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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 
1,199 1 and December 3 1,1992. 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 1415,1992 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: 

(3) 

(4) 

"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). 

"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). 

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

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, Feuehach (University of Iowa) 
Naumann, and Ho. Presented at the international conference of volcanism qnd risk 
assessment in Colima, Mexico 

(e) "The Mt. Perkins Pluton: shallow-level magma mixing and mingling during Miocene 
extension" by Metcalf (UNLV), Smith, Nall (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 of Volcanology by Ho, Smith, 
Feuerbach (University of Iowa) and Naumann describing the cooperative study between CVTS 
staff and Dr. C.-H Ho regarding Ask assessment studies. 
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ABSTRACI- 

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. In 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 cornsponds to a contact between two mantle dom@ns. 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; 87Sr/86Sr = 0.706-0.707). To the south of the boundary in 

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

component in their source (E Nd = 0 to 4; 87Sr/86Sr = 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 87SrP6Sr 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 crustal interaction is no 
more than 4 units in E Nd and 0.002 in 87Sr/86Sr and does not mask the character of the 

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

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 (OB) and lithospheric (EM2) mantle domains 

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

between +5 and +8 and inithl 87Sr/86Sr 4.703 (Perry et al., 1987; Menzies et al., 1983; 

Faxmer et al., 1989). In contrast, the Western Great Basin province is distinguished by 

87Sr/86Sr M.706 and E Nd between 0 and -1 1 (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 Westem Great Basin province. Basalts with high 87Sr/86Sr and low E Nd described 

by Fanner et al.(1989) in southern Nevada lie within the Western Great Bash 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., 1%5; 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 

Lh4FS 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 (Wemicke et al., 1988). 

The magmatic zone is a region between 36O and 37O 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 Supple, 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.&, 
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Duebendorfer and Wallin, 1991). The LWSZ crosses the magmatic zone and does not 

serve as a boundary between the NCREC and the magmatic 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 ai., 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 m&t 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 preceeded block tilting related to regional 

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

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 (Sio2<5596) 
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between 16.4 and 4.7 Ma in the magmatic 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 

magmatic 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 detexmined 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 detexmined 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 1 1 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 8 S ~ V  and lMNd=lV; Rb and Sm 

were analyzed in static multicollector mode with 87Rb=2oOmV and 147Sm=500mV. 

Analyses for Sr and Sm were done on single Ta fdaments; Rb was rn 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/88Sd. 1 194 and 

referenced to NBS-987 87Sr/86Sd.710250. Reproducibility of Sr values during these 

mns was better than +,O.ooOo20 based on replicate runs of NBS 987. Neodymium isotopic 

compositions are normalized to 146Nd/1MNd=0.7219 and referenced to LaJolla 

143Nd/144Nd=0.5 1 1850. Epsilon values for Nd at crystallization are calculated using 

< 

( 143Nd/144Nd)(c~,~~a)=0.512638. and “’Sm/’~N~-,0~a)~.l967. 

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) 207Pb/2MPb=0.91464 and are corrected for 0.109b/mu fractionzition. 

Fractionation uncertainty is *O.O5%/mu (e.g., f 0.08 for 208Pb/2MPb, kO.04 for 

207Pb/204Pb and f 0.04 for 2MPb/2WPb. Isotope dilution data for Sr, Rb, and Nd are 

reported in Table 1. 

V o L c A N o m Y  

Volcanic Rocks of the Northern Color& RI ‘ver Exte-al Corrida 

F o r m  FzeM 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 (OD 

and YAB respectively) based on Na2WK20 (Figure 3a), light r a n d  element (REE) 

enrichment (Figure 3b) and modal mineralogy. OAB are d d l y  alkalic hypersthene (OAB- * 

. .  
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hy) or nepheline-normative (OAB-ne) olivine-basalts with Ce/Yb mainly between1846 

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

Several OAB have higher CeEb and fall outside the limits of the OAB field depicted in 

Figure 3. Also, nepheline normative alkali basalts from Black Point have CeKb 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 olivine, 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 US. 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 Mo- In the River Mountains (Figun 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 13.4fo.5 to 12.8fo.5 Ma (K-Ar biotite dates; Armstrong, 1966,1970). Anderson 

et al. (1972) reported a K-Ar whole rock date of 12.lfo.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 betyeen 14.ofo.3 and 12.4fo.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). - 
Flat- Malpais Flattop near Willow Beach, Arizona (Figure 2) contains a 100 

m thick stack of hypersthene normative tholeiitic basalt flows 0 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 c o m p d l e  Si@ content (Figure 3a), lower Ce/Yb than most OAB 

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

n clinopyroxene phenocrysts; orthopyroxene is a common groundmass constituent. , 

aAr/39Ar whole rock dates of 9.7 f 0.5 and 10.6 f 0.5 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 occurrtd 4 m.y. earlier than the production of Fortification Hill 
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basalts. 

Mo- A sequence of mafic to felsic volcanic rocks erupted between 18.5 

and ahu t  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 (Mt. 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). 

l i n - W a t r a  Volcaryl The Hamblin-cleopatra volcano (14.2-1 1.5 Ma) (Anderson, 

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

km3 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 A m w a  tic 7 a  

Callville Mesa, Olivineclinopymxene 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 normal fault (Figure 2). Flows on Callville Mesa are 

offset from 5 to 20 m by southdipping 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 magmatic 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 Hmblin 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 unconfonnably on steeply 

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

assignment of the Callville Mesa volcano to the magmatic zone. 

Black Poiu 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 enechelon dikes overlie gypsiferous sediments of the Tertiary Horse Spring 

Formation. Total outcrop area is about 12 km2. 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. 

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

are in a fault bounded basin just to the west 0fu.s. highway 93 (Figure 2). HOWS (2 

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 16.4B.6 Ma (K-At whole 

rock date; Smith, unpublished data). 

of Gover-t W& 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 Love11 Wash member of the Tertiary Horse Spring Formation (Duebendorfer, 



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 Trouph 

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 

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

lava 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& element concentrations of alkalic magmas tend to 

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

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

contamination (e.g., Glazner and Farmer, 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 crustal interaction to mask the 

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

Mantle Source and Crustal Contaminatioq 

O M ,  YAB and Grand Wash Trough 

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

trough have 

208Pb/204Pb = 38-38.5 (Table 1). These alkali-basalts have Nd and Sr isotopic 

compositions and traceelement distributions that are similar to those of modem-day 

asthenospherederived ocean island basalts (OIB) (Zindler and Hart, 1986; Fitton et ai., 

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). 

= 0.703-0.706, E Nd= -1 to +6.7, 2MPb/2MPb =17.8-18.7 and 

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 206Pb/2MPb (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 = 35, 

206Pb/204Pb > 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 ai. (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 this 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 87SrP6Sr (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 87Sr/86Sr 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 compositionssimilar to typical OD, 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. In detail, alkali basalts in the Mojave Desert 

display a trend toward higher 87Sra6Sr and lower E Nd with time (Glamer 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 hterozoic 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 87Sr/86SrT4, (0.7029) and high E N%4 , (3.18). 

Therefore, contamination of asthenospherically derived magmas by this type of cxust 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 3, not Cryptic contaminkion of mafic magmas by crust. 

The trend toward higher E Nd, lower g7Sra6Sr and higher 206Pb/2wPb 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 LMdepleted 

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

the same time internal and geographic area. 

Lowe NdBasalts 

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

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

Range, and as post-1 1 Ma lavas at Callville Mesa and Black Point (87Sr/86Sr = 0.705- 

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

Andesite and k i t e  in the River Mountains show abundant field and pesographic 

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 f m e d  by the commingling of mafic and 

felsic end-members, This interpretation is supported by a positive correlation between 

87Sr/86Sr and Si02 and a negative cornlation between E Nd and Si@ (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 87 Sr/ 86 Sr. 
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Callville Mesa lavas have 87Sr/86Sr = 0.7084.709 and E Nd = -8 to -10 and are 

similar in isotopic composition and traceelement 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; F m e r  et al., 1989). However, Callvilie Mesa lavas differ by having lower Pb ratios 
( 207 Pb/ 204 Pb= 15.45-15.5; 208Pb/204Pb= 37.7-38; 206Pb/204Pb= 17.2-17.4) than 

typical lithospheric-mantle derived basalts (207Pb/204Pb = 15.6; 208Pb/204Pb = 38.7; 

2MPb/204Pb = 18.3) (Figure 5), having trends on Rb/Sr, Th/Nb and La/Nb vs. Si02 

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 87Sr/86S~.710, low Pb isotope ratios, and E Nd e -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 (207Pb/204Pb e 15.5; 208Pb/204Pb e 38; 206Pb/204Pb < 17.4) are 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. Uncontaminatd magma at 

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

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

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

CeKb (Figure 3b) and trace element ratios (Figure 7). 

Tholeiitic Basalt 
Tholeiitic basalts at Malpais Flattop have high Sr (87Sr/%r= 0.7075), low E Nd 

(-8.33)and increasing Rb/Nb, l l /Nb and I&% (Figure 8a,b and c). These lava 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: Peny 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 Vega Range alkali basalt to Malpais Flattop tholeiite). 

Tholeiitic basalts have higher 87SrS6Sr 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 E Nd by as much as 3 units as the result of contamination of mafic magmas by 

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

units by crustal contamination. Crowley (1984) demonstrated a shift in 87Sr/86Sr 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 E Nd (1 to 3 

units) and 87SrS6Sr (0.001) due to crustal contamination are small when compared to 

overall variations of E Nd and 87SrS6Sr. 

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

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

mainly of a mixture of AM and HzMu-Iike mantle. The source of OAB-hy and OAB-ne is 

a mixture of AM and LM dominated by AM. Low E Nd and high 87Sr/86Sr magmas and 

tholeiites were derived from a LM sourcc 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 E Nd and 0.002 in 87Sr/86Sr and does not mask 

the character of the mantle source. 

MANTLE AND CRUSTAL BOUNDARIES 

h 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 magmatic 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 bltsalts 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 isotopic compositions are due to the rise of the LM-asthenosphere 

boundary rather than significant changes in the depth of mlting. 
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In our discussion below, we divide the mafk 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; Wemicke et al., 1988; 

Faulds et al., 1990). Wemicke 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 (87Sr/86Sr = 0.706 

and E Nd = -1) separating lavas with a dominant LM component ( 87 Sr/ 86 SDo.706, E Ndc 

- 1) from those with an AM (87Sr/86Sr<o.706, E N b  -1) component define a boundary 

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

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

coincident with the boundaj  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 fonned during and just after the period of 
peak extension. Re-9 Ma basalts throughout the region have unifom E Nd and 87 Sr/ 86 Sr 

and were derived by melting of LM (Figue 9). Also, trace element compositions of pn-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 loa). 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 87Sr/86Sr and E Nd. 87Sr/86Sr 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 lob). 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 5096 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 

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

5.8 Ma (Faulds and Gam, 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. 



Mantle Plumes? 

