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INTRODUCION

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 CVF`S between October 1, 1990 and September 30, 1991. During this period CVIS
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 emplacement 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-UNLV).

Activities

CV1S 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 - August, 1991.

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

In addition CVWS 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 CVIS 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 nuclear 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 hazards related to the project.

CVTS Staff

During the period October 1, 1990 to September 30, 1991, CVIPS staff included
Eugene L Smith (PI), Dan Feuerbach and Terry Naumann (Research Associates), and
Tracey Tuna (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.

Organization of the Annual Report

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 Arizonae by
D.L Feuerbach, El. Smith (CVTS-UNLV) and JD. Walker (University of Kansas).

(2) A summary of a paper entitled 'Isotope geocbemistry of the nafic lavas of the
Reveille Range, Nevada- A window into the mantle of the central Great Basin" by T.R
Naumann, El. Smith (CVTS-UNLV) and JD. 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-UNLV), A. Ramelli (UNR) and John Bell
(UNR). This map and explanation will be published by the Nevada Bureau of Mines and
Geology.

(4) A summary of a paper regarding the structural control and emplacement chanism
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 transiton from subalkalic to alkalic volcanism in the Lake Mead area of
Nevada and Arizona: geochemical and isotopic constraints" by Feuerbach, Smith,
Walker and Tangernan (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, Arizonae 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, Feuerbach and Smith. Presented at the Geological Society of America
National Meeting in San Diego.

(e) '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) 'Horublende 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 (UNLV). 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, TR., Smith. E-1 Shafiqullah, M, and Damon, PE., New K-Ar ages for
mafic to intermediate volcanic rocks in the Reveille Range, Nevada: Isochron
West.

Feuerbach, DL, Smith. E... Shafiquallah, M, and Damon, PE., 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 'he 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.
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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

JD. Walker

Department of Geology

University of Kansas

Lawrence, Kansas 66045
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INTRODUCTION

In the southwestern U.SA, 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 7Sr/6Sr =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/'uSr 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 "Sr/6Sr >0.706 and Nd between 0 and -11 (Menzies et al, 1983;
Fitton et al, 1986; Fitton et al, 1991. Basalts with similar 97Sr/f6Sr 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-Range
province in the western U.S.A This region between 36° and 370 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%o extension and abundant
magmatism during Tertiary time. The LIMFZ 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 at, 1965; Anderson, 1971).

This paper focuses on the boundary between the amagmatic zone and the
NCREC. We use Miocene and Pliocene mafic volcanic rocks (SiO 2<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 has high Rb/Sr and low
Sm/Nd compared to asthenospheric mantle. As a result, lithospheric mantle has higher
57Sr/86Sr 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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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.

INSTULMENTAL TECHNIQUES

Whole rock major element concentrations were determined by Inductively
Coupled Plasma techniques (ICP) at Chemex Labs, Inc (Sparks, NV). Rare-earth
elements and Cr,.V, Sc, Co, Ta, H, 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 Ihis 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

Distribution and Descripgtn of Volcanic Sections

Volcanism, is rare to the north of the LAFZ in the 'amagmatie 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 flows 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 4, 1988); Eldorado
Mountains (Anderson, 1971); Hoover Dam (Mills, 198S); at Malpais Flattop and in the
White Hills (Cascadden, 1991). Pliocene centers comprise the Fortification Hill volcanic
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Table I Isotopic and Gcohemical Data from the Volcanic Rocks in the Lake Mead Area

Sample
SiO2
A1203
FcO
MgO
CAO
Na2O

`102
1C20
P205
MnO
LOI
ToW

Cr(INAA)
CoINAA)
Sc(INAA)
V (INAA)
HIf(INAA)
Th(INAA)
Ta(INAA)
La(lNAA)
Ce(INAA)
Eu(lNAA)
YblNAA)
Lu(INAA)
U (INAA)
Sm(INAA)
lb(INAA)
Sr(JD)
Rb(ID)
Nd(ID)
Ba(AA)
Ni(AA)
Nb(XRF)
ZrXRF)

143Nd/144Nd
Epsilon Nd

YAB
25-2
44.9
16.5
11.1
5.7
7.7
4.7

1
2.4
0.7
0.2

2.93
97.83

YAB
42-76

45
16.79
10.88
6.21
8.78
4.94

3.7
2.54

88
0.18

0.6
10.5

OAB
57-107

45.35
16.71
13.81
5.54

11.13
3.15

1.2
2.07
0.53
0.19
Q06

99.74

OAB
57-113

44.15
15.22
13.38
8.06

10.69
2.88

1.1
1.76
0.52
0.18
0.52

9846

SAB
42-82
47.52
16.61
1056
5.35
9.79
3.57
2.11
1.76
0.57
0.16
1.42

99.42

SAB
38-13
45.79

14.5
8

8.78
838
2.86
0.84
1.41
028
016
1.48

9728

SAB
38-143

47.97
16.05
11.87
5.32

10.16
3.26

1.4
1.46
0.49
Q17
0.49

98.64

70
32.79
26.32

236
4.18
3.23
1.31

32.69
57.45

153
252
0.37

5.53

Trace and Rare Earth Elements (PPM) (XRF, ID, AA or INAA) noted
139

29.1
18

6.5
85

4
59.9

116.3
2.4
2.8
0.3

113
29.6
1&6
216
7.22
12.4
6.01
75.1
151
2.3

2.43
0.22

80
34.69
28.63

245
4.51
3.66
2.07

37.21
69.7
1.61
2.59
0.35

268
43.12

,30.22
229

3.26
3.15
1.66

32.11
59.18

1.46
2.79
0.26

5.27

50
31.8

25
281

4
528
1.87
37.7
72.3
1.61
2.49
0.37
1.3
6.16

361
52.58
26.5
213

3.38
2.87
1.69

2458
52.42

1.59
2.2

TH
10-120

46.32
15.3

13.39
8.92
7.93
297
0.9

1.16
0.34
0.19
4.11

10153

326
53.7

24.68
177

2.83
1.16

11.79
24.73

1.05
2.3

0.17

3.07

306.35
14A5

190

10
90

8.8 8.61
1.33

5.95 4.83

999.69
20.24
46.29

744
70
60

250

873.59
43.4

49.48
1320

68
85

300

463.93
11.09
27.26

536
42
36

160

451.23
9.68

24.77
480
126
30

140

0.5128
1.42

597.57
22.13
32.26

800
30
34

155

434.24 491.11
1431 14.86

25.45
475 690
166 24
28 28

138 138

Isotopic analysis by Mass Spectometry
0.5126 0.5128 0.5127

3.18 3.63 1.42
0.5126 0.5126 0.5126 05125

0.68 .084 -09 -2.3

(87Sr/86Sr)i

206Pbt204Pb
2O7Pb/204Pb
208Pbt204Pb

0.7043 0.7035 Q7048

1&737 18.741 18591
1554 15523 15.555

0.7051 Q7055 0.7057 ' 0.7057 0.7075

18.67 18.263
15.57 1S548

18.194
15.523
38309

18.123
15.541
38.156

18.033
15.581

38.938.639 38.476 38535 38.612 3&397



Table 1

Sample
SiO2
A1203
FcO
MgO
CaO
Na20
M02
K20
P205
MnO
LOl
Total

TH LVRange G.Butte 0. Wash
10-121 LV-104 3-6 4-13

44.58 42.49 46.3 47.S8
14.35 10.76 14.64 14A
13.82 1279 12.59 14.53
8.76 13.45 9.16 855
6.55 9.78 7.98 8.74
4.17 2.39 3.16 3
0.7 1 1.19 1.25
1.1 1.69 1.59 1.55
0.3 0.67 0.27 026

0.19 0.16 0.18 0.19
3.14 1.79 1.06 0.1

97.66 96.97 98.12 100.24

G.Wash
5-14

48.81
14.95
1173
7.14
864
3.22
1.54
1.57
Q43
Q16
109

99.28

G.Wash
6-39

4&44
14.57
12.75
8.42
9.88

3.1
0.91
1.92
0.29
0.17
0.01

100.46

G.Wash
7-33

47.85
14.53
13.83
7.86
7A1
4.32
1.85
2.42
0.59
0.17
.01

10D.75

G.Wash
8-62

47.31
15.99
11.37
4.73

1043
3.49
2.29
1.72
0.18
016
1.63
99.3

Cr(INAA)
Co(INAA)
Sc(INAA)
V (INAA)
Hf(NAA)
Th(INAA)
Ta(INAA)
La(INAA)
Ce(INAA)
Eu(INAA)
Yb(INAA)
Lu(INAA)
U (INAA)
Sm(INAA)
lb(INAA)
SrID)
Rb(ID)
Nd(ID)
Ba(AA)
Ni(AA)
Nb(XRF)
Zr(XRF)

271
56.33
24.53

194
1.7

0.95
12.61
24.27

0.93
1.75
028

3.07

816

22.21
234
5.22
52

Q71
46.02
91.97

2.34
1.74
0.13

10.23

253
46 68
23.73

216
3.63
2.72

23.86
46.11

L45
2.47
0.35

326
50.49

27
242

3.14

9.04
21.87

Q95
1.96
03

256
39.52
23.91

215
3.24
2.78

19.21
44.26

L33
2.28
0.24

459
47.2
26.7
208

3.59
3.21

20.9
44.8

1.4
016
0.22

189
47

15.4
182

6.42
3.62
3.16
34.6

71
1.96
1.55
0.18

223
34.3

0.4
255
3.84
2.25
135
189
39.1
L31
2.11
037

246.12 79558
8.98 4827

55.76
176
206

13
77

421.14
14.88
22.47

321.83
7.47

14.35

37836
8.06

17.89

419.48
12.45
20.52

723.94
22.94
29.65

447.64
1i04
16.21

143Nd/144Nd
Epsilon Nd

(87Srl86Sr)i

206PbJ204Pb
207Pb/204Pb
208Pb/204Pb

0.512 0.5123 0.5126 0.5126 0.5127 05126
-3.55 -7.2 409 4-027 1.87 .04

07079 0.7068 0.705 0.7046 0.7046 0.704

0.513 0.5128
6.75 3.49

0.7033 0.7042

17.947
15.499
38291

18963 18.13 17.821
15.642 15.527 15.55
38.845 38068 3805

18.13 18.119 18.075 17.999
15.51 15.518 15.473 15.5
37.83 38.034 37.704 37.758



Table 1

Sampke
Si02
A1203
FcO
MgO
CaO
Na2O
7l02
K20
P205
MnO
LOI
Total

CrINAA)
Co(INAA)
Sc(INAA)
V (INAA)
Hf(INAA)
Th(INAA)
Ta(INAA)
LA(INAA)

Eu(INAA)
Yb(lNAA)
Lt(INAA)
U (INAA)
Sm(INAA)
Tb(INAA)
Sr(JD)
Rb(lD)
NdID)
Ba(AA)
Ni(AA)
Nb(XRF)
Z4XRF)

143Nd/144Nd
Epsilon Nd

(87Sr/86Sr)i

CMesa
24-49
55.24
1598
897

4.1
6.9

355
2.33
L13
025
0.14

0.4
96.98

145
28.79
19.62

171
3.86
4.89
Q97

33.95
67.61

1.38
2.18
0.34

5.32

970.19
40.1

29.96
840
36
23

185

CMesa
2468
55.18
15.84
8.49
4.33
6.64
3.52
2.45
107
0.3
Q1

2.17
100.18

134
27.7
18.2
153

4.29
5.46
0.96
342
72.1

1.4
2.6

0.34

5.22

423.51
50.94
25.97

800
60
17

145

R.Mtns
78-218

47.1
14.5
10.9
6.3

112
2.8
12
1.8

1
0.1
2.3

992

R.Mtns
78-222

59
16.6
6.9
2.6
5.5
3.9
2.3
Q9
0.6
Q1

1
99.4

R.Mtns
78-223

67.2
142
3.5
0.9
2.3
3.6
4.9
0.4
0.1
Q1

3
100.2

3.8

4.8
17.6
L2

52.4
90.7

12
L3
02
9.1
42
0.3

467.99
129.26

282

29.6 112

8.1
132
1.5

107.6
242.4

3.9
2.1
0.4
6.4

15.5
3

9857

7.3
14.9

1
81.7

167.9
2

2.3
0.4
4.6
7

1.5
959.65

83.62
54.9

R.Mtns
83-348

72.9
126

7
0.2
0.5
2.2
7.5
0.2

0.1
989

1.5

4.9
31.2
15.3
55.6

1245
1

2.2
0.3
3.9
3.7
0.4

79.76
198.08
22.84

0.512
-12.29

0.71

W.Ridge
114841

54.1
16.9
89
4.5
7.4
4.2
2.1
1.5
0.7
0.1
0.5

100.9

20

198
5.1

12.4
2.1
123
213
2.6
2.3
0.3

10.9

1155.78
42.05

76.018

0.5121
-985

Q7082

0.5122 0.5121 0.5122 0.512 0.512
-849 -10.69 43 -1128 -11.37

0.7089 0.7079 0.7089 0.7092

206PbJ204Pb
207Pb=2O4Pb
208Pb/2O4Pb

17.332
15.496
38.01

17.173
15.453
37.814
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Table 1

Gov.Wash aCo H.ao IMFlatop
Sample EMD-209 KT82-15 KT82-183 60-4
SiO2 51.9 56.43 55.89 47.3
A1203 152 16.36 16.34 14.9
FeO 9.4 6.76 7.17 12.4
MgO 3.8 3.43 3.48 6.8
CoO 8.2 6.56 SA 89
Na2O 3.7 3.98 4.1 29
Ti02 3.2 2.47 2.72 1.1
K20 1.8 1.31 L39 IA
P205 1.8 0.49 0.49 0.2
MnO 0.2 0.1 0.11 02
LOI L2 1.38 2.85 077
Total 1l4 99.27 99.94 96.87

Cr(INAA) 63 47 241
Co(INAA) 20.65 22.76 41.1
Sc(lNAA) 14.06 14.11 30
V(INAA) 147 145 221
HIf(INAA) 6.76 8.15 3.6
Th(INAA) 10.46 13.53
Ta(INAA) 2.75 2.84
La(INAA) 65.23 14.8
Ce(INAA) 114.03 126.79 35.7
EuNAA) 1.89 1.99 1.1
Yb(INAA) L73 2104 2.6
Lu(INAA) 026 0.3
U (INAA)
Sm(INAA) 7.75 829 3.9
Tb(INAA) 1.4
Sr(lD) 1299.6S 432.85 588.44 29725
Rb(ID) 75.97 45.83 47.52 16.69
Nd(ID) 74.18 45.08 45.27 16.72
Ba(AA) 280
Ni(AA) 84
Nb(XRF) 13
Zr(XRF) 105

143Nd/144Nd 0.5121 0.5124 0.5124 0.5122
Epsilon Nd -9.95 -4.84 -3.51 -833

(S7Sr/86Sr)i Q7073 Q7044 0.7056 Q7075

206Pb/204Pb 18.16 17.971 18.096 17.742
2D7Pbt2O4Pb 15.56 15.515 15.538 15.531
20M/b/204Pb 38.939 38344 38549 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 (103 to 8.5 Ma) and tholeiltic and alkalic basalt (4.7 to 6 Ma) mainly postdate
extension (Smith et aL, 1990).

Volcanic Rocks of the NCREC

Fortification Hill Field

Fortification Hill (FH) basalt crops out in a 75 kn 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 Na2O+K 20, 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-nornative
lavas with Ce/Yb, (4-6). SAB lavas form a cinder cone-flow sequence on the north side
of Fortification HIL (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
oivine phenocrysts in a coarse-grained interstitial grundmas 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
elevated Ce/Yb. (8-16). YAB lava occurs in three locations: (1) a 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.

RiverMountains

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 flows 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 142 Ma
(Thompson, 1985).

