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INTRODUCTION

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

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

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

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

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

Activities
CVTS staff presented papers at several professional meetings including:

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

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

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

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

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

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

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



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

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

CVTS Staff

This year was a period of transition for CVTS staff. During the year four geologists served
as research associates. During the period October 1, 1991 to December 30, 1952, CVTS staff
included Eugene 1. Smith (PI), Terry Naumann (October 1, 1991 to December 1, 1991), Jim Mills
(February 1, 1992 to June 1, 1992), Mark Martin (February 1, 1992-October 1, 1992) and Tim
Bradshaw (October 1, 1992 to present) as research associates and Tracy T. Switzer (student
assistant). In addition, one graduate student (Shirley Morikawa) was partially funded to complete
a Master's Thesis in geology. Mark Reagan and Dan Feuerbach (University of Iowa) received
partial funding to do U-series dating of the Lathrop Wells cone. J.D. Walker (University of
Kansas) continued to do isotopic analyses in cooperation with CVTS staff .

Organization of the Annual Report
This report includes the following contributions:

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

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

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

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

These include:

)
(a) "New insights on structural controls and emplacement mechanisms of
Pliocene/Quaternary basaltic dikes, southern Nevada and northwestern Arizona.” by



Faulds, Feuerbach and Smith. Presented at the Geological Society of America National
Mecting in San Diego.

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

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

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

(¢) "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 risk assessment studies.
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ABSTRACT

One of the fundamental questions in areas of large-magnitude extension and
magmatism is the role of the mantle in the extension process. The Lake Mead area is
ideally suited for developing models that link crustal and mantle processes because it
contains both mantle and crustal boundaries and it was the site of large-magnitude crustal
extension and magmatism during Miocene time. In the Lake Mead area, the boundary
between the amagmatic zone and the northern Colorado River extensional corridor
(NCREC) parallels the Lake Méad 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 corrpsponds to a contact between two mantle domains. There is
circumstantial evidence for a spatial and temporal correlation between upper crustal
extension and the thinning of the litho#phcric 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 (€ Nd = -3 10 -9; 87Sr/865r = 0.706-0.707). To the south of the boundary in
the NCREC, lavas have an OIB-mantle signature and appear to have only a minor LM
component in their source (€ Nd = 0 to +4; 8751/865r = 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
thcmcltingofasourceeomposedofamixmreofAM.M-likcmantleandLM. 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 € Nd and high 87S1/86Sr 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 € Nd and 0.002 in 8751/86Sr and does not mgsk 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 & restricted geographic area for nearly S 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 witedforﬁﬁspmposebecausciteomamsboﬂlmmﬂeandcmstﬂboundariu
and it was the site of large-magnitude crustal Mm and magmatism during Miocene
time. : |

The Lake Mead area contains the boundary between the Western Great Basin and
Basin-Range mantle provinces (Figure 1) (Menzies et al., 1983; Fitton et al., 1991) and
the contact between asthenospheric (OIB) and lithospheric (BMi) mantle domains
(Menzies, 1989). Mafic volcanic rocks in the Basin-Range mantle province have € Nd
between +5 and +8 and initial 87Sr/865r =0.703 (Perry et al., 1987; Menzies et al., 1983;
Farmer et al., 1989). In contrast, the Western Great Basin province is distinguished by
8751/865r >0.706'and € Nd between 0 and -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 Western Great Basin province. Basalts with high 875r/865r and low € Nd described
by Farmer et al.(1989) in southern Nevada lie within the Western Great Basin province.

Several ifnpomm 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 lefi-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 &n area to the
south nearly devoid of these sections (Longwell et al., 1965; Anderson, 1971). Segments
of the LMFS define the boundary between the amagmatic zone and the Northern
Colorado River extensional corridor (NCREC) (Faulds et al., 1990) (Figure 2a). The
LMFS also separates two regions that have undergone different amounts of extension. To
the south of the LMFS, in the NCREC, crust was extended by a factor of 3 to 4. To the
north, in the amagmatic zone, crust was extended by a factor of 2 (Wemicke et al., 1988).
The amagmatic zone is a region between 36° and 379 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 mﬁmd southerly topographic slope and a
gravity gradient with an amplitude of about 100 mgals (Eaton, 1982; Eaton et al., 1978).
The zone also represents a boundary between contrasting migration directions of
magmatism and extension (Taylor and Bartley, 1988; Glazner and Supplee, 1982;
Reynolds et al., 1986). In ac[dition to these structures, & major iithospheric 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 grea, Proterozoic rocks are characterized by model ages of 2.0-2.3 Ga. To the
cast of the boundary older basement rocks are 1.8 to 2.0 Ga.

The relation between the LMFS and the LVVSZ is hotly debated (e.g.,




Ducebendorfer and Wallin, 1991). The LVVSZ crosses the arnagmaﬁc zone and does not
serve as a boundary between the NCREC and the amagmatic zone. Recently
Duebendorfer and Wallin (1991) suggested that the LVVSZ projects eastward to the
north of Lake Mead and serves as the northern boundary of the Saddle Island dctabhmem
terrane. It is possible that the proposed eastward projection of the LVVSZ 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 Callvjllc Mesa (Feuerbach et al., 1991) (Figure 2b). In the eastern
part of the Lake Mead area at Gold Butte, and in the Grand Wash trough are numerous
late-Cenozoic alkali basalt centers (Cole, 1989) (Figure 2a). Adjacent to and within the
LMFS is the middle- to late-Miocene ﬁamblin-Clcopatra volcano (Thompson, 1985;
Barker and Thompson, 1989), the Boulder Wash volcéni-c section (Naumann, 1987), and
flows of late-Miocene basalt interbedded ﬁth Tertiary sediments near Government Wash
north of Lake Mead (anure 2b). The area south of the LMFS contains numerous Miocene
and Pliocene volcanic centers (Figure 2b); The most notable of the Miocene centers are in
the River Mountains (Smith, 1982), McCullough Range (Smith et al., 1988), Eldorado
Mountains (Anderson, 1971), Black Mountains (Faulds et aL., 1990, Hoover Dam (Mills,
1985); at Malpais Flattop (Faulds et al., 1991), and in the White Hills (Cascadden, 1991)
(Figure 2a). Pliocene centers comprise the Fortification Hill volcanic field that extends
discontinuously from near Willow Beach, Arizona to Lake Mead (Figure 2b). In the Lake
Mead area, for the most part, volcanism preceeded block tilting related to regional
extension (9 to 12 Ma; Duebendorfer and Wallin, 1991). Calc-alkaline intermediate lavas
were erupted between 18.5 and about 11 Ma. Low-volume basaltic andesite (10.3 to 8.5
Ma), tholeiitic basalt (9.7 to 10.6 Ma), and alkalic basalt (4.3 to 6 Ma) mainly postdate
extension (Smith et al., 1990).

This paper focuses on Miocene and Pliocene mafic volcanoes (Si09<55%)



between 16.4 and 4.7 Ma in the amagmatic zone and the NCREC. First, we present new
geochemical data and infer the source of the mafic magmas. Next we show that crustal
interaction (contamination and commingling) with mafic magmas occurred, but that the
isotopic values of the lavas are not shifted enough to mask the character of their mantle
source. Lastly, we use the mafic volcanic rocks that span the boundary between the
amagmatic zone and the NCREC as "a probe” into the mantle to determine (1) isotopic
differences across the boundary, (2) the age of the boundary, and (3) any link between

crustal and mantle processes.

INSTRUMENTAL TECHNIQUES

Whole rock major element concentrations were determined by Inductively Coupled
Plasma techniques (ICP) at Chemex Labs, Inc. (Sparks, NV). Rare-carth clements 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-clement standards
G-2, GSP-1, BHVO-1, and RGM-1 were used as internal standards. Ba, Rb, Ni and Sr
were determined by atomic absorption and Nb and Sr were analyzed by X-ray
Fluorescence (XRF) at Chemex Labs, Inc. Rb qnd Sr were determined by isotope dilution
for samples which were analyzed for Nd, Sr and Pb isotope concentrations. Ni, Nb, Rb,
Sr, Zr, Y, Ba for Fortification Hill basalt were analyzed by XRF at the U.S. Geological
Survey's analytical laboratory in Menlo Park, California. This study includes 27 new
isotopic analyses from 11 volcanic sections which represent all major volcanic centers and
a fairly complete sample of mafic volcanic rocks in the Lake Mead area.

Samples for isotopic analysis were dissolved at about 180°C in a sealed bomb
using a HF/HNO3 mixture. Samples were total-spiked for Rb, Sr, Nd and Sm. Separation
of Rb, Sr, and REE group elements was done using standard cation exchange techniques.
The HDEHP-on-Teflon method of White and Patchet (1984) was used for separation of
Sm and Nd. The HBr and HNO3 methods were used for scparation of Pb and U,



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 Srand Nd
were done in dynamic multicollector mode with 88Sr=4V and 144Nd=1V; Rb and Sm
were analyzed in static multicollector mode with 87Rb=200mV and 147Sm=500mV.
Analyses for Sr and Sm were done on single Ta filaments; Rb wﬁs nun on single Re
filaments. Nd was run both as NdOt and Nd+. Analytical blanks were less than 100pg for
all elements. Strontium isotopic compositions are normatized for 865r/885r=0.1194 and
referenced to NBS-987 875¢/865r=0.710250. Reproducibility of Sr values during these
runs was better than +0.000020 based on replicate runs of NBS 987. Neodymium isotopic
compositions are normalized to 146Nd/144Nd=0.7219 and referenced to LaJolla
143Nd/144Nd=0.511850. Epsilon values for Nd at crystallization are calculated using
(143Ne/144Nd) CHUR 0Ma)=0-512638. and 147Smy144Nd CHUR 0Ma)=0.1967.
Reproducibility of Nd values are about 0.25 epsilon values based on replicate analyses of
LaJolla and in-house standards. Lead isotopic analyses are referenced to NBS 981
(common Pb) 207Pb/206Pb=0.91464 and are corrected for 0.10%/amu fractionation.
Fractionation uncertainty is +0.05%/amu (e.g., ¢ 0.08 for 208Pt/204pb, £0.04 for
207pp/204pb and + 0.04 for 206Pb/204Pb. Isotope dilution data for S, Rb, and Nd are
reported in Table 1. ;

VOLCANOLOGY

Eortification Hill Field Fortfication Hill basalt (FH) crops out in a 50 km long by 30 km
wide north-northeast elongate area that extends from Lava Cascade, Arizona to Lake
Mead (Figure 2). Volcanic centers occur near north-northwest trending high-angle normal
faults. We divide the Fortification Hill basalts into older and younger alkalic basalts (OAB
and YAB respectively) based on NayO+K50 (Figure 3a), light rare-earth element (REE)
enrichment (Figure 3b) and modal mineralogy. OAB are mildly alkalic hypersthene (OAB-



hy) or nepheline-normative (OAB-ne) olivine-basalts with Ce/Yb mainly between18-46
(Figure 3b). These rocks are dated between 5.88 to 4.73 Ma (Feuerbach et al., 1991).
Several OAB have higher Ce/YD and fall outside the limits of the OAB field depicted in
Figure 3. Also, nepheline normative alkali basalts from Black Point have Ce/Yb between 7
and about 17 and are surrounded by a dotted line on Figure 3b. OAB lavas erupted from
north-northwest aligned cinder cones on Fortification Hill and from cinder cones at Lava
Cascade and in Petroglyph Wesh (Figure 2). OAB lavas contain porphyritic iddingsitized
olivine phenocrysts ina 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 8 coarse-grained interstitial groundmass of
andesine, labradorite, diopsidic-augite and olivine.

YAB are xenolith-bearing nepheline-normative alkali-olivine basalts with elevated
Ce/Yb (37-68) (Figure 3b). These rocks range in age from 4.64 to 4.3 Ma (Feuerbach et
al., 1991; Anderson et al., 1972) YAB occurs in three locations: a diatreme at Petroglyph
Wash, en-echelon dikes and a vent along U.S. highway 93, about 10 km south of Hoover
Dam, and south of Saddie Istand 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-homblende diorite also occur in YAB.
Except for the presence of diorite inclusions in YAB, there is no petrographic evidence of
crustal contamination in Fortification Hill lavas.
River Mountains In the River Mountains (Figure 2) an andesite-dacite stratovolcano is
surrounded by a field of dacite domes (Smith, 1982; Smith et al.,1990). Volcanism
occurred in four pulses. The first three are characterized by the eruption of calc-alkaline
andesite and dacite flows and the last by shyolite and alkali basalt. The first episode is
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associated with the emplacement of & quartz monzonite stock (The River Mountain stock)
dated at 13.440.5 to 12.840.5 Ma (K-Ar biotite dates; Armstrong, 1966,1970). Anderson
et al. (1972) reported a K-Ar whole rock date of 12.140.5 Ma for a basaltic-andesite of
the third pulse. In addition, Koski et al. (1991) dated pyroclastic deposits at the Three
Kids Mine in the northern River Mountains between 14.040.3 and 12.410.5 Mz by the
fission track technique (sphene) and concluded that tuff deposition was contemporaneous
with volcanism in the River Mountains.

Boulder Wash Bouldér Wash m 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 contammg 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 ficld was dated at 14.2
Ma (K-Ar whole rock date; Thompson, 1985).

Malpais Flattop Malpais Flattop near Willow Beach, Arizona (Figure 2) contains a 100
m thick stack of hypersthene normative tholeiiic basalt flows (TH) that erupted from at
least two centers now cxpressed as wide (40 m) dikes and plugs on the west side of the
Malpais Flatiop mesa (Faulds et al., 1991). Tholeiitic lavas have lower NayO+K20 than
alkali basalts with comparable SiO9 content (Figure 3a), lower Ce/Yb than most OAB
(Figure 3b) and are hypersthene normative (Table 1). TH contain olivine and
clinopyroxene phenocrysts; orthopyroxene is 8 common groundmass constituent.
40Ar/39Ar whole rock dates of 9.7+ 0.5 and 10.6 £ 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 occurred 4 m.y. earlier than the production of Fortification Hill



basalts.
Eldorado Mountains A sequence of mafic to felsic volcanic rocks erupted between 18.5

and about 12 Ma in the Eldorado Mountains (Anderson, 1971; Darvall et al., 1991)
(Figure 2). The sequence is divided into a lower section of basaltic-andesite (predominant)
and rhyolite lavas (Patsy Mine volcanics; Anderson, 1971); and an upper section of
basaltic andesite, dacite and rhyolite (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 arc tilted nearly 90 degrees. Younger units are
rotated less in the same structural blocks (Anderson, 1971).

Hamblin-Cleopatrg Volcgno The Hamblin-Cleopatra volcano (14.2-11.5 Ma) (Anderson, .
1973; Thompson, 1985) which lies along the north shore of Lake Mead (Figure 2),is 2 60
km3 stratovolcano comprised of shoshonite, latite, trachydacite and trachyte lava (Barker
and Thompson, 1989). In addition, tephra, cpicla_stic sediments, intrusions and a well
developed radial dike system form the volcano. Tbe volcano was dissected into three
segments by lefi-lateral strike-slip faulting associated with the LMFS (Anderson, 1973;
Thompson, 1985; Barker and Thompson, 1989).

Voleanic Rocks in the A icZ

Callville Mesg, Olivine-clinopyroxene bearing basaltic-andesite erupted from compound
cinder cones on Callville Mesa and in West End Wash between 10.46 and 8.49 Ma
(Feuerbach et al., 1991) (Figure 2). The vent on Callville Mesa sits on the footwall of an
cast-west striking, down-to-the-south normal fault (Figure 2). Flows on Callville Mesa are
offset from 5 to 20 in by south-dipping west-southwest striking high-angle normal faults.
Basaltic andesite contains abundant quartz and alkali-feldspar xenocrysts that are rimmed



by glass and acicular clinopyroxene (diopsidic-augite).

Because, the presence of a Paleozoic and/or Mesozoic sedimentary section is in
general characteristic of the amagmatic zone but not of the NCREC, the presence or
absence of these rocks is our main field criterion for assigning a volcano to a specific
province. The volcanic center at Callville Mesa sits on the boundary between the two
provinces within the LMFS and just to the south of the proposed eastward projection of
the LVVSZ. The Bitter Spring Valley fault passes just to the north and the Hamblin Bay
fault projects just to the south. It is unclear whether Mesozoic and Paleozoic sedimentary
rocks lie beneath the volcanic centers on Callville Mesa since volcanoes sit on a thick
section of Tertiary sediments. However just to the northeast of Callville Mesa, flows of
basaltic andesite rest on Tertiary sediments which in turn sit unconformably on steeply
tilted Triassic and Jurassic sedunemm'y section. This relationship is the basis for the
assignment of the Callville Mesa volcano to the amagmatic zone.

Black Point At Black Point on the west éhore of the Overton Arm of Lake Mead (Figure
2), thin flows of alkali basalt (6.02 Ma; Feuerbach et al., 1991) associated with north-
striking en-echelon dikes overlie gypsiferous sediments of the Tertiary Horse Spring
Formation. Total outcrop area is about 12 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.

Las Vegas Range The Las Vegas Range locality is composed of thin flows of alkali basalt
in a fault bounded basin just to the west of U.S. highway 93 (Figure 2). Flows 2 km?) are
mostly covered by Quatemnary fanglomerate and alluvium andaSatesultnosoumc area
was discovered. Basalt in the Las Vegas Range is dated at 16.410.6 Ma (K-Ar whole
rock date; Smith, unpublished data).

Basalt of Government Wash Olivine-phyric basalt crops out near Government Wash just
north of Lake Mead. An 60-80-m-thick section of flows and agglomerates are interbedded
with the Lovell Wash member of the Tertiary Horse Spring Formation (Duebendorfer,
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personal communication, 1991). Basalt of Government Wash is dated at 12.0 Ma (K-Ar
plagioclase date) (Duebendorfer et al., 1991a).

Volcanic Rocks at Gold Butte and in the Grand Wash Trough

The Grand Wash trough and the Gold Butte arca (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 10 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 t0 9.46 Ma ; Cole, 1989) (Figure 2). Cole (1989) suggested that the alkali basalt
formed by partial melting of épincl peridotite. Low € Nd values (0 to +3.5) suggest that
lavas may have been contaminated by mafic crust or LM.

SOURCE OF MAFIC LAVAS
troductj

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 factorfora]kalicthantl;olciiﬁcrocks since they arc lowerin
volume and less likely to reside in upper crustal chambers where open system processes
occur. Also, high St and light rare-earth element concentrations of alkalic magmas tend to
overwhelm any affects of crustal contamination. Futhermore, alkalic magmas commonly
contain mantle xenoliths and apparently rose quickly through the crust with little or no
contamination (e.g., Glazner and Farmer, 1992). Crustal contamihaﬁon 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 Flattap. 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.

5 | Crustal C I
. OAB, YAB and Grand Wash Trough

YAB and OAB of the Fortification Hill field and alkali basalts of Grand Wash
trough have 87S1/865r = 0.703-0.706, € Nd= -1 to +6.7, 206Pu204pb =17.8-18.7 and
208pp/204pt = 38-38.5 (Table 1). These alkali-basalts bave Nd and Sr isotopic
compositions and trace-element distributions that are similar to those of modem-day
asthenosphere-derived ocean island basalts (OIB) (Zindler and Hart, 1986; Fitton et al.,
1991) (Figures 4). We suggest that YAB originated from a source dominated by
asthenopheric mantle (AM), and as discussed below OAB melted a mixed AM-LM source
dominated by AM (Table 2).