The change in source of basalts from LM to AM with time, theOIB 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 dezompression of 

asthenospheric mantle as it rises passively beneath the smtched 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 mantle upwelling are 

thought to underplate the thinned lithosphere where they f o m  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 

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

enriched lithosphere may be themally 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 this 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 =cur 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 mons .  First, OB-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 m 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 Peny et al. (1987) for 

the Rio Grande Rift. 

Passive rifting may have been preceeded 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. Altmatively, passive rifting between 1 1 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 Promessivelv to th e 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 87Sr/86Sr = 0.705). The higher E Nd and lower 87Sr/86Sr 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 and1 1). We interpret this relationship as 

circumstantial evidence for westward thinning of LA4 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. k t i o n a l  

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 Mant le and Crust 

87Sr/86Sr = 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 d., 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 n d  fault and that the LMFS 

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

may extend into the piddle 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 khelon 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 

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

structure. Whatever the connection, it a p e  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 

(1 6-12 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 lla). Crustal extension was initiated about 16 Ma in the 

Lake Mead-Gold Butte area by either active mantle convection (Fitton et ai., 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 OfEXtension (Figure Ilb). Upper crustal extension occurred in the NCREC between 

12 and 9 Ma but was not accOmpaned 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 boundag~ The LMFS is spatially and temporally 



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. 

Afrer the Peak of Extension (Figure I1 c). 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; 87Sr/86Sr = 0.706-0.707). To the south 

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

component in their source (e Nd = 0 to e, 87Sr/86Sr = 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. 

Afrer Extension (Figure Ild). 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 is.otopic signature to those in the Western 

Great Basin province. Boundary between EM2 and OB-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. L W - L a s  

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, HpHoover Dam, WB- 

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

alkali basalt along US route 93. 

3a Plot of total alkalis (Na20+K20) vs. Si@ 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 nonnative alkali basalts (OAB-hy) 

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

Open boxes-mafk 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 conidor are similar 

to ocean island basalts (OIB) in tern of E Nd and 87Sr/86Sr. Pre 9-Ma mafic lavas 

region wide and post 9-Ma basalts in the magmatic 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 87Sr/86Sr of about 0.002 (indicated by 

brackets). DMdepleted mantle (MOB), HIMU-a mantle component with high p 

(*38U/2uPb). OIBscean island basalt. 

5. Mafic lava 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 2MPb/2uPb. Symbols defined on Fim 4.. 



6. Three-dimensional plot of E Nd vs. 87Sr/86Sr vs. Si02 for volcanic rocks of the River 

Mountains. The positive correlation between Si02 and 87Sr/86Sr and the negative 

correlation between Si02 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. Si02 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 (OB). Callville Mesa and tholeiitic 

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

basalts. 

7a. Rb/Sr vs. Si02. 

7b. Th/Rb vs. Si02. 

7c. La/Nb vs. Si02. "€€-indicates hidden data point for tholeiitic basalt. 

8. Map showing 87SrS6Sr 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 87SrS6Sr 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)(& 

Nd> - 1,87Sr/868rcO.704) from those areas where volcanoes are tapping lithospheric 



mantle (LM). Note that the LMFS is colinear with the isotopic contours and that Ah4 is 

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

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

Fitton et al. (199 1). 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 aI., 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 Bqin province (solid circles) produced by 

melting LM (Fitton et al., 1991). 

1 1. 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 NQZEC, LM m y  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 magmatic 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; 87Sr/86Sr = 

