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INTRODUCTION

The annual report of the Center for Volcanic and Tectonic Studies (CVTS)
contains a series of papers, maps, reprints and theses that review the progress made by
the CVTS between October 1, 1990 and September 30, 1991. 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 in controlling the location and composition of Pliocene-
Holocene volcanism.

(2) The nature of boundaries between compositionally different mantle domains. These
domain boundaries may control the location of surface faults and volcanism.

(3) The detailed geology of the Pliocene volcanic cones in Crater Flat.
(4) The detailed geology of bedrock to the east of Crater Flat on Yucca Mountain.

(5) The structural controls and emplacemeﬁt mechansims of Pliocene/Quaternary
basaltic volcanic centers and dikes.

(6) The study of young felsic volcanism in the southern Basin and Range.

(7) Estimating the probability of disruption of the proposed repository by volcanic
eruption (this topic is being studied by Dr. C. Ho-UNLYV).

A ctiviti

CVTS presented papers at several professional meetings including:

(a) The Geological Society of America Cordilleran Section Meeting in San
Francisco- March 25-27, 1991.

(b) The Napoli ‘91 International Conference on Active Volcanoes and Risk
Mitigation, in Naples, Italy - Aungust, 1991.

(c) The Geological Society of America National Meeting in San Diego, October,
1991.

In addition CVTS staff participated in several technical exchanges and field trips
with NRC, ANCW and NWTRB panels, and presented numerous invited talks, seminars
and field trips to the public about volcanism and the proposed nuclear waste repository.
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The 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 Yucca Mountain
high-level muclear waste repository. Invited talk 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 bazards related to the project.

CVTS Staff

During the period October 1, 1990 to September 30, 1991, CVTS staff included
Eugene L Smith (PI), Dan Feuerbach and Terry Naumann (Research Associates), and
Tracey Tuma (Student Assistant). Jim Faulds (University of Iowa) received partial
support to complete his field studies in the Malpais Mesa area of Arizona and in Crater
Flat. In addition, two graduate students (Tracey Cascadden and Hayden Bridwell) were
partially funded to complete Master’s Thesis projects.

This report includes the following contributions:
(1) "Evolution of a mantle domain boundary during regional extension: constraints from
isotopic geochemistry of volcanic rocks in the Lake Mead area, Nevada and Arizona" by
D.L. Feuerbach, EI. Smith (CVTS-UNLV) and J.D. Walker (University of Kansas).

(2) A summary of a paper entitled *Isotope geochemistry of the mafic lavas of the
Reveille Range, Nevada: A window into the mantle of the central Great Basin® by T.R.
Naumann, EI Smith (CVTS-UNLV) and J.D. Walker (University of Kansas).

(3) The geologic map of Crater Flat, Nevada. The authors of the map are J. Faulds
(University of Iowa), D. Feuerbach (CVTS-UNLYV), A. Ramelli (UNR) and John Bell
(UNR). This map and explanation will be published by the Nevada Burean of Mines and
Geology. .

(4) A summary of a paper regarding the structural control and emplacement mechanism
of mafic dikes by J. Faulds (University of Iowa). .

(5) Copies of abstracts submitted by CVTS staff during the year of funding.
These include:
(a) "Structural control of Pliocene volcanism in the vicinity of the Nevada Test

Site, Nevada: an example from Buckboard Mesa® by Naumann, Feuerbach and
Smith. Presented at the Geological Society of America Cordilleran Section
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meeting in San Francisco.

(b) "The transition from subalkalic to alkalic volcanism in the Lake Mead area of
Nevada and Arizona: geochemical and isotopic constraints” by Feuerbach, Smith,

Walker and Tangeman (Kansas) Presented at the Geological Society of America
Cordilleran Section meeting in San Francisco.

(c) "The eastern boundary of the extensional allochthon in the eastern Basin and
Range: volcanic and structural geology of the northern White Hills, Arizona” by
Cascadden and Smith. Presented at the Geological Society of America Cordilleran
Section meeting in San Francisco.

(d) "New insights on structural controls and emplacement mechanisms of
Pliocene/Quaternary basaltic dikes, southern Nevada and northwestern Arizona"
by Faulds, Fenerbach and Smith. Presented at the Geological Society of Amenm

National Meeting in San Diego.

(¢) "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.

(f) "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.

(g) Volcanic risk assessment studies for the proposed high-level radioactive waste
repository at Yucca Mountain, Nevada, USA" by Smith, Feuerbach, Naumann and
Ho (UNLYV). Presented at the Napoli ‘91 International Conference on Active
Volcanoes and Risk Mitigation in Naples, Italy.

(6) Two papers describing new K-Ar dates from the Reveille Range and Fortification
Hill field published in Isochron/West.

Naumann, T.R., Smith, E.L, Shafiqullah, M., and Damon, P.E., New K-Ar ages for

mafic to intermediate volcanic rocks in the Reveille Range, Nevada: Isochron
West.

Feuerbach, D.L., Smith, EI, Shafiquallah, M., and Damon, P.E., New K-Ar dates
for mafic late-Miocene to Pliocene volcanic rocks in the Lake Mead area, Arizona
and Nevada: Isochron West.

(7) A thesis entitled "The Sloan Sag: A Mid-Miocene volcanotectonic depression, north-
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central McCullough Mountains, southern Nevada® by Hayden Bridwell. This thesis deals
with a section of young (<12 Ma) felsic volcanic rocks in the McCullough Range, 16
kilometers south of Las Vegas.

(8) A thesis entitled "Style of volcanism and extensional tectonics in the eastern Basin
and Range Province: northern Mohave County, Arizona" by Tracey Cascadden. The
thesis deals with the formation of mafic volcanic rocks in an extensional environment.

If these theses are not included in your copy of the annual report and you wish
more information, contact the CVTS (702) 739-3971.



EVOLUTION OF A MANTLE DOMAIN BOUNDARY DURING REGIONAL
EXTENSION: CONSTRAINTS FROM ISOTOPIC GEOCHEMISTRY OF
VOLCANIC ROCKS IN THE
LAKE MEAD AREA, NEVADA AND ARIZONA

by

D.L. Feuerbach, E.I. Smith
Center for Volcanic and Tectonic Studies
Department of Geoscience
University of Nevada, Las Vegas
Las Vegas, Nevada 89154

J.D. Walker
Department of Geology
University of Kansas
Lawrence, Kansas 66045



INTRODUCTION

In the southwestern U.S.A., three mantle isotopic provinces were defined by the
use of Sr and Nd isotopic systems (Fitton et al., 1986; Menzies et al., 1983; Farmer et al,,
1989) (Figure 1). These are: (1) Basin and Range characterized by € Nd between +5
and +8 and intial ¥Sr/%Sr =0.703 (Perry et al, 1987; Menzies et al., 1983; Farmer et
al., 1989); (2) Transition zone between the Colorado Plateau and Basin and Range with
%7Sr /%St between 0.7038 and 0.707 and € Nd between <4 and +5 (Cooper and Hart,
1990; Fitton et al,, 1986); and (3) Sierra Nevada or Western Great Basin province
distinguished by 87Sr/%Sr >0.706 and € Nd between 0 and -11 (Menzies et al., 1983;
Fitton et al., 1986; Fitton et al., 1991. Basalts with similar "Sr/"‘Sr and ¢ Nd in southern
Nevada (Farmer et al,, 1989) also lie within this province.

The boundary between the Western Great Basin and Basin and Range provinces
(Menzies et al., 1983; Fitton et al, 1991) and the contact between the OIB and EM2
mantle domains of Menzies (1989) pass through the Lake Mead area of southern Nevada
(Figure 1). The Lake Mead area also contains an important crustal boundary. The Lake
Mead fault zone (LMFZ) (Anderson, 1973; Bohannon, 1984; Duebendorfer and Wallin,
1991), a northeast trending set of left-lateral strike-slip faults separates the "amagmatic
zone” from the Northern Colorado River extensional corridor (NCREC). The amagmatic
zone is a region of minor igneous activity and little to moderate Tertiary extension that
separates the Great Basin from the Sonoran Desert-sections of the Basin-and- e
province in the western U.S.A. This region between 36° and 37° north, corresponds to a
regional 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 (Bartley et al., 1988;
Bartley, 1989; Glazner and Supplee, 1982; Reynolds et al., 1987). In contrast, the
NCREC (Howard and John, 1987) experienced over 100% extension and abundant
magmatism during Tertiary time. The LMFZ also separates thick sections of Paleozoic
and Mesozoic sedimentary sections (to the north) from the NCREC, an area nearly
devoid of these sections (Longwell et al,, 1965; Anderson, 1971).

This paper focuses on the boundary between the amagmatic zone and the
NCREC. We use Miocene and Pliocene mafic volcanic rocks (Si0,<55%) that span this
mantle-crustal boundary as "a probe” into the mantle to determine (1) the nature of
isotopic differences across the boundary, (2) the timing of formation of the boundary,
and (3) any link between crustal and mantle processes. Our goal is to develop a three-
dimensional model for the evolution of a mantle isotopic domain boundary.

In continental settings, the boundary between lithospheric mantle and
asthenosphere is marked by differences in isotopic and trace-element signatures.
Lithospheric mantle is enriched in incompatible elements and bas high Rb/Sr and low
Sm/Nd compared to asthenospheric mantle. As a result, lithospheric mantle has higher
#’Sr/*Sr and lower ¢ Nd values than asthenospheric mantle. The difference in isotopic
values between lithospheric and asthenospheric mantle is probably due to the long-term
isolation of the lithospheric mantle from mixing caused by mantle convection.

Mafic volcanism is useful in the mapping of mantle domains (Menzies, 1989). The
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Figure 1. Map showing the major mantle domam boundaries proposed for the southern
Basin and Range.




lithospheric mantle is isotopically enriched and heterogeneous (Zindler and Hart, 1986;
Hart, 1985; Weaver, 1991a; Leat et al., 1990; Cooper and Hart, 1990; Walker and
Coleman, 1991). Chemical and isotopic heterogenety may be due to the incorporation of
oceanic crust and terrigenous or pelagic sediments (Weaver, 1986,1991a) or be a result
of mantle metasomatism (Hart, 1988). Mantle components such as EM1, EM2 and
HIMU probably reside in the lithospheric mantle because their isotopic signature require
isolation from the convecting asthenosphere for 1.0 to 2.0 Ga (Zindler and Hart, 1986).
Recently, however, Weaver (1991b) suggested that these components may reside in
detached slabs of oceanic crust that have accumulated deep within the mantle
(mesosphere) and have not appreciably mixed with asthenosphere.

INSTUMENTAL TECHNIQUES

Whole rock major element concentrations were determined by Inductively
Coupled Plasma techniques (ICP) at Chemex Labs, Inc. (Sparks, NV). Rare-earth
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-element standards G-2, GSP-1, BHVO-1, and RGM-1 were used as
internal standards. Ba, Rb, Ni and Sr were determined by atomic absorption and Nb and
Sr were determined by X-ray Fluorecence at Chemex Labs, Inc. Rb and Sr were
determined by isotope dilution for samples which were analyzed for Nd, Sr and Pb
isotope concentrations. Ni, Nb, Rb, Sr, Zr, Y, Ba for the samples from Fortification Hill
were analyzed by XRF at the U.S. Geological Survey in Menlo Park. This study includes
45 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.
Geochemical data is summarized in Table 1. )

VOLCANOLOGY

Do ﬂ |- !D . . [!! ] . S .

Volcanism is rare to the north of the LMFZ in the "amagmatic” zone and is
limited to low-volume Pliocene basalt centers at Black Point and in the Las Vegas Range
(Figure 2a). In the eastern part of the Lake Mead area in the Gold Butte and Grand
Wash trough there are numerous late-Cenozoic alkali basalt centers (Cole, 1989).
Adjacent to the the LMFZ is the middle- to late-Miocene Hamblin-Cleopatra volcano
(Thompson, 1985; Barker and Thompson, 1989); Boulder Wash volcanic section
(Naumann, 1987); Callville Mesa volcano (Feuerbach et al., 1991); and fiows of late-
‘Miocene basalt interbedded with Tertiary sediments in Government Wash north of Lake
Mead (Figure 2b). The area to the south of the LMFZ 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); Hoover Dam (Mills, 1985); at Malpais Flattop and in the
White Hills (Cascadden, 1991). Pliocene centers comprise the Fortification Hill volcanic
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Figure 2a. Index map of the southern Great Basin and adjacent Basin and Range and
Colorado Platean showing location of mafic volcanoes. Bax indicates area shown in
Figure 2b. LVR = Las Vegas Range, BP = Black Point, GB= Gold Butte, GW =
Grand Wash, RM = River Mountains, EM = Eldorado Mountains, LMFZ = Lake
Mead Fault Zone.
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Figure 2b. Index map of the Lake Mead area showing localities described in text and major
structures. HC= Hamblin-Cleopatra volcano, WH = White Hills, LC = Lava
Cascade, PW = Petroglyph Wash, CM = Callville Mesa, FH = Fortification Hill,
GovW= Government Wash. :



Table 1 Isotopic and Geochemical Data from the Volcanic Rocks in the Lake Mcad Area

YAB YAB OAB OAB SAB SAB SAB TH
Sample 25-2 42-76 57-107 57-113 42-82 3813 38-143 10-120
Sio2 4.9 45 4535 44.15 4752 45.79 4197 46.32
ARO3 165 16.79 1671 1522 16.61 145 16.05 153
FeO 111 10.88 13.81 1338 10.56 128 11.87 1339
MgO 57 621 5.54 8.06 535 8.78 532 892
CaO 11 878 11.13 10.69 .79 838 1016 793
Na20 4.7 494 315 288 357 2.86 326 297
Tio2 1 37 12 L1 211 0.84 14 0.9
K20 24 254 207 1.76 1.76 141 1.46 116
P20s 0.7 088 053 052 057 0.28 0.49 034
MnO 02 0.18 0.19 0.18 0.16 0.16 0.17 0.19
Lol 293 0.6 0.06 052 142 1.48 0.49 4.11
Total 97.83 100.5 99.74 98.46 99.42 97.28 98.64 101.53

Trace and Rare Earth Elements (PPM) (XRF, ID, AA or INAA) noted
Cr(INAA) 139 113 80 268 50 361 70 326
Co(INAA) 2.1 29.6 34.69 43.12 318 5258 327 53.7
Sc(INAA) 18 186 2863 3022 25 265 2632 24.68
V (INAA) 216 45 229 281 213 236 177
HI(INAA) 65 122 451 326 4 338 4.18 283
Th(INAA) 85 12.4 366 3.15 528 287 33 1.16
Ta(INAA) 4 6.01 207 1.66 1.87 1.69 131
La(INAA) 59.9 751 312 3211 317 2458 32.69 11.79
Ce(INAA) 1163 151 65.7 59.18 723 5242 5745 24.73
Eu(INAA) 24 23 161 146 161 159 153 105
Yb(INAA) 28 243 259 279 249 22 252 23
Lu(INAA) 03 022 035 026 037 037 0.17
U (INAA) ' 183
Sm(INAA) &8 861 595 527 6.16 4.83 553 3.07
TO(INAA) 133
Sr(ID) 999.69 873.59 463.93 451.23 591.57 43424 491.11 30635
Rb(ID) 2024 434 11.09 9.68 2213 1431 14.86 1445
Nd(ID) 4629 4948 2726 2477 3226 2545 190
Ba(AA) 744 1320 536 480 800 475 650
Ni(AA) 70 68 42 126 30 166 24
Nb(XRF) 60 85 36 30 34 2 28 10
Zr(XRF) 250 300 160 140 155 138 138 90
Isotopic analysis by Mass Spectrometry

143Nd/144Nd 05126 05128 05127 05128 05126 05126 05126 05125
Epsilon Nd 3.18 363 1.42 1.42 0.68 -0.84 09 23
(87S:/868r)i 0.7043 0.7035 0.7048 0.7051 0.7055 0.7057 0.7057 0.7075
206Pb/204Pb 18737 18.741 18591 1867 18263 18194 18123 18.033
207Pb/204Pb 15.564 15523 15.555 15.57 15548 15523 15541 15.581
208Pb/204Pb 389

38.639 3847 38.535 38612 38.397 38309 38.156



Table 1

TH LVRange GButte G.Wash GWash GWash GWash G.Wash
Sample 10121 LV-104 36 413 5-14 639 733 862
SiO2 4458 4249 43 4758 43381 4844 4785 4731
ARO3 1435 10.76 14.64 14.4 14.95 14.57 14.53 15.99
FeO 13 1279 12.59 1453 1173 1275 13.83 1137
MgO 876 13.45 9.16 8.55 7.14 842 7.86 473
C20 6.55 .78 7.98 874 8.64 9.88 741 1043
Na20 417 2.39 3.16 3 32 3.1 432 349
Tio2 0.7 1 1.19 125 1.54 091 1.85 2.29
K20 11 1.69 1.59 1.55 1.57 152 242 172
P205 03 0.67 027 026 0.43 029 0.59 0.18
MO 0.19 0.16 018 0.19 0.16 0.17 0.17 0.16
Lol 3.4 1.7 1.06 019 1.09 0.01 0.01 1.63
Total 97.66 9%6.97 9812 10024 9928 10046  100.75 993
Cr(INAA) 21 816 253 326 256 459 189 23
Co(INAA) 56.33 51.55 4668 5049 39.52 472 4 343
Sc(INAA) 24.53 221 373 ] 2391 26.7 154 0.4
V (INAA) 194 234 216 242 215 208 182 255
Hf(INAA) 1.7 52 363 314 324 359 6.42 3.84
Th(INAA) 52 272 T 278 321 3.62 1225
Ta(INAA) 0.95 o 3.16 135
La(INAA) 1261 4602 2386 9.04 1921 209 346 189
Ce(INAA) 24.27 9197 46.11 21.87 44.26 448 n 39.1
Eu(INAA) 093 234 145 095 133 14 1.96 131
Yb(INAA) 1.75 174 247 196 228 0.16 1.55 211
Lu(INAA) 028 013 - 035 03 024 022 0.18 037
U (INAA) '
Sm(INAA) 3.07 1023
To(INAA)
sx(ID) 24612 79558 42114 32183 37836 41948  T2394 44764
Rb(ID) 898 4327 14.88 747 8.06 1245 294 10.04
Nd(ID) 55.76 247 1435 17.89 20.52 29.65 1621
Ba(AA) 176
Ni(AA) 206
Nb(XRF) 13
Zs(XRF) 77
143Nd/144Nd 05125 05123 05126 OS126 05127 05126 0513 . 05128
Epsilon Nd -3.55 72 09 027 1.87 0.04 6.75 3.49
(87S/86Sr)i 07079 07068 0705 07046 07046 0704 07033 07042
206Pb/204Pb 17947 18963 1813 17821 1813 18119 18075 17999
207Pb/204Pb 15499 15642 15527 15.55 1551 15518 15473 155
208Pb/204Pb 38291 38845 38068 3805 3783 38034 37704 37758



Table 1
C.Mesa CMesa R.Mtns R.Mtns R.Mtns R.Mtns W.Ridge

Sample 24-49 2463 78218 78222 78223 83348 118841
§io2 5524 55.18 a1 59 6712 72.9 54.1
ARO3 15.98 15.84 145 166 142 126 169
FeO 897 849 109 69 35 27 89
MgO 41 433 63 26 09 02 45
CaO 69 6.64 112 55 23 05 74
Na20 355 352 28 39 36 22 42
TiO2 233 245 12 23 49 75 21
K20 113 107 18 09 04 02 15
P205 025 03 1 06 0.1 0.7
MnO 0.14 0.1 1 o1 0.1 0.1
LoI 0.4 217 23 1 3 0.1 0s
Total 998 10018 9922 9.4 1002 98.9 1009
Cr(INAA) 145 134

Co(INAA) 2879 217 20
Sc(INAA) 19.62 182 26 . 112 38 15

V (INAA) m 153 198
HI(INAA) 3.86 429 &1 73 48 49 5.1
Th(INAA) 4.89 5.46 132 149 176 312 124
Ta(INAA) 097 0.96 1.5 1 12 153 21
La(INAA) 3395 342 1076 817 52.4 5.6 123
Ce(INAA) 6161 721 242.4 1679 9.7 1245 213
Eu(INAA) 138 14 39 2 12 1 26
Yb(INAA) 218 26 21 23 13 22 23
Lu(INAA) 034 034 04 04 02 03 03
U (INAA) 64 46 9.1 39

Sm(INAA) 532 52 155 87 42 37 109
TH(INAA) 3 15 03 04

Sr(ID) 970.19 42351 95965 46799 79.76 1155.78
Rb(ID) 4.1 50.94 8.6 12926 19808 4205
Nd(ID) 29.96 25.97 98.57 549 282 22.84 76.018
Ba(AA) 840 £00

Ni(AA) 36 60

Nb(XRF) y <) 17

Z:(XRF) 185 145

143Nd/144Nd 0512 05121 OS5I 0512 0512 0.512 05121
Epsilon Nd 849  -1069 £35  -1128 1137  -1229 985
(87S/86S1)i Q7089 07079 07089  0.7092 0.71 0.7082
206Pb/204Pb 17332 17173 18299 1792 17885 18156 17.887
207Pb/204Pb 15496 15453 15605 15537 15553 15578 15.537

208Pb/204Pb 3801 37814 38.699 3871 38982 38.906 38725



Table 1

Gov.Wash H.Cleo H.Cleo M.Flattop
Sample EMD-209 KT82-15 KT82-183 60-4
Sio2 519 56.43 55.89 413
ARO3 152 16.36 16.34 149
FeO 94 6.76 717 124
MgO 38 343 348 6.8
CaO 82 6.56 54 89
Na20 37 398 4.1 29
Tio2 - 32 247 27 11
K20 1.8 131 139 14
P205 18 0.49 049 02
MnO 02 0.1 011 02
LOI 12 1.38 285 0.77
Total 100.4 99.27 99.94 96.87
Cr(INAA) & 47 241
Co(INAA) 20.65 276 41.1
Sc(INAA) 14.06 14.11 30
V (INAA) 147 14$ 221
Hf(INAA) 6.76 8.15 36
Th(INAA) 1046 1353
Ta(INAA) ’ 275 2.84
La(INAA) 6523 14.8
Ce(INAA) 114.03 126.719 357
Eu(INAA) 1.89 1.99 11
Yb(INAA) 173 204 26
Lu(INAA) 0.26 03
U (INAA) '
Sm(INAA) 175 829 39
Tb(INAA) 14
Sr(ID) 1299.65 43285 583.44 297.25
Rb(ID) 7597 4583 47152 16.69
Nd(ID) 74.18 45.08 4527 16.72
Ba(AA) , 280
Ni(AA) ‘ 84
Nb(XRF) 13
Zr(XRF) 105
143Nd/144Nd 0.5121 0.5124 05124 05122
Epsilon Nd -9.95 4.84 351 £33
(87S:/86Sr)i 0.7073 0.7044 0.7056 0.7075
206Pb/204Pb 18.16 179711 18.096 17.742
207Pb/204Pb 15.56 15515 15.538 15531

208Pb/204Pb 38.939 38344 38.549 3883



field that extends discontinuously from near Willow Beach, Arizona to Lake Mead. In
the Lake Mead area, for the most part, volcanism preceeded block tilting related to
regional extension (9 to 12 Ma; Duenbendorfer 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) and tholeiitic and alkalic basalt (4.7 to 6 Ma) mainly postdate
extension (Smith et al., 1990).

Yolcanic Rocks of the NCREC

Fortification Hill (FH) basalt crops out in a 75 km long by 30 km wide
north-northeast elongate area that extends from Lava Cascade, Arizona to Black Point,
Nevada (Figure 2b). Volcanic centers occur near north-northwest trending high-angle
normal faults in the northern part of the NCREC. We divide the Fortification Hill
basalts into three groups based on Na,0+K,0, light rare-earth element (REE)
enrichment (Figure 3 and 4) and modal mineralogy. The groups are: (1) Sub-alkalic
basalt (SAB){5.88-4.73 Ma; Feuerbach et al.,, 1991)- sub-alkalic hypersthene-normative
lavas with Ce/Yb, (4-6). SAB lavas form a cinder cone-flow sequence on the north side
of Fortification Hill. (2) Older alkali-basalt (OAB)(5.88 to 4.73 Ma; Feuerbach et al,,
1991)- mildly alkalic hypersthene or nepheline-normative olivine-basalt with high Ce/Yb,
(4-8). OAB lavas erupted from north-northwest aligned coalesced cinder cones on
Fortification Hill and from cinder cones at Lava Cascade and in Petroglyph Wash
(Figure 2b). SAB and OAB lavas contain porphyritic iddingsitized olivine phenocrysts in
a trachytic to pilotaxitic groundmass of olivine, andesine, labradorite, diopsidic-augite
and iron oxide. Coarse-grained plugs of OAB and SAB in volcanic centers consist of
olivine phenocrysts in a coarse-grained interstitial groundmass of andesine, labradorite,
diopsidic-augite and olivine. (3) Young alkalic-basalt (YAB) (4.64-4.3 Ma; Feuerbach et
al., 1991; Anderson et al,, 1972)- highly alkalic nepheline-mormative olivine basalt with
clevated Ce/Yb, (8-16). YAB lava occurs in three locations: (1) & diatreme at Petroglyph
Wash, (2) en-echelon dikes and a vent, along U.S. highway 93, 10 km south of Hoover
Dam, and (3) south of Saddle Island between the North Shore road and Lake Mead
(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. Rare xenoliths of plagioclase-hornblende diorite
occur in YAB. Ubiquitous to these young lavas are ultramafic inclusions and megacrysts
of augite and kaersutite (Nielson, manuscript in preparation; Campbell and Schenk,
1950). Besides the presence of diorite inclusions in YAB, there is no petrographic
evidence of crustal contamination in Fortification Hill lavas.

River M .

In the River Mountains (Smith, 1982; Smith et al., 1990) (Figure 2a and 2b) an
andesite-dacite stratovolcano is surrounded by a field of dacite domes. Volcanism
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occurred in four pulses, the first three are characterized by the eruption of calc-alkaline
andesite and dacite flows and the last by rhyolite and alkali basalt. Based on available K-
Ar whole rock dates (Anderson et al.,, 1972) volcanism began in the River Mountains at
about 13.5 Ma and terminated at 12 Ma.

Boulder Wash

The Boulder Wash in the northern Black Mountains (Figure 2b) contain a 700-m-
thick section of calc-alkaline dacite flows and flow breccias interbedded with fiows of
pyroxene-olivine andesite containing abundant xenocrysts of quartz and orthoclase (Smith
et al., 1990; Naumann and Smith, 1987; Naumann, 1987). Petrographic and textural
evidence of magma commingling is well developed in the volcanic section and associated
plutonic rocks. Smith et al. (1990) and Naumann (1987) concluded that various mixing
ratios of alkali olivine basalt and rhyolite end members are responsible for the textural
variations. A dacite flow in the eastern part of the volcanic field was dated at 14.2 Ma

(Thompson, 198S).
Malpais Flattop

Malpais Flattop near Willow Beach, Arizona (Figure 2b) contains a 100 m thick
stack of tholeiitic basalt flows that erupted from at least two centers now expressed as -
wide (40 m) dikes and plugs on the west side of the Malpais Flattop mesa. A K-Ar
whole rock date of 15.4 Ma was obtained from one of the dikes, however an Ar/®Ar
date of 1024 Ma was acquired from the same rock. These dates contrast with a 6 Ma
age determined by Anderson et al. (1972). Even though the date of the Malpais Flattop
is not well constrained, we conclude that eruptions at Malpais mesa occurred prior to 10
Ma; 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 2a). 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 2b) formed by partial
melting of mantle peridotite without significant crustal interaction (Cascadden and Smith,
1991; Cascadden, 1991). In the Eldorado Range, lavas and associated plutonic rocks span
the period of most rapid extension. Patsy Mine and the lower parts of the Mt. Davis
section are tilted nearly 90 degrees. Younger units are rotated less in the same structural
blocks (Anderson, 1971; Darvall et al., 1991).



Voleanic Rocks in the A i Z
Black Point

At Black Point on the west shore of the Overton Arm of Lake Mead (Figure 2b),
thin flows of tholeiitic 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 k. Basalts at Black Point are
hypersthene-normative tholeiites (TH) and have low Ce/Yb, (2-4). They contain
iddingsitized olivine, labradorite and diopsidic-augite phenocrysts within either a
trachyitic or ophitic groundmass. Tholeiitic lavas also contain groundmass hypersthene
and pigeonite.

Callville Mesa

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 2b).
Basaltic-andesite contains phenocrysts of enhedral to subhedral iddingsitized olivine;
subhedral andesine and labradorite; and subhedral, poikilitic diopsidic-augite. Subhedral
hypersthene and pigeonite are also present. Quartz and alkali-feldspar (sanidine) occur
as xenocrysts that are rimmed by glass and acicular clinopyroxene (diopsidic-augite).

The vent on Callville Mesa sits on the footwall of an east-west striking
down-to-the-south normal fault (Figure 2b). Flows on Callville Mesa are offset from 5 to
20 m by south-dipping west-southwest striking high-angle normal faults. Since the
presence of a Paleozoic and/or Mesozoic sedimentary section is 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 Las Vegas
Valley-Lake Mead fault zone. The Bitter Spring Valley fault passes just to the north and
the Hamblin Bay fault projects just to the south. It is unclear whether Mesozoic and
Paleozoic sedimentary rocks lie beneath the volcanic centers on Callville Mesa since
volcanoes sit on a thick section of Tertiary sediments. However just to the northeast of
Callville Mesa, flows of basaltic andesite rest on Tertiary sediments which in turn sit
unconformably on steeply tilted Triassic and Jurassic sedimentary section. This
relationship prompts the assignment of the Callville Mesa volcano to the amagmatic
zone.

Las Vegas Range

The Las Vegas Range locality is composed of thin flows of alkaline basalt in a
fault bounded basin just to the west of U.S. highway 93 (Figure 2a). Flows (2 km?) are
mostly covered by Quaternary fanglomerate and alluvium and as a result no source area
was discovered. Las Vegas Range basalt has not been dated, but since the flows are
neither tilted or faulted, they are assumed to be Pliocene in age.
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Hamblin-Cleopatra Volcano

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

Basalt of Government Wash

Olivine-phyric alkali basalt crops out in Government Wash just north of Lake
Mead. An 80-m-thick section of flows and agglomerates are interbedded with the Lovell
Wash member of the Tertiary Horse Spring Formation (Duebendorfer, personal
communication, 1991). Basalt of Government Wash is dated at 12 Ma (Duebendorfer et
al., 1991).

The Grand Wash trough and the Gold Butte area (Figure 2a) contain flows of
olivine-phyric alkali basalt (Cole, 1989). Basalt in the Grand Wash trough is dated at
3.99 to 6.9 Ma and is younger than basalt flows to the west in the Gold Butte area (9.1
to 9.4 Ma) (Cole, 1989). Cole (1989) suggested that the alkali basalt formed by partial
melting of asthenospheric spinel peridotite. Melts were not appreciably fractxonated
during ascent or contaminated by crustal materials.

SOURCE OF MAFIC LAVAS AND CRUSTAL CONTAMINATION
Introduction

In this section we argue that the source of the mafic volcanic rocks in the Lake
Mead area was either the lithospheric mantle or asthenosphere. Our assumption is that
isotopic variation is due to differences in the mantle source. The possibility exists,
however, that some or all of the variation could be due to crustal contamination. We
demonstrate that crustal contamination was only significant in intermediate lavas of the
River Mountains and mafic lavas at Callville Mesa and was not an xmportant component
in the source of mafic lavas in other areas.
. Isotoplc and trace element data divide the mafic lavas into two groups (Figure 5).
1. Low ®7Sr/%sSr, high e Nd. This group is characterized by 8’Sr/%Sr = 0.703-0.705 and €
Nd= -1 to +4 and includes the alkali basalts of the Fortification Hill field and Grand
Wash trough. Trace-element distributions are similar to the OIB average of Fitton et al.
(1991) (Figure 6). Basalts with this isotopic and trace element signature probably
originated by partial melting of the asthenospheric mantle.
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Figure 5. ¢ Nd vs. ™Sr/*Sr plot for volcanic rocks in the Lake Mead area. Isotopic data
divides the volcanic rocks into two groups. One with high *’Sr/**Sr and low € Nd and
the other characterized by lower ¥Sr/*Sr and higher ¢ Nd. Prior to extension (pre-9
Ma) mafic volcanic rocks both to the north and south of the Lake Mead fault zone
had isotopic compositions characteristic of a lithospheric mantle source (group 2 with
higher *’Sr/*Sr and lower e Nd). After extension, the isotopic composition of
voleanic rocks to the south of the LMFZ shifts to lower ¥Sr/*Sr and higher ¢ Nd,
while the signature of mafic volcanic rocks to the north of the LMFZ remains
unchanged. These changing patterns of isotopic compositions demonstrate that a
mantle domain boundary formed in late-Miocene time during an episode of upper
crustal extension. Crustal contamination affected rocks of the River Mountains, but
resulted in only a minor shift in isotopic ratios (refer to Figure 7). Mantle
components are provided for reference.
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2. High_%'Sr/®Sr, low e Nd, This group has 5Sr/%Sr = 0.705-0.710 and € Nd= -4 to -12
and includes mafic lavas in the River Mountains, Eldorado range, Boulder Wash area,
Hamblin-Cleopatra volcano, Malpais Flattop, Government Wash exposure and in the Las
Vegas Range. This group is similar in isotopic and trace element composition to mafic
lavas of the Western Great Basin mantle province (Fitton et al., 1991; equivalent to the
Southern Nevada basalts of Farmer et al,, 1989) (Figure 6) and probably formed by
partial melting of the lithospheric mantle.

Mantle C { Crustal C -

Andesite and dacite in the River Mountains show abundant field and petrographic
evidence of assimilation and magma commingling (Smith et al., 1990). Alkali basalt lacks
evidence of contamination and was considered by Smith et al. (1990) to have been
generated by partial melting of mantle peridotite. Intermediate lavas in the River
Mountains may represent hybrid compositions formed by the commingling of mafic and
felsic end-members. This is confirmed by a positive correlation between *Sr/%Sr and
Si0, (Figure 7). A mixing line between basalt and rhyolite end members of the mixing
sequence provides a quantitative estimate of the magnitude of isotopic shift due to
gag/-&a commingling (Figure 5). This shift is no more than 4 units in ¢ Nd and 0.002 in

Sr/*Sr.

OARB, SAB and YAB in the Fortification Hill field have € Nd = -1 to 3, ¥Sr/%Sr
= 0.703-0.705, *Pb/®Pb =17.8-18.7 and 2®Pb/*Pb = 38-38.5 and lie within the field
of OIB-lavas (Figures 8 and 9) (Zindler and Hart, 1986). We infer that these magmas
represent the melting of a source composed of a mixture of enriched mantle with a bulk
carth signature with variable amounts of depleted asthenosphere (PREMA) and
HIMU-mantle. YAB, SAB and OAB plot between bulk earth composition and higher

“values of € Nd and Pb/*Pb (Figure 10). f PREMA were the other end-member,
trends toward lower 2*Pb/?Pb and higher ¢ Nd would be expected. This is the case for
alkali basalts in the Grand Wash trough, Arizona plotted for comparison on Figure 10
(Cole, 1989). We suggest that the trend toward higher rather than lower Pb is due to the
addition of HIMU-mantle (¢ Nd = 3.5, ®'Pb/?Pb = 15.85). The residence of HIMU,
however, is enigmatic. It may reside in the lithospheric mantle or upper asthenosphere
(Zindler and Hart, 1985; Hart, 1988) or as detached oceanic slabs deep within the
mantle (Weaver, 1991b). High Sr and Ba and low Nb on spiderplots normalized to the
OIB average island composition of Fitton et al. (1991) suggest that OAB and SAB also
contain a lithospheric component and are more similar to Transition Zone than Basin
and Range suites (Figure 6). EM], a potential candidate for the lithospheric component
is ruled out, since addition of this component will result in negative values of € Nd.

The isotopic characteristics of the Fortification Hill field are similar to those of
the Springerville volcanic field in the Transition Zone of southeastern Arizona (Cooper
and Hart, 1990). These authors attribute isotopic variation throughout the suite of
Sprinécrvillc lavas to mixing of PREMA, EM1 and HIMU. The other group contains
high *Sr/%Sr, low € Nd and displays enriched an enriched trace element pattern
compared to OIB. These mafic lavas originated by partial melting of mantle lithosphere.
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Tholeiitic magmas at Black Point, Nevada plot on a line between enriched mantle
and EM1 lithospheric mantle (Hart, 1985) on ¢ Nd-**Pb/**Pb and
Z8ph /24Pb-2Pb/2Pb plots and probably represent a mixture of these components
(Figure 8 and 9). Also, trends toward increasing Rb/Sr, Th/Nb and La/Nb (Figure 10)
and elevated (0.708) suggest that these lavas may have been contaminated as they passed
through the crust, however this contamination was not sufficient to appreciably change
either the ¥Sr/%°Sr or € Nd values.

Callville Mesa lavas have ¥Sr/%Sr = 0.708-0.709 and € Nd = -8 to -10 and are
similar in isotopic compositions to mafic lavas of the Western Great Basin mantle
province (Fitton et al,, 1991; equivalent to the Southern Nevada basalts of Farmer et al,
1989) (Figure 6), however, Callville Mesa lavas differ by having lower Pb ratios
(®'Pb/®™Pb= 15.45-15.5; 2®pp/*Pb= 37.7-38; 2Pb/**Pb= 17.2-17.4) than basalts of
the Western Great Basin province (*'Pb/*Pb = 15.6; *Pb/®™Pb = 38.7; ®Pb/*™Pb =
18.3) (Figure 6) and by displaying ample evidence of crustal contamination. The low €
Nd and high 5Sr/%Sr of Callville Mesa lavas suggests the addition of a lithospheric
component like EM1. When incompatible trace element abundances (Figure 6) (Fitton
et al,, 1991) are compared to average distributions of magmatic provinces in the western
U.S.A,, Callville Mesa lavas are enriched in Ba, K; and Sr and depleted in Nb and Ti.
This signature is typical of lithospheric mantie and especially of mafic lavas of the
Western Great Basin and Transition zone provinces (Fitton et al., 1991). Whether
Callville Mesa-magma represents a direct partial melt of lithospheric mantle or a mixture
of enriched mantle and lithosphere is a matter of conjecture. The most primative
Callville Mesa lava has chemical similarities to Fortification Hill basalt which has a
strong enriched mantle contribution. This fiow may represent Callville Mesa magma
uncontaminated by lithosphere. Other Callville Mesa lavas may be mixtures of enriched
mantle and a lithospheric component. Petrography, trace element chemistry and low Pb
isotopic compositions suggest that Callville Mesa lavas were subsequently contaminated
by crust. The crustal component has (¥Sr/*Sr)>0.710, low Pb isotope ratios, and ¢ Nd
< -10 (Figure S, 9 and 10). 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 (*’Pb/Pb < 15.5; 2®Pb/*™Pb <
38; Pb/>Pb < 17.4) are common (Figure 8 and 9). Because of the common
occurrence of Quartz and sanidine xenocrysts in Caliville Mesa lavas, however, the
contaminant is assumed to be a felsic rock. AFC models suggest that no more than 20%
of the crustal component is required to model the generation of the basaltic andesites
from their basaltic parent. This amount of assimilation would result in a2 maximum shift
of S units of ¢ Nd and 0.002 in *¥Sr/%Sr.

S 1 Discussi
Summary

There are two isotopically and chemically distinct groups of mafic volcanic rocks
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in the Lake Mead area. One characterized by low ®’Sr/®Sr, high € Nd and OIB trace
element patterns. Lavas of this group mainly occur in the NCREC. They are similar to
OIB and are the result of mixing of asthenospheric and lithospheric components. OAB
and SAB are mixtures of enriched mantle of bulk earth composition with depleted
mantle (PREMA) and HIMU-mantle. YAB have a greater contribution of depleted
mantle than either OAB or SAB, and also contain a component of HIMU-mantle. The
other group contains higher ¥Sr/®Sr and lower € Nd values and formed by melting of

lithospheric mantle.
Crustal C S

Crustal contamination is a significant component only in the River Mountains and
at Callville Mesa. It would require the addition of about 75% of a crustal component
with € Nd of -18 to change the € Nd of basaltic magma from +4 to -12. This amount of
contamination would greatly affect the major and trace-clement composition of the mafic
rocks and would significantly raise their SiO, content to values above 65%.
Contamination is less of a factor for alkaline rocks since they are low in volume and less
likely to reside in upper crustal chambers where open system processes occur. Also, high
Sr and light rare-earth element concentrations of alkaline magmas tend to mask crustal
contamination. Futhermore, alkaline magmas commonly contain mantle xenoliths and
apparently rose quickly through the crust without contamination.

Glazner (1991) documents a time progressive trend of Sr and Nd isotopes for the
Pleistocene Pisgah and Amboy volcanoes in the Mojave Desert. He attributes this trend
to hybridization of an asthenospherically derived partial melt by commingling with partial
melts of Late Jurassic gabbro and Proterozoic diabase. Pisgah and Amboy lavas evolved
toward higher ¥Sr/%Sr and lower € Nd with time (Glazner, 1991). The opposite is true
for FH lavas. A possible crustal contaminant for FH lavas is Precambrian (1.7 Ga)
amphibolite in the footwall of the Saddle Island detachment. The amphibolite is
chemically similar to FH basalts and probably is a sample of the middle to lower crust in
the Lake Mead area (Duebendorfer et al., 1991). The amphibolite has 'Sr/®Sr=0.703
and may represent melting of PREMA or MORB. Mixing of this crustal component with
asthenospherically derived enriched mantle will result in the observed linear trend in the
%7Sr /5°Sr-¢ Nd system. We do not favor this interpretation, since the amphibolite is a
rare rock type in Proterozoic exposures and therefore may not be a representative
sample of the middle-lower crust in the Lake Mead area.

Depth of Melting
, Our models assume that the depth of melting remains relatively constant with
time. This assumption can be tested by applying what is known regarding the
geochemistry of the volcanic rocks and petrologic studies of depth of magma generation
(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
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produced from a similar source at pressures between 15 and 20 Kb corresponding to a
depth of about 45 to 60 km. Crustal extension is accompanied by the rise of the
geotherm to higher levels of the lithosphere. Therefore the expected relationship
between extension and volcanism is the production of tholeiitic (subalkalic) basalts
during extension when isotherms are elevated and alkali basalts late when isotherms
relax. In the Lake Mead area, however, the most primative basalts are generally alkalic
regardless of age and relationship to extension. Exceptions are tholeiitic basalts at Black
Point and Malpais Flattop. Depth of melting appears to remain relatively constant with
time. Therefore, we assume that variations in chemical and isotopic compositions are due
to the rise of the lithospheric mantle-asthenosphere boundary rather than changes in the
depth of melting.

DISCUSSION

In the this section, we argue that the boundary between two crustal provinces, the
NCREC and the amagmatic zone, corresponds to a boundary between asthenospheric
mantle beneath the NCREC and lithospheric mantle beneath the amagmatic zone. We
also suggest that the mantle boundary formed cantemporaneously with the crustal
boundary; both formed during Tertiary extension (9 to 16 Ma). Our data also show that
lithospheric delamination occurred progressively to the west beneath the NCREC and
reflects westward migration of crustal extension in the Lake Mead area as suggested by
Axen and Wemicke (1988); Smith et al. (1990); Fitzgerald et al. (1991). We also suggest
that the LMFZ represents the surface expression of the mantle boundary.

Nature of the Boundary

The boundary between the amagmatic zone and the Colorado River Extensional
corridor corresponds to a contact between two mantle domains (Figures 11 and 12). The
domain to the north is characterized by lithospheric mantle (EM1) (¢ Nd = -3 to -9;
87Sr/%Sr = 0.706-0.707). To the south mafic lavas have a OIB-mantle signature and
appear to have only a minor lithospheric mantle component in their source (¢ Nd = 0 to
+4; %Sr/%Sr = 0.703-0.705). The contact appears to be sharp. Callville Mesa with a
lithospheric mantle source is separated from Fortification Hill (OIB-lavas) by only 10
km. The contact trends to the northeast and passes between basalts exposed at Gold
Butte (OIB-lavas) and the Hamblin-Cleopatra volcano (lithospheric mantle).

Mafic lavas in the terrane directly to the north of the boundary appear to be
transitional in Pb isotopic signature between the NCREC and the Western Great Basin
province (Figure 12). Grand Wash, Gold Butte, Black Point, Hamblin-Cleopatra and
Callville Mesa have 2*Pb/*Pb from 17.2 to 18. This compares to values of 2Pb/*Pb
to the north between 18.2 and 18.9 and values to the south between 18.2 to 18.7. The
origin of this northeast trending lower 2Pb/**Pb zone is unknown. It may represent a
slice of low-Pb lithospheric mantle preserved along the domain boundary.