When compared to typical OIB and the alkali-basalts of the Grand Wash trough,
OAB and YAB appear to contain an additional component. YAB and OAB plot between
LM and higher values of € Nd and 206Pb/204Pb (Figures 5) rather than lower Pb and
higher € Nd as do Grand Wash trough basalts. We suggest that the trend toward higher
rather than lower Pb is due to the presence of H’iMU-like mantle (e Nd =35,
206pp/204pp > 20) in the source of OAB and YAB. HIMU-like mantle may reside in
cither the LM or upper asthenosphere (Zindler and Hart, 1986; Hart, 1988; Hart et al.,
1992) or as detached oceanic slabs deep within the mantle (Weaver, 1991b). Weaver
(1991b) and Hart et al. (1992) suggest that the source of HIMU-mantle s 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 87Sr/86Sr (0.7055-0.7057) and lower € 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 € Nd and higher 873r/86Sr of the OAB-hy lavas. Glazner and
Farmer (1992) demonstrated that xenolith bearing alkali basalts from the Mojave Desent,
California have Sr and Nd isotopic compositions similar to typical OIB, and xenolith-free
basalts have a range of compositions that trend from OIB toward values more typical of
continental Iithosphcfe. 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 Desent
display a trend toward higher 87518651 and lower & Nd with time (Glazner and Farmer,
1992). They attributed this trend to the hybridization of asthenospherically derived partial
melts by commingling with partial melts of Late Jurassic gabbro and Proterozoic diabase.
By this mechanism, € 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) mode! 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., 1950).
Isotopically, the amphibolite has low 87S1/8651;.¢ ,,, (0.7029) and high & Ndyeg uy, (3.18).
Therefore, contamination of asthenospherically derived magmas by this type of crust will |
probably not produce OAB-hy or other xenolith-free mafic lavas. Second, OAB-hy are
temporally separated from other magma types in the NCREC. This temporal distribution is
circumstantial evidence that OAB-hy magmas may sample a different mixture of mantle
than OAB-ne or YAB. Therefore, we suggest that OAB-hy and some OAB-ne represent &
mixture of AM and LM (Figure 5), not cryptic contamination of mafic magmas by crust.
The trend toward higher € Nd, lower 87S1/86Sr and higher 206Pb/204pb 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 Me. 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 é depth of about 45 to 60 km (Takahashi and Kushiro, 1983). The
boundary between LM and AM beneath the NCREC was probably in this depth range
during the Pliocene. Our depth estimate is consistent with the depth of the LM-depleted
mantle (asthenosphere) boundary estimated by Daley and DePaolo (1992; Figure 1) for
the same time interval and geograpiuc area.

Low€ NdBasalts

Low € Nd alkali basalts occur as pre-11 Ma lavas in the River Mountains,
Eldorado Range, Boulder Wash area, Hamblin-Cleopatra volcano, and in the Las Vegas
Range, and as post-11 Ma lavas at Callville Mesa and Black Point (87S1/865r = 0.705-
0.710 and € Nd= -4 to -12) (Figures 4). _

Andesite and dacite in the River Mountains show abundant field and petrographic
evidence of assimilation and magma commmglmg (Smith et al., 1990). Alkali basalt lacks
evidence of contamination and was considered by Smith et al. (1990) to have been
generated by partial melting of mantle peridotite. Intermediate lavas in the River
Mountains may represent hybrid compositions formed by the commingling of mafic and
felsic end-members. This interpretation is supported by a positive correlation between
8751/865r and $i0, and a negative correlation between € Nd and SiO; (Figure 6). The
isotopic compositions of basalt and thyolite 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 € Nd and 0.002 in 875¢/86s,
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Callvilie Mesa lavas have 875r/86Sr = 0.708-0.709 and € Nd = -8 to -10 and are
similar in isotopic composition and trace-element chemistry (high Ba, K, and Sr and low
Nb and Ti) to mafic lavas derived from LM in the western United States (Fitton et al.,
1991; Farmer et al., 1989). However, Callville Mesa lavas differ by having lower Pb ratios
(207pp/204pb= 15.45-15.5; 208pb/204pp= 37.7-38; 206pp/204pb= 17.2-17.4) than
typical lithospheric-mantle derived basalts (207Pb/204Pb = 15.6; 208pb/204pp = 38.7;
206pp/204pp = 18.3) (Figure 5), having trends on Rb/Sr, Th/ND and La/Nb vs. Si0;
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 8751/865r>0.710, low Pb isotope ratios, and € Nd < -10 (Figure 5). We
suggest that the crustal contaminant is similar in chemistry to Proterozoic rocks of the
Mojave crustal province which extends into the Lake Mead area (Wooden and Miller,
1990). Although, rocks of the Mojave province display a wide range of Pb isotope values,
low ratios (207Pb/204pb < 15.5; 208pp/204pp < 38; 206py/204pp < 17.4) are common.
Because of the common occurrence of quartz and alkali feldspar xenocrysts in Callville
Mesa lavas, thecomaminantisassmnedtobeaf_elsic rock. Uncontaminated magma at
Callville Mesa is similar in major and trace element composition to OAB. A normative
nepheline bearing alkali basalt (sample 24-100; Table 1), the oldest flow recognized from
the Callville Mesa center, plots in the ficld of OAB in terms of NayO+K290O (Figure 3a),
Ce/YD (Figure 3b) and trace element ratios (Figure 7).

~ Tholeiitic Basalt

Tholeiitic basalts at Malpais Flattop have high Sr (87Sr/86Sr= 0.7075), low € Nd
(-8.33)and increasing Rb/Nb, Th/Nb and La/Nb (Figure 8a,b and c). These lavas may have
been contaminated as they passed through the crust. It is generally accepted that tholeiitic
basalts equilibrate at shallower depths in the mantle than alkali basalts (24 to 45 km:;
Takahashi and Kushiro, 1983). If OAB were generated near the LM-AM boundary as
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suggested above, it is reasonable to assume that the tholeiitic basalts were produced by
melting of LM. Tholeiitic basalts in the western United States are generally assumed to
have been affected by small amounts of crustal contamination as well as fractional
crystallization (Dungan, 1992). The close spatial and temporal association of alkali and
tholeiitic basalts, lack of mantle xenoliths together with isotopic and chemical signatures
support the contamination hypothesis (for example: Perry et al., 1987; Glazner and
Farmer, 1992). To estimate the changes in isotopic composition of lithospherically
derived magmas due to contarination, we compared tholeiitic basalts to alkali basalt
derived in the LM (e.g., Las Vegas Range alkali basalt to Malpais Flattop tholeiite).
Tholeiitic basals have higher 87St/86Sr and lower € Nd than alksli basalts
(875r/865r=0.0007 higher, € Nd= 1.13 lower). Other investigators noted similar isotopic
changes due to crustal contamination. For example, Glazner and Farmer (1992) noted 2
shift in € Nd by as much as 3 units as the result of contamination of mafic magmas by
mafic crust. Daley and DePaolo (1992) estimated that € Nd may be lowered by 2 to 3
units by crustal contamination. Crowley (1984) demonstrated a shift in 875r/86s¢ by up
0 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 changesine Nd (1 to 3
units) and 87Sr/86Sr (0.001) due to crustal contamination are small when compared to
overall variations of € Nd and 87sr/86s.
Summary

Mafic lavas of the NCREC represent the melting of a complex and variable
mixture of AM, LM and crust (Table 2). YAB represent the xﬁclting of a source composed
mainly of a mixture of AM and HIMU-like mantle. The source of OAB-hy and OAB-ne is
& mixture of AM and LM dominated by AM. Low € Nd and high 87Sr/865¢ magmas and
tholeiites were derived from a LM source and were contaminated as they passed through
the crust. This shift in isotopic values due to crustal interaction (commingling and
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contamination) is no more than 4 units in € Nd and 0.002 in 8751/85Sr and does not mask

the character of the mantle source.

MANTLE AND CRUSTAL BOUNDARIES

In this section, we argue that (1) the boundary between two crustal provinces, the
NCREC and the amagmatic zone, corresponds in general to a mantle boundary between
AM beneath the NCREC and LM beneath the amagmatic zone, (2) the mantle boundary
formed between abdut 11 and 6 Ma during and just after the main phase of Tertiary
extension in the western Lake Mead area (9 to 12 Ma), (3) the LMFS may be the upper
crustal expression of the mantle boundary, and (4) during the peak of extension passive
rifting resulted in upwelling AM beneath the NCREC. .

Our arguments below are based on the premise that depth of generation of alkali
basalt magma in the study area remains relatively constant with time from 16 to 9 Ma (the
period of peak extension regionally; see below). This assumption is based on the work of
Takahashi and Kushiro (1983). Tholeiitic basalts are generated by partial melting of
mantle peridotite with the mineral assemblage clinopyroxene, olivine, orthopyroxene at
pressures of 8 to 15 Kb corresponding to depths of 24 to 45 km. Alkali basalts are
produccdfromasimilarsoumatpmssuresb&ween 15 and 20 Kb corresponding to a
depth of about 45 to 60 km. Crustal extension is sccompanied 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 ares, 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 melting.
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In our discussion below, we divide the mafic volcanic rocks into those that erupted
during and prior to the major phase of upper crust extension and those that erupted duﬁng
a period of reduced upper crust extension. The time of peak upper crustal extension varics
across the region (Wernicke et al., 1988; Fitzgerald et al., 1992), however in the Las
Vegas area it occurred between 12 and 9 Ma (Duebendorfer and Wallin, 1991). To the
south in the Eldorado and Black Mountains and to the east in the Gold Butte and Virgin
Mountains, extension began at about 16 Ma (Anderson, 1971; Wernicke et al., 1988;
Faulds et al., 1990). Wernicke estimated that in the Las Vegas region 75% of extension
occurred between 16 and 10 Ma and 25% between 10 and § 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 € Nd = -1) separating lavas with a dominant LM component (875r/865r>0.706, € Nd<
-1) from those with an AM (751/8651<0.706, € Nd> -1) component define a boundary
that extends from just north of the River Mountains into the Grand Wash trough (Figure
8). The boundary parallels the LMFS along most of its length and is also roughly
coincident with the boundary between the NCRBC and the amagmatic zone. Post-9 Ma
magmas tap mantle dominated by AM to the south of the boundary and LM to the north.
Because sample locations in some areas are separated by considerable distance, placement
of these contours is somewhat arbitrary, however they do define the general area of
isotopic change. We suggest that this boundary formed during and just after the period of
peak extension. Pre-9 Ma basalts throughout the region have uniform € Nd and 8757/86s¢
and were derived by melting of LM (Figure 9). Also, trace element compositions of pre-9
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Ma mafic lavas are similiar to those basalts of the Western Great Basin province derived
from LM (Fitton et al., 1991) (Figure 10a). Therefore, prior to about 9 Ma, LM extended
beneath the entire Lake Mead area. Post 9-Ma basalts in the NCREC to the south of the
boundary display a dramatic shift in 8751/86Sr and € Nd. 87sr/86sr changes from about
0.707 to 0.703-0.705 and € Nd from about -9 to higher values (-1 to +6.7) (Figure 8).
Chemically, mafic volcanic rocks acquire the signature of OIB lavas of the Transition
Zone (Figure 10b). In the amagmatic zone to the north of the boundary, post-9 Ma mafic
lavas at Black Point and at Callville Mesa retain the isotopic signature of pre-9 Ma lavas
(Figuré 8) and may represent the easternmost limit of the southern Nevada basalt field of
Farmer et al. (1989). Our interpretation of this data is that between 11 and about 6 Ma,
the source of mafic lavas in the NCREC changed from LM to AM. The source of lavas in
the amagmatic zone remained in the LM. Apparently, the LM was thinned or removed
from beneath the NCREC but remained intact beneath the amagmatic zone. Therefore,
we infer that the mantle boundary between LM (north) and AM (south) formed between
about 11 and 6 Ma.

Daley and DePaolo (1992) concluded on the basis of an isotopic study that the
lithosphere in the Las Vegas area thinned by about 50% less than would be predicted by
the amount of upper crustal extension. This statemcm is partially based on isotopic values
for tholeiitic basalt at Malpais Flattop and a 5.8 Ma K-Ar age for these lavas reported by
Anderson et al. (1972). The isotopic data and geochronology suggest that near the end of
the major phase of upper crustal extension (10 to 6 Ma), the lithosphere had not thinned
enough to bring AM into the depth range of tholeiitic magmas. However, recent
40Ar/39Ar dating shows that Malpais Flattop is between 9.7 Ma and 10.6 m.y. old, not
5.8 Ma (Faulds and Gans, unpublished data). Although, the dmclusim of Daley and
DePaolo (1992) is permissible considering the new dates, their estimates of the magnitude
of lithospheric extension can no longer be &s tightly constrained.
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Mantle Plumes?

The change in source of basalts from LM to AM with time, the OIB character of
the mafic lavas and the presence of a HIMU-type mantle component are compatible with
the presence of a rising asthenospheric plume beneath the NCREC. Mechanisms to
account for lithospheric extension and OIB type volcanism commonly call for an upwelling
mantle plume (active rifting) (e.g., Eaton, 1982; Fitton et al., 1991). However, the
persistence of volcanism with OIB character for nearly 5 m.y. argues against such a
mechanism, because blumcs or convecting cells are not coupled to the lithosphere. The
lithosphere drifts over the heat source resulting in a volcanic chain. Mantle heat sources
(plumes) apparently drift, but not necessarily at the same rate or in the same direction as
the lithospheric plates.

Unusually hot asthenosphere 'may not be required to induce lithospheric extension
and volcanism (Buck, 1986; Perry et al., 1987; White, 1987; White et al., 1988). Mantle
upwelling may be passive and caused by stretching and thinning of the lithosphere. The
mantle rises to compensate for thinning crust. Melting results from the decompression of
asthenospheric mantle as it rises passively beneath the stretched and thinned lithosphere.
Small increases in temperature are sufficient to generate large volumes of melt during
decompression. An increase of 100° C doubles the amount of melt; 200° C can quadruple
melt volume (White and MMe, 1989). Melt produced by passive mantle upwelling are
thought to underplate the thinned lithosphere where they forms a gabbroic layer. Aftera
sufficient volume of magma is generated, small batches of mafic magma rise into the upper
crust. Only about 10% of the magma generated in the mantle eventually reaches the
surface (White and McKenzie, 1989). During passive mantle upwelling, isotopically
enriched lithosphere may be thermally but not chemically converted to asthenosphere and
may convectively mix with isotopically depleted asthenospheric mantle (Perry et al.,

1987). OIB basalts may result from the partial melting of this two component mantle.
Hence, & deep mantle source for OIB is not required.
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Passive rifting models infer that mantle convection is coupled to the lithosphere
and OIB type volcanism may occur for long periods of time in & restricted geographic
area. Perry et al. (1987, 1988) applied & 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 rifiing is probably more applicable to the NCREC than active rifting for
two reasons. First, OIB-type alkali basalt volcanism is concentrated in a restricted
geographic area for nearly § m.y. Volcanic chains with orientations explainable by
lithospheric plate motion are not present. Second, alkali basalt magmas in the NCREC
result from melting a three component source composed of LM, AM and HIMU-mantle.
LM was an important component in the source of older OAB-hy and low € Nd alkali
basalts but becomes less important with time. This geochemical pattern is compatible with
the model of passive rifting and lithospheric erosxon as described by Perry 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 8 kinematic model that infers that extension
(spreading) occurred about discrete axes and that highly extended areas lie directly above
areas of divergent flow in the asthenosphere. Alternatively, passive sifting between 11 and
6 Ma may a continuation of an earlier more intense passive rifting event selated to the
openning of a slab window left by the northward migration of the Faralion Plate
(Bradshaw, 1991).
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Does LM Thin Progressively to the West?

During the peak of extension, most mafic lavas in the NCREC were derived by
melting LM. An exception is 9.4 Ma basalt at Gold Butte that displays a different isotopic
signature (€ Nd = -0.9 and 87Sr/865r = 0.705). The higher € Nd and lower 8751/86Sr may
be explained by the presence of AM in the source. I 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 and11). We interpret this relationship as
circumstantial evidence for_ westward thinning of LM with time in the Lake Mead area. In
the NCREC (Wemicke 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 wesfward thinning of the mantle lithosphere may mirror
spatially and temporally (?) westward migrating upper crustal extension. Directional
ﬁﬁmmgofﬂwLMwmbedifﬁmnmwdﬁuﬂwrbecmseofalmkofalkalibasa]tlavasof
a suitable age along.an east-west transect across the NCREC,
Links Between Mantle and Crust

8751/865r = 0.706 and € Nd = -1 contours trend east-northeast and are colinear
with the LMFS (Figure 8). The LMFS is & set of northeast striking lefi-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 Saddie
Island detachment (Smith, 1982; Ducbendorfer et al., 19912) to be a kinematically
coordinated system of faults. If the Weber and Smith (1987) model is correct, then the
LMFS is a shallow crustal structure. Recently, Smith et al. (1991) suggested that the
Saddle Island fault originated as a steeply dipping normal fault and that the LMFS
represents the northern boundary of the Saddle Island allochthon. In this case, the LMFS
may extend into the middle to lower crust. Faulds et al. (1990) considered both the LMFS
and the LVVSZ as the northern boundary of the NCREC and to correspond to
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intracontinental transform faults separating en echelon axes of extension. We suggest that
the similar trend and geographic location of the isotopic boundaries and the LMFS argues
for a genetic relationship between the two features. The LMFS may represent the crustal
manifestation of differential thinning of the LM or the rejuvenation of an older lithospheric
structure. Whatever the connection, it appears that the LMFS reflects mantle processes

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

SUMMARY

The formation of & mantle domain boundary is depicted on four diagrammatic
north-south sections across the Lake Mead area (Figure 11). The sections display the
interaction of mantle and crust during the early stage of extension in the Lake Mead area
(16-12 Ma), the peak of extension (12-9 Ma), afier the peak of extension during the
eruption of Fortification Hill basalts (6 Ma) and afier extension during the eruption of
xenolith bearing alkali basalts (4.3 Ma).
Early Stage of Extension (Figure 11a). Crustal extension was initiated about 16 Ma in the
Lake Mead-Gold Butte area by either active mantle convection (Fitton et al., 1991) or the
opening of a slab window (Bradshaw, 1991). Mafic magmas were generated in LM and
locally rose to the surface without being ﬁﬁﬁ@ﬂy contaminated (e.g., Las Vegas
Range, alkali basalt in River Mountains). Mafic magma stalled in the crust at "ductile
barriers" and commingled with crustal magma to form calc-intermediate volcanoes and
plutons (Smith et al., 1990; Bradshaw, 1991).
Peak of Extension (Figure 11b). Upper crustal extension oocurmd in the NCREC between
12 and 9 Ma but was not accompanied by significant magmatism. During extension in the
NCREC, LM may have been thinned and replaced by asthenosphere progressively to the
west. During thinning and’nplaoementofmeLMhﬂaeNCREC. the LM in the
amagmatic zone femained intact. Contrasting behavior to the north and south of this
boundary produced the mantle domain boundary. The LMFS is spatially and temporally
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related to the mantle boundary. The LMFS may be the crustal manifestation of differential
thinning of the LM. Mantle convection between 12 and 9 Ma is probably passive and is
driven by crustal thinning.

Afier the Peak of Extension (Figure 11c). Afier 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 (€ Nd = -3 t0 -9; 875r/86r = 0.706-0.707). To the south
mafic lavas have an OIB-mantle signature and appear to have only a minor LM
component in their source (€ Nd = 0 to +4; 875r/865r = 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 spplicable to the NCREC than
active rifting because OIB-type alkali basalt volcanism is focused in a small geographic
area for at Jeast § Ma.

