). This 

lava flow has two lobes north and south of Taboose cone. Fortney basalt contains 5-10% 

felsic (granitic) xenoliths and is free of ultramafic and mafic xenoliths. The basalt 

contains 10-15% plagioclase megacrysts, and 5-10% olivine and plagioclase phenocrysts, 

and less than 5% pyroxene phenocrysts. The apparent vent is located 0.5 krn north and 

west of Taboose cone but the area is partly covered by alluvium (Figure 2.13). 

West ofTaboose cone, lava tubes radiate out from a local topographic high (Plate 

1) . The largest section of Fortney lava tubes are 3m in height, 9 m wide, ~25m long, 

and ~6 m below the flow top. This vent area also contains pahoehoe flow lobes that 

intercalate with aa and block lava. Fortney basalt is predominantly block lava with 

transitions to shelly-pahoehoe and then aa lava (e.g., Swanson, 1973; Selfet al. , 1998; 

Valentine et al., 2005). Shelly-pahoehoe develops at or near the vent from small lobes 

that grow one on top the other with the small flow cmsts (surfaces) remaining in stacks of 

shelly-plates (Self et al., 1998). Small breakouts from the margins or fronts of blocky 

flow and aa lobes generated small pahoehoe flows (e.g., Macdonald, 1953; Valentine et 
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al. , 2008). Shelly-pahoehoe extends from the Fortney vent area down into the crater of 

Taboose cone on the west side of the cone (Figure 2.13 ). Agglutinate mounds occur at 

the southern end of the vent area abutting up against Wagner cone (Plate 1 ). Agglutinate 

is a pyroclastic rock made up of flattened welded spatter and or pyroclasts. 

Interpretation of Physical Features 

Fortney lava flow contains volcanic features more in keeping with a Hawaiian 

style eruption than a Strombolian eruption, although it may be associated with the 

eruption of Wagner volcano. This may show a dynamic transition in the magma source 

toward a larger volume flux at the time of lava of this eruption. 

A small lobe ofF ortney lava flowed down into the crater of Taboose cone, and 

two large series of lobes flowed around on either side of Taboose cone. A large series of 

lobes on the south side continue down slope about as far as the present day Goodale 

Creek campground ( ~4.8 km from vent) and another large series of lobes flowed on the 

north side and continue to the present day Taboose Creek campground ( ~6.2 km from the 

vent) . The Fortney lava erupted and flowed around Taboose cone and covered most of 

the Taboose cone basalt flow (Plate 1 ) . As the eruption developed the lava formed tubes 

and cha1mels as it moved down toward the flow front west of Taboose creek 

campground. 

The area between Taboose and Wagner cones contains extensive shelly-pahoehoe 

lobes radiating out from just west southwest of Taboose cone and Nmih of Wagner. 
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Shelly-pahoehoe develops near the vent and implies that Fortney lava flow erupted either 

from a single vent or multiple small vents that are buried by alluvium (Self, 1998). 

Mineral assemblages are similar between Fortney basalt and Wagner cinder cone. 

Fortney basalt appears to be erupted from a vent or vents very close to the base of 

Wagner cinder cone. It is possible that Fortney Lava represents a lava flow from Wagner 

cinder cone. Fortney lava flow does not contain rafted pyroclastic material on the lava 

flow lobes. Fortney lava flow may have been a separate eruption episode of Wagner 

volcano. This may have occurred through a secondary vent. 
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Figure 2.13. Aerial photograph of Fortney vent area with selected flow features 

labeled. 

The transitions between pahoehoe and aa are common in Fortney lava flow and 

are located close to the vent area (Figure 2.13). The more transitional pahoehoe forms 

occur as the flow lobes progress out and around either side of Taboose cone. These 

include both the small flow front extmsions and shelly transitional fonns. Small breaks or 

tears in the aa lava flows may result in small extmsions of pahoehoe lava that may or 

may not fully develop into a mature flow. These lava style changes indicate a topographic 
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transition in the slope as the flows move from the flat area west of (Taboose cone) and 

around Taboose cone eastward where the slope increases slightly toward the valley floor. 

They also signify an increase in volume flux from the vent during the course of the 

emplacement of the flow lobes that contain the transitional forms (Self, 1998; Rowland 

and Walker, 1987). Fortney lava flow lobes take on aa channels and multiple aggrading 

aa lobe patterns eastward down the slope from Taboose cone. 

Metate Volcano 

Physical Characteristics 

Metate Volcano is located southwest of Taboose volcano along a lineation 

parallel to the frontal fault trend. Armstrong, Metate, Wagner, and Taboose volcanoes 

align along this trend (Plate 1). The exposure ofMetate basalt contains < 5% large 2-5 

mm olivine phenocrysts, < 5% mafic xenoliths, < 5% plagioclase phenoctysts, and large 

5-l 0 mm pyroxene megacrysts. The cone crater is horseshoe-shaped and contains 

abundant bombs 20 to 30 em in diameter. The extent of the lava from this cone is unclear 

due to alluvial deposits that cover them. Metate lava flow is mostly covered by alluvium, 

and there are no outcrops ofMetate lava west of the cone (Figure 2.14). The only 

exposures of Me tate lava flow are southeast of the crater. These are mostly cinders 

covered by alluvium with a few exposed outcrops of squeeze-ups (Plate 1 ). 
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Figure 2.14. Aerial photograph of Metate and Wagner cones. 

