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INTRODUCTION 

The annual report of the Center for Volcanic and Tectonic Studies (CVTS) contains a 
series of papers, maps, and reprints that review the progress made by the CVTS between October 
1,1991 and December 31,1992. During this period CVTS staff focused on several topics that 
had direct relevance to volcanic hazards related to the proposed high-level nuclear waste 
repository at Yucca Mountain, Nevada. These topics included: 

(1) The role of the mantle during regional extension. 

(2) The structural controls and emplacement mechanisms of Pliocene/Quaternary basaltic centers 
and dikes. 

(3) The detailed geochemistry of individual volcanic centers in Crater Flat, Nevada. 

(4) Estimating the probability of disruption of the proposed repository by volcanic eruption (this 
topic is being studied by Dr. C-H. Ho at UNLV). 

Activities 

CVTS staff presented papers at several professional meetings including: 

(a) Geological Society of America Annual Meeting in San Diego, California: 
October 21-24,1991. 

(b) Geological Society of America Annual Meeting in Cincinnati, Ohio: October 26-29, 
1992. 

(c) The international conference of volcanism and risk assessment in Colima, Mexico: 
January 22-26,1992. 

(d) The American Geophysical Union Fall Meeting in San Francisco, California; December 
12-17,1992. 

In addition CVTS staff participated in several technical exchanges and field trips with 
NRC, State of Nevada and NWTRB panels. These include presentations to: 

(1) U.S. Nuclear Regulatory Commission's Advisory Committee on Nuclear Waste 
meeting on the "Geological Dating of Quaternary Volcanic Features and Materials" on 
November 19,1991 in Washington, D.C. 

(2) U.S. Technical Review Board's Panel on Structural Geology and Geoengineering on 
September 14-15,1992 in Las Vegas. 



(3) State of Nevada Commission on Nuclear Projects on April 10,1992. 

CVTS staff also presented invited talks, seminars and field trips to the public about 
volcanism and the proposed nuclear waste repository. CVTS staff feel that part of their 
responsibility is to provide the public with unbiased and alternative views of the issues related to 
the proposed high-level nuclear waste repository at Yucca Mountain. Invited talks and lectures to 
public meetings and civic groups as well as large enrollment classes at UNLV provide the 
community with a source of information regarding the geology and geologic hazards related to 
the project. 

CVTS Staff 

This year was a period of transition for CVTS staff. During the year four geologists served 
as research associates. During the period October 1,1991 to December 30,1992, CVTS staff 
included Eugene I. Smith (PI), Terry Naumann (October 1,1991 to December 1,1991), Jim Mills 
(February 1,1992 to June 1,1992), Mark Martin (February 1,1992-October 1,1992) and Tim 
Bradshaw (October 1,1992 to present) as research associates and Tracy T. Switzer (student 
assistant). In addition, one graduate student (Shirley Morikawa) was partially funded to complete 
a Master's Thesis in geology. Mark Reagan and Dan Feuerbach (University of Iowa) received 
partial funding to do U-series dating of the Lathrop Wells cone. J.D. Walker (University of 
Kansas) continued to do isotopic analyses in cooperation with CVTS staff. 

Organization of the Annual Report 

This report includes the following contributions: 

(1) "The role of the mantle during crustal extension: constraints from geochemistry of volcanic 
rocks in the Lake Mead area, Nevada and Arizona" by D.L. Feuerbach (University of Iowa), 
E.I. Smith (CVTS-UNLV), J.D. Walker (University of Kansas) and Jean Tangeman 
(University of Michigan). This paper is in review by the Geological Society of America 
(Bulletin). 

(2) "Tertiary geology of the Reveille quadrangle, northern Reveille Range, Nye County, Nevada: 
Implications for shallow crustal structural control of Pliocene basaltic volcanism." by Mark 
Martin (CVTS-UNLV). 

(3) Activities of Tim Bradshaw; October 1,1992 to December 30,1992. 

(4) Copies of abstracts submitted by CVTS staff during the year of funding. 

These include: 

(a) "New insights on structural controls and emplacement mechanisms of 
Pliocene/Quaternary basaltic dikes, southern Nevada and northwestern Arizona." by 
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Faulds, Feuerbach and Smith. Presented at the Geological Society of America National 
Meeting in San Diego. 

(b) "Intermediate and mafic volcanic rocks of the northern White Hills, Arizona: 
implications for the production of intermediate composition volcanic rocks during regional 
extension" by Cascadden and Smith. Presented at the Geological Society of America 
National Meeting in San Diego. 

(c) "Hornblende geobarometry from mid-Miocene plutons: implications regarding uplift 
and block rotation during Basin and Range extension" by Metcalf (UNLV) and Smith. 
Presented at the Geological Society of America National Meeting in San Diego. 

(d) "Volcanic risk assessment studies for the proposed high-level radioactive waste 
repository at Yucca Mountain, Nevada, U.S.A. by Smith, Feuerbach (University of Iowa) 
Naumann, and Ho. Presented at the international conference of volcanism and risk 
assessment in Colima, Mexico 

(e) "The Mt. Perkins Pluton: shallow-level magma mixing and mingling during Miocene 
extension" by Metcalf (UNLV), Smith, Nail (UNLV) and Reed (UNLV). Presented at the 
Geological Society of America National Meeting in Cincinnati. 

(f) "Geochemical fingerprinting of progressive extension in the Colorado River extensional 
corridor, U.S.A.: a preliminary report" by Feuerbach (University of Iowa), Smith, Reagan 
and Faulds (University of Iowa) and Walker (University of Kansas). Presented at the 
American Geophysical Union Fall meeting in San Francisco. 

(5) A paper entitled "Eruptive probability calculation for the Yucca Mountain site, U.S.A.: 
statistical estimation of recurrence rates" published in The Bulletin ofVolcanology by Ho, Smith, 
Feuerbach (University of Iowa) and Naumann describing the cooperative study between CVTS 
staff and Dr. C.-H Ho regarding risk assessment studies. 
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ABSTRACT 

One of the fundamental questions in areas of large-magnitude extension and 

magmatism is the role of the mantle in the extension process. The Lake Mead area is 

ideally suited for developing models that link crustal and mantle processes because it 

contains both mantle and crustal boundaries and it was the site of large-magnitude crustal 

extension and magmatism during Miocene time. Li the Lake Mead area, the boundary 

between the amagmatic zone and the northern Colorado River extensional corridor 

(NCREC) parallels the Lake Mead fault system (LMFS) and is situated just to the north of 

Lake Mead. This boundary formed between 11 and 6 Ma during and just following the 

peak of extension, and corresponds to a contact between two mantle domains. There is 

circumstantial evidence for a spatial and temporal correlation between upper crustal 

extension and the thinning of the lithospheric mantle (LM) in the NCREC. During 

extension in the NCREC, LM may have been thinned and replaced by asthenosphere 

progressively to the west During thinning and replacement of the LM in the NCREC, the 

LM in the amagmatic zone remained intact Contrasting behavior to the north and south of 

this boundary may have produced the mantle domain boundary. The domain to the north 

of the boundary is characterized by mafic lavas with a LM isotopic and geochemical 

signature (e Nd =-3 to-9; 8 7 Sr/ 8 6 Sr = 0.706-0.707). To the south of the boundary in 

the NCREC, lavas have an OIB-mantle signature and appear to have only a minor LM 

component in their source (eNd = 0 to+4; 8 7 Sr / 8 6 Sr = 0.703-0.705). Mafic lavas of the 

NCREC represent the melting of a complex and variable mixture of asthenospheric mantle 

(AM), LM and crust Pliocene alkali basalt magmas of the Fortification Hill field represent 

the melting of a source composed of a mixture of AM, HIMU-like mantle and LM. Depth 

of melting of alkali basalt magmas remained relatively constant from 12 to 6 Ma during 

and just after the peak of extension, but probably increased between 6 and 4.3 Ma 

following extension. Miocene and Pliocene low e Nd and high 8 7Sr/8 6Sr magmas and 

tholeiites at Malpais Flattop were derived from a LM source and were contaminated as 



they passed through the crust. The shift in isotopic values due to cmstal interaction is no 

more than 4 units in e Nd and 0.002 in 8 7 Sr/ 8 6 Sr and does not mask the character of the 

mantle source. The change in source of basalts from LM to AM with time, the OEB 

character of the mafic lavas and the HIMU-like mantle component in the source is 

compatible with the presence of rising asthenosphere, as an upwelling convective cell, or 

plume beneath the NCREC during extension. Passive rifting is probably more applicable 

to the NCREC than active rifting because OIB-type alkali basalt volcanism is 

concentrated in a restricted geographic area for nearly 5 m.y. The LMFS, a major crustal 

shear zone, parallels the mantle domain boundary. The LMFS may represent the crustal 

manifestation of differential thinning of the LM or the rejuvenation of an older lithospheric 

structure. 

INTRODUCTION 

In areas of large-scale extension there are fundamental questions regarding the role 

of the mantle in the extension process, the identification and age of mantle boundaries, and 

the relation between mantle and crustal boundaries. We use the Lake Mead area of 

southern Nevada and northwestern Arizona to address these questions. The Lake Mead 

area is well suited for this purpose because it contains both mantle and crustal boundaries 

and it was the site of large-magnitude crustal extension and magmatism during Miocene 

time. 

The Lake Mead area contains the boundary between the Western Great Basin and 

Basin-Range mantle provinces (Figure 1) (Menzies et al., 1983; Fitton et al., 1991) and 

the contact between asthenospheric (OIB) and lithospheric (EM2) mantle domains 

(Menzies, 1989). Mafic volcanic rocks in the Basin-Range mantle province have £ Nd 

between +5 and +8 and initial 8 7 S r / 8 6 S r -0.703 (Perry et al., 1987; Menzies et al., 1983; 

Farmer et al., 1989). In contrast, the Western Great Basin province is distinguished by 
8 7 S r / 8 6 S r >0.706 and e Nd between 0 and -11 (Menzies et al., 1983; Fitton et al., 1988; 

Fitton et al., 1991). Mafic volcanic rocks of the Sierra Nevada mantle province (Figure 1) 
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(Leeman, 1970; Menzies et al., 1983; Fitton et al., 1988) are isotopically identical to those 

of the Western Great Basin province. Basalts with high 8 7 Sr/ 8 6 Sr and low e Nd described 

by Farmer et al.(1989) in southern Nevada lie within the Western Great Basin province. 

Several important crustal structures pass through the Lake Mead area (Figure 2a). 

Among these are the Lake Mead fault system (LMFS) (Anderson, 1973; Bohannon, 

1984), a northeast trending set of left-lateral strike-slip faults, and the Las Vegas Valley 

shear zone (LVVSZ), a northwest striking set of right-lateral strike-slip faults (Longwell, 

1960; Longwell et al., 1965; Duebendorfer and Wallin, 1991). The LMFS separates thick 

sections of Paleozoic and Mesozoic sedimentary rocks to the north from an area to the 

south nearly devoid of these sections (Longwell et al., 1965; Anderson, 1971). Segments 

of the LMFS define the boundary between the amagmatic zone and the Northern 

Colorado River extensional corridor (NCREC) (Faulds et al., 1990) (Figure 2a). The 

LMFS also separates two regions that have undergone different amounts of extension. To 

the south of the LMFS, in the NCREC, crust was extended by a factor of 3 to 4. To the 

north, in the amagmatic zone, crust was extended by a factor of 2 (Wernicke et al., 1988). 

The amagmatic zone is a region between 36° and 37° north latitude of minor igneous 

activity that separates the Great Basin from the Colorado River sections of the Basin-and-

Range province. This zone corresponds to a regional southerly topographic slope and a 

gravity gradient with an amplitude of about 100 mgals (Eaton, 1982; Eaton et al., 1978). 

The zone also represents a boundary between contrasting migration directions of 

magmatism and extension (Taylor and Bartley, 1988; Glazner and Supplee, 1982; 

Reynolds et al., 1986). In addition to these structures, a major lithospheric boundary 

defined by Nd mapping of Proterozoic basement rocks trends north-south just to the east 

of the Colorado River (Bennett and DePaolo, 1989). To the west of the boundary in the 

Lake Mead area, Proterozoic rocks are characterized by model ages of 2.0-2.3 Ga. To the 

east of the boundary older basement rocks are 1.8 to 2.0 Ga. 

The relation between the LMFS and the LWSZ is hotly debated (e.g., 
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Duebendorfer and Wallin, 1991). The LWSZ crosses the amagmatic zone and does not 

serve as a boundary between the NCREC and the amagmatic zone. Recently 

Duebendorfer and Wallin (1991) suggested that the LWSZ projects eastward to the 

north of Lake Mead and serves as the northern boundary of the Saddle Island detachment 

terrane. It is possible that the proposed eastward projection of the LWSZ together with 

the LMFS forms the northern boundary of the NCREC. 

Volcanism is rare in the amagmatic zone and is limited to low-volume Pliocene 

basalt centers at Black Point and in the Las Vegas Range and moderate volume basaltic-

andesite volcanoes on Callville Mesa (Feuerbach et al., 1991) (Figure 2b). In the eastern 

part of the Lake Mead area at Gold Butte, and in the Grand Wash trough are numerous 

late-Cenozoic alkali basalt centers (Cole, 1989) (Figure 2a). Adjacent to and within the 

LMFS is the middle- to late-Miocene Hamblin-Cleopatra volcano (Thompson, 1985; 

Barker and Thompson, 1989), the Boulder Wash volcanic section (Naumann, 1987), and 

flows of late-Miocene basalt interbedded with Tertiary sediments near Government Wash 

north of Lake Mead (Figure 2b). The area south of the LMFS contains numerous Miocene 

and Pliocene volcanic centers (Figure 2b). The most notable of the Miocene centers are in 

the River Mountains (Smith, 1982), McCullough Range (Smith et al., 1988), Eldorado 

Mountains (Anderson, 1971), Black Mountains (Faulds et al., 1990), Hoover Dam (Mills, 

1985); at Malpais Flattop (Faulds et al., 1991), and in the White Hills (Cascadden, 1991) 

(Figure 2a). Pliocene centers comprise the Fortification Hill volcanic field that extends 

discontinuously from near Willow Beach, Arizona to Lake Mead (Figure 2b). In the Lake 

Mead area, for the most part, volcanism proceeded block tilting related to regional 

extension (9 to 12 Ma; Duebendorfer and Wallin, 1991). Calc-alkaline intermediate lavas 

were erupted between 18.5 and about 11 Ma. Low-volume basaltic andesite (10.3 to 8.5 

Ma), tholeiitic basalt (9.7 to 10.6 Ma), and alkalic basalt (4.3 to 6 Ma) mainly postdate 

extension (Smith et al., 1990). 

This paper focuses on Miocene and Pliocene mafic volcanoes (SiC>2<55%) 
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between 16.4 and 4.7 Ma in the amagmatic zone and the NCREC. First, we present new 

geochemical data and infer the source of the mafic magmas. Next we show that crustal 

interaction (contamination and commingling) with mafic magmas occurred, but that the 

isotopic values of the lavas are not shifted enough to mask the character of their mantle 

source. Lastly, we use the mafic volcanic rocks that span the boundary between the 

amagmatic zone and the NCREC as "a probe" into the mantle to determine (1) isotopic 

differences across the boundary, (2) the age of the boundary, and (3) any link between 

crustal and mantle processes. 

INSTRUMENTAL TECHNIQUES 

Whole rock major element concentrations were determined by Inductively Coupled 

Plasma techniques (ICP) at Chemex Labs, Inc. (Sparks, NV). Rare-earth elements and Cr, 

V, Sc, Co, Ta, Hf, Th were analyzed by Instrumental Neutron Activation Analysis (INAA) 

at the Phoenix Memorial Laboratory, University of Michigan. The multi-element standards 

G-2, GSP-1, BHVO-1, and RGM-1 were used as internal standards. Ba, Rb, Ni and Sr 

were determined by atomic absorption and Nb and Sr were analyzed by X-ray 

Fluorescence (XRF) at Chemex Labs, Inc. Rb and Sr were determined by isotope dilution 

for samples which were analyzed for Nd, Sr and Pb isotope concentrations. Ni, Nb, Rb, 

Sr, Zr, Y, Ba for Fortification Hill basalt were analyzed by XRF at the U.S. Geological 

Survey's analytical laboratory in Menlo Park, California. This study includes 27 new 

isotopic analyses from 11 volcanic sections which represent all major volcanic centers and 

a fairly complete sample of mafic volcanic rocks in the Lake Mead area. 

Samples for isotopic analysis were dissolved at about 180°C in a sealed bomb 

using a HF/HNO3 mixture. Samples were total-spiked for Rb, Sr, Nd and Sm. Separation 

of Rb, Sr, and REE group elements was done using standard cation exchange techniques. 

The HDEHP-on-Teflon method of White and Patchet (1984) was used for separation of 

Sm and Nd. The HBr and HNO3 methods were used for separation of Pb and U, 
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respectively, on aliquots from the whole rock solution. All isotopic analyses were done on 

a VG Sector 54 mass spectrometer at the University of Kansas. Analyses of Sr and Nd 

were done in dynamic multicollector mode with 8 8Sr=4V and 1 4 4 Nd=l V; Rb and Sm 

were analyzed in static multicollector mode with 87Rb=200mV and 147Sm=500mV. 

Analyses for Sr and Sm were done on single Ta filaments; Rb was run on single Re 

filaments. Nd was run both as NdO + and Nd +. Analytical blanks were less than lOOpg for 

all elements. Strontium isotopic compositions are normalized for 86sr/88sp=0.1194 and 

referenced to NBS-987 87Sr/86Sr=0.710250. Reproducibility of Sr values during these 

runs was better than +0.000020 based on replicate runs of NBS 987. Neodymium isotopic 

compositions are normalized to 146Nd/l^*Nd=0.7219 and referenced to LaJolla 
1 4 3 Nd/ 1 ^NdsO^ 11850. Epsilon values for Nd at crystallization are calculated using 

( 1 4 3 N d / 1 4 4 N d ) ( C H U R 0 M a ) = a 5 i 2 6 3 8 . and 147Sm/l44Nd(cHUR,0Ma)=0-1967. 

Reproducibility of Nd values are about 0.25 epsilon values based on replicate analyses of 

LaJolla and in-house standards. Lead isotopic analyses are referenced to NBS 981 

(common Pb) 2 0 7Pb/ 2 0 6Pb=0.91464 and are corrected for 0.10%/amu fractionation. 

Fractionation uncertainty is ±0.05%/amu (e.g., ± 0.08 for 208pb/204po, ±0.04 for 

207p b/204 P b and ± 0 # 0 4 for 206pb/204p0. isotope dilution data for Sr, Rb, and Nd are 

reported in Table 1. 

VOLCANOLOGY 

Volcanic Rocks of the Northern Colorado River Extensional Corridor 

Fortification Hill Field Fortification Hill basalt (FH) crops out in a 50 km long by 30 km 

wide north-northeast elongate area that extends from Lava Cascade, Arizona to Lake 

Mead (Figure 2). Volcanic centers occur near north-northwest trending high-angle normal 

faults. We divide the Fortification Hill basalts into older and younger alkalic basalts (OAB 

and YAB respectively) based on Na20+K20 (Figure 3a), light rare-earth element (REE) 

enrichment (Figure 3b) and modal mineralogy. OAB are mildly alkalic hypersthene (OAB-
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hy) or nepheline-normative (OAB-ne) olivine-basalts with Ce/Yb mainly between 18-46 

(Figure 3b). These rocks are dated between 5.88 to 4.73 Ma (Feuerbach et al., 1991). 

Several OAB have higher Ce/Yb and fall outside the limits of the OAB field depicted in 

Figure 3. Also, nepheline normative alkali basalts from Black Point have Ce/Yb between 7 

and about 17 and are surrounded by a dotted line on Figure 3b. OAB lavas erupted from 

north-northwest aligned cinder cones on Fortification Hill and from cinder cones at Lava 

Cascade and in Petroglyph Wash (Figure 2). OAB lavas contain porphyritic iddingsitized 

olivine phenocrysts in a trachytic to pilotaxitic groundmass of oh'vine, andesine, 

labradorite, diopsidic-augite and iron oxide. Coarse-grained plugs of OAB in volcanic 

centers consist of olivine phenocrysts in a coarse-grained interstitial groundmass of 

andesine, labradorite, diopsidic-augite and olivine. 

YAB are xenolith-bearing nepheline-normative alkali-olivine basalts with elevated 

Ce/Yb (37-68) (Figure 3b). These rocks range in age from 4.64 to 4.3 Ma (Feuerbach et 

al., 1991; Anderson et al., 1972) YAB occurs in three locations: a diatreme at Petroglyph 

Wash, en-echelon dikes and a vent along U.S. highway 93, about 10 km south of Hoover 

Dam, and south of Saddle Island between the North Shore road and Lake Mead (Figure 2) 

(Smith, 1984). The matrix of YAB ranges from glassy to interstitial or pilotaxitic and 

contains microlites of plagioclase, altered olivine, altered diopsidic-augite and magnetite. 

Olivine is the primary phenocryst phase. Ubiquitous to YAB are ultramafic inclusions and 

megacrysts of augite and kaersutite (Nielson, manuscript in preparation; Campbell and 

Schenk, 1950). Rare xenoliths of plagioclase-hornblende diorite also occur in YAB. 

Except for the presence of diorite inclusions in YAB, there is no petrographic evidence of 

crustal contamination in Fortification Hill lavas. 

River Mountains In the River Mountains (Figure 2) an andesite-dacite stratovolcano is 

surrounded by a field of dacite domes (Smith, 1982; Smith et al.,1990). Volcanism 

occurred in four pulses. The first three are characterized by the eruption of calc-alkaline 

andesite and dacite flows and the last by rhyolite and alkali basalt The first episode is 
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associated with the emplacement of a quartz monzonite stock (The River Mountain stock) 

dated at 13.410.5 to 12.8±0.5 Ma (K-Ar biotite dates; Armstrong, 1966,1970). Anderson 

et al. (1972) reported a K-Ar whole rock date of 12.110.5 Ma for a basaltic-andesite of 

the third pulse. In addition, Koski et al. (1991) dated pyroclastic deposits at the Three 

Kids Mine in the northern River Mountains between 14.010.3 and 12.410.5 Ma by the 

fission track technique (sphene) and concluded that tuff deposition was contemporaneous 

with volcanism in the River Mountains. 

Boulder Wash Boulder Wash in the northern Black Mountains (Figure 2) contains a 700-

m-thick section of calc-alkaline dacite flows and flow breccias interbedded with flows of 

pyroxene-olivine andesite containing abundant xenocrysts of quartz and orthoclase 

(Naumann and Smith, 1987; Naumann, 1987; Smith et al., 1990). Petrographic and 

textural evidence of magma commingling is well developed in the volcanic section and 

associated plutonic rocks. Smith et al. (1990) and Naumann (1987) concluded that various 

mixing ratios of alkali olivine basalt and rhyolite end members are responsible for the 

textural variations. A dacite flow in the eastern part of the volcanic field was dated at 14.2 

Ma (K-Ar whole rock date; Thompson, 1985). -

Malpais Flattop Malpais Flattop near Willow Beach, Arizona (Figure 2) contains a 100 

m thick stack of hypersthene normative tholeiitic basalt flows (TH) that erupted from at 

least two centers now expressed as wide (40 m) dikes and plugs on the west side of the 

Malpais Flattop mesa (Faulds et al., 1991). Tholeiitic lavas have lower Na20+K20 than 

alkali basalts with comparable SiC»2 content (Figure 3a), lower Ce/Yb than most OAB 

(Figure 3b) and are hypersthene normative (Table 1). TH contain olivine and 

clinopyroxene phenocrysts; orthopyroxene is a common groundmass constituent. 

^Ar /^Ar whole rock dates of 9.710.5 and 10.610.5 Ma were obtained for flows near 

the top and at the base of the flow stack respectively (Faulds and Gans, unpublished data). 

These dates contrast with a 6 Ma age reported by Anderson et al. (1972) and indicate that 

eruptions at Malpais mesa occurred 4 m.y. earlier than the production of Fortification Hill 
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basalts. 

fffrftW? Mountains A sequence of mafic to felsic volcanic rocks erupted between 18.5 

and about 12 Ma in the Eldorado Mountains (Anderson, 1971; Darvall et aL, 1991) 

(Figure 2). The sequence is divided into a lower section of basaltic-andesite (predominant) 

and rhyolite lavas (Patsy Mine volcanics; Anderson, 1971); and an upper section of 

basaltic andesite, dacite and rhyolite (ML Davis volcanics; Anderson, 1971). Mafic lavas 

lack petrographic and field textures characteristic of crustal contamination or magma 

commingling. A similiar section of mafic lavas in the White Hills, Arizona (Figure 2a) 

formed by partial melting of mantle peridotite without significant crustal interaction 

(Cascadden and Smith, 1991; Cascadden, 1991). In the Eldorado Range, lavas and 

associated plutonic rocks span the period of most rapid extension. Patsy Mine and the 

lower parts of the Mt. Davis section are tilted nearly 90 degrees. Younger units are 

rotated less in the same structural blocks (Anderson, 1971). 

Hamhlin-Cleopatra Volcano The Hamblin-Cleopatra volcano (142-11.5 Ma) (Anderson, 

1973; Thompson, 1985) which lies along the north shore of Lake Mead (Figure 2), is a 60 

km-* stratovolcano comprised of shoshonite, latite, trachydacite and trachyte lava (Barker 

and Thompson, 1989). In addition, tephra, epiclastic sediments, intrusions and a well 

developed radial dike system form the volcano. The volcano was dissected into three 

segments by left-lateral strike-slip faulting associated with the LMFS (Anderson, 1973; 

Thompson, 1985; Barker and Thompson, 1989). 

Volcanic Rocks in the Amagmatic Zone 

Callville Mesa, Olivine-clinopyroxene bearing basaltic-andesite erupted from compound 

cinder cones on Callville Mesa and in West End Wash between 10.46 and 8.49 Ma 

(Feuerbach et al., 1991) (Figure 2). The vent on Callville Mesa sits on the footwall of an 

east-west striking, down-to-the-south nonnal fault (Figure 2). Flows on Callville Mesa are 

offset from 5 to 20 m by south-dipping west-southwest striking high-angle normal faults. 

Basaltic andesite contains abundant quartz and alkali-feldspar xenocrysts that are rimmed 
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by glass and acicular clinopyroxene (diopsidic-augite). 

Because, the presence of a Paleozoic and/or Mesozoic sedimentary section is in 

general characteristic of the amagmatic zone but not of the NCREC, the presence or 

absence of these rocks is our main field criterion for assigning a volcano to a specific 

province. The volcanic center at Callville Mesa sits on the boundary between the two 

provinces within the LMFS and just to the south of the proposed eastward projection of 

the LWSZ. The Bitter Spring Valley fault passes just to the north and the Hamblin Bay 

fault projects just to the south. It is unclear whether Mesozoic and Paleozoic sedimentary 

rocks lie beneath the volcanic centers on Callville Mesa since volcanoes sit on a thick 

section of Tertiary sediments. However just to the northeast of Callville Mesa, flows of 

basaltic andesite rest on Tertiary sediments which in turn sit unconformably on steeply 

tilted Triassic and Jurassic sedimentary section. This relationship is the basis for the 

assignment of the Callville Mesa volcano to the amagmatic zone. 

Black Point At Black Point on the west shore of the Overton Arm of Lake Mead (Figure 

2), thin flows of alkali basalt (6.02 Ma; Feuerbach et al., 1991) associated with north-

striking en-echelon dikes overlie gypsiferous sediments of the Tertiary Horse Spring 

Formation. Total outcrop area is about 12 km 2. Basalts at Black Point are nepheline-

normative alkali basalts (OAB-ne) that contain iddingsitized olivine, labradorite and 

diopsidic-augite phenocrysts within either a trachytic or ophitic groundmass. 

Las Vefas Range The Las Vegas Range locality is composed of thin flows of alkali basalt 

in a fault bounded basin just to the west of U.S. highway 93 (Figure 2). Flows (2 km 2) are 

mostly covered by Quaternary fanglomerate and alluvium and as a result no source area 

was discovered. Basalt in the Las Vegas Range is dated at 16.4±0.6 Ma (K-Ar whole 

rock date; Smith, unpublished data). 