After Extension (Figure 11d). Low volume xenolith bearing alkali basalts formed in the
NCREC by melting asthenosphere mixed with a HIMU-like companent. Since,
lithospheric thinning is unlikely at 4.3 Ma, the lower proportion of LM in the source of
alkali basalts and the higher proportion of HIMU-like mantle suggests that the depth of
melting increased between 6 and 4.3 Ma. Passive rifting may have continued as late as 4.3
Ma as evidenced by the presence of the HIMU-like mantle component in mafic lavas of
this age.
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FIGURES:

1. Major mantle and crustal provinces in the southern Basin and Range. The boundaries of
the Western Great Basin province are from Fitton et al. (1991). Mafic lavas in the Sierran
province (Menzies et al., 1983) are identical in isotopic signature to those in the Westem
Great Basin province. Boundary between EM2 and OIB-mantle is from Menzies (1989)
and the extent of the amagmatic zone from Eaton (1982) and Eaton et al. (1978). Other
geologic boundaries are from Fitton et al. (1991). The NCREC was originally defined by
Faulds et al. (1990). Rectangle indicates area represented in Figure 2a.

2a. Index map of southern Nevada showing geologic features and sample stations.
Rectangle indicates the area of Figure 2b. Patterned area is Lake Mead. LVVFZ-Las
Vegas Valley fault zone, LMFS-Lake Mead fault system, LVR-Las Vegas Range. BP-
Black Point, RM-River Mountains, McR-McCullough Range, BM-Black Mountains, WH-
White Hills, GB-Gold Butte, GWT-Grand Wash trough, EM-Eldorado Mountains,
NCREC-Northern Colorado River extensional corridor.

2b. Detailed index map of Lake Mead area and. Northem Colorado River extensional
corridor showing geologic features mentioned in the text and the location of sample
stations (numbers in boxes correspond to first two digits of sample numbers on Table 1).
CM-Callville Mesa, BW-Boulder Wash, HC-Hamblin Cleopatra volcano, PW-Petroglyph
Wash, FH-Fortification Hill, SI-Saddle Island, LC-Lava Cascade, HD-Hoover Dam. WB-
Willow Beach, MFT-Malpais Flattop, Gov W-Government Wash, US-93-exposures of
alkali basalt along US route 93.

3a. Plot of total alkalis (Nay0+K20) vs. §iO; for volcanic rocks of the Fortification Hill
volcanic field, Callville Mesa, Black Point and Malpais Flattop. Open circles-Young alkali



basalts (YAB) of the Fortification Hill field, Filled circles-Older alkali basalts (OAB) of
the Fortification Hill field, Open triangles-Hypersthene normative alkali basalts (OAB-hy)
of the Fortification Hill field, Filled triangles-Tholeiitic basalts (TH) from Malpais Flattop,
Open boxes-mafic lavas of Callville Mesa (CM).

3b. Plot of Ce/YD vs. SiO 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 surrouinded by dotted line are mafic lavas at Black Point.

4. Post 9-Ma alkali basalts in the northern Colorado River extensional corridor are similar
to ocean island basalts (OIB) in terms of € Nd and 8751/865r. Pre 9-Ma mafic lavas
regionwidcandpost9-Mabasa!tsiﬁﬂxcamagmaﬁczoneoriginatedintthM.LMinme
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 € Nd of about 4 units and 87Sr/86Sr of about 0.002 (indicated by
brackets). DM-depleted mantle (MORB), HIMU-8 mantle componeat with high jt
(238y/204pp). OIB-ocean island basalt.

5. Mafic lavas of the Fortification Hill field appear to contain a HIMU-like component in
their source. Fortification Hill basalts define a trend that extends from lithospheric mantle
toward HIMU-like mantle. Mafic lavas of the Grand Wash trough lack this component
and trend toward typical asthenospheric mantle. Callville Mesa lavas are low in Pb and
show the affect of contamination by Mojave-type crust (lower to middle crust). Mafic
volcanic rocks in the River Mountains commingled with felsic upper crust and trend
toward higher 206pb/204pb, Symbols defined on Figure 4.



6. Three-dimensional plot of € Nd vs. 87S1/86Sr vs. SiO, for volcanic rocks of the River
Mountains. The positive correlation between SiO5 and 87Sr/86Sr and the negative
correlation between SiO- and € 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-clément ratio vs. SiO; plots for volcanic rocks of the Fortification Hill volcanic
ficld, Callville Mesa and Malpals Flattop. Symbols defined in caption to Figure 32. OAB
and YAB have ratios typical of ocean island basalts (OIB). Callville Mesa and tholeiitic
lavas trend from the OIB field toward crust. Boxes indicate the field of ocean island
basalts. ' '

7a. Rb/Sr vs. Si0p,
To. Th/Rb vs. S§i05.
7Tc. La/Nb vs. §i02. TH-indicates hidden data point for tholeiitic basalt.

8. Map showing 87sr/86sr and ¢ 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 875r/86Sr and € Nd for post-9 Ma mafic lavas in the Lake Mead area.
Contours separate areas where mafic volcanoes are tapping asthenospheric mantle (AM)e
Nd> -1, 8751/865r<0.704) from those areas where volcanoes are tapping lithospheric



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

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

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

Fitton et al. (1991). Post 9-Ma mafic lavas in the NCREC (open triangles) are similar in
trace element abundance and pattern to lavas in the Colorado Plateau-Basin and Range

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

10b. Mafic volcanic rocks in the Lake Mead area erupted prior to 9 Ma (open triangles)
are similar to lavas of the Western Great Basin province (solid circles) produced by
melting LM (Fitton et l., 1991).

11. Summary of mantle evolution and magmatism in the Lake Mead area. Sections are
diagrammatic and are roughly drawn in Aa north-south direction. Mantle currents and
crustal extension are in an east-west direction. LMFS-Lake Mead Fanlt system, NCREC-
northern Colorado River extensional corridor.

2. Crustal extension was initiated about 16 Ma in the Lake Mead-Gold Butte area by
cither 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 commiﬁgles with crustal magma to form calc-intermediate volcanoes

and plutons.

b. Upper crustal extension occurred in the NCREC between 12 and 9 Ma but was not
accompanied by significant magmatism.During extension in the NCREC, LM may have



been thinned and replaced by asthenosphere progressively to the west. During thinning and
replacement of the LM in the NCREC, the LM in the amagmatic zone remained intact.
Contrasting behavior to the north and south of this boundary produced the mantle domain
boundary. The domain to the north is characterized by LM (e Nd = -3 to -9; 875r/86sr =
0.706-0.707). To the south mafic lavas have an OIB-mantle signature and appear to have
only a minor LM component in their source (€ Nd = 0 to +4; 87Sr/36sr = 0,703-0.705).



Basin and Range ,’

Figure 1.



Figure 2a.

Ans M
AMAGMATIC ZONEW
v y Jl
>@Q? LVR! & 10 ,/ =
~ P s GWT
V'égsés P G’B
[3] )
RMIE % -
MR Z (




A

i
b

[
I

Z

Kilometers

Figure 2b.



Figure 3.



eEND

8 T T = ] T
- | = M Grand Wash trough
6l O YAB .
L ® OAB Fortification Hill
4 = O V OAB'hy -
H ® N4OIB A Low ENd alkali basalt ]
a2l Ow ¢y Black Point 4
. 3 .r O Las Vegas Range -
0 oy * v Tholetitic basalt -
[ \ vv/ A Callville Mesa 4
9} - ]
4l -
A
- & Lithospheric
i;i%ﬁ Mantle |
NN
10 &
- Field of southern ]
.12 }- Nevada Basalts Al cmSt.
| (Farmer et al., 1989). : : - .
|

| - —l el ——————————— ?
0702 0.704 0.706 0.708 0.710 0.712 0.714

87 86
Sr/ Sr

Figure 4.



END

170 176 180 185

206y, 204p,

Figure 5.

19.0

19.6



‘ -~-Dacite
. - ~"‘ A’nd@sxte othyoli}.e

Figure 6.



0.45 —rem——y e
0.40 |- Crust -
0.35 | -
0.30 |- -
a 0.25 | -
:;(LZO - -
0.5+ o1B - D -
0.10 | ch
0.08

0.00 =
40

PRI DS

(R —

0.40 |
0.35 | - -
0.30 |
0.25 |
0.20 |
0.15 }

Th/Nb

0.10 |

0.05 |- -

o.oo ol - l‘]__j 'g ’ 1 V] 'gglghlg#lgl

40 45 50 &5 60 65
S0,

Figures 7a and 7b.




OO PP R DTS U ST SR T DS E
.

40 45 50 55 60 65

si0,

Figure 7c.



g o emp =

[
- . ’. 0-704
| ENd= -1 | 00

.
o ewe emy ‘

[Sri= '
|9:‘;2‘6j')| .,
/

10.7047 7 .
| +1.420.7055 .

+=0.68

87Sr/ assr
e Nd

0.703
+6.7

Figure 8.




Figure S.




[y
o
.

OIB—NORMALIZED ABUNDANCE

RbBa K NbLa Ce SrNd P Zr Ti

Figure 10a.



OIB-NORMALIZED ABUNDANCE
v y .-. ...fj :§§4l' e p—p————
w ”’;g/; |

0.1 ' ' ,
RbBa K NbLa Ce Sr Nd P Zr Ti

Figure 10b.




N

8. [Amagmatic Zond lLMES

Magma
Las Vegas Range%\ 3(‘:;"{:‘“ NCREC| / Commingling
Crust | > Ductile 16-12 Ma
M d 2 L ‘ Extension

Asthenosphere (

b. @agmaﬁc Zoncl

Gold Butte
Callville Mesa Malpaxs NCREC ¢ Brittle
\'\ Extension
Crust  Contamination —) 12-9 Ma
LM
Asthenosphere ﬁ
C. [magmatc Zon) Fortification Hill
- BlgkPoint vy CREC| .~ Volcanic Field
Cmst 2\ \A '/\\ I
L L 7 6 Ma
HIMU
Asthenosphere '
d. LMFS
{Amagmatic Zone) ECREC
Y o /\‘ A\
Crust \ N 4.3 Ma
LM e
. HMU
Asthenosphere

Figure 11.




TABLE 1. Selectad Isotopic and Geochemical Data From the Volcanic Rocks in the Lake Mead Area.

Fortification Hill Volcanic Field

US.93 Petroglyph Wash Malpuis Fiatiop Fontificatio
YAB YAB YAB  YAB YAB YAB  YAB ™ ™ ™ ™ TH OAB-hy
Sample 9396 9384 9393 45124 4236 252 281 60-5 60-3 6006 6004 89.103 8460
$i02 405 4101 4431 455 4300 ©90 431 6k 49 a8 Y T
A0} 1552 1677 1587 1689 1679 1653 164 163 000 1467 1495 1575 1535
FeO 1045 1057 980 1004 1018 6 1044 1107 1309 13 1238 1005 1011
 Ca0 9.07 73 %) 853 878 7.68 (%] 24 838 929 - 890 748 9.52
Mz0 588 a1 3% 594 621 n 552 791 875 695 682 204 215
Na20 3.08 Ty 38 1 e e 415 3.6 an 280 292 310 319
K20 280 418 2858 220 0 104 194 102 08! 121 107 1.08 1.2
Tio2 , 1) b1} n 282 F17) 240 246 140 118 153 140 145 153
MnO 01 0.18 0.4 019 018 0.16 0.1 017 0.18 020 0.19 0.3 0.17
P205 078 087 02 om 038 on 0.68 0.16 o2 028 024 028 0.37
Lot 648 251 - 943 112 0.60 293 428 092 144 055 om 133
Toul 10140 10130 10155 9348 10045 9806 9950 8707  98M 937 9698 9858 9741

Trace and Rare-Earth Elements in ppm (instrumental neutron activation analysis [INAA]
isotope dilution [ID], atomic absorption [AA], x-ray fluorescence spectrometry [XRF]).
76

Cr(INAA) 103 % , m 1% 151 254 137 b1) %2 269 21
Co(INAA) 2 23 ) 3 30 2 2 40 2 Q 4 Qa %
ScINAA) 152 131 127 174 186 180 189 364 256 3.0 00 388 283
V (INAA) 19 . 2 192 216 186 17 26 24 u? 21
HI(INAA) 716 780 733 698 12 645 &n 383 an 321 387 2.14 284
TR(INAA) 6.08 738 .2 1205 1240 851 2.50 150 190 245 1.2 249
Ta(INAA) 481 $48 S0 368 .00 4 350 0.70 149
LaINAA) LER] 589 (1] 155 7.1 $3.9 606 156 132 18 149 156 ns
Ce(INAA) 1070 140 1180 1409 1510 1163 162 132 us 239 357 324 %7
Sm(INAA) 8 84 79 89 7 58 0 44 36 40 s 42 45
Eu(INAA) 23 24 24 24 23 24 24 14 13 13 11 0.0 16
YH(INAA) 21 23 20 a1 24 28 32 32 25 28 26 15 17
Lu(INAA) " 03 03 63 (Y} 02 03 04 03 04 03 0s 03
Sr(AA) 1020 1400 820 vl 0w 1000 m 280 s
RB(AA) M 2 (7] £ 2 3 16 % 18
Ba(AA) 880 704 130 0 744 ™ 280 264 600
Ni(AA) 66 4 n . 68 64 7 8 18 80
NW(XRF) 68 9 7] ss (5] 6 13 n 28
ZAXRP) 285 300 300 260 250 105 124
S«ID) 7359 999.69 29725
RYID) a4 2024 16.69
N4(ID) 4948 4429 16712
Selected Normative Minerals
Nepheline [ 7 7 12 21 7 '] ()} [ [} 0 0 0
Hypersthene 0 ()} ¢ o 0 ) 0 10 1 ] 16 6 19 4
Isotopic analysis by Mass Spectrometry
143Nd/144Nd 0512824 0.512801 . os1 21
Epsilon Nd 16 318 _ 433
(875¢/8650) 070347 020433 0.70758
206PH204Fb 18341 e ’ 17942
207Pu/204Pb 15523 15564 15531

208PH/204Pb BAN 33639 38830



aHill

OABhy OAB-ty OAB-hy  OAB-hy
_Semple 84.59 .18 138 .13
Si02 4858 462 4889 43579
A203 1580 4% 7% ;] 14.50
FeO 10.40 1193 1044 1280
G0 10.30 192 1087 838
MgO 641 883 $47 [y
Na20 312 281 330 285
K20 1.0% 110 080 034
TiO2 1.60 1.2 131 141
MnO 017 0.15 0.16 0.16
P2058 044 028 049 028
Lot 345 142 148
Total 9793 945 10008 9734
Cr(INAA) 186 m 12 %l
Co(INAA) u 4“4 3
Sc(INAA) 308 2.1 24 %3
V (INAA) 209 294 213
HI(INAA) 287 255 345 338
TI{INAA) 21 2n 419 287
Ta(INAA) 142 180 168 168
LafINAA) 300 03 20 7Y ]
Ce(INAA) 403 457 303 24
Sm(INAA) sS4 43 $3 48
Eu(INAA) 16 14 15 16
YB(INAA) 19 19 21 22
Lu(INAA) 04 04
SHAA) 490 380 470 435
RIXAA) 12 T 10
Ba(AA) 90 400 680 415
Ni(AA) 4 2% 166
Nb(XRF) -] % % 28
ZXRF) 130 108 141 116
SHID) 4342
R(ID) 1431
Nd(ID)
Nepheline 0 (] ¢
Hypersthenc 4 1 2 4
J43IN/144Nd 051259
Epsilon Nd o8
(B7SB6SD 0.70565
206Pt/204PY 18194
207Ptv204Pb 1553
208Pt/204Pb 38309

Lava Cascade
OAB-hy
.101
4124
15.18
1207
10.12
&.16
87
115
1.89
0.3
045
138
100.78

ns
536

158
n9
433
47
16
07

12
110

n
143

OAB OAB
2132 =113
4543 44.15
15.67 152
1396 1338
1087 1069
1359 8.06
298 288
120 110
181 1.3
019 0.13
053 052
065 052
10128 9846
296 268
“ 43
8.7 302
4 229
3z 325
s 31
(R Y 1.66
20 k7R
516 52
s 53
15 13
15 3
04 63
410 451
12 10
432 480
134 126
2 LY
140 140
44123

9.68

un

6 6

0 0
os1izm

22

0.70479

18.670

15570

38612

OAB
112
“uxn
15.20
1371
1054
.33
o1
110
L7
a1
053
020
98.94

o
46

OAB
-111
4441
1541
13.42
10.89
(%,
2
110
1.90
o.18
0.52
0.05
98.19

%7
41
s

396
3ss
B )
329
645

LY

16

0.2

OAB
-108
4284
1509
1280
1096
117
274
1.00
1B
o1
049
1.4
9693

258
42
308

e

163
302
362
s
15
27
03

OAB

-108
45.06
16.28

OAB 0AB
107 ___S57.106
4535 44.46
167 16.64
1381 1301
1L13 10.77
554 552
318 3.08
120 110
207 195
0.19 0.18
053 053
0.5 1.06
100.27 98.30
80 8l
3 K
0.0 214
25 232
451 288
366 398
07 187
N2 365
65.7 67.3
60 59
16 1.6
26 20
04 04
454 .
1
536
42
3%
160
46393
109
2126
s 5
0 o
os1271m
142
0.70479
18.591
15.855
38535



Petoglyph Wash
OAB OAB OAB OAB OAB OAB OAB OAB OAB OAB OAB OAB OAB OAB

Sample $7:105 8710 8700 4234 4283 4282 4281 4278 7T 4235 0% 0273 .18 247
$io2 4380 4348 4347 4166 2 BM 4152 4858 4822 4845 24490 4502 24479 4195 4536
ARO3 1500 1524 15.18 1670 16% 16.61 1700 1624 16,69 1757 175 1742 16.41 77
FeO 13.10 1270 1283 1345 10.50 10.56 1058 1L 1084 1168 1228 12.23 n»n 1136
. G20 10.87 10.46 1106 10.07 9952 k] 71 em on 1068 10.76 10.86 1002 9.34
MzO L &) 9.4 864 €10 538 338 $.00 593 837 628 6353 636 4 941
Na20 23 276 28 187 356 1857 361 349 186 342 X 7] 3l 1% 290
K20 1.00 1.16 1.20 181 212 211 193 238 254 27 223 1.5 1.60 140
Tio2 1N LS 176 wn n 176 L5 159 1.6 197 201 21 1.61 1.28
MnO .18 0.18 .18 0.17 0.16 e.16 0.16 0.17 0.18 c.18 018 0.19 0.16 0.16
P20S . 049 030 .03 0.1 0.58 087 087 0.57 0.60 0.8 0.76 on 0.5 053
Lot 258 0481 ‘081 094 m 142 147 046 1.7 L2 046 138 0.78 116
Total $37 9306  $807 1005  100.7S 9950 10080 10105 10115 10085 10130  101.20 9838 9744
Cr(INAA) 328 308 a1 60 S0 48 (4] L1} 4 49 & 6 454
Co(INAA) 45 4s 4 3 5] 2 3 7 ;] b ] » 3% 3 “
"Se(INAA) 0.1 N3 N2 268 262 250 267 %9 70 26 29 %6 us ns
V(INAA) 288 263 297 B8 m 281 px) 251 251 259 m 308 197 198
Hf(INAA) ass 402 365 161 444 400 453 448 425 Iy :] sn an w .10
TH(INAA) 265 12 180 452 116 28 1 sS4 $98 9.96 1020 9.62 510 en
TaINAA) 1.68 1.9 1.5 1.76 195 187 192 243 201 . 274 113 197 205
La(INAA) 289 n3 n2 24 »2 n 374 381 94 {7 ] 6ss 614 400 4.
Ce(INAA) 829 s2.7 556 61.7 us 73 ny A 8220 1240 1340 1160 ns 89
Sm(INAA) 49 46 8.1 $3 6l 62 62 €3 6s 17 17 71 63 6.0
Eu(INAA) 14 14 15 14 12 16 19 17 12 19 20 18 16 14
YB(INAA) 19 23 22 22 2s 2s 22 24 25 27 27 29 31 13
Lu(INAA) 03 03 02 03 (Y] 04 63 03 04 04 04 04 02 03
SH(AA) 490 $30 $98 760 570 $50
RXAA) 10 20 ;) 2 Y] 20
Ba(AA) 2% 630 800 1080 720 76
Ni(AA) 138 8% 0 u M 200
Nb(XRF) 8 0 »n & 3% 36
ZHXRP) 130 145 138 190 158 140
S(ID) - s