Interpretation of Physical Features 

The eruption ofMetate volcano formed a cinder cone and possibly a lava flow. 

The eruption ofMetate volcano preceded the eruption of Wagner volcano and the mineral 

assemblages in the pyroclastics are different than that ofWagner Volcano. The full extent 

of lava that flowed out of the southeast side of Metate vent is buried by alluvium. The 

number of bombs and their styles indicate a less-volatile rich magma that produced a 

wetter Hawaiian style eruption (Valentine, 2008). The significant differences between the 

mineral assemblages ofMetate and Wagner cone or Fortney lava flow support an 

interpretation of these cinder cones fmming from separate eruptions at different times 

(Figures 2.1 and 2.2). In addition the cone deformation pattern of Metate cone does not 

coiTelate with Wagner cone morphology or the Fortney lava flow, except for both Metate 

and Wagner cones having small pyroclastic protrusions on their northeast sides. 
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Wagner Volcano 

Physical Characteristics 

Wagner volcano is one of the best preserved and most symmetrical cinder cones 

in the study area (Figure 2.15). Wagner cone pyroclasts are poor in xenoliths, xenocrysts, 

or megacrysts. The Wagner cone pyroclastic material contains < 5% felsic xenoliths and 

is free of ultramafic and mafic xenoliths. The basalt contains 5-l 0% plagioclase 

megacrysts, < 5% olivine phenocrysts, < 5% plagioclase phenocrysts, and < 5% pyroxene 

phenocrysts. Wagner cone also contains< 20 em bombs. Wagner cinder cone abuts and 

overlaps Metate cone. The north side of the cone is covered by Fortney basalt. 

Interpretation of Physical Features 

The eruption of Wagner volcano formed a single cinder cone. Wagner volcano 

appears to be the least deformed cinder cone in the study area. The eruption ofWagner 

volcano produced a small cinder cone. The cone pyroclastics are larger in size and more 

welded with small localized agglutinate (inside the cone crater). Agglutination of 

pyroclasts is the instantaneous flattening of hot, soft pyroclasts upon landing. The 

accumulation of these flattened pyroclasts results in piles or mounds of agglutinate or 

spatter piles that becomes welded into a coherent rock (Wolff and Sumner, 2000). 

Wagner cone pyroclastic material is similar in mineral assemblage to Fortney lava flow. 

F01iney lava flow erupted from a vent on the northwest side of Wagner cone. There is not 

enough evidence to support an interpretation ofF ortney lava flow erupting out of Wagner 

vent. If Fortney basalt could be detennined to be identical to Wagner pyroclastics using 
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detailed chemical analysis, then an interpretation ofF ortney lava erupted from Wagner 

Volcano would be possible. However without such detailed analysis it is not possible to 

make such an interpretation. If such an eruption occurred it would mean that Wagner 

cone did not erupt lava from bocca vents on the sides of the cone or deform the cone from 

a breakouts lava flow at the cone base. This would have to be taken into consideration, as 

it would make the eruption Wagner Volcano and Fortney lava flow unique among the 

vents in the study area. 

Figure 2.15. Aerial photograph of Wagner cone and Fortney lava. Wagner cone and 

Fortney lava are outlined. Goodale Creek is located in bottom right corner. 
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Slope base cones 

Physical Characteristics 

Six small cinder cones located at the base of the Sien·a Nevada slope, in the 

northwestern portion of the study area, west of Taboose, Wagner, and Me tate cones. 

These six cinder cones are Goodale (36°57'50.70"N, 118°20'11.87"W), Elk 

(36°58'2.40"N, 118°20'4.01 "W), Antler (36°58'29.86"N, 118°19'55.13"W), Big Horn 

(36°58'40.61 "N, 118°19'46.23"W), Shingle Mill (36°59'8.33"N, 118°19'41.85"W), and 

Prospect cones (36°59'24.09"N, 118°19'40.14"W). The cones are oriented along a 

northeast trend, and each has a different mineral assemblage. Most have large (up to 2 em 

in length) pyroxene megacrysts and plagioclase megacrysts. The cones along the slope 

base of SieiTa Nevada Mountains are not associated with large basalt flows. Shingle Mill 

and Prospect cones have small outcrops of basalt and small parasitic vents on the east 

side of the cones. These cones have no areas of overlapping pyroclastics, fallout or lava 

flows and indicate no relative age constraints between them. Goodale cone is the most 

developed of the slope cones, and is dissected by Goodale Creek (Figure 2.16). The 

dissected cone contains bedded pyroclastic material and thin lava flows. 