Malpais Flato

Malpais Flattop near Willow Beach, Arizona (Figure 2b) contains a 100 m thick
stack of tholelitic 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 4Ar/rAr
date of 10.24 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 ryolite
lavas (Patsy Mine volcanics; Anderson, 1971); and an upper section of basaltic andesite,
dacite and ryolite (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).
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Volcanic Rocks in the Amagmatic Zone

At Black Point on the west shore of the Overton Arm of Lake Mead (Figure 2b),
thin flows of tholejitic basalt (6.02 Ma; Feuerbach et al, 1991) associated with
north-striking en-echelon dikes overlie gypsiferous sediments of the Tertiary Horse
Spring Formation. Total outcrop area is about 12 km2 . Basalts at Black Point are
hypersthene-normative tholeiites (M) 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 8A9 Ma (Feuerbach et at, 1991) (Figure 2b).
Basaltic-andesite contains phenocrysts of euhedral to subhedral iddingsitized olivine;
subhedral andesine and labradorite; and subhedral, poikilitic diopsidic-augite. Subhedral
hypersthene and pigeonite are also present. Quartz and alali-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 kni) 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 Volan

The Hamblin-Cleopatra volcano (14.2-11.5 Ma) (Anderson, 1973; Thompson,
1985) which lies along the north shore of Lake Mead (Figure 2b), is a 60 km3

stratovolcano comprised of shoshonite, latite, trachydacite and tracwyte 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).

Volcanic Rocks at Gold Butte and in the Grand Wash Trough

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 9A Ma) (Cole, 1989). Cole (1989) suggested that the alkali basalt formed by partial
melting of asthenospheric spinel peridotite. Melts were not appreciably fractionated
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 important component
in the source of mafic lavas in other areas.

Isotopic and trace element data divide the mafic lavas into two groups (Figure 5).
1. Low 7SrI6Sr. high Nd. This group is characterized by 7Sr/M6Sr = 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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volcanic rocks to the south of the LMFZ shifts to lower I7Sr/Mr and higher e 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.



Figure 6. Spiderplots of incompatible elements vs. abundance normalized to OIB average
of Fitton et al. (1991).

a. Mafic volcanic rocks in the NCREC erupted after about 9 Ma (open triangles)
compared with average Transition Zone lavas (solid circles) of Fitton et al. (1991).
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b. Mafic volcanic rocks in the Lake Mead area erupted prior to 9 Ma (open
triangles) compared with average Western Great Basin lavas (solid circles) of Fitton
et al. (1991).
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2. High 7SrIMSr. low e Nd. This group has 97Sr/"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 LWs
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 at, 1989) (Figure 6) and probably formed by
partial melting of the lithospheric mantle.

Mantle Components and Crustal Contamination

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 commOgling of mafic and
felsic end-members. This is confirmed by a positive correlation between Sr/8Sr and
SiO2 (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
magma commingling (Figure 5). This shift is no more than 4 units in Nd and 0.002 in
'Sr/w6Sr.

OAB, SAB and YAB in the Fortification Hill field have Nd = -1 to 3, 87Sr/6Sr
= 0.703-0.705, mPb/20Pb = 17.818.7 and 2mPb/23 4Pb = 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
earth signature with variable amounts of depleted asthenosphere (PREMA) and
HIMU-mantle. YAB, SAB and OAB plot between bulk earth composition and higher
values of e Nd and "6Pb/2mPb (Figure 10). If PREMA were the other end-member,
trends toward lower 'Pb/2'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, 2"Pb/204Pb = 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
OM 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). EM1, a potential candidate for the lithospheric component
is ruled out, since addition of this component will result in negative values of c 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
Sprirnerville lavas to mixing of PREMA, EMI 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 EMI lithospheric mantle (Hart, 1985) on e Nd-20'Pb/20Pb and
0Pb/'Pb-PIPbfPb 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 87Sr/8 6Sr or Nd values.

Callville Mesa lavas have 97Sr/pSr = 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
( 237Pb/"'Pb= 15.45-15.5; 2'Pb/m'Pb= 37.7-38; 2"Pb/Pb= 17.2-17.4) than basalts of
the Western Great Basin province (7Pb/pPb = 15.6; 20'Pb/Pb = 38.7; a 6Pb/MPb
183) (Figure 6) and by displaying ample evidence of crustal contamination. The low 
Nd and high '7Sr/%Sr of Callville Mesa lavas suggests the addition of a lithospheric
component like EMI. When incompatible trace element abundances (Figure 6) (Fitton
et al, 1991) are compared to average distributions of magmatic provinces in the western
U.SA, Cahlville Mesa lavas are enriched in Ba, and Sr and depleted in Nb and TIL
This signature is typical of lithospheric mantle 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 flow 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/s'Sr)>0.710, low Pb isotope ratios, and Nd
< -10 (Figure 5, 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 ("P/t 4 Pb < 15.5; 2mPb/MPb <
38; 20/Pb/Pb < 17.4) are common (Figure 8 and 9). Because of the common
occurrence of Quartz and sanidine xenocrysts in Callville 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 a maximum shift
of 5 units of c Nd and 0.002 in 97Sr/86Sr.

Summary and Discussion

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/8Sr, 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 c Nd values and formed by melting of
lithospheric mantle.

Crustal Contamination

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-element composition of the mafic
rocks and would significantly raise their SiO2 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 87Sr/86Sr 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 17Sr/uSr=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
97Sr/86Sr-c 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.

Deth 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

14



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 contemporaneously 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 Wernicke (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 (EMI) (e Nd = -3 to -9;
87Sr/86Sr = 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; 87Sr/86Sr = 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 6Pb/2'Pb from 17.2 to 18. This compares to values of 26Pb/"'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 206Pb/"'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-85 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 e Nd shift to lower and
higher values repectively suggesting that magma formed by partial melting of
asthenosphere.
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Pre-extension (pre-10 Ma) Nd and t7Sr/36Sr is uniform across the boundary at
about -9 and 0.707-0.708 repectively. Higher values of c Nd and lower Sr/8Sr 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 87Sr/86Sr 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, 216Pb/24Pb 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
2'6Pb/13 4Pb= 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
206Pb/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.

Three-dimensional Model for Mantle Evolution.

Spatial and Temporal Variation in Isotopic Composition

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 (9.7-105 Ma) and Malpais Flattop (about 10
Ma) produced mafic lavas with a lithospheric mantle signature. This pattern suggests that
at about 93 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 c Nd = -6 to -7 and r7Sr/16Sr =
0.707 and from the older Patsy Mine section (15-185 Ma) have Nd = -10 and 'Sr/'Sr
= 0.708-709. 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 Evolution

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
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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
"Pb/2Pb values across the boundary suggest that the domain boundary formed
subparallel 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 model 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 Boundaries

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 87Sr/uSr, 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 EMU-mantle. The other group is characterized by higher '7Sr/'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) ( Nd = -3 to -9; 7Sr/A'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; 87Sr/6Sr
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 "6Pb/M'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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INTRODUCIION

The study of rift-related basaltic magmatisn 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 at, 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
V7Sr/GSr and lower 143Nd/'Nd than asthenospherc 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 a mixture of both lithospheric mantle
and asthenospheric mantle (Bosworth, 1987; Perry et al, 1987, 1988; Fitton et a, 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 tholefitic 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-aiMlic intermediate to silicic volcanism
approximatey 17 Ma (Christiansen and Upman, 1972; Best and Brimball, 1974). In the
southern Great Basin, the onset of lithospheric extension and transition to fundamentally
basaltic volcanisn began approimately 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 ipman, 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 a 20 km wide, 100 km long N to N300E trending belt of alkali basalts
that extends from 37P 45' to 38° 45' in the central Great Basin. The RR-LCVF contain
aproxmately 100 eruptive centers and lavas occur as shallow intrusions, maars, domes,
flows, and cinder cones. Basaltic eruptions began approximately 6 May. ago in the
Reveille Range and 4 m.y. ago in the Lrna Crater field (Bergman et al, 1981; Foland et
aL, 1987; Kargel, 1987; Nanmann 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 mntile. 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 tholefites) to
aikalic and having trace and isotopic compositions similar to many ocean island basalts
(OME). The purpose of this study is twofold. First, through the use of major and trace
element geochemistry and Nd, Sr, and Pb isotopic 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
anomalous 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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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 zenoliths, 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 simllar 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; Dobrenwend, 1987) indicating that the range has been
tilted to the west in Holocene time (Kleinhanpl and Ziony, 1985).

Basaltic lavas cover approimately 180 km2 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 as primary conduits
to the surface.

Stratigraphy. Age and Volume of Volcanism

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 a 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 km2 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 km3.
Episode 1 basalts are distinguished from Episode 2 in outcrop by a 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%o). Plagioclase megaczysts commonly occur in
glomeroporphyritic clots that range in size from S to 15 cm. Some feldspar megacrysts
are partially resorbed and commonly contain abundant poildolites 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 angite, feldspar and opaque Fe-Ti
oxides.

Episode 2 consists of basalts that crop out over approximately 15 km2 . 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 km3. Basalt of Episode 2
contains abundant megacrysts of diopsidic-augite (up to 40o), amphibole (up to 35%)
and plagioclase (<5%76) 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.

Tracytic 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, aiprthoclase, sanidine and andesine produced two
constructional domes <0.01 km and 03 km3 in volume. Initial eruptions at both domes
were explosive and generated a pyroclastic apron between 2 and 10 m thick that extends
up to 5 km from the larger dome. The fhnks of the larger dome are composed of stubby
Iflows which originated at or near the summit. The dome is compositionaly zoned from
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1flows which originated at or near the summit The dome is compositionally zoned from
60 % SiO2 at the base to 58 % SiO2 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 (saute to ferrosilite) are the only phenoczyst phase.
Sanidine is present as microlites and microphenocrysts that are sub-parallel and are set
in a matrix of colorless to pale green glass.

RESULTS (SUMMARY)

Reveille basalts are alkalic and are similar to alkalic basalts from extensional
environments worldwide. Episode I (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 SiO2, and higher normative Ne content.

Irace 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 ' 7Sr/'Sr and lower in c 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 a4,
(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 mrantle
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 vaxy 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 c 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 VSr/p1Sr. 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-
element concentrations is temporal not geographicaL Early Episode 1 lavas derived from
lithospheric mantle occur from varying geographic positions prior to 5 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 5 Ma, all melts are produced from asthenospheric
mantle.

Qrustal Contamination?

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 contminated 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 cont tion 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., "Pb/ Pb = 19.1 to 19.4). Pb
is a very sensitive indicator of crustal cont ton 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 SiO2

Origin of the Lunar Crater - Reveille Range Volcanic Belt

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 Plateau (Transition Zone) on the east
and the Sierra Province on the west (Christiansen and Upman, 1972; Best and Briihall,
1974; Luedke and Smith, 1974). Basaltic activity in the central part of the Great Basin is
restricted to the Reveille Range and IAmar Crater volcanic fields (RR-LCVF). There are
several important questions about the RR-LCVF. Indluding
(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?

If 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-LVCF lavas rather than any structural property of the crust:
(1) Asthenospheric mantle is an important component in the generation of both Episode
I 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.

31



an intrusion rate of 570 km3/my. vs. an extrusion rate of 5.4 to 2.4 km3/my. 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 k 3 /my. for the RR-LCVF.
If 10 times as much basalt intruded the upper mantle/lower crust and stagnated (1000
kin3 ), then the crust below RR-LCVF (40 Km long x 10 km wide x 50 km thick = an
approximate volume of 20,000 kIn) 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 location of late Cenozoic extensional structures (Crwe 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 nuclear waste repository also lie within this belt.
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MAP LEGEND

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

Qal Alluvium-poorly sorted gravel, sand, and silt.

Oc Colluvium-unconsolidated angular blocks.

QTs Late Miocene to Quaternazy, flat-lying pebble to cobble
conglomerate, weakly indurated, primarily of faomerate
origin.

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 pyrodlastic 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 tpe
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 eubedral 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.

Qbsw Southwestern basalt flows; Aa and block flows of alkali-basalt southwest of
Black Cone. The basalt is porphyritic with euhedral to subhedral
phenoaysts of olivine in a matrix of plagioclase, diopsidic augite and
olivine.

Qb3 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 plagiodlase, diopsidic
augite and olivine.

Qb2 Basalt flows erupted from scoria mounds southeast of Red Cone. Aa and
block flows of alkalibasalt. Basalt is porphyritic with euhedral to subhedral
phenocysts of olivine in a matrix of plagioclase, diopsidic augite and
olivine.

Qb1 Basalt flows erupted from scoria mounds south and southwest of Red
Cone. Aa and block flows of allali-basalt. Basalt is porphyritic with
euhedral to subbedral phenocrysts of olivine in a matrix of plagioclase,
diopsidic augite and olivine.

locene lU it

Ib 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,
dinopyroxene, and plagioclase are common.

Tbs Pliocene-aged pyrodlastic deposits; Poorly-to-moderately welded soria, 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 05 to 3 m wide.

Tbc Alkali basalt flows of Crater Flat; K/Ar ages cluster at
3.7 Ma.
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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 plagiodlase and biotite, and
rare clopyroxene.

Tmrn 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%Yo phenoaysts of sanidine, quartz,
lesser plagioclase and biotite, and accessory
clinopyroxene.

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

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

Tpy Paintbrush Tufl, Yucca Mountain Member. light gray to
brownish-gray ash-flow tuff containing sparse (21%5)
phenocysts 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 Tiff, Topopab Spring Member Pale orange to
light brown nonwelded basal part of Tpt. Contains sparse
phenocysts of sanidine, plagiodlase, and biotite.

Tcp Crater Flat Tuft Prow Pass Member. ight gray to
brownish-gray ash-flow tuff containing a ately 8%
phenocysts of plagiocase. sanidine, quartz,
orthopyroxene, biotite, and magnetite.

Tcb Crater Flat Tuff, Bullfog 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 ie 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 (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 characterstcs 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.

STRUCIURAL 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). Ihe two largest centers, Black Cone and Red Cone, consist of one large
cinder cone and many smaller mounds composed of scoria, cnder, 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 a subordinate set of vents strikes N500W. 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. Closelyspaced north- to
north-northeast-trending, generally west-dipping normal faults fragment Yucca Mountain
into several gently east-tilted fault blocks. he 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: FORIFICATION 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 appimatel 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

45



25 0 25 50 75 100 MILES
V .- BASALTS (<6 Ma)

25 0 50 100 KILOMETERS

Figure 2 Distribution of pre-6 Ma mafic volcanic rocks in the southern Basin and Range.



( ( (

V14 TOm * %~

-gm

Figure 3. Geologic cross section from the summit of Yucca Mountain to the center of
Crater Flat near Black Cone.



Hill. Although they parallel major normal faults, dikes are rarely intruded directly along
faults. Unfortunately, dikes cannot 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-nortlwest-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 control 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 parallel to Miocene normal faults, the north-northwest to
northwest-striking dikes at Malpais Mesa are rarely intruded along faults and some cut
Miocene faults.

In summary, the dikes in the Fortification Hill field (1) have 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 flows. 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 control on some of the
volcanic centers in the 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 cbannelways that afford
quick transport of magmas remain 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 (Le., 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 (ie., 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 sgnificanty. 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 N600W 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 quicdy fill the cracks. If situated directly above
a rising batch of magma, preexisting north-northeast-stridng 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 (AMRV) (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 Piocene/Quaternary Death
Valley/Pancake Range belt. The available data may not permit, however, accurate
determination of weighted probabilities or risk zones within an individual AMRV.