RYID) 213

N4(ID) 3226

Nephetine 3 3 s 3 s [ 3 [ 6 1 10 g 2 4
Hypenthene ] [} 0 4 N [} ¢ 0 0 0 [ ] 0

143N/ 144Nd 0512603

Epsilon N4 £.69

(B7S:/B6Se) 0.70558

206PH/204Pb 18263

207Pu204Pb 15848



Las Vegas
Range Callvilie Mesa

Fonification Hill Black Point

OAB OAB  OAE OAB  OAB OAB OAB OAB o™ oM o™ o™

144 .143  38.14 136 138 433 1621 - 30120 LV-104 24.9] 24.70 24.69 24.68

4134 4187 4162 4825 .60 €29 @33 4532 249 $4.05 $7.32 " 5361 $5.18
A1203 1587 1605 1528 1586 1870 1558 1435 1530 10.76 16.51 1587 1591 15.84
FeO 1166 1187 uUMB 12 129 1254 ne 1Y 1279 1021 880 889 8.9
0 1024 1016 884 1077 998 1007 655 193 $.78 ) 674 7.15 664
M0 S8 532 1B (Y] S84 60 876 852 1345 n 418 49 433
Ns20 318 326 3.9 EEN 330 e 417 297 23 421 331 336 382
x20 140 140 129 140 140 130 % 050 1.00 201 248 233 284
TiO2 141 146 1.9 153 1461 1.63 110 116 169 181 1.09 1.06 107
MnO 0.16 0.17 0.17 0.18 018 0.17 .19 .19 0.16 014 0.13 0.1 0.10
P205 048 045 0.7 048 049 049 0.30 0 067 050 0.25 o3 030
Lot 112 045 - 1S8¢ 021 on 1Y) EX7] &1 17 017 044 2.8 217
Toal 9370 9864 9951 9970 9538 99.06 9765 10153 96.97 $930 10090 100.65 10025
CH(INAA) m 7 m I n 176 m 26 816 23 1s 156 134
Co(INAA) 3% 3 ) 3 » 35 6 st s8 25 r ] n -
Sc(INAA) 73 %3 ns 238 287 78 us %2 n2 158 173 175 182
V(INAA) 208 236 m U4 29 25 19 177 24 152 143 181 153
Ef(INAA) m 418 3 345 11s 3.60 1% 28 (%> 467 am s 2
TH(INAA) 286 B 275 au 372 333 116 $20 753 850 496 545
TaINAA) 1.60 13 118 1.69 122 131 095 o 167 112 1.03 056
La(INAA) 25 127 s 11 Nz 12 126 ns 450 " 429 119 38 %2
Ce(INAA) 842 575 523 850 536 622 43 17 920 s 124 5.1 721
Sm(INAA) s.1 (Y] 43 56 sS4 83 31 31 102 62 ss 43 52
Ex(INAA) 14 1S 18 16 15 14 (1] 1 23 16 12 12 14
YB(INAA) 24 28 22 23 13 21 18 23 17 22 24 22 26
Lu({INAA) 02 04 03 03 03 04 03 02 (Y] 03 03 03 03
SKAA) 500 550 4% 455 U6 260 376 424
RIAA) 12 14 12 7] $ 1 6 81
BafAA) 70 €50 &0 600 1% 190 £30 830
Ni(AA) €0 ] 1s @ «Q 206 2 60
NWXRF) 2% 28 z 2 2% 1n 10 19 17
ZHXRF) 12 138 103 126 126 n 90 185 148
Sr(ID) sL | U612 30635 7958 a8
RK(ID) 1486 898 14S «Qan 50.84
N4(D) 2545 1109 3576 2597
Nepheline 2 3 2 2 2 1 1 13 s () 0 ' Y
Hypersthene 0 () 0 ()} 0 o 0 o 0 12 1) 16 14
14IN/144Nd 0.512592 0512456 0512520 0512269 0.512090
Egpsilon Nd L8 355 23 32 -10.65
(87S1/86S0) 0.70567 . 070793 020753  0.J0832 0.20752
206PH204Pb 1 179547 1803 18963 1773
207Pw/204Pb 15541 15499 15881 15.642 15453
208P0/204Pb 38.1%6 38291 38.845 31814

89




CM CcM ™ M oM
Sample 24-66 2465 24-64 2463 2462
§i02 5384 56.53 $3.50 [7X 7] 627
AR03 16.16 1599 16.13 162 1588
FeO 858 9.17 955 863 888
Cs0 .13 653 17 723 en
M0 a6t a8 482 443 n
Na20 3.8 is? 388 348 362
K20 1.99 230 180 1.2 224
Ti02 L1 1.08 120 112 1.06
MnO ol 0.13 0.14 0.12 0.12
P205 0.33 030 032 0.29 028
Lot 230 03 . 058 201 133
Total 9981 100.55 99.08 .9992 10090
Cr(INAA) 160 112 135 121 124
Co(INAA) ] 23 30 1 b~}
Sc(INAA) 195 172 25 150 176
V (INAA) 185 145 183 162 13
HE(INAA) 4.60 4.4 T 446 41 451
TR(INAA) 557 569 524 $.65 L&
Ta(INAA) 1.12 1.32 1.16 1.10 0.8
La(INAA) s 353 333 54 362
Ce(INAA) 43 69 684 ns 712
Sm(INAA) 54 53 53 ss 53
Eu(INAA) 14 14 14 16 ‘14
YB(NAA) 25 27 26 23 25
Lu(INAA) 03 03 04 03 03
Si(AA) 416
RIXAA) 60
BafAA) $80
Ni(AA) S0
Nb(XRF) 19
Zr(XRF) 150
S«ID)
RXID)
N4(ID)
Nepheline 0 0 ] ] 0
Hypersthene 18 16 17 18 15
143Nd/144Nd
Epsilon Nd
(875:/86Sn)i
206Pb204Pb
207PH/204Pb

208PH204Pb

o™
2461
8.5
15.84
9.09
683
42U
kX
b
113
0.12

100.60

113
176
4.18

514
640

12

o
2460
5556
1551

$.66
€91
440

33

235
1.06
o1
028
188
100.60

113

173

141
421
541

s
75

13

o™
2499
5780
1578

BELEGRS

BRE

10033

54

13
27

& )
24-38
5125
159

2
646
431
35
249
103
0.12
028
025
10055

1m

164

146
431
59
1.0

no
36
13

04

o™
2437
$5.00
16.30
9.42
734
4.7
in
246
LIS
0.14
035
0.16
100.73

107

209

m
4.50
595

3%
T4
57
13
24
04

™
2436
5496
1629
932
731
428
3eg
255
125
0.)4
035
(&)
10055

107
28
218
178
832
631
L18
1

s
16
33
03

™
24.53
3426
15.5%
899
6.15
5.06
3ss
203
1.05
0.12
027
kB
10083

150
n
168
141
s
471
L1
no

635
49

12
25
03

17



Gold Bunte Grand Wash Trough River Mountains
o™ oM oM o™
Sample 24.83 2450 2449 24100 36 413 .14 63 7.33 £.62 78-218 78.222
$i02 [EX7) 56.87 sS4 “8 463 4138 381 4344 41388 4131 4.1 [
Al203 1638 15.49 1598 1T% 1464 144 1455 1S 1453 1595 145 16.6
FeO 10.06 861 897 1M 1289 1453 nn 1275 Y <] 1137 109 69
C0 763 632 650 9.03 798 (%7 864 [TH] 741 1043 1.2 [X]

- MgO 528 & 4.10 €25 .16 855 714 242 786 47 63 26
Na20 3.40 348 3ss 345 3.16 3 2 31 432 343 28 39
K20 146 237 233 119 1% 188 1.57 192 242 m 18 0s
Tio2 149 1.01 113 218 L1 125 154 091 185 2.2 12 23
MnO 0.18 0.18 0.14 0.1 eI o 0.16 017 017 0.16 0.l 0.1
P205 029 020 028 0.4 0.7 0.26 043 029 0.59 0.18 1 0.6
Lot 018 028 - 040 2.5 1.06 0.19 109 0.01 0.01 1.63 23 1
Toua! 100.90 9.4 9917 - 9820 93.12 10024 9928 100.46 100.78 953 9.2 9.4
Cr(INAA) 130 105 148 3 25 26 256 459 189 p o]

Co(INAA) 0 7l ® 8 4568 $0.49 %52 4712 Y] 43

Sc(INAA) 232 173 19.6 24.1 an o] nN 257 154 0.4 296 1.2
V (INAA) 189 17 26 216 M2 218 208 2 258

HI(INAA) 97 4.2 EY T 443 36 LX) U 389 642 384 8.1 73
THMINAA) $.06 611 48 361 - n 278 321 316 238 132 19
Ta(INAA) 1.42 097 097 1.68 316 135 15 1
La(INAA) 5.1 383 %0 73 D85 9.04 1921 209 us 189 1076 8.7
Ce(INAA) 7.1 3 €16 98 46.11 1y “35 “s n 3.1 224 1679
Sm(INAA) sS4 [T 53 89 : 155 87
Eu(INAA) 14 1.0 14 17 145 095 1.3 14 196 131 s 2
YR(INAA) 30 23 .22 18 247 196 228 0.16 155 an 21 23
Lu(INAA) 04 04 03 03 038 03 0.24 02 018 037 04 04
SNAA) 360 970 20

RICAA) 48 . 40 "

BalAA) 840 840 “0

Ni(AA) 45 36 128

Nb(XRF) 19 p ] 2

ZAXRF) 18 185 15

$n(ID) 970.19 Q14 210 17836 41948  THNM 4164 959.65
RIID) 4.1 1488 147 806 1248 29 1004 £.62
Nd(ID) 2996 247 1435 1789 2082 2945 16.21 93.57 S48
Nepheline ) o ()} 2n (1] L7 127 676 118 699 an 0
Hypenthene 18 1% " 0 [ 0 [ ] ] [ () 1533
143Nd/1 44N 0512203 0512552 0512295 0512716 0512536 0512984 0512817 0512210 (0.512060
Epsilon Nd £49 £09 227 187 004 678 3.9 3 1128
(87S¢/86Sr) 0.70893 070502 07045 07044 070399 070332 070417 0708954  0.7082
206PL/204Pb 17332 18.130 17821 181 18118 13078 17.99% 18299 17922
207P0/204Pb 15496 15527 15550 18509 13518 15473 15.500 15.605 15537
208Pb204Pb 301 38.068 33.050 37898 3BOK 37.704 37758 38,699 8.7



Wibion Government Hamblin-Cleopatra Boulder Wazh

Ridge Wash Vokano
Sample X o] £3-348 LL 2341 EMD-209 KT3215  KT32-183 BW4
$io2 612 79 S41 518 8.0 5589 50.2
ADRO3 142 126 168 182 1636 1634 189
FeO 3s 27 1] 9.4 €% .17 108
G20 23 0 24 82 €86 54 84
MgO 09 02 45 it 3.4 3 42
Na20 36 22 42 37 388 &1 LY
X20 04 02 15 12 M 1% 27
TiO?2 49 15 21 20 an 16
MO 0.1 01 02 ¢l o o1
P205 0.1 07 18 .49 049 oS
Lot 3 6.1 oS 12 13 285 04
Tota!l 100.2 %29 1009 100.4 9.7 9.94 84
Cr(INAA) © 47
Co(INAA) - 2065 2%
S(INAA) 38 15 1406 un 284
V (INAA) 158 ' 1w 145
HI(INAA) 48 49 51 €% 815 45
Th(INAA) 176 N2 12¢ 1046 1153 51
Ta(INAA) 12 153 21 275 b7} 16
La(INAA) 524 $56 12 [ib:] 502
Ce(INAA) 90.7 148 213 11403 12679 753
Sm(INAA) 42 37 108 115 'y
Eu(INAA) 12 1 26 189 1.9 21
YB(INAA) 13 22 23 L3 204 17
Lu(INAA) 02 03 03 0.2% 04
Sr(AA)
RK{AA) o
Ba(AA) 569
Ni(AA)
Nb(XRF)
Zr(XRF)
$7(ID) 45799 9.7 115573 1299.65 ©285 $33.44 €24
Rb(ID) 129.26 198,02 4205 %N “e 052 . 43
N4(D) 72 zu 76.018 s 4508 s Qs
Nephetine 0 ¢ 0 0 0 ] a7
Hyperstbene 2% 58 11 1798 1107 1693 0
143NAN4UNG 0512055 0512008 0517133 0512128  0512%0 051456 0S1BI6
Epsilon Nd 1197 122 £.86 A 484 351 £
(37S:786S0)i 009233  0.7110015 €.70815 0207337 0.70442 0.70562 0.20732
206PH/204Pb 17485 18156 17887 1’16 1m 18.096 12,008
22TPL04P 1555 1851 15537 1536 15518 15.528 15562

208PH/204Fb 8982 33.906 n72s 33939 3344 33.549 33854



Explanation for Table 1

YAB-Young alkali basalts of the Fortification Hill field (6-4.3 Ma).
OAB-Older normative nepheline alkali basalts of the Fortification Hill field (6 Ma).
OAB-hy--Older normative hypersthene alkali basalts of the Fortification Hill field (6

Ma).
TH-Tholeiitic basalts from Malpais Flattop, Arizona (9.7-10.6 Ma).
Locality Descriptions
Locality Location Age Description
— Lot Long. __Ma — _
YAB ]
US. 93 36°00'00"N 4.64-4.3 Volcanic center with numerous
114°45'00"W dikes. Amphibole megacrysts
T numerous; mantle xenoliths rare.
Petroglyph Wash  * 36°04'37"N 43 Alkali basalt forms a small
114°35'44"W cylindrical vent. Amphibole
megacrysts are common.
Saddle Island 36°02'30"N not dated Flow interbedded with Tertiary
114°48'0036° gravel. Mantle xenoliths are rare.
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
114°40'00"W ﬁ;;’”” normative tholeiitic basalt flows
with wide dikes.
OAB
Fortification Hill 36°03'45"N 589to  Over 80 flows associated with
114°40'56"W 5.42 cinder cones and shallow
intrusions.
Lava Cascade 35°52'38"N 5.16to  Flows and vent zone at summit of
114°35'1s"W  4.74 " Black Mountains.
Petroglyph Wash 36°04'37"N 543to  Stack of flows related to at least
114°35'44"W 4.61 two vents.
Black Point 36°24'43"N 6.01 Flows and dikes. Flows
114°23'02"W 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
115°02'30"W

36°10'19"N
114°42'30"W

36°15'00"N

114°1500"W

36°15'00"N
113°50'00"W

36°05'00"N
114°50'00"W-

36°06'21"N
114°37'30"W
36°07'00"N
114°45'00"W

36°10'00"N
114°36'00"W

36°07'00"N
114°37'00"W

16.4
10.46
and 8.49
9.15to
946
3.99to

6.9

13.4-
12.1

13.4

12

142"
11.5

14.2

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

Olivine-clinopyroxene bearing
basaltic-andesite fiows erupted
from compound cinder cones.

Flows of alkali basalt along the
Gold Butte fault.

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

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

Basalt dikes cutting Wilson Ridge
pluton.

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

60 km3 stratovolcano comprised of
shoshonite, latite, trachydacite and
trachyte lava. Volcano is cut by &
radial dike system.

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

114°35'44"W



Eldorado 35°45'00"N
Mountains 114°42'00"W
[Isotope data from

Daley and DePaolo,

1992]

All dates are K-Ar except were noted.

18.5-12
OArAYAr

A lower section of basaltic-
andesite (predominant) and rhyolite
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

Magma Type YAB OAB-ne OAB-hy TH Low e Nd
Alkali Basalts

Components | AM + HIMU | AM+HIMU+ | AM+LM+ | LM+enust LM:-crust

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

Notes: Size of text indicates relative contribution of each component. YAB-young alkali
basalts of the Fortification Hill field, OAB-ne and OAB-hy, nepheline and hypersthene bearing
alkali basalts of the Fortification Hill field, TH-tholeiitic basalts at Malpais Flattop, AM-
asthenospheric mantle, LM-lithospheric mantle, HIMU-high uranium ( 380/204Pb) mantle

component.
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ABSTRACT

Detailed field study of the Reveille quadrangle indicates that this area experienced
a protracted history of Tertiary deformation and volcanism. Tertiary [> 31.3 Ma (?)] east-
trending normal faulting accompanied by coarse to fine grained clastic sedimentation
preceded the onset of volcanic activity in this area. Volcanic units range from basalt to
rhyolite and are Oligocene(?) to Pliocene in age. Paleotopography appéars to have played
an important role in controlling the distribution of the Tertiary volcanic units and in most
instances is responsible for the geometry of the contacts between lithologic units.
Paleotopography, as it affected Tertiary depositional patterns in the northern Reveille
Range, was probably controlled by Mesozoic contractional deformation, pre-volcanic
east-trending normal faulting, caldera formation, and range-bounding normal faults.

In the northern Reveille range Pliocene basaltic centers are spatially associated with
older Tertiary volcanic rocks; however, basaltic centers in this area are not spatially
associated with topographically higher Paleozoic marine sedimentary rocks. Several of
the basaltic centers within the northern Reveille Range appear to be associated with
preexisting shallow crustal structure, including caldera margins and tectonic joint sets.

INTRODUCTION

Ultimately, to understand whether or not preexisting shallow crustal structure
influenced the emplacement and eruption of Pliocene basaltic volcanism in the northern
Reveille Range, it is necessary to understand fully the preexisting stratigraphic succession
and deformation history in the area. The Reveille Range is an excellent area in which to
address this question because Pliocene basalts in this Range are associated with both
Paleozoic miogeoclinal strata and pre-Pliocene Tertiary volcanic rocks. This unique
relationship offers the opportunity to see deeper (relatively) structural and stratigraphic
levels, and to view pre-Pliocene structures which controlled basalt emplacement and

provides a glimpse of the vent geometry and the style and




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

Range. This study bears directly on geologic and volcanic characterization of the proposed
repository site at Yucca Mountain because recent basaltic volcanism is spatially and temporally
associated with older Tertiary structure at the site location, and future basalt eruption cannot be
excluded. Understanding the mechanism and style of Pliocene basaltic emplacement and eruption
in the vicinity of Yucca Mountain has important implications for repository site characterization
and feasibility.

Existing lithologic nomenclm 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 mappiné. this study presents a différent 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 ficld 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, interprgtation of the ex;nvironment of
deposition of Tertiary vplcanic 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.