Age of the boundary
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Figure 11, Map of the Lake Mead area showing distribution of Sr and Nd isotopic
compositions pre- and post-8.5 Ma. Pre-8.5 Ma values are similar to the north and
south of the Lake Mead fault zone and suggest the presence of a lithospheric mantle
component in their source, After 8.5 Ma, values of Sr and € Nd shift to lower and
higher values repectively suggesting that magma formed by partial melting of
asthenosphere.
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Figure 12, Map of the Lake Mead area showing the distribution of Pb isotopic compositions
g;e- and post-8.5 Ma. Pre-8.5 Ma values are uniform across the area. However the

Pb = 18 contour separates lower values to the south from higher Pb values to the

north and is subparallel to the Lake Mead fault zone. After 8.5 Ma Pb compositions

change, Higher values are found to the south of the LMFZ and higher values to the
north,
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Pre-extension (pre-10 Ma) e Nd and *'Sr/%Sr is uniform across the boundary at
about -9 and 0.707-0.708 repectively. Higher values of ¢ Nd and lower *Sr/*Sr occur
only at the Hamblin Cleopatra volcano (-4 to -6; 0.704-0.705) and in the Mount Davis
lavas in the Eldorado Range (-5 to -7; 0.7067). After extension $’Sr/®Sr and € Nd values
shift dramatically to higher and lower values, respectively, to the south of the boundary,
but remain similar to pre-extension values north of the boundary. These relationships
demonstrate that the mantle boundary formed in late-Miocene time during a period of
upper crustal extension. ,

Prior to extension, 2Pb/?*Pb values are slightly but significantly higher to the
north of the boundary (18-18.16) than to the south (17.7-17.9)(Figure 12). The
26pb/®*Pb=18 contour corresponds to the post-9 Ma boundary suggesting that there was
a compositional difference in the lithospheric mantle at the boundary between the
NCREC and amagmatic zone prior to the extensional event (Figure 12). This
compositional variation may be controlled by mechanical properities of the mantle and
facilitated extension south of the boundary rather than to the north. Post-extension
26Pb/2»Pb values flip across the boundary; higher values are present to the south rather
than to the north. Higher post-extension Pb values argue for a enriched mantle or plume
component in the source of basalts erupted in the NCREC. Speculatively, this plume
component may be HIMU-mantle. .

Tt i ional Model for Mantle Evoluti
s o! II ll!-i .I ‘.C s e

Basalt at Gold Butte in the eastern part of the Lake Mead area erupted at 9.4 Ma
and has an asthenospheric mantle component in its source. To the west of Gold Butte,
contemporanous eruptions at Callville Mesa (9.7-10.5 Ma) and Malpais Flattop (about 10
Ma) produced mafic lavas with a lithospheric mantle signature. This pattern suggests that
at about 9.5 Ma lithospheric mantle was absent or thin in the east but present in the
west. By 6 Ma, mafic lavas in the west display an asthenospheric source. These patterns
infer that lithospheric mantle was thinned to the west during extension (Figure 13).

Daley and DePaolo (1991) report isotopic compositions of basalts and basaltic-
andesites from the Eldorado Range. Samples plot in two groups. Those collected from
the younger Mount Davis section (15-12 Ma) have € Nd = -6 to -7 and *Sr/%Sr =
0.707 and from the older Patsy Mine section (15-18.5 Ma) have ¢ Nd = -10 and *'Sr/%sr
= (.708-709. Daley and DePaolo (1991) suggested that these lavas formed by melting of
lithospheric mantle without recogizable crustal contamination. These changes may reflect
increased asthenospheric contribution to the source of the Mt. Davis section due to the

. thinning of the lithospheric mantle during extension.

The Three-Dimensional Model for Mantle Evoluti

During extension in the NCREQC, lithospheric mantle was thinned and replaced by
asthenosphere progressively to the west. The replacement front moved to the west at a
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Figure 13. Model showing the evolution of mantle in the Lake Mead area during Tertiary
extension,

(1) East-West cross section prior to the major phase of extension.
(2) Extension in the east is accompanied by the thinning of the lithospheric mantle.

Thinning occurs progressively to the west in concert with upper crustal extension.
(3) Section after the main phase of extension.




rate comparable to the westward sweep of upper crustal extension (Figure 13). To the
west of the asthenosphere replacement front, lithospheric mantle apparently thins before
being overrun by this front (i.e., Eldorado Mountains). During thinning and replacement
of the lithospheric mantle in the NCREC, the lithospheric mantle in the amagmatic zone
remained intact. Contrasting behavior to the north and south of this boundary requires
that the lithospheric mantle beneath the NCREC be ripped from mantle to the north.
This tear produced the mantle domain boundary over a period of nearly 6 Ma during the
westward migration of extension across the Lake Mead area. The reason for the
localization of the tear is somewhat speculative. However, the difference in pre-extension
206Pp /*Pb values across the boundary suggest that the domain boundary formed
subparalliel to an older mantle compositional contact or gradient.

Links Between Mantle and Crustal Processes

There are two competing models for upper crustal extension. The simple shear
model (Wernicke, 1981) predicts that the crust will fail along a single lithospheric
penetrating detachment fault. According to this model, rocks in the allochton will deform
at about the same time. The alternate mode! proposed by Buck (1988), Axen and
Wernicke (1988), and Hamilton (1988) suggests that the allochton deforms progressively,
so that the age of extension migrates toward the active high-angle segment of the
detachment ("rolling hinge model"). In the Lake Mead area, Wernicke and Axen (1988),
Fitzgerald et al. (1991), and Smith et al. (1990) have suggested that upper crustal
extension migrated from east to west between 16 Ma and about 9 Ma. Our geochemical
data indicate that lithospheric mantle was thinned progressively to the west. At Gold
Butte area in the eastern part of the Lake Mead, lithospheric mantle was thinned prior
to 9.4 Ma. At Callville Mesa and Malpais Flattop, thinning occurred between about 9
and 6 Ma. Therefore, there is a spatial and temporal relationship between thinning of
the lithospheric mantle and crustal extension. These data support the "rolling hinge"
extensional model as applied to the Lake Mead area.

Crustal Structures and Mantle Boundarjes

The Lake Mead Fault zone (LMFZ), a major late-Miocene left-lateral strike-slip
fault system, closely parallels the boundary described above. The LMFZ accomodated
nearly 60 km of slip between about 18 and 11 Ma. The LMFZ closely corresponds to the
mantle boundary over most of its length (Figure 1 and 2b). This correspondence argues
for a genetic relationship between the two features (Figure 14). The LMFZ may reflect
the rejuvenation of an older lithospheric structure (evidenced by the change in pre-
extension Pb values across the boundary) or it may represent the surface expression of
contrasting mantle behavior across the boundary during extension. Whatever the
connection, it appears that the LMFZ reflects mantle processes. It is unlikely that the

fault represents a transfer structure in the upper plate of shallow detachment or that the
correspondence of the crustal and mantle features is a coincidence.
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CONCLUSIONS

1. There are two isotopically and chemically distinct groups of mafic volcanic rocks in the
Lake Mead area. One characterized by low 5’Sr/®Sr, high ¢ Nd and OIB trace element
patterns. They are similar to OIB and are the result of mixing of asthenospheric and
lithospheric components. OAB and SAB are mixtures of enriched mantle of bulk earth
composition with depleted mantle (PREMA) and HIMU-mantle. YAB have a greater
contribution of depleted mantle than either OAB or SAB, and also contain a component
of HIMU-mantle. The other group is characterized by higher ¥Sr/%Sr and lower ¢ Nd
values. These lavas formed by melting of lithospheric mantle.

2. The boundary between the amagmatic zone and the Colorado River Extensional
corridor corresponds to a contact between two mantle domains. The domain to the north
is characterized by lithospheric mantle (EM1) (e Nd = -3 to -9; *'Sr/*Sr = 0.706-
0.707). To the south mafic lavas have a OIB-mantle signature and appear to have only a
minor lithospheric mantle component in their source (¢ Nd = 0 to +4; 5Sr/%Sr =
0.703-0.705).

3. There is a spatial and temporal relationship between upper crustal extension and the
thinning of the lithospheric mantle. During extension in the NCREC, Lithospheric
mantle was thinned and replaced by asthenosphere progressively to the west. The
replacement front moved to the west at a rate comparable to the westward sweep of
upper crustal extension. To the west of the asthenosphere replacement front, lithospheric
mantle apparently thins before being overrun by this front. During thinning and
replacement of the lithospheric mantle in the NCREC, the lithospheric mantle in the
amagmatic zone remained intact. Contrasting behavior to the north and south of this
boundary requires that the lithospheric mantle beneath the NCREC be ripped from
mantle to the north. This tear produced the mantle domain boundary over a period of
nearly 6 Ma during the westward migration of extension across the Lake Mead area.

4. The 2Pb/>Pb=18 contour corresponds to the post-9 Ma boundary suggesting that
there was a compositional difference in the lithospheric mantle at the boundary between
the NCREC and amagmatic zone prior to the extensional event. This compositional
variation may be controlled by mechanical properities of the mantle and facilitated
extension south of the boundary rather than to the north.

5. The Lake Mead fault zone, a major crustal shear zone, parallels the mantle domain
boundary and its location is probably directly or indirectly controlled by mantle
processes.
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INTRODUCTION

The study of rift-related basaltic magmatism is an important tool in investigations
of the structure and composition of the subcontinental mantle and the tectonic
modification of the continental lithosphere. Geochemical and isotopic studies of late
Cenozoic basalts in the Basin and Range province have revealed the provinciality of
their mantle source domains as well as their derivation from both asthenospheric mantle
and lithospheric mantle reservoirs (Semkin, 1984; Hart, 1985; Fitton et al, 1988, 1991;
Ormerod et al., 1988; Lum et al., 1989; Farmer et al., 1989, Walker and Coleman, 1991).
The asthenospheric mantle includes depleted MORB-mantle from the upper
asthenosphere and the less depleted, OIB-source mantle from the deeper asthenosphere.
The OIB source mantle may in part be plume-derived. The lithospheric mantle
represents a highly heterogeneous reservoir enriched in incompatible elements. Melts
derived from the lithospheric mantle have distinctive trace element ratios and higher
87Sr/%Sr and lower *3Nd/**Nd than asthenospheric mantle.

Through the study of rift-related basalts it is also possible to constrain the
processes involved with thinning of the continental lithosphere. Extension by pure or
simple shear may eventually lead to the physical displacement of the lithospheric mantle
from beneath the rift resulting in basaltic magmas derived exclusively from the
asthenospheric mantle. If thermal conversion and/or erosion of the lithospheric mantle is
the dominant process by which thinning occurs then the basaltic magmas could initially
be derived from a lithospheric mantle reservoir or & mixture of both lithospheric mantle
and asthenospheric mantle (Bosworth, 1987; Perry et al,, 1987, 1988; Fitton et al., 1988;
Farmer et al., 1989; Leat et al., 1989, 1991; Altherr et al., 1990; Walker and Coleman,
1991). With continued extension and/or heating, the lithospheric mantle will eventually
be replaced by the asthenospheric mantle and the isotopic compositions of both alkali
and tholeiitic basalts will first show signatures of the lithospheric mantle and then change
to asthenospheric mantle with time.

Basaltic volcanism has predominated throughout the Great Basin following the
termination of subduction-related calc-alkalic intermediate to silicic volcanism
approximately 17 Ma (Christiansen and Lipman, 1972; Best and Brimhall, 1974). In the
southern Great Basin, the onset of lithospheric extension and transition to fundamentally
basaltic volcanism began approximately at 10 Ma and has continued into the Holocene
(Luedke and Smith, 1974, Stewart and Carlson, 1978). In the Great Basin, lithospheric
extension has effected an area up to 800 km wide (Stewart, 1978) but late Cenozoic
basaltic activity is not evenly distributed across the province. Rift-related basaltic
volcanism has migrated through time to the margins of the Great Basin and most Late
Miocene to Holocene volcanic fields are concentrated in semi-continuous zones along
the boundary of the Colorado Plateau (Transition Zone) to the east and the Sierra
Provence to the west (Christiansen and Lipman, 1972; Best and Brimhall, 1974; Luedke
and Smith, 1974). Basaltic activity in the central part of the Great Basin is restricted to
the Reveille Range and Lunar Crater volcanic fields (RR-LCVF). The RR-LCVF
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combine to form & 20 km wide, 100 km long N to N30°E trending belt of alkali basalts
that extends from 37° 45’ to 38° 45’ in the central Great Basin. The RR-LCVF contain
approximately 100 eruptive centers and lavas occur as shallow intrusions, maars, domes,
flows, and cinder cones. Basaltic eruptions began approximately 6 m.y. ago in the
Reveille Range and 4 m.y. ago in the Lunar Crater field (Bergman et al,, 1981; Foland et
al,, 1987; Kargel, 1987; Naumann et al., 1991). The location of the RR-LCVF in the
central Great Basin represents an exception to the late Cenozoic migration pattern of
basaltic volcanism. Because of the isolated location of the RR-LCVF relative to other
basaltic fields, this belt represents an important "window” into the mantle (Kargel, 1987)
of the vast central -Great Basin where little other data on mantle compositions and
structure is available.

Previous studies of the RR-LCVF have focused primarily on the geology,
geochemistry and petrogenesis of the alkali basalts and mantle inclusions in the Lunar
Crater volcanic field (Scott, 1969; Trask, 1969; Scott and Trask, 1971; Bergman et al,,
1981; Bergman, 1982; Lum, 1986; Kargel, 1987; Foland et al.,, 1987). A small number of
samples from the Reveille Range have been included in geochemical studies that
concentrated primarily on the basalts of the Lunar Crater field (Bergman, 1982; Lum,
1986; Kargel, 1987; Foland et al., 1987; Fitton et al,, 1991) and a limited number of
Reveille basalts have been incorporated in provincial isotopic studies (Semkin, 1984;
Lum et al.,, 1989; Farmer et al.,, 1989). Previous geochemical and isotopic studies by
Foland et al.,, (1988); Lum et al., (1989) and Fitton et al., (1991) concluded that the
earliest basaltic lavas of the RR-LCVF may have resulted from a combination of
lithospheric mantle and asthenospheric mantle components. However, isotopic studies
by Farmer et al., (1989), Kempton et al.,, (1991) and Foland et al., (1991) concluded that
basalts of the RR-LCVF were derived solely from asthenospheric mantle. The
identification of a lithospheric mantle component in the central Great Basin remains a
pertinent question and has an important bearing on models that involve the structure
and composition of the subcrustal mantle as well as geodynamic models involving the
generation of rift-related magmas. No previous work has presented geologic mapping or
documentation of the volcanic stratigraphy of the RR-LCVF as part of geochemical or
isotopic investigations.

In this paper, we describe the Reveille Range volcanic field, a suite of
predominantly basaltic lavas ranging from mildly alkalic (transitional to tholeiites) to
alkalic and having trace and isotopic compositions similar to many ocean island basalts
(OIB). The purpose of this study is twofold. First, through the use of major and trace
element geochemistry and Nd, Sr, and Pb isotopxc data we investigate whether
lithospheric mantle resides beneath this portion of the Great Basin by identifying its
involvement in the generation of the basaltic magmas. Second, this paper addresses the

,a.nomalous location of the RR-LCVF itself. We explore the possibility that the origin of
the belt is the result of voluminous partial melting by decompression of hot
asthenosphere as it convectively upwells with divergent lateral flow beneath the central

Great Basin.

GEOLOGY OF THE REVEILLE RANGE VOLCANIC FIELD
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Introduction

The Reveille Range is an excellent locality for determining the temporal evolution
of chemical and isotopic compositions as well as the control of different mantle
components on the petrogenesis of rift-related continental basalts. The western margin of
the Reveille Range is the only location along the RR-LCVF where significant amounts
of tectonic uplift and erosion have exposed thick volcanic sequences. Geologic mapping
of this area has resulted in the discovery of multiple eruptive episodes and the
establishment of a well defined volcanic stratigraphy that spans over 3 Ma of time.
Detailed sampling of this stratigraphy documents the temporal evolution of chemical and
isotopic trends beginning with the onset of RR-LCVF basaltic volcanism at 6 Ma
(Naumann et al.,, 1991). In addition, the presence of ultramafic xenoliths, megacrysts and
nodules in the alkalic lavas provide evidence that they ascended rapidly from their
mantle source precluding significant contamination by continental crust.

Basement rocks of the Reveille Range consist primarily of intermediate to silicic
ash-flow sheets of Oligocene to Miocene age that unconformably overlie Paleozoic
sedimentary rocks in the northern half of the range (Ekren et al,, 1973). The range is
bounded by en-echelon north to northeast striking high-angle normal faults. On the
western range margin, 5.7 Ma basalt flows are offset up to 300 m by three segments of
the fault system but a basalt flow of similar age to the south covers a range front fault
(Diggles et al., 1986). On the eastern range margin the fault system cuts Holocene valley
fill deposits (Ekren et al,, 1973; Dohrenwend, 1987) indicating that the range has been
tilted to the west in Holocene time (Kleinhampl and Ziony, 1985).

Basaltic lavas cover approximately 180 km? and occur as shallow intrusions,
domes, flows and over 60 effusive vents and dissected cinder cones. The vents are
composed of massively bedded red to brown scoria, cinder, spatter, agglutinated scoria
and ash. Dikes are exposed in the dissected cones and in bedrock. Dikes in bedrock
pinch and swell and cut obliquely across pervasive bedrock joints. Where dikes leave
bedrock and intrude scoria cones they commonly swell from a initial width of between
1.0 m - 2.0 m below the vent to become plug-like intrusions up to 20 m wide within the
central vent areas. This pattern is likely the result of initial volatile-rich fissure eruptions
that fountained along the length of the dike that progressively became focused at one or
more nodes along the strike of the intrusion as the magma supply rate decreased. Most
vents are distributed on the east and west flanks of the range and show a preferred
north-northeast alignment that crudely parallels the location of extensional structures.
However, even though there is a close spatial association between vents and extensional
structures, no dikes or vents are located within or above mappable structures indicating
that at least in the upper crust, magmas did not use joints or faults &s primary conduits
to the surface.

Stratieraphy, A 1 Vol f Volcani
Geologic mapping of the volcanic field was completed at a scale of 1:24,000. Map
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units were distinguished on a flow-by-flow basis, based primarily on lithologic (type, size
and abundance of phenocrysts and megacrysts) and morphologic criteria. Some map units
represent composite assemblages of overlapping flows that originated from multiple vents
while other units are spatially isolated and are composed of multiple flows from a single
vent. Naumann et al,, (1991) divided the lavas into three separate groups based on
lithology, field relationships and K-Ar geochronology. All data and sample locations for
the K-Ar ages used in this paper are found in Naumann et al., (1991). Volume estimates
for each episode were calculated by determining the areal extent of each map unit with a
planimeter and then combining this value with an average outcrop thickness based on
field measurements and topographic data. Volumes estimates represent & minimum due
to the extensive dissection of most eastern and northwestern map units and the coverage
of southwestern map units that lie below modern grade level.

Episode 1 consists of basalt that crops out over approximately 150 km? on both
the east and west flanks and crest of the range. Lavas range in age from 5.9 to 5.0 Ma
and erupted from fifty two vents. An estimated volume of Episode 1 basalts is 8 km®,
Episode 1 basalts are distinguished from Episode 2 in outcrop by & greater abundance of
plagioclase megacrysts and lack of augite megacrysts. Episode 1 basalts are coarse
grained with intergranular and rare trachytic texture. Lavas are porphyritic with total
phenocryst content up to 20 percent. Basalts of Episode 1 contain megacrysts of andesine
and labradorite (up to 40%). Plagioclase megacrysts commonly occur in
glomeroporphyritic clots that range in size from S to 15 cm. Some feldspar megacrysts
are partially resorbed and commonly contain abundant poikiolites of olivine. Olivine and
plagioclase are the major phenocryst phase in all samples. Diopsidic augite phenocrysts
are subhedral with strong dispersion. Groundmass phases within Episode 1 basalts
include olivine (mostly altered to iddingsite), diopsidic augite, feldspar and opaque Fe-Ti
oxides.

Episode 2 consists of basalts that crop out over approximately 15 km? Basalts
range in age from 4.6 to 3.0 Ma and erupted from fourteen vents on the northeast flank
and range crest. An estimated volume of Episode 2 lavas is 1 km®, Basalt of Episode 2
contains abundant megacrysts of diopsidic-augite (up to 40%), amphibole (up to 35%)
and plagioclase (<5%) and coarse grained xenoliths of gabbro and dunite (up to 20 cm
in length). Episode 2 basalts is coarse grained with intergranular to subophitic and rare
trachytic texture and all samples are porphyritic with total phenocryst content up to 20
percent. Olivine, clinopyroxene and plagioclase are the major phenocryst phases.
Oxyhornblende was identified in two samples. Groundmass phases are olivine, pyroxene,
opaque Fe-Ti oxides with a trace of biotite and apatite. Episode 2 basalts contain mantle
xenoliths while most Episode 1 lavas do not. )

Trachytic domes erupted just prior to the onset of Episode 2 volcanism at 4.4 and
4.2 Ma in the northwestern Reveille Range. Trachyte and tristanite magmas containing
ferrosillite and hedenburgite, anorthoclase, sanidine and andesine produced two
constructional domes <0.01 km and 0.3 km® in volume. Initial eruptions at both domes
were explosive and generated a pyroclastic apron between 2 and 10 m thick that extends
up to S km from the larger dome. The flanks of the larger dome are composed of stubby
1flows which originated at or near the summit. The dome is compositionally zoned from
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1flows which originated at or near the summit. The dome is compositionally zoned from
60 % SiO? at the base to 58 % SiO: at the top (Naumann et al,, 1990). Trachyte lavas
are vesicular and porphyritic with approximately 10 percent total phenocrysts. Subhedral
to anhedral grains of clinopyroxene (salite to ferrosilite) are the only phenocryst phase.
Sanidine is present as microlites and microphenocrysts that are sub-paraliel and are set
in a matrix of colorless to pale green glass. ‘

RESULTS (SUMMARY)

Maijor Elements
Reveille basalts are alkalic and are similar to alkalic basalts from extensional
environments worldwide. Episode 1 (which is more voluminous) is more highly evolved than

Episode 2. Smaller volume Episode 2 lavas contain xenoliths and represent more primitive
magma as indicated by higher Mg #, lower SiO,, and higher normative Ne content.

Jrace Elements

Trace-element data indicates that Episode 1 lavas are produced by partial melting
of lithospheric mantle and Episode 2 by melting of asthenospheric mantle. Evidence
includes:

(1) lower Zr/Ba in Episode 1 compared to higher values in Episode 2 lavas. Elevated Zr/Ba
is characteristic of magma generated in the asthenosphere. Lower values are indicative of
a lithospheric mantle source (Ormerod, 1988).

(2) Enriched light rare-earth element (REE) abundances in Episode 1 lavas suggest a source
in the lithospheric mantle.

(3) Linear trends between Episode 1 and 2 lavas on La vs. Nb and La vs. Ba plots suggest
that the Reveille Range lavas in detail formed from sources that are a mixture (to varying
degrees) of asthenospheric and lithospheric mantle reservoirs.

Isotopes

Older Episode 1 lavas are higher ¥Sr/%Sr and lower in ¢ Nd than younger Episode
1 and Episode 2 basalts. This time progressive shift in isotopic composition represents a
fundamental change in the locus of melting from asthenosphere to lithospheric mantle with
time (see discussion of trace elements). Pb values are consistent throughout the range of
basalt compositions indicating that crustal contamination probably played a minor role in
their evolution.

DISCUSSION
Source of Reveille Magmas

We document that lithospheric mantle was involved in the generation of the Reveille
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lavas and that there was a temporal shift in the mantle source from lithospheric mantle to
asthenospheric mantle.

The chemical and isotopic variations in the basalts from the Reveille Range require
that more than one isotopically distinct mantle component was involved in their
petrogenesis. Previous geochemical and isotopic studies by Foland et al., (1988); Lum et al,,
(1989) and Fitton et al., (1991) concluded that the earliest basaltic lavas of the RR-LCVF
may have resulted from a combination of lithospheric mantle and asthenospheric mantle
components. However, isotopic studies by Farmer et al., (1989), Kempton et al., (1991) and
Foland et al, (1991) concluded that basalts of the RR-LCVF were derived solely from
asthenospheric mantle. A fundamental observation from our study is that Nd and Sr isotopic
compositions of the alkali basalts vary systematically with time but Pb isotopic compositions
remain constant. The geochemical and isotopic signature of basalts from the Reveille Range
are compatible with an origin involving mixing of lithospheric mantle and asthenospheric
mantle components. The small range in incompatible element ratios regardless of the
relative lithospheric mantle or asthenospheric mantle contribution indicates that both
lithospheric mantle and asthenospheric mantle from the region have similar ratios. This is
compatible with the nearly straight-line mixing in the isotopic values. The isotopic and trace
element concentrations fall within the range of known oceanic island basalt concentrations.
Early Episode 1 basalts were derived from a mantle reservoir with low € Nd, high *'Sr/%sr,
Interpreted by Menzies, Perry, Farmer and Fitton to represent lithospheric mantle. Ormerod
et al., (1988) discriminated lithospheric mantle from asthenospheric mantle based on trace
element concentrations with lithospheric mantle being depleted in HFSE relative to
asthenospheric mantle. Late Episode 1 and Episode 2 were derived from a mantle reservoir
with high € Nd and low "Sr/g‘Sr. Menzies et al,, 1983, Perry et al., 1987, Farmer et al,,
1989, Lum et al.,, 1989, Fitton et al., 1991 interpreted similar compositions from the Basin
and Range and Rio Grande Rift to have been derived from upwelling asthenospheric
‘mantle. ’ :

What are the implications of this two component system for the structure of the
mantle? We prefer the two-layer mantle of Perry et al, (1987) where lithospheric and
asthenospheric mantle constitute different layers rather than a single source that is
isotopically heterogeneous (plum pudding). Why? because the shift in isotopic and trace-
clement concentrations is temporal not geographical. Early Episode 1 lavas derived from
lithospheric mantle occur from varying geographic positions prior to S Ma. The temporal
shift in the geochemical and isotopic-concentrations are consistent with a model involving
upwelling asthenosphere/ mantle plume where initial melts are produced in the lithospheric
mantle and with time as the isotherms relax successive melt fractions are produced from the
underlying asthenospheric mantle. After S Ma, all melts are produced from asthenospheric
mantle. :

Crustal C ination?
Foland et al. (1991) have suggested that Episode 1 lavas and their isotopic signatures

are the result of contamination of mantle derived magmas by continental lithosphere rather
than partial melting of lithospheric mantle (enriched source) as suggested in this paper.
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Magmas passing through continental crust will almost certainly be contaminated by crust.
To the extent that this contamination is recognizable will depend upon the quantity of
continental crust consumed which will in turn depend on residence time in the crust.
Isotopes of lead and oxygen are sensitive indicators of crustal contamination. Other
indicators of contamination include petrographic criteria. We argue against the model of
Foland et al, (1991) for the following reasons:

(1) lead values for all sample have narrow distribution (e.g., 2°Pb/*'Pb = 19.1 to 19.4). Pb
is a very sensitive indicator of crustal contamination and should show a wider variation if
contamination was a significant factor.

(2) Incompatible trace element ratios do not vary significantly.

(3) There is a very narrow range of silica contents for mafic lavas (42 to 48%). The
contaminant would have to be mafic (gabbro).

(4) Variations in Sr and Nd do not correlate with SiO,

Orisin of the Lumar Crater - Reveille Range Voleanic Bel

Why does basaltic volcanism occur in the Death Valley-Pancake Range belt and
nowhere else in the central Great Basin during Pliocene time?

Lithospheric extension has effected an area up to 800 km wide in the Great Basin
(Stewart, 1978), but late Cenozoic basaltic activity is not evenly distributed across the
province. Most Late Miocene to Holocene volcanic fields are concentrated in semi-
continuous zones along the boundary of the Colorado Platean (Transition Zone) on the east
and the Sierra Province on the west (Christiansen and Lipman, 1972; Best and Brimhall,
1974; Luedke and Smith, 1974). Basaltic activity in the central part of the Great Basin is
restricted to the Reveille Range and Lunar Crater volcanic fields (RR-LCVF). There are
several important questions about the RR-LCVF. Including:

(1) What is the significance of the RR-LCVF volcanic field?

(2) What information do these lavas provide about mantle and crustal processes.

(3) Why is there no Pliocene basaltic activity in other highly extended areas of the central
Great Basin? ,

K the crust throughout the Great Basin has been thinned equally then the controlling
mechanism may be the presence of abnormally high heat flow associated with a rising
convective plume.

Several lines of evidence support the hypothesis that a thermal plume is responsible
for the location of the RR-LVCEF lavas rather than any structural property of the crust:
(1) Asthenospheric mantle is an important component in the generation of both Episode
1 and 2 lavas in the Reveille Range.

(2) There are no major crustal structures in the Reveille Range that might focus volcanism
in this area. Also, Taylor et al, (1989) demonstrated a lack of correlation between
extensional periods and volcanism indicating no direct relationship between extension and
volcanism in this area. _

(3) The lack of dikes in the Reveille Range indicates that there was little dilational stress
at the time of the emplacement of the lavas. This observation suggests that crustal extension
is not the cause of volcanism.
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an intrusion rate of 570 km®/m.y. vs. an extrusion rate of 5.4 to 2.4 km®/m.y. for the Coso
Field, California. He also estimated a 10:1 ratio (intrusion/extrusion) for Kilauea volcano,
Hawaii. Bergman (1982) calculated an eruption rate of 10-20 km*/m.y. for the RR-LCVF.
I 10 times as much basalt intruded the upper mantle/lower crust and stagnated (=1000
km?), then the crust below RR-LCVF (40 Km long x 10 km wide x 50 km thick = an
approximate vohime of 20,000 km®) increased in volume by 5%.over the last 5 m.y. This
very high production rate of mafic magma is consistent with high heat flow associated with
a thermal plume. .

We propose that the RR-LVCF Volcanic Field resulted from voluminous partial
melting related to a plume/hot spot in the asthenosphere. The upwelling may be in response
to mantle convection that provided the driving force for much of the extension in the Great
Basin. ’

The RR-LCVF is located slightly west of the north-south axis of bilateral symmetry
of the Great Basin (Eaton et al., 1978). This symmetry is expressed in: regional topography,
gravity, heat flow, seismic activity, crustal thickness, and the chemistry of late Cenozoic
volcanism (Eaton et al.,, 1978; Fitton et al., 1988). The symmetry and high heat flow in the
Great Basin is evidence that asthenospheric mantle was upwelling to shallow depths in the
region. '

IMPLICATIONS FOR VOLCANIC— MODELS OF THE GREAT BASIN

- The RR-LCVF represents a thermal anomaly where volcanic activity has been
concentrated for 6 Ma. Since the RR-LCVF represents the northern limit of a 300 km long
semicontinuous belt of Pliocene to Holocene basalts defined by Crowe and Vaniman, (1980)
and Vaniman et al., (1982) as the Death Valley-Pancake Range (DVPR) volcanic belt. The
DVPR belt extends from the RR-LCVF in central Nevada south-southwestward through the
southern Nevada volcanic field to southern Death Valley in California. The distribution of
cinder cones and the geometry of basaltic vent systems within volcanic fields or individual
volcanic centers along the DVPR belt show a preferred north-northeast alignment that
parallels the Jocation of late Cenozoic extensional structures (Crowe and Vaniman, 1980;
Smith et al., 1989; Naumann et al.,, 1991). The DVPR Belt/Zone is well documented and
we suggest that it is an important component of the Great Basin, since it represents the
thermal anomaly that may be responsible for the geophysical and topographic characteristics
of the Great Basin. ’

Pliocene-Holocene volcanoes in Crater Flat and at Lathrop Wells near the proposed
high-level muclear waste repository also lie within this belt.
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MAP LEGEND

The map "Geological Map of Crater Flat, Nevada" is included in the pocket of
this annual report.

Qal  Alluvium-poorly sorted gravel, sand, and silt.
Qc  Colluvium-unconsolidated angular blocks.

QTs Late Miocene to Quaternary, flat-lying pebble to cobble
conglomerate, weakly indurated, primarily of fanglomerate
orics

Geology of the Pliocene Volcanoes

Qab Locally derived alluvium; Non-consolidated, poorly sorted angular
fragments ranging from gravel to boulders. Clasts consist of basalt with
subordinant pyroclastic material shed from the local basalt flows and scoria

mounds and cones.

Qts  Scoria colluvium; Non-consolidated fragments of pyroclastic material shed
from cinder cones and scoria mounds.

Qb  Undifferentiated Quaternary basalt flows and pyroclastic material.

Qs  Primary pyroclastic deposits; Poorly-to-moderately welded scoria, ash,
bombs, and agglutiated scoria deposited by Strombolian to Hawaiian type
eruptions. Deposits range from bedded to non-bedded and form the major
cinder cones. Scoria mounds at Black Cone and Red Cone are comprised
primarily of non-bedded poorly-to-moderately welded scoria and volcanic
bombs.

Qbn Northern basalt flows at Black Cone; Aa and block flows of alkali-basalt
that erupted from scoria mounds north of Black Cone. Basalt is porphyritic
with euhedral to subhedral phenocrysts of olivine in a matrix of plagioclase,
diopsidic augite and olivine.

Qbsm Scoria mound basalt flows; Aa and block flows of alkali-basalt that erupted
from scoria mounds south and southeast of Black Cone. The basalt is
porphyritic with euhedral to subhedral phenocrysts of olivine in a matrix of
plagioclase, diopsidic augite and olivine.

Qbl Lava lake on Black Cone; Alkali-basalt flows that probably erupted by lava
fountaining at the summit of Black Cone. Basalt locally grades into
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agglutinate. Sparce inclusions of Timber Mountain tuff are present.

Qbsv) Southwestern basalt flows; Aa and block flows of alkali-basalt southwest of

Qb3

Qb2

Qb1

Black Cone. The basalt is porphyritic with euhedral to subhedral
phenocrysts of olivine in a matrix of plagioclase, diopsidic augite and
olivine.

Basalt erupted from the base of Red Cone; Aa and block flows of alkali-
basalt east and west of Red Cone. The basalt is porphyritic with euhedral
to subhedral phenocrysts of olivine in a matrix of plagioclase, diopsidic
augite and olivine.

Basalt flows erupted from scoria mounds southeast of Red Cone. Aa and
block flows of alkali-basalt. Basalt is porphyritic with euhedral to subhedral
phenocrysts of olivine in a matrix of plagioclase, diopsidic augite and
olivine.

Basalt flows erupted from scoria mounds south and southwest of Red
Cone. Aa and block flows of alkali-basalt. Basalt is porphyritic with
cuhedral to subhedral phenocrysts of olivine in a matrix of plagioclase,
diopsidic augite and olivine.

Pli Uni

Tobe

Pliocene alkali-basalt flows erupted from a north-south fissure in
southeastern Crater Flat. Olivine is the dominant phenocryst. Olivine,
plagioclase and clinopyroxene phenocrysts are set in a matrix of
plagioclase, olivine, and clinopyroxene. Glomeroporphyritic clots of olivine,
clinopyroxene, and plagioclase are common.

Pliocene-aged pyroclastic deposus Poorly-to-moderately welded scoria, ash,
bombs, and agglutiated scoria deposited by Strombolian to Hawaiian
eruptions.

Quaternery and Pliocene Alkali-basalt dikes; Dikes intrude scoria and
range in thickness from 0.5 to 3 m wide.

Alkali basalt flows of Crater Flat; K/Ar ages cluster at
3.7 Ma.



Miocene Volcanic Units

Tmr  Timber Mountain Tuff, Rainier Mesa Member
undifferentiated.

Tmrw Timber Mountain Tuff, Rainier Mesa Member: Light gray
welded ash-flow tuff containing 20-25% phenocrysts of
sanidine, quartz, lesser plagioclase and biotite, and
rare clinopyroxene.

Tmrm Timber Mountain Tuff, Rainier Mesa Member: White to light
gray, thinly bedded to massive nonwelded tuff, air-fall,
and surge deposits. Thickness increases across some
faults. Contains 10% phenocrysts of sanidine, quartz,
lesser plagioclase and biotite, and accessory
clinopyroxene.

Tpc  Paintbrush Tuff, Tiva Canyon Member: Light purplish-gray
to brown generally densely welded ash-flow tuff, with
thin (< 5 m) basal nonwelded unit. Contains § to 15%
phenocrysts of sanidine, lesser plagioclase and biotite,
and rare clinopyroxene and quartz. Abundance of
phenocrysts increases upward in section. Lenticular
fiamme common.

Tr  Rhyolite flows: Light gray, eoarse-graiﬁed, crystal-rich
rhyolite containing phenocrysts of plagioclase, quartz,
alkali feldspar, and biotite.

Tpy Paintbrush Tuff, Yucca Mountain Member: Light gray to
brownish-gray ash-flow tuff containing sparse (2%)
phenocrysts of sanidine and plagioclase.

Tpt  Paintbrush Tuff, Topopah Spring Member: Light purplish
gray to light brownish-gray welded ash-flow tuff
containing 10% phenocrysts of sanidine, biotite, and
minor plagioclase.
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Tptn Paintbrush Tuff, Topopah Spring Member: Pale orange to
light brown nonwelded basal part of Tpt. Contains sparse
phenocrysts of sanidine, plagioclase, and biotite.

Tep  Crater Flat Tuff, Prow Pass Member: Light gray to
brownish-gray ash-flow tuff containing approximately 8%
phenocrysts of plagioclase, sanidine, quartz,
orthopyroxene, biotite, and magnetite.

Tcb  Crater Flat Tuff, Bullfrog Member: Light gray to light
brownish-gray, moderate to densely welded ash-flow tuff

containing phenocrysts of quartz, plagioclase, sanidine,
biotite, hornblende, and magnetite.
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INTRODUCTION

Yucca Mountain in southern Nevada has been proposed as the sole repository for
the nation’s high-level nuclear waste. Five Quaternary basaltic volcanic centers lie within
20 km of the proposed repository block. Four Quaternary centers in Crater Flat have
yielded isotopic ages ranging from 1.1 to 0.7 Ma. The Lathrop Wells Cone, 20 km south
of the proposed repository block, may be as young as 15 Ka (Wells et al,, 1990). In
addition, Pliocene (3.7 Ma) basalts were erupted from a separate 4-km-long chain of
volcanic centers in Crater Flat. The youthfulness of these basaltic volcanic centers has
prompted assessment of the potential volcanic hazard on the proposed repository block.

Assessment of the volcanic hazard must incorporate (1) the composition of the
magmas, (2) structural controls (i.e., nature of pathways and geometry of dike systems),
(3) emplacement mechanisms of dikes, and (4) probability of future eruptions. This
paper focuses on the structural controls and emplacement mechanisms of basaltic dikes
in the southern Nevada region. These data are then used to constrain probability
estimates of future eruptions in the Yucca Mountain area.

COMPOSITION OF BASALTS

Alkali basalts characterize Quaternary and Pliocene volcanism in southern Nevada
and northwestern Arizona. Geochemical and isotopic characteristics indicate derivation
of most of the basalts from mantle lithosphere with little, if any, contamination or
fractionation within the crust (Vaniman and Crowe, 1981; Vaniman et al.,, 1982). This,
in turn, implies fast rates of ascent for the basaltic magmas. However, alkali basalts in
the Reveille Range, central Nevada, also contain an asthenospheric component. In
addition, tholeiitic basalts occur in a few areas, such as Malpais Mesa in the Fortification
Hill field, northwestern Arizona.

STRUCTURAL CONTROLS
Pliocene volcanism in Crater Flat occurred along a 4-km-long north- to north-
northeast-trending fissure system. Dikes within this system dip steeply (75 to 90°) and

strike north-south to north-northeast. Late Tertiary/Quaternary basin-fill sedimentary
rocks obscure relations between Pliocene basaltic dikes and bedrock structures.

North-south to north-northeast-trending alignments dominate the Quaternary

volcanic centers near Yucca Mountain. The four Quaternary basaltic volcanic centers in

Crater Flat are aligned along a north-northeast to northeast-trending, 12-km-long arcuate
chain (Fig 1). The two largest centers, Black Cone and Red Cone, consist of one large
cinder cone and many smaller mounds composed of scoria, cinder, ash, and bombs.
Dikes commonly project into the mounds, which suggests that the mounds correspond to
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volcanic vents. The dikes have near-vertical dips and range up to 3 m in width. Both
the dikes and scoria mounds generally trend north-northeast (see geologic map of Crater
Flat in pocket). However, at Red Cone & subordinate set of vents strikes NSO°W. The
Lathrop Wells cone contains both a northwest- and east-west-trending fissure system
(Crowe et al., 1988).

Detailed geologic mapping of nearby bedrock geology (Faulds et al,, in press;
Scott and Bonk, 1984) indicates several potential near-surface north-northeast-trending
channelways for the basalts. These include: (1) north-northeast-trending fault segments
(see geologic map of Crater Flat in pocket); (2) layering in highly deformed Proterozoic
and Paleozoic rocks (Carr and Monsen, 1988); and (3) joints. Closely-spaced north- to
north-northeast-trending, generally west-dipping normal faults fragment Yucca Mountain
into several gently east-tilted fault blocks. The irregular, en echelon boundary between
Yucca Mountain and Crater Flat and the continuation of several bedrock faults into
Quaternary faults within Crater Flat indicate that the bedrock geology beneath Crater
Flat resembles that at Yucca Mountain.

North-northeast-trending normal faults may be the best candidate for near-surface
north-northeast-trending channelways for the basalts. Geologic relations and drill hole
data indicate that major normal faults lie in the direct vicinity of some of the volcanic
centers (Fig. 2). Furthermore, we suspect that north-northeast-striking normal faults
penetrate more deeply than either joints or layering in Proterozoic and Paleozoic strata
and thus were more likely to influence the flow paths of the magmas. However, lack of
dissection of the young volcanic centers near Yucca Mountain precludes direct
observation of feeder dikes and controlling structures. To elucidate the geometry of
plumbing systems beneath Quaternary volcanoes near Yucca Mountain, highly dissected
Pliocene basaltic centers were studied in several fields within southern Nevada and
northwestern Arizona (Fig 3.).

ANALOGUE STUDIES: FORTIFICATION HILL FIELD, NORTHWESTERN
ARIZONA

The Fortification Hill field, northwestern Arizona, is best suited for investigating
structural controls on basaltic volcanism because the Colorado River drainage has
significantly dissected several volcanic centers. The basalts in the Fortification Hill field
range from 6.0 to 4.5 Ma. Most are alkali basalts, but tholeiites dominate at Malpais
Mesa. Preliminary geochronologic, geochemical, and structural data suggest that the
Malpais Mesa basalts may be approximately 10 Ma. Variable levels of erosion of
volcanic centers within the Fortification Hill field may ultimately permit construction of a
composite cross section of a Pliocene volcano.

At Fortification Hill, the Colorado River has exhumed the periphery of several

volcanic centers. Dikes have near vertical dips and are generally less than 2 m in width.
A few dikes range up to 10 m in width near some of the volcanic centers at Fortification
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Hill. Although they parallel major normal fanlts, dikes are rarely intruded directly along
faults. Unfortunately, dikes mnnot be observed directly beneath major volcanic centers
at Fortification Hill.

Major volcanic centers are highly dissected, however, at both Lava Cascade and
Malpais Mesa. A north-northwest-trending, 3 m wide, steeply dipping dike near the apex
of Wilson Ridge fed the flows at Lava Cascade. Although parallel to nearby faults, this
dike is not intruded along a fault and clearly cross cuts foliation in Proterozoic
metamorphic rocks. Thus, the structural contro! on the dike remains obscure. However,
the distribution of the lava flows suggests that only the uppermost structural level (< 100
m beneath original surface) of this dike is exposed.

The most highly dissected centers in the Fortification Hill field occur on the west
flank of Malpais Mesa. The dissected parts of individual centers lie 75 to 365 m beneath
the basal flows on Malpais Mesa. Dikes within and directly beneath three centers range
from 10-30 m in width, 100-225 m in length, and have near vertical dips. The dikes
pinch and swell, widening beneath individual centers. Two centers are linked by a 1-2 m
wide dike. At one center, a dike widens upward from 2 to 26 m approximately 170 m
beneath the basal basalt flows. At another center, a dike widens laterally from 2 to 10 m
more than 300 m beneath the basal basalt flows.

The southernmost center is the largest and least dissected. Two plug-like bodies
at this center have widths ranging from 10 to 26 m. One of the plugs clearly feeds flows
at the base of Malpais Mesa. This 10 m wide plug thins to less than 1 m directly
beneath the flows. Abundant scoria and volcanic bombs flank this volcanic center on the
north. Although once again paraliel to Miocene normal faults, the north-northwest to
northwest-striking dikes at Malpais Mesa are rarely intruded along faunlts and some cut
Miocene faults.

In summary, the dikes in the Fortification Hill field (1) bave near vertical dips;
(2) commonly parallel Miocene normal faults, but are rarely intruded directly along
them; (3) locally cut Miocene normal faults; (4) strike north-northwest to northwest
perpendicular to the inferred least principal stress during Pliocene time; (5) widen
significantly 170 to 300+ m directly beneath the original topographic surface. These
data strongly suggest that At exposed structural levels, dikes within the Fortification Hill
field were not intruded along preexisting structures. The only apparent structural control
was the orientation of least principal stress.

By analogy, we propose that dikes beneath the Quaternary basaltic volcanoes near
Yucca Mountain: (1) have near vertical dips; (2) probably do not follow preexisting
structures; (3) may widen significantly upward 300 m beneath the surface; (4) may widen
laterally, perhaps by an order of magnitude, directly beneath some centers; and (5) may
branch out into smaller feeder dikes within several meters of the surface. Some of the
volcanic centers may be underlain by large plug-like bodies. Dike widths in the Yucca
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Mountain region are probably narrower than those in the Fortification Hill field, as
evidenced by smaller volumes of basalt fiows. However, the analogue studies suggest
that dike widths directly beneath Quaternary volcanoes near Yucca Mountain may be
larger than previously thought.

Although these data constrain the geometry of the basaltic dike systems, they do
not directly resolve the structural controls on the centers. Anderson and Christenson
(1989) concluded that joints commonly controlled alignments of Quaternary basaltic
volcanoes in southwestern Utah. We cannot preclude joint contro! on some of the
volcanic centers inthe Yucca Mountain region. We suspect, however, that any control
by joints is confined to discrete lithologies (e.g., Pollard and Aydin, 1988) and that such
joints do not penetrate deeply. The nature of crustal-penetrating channelways that afford

quick transport of magmas remains elusive.