Interpretation of Physical Features 

Six small vents erupted along a lineament across the slopes at the base of the 

Sierra Nevada in the study area (Plate 1). These vents had short-lived eruptions of 

volatile-rich magma that formed small cinder cones or patches of pyroclastics with no 

large lava flows erupted from the vents. 
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The slope base cones are smaller than the other cinder cones in the study area and 

their eruptions were not as voluminous or extensive (Figure 2.17). The alignment of the 

cones along a trend parallel to Sierran frontal faults suggests the origin of these vents is a 

tectonically driven dike intrusion within the plane of the frontal faults. The absence of 

observed lava flows around these vents suggests that the eruptions were not sustained 

long enough to progress into a lava flow stage. The relatively small size of these vent 

pyroclastic deposits compared to other vent products in the study area suggests the 

volatile-rich intrusion degassed forming primitive cinder cones without an increase in 

volume great enough to form a substantial lava flow deposit. Armstrong lava flow covers 

the area east of Goodale cone. Armstrong flow is mostly covered by alluvium. 

Figure 2.16. Aerial photograph of Goodale cone. Black lines outline Goodale cone 

and contact of Armstrong lava flow. Armstrong lava flow is mostly covered here by 

glacial till and alluvium from Armstrong Canyon. Goodale cone is dissected by 

Goodale Creek that runs out of Armstrong Canyon (labeled on figure). 
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Figure 2.17. Aerial photograph of the slope cones, with cones outlined and vents 

labeled. Dashed line approximates the Sierra Nevada frontal fault trend. 
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Pyroclastic deposits 

Pyroclastic deposits are restricted to a few isolated outcrops in the study area. 

South ofTaboose cone (0.6 km) and east of Wagner cone (0.5 km) are outcrops of a 

palagonitic tuff(N36° 58' 49.9", W 118° 18' 14.4") (Figure 2.18). The tuff layer contains 

two beds (Band C) that occur between Armstrong and Fortney basalt layers (Figures 

2.18 and 2.19). Underlying a layer of Armstrong basalt is another tuff layer (A). Tuff 

layer (A) contains lithic fragments of basalt that contain large ( ~ 1 em) pyroxene and 

plagioclase megacrysts. Basalt fragments in layers B and C resemble Fortney Basalt and 

may represent early Wagner pyroclastics, although ultramafic and mafic xenoliths were 

not observed. The tuff layers have an attitude ofN51 oE, 30°SE. Fallout deposits in the 

study area are very sparse, due in part to the high degree of erosion across the alluvial 

fan. The Strombolian eruption style of these vents erupt the vast majority of fallout 

within 500 m of the vent (Vergniolle and Mangan, 2000). The plumes produced by these 

eruptions represent <0.17 % of the total mass fraction of the erupted lava (Vergniolle and 

Mangan, 2000). Fallout from cinder cones erupted on an alluvial fan is inherently 

unlikely to be well preserved due to the constant process of erosion and deposition across 

the alluvial fan . Burial by a subsequent lava flow protected the fallout deposits at this 

outcrop from erosion. Other portions of the study area may contain early cone building 

fallout preserved underneath lava flow lobes. 

49 



Figure 2.18. Bedded palagonitic tuff along Goodale Creek. 
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Figure 2.19. Stratigraphic column of palagonitic tuff outcrop shown in Figure 2.18. 

Observed lava and tuff units are labeled. Unit thickness was measured using the 

Jacob staff method. 
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Pyroclasts and alluvium on east side of Taboose cone 

East of Taboose cone is an area of cinders and pyroclasts from Taboose cone, 

surrounded on the north and south by Fortney lava flow. The pyroclasts in this area are 

covered by a thin deposit of alluvium (not differentiated form other alluvium in the area 

on Plate 1). This alluvium ranges in size from fine sand to silt and beneath it is tephra 

from Taboose cone. 

DISCUSSION 

Strombolian and Hawaiian-style volcanism in the Aberdeen area 

The basaltic cinder cone and lava flow characteristics of the study area volcanoes 

suggest Hawaiian and Strombolian styles of eruptions. Strombolian and Hawaiian 

eruptions are characterized by a subdued intensity and magnitude of eruption, and low 

viscosity of the magma erupted. Strombolian and Hawaiian eruptions are differentiated 

by the amount of gas flux or volume flux of erupted material during the eruption and they 

frequently transition from one to another (Vergniolle and Mangan, 2000). The two styles 

are modeled as a two-phase flow model (e.g., analogous to gas - liquid systems) 

(Valentine et al. , 2008). 

The eruptions of Blackrock, Aberdeen, Me tate, and Taboose volcanoes produced 

fallout that extended more than one km from their vents. The Strombolian style of the 

eruptions indicates that magmatic volatiles were an important component of nearly all of 

the erupted basaltic magmas (Valentine et al., 2008). The morphology of most of the 

cones reflects deformation by lava flows that effused from the base of the cones, and 
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resulted in a high degree of pyroclast entrapment into the erupting lava flows. The late

stage lavas associated with the cinder cones indicate a general decrease in magmatic 

volatiles over the course of the eruptions. 