Basalt of Government Wash Olivine-phyric basalt crops out near Government Wash just 

north of Lake Mead. An 60-80-m-thick section of flows and agglomerates are interbedded 

with the Lovell Wash member of the Tertiary Horse Spring Formation (Duebendorfer, 
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personal communication, 1991). Basalt of Government Wash is dated at 12.0 Ma (K-Ar 

plagioclase date) (Duebendorfer et al., 1991a). 

Volcanic Rocks at Gold Butte and in the Grand Wash Trough 

The Grand Wash trough and the Gold Butte area (Figure 2) contain flows, dikes 

and plugs of olivine-phyric alkali basalt that locally contain mantle xenoliths (Cole, 1989). 

Basalt in the Grand Wash trough is dated at 3.99 to 6.9 Ma (K-Ar plagioclase) and is 

younger than alkali basalt to the west in the Gold Butte area (K-Ar plagioclase dates of 

9.15 to 9.46 Ma; Cole, 1989) (Figure 2). Cole (1989) suggested that the alkali basalt 

formed by partial melting of spinel peridotite. Low £ Nd values (0 to +3.5) suggest that 

lavas may have been contaminated by mafic crust or LM. 

SOURCE OF MAFIC LAVAS 

Introduction 

In this section we argue that the isotopic variation of alkali basalt in the NCREC is 

primarily due to differences in the mantle source not to crustal contamination. Crustal 

contamination is less of a factor for alkalic than tholeiitic rocks since they are lower in 

volume and less likely to reside in upper crustal chambers where open system processes 

occur. Also, high Sr and light rare-earth element concentrations of alkalic magmas tend to 

overwhelm any affects of crustal contamination. Futhermore, alkalic magmas commonly 

contain mantle xenoliths and apparently rose quickly through the crust with little or no 

contamination (e.g., Glazner and Fanner, 1992). Crustal contamination was an important 

factor in the production of intermediate lavas of the River Mountains, mafic lavas at 

Callville Mesa, hypersthene-normative alkali basalts (OAB-hy) of the Fortification Hill 

field, and tholeiitic basalts at Malpais Flattop. Although these magmas were contaminated 

by crust, we will show that the isotopic shift due to crustal interaction is small when 

compared to the overall isotopic variation. Therefore, the isotopic composition of these 
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contaminated mafic magmas is not shifted enough by cnistal interaction to mask the 

character of their mantle source. They are still useful for the mapping of mantle domains. 

Mantle Source and Crustal Contamination 

OAB, YAB and Grand Wash Trough 

YAB and OAB of the Fortification Hill field and alkali basalts of Grand Wash 

trough have 8 7 Sr/ 8 6 Sr = 0.703-0.706, e Nd= -1 to +6.7, 2 0 6 P b / 2 0 4 P b =17.8-18.7 and 

208 P b / 204 P b _ 38_38.5 (Table 1). These alkali-basalts have Nd and Sr isotopic 

compositions and trace-element distributions that are similar to those of modern-day 

asthenosphere-derived ocean island basalts (OIB) (Zindler and Hart, 1986; Fitton et al., 

1991) (Figures 4). We suggest that YAB originated from a source dominated by 

asthenopheric mantle (AM), and as discussed below OAB melted a mixed AM-LM source 

dominated by AM (Table 2). 

When compared to typical OIB and the alkali-basalts of the Grand Wash trough, 

OAB and YAB appear to contain an additional component YAB and OAB plot between 

LM and higher values of e Nd and ̂ p ^ M p j , (Figures 5) rather than lower Pb and 

higher e Nd as do Grand Wash trough basalts. We suggest that the trend toward higher 

rather than lower Pb is due to the presence of HIMU-like mantle (e Nd = 3.5, 
2 0 6 P b / 2 0 4 P b 

> 20) in the source of OAB and YAB. HIMU-like mantle may reside in 

either the LM or upper asthenosphere (Zindler and Hart, 1986; Hart, 1988; Hart et al., 

1992) or as detached oceanic slabs deep within the mantle (Weaver, 1991b). Weaver 

(1991b) and Hart et al. (1992) suggest that the source of HIMU-mantle is in the 

asthenosphere and that it is incorporated into the OIB source by rising plumes or mantle 

diapirs. We infer that the presence of mis component in OAB and in xenolith bearing YAB 

and its higher abundance in xenolith bearing alkali basalts is more compatible with its 

residence in AM than LM. 

OAB containing normative hypersthene (OAB-hy) are the oldest mafic lavas of 
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the Fortification Hill field and have higher ^ST^ST (0.7055-0.7057) and lower e Nd 

(-0.68 to -0.9) than the nepheline normative basalts of this group (Figure 4). Both crustal 

contamination and the presence of a LM component in the source must be considered as 

explanations for the lower e Nd and higher 8 7 Sr / 8 6 Sr of the OAB-hy lavas. Glazner and 

Farmer (1992) demonstrated that xenolith bearing alkali basalts from the Mojave Desert, 

California have Sr and Nd isotopic compositions similar to typical OIB, and xenolith-free 

basalts have a range of compositions that trend from OIB toward values more typical of 

continental lithosphere. They suggest that these isotopic compositions can be explained if 

xenolith-bearing magmas passed through the crust quickly without interaction and 

xenolith-free magmas stopped in the crust long enough for xenoliths to drop or be 

digested and for crustal interaction to occur. Li detail, alkali basalts in the Mojave Desert 

display a trend toward higher ^ST^ST and lower e Nd with time (Glazner and Farmer, 

1992). They attributed this trend to the hybridization of asthenospherically derived partial 

melts by commingling with partial melts of Late Jurassic gabbro and Proterozoic diabase. 

By this mechanism, e Nd can be changed by as much as 3 units without appreciably 

changing major or trace element chemistry. Two observations suggest that the Glazner 

and Farmer (1992) model does not explain the isotopic composition of OAB-hy. First, in 

the NCREC, a probable mafic crustal contaminant is Proterozoic (1.7 Ga) amphibolite that 

crops out in the footwall of the Saddle Island detachment (Duebendorfer et al., 1990). 

Isotopically, the amphibolite has low ^Sr/^Sr^. ^ (0.7029) and high e N d ^ „, (3.18). 

Therefore, contamination of asthenospherically derived magmas by this type of crust will 

probably not produce OAB-hy or other xenolith-free mafic lavas. Second, OAB-hy are 

temporally separated from other magma types in the NCREC. This temporal distribution is 

circumstantial evidence that OAB-hy magmas may sample a different mixture of mantle 

than OAB-ne or YAB. Therefore, we suggest that OAB-hy and some OAB-ne represent a 

mixture of AM and LM (Figure 5), not cryptic contamination of mafic magmas by crust. 

The trend toward higher e Nd, lower ^Sr/^Sr and higher 2 0 6 P b / 2 0 4 P b between 
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6 and 4.3 Ma (Figures 4 and 5) suggests that if the source for OAB is a mixture of AM 

and LM then the ratio of LM to AM is decreasing in the source with time. This relation 

implies that the source of OAB was near the boundary between AM and LM and either 

this boundary rose through the source area due to extension-related lithospheric thinning, 

or that the depth of melting increased between 6 and 4.74 Ma. Since, little upper crustal 

extension occurred between 6 and 4.74 Ma (Feuerbach et al., 1991), we prefer the latter 

model. Alkali basalts are generated from mantle peridotite at pressures between 15 and 20 

Kb corresponding to a depth of about 45 to 60 km (Takahashi and Kushiro, 1983). The 

boundary between LM and AM beneath the NCREC was probably in this depth range 

during the Pliocene. Our depth estimate is consistent with the depth of the LM-depleted 

mantle (asthenosphere) boundary estimated by Daley and DePaolo (1992; Figure 1) for 

the same time interval and geographic area. 

Lowe. NdBasalts 

Low 8 Nd alkali basalts occur as pre-11 Ma lavas in the River Mountains, 

Eldorado Range, Boulder Wash area, Hamblin-Cleopatra volcano, and in the Las Vegas 

Range, and as post-11 Ma lavas at Callville Mesa and Black Point ( 8 7 Sr/ 8 6 Sr = 0.705-

0.710 and e Nd= -4 to -12) (Figures 4). 

Andesite and dacite in the River Mountains show abundant field and petrographic 

evidence of assimilation and magma commingling (Smith et al., 1990). Alkali basalt lacks 

evidence of contamination and was considered by Smith et al. (1990) to have been 

generated by partial melting of mantle peridotite. Intermediate lavas in the River 

Mountains may represent hybrid compositions formed by the commingling of mafic and 

felsic end-members. This interpretation is supported by a positive correlation between 
8 7 Sr / 8 6 Sr and Si02 and a negative correlation between e Nd and Si02 (Figure 6). The 

isotopic compositions of basalt and rhyolite end members of the mixing sequence provide 

a quantitative estimate of the magnitude of isotopic shift due to magma commingling 

(Figure 4). This shift is no more than 4 units in e Nd and 0.002 in 8 7 Sr/ 8 6 Sr. 
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Callville Mesa lavas have 8 7 Sr/ 8 6 Sr = 0.708-0.709 and e Nd = -8 to -10 and are 

similar in isotopic composition and trace-element chemistry (high Ba, K, and Sr and low 

Nb and Ti) to mafic lavas derived from LM in the western United States (Fitton et al., 

1991; Farmer et al., 1989). However, Callville Mesa lavas differ by having lower Pb ratios 

( 2 0 7 P b / 2 0 4 P b = 15.45.15.5; 208 P b / 204 P b = 37.7.38; 206 P b / 204 P b s s i 7. 2-i7.4) than 

typical lithospheric-mantle derived basalts ( 2 0 7 Pb/ 2 0 4 Pb = 15.6; 2 0 8 P b / 2 0 4 P b = 38.7; 

206 P b /204 P b _ i 8 <3) (Figure 5), having trends on Rb/Sr, Th/Nb and La/Nb vs. SiC>2 

plots that project toward crustal compositions (Figure 7a,b and c), and by displaying 

ample evidence of crustal contamination. These geochemical and petrographic features 

suggest that Callville magmas were contaminated by the crustal lithosphere. The crustal 

component has 8 7Sr/8 6Sr>0.710, low Pb isotope ratios, and e Nd < -10 (Figure 5). We 

suggest that the crustal contaminant is similar in chemistry to Proterozoic rocks of the 

Mojave crustal province which extends into the Lake Mead area (Wooden and Miller, 

1990). Although, rocks of the Mojave province display a wide range of Pb isotope values, 

low ratios ( 2 0 7 Pb/ 2 0 4 Pb < 15.5; 208 P b /204 P b < 3 8 ; 206p b/204 P b < 1 7 # 4 ) ^ common. 

Because of the common occurrence of quartz and alkali feldspar xenocrysts in Callville 

Mesa lavas, the contaminant is assumed to be a felsic rock. Uncontaminated magma at 

Callville Mesa is similar in major and trace element composition to OAB. A normative 

nepheline bearing alkali basalt (sample 24-100; Table 1), the oldest flow recognized from 

the Callville Mesa center, plots in the field of OAB in terms of Na20+K20 (Figure 3a), 

Ce/Yb (Figure 3b) and trace element ratios (Figure 7). 

Tholeiitic Basalt 

Tholeiitic basalts at Malpais Flattop have high Sr (^ST/^6ST= 0.7075), low e Nd 

(-8.33)and increasing Rb/Nb, Th/Nb and La/Nb (Figure 8a,b and c). These lavas may have 

been contaminated as they passed through the crust. It is generally accepted that tholeiitic 

basalts equilibrate at shallower depths in the mantle than alkali basalts (24 to 45 km; 

Takahashi and Kushiro, 1983). If OAB were generated near the LM-AM boundary as 
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suggested above, it is reasonable to assume that the tholeiitic basalts were produced by 

melting of LM. Tholeiitic basalts in the western United States are generally assumed to 

have been affected by small amounts of crustal contamination as well as fractional 

crystallization (Dungan, 1992). The close spatial and temporal association of alkali and 

tholeiitic basalts, lack of mantle xenoliths together with isotopic and chemical signatures 

support the contamination hypothesis (for example: Perry et al., 1987; Glazner and 

Farmer, 1992). To estimate the changes in isotopic composition of lithospherically 

derived magmas due to contamination, we compared tholeiitic basalts to alkali basalt 

derived in the LM (e.g., Las Vegas Range alkali basalt to Malpais Flattop tholeiite). 

Tholeiitic basalts have higher ^ST^ST and lower e Nd than alkali basalts 

(87sr/86sr=0.0007 higher, e Nd= 1.13 lower). Other investigators noted similar isotopic 

changes due to crustal contamination. For example, Glazner and Farmer (1992) noted a 

shift in £ Nd by as much as 3 units as the result of contamination of mafic magmas by 

mafic crust. Daley and DePaolo (1992) estimated that £ Nd may be lowered by 2 to 3 

units by crustal contamination. Crowley (1984) demonstrated a shift in ^ST/^ST by up 

to 0.001 when comparing tholeiites and alkali basalts derived from the LM. Based on our 

data and the work of others, we conclude that the isotopic compositions of tholeiitic 

basalt reflect the melting of enriched mantle (LM) and that the changes in £ Nd (1 to 3 

units) and ^ST^ST (0.001) due to crustal contamination are small when compared to 

overall variations of £ Nd and ^ST^ST. 

Summary 

Mafic lavas of the NCREC represent the melting of a complex and variable 

mixture of AM, LM and crust (Table 2). YAB represent the melting of a source composed 

mainly of a mixture of AM and HIMU-like mantle. The source of OAB-hy and OAB-ne is 

a mixture of AM and LM dominated by AM. Low £ Nd and high ^ST/^ST magmas and 

tholeiites were derived from a LM source and were contaminated as they passed through 

the crust. This shift in isotopic values due to crustal interaction (commingling and 
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contamination) is no more than 4 units in £ Nd and 0.002 in 8 7 Sr / 8 6 Sr and does not mask 

the character of the mantle source. 

MANTLE AND CRUSTAL BOUNDARIES 

In this section, we argue that (1) the boundary between two crustal provinces, the 

NCREC and the amagmatic zone, corresponds in general to a mantle boundary between 

AM beneath the NCREC and LM beneath the amagmatic zone, (2) the mantle boundary 

formed between about 11 and 6 Ma during and just after the main phase of Tertiary 

extension in the western Lake Mead area (9 to 12 Ma), (3) the LMFS may be the upper 

crustal expression of the mantle boundary, and (4) during the peak of extension passive 

rifting resulted in upwelling AM beneath the NCREC. 

Our arguments below are based on the premise that depth of generation of alkali 

basalt magma in the study area remains relatively constant with time from 16 to 9 Ma (the 

period of peak extension regionally; see below). This assumption is based on the work of 

Takahashi and Kushiro (1983). Tholeiitic basalts are generated by partial melting of 

mantle peridotite with the mineral assemblage clinopyroxene, olivine, orthopyroxene at 

pressures of 8 to 15 Kb corresponding to depths of 24 to 45 km. Alkali basalts are 

produced from a similar source at pressures between 15 and 20 Kb corresponding to a 

depth of about 45 to 60 km. Crustal extension is accompanied by the rise of the geotherm 

to higher levels of the lithosphere. Therefore the expected relationship between extension 

and volcanism is the production of tholeiitic basalts during extension when isotherms are 

elevated and alkali basalts late when isotherms relax. In the Lake Mead area, however, the 

most compositionally primitive basalts in any given area are generally alkalic regardless of 

age and relation to extension. An exception is the tholeiitic basalt at Malpais Flattop. 

Therefore, depth of melting appears to remain relatively constant with time and variations 

in chemical and isotonic compositions are due to the rise of the LM-asthenosphere 

boundary rather than significant changes in the depth of melting. 
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In our discussion below, we divide the mafic volcanic rocks into those that erupted 

during and prior to the major phase of upper crust extension and those that erupted during 

a period of reduced upper crust extension. The time of peak upper crustal extension varies 

across the region (Wernicke et al., 1988; Fitzgerald et al., 1992), however in the Las 

Vegas area it occurred between 12 and 9 Ma (Duebendorfer and Wallin, 1991). To the 

south in the Eldorado and Black Mountains and to the east in the Gold Butte and Virgin 

Mountains, extension began at about 16 Ma (Anderson, 1971; Wernicke et al., 1988; 

Faulds et al., 1990). Wernicke estimated that in the Las Vegas region 75% of extension 

occurred between 16 and 10 Ma and 25% between 10 and 5 Ma. Structural information 

from the Lake Mead region suggests that 9 Ma is a more precise date for the termination 

of peak extension (Duebendorfer and Wallin, 1991). Therefore we use 9 Ma to separate 

mafic lavas produced during the peak of extension from those that erupted during wanning 

extension. 

The Mantle Boundary 

Isotopic data for post-9 Ma mafic lavas show regional differences which we infer 

to be a boundary in the lava's source region in the mantle. Contours ( 8 7 Sr/ 8 6 Sr = 0.706 

and e Nd = -1) separating lavas with a dominant LM component (87Sr/86sr>0.706, e Nd< 

-1) from those with an AM (8 7Sr/8 6Sr<0.706, £ Nd> -1) component define a boundary 

that extends from just north of the River Mountains into the Grand Wash trough (Figure 

8). The boundary parallels the LMFS along most of its length and is also roughly 

coincident with the boundary between the NCREC and the amagmatic zone. Post-9 Ma 

magmas tap mantle dominated by AM to the south of the boundary and LM to the north. 

Because sample locations in some areas are separated by considerable distance, placement 

of these contours is somewhat arbitrary, however they do define the general area of 

isotopic change. We suggest that this boundary formed during and just after the period of 

peak extension. Pre-9 Ma basalts throughout the region have uniform e Nd and 8 7 Sr / 8 6 Sr 

and were derived by melting of LM (Figure 9). Also, trace element compositions of pre-9 
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Ma mafic lavas are similiar to those basalts of the Western Great Basin province derived 

from LM (Fitton et al., 1991) (Figure 10a). Therefore, prior to about 9 Ma, LM extended 

beneath the entire Lake Mead area. Post 9-Ma basalts in the NCREC to the south of the 

boundary display a dramatic shift in 8 7 Sr/ 8 6 Sr and £ Nd. 8 7 Sr / 8 6 Sr changes from about 

0.707 to 0.703-0.705 and e Nd from about -9 to higher values (-1 to +6.7) (Figure 8). 

Chemically, mafic volcanic rocks acquire the signature of OIB lavas of the Transition 

Zone (Figure 10b). In the amagmatic zone to the north of the boundary, post-9 Ma mafic 

lavas at Black Point and at Callville Mesa retain the isotopic signature of pre-9 Ma lavas 

(Figure 8) and may represent the easternmost limit of the southern Nevada basalt field of 

Farmer et al. (1989). Our interpretation of this data is that between 11 and about 6 Ma, 

the source of mafic lavas in the NCREC changed from LM to AM. The source of lavas in 

the amagmatic zone remained in the LM. Apparently, the LM was thinned or removed 

from beneath the NCREC but remained intact beneath the amagmatic zone. Therefore, 

we infer that the mantle boundary between LM (north) and AM (south) formed between 

about 11 and 6 Ma. 

Daley and DePaolo (1992) concluded on the basis of an isotopic study that the 

lithosphere in the Las Vegas area thinned by about 50% less than would be predicted by 

the amount of upper crustal extension. This statement is partially based on isotopic values 

for tholeiitic basalt at Malpais Flattop and a 5.8 Ma K-Ar age for these lavas reported by 

Anderson et al. (1972). The isotopic data and geochronology suggest that near the end of 

the major phase of upper crustal extension (10 to 6 Ma), the lithosphere had not thinned 

enough to bring AM into the depth range of tholeiitic magmas. However, recent 

40Ar/39A r dating shows that Malpais Flattop is between 9.7 Ma and 10.6 m.y. old, not 

5.8 Ma (Faulds and Gans, unpublished data). Although, the conclusion of Daley and 

DePaolo (1992) is permissible considering the new dates, their estimates of the magnitude 

of lithospheric extension can no longer be as tightly constrained. 
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Mantle Plumes? 

The change in source of basalts from LM to AM with time, the OIB character of 

the mafic lavas and the presence of a HIMU-type mantle component are compatible with 

the presence of a rising asthenospheric plume beneath the NCREC. Mechanisms to 

account for lithospheric extension and OIB type volcanism commonly call for an upwelling 

mantle plume (active rifting) (e.g., Eaton, 1982; Fitton et al., 1991). However, the 

persistence of volcanism with OIB character for nearly 5 m.y. argues against such a 

mechanism, because plumes or convecting cells are not coupled to the lithosphere. The 

lithosphere drifts over the heat source resulting in a volcanic chain. Mantle heat sources 

(plumes) apparently drift, but not necessarily at the same rate or in the same direction as 

the lithospheric plates. 

Unusually hot asthenosphere may not be required to induce lithospheric extension 

and volcanism (Buck, 1986; Perry et al., 1987; White, 1987; White et al., 1988). Mantle 

upwelling may be passive and caused by stretching and thinning of the lithosphere. The 

mantle rises to compensate for thinning crust Melting results from the decompression of 

asthenospheric mantle as it rises passively beneath the stretched and thinned lithosphere. 

Small increases in temperature are sufficient to generate large volumes of melt during 

decompression. An increase of 100° C doubles the amount of melt; 200° C can quadruple 

melt volume (White and McKenzie, 1989). Melt produced by passive mande upwelling arc 

thought to underplate the thinned lithosphere where they forms a gabbroic layer. After a 

sufficient volume of magma is generated, small batches of mafic magma rise into the upper 

crust. Only about 10% of the magma generated in the mantle eventually reaches the 

surface (White and McKenzie, 1989). During passive mantle upwelling, isotopically 

enriched lithosphere may be thermally but not chemically converted to asthenosphere and 

may convectively mix with isotopically depleted asthenospheric mantle (Perry et al., 

1987). OIB basalts may result from the partial melting of mis two component mantle. 

Hence, a deep mantle source for OIB is not required. 
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Passive rifting models infer that mantle convection is coupled to the lithosphere 

and OIB type volcanism may occur for long periods of time in a restricted geographic 

area. Perry et al. (1987,1988) applied a passive rifting model to the Rio Grande rift in 

central New Mexico and suggested that volcanism in the Colorado Plateau-Basin-Range 

transition zone may be explained by passive rifting. Recently, Bradshaw (1991) suggested 

a modified passive rifting model. Plate tectonics, rather than deep seated mantle plumes 

may provide the ultimate driving force for extension and magmatism. According to 

Bradshaw, melting of LM in the NCREC was initiated by heat input from warmer 

asthenosphere as it rose to fill a slab window left by the northwared migration of the 

Farallon Plate. 

Passive rifting is probably more applicable to the NCREC than active rifting for 

two reasons. First, OIB-type alkali basalt volcanism is concentrated in a restricted 

geographic area for nearly 5 m.y. Volcanic chains with orientations explainable by 

lithospheric plate motion are not present Second, alkali basalt magmas in the NCREC 

result from melting a three component source composed of LM, AM and HIMU-mantle. 

LM was an important component in the source of older OAB-hy and low e Nd alkali 

basalts but becomes less important with time. This geochemical pattern is compatible with 

the model of passive rifting and lithospheric erosion as described by Perry et al. (1987) for 

the Rio Grande Rift 

Passive rifting may have been proceeded by active rifting in the NCREC. Faulds et 

al. (1990) suggested that upwelling was active in the NCREC during mid-Miocene 

extension. Faulds et al. (1990) developed a kinematic model that infers that extension 

(spreading) occurred about discrete axes and that highly extended areas lie directly above 

areas of divergent flow in the asthenosphere. Alternatively, passive rifting between 11 and 

6 Ma may a continuation of an earlier more intense passive rifting event related to the 

openning of a slab window left by the northward migration of the Farallon Plate 

(Bradshaw, 1991). 
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Does LM Thin Progressively to the West? 

During the peak of extension, most mafic lavas in the NCREC were derived by 

melting LM. An exception is 9.4 Ma basalt at Gold Butte that displays a different isotopic 

signature (e Nd = -0.9 and 8 7 Sr / 8 6 Sr = 0.705). The higher e Nd and lower 8 7 Sr / 8 6 Sr may 

be explained by the presence of AM in the source. If this assumption is correct, then 

Basalt at Gold Butte has a substantial AM component about 3 m.y. earlier than alkali 

basalt in the NCREC to the west (Figures 9 andl 1). We interpret this relationship as 

circumstantial evidence for westward thinning of LM with time in the Lake Mead area. In 

the NCREC (Wernicke et al., 1988; Smith et al., 1990) and Gold Butte area (Fitzgerald et 

al., 1991) upper crustal extension may have migrated from east to west between 16 Ma 

and about 9 Ma. The postulated westward thinning of the mantle lithosphere may mirror 

spatially and temporally (?) westward migrating upper crustal extension. Directional 

thinning of the LM will be difficult to test further because of a lack of alkali basalt lavas of 

a suitable age along an east-west transect across the NCREC. 

Links Between Mantle and Crust 
8 7 Sr / 8 6 Sr = 0.706 and e Nd = -1 contours trend east-northeast and are colinear 

with the LMFS (Figure 8). The LMFS is a set of northeast striking left-lateral faults with 

65 km of accumulated slip that occurred between 17 and 10 Ma (Anderson, 1973; 

Bohannon 1979,1984). Weber and Smith (1987) considered the LMFS and the Saddle 

Island detachment (Smith, 1982; Duebendorfer et al., 1991a) to be a kinematically 

coordinated system of faults. If the Weber and Smith (1987) model is correct, then the 

LMFS is a shallow crustal structure. Recently, Smith et al. (1991) suggested that the 

Saddle Island fault originated as a steeply dipping normal fault and that the LMFS 

represents the northern boundary of the Saddle Island allochthon. In this case, the LMFS 

may extend into the middle to lower crust Faulds et al. (1990) considered both the LMFS 

and the LWSZ as the northern boundary of the NCREC and to correspond to 
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intracontinental transform faults separating en echelon axes of extension. We suggest that 

the similar trend and geographic location of the isotopic boundaries and the LMFS argues 

for a genetic relationship between the two features. The LMFS may represent the crustal 

manifestation of differential thinning of the LM or the rejuvenation of an older lithospheric 

structure. Whatever the connection, it appears that the LMFS reflects mantle processes 

and may be an important deeply penetrating (?) crustal structure. 

SUMMARY 

The formation of a mantle domain boundary is depicted on four diagrammatic 

north-south sections across the Lake Mead area (Figure 11). The sections display the 

interaction of mantle and crust during the early stage of extension in the Lake Mead area 

(16-12 Ma), the peak of extension (12-9 Ma), after the peak of extension during the 

eruption of Fortification Hill basalts (6 Ma) and after extension during the eruption of 

xenolith bearing alkali basalts (4.3 Ma). 

Early Stage of Extension (Figure 11a). Crustal extension was initiated about 16 Ma in the 

Lake Mead-Gold Butte area by either active mantle convection (Fitton et al., 1991) or the 

opening of a slab window (Bradshaw, 1991). Mafic magmas were generated in LM and 

locally rose to the surface without being significantly contaminated (e.g., Las Vegas 

Range, alkali basalt in River Mountains). Mafic magma stalled in the crust at "ductile 

barriers" and commingled with crustal magma to form calc-intermediate volcanoes and 

plutons (Smith et al., 1990; Bradshaw, 1991). 

Peak of Extension (Figure lib). Upper crustal extension occurred in the NCREC between 

12 and 9 Ma but was not accompanied by significant magman'sm. During extension in the 

NCREC, LM may have been thinned and replaced by asthenosphere progressively to the 

west During thinning and replacement of the LM in the NCREC, the LM in the 

amagmatic zone remained intact Contrasting behavior to the north and south of this 

boundary produced the mantle domain boundary. The LMFS is spatially and temporally 
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related to the mantle boundary. The LMFS may be the crustal manifestation of differential 

thinning of the LM. Mantle convection between 12 and 9 Ma is probably passive and is 

driven by crustal thinning. 

After the Peak of Extension (Figure lie). After the peak of extension, volcanism in the 

NCREC originates in the asthenosphere near the boundary with the LM at a depth of 45 

to 60 km. In the amagmatic zone mafic volcanic rocks at Black Point originate in the LM. 