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

only a minor LM component in their source (E Nd’= 0 to +4; 87Sr/86Sr = 0.703-0.705). 



~~~ 

I N 

0 Basin N v  and Range '".'t 0 

\ 
t 
t \ 

% 
% \ 

\ 
\ 

\ Western 0 
I 0  

8 e  
I 



Figure 2a. 



i city 

.s. 93 
-7  

N 
I 

5 10 15 
1 

Kilometers 

Figure 2b. 



10 

9 

8 

3 7  

$ 5  
i ; 6  

4 

3 

a. 

60 

50 60 
SiO, 

Figure 3. 



n 

I Grand Wash trough 
.o YAB 
v OAB-hy - 

- 
Fortification Hill 

A Low&Ndalkalibasalt 
0 Blackpoint - 
0 LasVegasRange 
v Tholeiitic basalt - 

Callville Mesa 

14 

Field of southern 

(Farmer et al., 1989). 

87 
sr/ “sr 

Figure 4. 

- .  



8 

6 

4 

2 

0 

g -2 
w 

-4 

-6 

-8 

-10 

-12 

1 

HIMU 

I f ' a V v 5 . 8 8 M a  m 
Lithospheric 
Mantle 

0 2w 
AMojave Crust Ab \commingling 

. A  

1 1 1 1 

.O 17.5 18.0 18.5 19.0 1 
$ 

Figure 5 .  

,5 



Figure 6 .  



0.45 

0.40 

0.35 

0.30 
k 
v1 0.'25 < a 0.20 

0.1 5 
E 

0.10 

0.05 

0.00 
40 45 50 55 60 65 

SiO, 

P z 
\ 
d 
b 

0.45r I I , I I  I I , ,  , , , , , . . . . 

0.30 1 
0*25 t OIB 

0.20 1 1 0 \ I  

0.10 0*15 1 m 
1 -  h -- 

0 
0 

0 0 

t 1 
0.00' ' ' ' " y  ' I " ' I ' ' ' " ' 1  I 

40 45 50 55 60 65 
SiO, 

Figures 7a and 7b. 



::: 1 
0.2 

V. 
O,B 

SiO, 
.Figure 7c. 



0.7044 
+1.9 

+1.5 
‘10 20 

I I p n  
0 

N 

E Nd 

Figure 8 .  



0.7063 . 
-7.2 

N 

-9.9 

0,7076 
-8.3 

0.707 
-6 

0 

0.709 
-9 

Figure 9. 



I- 
O 
f” 

OIB-NORMALIZED ABUNDANCE 

P. 
I I 



10 

1 

1 

0.1 

I I 1 1 1 I I I 1 

b. 

Rb Ba K Nb La Ce Sr Nd P Zr Ti 
Figure lob. 



N 
I 

Crust 
LM 

Asthenosphere 

S 

12 Ma 

magmatic anel 
Gold Butte b. 

Callville Mesa 

LM 

Brittle 
Extension 
12-9 Ma 

C. Fmagmaticfinel iykI Fortification Hill 
Blpk Point N m c  / Volcanic Field 

Asthenosphere 

I \ I l l \  I 
A A h  

4.3 Ma Crust 
LM 

Asthenosphere 

Figure 11. 



TABLE 1. seleded lsotDpicand Geochem'cd Data Frwnthe Volcaric Rocksinthe Lake Mead Area 

Fonifiution Hill VolUnic Field 
us. 93 PcnoglYphW~ w c n m o p  Fonificatio 

YAB YAB YAB YAB YAB YAB YAB TH TH TH TH TH OAB-hy 
Sample 93-% 93-94 93-93 45-124 42-76 25-2 25-1 60.5 60-3 6006 60-04 59-103 84-60 

47.28 49.81 48.87 Si02 44.05 47.01 .eo31 4550 45.00 44.90 4 4 ~ 7  47.64 6.99 47.81 
15.52 16.n ism 16.89 16.79 1653 1634 

9.07 731 8.34 853 8.78 7.68 8.n 
10.46 10.57 9.80 10.04 10.88 11.14 10.44 

5.88 4.12 3.26 5.94 6.21 5.73 552 
3.08 4.85 3.89 4.78 4.94 4.73 4.15 
280 4.18 285 220 3.70 1.04 1.94 
3.02 282 2.77 252 2s 240 246 
0.15 0.15 0.14 0.19 0.18 0.16 0.19 
0.78 0.87 0.82 0.n 0.88 0.72 0.68 
6.48 253 9.43 1.12 0.0  293 4.28 

101.40 10130 10155 98.48 100.65 98.M 9950 

103 
25 

15.2 

7.16 
6.08 
4.81 
53.1 

107.0 
85 
2 3  
2 1  
0.3 

1020 
34 

880 
66 
68 

285 

99 76 
23 23 

13.1 12.7 
153 142 

7.80 7.33 
1.38 7.28 
5.48 5.01 
58.9 558 

124.0 118.0 
8.4 7.9 
2.4 24 
2.3 20 
0.3 03 

1400 
52 

704 
46 
69 
300 

Selencd Nomtivc Miamis 
' 6  7 7 

0 0 0 

Isotopic m l p u  by Mw Speammtry 

28 
17.4 
192 

6.98 
1205 
5.68 
855 

140.9 
8.9 
24  
2 1  
0.4 
820 
64 

880 
70 
84 

12 
0 

113 
30 

18.6 
216 

7.22 
12.40 
0.00 
75.1 

151.0 
8.6 
23 
2 4  
0 2  

42 
0 
68 
85 
300 

43.4 
49.48 

814 

81359 

21 
0 

0512824 
3.63 

0,70347 
18.741 
15523 

139 
29 

18.0 
186 

6.45 

4.02 
59.9 

1163 
8.8 
24  
28 
03 

22 
744 
64 
63 
260 

999.69 
20.24 
4629 

a.si 

mo 

7 
0 

0512801 
3.18 

0.70433 
18.718 
15564 

38.476 38.639 

151 
28 

18.9 
179 

6.73 
8.9  
350 
60.6 

1162 
9.0 
24  
3 2  

lo00 
36 

792 
70 
60 
250 

9 
0 

16.31 
11.07 
724 
7.91 
3.16 
1.02 
1.40 
0.17 
0.16 
0.92 

97.07 

254 
40 

36.4 
226 
3.93 
190 

15.6 
332 
4.4 
1 A 
3 2  
0.4 

0 
10 

0.00 
13.19 
8.38 
8.75 
272 
0.81 
1.18 
0.19 
0.22 
1.44 

9834 

337 
52 

25.6 
214 

271 
1.90 

13.2 
34.8 

3.6 
13 
25 
03 

0 
8 

14.67 
13.34 
929 
6.95 
2.80 
I21 
153 
020 
025 
059 

98.76 

227 
42 

33.0 
247 
321 
245 

155 
29.9 
4.0 
13 
2 8  
0.4 

0 
16 

14.95 
12.38 
8.90 
6.82 
292 
1.07 
1.40 
0.19 
024 
0.77 

96.98 

242 
41 

30.0 
221 
357 

14.9 
35.7 

3.9 
1.1 
26 
0.3 

274 
16 

280 
84 
13 

1 os 
2972.5 

16.69 
16.72 

0 
6 

0512211 
-833 

0.70758 
17.742 
15531 
38.830 

15.75 
10.05 
7.48 
8.04 
3.10 
1.08 
1.46 
0.23 
0.25 
1.33 

9858 

269 
43 

38.8 

7.14 

0.70 
15.6 
324 
4.2 
0.0 
15 
0 5  
280 
36 

264 
118 
11 

1 .a2 

0 
19 

15.25 
10.11 
952 
7.15 
3.19 
1.23 
153 
0.17 
0.37 

97.41 

221 
24 
283 

294 
249 
1.49 
27.8 
39.7 

4.6 
1.6 
1.7 
03 
485 
18 
600 
80 
28 

124 

0 
4 



n Hill h v r  cucde 
OAB-hy OAB-hy OAB-hy OAB-hy OAB-hy OAB OAB OAB O m  OAB OAB OAB OAB 

S m p k  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 
4858 44.62 48.89 45.79 47.24 45.43 44.15 44.28 44.41 4284 45.06 4535 44.46 Si02 

A1203 
FeO 
G O  
MgO 
NU.0 
K20 
Ti02 
MnO 
p205 

MI 
Toral 

Nepheline 
Hypl3lhcIX 

143NU144Nd 
Epsilon Nd 
(87SrMSr)i 
206PbR04Pb 
207Pht204Pb 
208PbRWPb 

15.80 
10.40 
10.30 
6.4 1 
3.12 
1.09 
1.60 
0.17 
0.44 

97.93 

186 
24 

30.8 

2.87 
27 1 
1.42 
30.0 
405 

5.4 
1.6 
1.9 
0.4 

490 
12 

590 
46 
28 

130 

0 
4 

14.29 
11.93 
1.92 
855 
281 
1.10 
1.29 
0.15 
0.28 
3.45 

96.45 

322 
44 

23.1 
209 
256 
273 
1.80 
233 
45.7 
4 5  
1.4 
1.9 

380 

400 
230 
24 

108 

0 
1 

16.73 
10.44 

5.41 
3.30 
0.80 
151 
0.16 
0.49 
1.42 

100.08 

10.87 

162 

27.4 
234 

3.46 
4.19 
1.65 
29.0 
503 

5 3  
15  
21 
0.4 

470 
14 

680 

56 
141 

0 
2 

1450 
12.80 
8.38 
8.78 
286 
0.84 
1.41 
0.16 
0.28 
1.48 

9734 

361 
53 

265 
213 

3.38 

1.69 
24.6 
52.4 
4.8 
1.6 
2.2 

455 
10 

475 
166 
28 

116 
434.24 

1431 

287 

0 
4 

0512595 
4.84 

0.70565 
18.194 
15523 
38309 

15.18 
12.07 
10.12 
8.16 

1.15 
1.89 
0.23 
0.46 
1.38 

100.75 

207 

257 
44 

31.9 

556 
295 
158 
24.9 
435 
4.7 
1.6 
0.7 
0 2  
600 
12 

456 
110 
31 

145 

0 
1 

15.67 
13.96 
10.87 
859 
298 
1.20 
1.81 
0.19 
053 
0.65 

101.88 

296 
44 

29.7 
244 
350 
331 
1.17 
29.0 
51.6 
5.1 
1 5  
15 
0.4 

410 
12 

432 
134 
29 

140 

6 
0 

15.22 
1338 
10.69 
8.06 
288 
1.10 
1.76 
0.18 
052 
052 

98.46 

268 
43 

30.2 
229 
3.26 
3.15 
1.66 
321 
592 
53 
15 
28 
0 3  

451 
10 
480 

30 
140 

45123 
9.68 

im 

24.n 

6 
0 

0512711 
22 

0.70479 
18.670 
15570 
38.612 

15.20 
13.78 
1054 
833 
3.01 
1.10 
1.78 
0.19 
053 
0.20 
98.94 

301 
46 

30.0 
230 
3.26 
3.13 
154 
32.2 
54.7 

5 s  
15 
2.2 
0.2 

6 
0 

15.81 
13.42 
10.89 
6.79 
3.12 
1.10 
1.90 
0.18 
052 
0.05 

98.19 

187 
41 

31.8 
282 

3.96 
3.64 
1.73 
329 
64.6 
5.6 
1.6 
25 
0.2 

6 
0 

15.09 
1290 
10.96 
1.17 
274 
1.00 
1.73 
0.17 
0.49 
1.84 

96 93  

258 
42 

30.8 
234 

3.69 
334 
1.69 
302 
562 
5 5  
1 5  
27  
0 3  

5 
0 

16.25 
1268 
10.92 
557 
330 
1 .00 
1.99 
0.18 
054 
0.60 

97.99 

96 
36 

28.9 
239 

3.60 
3.91 
2.39 
34.2 
64.9 
5.8 
1.7 
2 2  
0 3  

4 
0 

16.71 
13.81 
11.13 
554 
3.15 
1.20 
207 
0.19 
053 
059 

100.27 

80 
35 
0.0 
245 

451 
3.66 
2.07 
372 
69.7 
6.0 
1.6 
2 6  
0.4 
464 
11 

536 
42 
36 

160 
463.93 

11.09 
27.26 

5 
0 

0512711 
1.42 

0.70479 
18591 
15555 
38535 

16.64 
13.01 

552 
3.08 
1.10 
1.95 
0.18 
053 
1.06 

98.30 

i o n  

81 
34 

27.4 
232 
2.88 
3.98 
1.97 
365 
67.3 
5.9 
1.6 
20  
0.4 

5 
0 



pmoglypb wtah 
OAB OAB OAB OAB OAB OAB OAB OAB om OAB OAB OAB om OAB 

4243 
48.24 
- 42-82 42-81 42-78 42-77 42-75 42-74 42-73 42-128 

4752 4858 4.22 48.46 44.90 45.02 44.79 47.95 
42-127 
45.36 

57-10 
43.48 

57- 42-84 
43.47 47.66 

57-105 
43.54 

Sample 
Si02 
A1203 
FeO 
CdO 
MsO 
Na20 
K20 
Ti02 
MnO 
nos 
Lo1 
Tolal 

15.15 16.70 
1253 11.45 
11.06 10.07 
8.64 6.10 
284 357 
1.20 1.81 
1.76 1.71 
0.18 0.17 
033 051 
0.81 0.94 

98.07 100.75 

16.76 
10.50 
9.92 
538 
356 
212 
1.72 
0.16 
058 
1.72 

100.75 

16.61 17.00 16.24 16.69 1757 1759 17.42 16.41 
1056 1058 11.70 1054 11.68 1228 12.23 1133 
9.79 9.73 9.72 9.73 10.68 10.76 10.86 10.02 
535 5.00 593 537 6.28 653 636 4.78 
357 3.61 3.49 356 3.42 332 3.11 3.39 
211 1.93 2.58 240 2.27 225 1.89 1.60 
1.76 1.79 1.89 1.69 1.97 201 211 1.61 
0.16 0.16 0.17 0.15 0.18 0.18 0.19 0.16 
057 057 057 0.60 0.75 0.76 0.71 055 
1.42 1.47 0.46 1.76 1.12 0.46 138 0.78 

99.50 100.50 101.05 101.15 100.95 10130 101.20 9858 

14.34 
1156 
934 
9.41 
2.90 
1.40 
1.28 
0.16 
053 
1.16 

97.44 

15.10 
13.10 
1057 
8.7 I 
239 
1 .00 
1.71 
0.18 
0.49 
258 

99.37 

15.24 
12.70 
10.46 
9.14 
2.76 
1.16 , 

1.75 
0.18 
0.30 
0.81 

98.06 

50 48 62 M 49 
32 33 34 33 35 

25.0 26.7 26.9 27.0 26.6 
281 233 251 251 259 

4.00 453 4.48 4.85 4.03 
528 5.72 554 5.98 9.96 
1.87 1.92 243 201 278 
37.7 37.4 38.1 39.4 65.6 

6.2 6 2  6 3  6.5 7.7 
1.6 1 9 1.7 1.8 1 9 
25 ' 2 2  2 4  25 21 
0.4 03  03 0.4 0.4 
598 
22 
800 
30 
34 

155 
59757 

22.13 ' 

3226 

72.3 78.7 77.1 azo 124.0 

49 
37 

26.9 
278 

5.11 
10.20 
274 
65.8 

124.0 
1.7 
2 0  
2 7  
0.4 

47 
36 

26.6 
308 

4.73 
9.62 
3.13 
61.4 

116.0 
7.1 
I .8 
29  
0.4 

760 
20 

1080 
24 
46 

190 

63 
31 

24.9 
197 

3.27 
5.10 
1.97 
40.0 
785 

6 3  
1.6 
3.1 
0.2 

570 
24 

720 
34 
34 

155 

454 
44 

27.8 
198 

3.10 
6.77 
205 
48.1 
83.9 
6.0 
1.4 
1 3  
0.3 

550 
20 

736 
200 
36 

140 

325 
46 

30.1 
258 
355 
265 
1.68 
28.9 
52.9 
4.9 
1.4 
1.9 
0.3 

490 
10 

424 
138 
28 

130 

308 
45 

31.3 
263 

4.02 
352 
1.53 
23.3 
52.7 
4.6 
1 A 
2 3  
0.3 

313 138 
47 33 

313 26.8 
297 238 
3.65 3.61 
3.80 452 
157 1.76 

55.6 61.7 
5.1 53 
1.6 1 A 
22 22 
0.2 03 

530 
. 2 0  

680 
54 
30 

145 

27.2 324 

60 
33 

26.2 
232 

4.44 