Some variation in eruption style is reflected by the variable volumes and pyroclast 

welding associated with the different cinder cones. The A1mstrong and Division cones 

are relatively small and contain pyroclasts that exhibit a higher degree of welding than 

other cones in the study area. These characteristics suggest a high flux of effusion and 

pyroclast accumulation during the eruption (Valentine et al., 2008; Kilburn, 2000; Scarth, 

1994). The small amount ofpyroclastic deposits associated with Fortney lava flow 

suggests a Hawaiian-style eruption. The scarcity of preserved or exposed fallout in the 

study area suggests a low steady plume composed of discrete bursts, which did not reach 

a degree of plume buoyancy to disperse tephra very far. This paucity of fallout is 

characteristic of strombolian eruptions (Valentine and Gregg, 2008). However, much of 

the original fallout might be removed by aggradation of alluvial deposits. Most of the 

cinder cones in the study area are asymmetric, and the possible explanations for this 

observation include shifting vent locations, forcing of tephra dispersal by prevalent 

winds, deformation due to rafting by lava flows , and growth on variably sloping ground 

surfaces (e.g., Wood, 1980; Macdonald 1953; Scarth, 1994). lfthe asymmetry of the 

cinder cones is explained by the predominant wind direction at the time of eruption, then 

the cinder cone morphology suggests a dominant north-to-south direction for prevailing 

winds at the time of eruption. 
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Those basalt units containing significant amounts of ultramafic xenoliths are 

located lower in the volcanic stratigraphy relative to those that lack (or contain relatively 

few) ultramafic xenoliths . The xenolith-rich basalts (Blackrock, Aberdeen, and Taboose 

volcanoes) all underlie xenolith-poor basalts (Armstrong, Division, and Fortney). 

The mafic and ultramafic xenoliths found in the BPVF range include Cr-diopside 

group spinel ( ol + opx + cpx) lherzolites, subordinate green pyroxenites and wehrlites, 

and minor Al-augite pyroxenites and wehrlites (Beard and Glazner, 1995). Both 

B lackrock and Taboose basalts are reported by Beard and Glazner ( 199 5) as containing 

Cr-diopside group spinel lherzolite xenoliths. The presence of ultramafic and mafic 

xenoliths in the stratigraphically lowest flows erupted in the study area indicate that the 

magma source that fed these vents rose rapidly through the crust before erupting, 

preventing the xenoliths from settling out of the magma during ascent. These mafic and 

ultramafic xenoliths are derived from lithospheric mantle (Ormerod, eta!., 1991). The 

abundance of granitoid xenoliths in the youngest lava flows of the study area indicates 

that the younger eruptions had the greatest interaction with Sierran basement material 

subsequent to eruption. 

The predominance of aa flows in the study area indicates that the eruptions in 

general were of high volume flux and were emplaced within a relatively short period 

(Rowland and Walker, 1990; Valentine eta!., 2008). Assuming a minimum eruption 

volumetric flow rate of 10-103 m3 I s, which is the range observed for Hawaiian eruptions 

(Rowland and Walker, 1990), the minimum emplacement time durations for the major 

lava flows can be estimated. The ranges are as follows: Blackrock lava flow emplacement 
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time ranges from 36.8 days - 243 days; Taboose lava flow emplacement time ranges 

from 2.6 days - 266 days; Aberdeen lava flow emplacement time ranges from 5.5 hours -

23 days; Armstrong lava flow emplacement time ranges from 14.5 days- 3.98 years; 

Division lava flow emplacement time ranges from 3.93 days - 1.1 years; and Fortney 

lava flow emplacement time ranges from 5.3 days- 1.4 years. 
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CHAPTER3 

INTER-LAVA VARIATION OF OLIVINE PHENOCRYSTS 

Introduction 

Geologic mapping of the study area reveals six principal basalt flows (Plate 1 ). 

These basalt flows are discriminated and mapped based on their phenocryst mineralogy 

and modal proportions, xenolith content, as well as outcrop characteristics. In order to 

test the field and hand sample discrimination of the lavas, olivine phenocrysts from the 

principal flow units were analyzed using energy dispersive x-ray spectroscopy (EDS), as 

well as by conventional thin section petrography of the different lava units. 

X-ray analysis of phenocryst and inclusion composition 

Samples were collected in the field from dense internal portions of the six 

principal basalt flows in the study area, and thin-sectioned for petrographic analysis . The 

unused portions of the thin-section billets from the basalts were sawed and mounted in 

epoxy, polished, and coated with carbon. The phenocryst mounts were imaged and 

analyzed using a FEI Quanta 600 scanning electron microscope with an Oxford INCA x

sight Si(Li) energy dispersive x-ray detector, located in the Department of Geological 

Sciences at CSU Northridge. Characteristic X-rays (K-a lines) for Mg, Fe, Si, Cr, AI, and 

Ti were measured by a ~ 1 nA beam (<1 micrometer spot) at 15 kV accelerating voltage. 