DISCUSSION

- 'The near vertical dips and lack of definitive structural controls may imply that the
basaltic dikes propagated upward through "self-generated” fractures produced by tensile
stresses near the dike tip, magmatic overpressure and buoyancy, and regional tension.
The dikes were probably initiated in the mantle lithosphere perpendicular to the least
principal stress. The first increments of melt presumably formed on planes normal to
the least principal stress (Savage, 1969; Shaw, 1980). The melting reaction was the first
in a sequence of rock failures. It was the most important, however, because it governed
the eventual location of surficial volcanism. Tensile stresses near the dike tip, induced
by magmatic pressure, and buoyancy (Delaney et al,, 1986) allowed the dike to propagate
upward to at least the level of neutral buoyancy (i.e., the level at which density of melt
equals that of the surrounding rock) (Lister and Kerr, 1991). Dike propagation far
beyond the level of neutral buoyancy is problematic. Lateral propagation (i.c., in a
horizontal direction) could continue at the level of neutral buoyancy, but vertical
propagation would be stymied. _

Glazner and Ussler (1989) concluded, however, that crustal thinning and
emplacement of mafic plutons during crustal extension will increase mean crustal density
and consequently induce a rise in the level of neutral buoyancy. Basaltic volcanism in
both the Yucca Mountain and Fortification Hill regions followed prolonged episodes of
voluminous Tertiary magmatism and moderate to severe extension (e.g., Anderson, 1971;
Maldonado, 1990; Schweickert and Caskey, 1990) during which the level of neutral
buoyancy probably rose significantly. In addition, the Yucca Mountain region is currently
under high extensional stress (Stock and Healey, 1984).

We therefore propose that magmatic overpressure and the resultant tensile

stresses near the dike tip, exsolution of volatiles, a relatively shallow level of neutral
buoyancy resulting from prior episodes of magmatism and extension, and concurrent
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regional tension allowed the basaltic dikes in the Yucca Mountain region to propagate to
the surface through "self-generated” fractures oriented perpendicular to the N60°W trend
of least principal stress (Fig. 4). Regional tension and magmatic overpressure were
probably the most critical components to this process. Regional tension favored both the
vertical and lateral propagation of cracks perpendicular to the least principal stress and
magmatic overpressure allowed melt to quickly fill the cracks. If situated directly above
a rising batch of magma, preexisting north-northeast-striking structures may have locally
facilitated melt transport. Theoretical data suggest that basaltic magmas may rise
through the entire crust in a matter of hours or days (e.g., Spence and Turcotte, 1985).

These conclusions have significant implications for hazard assessments of the
proposed repository at Yucca Mountain. The potential for dike intrusion along self-
generated fractures not associated with preexisting faults must be considered. Probability
estimates of future eruptions must therefore involve delineation of an area of most
recent volcanism (AMRYV) (Smith et al.,, 1990) that is comparable in size to other
Pliocene/Quaternary basaltic volcanic fields in the Basin and Range and whose long axis
is perpendicular to the least principal stress. Probabilities of future eruptions can be
estimated from the temporal and spatial distribution of eruptions within (a) the AMRV
near Yucca Mountain, (b) analogous Pliocene volcanic fields where volcanism has
ceased, or (c) larger regional volcanic belts such as the Pliocene/Quaternary Death
Valley/Pancake Range belt. The available data may not permit, however, accurate
determination of weighted probabilities or risk zones within an individual AMRYV.,

The location of at least some of the Pliocene/Quaternary basaltic volcanic fields
in the Basin and Range may be related to small pull-aparts on crustal penetrating strike-
slip fault zones. The Fortification Hill field occurs near the southeastern terminus of the
right-lateral Las Vegas Valley shear zone (Duebendorfer and Wallin, 1991). The Yucca
Mountain region may occupy a large right-step between the Las Vegas Valley shear zone
and Walker Lane belt (Carr, 1984; Stewart, 1986). The continuation of the Las Vegas
Valley shear zone across several extensional domains implies that the shear zone is not
confined to the upper-plate of a detachment system but instead may penetrate much of
the crust. Extension within small pull-aparts along this strike-slip fault zone may have
served to localize melts within the mantle lithosphere and ultimately controlled the
location of basaltic volcanic fields.
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LANDSLIDING AND GROUND=-CRACKING IN THE EPICENTRAL RECION OF
THE 198% LOMA PRIETA EARTHQUAXE

NOUTOUX, T.E.2 VICK, G.B.7 NOLAN, J.M.; WEBER, G.E.:

BOL, A.J.? KILLER, $.L. Webar and Associates,

120 Westgats Dr., Watsonville, CA 95076

The epicentar of the 1989 lonma Prieta earthquake lies in a
large, rugged tract of uninhabited land included within the
Forest of Nisene Marks State Park In Santa Cru: County,
Califtornia. Was mappsd surfacs daforzation within <the
epicentral rsgion of tha earthquake (ground-cracks and
landslides) on 1:4800 scale topographic maps. Because the
earth related ground deformation sghowed an intimate
association with older deformation, vs also mapped of pre-
axisting faatures, including olé landsliding and an clder
series of ground-cracks.

landslides wsrs categorized into threa falilure-type
groups: rotational, translaticnal, or dedbris flov; and three
age groups: earthguake ralated (1883%), recant (about S0
years or less in age), and clder.” We recorded displaceaent
magnitudss for czacks ralated to the Loma Prieta earthquaks.

Earthquake related landslidas vers sparss, and vers
predominantly small tc mediun sized translational txpe
landslides, indicating failure of weathered surficial
materisl. We di¢ not see wholesale reactivation of the many
large, clder landslide cozplexss, nor did we cbsarve the
tormation ©f meav largs landslides. Thess cbservations
suggest that formation of ths larger, more dssp seated
landslides is not being driven by Loma Prieta ¢ events,
at least, not under present climatic conditions., The
sarthquake deforaation concentrates in a broad band trending
parallel to the regicnal bedding and faulting, and lying
Just north of the Zayante fault aleng the axis of the
Glenwood Synclins.

Ne 12435

FLUVIAL GEOMORPHIC INDICATORS OF NEOTECTONISM IN THE
SOUTHWESTERN SACRAMENTO VALLEY, CALIFORNIA
MUNK, L.P. (Dept. of Land, Alr and Water Resources); UNRUH, R,
%t. ofowl%): MOORES, E.M. (Dept. of Geoloz);
SOUTHARD, R.J. (Dept. of Land, Air and Water )
ail at: University of Califomnia, Davis 95616
The Dunnigan Hills and Plainficld Ridge are anomalous areas of subkle positive relicf in
the otherwise nearly level southwestern Sacramento Valley, Seismic reflection data
suggest that these geomorphic features are underlain by east-vergent blind thrust faults
at éepths of 4-7 k. We propose that Quatemary movement on these thrusts has
uced surface wplift and subsequent alteration of the local fluvial
ngitudinal stream profiles, determined from wopographic maps that predate major
sgricultural modifications of the drainage system, indicate that east-draining soreams
have convex profiles along reaches that cross the Plainfield Ridge and southern

Dunnigan Hills Best-fit exponential curves developed for similar-sized streams south
of the study srea were used as & standard of ison in order o analyze devistions
from a graded condition. The local 8 concave-up profile for seaches

K departures

crossing the Plainfield Ridge 8nd Dunnigan Hills are as evidence of recent

locally developed flig uvial serraces, and poorly integrated drainage
networks developed on the uplified termain, Soilmiwic studies are bein
conducted 1o constrain the rate and timing of deformation. data, combined wi
subsurface gnalysis and studics of microscismicity (Eaton, 1986; ‘Wong et al. 1988)
suggest that the Dunnigan Hills and Plainfield Ridge may be the casternmost surface
smpreum of an actively growing fold-thrust belt in the southwestern Sacramento

Ne 17699

DEVELOPMENTS IN JURASSIC STRATIGRAPHY OF THE FRANCISCAN
COMPLEX, CALIFORNIA: EXPANDED AND RECALIBRATED RADIOLARIAN
ZONATION COUPLED WITH POTENTIAL FOR MAGNETOSTRATIGRAPHY
MURCHEY, Benita L., U.S. Geological Survey, MS 815, Menlo Park. CA 94025,
HAGSTRUM, Jomathan T., U.S. Geological Survey, MS 937, Manlo Park, CA 94025
Tae expansion of the aumber of taxa used o characterize sadiolarian assemblages i the
Franciscan Complex of California permits more accurate regional corvelstions as well as
wore precise age determinations. The ages of Jurassic sssemblages MH-1 wo MH-4
(Murchey, 1984) were recatibrated downward by comparing the ranges of more than 100
taxa in bedded chert sequences in the Marin Headlands, Mt. Umuhnum, snd Geysers sreas
0 those in well-dated sequences from Europe and North America. MH-1 is late
Piiensbachian 10 early or middle Toarcian. MH-2 best corretates with middle and late
'l’o.arc_nn faunas. The bowndary between MH-2 and MH-3 is wot younger than early
lagoem. but is probably older. The upper partof MH-J is Bajocian. The base of MH-
4 s hate Bajocian ¢r Bathonian; the youngest knowa MH-4 faunas are Callovian or
Oxfordian. The stratigraphic gap between MH-4 faunas and Early Cretaceous MH-3

\_/faunas is marked by 3 recrystatlized interval that may have besn a zone of slow deposition.

The discovery of & series of paleomagnetic reversals ia chert with MH-1, MH-2, aad
MH-3 faunas in the Mt Umuhaum 808 Geysers areas holds the promise for future
Ge } ic mag igraphy directly tied to radiolariaa biostratigraphy.
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REE SYSTEMATICS OF SULFIDE-SULFATE DEPOSITS AND SEA-FLOOR SUBSTRATES
AT SEDIMENT-FREE AND SEDIMENT-COVERED SPREADING CENTERS IN THE
NORTHEAST PACIFIC OCEAN

Joha B, of Geology, Northern llinois University, DeXab, I
€0113; KOSKI, A, US. Geological Survey. M$995, 345 Middlcfield
Road, Menalo Purk, CA

The sediment-free southern segment of Juan de Fucs Ridge and the sediment-covered southern
sepment of the Gocda Ridge (Excanabe Trough) are contrasung si i

patterns with ZREE « 113 ©0 204 ppm and (La/Sa i = 28,

The closc similarity betwees REE paucms of snaliered sediment and hydrothermally altered
sediment pardy 10 compictely seplaced by chlorice and wic indicasces very kmited mobility of REE
during subses-floor Mg metssomatism. Matrive sulfaie mmples have higher IREE (3 1 28 ppm)
contents than massive sulfide samples (<8 ppm). but all kydrothermal sampies from both sites
exhibic LIKEE enrichment patierns. Massive anhydrite and berite kave large positive Eg anomalies
chanacteristic of Quids (Michand and Albaride, 1985). Anhydrices
also axhidit small positive Cs snomalics. Pure selfide samples hack Eu lics; therefore, the
positive Eu snomalics (Ew/Ea® £20) in most massive sulfides reflect e presence of intergrown
wifxe minerals, Small segative Ce anomalies are ined with Fe-oayhydroaide erusts from
westhered surfaces of sulfide chimneys and sulfide samples ining sbandant amorphious silica.
The d3ta indicate hat compositionl differences of sea-floor sud 8 the two spreading
ceaters Aave & minor effect en the REE distribution in sea-floor hydrothermal deposits in
ison 0 the hydroth ] Buid-scawaier mixing grocesses that control sulfaie deposition.

Ne 15445

STRUCTURAL OONTROL OF PLIOCENE VOLCANISM IN THE
VICINITY OF THE NEVADA TEST SITE, NEVADA: AN EXAMPLE
FROM BUCKBOARD MESA

NAUMANN, TR., FEUERBACH, DL, and SMITH, EL, Department of

Geoscience, Uiversity of Nevada, Las Vegas, NV 89154,

Late Pliocene to Quaternary (4 to <0.1 Ma) alkali basalt and basaltic andesite
erupted in the vicinity of the Nevada Test Site (NTS) at Crater Flat, Sleeping
Butte and Buckboard Mesa. Eruptions occurred along or near north to northeast
striking faults that are typical of the area between Yucca Mountain to the south
and Pahute Mesa to the north. This structural pattern is interrupted by the
Timber Mountain ealdera. Buckboard Mesa is comprised of & cinder cone
(Scrugham Peak) and flows of basaltic andesite that lic in the moat of the
Timber Mountain caldera. The main vent zone on Buckboard Mesa is defined
“by the Scrugham Peak cinder cone and several small vents. The vent zone is 1
km long, trends northeast, and is controlled by en echelon fault segments that
strike NIOE. These faults were active before, during and after the eruption of
the basattic andesite at 2.8 Ma. Evidence for this chronology includes the
observations that Buckboard Mesa lavas were deposited on faulted Timber
Mountain tuff and that the same fault zone cuts Buckboard Mesa lavas and
Scrugham Peak. Another vent is Jocated at the termination of & narrow ridge
that extends southeast from the base of Scrugham Peak. This ridge is subparalle!
with the gxis of & paleovalley that apparently controlled flow direction of
Buckboard Mesa Javas. This ridge and vent may either be tube fed and rootless
or may represent eruptions from the Timber Mountain ring fracture. The
eruptions at Buckboard Mesa were focused at the intersection of the northeast
strixing fault zone and the ring fracture zone of the Timber Mountain caldera,
however, the northeast zone was the primary structure controlling magma
emplacement. This is in accordance with the structura! controls for other post 4-
Ma volcapic centers in the NTS area in Crater Flat and at Sleeping Butte.
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CLAY MINERALOCY, RESIDUAL SHEAR STRENCTH AND LANDSLIDING OF
THE SANTA CLARA FORMATION CLAYSTONE, SARATOCA FOOTHILLS.
CAL JFORNIA.

NELSON, james L., Terratech. Inc.. 78%1 Westwood Drive,

Cllroy. CA %5020. *
sost landstides In the Sarataga foothtiils, Calltornia. occur
along previously sheared surfaces formed in claystone units
of the Pllo-Plelistocene Santa Clara Formation. The primary
geologlc factors that control tandstiding are the presence
of the clay mineral smectite and the overconsolidated nature
of ths claystone.

Preexisting (andslide surfaces (n the claystone units
appear 10 be al, Of pear, the sesicdual shaar t(frictionatl)
strength of the clay minerals present. To evaiuvate the
effects of ciay minerslogy on residual shear sirength,
laborgtory testing and X-ray diffraction were performed on
clavstone saroles collected from landsllide-prone areas in
the Saratoga foothllis.
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VADOSZ~-SONE AXD QROUND-WATER TRANSPORT MODELING TO
ESTABLISE ACCEPTABLE CLEANUP GOALS FOR VOCs IX SOIL
FARR, John M., and LAMBIE, John XK., lavine-Pricke, Inc.
' 1900 Powall Strast, 12th Flcor, Eaeryvills, CA 94608
For Supsrfund projects wvhars soil contamination exists,
soil cle goals must ba established as the baxis for
faasibility studies and the design and izplementation of
reaedial actions. 8oil cleanup goals must bs protective
of undsrlying ground watsr and its dasignated beneficial
uses. Nathematical transport models c¢an bs used to assess
the potential ground-water impacts fros variocus levels of
soil contanination, thersdy aiding in the sslecticn of
appropriate scil cleanup goals.

Indirectly coupled models ars gsnerally used to
Tepresent transport in the vadosa zone and the ground-
wvatsr tone separately, even the transport procassss
in these two gones ars dirsctly coupled. In this study,
the SIasonal S0IL compartment modal (SESOIL) of
Bonazountas and Wagner (1984 - with significant
sodifications by Eetrick, et al., 198%) was used to modal
vadose-gona transport and the Analytical Transient 1-, 2-,
and J-Dimensional modsl (AT123D) of Yeh (1981) was used to
nodel ground-water transport. SESOIL can reprasent one-
dimensional aquecus advection, gassous diffusion,
adsorpticn, and degradation in up to four soil layers with
varying properties. AT123D can represent advective-
dispersive und-vater transport awvay froz socurce areas
of varied dimensions, strangth, and duration within
homogenous, isotropic agquifers. Simulation rssults from
the application ©f thess modals to a Suparfund sits in the
San Francisco Bay Area wers used to develcp and support
proposed cleanup lavels for volatile erganic corpounds
(VOCs) in soils.

Ne 3893

IMPLICATIONS OF ALONC-STRIKE VARIATTONS IN BASIR GEOMETRY OK THE
KIREMATICS OF MIOCENE EXTENSION, WORTHWEST ARIZONA AND SOUTHERN NEVADA
FAULDS, J., Dept. Geology, U. So. Califernia, Los Angeles, CA 90089;
DUEBERDORTER, K., Dept. Geology, U. Nevada, Lss Vagas, NV 891354,
Aleng~-strike ch in graden g Yy may be partinsnt to kinematic
models of continentsl extension. In the morthernmost Colorsdo River
extensionzl eorridor, an E-tilted half graten extends 40 ka morthward
fron & major accommodation sone. The W-dipping Wilson Ridge fault (WRF)

\-/bound: the basin on the sast; the morthern basisn margim is the dextral

Las Vegas Valley shear sone (LVVSZ)., The major pulse of tiltiag occur-
red batwesn 16-13 Ma and 13-9 Xa in the southern and mortharn parts of
the basin, pectively. The dation zone served as & rupturs
barrier during both events. Directly morth of the sccommodation sone,
the basin deepens and widens morthuard as displacesent en the WAF and
tilting doth increasa. Farther morth, the basin expands in two discrets
steps with little increase in tilting. The steps are markad by minor
sinistral offset on transfer faults and broad flexures in the strike
of Tertiary strats indicative of antieclockwise wvertical-sxis votation.
The basin is widest (20 km) at its northern margin near the LYVSZ.
Abundant crystalline detritus in the basin suggests that the footwall
cTystalline terrane of the WRF mas exposed throughout Miocene exten~
sion. The WRF tarminates mear the inferred juncture antd spparent tere
mination of the LYVSZ and sinistral Lake Mead fault system {LMFS),

The deformation:l style assoctiated with expansion ef the basin
implies that the relative dismetrical translation ef the hanging wall
and footwall of the WRT incresseas suay frox the accommodstion gone but
is not proportional to the magnitude of tilting. Ceeval sctivity along
the LYVSZ, LMFS, end WRF further suggests major kimematic coupling of
strike-slip and notmal faults at the northern end of the extensional
eorridor. Diamatrical lateral transport of the hanging wall and
footwall of the WRF may partly account for epposing senses of strike-
2lip motion along the LYVSZ and LMFS.

Ne 21876

SYNEXTENSIONAL BARITE-SILVER MINERALIZATION M THE NANGING
WALL OF THE WATERMAN MILLS DETACHMENT FAULT, CENTRAL
uo::;gsn'esgmﬁm cmm £., Dept. of Geology, CBJ 3315, Univ. of
s P, 00! A n F., . A 3
North Chape! Hil, NC 27599, BARTLEY, John L., Dept. of
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" basaks grupted Som o least sight woicanic crnters

.o ), aad sormative scpheline (afl values are means). OAB hrvas

sublacustring minsralization which was sbruptly lermminated by emplacement of & massive
Getxis fow. The LOH I8 $-15 m thick and is both underiain and overtain by massive voicanikc
Gebxis Rows. Batts dedts flows and

Ne 1544¢

THE TRANSITION FROM SUBALKALIC TO ALKALIC VOLCANISM IN THE LAKE MEAD
AREA OF NEVADA AND ARIZONA: GEOCHEMICAL AND ISUTOPIC CONSTRAINTS

FIUIRBACH, DL, and BMITH, EL, Department of Geoscicace, Usiversity of Nevada,
Las Vegas, NV 9134; WALKER, 1.0. and TANGEMAN, JA., Departmeat of Geology,
Uaiversity of Kansas, Lawreace, KS 65045,

Rate Miocese $0 early Pliocene wolcanic socks in the Lake Mead area of Nevada aad Artzoas

record the transition from sarly, moderate-volume, subalkalic basalt and basaltic andesite 10 later,
low-volume, alkafi basalt volcanism. Calc-alkalic basaltic andesites occwr in the Callvilic Mesa
volcanic fickd (CM) ea the aorth shore of Lake Mead. CM lavas erupted from two eompousd

ainder eooes betweea 30.6 and £ Ma. Basaltic andesite (32 to $5% £i0,) sbows isotopic and

textural avidence of crustal coatamisation (iaitis! 'Sc/%5r » 8.708-0.X9, epslioa Nd= 449 &0 -
1059, snd TPh/O'Ph = 17.173 10 17.332). We suggest that Calville magmas were geocrated in
the §thospberic mantle as basakt similar i composition 10 basalt ls Callvilic Wash (106 Ma) aad
yousger Fortification Hill basalt, but were contaminated in the arust duriag asceat.

Subalkalic aad alkalic basalts (45 o 0% eccur in the Fortification Hill Reld (FH). FH
602 sad 43 Ma. Fortification Hill oa
the sast side of Lake Mead s the most voluminous of these ecaters. Wa divide FH basak into
three groupe: (1) Tholciitic two pyroxcne basak (6.02-5.71 Ma) (SAB) sz Biack Point and Malpais
Flattop aad eubalkalic basak st Fortification Hill (lower section). (2) Alkali basalt (542 to 4N
Ma) (OAB) s Fortification M (xpper section), Petroghyph Wash and Lava Cascade. (3) Alkall
basak (451 10 43 Ma) (YAB) along US. 93 ncar Hoover Dam, Saddlc kiand asd in Petroghyph
Wash. YAB lyvas sommonly soatsis sitramafic sodules and amphibole snd feldspar megacryats,
The transition kom sebalkalic to alkalic volcanism eccurred betwees $.71 and 5.42 Ma duriag the
Sormation of Fortification Hill. The change from SAB 10 YAB is marked by an lacrsasc is
Nﬁ;@ﬂbﬁh&ﬂ%ﬂ’bﬁ.ﬂ(ﬂb’m}'p’m}:ﬂ.(u

are

composition betwees SAB and YAB. The change kom SAB 10 YAB ks marked by o decrease in
iudtial 85055 from 0.7075-0.756 In SAS levas 80 B705S in OAB 85 0.X0S in YAS. Epelloa Nd
increases brom <228 40 <034 in 3AB 10 054 in DAB 10 353 in YAB. These geochemical
wariations reficct @ ehange from Echospheric 6o asthescspberic mantle with time, This
¢hange may seflect Ethospheric erosica due to segional exteasion.

Ne 11507

KINEMATIC MODEL FOR THE DEVELOFMENT OF WEST.VERGING
STRUCTURES IN TEE PURCELL ANTICLINORIUM, CABINET MOUNTAINS,
NORTRWESTERN MONTANA

FILLIPONE, Jeffrey snd YIN, An Depariment of Earth snd Spece

Sciences, University of Catifornia Los Angeles, Les Angeles, CA 90024

major structural elements in the ares may have formed simultancously. On the basis of
age relationships among o B¢ ares and the spatial relationship between the
sock and she localized Weverging we interpret that the develop of
localized W-verging structeres may be the result of plutoa empl Inyp )
the spreading of magma ot shallew sructura! levels within the Beht sirata may have
produced 8 localized, Wedirected simple shear strain within she Belt rocks. Aa
ahemative mode! is that & W.dipping shrust ramp is present ot depth and the Woverging

relationship that the Weverging structores formed beneath E-w
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‘THE CASTERN BOUNDARY OF THE EXTENSIONAL ALLOCHTHON IN THE LASTERN
BASIN AND RANGE: YOLCANIC AND STRUCTURAL GEOLOGY OF THE NORTHERN
WHITE HILLS, ARIZONA.

CASCADDEN, Tracey E., and SMITH, Engene I, Depantmest of Gooscience, Usiversity of

Nevads, Las Vegas, NV 9154, :

The sorthers White Hills ke in the epper plate of the westward-dipping Sak Speicg detachment.
‘The upper plate sootains S east-tilted structural blocks eomprised of Miocene basaltic andesite
Bows (#9-54%, $i0,), aggiomerates, dacite ash-Bow ufls, megabreccia and fasg) B
oach block i isolazed and eootains ealy & smal part of the stratigraphic section, geochemical data
(La, Cr, RE 8¢, $7 and Co) was wsed 10 eoastruct 8 eomposite scction. The oldest part of the
eomposite section consists of at least 454 meters of basaltic andesite flows and swtociastic beeccias.
‘They wre overhain by 5375 meiers of eoarse mosolithologic breeria, in which she domisant dast
aype & lower plate Precambrian pelite, granite, amphibolite, and mylonite. The breccia forms &
discoatiavous sheet that exteads 12 km west from the dctachmest in Sak Spring Wash to Squaw
Peak and pinches out 0 the sorth sear Laks Mesd. Loagwell (1936) described similar deposits in
the Viegia Basin (sow flooded by Lake Mead). Interbedded with eoarse breccia is a dacite asd-
fow taff (94-250 meters thick) that may correlate with & tuff in the sorthera Black Mountains
daied by Faxdds (1950) at 16.5 Ma, The upper part of the section coasists of 63-627 meters of
basaltic andesite, 0-211 meters of poorly comsobidated ecaglomerate, and %0-171 meters of basaliic
asdesite. Adjaccat to the detachmest in the sasters White Hills there is a progressive decreasc in
ik wp section from 30 ¢0 3F near the base 10 mearly borizoatal st the t0p. AkBough stratal tikis
wary from 10 10 3% i the eeatral a8d westers White Hills, they are saiform withis structural

The Sak Spring detach may rep a scgmeat of & regional detachment 30ac that
witeads from Gold Butte 10 scar Dolan Springs, Arizons (Cyclopic detachment). This fauk 208e
hﬁ‘hmd&ewwﬂaﬂsﬂ both the Soundary of the

exteasional allochtbon and the easicrn Emit of exposure of Tertiary igocous rocks in the northern
Colorado trough. The lack of equivaleat igneous rocks in the & ! of the detach b

Sakt Spring Wash and the Calorado Platcan may place consirnints 0n either the geometry of the
dctachment or the pre-exteasion distribution of wolcanic rocks.

Ne 2024

THE SEISMOTECTONICS OF THE SAN ANDREAS FAULT SYSTEM NORTH OF
POINT ARENA ALONG THE OOAST RANGES OF NORTHERN CALIFORNIA

CASTILLO, David A., Dept. of Geophysics, Stanford University, Sunford, CA
$4305 and U. S. Geological Survey, Menlo Park, CA 9402%: ELLSWORTEL,
William L., U. 8. Geological Survey, Menlo Park, CA 84025

The relatively youthfu! segment of the San Andreas fault (SAF) sorth of Point
Arena ;-nmm:meamum«mummeauum
Andreas fau zwnmmmwmwmlmumnmsm
fault zones o the east. Earthquakes (M2 1.0) berween 1980 and 1989 are wsed
:ma & seismotectonic mode! of the youthful part of the SAF "sysiem” as k evolves

An upper crustal velocity model for the area, derived from seismic travel-time
MMM;WMMMMMM%&O
km/sec at about 18km depth. We wsed this velocity nodel to elocate over S000 M21.0

The San Andreas fault north of Point Arena is virually aseismic. In
concentrate

northeast about 60 o 7S
Mendocino Triple
-lateral ansform mogon
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APATITE AND ZIRCON FISSION-TRACK AGES FROM THE SIERRA
SAN PEDRO EASTERN PENINSULAR RANGE, BAJA
CALIFORNIA, MEXICO

CERVENY, Philip F., DORSEY, Rebecca J., BURNS, Beverly A.,

Dept. of Geology, University of W , Laramie, WY 82071
Zircon and apatite fission-track ages the Sierra San Pedro Martir,
Baja California help to constrain the uplift and cooling history of this
segment of the sastern Peninsular Range. Five samples were collected
from graniteid rocks at elevations from 500m to 2800m above sea level.
Zircon ages range from 104 £ 10 Ma. ot the range crest to 755 £ 6.2 Ma at
the base. The emplacement age of the batholith has been reported by Silver
and Chappell (1988) as 120 to 105'Ma (U-Pb zircon); the uppermost zircon
ission-track age thus reflects rapid eooling near the time of emplacement.

ission-tracks in zircon completely anneal at temperatures of 200-225°C, or

8-9 km depth assuming & geothermal gradient of 25°C/km. Therefore the

12 Abstracts with Programs, 1991

rocks currently at the top of Sierra San Pedro Martir were emplaced at
depths of less than 8 km. Apatite ages range from 76.8 + €.8 Ma (mean
track length 14.2 2 1.3 microns) st the erest of the range 0 35.6£ 3.7 Ma
(12.9 £ 1.5 microns) at the base, and define an uplift/cooling rate of ~60
m/m.y. Mean track length distributions are unimodal for all sgamples, but
mm;mmwmrume«maungmmssm.mnwu
elevations). The apatite ages at the base of Sierra San Pedro Martir place
Hmits on the total amount of uplift gince 35 Ma. Fission-tracks y
anneal in ly 100°C, or sbout 4 ki depth, Because the
significant annealing, they have resided at

relatively simple cooling history eonsisting of emplacement and rapid
eoaling (120 - 105 Ma) at depths of less than 8 - § km, followed by slower
steady cooling from 75 Ma to gbout 35 Ma (~60 m/m.y.). Uplift and eresion
of Sierra San Pedro Martir is limited to about 2 km since 35 Ma.

Ne 17703

PALEOGEOGRAPHIC RECONSTRUCTION OF THE NORTHERN SALINIAN
BLOCK USING $r ISOTOPIC PROPERTIES
CHAMPION, D. E., snd KISTLER, R. W., US. Geological Survey, Menlo
Park, CA 94025
Age and initial S¢ studies have been wsed 1o reconstruct the 117 1o 80 Ma
granitoid basement of the Salinian block to form a simple patiern. The pattern
places the 0.206 97Sr/%Sr line at or within the sorthernmost plutons of the block,
including Montars Mountain, with sn sbrupt SE increase to 81, values over 0.207.
Comparison of our work with many previously published Neogene
sedi y/stratigraphic cor jons across faults shows strong sgreements.
Aligning the thick sections of the Santa Cruz Mudswone at Pt. Reyes and in the
Santa Cruz Mountains at gbout § Ma brings elements of a8 distinctive granodiorite

‘st Bodegs Head snd Montara Mountain together. Matching the Monterey

Formation and Paleocene conglomerstes at Pt Reyes and at the Monterey
peninsul ies mo on a San Gregorio splay, inboard of Montara
Mountain, st sbout I1 Ma. Removal of this displacement brings both Montsra
Mountin-Ben Lomond granitoid socks sand the Pi. Reyes-Pacific Grove porphritic
granodiorites into direct proximity. The total San Gregorio displacement
approaches 150 km.

The 45 km of 10-15 Ma displacement on the Rinconada fsult at Paso Robles,
recognized by Graham and others in the central Salinian block, probably )
manifests itsell as distributed deformation on many faults in the Santa Lucia
Mountzins. The Blue Rock-Miller Creek fault, for sxample, has sbrupt isotopic
variation mcross it, permitting some strike-slip mo The Ri da fault
movement caused the broad S-shaped bending of the Vergeles-Zayante fault, and
was completed by the 10 Ma deposition of the Santa Margarita Formation, which
overlaps the Zayante fault. Neogene stratigraphic and Late Cretaceous pluton
reconstructions imply that mo significant & t favlting < in the h
Salinian block between 80 and 15 Ma.

Ne €387

FINITE SZRAIN FACTORIZATION, BY PTENSOR ALSEBRA, IN AN INCONGRUENT FOLD
IX TRE COLFAX STQUENCE

Chen, Richard 7., Department of Barth and Space Sciences,

University of California, Los Angeles, CA 90024-1367

The general structursl trend of the fault-bounded Colfax sequence,
batween the Naimar fault sene (W) snd the Gillis %11l fault (E) in the
northern Sierra Mevada foothills follows the Mevadan trend, is
predominantly MNW-SSE. Aleng & traverse from the ssnter of the
sequence to its eastern limit, March strain was estimated in eight
samples across s sevarsly £ 4, 4 g cical
syncline, whose £0ld axis trends KIM°L and plunges 38°. Thres of the
samples, one at the west end of the saction end the other two mear the

" Gillis Rill fault, were taken from stesply &ipping beds with Nevadan

strike; the remainder wers collected from the south and morth 1imbs
and the hinge ares of ths fold.

from the west to the sast, stzain intensities i
Crom 0.40 to 0.74. The streins in the fold, furthermore, have similar
intensities, 0.56 to 0.66, with lictle veristion in their prinecipal
valves (0.32:0.83, 0.1620.02, -0.3520.02) indicating that the £old was
formed during & late phase of daformation involving rigid body
rotation but ao bulk strain. To restore the late-phase daformation,
the laysrs in the morth limb and hinge were fizst unfolded by rotating
them along tha fold sxis to colncide with the orientation of the stesp
south lisb. Bacond, ths unfoldsd layers were rotated about a wertical
axis, to make thair average striks agree with the cegional trend.

The total strain in this zestored ozientstion was factorized into &
compaction and a tectonic strain. Batween the two events, buckling
tilted the horisontal beds. Bised en this model and on the variation
of the total strain along the section, the rocks suffered a compaction
stzain of [0, O, =0.3) followed by & tectenic strain of

[0.23, 0.83, -0.15] in the west, increasing to {0.37, 0.07, -0.32) in
the east, with the axis of shortening trending E-W and the
iatermeciate axis paralleling to the gegionsl NNW-ST trend.

fcally




SESSION 47, SAIC: STORAGE OF HIGH-LEVEL NUCLEAR WASTE

volcanic rocks (”‘Pb/”‘?b = 18.11-18.24 and 3%pb/App = 38.70-39.15) but
diverges from it in some sam,
Thewbamzﬁmnihdhbuhmnmdnlmumplumdanmny
hm:-pzwd‘mlhxﬂmmuNHClmomhmdmhdmmm
phases, but & milder identifies & significanty
pore yrano lead in most of the calcite b/3%4Pb = 18.11-20.21 snd
PWPH-RGO—”J‘WM l!usu:bogenic wbomeledmmpawd
of meteoric water that had previcusly
particulate matter derived from Paleozoic
mnmmmaybelwu!xmmof
lheuk:u.&emﬂumples,howemiml ing two from 8 vein incorporating a thin
zoae of basaliic ash, contain corbonare lead that is only slightly different from their
silicate lead. These isotopically more wniform umples suggest that volcanic rocks
locally have contributed most of the lead to both fractions of ummﬂc
The isotopically heterogencous lead that eharacterizes the regional and Late
Proterozoic sedimentary socks and Middle Proterozoic erystalline rocks remains 8
candidate for at least some of the lead in the Trench 14 veins. An im; t finding of
this study, hwcmkltnxdtdmdonqumﬁemmcongmdmhvcbm
proposed for the veins. Instead, umu%mmmwpmdm
weins and calcretes suggests 8 mutual origin 10 pedogenic phenomena.

»

02:15 p.m. Marshall, Bdan D. Ne 7474
:ﬁiODB.FORﬂEmRMAmOFPEDOGEN!CCARBONATEBASEDON

ONTIUM ISOTOPE DATA FROM SOUTHWEST NEV.
MARSHALL Brian D. and MAHAN, Shannon, U.S. Geological Survey,
MS 963, DFC Box 25046, Denver, OO 80225

wwmwmhwzmmuﬁemmmmmm

Mhmwmdl nqugfeulno::?c lelh&u d&ell!:e
an component source

nmmuotcﬂdmhmélme.m

the alkaline earths

Calcretes, fauli-filling weins and rhizoliths contain carbonate-bound (=HCl
feachable) strontium with $75:/855r averaging 0.7124. This valuc is significantly
diffcrent from the lven;e of 0.7217 found for earbonate-bound strontium in the
mfm eumngs in eolian sedimeat. These mu!u lead 0 two conclusions: (1)

mxma)xmmhmmmnﬁmu-mmmm
nm!y&nwdﬁunmedmwbmzm

The swontium-isotope tug:thnmcoﬂbedl:ﬂmwﬂ:mminm
gmicwbonuhdcnved the weathering of loca! detritus. To test this
s, Isotopic mdyzsefﬂ:nﬂiuzdmmmhmm

Within the volcanic bedrock of Yucca ‘wcea Mountain, calcite occurs as coatings on open
fractures. The $7S/855r of these calcites varies from pedogenic-type values near the
10 lower values (0.7093) at end below the water table. Some of the slkaline
in these fracture coatings may be panially or totally derived from the volcanic
which Bas widely varying compositions.

sc data preclude hvdmmdlgw:mngpwndminmcmuot
surficial carbonate in the immediate vicinity of Yucea Mountain.

?‘

i

02:30 p.m. Stucidess, J.. S. Ne 19828
Isotopic Bvidence for a Per Descensunm Origin for Eydrogenic
Veins in raults near Yucca Nountain, MNevada

STUCKLESS, J.8., PETZRMAN, $.E., WHELAN, J.F., and MUHS,

D.R., US Geological Survey, 963, Denver Fed. Ctn.,
Danver CO 80223

Vein-1ike deposits of calcits and opaline silica that infill
faults and fractures in the vicinity of Yucca Mountain have
basn ths centsr of considerable debats because the dsposits
occur near a possible sits for the Nation’s first high-level
nuclear wasts repository. The variocus proposed modes of
eorigin for thes daposits, such as catastrophic upwelling of
watsr or dowvnward parcolating fluids reslatad toc pedoganic
precesses, have differing implicaticns for the perforzanca of
s geologic repository. 1Isotopic data for oxygen, carbon,
strontium, and uranius in the carbonate minarals exposed lt
Trench 14 precluds deposition froa upwelling waters from
either of the regionally extansive aguifers known to axist
benezth Yucca NMountain. Oxygen isotopes imply dsposition of
calcits at unrsasonably to impossibly low temperaturas;
strontiua is too radicogenic; and uranium activity ratics are
too low. Data froam calcites deposited by the adjacent Ash
Meadows flov systsam further suggest that the isctopic
compositions ©f ground water in scuthern Nevada have not
changed markedly @uring the last 60 to 600 k.y. and that,
thersfore, conclusions based on present-day water
coxpositicns ars probably valid for at least the last €00
k.y. Isotopic compositions of the Yucca Mountain calcites
are similar to thoss observed in sscondary soil carbonatn
and, in conmbination with existing gsologic, mineralogic, and
paleontologic d@ata, show that the carbonata and opaline
silica daposits must have forsed from dsscending water
ralated to 8 psdogenic process.

A118 ABSTRACTS WITH PROGRAMS, 19391

€245 p.m. Harrington, Charles D. Ne 16720

QUATERNARY EROSION RATES ON HILLSLOPES IN THE YUCCA MOUNTAIN REGION,
NEVADA.

HARRINGTON, Charies D, Earth and Eaviroamental Sciences Division, KES-1, MS D462, Box
1653, Los Alamos Nationa! Laboratory, Les Alamos, NM 87545 end WHITNEY,
Joha W, US. Geological Survey, Fadera! Conter, MS 913, Denver, O $0225
Yacca Mountais Is 8 series of sastward-tilied stroctural Slocks. These blocks are composed of fine-
grained, Tertiary volcanic socks, primarily weldod wiTs sthat are resimant 10 weathering in the present
samiarid elimats. In the Yucca Mountain segios, Quaternary cycles of iswease weathering os ridge
erests and hilisiopes during giacis! (pluvial) episodes have resulted in 8 paichwork of thin collyvial
deposits of variable ages.
Appeoximate loag-serm gverage erosion sates can be ealculaied for hillslopes ut have dated
solluvial boulder deposits. mduwmmauummmzmmm

doposits mnge from 0.2 10 73 avka end sverngo 1.2 mmAx,

Erosion sases o8 Yeccs Mountaia sre selstively low compared © sates for ether semiarid reglons.
s California and New Mexico, published kag-sem erosion sies sangs from 3043 mm/ka ot hillsiopes
wnderisin by sesistant Bthologies, Erosion stes calculsiod fior slopes en dess sesistant sock types and for
shorter tima periods, however, are a3 mich &3 two erders of magnituds larger.

Whhmwunnmdnmuumdm&ubﬂaym
the early Quaternary 10 the present. Several conditions contribue 10 these low long-ierm erosion sales:
(1) bedrock ouzcyops &s well as boulders in the killslope deposits are srogionally-sesistant weldod wfls,
(2) rock warnish coatings ea surface Doulders fmhidit weathering, (3) colluvial boulder deposits en
Aillslopes serve as 8 protective cap that inhidits removal of finer graised dedris by slopewash,
4) hillslope channels isolate coliuvial deposits by Iopographic Inversion and remove tham from active
arosion by ranoff, and (5) debeis fows, alihough effective in semoving bouldery colluvium from upper
slopes, ars geacrally restricaed o active channels an middis and lower hillslopes and mrely surip dedris
from non-channelized srems

03:00 p.m. Faulds, JamesE. Ne €918

NEW INSICHTS O STRUCITUNAL CONTROLS AND ENPLACEMENT NICHANISNS OF
mmm JQUATERNARY SASALTIC BIKES, SOUTHERN NTVADA AND SORTHWISTERN
FAULDS, James E., Dept. of Saclogy, University of Iows, Iowa City,
IA $2242; FIUZRBACH, Danisl L. and SHITH, Rugene 1., Dapt.
Geosciance, University of Nevada, Lss Vegas, KV 891854
Five mumr{."buuue voleanic eenters lie within 20 kn of the
high~ 1 auclear waste gepoaitory at Yuccs Nountain. The
basslits ross srust without contasisation. Previous
studies -uqqnud mt relatively thin (< § s) dikes fed the basaltic
y dikas, scoris mousds, and einder cones
'mnng.:nna uNE. mntul MNE-striking mear-surface channelways
alts includs sormal fault ssgments, layering in highly
daformed Proterozoic and Paleczoic rocks, and joints. Nowever, lack
of dissection of thase ymng welecanoss precludes direct obssrvation
of feadar dikes and controlling structures.
To slucidate the geome of pluabing systeas Bensath Quaternary

. volcances mear Yucca Mountain, highly-dissscted Pliocene basaltic

esanters were Studied in tha Fortification Mill field ©of morthwestern
Ariscaa. The most highly @i are ) on the wast
flank of Xalpais Masa. Ners, dixss within and givectly bsnsath thres
esnters range from 10-28 & im width and 100-22% = in h. Two
centers are linked by a 1-2 @ wide diks. Thus, dike widths imcreass
by an ordsr of magnitude directly baneath soms centers. The RNNW- to
n-muuq dikes in the ronuunm %111 fleld eommonly parallel

but ars rarely iatruded directly along preaxisting structures. Some
dikes cut directly across Kiocens mormal faults. All dikas have mear
vertical dips. These obsarvations isply enz dikes may lan
propagated upward gh "sslf .{
tensile stresses near the diks uy. The fractures 'rebably developad
parpandicular to the least pruuupl. stress.

Ia the Yucca Kountain segion, the presxisting WNNE-striking
structures B3y Mn locally l.clunud txlnlpon of magmas. In most
sases, b that thair own pathways

parpendicular to »- WEOW uum:m of least priacipal stress.
l-ura asssssnents of Tucca N in should idar the potential
for diks intrusion along sslf-¢ 4 ¢ not ated with
preexisting faults and dike widths as great as 2% m.

[N

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'
WESLING, LK., SWAN, F.H., BULLARD, T.F., ANGELL, M.M., snd PERMAN, R.C.,
Geosuiriz Consultants, Jac., Ons Market Plaza, Spear Street Towse, Suite 717,
San Frncieco, Californis $4105; GIBSON, J.D., Ovg. 6313, Sandia Nationa!
lMonu.P.O lcxm Albuquerque, New Mezico 8718S.
Prelimi papping of Midwsy Valley sevasls that some allovia! surfaces
ﬂmmmdnﬂ‘wumbmfywﬁsm&uhm‘m
faulting potential st the sits of prospective surface waste-handling facilities. Guidelines inchude
ﬂuﬂfynguﬂwdmn;lduﬁnhnhdndapm)&ﬂ)lnﬂyrmupnIwh.
EQMMNM(Q,Q.)M isted & d in Midway Valley basod 0n
-d g Mapping mmmm-mu.mwm
mndmyhﬂ»!hamnm Younger murfaces, mngiag in sge from sarly o
middle Pleistocene (Qy) 1o daiest Plaistoceneioarly Holocene {Q,), sre preserved as stream terraces
and alhsvis! fan surfaces. Holocens wnits occur as low derraces and vegetated bars (Q,) along
sctive washes (Q,). Colluvial wazts of at lesst three ages mantle hillslopes.
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of the western Aleutian erust between ~43 and 1S Ma. After 15 Ma, small volumes of
mm:mdwemmmmmummmmuwm

ma’;f;vamww is located hnnemly wmx{d\c wes:gnm

inlydmdumn -active seamount that Ras formed on
nmndihnonal the regionally wans-pressive regime of the modemn
western Aleutians. This leaky transform’ w;hhfmadnhnbecnmbmhedu
approximate lsmmmmnm;mmmmwm
magmatsm. from tholeiitic related 10 & ans-tensional segime o
%ﬂl:hhnemuﬂmmhdnam-mmdxmmhwmu
from of the Aleutian - Kamchatka junction wil subduction-related

th beoyant,
ferranes. mmuymmnmmm-mmwwmn
slip motion along the westemn

Booth 27 Higman,5.L. . Ne 17231

APPLICATIONS OF CHAOS THEORY TO ZONING MORPHOLOGY IN MAGMATIC
PLAGIOCLASE
HIGMAN, S.L. and PEARCE, T.K., Depantment of Geological Sciences,

magmatic plagioclase from Mt. St.
Helens, Washingtoa, and St. Kices, Lesser Antilles show sequences of ordered planar gones
separated by sequences of disordered convolute sones. This pattern suggests that during
crystal growth, some factor controliing erystallization in the melt changed 10 eause apparent
periodic and chaotic sonation patteras. As 3 resukt, the sonation patterns observed suggest
what plagicclase crystallization is s monlinear dynamic process. Determining the
dimensionality and functional form of the nonlinear dynamical equations vepresents the first
step in creating & predictive mode! for plagiociase erysta! growth.