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 htholog:c contacts in the northem Reveille Range were faults, whcrcas
this study proposes that these contacts are depositional. The following section discusses the ficld
observations that support this iﬁterpretation.
Oldest Tertiary sedimentary rocks

Ekren et al. (1973) identified a thrust fault that places Silurian-Devonian carbonates on
conglomerates and fine grained clastic rocks presumned to be Pennsylvanian and Permian in age.
" Closer inspection of this relation indicates that there is no shallowly dipping thrust fault associated
with this contact. There is evidence, however, that supports the existence of a sub-vertical east-
striking fault cutting the Paleozoic section. In buttress unconformity on this fault and resting
depositionally on the Paleozoic section is a Paleozoic clast conglomerate and interbedded
carbonate sandstone, siltstone, and mudstone. In proximity to the fault, the fault, the Paleozoic
strata and the clastic sequence are silicified. The conglomerate consists of very angular clasts of
Paleozoic rocks near the fault. Away from the fault the clasts become more rounded. The
conglomerate comprises only clasts from the Paleozoic section, all of which can be derived from
the immediate vicinity. The clastic section also appears to contain large blocks (upto 2 m in
diameter) of locally derived Paleozoic carbonate floating within it. In addition, an important
observation is that this sequence contains no evidence for volcanic detritus.

- The favored interpretation explaining these observations is that the conglomerates and

interbedded fine-grained clastic rocks were shed southward off an east-trending fault scarp




(probably a normal fault with down-to-the-south throw). Faulting and deposition of the clastic
sequence probably occurred simultaneously and fluids migrating along the fault were responsible
for the silicification proximal to the fault. An occasional large block of carbonate was apparently
shed off the up thrown block into the clastic basin.

The field relationships in the vicinity of the clastic sequence permit the interpretation that the
oldest volcanic tuff (Windous Butte?, 31.3 Ma) in the range rest depositionally on this clastic
sequence (PLATE 1). This, and the observation that the clastic sequence is composed solely of
Paleozoic clasts and finer grained material with no evidence for any volcanic component suggest
an Oligocene or Eocene age. In addition, a rhyolite dike of similar modal phenocryst composition
to the oldest volcanic tuff (Wiﬁdous Butte?) in the range intrudes the clastic section. If the above
interpretation is correct, and this clastic section was being shed off an east-striking normal fault
then a permissive conclusion of this data (in light of the poor timing constraints) is that some
extension occurred in this region prior to Tertiary volcanism.

" Windous Butte Tuff(?)

This unit was originally correlated with the tuff of William's Ridge and Morrey Peak(?) by
Ekren et al. (1973). However, more recently Best et al. (1989) assigned this name to the
intracaldera 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 31.3 Ma and this name
has been adopted for this study.

The Windous Butte(?) was considered the oldest volcanic unit in the northern Reveille
Range by Ekren et al. (1973). The largest exposure of Windous Butte in the Northern Reveille
Range was inferred by Ekren et al. (1973) to be fault bounded. Thxs 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
(198S) interred that the Window Butte tuff (?) occupies an east-trending graben bound on both

side by Paleozoic sedimentary rocks. However, field relations cleai'ly indicate that the southern




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 évidence 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 tff of Goblin Knobs. Although the
contact between the tuffs of Arrowhead and Goblin Knobs is very poorly exposed, in all locations
the wff of Arrowhead occupies a higher topographic level than thé tuff of Goblin Knob. No field
evidence was identified that suggests a shallow-angle fault along this contact as inferred by Ekren
et al. (1973). East of the Arrowhead district, the tuff of Arrowhead rest depositionally on a thin
lens (~2-3 m thick) of very well rounded cobble conglomerate that in turn lies above the tuff of
Goblin Knob (Plate 1). These field relations support the interpretation that the tuff of Arrowhead



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 wff 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 wff of Goblin Knobs. '

The relative age between the tuff of Northern Reveille Range and the tuff of Arrowhead is
presently unclear. However, in géneral the tuff of Arrowhead is more strongly hydrothermally
altered than the wff of Northern Reveille Range. Although not conclusive evidence, this may

- suggest that the wff of Arrowhead is older. Forth coming geochronology on these units should
clarify their absolute agcs
Field Evidence for Calderas
Since the study by Ekren et al. (1973) a significant amount of new geological ficld 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 wff of Goblin Knobs has since yielded a 40Ar/39Ar (single sanidine) age of 25.4 Ma (Best et
al., 1992). This unit consists of & 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. (1975). a caldera margin in this position appears a more reasonable
interpretation of the ficld relatiqnships. 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, rathcr.than shed off strike-slip fault scarps as envisioned by Ekren et al.
(1973).

Tuff of the Northemn Reveille Range
' Field relations support the interpretation that a portion of the caldera that erupted the tuff of
Northem 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 (2 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 lefi-lateral
strike-slip faults and kinematically related thrust faults by Ekren et al. (1973) is here interpreted as



a caldera margin (Figs. 2 & 3). The data supporting this interpretation include: 1) a buttress
unconformity of the twff of Northern Reveille Range against tuff of Goblin Knobs (a minimum of
100 meters of relief is observed along this buttress), in addition, there is no evidence for
brecciation or offset of geologic markers along this contact that would support the existence of a
fault; 2) the tuff of Northern Reveille Range is intensely silicified along the contact against
unsilicified tff 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 s;lrge deposit overlying and interbedded with the tuff of Northemn
Reveille Range. Interbedded with the surge deposit is a breccia sheet of wff 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
Northemn Reveille Range.
These relations, including the overall thickness and coarseness of the tuff of northen

" 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 wff of Goblin Knobs.
Tuff of Streuben Knob

The wiff 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 tff 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.




Flow-banded rhyolite rests depositional on the tuff of Streuben Knob. This rhyolite, named
thyolite of Streuben Knob by Ekren et al. (1973), in places contains diagnostic orthoclase feldspar
phenocrysts (0.5-4 cm.). West of Streuben Knob, orientations in the flow banding in the rhyolite
change from subvertical to subhorizontal, presumably draping paleotopography. The overall
composition and modal phenocryst percent of the this flow-banded rhyolite is similar to orthoclase
porphyry rhyolite plugs and dikes found elsewhere in the Reveille quadrangle that Ekren et al.
(1973) identified as quartz latites.

ite h u i e.

Ekren et al. (1973) report;d a K/Ar age of 18.7 Ma for porphyry plugs and dikes in the
Reveille Range. These intrusions are spatially associated with the intracaldera tuff of Northern
Reveille Range (Piate 1) and although lacking absolute age control, may be associated with the
latter stages of the development of this caldera (i.e. resurgent doming). As suggested above, if
the rhyolite of Streuben Knob, which rests depositionally on the tuff of Streuben Knob (outflow
" sheet(?) to the intracaldera tuff of northern Reveille Range), and the rhyolite porphyry dikes and
plugs are equivalent then the rhyolite of Streuben Knob may also be genetically associated with
late stage development of the caldera of Northern Reveille Range. This interpretation implies that
the caldera of northern Reveille Range was active around 18.7 Ma.

Pliocene Basalt

Previous field, geochemical and geochronologic work on the Pliocene basalts in the northern
Reveille Range by Naumann et al. (1991) determined that two episodes basaltic volcanism
occurred in the area, 5.0-5.9 Ma and 3.0- 4.6 Ma. Each of these episodes of have isotopically
different signatures ( E.I. Smith, personal comm.). -

An important goal of the present study was to determine if preexisting structure influenced
the emplacement and eruption of basaltic volcanism in this area. Previous studies by Naumann et
al. (1991) identified basaltic centers in the northern Reveille Range. An important conclusion
drawn from the study by Naumann et al. (1991) and this study that pertains directly to
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characterization of the Yucca Mountain site is that basaltic centers are found within the central
portions of mountain ranges and not solely along the range margins and flanking alluvial basins as
suggested by Crowe et al. (1991). This finding, if not already factored into probabilistic studies at
Yucca Mountain by DOE scientists, needs to be considered as & 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 afier basalt eruption. This observation clearly
 suggests that hot fluids escaped through an existing vent. This observation may have important
implications conceming 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 Reveilie Range,
basaltic flows originated from vents at highér topographic levels within the range proper and
flowed down steep vertical gradients (>30 degrees) into the flanking alluvial basin. These lavas
clearly flowed over range bounding normal faults. These field relations support the observation
that basalt lavas erupted onto a topography similar to present day topography.
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On the west flank of the northern Reveille Range, Ekren et al. (1973) show several north-
trending normal faults cutting Pliocene basalt flows. The existence of these structures, is
ambiguous. What is clear from the present level of exposure is that there is a zone of north-
trending brecciation in pre-Pliocene Tertiary tuffs (presumably the result of a fault). However,
because of the present level of exposure, it cannot be determined if the overlying basalts are
themselves also faulted. - These field relations permit the following alternative interpretations: 1)
the basalts are not faulted, but, rather, flow over a pre-existing fault scarp; 2) the oldest basalt
flows were faulted and younger lavas flowed over this fault scarp; and 3) the entire sequence of
basalt flows is faulted as indicated by Ekren et al. (1973). Clearly, the present exposure in this
area does not allow for a deﬁniﬁvc interpretation. However, the field relations discussed in the
previous paragraph would support the interpretation that ;hc basalts are not faulted and flowed
over existing fault scarps .

Basement Control of Pliocene Basalt Vents
' The wuff 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 _tempdrarily) 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 episbde 1 Pliocene basalt flows (5.0-5.9 Ma, Naumann et al., 1991). The basalt vent on
Dark Peak and proba.bly 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 exposﬁre. All the basalt vents
that have basement exposures beneath them rest on Tertiary basement. There are no basalt
centers that rest directly on Paleozoic marihe 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 tdgemer with previous
Mesozoic contractile deformation probably led to the formation of east-trending paleovalleys that
controlled the deposition of the oldest Tertiary volcanic rocks. Tﬁc 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 Ra;nge erupted from a younger caldera also located in the northern Reveille
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Range, ahd 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 wff 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 sﬁggest 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 bontmctile deformation, normal faulting prior to
Tertiary volcanism, Mioceﬁc 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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Quaternary alluvium Explanation
Tertiary-Quaternary alluvium
Pliocene basalt (5.0-5.9 Ma)

Pliocene alluvium
Pliocene basalt (3.0-4.6 Ma)

Air-fall wff

Rhyolite vent breccia

(Mapping by Mark W. Martin, 1992)

Rhyolite porphyry plugs and dikes (18.7 Ma, Ekren et al, 1973) Rhyolite of Streuben Knob

Surge deposit of Northern Reveille range
Tuff of Northem Reveille Range (intracaldera)

A
Tuff of Arrowhead |
Tuff of Goblin Knob (24.5 Ma, M.G. Best, personal comm.) [__-E]

Volcaniclastic sediment (conglomerate comaining Paleozoic clasts and

Tuff of Streuben Knob (outflow sheet)

breccia

Teff of Reveille Rmge

Unnamed moderately welded mff (called Shingle Pass Tuff by
Elkren et al. (1973), however, appears to rest topographically
above tuff of Goblin Knobs),

dacite, andesite and felsic mff volcanic clasts)
Dacite flow

Andesite
Windous Butte mff(?) [31.3 Ma).
Fine 10 coarse grained clastic sediment (including paleozoic clast conglomerate,

carbonate sandstone, silistone and mudstone considered Pennsylvaninen
or Permian by Ekren et al. 1973)

Upper Devonian throught Upper Mississippian (including Pilot Shale,
Joana Limestone, and Diamond Peak Formation(?) (see Ekren et al,, 1973))

Middle and Upper Devonian (includes limestone and dotomite of the
Nevada Formation (see Ekren et al, 1973))

Silurian and Lower Devonian (dolomite (see Ekren et al. (1973))

Middle and Upper Ordovician (includes Eureka Quartzite and Ely Springs Dolomite)
Antelope Valley Limestone (Lower to Middie Ordovician)

P  Betrock-altuvium contact

o o

7 # Lithologic contact - dashed where approximately
located, dotted where concealed.

CJ
" Fault - dashed where approximately located,
dotted where concealed. Barr and ball on
downthrown side.
< |
/ Caldera wall - dashed where approximately located
A%® Breccition
Strike and dip of compaction foliation or flow
foliation in flows and lavas
Vertical /_'l;asaltic dikes
X' oveumed /& Strixe and dip of tectonic joints
A Strike and dip of bedding




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 projec;t
in particular (eg. USGS and DOE documents).

2. The 47th meeting of the USNRC Advisory Commitiee on Nuclear Waste was atiended.

3. A Macintosh database was compiled for all of the available Crater Flat data. Comparisons were
made to other published Crater Flat analyses (from Vaniman et al 1982), and geochemical
modelling was started. A brief summary of some of the preliminary interpretations is given below.

Field work

Introductory field work was conducted at Crater Flat with Gene Smith, and in the Reveille
Range with Mark Martin. The Crater Flat area was subsequently visited on a number of occasions.
Flow relationships were investigated to try and determine a relative chronology for the samples
already analyzed. Ninéteen further samp,l.eS 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, 1o provide data for investigating the
development of lava lakes, and on the southern flank of Red Cone where a large number of cinder
cones are located. Here, a suite of intrusive bodies exposed in the eroded core of a cinder mound
have been sampled. Itis hoped that it will be possible to geochemically correlate these intrusions
with lava flows in their close proximity, and thus further constraiti both temporal relationships and
the maématic 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.




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 lavas do have greater concentrations of the
Light Rare Earth Elements (LREE) Thus, itis intended to re-analyze some of the more crucial
samples, and also to obtain coverage of a wider set of trace elements by additional XRF analysis.
However, the available datais 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 geochefnistry have previously been outlined in the CVTS yearly report for
1989, and by Vanimar et al (1982) The basalts have moderately high trace element concentrations
(Fig. 2, see Sun and McDonough 1989) and most of the samples are diopside-olivine-hypersthene
normative (Figure 3, after Thompson et al 1983). -

- Low concentrations of Cr, Co, Sc and MgO and low Mg#s (49-54) indimté 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 etal 1991). Thus a back-éorrection to such values,
from the Crater Flatdata, would imply approximately 20-25w1% olivine fractionation.
Fractionation of olivine is also supported by its presence as the only abundant phenocryst phase in
lavas fi ron‘l Crater Flat. However, covariation between_ Co, Sc and Cr within the spread of the Réd :

Cone and Black Cone data suggests that orthopyroxene and clinopyroxene (spinel) fractionation



may also have contributed to the magmatic evolution. Again, this is supported by the presence of
these minerals as minor phenocryst phases in many of the samples.

The depth at which fractionation occurred is a critical factor in determining the 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 shbrt-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 noi 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
. Pplagioclase stability field, as this mineral is vnevcr observed as a phenocryst phase.

. Fractionation at depth has also been recognized as a feature in other provinces of the
western USA (for exaxﬁple: 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 198S).

The implied high degrees of fractionation obviously have a significant effect on the
measured trace element abundances of the Crater Flat samples. However, most trace elements (with
the exception of Ni, Cr; Co and Mn) are highly incompatible in olivine, and thus the relative
concentrations of these elements are not drastically affected by olivine removal. In Figure 2 arange
of trace element data are compared with average alkali basalt compositions from ibc Colorado River
Trough (CRT) extensional corridor, to the south of Las Vegas. The patterns display a number of
similarities, in that bbth areas have LREE (eg. La, Ce) and Largé Ion Lithophile Element (Rb, Ba)
abundances in excess of the Heavy REE (Yb, Lu) and High Field Strength Elements (eg. Ta, P,
Hf, Tij. This results in a proniinent ‘trough' at Ta (and Nb), and peaks at Ba and La. These




features have been interprétcd 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 <1%.

Other related work _

- A paper eﬁtitled, *Basaltic Volcanism in the Southern Basin and Range: No Role for a
Mantle Plume" [T.K.Br#dshaw, 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 1993.

Further collaborative papers with Chris Hawkesworth, concerning Cenozoic volcanism in the
western USA, are also under consideration.
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Figure 1. Schematic geology map of Red Cone, showing sample localities
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Figure 2. Comparison of averaged trace element data from Crater Flat and
the Colorado River Trough extensional comridor, south of Las Vegas.
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Figure 3. After Thompson et al 1983. Normative mineral compositions for Crater Flat
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‘SESSION 47, SAIC: STORAGE OF HIGH-LEVEL NUCLEAR WASTE

volcsaic rocks (’“PWN = 18.11-18.2¢ and 2%8pb/P4pp = 38.70-39.15) but
diverges from it in some J
The carbonase fraction of Jead in both vein and calcrete samples resides dominantly
in finc-grained, authigenic calise. 1.5N HCl also antacks and removes lead from silicate
phues. but & milder 0.8N CH,COOH dissolution ure identifies a significantly
ore uranogenic lead in most of the calcite (**'Pb/2%Pb = 18.11-20.21 and
""Pbﬁ"‘?b H 38 60-39.34). Pmbabl this radiogenic wbonau kead was
into the vein system by the down: mhmdmmm:hﬁmvuﬂy
ineracted with surficial calcrete. Wincblown partculate matter derived from Paleozoic
and Late Proterozoic limestone in surrounding mountaing may be the sltimate source of
the calcite. Several samples, however, including two from & vein incorporating a thin
zone of basaltic ash, contain carbonatre lead dut is only stightly different from their
silicate lead. These isotopically more uniform samples suggest that volcanic rocks
Jocall mnmamdugd“:mmgu em. e endlaze
isotopically heterogeneous characterizes the regional
Proterozoic sedimentsry rocks and Middle Proterozoic crystalline socks remains 8
candidate for at least some of the lead in the Trench 14 veins. An imponiant finding of
this srudy, however, is that the data do not require the maore exotic origins that have been
proposed for the veins. Instead, the similarity berween lead isotopic properties of the
veins and calcreies suggests & mutual mpn related to pedogenic phenomena.

02:15 p.m. Marshall, Bran D, Ne 7474
A MODEL FOR THE mRMATlON OF PEDOGENIC CAR.BONATE BASEDON
STRONTIUM ISOTOPE DA’ M SOUTHWEST NEV.

MARSEALL, Brian D cnd MAHAN Shannon, US Geological Survey.
MS 963, DFC Box 25046, Denver, CO 80225

Calcareous soils are ubiguitous in arid regions such as the scuthwestern United Seates.
Models describing the formation of e calcium carbonate that eements loose, porous
matenal in these soils usually require an allogenic component fotlhemcedd\ehue
amounts of calcium in the calcite. The isotopic composition df strontium, & commoa
race constituent in carbonates, is an ideal wacer for the origin of the calcium. Analyses
of szrontium in ealcreres, fault-filling veins, rhizoliths, surface coatings, and eolian
scdiment near Yeces Mountain, provide important constraints on the oxigin of
the slkaline earths in these various surficial! materials.

Calcretes, fauhi-filling weins and rhizoliths contsin carbosnate-bound (=sHCI

leachable) strontium with 87§¢/855s l\reﬂgmér .7124. This value is sigaificandy
different from the sverage of 0.71317 found for carbonate-bound strontium in the
surface coatings and in eolian sediment. These results lead to two conclusions: (1)
cakite surface coatings on bedrock desive their alkaline exrths from the eolian carbonate
component and (2) the atkaline earths in calcrete and fault-filling-vein calcite are no?
mlycknvedﬁmmeolnnwbauzmm
gest that some of the alkaline earth content in the
e dlbe &e;zmaﬂmin;hofbwd:m?emm
ypothenunupsc yses silicare detritus are in progress.
the volcanic bedrock of Yuccs Mountain, calcite occurs s coatings on open

hcmxThe"Srﬁ‘SrofMeu!cmmmﬁmpedogemtypevﬂwwﬁe
surface 10 lower values (0.7093) at and below the water table. Some of the alkaline
eanths in these fracture coatings may be partially or totally derived from the volcanic
bedrock, which has widely varying isotopic compositions.
Thendaupmlndeﬂwinvolvemxofugwumgmndmminumd
surficial carbonate in the immediate vicinity of Mountin.