X-ray peaks were counted for a live time of 60 seconds. Measured intensities were 

calibrated using C.M. Taylor Company natural standards, with reproducibility of 

forsterite content (Fo) (Fo# =atomic lOO*[Mg/(Mg+Fe)]) within 1 % of accepted values 
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for the olivine standard, and within 0.5 % for the Cr content (Cr# = atomic 

1 OO*[Cr/(Cr+Al)]) of the chromite standard. 

Results 

In general, the olivine phenocrysts contain cores that are higher in Forsterite 

number (Fo#) than rims (Tables 3.1- 3.4). Core-to-rim zoning of Fe and Mg is evident 

in backscattered electron images of most olivine phenocrysts in the basalts (Figures 3.1 -

3.11). Olivine phenocrysts from several flows contain small (~ 10 micrometer) euhedral 

to subhedral inclusions of spinel (Figures 3.6 - 3.11). Measured core and rim Fo contents 

range from Fo80 to Fo90 with significant overlap ofvalues between mapped flows (Figures 

3.1 , 3.2 and 3.5). In most cases, olivine phenocrysts in the lavas have cores with higher 

Fo content than corresponding rims (Figure 3.5). The Fo contents of phenocryst cores and 

rims are lower than the restricted range of Fo89-Fo9 1 reported by Beard and Glazner 

(1995) and Lee et al. (200 1) for olivines from mantle xenoliths in BPVF basalts at Oak 

Creek (Figure 3.2). In backscattered electron images, olivine phenocryst rims have 

grayscale values (where brightness is proportional to mean atomic number of matrix) 

identical to the olivines in the groundmass, suggesting similar Fo content. The rimward 

decrease inFo content in single phenocrysts suggests either 1) evolution of the host basalt 

to cooler and/or higher degrees of crystallization, probably during magma ascent and lava 

emplacement (e.g. , Maaloe and Hansen, 1982; Larsen and Pederson, 2000) or 2) diffusive 

re-equilibration of olivine phenocrysts due to rapid changes in host magma composition 

(e.g. , Moore and Evans, 1967; Costa and Chakraborty, 2004). Cr-spinel inclusions in the 

olivine phenocrysts have a general inverse relation between Cr and AI as well as Fe and 
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Mg (Figures 3.3 and 3.4). Cr contents range from Cr20 to Cr90 with the largest range 

associated with the Aberdeen flow. Although Fo contents are similar for olivine 

phenocrysts from the principal basalt flows , spinel inclusion compositions are distinct 

between the flows (Figure 3.5). 

Discussion and Conclusions 

The combined mapping and petrography reveals that the presence of Cr-spinel 

inclusions in the olivine phenocrysts is generally correlated with stratigraphic position of 

the six principal lava flows in the study area, with a general decrease in the abundance of 

spinel-bearing olivine phenocrysts with upward progression in stratigraphy. The presence 

of xenolith-rich and xenolith-poor basalts was recognized by previous petrologic studies 

(e.g., Reid and Ramos, 1996; Beard and Johnson, 1997), but their stratigraphic context 

was unknown. The three older vents (Taboose, Aberdeen, and Blackrock) erupted basalt 

with spinel-bearing olivine phenocrysts as well as mafic (gabbroic) and ultramafic 

(peridotite-pyroxenite) xenoliths. The two stratigraphically younger vents (Division and 

Fortney) erupted basalts that have olivine phenocrysts that are free of spinel inclusions. 

These lavas lack ultramafic and mafic xenoliths and instead contain felsic crustal 

xenoliths. These felsic xenoliths are derived from Sierra Nevadan granitoids (Gillespie et 

al. , 1983; Beard and Glazner, 1995). In addition, the stratigraphically youngest lavas 

have olivines with more restricted Fo contents (Figure 3.1). The stratigraphically middle 

vent (Armstrong) that erupted in between the oldest (Taboose, Aberdeen, and Blackrock) 

and youngest (Division and Fortney) eruptions lacks ultramafic and mafic xenoliths. 

However, Atmstrong flow contains olivine phenocrysts with chromium-spinel inclusions. 
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This temporal trend of xenolith content suggests that ascent rates for the older basalts 

(Taboose, Aberdeen, and Blackrock) were faster than for the younger basalts (Division 

and Fortney) (Kamenetsky et al. , 2000; Mordick and Glazner, 2006). If basalts have 

significant residence in the crust prior to eruption, then they are likely to fractionate their 

xenoliths due to density differences between xenolith and basaltic melt (Mordick and 

Glazner, 2006). Alternatively, the conditions of xenolith entrainment may have changed 

so that basalts contained little or no peridotites or pyroxenites as they ascended from 

mantle. Mordick and Galzner (2006) concluded that BPVF basalts spent little time in the 

crust based on pyroxene geobarometry and the fact that rhyolite is rare in the BPVF. 

The results from EDS analysis suggest that the olivine phenocrysts are distinct 

between the principal flows and are not simply xenocrysts. The combined Fo-Cr contents 

of the olivine-spinel pairs do not overlap the field associated with olivine-spinel pairs 

from mantle-derived peridotites (Arai, 1992), indicating that the analyzed olivines are not 

derived from disaggregation of the ultramafic xenoliths that occur in BPVF basalts (e.g., 

Beard and Glazner, 1995). Several phenocrysts from the Blackrock flow have relatively 

high Fo contents (Fo ~89) that are similar to mantle-derived xenoliths at BPVF (Figure 

3.2) and basaltic fields from different tectonic environments (Arai, 1992; Wang et al., 

2002). In general, the observed relation between olivine Fo and spinel Cr content is 

typical of intraplate alkalic basalts and tholeiites (Arai , 1992) as is the case for the BPVF 

(Varnell, 2006). In conclusion, the distinct phenocryst compositions support the 

discrimination of the map units (Plate 1) using field observations. 
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Sample location Avg S.D . n 