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 (Dauebendorfer 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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Figure 4. Model for the emplacement of mafic dikes during regional extension. See text for
explanation.
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N! 1981
&A=L~l~r. MD GROU"-CRACKING 11D6 8DtE PC RaLD RZCION OF
DE 189 lam iRTk VzITQIazz

tOUITOIIX, t.Es VICK, G.S.a NOLAN, a.M. WEDER, C.Z.s
DOL, .J.t KILLER, S.L. Veber nd ssociates,

120 Westgate Dr., atsonvill., C *5075
The picenter of the 195 La Prieta earthquake lies in a
large. rugged tract of uninhabited land included within the
forest of Iisene arks State Park in Santa Cru: County,
California. We sapped surface deformation within the
epicentral region f the earthquake (ground-cracks and
landslides) on 14800 cale topographic maps. Because the
earthquake related ground deformation shoved an intimate
Casociation with elder deformation, we also mapped of pre-
existing features, including old landsliding and an older
series of ground-cracks.

landslides were categorized into three failure-type
groups rtational, translational, or debris flow: and three
age groups: earthquake Felated (391, recent (about 0
years or less in age), end older.' We recorded displacement
magnitud for cracks related to the Loe Prieto earthquake.

Earthquake related landslides were sparse, and were
predominantly small to mediun ixed translational type
landslides, indicating failure of weathered surficl
material. We did not s* wholesale reactivation of the many
large, older landslide complexes, nor did v observe the
formation of mw large landslides. These observations
suggest that formation of the larger, ore deep seated
landslides is not being driven by Lana Prieta type events,
at least, not under present climatic conditions. The
earthquake deformation concentrates in a broad band trending
parallel to the rgional bedding and faulting, and lying
just north of the ayante fault along the axis of the
Glenwood Synclina.

N! 12435
FLUVIAL GEOMORPHIC INDICATORS OF NEOTECTONISM IN THE
SOUTNWESTERN SACRAMENTO VALLEY, CALIFORNIA

MUNM, L. (Dept. of Land. Air and Water t ,rces) UNRUH, 1R
- ( o of Ceok; MOORES, L (Dept. of Geologyk

and SOtMAD. RJ. (Dpt f Leal Ai and Wtc Resorces)*
ast: Uiverslyefoliftn4lDavis 95616 .

The mmnlpnMsmPlainficid Ridge ae anomous es of aubdepouve welEf in
the otherwsa naly Icvd wuwesen Sacistnuo Valley. Seismic rellection data
suagges that Mmesomorphic katures are undent by asteget blind rust fatts
ntdepths of 4-7 kn We propose that Quatcrnuay mwement on ese trusts has

surface uplift and subsequent alteration of te local nuviai system
ogtdia sra profes, dee mie frontpographic mnaps that predate major

agricutua xmodifications of the drainegesysem. indicate that cast-draining sreams
have onvex profiles along ches tat aoss the Plainfleld Ridge nd southern
DunniPn ills -fit exponential rves deeped for ailar-sind seas oath
Of the Udy aw sed asa nds a mrrd f n i rder o nly devistions
fm a trded ondition. The locaI dqs h n caveup profi for tches
crosaing ie Plainfield Ridge And Dunigan Ml miInterpreted as evidence of ecent
e sn Additinal evidence for cnt uplift i hdesunndesfa lnd abandoned stan

valtey, localy devecoped flights of fluvial terraces. a p ty intgrated drainage
networks developed an the uplifted enrin. Soil-it iic studies are being
conducted o constrain the ame nd iming of dfo llation combined vit
Subsurface nalysis and studies of nicroseismicity Eaton. 1986 Wang et AL 19SS)
suggest that de Dunnigen Hills and Plainfield Ridge may be the eurmost urface
expression of an actively growing fold-thrust belt in she southwestern Sacramerto
Valley.

N! 17699
DEVELOPMENTS IN JURASIC STRATGRAPHY, OF THE FRANCISCAN
COMPLEX. CALIFORNIA. EXPANDED AND RECALIERATED ADIOLARIAN
ZONATION COUPLED WITH POTENTAL FOR MAGNETOSTRATIGRAPHY

MURCHEY. Senita L U5. Geiegical Sry. MS pIS. Mae!, prk, CA 820;
HAGsTRUM. Jonathan!. US. Geolgical Svr. fS Ui7. Mealo Perk. CA 842

The Pansion er the eumber of esa aed Io chtracterize adiolarisn ssemblages in the
Franciscan Cemplea of California permits more acartn egional correlations as well as
more precise ae determination The uses ef Jurati assemblages iMH-I to MH-4
(Murchey. 1954) were recibrated downward by coaing the ranges of eote than 100
taxs in bedded Cher squences in the Mrbi Headlands. M. Umuhaum, and Geysers ms
to those in weN-dated equences from Eurot ged North Aeritca. H-1 It toe
Plmensbatchitan to early er middle Torcitn. MH-2 best correlates with eiddle and thte
Toarein faunas. The boundary between MH-2 nd MH-3 is *tot younger then eary
aJocian. but probably elder. The upper part of UH-l it ilbajocin. T base o lH

4 ishite Bajocian ofr B1thosio; the youngest known MH-4 aunas e Caltovien or
Oxfordian. The sratigaphie ap between MH-4 faunas and Early Cretaceous MH-S

~, fkua i narked by *recrystallied interval that may have been soneof lowdepoition.
The discovery or tcri.s f paleomagnetic revertals i chen with MH- 1. MH-2. and

MH-3 faunas in the Mt. Uuhnum aend Geysers s holds the promise for uture
development Of Jurassic maetostntigraphy directly tied t radiolaran biotratigraphy.

N! 6647
R STSTENIATICS OF SULF SILFA1! DEPOST E AD SEA-FLO= SULSTIAS
AT SEDIMENTFREE A SDIMtENT.COVERED SPREADINO CENTERS IN TIE
NORTnmAST PACICOCEAN

MIMNAIEahl RL DepomnemofGeology. NrUtu Stools University. DeFet. L
l01 S: KOSI Iadolph A. U Geological Suey. dS999. 345 Middlefcld

M4 PU CAL25
The tolin4ee utn egmen of Sm de Fecs Ridge and di 2edmmx-eovered mbera
mga GodeRidge naim g) ate 0n ag ofhydrthermel dizligemd

u;W&de-eallse -jue a m eduhan Padfic. One eauhrn Jim de Fie Ridge, chimneys
tWy mpased s mid Fe sullws * mihydite rinmed wher black me-r Rod ave
disrhuged thusg1 heat ht flown. At Exanate Tinorge (h~mds of mews acra)
mooods cosing of Fe mid C0s mlfft * lokem rciiued by bydthesnial ROWdS pwetsng

Ith tagbsalt. sodlmm. polymetallit; slfrides anmd Casalf1zes. md Fe exyhy*oxides VW
ooydberonth deiem (MM1 by inuvely ooplal Plasna s m :u0ry~Iweesaaised3Item of amusrd ank glaustr kme m idgesa me eharertaic

of ".Ong(E Mu Slightly depleted in I1811 wit GAlS.)m a CM t m12 d mall egmuvt
go miata). Sediment nopes km Escanaba Tmatg (and and 9suidit. hemipeagc
moid) bae hakeih LRIE-E40rched teswith ZREU .1I15 us 04 pm and GAM,3me 2 11.
The cloue imilarity betwceen KMput of unaltered ediment mid bdahm ah lered
summiponly useanppittely iplaed by hlombe mnd mi idsdie mey nited metIit of RM
&ong abowfloor Mg mmmuii Mndue l111- e mples have higher EREE (I usloppm)
cmn gm masive aflfde mples (4 ppm). hizt all ydrothemnial uample 8am bsh ies
exhbl 1AE1 couchmten peter. SRM anhydite WA ba hav hne piave to anomalies
ebuwtomkofblgtbempenom ythoenaal fluids (Mlchu mid Alharide ff6 Anhydates
als eshihit mu c-' - Ce anomalies Pn wufifd aples lack Ea anomalics: teredore. h
Potive Ea anomulies (a~h SM2 hIm massiv moiles tleic ePtAm St isterows
sameu aneals. Small stgothe CB ment m sclested with ft-ozybytimaide am Sm
weaterofacesOff dIinmiadsile emiaamhwnpauul

Iree am Indicate tht ompositioal diffrenta f rn-floor ate. the two speding
centers ha a ioaffect a th U EE311 tbta in rn-lor hydrothermal deposits in

N! 15445
STRUCTURAL CONTROL OF PIOCENE VOLCANISM IN THE
VICINUTY OF THIE NEVADA TEST SITE. NEVADA. AN EXAMPLE
FROM BUCKBOARD MESA

NAUMANN. T.. FEUERMADI DJL, and SMi. EJ, Departmet of
Geoscience, University of Nevada. Las Vegas, NV 9154.

Late Phoneme to Quaternary (4 o <&0I Ma) alkai basalt and basaltic mnrdesite
erupted In the cirit of the Nevada Test Site (NTS) a Crater Flat, Sleeping
Bsue nd Buckboard Mdesa. Eruptions occurred along or ear north to northeast
suriking faults that ae Wyies of the area between Yucc Mountain to tie south
and Pabute Mesa to the orth. This tructural patterns s nterrupted by the
Timber Mountain alders Buckboard Mesa s comprised of a cinde cone
(Scrugham Peak) nd flows of basaltic andesite that Bie n the moat of the
Timber Mountain alder. Tee main vent one on Buckboard Mena I defined
'by the Scrugham Peak cinder cone and severdal tal vnt The vent one s I
km Imng, -rends northeast. and s controlle by en echelon fault segments that
strike NICE. These faults were active before during nd after the ruption of
the basaltic andesit a 2 MaL Evidence for this chtronology ncludes the
observation that Buckboard Mesa avas were deposited on faulted Timber
Mountain tuff and that the me faut zone cuts Buckbard Mesa avas and
Scruagham Peat. Another vent Is located at the termination of a narrow ridge
that extends outheast ft the base of Scrughamn Peak. This ridge i subpara~lel
With the axis of a paleovalley that apparently controlled flow direction of
Buckboard Mesa lavas. This ridge nd ent may either be tube fed nd rootdess
or may repesen euptions; from t Timber Mounitain ring fracture. The
eruptions at Buckboard Mesa were focused at the intersection of the northeast
striking fault onw and the ring fracture zone of the Timber Mountain alders.
however, the noartheast one as the primary suruexure controlling magma
emplacement. This s In accordance with the tructural controls for other post 4-
Ma volcapc enters In the KMS area n Cratter Fat and at Sleeping Butte.

- ~~N! 17690
CLAY MINERALOCY. RESIDUAL SEAR TRtENCI A LANDSLIDINC OF
VWd SANTA CLARA ORMAT ION CLAYSTONE - SARATOGA OOTHILLS.
CAL IFOwNIA.

NELSON. Janus L..* Trretecs. Inc. - 711 West "el riv.
Gilroy. CA 53020. 

mast landslides n the Saratoga fth~tills. Calefria. occur
along previously sheared surfaces formed In claystoie units
of the Po-Plelstocene Sante Clara Formation. The prImary
geologic factors tat control landsildlng re the stresence
of the lay mneral aectlte ad the vereosaolidated nature
of the eritos.

Preexisting ldside surfaces In the elastore uits
seatr to e t. ear, the reiudost hea iiettonatl
strength of the lay inmerals present. To evaluate the
effects of clay mineralogy on residual shear strength.
laboratory testing a -ray dffractIon were erformed on
versitons sawales collected rn landtsIde-rone areas n
the Saratoga foothills.
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N° 1104
YAIDOsZ-Soirz an ROVID-12M TRMPORt MODELMN to
zff2XBZUX R=MWLR CIMIXG0AZ1 101 Toes Z SOIL

FAIR, John K., and LAIMIE, John X., Lavine.fricka, Inc.
1300 Powell Street, 12th Floor, Zseryville, CA 4608

For Superfund projects wher soll contaminatLn exlste,
soil cleanup goals must be established a the basis for
feasibility studies and the design nd implementation of
remedial ctions. Soil cleanup goals must be protective
of underlying ground water nd ts designated beneficial
uses. athematical transport models can be used to assess
the potential ground-vatsr impacts from various levels of
soil contamination, thereby aiding the selection of
appropriate soil cleanup goals.

Indirectly coupled models are generally used to
represent transport n the vadose ons and the ground-
water son. separately, even though the transport processes
ln these two zones are directly coupled. In this study,
the Zasonal SOIL compartment model (SESOXL) of
honazountas and Wagner (1984 - with significant
modifications by etrick, t l., 19393 was used to model
vadose-sona transport nd the Analytical ransient -, 2-,
and -Diensional model (AT1230) of h (51) was used to
model ground-water transport. gzSoIL can represent ne-
dimensional aqueous advectlon, gaseous diffusion.
adsorption, and degradation in up to four sil layers vith
varying properties. ATl23D can represent advective-
dispersive ground-water transport away from source area
ot varied dimension, strength, and duration within
homogenous, sotropic aquifers. Simulation results from
the application of these models to a Suparfund site ln the
San Francisco ay Area were used to dvelop and upport
proposed cleanup levels for volatile organic compounds
(Voc0) in soils

N° 3893
InPLIcATIORS o ALONG-SRIE VARATIONS IN SUI GYIZRU ON 18E

IINITICS laCOs. XTEI1IOXU, XNIlTRwST AUUMA *2D SUWrN VADA
FAXILDS, J.. Dpt. Geology, U. So. Clifornia. Los Angeles. CA 900893

DUERENIORflR, ., Dept. Geology, u. evada Las Vegas. NV 9154.
Alont-strike changes in graben mtry say e pertinent t kinematic
models of continental xtension. n the no.thermst Colorado River
extensional orridor, an Z-tilted halt graben extends C h northward
from a major accomodation on. The -dipping Vli.o. Ridge fault (V)
bound: the basis n the east; the orthern basin margie o the dxtral
La Vegas Valley hea one (LVYSZ). The major pulse of tilting occur-
red between 16-1S Ha nd 13-S K& in the Southern and orthern parts of
the basin. respectively. The ecomodation m served as a rupture
barrier during both evnts. Directly morth f the eccodation oe,
the esin deepens and widens morthuard as displacement en the Ir and
tilting both increase. Farther orth, the basin expands n two discrete
etepe with little increase in tilting. The steps are marked by minor
sinistral offset en transfer faults end broad fleures in the strike
Of Tertiary strata indicative of anti-clockwise wertieal-exia otatien.
The basin ts widest (20 m) at its northern trgin mear the LVVS.
Abundant crystalline dtritus in th basin suggests that the footwall
crystalline terrane of the RY us exposed thtougbout iocene exten-
sion. The RY terminates sar the inferred juncture nd apparent ter-
mination of the LYVSZ nd sinistral Lake ead fault systemsL4F).

The eformational style aesociated with expansion of the basin
implies that the relative diametrical translation of the hanging wll
and footall of the llr increases away from the ccommodation eone but
is not proportional to the magnitude of tilting. Ceval activity along
the LSZ. LIFS. nd RY further suggests major kinenatic oupling of
strik*-slip nd normal faults at the northern end of the extensional
corridor. Diametrical lateral transport of the hanging wll and
footwall of the IlR may partly account for pposing senses of strike-
slip otion along the LVVSZ nd LS.

N! 21576
SYNEXTENSIONAL ARITE41LVER IINERALzATON IN THE HANGING
WALL OF THE WATERMAN HILLS ETACl1MENT FAULT, CTRAL
MOJAVE DESERT. CALIFORNIA

FESs P. offney. CLAIMER. Afen F Dept. of Gcng. CB# 3SIS. Uh. ef
Notth Cardin. Chapet HL NC 279, ARTLEY. John IL MM d G10ry
Mn Geopyscs Lk*.o Uah SU La# Cry. U 4112

Sateffbreewaerlzlcnhi e Waternu Loa Brstow. CA. nd b ba&4wr
depolt IDF nearb Cic bonpMus. n hlLIe aing wao tse WSlmrn U

des atn eXpOSd 5 ni Wanna e er nhi UdWInfeWtly I Ut
c ndsednnstryodcs. U4ft (12400) _si li W lzulo wat

"aPositona! nd derived tmm Ibe ateot-iyototernalt sun d caued petvasive K-
nwtasousn of e hargidg wan of F ad is c italon ofdt bhst

We Ivim nce ho ninleralzed sigigraphc hafoi b biwr hoftun pOC) nd uppor
< ,<~~~~Te hoin anHgd UOH ah wexpoadlorappaakml I bntbr alon ia:

_>~~~~in Iregrried re hiupe. b~ratrirnbd loata.g meor~eb
pespemda sl rd bae with Absira vekdt.l ern hrn reod r qisdao

mtlsMAISIns Kiszion ihwas MxuLM1 bsnidngd syaf~igtenet i a inassva
debft Now The LON h S-IS mlikd and i sath b ndn nd ov in by massive loc
debts .bw at s an aler we s bonbs grph~ovedyit den b ard 
ma tend hi ueslr erie rianowS macre hi wid 4ng dlt. The UCH Is thir sin b g LOH
arid bedenulvey breccatad. Fsgnesofespeu mudsne and s0tsuom and bedded
bats are iunsd sai emsd by b el hy~ b5 edeastic . ThetmOi
|Wsste ytse deble bow lis etes beS Ln erd veultnby amnoviogc da

megbreta.Smie sineari boiss ae n Ihe porous debt bw twiderng Mie
uailbra dstarae d S-IS mberuh le ednered whoio, But M Ifferlzabon i
obse he equaly porous ov ing debts bow.