Isotopic compositions of alkali basalts define two mantle domains. The domain to the 

north is characterized by LM (e Nd = -3 to -9; 8 7 Sr / 8 6 Sr = 0.706-0.707). To the south 

mafic lavas have an OIB-mantle signature and appear to have only a minor LM 

component in their source (eNd = 0 to+4; 8 7 Sr / 8 6 Sr = 0.703-0.705). The change in 

source of basalts from LM to AM with time, the OIB character of the mafic lavas and the 

presence of a HIMU-like mantle component is compatible with the presence of rising 

asthenosphere, as an upwelling convective cell, or plume beneath the NCREC at 6 Ma 

after the peak of extension. Passive rifting is probably more applicable to the NCREC than 

active rifting because OIB-type alkali basalt volcanism is focused in a small geographic 

area for at least 5 Ma. 

After Extension (Figure lid). Low volume xenolith bearing alkali basalts formed in the 

NCREC by melting asthenosphere mixed with a HIMU-like component Since, 

lithospheric thinning is unlikely at 4.3 Ma, the lower proportion of LM in the source of 

alkali basalts and the higher proportion of HIMU-like mantle suggests that the depth of 

melting increased between 6 and 4.3 Ma. Passive rifting may have continued as late as 4.3 

Ma as evidenced by the presence of the HIMU-like mantle component in mafic lavas of 

this age. 
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FIGURES: 

1. Major mantle and crustal provinces in the southern Basin and Range. The boundaries of 

the Western Great Basin province are from Fitton et al. (1991). Mafic lavas in the Sierran 

province (Menzies et al., 1983) are identical in isotopic signature to those in the Western 

Great Basin province. Boundary between EM2 and OIB-mantle is from Menzies (1989) 

and the extent of the amagmatic zone from Eaton (1982) and Eaton et al. (1978). Other 

geologic boundaries are from Fitton et al. (1991). The NCREC was originally defined by 

Faulds et al. (1990). Rectangle indicates area represented in Figure 2a. 

2a. Index map of southern Nevada showing geologic features and sample stations. 

Rectangle indicates the area of Figure 2b. Patterned area is Lake Mead. LWFZ-Las 

Vegas Valley fault zone, LMFS-Lake Mead fault system, LVR-Las Vegas Range. BP-

Black Point, RM-River Mountains, McR-McCullough Range, BM-Black Mountains, WH-

White Hills, GB-Gold Butte, GWT-Grand Wash trough, EM-Eldorado Mountains, 

NCREC-Northern Colorado River extensional corridor. 

2b. Detailed index map of Lake Mead area and Northern Colorado River extensional 

corridor showing geologic features mentioned in the text and the location of sample 

stations (numbers in boxes correspond to first two digits of sample numbers on Table 1). 

CM-Callville Mesa, BW-Boulder Wash, HC-Hamblin Cleopatra volcano, PW-Petroglyph 

Wash, FH-Fortification Hill, Si-Saddle Island, LC-Lava Cascade, HD-Hoover Dam, WB-

Willow Beach, MFT-Malpais Flattop, Gov W-Govemment Wash, US-93-exposures of 

alkali basalt along US route 93. 

3a. Plot of total alkalis (Na20+K20) vs. SiC>2 for volcanic rocks of the Fortification Hill 

volcanic field, Callville Mesa, Black Point and Malpais Flattop. Open circles-Young alkali 



basalts (YAB) of the Fortification Hill field, Filled circles-Older alkali basalts (OAB) of 

the Fortification Hill field, Open triangles-Hypersthene normative alkali basalts (OAB-hy) 

of the Fortification Hill field, Filled triangles-Tholeiitic basalts (TH) from Malpais Flattop, 

Open boxes-mafic lavas of Callville Mesa (CM). 

3b. Plot of Ce/Yb vs. Si02 for volcanic rocks of the Fortification Hill volcanic field, 

Callville Mesa, Black Point and Malpais Flattop. Symbols are defined in the caption of 

Figure 3a. Solid circles surrounded by dotted line are mafic lavas at Black Point. 

4. Post 9-Ma alkali basalts in the northern Colorado River extensional corridor are similar 

to ocean island basalts (OIB) in terms of e Nd and ^ST^ST. Pre 9-Ma mafic lavas 

region wide and post 9-Ma basalts in the amagmatic zone originated in the LM. LM in the 

Lake Mead area has a wider range of isotopic compositions than LM reported by Farmer 

et al. (1989) for southern Nevada basalts. In the River Mountains, magma commingling 

resulted in a change of e Nd of about 4 units and ^Sr /^Sr of about 0.002 (indicated by 

brackets). DM-depleted mantle (MORB), HIMU-a mantle component with high \i 

(238u/204Pb). OIB-ocean island basalt. 

5. Mafic lavas of the Fortification Hill field appear to contain a HIMU-like component in 

their source. Fortification Hill basalts define a trend that extends from lithospheric mantle 

toward HIMU-like mantle. Mafic lavas of the Grand Wash trough lack this component 

and trend toward typical asthenospheric mantle. Callville Mesa lavas are low in Pb and 

show the affect of contamination by Mojave-type crust (lower to middle crust). Mafic 

volcanic rocks in the River Mountains commingled with felsic upper crust and trend 

toward higher 206pb/204pk Symbols defined on Figure 4. 



6. Three-dimensional plot of e Nd vs. 8 7 Sr/ 8 6 Sr vs. SiC»2 for volcanic rocks of the River 

Mountains. The positive correlation between SiC>2 and 8 7 Sr / 8 6 Sr and the negative 

correlation between SiC«2 and e Nd suggest that rhyolite and basalt are end-members of a 

mixing sequence. Intermediate compositions represent the mixing of the end-member 

compositions in various proportions. 

7. Trace-element ratio vs. SiC«2 plots for volcanic rocks of the Fortification Hill volcanic 

field, Callville Mesa and Malpais Flattop. Symbols defined in caption to Figure 3a. OAB 

and YAB have ratios typical of ocean island basalts (OIB). Callville Mesa and tholeiitic 

lavas trend from the OIB field toward crust. Boxes indicate the field of ocean island 

basalts. 

7a.Rb/Srvs.Si02. 

7b. Th/Rb vs. SiC>2. 

7c. La/Nb vs. SiC«2. TH-indicates hidden data point for tholeiitic basalt. 

8. Map showing 8 7Sr/ 8^Sr and e Nd for pre-9 Ma mafic lavas in the Lake Mead area. The 

amagmatic zone lies to the north of the Lake Mead fault system (LMFS), the northern 

Colorado River extensional corridor is to the south. Prior to 9 Ma isotopic values were 

relatively constant across the Lake Mead region and indicate that mafic volcanoes are 

tapping lithospheric mantle. 

9. Map showing 87Sr/86Sr and E Nd for post-9 Ma mafic lavas in the Lake Mead area. 

Contours separate areas where mafic volcanoes are tapping asthenospheric mantle (AM)(e 

Nd> -1, 87sr/86sr<0.704) from those areas where volcanoes are tapping lithospheric 



mantle (LM). Note that the LMFS is colinear with the isotopic contours and that AM is 

mainly present to the south in the NCREC. Values in italics are OAB-hy. 

10a. Spider plot of incompatible elements vs. abundance normalized to OIB average of 

Fitton et al. (1991). Post 9-Ma mafic lavas in the NCREC (open triangles) are similar in 

trace element abundance and pattern to lavas in the Colorado Plateau-Basin and Range 

Transition Zone derived by melting AM (solid circles) (Fitton et al., 1991). 

1 Ob. Mafic volcanic rocks in the Lake Mead area erupted prior to 9 Ma (open triangles) 

are similar to lavas of the Western Great Basin province (solid circles) produced by 

melting LM (Fitton et al., 1991). 

11. Summary of mantle evolution and magmatism in the Lake Mead area. Sections are 

diagrammatic and are roughly drawn in a north-south direction. Mantle currents and 

crustal extension are in an east-west direction. LMFS-Lake Mead Fault system, NCREC-

northern Colorado River extensional corridor. 

a. Crustal extension was initiated about 16 Ma in the Lake Mead-Gold Butte area by 

either active extension (Fitton et al., 1991) or the openning of a slab window (Bradshaw, 

1992). Mafic magmas are generated in LM and locally rise to the surface without being 

significantly contaminated (e.g., Las Vegas Range, alkali basalt in River Mountains). A 

large volume of mafic magma is stalled in the crust at "ductile barriers" (Smith et al., 1990; 

Bradshaw, 1992) and commingles with crustal magma to form calc-intermediate volcanoes 

and plutons. 

b. Upper crustal extension occurred in the NCREC between 12 and 9 Ma but was not 

accompanied by significant magmatism .During extension in the NCREC, LM may have 



been thinned and replaced by asthenosphere progressively to the west. During thinning and 

replacement of the LM in the NCREC, the LM in the amagmatic zone remained intact. 

Contrasting behavior to the north and south of this boundary produced the mantle domain 

boundary. The domain to the north is characterized by LM (e Nd = -3 to -9; ^ST/^ST = 

0.706-0.707). To the south mafic lavas have an OIB-mantle signature and appear to have 

only a minor LM component in their source (e Nd = 0 to +4; 8 7 Sr / 8 6 Sr = 0.703-0.705). 
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TABLE 1. Selected Isotope and Geocherrical Data From the Votcaric Rocks in the Lake Mead Area. 

Fortification Hill Volcanic Field 
U.S. 93 1 Petroglyph Wash Mahais Flattop Fortiitcatio 

YAB YAB YAB YAB YAB YAB YAB ra TH TH TO TH OAB-hy 
Sample 93-96 93-94 93-93 45-124 42-76 25-2 25-1 60-5 60-3 60-06 6044 59-103 84-60 
Si02 44.05 47.01 4431 45.50 45.00 44.90 4457 47.64 46.99 47.87 47.28 49.81 48.87 
AI203 15.52 16.77 15.87 16.89 16.79 16.53 1634 1631 0.00 14.67 14.95 15.75 15.25 
FeO 10.46 10.57 9.80 10.04 10.88 11.14 10.44 11.07 13.19 1334 1238 10.05 10.11 
CaO 9.07 7.31 8.34 8.53 8.78 7.68 8.77 724 838 929 8.90 7.48 952 
MgO 5.88 4.12 3.26 5.94 6.21 5.73 5.52 7.91 8.75 6.95 6.82 8.04 7.15 
Na20 3.08 4.85 3.89 4.78 4.94 4.73 4.15 3.16 172 180 192 3.10 3.19 
K20 2.80 4.18 185 120 3.70 1.04 1.94 1.02 0.81 121 1.07 1.08 1.23 
Ti02 3.02 182 177 152 154 140 146 1.40 1.18 153 1.40 1.46 153 
MnO 0.15 0.15 0.14 0.19 0.18 0.16 0.19 0.17 0.19 020 0.19 0.23 0.17 
P205 0.78 0.87 0.82 0.77 0.88 0.72 0.68 0.16 022 025 024 0.25 0.37 
LOI 6.48 153 9.43 1.12 0.60 193 4.28 0.92 1.44 059 0.77 1.33 
Tottl 101.40 101.30 101.55 98.48 100.65 98.06 9950 97.07 9834 98.76 96.98 9858 97.41 

Trace and Rare-Earth Elements in ppm (instrumental neutron activation analysis [INAA], 
isotope dilution [ID], atomic: absorption IAA], x-ray 1 fluorescence specuomcuy [XRF]). 

CrONAA) 103 99 76 113 139 151 254 337 227 242 269 221 
CoflNAA) 25 23 23 28 30 29 28 40 52 42 41 43 24 
ScONAA) 15.2 13.1 12.7 17.4 18.6 18.0 18.9 36.4 25.6 33.0 30.0 38.8 283 
V(INAA) 153 142 192 216 186 179 226 214 247 221 
Hf(INAA) 7.16 7.80 7.33 6.98 7.22 6.45 6.73 3.93 171 321 357 7.14 194 
ThttNAA) 6.08 7.38 7.28 1105 12.40 8.51 850 150 1.90 145 1.82 149 
TaONAA) 4.81 5.48 5.01 5.68 0.00 4.02 350 0.70 1.49 
LaONAA) 53.1 58.9 55.8 85.5 75.1 59.9 60.6 15.6 132 155 14.9 15.6 27.8 
Ce(INAA) 107.0 124.0 118.0 140.9 151.0 1163 1162 332 34.8 29.9 35.7 314 39.7 
Sm(INAA) 8.5 8.4 7.9 8.9 8.6 8.8 9.0 4.4 3.6 4.0 3.9 4.2 4.6 
Eu(INAA) 13 2.4 14 14 13 14 14 1.4 13 13 1.1 0.0 1.6 
Yb(INAA) Zl 13 10 11 14 18 32 32 25 18 16 15 1.7 
Lu(INAA) 0.3 03 03 0.4 02 03 0.4 03 0.4 0.3 05 03 
Si(AA) 1020 1400 820 874 870 1000 274 280 485 
RWAA) 34 52 64 42 22 36 16 36 18 
Ba{AA) 880 704 880 0 744 792 280 264 600 
Ni(AA) 66 46 70 68 64 70 84 118 80 
NWXRF) 68 69 84 85 63 60 13 11 28 
Zr(XRF) 285 300 300 260 250 105 124 
Si<ID) 873.59 999.69 29725 
Rb(ID) 43.4 20.24 16.69 
Nd(ID) 49.48 4629 16.72 

Selected Normative Minerals 
Nepheline ' 6 7 7 12 21 7 9 0 0 0 0 0 0 
Hypersthene 0 0 0 0 0 0 0 10 8 16 6 19 4 

Isotonic analysts by Mass Spectrometry 
143Nd/144Nd 0.512824 0.512801 0512211 
Epsilon Nd 3.63 3.18 -833 
(87Sr/86Sr)i 0.70347 0.70433 ' 0.70758 
2O6Pb/204Pb 18.741 18.718 17.742 
207PW204Pb 15.523 15.564 15531 
208PW204Pb 38.476 38.639 38.830 



nHil! Lava Cascade 
OAB-hy OAB-hy OAB-hy OAB-hy OAB-hy OAB OAB OAB OAB OAB OAB OAB OAB 

84-59 38-15 38-138 38-13 57-101 57-132 57-113 57-112 57-111 57-109 57-108 57-107 57-106 
Si02 48.58 44.62 48.89 45.79 47.24 45.43 44.15 44.28 44.41 4184 45.06 4535 44.46 
AI203 15.80 14.29 16.73 14.50 15.18 15.67 15.22 15.20 15.81 15.09 16.25 16.71 16.64 
FeO 10.40 11.93 10.44 12.80 12.07 13.96 1338 13.78 13.42 12.90 1168 13.81 13.01 
CaO 10.30 7.92 10.87 8.38 10.12 10.87 10.69 1034 10.89 10.96 10.92 11.13 10.77 
MgO 6.41 8.55 5.47 8.78 8.16 8.59 8.06 833 6.79 7.17 537 534 532 
Ni20 3.12 Z81 3.30 2.86 187 2.98 2.88 3.01 3.12 2.74 3.20 3.15 3.08 
K20 1.09 1.10 0.80 0.84 1.15 1.20 1.10 1.10 1.10 1.00 1.00 1.20 1.10 
Ti02 1.60 1.29 1.51 1.41 1.89 1.81 1.76 1.78 1.90 1.73 1.99 2.07 1.95 
MnO 0.17 0.15 0.16 0.16 0.23 0.19 0.18 0.19 0.18 0.17 0.18 0.19 0.18 
P205 0.44 0.28 0.49 0.28 0.46 0.53 0.52 033 0.52 0.49 034 033 033 
LOI 3.45 1.42 1.48 1.38 0.65 0.52 0.20 0.05 1.84 0.60 039 1.06 
Toul 97.93 96.45 100.08 9734 100.75 101.88 98.46 98.94 98.19 96.93 97.99 100.27 98.30 

CrtlNAA) 186 322 162 361 257 296 268 301 187 258 96 80 81 
Co(INAA) 24 44 53 44 44 43 46 41 42 • 36 35 34 
ScflNAA) 30.8 23.1 27.4 263 31.9 29.7 30.2 30.0 31.8 30.8 28.9 0.0 27.4 
VONAA) 209 234 213 244 229 230 282 234 239 245 232 
HfONAA) 2.87 236 3.46 338 536 330 3.26 3.26 3.96 3.69 3.60 431 2.88 
Th(INAA) 171 173 4.19 187 195 331 3.15 3.13 3.64 334 3.91 3.66 3.98 
TaflNAA) 1.42 1.80 1.65 1.69 138 1.17 1.66 134 1.73 1.69 239 107 1.97 
LadNAA) 30.0 233 29.0 24.6 24.9 29.0 311 312 319 30.2 34.2 37.2 363 
Ce(INAA) 403 45.7 503 52.4 433 51.6 59.2 54.7 64.6 56.2 64.9 69.7 673 
Sm(INAA) 5.4 43 53 4.8 4.7 5.1 53 53 5.6 53 5.8 6.0 5.9 
Eu(INAA) 1.6 1.4 13 1.6 1.6 13 13 13 1.6 13 1.7 1.6 1.6 
VbflNAA) 1.9 1.9 11 12 0.7 13 18 12 15 17 12 16 10 
Lu(INAA) 0.4 0.4 0.2 0.4 03 0.2 0.2 03 03 0.4 0.4 
SrfAA) 490 380 470 455 600 410 451 464 
RKAA) 12 14 10 12 12 10 11 
Ba(AA) 590 400 680 475 456 432 480 536 
Ni(AA) 46 230 166 110 134 126 42 
Nb(XRF) 28 24 56 28 31 29 30 36 
2KXRF) 130 108 141 116 145 140 140 160 
SrfID) 434.24 451.23 463.93 
Rb(ID) 1431 9.68 11.09 
Nd(tt>) 24.77 2726 

Nepheline 0 0 0 0 0 6 6 6 6 5 4 5 5 
Hypeisthene 4 1 2 4 1 0 0 0 0 0 0 0 0 

143Nd/144Nd 0312595 0312711 0312711 
Epsilon Nd -0.84 12 1.42 
(87Sr/86Sr)i 0.70565 0.70479 0.70479 
206Pb/204Pb 18.194 18.670 18391 
207PW204Pb 15323 15370 15355 
208Pb/204Pb 38309 38.612 38335 



Pttroglyph Wash 
OAB OAB OAB OAB OAB OAB OAB OAB OAB OAB OAB OAB OAB OAB 

Sample 57-105 57-10 57-09 42-84 42-83 42-82 42-81 42-78 42-77 42-75 42-74 42-73 42-128 42-127 
Si02 43.54 43.48 43.47 47.66 48.24 47.52 48.58 48.22 48.46 44.90 45.02 44.79 47.95 45.36 
AI203 15.10 15.24 15.15 16.70 16.76 16.61 17.00 1624 16.69 1757 1759 17.42 16.41 14.34 
FeO 13.10 12.70 12.53 11.45 10.50 10.56 1058 11.70 1054 11.68 1Z28 1Z23 1133 11.56 
CaO 1057 10.46 11.06 10.07 9.92 9.79 9.73 9.72 9.73 10.68 10.76 10.86 10.02 934 
MgO 8.71 9.14 8.64 6.10 538 535 5.00 5.93 537 6.28 653 636 4.78 9.41 
Na20 239 2.76 184 3.57 3.56 3.57 3.61 3.49 356 3.42 332 3.11 3.39 2.90 
K20 1.00 1.16 1.20 1.81 2.12 ZU 1.93 Z58 Z54 Z27 235 1.89 1.60 1.40 
Ti02 1.71 1.75 1.76 1.71 1.72 1.76 1.79 1.89 1.69 1.97 Z01 Zll 1.61 1.28 
MnO 0.18 0.18 0.18 0.17 0.16 0.16 0.16 0.17 0.15 0.18 0.18 0.19 0.16 0.16 
P205 0.49 0.30 033 0.51 0.58 0.57 0.57 057 0.60 0.75 0.76 0.71 055 053 
LOI 258 0.81 0.81 0.94 1.72 1.42 1.47 0.46 1.76 1.12 0.46 138 0.78 1.16 
Tolal 99.37 98.06 98.07 100.75 100.75 99 JO 100.50 101.05 101.15 100.95 10130 101.20 98.58 97.44 

CrONAA) 325 308 313 138 60 50 48 62 50 49 49 47 63 454 
Co(INAA) 46 45 47 33 33 32 33 34 33 35 37 36 31 44 
ScdNAA) 30.1 31.3 312 26.8 263 25.0 26.7 26.9 27.0 26.6 26.9 26.6 24.9 27.8 
V(1NAA) 258 263 297 238 232 281 233 251 251 259 278 308 197 198 
Hf(INAA) 355 4.02 3.65 3.61 4.44 4.00 453 4.48 4.85 4.83 5.11 4.73 3.27 3.10 
Th(INAA) Z65 352 3.80 452 5.16 528 5.72 554 5.98 9.96 1020 9.62 5.10 6.77 
TaONAA) 1.68 153 157 1.76 1.95 1.87 1.92 Z43 Z01 Z78 Z74 3.13 1.97 Z05 
LaflNAA) 28.9 23.3 272 3Z4 372 37.7 37.4 38.1 39.4 65.6 65.8 61.4 40.0 48.1 
Ce(INAA) 52.9 52.7 55.6 61.7 74.9 723 78.7 77.1 8Z0 124.0 124.0 116.0 785 83.9 
Sm(INAA) 4.9 4.6 5.1 53 6.1 62 62 63 65 7.7 7.7 7.1 63 6.0 
Eu(INAA) 1.4 1.4 1.6 1.4 1.7 1.6 1.9 1.7 1.8 1.9 ZO 1.8 1.6 1.4 
YbflNAA) 1.9 Z3 Z2 Z2 25 25 ' 22 Z4 25 Z7 Z7 Z9 3.1 13 
Lu(INAA) 0.3 0.3 02 03 0.4 0.4 03 03 0.4 0.4 0.4 0.4 02 0.3 
SrfAA) 490 530 598 760 570 550 
RttfAA) 10 • 20 22 20 24 20 
Ba(AA) 424 680 800 1080 720 736 
Ni(AA) 138 54 30 24 34 200 
Nb{XRF) 28 30 34 46 34 36 
2KXRF) 130 145 155 190 155 140 
SiflD) 59757 
Rb(ID) 2Z13 
Nd(ID) 3226 

Nepheline 3 3 8 3 5 5 3 6 6 11 10 8 2 4 
Hypeisthene 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

143Nd/144Nd 0512603 
Epsilon Nd -0.69 
(87Sr/86Sr)i 0.70555 
206Ph/204Pb 18263 
207PW204Pb 15548 
208Pb/204Pb 38397 



Fortification Hill Black Point 

Las Vegas 
Rmge CillviUeMesa 

OAB OAB OAB OAB OAB OAB OAB OAB CM CM CM CM 
Sample 38-144 38-143 38-14 38-136 38-135 38-133 10-121 10-120 LV-104 24-91 24-70 24-69 24-68 
Si02 47.34 47.97 47.62 48.25 47.60 4739 4438 4632 42.49 54.05 5732 53.61 55.18 
AI203 15.87 16.05 15.28 15.96 15.70 15.58 14.35 1530 10.76 1631 15.87 15.91 15.84 
FeO 11.66 11.87 11.73 1236 1237 1154 13.82 1339 1179 1031 8.80 8.89 8.49 
CaO 10.24 10.16 8.94 1037 9.98 10.07 635 7.93 9.78 6.47 6.74 7.15 6.64 
MgO 5.84 5.32 7.78 5.82 5.84 6.03 8.76 8.92 13.45 332 4.15 4.99 433 
Na20 3.18 3.26 3.39 3.34 330 3.14 4.17 197 239 431 331 3.36 332 
K20 1.40 1.40 1.29 1.40 1.40 130 0.70 0.90 1.00 101 148 2.33 154 
Ti02 1.41 1.46 1.39 1.53 1.61 1.63 1.10 1.16 1.69 1.81 1.09 1.06 1.07 
MnO 0.16 0.17 0.17 0.18 0.18 0.17 0.19 0.19 0.16 0.14 0.13 0.11 0.10 
P205 0.48 0.49 0.27 0.48 0.49 0.49 030 034 0.67 030 0.25 0.31 030 
LOI 1.12 0.49 1.54 0.21 0.71 0.82 3.14 4.11 1.79 0.17 0.44 183 117 
Total 98.70 98.64 99.51 99.70 9938 99.06 97.66 10133 96.97 9930 100.90 100.65 10035 

CrflNAA) 173 70 270 117 112 176 271 326 816 23 115 156 134 
CoflNAA) 34 33 40 35 37 35 56 54 58 25 25 27 28 
Sc(INAA) 27.3 26.3 243 28.8 28.7 27.8 243 24.7 212 15.8 173 173 18.2 
V0NAA) 205 236 227 244 239 255 194 177 234 182 143 151 153 
HfflNAA) 172 4.18 3.11 3.45 335 3.60 1.70 183 532 4.67 4.77 3.91 439 
Th(lNAA) 186 333 175 334 3.72 333 1.16 530 733 5.90 4.96 5.46 
TaONAA) 1.60 131 1.18 1.69 132 131 0.95 0.71 1.67 1.12 1.03 0.96 
U0NAA) 293 317 23.8 33.1 31.7 313 116 11.8 46.0 42.9 37.9 31.8 34.2 
Ce(INAA) 54.2 573 513 56.0 58.6 612 243 24.7 910 873 714 65.1 711 
Sm(INAA) 5.1 53 4.8 5.6 5.4 53 3.1 3.1 103 63 53 4.9 5.2 
Eu(INAA) 1.4 13 13 1.6 13 1.4 0.9 1.1 13 1.6 13 1.2 1.4 
YbflNAA) 14 23 12 13 1.8 11 1.8 23 1.7 12 14 12 16 
Lu(INAA) 0.2 0.4 03 03 03 0.4 03 03 0.1 03 03 0.3 03 
SrfAA) 500 550 490 495 246 260 376 424 
Rb(AA) 12 14 12 14 9 13 56 51 
Ba(AA) 570 690 640 600 176 190 880 880 
Ni(AA) 60 24 118 40 42 206 52 60 
NbCXRF) 26 28 22 26 26 13 10 19 17 
Zr<XRF) 122 138 116 126 126 77 90 155 145 
SrfID) 491.11 246.12 30635 79538 42331 
RWID) 14.86 8.98 14.45 4837 50.94 
Nd(ID) 25.45 11.09 55.76 25.97 

Nepheline 2 331 2 2 2 1 734 13 5 0 0 0 0 
Hypersthene 0 0 0 0 0 0 0 0 0 12 14 16 14 

143Nd/144Nd 0312592 0312456 0312520 0312269 0312090 
Epsilon Nd -0.9 -335 -23 -73 -10.69 
(87Sr/86Sr)i 0.70567 0.70793 0.70753 0.70632 0.70792 
206Pb/204Pb 18.123 17.947 18X133 18.963 17.173 
207Pb/204Pb 15341 15.499 15381 15.642 15.453 
208Pb/204Pb 38.156 38391 38.9 38.845 37.814 



CM CM CM CM CM CM CM CM CM CM CM CM 
Sample 24-66 24-65 24-64 24-63 2442 2441 24-60 24-59 24-58 24-57 24-56 24-55 
Si02 53.84 56.53 5330 54 32 5657 55.73 55.56 57.80 5755 55.00 54.96 54.26 
AI203 16.16 15.99 16.13 1652 15.88 15.84 15.91 15.78 15.97 1630 16.29 15.59 
FeO 835 9.17 9.55 8.68 8.88 9.09 8.66 8.47 8.72 9.42 932 8.99 
CaO 7.13 6.53 7.17 7.23 6.77 6.88 6.91 658 6.46 734 731 6.75 
MgO 4.64 4.44 4.92 4.43 433 454 4.40 4.07 431 4.74 458 5.06 
Na20 3.56 337 338 3.48 3.62 3.54 338 3.57 3.56 3.57 3.68 3.55 
K20 1.99 2.30 1.80 1.72 254 174 235 149 149 146 155 103 
Ti02 1.11 1.08 1.20 1.12 1.06 1.13 1.06 1.02 1.04 1.19 155 1.05 
MnO 0.11 0.13 0.14 0.12 0.12 0.12 0.11 0.12 0.12 0.14 0.14 0.12 
P205 0.33 030 032 0.29 058 030 058 056 058 035 035 057 
LOI 2.30 039 0.65 2.01 133 0.87 1.88 0.60 055 0.16 031 3.11 
Toul 99.81 100.55 99.05 99.92 100.90 100.60 100.60 100.55 100.55 100.75 100.55 100.85 