47 (Taboose) 
core 85.5 0.55 10 
rim 84.2 1.60 10 

65 (Biackrock) 
core 87.4 2.60 10 
rim 86.4 2.47 10 

36 (Aberdeen) 
core 86.9 1.85 10 
rim 85.7 2.42 10 

28 (Armstrong) 
core 84.3 1.38 10 
rim 83 .7 2.07 10 

29 (Division) 
core 85 .1 0.64 10 
rim 85.2 0.56 10 

97 (Fortney) 
core 85.4 0.43 10 
rim 84.6 0.86 10 

Table 3.1. Fo number between cores and rims of ten olivine phenocrysts from each 

of the major lava flows. Avg: average Fo number, S.D.: standard deviation of the 

sample population, n: number of measurements. 

Sample Avg S.D. n 

47 (Taboose) 41.95 8.97 5 

65 (Biackrock) 42.13 2.65 9 

36 (Aberdeen) 52 .90 24.7 9 

28 (Armstrong) 31.66 3.61 6 

Table 3.2. Spinel inclusion chromium number (Cr/(Cr+Al))xlOO. Avg: average 

calculated Fo number, S.D.: standard deviation of the sample population, n: 

number of measurements. 
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Lava Sample and session date Avg Fo# S.D. S.E. 

Taboose 47 (05/27 /2008) 91.88 0.17 0.07 

Blackrock 65 (05/28/2008) 92.36 0.03 0.02 

Aberdeen 36 (05/28/2008) 92.29 0.19 0.09 

Armstrong 28 (05/29/2008) 92.36 0.03 0.02 

Division 29 (05/29/2008) 92.29 0.19 0.09 

Fortney 97 (06/3/2008) 91.83 0.17 0.08 

CM Taylor olivine standard, Fo# accepted value: 91.44 

Table 3.3. Forsterite number measured for CM Taylor olivine standard during 

different analysis sessions. Sample number and date of session: Day/Month/Year 

measurements, A vg Fo#: average forsterite number calculated from the 

measurements, S.D.: standard deviation of the sample population, S.E.: standard 

error of the data sets. 

Lava Sample and session date Avg Cr# S.D. S.E. 

Taboose 47 (05/27 /2008) 55.88 0.28 0.12 

Blackrock 65 (05/28/2008) 55.75 0.24 0.17 

Aberdeen 36 (05/28/2008) 56.86 0.63 0.28 

Armstrong 28 (05/29/2008) 56.10 0.22 0.08 

CMT Taylor chromite standard, Cr# accepted value: 57.21 

Table 3.4. Chromium numbers [(Cr/(Cr+Al)) xlOO] measured for CM Taylor 

chromite standards during different analysis sessions. Sample number and date of 

session: Day/Month/Year measurements, Avg Cr#: average chromium number 

calculated from the measurements, S.D.: standard deviation of the sample 

population, S.E.: standard error of the data sets. 
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Figure 3.3. Comparison of Cr to AI in the oxide inclusions in the olivines. 
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BSE Images of olivine phenocryst in basalt samples 

Figure 3.6. BSE image of olivine phenocryst in Fortney Basalt (S97 _071907 _02), 

Location: N 36° 58' 51.5", W 118° 18' 36.9". 
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Figure 3.7. BSE image of olivine phenocryst in Blackrock Basalt (S65 071207 02), 
- -

Location: N 36° 55' 58.0", W 118° 17' 36.5". 
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Figure 3.8. BSE image of olivine phenocryst in Taboose Basalt (S47 _ 061207 _ 01), 

Location: N 36° 59' 43.3", W 118° 16' 42.4". 
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Figure 3.9. BSE image of olivine phenocryst in Aberdeen Basalt (S36 _ 062307 _ 03), 

Location: N 36° 58' 22.1", W 118° 17' 10.3". 
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Figure 3.10. BSE image of olivine phenocryst in Division Basalt (829 _062107 _07), 

Location: N 36° 57' 05.3", W 118° 19' 33.2". 
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Figure 3.11. BSE image of olivine phenocryst in Armstrong Basalt (S28 _ 062107 _ 06), 

Location: N 36° 57' 30.3", W 118° 19' 54.5". 
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CHAPTER4 

CONCLUSIONS 

Field mapping of the Aberdeen area of the Big Pine volcanic field reveals vents 

representing fifteen individual eruptions. Ten of the vents produced lava flows although 

the majority of lava in the study area erupted from six vents. These six major flows are 

discemable in the field based on phenocryst assemblage. The eruptions were mostly 

strombolian style, with rare Hawaiian style effusion of lava. The relative stratigraphy of 

the vents and flows based on field mapping is consistent with published isotopic ages. 

The oldest basalt eruptions in the study area contain ultramafic xenoliths and olivine 

phenocrysts with Cr-spinel inclusions whereas the younger do not. X-ray analysis of 

olivine phenocryst and cr-spinel inclusion composition supports the discrimination of 

lavas based on field mapping. 
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APPENDIX A 

THIN-SECTION DESCRIPTIONS OF BASALT SAMPLES 

S103-072307-01 (Big Horn basalt) Location: N 36° 58 ' 43.8", W 118° 19 ' 42" 

Figure 1. Thin-section of photograph of Big Horn basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 15% olivine as 

porphyritic euhedral to idiomorphic grains, 35% plagioclase interstitial feldspar in the 

groundmass, 10% pyroxenes with anhedral grain boundaries, 10% vesicles, and 30% 
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interstitial oxides and altered glass in the groundmass. Large olivine grains show kink 

banding. 