The paSWIuC of Coonnbe -ed -sed t es id ded
bais.e te 1 ellt hid In Isrlan houzs hctS i bate deoi a
syndepostlorsal. lasgrlacon is s1 If debt born and wgi tanninid e harie
deposwa beMl pdgN adty lut tined ec oe ho T. The deposits W m cdbnV
extensIonal hiung becsuse beers horizons a (1) ktbedued Nh entnely emu. sn-
exeusra debri icws (2) med hidp rangi born generl 70'hhc~ ortDrned.
end S Urted by O to M q Iial re li vs oC by be WHD0. Thus, depo-
sie Snd POSIA/l 010se Of be Cloo istrict repesent dlcuw-rttdAg Mtlizzlon.

N! t446
711M TRAZOITMO FROM SUUAAUTO ALXAU VOLCAN1M 21N1 UiElM MhD
AA Cf NEVAA MAND AWAMh CEOCIIMCAL AND ISOTOPIC CONMILAITS

FEUKRDC DL. sad ENTM EL. Depe o f dGmdcom UsiredNeudk
Lae Veg NVUIS4 WALUR. A. ad TANC= EAN JA. Departqemt or oeb.

Wahziskyof sasas LNes.. K& Saul
Le hrau hiesiy PQn c c aite ros he fLf Mad wa of Nevada ad Auoa 
rendi h askin tom saft moder-euse. .sbk bans end basaltic adslce lo ie

Jamr-enbe. &iAS bak ecsim. Cedc-asItc humksmideskes eo I ac Car&fl hm
saae Scei (Mte anhe esrth short diaLs Mesa CM k bs rupted from leo inpoad
deder am berwacs J0. and U S M. aski andedre (n to 3% WiOO shoe btopic nd

YOM gmiieinMl ukb e oale ide at v driog m
Subeaik sad sil-ak husks (46 lo JD% VAO.cc) e a hde Fortifietiosn M eM M'l NH

Iwasks ereWe baoma Ikat eigh mokuma - between 41M end 4.3 Ms. Fortmeaio HM ano
Wh east si of Lak Mend Is be moe isoass ed fac acu. We ditid HI basak hIzo
doree grospi (I) i1hekiti IOm Wanes bush (Gt-&?l Ua) (SA) lad eekaw and Maspeae
Dlop ad .blk Im uk at Ferlllcai l (l ower mdn) M2 A ank OAC la 434
Us) (OAS) at ftlllean HIJI (upper stedal Feqyps Wash end tame Cacade. (3) Ana
husak (411 hiS3 Ma) (YAR) alog 11± 93 sam Kom=e DamSedat kisnd d In FatraftAp
WasL VAR Is sommosly emtim srasei soddulca nd amplaibole and Wdapa mapzi
The w=ass 11ntom suallaic So elsi wriranmocr between 5.71 nd I4C Ua dUliS the
Sinmtlon of Forbtliton HiL The ctasoge tam SAB io VAN is nark by an h-sase in

*0 Wi% ad mormative r~mi (sleahes we means) CAS Jias a em nedlate
somptagen h-ne SAD ad YAk Tie thasg 1ton LS hi YAN Is marited byae crasme in

Istaus. rM- .21A to 4X4 hi BAD to 414I hOD Fo 3 Is TAIL these geochemical
saeutaslenowele e &Wg tom loqbei i teahes mmd& mne w~th dme. Thit-hmer s may d bomplihk I d c i regIona ession.

N! 11507
KINIMATIC MODEL FOR TME DEvELODPMENT OF WEST.VERGING
SMUCURES IN TERE ?lRlZLL A~nTCMIORIUKM CABIN"T MoUNTAIN
KORTKWESTEN MONTANA

PilJONE Jeffae ad TIN. An Drm, of Bath ad Spe
SCIences Usi1erils et Ualln Las Anrier lIN Angeles, CA 30024

The Wa Snk ef the hucl Antiebsorium i be Cabinet Mcensls methweasero
Montan ssirt; 4f thre oajor mamel tmen (C) &-ering suctnas beading
B9dfreeed dhruts. -rging . nd V-dippng cleavage. () W-verg&n strucestre
hIcludiag W-ve&ln eveasd folds. W4diroeted douts. anid B-dipping edeavage. nd
0) a soco of N-sading Conemeos putons. The Evrgin inrccnures ae ef tegional
exuent nd eem be waced throughout at. Caithet Mountaing, It aenuet. ec w~veging
ZVOceweS Kge hiesileed IS e CeRasl Cabinet Mountais. Tbe pposimely vrg
autre Me separated a lte Bomb by a SW-dipping thut fat and t nut by a
C u pit Me Dr Clee scl) ad a hiter h gs tg4e laut (te roc Lae
al B-Urcted dsts ie sursjly soe lbs V-drected srctures. Towards

the neckh Veg~n susctits become a series ofbread sids. Ocrs-cesuing
1elstieshps betwIenwthe I-and W-mergng mesommipic stictormr e.g iavage. gm
erom i k at as. segastins so"i, dcepmm of at ewe htrat me nt.

lbs Dry Crek sod Ies thbmat IS R. war of the W-verging ineon and km s am-
tAsped genmeay on a eao-seesisel shi. weol develope foliin. ocaly mylc.
Is P-eSet th e Wam side of be mect. The 3-C fabric Inilae a sopmoedeeas sense
er t en a V Fpig (hur s n rien eusse thai tes ve tstam
formed either during W imunedinay e emplacement of a sock, end bi. li three
IMAJOr SarItalk dlenss In t ame may havt formed sintaaicusly. On be haus of
ag.ls9 lnkp m ongW 00 sr1: eme s bewas ad be spatial retatinihip between be
sock ad the loeilned Worsrging sctous we nterpret lam be developmntn of
localized VWverging starem; may be the maslt of plumes amplam. s palelar.
he spr-ding of mam at thewcmesr kiwis within M the et mrt may have
preoucd a Incilsd. V-dirCted sipl shear stin wIthin beS Bel 1ocks AS
alseiustive MOdel Is lam a Wolippig trust ramp s prset depth nd the V-vergiaS
structures wer related In be amPiacem of a hanging-wall Oxtidize. a wedge-msped
Indeer b Icr. a ungtle (ane. bi model I bowevur, s withe ield
r*Wtosp st b 11verghg MtYAs forAed beneath Bdvergin m em.
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IE LEISN EI oINAZOr TR0 LnstaOAL ALLOCUTON 31 EUSzLm
&LSIND LAXGE- IOLCANCND STRUCflIRAL EMWY OrTE NUK M0ERN

CDIEN MILL S, ARM, ,N4LCASCADDN.TeamyK, md SM=l. EW I. Dsputmme Stames Umibasky ef
aids, La Vegas. NV 2I9SL

Thie mnhere Wite HlssS Fi b ep tdthe upruei awealpring 5 Spee detachment.
Ths upper plats ntais 5 sest~iked area"sblacks crowned ofblioeac buskl -A-k
Gms (49-44% SlOg). aulomserates, duack s h.Sow, tuff megabroscia and fsgllowersme Decawe
such block is holated and sonaiss snly a small put ofth statrapaic sectioa, geachemlecal data
(La. O. It. Sc. Sr and Co) was wed ID usnes= a exapek aiSsin h leds purt thb
_pmkee-tiom cu Stat Iat 464 mecas hble madte Am and sodcstic breocas.
lb" we miriam by 0.515 sars oft m teoqc breed.. i W whchae dominant dhat
Ve is lew- plte Peaomrisa perke pabs. auphibollim and msonle.it s T eed erm ms a
daiaiuotu sheesthatt stads 12 km WMs raut die detache i Zak Spin Wash to Squaw
Pea and pinceout andt the mod eta Late Mad. 1eaguil (1936) dsiaed simla deposits ID
Oa Vig Basis (sw loaded by Lake MemO latesbedded with mas breeds ia datte *k.
low off (922) messr thick) t ay merelate wkn a tat!la hbe a mU Black Mutais

ed by Pauds () a X3 Ms, n. upper put St ms m anals S34?7 messrs S,
bkale 4e0s. 0.21 mters Sf Poorly coaldated M aue, and 21,471 etes of basaltic
Jldesifte A4aeeat tle detachment Im lb atn White M thz s iha proeds deenease ik
dk up wi em 3D s 3f as the basso esay baimonta at the lop. Alhough Meal dita

y O Io lf Is miscmtral ad ete White Hil they ws USe o ecin tud"

lbs Sak Spring detockimese may repreest a segmsat St a regions! dcrachmn mm that
ae" k Goold une uo maw Das s Sprig&. Arise (Cpylop dctacha4 This 1 k me
go 30 em St ode Grad Wash CM& ad repress both mist erue boundasy of abe
eaional alloehihoo ad s eatrn W of Stxogursf~o Stasiay sgeeks m in hubs morhes
Colorado Vmtgh. hek O Saeivals IeC0 tacks slo tusiO Ste detachment bIIeI
Sakt Sprng Wash ad he Coloradlo rateas maey plact continuots anmte shne, geometry of the
dneisocat a lbs re ueusian distrii or wiesaic roks.

N! 2024
SE SESMO ETONICS OF THE SAN ANDREAS FAULT SYSTEM NORTH OF

PO T AREA ALONG THE COASTRANES OF NOR TN CALIFORNIA

CASTLL . David A. Dept of Gsophysics. Sanford University. Sanford. CA
9430 ad U. S. Geological Surey. Menlo lahS, CA 94025; ELIWORTH.
William L. U. S Geological Suvey. Menlo Park CA 940

TMe Ndelivie yuthful Segment of die Son Andreas fault (5AP) sort of Paint
Aren.=:+ -10b. wde m. If istrbute defrmatonl= by the Sa.

d f lteer he Wesa by he SAFaralel scaa and Be SpriM
hult aDes e EaS li a0thake Oa LM ocurring between 10 and 1989 we used
u ddevep aae _motectmsc odel oc youthful PM of g e SAF saysier as it evolves
isn atoeure pfe oundlry.