5.16 
1.95 
37.2 
74.9 

6.1 
1.7 
25 
0.4 

Nepheline 
HypclSthcllC 

3 
0 

3 
0 

8 
0 

3 
0 

5 
0 

5 
0 

3 
0 

6 
0 

6 
0 

11 
0 

10 
0 

8 
0 

2 
0 

4 
0 

0512603 
-0.69 

0.70555 
18.263 
15548 
38397 

143NdJ144Nd 
Epsilon Nd 
(87SrMSr)i 
2 0 6 m P b  
207pw204Pb 
2 0 8 m P b  



Rmge CrllVilkMtsa 
FonifiUrioa Hill B U W  

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 47.29 4458 4632 4249 54.05 57.32 53.61 55.18 

i5.m 
11.66 
10.24 
5.84 
3.18 
1.40 
1-41 
0.16 
0.48 
1.12 

98.70 

173 
34 

27.3 
205 

272 
286 
1.60 
295 
54.2 
5.1 
1.4 
2 4  
0.2 

500 
12 

570 
60 
26 

122 

2 
0 

16.05 

10.16 
5.32 

' 3.26 
1.40 
1.46 
0.17 
0.49 
0.49 

98.64 

11.87 

70 
33 

26.3 
236 

4.18 
3.23 
1.31 
327 
575 

5 5  
1 5  
25 
0.4 

550 
14 
690 
24 
28 

138 
491.11 

14.86 
25.45 

3.31 
0 

0512592 
-0.9 

0.70567 
18.123 
15541 
38.156 

15.28 
11.73 

7.78 
3.39 
1.29 
1.39 
0.17 
0.27 
1.54 

9951 

a94 

270 
40 

245 
227 

3.1 1 
275 
1.18 
23.8 
523 
4.8 
1 5  
2 2  
0.3 

118 
22 

116 

2 
0 

15.96 
12.26 
10.27 
5.82 
3.34 
1.40 
153 
0.18 
0.48 
0.21 

99.70 

117 
35 

28.8 
2A4 

3.45 
334 
1.69 
33.1 
56.0 
5.6 
1.6 
2.3 
03 

2 
0 

15.70 
12.57 
9.98 
5.84 
330 
1.40 
1.61 
0.18 
0.49 
0.71 

9938 

112 
37 

28.7 
239 
355 
3.72 
122 
31.7 
58.6 
5.4 
15 
1.8 
0.3 

490 
12 
640 
40 
26 

126 

2 
0 

1558 
12.54 
10.07 
6.03 
3.14 
130 
1.63 
0.17 
0.49 
0.82 

99.06 

176 
35 

n.8 
255 

3.60 
3.33 
1.31 
312 
622 
53 
1 A 
21 
0.4 

4% 
14 
600 
42 
26 

126 

1 
0 

14.35 
13.82 
655 
8.76 
4.17 
0.70 
1.10 
0.19 
030 
3.14 

97.66 

271 
56 

245 
194 

1.70 

0.95 
126 
24.3 

3.1 
0.9 
1.8 
0.3 
246 

9 
176 
206 
13 

246.12 
8.98 

n 

7.34 
0 

0512456 
-355 

0.70793 
17.947 
15.499 
38291 

15.30 
13.39 
7.93 

297 
0.90 
1.16 
0.19 
034 
4.1 1 

10153 

a92 

326 
54 

24.7 

2.83 
1.16 

11.8 
24.7 
3.1 
1.1 
23 
0 2  
260 
13 

190 

10 
90 

306.35 
14.45 
11.09 

in 

1.3 
0 

0512520 
-2.3 

0.70753 
18.033 
15581 

38.9 

10.76 
1279 
9.78 

13.45 
2.39 
1 .00 
1.69 
0.16 
0.67 
1.79 

96.97 

816 
58 

222 
234 
522 
520 
0.7 1 
46.0 
92.0 
102 
2.3 
1.7 
0.1 

79558 
48.27 
55.76 

5 
0 

0512269 
-72 

0.70632 
18.%3 
15.642 
38.845 

1651 
1021 
6.47 
322 
421 
201 
1.81 
0.14 
0 9  
0.17 

9930 

23 
25 

15.8 
182 

4.67 
753 
1.67 
42.9 

6 2  
1.6 
2.2 
0.3 

m 5  

0 
12 

i5.m 
8.80 
6.74 
4.15 
351 
248 
1.09 
0.13 
0.25 
0.44 

100.90 

115 
25 

17.3 
143 

5.90 
1.12 
37.9 
724 
5.5 
1 2  
24  
0.3 
376 
56 

880 
52 
19 

155 

4.77 

0 
14 

15.91 
8.89 
7.15 
4.99 
3.36 
2.33 
1.06 
0.1 1 
0.3 1 
283 

100.65 

156 
27 

175 
151 

3.91 
4.96 
1.03 
31.8 
65.1 
4.9 
1.2 
2 2  
0.3 

0 
16 

15.84 
8.49 
6.64 
433 
352 
254 
1.07 
0.10 
030 
217 

100.25 

134 
28 

18.2 
153 

429 
5.46 
0.96 
34.2 
721 
5.2 
1.4 
2 6  
0.3 

424 
51 

880 
60 
17 

145 
42351 

50.94 
25.97 

0 
14 

0512090 
-10.69 

0.70792 
17.173 
15.453 
37.814 



CM CM CM CM CM CM CM CM CM CM CM CM 
Sample 24-66 24-65 24-64 24-63 24-62 24.61 24-60 24-59 24-58 24-57 24-56 24-55 
Si02 53.84 5653 5350 5452 56.27 55.73 5556 57.80 5725 55.00 54.96 54.26 
A1203 
FeO 
G O  
MgO 
Na20 
K20 
Ti02 
MnO 
E O 5  
LO1 
Toul 

143Nd144Nd 
Epsilon Nd 
(87SrD6Sr)i 
206pbR04w 
207pbRo4w 
208pbRo4Pb 

16.16 15.99 
855 9.17 
7.13 653 
4.64 4.44 
356 3.57 
1.99 230 
1.11 1.08 
0.11 0.13 
0.33 030 
2.30 039 

99.81 10055 

160 
29 

195 
155 

4.60 
557 
1.12 
35.9 
74.8 

5.4 
1.4 
25 
0 3  

0 
15 

112 
25 

17.2 
146 

4.43 
5.69 
132 
35.3 
69.9 
5.3 
1.4 
27  
0 3  

0 
16 
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Explanation for Table 1 

YAB-Young allcali basalts of the Fortification Hill field (6-4.3 Ma). 
OAB-Older normative nepheline alkali basalts of the Fortifkation 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 Age Description 
Lrrt. Long. Ma 

YAB 
U.S. 93 36'00'00"N 4.64-4.3 Volcanic center with numerous 

1 14'45'00"W dikes. Amphibole megacrysts 
numerous; mantle xenoliths rare. 

Petroglyph Wash 36'04'37"N 
114'35'44"W 

4.3 Alkali basalt forms a small 
cylindrical vent. Amphibole 
megacrysts are common. 

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

3 6'02'3 0"N 
1 14'48'0036' 
04'37"N 
114' 
35'44"W w 

TH 
Malpais Flattop 35 '45'00"N 10.6-9.7 100 m thick stack of hypersthene 

1 14'40'00"W e0h/3gh normative tholeiitic basalt flows 
with wide dikes. 

OAB 
Fortification Hill 36°03'45"N 5.89 to Over 80 flows associated with 

1 14'40'56"W 5-42 cinder cones and shallow 
intrusions. 

Lava Cascade 

Petroglyph Wash 

Black Point 

35 '52'3 8"N 
1 14'35'15"W 

36'04'37"N 
114'35'44"W 

36'24'43''N 
1 14'23'02"W 

5.16 to 
4.74 Black Mountains. 

Flows and vent zone at summit of 

5.43 to 
4.61 two vents. 

Stack of flows related to at least 

6.01 Flows and dikes. Flows 
. interbedded with gypsiferous 
Tertiary sediments. 



Las Vegas Range 

Callville Mesa 

Gold Butte 

Grand Wash trough 

River Mountains 

Wilson Ridge 

Government Wash 

Hamblin-Cleopatra 

Boulder Wash 

36"30'19"N 
1 15"02'30"W 

36" 10'1 9"N 
1 14"42'30"W 

36" 15'00"N 
1 14"15'00"W 

36" 15'00"N 
1 13"50'0O"W 

36"05'00"N 
1 14°50'00"W 

3 6'0 6'2 1 "N 
1 14"37'30"W 

36"07'00"N 
1 14"45'00"W 

36" 1O'OO"N 
1 14"36'00"W 

36'07'00"N 
1 14"37'00"W 

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

10.46 Olivine-clinopyroxene bearing 
and 8.49 basaltic-andesite flows erupted 

fiom compound cinder cones. 

9.15 to 
9.46 Gold Butte fault. 

Flows of alkali basalt along the 

3.99 to 
6.9 

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

13.4- Andesite-dacite stratovolcano 
12.1 surrounded by a field of dacite 

domes and a basalt shield. 

13.4 Basalt dikes cutting Wilson Ridge 
pluton. 

12 80-m-thick section of flows and 
agglomerates are interbedded with 
the Lovell Wash member of the 
Tertiary Horse Spring Formation. 

14.2- 
11.5 shoshonite, latite, trachydacite and 

60 km3 stratovolcano comprised of 

trachyte lava. Volcano is cut by a 
radial dike system. 

14.2 700-m-thick section of calc- 
alkaline dacite flows and flow 
breccias interbedded with flows of 
pyroxene-olivine andesite. 
36'04'37"N 
114O35'44"W 



Eldorado 
Mountains 
[Isotope data from 
Daley and DePaolo, 
19921 

35 045'00"N 
1 14°42'00"W 

All dates are K-Ar except were noted. 

18.5-12 
p0A,/3yA, andesite (predominant) and rhyolite 
*SI 

A lower section of basaltic- 

lavas and an upper section of 
basaltic andesite, dacite and 
rhyolite. The sections are separated 
by a dacite ash-flow tuff (tuff of 
Bridge Spring). 



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

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 Mal ais Flattop, AM- 
asthenospheric mantle, LM-lithospheric mantle, HIMU-high uranium (&J/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. Tertiaiy [> 3 1.3 Ma (?)I east- 

trending normal faulting accompanied by coarse to fine grained clastic sedimentation 

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

rhyolite and are Oligocene(?) 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 pattems 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 unconfonnity 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 migating 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?, 3 1.3 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. (19B) assigned this name to the 

intracaldera facies 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 3 1.3 Ma and this name 

has been adopted for this study. I 

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 tum 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/39Ar (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 facies. 
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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. 

(1 973). 

Tuff of the Northem Reveille Ranve 

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 

8 



a caldera margin (Figs. 2 & 3). The data supporting this interpretation include: 1) a buttress 

unconfomity of the tuff of Northern Reveille Range against tuff of Goblin Knobs (a minimum of 

1 OO 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. 

(1 973) identified as quartz latites. 

Rhyolite Poruhvrv PIUPS and Dikes 

Ekren et al. (1973) reported a WAr 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 northem 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 preexisting 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 al1982), 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 arelative 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 erbded 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 INAA 

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 Iavas do have greater concentrations of the 

Light Rare Earth Elements (LEE). 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 X R F  analysis. 

However, the available data is still valuable for characterization of the Crater Flat 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 (Figure3, 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 

lava 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 acritical factor in determining the probability 

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 Ussler 1988), and indeed this may be a 

pre-requisite for magmas to intrude further into the crust (Glazner and Ussler 1988) . 
The implied high degrees of fractionation obviously have asignificant 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 hasalt 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  51%. 

Other related work 