8107-072307-05 (Prospect basalt) Location: N 36° 59 ' 18.1", W 118° 19 ' 19.2" 

Figure 2. Thin-section photograph of Prospect basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 10% olivine as 

porphyritic euhedral grains, 25% plagioclase interstitial feldspars in the groundmass, 5% 

pyroxenes with anhedral grain boundaries, 15% vesicles, and 45% interstitial oxides and 

altered glass in the groundmass. 
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S106-072307-04 (Shingle Mill basalt) Location: N 36° 58' 57.7", W 118° 19' 26.7" 

Figure 3. Thin-section photograph of Shingle Mill basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 10% olivine 

porphyritic to idiomorphic euhedral with inclusions and partial dissolution of grain 

boundaries, 40% plagioclase interstitial feldspar laths showing flow texture, ~ 1% 
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pyroxenes with euhedral grain boundaries, 10% vesicles, and 40% interstitial oxides and 

altered glass in the groundmass. 

SlOS-072307-03 (Elk basalt) Location: N 36° 58' 3.4", W 118° 19' 59.5" 

Figure 4. Thin-section photograph of Elk basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 10% olivine as 

porphyritic euhedral grains, 40% plagioclase interstitial feldspar laths with flow texture in 

the groundmass, ~ 1% pyroxenes with anhedral grain boundaries, 20% vesicles, and 25% 

interstitial oxides and altered glass in the groundmass. 
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8104-072307-02 (Antler basalt) Location: N 36° 58' 32, W" 118° 19' 56.2" 

Figure 5. Thin-section photograph of Antler basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 5% olivine as 

porphyritic euhedral grains, 30% plagioclase interstitial feldspar laths with flow texture in 

the groundmass, ~ 1% pyroxenes as anhedral grains, 40% vesicles, and 25% interstitial 

oxides and altered glass in the groundmass. Large olivine grains show kink banding. 
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8113-072407-06 (Blackrock basalt) Location: N 36° 55 ' 30.1 ", W 118° 16' 42.0" 

Figure 6. Thin-section photograph of Blackrock basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 15% olivine as 

porphyritic euhedral grains, 25% plagioclase interstitial feldspar laths in the groundmass, 

5% pyroxenes as anhedral grains, 35% vesicles, and 30% interstitial oxides and altered 

glass in the groundmass. Larger olivines show kink banding. 
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8114-072407-07 (Armstrong basalt) Location: N 36° 57' 52.2", W 118° 19 '34.0" 

Figure 7. Thin-section of photograph of Armstrong basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 15% olivine 

with porphyritic euhedral grains, 35% plagioclase interstitial feldspar laths in the 

groundmass, ~ 1% pyroxenes with anhedral grain boundaries, 15% vesicles, and 15% 

interstitial oxides and altered glass in the groundmass. 
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SllS-072607-01 (Burro basalt) Location: N 36° 56 ' 31.7", W 118° 15' 16.3" 

Figure 8. Thin-section photograph of Burro basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 20% olivine as 

porphyritic euhedral grains, 30% plagioclase interstitial feldspar laths in the groundmass, 

~ 1% pyroxenes as anhedral grains, 15% vesicles, and 35% interstitial oxides and altered 

glass in the groundmass. Larger olivines show kink banding. 
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S97-071907-02 (Fortney basalt) Location: N 36° 58' 51.5'', W 118° 18' 36.9" 

Figure 9. Thin-section photograph of Fortney basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 5% olivine as 

porphyritic euhedral grains, 35% plagioclase interstitial feldspar laths in the groundmass, 

~ 1% pyroxenes as anhedral grains, 25% vesicles, and 35% interstitial oxides and altered 

glass in the groundmass. 
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893-071807-07 (Taboose basalt) Location: N 36° 59' 38.8", W 118° 14 ' 25.0" 

Figure 10. Thin-section photograph of Taboose basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 15% olivine as 

fine euhedral grains in the groundmass, 30% plagioclase as interstitial feldspar laths in 

the groundmass, no visible pyroxenes, 40% vesicles, and 15% interstitial oxides and 

altered glass in the groundmass. Larger olivine grains show kink banding. 
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865-071207-02 (Blackrock basalt) Location: N 36° 55' 58.0", W 118° 17' 36.5" 

Figure 11. Thin-section photograph of Blackrock basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 20% olivine as 

porphyritic euhedral grains, 25% plagioclase as interstitial feldspar laths in the 

groundmass, ~ 1% pyroxenes as anhedral grains, 30% vesicles, and 25% interstitial oxides 

and altered glass in the groundmass. Larger olivine grains show kink banding. 
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S53-062507-05A (Altered basalt) Location: N 36° 58' 49.9", W 118° 18' 14.4" 