An uplist muslocy mel fo di ara. dedear sk c aivel-Um
~~~~~~~~idth c=Vc n euti=W :Zt 6 0

bnfsec at about 1km dpth. We ued thIs veloity model eloatevr 5C 1.0

The San Ares fault noth ef Paint Aena is vitually aselsmdc. In contrast.
arnerus mklre quke soncenuste alng the Msams ard arien Spinp fult

ite. These ss aminare d a about S3 N. rimaely I a Southeast
of Cape Mendocino. Alnte mam u the emidqsieelWvcly continuous and

kMd to about 15 km dept, while along die Darte Springs fball mme die seismicity i
atiy&dson s o tbout 20 bn dept

The ellSC of sril ekase ierred from in1 c ehns Sio both
the Mascarra and Barden S tauk amn It es tgt-ll slip slong1 b
North Aneican and Pacic te boundary. Slip vetor dved from
mecchanismas we sub-parallel to small cIrcles about tie pole of sotatiort for the North
American and Pacific plates.

Interestizsly. we find the sdiallp Macm fau p northeast about 60 ID 75
degrees. We Speculate tiat hi the wake of the ar ting Mendocino Triple
Junction. die dg Mma a failt ih maw accommodating sht-al ntsforn mtin
along an ode 2Ma) rvas bulti cidally limed due plte argin congeme.

N! 2703
AFATITE AND ZIRCON FISSION-TRACK AOES FROM THE SIERRA
SAN PEDRO MARTILR, EASIERN PENINSULAR RANGE, RJA
CALIFORNIA. MEXICO

CERVENY, Philip F., DORSEY, Rebeca J., BURNS, Beverly A..
Dept. of Geology. University ofWyoming. Laramie, WY 82071

Zircon and apatite fission-btck ages from the 51cm Sin Pedro Martir,
Baia California help to constrain the Uplift and ooling history of this
segment of the eastern Peninsular Range. Five samples wee eollected
from granitoid rocks at elevations from 00m to 2800m above sea level.
Zicn age range from 104 10 lal at the range creatto 75.5 * 62 Ma at
the base. The emplacement age of the batholith has been reported by Silver
and ChappeDl (198) as 120 to 105 Ma ttJ Pb dirca; the uppermost zircon
laaion4nck age thus refect rapid cooing mear the tnme f emplacement
Kt...aaionwtca in aircon competely anneal at tmpertturs et 200-225C r
W- km depth asuming a geothermal grdient f 25Lm Therefore the

ocks c ently t the p of Siersa San Pedro Mattir were emplaced at
deptht of less than S km. Apatite ages ranp fro 76.S 63 Ma (mean
track length 14.21 LS micrans) atthe crest of the range to 35.6 t 3.7 Ma
(l 9 L6 microns) at the base, ad define n upliftcooling rate of-60
m .y. Mean track ength distributions are modal for all samples, but
Indicte a sightlyb higher degree eofanneng for the 35 y. ages (lower

levations). lhe patite ags at the base of Sierra San Pedro Mart; plaee
limits an the total amount of uplift since 35 Ma. Fission4racks y
anneal in apatile at a=:rmate I0C, or about 4 km depth. Beause the
basal samples do not show signficant annealing, they have resided at
depths O ess than m hncnee 55 Mla, and have likely been uplifted no more
than 2km since this tie. Tte Sierra San Pedro ir has had a
relatively simple cooling history consisting of emplacement and rapid
cooling (20 105 Ma) at depths of less than 8.9 km. followed by slower

dy eoollng from 75 Ma to about 35 Ma (40 mt/m.y.l Uplift and erosion
of Sierm San Pedro Martir is limited to about 2 km since 35 Ma.

N! 17703

PALEOGEOGRAPIIC RECONSTRUCTION OF THE NORTHERN SALINIIAN
BLOCK USING sr ISOTOPIC PROPERTIES

CHAMPION. D. L. and KISTLER. R. W. US. Geological Survey. Mealo
Park, CA 9025

Ate and iitial Sr studies have been wed to reconstruct te 117 to 0 Ma
arsaitoid basement of the Salinin block t frm a simple pattern. The pattern
places the 0.706 nS,/ line at or within the orthernmost pluons of the block.
including Montana Mountain, with an abrupt SE increase us Sr, values over 0.707.

Compariuon f our work with many previously published Neogene
sedimentary/stratigrophic orrelations oss faults shows strong agreements.
Aligning the thick ections of the Santa Chu Mudstone at P Reyes and in the
Santa Cim Mountains at about 6 Ma brias elemente of a dtinctive ranodiorite
at odep Head ad Mantont Movitain together. Matching the Monterey
Fonnation and Pleocene eonglomerstes at Pt. Ree and at the Monterey
peninsula requires movement on a San Oregorb ptay. inboard of Monts.
Mountain. at about 11 Ma. emoval of this displacement brings both Montara
Mountain-len Lomond runitoid rocks and the Pt. Reyes-Pacific Grove porohritic
grtnodiorites into direct prouimity. The total Sn Greprio displacement
approaches USO km.

The 45 km of 10-15 Ma displacement on the inconada fault at Paso Robles
reonied by Gnimm and others in the cental Satinian block, probably
maniests itself as distributed deformation on many faults in the Santa Lucia
Mountains. lbe lve Rock-Milkr Creek fault. for asmple. has abrupt sotopic
varation across it. permitting some strik-sltp movenent The Rinconada fault
movement Rused the broad S-shaped beading of the Vergeles-Zalyante fult, and
was ompleted by the 10 Ma deposition of the Santa Margarita Formation, which
overlaps the Ztyante fault Neogene tratigraphc and Late Cretaceous pluton
teconstructions imply that so significant internal faulting occurred Il the northern
Salinian bck between 0 and Is M&a

N! 63187
FinIst S21s rACTORATIOet as 121MOR U 4Sn. att DcosnUtr rosa
i Ti Co t;rA astircc

Oen. ihard ., Department of rth nd Space Sciencs,
tUnivreity of Clifornia. Los angels C 0024-1567

the general tructural trend of the faultaounded Colfax sequence,
beten the irsimar Cault ane ( and the Olilis ill fault () in the
northern Sierra Nevada oothills CIloWs the Nevadan trund. La
predominantly Nmr-$SE. Aleng a traverse rom the eanter of the
aequence to its esatern limit. March tain was estimated n eight
samples aros a severely fractuxed, Incongruent aymetrical
syncliln. whose told axia tranda 934t and plunges W. Three of the
aSploe, Oe at the eat end f the ection and the other two mast the
Gillis ill ault, wote taken ram steeply dipping beds with te"dn
strike: the remainder mere oolleted frm the outh and orth limbs
end the hing area of the ColA.
Pram the meat to the east, *train intenaitils increae onotonically
tra 0.40 to 0.74. Th Strains ln the old, fethesmore, have similar
intensities. 0.56 to .66, with little variation ln their principal
valmes 1O.S2Oe.3 0.16±0.02, -0.35±0.021 indicating that the cold ws
osud during a late phas o t otion involving rigid body

rotation but o bulk train, o rstore the let-phase stafermation.
the laners in the orth Ueb nd hinge me first untolded by rotatn
thn along the Cold "ia to coLLde with the orientation of the steep
south limb, Second. the unfolded layers were rotated about vrtical
dsia. to make their average strike agree with the regional trend.
The total train n this restord orientation was actorized into a
eompaction and a tectonic strain. stmeen the two events, buckling
tilted the hrisontal beds. aged n this model and on the variation
of the total strain along the -ctlon. the rocks auitered a compaction
strain of l, -. 31 ollowed by a tectonic strain Of
10.13. 0.05, -0.11 ln the meat, ncreasing to 10.37. 0.07, -0.321 in
the st, with the xis of shortening trending -w lnd the
in-remediate as paralleling to the regional tne-St trend.
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SESSION 47, SAIC: STORAGE OF HIGHLEVEL NUCLEAR WASTE

volcanic rocks (PbI 1 fPb - Il -13.24 and DIPblPb * 31t70.39.15) but
diverges fon It ine saiples.

Tee catoate fraction f lead Inh oh vein and calcrete samples reides dominantly
hI flnelgincd. audizcnic calcite. I.N Halso attacks and rmoves lead kn silicate
phases, but a mildcrUN CH3COOH disnoluion edua kidntifies a Sigficanty
own uraogenic sad t of ete calcite Pb/= 4PIb -. 1 112 1 and

ftP o`Fb * 31L3934). t Ps dbb s adiogenic carbonae lead was ranspored
into de vein system by die dowof meteric that had previously
intehactd ith a al ca .Wblo p icultenatter derived but Paleozoic
and Lte Pto ic ltestone in t di munuin May be he Ultimate sotnc of
tte calcitc. Several Samples. ae ag t wo m a vein Incorporating a thin
He of basalic ash, contain t lead thatis only slightly different from their
salcate lad. Tsc soupically more Uniform samples suggest that volcanic rocks
lbcaly have con d most f tkzicad te both faious .,r vein

The isoopically beusogencus lead tht haracterizes die regional P ad Ite
Ptozoic sedimentary socks nd Middle Proterozoic rystalline rocks remains a
candidate for at last some of the lad in the Trench 14 veins An lmP0ot1nt finding Of
this study. however. is that the data do otr t ire the mmore c gis that have been
IprOo for the vins. Instead. dit similarity etween lead Isotopic properties of die
Veins and calctes suggests a Mutual origin related to pedogenic phenma.

02A pt. Haffirgtof, Charle D. N! 16720

p.15 p.m 3ha, Wan D. N! 7474

A MoDaE FOR THE FORMATION OF PEDOGENIC CARBONATE BASED ON
S1RONM ISOWPE DATA FROM SO IEST NEVADA

MARSHALL. Brian D. nd MAHAN. Shannon. U.S. Geological Survey.
MS 963. DFC Bo 25D046 Denver. CO 32

Calcareous sols am ubiqitu in arid eons such as ie southwestern United States.
Models describing die ruxmion of the calcium carbonate that eecntus loose, porous
materihessoisualyrquiran alognic t t' tiesource Of ti hlarge
amounts of calcium in the calite. The Ioc omposiion oft twtm. a conmon
nrce conmsrient In carbonames. is an ideal eacer kt die agin of the calcium. Analyes
of strndum In calrees, falt-filling veins, surface coatings, and colian
sedunent near Y Mountain, Nevada, ide pan s ntie ongin of
de lkline sa Incorporated in these ous fii 

Calcres. hult-iltig vins and rhizoliths contain carbonate-bound (-Ha
leachable) Stontiun with 1r16"Sr aveng 0.7124. This value Is sldficandy
different from he aeage of 0.71 17 found for carbonate-bound sroonumn in the
surace coatings end n olian SedimenL These Mults ad o two conclusions: (1)
calite se ns on ek derie bcir ine chs bum tie colian carbonate
compoent and (2) the Alkaline suths in cacrete And fault-fuling-vein calcite ae Mr
entrely erived buan codia n caroae moent

Thle utrontiumhsoope dat ugest tt somne ef the alkaline earth content in the
pedogenic carbonte is derived bun die weathering of local detritus To test his
hytpothess. Isolkpic autalyseF olde silicate dennis th progress.

Wthin die volcaic bedck eF Ycca Mountaincalcite occurs as coatings on open
acwrs. The 17StStr of these calcites varies hot pedogenic4ype values Sar bhe

surface to lower values (07093) at and below the wter able. Some of the alkaline
carhs in these frcure coatings may be partially or totally derived from the volcanic
be}drck which has widelvM ninS Iopic composidons.

These data preclude ievolvement of ng round water in the genesis of
surficial carbote hI the irmediat vicinity Y Mountin.

0M:0 pill. Sddess.l S. N! 19328
isotopic Zvidenoe for a D= hammm origin for xydrogenic
Veins n raulta near Yucca mountain, Nevada

5UcKIsS, J.5., PzTzRxR, z.Z., mmiZAN, .r., and lS,
D.R., US Geological Survey, KS 63 , Denver Ted. Ctn.,
Denver Co S02as

Vin-lke deposits of calcite and opalise silica that infill
faults and fractres In the vicinity of ucca mountain have
bean the center of considerable debate because the deposits
occur near a possible site for the Nation's first high-level
nuclear waste repository. The various proposed odes of
origin for the deposits, such as catastrophic upwellinq of
water or dowvard percolating fluids related to pedogenic
processs, have differing implications for the performance of
a geologic repository. Isotopie data for xygen, carbon,
strontium, and uranium in the carbonate minerals exposed at
Trench 14 preclude deposition from pvlling waters from
either of the rionally extensive aquifers known to exist
beneath Yucca ountain. Oxygen isotopes imply deposition of
calcite at nreasonably to Impossibly low tmperatures
strontiu i too rediogenic and uranium activity ratios era
too low. Data from calcites deposited by the adjacent Ash
Meadows flow system further uggest that the isotopic
compositions of ground water n southern Nevada ave not
changed markedly during the last O to 600 k.y. nd that,
therefore, conclusions baed on present-day water
compositions era probably valid for at least the last O
X.y. Isotopic compositions of the Yucca Sountain calcites
are similar to those observed in secondary soil carbonates
end, in combination with existing geologic, sineralogic, and

'.s paleontologic data, ahl that the carbonate and paline
silica deposits must have formed from descending water
related to a pedogenic process.

QUATSI3ARY ROSION RATES ON IE=0S IN 1E YUCCA 1OUNTAZNRIO.
SEVADA

163. Los asmas Nalosal Laborary. Let Alamo. NM 7545 sad WTNEY.
b EW. UOaq mlSasvyedaOtCr.btSO3.OWr.CO S=

Tcaltomuaabs I sa wd4hd am bloct cpdts. h e
taoerd atyvokank sockt, ~sly wdbd affs tsAte= malmant & woubmng In teoie

mkat ul~ate.lad TmmMounalauglo. Qkmuaresl cyin a seakwousathimg - rfdgaid _itloe iwg gact Yuil epcdr QaNs resltd s paher uf tio ole,

eposis tvablesp.
e~roalong4uu apn ass on be aiculaud k w illtopes a bam. dabed

sallviel bodderdeposits. ww temdpitwiecddasee artlpststbs
gtficlmuinglg km 1532 depitn Whim opdetradislon marginal M diesedqoi aah
1-LIma. ~mshes.bois. o tss s edacm luslavdepis grn bum 13S-23 a

17 Lar M s I Ma. Looglrmu erouls mu calculated for blalhopet teat bam reuct early U Middle
Qimwasydeolumaie=02*7imamdvn 1.2mm/ba.

Emi d uo _iabk M4eL ~ tv~ylwsneda mIeermsltdrgo

h=tmloadlw Mamnlo bm ernias -~ 'wasa1041 ienooaeAtons

IftdacIk amweldedi am mad nllalc tlit bor

(2) e1 vaai0 comisS -rhre bouldr ismbi weatheng. C3) clluvial boulder deposits a

(4billhlpe cessets 1-1-t soiluvialdst t by paphlobundam Ed sums er ho t save
mldq by soda sed (ddits Bows. efthough sdvi mas novlboulday sllvhm hom uppir
alapes a pooray smelcad a ttiss tunmir So iddle od kow bllttiq W e andy wrlpde

arnzalbmdbadaosa.~

03:00 p.mFauis wm E N! 691I

mm 555012 OK STEOCsU= a a mmD MLtprjHMia ascmatxs or

&=zsonh
raZZOS. amms R., Eapt. of eolm, University of Zwa, sews city.

It 15242i YausasACas. Daniel L.. end SXcm. upi ., Dept.
seecn*Le. niversity of Sevada L Vegas, V f91a4

five Qisateruary basaltic wo cenic sentors lie witals 0 km of the
propsed igh-level nuclear waste aspository at ucca mountain. tits
besalto woe" through the gent without Contamnation. reviews
studies suggested that slativaly, this p4 S &I dihes ged the basaltic
ionters. hs guaterns dikes, cotia munds nd Cinder cones
generally trend Mmi. potential aE'-erikiag near-surfaco stianalweys
for te baalts include worual faultseemse lyering in hghly
deformed protecotoic nd leeosoi rocks, nd oists. Scowver, ack
of dissection of these young vcanoeas peludes dirset observation
of eeder diftes end -ontcolling tructures.

to eslucidate the ,eoint5L f pebiag systess beeathi Quaternary
volcanoes e" locs Mount i hghly-dissected Fli ene basaltic
senter wn tudied: La the fortification Kill fued or morthwestere
Aass Whe cost highly dissected centers we loceted an the west
flan of Malpais Mesa. Mars dikes within and directly be ath three
enters range fn 0-25 a in width and 100-221 a in lsgt. wo
centers e linbed by a 1-2 a wide dika. e i t rese
by n order of magnitude directly beneath sn centers T IM- to