A paper entitled, "Basaltic Volcanism in the Southern Basin and Range: No Role for a 

Mantle Plume" [TKBradshaw, C.J.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 1%. 

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 Fiat and 
the Colorado River Trough extensional corridor, south of Las Vegas. 
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Figure 3. After Thompson et al 1983. Normative mineral compositions for Crater Flat 
samples, projected from plagioclase. Typical fractionation paths are shown for evolution at 
high pressures, and at one atmosphere. 
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volcanic rccb .c"Pb/zMPb = 18.11-18.24 and z0'Pb/104Pb E 38.70-39.15) but 
diverges fmm i t  in m e  m p l e s .  

The carbonaxc hpcdv of I@ in boh vein end calncte wmples resides dominantly 
in fine-grained. authigentc calnte. 1JN HCI ale amks md removes lead fra silicate 
phases, but a milder 0.8N CH,COOH dissolution !$mccdure identifies a significantly 
more uranogcnic lead in most of the calcite ( 06Pb/zMPb = 18.11-20.21 md 
mpbp'Pj = 38.60.39.34). Probably this nd)ogeNc car+narc lead was mtw 
into the vein system by the downward prrolanon of m e m c  waur that had pmously  
interacted with surficial calncte. Windblown particulate matter derived from Paleozoic 
and Late Roicrozoic limestone in surrounding mounuins may bc the ultimate source of 
the calcite. Several samples. however, including from a vein incorporating a thin 
zone of bawltic ash, contain carbonarc lead that i s  only tlighdy different from their 
silicare lead. These isotopically more uniform samples suggest that volcanic rocks 
locally have conaibuud most of the lead to boh fractions of the vein system. 

7he isotopically heterogeneous lud that charanairCs the regional Palcmoic and& 
Proterozoic sedimentary rocks and Middle Roterozoic Frys take  nrks remains a 
candidate for at least some of the lead in Ihe Trench 14 ntnr. An imponant finding of 
this study, however, is that the data do not q u i r e  the m m  cmic origins that have been 
propoxd for the veins. Instead. the similarity knveen lead isotopic properties of the 
veins and calcrctes SUggCSK a mutual m a n  relatedtoptQgcnic phenomena 

NE 7 4 7 4  02:15 p,m, Marshall, Brian D. 
BASED ON A MOD= FOR THE FORMATION OF PEDOGENlC CARBONATE 

STRONTIUM ISOTOPE DATA FROM SOUTHWEST NEVADA 
MARSHALL, Brian D. and MAHAN. Shannon, US. Geological Survey. 

MS 963. DFC Box 25046. Denver. CO 80225 

~ c m u r  soils arc ubiquitous in arid regions such as the mthwestern United Suus. 
Models describing the formation of the calcium carbonate that Cements loosc, porous 
mntcnd in thew soils usually q u i r e  m allogenic mponent for the so(lltc of the large 
amounts of calcium in the calcite. The imopic composition of strontium. a common 
mce coristirucnt in carbonates, is M ideal naccr for rhe migin of the calcium Analyses 
of strontium in cdnclcs, fault-filling veins. rhizoliths. surfscc coatings, and c o l i  
sediment near Yucca Mounuin, Nevada, pmvide important mnrorints on thc origin of 
he alkaline canhs incorporared in hac M n ' a t s  avficid mmizlc. 

Calcretes, fnuli-filling veins and rhimliihs conlain urbonrte-bound (=HCI 
leachable) strontium with 87Sr/86Sr averaging 0.7124. This value is significanrly 
diffemt from the average of 0.7117 found for arbonate-bound s m t i u m  in Ihe 
surface coaiings and in coliln sediment ?hem resu~u lead ID two conclusions: (1) 
calcite surface cutings on bedrock &rive their alkalhc tvlhs h n  the wlian Earbaratc 
component and (2) the alkaline wnhs in calncte and fault-filling-vein calcite arc MI 
entirely derived fmm an e o l h  carbonate component 

?he strontium-isotope dru suggest that m e  of the &dine eanh content in rhe 
pcdogenic carbonate is derived from the weathering of local dcmius. To test this 
hypothesis, isotopic analyses of the silicau dcuinu an in prognu. 

Within the volcanic kdrock of Yucca Mounuin, calcite occun as coatings 011 open 
fractures. TIC 8 7 ~ r P ~ r  of thue cdciur vrricr from pedogenic-typc values near the 
surface to lower values (0.7093) at and k l o w  the wur table. Some of the alkaline 
earths in thcx fracture coatings may k partially or W l y  derived from the volcanic 
kdrcck, which has widely varying isotopic c a p i t i o n s .  

Thcx &ta preclude the involvement of upwelling ground water in rhe genesis of 
mrticial urbonaie in the immediate vicinity of Yucca Mounain. 

SESSION 47, SAIC STORAGE OF HIGH-LEVEL NUCLEAR WASTE 

02:N p.m. Studdess, J. S. NE 19020  
Iaotopic Evidence for a Ear 
Vain. in Faults near Yucca Uountain, Nevada 

Origin for Hydrogenic 

STUCKLESS, J.S., PETERIUN, 2.E.: WHCLXN: J.P., and WWS, 
D.R., us caological Survey, M 963, Danver Ped. ctn., 
Denver CO 80225 

' Vein-like depoaita of calcite and opaline silica that infill 
faults and fracture. in the vicinity of Yucca HOuntain have 
been the center of considerable debate because the deposits 
occur near a possible site for the Nationls first high-level 
nuclear waste repository. The varioua proposed modes of 
origin for the deposits, such as catastrophic upwelling of 
water or downward percolating fluid. related to pedogenic 
processes, have differing implications for the performance of 
a geologic repository. Isotopic data for oxygen, carbon, 
strontium, and uranium in the carbonate minerals erpoaed at 
Trench 14 preclude deposition fro. upwelling vatera from 
either of the regionally extensive aquifers known to exist 
beneath Yucca Mountain. Oxygen isotopes imply deposition of 
calcite at unreamonably to imposaibly low temperatures; 
strontium is too radiogenic; ancturanilu activity ratio. are 
too low. Data from calcites deposited by the adjacent Ash 
Meadows flow system further auggest 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, Isotopic compositions of the Yucca Mountain calcites 
are similar t o  thoae observed in aecondary 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 proceas. 

Wm p.m. Fauids, .lams E. NE 6 9 1 8  
mc Inszawrs on STXUEI(IRU cacntots AIID DLPUCWCNT H.KHANISIIS or 
PLIaWr/QUAl%MAXX -TIC DIRS, SODTlURw NLVADA AND NORTWZSTXPN 
m z a n  

?AOZDS, J u a  I., apt. of Q.olopy. U n l w r a l t y  of Iwa, IOU. c l t y .  
U 522421 - I  DMl.1 L. M d  MIM, l u g ~ ~ o  I., Dapt. 
Caaelonco, Unlvmralty of Novada, I... Vogaa, WV 89154 

?lw Quatarnary b a a a l t l e  v o l c a n l c  eontora  l l a  u l t h l n  20 km of t h o  
pmpoaod h i g h - l o w 1  nucloar  u a a t o  r o p a l t o r y  a t  Yucca mountain. Tho 
b a a a l t a  m a 0  th rough t h o  c N a t  u l t h o u t  contua lna t ion .  Pravioua 
a tudloa  0uPP.at .d that r e l a t l w l y  t h i n  I< 5 m i  dlkaa  fod t h o  b a a a l t l c  
eontora .  Tho Quatornary dlkoo, aeoria munda.  and c i n d a r  c o m a  
p m o r a l l y  t r o n d  m. P o t o n t l l l  m - a t r l k i n g  mar-aurfaca channaluaya 
for t h o  b a a a l t a  Lneludo M r u l  f a u l t  . . p m t a .  l ayor ing  In h i g h l y  
doformod P r o t o r o r o l c  and P a l w r o l c  roc*., and j o i n t a .  Hcwvmr, l a c k  
of d l a a o c t l o n  of t h a a a  young r o l c u u m  procludoa d l r o c t  o b a a r v a t i o n  
of foodar dlkoa  and s o n t r o l l l n g  a t m c t u r a a .  

To o l u c l d a t o  t h a  gowmtry  of plumbing ayot-a boneath Quatarnary  
v o l c m w a  naar Yucca Xountaln,  b ighly-d laaas tod  Pl locana  b a a a l t l c  
eontora  uora a tudiod  in tho r o r t l f l c a t i o n  H l l l  f i o l d  of n o r t h w a r o m  
Arltona. Tho moat h i g h l y  d iaaoc tod  c o n t a r a  u o  l o c a t e d  on t h o  m a t  
f l a n k  of M a l p i a  Ma.. Hara, dikoa u i t h i n  and d i r o c t l y  bonoath t h r o o  
contor. rango frcm 10-25 m in u l d t h  and 100-225 m i n  langth.  
contora  ara l inkod by a 1-2 m u l d o  diko. Thua, d l k a  u l d t h a  lncroaaa 
by an o r d o r  of magnitude d l r a c t l y  bonoath a- cantara .  Tho HHW- t o  
I(Y-atrlklnp d lkoa  in tho r o r t l f i c a t l o n  H l l l  t i a l d  ccmmonly para1101 
b u t  u o  r u o l y  i n t N d o d  d l r o c t l y  a long  p r n x l a t i n g  a t r u s t u r a a .  S m  
dikoa c u t  d l r o s t l y  acroaa nlocone ~ m l  f a u l t a .  A l l  d lkaa  havo noar 
Vmrtlc.1 d i p . .  Thaao oblorv.t lOn~ Imply t h a t  dlkoa M y  hava 
'pmpagatod upuard through 'aalf-ganoratod'  fracturoa producod by 
tana i l .  o t roaaoa  naar t h o  d l k a  t i p .  Tha f r a e t u r o a  probably d o v o l o p d  
p c p o n d l c u l a r  to t h o  l e a a t  p r l n c l p . 1  a t r a a a .  

a t r u s t u r o s  may ha90 l o c a l l y  f a c l l l t a t o d  t r a n a p o r t  of aagmaa. In m a t  
eaaaa, howcror, uo a u a p c t  t h a t  m a m a  croa tod  t h a i r  oun pathuayo 
p c p o n d i c u l a r  t o  t h o  N6UW o r f a n t a t i o n  of l a a a t  p r i n c i p a l  a t r a i a .  
Hazard aaaoaamonta of Yucca Mountain ahould cons ider  t h a  p a t a n r i a l  
for d l k o  l n t r u a i o n  a l o n g  ao l f -ganara tad  f r a c t u r o a  not  amaocfated u i t h  
p r n x l a t l n g  f a u l t a  and d l k o  u l d t h a  aa g r o a t  aa ZS m. 

TWO 

In t h o  Yucca nounta ln  rogion, t h o  p r o o x i a t l n g  NNL-atriking 

03.15 p.m. Westing, J. R. NP 2 5 5 3 7  
SURnClAL MAPPING IN MIDWAY VALLEY: IMPUCATIONS FOR F U N R E  
STUDIES TO ASSESS SURFACE FAULTING POTENTlM AT PROSPECTIVE SURFACE 
FACILITIES FOR THE p(ITENnAL YUCCA MOUNTAIN REPOSITORY. NEVADA1 

WESUNG.J.R.SWAN.F.H..BUUARD.T.F..ANGEU.M.hI..rrdPERMAN.R.C.. 