Reconstruction of ¢he state space of the system from the relative time-series of
sone-thickness mieasurements reveals two types of behaviour: a spiral geometry, and & limit
eycle geometry. These are indicative of 8 non-chaotic Hopf bifurcation.

Tn low-dimensional chaotic systems, the same state space can be wsed for prediction
of the time series of sone thicknesses. Poor correlation between time-series predictions
and sctual s00¢ thicknesses suggests that plagiociase growth is mot governed by a low-
dimensionafl chaotic system of equations. However, this poor correlation is ot fnconsistent
witk the Hopf bifurcation hypothesis.

‘The correlation dimension can be wsed 1o constrain the dimensionality of the
sonlinear system controlling crystal growth, Recent workers kave concluded that the data
requirements for this ealculation are not 83 extreme &s previously suggested, Using the
method of Geassberger and Procaccia (1953), a definitive dimension cannot be obtained
from the time-series of plagiociase erystals examined 1 date because of the limited number
of goac thicknesses observed. Consequently, s different spproach is required © calculate
the correlation dimension In aarural systems characterized by limited datz.

Geassberger, P. and Frocaccia, 1. 1983, Mmﬁummmdmze
sttractors. Physica 9D, pp. 189-208.

Booth 28 Herzig, Charles T. . N2 634§

CALC=-ALKALINE VOLCANISM OF THE EARLY CRETACEOUS SANTIAGO
PEAX VOLCANICS, NORTHERN SANTA ANA MTNS., CALIFORNIA:
EARLY MAGMATISM OF THE PENINSULAR RANGES BATHOLITH.

HERZIG, Charles T., Dept. of Farth Sciences, University

of California, Riverside, CA, $2521.

The results of detailed mapping, geochamistry, and the
first microprobe mineral analyses of the Early Cretaceous
Santiazgo Pesak Volcanics (SPV) at thelr "type” lecality in
the northern Santa Ana ¥Mtns yield insights into the
maguatic evolution of the Peninsular Ranges batholith (PRB)
during itz earliest stages of eaplacemsnt. Structurally
intact sequences of subaerisl flows, welded tuffs, volcani-
clastic brecciaz, epiclastic rocks, and hypabyssal intru-
sions are the remnants of the volcanic arc built above the
batholith. Flows are dominantly basaltic andesites and
andesites, vith lesser basalts, dacites and rhycdacites.
Major element compositions of andesites, basaltic andesitss
and basalts are of a low-K, calc-~alkaline ssries. Rocks eof
tholeiitic affinity are alsc present. Cpx with a composi-
tional range of Woys._ggEnyg-4g¥8g-37 Plots within the non-
alkalf field on ducrfni tion diaqrm, straddling the
cslc-alkaline ~ tholeiitic line of Laterrier and others
(1882). The compositions of cpx from the S$PV overlap with
those from gabbros of the PRB. Calcic amphiboles from the
SPV ars pargazits and edenite vith rare magnssio-horn-
blende. These compositions show limited overlap with
axphiboles frox gabbros of the FRB. FPlagioclase crystals
are doninantly labradorite-bytownite (overall range is
Angp-pg9) « Opx is completely altered to chlorite, part of a
grunschlst facies alteration assenblage present in all
rocks. The field setting, abundance of andssitic composi-
tions and calc-alkaline atffinity of the rocks is consistent
vith an eorigin of the SPV as & volcanic arc constructed st
or near the margin of Korth America.

A330 ABSTRACTS WITH PROGRAMS, 1991

Booth 29 Durant, Dolores G. Ne 17194

CRYSTAL SIZE DISTRIBUTION STUDIEZS IN SPANISH PEAKSZ, COLORADO

DORANT, Dolores C. and CLIFFORD, Paul M., Dept. Geology,

McMaster University, HMamilten, Ont. L8S 4M1
The Spanish Pazks (SP) dual intrusiens of scuthern Colorado,
their surrounding radial dyke swvarm and seversl related plugs
form & spectacular volcanic complex in the Rio Grande Rift.

2o shed 1ight on the erystalliszation history of some Rio
Grands magmas, petrographic relationships and crystal sise
distribution (CSD) have besn sxamined for opagues, olivine,
and augite from a gabbroic dyke of Huerfano Butte (NE} and
teldspars and cpaques from a “rhyolitic™ dyke of the 3P
swarm.
CSD plots for MB augite and RB opagques yield straight
lines with steep negative slopes. Thess are consistent with
constant, eontinuous grewth aeand naucleatien during
erystallization, as well as mo erystal fractionation during
emplacement and sise independent growth.

Similar plots for EB eclivine, SF feldspars, and 8P
opaques yield esymmetric bell ecurves indicating tines
depletion. KB clivines show resorption festures on all grain
sizes. The resorbed material was possibly redeposited as NB
sugite; this may explain the higher slope values for N3
augite campared to KB epaques. SP cpaques slso shov loas eof
waterial due to resorption.

SP phenocrystic feldspars near the dyke boundary lack
resorption features whereas SP xenocrystic feldspars shov
resorption throughout the dyke. The adbsence of fines for
both populatiens could be due to sorting of the crystals in
a magma chamber perbapa by neutral density bouyancy or by
magma movement within the chamder. Decreasing CSD slopes
scross ths SP dyke for both EP feldspars and SP opagues are
probably due to thermal and chemical dissquilibrium towards
the centre of the drke.

Booth 80 Cascadden, T. E Ne 25911
mﬁmmwcmwmm{mmm

mbm‘ll.bmdcedogm Mexico, Alboquerque, NM S723L
SMITH, E1, qu. MMJMMV@WB& .

joa of
thmdmmmwuﬂehﬂdmn&w
dkﬂcﬂ&nhﬂelﬂ;l&nﬂmdhmwumﬂm napma
composition ealc-alkaline lavas a0d associated plutoss is the
wumnmumummm However, i some areas of the Basin
udlmlﬂmd-tcnmmn:bu&mw-d
Mlﬂmbwnmﬂcduﬂnmk&ml&nm
(NWH), axp of mid-Tertiary igneous rocks at the
latitode of Las Vegas.

Toz NWH eontais three mid-Miocene mafic 10 intermediate wolcanic eesters. Lavas are
Mmmwmhmmm«s-mmgnmmmm
&umm)umm&mmmmpwmmmmu

dqemdlo '’ PR
distinct magma. The tirec magma types are yorel ‘by‘ ination or AFC.
Incompatibie trace elements (HY, Tk, LREE) show small but significant ilfereaces. However,
mp&hm-hwn(&&.lqﬂmhhm,hwmphdud
mmnmﬁnﬂl mm:nmﬂmemmi

types is explained by fractionatios of elivine or
MmmmumwhmniuhﬁcMHmsm
derived by partial meliing of chemically differeat, bt mineralogically similar sources. Becausc

ﬁmhnnﬂxmﬁmhkm-wmlmmknu&ehﬁmbﬂw
source. We sugrest that the most Ekely source foc NWH sagraas ks apinct peridotite. High St
mmwm)mmmnmmaoddhmluwu
umummamhmmmaumww
mum«umummu wodels d for
sitionally b l mcummwummh
t:hkzlludmlw"‘ d (partial g sad magma commingling) were
muuumdhmmmwmmmumu

Booth 31 Hoch, Anthony R. Ne 23742

PETROGRAPHIC EVIDENCE FOR MIXING OF ALKALINE AND SUB-ALKALINE
mﬁc IN THE RATTLESNAKE mus INTRUSIVE COMPLEX, CENTRAL
HOCH, Anthony R.; MYERS, James D FROST, Caro! D., Dept of Geology
and Geophysics, University of Wyoming, Laramie, WY 82071,
The Rattlesnake Hills of central Wyomiag host Eocene intrusions and extrusive bodiet
of Quartz-pormative rhyolite and quartz katite. These are apatially divided joto two
groups: the eastera fatsic group (EFG) and the westera felsic group (WFG). Nepheline-
normative phonolites, trachytes and lamprophyres comprise the centra) atkalic groud
(CAG), which it Jocated between the EFG and WFG.
Although the EFG and WFG rocks htve similar bulk-rock chemics!
compositions, they sre petrographically different. The EFG rocks (plagshbeapsmte/-
qtz) are coarsely porphyritic (phenocrysts up 10 7 mm) with unzoned oligociase

A
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gocth 85 Wik, Steve Ne 24718

,ﬂ:ou'mu OF PITROLZUM HYDROCARBON-CONTAMINATED GROUND
wATER AND SOIL USING IN-SITU AIR SPARGING AND ACTIVE SOIL
vAPOR EXTRACTION AT LUST $ITZS IN NEW MEXICO,

WILD, Steve, Nev Naxico Environment Dept., 1130 St.

Francis Dr., Santa Fe, WM 875037 BILLIKGS, Jeffrey

F., Billings & Assoc., Inc., 3816 Acadexy Pkwy N-

NZ, Albuguergus, NM 871093 BROWN, Willias J.,

Albuguerqgus EInvironmental Health Dept., P.C. Box

1293, Albugquerque, N¥X $7103; ARDITO, Cynthis P.,

Intera, Inc., 8100 Ntn. Rd. NE, Albuguerque, KM 87110
As part of the Nev Nexico Environment Departaent's (KKED's)
efforts to locats and evaluats cost-affective and efficient
repediation tschnologies for leaking underground storage
¢esnk (LUST) sites, NMED has been closely tracking ths
davelopment of an in-situ remediaticn tachnology called the
gubsurfacs Volatilization and Ventilation Systez (SVVS,
patent pending, 1989).

The SVVS consists of a series of well nests which ars
jnstalled within the arsas of soil and ground-water
gontamination at LUST sites. Each vsll nest consists of &
vapor extraction well scrsensd vithin the vadosa zons and
an air-injection well scrsaned belov ths water table.

Ths SVVS utilizes three remediation processas: vadosa
gone vapor extraction (in-situ ventilation): air sparging
of the saturated zone (in-situ air stripping):; and snhanced
aicrobial biocdegradation.

The SVVS has proven very effective in the rezmsdiation
of LUST sites in Kew Maxico vhare & shallow water table
exists. Significant reductions in benzena, toluens, sthyl
penzens, and xylenes (BTEX) have bean obssrved over rsla-
tively short tizme spans. SVVS treatment has been danon-
strated to ba an extremaly sfficient rexedistion tschnolegy
wvhen compared to conventional pump and trsat systems.

BMOGMD.E. Ne 28608

SOIL GAS GEOCHEMICAL SAMPUING AS A METHOD OF GROUNDWATER FLOW
DETECTION AT THE CHEMICALS, METALS AND PESTICIDES PITS (CMP PITS) AT
THE SAVANNAH RIVER STTE.

WYATT, D. E., BLOUNT, G. C.. PRICE, V., Westinghouss Savannah River
Company, P. O. Box 616, Aken, SC 29801; PIRKLE, R. J.,
MicroSesps Lid., 220 William Pitt Way, Pittisburgh, PA 15233,

The CMP Pits consisted of two paralie! ¥enches used for disposa! of oll, organic
soivants, pesticides and mastals during the years 1971 fhrough 1679. The
disposal area Is cenirally located within the Savannah River Sits on &
opographic high. In 1984, the wasts was removed, $he contaminated soll
excavated and 20 groundwater monitoring wellt wers instailed in & effort ©
monitor, semediate and close the site. Minor arganic plumes ars known 10 exist
in the shallow aquiters.

Recent soil gas surveys, in support of & RCRA'CERCLA integrated
wvestigation identified elevated concenirations ¢f erpanics In areas away from
the disposal site and different from the prasumed groundwater flow directions.
Groundwater flow directions at 1he site are 10 e Rorth for the shaliow aquifer
snd towards the disposal area rom the north, south and east for tha dasper
aquiter. Geologica! data wrom monitoring wells suggests that & carbonsts zone
enderlying the disposal area may affect localizad groundwater flow.

Soll gas survey dala identified contaminated groundwater plumes emanating
from Wha sits but not pradicted by monitoring wells. Oata Indicates that eoll
gas surveys may be utilized 10 refine grouncwater fiow dirsctions In areas
where compiex shallow aquifers are contaminated with volatile organics.

The inlormation in this adsiract was developad during the eourse of work under
eontract DE-ACOS-89SR18035 with the U.8. Department of Energy.
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0130 p.m. Metcal, Rodhey V. Ne 26750

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

METCALF, Rodney V., and SMITH, Exgene L, Dep t of Geoscl Uaiversity
of Nevada, Las Vegas, Nevada 89184
Al-la-horadlende geod y was used 10 determing the depth of erystaliization for fwo
Miocese age plutocs, Wilson Ridge (WRP) and Mt. Perkias (MPT), from the sorthers Colorsdo
River sxteasiona! eorridor. The WRP exhibits 8 Sypabyssal eap 0o the sorth gad extesds 20 hx
0 the south where & lotrudes P! brisn gaek ding faclts and dikes indicate e
WRP has experienced east-west extensioa. The MPP latrudes Precambrian gockss with 2
hypadysal cap (o the west and extends 33 km emst where & s eut by the low-angie Mockiaghird
Mine faslt (Faulds, 1939). North trending dikes suggest some esst-west extension of he MPP.
Paleomaguetic dats suggest 8o At for WRP and 50 © west 8t for MPP (Faulds, 1939). Botk
piutoas raage I composition from moazodlorite 0 gtz W ke, Evidence of mag
commiagiag and large sngular blocks of elder horubleade diorite accur ln both plutoss.
Horsbieade soaing profiles revea! complex growth histories. For this season individual analyses
rather than sverages were wsed I grod y saiculations. Small anbedral interstitial gralas
yield unreslistically low Al contents snd gressures sad represent gralas kolatad rom
comagmatic phases required by the geobarometer. Some rimns of larger eudedral gralas slso
axhibited low Al contents and were svolded. Asalyses msed In cakalations were taken from aress
of relatively ualforms compasition withia sbout 50 microns of graia edges. Using muitiple grains
In oach, three sxmpies of (qtz) moazodiorite 234 ese Abid diorite from the southern snd of WRP
yieid similar results with Aldotal (based 6a 13 exygens) of 1.1S to L3, This yleids pressures
nagiag from 149 0 3 kbars and depths of 43 10 £7 kms. Averagiag these rusults (n=10) ylelds
Puls /03 kbars asd o depth of 5.3 +/-0.99 kms. A dingie sample of WRP mosoaite from 10
tms south of the hypabymal cap plelds Al-totals1.02; Pu0.25; 20d & depth of 28 kms. Assuming
setation shout & horizonta! east-west axis thase results are sonsistent with 1S °o/-3 % of
sorthward Sl Rotatioa of WRP must have sccarred a5 temperatures cooled frem the solidus to
the Currie polat. Multiple grains from two samples of qiz & ite from the easters snd of the
MPP pieid Altotal of 181 0 L.3; pressures of .81 10 L3 kbars; aad depths of 2.7 0 4.4 kma
Averagiag thess results (sud) yields Pal.) +/-0.3 kbars and 8 depth of 3.5 /8.7 k. This result
s sonskstent with 8 westward @it of 35 * o/ 9 ° provided that the P Late Tortiary
uacoalormity, 3 ks west of the apex of MPP, was the surface at the Ume of intrusion. We infer

- that soms er all of the sotation of the MPP occurred below the Carric temperaturs.

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

RELATIONSHIP BETWEEN MIOCENE PLUTONISM, UPLIFT, AND EXTENSION,
NEI.NE\;ADIAAEAD AREA, NORTHWESTERNMOST ARIZONA AND ADJACENT
ANDERSON, RE., and BARNHARD, TP, U.S. Geokgical Survey, Box 25045,
MS §66, DFC, Denver, CO, 80225

The Leka Maad area can be added 1o ha growing Est of greas in the Cordillera that
expose evidsnce for & closs association betwssn Cenozolc plutonism and
exisnsion. Thae Wilson Ridge pluton in the northemn 8lack Mountains is & north-

broadening, ¥rlangutar, compasits, epizonal mass, about 20 krn on sach edge, that
was smplaced into Proterozoic ing rock and Paleozoic and Cenazolc cover
rocks during late Miocene fime. Petrogenetic studies by Larson and Smith (1890,

dip
and syn-intrusion extension-related titing events that ended with 5
country rocks and piuton were tited away from and gownlautted foward the axis of
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VOLCANIC RISK ASSESSMENT STUDIES FOR THE PROPOSED HIGH-LEVEL
RADIOACTIVE WASTE REPOSITORY AT YUCCA MOUNTAIN, NEVADA, USA

by

SMITH, Eugene I, FEUERBACH, Daniel L., and NAUMANN, Terry R.
Center For Volcanic and Tectonic Studies, Department of Gcosczence‘ University of
' Nevada, Las Vegas, NV 89154 (USA)

and

HO, Chih-Hsiang, Department of Mathematical Sciences, University of Nevada, Las
Vegas, NV 89154 (USA)

Volcanic haza.rd studies by the Center for Volcanic and Tectonic Studies related
to the proposed high-level radioactive waste repository at Yucca Mountain, Nevada have
concentrated on producing a synthesis of Late Miocene to Quaternary basaltic volcanism
in the southern Great Basin. To obtain a regional perspective of basaltic volcanism,
detailed mapping and samplmg of analog systems as well as volcanic centers within 50
km of the proposed repository have been completed. Important advances from these
studies include the documentation of detailed chronostratxgraphy within volcanic fields
and development of geochemical models for the genesis of alkalic mafic magmas within
continental rift environments. 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 (AMRYV) near Yucca Mountain. Data from volcanic centers
within the AMRYV are being used to estimate recurrence rates and conditional
probability of future volcanism for risk assessment. The AMRYV includes ten eruptive
centers and encompasses all post-4 Ma volcanic complexes within 50 km of the proposed
repository. High-risk rectangles were constructed at each cluster of Quaternary centers
within the AMRY. The size, shapc and orientation of these high-risk zones is based on
structural and volcanic studies in the AMRYV as well as in analog volcanic fields. The
proposed waste repository lies within one of the risk rectangles assocxated 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 Poi;son process
with Weibull intensity and by using a homogenous Poisson process to predict future
eruptions. Based on data from Quaternary data, the estimated instantaneous recurrence
rate for volcanism is about 5.5 x 10°%/year. We conclude that the estimated probability of
at least one eruption occurring in the AMRYV in the next 10,000 years is about 5 percent.

Key Words: Volcanic Risk, Basaltic volcanism, Nuclear Waste Repository
Scientific session: Volcanic Hazard and Risk Mitigation
entation: Poster
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NEW K-Ar AGES FOR PLIOCENE MAFIC TO INTERMEDIATE VOLCANIC ROCKS

IN THE REVEILLE RANGE, NEVADA

TERRY R. NAUMANN
EUGENE 1. SMITH

MUHAMMAD SHAFIQULLAK | Laboratory of Isotope Geochemistry,
Department of Geosciences, University of Arizons, Tucson, AZ 85721

PAUL E. DAMON

Center for Volcanic and Tectonic Studies,
Department of Geoscience, University of Nevads, Las Vegas, NV 88154

in this paper we report 16 new K-Ar ages for Pliocene
mafic to intermediate volcanic rocks in the Reveille Range,
Nevada end one K-Ar date of a Miocene-aged tristanite
from the vicinity of the Reveilie Range.

The Pliocene volcanic rocks of the Reveille Range rep-
resent the southern half of 8 20 km wide by 100 km long
north to N30 °E trending belt that combined with the Lunar
Crater Volcanic Field extends from 37°45° to 38%45° in
the south-central Great Basin {fig. 1a). According to the
classification of Irvine and Baragar (1987 1) volcanic rocks
range in composition from picrite to trachyte and occur as
shallow intrusions, domes, flows and dissected cinder
cones. Based on field relations, petrology end K-Ar ages
volcanic rocks of the Reveille Range are divided into three
episodes (Naumann and Smith, 1988) (fig. 1b and 2).
These are:

Episode 1 (5.8 to 6.0 Ma): Basalts of Episode 1 sre
porphyritic olivine basaits that contain plagioclase
megacrysts (up to 40 modal % ). They range in composi-
tion from slkali basalt to hawaiite (44 to 48% Si0,).
Fifty-two vents occur on both the east and west flanks
and near the crest of the range (fig. 1b).

Episode 2 (4.6 to 3.0 Ma): Basalts of Episode 2 ere
porphyritic olivine basalts containing megacrysts of
augite {(up to 40 %), amphibole (up to 35 %) and
plagioclase (<5%) and coarse grained xenoliths of
gabbro and dunite {up to 20 cmin length). They range in

composition from picrite to trachybasalt (41 to 66%

$i0,). Fourteen Episode 2 vents occur on the northeast
piedmont and flank of the range {fig. 1b).

Evolved volcanism (4.4 & 4.2 Ma): Eruptions of trachyte
{60% SiO,) snd tristanite {58% Si0,) containing fer-
rosillite, hedenburgite, anorthoclase, sanidine, and
andesine produced two domes (volumes are <0.01
km? and 0.26 km?, respectively) on the northeast flank
of the range (Naumann and others, 1890} (fig. 1b). The
northernmost dome is associated with an apron of pyro-
clastic flow and surge deposits and volcaniclastic debris
(fig. 1b).

The new K-Ar dates establish that twe episodes of
basaltic volcanism occurred in the Reveille Range between
5.9 and 3.00 Ma. Episodes of basaltic volcanism were
separated by the eruption of trachytic lavas and pyroclastic
units at 4.4 and 4.2 Ma (fig, 2).

Previously published K-Ar ages for the Reveille Range in-
tlude s date of §.7 = 0.2 Ma on an Episode 1 basalt flow
on the northwestern flank of the range (Marvin and others,
1873). Dates of 6.6 + 0.3 and 5.6 £ 0.3 Ma were
obtained for Episode 1 basa!t flows in the western part of
the range, and 3.9 £ 0.2 and 3.8 £ 0.3 Ma for Episode 2
basalt flows on the east flank of the range (Dohrenwend
and others, 1885). The K-Ar dates reported in this paper
indicate that the most recent activity in the Reveille Range
occurred at 3.0 Ma rather than 3.8 Ma.

MIGRATION OF VOLCANISM

Foland and others (1887) reported that volcanism
migrated to the north in the Reveille-Lunar Crater field.
According to their model, volcanism initiated at about 8 Ma
and migrated north to the Lunar Crater field at a rate of
about 1 cmiyear. Detailed dating of volcanic centers in the
northeast Reveille range indicates that migration patterns
are locally more complicated. For example, in the north-
eastern Reveille Range, Episode 1 activity migrated mainly
to.the south while Episode 2 volcanism migrated both
north and south. The youngest Episode 2 volcanc (3.0 Ma)
formed in the south (fig. 3).

MISCELLANEOUS NYE COUNTY
VOLCANIC ROCKS

A previously unmapped trachyte dome and flow com-
plex located 20 km southeast of the Reveille Range in the
White Blotch Springs quadrangle yielded a K/Ar date of
14.1 Ma. The dome is 1 km in diameter and 150 m high
and was mapped on the Geoclogic Map of Southern Nye
County as undifferentiated Pliocene welded Tuff
{Comwall, 1972).

ANALYTICAL TECHNIQUES

All dates were obtained from groundmass plagioclase
separates. Feldspar phenocrysts end megacrysts were
removed from samples prior to analysis. Analytical pro-
cedures discussed by Damon and others (1883) were used
in this study (constants: Ag = 4.963 x 10" yr', \( =
0.581 x 107 yr', A = 6.544 x 10°'° yr', *9K/K =
1.167 x 10" stom/atom}.
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SAMPLE DESCRIPTIONS

Episode 1

1. R8-1-17-LN ’ K-Ar
Porphyritic olivine basalt flow; contains large plagio-
clase megacrysts in a holocrystalline matrix of coarse
plagioclase, augite and Fe-oxide (38°4°15”,
116°7°24"; Reveille Range, Nye County, NV).
Analyticeldata: K = 0.B46, 0.848, 0.823%; "Ar® =
7.336, 7.462, 7.651, 7.461 x 10! moligm;
*Ar°/LAr® = 54.5, 665.2, 566.4, 5§5.3%. Collected
by: T. R. Naumann; dated by: M. Shafiqullah. Com-
ment: This sample was collected from the youngest

Episode 1 flow.
{plagioclase) 6.13 = 0.15 Ma

NISOCHRON/WEST, no. 57, July 1981)



Tbé Episode 2 Basalts

& Trachyte lava / pyro-
%4 clastic flows and
volcaniclastic deposits

T\bﬂ Episode { basalts
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FIGURE 1.a—Location ¢f Piocene and younger volcanic rocks of the Reveille Range ~Lunar Crater voicanic fieki. & —Generaized geologic map
of the Pliocene volcanic socks in the northeastern Revailis Range. Circled numbers ars sample locations for K-Ar dates.

(ISOCHRON/WEST, no. 67, July 1981)
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FIGURE 2. Cartoon cross-ssction showing the stratigraphic relationships among the dated volcanic units in the Ravellis Range.
Symbols ars the same as in figure 1b. Tmg = Tuff of Goblin Knobs (Monotony Tuff) a densely welded, coarsely devitrified quartz
fatitic to rhyofitic welded tuff. Dates for Tmg were reported in Ekren and others (1873},

. R8-1-24-LN K-Ar
Porphyritic olivine basalt dike; contains large plagio-
clase megacrysts in & holocrystalline matrix of coarse
plagioclase, augite and Fe-oxide (38°3°187,
116°8°62"; Reveille Range, Nye County, NV). Ana-
iytical data: K = 0.871, 0.871, 0.881, 0.887%;
*Ar* = B.233, 8.380, 8.374, 8.254 x 10
mol/gm; *Ar‘/LAr*® = 78.4, 78.5, 76.4, 64.5%.
Collected by: T. R. Naumann; dated by: M. Shafiqullah.

{plagioclase} §.44 + 0.14 Ma

. R8-1-28-LN K-Ar
Porphyritic olivine basalt flow; contains large plagio-
clase megacrysts in 2 holocrystalline matrix of coarse
plagioclase, augite and Fe-oxide (38°5°40”,.
116°8°6”; Revellle Range, Nye County, NV). Ans-
Ivticaldata:K = 1,693, 1.683, 1.652, 1.678, 1.683,
1.679%:; *Ar* = 16,57, 16.78, 16.80 x 10
mol/gm; *Ar*/CAr*® = 66.4, 68.1, 68.2%. Collected
by: T. R. Naumann; dated by: M. Shafiqullah. Com-
ment: This sample and R8-1-29-LN were collected from
the same cinder cone-flow complex.

(plagiociase) 6.74 + 0.10 Ma

N

4. R8-1-29-LN K-Ar

Porphyritic olivine basalt plug; contsins large plagio-
clase megacrysts in & holocrystalline matrix of coarse
plagioclase, augite and Fe-oxide (38°5°39”,
116°8°40”"; Reveille Range, Nye County, NV).
Analytical date: K = 1,116, 1.078, 1.067, 1.118,
1.095%; *Ar*® = 10.92, 10.73, 10.55, 10.48 x
10°'2 mol/gm; *Ar**/ZAr*® = 50.7, 48.7, 49.0,
48.6%. Collected by: T. R. Naumann; dated by: M.
Shafiqullah.

{plagiociase) 6.61 = 0.156 Ma

. R9-1-48-LN K-Ar

Porphyritic ofivine basalt flow; contains large plagio-
clase megacrysts in a holocrystalline matrix of coarse
plagioclase, sugite and Fe-oxide (38°9'48",
116°6°02"; Reveille Range, Nye County, NV).
Analytical data: K = 1,194, 1,176, 1.229, 1.185,
1.170%; *Ar*® = 12.08, 12.04, 12.03, 11.80 x
10-'2 mol/gm; °*Ar*°/ZAr*®* = 76.7, 75.5, 75.7,
75.2%. Collected by: T. R. Naumann; dated by: M.
Shafiqullah.

{plagiociase) 5.80 = 0.13 Ma
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FIGURE 3. Piot of K-Ar age against fatitude for dated voicanic centers in the northeast Ravellls Range. Diamonds = Episode 1

basalts; Triangles = Episode 2 basalts and trachyts lavas.
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. RG-1-67-LN

R9-1-66-LN K-Ar
Porphyritic olivine basalt plug; contains large plagio-
clase megacrysts in a holocrystalline matrix of coarse
plagioclase, augite snd Fe-oxide (38°10°'33",
116°6°30”; Reveille Range, Nye County, NV). Ans-
Wytical data: K = 1.257, 1.260, 1.225, 1.209%;
*Ar° = 12.92, 12.67, 12.66, 12.82 x 10
mol/gm; *Ar*°/CAr*® = 67.2, 65.7, 65.8, 66.8%.
Collected by: T. R. Naumann; dated by: M. Shafiquliah.
Comment: This sample was collected from the strati-
graphically lowest Episode 1 flow.

{plagiociase) 6.94 + 0.14 Ma

K-Ar
Porphyritic olivine basalt; contains large plagioclase
megacrysts in 2 holocrystalline matrix of coarse plagio-
class, augite and Fe-oxide (38°7°156", 116°6'45°;
Revellle Range, Nye County, NV). Anafytics! data: K =
1.365, 1.367, 1.384, 1.383, 1.360%; *Ar® =
13.73, 13.73, 13.77 x 10 '*mol/gm; *Ar*°/EAr® =
68.0, 66.9, 66.9%. Coflected by: T. R. Naumann;
dated by: M. Shafiqullah. Comment: RS-1-57-LN is
overlain by pyroclastic deposits from the adjacent
trachyte dome.

{plagioclase) 6.76 £ 0.14 Ma

Episode 2

8. R§-1-2-LN
Porphyritic olivine basalt fiow; conteins plagioclase

10.

1.

. RE-1-13AN

K-Ar

and sugite megacrysts in a holocrystalline matrix of
coarse plagioclase, augite and Fe-oxide (38°3°'30",
116°8°20"; Reveille Range, Nye County, NV).
Analytical data: K = 1.469, 1.468, 1.444, 1.469,
1.487%; *Ar*® = 10.12, 10.24, 10.50, 10.33,
10.25, 10.28, 10.28, 10.20 x 10°'* mol/gm;
*Ar°/TAr = 71.2,72.9, 74.0, €8.9, 68.6, 62.0,
€68.5, 72.6%. Collected by: T. R. Naumann; dated by:
M. Shafiquliah.

(plagiociase) 4.03 £ 0.12Ma

Porphyritic olivine basalt plug; contains large plagio-
clase and sugite megacrysts in 2 holocrystalline matrix
of coarse plagioclase, augite 8nd Fe-oxide (38°4°'23",
116°7°18"; Reveille Range, Nye County, NV).
Analytical data: K = 0.8085, 0.825, 0.839%; *Ar'® =
€.730, 6.676, 6.607, €6.482 x 10°'* moligm;
*Ar°/CAr*® = 68.3, 67.8, 67.3, 67.5%. Collected
by: T. R. Naumann; dated by: M. Shafiqullah. Com-
ment:- This sample was collected from the oldest
Episode 2 basalt.

(plagioclase) 4.64 + 0.14 Ma

R8-1-18-LN K-Ar
Porphyritic olivine basalt flow; contains large plagio-
clase and augite megacrysts in & holocrystalline matrix
of coarse plagioclase, augite and Fe-oxide {38°4°20",
116°7°24"; Revelle Range, Nye County, NV).
Analytica! data: K = 0.989, 0.994, 0.987, 0.968,
0.872%; *Ar** = 6.757,-6.801, 6.867 x 10
mol/gm; *Ar*°/CAr® = 73.7, 74.9, 75.4%. Collected
by: T. R. Naumann; dated by: M. Shafiqullah,
{plagiociase) 3.89 + 0.10Ma

RB-1-19-LN K-Ar
Porphyritic olivine basait flow; contains large plagio-
clase and augite megacrysts in 8 holocrystalline matrix

ISOCHRON/WEST, no. 67, Juty 1891)

K-Ar -

12.

13.

14.

of coarse plagioclase, sugite and Fe-oxide (38°2°156°,
116°7°10°; Reveille Range, Nye County, NV).
Analytica! datz: X = 0.911, 0.875, 0.840, 0.805,
0.874, 0.872, 0.854%; *Ar® = 6.387, 6.627,
6.240, 6.327 x 10°'? mol/gm; *Ar*°/CAr*® = €8.1,
66.2, 66.1, 66.9%. Collected by: T. R. Naumann;
dated by: M. Shafiquliah.

{plagioclase) 4.16 + 0.13 Ma

R8-1-27-LN K-Ar
Porphyritic olivine basalt plug: contains large plagio-
clase and augite megacrysts in 8 holocrystalline matrix
of coarse plagioclase, augite and Fe-oxide {38°3°10”,
116°9°23"; Reveille Range, Nye County, NV). Analyti-
cal/ data: K = 1,886, 1.808, 1.863, 1.833%:; ®Ar*®
= 9,838, 9.643, 9.694, 8.356 x 10°'* mol/gm;
*Ar/LAr® = 61.9, 50.5, 560.0, 48.6%. Collected
by: T. R. Naumann; dated by: M. Shafiquliah.
{plagioclase) 3.00 + 0.08 Ma

RY-1-46-LN K-Ar
Porphyritic olivine basalt flow; contains large augite and
plagioclase megacrysts in 8 holocrystalline matrix of
coarse plagioclase, augite and Fe-oxide. (38°10°30”,
116°6°30"; Reveille Range, Nye County, NV).
Analytical data: K = 1.621, 1.680, 1.584, 1.582,
1.630%; “Ar*® = 10.47, 10.66, 10.36, 10.30 x
1072 mol/igm; °*Ar‘®/CAr® = 38.3, 39.0, 38.1,
38.0%. Coflected by: T. R. Naumann; dated by: M.
Shafiquliah.

(plagioclase) 3.76 + 0.11Ma

R9-1-58-LN . K-Ar
Porphyritic clivine basalt flow; contains large plagio-
clase and sugite megacrysts in a8 holocrystalline matrix
of coarse plagioclase, augite and Fe-oxide (38°7°17~,
116°5°45"; Reveille Range, Nye County, NV).
Analyticel data: K = 1.386, 1.343, 1.361, 1.371,
1.3669%; *Ar*® = 9.24, 8.51, 9.44, 9.22 x 10
mol/gm; *Ar*°/CAr*® = 57.2, 8.6, §8.3, 67.6%.
Collected by: T. R. Naumann; dated by: M. Shafiquliah.
Comment: This sample was collected from a flow that
directly overlies pyroclastic deposits from the adjacent
trachyte dome.

{plagioclase) 3.85 + 0.12 Ma

Evolved Volcanic Rocks

16.

1€.

R8-1-16-LN K-Ar
Tristanite dome containing plagioclase and sanidine
(3823'18°, 116°8°62"; Reveille Range, Nye County,
NV). Anslytical data: K = 3.617, 3.617, 3.687,
3,767, 3.5566, 3.567%; °*Ar® = 27.79, 27.41%,
27.58, 27.37 x 10°'2 mol/gm; *Ar*®/CAr® = 86.4,
86.0, BE.5, 86.0%. Collected by: T. R. Naumann;
dated by: M. Shafiquliah.

{plagiociase) 4.38 = 0.18 Ma

RE-1-43-LN K-Ar
Trachyte flow containing sanidine and plagioclase
phenocrysts in & matrix of green glass (38°7'45~,
116°5'20"; Reveille Range, Nye County, NV).
Analyticel data: K = 4,838, 4.841,4.931%; *Ar® =
36.04, 35.79, 35.69, 35.96 x 10-'* mol/gm;
*ArO/EAre = 65.2, €5.7, 65.4, 58.4%. Collected
by: T. R. Naumann; dated by: M. Shafiqullah.
{plagiociase) 4.24 + 0.06 Ma
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Miscellaneous Nye County Volcanic Rocks

17. N§-SD-LN K-Ar
Tristanite dome containing sanidine and plagioclase
{37°41°30", 115°66°'30"; Nellis Bombing and
Gunnery Range, Nye County, NV). Analytics! data: K =
1.724, 1.720, 1.738, 1.727, 1.719, 1.715,
1.701%; *Ar*® = 41,96, 41.89, 42.47, 42.14 x
107'2 mol/gm; *Ar*°/CAr*® = 83.4, 82.8, 83.7,
83.2%. Colfected by: T. R. Naumann; dated by: M.
Shafiquliah.

{plagioclase) 14.1 £ 0.14 Ma
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NEW K-Ar DATES FOR LATE MIOCENE TO EARLY PLIOCENE MAFIC VOLCANIC ROCKS
IN THE LAKE MEAD AREA, NEVADA AND ARIZONA

Department of Gecscience, University of Neveda, Las Vegas, NV 88154

DANIEL L. FEUERBACH Center for Volcanic and Tectonic Studies,
EUGENE 1. SMITH

MUHAMMAO SHAFIQULI.AH} Laboratory of Isotope Geochemistry,
PAUL E. DAMON

Department of Geosciences, University of Arizona, Tucson, AZ 85721

We report the resutts of 13 new K-Ar radiometric ages
for basaltic andesites from the Callville Mesa volcanic field
on the north shore of Lake Mead, Nevada, and basalts from
the Fortification Hill. volcanic field, Arizona and Nevada
{fig. 1). These volcanic fields are located in the northern-
most part of the Colorado River extensional corridor, an
area of extensive Miocene igneous activity and upper
crustal extension ({e.g., Longwell and others, 18€5;
Anderson, 1971; Anderson and others, 1872; Bohannon,
1984; Smith and others, 1990).

CALLVILLE MESA VOLCANIC FIELD

The Caliville Mesa {CM) volcanic field is exposed primari-
ly on Black and Callville Mesas north of Lake Mead. Basaltic
andesite erupted from compound cinder cones on Callville

Mesa and in West End Wash between 10.46 to 8.49 Ma.
These dates are slightly younger than the whole rock K-Ar
dates of 11.3 + 0.3 Ma and 11.1 + 0.5 reported by
Anderson and others (1872) for basaltic andesite of
Callville Mesa. .

Basatltic andesite of Callville Mess locally overlies and is
interbedded with the Red Sandstone unit (Bohannon,
1884), sandstone and conglomerate that was deposited in
a structurally controtled basin in the upper plate of the
Saddle Island detachment (Duebendorfer and others,
1880; Duebendorfer and Wallin, 1891). The basin and ex-
tensiona! allochthon are bounded to the north by the Las
Vegas Valley Shear Zone (Duebendorfer and Wallin, 1891)
{fig. 1). Callville Mesa basaltic andesite was erupted during
the late stages of development of the Red Sandstone basin
and represents the only volcanism during active upper
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FIGURE 1. Generalized geologic map of the Lake Mead area, showing locations of samples for K-Ar dating. §1 = Saddle Island;
PW = Pstroglyph Wash; FK = Fortification Hill; AB = atkalic basaitsiong U.S. 83; LC = Lava Cascade; MF = Malpais Flattop;
LMFZ = the Lake Mead Fauht Zone: LVVSZ = Las Vegas Vallay Shear Zone.

NSOCHRON/WEST, no. 67, July 1891)



[S
>
-

18

River Mountains
Soddle
Island

Loke Mead

Fortificotion Hill

Wash

FIGURE 2. Cartoon cross sections showing stratigraphic rslationships and major structures. The River Mountains are primarily
Intsrmediate volcanic flows and intrusive rock {Smith, 1982). Dates for ths River Mountains from Andsrson and others (1872)
and Weber and Smith {1987). Tmc = Muddy Cresk Formation {Late Tertiary clastic sediments). Trs = the Red Sandstone Unit
{Tertiary clastic ssdiments): Ths = Tartiary Horse Spring Formation. Dates for the Morss Spring Formation from Bohannon
{1884); Twr = Tertlary Wilson Ridge intrusive rocks. Dats from Larson and Smith (1890);: Mz = Measozoic sediments: PE =

undiffersntisted Pracambrian rock.

crustal extension and stratal tilting in the Leke Mead area.
Since basaltic endesite dated at 10.46 Ma is tilted and
younger units {(10.21 to 8.7 Ma) are not, the major phase
of tilting related to motion on the Saddle Island detachment
occurred sfter 10.46 Ma (fig. 2). In other parts of the Lake
Mead area, stratal tilting may have occurred as early as 13
Ma (Bohannon, 1884).

FORTIFICATION HILL BASALT

The Fortification Hill basalt field comprises at least eight
volcanoes that occur in 8 756 km long north-northeast
trending zone that extends from Malpais Flattop, Arizona
to Black Point, Nevada. Tholeiite, calc-slkalic and alkalic

basalt periodically erupted from 6.02 (this study) to 4.3
Ma (Anderson and others, 1872). The Fortification Hill
basalts form the uppermost part of the Muddy Creek For-
mation (Longwell and others, 1965; Bohannon, 1984).
Subalkalic and alkalic basalts occur in the Fortification
Hill field {FH). We divide FH basalt into three groups (table
1; refer to fig. 1 for locations): (1) Tholeiitic two-pyroxene
basalt (6.02-5.71 Ma) (SAB) at Black Point and Malpais
Flattop and subalkalic basalt at Fortification Hill (lower part
of the section). (2) Alkali basalt {(5.42 to 4.74 Ma) (DAB)
at Fortification Hill (upper section), Petroglyph Wash and
Lava Cascade. (3) Alkali basalt (4.61, this study; to 4.3
Ma, Anderson and others, 1872} (YAB) slong U.S. 83 near
Hoover Dam, Saddle Island and in Petroglyph Wash.
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TABLE 1. The subsalkalic and alkalic suites of mafic lavas in
the Laks Mead ares. Abbreviations are defined In the text.

Alkalic Sub-alkalic Age (Ms)
Callville Mesa (CM) 10.46-8.49
Black Point {SAB) 6.02

Malpais Flattop (SAB) 5.8
Fortification Hill (DAB) Fortification Hill {SAB) 5.89-5.42

Petroglyph Wash {(OAB) 5.43
Lave Cascade (OAB) 5.16-4.74
Young Alkafic Basalt (YAB) 4.61-4.3

The transition from subalkalic to slkalic volcanism occurred
during eruptions at Fortification Hill and cccurred just prior
to 5.42 Ma.

ANALYTICAL TECHNIQUES

All dates were obtained from groundmass plagioclase
separates. Analytica! procedures discussed by Damon and
others {1883) were used in this study (constants: A\g =
4.963 x 107"%yr', A\, = 0.6581 x 10"yr', \ = 6.544
X 1079 yr?, *°K/K = 1,167 x 10°* atom/atom).
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SAMPLE DESCRIPTIONS

. Callville Mesa (CM)

1. F8-24-100-LN K-Ar
Olivine-pyrosene basalt ﬂow (36°10°19°N,
114°42°30"W; just W of Callvilie Wash, Clark Coun-

ty, NV). Analytice! data: K = 0.868, 0.8561, 0.942,

0.963%; *Ar® = 17.61, 17.33, 17.44, 17.156 x
10°'* mol/gm; °Ar**/CAr*®* = 62.2, €1.5, 61.3,
60.3%. Coflected by: D. L. Feuerbach; dated by:
M. Shafiqullah. Comment: This flow is interbedded
with tilted Red Sandstone and represents the oldest
activity associated with volcanism at Callville Mesa.
({plagioctase) 10.46 + 0.23 Ma

2. F8-24-88-LN K-Ar
Basaltic andesite phug (36°10°33"N, 114°44°16"W
within volcanic center on Callville Mesa, Clark County,
NV). Analyticel data: X = 1.9%52, 1.978, 1.881,
1.862%; *Ar*® = 31,73, 31.50, 30.83, 30.37 x
10°*? mol/gm; °*Ar*9/CAr*® = 41.5, 41.0, 40.4,
39.6%. Collected by: D. L. Feuerbach; dated by:
M. Shafiquilsh. Comment: This plug contains plagio-
clase megacrysts and xenocrysts of quartz.

{plagioclase) 8.11 + 0.30Ma

3. F8-24-S0-LN K-Ar
Basaltic andesite plug l36°10'29"N 114°43°'62"W
within volcanic center on the W side of West End
Wash, Clark County, NV). Analytical data: K = 1.794,
1.805, 1.818, 1.805%; *Ar‘® = 26.562, 26.64,
27.10, 26.83 x 10°'? mol/gm; *Ar‘®/CAr*® = 77.3,
77.4, 78.4, 78.0%. Coliected by: D. L. Feyerbach;
dated by: M. Shafiqullah.

{plagioclase) 8.63 + 0.22 Ma

(ISOCHRON/WEST, no. §7, July 1891}
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4 F8-24-85-LN K-Ar

Basaltic andesite flow (36°09'61”N, 114°43'67"W;
upper flow on Callville Mesa, S of voicanic center, Clark
County, NV). Analytice! dats: K = 2.070, 2.075,
2.081, 2.067, 2.071%; *Ar*®c = 30.214, 30.474,
30.684, 30.870 x 107'? mol/gm; ®Ar‘°/CAr® =
79.0, 79.9, 80.4, 80.3. Collected by: D. L. Feuerbach;
dated by: M. Shafiqullah. Comment: This sample con-
tains xenocrysts of quartz and alkali-feldspar and is the
youngest rock dated in the Callville Mesa volcanic field.

{ptagiociase) 8.49 + 0.20 Ma

. 88-24-146-LN K-Ar

Basaltic andesite flow (36°10°37"N, 114°44°39";
fiow on flank complex cinder cone on Csllville Mesa, $
of volcanic center, Clark Cunty, NV). Analytical data:
K = 2,230, 2.227, 2.234, 2.242%; *Ar*® = 38.65,
39.34, 40.48, 39.04 x 10"'?* mol/gm; *Ar‘®/CAr*° =
88.4, 88.2, 92.4, 87.8%. Collected by: D. L.
Feuerbach; dated by: M. Shafiqullah.

{plagioclase) 10.21 =+ 0.23 Ma

Fortification Hill (SAB)
6. 87-10-128-LN K-Ar

Olivine-pyroxene basalt flow (36°24°43"N,
114°23°02°W; flow directly E of feeder dike at Black
Point, Clark County, NV). Analytica! data: K = 0.655,
0.634, 0.639, 0.643%; *Ar*® = §.93, 6.70, €6.84,
€6.67 x 107'* mol/igm; ®Ar*®/CAr*® = 10.5, 10.1,
10.3, 10.1%. Coflected by: D. L. Feuerbach; dated by:
M. Shafiquliah. Comment: Rocks from this exposure
contain hypersthene and pigeonite as well as augite and
olivine phenccrysts.