02:30 p.m. Stuckless, J. S, Ne 19828

Isotopic Evidence for a Per Descensum Origin for Mydrogenic
Veins in Faults near Yucca Nountain, Nevada
STUCKLESS, J.8., PETERMAN, I.E., WHELAR, J.F., and NUHS,
D.R., US Gaclegical Survey, N5 963, Denver Fed. €tn.,
Danver €O 80223
Vein-like dasposits of calcite and mum silica that in2ill
faults and fractures in tha vicinity of Yucca Nountain have
besn the center ¢f considerable dadate because ths deposits
occur near & possible site for the Nation’s first high=level
nuclear waste rspository. The various proposed modes of
origin for the dsposits, such as catastrophic upwelling of
water or downward percolating fluids related ts pedogenic
processes, have differing implications for the perforaance of
& geologic repository. 1Isctopic data for oxygen, carben,
strentiua, and uranius in the carbonats minerals expossd at
Trench 14 preclude desposition from upwelling waters from
either of ths regicnally extansive aquifers Xnown to exist
beneath Yucca Mountain. Oxygen isctopes imply dsposition of
calcits at unreasonadly to impossibly 1lov tsmpsratures;
strontius is too radiogenic; and uranium activity ratios ars
toc low. Dats from calcites dapositsd by the adjacent Ash
Meadows flow system further suggest that the isotopic
compositions of ground water in southern Nevada have not
changsd markedly during the last €0 to €00 k.y. and that,
therefore, conclusions based on presant-day water
ccupoutim are probably valid fer at least the last €00
k.y. 1Isotopic compositicns of the Yucca MNountsin calcitss
are similar to thoses observed in ss soil carbonates
snd, in combination with sxisting gsologic, minsralogic, and
paleontolegic data, show that ths carbonate and cpalins
silice daposits must have foraed from dascending watar
related tc a pedogenic process.

A118 ABSTRACTS WITH PROGRAMS, 1891

02:4%5 p.m. Hamington, Charles O. Ne 16720

%Ammmv EROSION RATES ON HILLSLOPES INTHEWOCA MOUNTAIN REGION,
¥,

HARRINGTON, Chwries D., Earth and Exvironmental $ciences Division, EES-1, MS D462, Bax

1863, Los Alamos Natioas! Ladoratory, Los Alamos, NM §7543 aad WHITNEY,
Jochn W, U.S. Osotogical Sarvey, Federal Cenaer, M5 913, Deaver, CO 80223
Yacea Mountais is o earies of sastward-tied strectxal Slocks. These blocks are camposed of fine
gained, Taniary volcaake rocks, pricarily weided Waffs thal are sesizant o westhanng 8 the prosea
stmiarid elimace. In e Yacca Mosniain region, Qualernary cycles of intease weathering ou ridge
erass and Allislopes during glactal (plovial) spisodes have resaliad i @ pacchwork of shin eollana!
doporits of variable ages.

Approximate losg-term gverzge roxion ftes can be calcnlaned for Killslopes that have datod
solinvial boulder deposits. Twslve of thess deposits were stadied 6n seves differeat glopes lhat have
mmmu-nupu Hillslope egradation marginal 10 these depossts ranges Son
02-L1 & Marimum incision in active chaoaels sdjacent ©© colluvial deposits munges from 0.3-28 m.
Catice-satic dating of sock varaish from surface boulders en these deposits yields age estimates froa
10k 00> ] Ma. Loag-tarm srosion sies ealculaiad for hillsiopes (at have relict sarly to middle
Quaiernery doposits mage o 0.2 10 73 mavks end gverage 1.2 mnka

rosion sstos o2 Yaccs Moustals ers selativaly low compared © sy Koy ecther somilarid segions.
I Galifornia snd New Mexico, published long-fem @rosios mis sage fom 1043 sun/ks ea hillsiops
enderiaia by resistany Rthologies. meumqummmuu
ahorsee Gme periods, kowever, ore s tsch &8 0wo erders of

Rillslopes in the Yucca Mounisin ares secord an exceptional kistory .rwuumna
the early Quatornary 1o the presant. Several eonditions conaribe 10 these low kong-tenm erogion fater
(1) bedrock ouicTops s well as boulders i the hillslope deposits are erosionally-sesistant welded wifls,
(2) sock varnish comings o earface boulders imhibit westheriag, (3) colluviat boulder dcponits on
ummmnnmnuupwnm_wu«mmmmﬂ.num-m
£4) hillsSope chansls isolace colluvial deposits by topagraphic inversion and semove hem from scove
erceion by renoff, end (5) debris Bows, sithough effactive ia removing bouldery eoliuvium from wpper
akipes, ors genonally restricsd D active chanacls on middls aad lower hillsiopes and sarely strip debris
from eon-chennclized seas.

03:00 p.m. Faulds, James E. Ne €918

WEN INSICNTS O STRUCTURAL CONTAOLS AND EMPLACENENT KEICMAXISNS OF
mmm BASALTIC DIKES, SOUTHEIRN NEVADA AND NORTHWESTIRN

nms. James B., Dapt. o .oouvy Sniversity of Jows, jowa City,
IA 822427 PEUERRACH, Daniel and SMITH, gens I., Dapt.
Gecaciencs, i sity of las mu. u 621834
Tive ﬁuurutI Bassitic voleanic centers 1ie within 30 km of the
moud high-level suclsar waste fepository at Yuccs Nountain. Ths
1ts gose through tha erwst without contsaination. Previous
otudies suggested that selatively thin (< § m) dikes fed the Basaltic
eanters. Ths Quaternary dikas, scoria mounds, and ginder cones
ranuuy trend NXE. Potential NWRestriking ssar-surfsce channelwaye
or tha basslts includs mormal fault eegmants, layering in highly
daformdd Proterozoic and Palecsoic rocks, and joints. Nowever, lack
of dissaction of thass young wolcances preciudes direct obssrvation
of teadar dikss and eontroll structures.

To slucidate ths geometry of pluabiag ey » B O Y
voleances asar ¥wces Mountaln, highly-dissected Pliocens sassltic
oantars were stwdied in the Iertuuum Hill field of sorthwsatern

Arisons. The msost highly di e are ) on the west
flank of Malpais Kesa. Nare, dikes -mu.n and éirectly unuth three
canters rangs frem 10-23 & in width and 100-22% & in length. Two
eenters ars liakec a 1-2 & vide dike. Thue, ¢ika widths increass
by an order of magnituds directly baneath some canters. The Wii- to
W-gtriking dikes in the Fortification Will field ccmmonly parallel

but are rarely intruded directly along preezisting structures. Scee
dikess eut directly scross Kiocens sorasl faults. All dikes have asar
wartical €ips. Thess observations iaply that ¢ikss may have
propagated upward through “sslf-gensrated® fractures produced by
tensile etressas near the ¢iks tip. The fractures probadly ésvelopad
perpendicular te the lsast principal stress.

In the Yucca Nountain region, the presxisting NXI-etriking
structures may have locally facilitsted trensport of sagmas. In most
eases, however, we that their ewn pathwvays
perpendicular to the K60V erientation of least principal etress.
Rasard assessmants of Yucca Kountain should consider the potential .
for dike intrusion along sslf-generated fractures not associated with
preexisting faults and dike widths 8o great as 28 ®.

03:15 p.m. Wesling, J. R Ne 25537
SURFICIAL MAPPING IN MIDWAY VALLEY: IMPLICATIONS FOR FUTURE
STUDIES TO ASSESS SURFACE FAULTING POTENTIAL AT PROSPECTIVE SURFACE
FACILITIES FOR THE POTENTIAL YUCCA MOUNTAIN REPOSITORY. NEVADA'
WESUING, LK., SWAN, F.H., BULLARD, T.F,  ANGELL, M.M., and PERMAN, R.C..
. Geomatriz Coasultants, Inc., Oue Market Plazs, Spear Sireet Towes, Swe 717,
S Poncisco, Califorsia $4105; GIBSON, 1.D., Org. 6315, Sandis Natrona!
Laborstonies, Po.h’lm.mw New Meaxco 87185,
Preli y Qu gic mapping of Midway Valley reves!s that some allyvial surfaces
uwmnmunmm,nmfynos.pumammmﬁu
foulting potential ot the eite of prosp surface waste-handling facsl Guidelines wchade
wmumwuwmu.mm >0.001 wnmuﬁmu
Tight alluvial surfacas (Q,-Q,) and iated & 4 m Midway Valley bused 00
geologic and geomorphic mupping. Thddmmmm:mdn.muw
remaamt and @ay be Plio-Plasiocens in age.  Younger gusfaces, maging w0 sge from srly or
suddle Piesiocens (Q,) 10 latest Picisiocenc/earty Holocene (Q,), are preserved as strasm tevraces
and alluvial fan surfaces. Holocene wnats eccer &3 low terraces and vegetated dars (Q,) along
active washes (Q)). Colluvial units of at beast three apes mantle hillsiopes.
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ON 153, MSA—IGNEOUS PETROLOGY (POSTERS )

tern Aleutian evust berween =43 and 15 Ma. Afeer 1S Ma, small velumes of
i poman-eech andetite and dacite were erupted on At Island and drou t the western
Aleutians. These strongly calealiatine rocks are geochemically 0 magnesian
andesites of Piip Volcano which is locaied immediately behing the westemn-most
Aleutian ridge. Piip Volcanois s : -active seamount that has formed on
small dilationa! structures within the segionally qans-pressive regime of the modem
western Aleutians. This Jeaky gansform’ setting is infermed © have been established &t
approximately 15 Ma following trans-tensional fifting and voluminous tholeiitc
magmatsm The switch from tholeiitic magmatism related 10 8 gans-ensional segime to
szongly calcalkaline magmatism related © 8 ans-pressional regime may have resulied
from clogging of the Aleutian - Kamchatka junction with buoyant, subduction-related
terrancs. s¢ terrancs probably originated to the east and were gransponed by strike-

slip modon along the westem arc.

Booth 27 Higman. S. L ) Ne 17231
APPLICATIONS OF CHAOS THEORY TO ZONING MORPHOLOGY IN MAGMATIC
PLAGIOCLASE

HIGMAN, S.L. snd PEARCE, T.H., Department of Geological Sciences,

Queen's University, Kingstoa, Ontario, Canada, K7L 3N6
The thicknesses and morphology of oscillatory zones in magmatic plagioclase from Mt. St
Helens, Washington, and St. Kitts, Lesser Antilles show sequences of ordered planar zones
separated by sequences of disordered convolute zones. This pattern suggests that during
crystal growth, some factor controlling crystallization ia the meit changed 10 cause spparent
periodic and chaotic zonation parterns. As 8 result, the sonation patterns observed suggest
that plagiosiase crystallization is 8 monlinear dynamic process. Determining the
dimensionality and functiona) form of the nonlinear dynamical equations represents the first
step in creating 8 predictive mode! for plagioclase crystal growth:

Reconstruction of the state space of the syttem from the relative time-series of
2one-thickness measurements reveals two types of behaviour: 8 spiral geometry, and s limit
cycle geomerry. These are indicative of 8 mon-chaotic Hopf bifurcation.

In low<dimensional chaotic systems, the same state space can be ysad for prediction
of the time series of gone thicknesses. Poor correlation between time-series predictions
and sctual zone thicknesses suggests that plagioclase growth i mot governed by 8 low-
dimensional ehaotic system of squations. However, this poor correlstion is a0t Inconsistent
with the Hop? bifurcation Bypothesis.

The corretaticn dimension can be usted © coastrain e dimensionality of the
sonlinear system conmolling erystal growth, Recent workers have concludad that the data
frequirements for this calculation are ot &8 extreme &s previously suggestad. Using the
aethod of Grassberger and Procaceiz (1983), 8 definitive dimension cannot be obxained
from the time-series of plagioclase erysuls axamined 10 date bacause of the limited number
of zone thicknesses observed. Consequently, # different spproach is required 10 calculate
the correlation dimension in asrural systems characterized by limited data.

Grassberger, P. and Procaccia, 1. 1983. Meaxsuring the strangeness of strange
anractors. Physics 9D, pp. 189-208.

Booth 28 Herzig, Charles T. Ne 6345

CAIC-ALKALINE VOLCANISN OF THE EARLY CRETACEOUS SANTIAGO
PEAX VOLCANICS, NORTHERN BANTA ANA NTNS., CALIFORNIA:
EARLY MAGMATISK OF THE PENINSULAR RANGES BATHCOLITH.

HERZIGC, Charles T., Dept. of Rarth Sciences, University

of Califernia, Riverside, CA, $2821.

The results of detailed mapping, geochemistry, and the
tirst microprote mineral analysas of the Early Cretaceous
Santiago Peak Volcanics (SPV) at their "type® lecality in
the northern Santa Ana Mtns yield insights into the
magmatic evolution of the Paninsular Ranges batholith (PRB)
Quring its earliest stages of emplacement. Structurally
intact sequences of subasrial flovs, wsldad tuffs, veleani-
clastic preccias, epiclasti¢ rocks, snd hypabyssal intru-
sions are the remnants of the volcanic arc built above the
batholith. PFlows are dominantly basaltic andesites and
andesites, with leaser basalts, dacites and rhycdacites.
Major element compositions of andesitas, basaltic andesites
and basalts are of & low-K, calc-slkaline series. Rocks of
tholeiitic affinity are slso present. Cpx with a conposi-
ticnal range of Woys.4gPNyg.egF8y.z2 Plots vithin the mon-
alkali field on dideriaination clagsams, straadling the
calc-alkaline ~ tholeiitic line of Leterrier and cthars
{1982). The compositions of cpx frosm the SPV overlsp with
those froa gabbros of the PRE. Calcic amphiboles from the
SPV are pargasite and edenite with razre magnesio-horn-
blende. These conpositions shov limited everlep with
aaphiboles from gabbros of the PRE. Plagioclase crystals
are dominantly labradorite-bytownite (cverall range is
Ango.gg). ©Opx is completely sltersd to chlorite, part of a
greenschist facies alteratien assemblags presant in all
rocks. The field setting, abundance of andesitic composi-
tions and calc-alkaline affinity of the recks is consistent
vith an origin of the SFPV &3 & volcanic arc constructed at
er near the margin of North America,

A3%0 ABSTRACTS WITH PROGRAMS, 1831

Booth 29 Durant, Dolores G. Ne 17194

CRYSTAL SIIT DISTRIBUTION STUDIES IX SPAKISH PEARS, COLORADO

DURART, Dolores G. and CLIPFORD, Paul M., Dept. Geology,

MNcMaster University, Ramilton, Ont. L8S 4M1
The Spanish Peaks (8FP) dual intrusions of southern Colorads,
their surrounding radiel dyke swarm and several related plugs
form & spectacular volcanic complex in the Rio Grande Rift.

To shed light on the crystallization history of some Rio
Grands magmas, petregraphic relationships and crystsl size
distributien (CSD) have besn sxamined for cpagues., olivine,
and sugite from & gabbroic dyke of Nuerfano Butte (EB) and
teldapars and epaques from & "rhyolitic™ dyke of the 5P
svwars.

CSD plots for BB sugite and NB epagues yield straight
lines with stesp negative slopes. These are consistent with
constant, continucus growth and nuclestion during
crystalligsatien, as well as no erystal fractionstion during
enplacement snd siss independent growth.

gimilar plots for NBE olivine, 8P feldspars., and 8P
opagues yieléd asymmetric beall curves indicating ¢ines
depletion. HNB olivines show resorpticn festures on all grain
siges. The resorbed material was possibly vedeposited as KB
sugite; this may explain the higher slope values for KB
augite compared to NB opaques. 6P opagues also show loss of
material due to vessrptien.

SP phenocrystic feldspars near the éyke boundary lack
resorption festures whereas SP zenocrystic feldspars show
resorption throughout the dyke. The sbsence of fines for
both populaticns could be due to sorting of the crystals in
s magma chamber perhaps by neutral density bouyancy or by
magma movemant within the chamber. Decreasing CSD slopss
across the BF dyke for both SP feldspars and SP opagues are
probably due to thermal and chemical disegquilibrium towards
ths centre of the dyks.

Booth 30 Cascadden, T.E. Ne 26911

INTERMEDIATE AND MAPIC VOLCANIC ROCKS OF THE NORTHERN WHITE HILLS,
ARIZONA: INFLICATIONS FOR THE PRODUCTION OF INTERMEDIATE
VOLCANIC ROCKS DURING REGIONAL EXTENSION
mnmt;mdm.umdmmmnummmx

‘The geseration of intermediate somposition y
sacrived 10 the of mafic and feksic magmas on the basis of geochewical, petrographic
ond Be3d evideace. In the Lake Mead area of the worthere Colarad jonal comidor, magm
sommingfiag produced intcrmedi position ealc-alkatine lavas and associated plutons in the
Black Mountaiss, Ariross end River Mountsins, Neveds, Howewey, i some areas of the Rasin
s0d Range, thick sections of mafic to intermediate wolcanic rocks lack the petrograpic, ficld and
chemical svideace for eommingling. Az examplc of such ag arca is the sorthern White Hills
eth Arizoas, the wxposure of mid-Tertiary igneous rocks et the

latitude of Las Vegas,
Tue NWH eontgin three mid-Mi mafic po ine di lcanic scaters. Lavas are
scbalkalic © alkabic and vary i composition from basalt (46-52% $i0,) to basahic trachysndesite

(5210 % to trachyandesite (S761% Si * warics from 4-8%; rocks have sot
beea subjected wfzm‘ Each S%N:zzo, "‘od“ ically and petrographicalty
distinct magma. The three magma types are 1ated by fractionati ination or AFC.

. Incompatidic trace elcments (HL Th, LREE) show amall but significant differences. However,

sompatible trace element (Co, Cr, S¢, V) sonceatratioas for the most primitive sampies of each
magma fype wre similar. AZ lovas aontain elivioe as a3 aquilibrium phase. Variation within magma
rypes is explained by fractionation of aliviae or elivise-clinopyroxcae-plagioclaze.

These ebservations suggest that the iptermediate volcanic suites in the White Hills were
derived by partial mching of chemically fiffcrent, but mineralogically similar B
oliviae it an squilibrium phase is (e three magma types, i must have been oa the biquidus io the
source. We suggest that the most Kkely source for NWH magmas is spinel peridotite. High St
eoatents (856-1300 ppe) srgue against erustal soctamisation. This wodel is similar 1o that
proposed by Barker and Thompson (1989) for the alkalic lavas of the Hamblin-Clcopatra volcano
(to the morthwest of the NWH) but contrasts with the magrss comaingling models proposed for
e o

sompositionally Reterogeneous volcanic rocks of the River and Black Mounataias. Therefore, i
the Lake Mead ares two indepeadest processes (partial meking and magma commingling) were

pousibie for the production of & di position igacous rucks duriag mid-Miocese
sxeasion. .

Booth 3% Hoch, Asthony R. Ne 23712

PETROCRAPHIC EVIDENCE FOR MIXING OF ALKALINE AND SUB-ALKALINE
MAGMAS IN THE RATTLESNAKE HILLS INTRUSIVE COMPLEX, CENTRAL
WYOMING.

HOCH, Asthony R; MYERS, James D.; FROST, Carol D., Dept of Geology

snd Geophysics, University of Wyoming, Larsmie, WY 8207).