CrONAA) 
Co(INAA) 
ScONAA) 
V(INAA) 
HfONAA) 
ThONAA) 
T«(INAA) 
L»(INAA) 
Ce(INAA) 
Sm(INAA) 
Eu(lNAA) 
VbflNAA) 
Lu(INAA) 
Sr(AA) 
Rb(AA) 
Ba(AA) 
Ni(AA) 
Nb{XRF) 
ZKXRF) 
SrflD) 
Rb(ID) 
NdOD) 

160 112 135 121 124 113 115 116 113 107 107 150 
29 25 30 27 25 25 24 25 24 28 28 27 

19.5 175 203 19.0 17.6 17.6 173 17.0 16.4 20.9 21.9 16.8 
1S5 146 153 162 139 163 141 144 146 177 175 141 

4.60 4.43 4.46 4.79 4.51 4.18 451 4.67 431 430 532 3.85 
537 5.69 554 5.65 5.79 5.14 5.61 639 5.92 5.95 631 4.71 
1.12 132 1.16 1.10 0.88 0.87 056 1.13 1.07 130 1.78 1.11 
35.9 35.3 333 35.4 365 363 353 385 38.6 36.9 39.1 32.0 
74.8 69.9 68.4 73.9 .715 64.0 73 75.4 71.0 74.4 77.7 633 

5.4 5.3 53 53 53 5.6 53 53 5.6 5.7 5.8 4.9 
1.4 1.4 1.4 1.6 1.4 15 13 13 13 13 1.6 1.2 
15 17 16 23 15 13 25 17 15 14 33 23 
03 03 0.4 03 03 

416 
60 

880 
50 
19 

ISO 

03 03 03 0.4 0.4 0.3 03 

Nepheline 
Hypetsthene 

0 
15 

0 
16 

0 
17 

0 
15 

0 
15 

0 
14 

0 
14 

0 
14 

0 
15 

0 
16 

0 
14 

0 
17 

143Nd/144Nd 
Epsilon Nd 
(87Sr/86Sr)i 
206PW204Pb 
207Pb/204Pb 
208Pb/2O4Pb 



Cold Butts Grind Wish Trough River Mountains 

CM CM CM CM 
Simple 24-53 24-50 2449 24-100 3-6 4-13 5-14 6-39 7-33 8-62 78-218 78-222 
Si02 53.92 56.87 55.24 46.83 46.3 47.58 48.81 48.44 47.85 47.31 47.1 59 
AI203 16.35 15.49 15.98 14.78 14.64 14.4 14.95 1437 14.53 15.99 143 16.6 
FeO 10.06 8.61 8.97 11.34 1239 14.53 11.73 12.75 13.83 11.37 10.9 6.9 
CaO 7.63 6.32 6.90 9.03 7.98 8.74 8.64 9.88 7.41 10.43 11.2 5.5 
MgO 5.28 4.27 4.10 6.25 9.16 835 7.14 8.42 7.86 4.73 63 16 
Na20 3.40 3.48 3.55 3.45 3.16 3 3.22 3.1 432 3.49 18 3.9 
K20 1.46 2.37 233 1.19 1.59 . 135 1.57 1.92 2.42 1.72 1.8 0.9 
Ti02 1.49 1.01 1.13 118 1.19 125 134 0.91 1.85 129 12 2.3 
MnO 0.15 0.15 0.14 0.13 0.18 0.19 0.16 0.17 0.17 0.16 0.1 0.1 
P205 0.29 0.20 0.25 0.45 0.27 0.26 0.43 0.29 039 0.18 1 0.6 
LOI 0.75 0.28 0.40 237 1.06 0.19 1.09 0.01 0.01 1.63 23 1 
Total 100.90 99.24 99.17 98.20 98.12 10024 99.28 100.46 100.75 993 99.2 99.4 

Cr(INAA) 130 106 145 312 253 326 256 459 189 223 
Co{INAA) 30 24 29 38 46.68 50.49 3932 472 47 343 
ScflNAA) 23.2 17.3 19.6 24.1 23.73 27 • 23.91 26.7 15.4 0.4 29.6 11.2 
V (INAA) 189 127 171 226 216 242 215 208 182 255 
Hf(INAA) 3.97 4.20 3.86 4.45 3.63 3.14 3.24 339 6.42 3.84 8.1 73 
Th(INAA) 5.06 6.11 4.89 3.61 172 178 321 3.62 125 132 14.9 
Ta(lNAA) 1.42 0.97 0.97 1.68 3.16 135 13 1 
LaONAA) 35.1 38.3 34.0 273 23.86 9.04 19.21 20.9 34.6 18.9 107.6 81.7 
Ce(INAA) 70.1 773 67.6 59.8 46.11 21.87 4426 44.8 71 39.1 2414 167.9 
Sm(INAA) 5.4 5.8 5.3 5.9 153 8.7 
Eu(INAA) 1.4 1.0 1.4 1.7 1.45 . 0.95 133 1.4 1.96 131 3.9 2 
YbflNAA) 3.0 13 12 1.8 147 1.96 128' 0.16 135 111 11 13 
Lu(INAA) 0.4 0.4 03 03 035 03 0.24 022 0.18 037 0.4 0.4 
SrtAA) 360 970 520 
RWAA) 48 40 14 
Ba(AA) 840 840 440 
Ni(AA) 46 36 128 
Nb(XRF) 19 23 26 
ZrfXRF) 155 185 155 
SrtID) 970.19 421.14 321.83 37836 419.48 723.94 447.64 959.65 
RbdD) 40.1 14.88 7.47 8.06 1145 2254 10.04 83.62 
Nd(ID) 29.96 22.47 1435 17.89 2032 29.65 16.21 9837 54.9 

Nepheline 0 0 0 171 5.22 434 1.27 6.76 1138 6.99 3.72 0 
Hvpersthene 18 14 14 0 0 0 0 0 • 0 0 0 15.33 

143Nd/144Nd 0312203 0312592 0312295 0312716 0312636 0312984 0312817 0312210 0312060 
Epsilon Nd -8.49 4.9 -0.27 1.87 •0.04 6.75 3.49 -8.34 -11.28 
(87Sr/86Sr)i 0.70893 0.70502 0.7046 0.7044 0.70399 0.70332 0.70417 0.708954 0.7082 
206Pb/204Pb 17332 18.130 17.821 18.127 18.119 18.075 17.999 18.299 17.922 
207PW204Pb 15.496 15327 15350 15309 15318 15.473 15300 15.605 15337 
208Pb/204Pb 38.01 38.068 38.050 37.895 38.034 37.704 37.758 38.699 38.791 



Wilson Government Hamblin-Cleopatra 
Ridge Wash Volcano 

Boulder Wash 

Sample 78-223 83-348 LLr*8-41 EMD-209 KT82-15 KT82-183 EW-6 
SiOfl 
A1203 
FeO 
CaO 
MgO 
Na20 
K20 
Ti02 
MnO 
P20S 
LOI 
Total 

67.2 72.9 54.1 
14.2 126 16.9 
35 2,7 8.9 
23 0.5 7.4 
0.9 0.2 45 
3.6 22 4.2 
0.4 0.2 t5 
4.9 75 2.1 
0.1 0.1 
0.1 0.7 
3 0.1 05 

100.2 98.9 100.9 

51.9 
15.2 
9.4 
83 
3.8 
3.7 
1.8 
3.2 
0.2 
1.8 
13 

100.4 

56.43 55.89 
1636 16.34 
6.76 7.17 
656 5.4 
3.43 3.48 
3.98 4.1 
131 139 
247 272 
0.1 0.11 
0.49 0.49 
138 285 
9937 99.94 

50.2 
15.9 
10.8 
8.4 
43 
3.6 
27 
1.6 
0.1 
05 
0.4 

98.4 

Cr(INAA) 
Co(INAA) 
Sc(INAA) 
VflNAA) 
Hf(INAA) 
Th(INAA) 
Ta(INAA) 
La(INAA) 
Ce(INAA) 
Sm(lNAA) 
Eu(INAA) 
Yb(INAA) 
Lu(INAA) 
Sr(AA) 
Rb(AA) 
Ba(AA) 
Ni(AA) 
Nb(XRF) 
Zr(XRF) 
Sr(ID) 
Rb(ID) 
Nd(ID) 

3.8 

4.8 
17.6 
1.2 

524 
90.7 
4.2 
1.2 
13 
0.2 

1.5 

4.9 
31.2 
153 
55.6 
1245 
3.7 
1 

22 
03 

20 

198 
5.1 
124 
21 
123 
213 
10.9 
26 
23 
03 

63 47 
20.65 2276 
14.06 14.11 23.4 
147 145 
6.76 8.15 45 
10.46 1353 5.1 
275 284 1.6 
65.23 503 
114.03 126.79 753 
7.75 839 
1.89 1.99 21 
1.73 204 1.7 

0.26 0.4 

479 
569 

467.99 
129.26 

28.2 

79.76 1155.78 
198.08 4205 
2284 76.018 

1299.65 43285 588.44 69248 
75.97 45.83 4752 463 
74.18 45.08 45.27 4257 

Nepheline 
Hypers tbene 

0 
224 

0 
5.87 

0 
18.11 

0 
17.98 

0 
11.07 

0 
16.93 

3.17 
0 

143Nd/144Nd 
Epsilon Nd 
(87Sr/86Sr)i 
206PW204Pb 
207Pb/204Pb 
208Pb/204Pb 

0512055 
-1137 

0.709233 
17.885 
15553 
38.982 

0512008 
-1228 

0.710015 
18.156 
15578 
38.906 

0512133 
-9.86 

0.70815 
17.887 
15537 
38.725 

0512128 
-9.94 

0.707337 
18.16 
1556 

38.939 

0512390 
•4.84 

0.70442 
17.971 
15515 
38344 

0512456 
-351 

0.70562 
18.096 
15538 
38549 

0512316 
-633 

0.70732 
18.008 
15562 
38.864 



Explanation for Table 1 

YAB-Young alkali basalts of the Fortification Hill field (6-4.3 Ma). 
OAB-Older normative nepheline alkali basalts of the Fortification Hill field (6 Ma). 
OAB-hy-Older normative hypersthene alkali basalts of the Fortification Hill field (6 
Ma). 
TH-Tholeiitic basalts from Malpais Flattop, Arizona (9.7-10.6 Ma). 

Locality Descriptions 

Locality Location 
Lot. Long. 

Age 
Ma 

Description 

YAB 
U.S. 93 36°00'00"N 

lU°45'00,rW 
4.64-4.3 Volcanic center with numerous 

dikes. Amphibole megacrysts 
numerous; mantle xenoliths rare. 

Petroglyph Wash 36o04'37"N 4.3 Alkali basalt forms a small 
114035'44"W cylindrical vent Amphibole 

megacrysts are common. 

Saddle Island 36°02*30"N 
114o48'0036o 

04'37"N 
114° 
35'44"W"W 

not dated Flow interbedded with Tertiary 
gravel. Mantle xenoliths are rare. 

TH 
Malpais Flattop 

114°40,00"W 
10.6-9.7 
[^Ar/^Ar 
dates] 

100 m thick stack of hypersthene 
normative tholeiitic basalt flows 
with wide dikes. 

OAB 
Fortification Hill 36o03'45"N 5.89 to 

114°40'56"W 5.42 

Lava Cascade 35052'38"N 5.16 to 
114°35*15"W 4.74 

Petroglyph Wash 36°04,37"N 5.43 to 
lU°35'44,rW 4.61 

Black Point 36°24'43"N 
114°23,02"W 

6.01 

Over 80 flows associated with 
cinder cones and shallow 
intrusions. 

5.16 to Flows and vent zone at summit of 
Black Mountains. 

Stack of flows related to at least 
two vents. 

Flows and dikes. Flows 
interbedded with gypsiferous 
Tertiary sediments. 



Las Vegas Range 36°30*19"N 
115°02'30"W 

16.4 

Callville Mesa 36o1019"N 10.46 
114°42,30"W and 8.4 

Gold Butte 36°15*00"N 9.15 to 
114o15*00"W 9.46 

Grand Wash trough 36°15*00"N 3.99 to 
113o50*00"W 6.9 

River Mountains 36°05'00"N 13.4-
n^soww 12.1 

Wilson Ridge 36o06'21"N 
114°3730"W 

13.4 

Government Wash 36°07'00"N 
114°45,00"W 

12 

Hamblin-Cleopatra 36°10'00"N 14.2-
114°36'00"W 11.5 

Boulder Wash 36°07'00"N 
l M ^ W W 

14.2 

One or two alkali basalt flows 
tilted about 20 degrees east 
extensively covered by Quaternary 
sediments. 

Olivine-clinopyroxene bearing 
and 8.49 basaltic-andesite flows erupted 

from compound cinder cones. 

Flows of alkali basalt along the 
Gold Butte fault. 

Flows, dikes and plugs of olivine-
phyric alkali basalt that locally 
contain mantle xenoliths. 

Andesite-dacite stratovolcano 
surrounded by a field of dacite 
domes and a basalt shield. 

Basalt dikes cutting Wilson Ridge 
pluton. 

80-m-thick section of flows and 
agglomerates are interbedded with 
the Lovell Wash member of the 
Tertiary Horse Spring Formation. 

60 knP stratovolcano comprised of 
shoshonite, latite, trachydacite and 
trachyte lava. Volcano is cut by a 
radial dike system. 

700-m-thick section of calc-
alkaline dacite flows and flow 
breccias interbedded with flows of 
pyroxene-olivine andesite. 
36°04,37"N 



Eldorado 35°45'00"N 18.5-12 A lower section of basaltic-
Mountains 114°42'00"W jlff 3 9 A r andesite (predominant) and rhyolite 
[Isotope data from lavas and an upper section of 
Daley and DePaolo, basaltic andesite, dacite and 
1992] rhyolite. The sections are separated 

by a dacite ash-flow tuff (tuff of 
Bridge Spring). 

All dates are K-Ar except were noted. 



Table 2. Source o 'Mafic Volcanic Rocks in the Lake Mead Area 

Magma Type I YAB OAB-ne OAB-hy TH Low e Nd 

Alkali Basalts 

Components A M + HIMU AM+EQMU+ AM+LM+ LM+crust LM+crust 

in source +LM LM HIMU [contamination] [commingling] 

Notes: Size of text indicates relative contribution of each component. YAB-young alkali 
basalts of the Fortification Hill field, OAB-ne and OAB-hy, nepheline and hypersthene bearing 
alkali basalts of the Fortification Hill field, TH-tholeiitic basalts at Malpais Flattop, AM-
asthenospheric mantle, LM-lithospheric mantle, HIMU-high uranium (238u/204pb) mantle 
component. 
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ABSTRACT 

Detailed field study of the Reveille quadrangle indicates that this area experienced 

a protracted history of Tertiary deformation and volcanism. Tertiary [> 31.3 Ma (?)] east-

trending normal faulting accompanied by coarse to fine grained clastic sedimentation 

preceded the onset of volcanic activity in this area. Volcanic units range from basalt to 

rhyolite and are 01igocene(?) to Pliocene in age. Paleotopography appears to have played 

an important role in controlling the distribution of the Tertiary volcanic units and in most 

instances is responsible for the geometry of the contacts between lithologic units. 

Paleotopography, as it affected Tertiary depositional patterns in the northern Reveille 

Range, was probably controlled by Mesozoic contractional deformation, pre-volcanic 

east-trending normal faulting, caldera formation, and range-bounding normal faults. 

In the northern Reveille range Pliocene basaltic centers are spatially associated with 

older Tertiary volcanic rocks; however, basaltic centers in this area are not spatially 

associated with topographically higher Paleozoic marine sedimentary rocks. Several of 

the basaltic centers within the northern Reveille Range appear to be associated with 

preexisting shallow crustal structure, including caldera margins and tectonic joint sets. 

INTRODUCTION 

Ultimately, to understand whether or not preexisting shallow crustal structure 

influenced the emplacement and eruption of Pliocene basaltic volcanism in the northern 

Reveille Range, it is necessary to understand fully the preexisting stratigraphic succession 

and deformation history in the area. The Reveille Range is an excellent area in which to 

address this question because Pliocene basalts in this Range are associated with both 

Paleozoic miogeoclinal strata and pre-Pliocene Tertiary volcanic rocks. This unique 

relationship offers the opportunity to see deeper (relatively) structural and stratigraphic 

levels, and to view pre-Pliocene structures which controlled basalt emplacement and 

provides a glimpse of the vent geometry and the style and 



mechanism of basaltic magma emplacement at shallow crustal levels in this part of the Basin and 

Range. This study bears directly on geologic and volcanic characterization of the proposed 

repository site at Yucca Mountain because recent basaltic volcanism is spatially and temporally 

associated with older Tertiary structure at the site location, and future basalt eruption cannot be 

excluded. Understanding the mechanism and style of Pliocene basaltic emplacement and eruption 

in the vicinity of Yucca Mountain has important implications for repository site characterization 

and feasibility. 

Existing lithologic nomenclature proposed by Ekren et al. (1973) and later followed by 

Jones and Bullock (1985) for the northern Reveille range is used in the present study. However, 

based on more detailed mapping, this study presents a different stratigraphic succession than that 

devised by Ekren et al. (1973). In general, Ekren et al. (1973) interpreted many of the Tertiary 

lithologic contacts in the northern Reveille range as fault contacts. However, detailed mapping 

indicates that most of these contacts are not faults. Steep, geometrically non-planar depositional 

contacts were mapped as faults by Ekren et al. (1973). Although many lithologic contacts are 

not exposed because they are covered by alluvium, field relations indicate that within the northern 

Reveille range a significant amount of paleotopography was present during the deposition of 

Tertiary volcanic units. A least some of this paleotopography is related to the rims and walls of 

two Tertiary calderas in the northern Reveille Range. 

This study presents field data accumulated from detailed mapping (1:24,000) in the 

Reveille quadrangle and the interpretation of these observations. This paper includes a revised 

Tertiary stratigraphic succession and deformation history, interpretation of the environment of 

deposition of Tertiary volcanic units, and an alternative interpretation for many of the lithologic 

contacts in the northern Reveille Range. These observations and interpretations are important to 

understanding the influence of preexisting shallow crustal structure has on the emplacement and 

eruption of subsequent Pliocene basaltic volcanoes. 
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STRATIGRAPHIC EVIDENCE FOR TOPOGRAPHY 

The lithologic description of the stratigraphy in the northern Reveille Range was presented 

by Ekren et al. (1973). This stratigraphic nomenclature was generally followed and only slightly 

modified by Jones and Bullock (1985). The lithologic nomenclature used in this study is virtually 

identical to that of Ekren et al. (1973). However, this study presents a slightly different 

stratigraphic succession (Plate 1) than that put forth by Ekren et al. (1973). The main distinction 

between the results found in this study and that of Ekren et al. (1973) is that these authors 

inferred that most of the lithologic contacts in the northern Reveille Range were faults, whereas 

this study proposes that these contacts are depositional. The following section discusses the field 

observations that support this interpretation. 

Oldest Tertiary sedimentary rocks 

Ekren et al. (1973) identified a thrust fault that places Silurian-Devonian carbonates on 

conglomerates and fine grained clastic rocks presumed to be Pennsylvanian and Permian in age. 

Closer inspection of this relation indicates that there is no shallowly dipping thrust fault associated 

with this contact. There is evidence, however, that supports the existence of a sub-vertical east-

striking fault cutting the Paleozoic section. In buttress unconformity on this fault and resting 

depositionally on the Paleozoic section is a Paleozoic clast conglomerate and interbedded 

carbonate sandstone, siltstone, and mudstone. In proximity to the fault, the fault, the Paleozoic 

strata and the clastic sequence are silicified. The conglomerate consists of very angular clasts of 

Paleozoic rocks near the fault. Away from the fault the clasts become more rounded. The 

conglomerate comprises only clasts from the Paleozoic section, all of which can be derived from 

the immediate vicinity. The clastic section also appears to contain large blocks (upto 2 m in 

diameter) of locally derived Paleozoic carbonate floating within it. In addition, an important 

observation is that this sequence contains no evidence for volcanic detritus. 

The favored interpretation explaining these observations is that the conglomerates and 

interbedded fine-grained clastic rocks were shed southward off an east-trending fault scarp 
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(probably a normal fault with down-to-the-south throw). Faulting and deposition of the clastic 

sequence probably occurred simultaneously and fluids migrating along the fault were responsible 

for the silicification proximal to the fault. An occasional large block of carbonate was apparently 

shed off the up thrown block into the clastic basin. 

The field relationships in the vicinity of the clastic sequence permit the interpretation that the 

oldest volcanic tuff (Windous Butte?, 31.3 Ma) in the range rest depositionally on this clastic 

sequence (PLATE 1). This, and the observation that the clastic sequence is composed solely of 

Paleozoic clasts and finer grained material with no evidence for any volcanic component suggest 

an Oligocene or Eocene age. In addition, a rhyolite dike of similar modal phenocryst composition 

to the oldest volcanic tuff (Windous Butte?) in the range intrudes the clastic section. If the above 

interpretation is correct, and this clastic section was being shed off an east-striking normal fault 

then a permissive conclusion of this data (in light of the poor timing constraints) is that some 

extension occurred in this region prior to Tertiary volcanism. 

Windous Butte Tuff(?) 

This unit was originally correlated with the tuff of William's Ridge and Morrey Peak(?) by 

Ekren et al. (1973). However, more recently Best et al. (1989) assigned this name to the 

intracaldera fades in the northern Pancake Range. The outflow equivalent of this unit is named 

the Windous Butte Tuff (Best et al., 1989). The Windous Butte Tuff is 31.3 Ma and this name 

has been adopted for this study. 

The Windous Butte(?) was considered the oldest volcanic unit in the northern Reveille 

Range by Ekren et al. (1973). The largest exposure of Windous Butte in the Northern Reveille 

Range was inferred by Ekren et al. (1973) to be fault bounded. This study suggest an alternative 

interpretation for this exposure. Originally, Ekren et al. (1973) inferred that the main exposure of 

Windous Butte(?) was in fault contact with Paleozoic marine sediments. Jones and Bullock 

(1985) inferred that the Window Butte tuff (?) occupies an east-trending graben bound on both 

side by Paleozoic sedimentary rocks. However, field relations clearly indicate that the southern 
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contact of Windous Butte(?) on Paleozoic rocks is depositional. This contact is subvertical to 

moderately dipping and the compaction foliation in the Windous Butte(?) fans from subvertical to 

moderately dipping at the contact to subhorizontal away from it (Plate 1). The northern contact 

of Windous Butte(?) against Paleozoic rocks is never well exposed, but the compaction foliation 

also fans away from the Paleozoic rocks and along this contact there is no demonstrative evidence 

for a fault. Here it is suggested that the Windous Butte filled an east-trending paleovalley in the 

Paleozoic basement. In light of the evidence for east-trending normal faulting prior to deposition 

of the Windous Butte(?) discussed above, this paleovalley may have existed as a fault-bound 

graben. 

Ekren et al. (1973) also infer that the overlying tuff of Goblin Knobs is juxtaposed with the 

Windous Butte(?) along a high-angle strike-slip fault. Although poorly exposed, this study found 

no satisfying field evidence for a fault along this contact. Where compaction foliation in these 

adjacent units was observed, orientations are nearly coplanar, and strong discordance of the 

foliation was not observed. With no demonstrative evidence for a fault between these two units, 

this contact is tentatively considered depositional. 

Tuff of Arrowhead. 

The tuff of Arrowhead is comprised of two or more outflow cooling units and is quite 

variable in composition and texture (Ekren et al., 1973; this study). Contrary to interpretations by 

Ekren et al. (1973), field studies document that the tuff of Arrowhead rests depositionally on the 

tuff of Goblin Knobs and, therefore, it is younger than the tuff of Goblin Knobs. Although the 

contact between the tuffs of Arrowhead and Goblin Knobs is very poorly exposed, in all locations 

the tuff of Arrowhead occupies a higher topographic level than the tuff of Goblin Knob. No field 

evidence was identified that suggests a shallow-angle fault along this contact as inferred by Ekren 

et al. (1973). East of the Arrowhead district, the tuff of Arrowhead rest depositionally on a thin 

lens (~2-3 m thick) of very well rounded cobble conglomerate that in turn lies above the tuff of 

Goblin Knob (Plate 1). These field relations support the interpretation that the tuff of Arrowhead 
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rests depositionally on the tuff of Goblin Knob. However, the tuff of Arrowhead everywhere 

rests on the lowest stratigraphic exposures of the tuff of Goblin Knobs. Continuous exposure in 

this region indicates that the highest exposed stratigraphic levels of the tuff of Goblin Knobs rest 

~100 m above the stratigraphically highest exposure of the tuff of Arrowhead. Together, these 

data suggest that prior to deposition of the tuff of Arrowhead a significant amount of topography 

was present on the tuff of Goblin Knobs. 

The relative age between the tuff of Northern Reveille Range and the tuff of Arrowhead is 

presently unclear. However, in general the tuff of Arrowhead is more strongly hydrothermally 

altered than the tuff of Northern Reveille Range. Although not conclusive evidence, this may 

suggest that the tuff of Arrowhead is older. Forth coming geochronology on these units should 

clarify their absolute ages. 

Field Evidence for Calderas 

Since the study by Ekren et al. (1973) a significant amount of new geological field data have 

been collected from the central Nevada region. Studies by numerous workers indicate that there 

are many Oligocene and Miocene calderas in central and south-central Nevada (Fig. 1; Best et al. 

1989, and reference therein). The field relations described below indicate that the northern 

Reveille Range also experienced this regional caldera formation event. 

Tuff of Goblin Knobs 

The tuff of Goblin Knobs covers most of the eastern half of the Reveille quadrangle. This 

unit was originally considered equivalent to the Monotony tuff (27.1 Ma) by Ekren et al. (1973). 

The tuff of Goblin Knobs has since yielded a ̂ Ar /^Ar (single sanidine) age of 25.4 Ma (Best et 

al., 1992). This unit consists of a thick sequence (700+ m) of welded tuff containing ubiquitous 

large pumice and lithic clasts (~60 cm). The thickness of the section, the lack of clearly defined 

cooling units, and the overall coarseness of pumice and lithic clasts suggests that it is an 

intracaldera fades. 
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Figure 1. Modified from Best et al. (1989) 



Simplified geologic map of the northern Reveille Range 
116015' 
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Plio-Pliestocene basalt (3-6 Ma) 
Tuff and Rhyolite flow of 
Streuben Knob (18.7 Ma ?) 
Tuff of Northern Reveille Range 
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Figure 2 



Generalized cross-section through the 
northern Reveille Range 

Caldera margins 

Plio-Pliestocene Basalt (3-6 Ma) 
Tuff of Northern Reveille Range (18.7 Ma?) 
Tuff of Goblin Knobs (24.5 Ma) 
Older Tertiary volcanic rocks 

Figure 3 



A part of the northern caldera wall for the tuff of Goblin Knobs is well constrained by the 

geology in the southern Pancake Range and the northern Reveille Range (see Ekren et al., 1973; 

Figs. 2 & 3). Because of the distinctly different geology exposed north and south of the pass 

separating these two ranges and the interpretation by Ekren et al. (1973) that the tuff of Goblin 

Knobs and Monotony tuff are age equivalent, these authors inferred the existence of a left-lateral 

strike-slip fault separating the two areas. However, because the tuff of Goblin Knobs is younger 

than the Monotony Tuff, and there is no demonstrative field evidence for the left-lateral strike-slip 

fault inferred by Ekren et al. (1973), a caldera margin in this position appears a more reasonable 

interpretation of the field relationships. If this interpretation is correct, the breccia sheets mapped 

in the vicinity of the pass separating these two ranges (Ekren et al., 1973) probably were shed off 

the caldera margin, rather than shed off strike-slip fault scarps as envisioned by Ekren et al. 