{plagioclase} 6.02 + 0.39 Ma

. F7-38-13-LN K-Ar

Olivine basalt flow (36°03°45°N, 114°40°'66"W
lowest flow at Fortification Hill, Mohave County, AZ).
Anslytical data: K = 0.835, 0.922, 0.943, 0.927,
0.931%; *Ar*® = 9,446, 9.512, 8.616, 8.562 x
1072 mol/gm; °*Ar*°/CAr® = 52.3, 52.6, §3.3,
§2.8%. Collected by: D. L. Feuerbach; dated by:
M. Shafiquilah. Comment: Located at the north end of
Fortification Hill,

(plagioclase} 5.89 + 0.18 Ma

. 87-38-142-LN K-Ar

Olivine-plagioclase-pyroxene basalt fiow (36°03'18°N,
114°40°64" W; flow erupted from cinder cones on For-
tification Hill, Mohave County, AZ). Analytical data:
K = 0.832, 0.825, 0.853%; *Ar*® = 9.45, 9.31,
8.22, 9.32 x 10°'? mol/gm; ®Ar**/CAr® = 49.5,
48.5, 48.2, 48.7%. Collected by: D. L. Feuerbach;
dated by: M. Shafiqullah. Comment: This flow lies
stratigraphically above F7-38-13-LN.

({plagioclase) 5.73 + 0.13 Ma

Fortification Hill (OAB)
8. 87-38-143-LN K-Ar

Olivine-plagioclase-pyroxene basalt phusg (36°03°02"N
114°40'37°W; cne cf many plugs that intrude cinder
cones on Fortification Hill, Mchave County, A2Z)
Analytica! data: K = 1,275, 1.268, 1.280, 1.256%
*Ar® = 11.85, 11.98, 12.02, 11.86 x 10%
mol/gm; *Ar*®/CAr*® = 44.4,44.5,44.7,44.3%. Col-
lected by: D. L. Feuerbach; dated dy: M. Shafiqullah.
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Comment: A sample of a basalt plug that represents the
youngest volcanism at Fortification Hill.
{plagiociase) 6.42 + 0.13 Ma

10. 87-567-131-LN K-Ar
Olivine basalt plug (35°62°'38"N, 114°35°16"W;
plug intruding vent center at Lava Cascase, Mohave
County, AZ). Analytical data: K = 0.810, 0.783,
0.836%; *Ar*® = 6£.69, 6.63, 6.75, 6€.69 x 10"
mol/gm; ®Ar**/CAr® = 46.3, 46.0, 46.8, 46.1%.
Collected by: D. L. Feuerbach; dated by: M.
Shafiquitah. Comment: Collected from & plug within the
vent of the Lava Cascade at the summit of the Black

Mountains.
{plagioclase} 4.74 + 0.12Ma

11. 87-57-132-LN K-Ar
Olivine basalt flow {36°62°26"N, 114°36°06°W;
distal end of flow at Lava Cascade, Mohave County,
AZ). Analyticel data: K = 0.857, 0.874, 0.892,
0.878%; *Ar* = 8.00, 7.82, 7.74, 7.78 x 10"'?
mol/gm; *Ar*°/CAr*® = 37.2, 35.9, 356.7, 356.8%.
Collected by: D. L. Feuerbach; dated by: M.
Shafiqullah. Comment: This sample was collected just
east of U.S. 93.

{plagioclase} 5.16 = 0.14 Ma

12. F8-42-82-LN K-Ar
Olivine bassit flow (36°04'37°N, 114°35'44°W;
flow at from cinder cone at Petroglyph Wash, Mohave
County, AZ). Analytical data: K = 1,298, 1.268,
1.240, 1.267%; °Ar** = 11.68, 12.01, 12.03,
12.14 x 10°*2 mol/gm; *Ar*°/CAr*° = §2.3, §3.4,
63.5, £3.8%. Collected by: D. L. Feuerbach; dated by:
M. Shafiquliah. Comment: The cinder cone is located
just south of Gilbert Wash near the junction with James

Bay Wash.
{plagiociase) 56.43 £ 0.16 Ma
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ABSTRACT

In the Hidden Vailey area of the north-central McCullough Mountains,
southern Nevada, mid-Miocene andesite and dacite domes, flows and pyroclastic
units (the Sloan volcanics) partially fill a sag in the underlying Hidden Valley
volcanics. The 13.5 km diameter sag formed during and/or after the eruption of
the Sloan volcanics. Sagging was accommoaated by a combination of movement
on the McCullough Wash fault system, and subsidence into evacuated chambers.

Major, trace and rare-earth element geochemistry suggests that the rocks of
the Sloan volcanics belong to four groups, each of which were produced by partial
melting of chemically distinct sources: With the exception of the Center
Mountain dome complex, magmas rose rapidly without significant crystal
fractionation or crustal contamination.

The Mountl Hanna andesite member of the Sloan volcanics erupted as a
hot, drj aphyric lava by 2 mechanism of fire-fountaining from a depth of up to 25
km, precluding a Plinian-style ash-flow event. Eruptions of felsic-to-intermediate
lavas by a lava-fountaining event have been described in other areas, but the
Mount Hanna andesite represents the first documentation of such an eruption in

the southern Basin-and-Range,
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INTRODUCTION

Location and Geography
Hidden Valley is in the north-central McCullough Mountains, Clark

County, southern Nevada (Fig. 1). The thesis area covers 240 kn? and is included
on the Hidden Valley, Sloan, Sloan NE and Sloan SE 7.5 minute quadrangle
maps. Dirt roads provide access to-the western and central parts of the thesis
area, however the eastern part must be approached by foot. Elevations in the

thesis area range from 790 to 1292 m.

Previous Work

Because of its lack of economic mineral resources, little detailed
geological mapping has been done in the McCullough Mountains. Hewett (1956)
mapped the McCullough Mountains as part of the Ivanpah Quadrangle, but did
not subdivide the Tertiary section. Longwell et al. (1965) did reconnaissance
mapping for mineral resources in Clark County, but also did not differentiate the
Tertiary volcanic rocks in the McCullough Mountains. Anderson et al. (1985) and
DeWitt et al. (1989) mapped the South McCullough Wilderness Study Area in the
southern McCpllough Mountains for a study requested by the U.S. Bureau of
Land Managen';cnt, the U.S. Geological Survey, and the U.S. Bureau of Mines.
Mapping for the wilderness study area, however, did not extend to the north into
Hidden Valley. |

Two masters theses were completed in the north-central McCullough



Figure 1:

Location map of the thesis area and sclected Tertiary igneous centers
in the Las Vegas-Lake Mead vicinity. MPC = McCullough Pass
caldera; DP = Devil Peak; TM = Table Mountain; WRP = Wilson
Ridge pluton; HCV = Hamblin Cleopatra volcano; HD = Hoover Dam
sag-graben caldera; LGR = Lucy Gray Range.




Mountains. Kohl! (1978) studied the nature and source of carnotite in caliche
“deposits in Hidden Vzilley. Schmidt (1987) mapped and described a small
(< 3 km diameter) caldera about 3 km southeast of Hidden Valley.

Purpose of Study

The Hidden Valley area contains andesite and dacite domes and flows,
dacite and rhyolite pyroclastic units, and a late-stage hypabyssal dacite stock that
partially fill a sag developed in the underlying basalt. This volcanic section is
herein named the Sloan volcanics. In some areas, the contact between the Sloan
volcanics and the underlying basalt is conformable, while in others it is not.
Questions concerning the Sloan volcanics addressed in this thesis are: 1) Do the
Sloan volcanics fill a volcanotectonic depression or caldera, or simply represent a
dome field situatéd on the flank of an older stratocone? 2) How did the sag, now
filled with the Sloan volcanics, form? 3) What is the petrogenesis of the andesites
and dacites of the Sloan volcanics? 4) What is the internal stratigraphy.of the
Sloan volcanic section? S5) What is the absolute age of the Sloan volcanic section?

The purpose of this thesis is to present concise answers to the above
questions.

I will demonstrate, using stratigraphic, lithologic and geochemical evidence,
that the Sloan volcanics formed during volcanotectonic sagging caused by their
eruption. I also suggest that the Mount Hanna andesite member of the Sloan

volcanics erupted by a mechanism of lava fountaining, and may be the hot, dry

analog of an ash-flow tuff.



Geologic Seting

The McCullough Mountains are in the southern Basin-and-Range province
on the western border of the Colorado River extensional corridor. The north-
south trending range extends from the New York Mountains in California to the
city of Henderson in the Las Vegas Valley (Fig. 1).

The southern part of the McCullough Mountains consists of Precambrian
igneous and metamorphic rocks (Longwell et al,, 1965; DeWitt et al., 1989). The
northern part consists of Precambrian basement overlain by a Tertiary volcanic
section. Excellent 'exposure of the nox_'thern section is provided in a steep eastern
escarpment.

In addition to the Sloan volcanic center, other volcanoes within 30 km of
the thesis area include: 1) the McCullough Pass caldera approximately 3 km
south of Hidden Valley (Schmidt, 1987); 2) Devil Peak, an intrusive rhyolite plug
in the southern Spring Range (Walker et al,, 1981); 3) Table Mountain, a dacitic
(unpublished chemical data base, E.I Smith, University of Nevada, Las Vegas)
eruptive center about 10 km north of Devil Peak; 4) The River Mountains

stratovolcano complex (Fig. 1).

1 n ni
The McCullough Mountains are a relatively stable block compared to
ranges to the north and east. During Tertiary extension, the range was extended
only aﬁout 20% (Weber and Smith, 1987). The west-dipping McCullough Wash

normal fault is the only major internal structure in the McCullough Mountains.



This fault has a throw of at least 600 m, placing Precambrian basemeflt against
the Hidden Valley volcanic section in the central part of the range. Displacement
decreases to the north to less than 50 m (Schmidt, 1987; Anderson et al., 1985).
The Spring Range, to the west of the McCullough Mountains, displays minor
Tertiary extension (Carr, 1983; Wernicke et al., 1988). The Eldorado Mountains,
to the east of the McCullough Mountains, are highly faulted with regional dips
varying from 3(° east to vertical, and were extended over 100% (Anderson, 1971).

A model proposed by Weber and Smith (1987) suggests that the River and
McCullough Mountains lie in the upper plate of the west-dipping Saddle Island
detachment system. According to their model, the left-lateral Hamblin Bay and
Bitter Spring Valley faults are transfer structures between the Saddle Island and
Eldorado Valley normal faults (Fig. 2). The detachment system is at a shallow
depth beneath the Eldorado Mountains resulting in a high degree of extension.
The McCullough Mountains and Spring Range represent blocks overlying the
detachment at a greater depth, and were transported in the upper plate without
signifiwpt internal deformation (Fig. 2).

A more recent model by Smith et al. (1991) suggests that the Eldorado -
Valley fault may be a steep westward-dipping normal fault. I§ostatic rebound
caused footwall rotation resulting in flattening of the fault. The Eldorado
Mountains experienced high degrees of extension in the footwall block, while the
McCullough Mountains and the Spring Range remained relatively undisturbed in

the hanging wall. Smith et al. (1991) also suggest that these types of deeply
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HBE; Hambin Bay
BSVE: Bitter Valey>w<£ MEAD FAULT SYSTEM
EVE; Eldorado Valley
LYVSZ: Las Vegas Valley Shear Zone /ﬁ
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ROCK UNITS

FM: Frenchman Mountain
RM: River Mountains

MM: McCullough Mountains
EM: Eldorado Mountains
SR: Spring Range

HD; Hoover Dam Volcanics
NP; Nelson Pluton

BCP; Boulder City Pluton
WRP; Wilson Ridge Pluton

Figure 2: Location of major faults in the Lake Mead-Las Vegas area (modified
from Weber & Smith, 1987).



penetrating high angle faults may provide conduits for magma migration. A
model proposed by Duebendorfer and Wallin (1991) suggests that Frenchman
Mountain and the River Mountains lie in a block that is bounded to the north by
the Las Vegas Valley shear zone and to the southeast by the Saddle Island
dctéchmcnt system. The location of the Lake Mead fault system is not well
constrained west of Hamblin Mountain. Bobannon (1979) sqggested that this
fault system may project through Las Vegas Wash, placing the River Mountains
and Frenchman Mquntain in separate structural blocks (Fig. 2). Sediments of the
post 13.5 Ma Horse Spring Formation, however, crop out in the Rainbow Gardens
area of Frenchm#n Mountain and are interfingered with volcanic rocks of the
River Mountains. These sediments are not disrupted across Las Vegas Wash,
suggesting that no post 13.5 Ma movement on the Lake Mead fault system
occurred between the River Mountain and Frenchman Mountain blocks. If the
Weber and Smith (1987) model is correct, the Saddle Island detachment is part of
the Lake Mead-Eldorado Valley detachment system, thus placing the McCullough
Mountains in the same structural block as Frenchman Mountain and the River
Mountains (Fig. 2). No major strike-sli;i fault system has been documented
between the McCullough and River Mountainis (Anderson, 1977; Weber and
Smith, 1987).

According to Duebendorfer and Wallin (1991), at 12 Ma, coeval movement
on the Las Vegas Valley shear zone and the Saddle Island detachment moved the

River Mountains-Frenchman Mountain block westward, opening the Red



. Sandstone basin to the south of the Las Vegas Valley shear zone. Because the
McCullbugh Mountains are in the same structural block, they were also
transported westward; and because no major structure exists between the
McCullough Mountains and the Spring Range, the Spring Range also must have

been transported westward in the same structural block.

n i Icani

Volcanic rocks erupted during Tertiary extensfon in the Las Vegas area are
intermediate calc-alkaline suites with only minor amounts of basalt and rhyolite
(Anderson, 1971; Smith, 1982; Mills, 1985; Feuerbach, 1986; Smith et al., 1990).
The intermediate volcanic section in the McCullough Mountains is an example of
such an occurrence. Proposed models for the production of intermediate suites
during regional ext.cnsion include: 1) assimilation of felsic crustal material and
mafic mantle melts during magma ascent (Damon, 1971); 2) magma mixing of
felsic and mafic end members (Glazner, 1989); 3) open system models utilizing
the assimilation and/or mixing of felsic material with a fractionated mafic phase
(Nielson'and Dungan, 1985; McMillan and Dungan, 1986; Novak and Bacon,
1986; Smith et al., 1990).

The production of intermediate igneous rocks during Tertiary extension in
the Las Vegas-Lake Mead area as a result of magma commingling of felsic and
mafic end members has been documented by Naumann and Smith (1987),
Naumann (1987), Larsen (1989), Smith et al. (1990) and Larsen and Smith (1991).

The Sloan volcanic section lacks textural evidence of magma commingling. I will



suggest in this thesis, therefore, that intermediate volcanic rocks may also have
been produced from partial melts of mid-to lower-crustal material without

undergoing commingling and/or contamination from other sources.
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erosion of the oversteepened walls causes enlargement of the caldera boundary
and the formation of slump breccias within the crater. A resurgent dome forms
when more magma enters the evacuated chamber causing upwarping of the
caldera’s floor. Volcanic domes may be emplaced along extensional faults on the
resurgent dome or in the moat of the caldera. A typical caldera cycle ends with
hydrothermal activity (Fig. 3). Not all calderas undergo complete collapse. Many
calderas that erupt small-to-moderate volumes of ash-flow tuff (10-50 knr')
experience incomplete subsidence along horseshoe-shaped faults (Lipman, 1984).
| An example is the. Three Creeks Caldera in the Marysvale volcanic field, Utah
(Steven, 1981). Other calderas associated with low-to-modest volumes of ash-flow
tuff appear to be unfaulted sags (Lipman, 1984; Walker, 1984), such as the Taupo
volcanic center, New Zealand (Grindley, 1965; Cole, 1979). Factors that may
contribute to downsagging or incomplete subsidence include: 1) a magma chamber
at great depth (> 10-15 km); 2) structurally coherent roof rocks; 3) resurgence
of magma into the chamber during eruption preventing emptying of the chamber;
4) 2 small volume of magma relative to caldera area (Steven and Lipman, 1976;
Steven et al.,, 1984; Walker, 1984). |

Ninety percent of the documented Tertiary-aged calderas in the Basin-énd-
Range proviﬁce are greater than 15 km in diameter. Worldwide, only about ten
percent of all Quaternary-aged élderas exceed this size (Walker, 1984).
According to' Walker (1984), this size difference may be attributed to crustal type.

Basement in the Basin-and-Range province is largely Precambrian crystalline rock,
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Figure 3: Collapse Caldera Sequence: Stage 1: Pyroclastic eruptions occur from
vents above ring faults over a shallowly-emplaced magma chamber.
Stage 2: Caldera collapse occurs during and/or after the pyroclastic
eruptions. Stage 3: Erosion causes embayment and enlargement of
the caldera margin. Slump breccias from the oversteepened walls form
within the caldera. Resurgence of magma into the chamber may cause
upward doming of the caldera floor.
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whereas most Quaternary calderas are emplaced in young crust. Rigid crystalline
basement rock may enhance complete separation And subsidence of the caldera
floor resulting in larger collapse structures. Another factor contributing to the
larger size of Basin-and-Range calderas may be enlargement due -to extension.

'- Small ash-flow calderas in the Basin-and-Range province include the 3.5
km diameter Van Horn Mountains Caldera in the Trans-Pecos volcanic province
in the Van Horn Mountains, Texas (Henry and Price, 1986), and the less than 3
km diameter Mchllough Pass Caldera in the central McCullough Mountains,
southern Nevada (Schmidt, 1987). The 13.5 km diameter Sloan sag discussed in
this thesis is an example of a small volcanotectonic depression in the Basin-and-

Range province.
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ANALYTICAL METHODS

Fifty seven rock samples were analyzed for major element oxides. Forty six
samples were analyzed for trace elements. Fresh, unwéathered samples collected
in -thg field were ground to -200 mesh using 2 Dyna Mill air suspended impact
attrition mill and an-agate mortar and pestal. Major element oxides were
analyzed by X-ray fluorescence techniques on a Rigaku 3030 X-ray spectrometer
at the University of Nevada, Las Vegas (UNLV). Trace elements were analyzed
by instrumental neutron activation analysis at the Phoenix Memorial Laboratory
at the University of Michigan. Kohl! (i978) and Schmidt (1987) proﬁded
additional analyses of the Hidden Valley Volcanics and the Tuff of Bridge Spring.

One sample each of the Center Mountain dacite and the Tuff of Bridge
Spring were dated.using the K-Ar method on biotite separates. Mineral
separations were done at UNLV. Appfoximately 10 pounds of fresh, unweathered
sample was crushed in the attrition mill. The sample was then separated into six
fractions of differing specific gravities on a2 number 13 Wilfley Table. Final
biotite sveparation was done using heavy liquids (sodium metatungstate) and a
Frantz magnetic separator. K-Ar dates were done by Krueger Enterprises in
Cambridge, Massachusetts.

An ®Ar/ Ar sanidine date was obtained from the same sample of the
Tuff of Bridge Spring. Sanidine separation was done at UNLYV using the above
methods. Sample irradiation was done at the Ford nuclear reactor, University of

Michigan. “Ar/®Ar dating was performed at the University of Maine, Orono.
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GEOCHRONOLOGY

K-Ar dates from biotite separates were obtained from the Center
Mountain dacite member of the Sloan volcanics and the Tuff of Bridge Spring
from the north-central McCullough Mountains. An “Ar/°Ar date from a
sanidine separate was obtained from the same Tuff of Bridge Spring sample.
These are the first age dates obtained from rocks of the north-central McCullough
Mountains.

The K-Ar date for the Center Mountain dacite is 164 +/- 05 Ma, the K-
Ar date for the Tuff of Bridge Spring is 16.6 +/- 04 Ma (Table 1). The
“Ar/°Ar date on the Tuff of Bridge Spring, however, is 1523 +/- 0.14 Ma
(Table 2; Figs. 42 & 4b).

The diﬂerénces between the Tuff of Bridge Spring dates may be the result
of excess argon retained by the biotite. Minerals may include argon in their
crystal lattice by means other than the radiogenic decay of K. Argon may be
absorbed from the atmosphere or diffused into minerals from the outgassing of K-
bearing minerals in the crust and/or mantle (Faure, 1986). The K-Ar dating
method assumes that all of the Ar in the sample is radiogenic, produced by the
radioactive decay of K in that sample. If excess Ar is present, the K-Ar method
may result in an anomalously old age (Faure, 1986).

The “Ar/”Ar dating method is based upon the production of *Ar by.
irradiation of K-bearing minerals in a nuclear reactor. It has an advantage over

the K-Ar method in that only radiogenic Ar is measured. The irradiated sample



able 1: New K-Ar Dates For The North-Central McCullough Mountains
Sample K% |Ar* (ppm)| Ar*/Tota!l | K (ppm)] Date & Error
Center Mtn.
Dacite 7.92 0.007578 | 0.1885 792 1164 +/- 0.5 Ma
_ Tuff of
Bridge Spring] 6.323 | 0.007294 | 0.461 7.543 116.6 +/- 0.4 Ma

* Denotes radiogenic

(1<)
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Table 2: New Ar-Ar date for the Tuff of Bridge Spring, central McCullough Mouhtains
_ % Total | %Radingenic Age and
Temp C | 40Ar/39Ar! 37Ar/39Ar | 36Ar/39Ar | Moles 39Ar| 39Ar At&& K/Ca | error (Ma)
750 6.461 0.0348 0.0189 127.8 19 331 | 14.09 | 12.96 +/- 0.82
830 3.156 0.0314 0.0073 181.7 2.6 31.1 15.60 | 15.01 +/-0.53
900 1.753 0.0312 0.0026 252.2 3.7 55.9 15.72 | 14.99 +/- 0.47
960 1.291 0.0306 0.0010 356.7 5.2 76.0 16.01 | 15.01 +/-0.29
1020 1.176 0.0299 0.0006 531.7 7.7 829 16.41 | 1491 +/-0.20
1080 1.180 0.0295 0.0006 8119 11.8 83.6 16.63 | 15.09 +/- 0.20
1120 1.166 0.0297 0.0006 987.6 14.3 84.5 16.52 {15.06 +/-0.14
1160 1.148 0.0291 0.0004 1012.2 14.7 87.4 16.86 | 15.34 +/-0.14
1200 1.136 0.0292 0.0004 1014.9 14.7 879 16.80 | 15.26 +/-0.14
1240 1.143 0.0288 0.0004 888.4 129 878 17.00 { 15.34 +-/-0.20
Fuse 1.252 0.0292 0.0008 729.4 10.6 80.2 16.79 | 15.34 +-/- 0.18

Plateau age = 15.32 +/- 0.16 Ma
Isotope correlation age = 15.23 +/- 0.14 Ma
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Figure 4: Ar-Ar age date data from the Tuff of Bridge Spring, central
McCullough Mountains.
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is heated incrementally and the “*Ar/* Ar ratio for each increment is determined.
If the sample has not lost or gained Ar or K since the time of its initial cooling,
the ratios at each temperature will be constant. This ratio will result in a
"plateau” value that is used to calculate the age of the sample (Faure, 1986).

In “Ar/®Ar dating, the isochron correlation method may also be used. A
sample may also contain atmospheric *Ar. On a graph of *Ar/*Ar versus
% Ar/P Ar, values of these ratios determined for each increment of heating are
plotted to produce an isochron. The slope of the isochron equals the value of
“Ar (radiogenic)f’Ar, which is used to calculate the age of the sample.

I accept the isotope correlation age of 15.23 + /- 0.14 Ma for the following
reasons. The plateau values from the incremental heating of the Tuff of Bridge
Spring sample have a small offset (Fig 4b). There is an initial plateau age of
about 15.0 Ma, then it increases to abqut 15.3 Ma. The ofiset in the plateau
suggests that the sample may be slightly altered. The plateau date of 15.32 +/-
0.16 Ma (Fig. 4b) for the sample was calculated using only the data from the
higher plateau. The isotope correlation age (Fig 4a), on the other hand, takes
into account all values of incremental heating, resulting in an average of the
plateau ages (Faure, 1986). In this case, the isotope correlation technique has
produced a higher quality date for the sample and will be accepted in this thesis.

Both of the K-Ar dates are suspect, therefore the actual age of the Sloan

volcanics was not determined. I can only conclude that the relative age of the

Sloan Volcanics is less than 15.23 Ma.
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THE SLOAN VOLCANICS

Introduction

The Sloan volcanics consist of andesite and dacite domes and flows, dacite
and rhyolite pyroclastic units, and a late-stage hypabyssal dacite stock. I suggest
that they were erupted during and/or after the formation of a volcanotectonic sag
in Hidden Valley.

The Sloan volcanics are the youngest volcanic rocks in the McCullough
Mountains (< 15.23 +/- 0.14 Ma). They overlie the Hidden Valley volcanics,
McCullough Pass volcanics, Pumice Mine volcanics, Tuff of Bridge Spring, and
Eldorado Valley volcanics respectively. The entire section is underlain by
Precambrian basement (Fig. S).

Rocks were named using the chemical classification scheme of Irvine and

Baragar (1971).

-Sloan Volcani i h

Refer to Figure 5 for the stratigraphic column of the rocks described in this
section.

Precambrian crystalline rocks crop out south of the thesis area and are
composed of biotite monzogranite and biotite granitoid gneiss cut by pegmatite

and aplite dikes (Anderson et al., 1985).

The Eldorado Valley volcanics are age equivalent to the Patsy Mine

volcanics mapped by Anderson (1971) in the Eldorado Mountains. This unit is
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almost 300 m thick on the eastern escarpment of the central McCullough
Mountains. It thins rapidly to the west and does not crop out on the westérn
margin of the range (Smith et al., 1988). Westward thinning of this and other
volcanic units in the north-central McCullough Mountains may be due to a
prbminent buttress of Precambrian basement that prevented volcanic units from
flowing to the west (Schmidt, 1987; Smith et al. 1988). Schmidt (1987)
documented two members of the Eldorado Valley volcanics in the central
McCullough Mountains. The lower member consists of thinly interbedded flows
of hornblende andesite, olivine andesite and dacite. The upper member is

composed mainly of volcaniclastic units.

The Tuff of Bridge Spring is a rhyolite to dacite ash-flow tuff of regional

extent. The tuff crops out in the Eldo;'ado Mountains (Anderson, 1971), the
Highland Range (Bingler and Bonham, 1972), the McCullough Mountains
(Schmidt, 1987), and the White Hills (Cascadden, 1991) and southern Black
Mountains (referred to in Cascadden, 1991), Arizona (Fig. 1). In the McCullough
Mountains, the Tuff of Bridge Spring consists of a single cooling unit up to 145 m
thick (Schmidt, 1987). It crops out in the central part of the range and pinches
out to the southeast of Hidden Valley. Scattered outcrops also occur to the west
of Hidden Valley (Plate 1), and were mapped as the Erie Tuff by Kohl (1987). A
sample of the Tuff of Bridge Spring from the central McCullough Mountains was
dated at 15.23 +/- 0.14 Ma (®Ar/° Ar, sanidine).

The Pumice Mine volcanics consists of andesite and basalt flows and
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breccia units up to 60 m.thick (Smith et al., 1982; Schmidt, 1987). This thin unit
is a marker bed separating the Tuff of Bridge Spring from the McCullough Pass

volcanics.

The McCullough Pass volcanics are composed of rhyolite domes, dikes,

flows and pyroclastic units, andesite flows and dikes, and volcaniclastic rocks that
were deposited during and after the collapse of the McCullough Pass caldera
(Schmidt, 1987). The outflow facies of the McCullough Pass tuff extends
northward from its source into the Hidden Valley area.
ELH@M‘&M&M are age equivalent to the upper Patsy Mine
or lower Mount Davis volcanics in the Eldorado Mountains (Anderson, 1971).
This unit is up to 245 m thick on the eastern escarpment of the north-central
McCullough Mountains and thins to the west. The Hidden Valley volcanics
consist of basalt and basaltic-andesite flows, cinder cones and scoria. Rocks
contain clinopyroxene and olivine phenocrysts, and subordinate quartz xenocrysts.
The Sloan volcanic section overlies the Hidden Valley volcanics in central and

eastern Hidden Valley.

f the Sloan Voleanie,

The oldest rocks of the Sloan volcanics include the Mount Hanna andesite
and the rocks of the Center Mountain dome c01;1plex. The Center Mountain
dome complex is composed of the Cinder Prospect member, Tuff of the Sloan
volcanics, Center Mountain dacite, and the Mount Ian andesite (Fig. 6). Since the

Mount Hanna andesite member is not in contact with the Center Mountain dome
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complex, the relative age of these sections cannot be determined (Plate 1).
Refer to Figure 6 for the stratigraphic column of the rocks described in this
section. Refer to Appendices A and B for rock chemistry.
The Mount Hanna andesite is aphyric with SiO, contents ranging from
59:37 to 60.74 weight%. Flows are up to S m thic‘k and are commonly platy and

foliated on their surfaces.

The Cinder Prospect member consists of thinly interbedded dacite flows

and rhyolite to dacite ash-flow tuffs with SiO, contents ranging from 61.31 to
69.88 weight%. |

The Tuff of the Sloan volcanics consists of three cooling units, each
approximately 2 m thick. From oldest to youngest the units are: 1) welded
rhyolite ash-flow tuff (SiO, = 69.76 weight%); 2) poorly-welded dacite ash-flow
tuff (Si0, = 64.87 weight%); 3) welded dacite ash-flow tuff (Si0, = 64.26
weight%).

The Center Mountain dacite is composed of flows of biotite dacite with
SiO, contents ranging from 67.67 to 68.06 weight%.

The Mount Jan andesite intrudes and overlies the Cinder Prospect, Tuff of
the Sloan Volcanics, and Center Mountain dacite members. Its SiO, content
varies from 57.84 to 60.22 \;'eight%. .

The youngest member of the Sloan volcanics is the Mount Sutor dacite. It

is a biotite dacite with Sio; contents ranging from 61.67 to 64.96 weight%.
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istics of the n_Volcanic Cen

The Mount Hanna andesite differs from other members of the Sloan
volcanics in that it was erupted from a single vent. This unit is up to 307 m thick
and has a maximum volume of 9 knr*. Other members erupted from numerous
veﬁts and domes. The Mount Hanna eruptive center is about 100 m across. The
vent has been eroded and is occupied by a volcanic neck formed of resistant
andesite, silicified by hydrothermal activity. Black and red oxidized
autobrecciated andesite surrounds the vent (Fig. 7; Cross section C-C', Plate 1).
Two small volcanic domes occur about 1 km southwest of the vent and are

» interpreted as parasitic vents on the flank of the Mount Hanna eruptive center. I
suggest that the Mount Hanna andesite erupted at temperatures of approximately
1,000°C with a water content of less than 2% by a lava-fountaining mechanism.
This eruption resulted in a lava flow analogous to a hot, dry ash-flow tuff. I will
present evidence to support these observations later in this thesis.

The formation of the Center Mountain dome complex reflects the first two
steps of four docuthented by Smith (1973) for the eruptive sequence at the Mono
Craters, California. The complete sequence is: 1) creation of a tuff ring
composed of ash, lapilli and ejecta, caused from hot rising magma contacting
ground&atcr; 2) eruption of magma into the crater forming a dome; 3) cratering
of the dome from explosions and/or collapse; 4) eruption of magma into the
previougly cratered dome. The interbedded ash-flow tuffs and dacite flows of the

Cinder Prospect member and the Tuff of the Sloan volcanics were produced in



Figure 7: Photo of the Mount Hanna Andesite Vent Center
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the early stages of pyroclastic and phreatomagmatic activity and reflect the
formation of a tuff ring. The upper cooling unit of the Tuff of the Sloan volcanics
contains blocky glass shards suggesting a hydroclastic eruption mechanism (Fisher
& Schmincke, 1984): In a canyon in the southern part of the dome, (Sta.73, Fig.
8), the tuff contains armored mud balls and discontinuous stringers of dacite (Fig.
9) suggesting hydroclastic activity and lava fountaining. The Center Mountain
dacite intruded the tuff ring, erupting thick, viscous dacite over the earlier units.
The approximate volume of the dome complex is -0.44 knt'.

The Mount Ian andesite erupted from numerous domes and vents, many of
which overlie tuff rings composed of black ash and cinder. One volcanic center
(Sta. 120, Fig. 8) contains a volcanic neck of hydroclastic breccia of andesite clasts
and bombs embedded in an ashy groundmass (Fig. 10). The deposit formed when
hot, rising magma came in contact with groundwater. Clasts and bombs of
quenched andesite were ejected from the volcano. Some fell back into the vent
and became embedded m a finé-grained hydroclastic groundmass. Domes are
characterized by platy andesite forming "onion skin® patterns. Foliation defined
by platy slabs of andesite dip inward toward the conduit and i)ecome horizontal
over the vent (Fig. 11). Single domes are less than 0.5 km in diameter, and up to
75 m high.

Both the southern and northern Mount Sutor dome fields are composed of
flows of massive biotite dacite. Only two vents are exposed in the southern

Mount Sutor field, but more may be buried by flows. A vent at station 91 (Fig. 8)



Figure 8: Sample Location Map
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- Figure 9: Photo of Hydroclastic Tuff at Station 73
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Figure 10: Photo of Mount Ian Andesite Hydroclastic Breccia at Station 120
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Figure 11: Photo of Platy, Foliated Mount Ian Andesite
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consists of a tuff ring overlain by 3 to 4 m of explosion breccia overlain by 3 m of
hydroclastic breccia, capped by dacite. This sequence suggests that an earlier
dome was explosively disrupted by intruding magma creating a dacite breccia.
Phreatomagmatic activity continued and resulted in the deposition of hydroclastic
bféccia. Viscous dacite covered these units, The northern Mount Sutor field
contains 2 hypabyssal dacite stock that intruded its own volcanic cover (Fig. 12).
The hypabyssal and volcanic rocks are chemically similar. I suggest that vents
related to this shallow magma body were responsible for eruption of the dacites in
the northern Mount Sutor field. Any volcanic domes and vents have since been

stripped from the intrusion by erosion.

Petrography

Refer to Aépendix C for detailed petrographic descriptions, and Appendix
D for rock modes. |

Tuff of Bridge Spring: The Tuff of Bridge Spring is a poorly-welded to
welded rhyolite to dacite ash-flow tuff containing phenocrysts (10-33%) of
sam‘diné, plagioclase, biotite, clinopyroxene and subordinate quartz, sphene, zircon
and Fe-Ti oxides. The tuff includes pumice (1-12%), and basaltic and subordinate
gabbroic and granodioritic xenoliths (1-10%). In welded units the pumice is
flattened to fiamme. The groundmass consists of devitrified glass and glass
shards. For further descriptions of the Tuff of Bridge Spring in the McCullough
Mountains, see Koh! (1978) and Schmidt (1987).

Hidden Valley volcanics; Basalts are vesicular, subalkalic to transitional
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Figure 12: Photo of Hypabyssal Stock in the Northern Mount Sutor Dacite Field
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and contain phenocrysts (1-37%) of plagioclase, clinopyroxene and iddingsitized
olivine. Some of the phenocrysts commonly occur in glomerocrysts. Two samples
(Mc47 & Mcd8) have phenocrysts (4-5%) of oxidized biotite or phlogopite. Some
of the samples include up to 1% glass-rimmed quartz xenocrysts. The groundmass
mﬁSists of microlites of plagioclase, clinopyroxene, iddingsitized olivine, and trace |
amounts of glass. For further descriptions, see Kohl (1978) and Schmidt (1987).

Mount Hanna andesite; The Mount Hanna andesite is fine-grained,
hypocrystalline and commonly trachytic. Phenocrysts are rare (< 1%) and consist
of highly embayed ﬁnd pitted plagioclase and biotite. Andesite is characterized by
microlites of subparallel plagioclase with subordinate Fe-Ti oxides, glass and
highly birefringent cryptocrystalline grains (pyroxene & olivine?).

Cinder Prospect member; Ash-flows tuffs of the Cinder Prospect member
contaiﬂ phenocrysts (25-26%) of plagioclase, sanidine, biotite, Fe-Ti oxides and
clinopyroxene with trace amounts of zircon. Subordinate basaltic, gabbroic and
granodioritic xenoliths also occur. Plagioclase phenocrysts are commonly pitted
and embayed. The groundmass consists of devitrified glass and glass shards, and
trace amounts of granular hematite. Ash-flow tuffs are commonly vitrophyric.
Biotite dacite contains glomerocrysts (4-6%) of plagioclase, biotite and Fe-Ti
oxides, and phenocrysts (5-6%) of the same assemblage of minerals found in the
glomerocrysts. The groundmass consists of microlites of plagioclase with

subordinate oxidized biotite, zircon and glass.

Icl_ff_Qt_th_e_ﬂQLVQ]_cgm Tuffs contain phenocrysts (17-36%) of
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plagioclase, sanidine, biotite, clinopyroxene, Fe-Ti oxides, sphene and trace
amounts of zircon. The basal rhyolite cooling unit (Mc59a) has trace amounts of
monazite, epidote and allanite. The upper dacite cooling unit (McS59¢c) has trace
amounts of quartz. The mffs also include devitrified pumice clasts (2-12%), and
buﬁﬁc and gabbroic xenoliths (4-21%). The groundmass consists of devitrified
glass shards. Shards from sample Mc59c are blocky. '

Center Mountain dacite; The Center Mountain biotite dacite is
holocrystalline and contains phenocrysts (6-9%) of plagioclase with subordinate
oxidized biotite anci Fe-Ti oxides. The groundmass consists of microlites of
plagioclase with subordinate oxidized biotite, Fe-Ti oxides and clinopyroxene(?),
and secondary calcite (1-5%) that coats fractures and partially replaces the
groundmass. Rocks are commonly glomerocrystic and trachytic.

Mount Jan andesite; The fine-grained, hypocrystalline Mount Ian andesite
contains phenocrysts (5-35%) of plagioclase, oxidized biotite and Fe-Ti oxides
with subordinate orthopyroxene and iddingsitized olivine. Some phenocrysts occur
in glomerocrysts. The groundmass consists of microlites of the phenocryst-phase
minerals, dominated by plagioclase. Trace amounts of hematite and glass are also
present. |

Mount Sutor dacite: The Mount Sutor biotite dacite contains
glomerocrysts (2-18%) of plagioclase, biotite and Fe-Ti oxides. Some
glomerocrysts also contain orthopyroxene and/or clinopyroxene. Dacites include

phenocrysts (2-6%) of the same assemblage of minerals found in the
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glomerocrysts. One sample (Mc27) has less than 1% oxidized hornblende.
Plagioclase is pitted, embayed, and displays oscillatory zoning. Biotite is
commonly oxidized. The groundmass consists of microlites of plagioclase, biotité
and Fe-Ti oxides, with subordinate orthopyroxene, clinopyroxene, zircon and glass.
Two samples (Mc118 & Mc119) collected from the hypabyssal stock in the
northern Mount Sutor field are coarse-grained but have an identical mineralogy to

their volcanic counterparts.
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GEOCHEMISTRY

Metasomatism
Tertiary igneous rocks in the Lake Mead-Las Vegas area are commonly

metasomatized (Feuerbach, 1986; Smith et al., 1989; Larsen, 1989). During
metasomatism rocks are strongly enriched in potassium and depleted in sodium,
or vice versa. For example, some of the quartz monzonite samples from the
Tertiary Wilson Ridge pluton (Fig. 1) have K,O contents as high as 10.5 weight%
and Na,O as low as 0.75 weight% (Feuerbach, 1986).

Rocks of the Sloan volcanics abpear not to have been appreciably affected
by metasomatism. Similar K,0 and Na,O contents (4 to 6 and 3 to 5§ weight%
respectively) suggest that potassium and/or sodium enrichment has not occurred.
Harker variation diagrams show that K,0 and Na,O increase with increasing SiO,,
but the data are scattered (Figs. 13A & 13E). The scatter may be due to minor

remobilization of alkali elements.

Major Elements
Rocks of the Sloan volcanics are calc-alkaline (Fig. 14) and range from 58

to 70 weight% SiO, (Appendix A). MgO, Fe,O;, Ca0, ALQ,, TiO, and P,O;
decrease with increasing SiQ, (Figs. 13B, 13C, 13D, 13F & i3G). K,O and Na,0
increase with increasing SiQ, (Figs. 13A & 13E).

Harker variation diagrams divide the rocks of the Sloan volcanics into four

chemically distinct groups. These are the: 1) Mount Hanna andesite and Mount
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X Mount Hanna andesite

Figure 13: Harker variation diagrams
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Figure 14: AFM diagram showing the calc-alkaline characteristics of the rocks of
the Sloan volcanics. Diagram is after Irvine and Barager (1971).
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Ian andesite (greater than 1.4% MgO, 0.55% TiG, and 16.7% ALO,); 2) Mount
Sutor dacite (0.6% to 1.4% MgO, 0.25% to 0.55% Tid,, and 15.6% to 16.4%:
ALQ;); 3) Cinder Prospect member and Center Mountain dacite (less than 1.0%
MgO, 0.20% TiO, and 16.0% ALQ,); 4) Tuff of the Sloan volcanics (similar
range of Si0, as the dacites, but higher in MgO (0.8% to 1.8%) and TiQ, (0.45%
to 0.65%), and lower in AL O, (14.4% to 15.2%)) (Fig. 15).

Trace Elements
Compatibilify of the trace elements in mineral phases is directly dependent

upon rock type. For example, the large ion lithophile elements (LILE) Ba and
Rb are incompatible in andesite, but compatible with biotite in dacite. The
transition metals Co and Cr are compatible with olivine in andesite, but relatively
incompatible in dacite. The LILE Th a_nd the rare-earth element (REE) Ce are
compatible only in accessory minerals such as monazite. Felsic rocks such as
rhyolite and dacite contain a higher modal concentration of accessory minerals
such as zircon, sphene, apatite and monazite than andesites and basalts.

In rocks of the Sloan volcaniés, the concentrations of: 1) total REE (La,
Ce, Nd, Sm, Eu, Tb, Yb and Lu) increase with increasing SiQ, (Fig. 16A). 2) Th
and the incompatible high field strength elements (HFSE) Hf and Ta increase
with increasing SiO, (Figs. 16B & 16C); 3) the LILE Sr decreases with increasing
Si0, (Figs. 16D & 16F); 4) the transition metal Co decreases with increasing
Si0, (Figs. 16G & 16H); 5) Eu decreases with increasing Si0O, (Figs. 16D, 16E &

16G).
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_ S
Chemical plots of trace elements distinguish the same four groups that are

suggested by the Harker variation diagrams. For most elements, the differences
between each group is greater than mean mﬂyﬁcal error indicating that the
differencés between groups is statistically significant (Table 3). The andesites are
more depleted in Hf, Ta and Th, and more enriched in Co than the other groups.
The Mount Sutor dacite is enriched in Eu. The Tuff of the Sloan volcanics is
depleted in Eu, and enriched Ta and Th. The Center Mountain dacite and the
Cinder Prospect member are depleted in V.

If the rocks of the Sloan volcanics had a comagmatic relationship and were
produced by a fractional crystallization or partial melting process, samples would
plot on a continuous positive linear slope on an incompatible element diagram.
Instead, incompaﬁble element diagrams show four separate groupings of data
(Fig. 16). A sampling bias could cause the gaps between groups. During
sampling, however, I was careful to collect all the exposed compositional
variations of volcanic and hypabyssal rocks. I suggest, therefore, that the four
groups represent chemically distinct magma types and do not reflect incomplete
sampling.

Spider diagrams may be used to distinguish the general chemical
characteristics of rock suites, determine evolutionary paths and identify sources.
Spider diagrams are constructed by normalizing trace element values to known
concentrations and plotting them on a logarithmic scale. These diagrams

" minimize data scatter and emphasize general chemical trends and "signatures”.
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Sc 0.04 0.68
Vv 3.82 9.87
Cr 2.15 5.93
Co 0.16 394
Rb 8.33 7.62
Sr 114 - 14.7
Eu 0.07 3.23
Hf - 0.21 2.32
Ta 0.11 9.53
Th 0.24 1.22
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)74

Normalized values used in this thesis are chondrite (Thompson et al., 1984) and
MORB (Pearce, 1983). :

Chondrite normalized REE diagrams (Thompson, 1984) show that the four
rock groups have similar chemical signatures (Figs. 17A-17D). The Tuff of the
Sloan volcanics differs only in that it is depleted in Eu (Fig. 17C). Rocks of the
Sloan volcanics are enriched m light REE (LREE) and depleted in heavy REE
(HREE). The LREE La varies from about 250 to 400 chondrite. The HREE Lu
varies from about 10 to 25 chondrite.

Spider diagrams show a common depletion in P, Ti and Ta, and
enrichment in Rb,' K, La, Nd and Zr for the four rock groups of the Sloan
volcanics (Figs. 18A-18H). The Tuff of the Sloan volcanics differs only in that it
is depleted in Ba (Figs. 18C & 18G). Major and trace element diagrams are
sensitive to small differences in source rocks and petrogenetic paths, while spider
plots are not. The fact that th¢ rocks of the Sloan volcanics are separated into
four groups on major and trace element plots, but are not segregated on spider
diagranis, suggests that the chemical differences between the groups are

significant, but small,

m n tial Varjations in mical Tren
Spider diagrams indicate that the andesites of the Sloan volcanics have a
chemically similar source as the older Hidden Valley volcanics, except that the
Hidden Valley basalt is more depleted in the incompatible elements Ta, Th and

La (Fig. 19). Its overall pattern is similar to the Sloan volcanics, suggesting that
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both bad a common source.