‘The Rattesnake Hills of centrs} Wyoming host Eocene intrusions and extrusive bodies
of Quartz-sormative rhyolise end quarez lstite. These are spatially divided into two
groups: the gastarn felsic group (EFG) and the western felsic group (WFG). Nepheline-
normative phosolites, trachytes snd lamprophyres comprise the central alkalic group

* (CAG), which is located between the EFG and WFG.

Although the EFG and WFG rocks have similar bulk-sock chemical
compositions, they are petrographicaily different. The EFG rocks (plagshbeapemte/=
Qtz) are coarsely porphyritic (phenocrysts up 10 7 mm) with sazoned oligociase

——— .
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® oN OF PETROLZUX KYDROCARBON-CONTAMINATED GROUKD
',cml" $0IL USIKG IN-SITU AIR SPARGING AND ACTIVE $OIL
< TION AT LUST SITES IN NIW MEXICO.
:ni ;x-m:““' Nev Maxico Environzent Dept., 1190 St.
sil: Cis Dr., Sants Fe, NM 87503; BILLINGS, Jeffrey
Frencil ings & Assoc., Inc., 3816 Acedeny Pkvy K-
F.r  lbuguerque, MK 87108; BROWN, William J.,
“;',uqucrqm Environmental Health Dept., P.O. Box
M Albuquerque, XX 87103; ARDITO, Cynthia P.,
}ters, Inc., 8100 Ntn. Rd. NI, Albuquerque, KX 87110
1 of the Nev Kaxico Invironsent Departmant's (NMED's)
o to locate and evaluate cost-effective and sfficient
.'1-"";1” technologies for leaking undarground sterage
3183sT) sites, WMED has besn closaly tracking the
et { ant of an in-situ resediation technology called the
o-':’,:‘,’:“ volatilization and Ventilation System (SVVS,
9.50% ing, 1989).
et .P‘ gnvdvsn%mhtl of a series of wall nests vhich are
?ud within the areas of scil and ground-vater
0% ination &t LUST sitas. Zach vell nest consists of a
2 extraction vell scresnsd within the vadoss zone and
.-:-'r,u,j.cuon well screaned balev the water table.
v o ¢ SVVES utilizes three remsdistion processas: vadoss
vapor sxtraction (in-situ ventilation); air sparging
'f :,. gaturated sone (in-situ air stripping)s and enhanced
1* robisl biodegradation.
05T ¢ SVVS has proven very effactive in the remediation
¢7 sites in New Maxico vhers a shallow vater tabdle
gsignificant reductions in bansene, toluens, ethyl
l.ens, ané xylenes (BTEX) have baan chserved over rela~-
¥ ely short time spans. SVVS treatzent has been demon-
. sated to be an axtrezely efficient ressdiation technology
:.;,. coppared to conventicnal pump and treat systeazs.

o
st e 3

gooth 96 Wyatt . E "~ Ne 28608

nwssocnewcuw»unensmmoscmwmmw
ﬂmutmsmwummmwmn
€ SAVANNAH RIVER SITE. : .
WwYATT. D. E.. BLOUNT, G. C., PRICE, V., Westinghousa Savannsh River
Company, P. O. Box §16, Akan, SC 29301; PIRKLE, R. J.,
MicroSeeps Lid., 220 William Pitt Way, Pittsburgh, PA 18238,
~g CMP Pits consisted of two parafie! wenches ysed for disposa! of oll, erganic
nts, pesticides and maeials during the ysars 1871 through 1879, The
gsposa! sres is centrally kcated within e Savannsh River Site en &
goographic high. In 1984, the waste was removed, the contamingted soll
exavated &1 20 groundwalsr monitoring walls wers installed in & effort ©
w,nmd:;:":mmnm. Minor organic plumes ars known 10 exist
e shatiow .
'ucom soll gas surveys, in support of & RCRA/CERCLA integrated
: mwuwmmdmuam&wm

rs compiex shatiow aquilers ars contaminated with volatiie erganks.

g miormation in this abstract was developed during Whe sourse of work under
corwact DE-ACOS-89SR1803S with the U.S. Depantmant of Energy.

CENOQLUIU EXNENSION IN I HE LURVILLEMA (FPART 1)), SESSION 98

SESSION 98, 1:30 p.m.

TUESDAY, OCTOBER 22, 1991

T 25: CENOZOIC EXTENSION IN
THE CORDILLERA: GEOMETRY,
TIMING, MECHANISMS, AND
REGIONAL CONTROLS (PART i)

SDCC: Room 16AB

01:30 p.m. Metcall, Rodney V. Ne 28750

HORNBLENDE GEOBAROMETRY FROM MID-MIOCENE PLUTONS: IMPLICATIONS
REGARDING UPLIFT AND BLOCK ROTATION DURING SASIN AND RANGE
EXTENSION.

METCALF, Rodaey V, and SMITH, Eugens L, Department of Geosclence, Usiversity

of Nevada, Las Vegas, Nevada 89184

Al dorsblende geobarometry was used io determine the depth of erystalkastion for two
Miocese age plutons, Wiksoa Ridge (WRP) and Mt Ferking (W[PP), from the sorthers Colorado
River extengiona! eorridor. The WRP szhidis & bypabymal sap to the porth aad exteads X0 km
00 the south where i lotrudes Precambrias gucioses. North readiag fastts 634 dikes indicate the
WRP has experienced east-wast exteasion. The MPP latrsdes Procambrias gutis wih s
Bypabysial eap 10 the wast and exirads 32 km anat where it & cut by the low-angie Mockingbird
Mine faall (Faulds, 1939). North readiag dikes sugpest S0me eait-west extension of the MPP,
Palcomaguetic dala sugpest 80 it for WRP and 50 ° wast 81 for MPP (Fagids, 1939). Both
Putoss raage lu eomposition from monzodioriis (0 gtz Monsonks. Evidence of magwa
commingling aad rge anguiar blocks of sider hornbleade Giorike accur in both piutons.
Barnbiende soniag proflie rewal complex growth Mlstorias. For this renson lsdividual saslyss
rather than sveragm wire wied In geobarometry aslculations. Smal anbedral lnterstitial graine
ylold anreatistically low A contents and prassurss and represeat graias isolsted frem
somagmatic phasut required by the geobarometar. Some vina of larger suhedral graing aleo
exhblisd low Al sontents and were avoided. Analyses wind I8 sxicuiations were taken from sreas
of pelatively salform compasition within shout 0 microas of grals edges. Using multiple grains
8 sach, thres sumples of (Qt3) monzodiorite and ene Rbid diorite from the southers end of WRP
yiald shmllar results with Abtotal (based on 23 axypens) of L1S to 13, This ylelds pressures
raaging from 1.49 00 2 kbars and depihs of 4.9 00 €7 kmt. Averagiag these rasaits (ax10) yields
PxlS o/4.2 khars ¢34 g depth of £ «/0.99 kms. A slagic ssmple of WRP monaoalte from 30
ms south of the Aypabymal cnp yleids Alotal=142; Fa0.8S; sad & depth of 28 kms Assuming
setation abeut o borkiontal enst-erest axls these Fesults are counslaient with 1S * oo 3% of
serthward 4. Rotstion of WRP must bave sccwsrred 48 famperstures eoolsd from the solidus %0
the Curvie poiat. Mukipie grains from twe ssmples of gtz Soazoaite from the maters snd of the
MPP yleld Altotal of 101 0o 1.3; pressures of §.31 @ 3.3 khars; and depths of 3.7 10 44 hms
Averagiag these sesults (and) yleids Pall o/42 kbers and & depth of 3.6 o/4.7 kms. This susult
s condistent with & wastward tiit of 335 * o/ § ° provided that Gh¢ Precambrian-take Tortiary
anceaformity, 3 km wast of the apex of MPP, was the murface at the time of Intrusion. We lafer
that some or a2l of ihe sotation of the MPP sccurred belew the Carvie emperamere.

01:45 p.m. Anderson, R.E. Ne 16613

RELATIONSHIP BETWEEN MIOCENE PLUTONISM, UPLIFT, AND EXTENSION, .
LAKE MEAD AREA, NORTHWESTERNMOST ARIZONA AND ADJACENT °

" NEVADA

ANDERSON, R.E., and BARNHARD, T.P,, U.6. Geological Survey, Box 25046,
MS 966, DFC, Denver, CO, 80228

The Lake Mead grea ¢an bs adoed 1o tia growing list of areas in the Cordlllera that

exposs gvidancs for 4 closs fssociation batwsen Cenczbic plutonism ang

mm.mmmmumme.m': )
was emplaced into Proterozoic tatting rock and Paleozoic and Cenczsic cover

parts in the south.

The extent of preintrusion Canczoic deformation is best evalusted in the north,
whare the piuton Intrudes Miocens sedimentary and voicanic rocks. Thoss rocks
show & mikt fo moderats cegres ¢f preintrusion §iting $hat increases southward.
The pluton there consists of thousands of dikes that re
synempiacement ritting in &n approximately east-west dirsction. This rifting &

g
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Volcanic risk assessment studies for the proposed high-levelvradioactive
waste repository at Yucca Mountain, Nevada, U.S.A.

Eugene 1.Smith, Daniel L.Feuerbach, Terry R. Noeumann,! Ho, Chih-Hsiang®

Volcanic hazard studies by the Center for Volca-
nic and Tectonic Studies rclated 10 the proposed
high-level radioactive waste repository at Yucca
Mountain, Nevada have concentraied on producing 8
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 sysiems as well as
volcanic centers within 50 km of the proposed repo-
sitory havc been completed. Importiant advances
from these studics 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-
1ain. Data from volcanic centers within the AMRV are
being used to estimaie recurrence rates and conditio-
nal probability of future volcanism for risk asses-
smenl. The AMRYV includes ien eruptive centers and
cncompasses all post-4 Ma volcanic complexes within

50km of the proposed repository. High-risk rectan-
gles were constructed at each cluster of Quaternary
centers within the AMRV. The size, shape and orien-
1ation of these high-risk zones is based on structural
and volcanic studies in the AMRV as well as in analog
volcanic fields. The proposed waste repository lies
within one of the risk rectangles associated with the
Lathrop Wells volcano. ,
The possible recurrence of volcanic activity in the
AMRYV was evaluated by estimating the instantaneous
recurrence rate using a nonhomogeneous Poisson
process with Weibull intensity and by using 2 homo-
geneous Poisson process 1o predict future eruptions.
Based on data from Quaternary data, the estimated
instantaneous recurrence rate for volcanism is about
5.5 x 10°/vear. We conclude that the estimated prob-
ability of at least one eruption occurring in the AMRV
in the next 10000 years is about § percent.

4 1. Center for Volcanic and Tectonic Studies, Depaniment of Geos-

cience. University of Nevada. Las Vegas, Nv 89154, USA.
2. Depanment of Mathematical Sciences. University of Nevada,
Las Vegas. Nv 89154 USA.




FERSEERL §

.-a.-unurx PRREAEM

Ny, "‘. L

munxmmmummmmmmuw
N‘ 1185 and 1100 M2 The rocks wers
~ mmm»mmmmmmnoowwsoua Thomnnol
J‘“::Zumwﬂﬂ of pis and cessation of metamorphic
! ,.w“md:mu Accreton-Diftersntiation Supersvent (CADS). The
CADS represents pust ong of the Mmany crustal accretion snd mantle ditfersntistion
.. mm.mocunma;mmvunmummmmnu
""moeolﬂ“ martie reservos by abouk 10 percers.

o4:00 p-m- Owens, B.E.

BRIEV] VILLE MASSIF, QUEBEC: A HIGHLY "EVOLVED", ~1.0 GA, POST-
"'.,o\lc. ANORTHOSITE-LEUCOGABERO-JOTUNITE SUITE.
1TOENS. BE., TUCKER, R.D. BRANNON, J.C. PODOSEK. FA. md DYMEX,
RE. of Earth and Planet. Sci., Washington Univ., St. Leuis, MO 63130
umtmmuu&mﬂkmmwwnﬂﬂhhﬁhumm
S anlits temane of the Grenville Suuctural Province, & ks 1w
"’maplmchody LBV consisz of four main wnis: mnluulememd
_‘dpngnnmndu(plagomonm).mmn;nmmmwlmanllmnim
:r'l\'!- |2]ammln.mlwmabbmmm@luoopxocpxoilmollt!)‘- (5]
e aaute meyuumwmluuuw
vl 3. 163190 0d 14) fne-graince, gen focuie (epys Bonzoclorie, Bt
-gaunﬂm.mn.lpwwlmzimm)lomdnnenmsiv:dinhmmmte.mu
G margin of the complen. Desphie these @ifferences in color, fexwure and minenlogy.
“uummmxmwummmmwwa lon:mplz.
- coruain highly alkalic plagioclase (e£. ~AnyOryy in anorhosite;  mesopenthite
mnmuﬂMkumminnkmﬂmpnﬂw( Anhphnndlaln
v mmmwmmumm In addition, all units have extreme Jevels of
;,,".w,-mm-lmmsr. ~1000 and ~7700 ppm B, bn anonthosise w3

n)ﬁmnmmﬂmuummdmmtlw!
mamc(low,zm in contrast, metamorphic zircon in pyroxene
n,wmwmmmamwmmmuzmmmmu
n,mgsmdolcmmimmnommu&echmctmm related
s,gﬁymnfumm:m Al gny e, (hese dates clearly indicate that LBV is
,,gummmnumomrmmmmnmmnmnuwm
xauve 10 Grenville orogenic events. We suggest that there may be a8 corvelation between the
,,,.mmreauvwm'mmd'm mmmauwmd
‘susa) thickness during she Grenville.
Sm-Nd isowopic dats also support 8 comagmatic selationship mmawm
.MUR)IIowm-ol’gumaﬂuugm)mm(m-dﬂtmx
Core anorthosite (Eyg = +0.8 & 0.3), however, cannot be atricily comagmatic with the other
“mmumamweumnmmwanymivnamunuw
& =1070 Ms. At presenz, it is unclear whether these differences in Nd lsotopic compositions
m&nmmmmummeﬂm

04:15 p.m. Rockow, Michael W.

FINE-GRAINED ENCLAVES IN JOTUNITE AND MANGERITE, MORIN COMPLEX,
QUEBEC: NEW CLUES FOR MASSIF ANORTHOSITE PETROGENESIS?
ROCKOW, Michael W. snd DYMEK, Rotert F., Deparumens of Rarth end Plancury Sciences,
Washinglon University, St Louis, MO 63130
Fue-gruacd “micromafic® enclsves (FGE), although eommon in granites warldwide, appesr © Mave
acver cfore been pecognized s granstoid mxks associsied with massif anorthosite,  However, 8t the
Mara Complex., mnwmuummmm(wmmm
qurz [ y). where they comprise o 00 8 few % of individual eucrops.
msnwx(-szsnxmwwnwmmnwm.w
‘uk and . and exhibis sharp contacts against their hoss. mmmm
from each wnit) have been studied pezrographically. mmw

by
. agsregans. The mincralogy of hosts sod
ms&:mm.momomohououvpovotgbgm Mineral
mx;mud» wwmh:’:*mw Mooyl
ARy in mangerie; EagrEng w. EagEagy ep: QuoMypfeys -
u.‘umh,, w. CagMisyFey) - CaghigyaFeys). Sut varisiions o esch sampic ore smal (ot
mpnmwymll are assentially the aame i each hout-FGE pair. Major
ndnnuleum fave been desermined for two host-FCE puirs (one &om each wnit) by
XRF and DVA methods. The FGE i the joumise kas 8 basaltic composition (524 1% 805, 65 m%
Mg0) and i mare siliceous than is host (453 w1%). The KGE in B mangeriie ¢oniains 53 wtS
o i less ailicoous than its host (53.9 wilh). The concantrations of ®any s siements (Rb, 81, 2,
2, Ta, Ba. Pb, Th a3 U) in FGE and host are similyr. For exampie, RD eonients of e jotonise hos-
FGE pair are low (1.2 ppm & <26 pir, mspectively), while thoee in e mangerice hout-FGE poir are
&35 (90 ppm & 93 ppm). The jouniee FGE has low REE sbundances (~13X ehondrites), 8 flat paners
ey, ~ 1.9) ad 8 positive Bo snomaty (EwEu” = 1.8), while ks host las higher eoncentrations Qs y
=40X), a fractionsied patiemn (Laylay - 3) and 80 Bs snomaly. mmmndhmzmhn
34 REE eoncenraiions (Lay = 300) and fracionsied patierns (Lay/Lay = €); $00: 830 have negative
& snomalies (EwEa" <08 & =0.6). Weo suggent that e FGE sepresent Giaggregaied globuks of
Woaloe liquid intoduced il the muagma chamber tha was evolving (0 produce the joumies and
Sanperies.  This basahic liquid wes progressively modified By lquid-liquid imersction @uring
Srnallization-differenuanon of the homt, resutting is e variable compasitions of the FGE and e close
greement of yace eiement sbundances beiween FGE and host.  FGE may mprescar sampics of e
Shsive mafic componen: invoked a3 being imporiant © @k petrogenctis of aaonhosiics.

MSA—IGNEOUS PETROLOGY I, SESSION 30

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, $.J., snd WILLIAMS, M.L., Dept. of Geology and Geography, Univ. of
Massachusetts, Ambherst, MA 01003; HERRON, P.M_ O'BRIEN, J.A.; sad
COLLIER, S.A., Geology Dept., Colgate Univ., 13 Cak Dr.. Hamilton, NY 13345
The Minnechaha magmatic complex is 8 ~1720 Ma ile intresive which
preserves evidence for large-acale mingling of granitic and basaltic magmas, and the in-situ
synthesis of intermediate composition magma. The complex is bounded on the north by the
Crooks Canyon granodiorite, on the sast by a septum of ~1740-1720 Ma metasedimentary
rocks, on the south by the ~1632 Ma (Chamberisin and Bowring, pers. comm.} Horse
Mounusin pluton, and on the west by 80 URRamed very coarse-grained granite. Four mamn
lithologies are represented o the comples: 8 K -508r megacrystic granite (megasrysts to =5
cm long), 3 horablende basalt, 8 horabdlende diorite, a cosrse-grained, spotted rock with
plagioclase-dominsted matrix hosting spherical accumulations of hornbleode crystals The
diorites lie compositionslly ea mizing lines between the granite and the basa'tic end
members. The spotted rocks gre snriched in Ca, Mg, 883 Cr relative 10 the basalts and ma.
be cumulates separated sarty from basaltic magma. ln gddition w these four Lithalogres, &
wariety of fine-grained hybrids represeatiog mixing of large proportions of basali aad small
proportions of granite sre common.

Texztures preserved in the complex provide sbundant evidence that the K-spar
megacrystic granitic magma and the dasaltic magms were coniemporanecusly partislly
tiquid. Thick sccumulations of deformed, mushroom-shaped sones of basalt (1o im
diameter), surrounded by megacrystic grani bably represent d of pasaltic
injecied iato the granitic magms ehambesr. x-w megacrysts is m gmme are
progressively resorbed and digested with increasing prozimity to basaltic

The Minnehaha complex is one of severa) magmatic centers in the IA: lng Nock of
the Ysuapai province. The biock may have been 3 P D
related complex. The textures end compositions of the ! ggest that granite/basalt
Nybridization contributed keavily 1o the prod of intermediate magmas in the src
compler. The basait may represent s kydrou partia! mantie melt which provided heat for
snatexis of crustal material 10 generate felsic orogenic plutons.

04:45 p.m. Metcalf, R. V.