(1973). 

Tuff of the Northern Reveille Range 

Field relations support the interpretation that a portion of the caldera that erupted the tuff of 

Northern Reveille Range was erupted from a caldera in the northwestern part of the Reveille 

quadrangle. The following section outlines the field evidence that supports this interpretation. 

The tuff of Northern Reveille Range is greater than 300 m thick and contains abundant 

large lithic and pumice clasts (70 cm). No internal cooling units could be defined. However, in 

places the tuff contains a vertical basal vitrophyre (a minimum of 10-20 meters of relief is 

observed along strike of this vertical vitrophyre) that contains glassy pumice and granitic clasts. 

Where exposed, this vitrophyre is in sharp angular discordance with older volcanic rocks. In 

these localities, overlying welded pumice tuff contain a vertical foliation that fans to sub-

horizontal. 

In the north-central part of the quadrangle the north-trending contact between the tuff of 

Goblin Knobs and the tuff of Northern Reveille Range previously interpreted as a set of left-lateral 

strike-slip faults and kinematically related thrust faults by Ekren et al. (1973) is here interpreted as 
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a caldera margin (Figs. 2 & 3). The data supporting this interpretation include: 1) a buttress 

unconformity of the tuff of Northern Reveille Range against tuff of Goblin Knobs (a minimum of 

100 meters of relief is observed along this buttress), in addition, there is no evidence for 

brecciation or offset of geologic markers along this contact that would support the existence of a 

fault; 2) the tuff of Northern Reveille Range is intensely silicified along the contact against 

unsilicified tuff of Goblin Knobs. Silicification of intracaldera fill is often seen along caldera 

margins (Burbank, 1968; Lipman, 1984); and 3) buttressed against the caldera wall is a -25-50 

meter thick silicified pyroclastic surge deposit overlying and interbedded with the tuff of Northern 

Reveille Range. Interbedded with the surge deposit is a breccia sheet of tuff of Goblin Knobs 

containing up to 5-10 square meter blocks of shattered tuff of Goblin Knobs. This breccia sheet 

may have broken loose from the unstable caldera wall and slid into the active caldera of tuff of 

Northern Reveille Range. 

These relations, including the overall thickness and coarseness of the tuff of northern 

Reveille Range, strongly suggest that a portion of the caldera wall for the tuff of Northern 

Reveille Range is exposed in the northern Reveille Range and maybe nested within the caldera of 

Goblin Knobs. These observations also clearly indicate the tuff of Northern Reveille Range is 

younger than the tuff of Goblin Knobs. 

Tuff of Streuben Knob 

The tuff of Streuben Knob is comprised of two cooling units (Ekren et al., 1973; this study). 

Both units contain large felsic igneous clasts (<50 cm) suggesting proximity to its caldera. Field 

relations suggest that the tuff of Streuben Knob may be the outflow sheet for the tuff of Northern 

Reveille Range which is interpreted as an intracaldera fill deposit. Field evidence that suggest this 

interpretation consist of: 1) similar modal phenocryst percent in both tuffs; 2) large granitic clasts 

in both tuffs; and 3) similar basal vitrophyres with distinctive glassy flattened pumice and granitic 

clasts. 
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Flow-banded rhyolite rests depositional on the tuff of Streuben Knob. This rhyolite, named 

rhyolite of Streuben Knob by Ekren et al. (1973), in places contains diagnostic orthoclase feldspar 

phenocrysts (0.5-4 cm.). West of Streuben Knob, orientations in the flow banding in the rhyolite 

change from subvertical to subhorizontal, presumably draping paleotopography. The overall 

composition and modal phenocryst percent of the this flow-banded rhyolite is similar to orthoclase 

porphyry rhyolite plugs and dikes found elsewhere in the Reveille quadrangle that Ekren et al. 

(1973) identified as quartz latites. 

Rhvolite Porphyry Plugs and Dikes 

Ekren et al. (1973) reported a K/Ar age of 18.7 Ma for porphyry plugs and dikes in the 

Reveille Range. These intrusions are spatially associated with the intracaldera tuff of Northern 

Reveille Range (Plate 1) and although lacking absolute age control, may be associated with the 

latter stages of the development of this caldera (i.e. resurgent doming). As suggested above, if 

the rhyolite of Streuben Knob, which rests depositionally on the tuff of Streuben Knob (outflow 

sheet(?) to the intracaldera tuff of northern Reveille Range), and the rhyolite porphyry dikes and 

plugs are equivalent then the rhyolite of Streuben Knob may also be genetically associated with 

late stage development of the caldera of Northern Reveille Range. This interpretation implies that 

the caldera of northern Reveille Range was active around 18.7 Ma. 

Pliocene Basalt 

Previous field, geochemical and geochronologic work on the Pliocene basalts in the northern 

Reveille Range by Naumann et al. (1991) determined that two episodes basaltic volcanism 

occurred in the area, 5.0-5.9 Ma and 3.0- 4.6 Ma. Each of these episodes of have isotopically 

different signatures (E.I. Smith, personal comm.). 

An important goal of the present study was to determine if preexisting structure influenced 

the emplacement and eruption of basaltic volcanism in this area. Previous studies by Naumann et 

al. (1991) identified basaltic centers in the northern Reveille Range. An important conclusion 

drawn from the study by Naumann et al. (1991) and this study that pertains directly to 
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characterization of the Yucca Mountain site is that basaltic centers are found within the central 

portions of mountain ranges and not solely along the range margins and flanking alluvial basins as 

suggested by Crowe et al. (1991). This finding, if not already factored into probabilistic studies at 

Yucca Mountain by DOE scientists, needs to be considered as a variable in such studies. 

An example of a basalt center positioned within the central part of the Reveille Range, is the 

Dark Peak vent in the north-central part of the Reveille quadrangle, which rests on the 

topographic crest of the Reveille Range. This vent consists of scoria, cinder, and bombs, at least 

one vertical conical magma conduit (~2.0 meters in diameter), and basalt dikes that feed basaltic 

flows. Cumulative thickness of these flows, which flowed to the west, is ~50 meters. Erosion of 

the vent on Dark Peak allows scrutiny of ~25 meter vertical section of the plumbing architecture 

within the vent. Here, banded, vesicular siliceous veins cut basalt. The presence of these veins 

suggests that hydrothermal fluids (perhaps circulating ground water at the tuff of Northern 

Reveille Range caldera margin) were circulating after basalt eruption. This observation clearly 

suggests that hot fluids escaped through an existing vent. This observation may have important 

implications concerning the effect of basaltic magma emplacement on ground water circulation at 

the proposed repository site at Yucca Mountain. 

Approximately 10% of all the vents in the Reveille Range and flanking alluvial basin rest 

within the central part of the Reveille Range (Fig. 4). It could be argued that these basaltic vents 

erupted prior to uplift of the Reveille Range. However, all the basaltic vents and their associated 

flows that occur within the range proper rest directly on Tertiary basement with no intervening 

alluvial sedimentary rocks or detritus. In addition, along the east flank of the Reveille Range, 

basaltic flows originated from vents at higher topographic levels within the range proper and 

flowed down steep vertical gradients (>30 degrees) into the flanking alluvial basin. These lavas 

clearly flowed over range bounding normal faults. These field relations support the observation 

that basalt lavas erupted onto a topography similar to present day topography. 
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On the west flank of the northern Reveille Range, Ekren et al. (1973) show several north-

trending normal faults cutting Pliocene basalt flows. The existence of these structures, is 

ambiguous. What is clear from the present level of exposure is that there is a zone of north-

trending brecciation in pre-Pliocene Tertiary tuffs (presumably the result of a fault). However, 

because of the present level of exposure, it cannot be determined if the overlying basalts are 

themselves also faulted. These field relations permit the following alternative interpretations: 1) 

the basalts are not faulted, but, rather, flow over a pre-existing fault scarp; 2) the oldest basalt 

flows were faulted and younger lavas flowed over this fault scarp; and 3) the entire sequence of 

basalt flows is faulted as indicated by Ekren et al. (1973). Clearly, the present exposure in this 

area does not allow for a definitive interpretation. However, the field relations discussed in the 

previous paragraph would support the interpretation that the basalts are not faulted and flowed 

over existing fault scarps . 

Basement Control of Pliocene Basalt Vents 

The tuff of Goblin Knobs in the Reveille quadrangle contains a prominent north- to 

northwest-trending tectonic joint set (<1 meter spacing interval). In the east-central part of the 

Reveille quadrangle, two basaltic dikes (~1-1.5 meters thick) intruding the Monotony Tuff and 

feeding an overlying basalt flow have parallel trends to the north-trending joint set in the 

Monotony Tuff. Along strike these dikes temporarily jog parallel to the subordinate N30W-

trending joint set and then jog back to parallelism with the dominant north-trending joint set. This 

observation suggests that some basaltic dikes that feed the Pliocene basalt flows in the northern 

Reveille Range use preexisting joint sets as conduits (perhaps only temporarily) in the shallow 

crust. However, it is also clear from field observation that basaltic dikes elsewhere ignore and 

intrude at high-angles to these older joint sets. 

Along the inferred caldera wall of the tuff of Northern Reveille Range are at least two vents 

for the episode 1 Pliocene basalt flows (5.0-5.9 Ma, Naumann et al., 1991). The basalt vent on 

Dark Peak and probably the basalt vent -1.0 mile north-northwest of Dark Peak (Fig. 2, Plate 1) 
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are situated along the range crest on or just inside the inferred caldera wall for the tuff of 

Northern Reveille Range. This relationship suggests that in this part of the Reveille Range, 

Pliocene basalt emplacement and eruption may have been directly aided by preexisting shallow 

crustal structural weaknesses typically found along caldera margins. Interestingly, though more 

speculative, several basalt vents lie close to the inferred trace of the northern wall of the caldera 

that erupted the tuff of Goblin Knobs (Fig. 2 &3; Naumann et al., 1991; this study). 

It should also be noted that in the Reveille quadrangle basalt centers are in areas where 

Tertiary basement apparently lacks structures at the present level of exposure. All the basalt vents 

that have basement exposures beneath them rest on Tertiary basement. There are no basalt 

centers that rest directly on Paleozoic marine sedimentary rocks in the Reveille Range. In general 

the Paleozoic sequence in the Reveille Range is undeformed. The faults that are exposed within 

the Paleozoic sequence are generally associated with silicification which probably sealed the faults 

to future fluid or magma migration. A majority of the Paleozoic rocks in the Reveille quadrangle 

occupy the highest topographic position along the range crest. It is possible that once the basaltic 

magma has migrated into the shallow crust it simply finds the easiest path to the surface. In the 

Reveille Range, the rise of basalt through the Paleozoic section was inhibited by topography, 

density of the Paleozoic rock, and the lack of open fractures. 

CONCLUSIONS 

The Reveille Range records a protracted history of Tertiary deformation and volcanism. 

Prior to deposition of the oldest volcanic unit, the Reveille Range experienced a period of normal 

faulting and associated sedimentation. This period of normal faulting together with previous 

Mesozoic contractile deformation probably led to the formation of east-trending paleovalleys that 

controlled the deposition of the oldest Tertiary volcanic rocks. The tuff of Goblin Knobs (24.5 

Ma) erupted from a caldera in the northern Reveille Range. The northern margin of this caldera is 

located between the southern Pancake Range and the northern Reveille Range. The tuff of 

northern Reveille Range erupted from a younger caldera also located in the northern Reveille 
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Range, and likely nested within the older caldera. The tuff of Streuben Knob may be the outflow 

sheet correlative to the intracaldera tuff of northern Reveille Range. The rhyolite of Streuben 

Knob and rhyolite porphyry plugs and dikes may represent the latest stages of development of the 

caldera that erupted the tuff of northern Reveille Range. 

Whereas previous interpretations of many of the Oligocene and Miocene lithologic contacts 

in the northern Reveille Range involved faults, this study finds that the field relations are most 

consistent with the interpretation that these contacts are depositional. Although many of these 

contacts are steep, field relations suggest that there was a significant amount of paleotopography 

during the deposition of many of the Tertiary units. Paleotopography in the Reveille Range 

appears to have been a function of Mesozoic contractile deformation, normal faulting prior to 

Tertiary volcanism, Miocene caldera formation, and range-bounding normal faulting. Prior to this 

study, the interpretations presented by Ekren et al. (1973) suggested that Pliocene basaltic 

volcanism in the Reveille Range might be strongly controlled by pre-existing basement faults. 

This study concludes that may of these faults do not exist, thereby decreasing the probability that 

such structures controlled subsequent Pliocene basaltic volcanism in this area. 

Some, if not much of the Pliocene basaltic volcanism in the northern Reveille Range appears 

to have occurred after uplift of the range. Basaltic centers are located within the interior of the 

Reveille Range and not solely along the range margin or within the flanking alluvial basins. Pre-

Pliocene basement structures within the range interior appear to influence the emplacement and 

eruption of several basalt centers. These structures consist of preexisting caldera margins and 

tectonic joints sets. 
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Summary of Work Completed by Tim Bradshaw 

October 1992 to December 1992 

Introductory work 

1. Background reading, including all of the relevant CVTS documents and a number of MSc 

theses, plus relevant reports concerning the general Yucca Mt. area and the waste repository project 

in particular (eg. USGS and DOE documents). 

2. The 47th meeting of the USNRC Advisory Committee on Nuclear Waste was attended. 

3. A Macintosh database was compiled for all of the available Crater Flat data. Comparisons were 

made to other published Crater Flat analyses (from Vaniman et al 1982), and geochemical 

modelling was started. A brief summary of some of the preliminary interpretations is given below. 

Field work 

Introductory field work was conducted at Crater Flat with Gene Smith, and in the Reveille 

Range with Mark Martin. The Crater Flat area was subsequently visited on a number of occasions. 

Flow relationships were investigated to try and determine a relative chronology for the samples 

already analyzed. Nineteen further samples were collected from Red Cone and these are currently -

being prepared for analysis. Sample coverage of Red Cone is displayed in Figure 1. The new 

sampling was concentrated at the summit of Red Cone, to provide data for investigating the 

development of lava lakes, and on the southern flank of Red Cone where a large number of cinder 

cones are located. Here, a suite of intrusive bodies exposed in the eroded core of a cinder mound 

have been sampled. It is hoped that it will be possible to geochemically correlate these intrusions 

with lava flows in their close proximity, and thus further constrain both temporal relationships and 

the magmatic evolution of Red Cone. 

Four local field trips were also made to examine other areas of late Cenozoic volcanism in 

southern Nevada. Parts of the McCullough Range, Sheep Mt, and the River Mountains were 

visited. 
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Geochemistry 

Some problems were identified with the current Crater Flat data set, concerning INA A 

analytical errors. Because the range of geochemical variation is rather limited for each cone, the 

errors on some trace elements (eg. Ta, Zr, Yb and Nd) are too great for the detailed investigation of 

intra-suite variations. The major and trace element data for Red Cone and Black Cone also display 

significant overlap (see Figure 2- note the near identical patterns for the Red Cone and Black Cone 

average data), although some of the youngest Red Cone lavas do have greater concentrations of the 

Light Rare Earth Elements (LREE). Thus, it is intended to re-analyze some of the more crucial 

samples, and also to obtain coverage of a wider set of trace elements by additional XRF analysis. 

However, the available data is still valuable for characterization of the Crater Hat samples relative 

to other magmatic provinces in the western USA. 

Geochemical modelling 

All samples analyzed from Crater Flat can be classified as alkali basalts. Some of the 

general features of their geochemistry have previously been outlined in the CVTS yearly report for 

1989, and by Vaniman et al (1982) The basalts have moderately high trace element concentrations 

(Fig. 2, see Sun and McDonough 1989) and most of the samples are diopside-olivine-hypersthene 

normative (Figure 3, after Thompson et al 1983). 

• Low concentrations of Cr, Co, Sc and MgO and low Mg#s (49-54) indicate that the basalts 

have undergone significant degrees of evolution from their primary magmas. Primary basalt 

magmas are typically thought to have Mg#s in the region of 68-76 (Mg#= 72, for primary magmas 

modelled in the western Great Basin, Ormerod et al 1991). Thus a back-correction to such values, 

from the Crater Flat data, would imply approximately 20-25wt% olivine fractionation. 

Fractionation of olivine is also supported by its presence as the only abundant phenocryst phase in 

lavas from Crater Flat However, covariation between Co, Sc and Cr within the spread of the Red 

Cone and Black Cone data suggests that orthopyroxene and clinopyroxene (±spinel) fractionation 
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may also have contributed to the magmatic evolution. Again, this is supported by the presence of 

these minerals as minor phenocryst phases in many of the samples. 

The depth at which fractionation occurred is a critical factor in determining the probabili ty 

of site disruption at Yucca Mt., although it is a figure that is difficult to constrain. However, 

estimates can be made from the normative mineral compositions of the magmas, and by 

consideration of the mineral phases that are thought to be involved in fractionation (see Figure 3). 

Magma apparently ponded in the upper portions of both Red Cone and Black Cone, although these 

events were probably short-lived. The individual units never exceed 80cm in thickness, and thus . 

would have cooled fairly rapidly («lyr) . On Figure 3 none of the Crater Flat samples fall near to 

the typical 1 atmosphere fractionation path, and instead plot closer to the higher pressure cotectic. 

This suggests that any magma residency in the upper crust/ near surface would only have been of 

limited duration, as equilibrium was not attained. Rather, fractionation is likely to have occurred at 

greater depths, possibly near the base of the crust; or even in the upper mantle below the 

plagioclase stability field, as this mineral is never observed as a phenocryst phase. 

Fractionation at depth has also been recognized as a feature in other provinces of the 

western USA (for example: Bradshaw 1991; Glazner and Ussier 1988), and indeed this may be a 

pre-requisite for magmas to intrude further into the crust (Glazner and Ussier 1988). 

The implied high degrees of fractionation obviously have a significant effect on the 

measured trace element abundances of the Crater Flat samples. However, most trace elements (with 

the exception of Ni, Cr, Co and Mn) are highly incompatible in olivine, and thus the relative 

concentrations of these elements are not drastically affected by olivine removal. In Figure 2 a range 

of trace element data are compared with average alkali basalt compositions from the Colorado River 

Trough (CRT) extensional corridor, to the south of Las Vegas. The patterns display a number of 

similarities, in that both areas have LREE (eg. La, Ce) and Large Ion Lithophile Element (Rb, Ba) 

abundances in excess of the Heavy REE (Yb, Lu) and High Field Strength Elements (eg. Ta, P, 

Hf, Ti). This results in a prominent 'trough' at Ta (and Nb), and peaks at Ba and La. These 
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features have been interpreted as the result of melting in the subcontinental lithospheric mantle in 

the CRT (Bradshaw 1991), and a similar interpretation may also be applicable to the magmatism at 

Crater Flat. However, isotopic evidence is not yet available to confirm this model, and so this is 

one of the main objectives of further work in 1993. 

The degree of partial melting in the mantle is also difficult to constrain because of the extent 

of fractional crystallization. However, based on some preliminary trace element ratio modelling, the 

Crater Flat magmas may have been generated in mantle not dissimilar to the CRT source if the 

degree of partial melting were small, eg <X%. 

Other related work 

• A paper entitled, "Basaltic Volcanism in the Southern Basin and Range: No Role for a 

Mantle Plume" [T.K.Bradshaw, CJ.Hawkesworth and K.Gallagher] was completed for 

publication. This paper was submitted in its final version, following favorable reviews, to the 

journal Earth and Planetary Science Letters. It is hoped that it will be published early in 1993. 

Further collaborative papers with Chris Hawkesworth, concerning Cenozoic volcanism in the 
western USA, are also under consideration. 
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Figure 1 . Schematic geology map of Red Cone, showing sample localities 
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Figure 2. Comparison of averaged trace element data from Crater Flat and 
the Colorado River Trough extensional corridor, south of Las Vegas. 
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SESSION 47, SAIC: STORAGE OF HIGH-LEVEL NUCLEAR WASTE 
volcanic rocks ( 2 " P b / 2 0 4 P b - 18.11-18.24 m d M , P b / 2 0 4 P b « 38.70-39.15) but 
diverges from it in some simples. 

The caibonaxt fraction of lead in both vein and calotte samples resides dominantly 
in fine-grained, authigenic calcite. U N H Q also attacks and removes lead from silicate 
phases, but a milder 0.8N CH,COOH dissolution procedure identifies a significantly 
more uranogenic lead in most of the calcite ( M , P b / 2 0 4 P b «• 18.11-20.21 and 
W p b / ^ P b . 38.60-39.34). Probably this radiogenic carbonate lead was transported 
into the vein system by the downward percolation of meteoric water that had previously 
interacted with surficial calcrete. Windblown paniculate matter derived from Paleozoic 
and Late Proterozoic limestone in surrounding mountains may be the ultimate source of 
the calcite. Several samples, however, including two from a vein incorporating a thin 
zone of basaltic ash, contain carbonate lead that is only slightly different from their 
silicate lead. These isotopically more uniform samples suggest that volcanic rocks 
locally have contributed most of the lead to both fractions of the vein system. 

The isotopically heterogeneous lead that characterizes the regional Paleozoic and Late 
Proterozoic sedimentary rocks and Middle Proterozoic crystalline rocks remains a 
candidate for at least some of the lead in the Trench 14 veins. An important finding of 
this study, however, is that the data do not require the more exotic origins that have been 
proposed for the veins. Instead, the similarity between lead isotopic properties of the 
veins and calottes suggests a mutual origin related to pedogenic phenomena. 

02:15 p,m. Marshall, Brian D. N2 7 4 7 4 
A MODEL FOR THE FORMATION OF PEDOGENIC CARBONATE BASED ON 
STRONTIUM ISOTOPE DATA FROM SOUTHWEST NEVADA 

MARSHALL, Brian D. and MAHAN, Shannon, U.S. Geological Survey, 
MS 963, DFC Box 25046, Denver, CO 80225 

Calcareous soils are ubiquitous in arid regions such as the southwestern United States. 
Models describing the formation of the calcium carbonate that cements loose, porous 
material in these soils usually require an allogenic component for the source of the large 
amounts of calcium in the calcite. The isotopic composition of strontium, a common 
trace constituent in carbonates, is an ideal tracer for the origin of the calcium. Analyses 
of strontium in calottes, fault-filling veins, rhizoliths, surface coatings, and eolian 
sediment near Yucca Mountain, Nevada, provide important constraints on the origin of 
the alkaline earths incorporated in these various surficial materials. 

Calcretes, fault-filling veins and rhizoliths contain carbonate-bound (=HC1 
leachable) strontium with ^ S r / ^ S r averaging 0.7124. This value is significantly 
different from the average of 0.7117 found for carbonate-bound strontium in the 
surface coatings and in eolian sediment. These results lead to two conclusions: (1) 
calcite surface coatings on bedrock derive their alkaline earths from the eolian carbonate 
component and (2) the alkaline earths in calotte and fault-filling-vein calcite are not 
entirely derived from an eolian carbonate component. 

The strontium-isotope data suggest that some of the alkaline earth content in the 
pedogenic carbonate is derived from the weathering of local detritus. To test this 
hypothesis, isotopic analyses of the silicate detritus are in progress. 

Within the volcanic bedrock of Yucca Mountain, calcite occurs as coatings on open 
fractures. The mStfi6ST of these calcites varies from pedogenic-type values near the 
surface to lower values (0.7093) at and below the water table. Some of the alkaline 
earths in these fracture coatings may be partially or totally derived from the volcanic 
bedrock, which has widely varying isotopic compositions. 

These data preclude the involvement of upwelling ground water in the genesis of 
surficial carbonate in the immediate vicinity of Yucca Mountain. 

02:30 p.m.Stuckless, J.S. N ° 1 9 8 2 8 
Isotopic Evidence for a £gr Descensus Origin for Hydrogenic 
Veins in Faults near yucca Mountain, Nevada 

STUCKLESS, J.S., PETERMAH, Z.E., HHEIAN, J.F., and KUHS, 
D.R., US Geological Survey, MS 963, Denver Fed. Ctn., 
Denver CO 80225 

' Vein-like deposits of calcite and opaline silica that infill 
faults and fractures in the vicinity of Yucca Mountain have 
been the center of considerable debate because the deposits 
occur near a possible site for the Nation's first high-level 
nuclear waste repository. The various proposed nodes of 
origin for the deposits, such as catastrophic upwelling of 
water or downward percolating fluids related to pedogenic 
processes, have differing implications for the performance of 
a geologic repository. Isotopic data for oxygen, carbon, 
strontiua, and uranium in the carbonate minerals exposed at 
Trench 14 preclude deposition from upwelling waters from 
either of the regionally extensive aquifers known to exist 
beneath Yucca Mountain. Oxygen isotopes imply deposition of 
calcite at unreasonably to impossibly low temperatures; 
strontiua is too radiogenic; and' uranium activity ratios are 
too low. Data from calcites deposited by the adjacent Ash 
Meadows flow system further suggest that the isotopic 
compositions of ground water in southern Nevada have not 
changed markedly during the last 60 to 600 k.y. and that, 
therefore, conclusions based on present-day water 
compositions are probably valid for at least the last 600 
k.y v Isotopic compositions of the Yucca Mountain calcites 
are similar to those observed in secondary soil carbonates 
and, in combination with existing geologic, mineralogic, and 
paleontologic data, show that the carbonate and opaline 
silica deposits must have formed from descending water 
related to a pedogenic process. 

02:45 p.m.Harrington,CharlesD. N2 1 6 7 2 0 

QUATERNARY EROSION RATES ON (ULLSLOPES IN THE YUCCA MOUNTAIN REGION 
NEVADA. 

HARRINGTON, Claries D . Earth and Enviroeaeocal Science* Division. EES-I, MS D462. B « 
1663, Los Alloc* National Laboratory. Lot Alamos. MM S754S and WHITNEY, 
;cteW.U^.0ec4cfk^Samr.FedenlCauer.MS9I3.Deaver.CO 80225 

YatxaMoicainU a series tfeastirarcMlttdseflttBralMccks. Tbese Mocks are composed of TIM-

semmrid climate. In the Yucca Mountain repoo. Quaternary cycles of intense weathering oo ridie 
crass aod hOIslopes <farin| glacial (pluvial) episodes have rallied la a pctchwodc of thin coUsviil 
depones of vsriible sees. 

Approximate long -term average erosion n t u can be calculated for hiUslopes that have <*"^ 
ecttavialbooldcr deposits. Twelve of these deposits were studied on sewn different slopes that have 
{radian nsgiag from 15-32 degrees. Hillslc?e degradation marginal to these deposits rutesErom 
0.2-l.Im. Msuraiirairieisioo in active ei*n^sd>cmiocollirvii]depoita 
Cadoo-noo dttmg of rock vanish from surface boulders on these deposits yields aie estimates from 
I70kato>lMa. Long-term erotica ntft eslniliifrl for hillalopes dial have relict early to middle 
Qoatnay deposits raoge from 0L3 lo 7 3 aun/ki and avenge 12 noAa. 

Erotica rases on Yucca Motatab are relatively tow compared to met for other semiirid repem. 
b California aod New Mexico, pufclahed keg-men erotkm n e t nnge from 10-43 mmAi oa hUlslopet 
ssasariaMbyrceHcirtHftalopes. Erotica rata calmatrrlfor slopes on k » remant rock types and for 
shorter tune periods, however, are as saach at two orders of megninidehgier. 

Hillalopes in the Yucca Moonaa area record aa exceptional history of iromorphic stability from 
the early Qtatereary to the pretest. Several ccrrtitvm cootribgie to these low long-term erosion met 
(1) bedrock ootcropt as well as boulders ia die hillslope deposits are ercsicoslly.reustant welded tufts. 

_ (2) rock varnish coadngs on surface boulders inhibit weathering, (3) coUuvial boulder deposits oe 
hillslopes serve as a protective cap that inhibits removal of finer grained debris by slopewash. 
(4) UUslcce channels isolate coUurial deposits by topographic aversion tnd remove them from acuve 
erotica by runoff, and (5) debris flows, although effective in remc^gbcvlderycoUuviumfromurcer 
slopes, are generally restricted to active channels on middle and lower hillslopes snd rarely strip debns 
from non-cfaennelsed areas. 