To determine the regional extent of rocks that share the McCullough
Mountain's chemical signature, Tertiary volcanic rocks from the McCullough,
Eldorado and River Mountains, Devil Peak, Table Mountain, the White Hills and
th§ ‘Hamblin Cleopatra volcano (Fig. 1) were plotted on spider diagrams.
Volcanic ropks with the chemical signature of the McCullough Mountains occur in
the McCullough, Eldorado and River Mountains, and the White Hills. There are
_ two other chemically distinct patterns. Felsic volcanic rocks occurring at Table
Mountain and Devil Peak in the Spring Range are enriched in Th, Rb and Ta,
and depleted in Ba, P and Ti. Basalts of the Hamblin Cleopatra volcano are
depleted in Ce, Nd, Sm and La (Figs. 20A-20D).

This type of geochemical analysis suggests that the scale of significant
chemical variation of source rocks in the lower crust and mantle in the Las Vegas-
Lake Mead area is probably .in the tens to hundreds of square kilometers. This
analysis also suggests that each source area did not appreciably change chemically
over the approximately five Ma represented by rocks exposed in the central

McCullough Mountains.
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Hamblin Cleopatra volcano. ,
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“ MAGMA PETROGENESIS

A% ion ‘een f the Sloan Volcani

Introduction

In this section, three different models for the origin of the Sloan volcanics
are introduced and discussed. The models involve magma commingling, crystal
fractionation and partial melting. Using petrographic and geochemical evidence, I
will show that partial melting of separate sources is responsible for the production

_of the Sloan volcanics.

agma Comminglin

The production of mid-Miocene intermediate igneous rocks in the Las
Vegas-Lake Mead area by mechanisms of magma commingling was documented
by Naumann and Smith (1987), Naum@ (1987), Larsen (1989) and Larsen and
Smith (1991) for the diorité to quartz monzonite of the Wilson Ridge pluton, and
by Naumann and Smith (1987) and Naumann (1987) for the andesites and dacites
in the northern Black Mountains (Fig.1).

Textural evidence for magma commingling includes: 1) disequilibrium
mineral assemblages such as quartz in andesite or olivine in dacite; 2) resorbed,
embayed phenocrysts rimmed with glass; 3) plagioclase xenocrysts displaying
glass-charged zones (fretted texture); 4) mafic blobs/cnclaves_in intermediate
rocks that show a decrease in phenocryst size toward their margins (Koyaguchi,

1986).
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Chemica! and textural evidence must be combined to document magma
commingling. On chemical plots, rocks formed by magma commingling will plot
on a linear variation line between the two end members (Koyaguchi, 1986).

Rocks of the Sloan volcanics do not show petrographic evidence of magma
comminglirié. The Mount Ian andesite, however, contains less than 1% biotite,
Biotite may be an equilibrium phase in andesites with SiG, greatef than 55%
(Williams, Turner & Gilbert, 1982), or it may represent a disequilibrium phase
that was introduced during magma commingling. Because of the possibility that
magfha commingling may hé.ve contributed to the petrogenesis of the Mount Ian
andesite, it was chosen to test magma commingling models for the Sloan
volcanics.

Mafic and felsic rocks from the central McCullough Mountains were
evaluated as pbssible end member-magmas for the production of the Mount Ian
andesite. A possible mafic end member is the basalt of the Hidden Valley
volcanics. Possible felsic end tﬁémbers are the r_hyolites of the McCullough Pass
volcanics (Schmidt, 1987) and the dacites of the Cinder Prospect member of the
Sloan volcanics. A dacite from the Cinder Prospect member of the Sloan
volcanics was chosen because it plots on the same linear variation line as the
Hidden Valley volcanics and the Mount Ian andesite. The McCullough Pass
rhyolites were ruled out because they do not plot on this variation trend.

The computer program XLFRAC (Stormer and Nichols, 1978) (modified

by Rob Helvie, 1991) was used to evaluate the possibility that the Mount Ian

P P . e — P L.

e Al 23 - Y 2 o s e . v 12 g g bt it 22 g & 7 Fhe

R d T ar R R T IELRE Tt H S i g i A Sn U A T N " A
TR O A e g e AN Y o o e BRI s SRR Pt L RN R
v ' - R . A, 4

by bl

e e e+ g 1 S AT PR
~ st 6 gat




67

andesite is a hybrid magma produced by the commingling of the Hidden Valley

basalt and dacite of the Cinder Prospect member. Using a mixing model with no :

fractionation, it is necessary to add 95.35% by volume Cinder Prospect dacite to
basalt of the Hidden Valley volcanics (Table 4a). This model is unrealistic for
tWO reasons. First, the sum of the squares of the residuals (R?) is 20.04. R? is the
square of the sum of the differences between the observed and calculated weight
percentages of each oxide and must be close to 1.00 if the mddel is to be
acceptable at the 99% level of significance. Second, the addition of 95.35% dacite
magma to a basalt magma Qould result in abugdmt petrographic and field
evidence of magma commingling. No mixing textures are evident in The Mount
Ian andesite.

Another model was analyzed utilizing the fractionation of olivine,
clinopyroxene and plagioclase from Hidden Valley basalt, along with the addition
of dacite of the Cinder Prospect member. For this model, it is necessary to add
68.90% dacite to Hidden Valley basalt (Table 4b). The lack of mixing textures
suggests that this model is ﬁnrealistic.

I suggest, therefore, that magma commingling may be ruled out as a major

process in the petrogenesis of the Sloan volcanics.

fonation an ial Meltin
If a suite of rocks is produced by fractionation of a common parent,
magmas derived by small amounts of fractional crystallization will be enriched in

elements compatible with the fractionating phases. Rocks formed by greater
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Table 4a N
Mixing Model #1: Mixing Of Hidden Valley Basalt (Mc116)
With Cinder Prospect Member Dacite (Mc121)
To Produce Mount Ian Andesite (Mc77). .
1 Hidden Cinder Mount 33
Valley Prospect Ian | Model 211 168
Composition| basalt | member dacite | andesite | _rock IR
Sio2 51.72 69.86 59.28 60.36 o :
AR03 17.05 15.65 17.22 17.53 :
Fe203 10.44 3.00 7.08 7.21
CaO0 9.35 1.63 4.15 4.23 sl
MgO - 5.15 0.48 1.84 1.87 i |
Na20 3.15 3.65 3.62 3.69
K20 1.73 5.63 441 4.49 g
TiO2 1.40 0.11 061 | 0.62 :
Total% of dacite added to basalt = 95.35
Above values are in weight percentages ]
\— Sum of the squares of the residuals = 20.04 : vl
Table 4b

Mixing Model #2: Fractionation Of
Olivine, Clinopyroxene And Plagioclase
From Hidden Valley Basalt With
Addition Of Cinder Prospect Member
Dacite To Produce Mount Ian Andesite.
See Model #1 For Rock Compositions.

Amount added
or subtracted
from Hidden
Phase Valley basalt
Olivine -2.07
Clinopyroxene -17.50
Albite -5.80 :
Anorthite -2.00 -
Cinder Prospect
member dacite +68.90

Values are in weight percentage.




69
degrees of fractional crystallization will be depleted in these elements. For
example, if plagioclase is fractionated, parly—forming rocks will be enriched in Ca,
Eu and Sr, while later-forming rocks will be depleted in these elements.

A chemical plot of elements compatible with the fractionating phase will
display a linear trend with 2 positive slope. The trend should also display a
continuous range of composition with no gaps between rock types. If no
fractionation has occurred, rocks will plot in clusiers or in vertical or horizontal
trends on a compatible element diagram.

 Spider plots will also indicate fractionation. If plagioclase has fractionated,
a low value or "dip” in the data will occur for clc-ments compatible with this
phase. On chondrite-normalized REE diagrams, plagioclase fractionation will
result in a Eu anomaly.

Plagioclase and clinopyroxene are common phenocryst phases in rocks of
the Sloan volcanics. Fractionation qf these ph;ses was evaluated to analyze the
relationship between the four rock groups of the Sloan volcanics. On Sr \}ersus
Eu, CaO versus Eu (plagioclase compatible), and Sc versus V (clinopyroxene
compatible) plots, there are no fractionation trends relating the four rock groups
to a common parent (Figs. 16D, 16E & 16]). I conclude, therefore, that the four
rock groups of the Sloan volcanics were not produced by fractionation of a
common melt. This analysis also suggests that the four groups are not related to

each other by a fractionation process.

During partial melting, incompatible elements enter the melt early because
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~ their mineral/liquid distribution coefficients are low. Rocks produced by small
amounts of partial melting will be enriched in incompatible elements. Rocks
produced by a larger amount of partial melting will be depleted in incompatible
elements. On a plot of incompatible elements (Hf versus Th for example), rocks
produced by partial melting of a common source will fall on a linear trend with a
positive slope, displaying a continuous range of composition. Partial melting of
different sources is suggested if data are clustered on incompatible element plots.
The four rock groups of the Sloan volcanics were analyzed to determine
whe&cr or not they represent independent partial melts. On incompatible
element plots (Hf versus Th and Hf versus Ta), the rocks cluster into the same
four chemically distinct groups defined by the major elements (Figs. 16B & 16C).
I conclude, therefore, that each rock group evolved by partial melting of a
chemically distinct source. The nature of these sources will be discussed in the

*Sources for Partial Melting" section.

jon hin f the Sloan Volcan

Introduction
In this section, fractionation processes and trerids will be evaluated for the

andesites, dacites and tuff of the Sloan volcanics. Refer to Figure 16 for trace

element diagrams, and Figure 17 for chondrite-normalized REE diagrams.

Andesites
Elements that are compatible with plagioclase (Eu, Sr and Ca) were
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plotted to determine if fractionation of this phase occurred in the andesites of the
Sloan volcanics. The lack of a positive linear trend on these diagrams for the
Mount Hanna andesite suggests that no plagioclase fractionation occurred (Figs.
16D & 16E). A positive linear trend on the Eu versus Sr plot, however, suggests
minor plagioclase fractionation in the Mount Ian andesite (Fig. 16D). The lack of
a Eu anomaly on the chondrite-normalized REE diagram confirms that
plagioclase fractionation was minor (Fig. 17A). No positive linear trends are
evidcgt on plots of Cr versus Co and Sc versus V, suggesting no olivine and

clinopyroxene fractionation respectively (Figs. 16H & 16I).

Dacites

Dacites and tuffs of the Cinder Prospect member contain phenocrysts of
plagioclase and biotite. No p]agioclase fractionation trend is apparent on plots of
Sr versus Eu and CaO versus Eu (Figs. 16D & le). The lack of a Eu anomaly
on the chondrite- normalized REE 'd}agram also suggests that plagioclase did not
fractionate (Fig. 17B). No biotite fractionation is apparent on a Sr versus Rb
(biotite compatible) diagram (Fig. 16F).

An ash-flow tuff in the Cinder Prospect member (sample Mc78)
consiStently plots outside the Cinder Prospect field on compatible element
diagrams. It is approximately S weight% lower in Si0,, 1 weight% higher in CaO
and ALQ,, and 3.5, 40 and 600 ppm higher in Co, V and Sr respectively than
other rocks in its group. On plots of incompatible elements (Th, Ta and Hf), this

tuff plots within the field of the Cinder Prospect member (Figs. 16B & 16C).
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Fractionation of the tuff before eruption may be responsible for the differences in
compatible element abundances.

In the Center Mountain dacite, biotite fractionation is not evident in a plot
of Rb versus Sr (Fig. 16F). Chemical plots of CaO versus SiQ, (Fig. 13D), and
the lack of aNEu anomaly on the chondrite-normalized REE diagram (Fig. 17B)
indicate that plagioclase did not fractionate.

In the Mount Sutor dacite, chemical plots of CaO versus Eu and Sr versus
Eu (Figs. 16D & 16E), and the lack of a Eu anomaly (Fig. 17D) suggest that
plagit;clase was not fractionated. Plots of Sc versus V and Sr versus Rb indicate

no clinopyroxene and biotite fractionation respectively (Figs. 161 & 16F).

The Tuff of the Sloan Volcanics

Chemical plots suggest fractionation of plagioclase, sanidine and
clinopyroxene. Plagioclase and sanidine fractionation is suggested by the positive
linear trend on a plot of the compatiBle clements Sr and Eu (Fig. 16D), and by a
Eu anomaly on the chondrite-normalized REE diagram (Fig. 17C).
Clinopyroxene fréctionation is suggested by the positive correlation of the

compatible elements Sc and V (Fig. 16I).

Introduction

In the previous sections, it was demonstrated that magma commingling and

fractionation are not responsible for the production of the four rock groups of the
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Sloan volcanics. It was concluded that partial melting of chemically distinct
sources was the dominant process. In this :section I will propose model source
rocks for the Sloan volcanics.

Geochemical modeling was used to explore possible explanations
concerning magma petrogenesis. A model is non-unique and must be combined
with field and petrographic analyses to be of any merit.

The Pascal computer program MELT was used to evaluate source rock
compositions and the amount of partial melting required to produce the andesites
and dacites of the Sloan volcanics. MELT uses trace element distribution
coefficients (Arth, 1976) and calculates a model rock using the batch melting
equation of Shaw (1970). In these models, a critical assumption is the mineralogy
and geochemistry of the source rock.

Two source rocks were used in the models. The first is a Precambrian
amphibolite exposed in the lower plate of the Saddle Island detachment, Lake
Mead (Smith, 1982a, 1984, 1986; Scwall; 1988; Duebendorfer et al., 1990). The

amphibolite contains plagioclase (25-40%), actinolite and chlorite. It was

assumed that the protolith of the amphibolite was gabbro containing plagioclase
and clinopyroxene + /- olivine. Chemistry of the a.mpin'bolite (Tables 5a & 5b) is
from an unpublished data base (E.I Smith, University of Nevada, Las Vegas).
The Saddle Island amphibolite is a reasonable source rock for the following
reasons: 1) it will yield intermediate composition ;nagma upon partial melting;

2) it crops out in the Lake Mead-Las Vegas area; 3) its occurrence in the lower
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Table Sa _
Melt Model #1: Production Of Sloan Andesite (Mc110)
From 25% Partial Melting Of Saddle Island Amphibolite.
All Rock Compositions Are In ppm.
Saddle Island Sloan Model Bulk
amphibolite andesite melt distribution
Element | composition | composition | composition| coefficient
Ba 655.00 1800.00 2078.01 0.087
Sr 1396.00 2280.00 1926.18 0.633
Ce 60.07 173.00 169.37 0.140
Nd 31.20 65.50 78.82 0.238
Sm 6.90 10.00 13.17 0.365
Eu 1.81 2.57 3.07 0.454
Yb 1.80 2.53 3.07 0.448
Lu 0.19 0.32 0.34 0.405
Sc '21.45 6.47 13.83 1.735
Cr 113.00 136.00 24.50 5.817
v 291.00 70.60 315.28 0.897
Co 26.30 10.30 29.24 0.866
Mineral modal percentages of source rock:
plagioclase = 30; clinopyroxene = 69; olivine = 1
Table §b
Melt Model #2: Production Of Sloan Dacite (Mc119)
From 15% Partial Melting Of Saddie Island Amphibolite.
All Rock Compositions Are In ppm.
Saddie Island “Sloan Model Bulk
amphibolite dacite melt distribution
Element | composition | composition | composition | coefficient
Ba 655.00 1780.00 2712.66 0.108
Sr 1396.00 1310.00 1661.51 0.812
Ce 60.07 216.00 224,73 0.138
Nd 31.20 101.00 93.05 0.218
Sm 6.90 14.80 16.13 0.327
Eu 1.81 3.32 3.44 0.442
Yb 1.80 3.84 3.68 0.399
Lu 0.19 0.64 0.42 0.360
Sc 2145 742 14.96 1.510
Cr 113.00 40.20 25.48 5.040
v 291.00 19.20 357.93 0.780
Co 2630 3.19 34.51 - 0.720

Mineral modal percentages of source rock:
plagioclase = 40; clinopyroxene = 60

74
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plate of a detachment implies that it probably represents mid-to lower-crustal
rocks. The second souree is spinel peridotite. Spinel peridotite occurs as
xenoliths in alkali basalts in the nearby Fortification Hill field of northwestern
Arizona (Wilshire et al., 1988; Nielson and Nakata, in press). Ultramafic
xenoliths ;u'e also found in the alkali basalt that crops out near the Sloan
limestone quarry just to the northwest of Hidden Valley (Plate 1, Appendices A
and D). Felsic upper-crustal rocks were not considered as possible source rocks
since the amount of partial melting required to produce andesites and dacites is

un_i‘calistimlly high.

ial Mel

Four models were tested. They are:

1) A 25% partial melt of Saddle Island gabbro consisting of 30%
plagioclase, 69% clinopyroxene and 1% olivine produces an acceptable model for
the production of the Sloan andesites. There is close agreement of the REE
concentrations between the model rock and andesite. Concentration of elements
compatible with clinopyroxene and olivine (Sc, Cr, V and Co), however, do not

match well between the model rock and andesite. Agreement between the model

rock and andesite for concentrations of Sr and Ba is very good (Table 5a, Fig. 21). |

2) A 15% partial melt of Saddle Island gabbro consisting of 40%
plagioclase and 60% clinopyroxene provides a realistic model for the production
~ of the Sloan dacites. With the exception of Lu, there is excellent agreement of all

of the REE between the model rock and dacite. There is poor to average
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Figure 21: Chondrite-normalized REE diagram showing the chemical similarities
between the Sloan andesites (Mc 110) and a 25% partial melt of
gabbro.
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correspondence between compatible elements (V, Sr and Ba) in the model rock
and the dacite (Table 5b, Fig. 22).

3) A 0.5% partial melt of spinel peridotite containing 56.4% olivine, 30.1%
orthopyroxene, 10% clinopyroxene and 3.5% spinel, with 2 times chondrite REE
concentration did not produce favorable results. The concentrations of Ce, Nd,
Sm and Eu in the model rock are lower than the andesite. The edncentrations of
Yb and Lu in the model rock are higher than the andesite.

(Table Sc, Fig. 23).

4) A 0.5% partial melt of spinel peridotite with the same mineralogy as
above, but with concentrations of 10 times chondrite for Ce, Nd and Sm, 3 times
chondrite for Eu, and 2 times chondrite for Yb and Lu also does not produce
favorable results (Table 5d, Fig. 24). The REE concentration in this model

represents a metasomatized mantle that has been enriched in LREE,

Discussion

These models suggest that the Sloan andesites and dacites can be produced
from partial melﬁ of a rock similar to the Saddie Island gabbro. It must be kept
in mind that using the Saddle Island gabbro as a source rock does not provide a
unique solution. The Saddie Island gabbro may have followed a different
evolutionary path than the source rocks for the Sloan volcanics. The large
amount of variance between the compatible elements may be a reflection of their
different petrogenetic histories. Even though these models are non-unique, they

constrain the mineralogy and geochemistry of the source rocks for the Sloan
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Table 8c

Melt Model #3: Production Of Sloan Andesite (Mc110) From 0.5%
Partial Melting Of Peridotite. Rock Compositions Are In ppm.

Peridotite Sloan andesite Melt
composition: | composition: | composition: Bulk
normalized normalized normalized | distribution
Element| to chondrite to chondrite to chondrite | coefficient
Ce 2 196.59 68.47 0.026
Nd 2 109.17 40.06 0.045
Sm 2 55.25 27.1 0.068
Eu 2 37.25 26.22 0.072
Yb 2 12.65 18.52 0.103
Lu 2 9.41 19.39 0.099
Mineral modal percentages of source rock:
olivine = 56.4; orthopyroxene = 30.1;
Table 5d — _
Melt Model #4: Production Of Sloan Andesite From 0.5%
Partial Melting Of Peridotite. Rock Compositions Are In ppm.
Peridotite Sloan andesite Melt
composition: | composition: | composition: Bulk
normalized normalized normalized | distribution
Element{ to chondrite to chondrite to chondrite | coefficient
Ce 10 196.59 324.34 0.026
Nd 10 109.17 200.29 0.045
Sm 10 55.25 138.55 0.068
- Eu 3 37.25 39.33 0.072
Yb 2 12.65 18.52 0.103
Lu 2 941 19.39 0.099

Mineral modal percentages of source rock:
olivine = 56.4; orthopyroxene = 30.1;
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Figure 22: Chondrite-normalized REE diagram showing the chemical similarities
between the Sloan dacites (Mc 119) and a 15% partial melt of
gabbro.
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Figure 23: Chondrite normalized REE diagram showing the chemical differences ’
between the Sloan andesites (Mc 110) and dacites (Mc 119), and a
0.5% partial melt of spinel peridotite. Values for the spinel peridotite
are two times chondrite concentration.
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Figure 24: Chondrite-normalized REE diagram showing the chemical differences
between the Sloan andesites (Mc 110) and dacites (Mc 119), and a
0.5% partial melt of spinel peridotite. Concentrations used for the
spinel peridotote are ten times chondrite for Ce, Nd and Sm, three
times chondrite for Eu, and two times chondrite for Yb and Lu.
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volcanics.

Crustal Contamingtion

Geochemistry suggests that rocks of the Sloan volcanics were produced in.
the mid-to lower-crust by the partial melting of a gabbro. In this section, crustal

contamination of rocks of the Sloan volcanics will be evaluated using petrographic

and geochemical evidence.

Petrographic evidence for crustal contamination is limited to the Tuff of

the Sloan volcanics. The tuffs contain abundant xenoliths, many of them gabbroic.
Sr contents greater than 1,000 ppm rule out large degrees of crustal
contamination. Sr contents are normally greater than 1,000 ppm in rocks derived

from the lower-crust and mantle. Rocks derived in the upper-crust are enriched

in Rb and depleted in Sr (< 1,000 ppm Sr). Crustal contamination, therefore,

commonly results in Sr contents less than 1,000 ppm. The high Sr contents in the

Mount Hanna and Mount lan andesftes, and the Mount Sutor dacite (> 1,000

ppm) suggests a lack of significant crustal contamination (Appendix B).
Volumetrically, these rocks are the dominant lithologies of the Sloan volcanics. In
contrast, the dacites and tuffs from the Center Mountain dome complex have Sr
contents less than 1,000 ppm (Appendix B). This suggests that residence time in

the crust and/or crustal contamination may have played a part in the evolution of

these rocks.




THE SLOAN SAG

Introduction
In thxs section, by using field data, I will demonstrate that there is a

structural sag in Hidden Valley.

idden Vall

. Even though neither cited evidence, both Hewett (1956) and Longwell
(1965) recognized the existence of a semi-circular depression in Hidden Valley.
My field mapping has revealed structural evidence for a sag in Hidden Valley. In
the northern part of Hidden Valley, the Tuff of Bridge Spring and the Hidden
Valley volcanics dip 10°-15‘5 south. Rocks of the Hidden Valley volcanics in the
southern part of Hidden Valley dip 20°-3(° north. Tuffs and basalts west of
Hidden Valley dip about 10° east. East of Hidden Valley, pre-Sloan volcanic
rocks dip 10°-3(° west (Plate 1).

Additional evidence for a structural depression includes log data from a
water well in western Hidden Valley (Plate 1). The drill hole penetrated 700 feet
into alluvium, never striking bedrock.

Association to a structural sag may not be the only explanation for the east
and west dips about Hidden Valley. The eastward regional dip of the
McCullough Mountains (Anderson et al., 1985; Schmidt, 1987) may be responsible

for the orientation of pre-Sloan volcanic rocks to the west of Hidden Va.lley. In
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the McCullough Mountains, westward dipping normal faults resulted in eastward
stratal tilting of up to 40° (Anderson et al,, 1985). An alternate explanation for
the westward dips in the northern McCullough Mountains is suggested by the
model of Weber and Smith (1987). By using a plot of relatively immobile and
incompatible elements (Hf, Ta and Th), Weber and Smith chemically correlated
Tertiary plutonic rocks of the Boulder City and Nelson plutons with volcanic rocks
of the Eldorado and northern McCullough Mountains (Fig. 2). If their model is
correct, the Eldorado and northern McCullough Mountains formed a volcano
above the Boulder City and Nelson plutons. Westward dips of volcanic rocks in
the northern McCullough Mountains, therefore, may represent the western flank

of this stratocone.

Lonclusion

The south and north dips of pre-Sloan volcanic rocks to the north and
south of Hidden Valley respectively .cannot be easily explained by regional trends,
and I suggest that they are directly related to the formation of the Sloan sag.
Although there are alternative explanations for the east and west dips of pre-
Sloan volcanic rocks to the west and east of Hidden Valley respectively, I
conclude that the overall inward dips of Pre-Sloan volcanic rocks about Hidden
Valley indicates the presence of a structural depression. This conclusion is

supported by well-log data.
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A physiographic sag filled with and surrounded by volcanic domes and
flows is suggestive of a caldera. In this section, evidence for a classic collapse
caldera origin for the Sloan sag will be evaluated. Using field evidence, I will

show that a classic collapse caldera does not exist in Hidden Valley.

Discussion

Two of the main criteria for the existeqpe of a collapse caldera are:

1) embayed, scalloped and faulted caldera margins with associated slump breccias;
2) an ash-flow tuff related to the caldera (Steven and Lipman, 1976; Steven et al.,,
1984; Walker, 1984). My initial field mapping concentrated on a search for
features suggestive of a classic collapse caldera m Hidden Valley.

The Mount Hanna andesite member of the Sloan volcanics is in direct
contact with older basalts of the'Hiddcn Valley volcanics only in the eastern part
of the thesis area. In other areas, contacts are covered by alluvium. Careful
mapping along this contact demonstrated that it is depositional and is not a fault.
In some areas the contact is low-angle and conformable, while in other places it
cuts across topography and appears unconformable. (Plate 1). This relationship
can be explained by the deposition of the Sloan volcanics on the irregular surface
of the Hidden Valley basalt. No slump breccias are found in this, or any other
area of Hidden Valley.
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Ash-flow tuff occurs in the Center Mountain dome complex and in the

western portion of the northern Mount Sutor field. There are also outcrops of
ash-flow tuff west of Hidden Valley (Plate 1). Tuff within Hidden Valley is
associated with isolated pyroclastic events related to dome formation. Chemical
studies demonstrate that the tuff to the west of Hidden Valley is the Tuff of
Bridge Spring, a regional ash-flow sheet whose source 1s unknown. 'Nonc of the

| tuff exposures in and around Hidden Valley are associated with a pyroclastic
event related to caldera formation.

| The lack of slump breccias and an associated ash-flow tuff, argues strongly

against a classic collapse caldera origin for the Sloan sag.
Significance of the Mount Hanna Andesite

Introduction

In this section, I will begin to discuss the origin of the Sloan sag by
evaluating the significance of the thick pool of Mount Hanna andesite within the
depression. High silica lava flows are typically thick and of small areal extent.
Walker (1973) reported that rhyolitic lava flows have a median length of 1.1 km,
with none longer than 10 km. Felsic to intermediate fyroclasﬁc flows, however,
may be very thin and travel greater than 70 km from their source (Henry et al.,
1988). Ekren et al. (1984) described extensive "lavalike” rhyolite flows without
pyroclastic textures in and adjacent to the Owyhee Mountains and the Owyhee

Plateau of southwestern Idaho. Experimental data from one of the Owyhee flows
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(the Little Jacks Tuff) suggests that it formed from a dry melt (2% H,O or less)
under pressures as great as 8 kilobars and temperatures of greater than 1,000 °C.

Magmas originated from a depth of about 25 km. Similar deposits include the

Oligocene Bracks Rhyolite (Si0, = 68% to 72%) of the Trans-Pecos volcanic

field, Texas, which covers an area of 1,000 km? (Henry et al., 1988), and the
Middle Proterozoic Yardea Dacite (SiO, = 67%) of south Australia, which covers

an area of over 12,000 kn? (Creaser and White, 1991). The Trahs-Peeos and
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Yardea rocks lack pyroclastic textures. Low water content allows devolitilization

and fragmentation of magma near the surface.. High temperatures produce non-
viscous lavas capable of flowing great distances (Henry et al., 1988). If these lavas ¥ A

erupted at lower temperatures and higher water contents, it is reasonable to

assume that ash-flow tuffs would have been produced. 'l;‘ | i
: ." 1 g." P
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I propose that the Mount Hanna andesite member of the Sloan volcanics is

analogous to a hot, dry ash-flow tuff, similar to the Owyhee, Trans-Pecos and
Yardea lavas. Geochemical modeling suggests that the Mount Hanna andesite
was produced from partial melting of a gabbroic source at lower-crustal levels

(Table Sa, Fig, 21). Sr contents of 1700-2280 ppm for the Mount Hanna andesite

suggests a lower-crustal or mantle source for this unit. If these magmas
equilibrated at temperatures of 1,000°C (similar to the Owyhee lavas), they

originated at a depth of about 25 km, assuming a geothermal gradient of

40°C/km. The aphyric texture of the Mount Hanna andesite (Fig. 25) and the
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of plagioclase with subordinate Fe-Ti oxides, glass and probable clinopyroxene and/or olivine (high

4 7"/"1‘

birefringent grains). ®




89
lack of fractionation trends on chemical plots (Figs. 16D, 16E, 16H & 16]) .

suggests that the Mount Hanna andesite rose to the surface quickly, without
pausing to substantially cool or fractionate. The high Sr contents also suggest that
magma was not significantly contaminated by crustal material, indicating a quick
ascent from its source area. Al
The Mount Hanna andesite erupted from a single vent, creating a large
pool (exposed ma:dmu;n volume of 9 kn®) of andesite lava (Plate 1; cross section i

C-C’; Fig. 7). The fact that such a large pool of andesite was erupted from a &

singlé vent suggests that the magma had a lower viscosity than typical andesite i

and was capable of flowing greater distances than would be expected of an ST

intermediate composition lava. Its low viscosity may be attributed to high

temperature and low gas content.

Sparks and Wilson (1976) proposed that a hot, dry magma will produce an

eruptive column that is too dense to mix with the atmosphere. Such a column 5

would consist only of the gas thrust phase, and would be too dense to produce a I :
gaseous convective thrust component. Because of this, Ekren et al. (1984) !

envisioned lava fountain-type eruptions for the Owyhee rhyolites, as opposed to

large Plinian clouds. The Mount Hanna andesite may also have erupted by lava-
fountaining. Much of this unit is characterized by a mottled, streaky texture
consisting of black and red, or black and gray discontinuous patches (Fig.26).
This texture may have formed by hot magma rain that produced droplets of

magma. Upon hitting the surface, the droplets coalesced, moving away from the




Figure 26: Photograph showing the streaky, discontinuous texture common in the Mount Hanna andesite.
Sample was collected at station 115 (Fig. 8). Scale bar is 1 ¢cm long.
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vent as lava flows.

Duffield (1990) has describ'e'd:simnar textures in the Oligocene Taylor
Creek Rhyolite of the Mogollon-Datil volcanic field in southwestern New Mexico.
He suggests that the streaky "agglunitnated” texture in the rhyolites is a result of
lava-fountaining. If the magma droplets are hot enough, upon hitting the surface
they will coalesce to form homogeneously-textured rocks. Duffield proposes that
if the eruptive fountain is high, magma droplets will cool before hitting the
surface and not be hot enough to completely coalesce and homogenize.
Huauaﬁng fountain height, therefore, will alternately produce homogeneous and
streaky-textured rocks.

Even though the discontinuous streaks in the Mount Hanna andesite are
suggestive of a primary volcanic origin, they may also represent highly sheared
and attenuated flow foliatidn. To evaluate the origin of the streaks, I compared
their size to the size-frequency distributions of particles produced during lava-
fountaining and pyroclastic eruptions. Heiken (1972) determined the mean
droplet diameter for a varicty of different magma types and eruptive styles. To
evaluate if the stieaky texture of the Mount Hanna andesite may reflect magma
droplets, mean streak diameter was determined. The cross-sectional area of ten
streaks from the Mount Hanna andesite (sample Mc115) was measured. Values
were adjusted to represent the cross sectional diameter of a sphere. Diameters
range from 0.8-6.8 mm, with a mean of 4.08 mm. The mean diameter of the

discontinuous streaks in the Mount Hanna andesite is similar to those of magma




e SN
v-...',-?{f‘

—

92
droplets produced in the following lava-fountaining events: 1) the basaltic

strombolian eruption of Pacaya, Guatemala (6.35 mm); 2) the basaltic
phreatomagmatic eruption of Capelinhos, Azores Islands (3.18 mm); 3) the
rhyolitic phreatomagmatic eruption of Sugarloaf, San Francisco Mountains,
Arizona (3;18 mm) (Heiken, 1972). The correlation of the mean diameter of the
discontinuous streaks in the Mount Hanna andesite with recognized lava-

fountaining deposits supports a primary origin for the streaks.

nerati T

Magma must migrate to shallow crustal levels before devolatilization of
gases can occur, resulting in fragmentation and eruption. For magmas with SiO,
contents comparable to the Sloan andesites and dacites, the level at which gas
exsolution and magma fraémemation can occur is approximately 5.4 km (Fisher
and Schmincke, 1984). Magmas with H,O contents of 2% or less may devolatilize
and fragment even closer to the surface. The above information suggcsts that the
Mount Hanna andesite resided at these shallower depths long enough only to

exsolve gas and fragment before erupting.
Formation of the Sloan Sag

Introduction

I will now consider the fognation of the sag, and will suggest that: 1) the
Sloan volcanics filled pre-existing grabens and half-grabens bounded by the
McCullough Wash fault system; 2) sagging in Hidden Valley occurred during
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and/or after the eruption of the Sloan volcanics. '
The McCullough Wash Fault System

The McCullough Wash fault is the only major internal structuré in the

McCullough Mountains. South of Hidden Valley in the South McCullough ki

Wilderness Study Area, this fault places Precambrian basement against rocks of

the Hidden Valley volcanics and has at least 600 m of throw. Displacement |

decreases to the north. North of the wilderness study area, it splays into three

northeast striking faults (Anderson et al, 1985). East and west dipping splays of 1

the McCullough Wash fault system produced numerous grabens and balf-grabens

in the area of the McCullough Pass caldera, just south of Hidden Valley (Schmidt, T &

1987). These faults display only minor offset. The McCullough Wash fault

system probably continues horth into Hidden Valley. Most of these faults are
covered by alluvium and possibly by domes and flows of the Sloan volamiis. A Ml
north-south striking, west-dipping, normal fault on the west side of the ridge just A

to the north of the McCullough Pass caldera (Plate 1) offsets pre-Sloan volcanic

rocks, and may iepresent the northward projection of the McCullough Wash fault

system. I propose that Hidden Valley is cut by a s_eﬁes of grabens and half-

grabcds bounded by faults of the McCullough Wash fault system. Field mapping i
has also revealed an en-echelon splay of the McCullough Wash fault in Hidden f | o

Valley. The sharp, steep linear escarpment of the Mount Hanna andesite and

— -

Mount Sutor dacite in the eastern portion of Hidden Valley is suggestive of a

fault scarp (Plate 1). This type of en-echelon relationship of normal faults is
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common and has been documented in many areas including the East African rift
zone (Morley, 1988 & 1989) and the Dead Horse graben of west Texas (Maler,
1990).’ The strike of this fault changes from north-south to northwest-southeast in
the area of the Mount Sutor stock (Plate 1, Fig. 8). Rocks of the Mount Hanna
andesite anc-i- Mount Sutor dacite are offset by this fault suggesting that it was
active after eruption of these units. The McCullough Wash fault system does not
appear to extend farther to the north of Hidden Valley, and its- displacement
decreases to the south. Based on mapping done by Schmidt (1987) along the
soutﬁl rim of Hidden Valley, faults may be spaced every 300 m. Accumulated
displacement on buried and exposed faults in Hidden Valley is -estirnatcd to be at

least 2.25 km.

ng and’ ni
Faults of the McCullough Wash system strike north-south. If subsidence

was controlled entirely by these faults, north-south oriented grabens would have
formed in Hidden Valley. This is the case in the northern segment of the
McCullough Pass caldera south of Hidden Valley (Schmidt, 1987). Subsidence
was accommodated by faults of the McCullough Wash system, resulting in a
north-south trending graben. In the case of the Sloan sag, however, contacts cut
across these north-south striking structures. I propose, therefore, that sagging in
Hidden Valley resultgd from rejuvenation on the McCullough Wash fault system

in the east and northeast, and sagging into emptied magma chambers in the west.
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Summary of Events

A scenario for the formation of the Sloan sag is described below (refer to
Figure 27). |

1) Before the eruption of the Sloan volcanics, Hidden Valley consisted of a
series of grabens and half grabens, bounded by the north-south striking
McCullough Wash fault system.

2) The Mount Hanna andesite and rocks of the Center Mountain dome
complex were the first members of the Sloan volcanics to erupt. The Mount
Hanna andesite was generated at depths as great as 25 km by partial melting of
gabbro, rising to the surface and erupting quickly in a lava-fountaining event.
Eruption of this unit caused sagging by reactivating faults of the McCullough
Wash system in eastern Hidden Valley. Fault movement produced a surface sag
over the emptied chamber. Unlike other units of the Sloan volcanics which were
emitted from numerous vents and domes, the Mount Hanna andesite erupted
from a single vent resulting in a pool of andesite with a maximum exposed volume
of 9 knr'.

3) Volcanic dome formation is re-presentcd by the rocks of the Center
Mountain dome complex. Ash-flow tuffs of the Cinder Prospect member and the
Tuff of the Sloan volcanics represent the early stages of pyroclastic and
phreatomagmatic activity, reflecting tuff ring formation. The tuff ring was
intruded by the Center Mountain dacite. The Mount Ian andesite intruded rocks

of the Center Mountain dome complex, resulting in the formation of platy,

Ty J
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Stage 1: Pre-Sloan
volcanics topography:
paleo-Hidden Valley
consists of half-grabens
bounded by faults of the N ,’
McCullough Wash system. '

NIl T 1= T 7Y
4 -l '/‘}
SRV Y X\

Stage 2: Eruption of the
Mount Hanna andesite
causes rejuvenation of the
McCullough Wash fault
system and sagging in -
castern Hidden Valley.
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Stage 3: Eruption of units
in northern and western
Hidden Valley causes
sagging into shallow
chambers, and the §
rejuvenation of a splay of
the McCullough Wash i
system.

Figure 27: Formation sequence of the Sloan sag.
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foliated andesite domes, many of which overlie tuff rings. The Mount Sutor
dacite erupted from numerous vents and domes resulting in two larg; pools of
viscous biotite dacite.

Subsidence into shallow chambers occurred during and/or after the
eruption of these units. Subsidence into shallow chambers caused renewed

movement on a splay of the McCullough Wash fault system, offsetting rocks of the I

Mount Hanna andesite and the Mount Sutor dacite in the northeast part of

Hidden Valley, resulting in more sagging.
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CONCLUSIONS

Important conclusions of this thesis are:

1) A volcanotectonic depression in Hidden Valley resulted from the
eruption of the Sloan volcanics.

2) Sagging was accommodated by a combination of displacement on splays
of the- McCullough Wash fault system in eastern and northeastern Hidden Valley,
and sagging into evacuated magma chambers in the western part of the valley.

3) The rocks of the Sloan volcanics belong to four magma groups, each of
which were produced by partial mélting of chemically distinct sources.

4) Partial melting of a crustal source similar to the Saddle Island
amphibolite produced the andesites and dacites of the Hidden Valley volcanics.

5) Except for rocks of the Center Mountain dome complex, magmas rose
through the crust rapidly without experiencing significant crystal fractionation or

crustal contamination.

6) The Mount Hanna andesite member of the Sloan volcanics erupted a
large pool (approximately 9 knis) of lava from a single ~vem. This vnit may have
been emplaced as a hot (1,000 °C), dry (2% H,O or less) analog of an ash-flow
tuff in a lava-fountaining event. If this magma had erupted at lower temperatures
and higher water contents, a plinian-style eruption probably would havé occurred,

resulting in an ash-flow tuff.
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FUTURE WORK

As in any research project, unanswered questions-and problems arise that
cannot be answered due to time and/or financial constraints. The following is a
list of projects that may provide important information about the McCuliough
Mountains and the southern Basin-and-Range.

1) The “Ar/” Ar date of the Tuff of Bridge Spring is the only reliable date
yet obtained from the north-central McCullough Mountains. “Ar/” Ar dates on
rocks stratigraphically above and below this unit will help constrain the absolute
age and timing of eruption of the volcanic units.

2) The exotic trace mineral assemblage in the lower-most rhyolite tuff of
the Tuff of the Sloan volcanics (sample Mc59a) is intriguing. Even though this
tuff contains monazite, ailanitc, epidote, zircon and sphene, its incompatible trace
clement concentration is not higher than the other tuffs from this unit. A detailed
study of mineral chemistry is r_equircd to understand the geochemistry of this unit.

3) Detailed geologic mapping has never been done north of Hidden Valley.
Work in the .nb_rthem McCullough Mountains will test the Weber and Smith
(1987) hypothesis that a stratocone exists in this area.

4) Geochemistry suggests that volcanic rocks from the White Hills, and the
River, Eldorado and McCullough Mountains have similar sources. A geochemical
study of igneous rocks from a larger part of the southern Basin-and-Range may
help us understand the scale of heterogeneity of crustal and mantle sources.

5) The hot, dry, fountaining-eruption mechanism of the Mount Hanna
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andesite is unique. Such an eruptive mechanism may be the key to understanding
the large areal extent of some felsic-to-intermediate lavas. Unless they erupt as
ash-flow tuffs, intermediate-to-felsic lavas usually form short, thick deposits. The
discontinuous, streaky texture displayed in the Mount Hanna andesite and the
Taylor Cféek rhyolites may be indicative of a lava-fountaining mcchanism.
Detailed mapping of the Mount Hanna andesite field along with petrographic and
geochemical studies are needed to help us further understand what may be a

significant eruptive mechanism.
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APPENDIX A: SAMPLE LOCATION AND PETROGRAPHY

Colors are from the Geological Society of America rock-color chart.
TUFF OF BRIDGE SPRING

Sample number: Mc53

Location: NW 1/4, Sec 31, T23S, R61E, Sloan, Nev. 7 1/2’ quad: tuff that
underlies Thvb in the NE part of the thesis area.

Rock name: Welded dacitic ash-flow tuff

Description: Pyroclastic, eutaxitic and hypocrystalline consisting of fragmented
phenocrysts of subhedral, oscillatory sanidine up to 3 mm (24.2%),
subhedral, oscillatory plagioclase up to 2.5 mm (3.4%), sub-euhedral,
bematized biotite up to 2 mm (3.4%), an-subhedral clinopyroxene up to 1
mm (0.8%), anhedral, oscillatory quartz up to 1 mm (0.6%), sub-euhedral
sphene up to 0.5 mm (0.4%), Fe-Ti oxides up to 0.5 mm (0.2%) and trace
zircon. Pumice fiamme (9.6%) are devitrified, rarely spherulitic and up to
several cm long. Basaltic and granodioritic rock fragments (1.2%) are up
to 1 cm. The pale red-colored groundmass (56.2%) consists of devitrified
glass and glass shards. Shards wrap around phenocrysts and lithic
fragments.

Sample number: Mc60

Location: NW 1/4, Sec 32, T24S, R60E, Jean, Nev. 7 1/2' quad: collected near
the intersection of Las Vegas Blvd. and the dirt entrance road to Jean
Lake. ;

Rock Name: Moderately welded dacitic ash-flow tuff

Description: Pyroclastic and hypocrystalline consisting of fragmented phenocrysts
of subhedral, oscillatory sanidine up to 2 mm (7.5%), subhedral, oscillatory
plagioclase up to 1 mm (1.5%), anhedral quartz up to 0.5 mm (0.8%),
subhedral, oxidized biotite up to 1.5 mm (0.6%), an-subhedral
clinopyroxene up to 0.5 mm (0.2%), sub-euhedral sphene < 0.5 mm
(0.4%), trace Fe-Ti oxides up to 0.5 mm and trace zircon. Flattened,
devitrified pumice (2.2%) is up to 1 cm in length. Basaltic, gabbroic and
granodioritic rock fragments (0.8%) are up to 1 cm. The pale grayish pink-
colored groundmass (86%) consists of devitrified glass and glass shards.
Shards wrap around phenocrysts and lithic fragments.

Sample number: Mc62

Location: SE 1/4, Sec 31, T24S, R60E, Jean, Nev. 7 1/2' quad: collected
approximately 1 mile S-SE from where the railroad tracks cross under Las
Vegas Blvd.

Rock name: Welded dacitic ash-flow tuff
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S Description: Pyroclastic, eutaxitic and hypocrystalline consisting of fragmented
phenocrysts of subhedral, oscillatory sanidine up to 2 mm (4.2%),
subhedral, oscillatory plagioclase up to 2 mm (2.8%), anhedral, oscillatory
quartz up to 1 mm (1.2%), sub-euhedral, oxidized biotite up to 2 mm
(1.0%), Fe-Ti oxides up to 0.5 mm (0.4%), subhedral clinopyroxene up to 2
mm (0.4%), sub-euhedral sphene < 0.5 mm (0.6%) and trace zircon. ,
Pumice fiamme (1.4%) are devitrified and up to 2 cm. Basaltic and i
granitic rock fragments (1.2%) are up to several cm. The pale red-colored '
groundmass (86.8%) consists of devitrified glass and glass shards. Shards S
wrap around phenocrysts and lithic fragments.