Gexulrir cmrulunu. k.. Om Market Ptur. S p r  Siroci T o w .  Suiie 717. 
S.n Fnncko. Wifomh 94105; GIBSON. J.D.. 010. 6315. M u  Nitionat 
LbxUoriu. P.O. Box S ~ .  Alhqwrquc. New Muico 87185. 

PtdllniDy QUI- polwtC KSpPhg O f  M1dY.Y VdlCy W u l S  t h t  Y)IIIc dlWd 

hulti~g pl&d U tbc uic of PKSFCC~IVC S U ~ ~ I C C  ws~e*hrrJlmg &illt:a. C ~ u J e l i n ~  IKIIMJC 
ud~eddeporiurrcofwrrKimirntiquiiyio~tufyWE'spurJel~rwforcvrlurtm~ surface 

ideotifymg md cvduumg Irulu IIUI hvs  hd a dip nic >0.001 m y r  dunng the ~t 100 L. 
Eight dluvY wrfvo (Qo-Q,) ud assccwrd dcpouh am r r c o g m d  In hliduly Valley hud on 
p d g i c  ad rcmnxpbr mp~ing. Tbc ddcrr surface (Qd h prrwrvd Y r unplc i emcc  
remuat rad may be Plio-Plnrtame in age. Younger surfaces. ranging m r p  from r u l y  or 
mddk PI- (Q,) IO Liat Plns&urly Holoctne (9,). ire prrvned as arum i r m a s  
rrd dlwY fan nufaas. Holocms wu oxur Y low IMXCS md vepcmed bur (QJ along 
ru~c w a s h  (QJ. C d l w Y  uniU of U lust three r p  m i l e  hillslopa. 
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I N  153, MSA-IGNEOUS PETROLOGY (POSTERS 111) 
item Alcudrnc runbeM-43  ud 15 Ma. Afm 15 a d volmaCS Of 

&,,.-... :h andesite and daciu werc cruplcd on Am Islad and thrcughcut tk 01uptm 
Alcurirns. These smngly dc+zJinc 
&ius of t i ip Volcano wM!h IS bled m U l y  behind the ~ m - m  
Aleurian ridge. Rip Volcano y a h y - m y - m v c   anr runt rhar hu famal on 

wesum Alcutim. This I* rranrform'.wmng i! i n f d  to have k n  established at 
approximarely IS hfa folloulng mnr-ansmd +img and voluminous tholeiitic 
magmatism The switch from tholeiitic magmaprm rchtai to a traru-ocndonal regime to 
smngly calcalkaline magn?arism related to 4 wnf-pmsionrl regime may have rcsulrcd 
horn clogging of h e  Aleunan - Kmc~tkajuncacm with buoysn~, subduction-relad 
unancs. These umcs probably aigvlalcd to dr wt and WCIC nanrpancd by srrike- 
slip modon along the western arc. 

arc gfochenticdIy nkttd tormgncsim 

small dilationill S I n I c n a c S  wlthtn the rcpoorully ms-pmdvr regime of dr modem 

Booth 27 Higman, S. L NO 17231 
APPLICATIONS OF CHAOS THEORY TO ZONING MORPHOLOGY IN MAGMATIC 
PLAGIOCLASE 

HIGMAN. S.L. and PEARCE. T.H.. Depvnmnt ofGmlogid Sciences, 
Queen's University. Kingston, Onurio. -a, K7L 3N6 

The thicknesses and morphology of oscillatory mnes in m a g d c  plagidase from Mt. St. 
Helcns, Wachington, and SI. Kim. Lesser Antilles show xque~a of ordered p l w  zones 
separated by sequences of disordered convolute zones. mu pmem suggau Lu during 
crystd grow*. some factor controlling crystallition in the melt changed to UUK apparent 
periodic and chaotic zoonation panems. As a result. the tonuion p u r m  observed suggest 
that plagio:lacc crystallization is a nonlinur dynamic p-. Daamining L e  
dimensionality and funaiond form of the nonlinear dyrumid equations qresuus the first 
step in crating a prcdiaive model for plagioclase cryrul groowrh. 

mnelickntss merrurmenu revuls wo types of bthaviour: a spinl gcomary. and a limit 
cycle gmmary. These LIC indicative of I non-chaoLic Hopf bifurcation. 

In Iowdimensiond chaotic systems. the same sute space ua be used for prediction 
of the lime seria of zone thickneua. Poor corrduion between fimc-saia predictions 
and acrud mne thicknesses suggau thu plapioclrre growth is not governed by a low- 
dimensional chaotic system of quaiom. However, mi poor wondnion is not inwnsistuu 
with the Hopf bifurcation hypolais. 

The conelation dimension M be used to conrvlin the d-ionrlity of the 
nonlinear system controlling crystal growIh. R e n t  workcn have concluded thu rbe dw 
requirements for Li dculuion are wt as exume as previously suggested. Using the 
method of Grauberger and Rouccir (1983). a definitive dimension MDot be obuined 
from the timescries of plagioclue cryrtrls m i n e d  to date bsuw of the limited numba 
of zone thicknasa observed. Conrequally. a different approach is required 10 ulmlue 
the correlation dimension in wnl systems charaaerired by l i ~ u d  data. 

Reconsmaion of L e  s u ~ e  space of the system from the rehive time-series of 

Grauberger, P. and Prouceia, 1. 1983. Measuring the sfrangmesr of m g c  
awactors. Physicr 9D, pp. 189-208. 

BooUl28 Henig, Charles T. NS 6345 
CAW-ALKALINE VOLCANISM OF THE EARLY CRETACEOUS SANTIAGO 
PEAK VOLCANICS, NORTHERN SANTA ANA MTi?S., CALIFORNIA: 
EARLY MAGMATISM OF THE PENINSULAR W G E S  BATHOLITH. 
HERZIC, Charles T., tmpt. of mrth sciences, University 

The results of detailed mapping,. geochemiatry, and the 
first microprobe mineral analyses of the Early Cretaceous 
Santiago Peak volcanics ( S W )  at their *type* locality in 
the northern Santa Ana Htns yield insights into the 
magmatic evolution of the Peninsular Ranges batholith (PRB) 
during its earliest stages of emplacement. 
intact sequences of aubaetial flows, welded tuffs, volcani- 
clastic breccias, epiclastic rocks, and hypabyssal intru- 
sions are the remnants of the volcanic arc built above the 
batholith. 
andesites, with lesser basalts, dacites and rhyodacites. 
Hajor element compositions of andesites, basaltic andesites 
and basalts are of a lov-K, calc-alkaline series. Rocks of 
tholeiitic affinity are also present. cpx with a composi- 
tional range of Wo35-f,+38,4EFsg-zz plots within the non- 
alkali field on discr mination diagrams, straddling the 
calc-alkaline - tholeiitic line of Laterrier and others 
(1982). The compositions of cpx from the S W  overlap with 
those from gabbros of the PRB. Calcic amphiboles from the 
SPV are pargasite and edenite with rare nagnesio-horn- 
blende. These compositions show limited overlap with 
amphiboles from gabbros of the PRB. Plagioclase' crystals 
are dominantly labradorite-bytownite (overall range is 
-50-89). Opx is completely altered to chlorite, part of II 
greenschist facies alteration assemblage present in all 
rocks. The field setting, abundance of andesitic compoai- 
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. 

of California, Riverside, CA, 92521. 

Structurally 

Flows are dominantly basaltic andesites and 
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CRYSTAL SIZE DISTRIBUTION STODIES IN SPMISE P W S ,  COLORADO 

WRMT. Dolores 6. and CLI?MRD. Paul H., Dept. Geology. 
Menaster University, Hamilton, Ont. L8S 4x1 

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 maws, petrographic relationships and crystal sire 
diatribution (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 plot. for HB augite and HB opaques yield straight 
lines with ateep negative alopes. These are consistent with 
constant, continuous growth and nucleation during 
crystallization, aa well as no crystal fractionation during 
emplacement and a i m  independent growth. 

Similar plota for HB olivine, SP feldspars, and SP 
epapurs yield aayuaaetric bell curves indicating fines 
depletion. IIB olivines show resorption features on a11 grain 
aizea. The resorbed material was possibly redeposited as HB 
augite; this m y  explain the higher slope values for HB 
augite compared to EB opaques. SP opaques also show loss of 
material due to resorption. 

SP phenocrystic feldspars near the dyke boundary lack 
resorption features whereas SP renocrystic feldspars show 
resorption throughout the dyke. The absence of fines for 
both populations could be due to sorting of the crystals in 
a mapnu chamber perhaps by neutral density bouyancy or by 
magma movement within the chamber. D8CreaSinp 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 29 brant, Cdms G. 
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Booth 31 Hoch, Anthony R. NO 23712 

?ETROCRA?HIC EVIDENCE FOR MIXING OF ALKALINE AND SUB-ALKALINE 
MAGMAS IN THE RATIXESNAKE HILLS INTRUSIVE CObfPLEX. CENTRAL 
WYOMING. 

HOCH. Anthony R; MYERS. James D; FROST. Carol D.. DcpI O f  Geology 
and Geophpiu. University of Wyoming. Lanmie. WY 82071. 

The Rattlnnake Hills of central Wyoming host Eocene intrusions and extrusive bodies 
o f  quartz-normative rhyolite and quartz hire. These are spatially divided into two 
:roupr the eutern febic group (EFG) and the western fclsic group (WFG). Nepheline- 
normative phonolites. trachytes and Iamprophym comprise the central alkalic group 
(CAG). which is located between the EFG and WFG. 

Although the EFG and WFG rocks have similar hulk-rock chemical 
compositions. they are petrognphially difrercnt. The EFG rocks (plag+hb+ap+mI+/- 
qa) arc ccanety porphyritic (phcnocrym up to 7 mm) with unmned oligoclase 
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and xylenes (BTEX) have*been obaerved over rela- 
I S h o r t  time spans. S W S  treatment h a s  been demon- t o  be an extremely efficient remediation technology 
# *  compared t o  conventional pump and treat systems. 

NO 2 8 6 0 5  

03s GEOCHEMICAL SAMPUNG AS A METHOD OF GRWNOWATER FLOW 
flcnct4 AT THE CHEh4ICALS. METALS AND PESFlclDES PnS (CMP PITS) AT 
*SVANVAHRlMArnE 
WAIT, 0. E., BLWNT, 0. C., PRICE. V., Westhohouse Savannah River 

Company. P. 0. Box 616, m e n ,  SC 29801; PIRKLE. R. J., 
Microseeps Ltd.. 220 William Pin Way, Pittsburgh. PA 15238. 

v,, ~p Pils consisted of hw parallel trenches used for disposal of oil, organic 
(Dlrmis pesticides and melals during the yrars 1971 through 1979. The 

area is centrally located wlthln the Savannah Rhrer sire on a 
m r r p h k  hiah. In 19W, the waste was removod. tho contrmlnated roll 
(Iuvaled and 20 groundwater monlloring wells were Installed in s elfon to 
bar. remediate and close the sire. Minor ~mrnlc ~lumrr are known 10 exM .---.. ~ - .  
M S h l l b W  aquifers. 