03:00 p.m.Faiids,JamesE fsjo 5 9 ^ 3 

KXM INSIGHTS ON STRUCTURAL CONTROLS AND SMPLACSHENT MECHANISMS OP 
PLIOCXNZ/QUATXRKARY BASALTIC DXKXS, SOUTHERN NEVADA AND NORTHWZSTZRN 
ARIZONA 

FAULDS, James I., Dept. of Geology, University of low*, Iowa City* 
IA 52242; rtUXRBACH, Daniel L. and SMITH, lugene I., Dept. 
Ceoecience, University of Nevada, Las Vagaa, NV 89154 

five Quaternary basaltic volcanic centara lia within 20 km of the 
proposed high-level nuclear waste repository at Yucca Mountain. The 
basalts rose through the crust without contamination. Previous 
studies suggested that relatively thin (< S •>) dikae fad the basaltic 
centers. The Quaternary dikes, scoria sounds, and cinder conaa 
generally trend NNZ. Potential HnT-etrlklng near-surface channelwaya 
for the basalts include normal fault seoments, layering in highly 
deformed proterozoic and Paleozoic rocks, and joints. However, lack 
of dissection of these young volcanoes precludes direct observation 
of feeder dikes and controlling structures. 

To elucidate the geometry of plumbing ayatems beneath Quaternary 
volcanoes near Yucca Mountain, highly-dissected Pliocene basaltic 
centers were studied in the Fortification Hill field of northwestern 
Arizona. The most highly dissected centers are located on the west 
flank of Malpais Kesa. Here, dikes within and directly beneath three 
centers range from 10-2S m in width and 100-225 m in length. Two 
centers are linked by a 1-2 n wide dike. Thus, dike widths increaae 
by an order of magnitude directly beneath some cantera. The NNW- to 
MW-striking dikes in the Fortification Hill field commonly parallel 
but are rarely intruded directly along preexisting structures. Some 
dikea cut directly acroaa Miocene normal faulta. All dikes have near 
vertical dips. These observations imply that dikes may have 
'propagated upward through "self-generated" fractures produced by 
tenaile stresses near the dike tip. The fractures probably developed 
perpendicular to the leaat principal stress. 

Zn the Yucca Mountain region, the preexiating NNE-atriking 
structures may have locally facilitated transport of magmas, in most 
cases, however, we suspect that magmas created their own pathways 
perpendicular to the H6QW orientation of least principal stress. 
Hazard assessments of Yucca Mountain should consider the potential 
for dike intrusion along self-generatsd fractures not associated with 
preexiating faults and dike widths as great aa 2S m. 

03:15 p.m. Wesling, J. R N2 2 5 5 3 7 
SURFICIAL MAPPING IN MIDWAY VALLEY: IMPLICATIONS FOR FUTURE 
STUDIES TO ASSESS SURFACE FAULTING POTENTIAL AT PROSPECTIVE SURFACE 
FACILITIES FOR THE POTENTIAL YUCCA MOUNTAIN REPOSITORY. NEVADA1 

WESLING. J.R.. SWAN. F.H.. BULLARD. T.F.. ANGELL. M.M.. and PERM AN. R.C.. 
Geomatrix Consultants, Inc.. One Market Ptaza, Spear Street Tower. Suite 717, 
San Francisco, California 9410S; GIBSON. J.D., Org. 6315. Sandia National 
Laboratories. P.O. Box 5800. Albuquerque. New Mexico 87185. 

Preliminary Quaternary geologic mapping of Midway Valley reveals that some alluvial surfaces 
and associated deposits are of sufficient antiquity lo satisfy DOE*s guidelines for evaluating surface 
faulting potential at the site of prospective surface waste-handling facilities. Guidelines include 
identifying and evaluating faults that have had a slip rate >0.001 nun/yr during the past 100 ka. 
Eight alluvial surfaces (Q0*QT) *nd associated deposits are recognized in Midway Valley based on 
geologic and geomorphic mapping. The oldest surface (QQ) is preserved as a single terrace 
remnant and may be Plio-Pleistoccne in age. Younger surfaces, ranging in age from early or 
middle Pleistocene (Q,) to latest Pleistocene/early Holocene (Qj). are preserved as stream terraces 
and alluvial fan surfaces. Holocene units occur as low terraces and vegetated bars (QJ along 
active washes (Qj). CoUuvial units of at least three ages mantle hillslopes. 
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3N 153, MSA-IGNEOUS PETROLOGY (POSTERS III) 

item Aleutian ous t between - 4 3 and IS Ma. After IS Ma, small volumes of 
vi , .uu- . . ;h andesite and dacite were erupted on Ami Island and throughout the western 
Aleutians. These strongly calcalkaiine rocks are geochertrically related to magnesian 
andesites of Rip Volcano which is located immediately behind the western-roost 
Aleutian ridge. Piip Volcano is a hydrothensally-active seamount that has formed on 
small dilations] structures within the regionally trans-pressive regime of the modern 
western Aleutians. This leaky transform' setting is inferred to have been established at 
approximately IS Ma following trans-ttnsional rifting and voluminous tholeiidc 
magrnarjsm The switch from tholeiitic magmatism related to a trans-tensional regime to 
strongly calcalkaline magmatism related to a muis-pressional regime may have resulted 
from clogging of the Aleutian - Kamchatka junction with buoyant, subduction-related 
tenanes. These terrenes probably originated to the east and were transported by strike-
slip motion along the western arc. 

Booth 27 HigmaaS.L N£ 17231 

APPLICATIONS OF CHAOS THEORY TO ZONING MORPHOLOGY IN MAGMATIC 
PLAGIOCLASE 

HIGMAN, S.L. and PEARCE, T.H., Department of Geological Sciences, 
Queen's University, Kingston, Ontario, Canada, K7L 3N6 

The thicknesses and morphology of oscillatory zones in nugmatic plagiodase from Mt. St. 
Helens, Washington, and St. Kins, Lesser Antilles show sequences of ordered planar zones 
separated by sequences of disordered convolute zones. This pattern suggests that during 
crystal growth, some factor controlling crystallization in the melt changed to cause apparent 
periodic and chaotic zonation patterns. As a result, the zonation patterns observed suggest 
that plagioclase crystallization is a nonlinear dynamic process. Determining the 
dimensionality and functional form of the nonlinear dynamical equations represents the first 
step in creating a predictive model for plagioclase crystal growth. 

Reconstruction of the state space of the system from the relative time-series of 
zone-thickness measurements reveals two types of behaviour: a spiral geometry, and a limit 
cycle geometry. These are indicative of a non-chaotic Hopf bifurcation. 

In low-dimensional chaotic systems, the same state space can be used for prediction 
of the time series of zone thicknesses. Poor correlation between time-series predictions 
and actual zone thicknesses suggests that plagioclase growth is not governed by a low-
dimensional chaotic system of equations. However, mis poor correlation is not inconsistent 
with the Hopf bifurcation hypothesis. 

The correlation dimension can be used to constrain the dimensionality of the 
nonlinear system controlling crystal growth. Recent workers have concluded that the data 
requirements for this calculation are not as extreme as previously suggested. Using the 
method of Grassberger and Procaccia (1983), a definitive dimension cannot be obtained 
from the time-series of plagioclase crystals examined to date because of the limited number 
of zone thicknesses observed. Consequently, a different approach is required to calculate 
the correlation dimension in natural systems characterized by limited data. 

Grassberger, P. and Procaccia, I. 1983. Measuring the strangeness of strange 
anractors. Physica 9D, pp. 189-208. 

Booth 28 Herzig, Charles T. NS 6345 
CALC-ALKALINE VOLCANISH OF THE EARLY CRETACEOUS SANTIAGO 
PEAK VOLCANICS, NORTHERN SANTA ANA MTNS., CALIFORNIA: 
EARLY HAGMATISK OF THE PENINSULAR RANGES BATHOLITH. 
HERZIG, Charles T., Dept. of Earth Sciences, University 

of California, Riverside, CA, 92521. 
The results of detailed napping,' geochemistry, and the 
first sicroprobe mineral analyses of the Early Cretaceous 
Santiago Peak Volcanics (SPV) at their "type" locality in 
the northern Santa Ana Mtns yield insights into the 
nagmattc evolution of the Peninsular Ranges batholith (PRE) 
during its earliest stages of emplacement. Structurally 
intact sequences of subaerial flows, welded tuffs, volcani-
clastic breccias, epiclastic rocks, and hypabyssal intru
sions are the remnants of the volcanic arc built above the 
batholith. Flows are doninantly basaltic andesites and 
andesites, with lesser basalts, dacites and rhyodacites. 
Major element compositions of andesites, basaltic andesites 
and basalts are of a low-X, calc-alkaline series. Rocks of 
tholeiitic affinity are also present. Cpx with a composi
tional range of Ho 3 5_i 6En 3g_ 4 8Fs9_ 2 2 plots within the non-
alkali field on discrimination diagrams, straddling the 
calc-alkaline - tholeiitic line of Leterrier and others 
(19B2). The compositions of cpx from the SPV overlap with 
those from gabbros of the PRB. Calcic amphiboles from the 
SPV are pargasite and edenite with rare magnesio-horn-
blende. These compositions show limited overlap with 
amphiboles from gabbros of the PRB. Plagioclase' crystals 
are dominantly labradorite-bytownite (overall range is 
Anso-B^)' Opx is completely altered to chlorite, part of a 
greenschist facies alteration assemblage present in all 
rocks. The field setting, abundance of andesitic composi
tions and calc-alkaline affinity of the rocks is consistent 
with an origin of the SPV as a volcanic arc constructed at 
or near the margin of North America. 

Booth 29 Durant, Dolores G. N2 17194 
CRYSTAL SIZE DISTRIBUTION STUDIES IN SPANISH PEAKS, COLORADO 

DURAHT, Dolores G. and CLIFFORD, Paul H., Dept. Geology, 
McMaster University, Hamilton, Ont. L8S 4.H1 

The Spanish Peaks (SP) dual intrusions of southern Colorado, 
their surrounding radial dyke swarm and several related plugs 
form a spectacular volcanic complex in the Rio Grande Rift. 

To shed light on the crystallization history of some Rio 
Grande magmas, petrographic relationships and crystal size 
distribution (CSD) have been examined for opaques, olivine, 
and augite from a gabbroic dyke of Huerfano Butte (HB) and 
feldspars and opaques from a "rhyolitic" dyke of the SP 
swarm. 

CSD plots for HB augite and HB opaques yield straight 
lines with steep negative slopes. These are consistent with 
constant, continuous growth and nueleation during 
crystallisation, as well as no crystal fractionation during 
emplacement and size independent growth. 

Similar plots for HB olivine, SP feldspars, and SP 
opaques yield asymmetric bell curves indicating fines 
depletion. HB olivines show resorption features on all gram 
sizes. The resorbed material was possibly redeposited as HB 
augite; this may explain the higher slope values for HB 
augite compared to HB opaques. SP opaques also show loss of 
material due to resorption. 

SP phenocrystic feldspars near the dyke boundary lack 
resorption features whereas SP xenocrystic feldspars show 
resorption throughout the dyke. The absence of fines for 
both populations could be due to sorting of the crystals in 
a magma chamber perhaps by neutral density bouyancy or by 
magma movement within the chamber. Decreasing CSD slopes 
across the SP dyke for both SP feldspars and SP opaques are 
probably due to thermal and chemical disequilibrium towards 
the centre of the dyke. 

Booth 30 Cascadden, T. E ^o 25911 
INTERMEDIATE AND MARC VOLCANIC ROCKS OF THE NORTHERN WHITE HILLS, 
ARIZONA: IMPLICATIONS FOR THE PRODUCTION OF INTERMEDIATE 
COMPOSITION VOLCANIC ROCKS DURING REGIONAL EXTENSION 

CASCADDEN, T.E, Dept. of Geology, Univenity of New Mexico, /Sbuquerque, NM S7I3I 
SMITH, EX, Dept. of Geotricnce, University of Nevada, Las Vegas, NV 89154 

The generation of intermediate composition igneous rocks during regioaif extension a commonly 
ascribed to the ccuimiagnng of mafic afld felsic magmas oo the basis of geocbemical, petrogriphic 
and Geld evidence. la the Lake Mead area of the northern Colorado extension*! corridor, magma 
n̂wimiwgnwg produced intermediate composition calc-alkaHoe lavas and associated plutons in the 

Black Mountains, Arizona and River Mountains, Nevada. However, ia some areas of the Basin 
and Range, thick sectioes of mafic to intermediate volcanic rocks lack the petrographic field afld 
chemical evidence for comainghflg. Aa example of such an area is the northern White Hills 
(NWH), northwestern Arizona, die easternmost exposure of mid-Tertiary igneous rocks at the 
latitude of Las Vegas. 

The NWH centals three mid-Miocene mafic to intermediate volcanic centers. Lavas are 
lubalkalie to alkalic and vary in composition from basalt (46-52% SiOj) to basaltic trachyandesite 
(52 to 5756 SiOj) to trachyandesite (57-61% SiOj). NajO+KjO varies from a-SSB; rocks have not 
been subjected to K-nietasomalisu. Each vokano a composed ol chemically and petrographically 
distinct magma. The three magma types are unrelated by fractionation, contamination or AFC 
Incompatible trace elements (Hf, Th, LREE) show small but significant differences. However, 
compatible trace clement (Co, Cr, Sc, V) concentrations for the most primitive samples ot each 
magma type are similar. All lavas contain olivine as an equilibrium phase. Variation within magma 
types is explained by fractionation of olmne or c^ivine-cliaopyrcxene-plagiodase. 

These observations suggest that the intermediate volcanic suites is the White Hills were 
derived by partial melting of csesiicaOy different, but mincraloginHy similar sources. Because 
olivine b an equilibrium phase ia the three magma types, it must have been on the uquidus in the 
source. We suggest that the most likely source for NWH magmas is spinel peridoiiie. High Sr 
contests (856-1300 ppm) argue against crustal contamination. This model is similar to that 
proposed by Barker and Thompson (1989) for the alkalic lavas of the Hamblin-Gcopatra \olcano 
(to the northwest of the NWH) but contrasts with the magma commingling models proposed for 
the compositionally heterogeneous volcanic rocks of the River and Black Mountains. Therefore, in 
the Lake Mead area two independent processes (partial melting and magma commingling) were 
responsible (or the production of intermediate composition igneous rocks durbg mid-Miocene 
extension. 

Booth 31 Hoch, Anthony R. N£ 23712 

FETROGRAPHIC EVIDENCE FOR MIXING OF ALKALINE AND SUB-ALKALINE 
MAGMAS IN THE RATTLESNAKE HILLS INTRUSIVE COMPLEX, CENTRAL 
WYOMING. 

HOCH, Anthony R4 MYERS, James D4 FROST, Carol D., Dept of Geology 
and Geophysics, University of Wyoming. Laramie. WY 82071. 

The Rattlesnake Hills of central Wyoming host Eocene intrusions and extrusive bodies 
of quartz-normative rhyolite and quartz Utile. These are spatially divided into two 
groups: the eastern felsic group (EFG) and the western felsic group (WFG). Nepheline-
normative phonolites, trachytes and lamprophyres comprise the central alkalic group 
(CAG), which is located between the EFG and WFG. 

Although the EFG and WFG rocks have similar bulk-rock chemical 
compositions, they are petrographically different. The EFG rocks (plag»hb«ap+mi«/-
qtz) are coarsely porphyritic (phenocrysts up to 7 mm) with unzoned oligoclase 
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r** •»"" /.M OF PETROLEUM HYDROCARBON-CONTAMINATED GROUND 
^<ilATIOeoII. USING IN-SITU AIR SPARGIHG AND ACTIVE SOIL 
<%Jjl *J|LxcTIOM AT LUST SITES IK NEW MEXICO. 
*k* f X s t e v e , New Hexico Envlronnent Dept., 1190 St. 

f'^'ncis Dr., Santa F«, NM 87503; BILLINGS, Jeffrey 
»"r*n

Bnlings i Assoc, Inc., 3816 Acadeay Pkwy N-
fi' Albuquerque, NH 87109; BROWN, William J., ( ihuouerque Environmental Health Dept., P.O. Box 
*ios Albuquercpie, NM 87103; ARDITO, Cynthia P., 
1 tera, inc., 8100 Htn. Rd. HE, Albuquerque, NH 87110 

at the New Kexico Environment Department's (NHED's) 
., i° r t ° locate and evaluate cost-effective and efficient 
.«••?** i„ n technologies for leaking underground storage 
r^*'11Mi)ST) sites, NMED has been closely tracking the 
i»*1 ««nt of an in-situ renediation technology called the 
r"*l"5.ce Volatilization and Ventilation System (SWS, 
'-•'^pending, 1989). 
r''' r»ii sWS consists of a series of well nests which are 

Vied within the areas of soil and ground-water 
•" -{nation at LUST sites. Each well nest consists of a 
.•*:*- x t raction well screened within the vadose rone and 
.<>"-'•' ejection well screened below the water table. 
r* JT. sWS utilizes three renediation processes: vadose 

vapor extraction (in-situ ventilation); air sparging 
I-"* saturated zone (in-situ air stripping); and enhanced 
>'• rtbial biodegradation. 
*•* The sWS has proven very effective in the remediation 

.MSx sites in New Mexico where a shallow water table 
• ; . significant reductions in benzene, toluene, ethyl 
"!-ene e" d xylenes (BTEX) have-been observed over rela-
•**'",„ short time spans. S W S treatment has been demon-
'.'•eted to be an extremely efficient remediation technology 
'"' C O Dpared to conventional punp and treat systems. 

- ( 
*» I 
• l 

<^< |ooth96Wya«.D.E N2 2 8 6 0 5 

o^L GAS GEOCHEMICAL SAMPUNG AS A METHOD OF GROUNDWATER FLOW 
SECTION AT THE CHEMICALS. METALS AND PESTICIDES PITS (CMP PITS) AT 
i SAVANNAH RIVER SITE 

wYATT D. E., BLOUNT, G. C , PRICE, V., Westinghouse Savannah River 
Company, P. O. Box 616, Aiken, SC 29601; PIRKLE. R. J . , 
MicroSeeps Ltd.. 220 William Pitt Way, Pittsburgh, PA 15238. 

« * CMP Pits consisted ol two parallel trendies used (or disposal ol oil, organic 
solvents, pesticides and meials during the years 1971 through 1979. The 
asposal area is centrally located within the Savannah River Site on a 
Hooraphic high. In 1984, the waste was removed, the contaminated soil 
,j£jvat8d and 20 groundwater monitoring wells were installed in a effort to 
rertior, remediate and dose the site. Minor organic plumes are known to exist 
p Ite shallow aquifers. 

Recent soil gas surveys, in support of I RCRA/CERCLA Integrated 
instigation identified elevated concentrations of organic* In areas away from 
M disposal site and different from the presumed groundwater flow directions. 
Groundwater flow directions at the site are to the north for the shallow aquifer 
aid towards the disposal area from the north, south and east for the deeper 
aquifer. Geological data from monitoring wells suggests that a carbonate zone 
^deifying the disposal area may affect localized groundwater flow. 

Sod gas survey data identified contaminated groundwater plumes emanating 
torn the site but not predlded by monitoring wells. Data Indicates that soil 
gas surveys may be utilized to refine groundwater flow directions In areas 
•nan complex shallow aquifers are contaminated wttfi volatile organlcs. 

The information in this abstract wis davalopod during the course of work under 
OTITIC! DE-AC09-89SH18035 with the U.S. Department of Energy. 
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HORNBLENDE GEOBAROMETRY FROM MID-MIOCENE PLUTONS: DUPLICATIONS 
REGARDING UPLIFT AND BLOCK ROTATION DURING BASIN AND RANGE 
EXTENSION. 

METCALF, RodMjr V . l i d SMTTH, EttftM L, Dtpirtmtat of Geoedeare, Ueivenlry 
oT Nevada, U i Vegas, Nevada 19154 

Al-la-korableade geobiroaetrv m l used to determine tkt depth of crrjtalluatloa for two 
Miocene at* plutons, Wlkoa Ridge (WRP) aid M t Perkim) (MPP), from tie aortic™ Colorado 
River extentfeul corridor. The WRP exhibits a hrpairasal cap u tka aorta u d extends JO km 
to tie touts wkere it Intrude! Precambrian gaekeei. Nona treading fantta u d dikes indicate the 
WRP kit experienced cut-west extension. The MPP tatmdes Preaabrlin ga*ks with • 
bvpibyatal c u to Ike west u d extendi 1 2 km east where It k cat by the low-aagk Mockingbird 
Mine fault (Faulds, 1SW). North trending dSict suggest aoaie cast-west extension of the MPP. 
Paleoaufnetlc data suggest >o tat for WRP and SO' west t i l for MPP (Fluids. 1519). Both 
plutoaj rant* la competition from mouodlorite to qtx moucake. Evidence of aufHi 
cocuiIn|Ua| aid Urge angular blocks of older korableade diorke occur la both plutoas. 
HoraUeade zoaiag profiles reveal complex growth ateoriea. For tak reasoa individual analyses 
rather thaa averages were atad la geobiroeactry cakuktloae. S a u l anhedral kuerttitlal gralaa 
TUd anraiikricilly low Al coaleats aad prcatarta u d repreacat graiu isolated rraca 
ctmigniwV paases required by the geobirocaeur. Sous* risas of larger eobedral graiai also 
exaJbltad tow Al cooteits aad were avoided. Analyse* eted • calcaautoai were taken froai ireas 
of relatively aalfom composition within about 50 akroua of trail edges. Una* aattiple gnlns 
la each, lire* sample* of (qtx) moexodlorite aad eec kbld diorUe from the southern ead of WRP 
yield similar result! with AMoUl (based ce 23 oxygens) of 1.15 to 13. This yields pressures 
raagtag from L4» to 2 knan u d depths of « J to 4.7 kau. Averagiag these marts (a=10) yields 
P>L« •/•4J knars and 1 depth of J J +/•&** km*. A aiagle aatple of WRP xacatoelte fnea 10 
kau sooth of the eypibysnl cap yields AUoUUUU; twCSS; aid 1 depth of It kau. Auumiag 
rocatice about a horizontal east-west axis thee* resales are caaakteat with 15 • • / . 3 • of 
aorthward UK. Rotation of WRP snust hav* occurred as taatpcratani cooiad fraca the aotidua to 
l ie Carrie polaL Multiple grains from two samples of qtx mceioaJt* froo the eastern end of the 
MPP yield Al-total of 1.01 to U ; pressure* of 041 to 1J khart; aad depths of 2.7 to *A kais. 
Areragiag these results (a>4) yields P « U W-cU khan u d a depth of iS +/-0.7 knu. Tak result 
k ceaskteat with a westward tflt of 35 * */• * * provided that the Pncuibriaa-Ute Tertiary 
aaeaaformlty, 3 k a west of the ipex of MPP, was the aurtace at the time of ktrasioa. We safer 
that some or ill of the rotation of lb* MPP occurred below the Carrie temperature. 

01 'AS p.m.Anderson,RE N2 1 6 6 1 3 
RELATIONSHIP BETWEEN MIOCENE PLUTONISM, UPLIFT. AND EXTENSION. . 
LAKE MEAD AREA, NORTHWESTERNMOST ARIZONA AND ADJACENT " 
NEVADA 

ANDERSON. R.E.. and BARNHARD, T.P., U.S. Geological Survey. Box 25046. 
MS 966. DFC. Denver. CO, 60225 

The Lake Mead area can be added to the growing Hst of areas In the Cordillera that 
expose evidence for a close association between Cenozoic plutonlsm and 
extension. The Wilson Ridge pluton In the northern Black Mountains is a north-
broadening, triangular, composite. epizonaJ mass, about 20 km on each edge, that 
was emplaced into Proterozole crystalline rock and Paleozoic and Cenozoic cover 
rocks during late Miocene time. Petrogenetlc studies by Larson and Smith (1990. 
JGR, v. 95, p.17693) Indicate that it formed by commingling of a large volume of 
mafic magma with a smaller volume of fetslc magma. The pluton Is tilted about 5 
degrees north, exposing its hypabyssal zone and roof In the north and Its deeper 
parts in the south. 

The extent of preintrusion Cenozoic deformation Is best evaluated In the north, 
where the pluton intrudes Miocene sedimentary and volcanic rocks. Those rocks 
show a mild to moderate degree of preintrusion tilting that Increases southward. 
The pluton there consists of thousands of dikes that record 8-15 km of 
synemplacement rifting In an approximately east-west direction. This rifting by 
dike-cn-dlke emplacement was accompanied by a southward-increasing degree ol 
synemplacement extension-related tilting. In the northernmost part of the pluton, 
dikes are mostly vertical and prelntrusive strata dip gently. By contrast directly 
south of Lake Mead, prelntrusive volcanic strata are subvertical, main-phase dikes 
dip at moderate angles, and late dikes are subverUcal. Indicating protracted pre-
and syn-intruston extension-related tilting events that ended with plutonlsm. The 
country rocks and pluton were fitted away from and downfauKed toward the axis of 
the pluton In these events, suggesting extenslonal collapse of the growing, rising 
pluton and of the rising Black Mountains structural block. Contrary to current 
models of extensional deformation in the area, we And no evidence that the 
northern Black Mountains served as a source terrane for west-transported 
extensional allochthons. 
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Volcanic risk assessment studies for the proposed high-level radioactive 
waste repository at Yucca Mountain, Nevada, U.S.A. 

Eugene I.Smith, Daniel L.Feuerbach, Terry R. Naumann, Ho, Chih-Hsiang 

Volcanic hazard studies by the Center for Volca
nic and Tectonic Studies related to the proposed 
high-level radioactive waste repository at Yucca 
Mountain, Nevada have concentrated on producing a 
synthesis of Late Miocene to Quaternary basaltic 
volcanism in the southern Great Basin. To obtain a 
regional perspective of basaltic volcanism, detailed 
mapping and sampling of analog systems as well as 
volcanic centers within 50 km of the proposed repo
siton' have been completed. Important advances 
from these studies include the documentation of de
tailed chronostratigraphy within volcanic fields and 
development of geochemical models for the genesis 
of alkalic mafic magmas within continental rift envi
ronments. These data in combination with studies of 
the structural controls on the emplacement of mafic 
magmas have led to the determination of an area of 
most recent volcanism (AMRV) near Yucca Moun
tain. Data from volcanic centers within the AMRV are 
being used to estimate recurrence rates and conditio
nal probability of future volcanism for risk asses
sment. The AMRV includes ten eruptive centers and 
encompasses all post-4 Ma volcanic complexes within 

50km of the proposed repository. High-risk rectan
gles were constructed at each cluster of Quaternary 
centers within the AMRV. The size, shape and orien
tation of these high-risk zones is based on structural 
and volcanic studies in the AMRV as well as in analog 
volcanic fields. The proposed waste repository lies 
within one of the risk rectangles associated with the 
Lathrop Wells volcano. 

The possible recurrence of volcanic activity in the 
AMRV was evaluated by estimating the instantaneous 
recurrence rate using a nonhomogeneous Poisson 
process with Weibull intensity and by using a homo
geneous Poisson process to predict future eruptions. 
Based on data from Quaternary data, the estimated 
instantaneous recurrence rate for volcanism is about 
5.5 x l0""/\'ear. We conclude that the estimated prob
ability of at least one eruption occurring in the AMRV 
in the next 10 000 years is about 5 percent. 

1. Center for Volcanicand Tecionic Studies. Department of Geos-
cience. University of Nevada. Lai Vegas. Nv 89154. USA. 
2. Department of Mathematical Sciences. University of Nevada, 
Las Vegas. Nv 89154. USA. 
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tatje U-Pb zircon ages and our new Sm-Nd whole-rock isochrons indicate that 
' * I M Adirondacks occurred between 11SS and 1100 Ma. The rocks were 

_ j . * ! * 1 1 *' (pjumorphosed lo granuMe lacies between 1100 and 1050 Ma. The duration of 
**"**•![million years between the inception of pkjtonism and cessation ol metamorphie 
< * * ' ^ t i u t e s Ihe Adirondack Crustal Accretcn-DiHerentialion Soperevent (CADS). The 
»**" S c A O S represents fist one ol the many crustal accretion and mantle cBierenfiation 
* * < r t 5 « i a Ih8 rruddle Proterozoc (1.1-1.6 Ga) that may have increased Ihe SnvNd ratio of 
* * " *Tf«>leied mantle reservoir by about 10 percent. 