Sample: Mc64b |
Location: SW 1/4, Sec 2, T24S, R6OE, Sloan, Nev. 7 1/2’ quad: collected from the
southernmost Tbs exposure west of I-15.
Rock name: Non-welded rhyolitic ash-flow tuff
Description: Pyroclastic and hypocrystalline consisting of fragmented phenocrysts
of subhedral, oscillatory sanidine up to 3 mm (6.0%), subhedral, oxidized
biotite up to 1 mm (1.8%), anhedral, oscillatory quartz up to 1 mm (1.0%),
subhedral, oscillatory plagioclase up to 1 mm (0.8%), an-subhedral
clinopyroxene up to 0.5 mm (0.2%), sub-euhedral sphene up to 0.5 mm l '
(0.2%), Fe-Ti oxides up to 0.5 mm (trace) and trace zircon. Spongy :
devitrified pumice (22%) is up to 2 cm. Basaltic rock fragments (1.8%) are I
e up to several cm. The grayish pink-colored groundmass (86%) consists of S
devitrified glass and glass shards. Shards wrap around phenocrysts and M
lithic fragments. a
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Sample number: Mc66
Location: SE 1/4, Sec 35, T23S, R60E, Sloan, Nev. 7 1/2’ quad: collected from g
the small Tbs exposure surrounded by Thvb: approximately 1,000” west of .|
the railroad tracks. y
Rock name: Partially-welded dacitic ash-flow tufi ?
Description: Pyroclastic and hypocrystalline consisting of fragmented phenocrysts
of subhedral, oscillatory sanidine up to 3 mm (5.4%), subhedral, oxidized
biotite up to 1 mm (1.6%), anhedral, oscillatory quartz up to 1 mm (1.0%),
subhedral, oscillatory plagioclase up to 1.5 mm (1.2%), an-subhedral 1
clinopyroxene up to 1 mm (0.8%), sub-euhedral sphene up to 0.5 mm L
(0.4%), Fe-Ti oxides up to 0.5 mm (0.2%) and trace zircon. Flattened b |
devitrified pumice (3.4%) is up to 3 cm long. Basaltic, granodioritic and P
gabbroic rock fragments (3.0%) are up to several cm. The pale pink-
colored groundmass (83.0%) consists of devitrified glass and glass shards. ;
Shards wrap around phenocrysts and lithic fragments. - A |
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Sample number: Mc67

Location: NW 1/4, Sec 35, T23S, R60E, Sloan, Nev. 7 1/2' quad: collected
approximately 1 mile west of the cinder outcrop in the NW portion of the
Tscp.

Rock name: Welded rhyolitic ash-flow tuff

Description: Pyroclastic, eutaxitic and hypocrystalline consisting of fragmented
phenocrysts of subhedral, oscillatory sanidine up to 3 mm (10.4%),
subhedral, oscillatory plagioclase up to 1 mm (2.0%), anhedral, oscillatory
quartz up to 1 mm (0.8%), Fe-Ti oxides up to 0.5 mm, an-subhedral
clinopyroxene up to 0.5 mm and trace sphene & zircon (< 0.5 mm).
Pumice fiamme are not present in the thin section, and occur only rarely in
hand specimens. Basaltic, granodioritic and gabbroic rock fragments
(7.2%) are up to 1 cm. The light brownish gray-colored groundmass
(79.0%) consists of devitrified glass and glass shards. Shards wrap around
phenocrysts and lithic fragments. Approximately 1% of the rock has been
replaced by calcite.

Sample number; Mc68 '

Location: SW 1/4, Sec 36, T23S, R60E, Sloan, Nev. 7 1/2' quad: collected from
the Tbs exposure between the railroad tracks and I-15.

Rock name: Welded rhyolitic ash-flow tuff

Description: Pyroclastic, eutaxitic and hypocrystalline consisting of fragmented
phienocrysts of an-subhedral, oscillatory sanidine up to 2 mm, (4.8%), an-
cuhedral, oscillatory plagioclase up to 2 mm (1.4%), sub-euhedral, oxidized
biotite up to 1 mm (1.4%), an-subhedral clinopyroxene up to 0.5 mm
(0.8%), anhedral, oscillatory quartz up to 1 mm (0.4%), Fe-Ti oxides up to
0.5 mm (0.4%), sub-euhedral sphene up to 0.5 mm (trace) and trace zircon.
Devitrified and commonly spherulitic pumice fiamme (11.4%) are up to
several cm. Basaltic and gabbroic rock fragments (9.6%) are up to 1 cm.
The light brownish gray-colored groundmass (69.8%) consists of devitrified
glass and glass shards. Shards wrap a.round phenocrysts and lithic
fragments.

Sample number: Mc69

Location: SW 1/4, Sec 24, T23S, R60E, Sloan, Nev. 7 1/2’ quad: collected from
the northernmost Tbs exposure in the mapped area west of I-15.

Rock name: Welded rhyolitic ash-flow tuff

Description: Pyroclastic, eutaxitic and hypocrystalline consisting of fragmented
phenocrysts of subhedral, oscillatory sanidine up to 2 mm (7.0%),
subhedral, oscillatory plagioclase up to 1 mm (5.0%), anhedral, oscillatory
quartz up to 1 mm (1.2%), Fe-Ti oxides up to 0.5 mm (0.6%), sub-euhedral
sphene < 0.5 mm (0.6%), subhedral, oxidized, subhedral biotite up to 2
mm (0.4%), an-subhedral clinopyroxene up to 3 mm (0.4%) and trace
zircon. Devitrified pumice fiamme (0.2%) are up to several cm. Basaltic
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and gabbroic rock fragments (1.0%) are up to 1 cm. The grayish red-
colored groundmass (83.6%) consists of devitrified glass and glass shards.
Shards wrap around phenocrysts and lithic fragments. Fractures are coated
with calcite,

Sample number: Mc71

Location: NW 1/4, Sec 24, T23S, R60E, Sloan, Nev. 7 1/2' quad: collected
approximately 1,0000 N-NW of benchmark 2936 on the railroad tracks

Rock name: Welded rhyolitic ash-flow tuff

Description: Pyroclastic, eutaxitic and hypocrystalline consisting of fragmented
phenocrysts of subhedral, oscillatory sanidine up to 2 mm (10.6%),
subhedral, oscillatory plagioclase up to 1 mm (3.0%), subhedral, oxidized
biotite up to 1.5 mm (1.6%), anhedral, oscillatory quartz up to 1 mm
(1.4%), an-subhedral clinopyroxene up to 1 mm (1.6%), sub-euhedral
sphene < 0.5 mm (0.4%), trace Fe-Ti oxides up to 0.5 mm and trace
zircon. Devitrified pumice fiamme (12.0%) are up to several cm. Basaltic
and gabbroic rock fragments (2.0%) are up to 1 cm. The grayish red-
colored groundmass (67.4%) consists of devitrified glass and glass shards.
Shards wrap around phenocrysts and lithic fragments. Fractures are coated
with calcite.

HIDDEN VALLEY VOLCANICS

Sample number: Mcl

Location: SE 1/4, Sec 26, Hidden Valley, Nev. 7 1/2’ quad:collected
approximately 800" south of the cattle guard on the western entrance road
to Hidden Valley. '

Rock name: Vesicular, pyroxene olivine basalt

Description: Vesicular, aphanitic and hypocrystalline with phenocrysts of an-

. subhedral, iddingsitized olivine up to 1.5 mm (0.6%) and an-subhedral
clinopyroxene up to 0.5 mm (0.3) in a black-colored, vesicular (11.0%)
groundmass consisting of microlites of sub-cuhedral plagioclase (44.3%),
subhedral, iddingsitized olivine (14.0%), an-subhedral clinopyroxene
(12.0%), Fe-Ti oxides (0.3%) and moderately devitrified glass (17.3%).
Vesicles are coated with calcite.

Sample number: Mc3a

Location: NE 1/4, Sec 35, T24S, R60E, Hidden Valley, Nev. 7 1/2' quad:
collected from the NW corner of the N-S trending Thvb ridge south of the
western entrance road to Hidden Valley.

Rock name: Vesicular, pyroxene basalt

Description: Vesicular, aphanitic and hypocrystalline with phenocrysts of embayed,
resorbed, an-euhedral clinopyroxene up to 1.5 mm (1.0%), commonly in
glomerocrysts. The grayish red-colored, vesicular (8.2%) groundmass
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consists of microlites of sub-euhedral, oscillatory plagioclase (55.0%), an-
subhedral clinopyroxene (19.0%), granular hematite (13.4%: replacing
clinopyroxene), Fe-Ti oxides (2.6%) and glass (0.8%). Vesicles are coated

with calcite.

Sample number: Mc35

Location: NW 1/4, Sec 23, T24S, R61E, Hidden Valley, Nev. 7 1/2' quad:
collected from the isolated Thvb outcrop in the southern portion of the Tsh
dome field: on the southern side of the entrance to the major drainage

separating Tss from Tsh.

Rock name: Vesicular, pyroxene olivine basalt

Description: Porphyritic, vesicular and hypocrystalline with phenocrysts of
subhedral, iddingsitized olivine up to 2 mm (9.8%), subhedral, pitted,
embayed and oscillatory plagioclase up to 1 mm (2.2%) and subhedral
clinopyroxene up to 0.5 mm (0.8%). Quartz xenocrysts are up to 4 mm
and rimmed with glass and cryptocrystalline clinopyroxene(?) (0.6%). The
medium dark gray-colored, vesicular (2.6%) groundmass consists of
microlites of sub-euhedral, oscillatory plagioclase (58.4%), subhedral
clinopyroxene (9.2%), subhedral, iddingsitized olivine (9.8%), subhedral
clinopyroxene (9.2%), Fe-Ti oxides (6.2%) and glass (0.4%). Vesicles are
coated with calcite.

Sample number: Mc37

Location: SE 1/4, Sec 22, T24S, R61E, Hidden Valley, Nev. 7 1/2' quad: collected
2100’ south of sample Mc35.

Rock name: Vesicular, pyroxene olivine basalt

Description: Porphyritic, vesicular and hypocrystalline with phenocrysts of sub-
euhedral, iddingsitized olivine up to 2 mm (7.6%), sub-cuhedral, pitted and
embayed clinopyroxene up to 1 mm (1.4%) and subhedral, pitted, embayed
and oscillatory plagioclase up to 2 mm (1.0%). Quartz xenocrysts are up to
5 mm and rimmed with glass (6.0%). The medium dark gray-colored,
vesicular (1.2%) groundmass consists of microlites of sub-euhedral,
oscillatory plagioclase (57.0%), subhedral, iddingsitized olivine (8.2%), sub-
euhedral clinopyroxene (11.6%), Fe-Ti oxides (6.2%) and glass (0.8%).

Sample number: Mc40b

Location: E 1/4, Sec 27, T24S, R61E, Hidden Valley, Nev. 7 1/2’ quad: collected
from the small isolated Thvb outcrop on the W border of the Tsh dome
complex.

Rock name: Vesicular, pyroxene olivine basalt

Description: Porphyritic, vesicular and hypocrystalline with commonly pitted and
embayed phenocrysts of an-subhedral, iddingsitized olivine up to 1 mm
(63%) and sub-euhedral, oscillatory plagioclase up to 1 mm (3.3%).
Quartz xenocrysts are up to S mm and rimmed with glass and fine-grained
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clinopyroxene (2.6%). The vesicular (9.3%), browmish black-colored
groundmass consists of microlites of sub-euhedral, oscillatory plagioclase
(58.3%), an-subhedral clinopyroxene (7.3%), an-subhedral, iddingsitized
olivine (7.3%), Fe-Ti oxides (2.0%) and glass.

Sample number: Mc42

Location: SW 1/4, Sec 26, T24S, R61E, Hidden Valley, Nev. 7 1/2' quad:
collected from the small isolated Thvb outcrop on the NE side of major
drainage on the SW Tsh dome complex border.

Rock name: Vesicular, olivine pyroxene basait

Description: Vesicular, porphyritic and holocrystalline with commonly pitted and
embayed phenocrysts of an-euhedral, mildly iddingsitized olivine up to 2
mm (5.6%), an-subhedral, up to 1 mm, commonly glomerocrystic
clinopyroxene (4.0%) and sub-euhedral, oscillatory plagioclase up to 1 mm
(10%). Quartz xenocrysts are up to S mm and rimmed with glass (< 1%).
The vesicular (3.6%), black-colored groundmass consists of microlites of
sub-euhedral, oscillatory plagioclase (62%), an-subhedral clinopyroxene
(11.6%), an-euhedral, iddingsitized olivine (5.3%) and Fe-Ti oxides (6.6%).

Sample number: Mc43

Location: NW 1/4, Sec 34, T24S, R61E, Hidden Valley, Nev. 7 1/2' quad:
collected from the east side of the N-S trending Thvb ridge in the south-
central part of the mapped area.

Rock name: Vesicular, olivine pyroxene basalt

Description: Vesicular, porphyritic and hypocrystalline with commonly pitted and
embayed phenocrysts of an-subhedral, up to 1 mm, commonly
glomerocrystic clinopyroxene (10.0%), an-subhedral, iddingsitized, up to 1
mm, commonly glomerocrystic olivine (6%) and sub-euhedral, oscillatory
plagioclase up to 1 mm (1.0%). The vesicular (3.4%) grayish black-colored
groundmass consists of microlites of sub-euhedral, oscillatory plagioclase
(58.9%), an-subhedral clinopyroxene (8.8%), an-subhedral, iddingsitized
olivine (5.4%), Fe-Ti oxides (3.6%) and glass (3.0%). Vesicles are
commonly coated with calcite, -

Sample number: Mc47

Location: E 1/4, Sec 30, T23S, R61E, Sloan, Nev. 7 1/2’ quad: collected from the
isolated Thvb outlier just west of the Pzcu outcrop in the NW portion of
the mapped area.

Rock name: Vesicular, olivine pyroxene basalt

Description: Porphyritic, vesicular and holocrystalline with commonly pitted and
embayed phenocrysts of an-subhedral, up to 1 mm, commonly
glomerocrystic clinopyroxene (10.8%), subhedral, oxidized phlogopite up to
2 mm (3.6%), anhedral, up to 1 mm, commonly glomerocrystic plagioclase
up to 1 mm, (0.4%) and an-subhedral, iddingsitized olivine up to 1 mm
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(04%). The vesicular (8.2%), dark gray-colored groundmass consists of
microlites of sub-euhedral, oscillatory plagioclase (50.29), Fe-Ti oxides
(10.4%), an-subhedral clinopyroxene (7.4%), granular hematite (probably
replaced phlogopite, 6.4%) and subhedral, iddingsitized olivine (2.2%).
Vesicles are commonly coated or filled with calcite and/or quartz.

Sample number: Mc48
Location: SE 1/4, Sec 30, T23S, R61E, Sloan, Nev. 7 1/2' quad: collected from
the northern part of the Thvb exposure in the NW part of the mapped

area.

Rock name: Vesicular, olivine pyroxene basalt

Description: Porphyritic, vesicular and holocrystalline with commonly pitted and
embayed phenocrysts of subhedral, oxidized phlogopite up to 2 mm (4.8%),
subhedral, up to 1.5 mm, commonly glomerocrystic with olivine,
clinopyroxene (4.6%) and subhedral, up to 1 mm, commonly glomerocrystic
with clinopyroxene, olivine (1.2%). The vesicular (10.4%), brownish black-
colored groundmass consists of microlites of subhedral, oscillatory
plagioclase (58.6%), subhedral clinopyroxene (7.2%), Fe-Ti oxides (7.2%)
and an-euhedral, iddingsitized olivine (6.0%). Vesicles are commonly
coated with calcite.

Sample number: Mc87.

Location: SE 1/4, Sec 28, T24S, R61E, Hidden Valley, Nev. 7 1/2’' quad: collected
on the west side of the N-S trcndmg Thvb ridge in the S-central part of the
mapped area.

Rock name: Pyroxene olivine basalt

Description: Aphanitic, trachytic and hypocrystalline with pitted, embayed,
oscillatory, fritted sub-euhedral plagioclase phenocrysts up to 1 mm (0.8%).
The brownish black-colored groundmass consists of sub-parallel microlites
of sub-euhedral, oscillatory plagioclase (72.4%), an-subhedral, iddingsitized
olivine (17.4%), an-subhedral clinopyroxene (8.0%), Fe-Ti oxides (0.4%)

and glass (1.0%).

Sample number: Mc108
Location: Collected from the basaltic dike in thc Thvb on the eastern escarpment

of the McCullough’s, approximately 3,000" S-SE of peak 3912,

Rock name: Vesicular, olivine pyroxene basaltic dike

Description: Vesicular, porphyritic and holocrystalline consisting of phenocrysts of
subhedral, oscillatory plagioclase up to 3 mm (13.2%), subhedral, embayed
clinopyroxene up to 1 mm (1.6%), an-subhedral, iddingsitized olivine up to.
1 mm (1.4%) and Fe-Ti oxides up to 0.5 mm (0.5%). The vesicular
(18.2%), medium dark gray-colored groundmass consists of microlites of
sub-euhedral, oscillatory plagioclase (16.8%), subhedral clinopyroxene
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(3.8%), an-subhedral, iddingsitized olivine (1.4%), granular hematite
(0.2%) and Fe-Ti oxides (0.3%). )

Sample number: W-hvb

Location: NW 1/4, Sec 36, T23S, R60E, Sloan, Nev. 7 1/2' quad: collected from
the northernmost Thvb exposure associated with Tbs on the west side of I-
15.

Rock name: Weakly vesicular, olivine pyroxene basalt

Description: Weakly vesicular, porphyritic and hypocrystalline consisting of
commonly pitted and embayed phenocrysts of an-subhedral, oscillatory
plagioclase up to S mm (18.4%), an-subhedral, iddingsitized olivine up to 5
mm (11.4%), an-subhedral clinopyroxene up to § mm (9.6%) and Fe-Ti
oxides up to 0.5 mm (0.5%). Approxlmately 10% of the clinopyroxene,
olivine and plagioclase phenocrysts occur in glomerocrysts with each other.
The weakly vesicular (1.6%), black-colored groundmass consists of
microlites of sub-euhedral, oscillatory plagioclase (30.2%), an-subhedral
clinopyroxene (5.6%), an-subhedral, -iddingsitized olivine (1.4%), Fe-Ti
oxides (0.5%) and devitrified glass (20.8%). Vesicles are coated with
calcite.

MT. HANNA ANDESITE

Sample number: Mc31b

Location: SE 1/4, Sec 14, T24S, R61E, Sloan SE, Nev. 7 1/2' quad: collected at
the southernmost Tss/Tsh contact. .

Rock name: Andesite

Description: Fine-grained, trachytic and hypocrystalline consisting of sub-parallel,
sub-euhedral plagioclase laths (< 0.5 mm) with subordinate interstitial
devitrified glass, Fe-Ti oxides and cryptocrystalline, high birefringent
minerals. Trace, subhedral, pitted, embayed, zoned and oscillatory
plagioclase phenocrsyts (up to 1 mm) occur. The groundmass is very dusky
red with moderate red-colored streaks.

Sample number: Mc110

Location: T24S, R62E, Sloan SE, Nev. 7 1/2' quad “collected on peak 3912 near
the Tsh/Thvb contact on the eastern escarpment of the McCullough's.

Rock name: Andesite

Description: Fine-grained, trachytic and hypocrystalline consisting of sub-parallel,
sub-euhedral plagioclase laths (<0.5 mm) with subordinate interstitial
devitrified glass and Fe-Ti oxides. Trace, subhedral, pitted, embayed, zoned
and oscxllatory plagioclase phenocrysts up to 1 mm occur. The slide also
contains a subhedral, oxidized, 3 mm biotite phenocryst. The weakly
vesicular (< 1.0%) groundmass is black.
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Sample number: Mc112

Location: 800’ east, 2400’ north of the SE corner of Sec 12, T24S, R61E, Sloan
SE, Nev. 7 1/2' quad: collected near entrance to the major drainage in the
northern part of the Tsh dome complex.

Rock name: Andesite

Description: Fine-grained, trachytic and hypocrystalline consisting of sub-parallel,
sub-euhedral plagioclase laths (< 0.5 mm) with subordinate interstitial
devitrified glass and Fe-Ti oxides. Trace, subhedral, pitted, embayed,
zoned and oscillatory plagioclase phenocrysts up to 1 mm occur. The
weakly vesicular (< 1%), groundmass is dark gray with medium light gray-
colored streaks.

Sample number: Mc115

Location: NW 1/4, Sec 36, T24S, R61E, Sloan SE, Nev. 7 1/2’ quad: collected on
the ridge just to the SE of the major Tsh vent area.

Rock name: Andesite

Description: Fine-grained, massive and hypocrystalline consisting of sub-euhedral
plagioclase laths (< 0.5 mm) with sibordinate interstitial partially
devitrified glass, granular hematite and Fe-Ti oxides. The slide contains
two pitted, embayed, sub-euhedral plagioclase xenocrysts (1.5 mm). The
groundmass is black with grayish red-colored streaks.

CINDER PROSPECT MEMBER

Sample number: Mc25

Location: SW 1/4, Sec 5, T24S, R61E, Sloan, Nev. 7 1/2’ quad: dacite underlying
Tsi on south-facing hlllslde one mile east of the Mt. Ian vent.

Rock name: Dacite

Description: Glomcropopryrmc: glomerocrysts form approximately 2% of the
rock and consist of commonly pitted and embayed phenocrysts of zoned,
oscillatory, sub-cuhedral plagioclase up to 2 mm and subordinate sub-
cukedral, oxidized biotite up to 2 mm. Individual phenocrysts form
approximately 2% of the rock and consist of the same minerals found in
the glomerocrysts. The medium gray-colored groundmass consists of
microlites of plagioclase with trace biotite, Fe-Ti oxides, zircon and glass.
Approximately 40% of the groundmass has been replaced by calcite.

Sample number: Mc78
Location: SE 1/4, Sec 6, T24S, R61E, Sloan, Nev. 7 1/2‘ quad: vitrophyre on the
ridge approximately 1,750 SE of the Mt. Ian Tsi vent center
Rock name: Dacite vitrophyre
Description: Porphyritic and hypohyaline with commonly fragmented, pitted and
 embayed phenocrysts of sub-euhedral, oscillatory and seriate up to 2 mm
plagioclase (12.0%), sub-euhedral, oxidized and seriate up to 2 mm biotite
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(3.8%), sub-euhedral, oscillatory and seriate up to 2 mm sanidine (3.4%),
Fe-Ti oxides seriate up to 0.5 mm (0.4) and trace zircon. Basaltic, gabbroic
and granodioritic rock fragments (5.6%) are up to 1 cm. The mottled dark
reddish brown and black-colored groundmass (74.6) consists of devitrified
glass and glass shards.

Sample number: Mc79

Location: NE 1/4, Sec 6, T24S, R61E, Sloan, Nev. 7 1/2' quad: glassy, resistant
vitrophyre that crops out in the NE part of Tscp.

Rock name: Rhyolite vitrophyre

Description: Porphyritic and hypohyaline with commonly fragmented, pitted and
embayed phenocrysts of subhedral, oscillatory and seriate up to 1 mm
plagioclase (17.4%), subhedral, oscillatory and seriate up to 1 mm sanidine
(3.8%), sub-euhedral, oxidized and seriate up to 2 mm biotite (3.6%), Fe-
Ti oxides seriate up to 0.5 mm (1.2%), trace sub-euhedral clinopyroxene up
to 0.5 mm and trace zircon. Trace basaltic rock fragments are up to 1 mm.
The mottled dark reddish brown and black-colored groundmass (74.0%)
consists of devitrified glass and glass shards with trace granular hematite.

Sample number: Mc121

Location: SW 1/4, Sec 31, T23S, R61E, Sloan, Nev. 7 1/2’ quad: dacite that lies
stratigraphically immediately below Tts. '

Rock name:; Biotite dacite

Description: Glomeroporphyritic: glomerocrysts form approximately 4% of the
rock and consist of commonly pitted and embayed phenocrysts of zoned,
oscillatory, subhedral plagioclase up to 2 mm with subordinate subhedral
hematized biotite up to 2 mm. Individual phenocrysts form approximately
6% of the rock and consist of the same minerals found in the glomerocrysts
and trace Fe-Ti oxides up to 0.5 mm. The light brownnish gray-colored
groundmass consists of microlites of plagioclase with trace hematized
biotite, Fe-Ti oxides and glass. Approximately 1% of the groundmass has
been replaced by calcite.

Sample number: Mc125

Location: S 1/4, Sec 31, T23S, R61E, Sloan, Nev. 7 1/2' quad: dacite from the
Cinder Prospect Member, below the Sloan Tuff.

Rock name: Biotite dacite ‘

Description: Glomeroporphyritic: glomerocrysts form approximately 6% of the
rock and consist of commonly pitted and embayed phenocrysts of zoned,
oscillatory, subhedral plagioclase up to 3 mm with subordinate Fe-Ti oxides
up to 0.5 mm and subhedral biotite up to 3 mm that ranges from unaltered
to totally replaced by red and black Fe oxides. Individual phenocrysts form
approximately 5% of the rock and consist of the same minerals found in
the glomerocrysts. The medium light gray-colored groundmass consists of
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microlites of plagioclase with subordinate oxidized biotite, trace zircon and
glass. Approximately 5% of the groundmass has been replaced by calcite.

TUFF OF THE SLOAN VOLCANICS

Sample number: Mc59a

Location: SW 1/4, Sec 31, T24S, R61E, Sloan, Nev. quad: collected from the
bottom cooling unit in the drainage at station 59 in the Tsc dome complex.

Rock name: Welded rhyolitic ash-flow tuff

Description: Pyroclastic, eutaxitic and hypocrystalline consisting of fragmented
phenocrysts of subhedral sanidine up to 3 mm (21.2%), subhedral, zoned
and oscillatory plagioclase up to 2 mm (4.8%), sub-cuhedral, oxidized
biotite up to 1.5 mm (0.4%), Fe-Ti oxides up to 0.5 mm (< 1%), sub-
cuhedral sphene (< 0.5 mm, 0.2%) and trace amounts of clinopyroxene,
monazite, epidote, allanite, and zircon (each < 0.5 mm). Pumice fiamme
(9%) are up to several cm long, devitrified and rarely spherulitic. Basaltic
and gabbroic rock fragments (3.8%) are up to 1 cm. The grayish red-
colored groundmass (60.6%) consists of devitrified glass shards that wrap
art:und phenocrysts and lithic fragments.

Sample number: Mc5%

Location: SW 1/4, Sec 31, T24S, R61E, Sloan, Nev. quad: collected from the
middle cooling unit in the drainage at station 59 in the Tsc dome complex.

Rock name: Non-welded dacitic ash-flow tuff

Description: Pyroclastic and hypocrystalline consisting of fragmented phenocrysts
of an-subhedral, oscillatory sanidine up to 2.5 mm (4.8%), subhedral,
oscillatory plagioclase up to 1.5 mm (2.0%), subhedral, oxidized biotite up
to 1 mm (0.8%), an-subhedral clinopyroxene up to 0.5 mm (0.2%), sub-
cuhedral sphene up to 0.5 mm (0.2%), Fe-Ti oxides up to 0.5 mm (< 1%)
and trace zircon. Spongy, devitrified, rarely spherulitic pumice (2.2%) is up
to 1 em. Basaltic and gabbroic rock fragments (13.2%) are up to 1 cm.
The very light gray- colored groundmass (76.4%) consists of devitrified,
axiolitic glass shards that wrap around phenocrysts and lithic fragments.

Sample number: Mc59¢c

Location: SW 1/4, Sec 31, T24S, R61E, Sloan, Nev. quad: collected from the top
cooling unit in the drainage at station 59 in the Tsc dome complex.

Rock name: Welded dacitic ash-flow tuff

Description: Pyroclastic, eutaxitic and hypocrystalline consisting of fragmented
phenocrysts of subhedral, oscillatory sanidine up to 4 mm (8.6%),
subhedral, oscillatory plagioclase up to 1 mm (2.4%), Fe-Ti oxides up to
0.5 mm (1.4%), anhedral quartz < 0.5 mm (0.4%), an-subhedral
clinopyroxene up to 0.5 (1.4%), subhedral, oxidized biotite up to 2 mm
(0.4%) and trace zircon. Pumice fiamme (11.6%) are up to several cm
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long. Basaltic and gabbroic rock fragments (21.2%) are vp to 2 cm. The
pale red-colored grouridmass (52.6%) consists of blocky shaped, slightly
devitrified glass shards.

Sample number: Mc73

Location: NW 1/4, Sec 6, T24S, R61E, Sloan, Nev. 7 1/2’ quad: collected in
drainage just west of the Sta. 59 tuffs.

Rock name: Non-welded rhyolitic ash-flow tuff

Description: Pyroclastic and hypocrystalline consisting of fragmented phenocrysts
of subhedral, oscillatory sanidine up to 3 mm (10.0%), anhedral quartz up
to 1 mm (1.8%), an-subhedral, oscillatory plagioclase up to 3 mm (3.4%),
subhedral, oxidized biotite up to 1 mm (0.6%), Fe-Ti oxides up to 0.5 mm
(02%), trace, an-subhedral, hematized clinopyroxene up to 0.5 mm and
trace amounts of sphene and zircon (sub-euhedral, < 0.5 mm). Spongy,
devitrified pumice (1.6%) is up to 1 cm. Basaltic, gabbroic and
granodioritic rock fragments (4.6%) are up to 1 cm. The grayish pink-
colored groundmass (77.8%) consists of devitrified, weakly axiolitic glass
shards, interstitial glass and < 1% yellow Fe oxides.

CENTER MTN. DACITE

Sample number: McS9d

Location: N 1/2, Sec 6, T23S, R61E, Sloan, Nev. 7 1/2’ quad: dacite that lies
stratigraphically immediately above Tts.

Rock name: Biotite dacite

Description: Glomeroporphyritic: glomerocrysts form approximately 3% of the
rock and consist of commonly pitted and embayed phenocrysts of subhedral
plagioclase up to 2 mm with subordinate Fe-Ti oxides and sub-euhedral,
oxidized biotite up to 2 mm. Phenocrysts form approximately 3% of the
rock and consist of the same minerals found in the glomerocrysts. The
medium light gray-colored groundmass consists of microlites of plagioclase
with subordinate hematized biotite, Fe-Ti oxides and glass. Approximately
5% of the groundmass has been replaced by calcite.

Sample number: Mc130

Location: SW 1/4, Sec 31, T23S, R60E, Sloan, Nev. 7 1/2' quad: dacite overlying
Tscp in the NW section of the Center Mtn. dome complex.

Rock name: Biotite dacite

Description: Holocrystalline, and porphyritic with phenocrysts of sub-euhedral,
zoned and oscillatory plagioclase up to 2 mm (4.4%), sub-euhedral,
oxidized biotite up to § mm (1.2%) and sub-euhedral Fe-Ti oxides < 0.5
mm (0.4%). The medium gray-colored groundmass consists of microlites
of plagioclase with subordinate oxidized biotite, Fe-Ti oxides and
pyroxene(?), and secondary calcite (5%). '




120

Sample number: Mc131

Location: SW 1/4, Sec 6, T24S; R61E, Sloan, Nev. 7 1/2’ quad: dacite overlymg
Tscp in the southern part of the Center Mtn. dome complex.

Rock name: Biotite dacite

Description: Holocrystalline, porphyritic and trachytic with sub-parallel
phenocrysts of sub-euhedral, zoned and oscillatory plagioclase up to 2 mm
(72%), sub-euhedral, oxidized biotite up to 3 mm (1.6%) and sub-euhedral
Fe-Ti oxides < 0.5 mm (0.4%). The medium light gray-colored
groundmass consists of microlites of plagioclase with subordinate oxidized
biotite, Fe-Ti oxides and pyroxene(?), and secondary calcite (1.2%).

MT. IAN ANDESITE

Sample number: Mc93

Location: SW 1/4, Sec S, T24S, R61E, Sloan, Nev. 7 1/2' quad: andesite that
overlies dacite on the hill 1 mile east of Mt. Ian: stratigraphically above
Mc2S biotite dacite.

Rock name: Andesite

Description: Fine-grained and hypocxystallmc consisting of commonly pitted and
embayed phenocrysts of sub-euhedral, zoned and oscillatory plagioclase up
to 1 mm (5.2%), subbedral iddingsitized olivine up to 0.5 mm (0.4%), sub-
eubedral, commonly oxidized subhedral biotite up to 1 mm (0.4%), Fe-Ti
oxides up to 1 mm and trace subhedral orthopyroxene up to 0.5 mm. The
orthopyroxene commonly occurs in glomerocrysts with plagioclase and Fe-
Ti oxides. The medium dark gray- colored, weakly vesicular groundmass
consists of microlites of plagioclase with trace biotite, olivine, Fe-Ti oxides
and glass. Vesicles are coated with calcite.

Sample number: Mc94 :

Location: N 1/4, Sec 5, T24S, R61E, Sloan, Nev. 7 1/2' quad from the hilltop 1
mile east of the Tuff of the Sloan Volcanics at station 59.

Rock name: Andesite

Description: Vesicular, fine-grained and hypocrystalline consisting of commonly
pitted and embayed phenocrysts of zoned, oscillatory, sub-euhedral
plagioclase up to 0.5 mm (2.4%), Fe-Ti oxides up to 0.25 mm (4%),
subhedral, iddingsitized olivine up to 0.5 mm (0.4%) and trace subhedral
oxidized biotite up to 0.5 mm. The vesicular (9.6%), grayish red-colored
groundmass consists of microlites of plagioclase (72.8%), iddingsitized
olivine (3.0%) and glass (0.6%). 7.0% of the groundmass has been
replaced by hematite. Vesicles are coated with calcite.

Sample number: Mc95a
Location: NE 1/4, Sec 5, T24S, R61E, Sloan, Nev. 7 1/2' quad: massive andesite
from hill 3346 just west of the major drainage separating Tsi from Tss.
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Rock name: Andesite

Description: Fine-grained and hypocrystalline cousisting of commonly pitted and
embayed phenocrysts of zoned, oscillatory, sub-euhedral plagioclase up to 1
mm (5.6%), an-subhedral chloritized(?) and oxidized biotite up to 1 mm
(104%) and subhedral orthopyroxene up to 0.5 mm (trace) that commonly
occurs in glomerocrysts with plagioclase and Fe-Ti oxides. The black-
colored groundmass consists of microlites of plagioclase (74.0%),
clinopyroxene (0.2%), iddingsitized olivine (0.6%), Fe-Ti oxides (4.6%),
zircon (trace) and devitrified glass (4.6%).

Sample number: Mc95b

. Location: NE 1/4, Sec S, T24S, R61E, Sloan, Nev, 7 1/2' quad: platy andesite
from hill 3346 just west of the major drainage separating Tsi from Tss: lies
stratigraphically below the more massive Mc952a andesite.

Rock name: Andesite

Description: Fine-grained and hypocrystalline consisting of commonly pitted and

‘ embayed phenocrysts of zoned, oscillatory, sub-euhedral plagioclase up to 1

mm (4.0%), sub-euhedral oxidized biotite up to 2 mm (0.4%), Fe-Ti oxides
up to 0.5 mm (0.2%) and subhedral orthopyroxene up to 0.5 mm (trace)
that commonly occurs in glomerocrysts with plagioclase and Fe-Ti oxides.
The dusky brown-colored, weakly vesicular (0.4%) groundmass consists of
microlites of plagioclase (68.4%), iddingsitized olivine (3.0%), Fe-Ti oxides
(4.0%), biotite (trace) and devitrified glass (19.8%). The slide contains a
granodiorite xenolith 1.5 mm by 1 mm. Vesicles are coated with calcite.

Sample number: Mc97

Location: NW 1/4, Sec 4, T23S, R61E, Sloan, Nev. 7 1/2’ quad: collected from
the Tsi ridge-top in the NW part of the northern Tss dacite dome complex.

Rock name: Andesite

Description: Fine-grained, weakly vesicular and hypocrystalline consisting of
commonly pitted and embayed phenocrysts of zoned, oscillatory, sub-
eubedral plagioclase up to 1 mm (4.4%), an-subhedral, iddingsitized olivine
up to 0.5 mm (2.0%), subhedral, oxidized biotite up to 0.5 mm (trace), Fe-
Ti oxides up to 0.5 mm (2.0%) and subhedral orthopyroxene up to 0.5 mm
(02%) that commonly occurs in glomerocrysts with Fe-Ti oxides. The
black-colored, weakly vesicular (1.8%) groundmass consists of microlites of
plagioclase (57.0), iddingsitized olivine (2.2%), clinopyroxene (0.2%), Fe-Ti
oxides (0.6%) and devitrified glass (29.4%).

Sample number: Mc98 -
Location: SE 1/4, Sec 6, T24S, R61E, Sloan, Nev. 7 1/2' quad: collected from the
Tsi dome in the SE part of the Tsc dome complex.

Rock name: Andesite
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Description: Fine-grained, weakly vesicular and hypocrystalline consisting of
commonly pitted and embayed phenocrysts of zoned, oscillatory, sub-
cuhedral plagioclase up to 0.5 mm (4.6%), an-subhedral, iddingsitized
olivine up to 0.5 mm (0.5%), Fe-Ti oxides up to 0.5 mm (2.0%) and sub-
euhedral, oxidized biotite up to 0.5 mm (trace). The medium dark gray-
colored, weakly vesicular (0.8%) groundmass consists of microlites of
plagioclase (79.0%), iddingsitized olivine (4.1%), Fe-Ti oxides (3.4%) and

-devitrified glass (1.8%). Sericite (3.8%) is replacing plagioclase. The
vesicles are coated with calcite.

Sample number: Mc120a

Location: S 1/4, Sec 6, T24S, R61E, Sloan, Nev. 7 1/2' quad: andesite collected
from the Mt. Ian vent.

Rock name: Andesite

Description: Fine-grained and hypocrystalline consisting of commonly pitted and

: embayed phenocrysts of zoned, oscillatory, sub-euhedral, seriate plagioclase
up to 1 mm (31.8%), sub-cuhedral orthopyroxene up to 0.5 mm (1.2%), Fe-
Ti oxides up to 0.5 mm (1.5%) and subhedral, oxidized biotite up to 0.5
mm (0.2%). The grayish black-colored groundmass consists of microlites of
plagioclase (50%), orthopyroxene (trace), biotite (0.6%), Fe-Ti oxides 1
(2.1%) and devitrified glass (9.8%). Veins of fine to medium-grained
quartz forms 2% of the rock.

Sample number: Mc129

Location: NE 1/4, Sec 4, T24S, R61E, Sloan, Nev. 7 1/2’ quad: andesite that
underlies Tss on the east side of drainage in the NW part of the northern
Tss dome complex.

Rock name: Andesite

Description: Fine-grained, weakly vesicular and hypocrystalline consisting of
commonly pitted and embayed phenocrysts of zoned, oscillatory, sub-
cuhedral, seriate plagioclase up to 2 mm (30.8%), sub-euhedral,
iddingsitized olivine up to 0.5 mm (0.2%), Fe-Ti oxides up to 0.5 mm
(0.2%) and sub-euhedral orthopyroxene up to 0.5 mm (trace). The weakly

~ vesicular (1.0%), dark gray-colored groundmass consists of microlites of

plagioclase (49%), iddingsitized olivine (0.6%) and Fe-Ti oxides (0.8%).
Vesicles are coated with calcite.

MT. SUTOR DACITE

Sample number: Mc9
Location: E 1/2, Sec 26, T24S, R60E, Hidden Valley, Nev. 7 1/2’ quad: at the
Tss/Thvb contact near the western entrance road to Hidden Valley.

Rock name: Biotite dacite
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Description: Glomeroporphyritic: glomerocrysts form approximately 10% of the
rock and are composed of commonly pitted and embayed phenocrysts of
zoned, oscillatory, sub-euhedral plagioclase up to 3 mm with subordinate
sub-euhedral biotite up to 3 mm and Fe-Ti oxides up to 0.5 mm.
Individual phenocrysts form approximately 2% of the rock and consist of
the same minerals found in the glomerocrysts, but many are not pitted and
embayed. The medium gray-colored groundmass consists of microlites of
plagioclase with trace biotite and Fe-Ti oxides, devitrified glass, and < 1%
vesicles. Vesicles and fractures are coated with secondary calcite.

Sample number: Mc16

Location: SW 1/4, Sec 14, T24S, R60E, Hidden Valley, Nev. 7 1/2 quad: near the
Tss/Pzcu contact on the western margin of the southern dacite dome
complex.

Rock name: Biotite dacite

Description: Glomeroporphyritic: glomerocrysts form approximately 7% of the
rock and are composed of commonly pitted and embayed phenocrysts of
zoned, oscillatory, sub-euhedral plagioclase up to 3 mm with subordinate
an-subhedral orthopyroxene up to 1 mm and Fe-Ti oxides up to 0.5 mm.
Individual phenocrysts form approximately 5% of the rock and consist of
the same minerals found in the glomerocrysts, plus an-subhedral pitted and
embayed, oxidized biotite (1.4%). Many of the individual phenocrysts do
not show the disequilibrium textures displayed in the glomerocrysts. The
mottled medium gray and medium dark gray-colored groundmass consists
of microlites of plagioclase with trace biotite, orthopyroxene and glass.

Sample number: Mc19

Location: NE 1/4, Sec 13, T24S, R60E, Hidden Valley, Nev. 7 1/2' quad: from
the NW portion of the southern dacite dome complex.

Rock name: Vesicular biotite dacite

Description: Glomeroporphyritic: glomerocrysts form approximately 2% of the
rock and are composed of commonly pitted and embayed phenocrysts of
zoned, oscillatory, sub-euhedral plagioclase up to 2 mm with subordinate
subhedral orthopyroxene up to 1 mm, subhedral biotite < 0.5 mm and Fe-
Ti oxides up to 0.5 mm. Individual phenocrysts form 9.8% of the rock and
consist of the same minerals found in the glomerocrysts, plus sub-euhedral,
pitted and embayed, oxidized biotite (2.2%) up to 1 mm. The vesicular
(11.8%) black-colored groundmass consists of microlites of plagioclase with
trace biotite, Fe-Ti oxides, iddingsitized olivine, and glass. Vesicles and
fractures are coated with secondary calcite.

Sample number: Mc21
Location: N 1/2, Sec 20, T24S, R61E, Hidden Valley, Nev. 7 1/2' quad: isolated
outlier near the eastern margin of the southern dacite dome complex.
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Rock name: Vesicular biotite dacite

Description: Glomeroporphyritic: glomerocrysts form approximately 15% of the
rock and are composed of commonly pitted and embayed phenocrysts of
zoned, oscillatory, sub-euhedral plagioclase up to 3 mm with subordinate
subhedral biotite up to 3 mm and Fe-Ti oxides up to 0.5 mm. Individual
phenocrysts form approximately 3.5% of the rock and consist of the same
minerals found in the glomerocrysts. The vesicular (3.8%) dark gray-
colored groundmass consists of microlites of plagioclase with trace biotite,
clinopyroxene, olivine and glass.

Sample number: Mc 27

Location: SW 1/4, Sec 10, T24$, R61E, Hidden Valley, Nev. 7 1/2' quad: on NW

side of the entrance to the major drainage near the hypabyssal phase Tss.

Rock name: Biotite dacite

Descnpnon Glomeroporphyritic: glomerocrysts for approximately 18% of the
rock and are composed of commonly pitted and embayed phenocrysts of
zoned, oscillatory, sub-euhedral plagioclase up to 4 mm, with subordinate
Fe-Ti oxides up to 0.5 mm, sub-euhedral biotite up to 4 mm, and subhedral
clinopyroxene up to 2 mm that is commonly rimmed with black Fe oxides.
Individual phenocrysts form approximately 4.5% of the rock and consist of
the same minerals found in the glomerocrysts, plus < 1% anhedral
hornblende up to 0.5 mm that is rimmed with black Fe oxides. The dark
gray- colored weakly vesicular (1.2%) groundmass consists of microlites of
plagioclase with trace biotite and glass.Vesicles are coated with secondary
calcite.

Sample number: Mc28 A

Location: N 1/4, Sec 10, T24S, R61E, Hidden Valley, Nev. 7 1/2’ quad: isolated

outlier in the mouth of the major drainage near hypabyssal phase Tss.

Rock name: Biotite dacite

Description: Glomeroporphyritic: glomerocrysts for approximately 10% of the
rock and are composed of commonly pitted and embayed phenocrysts of
zoned, oscillatory, sub-euhedral plagioclase up to 2 mm, and subordinate
subhedral clinopyroxene up to 1 mm and oxidized biotite up to 3 mm.
Individual phenocrysts form approximately 2% of the rock and consist of

. the same minerals found in the glomerocrysts. The medium gray-colored

groundmass consists of microlites of plagioclase with trace Fe-Ti oxides and
glass. Calcite has replaced approximately 5% of the groundmass.

Sample number: Mc31a

Location: SE 1/4, Sec 14, T24S, R61E, Sloan SE, Nev. 7 1/2' quad: at the
southernmost Tss/Tsh contact.

Rock name: Biotite dacite
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Description: Glomeroporphyritic: glomerocrysts form approximately 7% of the

rock and are composed of commonly pitted and embayed phenocrysts of
zoned, oscillatory, sub-euhedral plagioclase up to 2 mm, and subordinate
subhedral, oxidized biotite up to 3 mm, an-subhedral clinopyroxene up to 1
mm, Fe-Ti oxides up to 0.5 mm and trace anhedral orthopyroxene up to 0.5
mm. Individual phenocrysts form approximately 5% of the rock and consist
of the same minerals found in the glomerocrysts. The dark gray-colored

- groundmass consists of microlites of plagioclase with trace biotite and Fe-
Ti oxides and glass. Fractures are rarely coated with calcite.

Sample number: Mc91a .
Location: NW 1/4, Sec 19, T24S, R61E, Hidden Valley, Nev. 7 1/2' quad: dacite

vent center in the east-central part of the southern dacite dome complex.

Rock name: Biotite dacite
~ Description: Glomeroporphyritic: glomerocrysts form approximately 5% of the

rock and are composed of commonly pitted and embayed phenocrysts of
zoned, oscillatory, subhedral plagioclase up to 3 mm and subordinate sub-
cuhedral hematized biotite up to 4 mm, and Fe-Ti oxides up to 0.5 mm.
Individual phenocrysts form approximately 1.6% of the rock and consist of
the same minerals found in the glomerocrysts. The dark greenish gray-
colored groundmass consists of microlites of plagioclase with trace zircon
and glass.

Sample number: Mc92

Location: NW 1/4, Sec 19, T24S, R61E, Hidden Valley, Nev. 7 1/2' quad: on
hilltop 3957 just NW of the vent area at station 91.