c RIcent soil gas surveys. In support of a RCRNCERCU Integrated 
-stnation identttied elevated cencentrrtbnr of omanics In areas awry hum ...__..--- 

dirposd site and diierent from tho prosumed gkuwdwatar ~kw &&ions. 
hunbwater flow dlrectbns at the $He uo to ttw ~ r h  for the rhabw rquffer 
,-,j towards the disposal area from the narth, mulh md orst for tho derptr 
@or. Geobglcal data from monitoring wok suggests lhat a carbonate XOM 
,,wlying the disposal area may affect bcalisd groundwater Ibw. 

s o d  gas survey dala ldenlilied conlaminated groundwater plumor manatlng 
tpm the slte but not predicted by monkoring wrllr. Data hdlcllla that sooil 
ps rurvryr mey be uUlized to refine groundwater llaw dlredbfu In aroas 
NIB complex shallow aquifers are contaminnod wlm volmile organics. 

rhc inlormition in lhu abstract was devrl0p.d during thr COUR. 01 work undrr 
nnwact OE*ACO949SRt8MS wvl tha US. Ikpnnmnt ol Enugy. 
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01 24 p.m. Metcalf, Rodney V. NP 2 6 7 5 0  

OkAS p.m. Anderson, R E NP 1 6 6 1 3  
RELATIONSHIP BETWEEN MIOCENE PLUTONISM. UPLIFT. AND UCTENSION. . 
LAKE MEAD AREA, NORTHWESTERNMOST ARIZONA AND ADJACENT ' 
NEVADA . ._ . . -. . 

ANDERSON. RE.. and 6ARNHARD.T.P.. US. orO!qkal Survey. B o x 2 m .  
MS 966. DFC. Dewar. CO. 80225 

 he ~ a k e  Mead areacan be eddeb to me omwing M of areas in the cordillera that 
expose evidence for a close assoclaUon between Cenozoic plutonlsm and 
extension. The Wilson RWe pluton In the norVlem Black Mountains Is a north- 
broadening. triangular. composite. epitonal mass. about 20 km on each edge. that 
was emplaced into Proterozolc crystalline rock and Paleozolc and Cenozoic cover 
rock5 during late Miocene time. PetrogeneUc studies by -on and Smtth (1990. 
JGR. v. 95. p.17693) Indkate that It fonned by commlngllng of a large volume of 
mafic magma wHh a smaller volume of fetslc magma. The pluton b Gflrrd about 5 
degrees north, exposlng its hypabysd zone and roof In me north and its deeper 
parts In the south. 

The extent of prelntnrslon Cenozdc defomratkn h best evaluated In the north, 
M e r e  the pluton Intrudes Miocene s%dimntsry wid vdcank rodu. Those rocks 
show a ml!d to moderate degree of pmlntrwlon tlm that h c r e m s  southward. 
The pluton there consists of thousands of dlkes that record 8-15 km of 
synemplacement rifting in an approximately east-west direction. This rifling by 
dike-on-dike emplawment was o#ampanled by a southwarblntreas'ng degree 01 
synemplacement extension-related tilting. in the northemmost part of the pluton. 
dikes are mostly verti i  and prelntrusive strata dlp gentty. by contrast. directly 
south of Lake Mead, prelntruslve wlcsnlc shut am s u b v e W .  main-phase &kes 
dip at moderate angles. and late dikes are subwrtlcal. lndlcatlng protracted pre. 
and syn-lntruslon extension-related ulting events tha! ended with plutonism. The 
country rocks and pluton were Wed away from and downfauned toward the axls of 
the pluton In these events. suggesting extenstonal collapse of the growing. rising 
pluton and 01 the rklng Black Mountains Jtructural block Contrary to current 
models of extensional deformation In the area. we flnd no evldence that the 
norIhem 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 IStn  ith, Daniel L. Feuerbacli, 
Volcanic hazard studies by the Center for Volca- 

nic and Tectonic Studies related to the proposed 
high-level radioactive waste repository a t  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 SO km of the proposed repo- 
sitory havc 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 centerswithin the AMRV are 
being used to estimate recurrence rates and conditio- 
nal probability of future volcanism for risk asses- 
sment. The AhlRV includes ten eruptive centers and 
cncompasses all post4 Ala volcaniccomplexes within 

?;, f 

Terry R. Naurnann,’ Ho, Chili-Hsiarig2 
S0km 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 repositoJy lies 
within one of the risk rectangles associated with the 
Lathrop Wells volcano. 

The possible recurrence of~?oolcanicactivit).in the 
m ~ v w a s  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 Quaternaxy data, the estimated 
instantaneous recurrence rate for volcanism is about 
5.5 x lobbear. We conclude that the estimated prob- 
ability of at least one eruption occurring in the AMRV 
in the next 10 OOO years is about 5 percent. 

1. Center for Volcanicand Tectonic Studies, Dcpanment of Gcos- 
cirnce. University of Nevada. Las Vegas. Nv 89154. USA. 
2. Depannient of Mathematical Scxnces. University of Nevada. 
Las Vegas. Nv S Y W .  USA. 
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MSA-IGNEOUS PETROLOGY I I ,  SESSION 30 

o l : ~  p.m. Owens, 6. E. 
. . S B D ~ C V K L E  MASSIF. OUEBEC: A HIGHLY "EVOLVED". -1.0 CA. POST. 

0415 p.m. Rockow, Michael W. 

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, SJ.. and WILLIAMS. M.L.. &PI. of Geolo:~ and Geography. Univ. o f  
Muuchuwtu .  Amhent. M A  0100% HERRON. P.M; OBRIEN. J.A.: and 
COLLIER.S.A..GeOlo:y Dcpt.. Colgate Univ.. l j  Oak Dr..Hamilton. NY 13346 

The Minnehiha maxmitic complex b 1 -1720 Ma composite intrusive terrane which 
prewrva evidence for large-sale minglin: Of granitic and baaltic magmas. and the in-situ 
synrhab  of intermediite composition magma. The complex is bounded on the north b) the 
Crooks Canyon granodiorite. on the e u t  by i septum o f  -1740-1720 Ma metvcdimentary 
rocks. on the south by the -1612 Ma (Chamberlain and Bowring. pers. comm.1 Horse 
Mountain pluton. and on the west by i n  unnamed very coarse-grained granite. Four main 
lithologies i re  represented io the complex: 1 K-spar mcgacrystic granite 1mcgi:r)sts to -5  
cm long). a hornblerde basalt. i hornblende diorite. 1 cane-grained. spotted r c d  r i th  
plagioclase-dominated matrix hosting spherral accumulations of hornbleo:e cr?.stals Thc 
diorites lie c o m p o s i l i o ~ l y  on mixin: l i n a  between the granite and the basdu: end 
mcmkn .  The sported mka are enriched in Ci. MI. and Cr relative to the baults and m a  
k cumuliln sepanted early from brultic m:m. In addition to thue four lithotogler. a 
variety o f  Fine-:rained hybrids representin: mixin: or hrge proponions of basalt and small 
proponions of i n n i r e  i r e  common. 

Textura  preserved in the compkx provide abundant evidence that the K-spar 
melrnyrtic ylnitic magma and Ihe burl t ic  mgm were contemponneously partially 
liquid. Thick rmmulrtionr of derormcd. mushroom-shaped zona  of basalt (to Im 
diameter). surrounded by megrcryrtic granite. probablyreprescnt dropleu of basaltic magma 
injected into the inn i t ic  mi:mi chamkr.  K-spu  megacrysu in the granite are 
propreuively r a r k d  and di:nted with incrurin: proximity to basaltic dropleu. 

The Minnchaha complex is one o f  several magrmtic centen in the Big Bug block of 
the Yiuapri province. The block may hive k n  i Proterozoic compressional. subduction- 
related complex. The texturu and compositions o f  the complex suggest that gnnite/brwlt 
hybridintion contributed havi ly  to the production o f  intcnnedutc migmu in the arc 
complex. The brwlt m y  repment  a hydrous panid mantle melt which provided heat for 
uutexis or crusul r m t c r i d  IO ienente f e l i c  oroieoic plutons. 

04:45 p.m. Met&, R. V. 
TUE MT. PERKINS PLUTON SHALLOW-LEYU MACLU hlIXlNG AhTJ MINGLING 
DURING MIOCENE -ION 

M?XCALP. RV, SUmi. El, H A L L  K L  md REED, R.C, Drprnment d 

Crnenlb. d Intmmcdlate m u m p s  during crustal rxt&on k i n  important question. The 
Mbmr ML PnLinr Plucoll, e wilhb the Cdondo R l n r  Enensional Corridor Is i mmpkr. 
comparltb.4 aprsded bodj and pmvida i n  ldral hbonw 1~ such i S I U ~ J .  The ~ I U I M  was 
lared by munlpk d i k d i u  t m p k t m r n t  evmU which in divided Into lour phvtr  (PI-PI): 
tk oldea P1, k I awsegni.ed bbld p b b m  (49 W% SiQ: PI is i medium-pincb hbld- 
ud bbcY1.beuhl p a  l a d m  (YU rib SiQ): P3 k i rmynlned b b t  (thbld) 
g n a c d i i  (69.73 wi+ SlOJ; aad F3 k i suite diphrnl t ic  p h r r  dikes (ridthc d cnu (0 3 
r*tn) d 9.nc In- ud lrkic CmpCritiOar ACIn-hbld :mbammruj ON samples 
lm PZ ud P3 give rrpW d t s ,  P d 3  ~0.25 &bars, jiddin: i c ~ l t i u t i o o  &pIh d 3.3 . 
9.96 km. 

Grcucknn. U ~ l l ~ t r r i t j  d N e ~ m d r L u  Vrps, Lu Vqas, NV 191% 

HbId qlx djalle (51-S wi% SIOJ UTI micrqnnitdd CIXLVK BIhlEA nogin: b ah 
lm I l e u  a IO rnml mrttn. i r e  abudsnl  In PI id F3 mt, and In w e  inurmediiu 
dIka d PI MME IWXIQraclM (mdd plllor-llkr S h p K  with mmuLlc N r p 1 1 ~  Ihrt ire tian 
gn&ed LLi InUriOn) m d  mhvslrndurrs (LLL3)uprd p h g i a b e  with complex inurnal 
t.lcdnl zooin:: m l ~ u l e  ahcdnl phglccbe p ins  poikltitkaUy rndosrd In dendritic rpheie b 
r 8  I g W  wLrLr iprliu :tabs) ladintl that MWE lamed as :bbula d boctrr 
mafk mi q r m c k d  wiUb cock, loct rrkic m i w .  Linear urn& m prior rkmmt 
Hrrlrn nrLh dlynaJ and bIpcrbdic tndr 00 rnmjor.mcr ekmeit nlio pbu Indkrra i 
u p a  m h i g  -In lor htrnncdiiu m b  d PZ nnd p1 P3 gnaodiwiY Lm w v r d  LI Ihe 
Irb* mlxb: r d  member. P1 gabbrn falls CR the midn: inn& and k DM Lbr mflc  rod 
mcmkr for mirhg: modclii: SWKI tkr LIME in not n h t r d  to I h e  p b b m  by lnnimd 
cr~U~lliulbm. In both PZ m d  P3 MLlE rmbayrd p lp iackc  iod cpx i re  poiAiliticolly wclOYd 
In lqrr lddrprr g r a b  and bbld :rains y e  montkd b j  biotite. These features indkile thl Ihe 
MLIE k nu I& mrlic mixin: r i d  m e m k r  but i s  ako i bjbrid l m e d  by magma mirin:. 