I jrtns ocv" 

^ :00 p.n«. 0we"S- B- E 

. . . naiEVILLE MASSIF, QUEBEC: A HICHLY "EVOLVED", -1.0 GA, POST-
! " C n v i C ANORTHOSITE-LEUCOG ABBRO-JOTUNITE SUITE. 
" mveNS B.E.. TUCKER. R.D.. BRANNON. J.C.. PODOSEK. F.A. and DYMEK. 

R j . . DCDL of Earth and PlaneL Sci.. Washington Univ.. St. Louis. MO 63130 
the fwt ttu'lne Labrieville anonhosiie complex (LBV) Is found In the central high-

^ ^ n m i l i l c irrrane of the Grenville Structural Province, It is an itntnetamorphosed and 
f a r m e d Plutonic body. LBV consists of four main units: f 1] a domal core zone of 
• '" . ' i pjri anonhosite (plag + opx + Um), containing minor Ieuconorite and a small itacnite 
! i s5v- |2 | a massive, green leucogabbro bonier zone (plag + opx + cpx + ilm + mgi): (3] 
, t T . i ituu'te gxbbronorite sheets, typically at the boundary between 1 and 2 (see Canad. 

tM 3ft 1*>3-190); and [4] fine-grained, green jotunite (-pyx monzodiorite, but 
"'"hed'in Um. mgt. apatite and zircon) found as an extensive dike in core anonhosite, and at 
"^cuj- margin of the complex. Despite these differences in color, texture and mineralogy, 

«il features suggest that these units arc oogenetic and possibly comagmadc. For example, 
-contain highly alkalic plagioclase (e.g.. -AnjoOr^ in anonhosite; mesopenhite in 

*' K \ |jvj there is a progression in mineral compositions (decreasing An in plag and En in 
' i) from anonhosite lo leucogabbro to jottmlte. In addition, all units have extreme levels of 
<? and Ba (e.g.. ~ 2 0 0 0 a n d " l 0 0 ° PP™ S r > "* " 1 0 0 ° * " * ~ 2 7 0 0 PP™ B a - i n *ronhosite and 

l X m li-Pb (M'PhP'Pb) zircon ages confirm the near contemporaneity of leucogabbro (1008 
i ^|j) and jotunite (1010 ± 2 Ma). In contrast, meumorphic zircon in pyrexcw-amnhibolite 

•'•oa adjacent country rock gneiss yields an older age of 1016 ± 2 Ma, which may date the 
ssng of regional Grenvillian metamorphism or the effects of contact metamorphism related 
[Tii early phase of anonhosite intrusion. At any rate, these dates dearly indicate that LBV is 
xe of the youngest massifs in the GrenviUe Province, and confirm that it was emplaced late 
-uuve to GrenviUe orogenic events. We suggest that there may be a correlation between the 
vsi'ttctonic nature of LB V and its "evolved' character, perhaps as a result of the doubling of 
!TU«I thickness during the GrenviUe. 

Sm-Nd isotopic data also support a comagmatic relationship between leucogabbro 
rotCHUR) at 1010 Ma = +1.9 ± 0.3 on a plag megacryst) and jotunite (Cm » +1-7 ± 03). 

Core anonhosiic ( t N J « +0.8 ± 0.3), however, cannot be strictly eomagmatic with the other 
euu, although it could have been derived from an isotopicaUy equivalent source if it is as old 
„ .1070 Ma. At present, it is unclear whether these differences in Nd isotopic compositions 
it ( t o different ages, sources or contamination effects. 

04:15 p.m. Rockow, Michael W. 

FINE-GRAINED ENCLAVES IN JOTUNTTE AND MANGER1TE, MORIN COMPLEX. 
QUEBEC: NEW CLUES FOR MASSIF ANORTHOSITE PETROGENESIS? 

ROCKOW, Michael W. and DYMEK. Robert F , rJepartment of Earth and Planetary Sciences. 
Washington University. SL Louis, MO 63130 

Fue-rnined 'micromafic* enclaves (FCE). although common in frmiies worldwide, appear to have 
sever before been recognized in granitoid rocks associated with massif anonhssite. However, at the 
Horn Complex, FCE are widespread in the jotunne and mangerue units (•pyroxene monzodioriie and 
P)7<uene quanz monzonite, respectively), where they comprise up lo a few * of individual outcrops. 
FOE are small (-3 x 5 cm), have elliptical to rounded cross-sections, are tomograeoiswiui a distinctive 
' B » and pepper* appearance, and exhibit sharp contacts against their hoes. Eight FGE-bott pain (four 
from each unit) have been studied petrtgrtphically. PGE exhibit fine-grained polygonal ineqiagrariular 
laures - very different from their hosts, which are coarse-grained, foliated rocks characterized by 
tUipxal feldspaihic domains separated by stream-lined mafic aggregates. The mineralogy of hosts and 
FOE u the same (plag + opx + cpx + hbl + ilm + rap + Kf + qtz + ap + ziribio±gar). Mineral 
cccipouuons (determined by microprobe analysis) vary widely in the sample suite (plag: An^-An^ in 
xxiuitt n. Anjj'Anjj in mangeriie: opa: En^Enjj w. btjrEayfi epx: CajjMg^ftjj • 
Ct4(M(33Fe2| vr. CtjjM^jFej, • Ca^MjjjFcjj), but variations in each sample are small (<4 
nole»). Most importantly, mineral compositions are essentially the tame in each hou-FGEpair. Major 
and trace element compositions have been determined for two bost-FGE pairs (one from each unii) by 
XRF and fNA methods. The FGE in the jotunile has a basaltic composition (52.4 wt% SiOj. 65 wt% 
M{0) and is more siliceous than its host (4&8 wr%). The FGE in lbs mangeriie contains 58 wt% S i 0 2 

ml is lets siliceous than its host (63.9 wt%). The concentrations oT many trace elements 0tb.Sr,Zr,Hf, 
Nb, Ta. Ba, Pb, Th and U) in FOE and host are similar. For example. Rb contents of the joiimitr host-
FCE pair are low (1.8 ppm k <2£ ppm, respectively), while those m the mangeriie host-FGE pair are 
ai'h (90 ppm k 98 ppm). The jounite FCE has low REE abundances (-15X chondrites), a flat pattern 
rt-M-Ufj -1.5) and a positive Eu anomaly (Eu/Eu* -1.8) , while its host has higher cencentrations ( U N 

- MX), a fractionated pattern (Lan/LuN - 3) and no Eu anomaly. The mangeriie and its FGE both have 
WhR£Ecorexntriuocu(IjN-2fXX)»^frictjorjlirfr«ucnijfUf/l-uN-6); both also have negative 
&> anomalies fEu/Eu* -0.9 k -0.6). We suggest that the FGE represent disaggregated globules of 
butlne liquid introduced into ihe magma chamber that was evolving to produce the jotunites and 
°»t|criies. This basaltic liquid was progressively modified by liquid-liquid interaction during 
crjnaxllizatica-differeniiaucn of the host, resulting in the variable compositions of Ihe FCE and the close 
•Pwment of trace element abundances between FGE and host. FGE may represent samples of the 
elusive mafic component invoked as being important lo the peuogenesis of anonhosites. 

04:30 p.m. Seaman, S. J. 
MAGMA MINGLING AND MIXING IN THE ROOTS OF A PROTEROZOIC ISLAND 
ARC: THE MINNEHAHA MAGMATIC COMPLEX. CENTRAL ARIZONA 

SEAMAN, S.J., and WILLIAMS, M.L.. DepL of Geology and Geography. Univ. of 
Massachusetts. Amherst. MA 01003; HERRON, P.M.; O'BRIEN, J.A.; and 
COLLIER. S.A.. Geology Dept.. Colgate Univ.. 13 Oak Dr.. Hamilton. NY 13346 

The Minnehaha magmatic complex is a -1720 Ma composite intrusive terrane which 
preserves evidence for large-scale mingling of granitic and basaltic magmas, and the in-situ 
synthesis of intermediate composition magma. The complex is bounded on the north b> the 
Crooks Canyon granodiorite, on the east by a septum of -1740-1720 Ma metasedimentary 
rocks, on the south by the -1682 Ma (Chamberlain and Bowring, pers. comm.) Hone 
Mountain pluton, and on the west by an unnamed very coarse-grained granite. Four main 
lithologies are represented in the complex: a K-spar megacrystic granite Imegacrjsts to -S 
cm long), a hornblende basalt, a hornblende diorite, a coarse-grained, spotted rock »ith 
plagioclase-dominated matrix hosting spherical accumulations of hornblende crystals The 
diorites lie compositionally on mixing lines between the granite and the basaltic end 
members. The spotted rocks are enriched in Ca, Mg, and Cr relative to the basalts and ma-, 
be cumulates separated early from basaltic magma. In addition to these four hthologies. a 
variety of fine-grained hybrids representing mixing of large proportions of basalt and small 
proportions of granite are common. 

Textures preserved in the complex provide abundant evidence that the K-spar 
megacrystic granitic magma and the basaltic magma were contemporaneously partially 
liquid. Thick accumulations of deformed, mushroom-shaped zones of basalt (to Im 
diameter),surrounded bymegacrysticgranite.probablyrepresentdropletsof basaltic magma 
injected into the granitic magma chamber. K-spar megacrysts in the granite are 
progressively resorbed and digested with increasing proximity to basaltic droplets. 

The Minnehaha complex is one of several magmatic centers in the Big Bug block of 
the Yauapai province. The block may have been a Proterozoic compressional, subduction-
related complex. The textures and compositions of the complex suggest that granite/basalt 
hybridization contributed heavily to the production of intermediate magmas in the arc 
complex. The basalt may represent a hydrous partial mantle melt which provided heat for 
anatexis of crustal material to generate felsic orogenic plutons. 

04:45 p.m. Metcarf, R.V. 

THE MT. PERKINS PLUTON: SHALLOW-LEVEL MAGMA MIXING AND MINGLING 
DURING MIOCENE EXTENSION 

METCALF, R.V. SMITH, EJ-, NALL, K £ , and REED. R . C Department of 
Geotcieict, University of Nevada-Las Vegas. Las Vegas, NV 89154 

Generatioi of Intermediate mamgas during crustal extension is an taportaat question. The 
Miocrae ML Perkins Ptuton, AZ, within the Colorado Rlvtr Extensional Corridor Is a complex, 
cotaposltioaal expanded body and provides aa Ideal laboratory for such a study. The plutoa was 
formed ay multiple dike-oa-dikt emplactmeat events which art divided Into four phases (P1-P4): 
the oldest, PI, is a coarte-graUMd kbld gabbro (49 wt% SiOJ; P2 is a medium-grained, hbld-
aad biotlti-bearaag qtx •oazoeites (5848 w t * SiO,): P3 is e finc-graiard biot (*nbld) 
graaodiorites «9-73 wt% SJOJ; aad P3 is a suite of aphaallic planar dikes (widths of cms to 3 
aseters) of asafic, utlerraediate* aad felsic compositions. Al-la-abld grobarometry oa samples 
frosa P2 aad P3 give similar results, P*0.9 *fiJS kbars. yielding a crystallization depth of 1 3 -
±0Mkm. 

Hbld qtx diorite (51.53 w t * SIO,) aufic micrograaitoid enclaves (MME), ranging to size 
from a few cat to several meters, are abundant in PI and P3 rocks and la some intermediate 
dikes of P4. MME raesostracures (ovoid pluow-llke shapes with emulate margins that are finer 
grained than interiors) aad aucrostnictures (latk-shaped plagioclase with complex internal 
cabedral zoning; mlaute eahedral plagiodasc grains poikilitically enclosed In dendritic spbeae la 
fuM-tralned margins; ackalar apatite galas) indicate that MME formed as globules of hotter 
mafic magma queached wilkia cooler, more felsic magma. Linear trends oa major element 
Harker variation diagrams and hyperbolic treads on major-trace elemeat ratio plots indicates a 
magma mixing origin for intermediate rocks of P2 and P3. P3 granodiorite host served as the 
felsic mixing ead member. PI tabbro falls off the mixing trends and is not iht mafic end 
member for mixing; modeling suggest the MME are not related to the gabbro by fractional 
crystallization, la both P2 and P3 MME, embayed plagioctase and epx are poikilitically enclosed 
in larger feldspar grains, and tabid grains are mantled by biolite. These features indicate that the 
MME at not the mafic mixing cad member but is also a bjbrid formed by magma mixing. 
Features Indicative of advanced mechanical mixing (mafic schliertn. disrupted mafic dikes, 
magmatic flow structures) are absent at the current exposure indicating that mixing (hybridism) 
occurred at depth. Studies at ML Perkins indicate that compositionatly expanded suites formed 
during Miocene extension are the result of magma mixing. 
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fpoiirill Uplift Recorded in a Supra-delachment 
»*' v Th* Miocene Shadow Valley Basin. 

I and Douglas W Burbank (Dcpt. of 
.<^iscience'.Umvof " " ' ~ - " 
VS213-74W1I9) 

i i « i w 

margaT^"* 
oral and 
•e Great 
^ K a t t o I E -
uUieaotuSj 
hene»Z^r* * 

j5JSs««« . Umv of So. Cal.. Los Angeles', CA 900». 

'$'"' "'"' 
^gooruy modelt for sednnentarion in exteniional 

I "^Jdo not accurately reflect die deposioonal and lectonic 
1 ' J J bssin« of highly extended terrains. Traditional 
• •^escnPingahalf-j ' ' ' i a » S ' » «*J descnPing a half-graben fault geometry, usually with a 

" ^ 5 '"vjiippinjooundini faults, hanging-wall sourccd 
es«Z * ̂ numon, and a depocenter slong the main basin 
"-^" ' iwi l fauali are appropriate for caitineutal rifts such as tic 

/ • ^ b a n n , East Africa, and modern Death Valley. In 
1 ""-it. ongoing research in the Miocene Shadow Valley 
" '.which formed above the low-angle Hallonn 
i '*3^iciion Range detachment, desenbes a very different 
("* ( ( 1phic package. Basin sedimentation there was 
•» ^Jued (1) by a depocemer at least 30 km from die active 
7 '^nent breakaway, and (2) by foorwall-sourced 
* ^jenunon. These features seem present in other supra-

'iunent bums, e.g. Sacramenio Mtns. and Yenngnn 

l v AiTerences between the stratigraphie holocypes can be 
3sicd to aenve uplift of the detachment footwali durin| 
^gntanon. This active uplift operaies in addinon to and is 

I J i j from passive isostauc uplift due to tectonic unloading. 
^ uplift enlarges the footwall catchment, facilitates 

'Tt Jiu« rrsnjpon of foorwall sourced sediments, and 
X Ijcti the depocenter from thebreaxaway. Additional 

^ t i , such as large (> 50 m) intrabasinal paleocanyons, 
^atnnal bypassing, abundant rock avalanche deposits, and 
!jer.be«nn| alluvial fans > 40 km from their source may 

i r » t ^ , ^ J t s product of active footwsll uplift. Such uplift could 
trtic* i-—'.|aiW3 Lj>ven by rotation above a lower detachment, thermal 
'Q tn* |T7S^C ,'*-lJsiliei, magma and heatadvecuon, orisostatic uplift of an 
< i c « « ) S 2 f i ' ' # S * ' e ' c e B * 1 ' o o t 1 ^ the Shadow Valley system, mapna/ 
'irwarataSS' •'«* tdvectico and rotation above a lower structure appear to 
« h e » t j J 2 } ' '.tsott^'X-
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gist Change in Tectonic Style Along the Northeastern 
WO. of the Sierra Nevada Uplift at Constantsa, CA 

VlTGrose (Dcpt. of Geology and Geological Engineering, 
i Colorado School of Mines, Golden, CO; 303-273-3*06) 
i 
; ftree Km SE of Constantia, CA along Hwy. 395,50 Km 
'tfof Reno, occurs a simple and local (as opposed to messy 
, oJ smeared out) 90° intersection of the NW-trcndinj Hooey 

jls right-slip fault and (he NE-trendini Upper Long Valley 
.troll fault. This tectonic junction accommodates a 

j rfwid and remarkably abrupt change in the two tectonic * 
SOU,' 
Tart Oil 

i at • i i « l S i ^ w j r 4 a that characterize the NE and E front of the Sierra 
"*-i~n f tm.'t'^A *»°* u P u f t i n NE California. 

j To the N of Use Consiantii junction faults of the Hooey 
fjte fault zone (part of the Walker Lane) are associated 

; i e a the small pull-apart depression of Lower Long Valley 
I of normal faults dipping steeply to the W into the deep 

• Jiary Lake basin. To the S of the ConstantU junction is the 
,f sorely different tectonic domain of Upper Loof Valley. 
'«•* Valley is underlain by a two-xm-thidc section of sfltstooe, 

adttone, boulder conglomerate, and diatomite of the Upper 
°tnc* Fraa '.ozne Hallelujah Formation. The Formation dips 

•aoerately W into the 45° E-dipping Upper Long Valley 
.•, L U, 0 !*H, a listric normal fault breakaway that characterizes the 
Ncocaf Ufe •xrra Nevada front in this area. The internal structure of 
1784-4211; •jtfauhione is extraordinarily well exposed revealing large 

"nsie masses, up to 1-krn thick, of variously crushed and 
nicnavtat eaed granitic rocks. 

Firoje below: C is Constantia tectonic junction. ll*r* are 
eta with relative displacement indicated. HLFZ is Hooey 

' jle fault zone. ULVF is Upper Long Valley fault 
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T32F-10 1600h 
Hutonism and the Origin of Metamorphic Core Complexes 

fi s I Jtiw (Victorian Institute of Earth and Planetary Sciences. 
Department of Earth Sciences, Monash University, Melbourne, 
Vknoria. 316S Australia) 

S L Baldwin (Department of Geosciences, University of Arizona, 
Tucson. Arizona 85721) 

Pulses of ductile deformation have taken place in mylonites of the 
lower plates of many core complexes during short lived thermal 
events caused by the heat input from intruded phnons. suls or dikes. 
Fast cooling inferred from argon Aermochronology is not the result 
of rapid erosional or tectonic denudation, but rather due to rapid 
cooling in the thermal aureoles of sills intruded at shallow crustal 
levels. Isothermal decompression paths inferred from theimobarc-
raetric data may actually link trajectories of P-T points set by tran
sient mineral growth in thermal aureoles formed during periods of 
igneous activity. The upper levels of many core complexes may 
have been at relatively shallow crustal levels before the onset of 
magmatism triggered ductile behavior. The implicatioos of these 
observations are numerous. Imrusicomay be the underlying reason 
for footwall uplift, rather than isostasy as described by Spencer 
(19S4). and Wernicke and Axen (1988). The mylooite front may be 
i transient phenomenon. Pltnonismrmy be liiutad a die formation 
of detachment faults, and the ductile-to-brirue transition observed m 
many core complexes may be the result of cooling in a ductile shear 
zone above a pluton, and is not necessarily a depth dependent 
transition. 

T32F-11 1815h 
Extent of the Rio Grand Rift In West Texas 

Julia L. Whireliw. Michael Whilelaw, G. R. Keller 
(Department, of Geological Sciences, The University of 
Texas at a Paso, El Paso, TX 79968) 

The Rio Grande rift is a Ceaozoic feature which extends 
southward from Colorado through New Mexico and into 
Weat Texas and northern Mexico. The southern extent of 
the rift in Weat Texas and northern Mexico is currently being 
studied using gravity and drill hole data. The sources ot 
many low gravity anomalies in the area, which trend NW-SE 
and N-S are generally attributed to rift basins with 
substantial amounts ot tow density alluvial fill. Gravity 
models and drilling results across the Hueco Bobxm reveal 
three structurally complex, asymmetric sub-basins 
containing approximately 3 km of late Cenozoic fill. Similar 
studies of the Salt Flat Graben and the Presidio Bolson also 
indicate complex rift basins with varying amounts of fill. 

This paper presents the results of geophysical studies of Eagle 
Flat, a NW-SE trending alluvial valley approximately 125 km 
southwest of El Paso. Texas. Models from gravity and drill 
hole data suggest that the predominant source of a linear 
negative gravity anomaly results from thickened sections of 
Mesozoic sedimentary rocks, rather than a major Tertiary 
basin as previously suggested. There is a small Tertiary basin 
associated with EagleFuU and the gravity models and drill 
bole data indicate that it deepens to the southwest. 
Paleomagnetic studies of cores drilled to Cretaceous bedrock 
is the Eagle Flat basin indicate that sedimentation was 
initiated in the KW portion of the basis 4.5-5.0 myr ago. As 
the longest core studied was only 250 feet in length, this 
implies low average sedimenution rates and a relatively 
quiescent late Tertiary tectonic history for the basin. 
Regional gravity anomalies indicate a broad N-S trending 
block which may have resisted Rio Grande rift/Basin and 
Range tectonisru. 

T32F-12 163ft 
Evidence free* Traotlths for recent thermal reactivation of 

the southern Rio Grande rift 

M l t t B J t f l (Dept. Earth * Space Set, UCLA, CA 90024-1567) 

The southern Rio Grande rift is characterized by thinned crust, 
itaermediats to high heat flow ft SO mWflm2). and anomalous upper 
mantkr ,«vekaaes(S7.8km/sec)rrilcctingrelsnv^nxtntcrastil 
exsoason and advective beat transport. P-T conditions recorded by 
THoriths from KUboome Hole, southern New Mexico, define a 
geotaerm that exhibits a thermal bulge between depths of at least 20 
sad 50 tan. Mafic inrusica of the lower crest and upper mantle 
daring mid-Tertiary (30-20 Ma) extension can account for both the 
present geophysical characteritnes of the rift and the apparent 
gwalmm rf the graniiuse temperatures reflect conditions fiutci! in 
during thermal relaxation of the tower crust (Bussed and Williams, 
1991). 

Ternperaosres tor the granolite xenoUths determined using each of the 
ternary feldspar endroemben are often remarkably concordant (AT 
<15*C) between tOO - 900*C requiring high temperanires of feldspar 
equilibration and subsequent qoeoching at rates l i e those Wared for 
volcanic recks. Sr and Nd mineral isoehrons for tiiose lithologjes 
representing Froteroxoic crust are generally <25 Ma and give a 
weighted average of -4 Ma: minerals separated from a strong faotopie 
gradientyield the only apparent exception (t-34 Ma). Conrrtuendy. 
the granoliss xenolitht record conditions inociitrd with thermal 
reacovsttoofuKlcjwocrunc^nuaieroxciccrusaJexrnsJon. 

The inverse correlation between rseebron age and diffusion rase of the 
slowest cSffesiag species that is expected of cooling through closure 
tempaaurcs of >W0*C is not observed. Rather, the late Ternary 
ages of the mineral isoehrons can be explained by radioactive decay 
tuiRUiiiiont with ojciejiitxssryoiftok^slcxctoit in the lower 

crust. Together with evidence for quenching n nesrly i 
between ternary feldspar components, current temperatures in e x e c 
of 800*C are indicated for the lower oust. Relsuvelv recent inuution 
of the lower crust, perhaps sssociited with increased icfionsl 
volcanism in die past 5 Ma. is suggested. 

T32F-13 1645h 
Geochernlcal Fingerprinting of Plug"***" bslcnson In the 
Colorado River Extensions! Corridor, L'SA: A Preliminary 
Report 

p 1. Feuerbach (University of Iowa. Iowa Cit). IA S3:«i 
El. Smith (University of Nevada. Las Vegas. "CV i9!Mi 
1£. Faulds snd M.K. Reagan (University of lows, l.-ma Cm I V 
52242) 

JJ>. Walker (University of Kansas. Uwreoce. KS 66ot5) 

As pan of an ongoing study in the Colorado River extensions] 
corridortCREC). southwestern US A. we are invesugaung die role of 
hthospberic and asthenospbenc mantle in Ternary magmausm and 
the relauonship between mantle processes and extension. The CREC 
is ideally suited for studying the link between extension and mantle 
processes because coeval magmausm and extension swept northward 
across the region during Miocene time. 

Our initial focus has been on the northernmost part of the corndor 
in die Lake Mead area, where the tetl-ltieral Lake Mead fsuh system 
(LMFS) separates the highly extended CREC to die south from a 
relatively unextended pan of a broad amagmauc zone to the north. 
Isotopic data indicate that between 11 and 6 Ma. dunng and just 
following peak extension, the CREC/amagraauc zone boundary 
evolved into a mantle domain boundary. All mafic lavas in the 
amagnistic zone were generated from hthosphenc mantle (LM) (eNd 
«-3 to -9:87Srrt6Sr = 0.706-0.707). In tte northern CREC. lavas 
erupted before 6 Ma have a similar LM signature, whereas those 
erupted after 6 Ma have a hybrid astbenospfaeric mamle (AM). 
HTMU and minor LM component (eNd • 0 to +4:87Sr/86Sr« 
0.703-0.705). An exception to this is a 9.4 Ma basalt that erupted in 
the Gold Bune area, east of Lake Mead that conisins an AM 
sgssture. Feak extension in this area occurred ca. ISMa compared 
to 12-9 Ma in the Lake Mead area. LM may have been thinned and 
replaced by AM earlier in the eastern part of the northern CREC than 
to the wea. This suggests there may be a spatial and temporal 
correlation between upper crusul extension and the thinning of the 
liuv»pheric raanue in the nonhern CREC Dunng extension in the 
northern CREC the LM in the amagmatic zooe remained intact. The 
LMFS may represent the crustal manifesuuion ot diff erenual 
dunning of the AM or the rejuvenation of an older liuyapheric 
structure. 

Preliminary major and trace element data from mafic lavas erupted 
between 13 and 14 Ma farther south in the CREC suggest that their 
source contains a mixture of AM and LM which is compatible widi 
the northward younging of extension. When compared to OB. 
riv»iv- lavas are moderately depleted in Nb and moderately enriched 
in Ba. These trends are similar to AM derived lavas in the northern 
CREC erupted from 6 to 4.7 Ma. Together with geochronologic 
studies, we hope to drlinrttr geochemical trends and isolate the role 
of the mf""> both orthogonal and parallel to the extension direction 
across the entire CREC This region includes two major tilt-block 
domains that may be floored by oppositely dipping detachment 
systems. These data may therefore elucidate the kinematic evolution 
of rifted continental crust with large magmauc budgets. 

T32F-M 1 /W 
Fault-Valve Action along Bending Strain Faults in a 

Metamorphic Carapace: the Origin of the Olago 
Schist Gold-Quartz Lodes? 

RH SiMon (DepaimentofGeology,UniversityofOngo.P.O. 
Box 56, Dunedin. New Zealand) 

Quartz vein systems, hotted on low-displacernent faults cross-cutting 
the generally flat-lying foliation of the Otago Schists in southern 
New Zealand, are the source of the >240 tonnes of gold mined 
(mosdy from plscers) from the schist belt The predominantly 
quartxo-fcMrpsihic schists were rnetarnorpbosed under grtenschin 
fscies conditions during the late Jurassic to early Cretaceous 
Rangitata Orogeny and outcrop in a NW-SE belt, about 100 km 
wide, flanked by lower grade metamorphic assemblages to the NE 
and SW. The belt extends inland for over 200 km from die east 
coast of the South Island. The dominant smke of the Au-quartz 
lodes is NW-SE, parallel to the axis of greatest post-metamorphic 
uplift, defined by higher grade assemblages along the centre of the 
schist belt- Some of the lodes developed along steep normal faults, 
implying NE-SW titevion. Others, in apparent contradiction, 
formed along low-angle thrusts during NE-SW contraction. Fluid 
inclusioa studies suggest a metamorphic origin for the mineralising 
fluids. However, while some of the lodes developed in a 
metnrhermal environment at considerable depth (e.g. -10 km for the 
duust-hostsd Macraes deposit), others appear to have formed very 
close to the surface (e.g. <1 km for the normal fault lodes at 
Neuthorn). Timing of mineralisation is poorly constrained but 
ponrlitifs the main Rangitata metsmorphism, and probably initiated 
during early Cretaceous unroofing of the schist belt (120-100 Ma?). 