Rock name: Vesicular biotite dacite

Description: Glomeroporphyritic: glomerocrysts form approximately 5.5% of the

rock and are composed of commonly pitted and embayed phenocrysts of
zoned, oscillatory, sub-euhedral plagioclase and subordinate sub-euhedral,
oxidized biotite up to 2 mm, subhedral orthopyroxene up to 1 mm, and Fe-
Ti oxides up to 0.5 mm. Individual phenocrysts form approximately 5.5%
of the rock and consist of the same minerals found in the glomerocrysts.
Biotite is rare in glomerocrysts and more abundant as individual
phenocrysts. The slide contains < 1% granodiorite (?) xenoliths up to 1
cm. The vesicular (3%) medium dark gray-colored groundmass consists of
microlites of plagioclase with trace biotite, orthopyroxene, Fe-Ti oxides and
glass. Vesicles are coated with secondary calcite.

Sample number: Mc96
Location: W 1/2, Sec 4, T24S, R61E, Sloan, Nev. 7 1/2' quad: collected on the

west-facing slope of hill 3490 in the northern Tss dome complex.

Rock name: Biotite dacite
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Description: Glomeroporphyritic: glomerocrysts form approximately 7.5% of the
rock and are composed of commonly pitted and embayed phenocrysts of
zoned, oscillatory, sub-euhedral plagioclase up to 3 mm and subordinate
sub-euhedral, oxidized biotite up to 3 mm, rare an-subhedral clinopyroxene
up to 0.5 mm, and Fe-Ti oxides up to 0.5 mm. Individual phenocrysts form
approximately 5.5% of the rock and consist of the same minerals found in
the glomerocrysts. There is, however, a higher percentage of individual
.clinopyroxene phenocrysts (an-subhedral, up to 2 mm). The slide contains
2 2 mm by 0.5 mm xenocryst of fine-to medium-grained clinopyroxene and
orthopyroxene with interstitial glass. The weakly vesicular (1%) dark gray-
colored groundmass consists of microlites of plagioclase with trace biotite
and glass.

Sample number: Mc100

Location: SW 1/4, Sec 17, T24S, R61E, Hidden Valley, Nev. 7 1/2 quad: from
hilltop 3650 in the NE part of the southern dacite dome complex.

Rock name: Biotite dacite

Description: Glomeroporphyritic: glomerocrysts form approximately 11% of the
rock and are composed of commonly pitted and embayed phenocrysts of
zoned, oscillatory, sub-euhedral plagioclase up to 2 mm and subordinate
an-subhedral, oxidized biotite up to 2 mm, an-subhedral clinopyroxene up
to S mm and Fe-Ti oxides up to 0.5 mm. Individual phenocrysts form
approximately 4% of the rock and consist of the same minerals found in
the glomerocrysts. The weakly vesicular (< 1%) brownish gray-colored
groundmass consists of microlites of plagioclase with trace Fe-Ti oxides and
glass. Vesicles are coated with secondary calcite.

Sample number: Mc118

Location: E 1/2, Sec 3, T24S, R61E, Sloan NE, Nev. 7 1/2' quad: hypabyssal
dacite near the NW Tss hypabyssal/volcanic contact.

Rock name: Hypabyssal biotite dacite
Description: Holocrystalline, glomeroporphyritic: glomerocrysts form
approximately 13% of the rock and consist of commonly pitted and
embayed phenocrysts of zoned, oscillatory, sub-euhedral plagioclase up to 3
mm, subordinate subhedral, oxidized biotite up to 3 mm, and < 1%
subhedral clinopyroxene up to 1.5 mm that is rimmed with fine-grained
black Fe oxides. Individual phenocrysts form approximately 6% of the
rock and consist of the same minerals found in the glomerocrysts. The
medium gray-colored, fine-grained groundmass consists of plagioclase
(80%, subhedral, < 0.5 mm), biotite (3.8%, subhedral, < 0.5 mm), and
trace Fe-Ti oxides (< 0.5 mm).
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Sample number: Mc119

Location: NW 1/4, Sec 11, T24S, R61E, Sloan NE, Nev. 7 1/2' quad: Hypabyssal
dacite near the SE Tss hypabyssal/volcanic contact.

Rock name: Hypabyssal biotite dacite

Description: Holocrystalline, glomeroporphyritic: glomerocrysts form
approximately 12% of the rock and consist of commonly pitted and
embayed phenocrysts of zoned, oscillatory, sub-euhedral plagioclase up to
3 mm, subordinate, oxidized biotite up to 2 mm, and < 1% subhedral
‘clinopyroxene that is rimmed by fine-grained black Fe oxides. Individual
phenocrysts form approximately 3% of the rock and consist of the same
minerals found in the glomerocrysts. The medium gray- colored, fine-
grainectd groundmass consists of plagioclase (80.4%, subhedral, < 0.5
mm), biotite (0.6%, subhedral, < 0.5 mm), and trace Fe-Ti oxides (< 0.5
mm). < 1% of the groundmass has been replaced by calcite.

Sample number: Mc128

- Location: SE 1/4, Sec 24, T24S, R60E, Hidden Valley, Nev. 7 1/2’ quad: from
the central part of the southern dacite dome complex.Rock name:
Vesicular biotite dacite

Description: Glomeroporphyritic: glomerocrysts form approximately 3% of the
rock and consist of commonly pitted and embayed phenocrysts of zoned,
oscillatory sub-euhedral plagioclase up to 5§ mm and subordinate sub-
euvhedral, oxidized biotite up to 4 mm, and Fe-Ti oxides up to 0.5 mm.
Individual phenocrysts form approximately 3% of the rock and consist of
the same minerals found in the glomerocrysts. The brownish gray-colored
vesicular (3.6%) groundmass consists of plagioclase microlites and trace
glass.

ALKALI BASALT

Sample pumber: Mc124

Location: SE 1/4, Sec 13, T23S, R60E, Sloan, Nev. 7 1/2' quad: alkali basalt
exposure &t the Sloan Limestone quarry.

Rock name: Weakly vesicular alkali basalt

Description: Trachytic, holocrystalline and aphanitic with ultramafic nodules and
Precambrian crust xenoliths up to several cm (< 1%). The weakly
vesicular (0.2%), black-colored groundmass consists of sub-parallel
microlites of sub-euhedra), oscillatory plagioclase (56%), subhedral
clinopyroxene (21.2%), an-subhedral, iddingsitized olivine (20.4%) and Fe-
Ti oxides (2.2%).
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Tuff of Bridge Spring
ET-1 YT

Sample No. 2 R__ T V__ M63__MI0S
Si02 7259 7003 6901 63851 6773 6665 6681 6610
AL203 1429 1343 1469 1452 1544 1441 1506 16.10
Fe203 1.78 1.88 217 1.97 283 2.04 252 250
CaO 1.38 1.15 143 1.90 1.65 231 1.6 1.70
MgO 035 0.46 048 0.30 044 032 071 1.30
Na20 4.19 347 4.20 39 445 422 433 4.70
K20 529 482 5.12 5N 493 497 5.92 6.30
TiO2 034 03S 041 0.40 0.53 0.39 043 0.40
MnO 0.07 0.08 0.06 0.05 0.06 0.07 0.09 0.10
P205 0.06 0.06 0.14 0.09 0.16 0.12 0.02 020
LOI 0.98 4.7 0.93 1.72 122 203 2.57 0.40
 TOTAL 101.32 10050 9864 9911 9945 9753 10006  99.80
Trace elements
in ppm
La 121.0 1040
Ce 191.0 1550
Nd 70.0
Sm 11.0 10.0
Eu 1.7 1.9
T® 0.8 0.9
Yb 31 1.2
Lu 0.5 03
U 85 12.0 82 73 52 59
Th 322 25.0
Cr 214 179 218 183
Hf 111 10.0
Ba 910 1332
Rb 2480 4800 2170 2170 1590 1790 1570 1430
Sr 214 402 233 197 563 365 264 1015
Sc
Ta 23 - 184
Cd
Zr 3300 3440 1180 38390 4220 3500 414.0
Y 66.2 510 58.0 41.0 420
Nb
Co
Ti

AV
Mg# 0.14 0.17 0.16 0.12 0.12 0.12 0.19 0.31
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Tuff of Bridge Spring: continued

Samplie No. McS3__ MoB0__ Mc6l__ Mc62 _Mcbda__Mobdb_ Mc6S  Mc6b
Si02 6465 6390 6647 6127 6509 6669 6954 €6.69
AL203 1566 1477 1492 1395 1372 1372 1440 1448
Fe203 3.95 355 347 272 3.11 3.1 3.31 3.16
CaO 243 324 172 236 566 065 0.63 4.12
MgO 0.97 105 08 058 142 1.00 1.02 0.84
Na20 433 409 433 397 3.35 3.86 3.94 3.74
K20 603 567 617 599 469 640 464 577
Tio2 053 045 047 035 042 042 0.45 0.43
MnO 015 015 015 0.15 015 015 0.15 0.15
P205 018 016 0.16 0.10 040 013 0.27 033
Lol 1.27 197 114 204 148 065 - 411 3.00
[TOTAL 10006 9900 9987 9948 9949 9678 10246 102.71
Trace elements .
in ppm
La 1180 932 915 921 96.3
Ce 2040 1700 1670 1840 181.0
Nd 734 640 752 553 673
Sm 9.7 83 113 11.1 115
Eu 1.8 1.7 13 1.0 1.1
o 09 09 14 1.1 1.1
Yb 29 3.1 39 3S 38
Lu 04 04 0S5 0.6 0.6
U 63 54 64 109 89
Th 286 213 358 443 446
Cr 320 453 352 99 15.5
Hf 103 10.1 o8 10.6 11.1
Ba 818 927 390 170 296
Rb 1210 1270 1600 1720 170.0
Sr 502 781 389
Sc 4.7 42 39 32 36
Ta 1.7 19 24 2.7 2.7
Cd i
Zr 5780 4830 8260 5530 577.0
Y
Nb 64.0
Co 42 3.7 34 20 28
Ti 2080 2790 2260 2430 2100
\'4 397 353 46 233 29.5
Mg# 0.17 02 018 015 028 0.9 0.21 0.22
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“Tull of Bridge Spring: continued Hidden Valiey volcanics
Sample No. Mc67 Mco68  Mco69  Mc7l 65 66 68 125
Si02 6812 6546 63840 69.27] 4694 5018 5205 5161
AL203 1460 1432 1445 1488| 1687 1511 1604 16.69
Fe203 291 3.19 3.07 293 9.64 894 7.86 9.18
CaO 1.69 343 1.61 065] 1101 9.97 8.80 8.90
™MgO 0.61 0.66 0.53 0.40 7.23 7.19 5.92 5.82
Na20 4.38 4.10 4.33 4.44 2.69 261 2.69 275
K20 5.94 5.82 5.85 6.15 1.38 172 301 1.79
TiO2 0.39 042 040 041 1.54 135 131 1.73
MnO 0.15 0.14 0.15 0.15 0.13 0.14 0.13 0.14
P205 0.11 0.13 0.09 0.09 0.81 0.61 0.78 0.50
LOI 1.38 2.56 1.33 0.56 1.11 235 3.01 0.70
' TOTAL 100.29 10023 10022 9993) 9935 10017 101.60 99.81
Trace elements
in ppm
La 9.5 91.7 934 1010
Ce 1730 1770 1840 1830
Nd 79.8 63.7 570 80.9
Sm 12.8 11.8 12.1 13.7
Eu 1.1 12 12 12
To 1.2 1.2 13 13
Yb 36 34 36 - 38
Lu 0.6 05 0.5 0.6
U 87 72 85 84
Th 393 394 419 420
Cr 11.7 209 104 112
Hf 100 10.1 11.0 113
Ba 303 :
Rb 1550 1650 1790 1730 223 220 65.2 29.7
Sr 219 200 168 196 940 828 1170 622
Sc 32 39 34 3
Ta 24 24 26 28
Cd
Zr 4550 5440 6030 6630] 2180 2230 3170 2350
Y 17.7 18.1 25.1 234
Nb
Co 20 39 25 1.9
Ti 2270 1890 2780 2220
v 23.6 310 30.0 343
Mg # 0.15 0.15 0.13 0.1 0.39 041 0.39 0.35
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Hidden Valley

volcanics:

continued Mount Hanna andesite
Sample No. Mc109 Mcll16 | Mc83b  Mc84 Mcll0  Mclll  Mcll2  Mcli3
§$i02 5796 51.00] 5893 5926 6015 60.74 60.15 59.75
AlL203 16.18 1681 1690 1683 1731 17.07 17.05 17.00
Fe203 807 1029 6.56 6.82 6.51 6.79 6.73 6.90
Ca0 572 922 393 4.00 3.88 398 4.08 4.06
MgO 338 5.08 191 1.54 1.87 1.72 1.62 1.84
Na20 335 3.11 391 380 346 353 362 375
K20 347 171 429 425 4.45 4.52 4.40 423
TiO2 1.15 138 0.59 0.62 0.60 0.61 0.62 0.59
MrO 0.16 0.17 0.16 0.16 0.16 0.16 0.16 0.16
P205 0.87 051 047 0.86 0.93 1.02 0.94 0.57
LOI - 0.62 0.28 0.74 0.73 0.66 0.59 032 0.62
TOTAL 10093 9996] 9839 9887 9998 10073 9969 9947
Trace elements ) :
in ppm
La 723 400 832 922 89.1 89.1 89.7 90.0
Ce 143.0 762 1530 17220 1730 1700 1720 163.0
Nd 48.6 353 69.1 74.7 65.5 74.8 576 825
Sm 9.1 6.6 104 112 10.0 106 100 109
Eu 24 18 24 2.7 26 25 2.7 25
To 1.2 0.9 0.9 12 1.1 1.1 10 1.2
Yb 1.8 26 22 28 25 2.7 24 26
Lu 03 04 03 03 03 03 03 04
U 1.1 17 3s 20 3.2 29 26
Th 111 . 48 12.8 14.2 150 136 147 134
Cr 101.0 1840 85.1 384 1360 1320 940 72.6
Hf 17 50 71 8.1 80 7.7 19 74
Ba 1100 724 1650 1970 1800 1990 1840 1990
Rb 95.8 249 655 1050 1120 95.2 853 1.6
Sr 1250 1410 1430 1790 2280 1920 2110 1830
Sc 136 249 57 6.4 6.5 6.2 6.7 6.2
Ta 13 0.6 0.8 08 09 0.8 0.8 09
Cd
Zr 8430 6580| 6790 6750 7250 S600 7220 4020
Y
Nb
Co 21.7 28.2 93 103 103 10.0 10.9 98
Ti 7100 7630 3540 3300 3950 3780 4480 4420
v 150 203 81.2 75.1 70.6 81.3 88.8 79.7
Mgp# 0.26 0.30 0.20 0.16 0.20 0.18 0.17 0.19




Hidden Valley volcanics: continued

Sample No. M24____M27 M35 MS7 M58 McB7__ Mcl08
$i02 58.72 5870 5586 5942 5965 55.19 5761
AL203 1785 1580 1630 1759 1749 1602  16.14
- |Fe203 714 S11 847 541 555 898 174
CaO 525 449 749 400 403 706 554
MgO 200 253 433 18 180 512 329
Na20 435 363 429 369 364 362 347
K20 395 529 189 S22 52 23 363
TiO2 071 082 095 0S5 055 108 118
MnO 006 009 008 035 012 017 0.16
P205 077 035 020 012 0384 064 105
Lol 082 129 135 035 076 006 135
TOTAL 101.62 9810 101.21 9850 $9.15 10030 101.16
Trace clements
in ppm
La 978 1020 262 994 980 486 697
Ce 1823 1686 420 1678 1669 852 1390
Nd 688 748 239 766 328 420
Sm 142 131 43 128 126 6.4 85
Eu 35 27 1.6 28 28 16 23
To 1.5 15 16 15 1.5 09 08
Yb 29 28 14 29 29 24 1.9
Lu 0.6 04 04 05 0.S 03 0.4
U 11
Tu 125 202 64 137 135 83 108
Cr . 200 612
Hf 7.0 94 43 16 16 5.5 73
Ba 2440 1620 655 2203 1897 802 1200
Rb 979 1185 436 982 1000 338 606
Sr 1741 45 455 1468 1157 556 1280
Sc 197 128
Ta 0.7 14 05 09 09 09 1.2
cd
Zr 390.0 3618 2341 199.0
Y
Nb
Co 276 195
Ti 6130 7410
v 135 149
Mzg# 019 030 030 022 022 033 027
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Mount Hanna

andesite:

continued Cinder Prospect member
Sample No. Mclld McliS ) McS% Mc78 Mc79 Mcll7a Mcl2l
$i02 6093 5937 6637 6131 6725 6767 6988
AL203 1710 16,73 1525 1663 1530 1553 1565
Fe203 6.53 6.61 336 5N 3.30. 345 3.00
CaO 3.84 4.10 208 3.39 1.10 207 1.63
MgO 1.61 181 099 138 0.55 0.55 048
Na20 368 387 395 403 385 439 365
K20 4.36 4.3} 5.27 463 5.58 5.69 5.63
TiO2 0.57 0.57 0.16 045 0.13 0.11 0.11
MnO 0.16 0.15 0.16 0.16 0.16 0.17 0.16
P205 1.02 093 0.13 042 0.08 0.29 0.25
LOl 048 045 247 0.14 247 112 083
 TOTAL 10028 9890)] 10019 9825 99.76 101.04 101.27
Trace elements - ’
in ppm
La 94.8 214 116.0 884 1230 1210 1290
Ce 1710 1710 2100 1820 2160 2270 2220
Na 722 69.8 83.5 60.1 ne 882 1010
Sm 11.5 109 11.7 103 119 128 135
Eu 26 26 25 29 26 25 25
T 1.0 09 13 1.0 1.2 1.0 1.2
Yb 28 25 31 24 32 31 36
Lu 04 04 05 03 04 0.s 0.5
U 38 24 49 31 5.1 58 5.0
Th 143 14.0 21.7 15.5 215 224 219
Cr 1050 1080 384 79.6 321 438
Hf 19 16 8.7 9.1 86 85 86
Ba 1930 2020 1450 1700 1840 1850 1780
Rb 85.7 94.9 1270 1080 1250 1200 1210
Sr 1610 1700 801 1580 764 925 638
Se " 60 64 48 54 4.8 5.0 4.6
Ta 0.8 08 1.0 0.7 11 1.0 1.1
Cd
Zr 4380 4300 5340 .- 6520 8370 5320 6190
Y .
Nb
Co 21 100 12 6.6 08 1.0 0.7
Ti 3510 3430 1020 370 1230 4151 4637
A\ 70.2 79.9 15.2 58.7
Mg# 0.17 0.19 0.20 0.17 0.13 0.12 -0.12
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Cinder Prospect Center

member: Mountain

continued Tulf of the Sloan volcanics dacite
Sample No. Mc12S Mcli26§ McS9a MceS9% Mc59¢ Mc73 | Mc59d Mcl20b
$i02 6874 69.70 6976 6487 6426 6858 6806 67.67
AL203 1535 1545 1508 1509 1512 1456 1594 15.67
Fe203 305 an 334 395 4.42 310 ass 4.11
CaO 1.67 1.21 0.59 137 1.64 0.69 2.15 1.56
MgO 0.40 0.44 0. 1.73 1.71 1.07 0.51 0.63
Na20 385 3.69 432 33 392 4.62 375 370
K20 5.56 548 591 590 4.56 5.84 547 537
TiO2 0.10 0.10 045 0.63 0.64 048 0.15 0.20
MnO 0.17 0.16 0.15 0.15 0.15 0.15 0.16 0.17
P20S5 024 025 0.10 0.19 0.20 023 0.28 0.35
LOI 0.99 293 0.61 130 299 0.82 1.4 0.85
[ TOTAL 100.12 102.52 10108 9891 9962 100.14 ] 101.09 100.28
Trace elements - '
in ppm
La 954 103.0 984 1090] 1180 1140
Ce 183.0 1920 1850 2160} 2170 2060
Nd 78.7 89.2 9.0 709 858 1010
Sm 119 132 125 13.7 12.2 120
Eu 13 1.5 18 14 24 25
Tb 12 16 14 13 1.1 0s
Yo 32 33 34 36 33 34
Lu 0.5 0.5 04 0.6 0.5 05
U 71 6.0 6.0 6.7 4.7 42
Th 325 323 330 g9 214 19.2
Cr 587 478 654 216 310 277
Hf 104 11.7 11.6 116 88 8.9
Ba m 380 497 366 1700 1810
Rb 1650 1390 1510 1620) 1150 1080
Sr 354 670 155 784 800
Sc 3.7 56 6.2 4.2 53 50
Ta 24 24 20 29 1.1 1.1
Cd
Zr 5600 7010 693.0 833.0] 5770 5400
Y
Nb .
Co 2.7 59 80 32 12 19
Ti 3039 2820 2899 2950 4662 2300
v 26.7 378 52.8 315 15.8 16.1
Mp# 0.10 0.11 0.17 0.27 0.25 0.23 0.11 0.12
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~ Center

Mountain

dacite: continued |Mount Ian andesite
Sample No. Mc130 Mcl3l ] Mc72 Mc77 Mc93  Mc94 Mc95a  Mc95b
Si02 6843 6806] 5785 5928 6022 5812 5824 5894
AlL203 1552 1548 1672 1722 1732 1671 17.18 16.89
Fe203 3.07 309 7.14 7.08 7.87 734 6.97 7.76
CaO 1.64 157 424 4.15 4.31 4.22 4.36 4.09
MgO 0.38 0.44 1.81 1.84 1.94 195 213 1.56
Na20 351 386 374 3.62 3.64 365 3.77 s
K20 5.65 5731  4.16 441 4.18 4.19 410 441
TiO2 0.11 0.10 0.60 0.61 0.66 0.63 0.64 0.64
MnO 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16
P205 0.21 0.16 097 1.02 1.00 0.98 0.54 0.85
LOI 103 1.10 0.66 1.04 0.25 033 1.18 0.72
TOTAL 9971 9975] 9805 10043 101.55 9828 9927 9953
Trace elements .
in ppm
La 86.7 85.6 863 884 89.2
Ce 1550 1520 1560 1550 1640
Nd 81.7 73.7 826 894 65.0
Sm 114 114 112 11.1 11.1
Eu 26 25 28 27 28
Tb 12 10 1.1 1.0 09
Yb 25 19 23 22 23
Lu 04 04 03 04 03
[8) 2.7 38 34 4.7 23 -
Th 130 116 128 11.8 128
Cr 60.7 825 80.0 40.1 872
Hf 70 6.7 13 73 7.6
Ba 1970 1930 1990 2090 2070
Rb 1315 91.7 n3 714 953 97.6
St 536 1640 1580 1980 1810 2070
Sc 58 57 6.2 59 6.1
Ta 0.7 09 0.7 06 09
Cd
Zr 3474 6370 3870 6890 5430 8080
Y 122
Nb
Co 104 105 114 104 109
Ti 4130 4110 3970 4370 3790
A4 7.7 964 88.2 85 79.7
Mg# 0.11 0.18 0.18 0.17 019. 021 0.15




Mount Jan andesite:

continued Mount Sutor dacite
Sample No, Mc97 Mc98 Mcl20a§ Mc2l McB3a Mc8S M9
$i02 5803 5807 5873} 6191 6241 63.03 6291
AL203 17.21 17.18 17220} 16.09 16.51 16.25 16.19
Fe203 7.19 714 .7 57 548 585 514
Ca0O 430 443 417 3.13 245 320 244
MgO 192 2.16 1.72 1.34 1.16 1.15 1.20
Na20 387 386 382 3.49 3.68 346 353
K20 422 44 4.14 5.75 5.84 4.69 568
TiO2 0.64 0.69 0.62 039 043 0.58 0.43
MnO 0.16 0.16 0.16 0.17 0.16 0.16 0.16
P205 0.52 0.54 1.19 0.24 0.24 0.59 0.22
LOI 034 1.05 0.15 1.93 0.70 0.44 1.02
TOTAL 9840 99.72 9967 913 906 9940 98.73
Trace elements o
in ppm
La 85.6 814 ] 1180 1150 1110 119.0
Ce 159.0 1490] 2200 2190 1990 2100
Nd 59.0 6261 1120 878 1120 1200
Sm 112 104 14.7 133 145 146
Eu 28 25 33 34 33 32
Tb 1.1 10 15 16 16 2.1
Yb 22 20 44 39 39 39
Lo 04 04 06 0.s 0.6 0.7
U 29 29 48 26 36 37
Th 126 .. 120 203 203 170 194
(o4 160.0 761 90 61.6 183 576
Hf 73 70 10.7 10.8 104 103
Ba 1900 1900 2180 1780 1950 1830
Rb 753 8591 1180 1350 109.0 109.0
Sr 1990 1830 1480 1380 1530 1600
Sc 6.0 5.9 6.7 6.7 78 6.7
Ta 0.8 0.7 13 10 1.2 1.0
cd .
Zs 645.0 6700] 6810 6970 8330 5800
Y .
Nb
Co 11.2 10.6 28 33 36 2.8
Ti 3890 4330 3220 2630 3820 3220
v 883 92 24.2 244 346 238
Mg# 0.19 0.21 0.16 0.17 0.15 0.14 0.17
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Alkali

Mount Sutor dacite: continued basalt
Sample No. Mcl00 Mcll8 Mcll9 Mcl128 Mc124
Si02 6167 6229 6496 6655 51.04
AL203 16.19 16.43 16.44 15.84 14.92
Fe203 5.14 sn 5.51 385 8.70
Ca0 244 299 298 198 8.80
MgO 1.24 1.04 114 0.69 YN}
Na20 384 3.56 364 353 332
K20 551 517 527 533 2.56
TiO2 0.49 0.48 043 0.25 0.96
MnO 0.17 0.17 0.17 0.16 0.16
P205 0.25 0.50 0.31 0.35 1.13
Lol 0.50 074 064 1.83 1.19
 TOTAL 9744 9908 10149 100.36 100.49
Trace clements -
in ppm :
La 1120 1140 1160
Ce 2150 2310 2160
Nd 783 95.0 101.0
Sm 13.2 14.5 14.8
Eu 36 34 33
Tb 1.6 1.7 16
Yb 43 39 38
La 0.5 0.6 0.6
U 42 37 49
Th 19.1 19.6 19.1
Cr 80.8 29.8 40.2
Ht 106 10.7 103
Ba 1760 1800 1780
Rb 1200 135.0 105.0
Sr 1460 1560 1310
Sc 15 80 14
Ta 1.0 1.1 11
Cd .
Zr 8440 6020 7320
Y
Nb
Co 30 34 32
Ti 3300 3790 3590
v 320 23.1 19.2
Mg# 0.17 0.14 0.15. 0.13 043
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H.V. volcanics: cont. __[Mount Hanna andesite
Sampie No. | Mcl08 _Mci09 Mcil | Mc83b _Mca4 Mcll0 Mciil _Mcll2 Mcil3 Mclld Mcug
8 13 0 76 12 12 10 9 12
21 21 10 25 25 26 27 26 25 26 25
29 29 26 33 3 29 30 31 k 7] 31 33
18 18 27 16 16 13 13 14 16 12 14
0 0 0 0 0 2 2 1 0 2 0
2 2 11 0 1 0 0 0 0 0 0
13 8 17 11 11 11 11 13 11 10 i1
0 0 0 0 0 0 0 0 0 0 0
4 4 4 3 3 3 3 2 3 3 3
2 2 3 1 1 1 1 0 1 1 1
2 3 2 1 1 2 2 2 1 2 2
ol 0 0 0 0 0 0 0 0 0 0 0
hem 0 0 0 0 0 0 - 0 0 0 0 0
Cinder Prospect member [Tuff of the Sioan volcanics
Sample No. } Mc59%¢  Mc78 Mc/9 Mcll/a Mcl2l Mcl2s Mc126 Mco9a Mcodb Mcodc  Mc/3
: 16 10 19 15 22 20 23 | 7 17
r 31 27 33 M 33 33 32 35 35 27 35
b 3 332 33 kvj k) | 33 3 37 32 33 41
n 8 14 5 6 6 7 4 2 6 7 1
0 0 1 0 1 1 2 1 1 1 0
di 1 0 0 2 0 0 0 0 0 0 2
y 5 8 4 4 4 4 4 8 7 8 5
0 0 0 0 0 0 0 0 0 0 0
t 2 3 2 2 2 2 2 0 2 2 2
il 0 1 0 0 0 0 0 1 1 1 1
p 0 1 0 1 1 1 1 0 0 0 0
i 0 0 0 0 0 0 0 0 0 0 0
em 0 0 0 0 0 0 0 0 0 0 0
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ount lan andesite

" Center Mountain dacite rfvi
Mc

Sampie No. | Mcs9d_Mc120b_Mci30_Mci31 | Mc/]_ Mc93 c95a MCcI5b McY7 Mc98 Mcl20a
19 21 22 19 8 3 3 4 7 8 5 5 9
r 32 32 33 34 25 26 25 25 24 26 25 26 24
b 33 31 30 33 32 33 31 7 32 30 34 33 32,
n 9 5 7 7 15 15 16 17 18 13 17 16 13
] 2 1 0 1 0 0 0 0 1 0 0 2
i 0 0 0 0 2 2 1 0 0 1 2 0
y 5 5 4 4 12 11 12 13 12 12 11 1 13
: 0 0 0 0 0 0 0 0 0 0 0 0
t 2 2 2 2 3 3 3 3 3 3 3 3 3
il 0 0 0 0 1 1 1 1 1 1 1 1 1
P 1 1 0 0 2 1 1 1 1 2 1 1 3
1 0 0 0 0 0 0 0 0 0 0 0 0 0
em 0 0 0 0 0 0 0: 0 0 0 0 0 0

Mount Sutor dacite Alkali basalt

Mc2l Mc83a Mc85 Mc96 Mcl00 Mcll8 Mcll9 Mcl28 Mcl24

10 10 16 129 13 14 20 0

34 35 28 34 33 31 31 32 15

30 3 29 30 32 30 31 33 28

11 1 12 1 12 12 13 7 18

0 0 1 0 0 1 0 1 0

2 0 0 0 1 0 0 0 15

6 8 8 7 7 8 8 4 2

0 0 0 0 0 0 0 0 0

3 3 3 3 3 3 3 2 4

1 1 1 1 1 1 1 0 2

1 1 1 1 1 1 1 1 3

-0 0 0 0 0 0 0 0 14

0 0 0 0 0 0 0 0 0
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“Tulf of Bridge Spring ~JHidden Valley volcanics |

Sample number | Mc53 Mc60 Mco62 Mc64b  Mc66 Mc67 Mc68 Mc69 Mcil | Mcl Mc3a Mc35 Mc37 McAlb
Plagioclase 34 1.5 28 0.8 1.2 20 14 5.0 30 2.2 1.0 33
livine 0.6 98 1.6 6.3
iotite 34 0.6 1.0 1.8 16 14 04 1.6

rthopyroxene

inopyroxene 08 0.2 0.4 0.2 0.8 02 08 0.4 1.6 0.3 1.0 0.8 14

e-Ti oxides 0.2 Trace Trace Trace Trace Trace 04 06 Trace

roundmass 562 80 872 80 80 794 698 86 674)] 8.1 908 840 828 785
anidine 242 75 42 6.0 54 104 48 70 106

hlogopite

ircon Trace. Trace Trace Trace Trace Trace Trace Trace Trace

phene 04 04 0.6 02 04 Trace Trace 0.6 04

ornblende

onazite
Epidote

lanite

vartz 0.6 08 1.2 1.0 1.0 0.8 04 12 14 0.6 60 . 26
Icite | Trace
Pumice 9.6 22 14 22 34 Trace 114 02 120

ock xenoliths 1.2 08 12 1.8 30 72 9.6 1.0 20
[Vesicles 11.0 8.2 2.6 1.2 93
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Hidden Valley volcanics: continued ount Hanna andesite Cinder l"Tospjgct member

Sample number | Mc42 Mc43 Mcd7 Mcd8 Mc87 Mcl08 W-Hvb| Mc31b Mcl10 Mcli2 Mclis | Mc25 Mci8  Mc79
Plagioclase 1.0 1.0 0.4 18 132 184 Trace Trace Trace Trace 36 104 17.4
livine 6.0 04 1.2 14 114

jotite 04 40 36
rthopyroxene "

inopyroxene 40 100 108 4.6 1.6 9.6 Trace
e-Ti oxides 0.5 08 1.2
roundmass 914 796 766 790 982 656 585] 1000 1000 1000 1000 | 694 85.2 740
anidine . 38
hlogopite 36 48

roon Trace Trace
phene

ornblende

onazite

pidote

lanite

uartz

Icite 258

umice

ock xenoliths Trace
esicles 36 34 82 104 18.2 1.6 0.4

Sl
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Cinder
Prospect '
member: cont. [Tuff of the Sloan volcanics ter Mtn. dacite [Mount Sutor dacite _
Sampie number [Mcl21 Mcl2s 9a Mci9b McS9%¢ Mc MceS9d Mcl30 Mcl3l | Mc9 Mcll6 Mcl9 Mc2l  Mc27
Plagioclase 82 6.6 48 20 24 34 40 4.4 7.2 7.4 8.8 7.2 136 130
livine
jotite 1.8 36 04 0.8 04 0.6 14 12 1.6 32 14 22 34 54
rthopyroxene ' 1.6 12
inopyroxene Trace 0.4 1.4 Trace Trace 20
'e-Ti oxides 04 14 0.2 1 0.4 0.8 04 12 1.0 1.6
roundmass 836 840 606 766 526 718 946 890 836 | 80 878 764 7182 764
anidine 212 48 86 100
hlogopite
iroon Trace | Trace Trace Trace Trace
phene 0.2 Trace Trace
ornblende 0.4
onazite Trace
pidote Trace
lanite Trace
vartz 0.4 18
Calcite 6.4 54 50 1.2
Pumice 90 22 116 1.6
ock xenoliths 38 132 212 4.6
esicles 14 0.6 11.8 38 1.2

I
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Mount Sutor dacite: continued

ISample number

Mc28 Mc3la Mc9la McH2

Mc96 Mcl00 Mcl18 Mcll9 Mc128 }

148 8.6 42 6.8

32 26 20 1.8
1.7

Trace 04
14 04 08
806 876 934 889

Trace

038

88 11.0 114 7.4 3.0
36 3.2 54 94 26
0.4 06 Trace
0.6 08 Trace
826 814 832 810 908
14
40 38 36
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ABSTRACT

The west-dipping Cyclopic-Salt Spring Wash-Lakeside Mine fault system
marks both the eute@ost boundary of the extensional allochthon in the Basin
and Range Province and the eastern limit of exposure of mid-Tertiary igneous
rocks at the latitude of Lake Mead. The upper plate of this fault system is
exposed only in the northern White Hills (NWH), Mohave County, Arizona. The
upper plate contains east-tilted mid-Tertiary volcanic and sedimentary rocks, cut
by down-to-the-west normal faults. Faulting began near Salt Spring Wash during
the deposition/eruption of the upper part of the mid-Tertiary section. Elsewhere
in the NWH, faulting postdated eruption and deposition. Brittle deformation on
the Salt Spring fault contrasts with ductile deformation on the Lakeside Mine
fault and may be explained by increasing displacement and a corresponding
increase in uplift northward from the Black Mountains accommodation zone.

Three groups of mafic volcanic rocks, distinguished on the basis of
chemistry and petrography, were erupted from three coeval mid-Tertiary volcanic
centers. The three types of“maﬁc magma may represent similar degrees of partial
melting of different K-rich sources. Each magma type evolved by fractionation in
conjunction with periodic recharge by new batch melts. Mafic volcanic lavas
erupted from broad shields or fissure-fed lava fields. Landslide, ash-flow tuff and
fanglomerate deposits suggest the presence of a Proterozoic basement high

southeast of the study area.

Correlation between the mid-Miocene mafic to intermediate (46-70% SiO,)
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volcanic rocks of the northern White Hills and volcanic rocks of the Eldorado and
Black Mountains (Patsy Mine Volcanics and Tuff of Bridge Spring) is} possible on
the basis of stratigraphic ﬁositién, geochemistry (Hf, Ta, Sc, Co, Cr, V and REE),
and petrography. A new biotite K-Ar age date on the Tuff of Bridge Spring in
the northern White Hills suggests that the regionally extensive Tuff of Bridge
Spring may be composed of two major pyroclastic flows. The first erupted at 164
Ma and is exposed in the NWH, the southern Black Mountains and the
McCullough Range. The second erupted at 15.18 Ma and is exposed in the

Eldorado Range.
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INTRODUCTION

The White Hills are situated south of Lake Mead (Figure 1) in the
northern end of the Colorado River extensional corridor, north of an
accommodation zone (Faulds, 1989) which separates east-tilted fault blocks to the
noﬁh from west-tilted fault blocks to the south (Figure 2). The region was
subjected to large scale extension during mid-Miocene time (Anderson, 1971;
Spencer, 1985; Weber and Smith, 1987; Duebendorfer et al., 19§0a; ). Extension
was accommodated by low-angle normal faults and kinematically related strike-
slip faults during eérly phases of extension (pre-11 Ma), and by high-angle normal
faults during later phases of extension (post-11 Ma) (Anderson, 1971; Spencer,
1985; Eaton, 1982 and Wernicke, 1984). Sewall and Smith (1986) documented
large magnitude displacement along the Saddle Island detachment (Figure 2) in

the western Lake Mead area. Duebendorfer et al. (1990) suggested that the

- Saddle Island detachment may project eastward to Arch Mountain. Myers (1985)

mapped a low-angle fault, the Cyclopic detachment, in the southern White Hills.
The Lakeside Mine fault (Fryxell and Duebendorfer, 1990), north of Lake Mead,
may be the northward projection of the Cyclopic detachment (Spencer and
Reynolds, 1989). In this thesis I describe thg Salt Spring fault on the east side of
the northern White Hills. The Salt Spring fault may link the Cyclopic and
Lakeside Mine faults. The Salt Spring fault lies 20 km west of the Grand Wash
Cliffs and represents both the easternmost boundary of the extensional allochthon

and the eastern limit of exposure of mid-Tertiary igneous rocks in the northern
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Figure 1. Location Map. Lake Mead National Recreation Area is hatchured.
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hanging wall. Low-angle normal faults marked by double tick marks on
hanging wall. AM =Arch Mountain, CBM, NBM, SBM =central, northern
and southern Black Mountains, FM=Frenchman Mountain, GB=Gold
Butte, HP=Hualapai Plateau, HSR =Highland Spring Range, MM =
McCullough Mountains, RG=Rainbow Gardens, RM =River Mountains,
CD =Cyclopic detachment, LMF =Lakeside Mine fault, LMFS =Lake Mead
fault system, SID =Saddle Island detachment, SSF =Salt Spring fault.



Colorado trough.

Intermediate volcanism in the Lake Mead area began at 20 Ma and
continued to about 12 Ma (Smith et al., 1990). Younger, smaller volume basaltic
volcanism occurred between 10.6 and 8.5 Ma at Callville Mesa, Nevada (Smith et
al,, i§90) and in the southern White Hills, Arizona (Calderone et al., 1991) and
between 4-6 Ma in the Fortification Hill volcanic field (Anderson et al., l§72;
Feuerbach and Smith, 1987). In the western Lake Mead region, volcanic

stratigraphy is well established in the Eldorado and McCullough ranges

| (Anderson, 1971; Weber and Smith, 1987; Smith et al., 1988; Bridwell, in

preparation); the River Mountains (Smith, 1982); the Hoover Dam area (Mills,
1985); northern Black Mountains (Feuerbach, 1986; Naumann, 1987); and
southern Black Mountains (Faulds, 1989); but was not previously studied in detail
in the eastern Lake Mead region. This thesis extends the well established
stratigraphy of the northern Colorado River trough and western Lake Mead area
east to the White Hills on the eastern margin of the Basin and Range.

Previous work in the northern White Hills focused primarily on the
economic gold deposits to the south and east of the study area (Myers, 1985,
Myers et al., 1986, Theodore et al., 1987, Santa Fe Pacific Railroad Co., 1981, and
Blacet, 1968, 1969, 1972, and 1975). Longwell (1936) discussed the geology in
Temple Basin and Virgin Canyon, now flooded by Lake Mead. Studies by
Bohannon (1984), Blair et al. (1977, 1979), Blair and Armstrong (1989) and

Bradbury et al. (1979) were concerned with deposition of the post-tectonic, Late
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Miocene Muddy Creek Formation and Hualapai Limestone. The current study is
the first to focus on regional correlation of mid-Miocene rock units, geochemistry
and tectonics of the northern White Hills.
The purpose of this paper is to (1) determine the nature of the eastern
boundary of the extensional allochthon in the eastern Basin-and-Range Province;
(2) develop a model for the petrogenesis of northern White Hills volcanic rocks;

and (3) correlate these volcanic rocks with others in the Lake Mead area.

TECHNIQUES

The 230 square mile study area was mapped at a scale of 1:62,500 (Plate
1). Stratigraphic sections were measured at Squaw Peak, Smith Hill, and
Chuckwalla Ridge. At the Peninsula, Salt Spring Wash and Pink/Black Ridge,
section thicknesses were estimated from the geologic map. One hundred-fifty
samples were collected (Figure 3) for geochemical and petrographic analysis.
Major elements were analyzed by the Rigaku 3030 X-ray Fluorescence (XRF)
spectrometer at the University of Nevada, Las Vegas. Trace elements were
analyzed by Instumental Neutron Activation Analysis (INAA) at the Phoenix
Memorial Laboratory at the University of Michigan. One biotite K-Ar age date
was determined by the Geochron Laboratories Division of Krueger Enterprises,
Inc. A description of analytical techniques and sample preparation methods can

be found in Appendix E.



Figure 3. Sample location Map
o



WHITE HILLS VOLCANIC STRATIGRAPHY AND
THE EASTERN LIMIT OF THE EXTENSIONAL ALLOCHTHON

INTRODUCTION

The northern White Hills (NWH) lie in the hanging wall of the west-
dipping Salt Spring fault. The Salt Spring fault may represent a segment of a
regional detachment zone that extends from Gold Butte to near Dolan Springs,
Arizona (Cyclopic detachment). This fault zone lies 20 km west of the Grand
Wash Cliffs and represents both the easternmost boundary of the extensional
allochthon and the eastern limit of exposure of mid-Tertiary igneous rocks in the
northern Colorado trough. 'f'he hanging wall of the Salt Spring fault contains six
east-tilted structural blocks comprise& of Miocene basalt and basaltic andesite
flows and agglomerates, dacite ash-flow tuffs, megabreccia and fanglomerate.
Because each block is isolated and contains only a small part of the stratigraphic
section, geochemical data (Co, Cr, Eu, Hf, La, Nd, Sc, and Th) were used to

construct a composite section.

VOLCANIC ROCKS OF THE NORTHERN WHITE HILLS

The six eastward-tilted structural blocks that were identified within the
NWH contain distinctly different sections of Tertiary volcanic and sedimentary
rocks (Figure 4). These are named the Squaw Peak, Salt Spring Wash,
Pink/Black Ridge, Smith Hill, Peninsula and Chuckwalla Ridge blocks. Because
the blocks are separated by late Tertiary and Quaternary sedimentary deposits,

the correlation of stratigraphic sections could not be made on the basis of field
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Figure 4. Simplified Geologic Sketch Map of the northern White Hills.



data alone. Correlation between the blocks is necessary to determine how the
blocks are related structurally and to regionally correlate the volcanic rocks of the
NWH with other volcanic sections in the Lake Mead area. Sections were

correlated by the use of a combination of geochemical data, petrographic data

and field relations (Figure S). The resulting composite section is shown in Figure

6. Sections are described in detail in Appendix A. Geochemical data are
summarized in Tables 1, 2, 4, S and 6. A new biotite K-Ar age date is reported in

Table 8. Petrography is summarized in Tables 3, 7, and 9 and described in detail

in Appendices B through D.

Correlation of sections

Although the stratigraphic sections in each structural block differ in
lithology, there are similarities in the groupings of rock packages. Near the base
of the sections at Squaw Peak, Smith Hill, Salt Spring Wash and the Peninsula is
a dacite (60-7 1% Si0,) ash-flow tuff. The tuff in all four sections is similar in
chemistry (Tables 1 and 2, Figure 7) and mineralogy (Table 3). Although
absolute concentrations of rare-earth elements (REE) vary, all sampies exhibit
similar chondrite-normalized REE patterns. Qn Figure 8, all but two samples
exhibit a steady decrease in abundance with increase in atomic weight, with a
moderate negative anomaly at Sm. One exception is a reworked ash from
Chuckwalla Ridge (sample 102). The unusual signature for this sample may be
attributed to alteration.

Variation in incompatible trace element (Hf, Sc and Ta) concentrations
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Figure 6. Composite stratigraphic section of the Northern White Hills.
Qa=alluvium, Qf=alluvial fan, Qls=1andslide, Qoa=older alluvium,
Qp=Colorado River pebble deposits, Qt=talus, Tbrl/Tbru=coarse breccia
and debris flows, Tbre =sandstone and reworked ash, Tmcl/Tmcu=Muddy
Creek Formation, Tpb=Dbasalt of Pink/Black Ridge, Trs=Red Sandstone,
Ts=fanglomerate, Tsm=basalt of Senator Mountain, Tspl/Tspm/Tspu=
basaltic andesite of Squaw Peak, Tt=ash-flow tuff, Ttbl/Ttbm/Ttbu=
basaltic andesite of Temple Bar.
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Table 1: Major element data for ash-flow toffs

 Salt Spring Wash Smith Hill " Squaw Peak Peninsula  Chuckwalla
SsmpleNo. 54 6 73 70 83 81 101 84  of 1 110 106 144 142 102
Si02 63.82 69.12 63.89 61.1 68.1 68.23 62.02 65.