Figure 12. Thin-section photograph of Altered basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 3% olivine as 

anhedral porphyritic grains that contain inclusions and are almost completely dissolved 

and replaced by oxides (opaques), 40% plagioclase as interstitial feldspar laths in the 

groundmass, 2% pyroxenes as anhedral grains, 20% vesicles, and 35% interstitial oxides 

and altered glass in the groundmass. Large olivine grains show kink banding. 
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S53-062507-05B (Altered basalt) Location: N 36° 58' 49.9", W 118° 18' 14.4" 

A hypocrystalline a fine-grained vesicular texture. Containing 5% olivine as a remainder 

of 10-15% large porphyritic euhedral grians that have been dissolved and replaced by 

plagioclase, pyroxenes, and oxides; 40% plagioclase as interstitial feldspar laths in the 

groundmass and 2% as large porphyritic grains, 5% pyroxenes as anhedral grains, 35% 

vesicles, and 15% interstitial oxides and altered glass in the groundmass. Large olivine 

grains show kink banding. 
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SS0-062507-02 (Altered basalt) Location: N 36° 58' 55.7", W 118° 17' 52.2" 

Figure 13. Thin-section photograph of Altered basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 10% olivine as 

porphyritic euhedral grains containing inclusions, 30% plagioclase as interstitial feldspar 

laths with flow texture in the groundmass, 5% pyroxene as anhedral grains, 30% vesicles, 

and 25% interstitial oxides and altered glass in the groundmass. 
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847-061207-01 (Taboose basalt) Location: N 36° 59 ' 43.3", W 118° 16 ' 42.4" 

Figure 14. Thin-section photograph of Taboose basalt. 

A hypocrystalline a fine-grained vesicular texture. Containing 10% olivine as porphyritic 

euhedral grains containing inclusions, 40% plagioclase as interstitial feldspar laths in the 

groundmass, ~ 1% pyroxenes as anhedral grains, 25% vesicles, and interstitial oxides and 

altered glass in the groundmass. Larger olivine grains show kink banding. 
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836-062307-03 (Aberdeen basalt) Location: N 36° 58 ' 22.1 ", W 118° 17' 10.3" 

Figure 15. Thin-section photograph of Aberdeen basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 15% olivine as 

porphyritic euhedral grains containing inclusions, 25% plagioclase as interstitial feldspar 

laths in the groundmass, 5% pyroxenes as anhedral grains, 35% vesicles, and 30% 

interstitial oxides and altered glass in the groundmass. Some large olivine grains show 

kink banding. 
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833-062207-04 (Aberdeen basalt) Location: N 36° 58' 26.3", W 118° 17' 46.8" 

Figure 16. Thin-section photograph of Aberdeen basalt. 

A hypocrystalline basalt with a fine to medium-grained vesicular texture. Containing 

20% olivine as porphyritic euhedral grains, 25% plagioclase as interstitial feldspar laths 

in the groundmass, 10% pyroxenes as anhedral grains, 15% vesicles, and 30% interstitial 

oxides and altered glassin the groundmass. Some large olivine grains show kink banding. 
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829-062107-07 (Division basalt) Location: N 36° 57' 05.3", W 118° 19 ' 33.2" 

Figure 17. Thin-section photograph of Division basalt. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 5% olivine as 

porphyritic euhedral grians, 25% plagioclase as interstitial feldspar laths in the 

groundmass, ~ 1% pyroxene as anhedral grains, 40% vesicles, and 30% interstitial oxides 

and altered glass in the groundmass. Some large olivine grains show kink banding. 
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828-062107-06 (Armstrong basalt) Location: N 36° 57' 30.3", W 118° 19' 54.5" 

Figure 18. Thin-section photograph of Armstrong basalt. 

A hypocrystalline a fine-grained vesicular texture. Containing 10% olivine as porphyritic 

euhedral grains, 20% plagioclase as interstitial feldspar laths in the groundmass, 5% 

pyroxenes as anhedral grains, 40% vesicles, and 25% interstitial oxides and altered glass 

in the groundmass. Most large olivine grains show kink banding. 
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826-062107-04 (Armstrong basalt) Location: N 36° 57' 22.3", W 118° 20' 18.9" 

Figure 19. Thin-section photograph of Armstrong basalt. 

A highly altered hypocrystalline basalt with a fine-grained vesicular texture. Containing 

10% olivine as porphyritic euhedral grains, 10% plagioclase as interstitial feldspar laths 

in the groundmass, ~ 1% pyroxene as anhedral grains, 10% vesicles, 15% interstitial 

oxides and altered glass in the groundmass, and 55% palagonite alteration in the 

groundmass. Some large olivine grains show kink banding. 
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S25-062107-03 (basaltic dike) Location: N 36° 57' 22.3", W 118° 20 ' 18.9" 

Figure 19. Thin-section photograph of basaltic dike. 

A hypocrystalline basalt with a fine-grained vesicular texture. Containing 10% olivine as 

porphyritic euhedral grains, 40% plagioclase as interstitial feldspar laths in the 

groundmass, no visible pyroxene, 20% vesicles, and 30% interstitial oxides and altered 

glass in the groundmass. 
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