mi-strLkag dines L the Fortification Mill field eommonly parallel
but era rarely ntruded directLy aong preexisting structurem. Sons
dakea cut dIrectly aross Miocene normal faults, all has have near
vertical dips, these observations Iply that dines my ae"
propagated uard throug Ielf-genereted fractures produced by
tellle s ees ar the dLh t te fracture. probably develo

perpadiular o the least principal stress.
In te yucca lountain degien. the preexisting NIt str Ing

structure. WY have ocally fciliteted transport of magmas. an most
e92e, owever we umpeot tt m *gma reated thei Imen pathoaye

perpendicular to the 0W orientatien of least principal strem.
etsard aeemente ef lueca Mountain should consider the potential
for *"hd intrusion along aslt-geaerated fractures not sociated with
preexisting faults Vnd dine widths a preat as 5 E.

0315 pm Weslfiig, J. RL N! 25537

SIFICIAL MAFFINO IN MAY VALLEY: DAWICATIONS MR1 FUTURE
37U=ES TO ASSESS SWaAM FAULTING POTENTAL A6T FROSIPECrTIV SURFACE
FACILITIES P011TIM FOENTIl. YUCCA mounAIN &EPOSITRY. NEvADA'

WESIINo. ).L. SWAN. P.l. ULIARD. r.r.. ANEU. M.N.. aid P EnMAN. .lC..
Geostri Consta hnsIc.. Gem Mulat Pink 

5
pr Its Tew. Soe 717.

San e amo. Cifleris 9005t IBSON. .D.. OrS. 415. Sndia Ntional
Lerarie, P.C. Sor *30. Albu1eque. New Movesnq PS.

Fesm Quaaty geloic neIi f Mider Valley *-*s da sme aetuviet ange
and astad depeis O me frXISet a1Iqty Istudy DOE*111 telise SNevemlrng A1m
halting poeial Sr tee s of proective settee wasAindling ldlie Gues mctad
denul mg evalsslg halts tesht a a slipe mu.401 myr Juaall te pse I00 ha.
iWt alluval arelrs (QQ, aid scciod depofs an eaopumd M Midwy le besoa

gedic aid omnosplie saping. The eldetr sre (.) preserved a a gle e
t nd My be P1`-la1atorn dag. YOugerS meth". Rags g Sp artry Or

sAIle Pliincoe. (Q) o h atPleiscanesrty Hlom en Q. e xptered ma Mm.ins
ad lel n sure. Holoen. ua mu a kw Ieer ad vtalr ln (WWm
saus wash, (Q,). Ctluvis am of at best terse as k d ill pes.
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SESSION 153, MSA-IGNEOUS PETROLOGY (POSTERS III

cftwestrAleutian cgrutbet 3n a 15Ma. AfterI1 analivolunesof
aystl~sc anatis addacie wee cupte anAln:hdad tuehcart the western

ande'tes olpcano which bekloazd= h nlykc=ndzwestern¶ais
Aleutianridge. lip VolcanolIs a eydrothernafly~etift searoumn ta has b-ed an
malliladonal meu wihn tbe Yilw tsreve tegnt ther dem
westen Aleutians. This mfsing 1W laerred m have ben established at

appnlv 15Ma hillwn noleuioal Wting nd voutinu bldiiic

aug lt, -lika~ne magnmdsnoCeuaed a vsnsu-pessional aeginc may have esulted
Aleutian.I uskafr ithnd buoyant. udto-ese

tites Tes ratoes probaby a t as and .e gansprted byaerike-
adipMotion along the western Me

N! 17194Softh 29 DMM Oclre G.

Bodo 27 Kg'nan. S. L N! 17231
APPLICATIONS OF CHAOS THEORY TO ZONING MORPHOUOGY IN MAGMATIC
FLAGIOCLASE

HIGMAN. S.L and PEARCE, TH., Department of Geolotical Sciences.
Queen s Univrsity, Kingston. Ontario. Caada, 1XL 3N6

The ohicknessas ad moetpologydascicry mnes in magmatic plagiodse *om Mt. St.
Hetens. Washington, d St. lIks. Low Antilles thw s o f oered pl or oe
separated by sewences of disordered mavolaste mnm. This t n s hat durieg
crystal gniwth. nam factor cantrolllng crystallizatn In dthe melt changed use pparent
periodic and diatic aemtion pas. As a result, the ion patterns diseried wnet
tha plaicduse erystallization Is a solinear dynamic process Derminag the
fimenslol ky Ad functonal IN= of the xilse dynamical equatins ePresents fir
sup b eatg a redictive model fr platiodase crysta! growth.

Rectastruco af the a space of the system Stm idltiwv dme-series of
sam hickmess measurements reveals mo types of :lasviowr a pW geometry. and a limit
cycle geomeUr. These are dkcv of a mo4 tantic Hapt Wburcion.

In lowdlmsaonal chaxic systems, the mam space ean be sed br prediction
of the time sies ofam thickneses. Poor crrelation between lime~cries pudctions
and actual ame thicknessesuggesa tt plagioclase growth is m governed by a low.
dimcesinal chaotic se oquat s. However, this por orein is a inconsistent
with th Hapf biftrestion hypochesis.

The swa dimeio can be used o eostrin the diqensloeoly of the
snlihear System eftolling esytal growth. Recent workers bave cncluded that the data
requirements lbr this calculation arm nt a sre as previously snested. Using the
method at Grassbee and Pscaccia (1923). a deliniive dimension eamax be obtained
born the tlme~eus of pllods eryats ernined date because eft lited number
ofm thicknesses observed. Consequendy. a dicrent aroach Is required o edcule
t orreltn dime ion i itia systems dsracteroed by limited data.

Gtnssberger. P. and Psoccia. L 19t3. Meaudag the strangeness of tprage
Moractt. Physics 9D, pp. 19-208.

CRYSTAL SIt DISUrIUTION STDIZU I SPANISH 11X2. COLORADo
30R1N?. Dolores C. and CLIPORD, aul MS Dept. Geology,

KcHaster University, lailton Ont. L 41
The panish peaks (SP) dual intrusions of southern Colorado.
their surrounding radial dyke swarm and everal related plugs
form a spectacular volcanic comples in the Rio Grand& Rift.

to shed light on the rystalligation history of some Rio
Grande magmas. petrographic relationships and crystal site
distribution (CSD) have been examied ter opaquea. olivine.
and augite from a gabbroic dyke of Ruerfano utte () and
toldspars and paques from a rhyolitie" dyke of the SP
aware.

C8D plots for NS augite and B opaques yield straight
lines with steep negative lopes. hese are consistent with
constant, continuous growth and nucleation during
orrstalliration. as well as so rystal fractionation during
emplacement and saie independent growth.

Similar plots for B livine, SP feldspars. and St
opaques yield asyanetric bell curves indicating tines
depletion. NS olivines Show resorption eatures on all grain
sizes. The resorbed material was possibly redeposited as BB
*ugite; this may explain the higher lope values tor S
augite compared to B opaques. SP epaques also show las of
material due to resorption.

SP phenocrystic feldapars ear the dke boundary lack
resorption features whereas StP enocryatie teldspars show
resorption throughout the dyke. The absene of fine tr
both populations could be due to serting et the cryatals in
a magma chamber perhaps by neutral denaity buyancy or by
magma movenent within the chamber. Decreasing C lopes
across the SP dyke for both SP eldspars and SP opaques are
probably due to thermal and chemical disequilibrium towards
the centre of the dke.

ool 30 Ctscaden T. E N! 25911
INrERM E AD M C VO C 0 SOTINtRifTW HITE SH
ARlZZNA:- tOfJCIO MR WE PRODUCION OF INTERMEITE
COMPOSMO VOCANIC ROCU DURING REGIONAL EXflrSON

CASCADUE TX, Dep of Geolay. Unhrsity et New Maea Alequrque. NM 171t3
DtM EJ. Dept of Weradne. Umirs"tal Nevada L Vegas. NV 5915
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CIJC-ALXAL1Uz VOLCANXSh OF S8E ARLY RETACZWS SANTnAGO
PEAK VOLCAMxCS, wORlERN SAUWA AM A us, CLUFORNIA:
SARLY CXAMTUSX OF RE PZNSULAR RANGES SATSOLtH.

XERZ16, Charles ., Dept. of Earth Sciences, University
of California, Riverside, CA, 2521.

Th results of detailed apping, geochasistry, and the
first micrcprobe mineral analyas of the arly Cretaceous
Santiago Peak Volcanics (PV) at their type" locality n
the northern Santa Ana tna yield insights nto the
*agatic evolution of the Peninsular Ranges batholith (PUB)
during its earliest stagas of amplacement. Structurally
intact equances of subaerial flovs, welded tuffs, volcani-
elastic broccias, piclastic rocks, and hypabyssal intru-
sions are the remnants of the volcanic arc built above the
batholith. Flows are dominantly basaltic andesitas and
andesites, with lesaer basalts, dacites and rhyodacites.
Kajor lement compositions of andeaites, basaltic andesites
and basalts are of a low-K, cale-alkaline series. Rocks of
tholeiitic affinity are also present. Cpx with a composi-
tional range of Wo35-.ff6n 3g8g4Tse. 22 plots within the non-
alkali field on discri ination diagras, straddling the
calc-alkaline - theoleitic line of Lterrier and others
(1982). The compositions of epx from the SPV overlap with
those from abbros of the PRS. Calcic amphiboles from the
SFV are pargasita and edenite with rare agnsio-horn-
blende. These compositions show limited overlap with
a*phiboles from qabbros of the RB. Plagioclase crystals
are dominantly labradorite-bytoanite (overall range is
An 5 0 ..g) Opx is completely altered to chlorite, part of a
greenschist tacie alteration assemblage present in all
rocks. The field setting, abundance of andesitic composi-
tions and calc-alkaline affinity of the rooks is consistent
with an origin of the SPv as a volcanic are constructed at
or near the margin of North America.
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PEIROCRAPIUC EVIDENCE FOR MIXING OF ALKALINE AND SU.ALKAULIN
MACMAS Pt THE RATTLESNAKE HILLS INTRUSV COMPLEX. CZNTRAL
WYOMING.

tOCH. Anthony R MRS. James D; FROST. Cao D.. Dept of Geology
and Geophysics. University of Wyoming. Laramie. WY 2071.

The Rattlesnake Mills of centrat Wyomis host tocene btruata end estrsive bodies
of 40as-sorative rhyolite and uars btite. These ar spatially divided into tW
groups enstera tbnfeb grow (EFG) ad the western f grop (WFG). Nepcltite
aormtive ooites. tcys Ad buprophyres comprise the entral alkalic r P

(CAG). which b lecad betwet the FFG and WFG.
Alithoagh ie CM0 end WG socks have similar belk-nck esemicsl

eompositions. Y ae petrographicsaly ditsrent The sFG cs socks by t/
otz) are Coarsely porphyrie (pheeocrysts up to am) with unaned licase
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I CENOZOIC EXTENS!ON IN THE CORDILLERA (PART 1), SESSION 98

I oth isWiK Sbwe N! 2471w
ONEDIACI 0 PZTROLEU( XTROCAR1OK-CONTAXIIATD COWD
;ER AND SOIL USING IX-SITU AIX SPARGING An ACTIVE SOIL
WpoEXTRACTION AT WIT SITES IN mEW NEXICO.

WILD, Steve, now xxico mnviroz nt Dept., 1130 t.
Francis Dr., Santa To, S 67O3 SILINGS, Jeffrey
F., Billings Assoc., Inc.. 3816 Academy y N-
In., Albuquerque, RH 7109a U1N, William J.,
Albuquerque Knvironmental Ilalth Dept., P.O. ox
1293, Albuquerque, IQ 7103: ARDITO. Cynthia P.,
Intera, Inc., 100 Mtn. Rd. N, Albuquerque, HE 87110

As part of the New Mexico tEvir ent Departmentl (ED'S)
effort to locate end evaluate cost-effective end efficient
r rediatin tcnologes for leaking underground torage

nX (WIT)} sitz, KED has been closely tracking the
oef an in-_itu rmedatlon technology called the

gusurt ace Volatiliatin and Ventilation Synta (VS,
patent pending. 1989).

5he SVVS eonsists of a cere of well nests which are
Iastalled within the areas of oil nd ground-water
tcontamination at LUST cites. ach wll mest consists of a
vapor extraction well screand within the vadoce zone and
an air-injection well Screened below the water table.

The SM utilizes three rsediation processest vadose
gone vapor extraction (in-sltu ventlation)l air parging
of the saturated ron (in-situ air stripping): and enhanced

*s icrabial biodegradation.
The SM hs pren very effective in the rmdiatlen

of INT altes n New *exiCo where a shallow water table
exists. Significant reductions in bensene, toluene, ethyl
benzene, and xylne (EX) have been observed over rela-
tively short time spans. SVVS treatment has been don-
strated to be en extremely efficient rmediation technology
wben compared to conventional pump and treat ystems.

SESSION 98, 1:30 p.m.
TUESDAY, OCTOBER 22,1991
T 25: CENOZOIC EXTENSION IN
THE CORDILLERA: GEOMETRY,
TIMING, MECHANISMS, AND
REGIONAL CONTROLS (PART 11)
SDCC: Room 16AB

loafth Wr4 D. E N! 28605

SOL GAS GEOCHEMCA SAMPLING AS A MEIHOD Of GROWI ATER FLW
DETECTION AT 1HE EMCA ETALS AND PESTID Pns (CP PITS) AT
rrESAVANAHRVERSTE

WYATT. D. .BLIINT. M C.. PRiC. V., Westhouse Sawnah Wer
Company. P. O. Sox 16. MAin. 50 29801: PiRKLL R. J..
MicroSeeps L. 220 Wnllm Pin Way, Pitburght, PA 1522J.

Us CMP Pits sonaistad of iso parall wanes used br disposal of S organic
solvents. pesticides and matals during Ste loam 1971 9vough 1870. The
disposal era int centrally located stin ti Savannah River St an a
wpographic high. In 1U. t waste was removed. ge ontaminaed Sol
excvated end 2 groundwater monitring waft wars Installed In a ot I
monitor. remedias nd W dose the Unr orggnic pbtmc ae known b exist
hi ow Shallow eqijiars.

Recent on gas surveys, In support of a RCRAJCERCLA integrated
Investigation Identited elevated concentntios of organics In areas my rom
te tisposi cis and different from t presumed groundwater Sow directions.
Groundwater low directions at t SIts b gm sor t st hallow eqtiler
nnd nwards te disposal area rom Me nt~. south and Us br fse deeper
a er. Geological data rom ntod ing wfts uggests Sut a caon 
niedying St disposal area may edct localizad groundwater low.
Sol gas survey dat Identified contatinsted groundwater plumes emanat

orom On ite but not predicted by mont ing wel. Omata Indicates tt R
gas urveys nay be tilkized o retire groundwater ow drecions In aas
where complex hallow aquilers ae Contamnsted wiih volatil ergaNcs.

Ta Iorwatlon this abstrac was developed Swing t sore of sor wde
eract DEA0c4GSRIS2S wih tS US Dpaer of I nergy.

01:30 pJh MetA, RodneyV. N! 26750
NOR LENDE CEOSARO4ETRY PROM WD.OCENE PLtMNS tA'CA11OM
REGARDINC UPLFT AND BLOCK RTAON DURING BASIN AND RANGE
EXSION.

MErCALF. Rodney V. d SM ter I. Depertent SC Giacuam. Uahuusay
t Nevad1. Let VesIs Nad 824

A1616&rbleade pobaremtry was and is &terls in. depth ofata mantim hrw We
Mine. use plaoes. WUoa Ridge (WRIP) cadW Mt Pvkn (IT2 Ae. St awh Calurdo
m exr m asl mawaidor The WRP exhbt a Itpabzwalo so OM inath mad ortads 0 hm
lo a ins h saen It intrude. PFriaubrias Sealans. Nh awadlag hub asS dim Indiate Be
WI? bkw expeinced anowt extrsice. Tb MIn truds Prcambrisa gSs ukh a

pabual te t cd tds 2.2 kaLo sr kn h et m b ye tj Mrdb
MiSu h tFauds 19). t weding 0 su[ u t w est _ ine Mn.

_ tinwugile dese main so OM br WIU sad e * vat em for WP (FaM4 18). Se
pam aga I n kmputl h esodlorke lo qu ase. Eideac at saga
tmblgling ad large aular blots ot elder husbleade 51cm See In both plat s.
Hembid. maing prefli mstd eplex grth bit For ti catn Individal eat
caft inse efua urn'. maid in mtease. Sdassab ieral gran
pld aasiny law Al hiateete ad premn ad reprinm grelas assd km
aantd pbsw ruqhd by de pebaater. So.. dss of iat susn gs in

eshad lw Al actest cad were aveided. Lay sedn uullaos wire takes ken as
oft vdj, InFer. cmpostion sihi about SO cimes ograinedge.. Wag meltiple grains
In web. Be couples of qismaxdlmrke sad mtu bUd irIan e.e tacthern td atWR?
plaidmdar rsults wlh 4cW (bad an mgcam) of LS te L is pids procure
running kmern OD i khars and depths Vd4S lo L bus. Averaging: ths rk (a-Il) Pah
PuU *1482 hhsr as a depth attI S.143 but. A Sigle ample at WRP maS .heaU
ba south oft the bpahiam up laIds AUiUtale2 FaQS; sa depth Vf SS IUa. LAming
tebdes she a barlasi astwest axis mnot an weanesi h I * 3. * of
eahasrd SL ad.. otWi? mta ha Sored U anpurtarts mud teemshe nord" in
ia Cate p.1st. Muliple grain km - sa mmples V 4ts _Iualk be the emtm ad of de