THE MT. FERKINS PLUTON: SHALLOW-LEVEL MAGMA MIXING AND MINGLING
DURING MIOCENE EXTENSION

METCALF, RV, SMITH, EL, NALL, K.E. and REED, R.C, Department of

Geosclence, Usiversity of Nevada-Las Vegas, Las Veges, NV §9153

Generatios of latermadi mmmnnhmnmm
Miocese ML Perkins Pluton, AZ, within she Colorsdo River £ ional Cervidor s 8 p
compasitional sxpanded bady end prevides ss idesl Bboratory for such & study. The pluton was
formed by muktiple dike-en-dike empiacement events which sre divided lnto four phases (P1-P4):
the eldest, P1, & & eoerse-graised AbiS gabhro (€9 wt $i0,); P2 i 8 mediumgraised, b0,
and biotiie-benring qtz monnoaiees (53-61 wt% $I10,); I3 ks o Rae-graised Siot (2bdU)
granodiorisas (69-73 wt% £I0,): sad P2 s & suite of aphasitic plasar gikes twidihs of cms 10 3
oers) of malic, intermedisie, and fehic sompasitions. Al-la-bbid geobarometry o mupia
fram P2 aad I3 give similer sresults, P09 28.28 kdars, yielding o erystallization depth of 03
A%%kn, .
M qtz diorite (51-83 iR Bi0,) malic microgranitoid enclaves (MME), ranging I slze
from 3 fow em 10 several meters, are sbundant ia P2 ead P3 socks 53d ln some intermediske
dikes of P4, MME messstructurss fovold pliow-lke shapes with eresulale margias hat are finer
grained thas interiors) ssd microstructures (lath-shaped plagiociase with complex lnternal
esbedral walag; miauis subedral piagiociase grains poikfliticsily eucksed lo deadritic sphene In
Ree-grained margias; acicular apstite gralas) ndicase that MME formed as glodules of hotter
@afic magma quenched withla eooler, more feksic magma. Lisear treads en major element

" Marker variation diagrams aad byperbolic irends 08 Major4rsce element ratic glots indicates 8

magus mkxing erigla for intermadiate rocks of P2 and P3. I3 grancdiociss bost served a3 the
felsic mixing end member, P1 gabbro falls off the miniog rends sad & sor the mafic end
sember for miting; modeling the MME are sot related 10 the gadbro by fractional
crystaliization, Ja btk P2 aad P23 MME. embayed plagiociase and eps are pollitisicatly snciosed
Ia larger feidspar grains, aad kA1 grains are mantied by Siotite. These heatures indicate that the
MME & aot e miaflc mizing end member but is oiso » D)brid formed by magma mixing.
Features Indicstive of advanced mechanical mixing (mafic schiieren, disrupted mafic dikes,
luwklla-ltn«mmlhulnlcmm-nbdimhgmnmugnybﬂdkm
sccurved st depih. Studies ot Mt. Perkins indicate that composl y snpanded sultes formed
duriag Miotene extensica are e ressX of magma misiag.
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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 (1), 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 1) divide the Ceno-
zoic volcanism of the Yucca Mountain region into three
episodes that include (1) an older episode of large vol-
ume basaltic volcanism (12 to 8.5 Ma) that coincides in
time with the termination of silicic volcanic activity; (2)
the formation of five clusters of small volume basalt
scoria cones and lava flows (9 to 6.5 Ma), all located

north and east of the Yucca Mountain site; and (3) the

* Paper financed by the Nuclear Waste Project Office, State of
Nevada, USA

Offprint requests 10: 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, 2 pattern that may reflect an earlier southwest mi-
gration of silicic volcanism in the Great Basin. Smith et
al. (19902) 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 fj=1—¢ =",

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/4, where a is
the area of the repository and 4 is some minimal area
that encloses the repository and the area of the volcanic
events. Crowe et al. (1982) develop & computer program
to find cither the minimum area circle or minimum area
cllipse (defined as A) that contains the volcanic centers
of interest and the repository site. 4 is defined to ac-
commodate tectonic controls for the localization of vol-
canic centers and to constrain A to be uniform within
the arca 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




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 dlsmpuon of a
waste repository located at Yucca Mountain falls in the
range of 3.3 x 10" 10 4.7 x 10~* 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 8 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 (ficld mapping; determinations of
the eruptive history of basaltic centers; petrology: geo-
chemistry; geochronology. tncludmg 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 forma! 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 2 number of volcanoes. Wickman ob-
serves that, for some volcanoes, the recurrence rates are
independent of time. Volcanoes of this type are called
“Simple Poissonian Volcanoes.” Theoretically, the
probability formula (Crowe et al. 1982) is derived for
this type of volcanic activity from the following as-
sumptions:

1. Volcanic eruptions in successive time periods of
length ¢ for each period are independent and should

51

follow a Poisson distribution with a constant mean (av-
erage rate) A, i.e. a simple Poissonian volcano.

2. Every eruption has the same probability of reposi-
tory disruption p. That is, there is no heterogeneity with
respect to disruptiveness.

3. The disruptiveness of the eruptions are independent
of one another.

This very brief description is purely mathematical
and has no direct interpretation in geologic terms.
Since the Poisson model is both the state-of-the-volca-
nological-art (e.g. Wickman 1966, 1976) and used in ac-
tual risk assessment (e.g. Gardner and Knopoff 1974;
McGuire and Barnhard 1981), we do nrot question the
above assumptions in this article. Therefore, the follow-
ing statistical development is based on the assumptions
of a simple Poisson model. Of course, exploring alter-
native models derived from different assumptions
based on detailed geologic data and statistical analysis
would be valuable as well (e.g. see Ho 1991).

Probability formula

The probability model of Crowe et al. (1982) is based
on the following relationship:

Pr [disruptive event before time 7}=1—¢~4>,
The power series expansion for exp~4” (Ellis and Gu-
lick 1986, p. 545) is:
2 3
e-ton T ALy, G026
k=Q - .

Therefore, the final probability calculation can be sim-
plified as:
Pr [distuptive event before time 1]
Gy @y _
Mp =
=Atp, for small 4 and p relative to ¢.

+...

The approximation is reasonable and is true for vir-
tually all of the calculations in Crowe et al. (1982) since
all of their estimated values of both A (<10-%) and p
(<1073) 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 2 manner
that is commonly thought of as “at random.” We will
refer to & “happening” as an event. If events in a Pois-
son process occur at a mean rate of 4 per unit time (1
year, 10° year, etc.), then the expected number (long-
run average) of occurrences in an interval of time in ¢
units is A¢. In quantifying volcanism at Yucca Moun-
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tain, we define a volcanic eruption as an event. There-
fore, the collection of data is directly or indirectly
based on the number of eruptions.

Crowe et al. (1982) try three methods to calculate A
in their probability calculations. These are: (1) evalua-
tion of intervals of volcanic activity for evidence of pe-
riodicity: (2) counts of volcanic events in Quaternary
time: and (3) evaluation of the ratio of magma produc-
tion rate and mean magma volume. Based on method 1,
they conclude that the data suggest no distinct patterns
or periodicity of basaltic volcanism in late Cenozoic
time. Therefore, the data are insufficient to analyze in-
terval patterns and thus cannot be used to calculate fu-
ture rates of volcanic activity (Crowe et al. 1982). We
believe, however, that according to the Poisson model
assumptions, intervals of volcanic activity should fol-
low an exponential distribution and thus 4 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 4
as N/T where N is the pumber of scoria cones and T is
the period of time represented by the age of the cones
or some other specified time period. Thus A is the aver-
age number of eruptions per unit time. In their calcula-
tion of N/T, they define no statistical sampling tech-

nique that is associated with the assumed model. More- .

over, they do not provide evidence that counting cones
is equivalent to counting eruptive events. Crowe et al.
(1989) and Wells et al. (1990) now recognize and clas-
sify the Lathrop Wells volcanic center as a polygenetic
volcano and suggest that some cones may have erupted
more than once. Note that the Lathrop Wells volcanic
center is only 12 miles away from the proposed Yucca
Mountain repository site. We shall introduce a statisti-
cal estimation procedure to interpret the estimator.

Based on method 3, Crowe et al. (1982) determine
the rate of magma production for the NTS region by
fitting 2 linear regression line to a data set of four
points collected from four volcanic centers. Each value
thus represents magmatic volume of a single eruption at
a corresponding volcanic center. The mean magma vol-
ume for 4 m.y. is calculated by taking the average of
these four values. The ratio (rate/mean) is then calcu-
lated as an estimate for the annual recurrence rate A.
Similarly, the annua! 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 stecady-state magma pro-
duction in & 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) cruptions 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, 4 is a critical parame-
ter for the probability calculation. We shall now exam-
ine various statistical methods for calculating A, how
the geologic record of volcanism in the Yucca Moun-
tain can be used to estimate values of 4, 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,, x3, ..., Xa, is @ 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 x,, x3, ..., X, are observations of a random sample
of size n. The distribution from which the sample arises
is the population. The observed sample values, -
X1, X2, .. Xa, 2r¢ used to determine information about

-the unknown population (or distribution).

Assuming that x,, X3, ..., X, represent 2 random sam-
ple from a Poisson population with parameter 4, the li-
kelihood function is:

Liy= T fxityme=2 5 = [ [T xt
feml i

iw]

Many good statistical procedures employ values for the
population parameters that “best™ explain the observed
data. One meaning of “best™ is to select the parameter
values that maximize the likelihood function. This tech-
nique is called “maximum likelihood estimation,” and
the maximizing parameter values are called “maximum
likelihood estimates,” also denoted MLE, or 1. Note
that any value of A that maximizes L(1) will also max-
imize the Iog-hkehhood In L(A). Thus, for computa-
tional convenience, the alternate form of the maximum
likelihood equation,

d
a—ln LRA)=0

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

InL)= —nd + Z x;lnA—In n‘x, )

The maximum likelihood equation is:

ilnw.)--n-;- 3 —-o

which has the solution {= 3 = = £. This is indeed 2

iml B
maximum because the second derivative:
dz [ X
Zznid)=-Z 7

is negative when evaluated at x.




Let us demonstrate this estimation technique. Let X
denote the number of volcanic eruptions for 8 10°-year
period for the NTS region from this assumed Poisson
process. Then X follows a Poisson distribution with av-
erage recurrence rate u, with u =Ar=10°4. If we wish to
estimate A for the Quaternary using the Poisson count
data for the NTS region, the successive number of
eruptions from the last 16 consecutive intervals of
length 10° years (16 x 10° = 1.6 x 10° &« Quaternary peri-
od) must be estimated. The number of observed erup-
tions per interval are denoted as x,, x3,..., X16. Thus,
these 16 values represent a sample of size 16 from a
Poisson random variable with average recurrence rate
u. Estimating the mean of the Poisson variable from
these count data gives: '

16
f=i= 3 x/16,

im]

and

16
A=fi’10°= Y x,/(1.6x 10°)
jim]
This shows that the estimated annual recurrence rate, 4,
is the average number of eruptions during the observa-
tion period (in years). Based on this estimation tech-
nique, A can be defined as: .

/f-E/T, )

where E=total number of eruption during the observa-
tion period,
and T=observation period.

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

Estimation based on repose times

With any Poisson process there is an associated se-
quence of continuous waiting times for successive oc-
currences. If events occur according to a Poisson proc-
ess with parameter A, then the waiting time until the
first occurrence, T, follows an exponential distribu-
tion, T, ~ Exp(6) with 6= 1/A. Furthermore, the waiting
times between consecutive occurrences are independent
exponential variables with the same mean time between
occurrences, 1/A (Parzen 1962, p. 135). Several simpli-
fying assumptions must be made in treating eruptions
as events in time. Although the onset date of an erup-
tion is generally well-defined as the time when lava first
breaks the surface, the duration is harder to determine
because of such problems as slowly cooling flows or
lava lakes, and the gradual decline of activity. We ad-
opt the same definition for repose time as used by
Klein (1982). Therefore, we ignore eruption duration,
we choose the onset date as the most physically mean-

ingful parameter, and we measure repose times from

one onset date to the next. Thus, our definition of “re-
pose time” differs from the classic one as a noneruptive

$3

period. This procedure seems justified because most
eruption durations are much shorter than typical repose
intervals. The mean time between two events (erup-
tions), 6, is inversely related to the volcanic recurrence
rate 4. 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 6 (Hogg and Tanis 1988, p. 336) is:

fmim T t/m,and f=b- i,
(T3 ]

where ¢y, ..., t,, represent values of a random sample of
size m from an exponential population with parameter
6. For the NTS region, the exact values of 1,'s (repose
times) are difficult to obtain because the precise date of
cach eruption is not known. However, based on the
definition of repose times we can calculate;

m
2 =time betweeen the first and last eruptions during
f=1  the observation period,

and

m =total number of repose times= E— 1, which gives
A=(E-1)/(To-T,), ¢}
where

E=Total number of eruptions between T, and T, in-
clusive, : '

with
To = age of the oldest eruption,
T, =age of the youngest eruption.

Note that the numerical values of E in both Egs. 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 T, and T, inclusive, to reflect that ex-
actly m (=E-1) repose times (¢, through ¢,,) are ob-
tained. Theoretically, the two estimates obtained for 4
(Eqgs. 1 and 2) should be consistent, but not identical.

Estimation based on magma volume

Let V be the total volume of basaltic magma erupted at
the surface in the NTS region during the observation
period of length 7. From Eq. 1, we obtain:

AmE/TmEV/TVa(V/TY/(V/E)=t/é 3)
where
r=V/T, the annual rate of magma production,

‘and
o= V/E, the mean volume of magma during the obser-

vation period of length T.

Equation 3 is valid, but it also requires an accurate esti-
mate of E for é. If E (or r) is underestimated, so is A.
The most efficient way to calculate ris ¥/7T. Crowe and
Perry (1989) present a refined method to calculate r.




They evaluate r as the slope of the curve of cumulative
magma volume plotted versus time. It is essentially
identical to ¥ /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 6, the mean volume of magma. There-
fore, we see no economy in EqQ. 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 (Egs. 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 arc 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 veats 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 7 denote the number of volcanic centers under
investigation, and let J; be the number of main cones in
the ith volcanic center, where i=1, ..., I. The proposed
estimate of E is: :

1 4
E= 'g:l 1;‘ (m,+e,), . )]

where m;=number of multiple, time-separate erup-
tions of the jth main cone in the ith volcanic center,

and e, =number of vents that are separate in space and
time (with distinguishable age measurements) from the
Jth 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 e,'s for the Quaternary volcanic centers of the
Yucca Mountain.

Emplrical 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 & preliminary data set based on the Quater-
nary volcanism to demonstrate the estimation tech-
niques of the recurrence rate.

According to Crowe and Perry (1989), the younger
zone of basaltic activity in the vicinity of Yucca Moun-
tain is characterized by basaltic centers occurring as
clusters of scoria cones and lava flows. There are seven
Quaternary volcanic centers: the sequence of four 1.2-
Ma centers in Central Crater Flat, two centers of the
0.28-Ma Sleeping Butte site, and the Lathrop Wells cen-
ter. The age of the Lathrop Wells center has been re-
fined from the original 0.27 Ma (Crowe et al. 1982) to
0.01 Ma (Crowe and Perry 1989). This date (0.01 Ma) is
in the range of 0 to 0.02 Ma, the period of the most
recent volcanic activity of the Lathrop Wells Cone as
reported by Wells et al. (1990). The sequence of four 1.2
Ma centers in central Crater Flat includes Red Cone,
Northern Cone, Black Cone, and two Little Cones (Fig.
1). Smith et al. (1990a) concentrate on this group of five
cinder cone complexes in the central part of Crater Flat
in Fig. 1. Based on their discussion, the cones form a
12-km-long arcuate chain. Details of vent alignment are
best observed on Black Cone and Red Cone in the cen-
tral part of the chain. In the Black Cone complex, the
cinder cone is the most prominent topographic feature

. (about 100 m high and 500 m in diameter), but it may

only account for 2 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 Jarge bombs. Vents are aligned along
two sub-parallel zones that strike approximately
N35° E. One zone includes Black Cone and four scoria
mounds; the other zone lies 300 m to the southeast of
Black Cone and contains at least seven mounds. Dikes
exposed in eroded mounds strike northeast and parallel
the trend of the vent zones. The Red Cone complex
contains three vent zones; two trend approximately
N45°E and a third zone strikes N50° W (Fig. 2). This
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Fig. 1. Generalized geologic map of Crater Flat volcanic field
area and boundary of proposed radicactive waste repository; inser
map shows location of the Crater Flat volcanic field. (Source:
Wells et al. 1990, figure 1) ’

provides substantive justification of our treatment of
the total number of eruptions (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 al (1990b, table 4) are: 0.98+0.10 Ma for
dike, 1.01+£0.06 Ma for amphibole-bearing unit, and
0.95+0.08 for basalt on top of Red Cone. Until more
reliable dating techniques are available, we have no
way to distinguish the ages of the cones within each
cluster of volcanic centers. Notice that, although an in-
dividual observation (x; or ¢) is not required for the ¢s-
timation of E developed in this article, the limited
availability of precise ages would affect the counts of
both my and €y 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, =0.01 Ma.
Therefore, based on Eq. 1,
AmE/T=8/(1.6x10%=5x10-%/yr

Based on Eq. 2, )

L (E=1)/(To=T,)=(8~1)/(1.2x 10°=0.01 x 10%)
=59x10~¢/yr
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Fig. 2. Geologic map of Red Cone, Crater Flat, Nevada

Of course, the estimated rate based on Eq. 3 is
5% 10-%/yr regardless of the value of ¥, since the
magma volume is really never needed in this calcula-
tion.

Discussion and conclusion

The statistical estimation of recurrence rate 4 requires &
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 4 is to
construct 2 curve of cumulative magma volume versus
time, which is also affected by the counts of vents (£) in
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the observation period (T). Their ignorance of the crit-
ical factor E in Eq. 3 leads them to believe that estima-
tion based on magma volume is the most acceptable
method (Crowe and Perry 1989); this questionable be-
lief, in turn, handicaps their estimates for ¢ and thus for A.

2. All of the published results that demonstrate statisti-
cal sampling techniques for volcanic activity require a
representative sample and 2 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 faimness of the coin).

3. Their recognition of the fact that short periods of
eruptive activity are bounded by long periods of inac-
tivity at NTS indicates that their choice of a simple
Poisson model should be adequately checked based on
more detailed geologic data. So far, the problems of
model assumptions and parameter estimations have
been treated only separately by Crowe et al. (1982) and
Crowe and Perry (1989), despite the fact that the model
(simple Poisson, or Volume-predictable model) as-
sumptions and parameter (occurrence rate, or magma
effusion rate) estimation methods virtually always de-
pend on each other in volcanic hazard and risk calcula-
tions. .

Yucca Mountain is remote from human habitation.
There is no historical record of volcanism -near Yucca
Mountain. Therefore, the volcanic record must be de-
veloped by detailed field, geomorphic, and geochrono-
logic studies. Precise ages are critical for volcanic rate
calculations, but traditional K-Ar dating commonly has
a large error in the age range recorded by the volcanoes
" near Yucca Mountain (1.1 Ma to 20 Ka). Until more
precise techniques are developed, there will be uncer-
tainties with regard to the age and duration of volcan-
ism. Since predictions are needed, one possible im-
provement would be to reconfirm all of the crucial as-
sumptions using data that are the only basis we have
for making necessary plans, calculations, and model se-
lections. We have no choice but to form our notion of
governing laws on the basis of data and to act accord-
ingly. This is particularly true in volcanic studies, where
data are rare and expensive (= $300-$600 per age of 2
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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