Fcrtura Indiatlve d .dnDced mrchnical mirin: (mafic xhlienn. disrupted mafic dikes. 
m a p a t k  Ibv nructurrr) an ibvnt i t  the curnot rxpesure indieatin: that mixing (hjbridkm) 
ocolmd i t  depth. Studis SI ML Perki i  indicate that compositionally crpndrd suites formed 
duriq Mkcrne enem*oa ue (he rtmtl 01 m g m a  miria;. 
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Eruptive probability calculation for the Yucca Mountain site, USA: 
statistical estimation of recurrence rates * 
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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 (E). 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 I) 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. Ofice, State of 
Nevada, USA 
Oflprinr requests IO: 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 
ai. (199Oa) 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 z] = 1 - e-"", 
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 u 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 1 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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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 disruptionp. 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). 

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 lo-'' to 4.7 x lo-* 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 parameter(s) 
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 t for each period are independent and should 

Probability formula 

The probability model of Crowe et al. (1982) is based 
on the following relationship: 
Pr [disruptive event before time t ]=  1 -eedfP. 
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 t] 

... (AtP)2 @?PI3 -Atp - - + - - 
2! 3! 

' h p ,  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 (< and p 
(c 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, lo5 year, etc.), then the expected number (long- 
run average) of occurrences in an interval of time in t 
units is i lr.  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 ai. 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 Tis 
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 ai. (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 (ratelmean) 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 I, how 
the geologic record of volcanism in the Yucca Moun- 
tain can be used to estimate values of I, 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 parameter(s) is useful. The collection of re- 
sulting observations, denoted x l ,  x2, . . ., 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 xl ,  x2, . . ., x,, are observations of a random sample 
of size n. The distribution from which the sample arises 
is the population. The observed sample values, 
x l ,  x2, ..., x,, are used to determine information about 
the unknown population (or distribution). 

Assuming that xl ,  x2, .  . ., x,, represent a random sam- 
ple from a Poisson population with parameter A, the li- 
kelihood function is: 

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 "ma~imum 
likelihood estimates," also denoted MLE, or A. Note 
that any value of A that maximizes L(A) will also max- 
imize the log-likelihood, In L(A). Thus, for computa- 
tional convenience, the alternate form of the maximum 
likelihood equation, 
d -In L(A)=O cu 

will often be used, and the log-likelihood for a random 
sample from a Poisson distribution is: 

n 

In L(A)== -d+ 2 xi InA-In n xi! . 
i - I  ( i I 1  ) 

The maximum likelihood equation is: 

d Xi - In L(A)= -n+ 2 - = 0, a2 i-I A , 

which has the solution i= 
maximum because the second derivative: 

5 =i. This is indeed a 
i - I  n 

d2 xi - InL(A)= - 2 - cu2 i-1 A2' 
is negative when evaluated at f. 
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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: 

m 
8=i= z f i /m, and jf=d-I=f-’, 

i - 1  

where 11, . . ., fm represent values of a random sample of 
size m from an exponential population with parameter 
8. For the NTS region, the exact values of riS (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 
ti = time betweeen the first and last eruptions during 

the observation period, 
and 
m =total number of repose times = E- 1, which gives 

where 
E-Total number of eruptions between To and Ty, in- 
clusive, 
with 
To =age of the oldest eruption, 
Ty = age of the youngest eruption. 
Note that the numerical values of E 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 To and Ty, inclusive, to reflect that ex- 
actly m (= E- I) repose times (II through I,,,) are ob- 
tained. Theoretically, the two estimates obtained for A 
(Eqs. 1 and 2) should be consistent, but not identical. 

jf=(E-l)/(To-Ty), (2) 

Let us demonstrate this estimation technique. Let X 
denote the number of volcanic eruptions for a IO’-year 
period for the NTS region from this assumed Poisson 
process. Then X follows a Poisson distribution with av- 
erage recurrence ratep, with p -At- IO’A. If we wish to 
estimate /1 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 10’ years (16 x IOs= 1.6 x 1O6=Quatemary peri- 
od) must be estimated. The number of observed erup- 
tions per interval are denoted as x1,x2, ..., x16. Thus, 
these 16 values represent a sample of size 16 from a 
Poisson random variable with average recurrence rate 
p, Estimating the mean of the Poisson variable from 
these count data gives: 

fi=.f= x1/16, 

and 

L = f i / l O s =  z xJ(1.6 x IO6) 

This shows that the estimated annual recurrence rate, L, 
is the average number of eruptions during the observa- 
tion pegod (in years). Based on this estimation tech- 
nique, A can be defined as: 

where E = total number of eruption during the observa- 

and T= observation period. 
Note that for the estimation of 11 in this model, an indi- 
vidual observation xi is not required. However, the dis- 
tribution of xi’s can provide information for model se- 
lection, for model-adequacy checking, and for parame- 
ter estimation in general. 

16 

I -  I 

16 

i -  I 

~ = E / T ,  (1) 

tion period, 

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, TI, follows an exponential distribu- 
tion, TI - Exp(B) with 8- l/A. Furthermore, the waiting 
times between consecutive occurrences are independent 
exponential variables with the same mean time between 
occurrences, 1/11 (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 

’ 

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: 

where 
t= Y/T, the annual rate of magma production, 
and 
17= Y/€, 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 C. If E (or r) is underestimated, so is A. 
The most efficient way to calculate r is Y/T. Crowe and 
Perry (1989) present a refined method to calculate r. 

A= U T =  E V / T Y = ( V / T ) / ( V / E )  =r/c  (3) 
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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 fi, 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 I denote the number of volcanic centers under 
investigation, and let JI be the number of main cones in 
the ith volcanic center, where i- 1, ..., I.  The proposed 
estimate of E is: 

(4) 

where mil = number of multiple, time-separate erup- 
tions of thejth main cone in the ith volcanic center, 

and eij = number of vents that are separate in space and 
time (with distinguishable age measurements) from the 
j th main cone in the ith 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 E 
(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 ei;s for the Quaternary volcanic centers of the 
Yucca Mountain. 

Empirical results 

Specifying the observation period (T) 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 scoriqcones 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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Qlotemory BoroHic = volcomc csntr 

Csnozdc tuffs and Pakozoie 
srd~mrntarr racks 

Fig. 1. Generalized geologic map of Crater Flat volcanic field 
area and boundary of proposed radioactive waste repository; inser 
mup 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 (E), 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 a1 (1990b, table 4) are: 0.98f0.10 Ma for 
dike, 1.01 f0.06 Ma for amphibole-bearing unit, and 
0.95f0.08 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 (xi or ti)  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 mu and eij in Eq. 4. 

Consistent with the notations used in the previous 
sections, the Quaternary volcanism yields: 
T= 1.6 Ma, E -8, To= 1.2 Ma, and T,-O.Ol Ma. 
Therefore, based on Eq. 1, 

Based on Eq. 2, 
i ~ E / T = 8 / ( 1 . 6 ~  106)=5x 10-6/y~ 

i = ( E - l ) / ( T g - T y ) = ( 8 - 1 ) / ( 1 . 2 ~  106-0.01 x IO6) 
= 5.9 x I O-6/yr 

H S c W i o  -ucnu 

m B o t o l t  erupt& tram r n a i ~ m o  
Bourlt f h  erupted fmn scaia 
mounds SE of Rod b n e  
Basalt flms erupted from s m i o  m moundsSWof Red tono 

m 
fr\- Basalt dikes 

% Scotia mound (~ouibk vent) 
?; Flw foliation 
b Attitude of bhj j i i  

Fig. 2. Geologic map of Red Cone, Crater Flat, Nevada 

Of course, the estimated rate based on Eq. 3 is 
5 x  10-6/yr 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 A is to 
construct a curve of cumulative magma volume vepus 
time, which is also affected by the counts of vents (E) 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 f o r i  and thus fork 
2. All 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 shoit 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 ( G  $300-$6OO 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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