U"O pldota ft Ul 1. ; prisures atUl so U kbls; mad deet L7 in 4. bas.
Averaging be. mutt (s-4) plelds P.1.12 Utare ada depch atSU _.. bas. Thit
IS uinibna sth a watward lSt or I .1- * preeudd i11t Be hmab 4a- TWIIS17
.ncoeralty, 3o sau t.e u MflU . snSace as se dma or Inusin. We infer
Bit "Mar al ot She rotalmont of at ? am I ed helow ins Cwnk t. mperas.

1S5 pAndewRE N! 16613
RELATIONSHIP BETWEEN LIOCENE PLUTONISM. UPLIFT. AND EXTENSION.
LAKE MEAD AREA. NORTHWESTERNMOST ARIZONA AND ADJACENT
NEVADA

ANDERSON. R.E. ad BARNHARD. T.P.. U.S. Geological Survey. Box 24$.
US 366. DF. Deniver, CO. 80225

The La Mead ares can be aXdbd in le growing st of aras in St Cordillera tt
expos eidence br a close ssocation between Cenozoic plutonism and
extension. The WIlson idge pluton in te northern lck Mountains Is a north-
broadening. trangular. corposite. eptzonal mass about 20 kn on each edge. St
was tplaced into Proterozcy cstaline rock snd Pleooic and Cenozoic covr
tocks duing lWe Hocene Urn. Petrogenelic Studies by Larson *rd Smith (1990.
JOR. v. 85. p17M3) Indicate Stat forred by commingling of arge volume of

ftIc agma with a smaller volume et flsic magma The puon in Std aout 5
degrees north, exoing sa hypabyssat on and Fooe in Me not and ks deeper
parts ingm south.

The extent of prelntruslon Cenozoic deformation Is bea evaluated In the north.
where Oe ptuton Intrudes Hiocona senmentary and volcanIc cocks. Those rocks
show a ld in moderate degree of prentnaslon S Sa Increases southward.
The pon tare consits of Sousnds of d[kes tat record 8.15 Ju of
cynemplacement ting In an approximately eastest direction. This riing by
dka n-dke emptacement was accompanied by a cougmard-Increasing degree of
cyrtemplacement extension-related S1Wng In VW northernmost par of n pluton.
dkes are mostly vertical ad prelnitisive trata di gently. By const directly
couth of Lake Mead. preintrusive volcani chata are abvertil. mai-phase dikes
CP at toderae angles ad late dikes are ubverc. indIcaing protacted pre.
and syn-intruslon xtension-related 11ting events tat ended with putonism. The
country cocks rd pluton were ited may from sld downbaulted inward Ste ais of
fte pluton In 1tese events. uggesting extensional cilapse of th growing. Wing
putn an e te rsing Black Mountains structural block Contrary to current
models Of extensional deformation In Me area. we nd no evidence tut the
northern Black Mountans seved as a source errane br west-anspored
extensional allochihons.

l
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VOLCANIC RISK ASSESSMENT STUDIES FOR THE PROPOSED HIGH-LEVEL
RADIOACTWE WASTE REPOSITORY AT YUCCA MOUNTAIN NEVADA, USA

by

SMIT Eugene L, FEUERBACH Daniel L, and NAUMANN, Terry R.
Center For Volcanic and Tectonic Studies, Department of Geoscience, 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 hazard 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 Quaternay basaltic volcanism
in the southern Great Basin. To obtain a regional perspective of basaltic volcanism,
detailed mapping and sampling of analog systems as well as volcanic centers within 50
km of the proposed repository have been completed. Important advances from these
studiei include the documentation of detailed chronostratigraphy 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 (AMRV) near Yucca Mountain. Data from volcanic centers
within the AMRV are being used to estimate recurrence rates and conditional
probability of future volcanism for risk assessment. The AMRV 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 AMRV. The size, shape and orientation of these high-risk zones is based on
structural and volcanic studies in the AMRV as well as in analog volcanic fields. The
proposed waste repository lies within one of the risk rectangles associated with the
Lathrop Wells volcano.

The possible recurrence of volcanic activity in the AMRV was evaluated by
estimating the instantaneous recurrence rate using a nonhomogeneous Poisson process
with Weibull intensity and by using a homogenous Poisson process to predict future
eruptions. Based on data from Quaternary data, the estimated instantaneous recurrence
rate for volcanism is about 55 x 10/year. We conclude that the estimated probability of
at least one eruption occurring in the AMRV 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
Preferred Type of Presentation: Poster



NEW K-Ar AGES FOR PLIOCENE MAFIC TO INTERMEDIATE VOLCANIC ROCKS
IN THE REVEILLE RANGE. NEVADA

TERRY R. NAUMANN I
EUGENE SMITH |

Center for Volcanic end recronic Studies,
Department of Geoscience. UniversitY of Nevada, Las Vegas, NV 89154

MUHAMMAD SHAFIGULLAH I Laboratory of Isotope Geochemistry,
PAUL E. DAMON | Department of Geosciences, Unversity of Arizona. Tucson, AZ 85721

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

The Pliocene volcanic rocks of the Reveille Range rep-
resent the southern half of a 20 km wide by 100 km long
north to N30°E trending belt that combined with the Lunar
Crater Volcanic Field extends from 37045' to 38045 n
the south-central Great Basin Ifig. Ia). According to the
classification of Irvine and Baragar (1971) 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 and K-Ar ages
volcanic rocks of the Reveille Range are divided into three
episodes (Naumann and Smith. 1988) (fig. lb and 2).
These are:
Episode 1 (5.9 to 5.0 Ma): Basalts of Episode 1 are

porphyritic olivine basalts that contain plagioclase
megacrysts up to 40 modal %). They range In composi-
tion from alkali basalt to hawaiite (44 to 48% SiOal.
Fifty-two vents occur on both the east and west flanks
and near the crest of the range Ifig. b).

Episode 2 14.6 to 3.0 Ma): Basalts of Episode 2 are
porphyritic ivine basalts containing megacrysts of
augite (up to 40 %). amphibole (up to 35 %) and
plagioclase 1< 5%) and coarse grained xenoliths of
gabbro and dunite (up to 20 cm in length). They range in
composition from picrite to trachybasalt (41 to 56%
SiOa). Fourteen Episode 2 vents occur on the northeast
piedmont and flank of the range Ifig. 1 b).

Evolved volcanism 4.4 & 4.2 Ma): Euptions of trachyte
(60% SiO ) and tristanite (58% SiOa) 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. 1990)1 (fig. b). The
northernmost dome is associated with an apron of pyro-
clastic flow and surge deposits and volcaniclastic debris
(fig. b).

The new K-Ar dates establish that two 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 avas and pyroclastic
units at 4.4 and 4.2 Ma fig. 21.

Previously published K-Ar ages for the Reveille Range in-
clude a date of 5.7 0.2 Ma on an Episode 1 basalt flow
on the northwestern flank of the range (Marvin and others,
1973). Dates of 5.8 0.3 and 5.6 0.3 Ma were
obtained for Episode 1 basalt 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, 1985). 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 38 Ma.

MIGRATION OF VOLCANISM

Foland and others (1987) reported that volcanism
migrated to the north In the Reveille-Lunar Crater field.
According to their model, volcanism Initiated at about 9 Ma
and migrated north to the Lunar Crater field at a rate of
about 1 cm/year. 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 volcano 13.0 Mal
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 Geologic Map of Southem Nye
County as undifferentiated Pliocene welded Tuff
(Comwall. 1972).

ANALYTICAL TECHNIQUES

All dates were obtained from groundmass plagioclase
separates. Feldspar phenocrysts and megacrysts were
removed from samples prior to analysis. Analytical pro-
cedures discussed by Damon and others (1993) were used
in this study (constants: )o - 4.963 x 10-' yr. X -
0.581 x 10-'@ yr'. - 6.544 x 10- @ yr 4K/K 
1.167 x 10- atom/atom).
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SAMPLE DESCRIPTIONS

Episode I
1. RS-I-I 7-LN K-Ar

Porphyritic divine basalt flow; contains large plaglo-
clase megacrysts in a holocrystalline matrix of coarse
plagioclase, augite and Fe-oxide 3804'15.
1 161724; Reveille Range, Nye County. NV).
Analytical dats: K - 0.846,0.849,0.23%; *Ai' -
7.335 7.462, 7651. 7461 x 10-12 mol/gm;
'Ar/ErAr'0 - 54.5 665.2 56.4. 55.3%. Collected
by: T. R. Naumann; dated by: M. Shafiqullah. Com-
ment: This sample was collected from the youngest
Episode 1 flow.

Iplagioclasa) 6.13 0.16 Ma
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Trachyte lava / pyro-
clostic flows and
volconiclostic deposits

116 10' 116*05'
FIGURE 1. a-Location of Ploene and youngervolcani rocks of the Revel Range-LunrCratervoanic eld.h-Genemraedgeologic map
of the Pliocene volcanic rocks hI the northeastem Renne Range. Circled numbers are sample locations for K-Ar dates.
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FIGURE 2. Cartoon crosssection showing the stratigraphic relationships among the dated volcanic units in the Revelle Range.
Symbols are the same as in figure lb. Tmg Tuff of Goblin Knobs (Monotony Tufn a densely welded. coarsely devitiriied quartz
Iatitlc to rhyoltc welded tuff. Dates for Tmg were reported In Ekren and others (19731.

2. R8-1-24-LN K-Ar
Porphyritic livine basalt dike; contains large plagio-
clase megacrysts In a holocrystalline matrix of coarse
plagloclase, augite and Fe-oxide 3 803 18,
1 1608'52; Reveille Range, Nye County, NV). Ana-
ltical data: K - 0.871, 0.871, 0.891, 0.887%;
*Ar - 8.233, 8.390, 8.374. 8.254 x 10-12
mollgm; Ar'/EAr - 78.4. 78.5. 76.4. 64.5%.
Collected by: T. R. Naumann; dated by: M. Shaflqufah.

4plagloclase) 6.44 * 0.14 Ma

3. R8- f-28-LN K-Ar
Porphyritic otivine basalt flow; contains large plagio-
cbse megacrysts In a holocrystalline matrix of coarse
plagloclase, augite and Fe-oxide (3806 40,
11608'5; Reveille Range, Nye County, NV). Ana-
laldata:K - 1.693,1.683,1.652.1.679,1.683,
1.679%; Ar" - 16.57, 16.78, 16.80 x 10-"
molgm; Ar"/IEAr'O - 66.4,68.1, 68.2%. Collected
by: T. R. Naumann; dated by: M. Shafiqubah. Com-
ment: This sample and R8-1 -29-LN were collected from
the same cinder cone-flow complex.

(plagloclase) 5 74 * 0. 10 Ma

4. R8-1-29-LN K-Ar
Porphyritic olivine basalt plug; contains large plagio-
clbse megacrysts In a holocrystalline matrix of coarse
plagioclase, augite and Fe-oxide 38 5'39',
1 168 '40; Reveille Range, Nye County, NV).
Analytical data: K - 1.116. 1.079, 1.067. 1.118,
1.095%; Ar' - 10.92, 10.73, 10.55, 10.48 x
10-" mol/gm; *Ar' 01LAr - 50.7, 49.7, 49.0.
48.6%. Collected by: T. R. Naumann; dated by: M.
Shafiqullah.

fPlagioclase) 5.61 0. 15 Ma

5. R9-1-48-LN K-Ar
Porphyritic olivine basalt flow; contains large plagio-
clase megacrysts in a holocrystalline matrix of coarse
plagioclase, ugite and Fe-oxide 3809'48,
1 16@6'02; Reveille Range, Nye County, NV).
Analytical date: K - 1.194, 1176, 1.229, 1.185,
1.170%; Ar' - 12.08, 12.04, 12.03, 11.80 x
10-1 mol/m: *Ar 4OlEAr 0 - 75.7, 75.5, 75.7,
75.2%. Collected by: T. R. Naumann; dated by: M.
Shafiqullah.

(plaglociase) 5.80 0. 13 Ma
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FIGURE 3. Plot of K-Ar age against latitude for dated volcanic centers In the northeast Revalle Range. Diamonds - Episode I
basalts; Triangles Episode 2 basalts and trachyta eves.
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6. R9-1-56-LN K-Ar
Porphyritic divine basalt plug; contains large plagio-
class megacrysts in a holocrystanline matrix of coarse
plagioclase, augite and Fe-oxide 38 10'33,
1 16e5'30; Reveille Range, Nye County. NV). Ana-
lytical data: K 1.257, 1.260, 1.225. 1.209%;
*Ar" - 12.92, 12.67, 12.66, 12.82 x 10-
molgm; Ar'°/EAr - 67.2, 65.7,. 65.8, 66.8%.
Colected by: T. R. Naumann; dated by: M. Shafiqullah.
Comment: This sample was collected from the strati-
graphically lowest Episode 1 flow.

(plaglociase) 6.94 * 0.14 Ma

7. R9- -67-LN K-Ar
Porphyntic divine basalt; contains large plagioclase
megacrysts i a holocrystailine matrix of coarse plagio-
class, augite and Fe-oxide 38e7'15, 1165'45;
Reveille Range, Nye County, NV). Analyticaldata: K -
1.365. 1.367, 1.384. 1.393, 1.360%; Ar" "
13.73. 13.73,13.77 x 10-'mollgm; *Ar'/1EAr ° 
68.0. 66.9, 66.9%. Collected by: T. R. Naumann;
dated by: M. Shafiqullah. Comment: R9-1-57-LN is
overlain by pyroclastic deposits from the adjacent
trachyte dome.

1plagloclase) 6.76 * 0.14 Ma

Episode 2
S. R8- 1-2-LN K-Ar

Porphyritic olivine basalt flow; contains plagioclase
and augke megacrysts in a holocrystalline matrix of
coarse plagioclase, augite and Fe-oxide 383'30.
11608'20; Reveille Range. Nye County, NV).
Analytical data: K - 1.469, 1.468, 1.444. 1.469,
1.497%; Ar - 10.12, 10.24, 10.50, 10.33,
10.26, 10.29, 10.29. 10.20 x 10- mollgm;
'Ar'°/EAr' - 71.2, 72.9. 74.0, 68.9, 68.6. 69.0,
68.5, 72.6%. Coaected by: T. R. Naumann; dated by:
M. Shafiqullah.

(plagloclasel 4.03 * 0.12 Ma

9. R- - 3-LH K-Ar
Porphyritic olivine basalt plug; contains large plagio-
class and augite megacrysts In a holocrystalline matrix
of coarse plagioclase, augite and Fe-oxide (384'23,
116°7'18; Reveille Range, Nye County. NV).
Analyticaidata: K - 0.805,0.825,0.839%; Ar° -
6.730. 6.676. 6.607. 6.482 x 10O' molgm;
*Ar'/IAr' - 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.

Ipiagloclase) 4.64 * 0.14 Ma

10. R8-1-18-LN K-Ar
Porphyritic oivine basalt flow; contains large plagio-
clase and augite megacrysts In a hdlocrystaline matrix
of coarse plagioclase, augite and Fe-oxide 138 4'20,
1 167'24; Reveille Range, Nye County. NV).
Analytical data: K - 0.999, 0.994, 0.987, 0.969,
0.972%; *Ar - 6.757. -6.801, 6.867 x 10-
mol/gm; Ar '/!Ar' - 73.7. 74.9, 75.4%. Collected
by: T. R. Ndumann; dated by: M. Shafiquflah.

(plagloclase) 3.99 t 0.10 Ma

1 1. R8-1-1 -LN K-Ar
Porphyritic olivine basalt flow; contains large plagio-
clase and augite megacrysts in a holocrystalline matrix

of coarse plagioclase, augite and Fe-oxide (38021 5 .
11617'10; Reveille Range, Nye County. NV).
Analytical data: K - 0.91 1, 0.875. 0.840, 0.905,
0.874, 0.872, 0.854%; *Ar - 6.387, 6.627,
6.240.6.327 x 10- mol/gm; *Ar l/!Ar' 0 - 68.1.
66.2. 66.1, 66.9%. Collected by: T. R. Naumann;
dated by: M. Shafiqullah.

(plagloclasel 4.15 0. 3 Ma

12. R8- 1-2 7-LN K-Ar
Porphyritic olivine basalt plug; contains large plagio-
clase and augite megacrysts in a holocrystalline matrix
of coarse plagioclase, augite and Fe-oxide 138 3' 10.

16#9'23 ; Reveille Range, Nye County, NV). Analyti-
caldata: K - 1.886, 1.809, 1.863, 1.833%; *Ar 4

- 9.939, 9.643, 9.594. 9.355 x 10-1" mollgm;
*Ar'ILAr - 51.9, 50.5, 50.0, 48.6%. Collected
by: T. R. Naumann; dated by: M. Shafiqullah.

Iplagtocase) 3.00 ± 0.08 Ma

13. RS-1-46-LN K-Ar
Porphyritic divine basalt flow; contains large augite and
plagioclase megacrysts i a holocrystalline matrix of
coarse plagioclase. augite and Fe-oxide. 381 0'30,
1 16@6'30; Reveille Range, Nye County. NV).
Analytical data: K - 1.621. 1.580, 1.584. 1.582,
1.630%; Ar' - 10.47, 10.66, 10.36, 10.30 x
10-1 mollgm; Ar'I/rAr ' - 38.3, 39.0, 38.1,
38.0%. Collected by: T. R. Naumann; dated by: M.
Shafiquliah.

(plaglociase) 3.76 * 0.11 Ma

14. RS-1-58-LN K-Ar
Porphyritic olivine basalt flow; contains large plagio-