These structural characteristics are consistent with a model involving 
progressive arching and exhumation of the cooling meuunorphic belt 
about a NW-SE axis. Tangential longitudinal strains and fsulting 
become concentrated in regions of maximum curvature within an 
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Abstract. Investigations are currently underway to eval
uate the impact of potentially adverse conditions (e.g. 
volcanism, faulting, seismicity) on the waste-isolation 
capability of the proposed nuclear waste repository at 
Yucca Mountain, Nevada, USA. This paper is the first 
in a series that will examine the probability of disrup
tion of the Yucca Mountain site by volcanic eruption. 
In it, we discuss three estimating techniques for deter
mining the recurrence rate of volcanic eruption (A), an 
important parameter in the Poisson probability model. 
The first method is based on the number of events oc
curring over a certain observation period, the second is 
based on repose times, and the final is based on magma 
volume. All three require knowledge of the total num
ber of eruptions in the Yucca Mountain area during the 
observation period (£). Following this discussion we 
then propose an estimate of E which takes into account 
the possibility of polygenetic and polycyclic volcanism 
at all the volcanic centers near the Yucca Mountain 
site. 

Introduction 

The Yucca Mountain region is located within the Great 
Basin portion of the Basin and Range physiographic 
province, a large area of the western USA characterized 
by alternating linear mountain ranges and alluvial val
leys. Crowe and Perry (1989, Figure 1) divide the Ceno-
zoic volcanism of the Yucca Mountain region into three 
episodes that include (1) an older episode of large vol
ume basaltic volcanism (12 to 8.5 Ma) that coincides in 
time with the termination of silicic volcanic activity; (2) 
the formation of five clusters of small volume basalt 
scoria cones and lava flows (9 to 6.5 Ma), all located 
north and east of the Yucca Mountain site; and (3) the 

* Paper financed by the Nuclear Waste Project. Office, State of 
Nevada, USA 
Offprint requests to: C-H Ho 

formation of three clusters of small volume basalt cen
ters (3.7 to 0.01 Ma), all located south and west of the 
Yucca Mountain site. The two youngest episodes form 
northwest-trending zones that parallel the trend of 
structures in the Spotted Range-Mine Mountain section 
of the Walker Lane belt. Crowe and Perry (1989) sug
gest a southwest migration of basaltic volcanism in the 
Yucca Mountain area based on this structural paralle
lism, a pattern that may reflect an earlier southwest mi
gration of silicic volcanism in the Great Basin. Smith et 
al. (1990a) suggest that there is no preferred migration 
trends for post-6-Ma volcanism in the Yucca Mountain 
region. 

Concern that future volcanism might disrupt the 
proposed Yucca Mountain repository site motivated 
the assessment of the volcanic risk to the Yucca Moun
tain area, located within the Nevada Test Site (NTS). 
Crowe and Carr(1980) calculate the probability of vol
canic disruption of a repository at Yucca Mountain, 
Nevada using a method developed largely by Crowe 
(1980). Crowe et al. (1982) refine the volcanic probabil
ity calculations for the Yucca Mountain area using the 
following mathematical model: 
Pr [disruptive event before time /]= 1 -e~Xlp, 
where A is the recurrence rate of volcanic events and p 
is the probability of a repository disruption, given an 
event. The parameter p is estimated as a/A, where a is 
the area of the repository and A is some minimal area 
that encloses the repository and the area of the volcanic 
events. Crowe et al. (1982) develop a computer program 
to find either the minimum area circle or minimum area 
ellipse (defined as A) that contains the volcanic centers 
of interest and the repository site. A is defined to ac
commodate tectonic controls for the localization of vol
canic centers and to constrain A to be uniform within 
the area of either the circle or ellipse. The rate of vol
canic activity is calculated by determination of the an
nual rate of magma production for the NTS region and 
by cone counts using refined age data. Resulting proba
bility values using the refined mathematical model are 
calculated for periods of 1 year and 100,000 years. Two 
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procedures (explained below) are used for the rate cal
culations (Crowe et al. 1982). As calculated by Crowe et 
al. (1982), the probability of volcanic disruption of a 
waste repository located at Yucca Mountain falls in the 
range of 3.3 x 1 0 - 1 0 to 4.7 x 10~8 during the first year, 
which increases approximately linearly with isolation 
time. 

Issues that arise in connection with the work of Crowe 
et al. (1982) 

Although the procedure outlined in Crowe et al. (1982) 
represents a more formal approach to this problem 
than ever attempted previously, flaws exist. The method 
must be modified because the existing data base is in
adequate to reasonably constrain A. Despite the fact 
that there are well-recognized means of gathering data 
in the NTS region (field mapping; determinations of 
the eruptive history of basaltic centers; petrology; geo
chemistry; geochronology, including magnetic polarity 
determinations; tectonic setting; and geophysical stud
ies) many considerations are still unknown, e.g., age of 
volcanism and vent counts. 

Present understanding of eruptive mechanisms is not 
yet advanced enough to allow deterministic predictions 
of future activity. The only attempts at long-term fore
casting have been made on statistical grounds, using 
historical records to examine eruption frequencies, 
types, patterns, risk, and probabilities. Reliable histori
cal data make possible the construction of activity pat
terns for several volcanoes (Wickman 1966,1976; Klein 
1982, 1984; Mulargia et al. 1987; Condit et al. 1989; Ho 
1990). Unfortunately, detailed geologic mapping of vol
canic centers is in its infancy in the Yucca Mountain 
area. A formal structure, with conclusions depending 
on the model assumptions, needs to be developed to 
evaluate volcanic risk for the NTS. 

This paper investigates important parameters re
quired to calculate the probability of site disruption 
and provides estimates for the unknown parameters) 
that are meaningful both statistically and geologically, 
taking into account the limited availability of precise 
ages in the NTS region. 

The Poisson model 

The application of statistical methods to volcanic erup
tions is put onto a sound analytical footing by Wick
man (1966, 1976) in a series of papers that discuss the 
applicability of the methods and the evaluation of re
currence rates for a number of volcanoes. Wickman ob
serves that, for some volcanoes, the recurrence rates are 
independent of time. Volcanoes of this type are called 
"Simple Poissonian Volcanoes." Theoretically, the 
probability formula (Crowe et al. 1982) is derived for 
this type of volcanic activity from the following as
sumptions: 
1. Volcanic eruptions in successive time periods of 
length / for each period are independent and should 

follow a Poisson distribution with a constant mean (av
erage rate) At, i.e. a simple Poissonian volcano. 
2. Every eruption has the same probability of reposi
tory disruption p. That is, there is no heterogeneity with 
respect to disruptiveness. 
3. The disruptiveness of the eruptions are independent 
of one another. 

This very brief description is purely mathematical 
and has no direct interpretation in geologic terms. 
Since the Poisson model is both the state-of-the-volca-
nological-art (e.g. Wickman 1966, 1976) and used in ac
tual risk assessment (e.g. Gardner and Knopoff 1974; 
McGuire and Barnhard 1981), we do not question the 
above assumptions in this article. Therefore, the follow
ing statistical development is based on the assumptions 
of a simple Poisson model. Of course, exploring alter
native models derived from different assumptions 
based on detailed geologic data and statistical analysis 
would be valuable as well (e.g. see Ho 1991). 

Probability formula 

The probability model of Crowe et al. (1982) is based 
on the following relationship: 
Pr [disruptive event before time /]= 1 -e~ A ' ' \ 
The power series expansion for exp-*''' (Ellis and Gu-
lick 1986, p. 545) is: 

Therefore, the final probability calculation can be sim
plified as: 
Pr [disruptive event before time /] 

. (Atp)*(Atp)3 

=Atp, for small A and p relative to t. 
The approximation is reasonable and is true for vir
tually all of the calculations in Crowe et al. (1982) since 
all of their estimated values of both A (< 10 ~5) and p 
(< 10 - 3 ) are small. Therefore, the accuracy of estimat
ing the unknown parameters A and p directly influences 
the significance of values for the probability of reposi
tory disruption. 

Recurrence rate 

The Poisson process is used to describe a wide variety 
of stochastic phenomena that share certain characteris
tics and phenomena in which some "happening" takes 
place sporadically over a period of time in a manner 
that is commonly thought of as "at random." We will 
refer to a "happening" as an event. If events in a Pois
son process occur at a mean rate of A per unit time (1 
year, 105 year, etc.), then the expected number (long-
run average) of occurrences in an interval of time in t 
units is At. In quantifying volcanism at Yucca Moun-
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tain, we define a volcanic eruption as an event. There
fore, the collection of data is directly or indirectly 
based on the number of eruptions. 

Crowe et al. (1982) try three methods to calculate A 
in their probability calculations. These are: (1) evalua
tion of intervals of volcanic activity for evidence of pe
riodicity; (2) counts of volcanic events in Quaternary 
time; and (3) evaluation of the ratio of magma produc
tion rate and mean magma volume. Based on method 1, 
they conclude that the data suggest no distinct patterns 
or periodicity of basaltic volcanism in late Cenozoic 
time. Therefore, the data are insufficient to analyze in
terval patterns and thus cannot be used to calculate fu
ture rates of volcanic activity (Crowe et al. 1982). We 
believe, however, that according to the Poisson model 
assumptions, intervals of volcanic activity should fol
low an exponential distribution and thus A can be esti
mated statistically. We shall demonstrate such statisti
cal sampling and estimation techniques in the following 
section. 

Based on method 2, Crowe et al. (1982) calculate A 
as N/T where N is the number of scoria cones and 7" is 
the period of time represented by the age of the cones 
or some other specified time period. Thus A is the aver
age number of eruptions per unit time. In their calcula
tion of N/T, they define no statistical sampling tech
nique that is associated with the assumed model. More
over, they do not provide evidence that counting cones 
is equivalent to counting eruptive events. Crowe et al. 
(1989) and Wells et al. (1990) now recognize and clas
sify the Lathrop Wells volcanic center as a polygenetic 
volcano and suggest that some cones may have erupted 
more than once. Note that the Lathrop Wells volcanic 
center is only 12 miles away from the proposed Yucca 
Mountain repository site. We shall introduce a statisti
cal estimation procedure to interpret the estimator. 

Based on method 3, Crowe et al. (1982) determine 
the rate of magma production for the NTS region by 
fitting a linear regression line to a data set of four 
points collected from four volcanic centers. Each value 
thus represents magmatic volume of a single eruption at 
a corresponding volcanic center. The mean magma vol
ume for 4 m.y. is calculated by taking the average of 
these four values. The ratio (rate/mean) is then calcu
lated as an estimate for the annual recurrence rate A. 
Similarly, the annual recurrence rate for Quaternary 
time is obtained using only the two Quaternary data 
points. We consider this approach questionable, since a 
simple Poisson model requires a constant rate of occur
rence, which is not the same as steady-state magma pro
duction in a volume-predictable model (e.g. see Wick-
man 1966, 1976; Wadge 1982). We shall show that such 
calculations based on magma volume duplicate those 
of method 2, if the rate of magma volume is constant. 
Moreover, we shall also point out that, in this case, they 
apparently assume only four (two) eruptions in the 
NTS region during the last 4 m.y. (Quaternary time). 
This apparent assumption explains why their final 
probabilities based on magma volume are consistently 
smaller than those based on cone counts (Crowe et al. 
1982, tables IV and V). 

The rate of volcanic eruption, A is a critical parame
ter for the probability calculation. We shall now exam
ine various statistical methods for calculating A, how 
the geologic record of volcanism in the Yucca Moun
tain can be used to estimate values of A, and the limita
tions in calculating A. 

Estimation based on Poisson count data 

In dealing with distributions, repeating a random ex
periment several times to obtain information about the 
unknown parameters) is useful. The collection of re
sulting observations, denoted xux2,...,x„, is a sample 
from the associated distribution. Often these observa
tions are collected so that they are independent of each 
other. That is, one observation must not influence the 
others. If this type of independence exists, it follows 
that xux2, ...,x„ are observations of a random sample 
of size n. The distribution from which the sample arises 
is the population. The observed sample values, 
Xi,x2,...,x„, are used to determine information about 
the unknown population (or distribution). 

Assuming thatx ux 2 , ...,x„ represent a random sam
ple from a Poisson population with parameter A, the li
kelihood function is: 

W)- n/(x i;A) = e-' aA Z'Jfl x,l 
i - i • - • / i - i 

Many good statistical procedures employ values for the 
population parameters that "best" explain the observed 
data. One meaning of "best" is to select the parameter 
values that maximize the likelihood function. This tech
nique is called "maximum likelihood estimation," and 
the maximizing parameter values are called "maximum 
likelihood estimates," also denoted MLE, or A. Note 
that any value of A that maximizes L(X) will also max
imize the log-likelihood, ln£(A). Thus, for computa
tional convenience, the alternate form of the maximum 
likelihood equation, 

^lnL(A)=0 

will often be used, and the log-likelihood for a random 
sample from a Poisson distribution is: 

lnZ.(A)=-/iA+ J x J n A - l n j n * , ! ) . 

The maximum likelihood equation is: 

- £ m 1(A) = - 7 i + Z y = 0, 

" X 

which has the solution A= Y — =x. This is indeed a 
i - j n 

maximum because the second derivative: 
d2 " x 

— mm=-Zf2, 
is negative when evaluated at x. 
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Let us demonstrate this estimation technique. Let X 
denote the number of volcanic eruptions for a 105-year 
period for the NTS region from this assumed Poisson 
process. Then X follows a Poisson distribution with av
erage recurrence rate/z, with//=A/= 105A. If we wish to 
estimate A for the Quaternary using the Poisson count 
data for the NTS region, the successive number of 
eruptions from the last 16 consecutive intervals of 
length 105 years (16 x 105 = 1.6 x 106=Quaternary peri
od) must be estimated. The number of observed erup
tions per interval are denoted as xux2,...,Xi6. Thus, 
these 16 values represent a sample of size 16 from a 
Poisson random variable with average recurrence rate 
/i. Estimating the mean of the Poisson variable from 
these count data gives: 

/ 2 - x - 2x,/16, 

and 
16 

A*=/27105 = £ *,/(1.6xl0 6) 
i - i 

This shows that the estimated annual recurrence rate, A, 
is the average number of eruptions during the observa
tion period (in years). Based on this estimation tech
nique, A* can be defined as: 
A*=£/T, (1) 
where £«= total number of eruption during the observa

tion period, 
and T= observation period. 
Note that for the estimation of A in this model, an indi
vidual observation Xi is not required. However, the dis
tribution of Xt's can provide information for model se
lection, for model-adequacy checking, and for parame
ter estimation in general. 

Estimation based on repose times 

With any Poisson process there is an associated se
quence of continuous waiting times for successive oc
currences. If events occur according to a Poisson proc
ess with parameter A, then the waiting time until the 
first occurrence, Tu follows an exponential distribu
tion, T, ~ Exp(0) with 8" l/A. Furthermore, the waiting 
times between consecutive occurrences are independent 
exponential variables with the same mean time between 
occurrences, l/A (Parzen 1962, p. 135). Several simpli
fying assumptions must be made in treating eruptions 
as events in time. Although the onset date of an erup
tion is generally well-defined as the time when lava first 
breaks the surface, the duration is harder to determine 
because of such problems as slowly cooling flows or 
lava lakes, and the gradual decline of activity. We ad
opt the same definition for repose time as used by 
Klein (1982). Therefore, we ignore eruption duration, 
we choose the onset date as the most physically mean
ingful parameter, and we measure repose times from 
one onset date to the next. Thus, our definition of "re
pose time" differs from the classic one as a noneruptive 

period. This procedure seems justified because most 
eruption durations are much shorter than typical repose 
intervals. The mean time between two events (erup
tions), 8, is inversely related to the volcanic recurrence 
rate A. Assumptions of the Poisson process are rather 
restrictive, but at least a very tractable and easily ana
lyzed model can be proposed. The maximum likelihood 
estimator for 8 (Hogg and Tanis 1988, p. 336) is: 

0 = ' = 2 t,/m, and X=e~} = f-\ 

where tu..., tm represent values of a random sample of 
size m from an exponential population with parameter 
8. For the NTS region, the exact values of tt's (repose 
times) are difficult to obtain because the precise date of 
each eruption is not known. However, based on the 
definition of repose times we can calculate: 
m 
2 f/=time betweeen the first and last eruptions during 
' " ' the observation period, 
and 
m=total number of repose times=£— 1, which gives 
X=(E-\)/(T0-Ty), (2) 
where 
£=Total number of eruptions between T0 and Ty, in
clusive, 
with 
T0 = age of the oldest eruption, 
7^=age of the youngest eruption. 
Note that the numerical values of £ in both Eqs. 1 and 
2 are identical for the same observation period of 
length T. In practice, however, the observation period 
for the exponential model (Eq. 2) must be trimmed to a 
period between T0 and Ty, inclusive, to reflect that ex
actly m (=£—1) repose times (tx through tm) are ob
tained. Theoretically, the two estimates obtained for A 
(Eqs. 1 and 2) should be consistent, but not identical. 

Estimation based on magma volume 

Let V be the total volume of basaltic magma erupted at 
the surface in the NTS region during the observation 
period of length T. From Eq. 1, we obtain: 
Z~E/T=>EV/TV=(y/T)/(V/E)=r/v (3) 
where 
r= V/T, the annual rate of magma production, 
and 
t>= V/E, the mean volume of magma during the obser
vation period of length T. 
Equation 3 is valid, but it also requires an accurate esti
mate of E for v. If E (or r) is underestimated, so is A. 
The most efficient way to calculate r is V/T. Crowe and 
Perry (1989) present a refined method to calculate r. 
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They evaluate r as the slope of the curve of cumulative 
magma volume plotted versus time. It is essentially 
identical to V/T, assuming a constant rate of magma 
volume (an assumption that Crowe et al. (1982) and 
Crowe and Perry (1989) have been striving to prove). In 
this case, the degree of erosional modification of vol
canic landforms should be studied to estimate volumes 
of missing volcanic deposits. The overall error, which is 
multiplicative, is compounded in the values of Crowe 
and Perry (1989) for r. Moreover, E must be estimated 
when calculating v, the mean volume of magma." There
fore, we see no economy in Eq. 3 and consider it to 
duplicate Eq. 1. We derive Eq. 3 merely to demonstrate 
that the estimation procedures used by Crowe et al. 
(1982) and Crowe and Perry (1989) are flawed and 
therefore must be modified. 

Estimation of E 

All of the statistical estimation methods considered for 
A (Eqs. 1-3) require knowing the value of E (total num
ber of eruptions during the observation period). An ac
curate count of E is possible for volcanoes with a com
plete historical record. Identifying E, however, depends 
strictly on a clear understanding of eruptive processes 
and reliable dating techniques for the NTS region, 
since no historical record is available. Scientists differ 
in their opinions of volcanism at the NTS area. The fol
lowing is the view of Crowe et al. (1983): 

"Basalt centers are composed of multiple vents, each 
marked by a scoria cone. In the NTS region the cones 
are divided into two categories: large central cones, re
ferred to as the main cones, and satellite cones. The av
erage number of cones at a single center, based on cone 
counts of seven Quaternary basalt centers in the NTS 
region, is about two to three cones. Thus, field data 
suggest a general eruption pattern where the initial 
breakthrough of magma to the surface is marked by the 
development of an eruptive fissure with- two or three 
loci of effusion. Each of these vents becomes the site of 
small scoria cones. As the eruption proceeds, activity 
shifts or concentrates at a single vent that becomes the 
site of the main scoria cone." 
The above description indicates that a main scoria cone 
is the final stage of a single eruption, and a single erup
tion could have several small vents to accompany the 
main cone. However, the possibility of polycyclic vol
canism at all the volcanic centers needs to be evaluated. 
A would be underestimated if nearby vents have distin
guishable ages. We, therefore, estimate E as follows: 

Let / denote the number of volcanic centers under 
investigation, and let J, be the number of main cones in 
the ith volcanic center, where i — 1 , . . . , / . The proposed 
estimate of E is: 

E- Z Z (««+«v). (4) 

where mit=-number of multiple, time-separate erup
tions of they'th main cone in the »th volcanic center, 

and ?/, = number of vents that are separate in space and 
time (with distinguishable age measurements) from the 
yth main cone in the fth volcanic center. 

The rationale for this estimate is that significant in
formation has emerged that some of the volcanic cen
ters are polygenetic volcanoes (e.g. Lathrop Wells cen
ter (Wells et al. 1990)). This estimation for parameter £ 
(total number of eruptions) given by Eq. 4 takes into 
account such a possibility for the NTS area. Studies are 
in progress to attempt to evaluate the values of m,/s 
and e,/s for the Quaternary volcanic centers of the 
Yucca Mountain. 

Empirical results 

Specifying the observation period (7") is important in 
modeling the volcanism at NTS. Most of the volcanic 
risk assessment studies in the Yucca Mountain area are 
centered around the post-6-Ma (Pliocene and younger) 
and Quaternary (<1.6 Ma) volcanism (Crowe et al. 
1982, Smith et al. 1990a, and Wells et al. 1990). We 
shall use a preliminary data set based on the Quater
nary volcanism to demonstrate the estimation tech
niques of the recurrence rate. 

According to Crowe and Perry (1989), the younger 
zone of basaltic activity in the vicinity of Yucca Moun
tain is characterized by basaltic centers occurring as 
clusters of scoria, cones and lava flows. There are seven 
Quaternary volcanic centers: the sequence of four 1.2-
Ma centers in Central Crater Flat, two centers of the 
0.28-Ma Sleeping Butte site, and the Lathrop Wells cen
ter. The age of the Lathrop Wells center has been re
fined from the original 0.27 Ma (Crowe et al. 1982) to 
0.01 Ma (Crowe and Perry 1989). This date (0.01 Ma) is 
in the range of 0 to 0.02 Ma, the period of the most 
recent volcanic activity of the Lathrop Wells Cone as 
reported by Wells et al. (1990). The sequence of four 1.2 
Ma centers in central Crater Flat includes Red Cone, 
Northern Cone, Black Cone, and two Little Cones (Fig. 
1). Smith et al. (1990a) concentrate on this group of five 
cinder cone complexes in the central part of Crater Flat 
in Fig. 1. Based on their discussion, the cones form a 
12-km-long arcuate chain. Details of vent alignment are 
best observed on Black Cone and Red Cone in the cen
tral part of the chain. In the Black Cone complex, the 
cinder cone is the most prominent topographic feature 
(about 100 m high and 500 m in diameter), but it may 
only account for a small volume of flows. A larger vol
ume of basalt erupted from at least ten vents located 
north, south and east of Black Cone. These vents are 
commonly represented by scoria mounds composed of 
cinder, ash, and large bombs. Vents are aligned along 
two sub-parallel zones that strike approximately 
N35° E. One zone includes Black Cone and four scoria 
mounds; the other zone lies 300 m to the southeast of 
Black Cone and contains at least seven mounds. Dikes 
exposed in eroded mounds strike northeast and parallel 
the trend of the vent zones. The Red Cone complex 
contains three vent zones; two trend approximately 
N45° E and a third zone strikes N50° W (Fig. 2). This 
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Fig. 1. Generalized geologic map of Crater Flat volcanic field 
area and boundary of proposed radioactive waste repository; inset 
map shows location of the Crater Flat volcanic field. (Source: 
Wells et al. 1990, figure 1) 

provides substantive justification of our treatment of 
the total number of eruptions (£), and demonstrates 
that data for the Yucca Mountain region are incom
plete at this preliminary stage of the site characteriza
tion studies. 

Another key issue in the volcanic risk assessment 
studies is the disagreement over age-dating of the rocks. 
For example, the K-Ar dates for Red Cone presented 
by Smith et al (1990b, table 4) are: 0.98±0.10 Ma for 
dike, 1.01 ±0.06 Ma for amphibole-bearing unit, and 
0.95 ±0.08 for basalt on top of Red Cone. Until more 
reliable dating techniques are available, we have no 
way to distinguish the ages of the cones within each 
cluster of volcanic centers. Notice that, although an in
dividual observation (xf or t,) is not required for the es
timation of E developed in this article, the limited 
availability of precise ages would affect the counts of 
both ntij and etj in Eq. 4. 

Consistent with the notations used in the previous 
sections, the Quaternary volcanism yields: 
T-1.6 Ma, £=8, T0 -1.2 Ma, and 7>0.01 Ma. 
Therefore, based on Eq. 1, 
X=E/T= 8/(1.6 x 106) = 5 x 10-Vyr 
Based on Eq. 2, 
X=(E- 1)/(T0- r y) = ( 8 - l)/(1.2x 106-0.01 x 106) 

= 5.9xl0" 6/yr 

fjpwjBotalt erupted from main con* 
Basalt flow* erupted from scoria 
mounds SE of Rtd Cone 

LjTj Basalt flows erupted from scoria 
—J mounds SWof Red Cons 

• V * Basalt dikes 

;fc Scoria mound (possible vent) 

"C Flow foliation 

\«s Attitude of bedding 

Fig. 2. Geologic map of Red Cone, Crater Flat, Nevada 

Of course, the estimated rate based on Eq. 3 is 
5xl0~Vyr regardless of the value of V, since the 
magma volume is really never needed in this calcula
tion. ' 

Discussion and conclusion 
The statistical estimation of recurrence rate A requires a 
reliable count of distinguishable vents. This approach is 
based on the geologic record of volcanism at the NTS 
region. The methods of the approach are supported by 
sound statistical sampling theory. Crowe and Perry 
(1989), however, object that vent counts record only the 
recognition of a volcanic event, not its magnitude, and 
so they refine the parameter estimation by concentrat
ing on the cumulative magma volume, which is a con
tinuous variable. Nonetheless, their model assumptions 
and development are still based on a discrete simple 
Poisson model, which treats each eruption equally in 
order to calculate the final probability. 

We now conclude this section with a few comments 
and point to some further work. 
1. Their recommended method for estimating X is to 
construct a curve of cumulative magma volume versus 
time, which is also affected by the counts of vents (£) in 
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the observation period (T). Their ignorance of the crit
ical factor E in Eq. 3 leads them to believe that estima
tion based on magma volume is the most acceptable 
method (Crowe and Perry 1989); this questionable be
lief, in turn, handicaps their estimates for v and thus for A. 
2. AH of the published results that demonstrate statisti
cal sampling techniques for volcanic activity require a 
representative sample and a sufficiently large sample 
size to calculate a reliable long-run average with preci
sion at a desired level (flipping a coin twice does not 
tell the whole story of the fairness of the coin). 
3. Their recognition of the fact that short periods of 
eruptive activity are bounded by long periods of inac
tivity at NTS indicates that their choice of a simple 
Poisson model should be adequately checked based on 
more detailed geologic data. So far, the problems of 
model assumptions and parameter estimations have 
been treated only separately by Crowe et al. (1982) and 
Crowe and Perry (1989), despite the fact that the model 
(simple Poisson, or Volume-predictable model) as
sumptions and parameter (occurrence rate, or magma 
effusion rate) estimation methods virtually always de
pend on each other in volcanic hazard and risk calcula
tions. 

Yucca Mountain is remote from human habitation. 
There is no historical record of volcanism near Yucca 
Mountain. Therefore, the volcanic record must be de
veloped by detailed field, geomorphic, and geochrono-
logic studies. Precise ages are critical for volcanic rate 
calculations, but traditional K-Ar dating commonly has 
a large error in the age range recorded by the volcanoes 
near Yucca Mountain (1.1 Ma to 20 Ka). Until more 
precise techniques are developed, there will be uncer
tainties with regard to the age and duration of volcan
ism. Since predictions are needed, one possible im
provement would be to reconfirm all of the crucial as
sumptions using data that are the only basis we have 
for making necessary plans, calculations, and model se
lections. We have no choice but to form our notion of 
governing laws on the basis of data and to act accord
ingly. This is particularly true in volcanic studies, where 
data are rare and expensive (=$300-5600 per age of a 
vent at Yucca Mountain). Our efforts for future studies 
will be devoted to considerably more detailed data col
lection and statistical modeling. At this preliminary 
stage of our work, all we can conclude is that the prob
abilistic results of Crowe et al. (1982) are based on ide
alized model assumptions, a premature data base, and 
inadequate estimates of the required parameters. For 
the reasons discussed, we think that Crowe et al. under
estimate the risk of volcanism at the proposed Yucca 
Mountain repository site. 
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