clase and augite megacrysts in a holocrystalline matrix
of coarse plagioclase, augite and Fe-oxide (38e71 7.
1 161545; Reveille Range, Nye County, NV).
Analytical data: K - 1.386, 1.343, 1.361, 1.371,
1.366%; Ar' - .24, 9.51, 9.44, 9.22 x 1"
mol/gm; Ar'/EAr" - 57.2, 58.6. 58.3. 57.6%.
Colected by: T. R. Naumann; dated by: M. Shafiqulah.
Comment: This sample was collected from a flow that
directly overlies pyroclastic deposits from the adjacent
trachyte dome.

(plaglociasal 3.95 ± O.12 Ma

Evolved Volcanic Rocks
15. R8-1-16-LN K-Ar

Tristanite dome containing plagioclase and sanidine
138 e3'1 8', 11 608'52'; Reveille Range, Nye County.
NV). Analytical data: K - 3.617. 3.517. 3.687.
3.757. 3.556, 3.567%; Ar - 27.79. 27.41,
27.55, 27.37 x 10-"2 mollgm; Ar 4 /EAr' - 86.4.
86.0, 86.5, 86.0%. Collected by: T. R. Naumann;
dated by: M. Shafiqullah.

(plagloclass) 4.39 t 0.18 Ma

16. RS8-1-43-LN K-Ar
Trachyte flow containing sanidine and plagioclase
phenocrysts in a matrix of green glass 387'45',
11615'20'; Reveille Range, Nye County, NV).
Analyticaldata: K - 4.838,4.841,4.931 %; Ar' -
36.04, 35.79, 35.69. 35.96 x 10-1' mollgm;
'Ar/EAr - 65.2, 65.7, 65.4. 58.4%. Collected
by: T. R. Naumann; dated by: M. Shofiqullah.

Iplagloclase) 4.24 0.06 Ma
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Miscelaneous Nye County Volcanic Rocks

17. N9-SD-N K-Ar
Tristanite dome containing sanidine and plagioclase
137041'30'. 115056'30'; Nellis Bombing and
Gunnery Range, Nye County, NV). Analyticaldata: K -
1.724, 1.720, 1.738, 1.727, 1.719, 1.715,
1.701%: *Aro - 41.96, 41.89, 42.47. 42.14 x
10-2 ol/gm; ArIlSAr' = 83.4. 82.9, 83.7.
83.2%. Collected by: T. R. Naumann; dated by: M.
Shafiqullah.

(plagloclase) 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

DANIEL L. FEUERBACH I
EUGENE 1. SMITH J

Center for Volcanic and Tectonic Studies,
Department of Geoscience, Uniwersity of Nevada, Las Vegas, NV 83154

MUHAMMAD SHAFICULLAHI LaborarorV of Isotope Geochemistry,
PAUL E. DAMON J Department of Geosciences, University of Arizona, Tucson, AZ 85 72 

We report the results 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 gneous activity and upper
crustal extension e.g., Longwell and others, 1965;
Anderson, 1971; Anderson and others, 1972; Bohannon,
1984; Smith and others, 1990).

CALLVILLE MESA VOLCANIC FIELD

The Callville Mesa (CM) volcanic field is exposed primari-
ly on Black and CalIville 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 (1972) for basaltic andesite of
CalIville Mesa.

Basaltic andesite of Calville Mesi locally overlies and is
interbedded with the Red Sandstone unit (Bohannon,
1984), sandstone and conglomerate that was deposited in
a structurally controlled basin In the upper plate of the
Saddle Island detachment Duebendorfer and others,
1990; Duebendorfer and Wallin, 1991). The basin and ex-
tensional allochthon are bounded to the north by the Las
Vegas Valley Shear Zone Duebendorfer and Wallin, 1991)
Ifig. 1). CalIville Mesa basaltic andesite was erupted during
the late stages of development of the Red Sandstone basin
and represents the only volcanism during active upper

. FORTIFICATION HILL
ER BASALTS

lt,;CALLVILLE MESAE VOLCANICS

HAMBLIN - CLEOPATRA
IVI OLCANICS

, HiGH-ANGLE NORMAL FAULT

¢ STRIKE-SLIP FAULT

s DIKE

V VENT CENTER (5.5Ma)

* VENT CENTER (<4.7Ma)

* VENT CENTER (4.7-5.15Ma)

N 5

5 0 5 10

I " i I I I I - KILOMETERS
FIGURE 1. Generalized geologic map of the Lake Mead area. showing locations of samples for K-Ar dating. SI - Saddle bland;
PW - PMtroglyph Wash: FH - Fortification HNl; AS - alkaic basalt along U.S. 93; LC - Lava Cascada; MF - Malpals Flettop;
LMIFZ - the Lake Mead Fault Zone; LVVSZ - Las Vegas Vafley Shear Zone.
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FIURE 2. Cartoon cross sections showing stratigraphic relationships and major stnactures. The River Mountains are primarily
Intermediate volcanic flows and Intrusive rock (Smith, 19821. Dates for the River Mountains rm Anderson and others ( 19721
andWeberandSmith1987L Tmc - Muddy Crek Formation (Late Tertiary elastic sedimentl. Trn - the Red Sandstone Unit
(Tertiary clastic sedimental: Ths - Tartiary Hoa Spring Formation. Dates for the Horse Spring Formation from Bohannon
(1984);Twr - TeriaryWisonRdgeintnive rocks Dat ftom Larsonand Smithl13901 Mz - Mesozocsediments PE -
undifferentiated Precambrian rack.

crustal extension and stratal tilting in the Lake Mead area.
Since basaltic andesite dated at 10.46 Ma Is tilted and
younger units 110.21 to 8.7 Ma) are not, the major phase
of tilting related to motion on the Saddle Island detachment
occurred after 10.46 Ma (fig. 2). In other parts of the Lake
Mead area, stratal tilting may have occurred as early as 13
Ma (Bohannon, 1984).

tORTIFICATION HILL BASALT

The Fortification Hill basalt field comprises at least eight
volcanoes that occur in a 7 km long north-northeast
trending zone that extends from Malpais Flattop, Arizona
to Black Point, Nevada. Tholelite, calc-alkalic and alkalic

basalt periodicaly erupted from 6.02 this study) to 4.3
Ma (Anderson and others, 1972). The Fortification Hill
basalts form the uppermost part of the Muddy Creek For-
mation (Longwell and others, 1965; Bohannon, 1984).

Subalkalic and atkalic basalts occur in the Fortification
Hill field FH). We divide FH basalt into three groups (table
1; refer to fig. 1 for locations): 11 Tholeiitic two-pyroxene
basalt (6.02-5.71 Ma) (SAB) at Black Point and Malpais
Flattop and subalkafic basalt at Fortification Hitl (lower part
of the section). 12) Alkali basalt 15.42 to 4.74 Ma) OAB)
at Fortification Hill (upper section), Petroglyph Wash and
Lava Cascade. (3) Alkali basalt (4.61, this study; to 4.3
Me, Anderson and others, 19721 (YABI along U.S. 93 near
Hoover Dam, Saddle Island and In Petroglyph Wash.
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TABLE 1. The subakallc and alcalic suites of matic lavas n
the Lake Mead area. Abbreviations are defined In the text.

Altalic Sub-akaic Age Ma)
Callville Mesa (CMI 10.46-8.49
Black Point SAB1 6.02
Malpais Flattop (SAS) 5.8

Fortification Hill (OAB) Fortification HIl SAB 5.89-5.42
Petroglyph Wash IOAB) 5.43
Lava Cascade (OAB) 5.16-4.74
Young Alkalic Basalt (YAB 4.61-4.3

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

ANALYTICAL TECHNIQUES

All dates were obtained from groundmass plagioclase
separates. Analytical procedures discussed by Damon and
others (19831 were used In this study Iconstants: M -
4.963 x 10-1eyrJ ,4 - 0.581 x 0-10 yr', - 6.544
x 10 yr'. .eK/K - 1.167 x 10-' atom/atom).
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SAMPLE DESCRIPTIONS

Cailville Mesa ICM)
1. F8-24- 100-LN K-Ar

Olivine-pyrosene basalt flow (36°10'19 N.
1 140 42'30'W; just W of Caliville Wash, Clark Coun-
ty, NV). Analytical data: K - 0.969, 0.951, 0.942,
0.963%; *Ar - 17.61, 17.33, 17.44, 17.15 x
10- mol/gm; *Arde/EAr 4 - 62.2. 61.5, 61.3.
60.3%. Collected 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 Caliville Mesa.

(plagloclase) 10.46 0.23 Ma

2. F8-24-88-LN K-Ar
Basaltic andesite plug 361033 N, 114§44'16W;
within volcanic center on Callville Mesa, Clark County,
NV). Analytical data: K - 1.952, 1.978, 1.981.
1.952%; *Ar' - 31.73, 31.50, 30.83, 30.37 x
10-2 mollgm; Ar /EArO - 41.5, 41.0. 40.4,
39.6%. Collected by: D. L. Feuerbach; dated by:
M. Shafiqullah. Comment: This plug contains plagio-
clase megacrysts and xenocrysts of quartz.

Iplagloclase) 9.11 ± 0.30 Ma

3. F8-24-90-LN K-Ar
Basaltic andesite plug 36010.29N. 114 0 4352'W;
within volcanic center on the W side of West End
Wash, Clark County, NV). Analytical data: K - 1.794,
1.805, 1.819, 1.805%; Ar` - 26.52, 26.64,
27.10. 26.83 x 10-' mollgm; Ar' 0/lrAr1 - 77.3,
77.4. 78.4. 78.0%. Collected by: D. L. Feuerbach;
dated by: M. Shafiqullah.

Iplagloclase) 8.53 0.22 Ma

4. F8-24-85-LN K-Ar
Basaltic andesite flow 36009'51 N. 114043'57W;
upper flow on Callville Mesa, S of volcanic center, Clark
County, NV). Analytical data: K - 2.070, 2.075,
2.081. 2.067. 2.071%; Ar' - 30.214, 30.474,
30.684, 30.870 x 10- mol/gm; Ar'O/VAr' -
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.

(plagloclase) 8.49 0.20 Ma

5. 88-24-146-LN K-Ar
Basaltic andesite flow (36010'37'N, 1 14°44'39';
flow on flank complex cinder cone on Caliville Mesa, S
of volcanic center, Clark Cunty, NV). Analytical data:
K - 2.230, 2.227, 2.234. 2.242%; Ar - 39.65,
39.34, 40.48, 39.04 x 10-'3 mol/gm; Ar"'EAr -
88.4. 88.2. 92.4, 87.8%. Collected by: D. L.
Feuerbach; dated by: M. Shafiqullah.

(plagloclase) 10.21 0.23 Ma

Fortification Hill (SAB)
6. 87-10-129-LN K-Ar

Olivine-pyroxene basalt flow 36°24'43'N.
114023'02'W; flow directly E of feeder dike at Black
Point, Clark County, NV). Analytical data: K - 0.655.
0.634, 0.639, 0.643%; Ar' - 6.93, 6.70, 6.84,
6.67 x 10- mollgm; Ar'O/EAr' - 10.5. 10.1,
10.3. 10.1%. Collected by:D. L. Feuerbach;datedby:
M. Shafiqullah. Comment: Rocks from this exposure
contain hypersthene and pigeonite as well as augite and
olivine phenocrysts.

(plagloclase) 6.02 * 0.39 Ma

7. F7-38- 13-LN K-Ar
Olivine basalt flow 36103'45 N. 114"40 56 W;
lowest flow at Fortification Hill. Mohave County, AZ).
Analytical data: K - 0.935. 0.922, 0.943. 0.927,
0.931%; Ar'O - 9.446, 9.512, 9.616. 9.562 x
10-" mol/gm; Ar'l/rAr' - 52.3, 52.6, 53.3.
52.9%. Colected by: D. L. Feuerbach; dated by:
M. Shafiqullah. Comment: Located at the north end of
Fortification Hill.

(piagloclase) 5.89 0.18 Ma

8. 87-38- 142-LN K-Ar
Olivine-plagioclase-pyroxene basalt flow 136003'18 N.
114°40 54 W; flow erupted f rom cinder cones on For-
tification Hill, Mohave County, AZ). Analytical data:
K - 0.932. 0.925, 0.953%; Ar' - 9.45. 9.31,
9.22, 9.32 x 10-12 mollgm; Ar'O/EAr' - 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.

(plagloclase) 5.73 0.13 Ma

Fortification HI IOAB)
9. 87-38-143-LN K-Ar

Olivine-plagioclase-pyroxene basalt plug (36°03'02 N
1 14°40'37'W; one of many plugs that intrude cindet
cones on Fortification Hill, Mohave County, AZ)
Analytical data: K - 1.275, 1.268. 1.280, 1.256%
*Ar0 e- 11.85, 11.98, 12.02. 11.96 x 10-"
mol/gm; Ar'/lEAr" - 44.4.44.5,44.7,44.3%. Col-
kcted by: D. L. Feuerbach; dated by: M. Shafiqullah.
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Comment: A sample of a basalt plug that represents the
youngest volcanism at Fortification Hill.

1plagloclasel 5.42 : 0.13 Ma

10. 87-57-131-LN K-Ar
Olivie basalt plug 35@52'38'N 114035'15W;
plug Intruding vent center at Lava Cascase. Mohave
County, AZ). Analytical data: K - 0.810, 0.793,
0.836%; *Ar - .69, 6.63. 6.75, 6.69 x 10"2
mol/gm; Ar'IEAr' - 46.3, 46.0, 46.8, 46.1%.
Collected by: 0. L. Fouerbach; dated by: M.
Shafiqullah. Comment: Collected from a plug within the
vent of the Lava Cascade at the summit of the Black
Mountains.

1plagloclase) 4.74 * 0.12 Ma

11. 87-57-132-LN K-Ar
Olivine basalt flow 3552'26'N, 114N36'06'W;
distal end of flow at Lava Cascade, Mohave County,
AZ). Analytical data: K 0.857, 0.874, 0.892,
0.878%; *Ar10 - 8.00. 7.82, 7.74. 7.78 x 10-"1
mol/gm; Ar°/EAr' - 37.2, 35.9, 35.7. 35.6%.
Collected by: D. L. Feuerbach; dated by: M.
Shafiqullah. Comment: This sample was collected just
east of U.S. 93.

(plagloclase) 6.16 ± 0.14 Ma

12. F8-42-82-LN K-Ar
Olivine basalt flow 36104'37^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 mollgm; *Ar'OlrAr4O - 52.3, 53.4.
53.5, 53.8%. Collectedby: D. L. Feuerbach; datedby:
M. Shafiqullah. Comment: The cinder cone is located
just south of Gilbert Wash near the junction with James
Bay Wash.

(plagloclase) 6.43 ± 0.1 6 Ma
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ABSTRACr

In the Hidden Valley area of the north-central McCullough Mountains,

southern Nevada, id-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 accommodated 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 Mount Hanna andesite member of the Sloan volcanics erupted as a

hot, dry aphyric lava by a 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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INTRODUCrION

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.

krevious 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 McCullough Mountains for a study requested by the U.S. Bureau of

Land Management, 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 selected 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.
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Mountains. Kohl (1978) studied the nature and source of carnotite in caliche

deposits in Hidden Valley. 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 ryolite 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 situated 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? 5) 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.
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Geologic St

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 northern 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, EJ Smith, University of Nevada, Las Vegas)

eruptive center about 10 km north of Devil Peak; 4) The River Mountains

stratovolcano complex (Fig. 1).

Structural Geology and Tectonics

The McCullough Mountains are a relatively stable block compared to

ranges to the north and east. During Tertiary extension, the range was extended

only about 20% (Weber and Smith, 1987). The west-dipping McCullough Wash

normal fault is the only major internal structure in the McCullough Mountains.
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This fault has a throw of at least 600 m, placing Precambrian basement 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 30' 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

significant 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. Isostatic 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



BOCK UN
IM Frenchman Mountain
RM River Mountains
MM: McCullough Mountains
IEM: Eldorado Mountains
.R: Spring Range
fll Hoover Dam Volcanics
l Nelson Pluton
BC__ Boulder City Pluton
WRP: Wilson Ridge Pluton

Figure 2: Locati6n of major faults in the Lake Mead-Las Vegas area (modified
from Weber & Smith, 1987).
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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

detachment system. The location of the Lake Mead fault system is not well

constrained west of Hamblin Mountain. Bohannon (1979) suggested that this

fault system may project through Las Vegas Wash, placing the River Mountains

and Frenchman Mountain 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 Frenchman 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 Like 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-slip fault system has been documented

between the McCullough and River Mountaiins (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
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* Sandstone basin to the south of the Las Vegas Valley shear zone. Because the

McCullough 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.

Intermediate Volcanism

Volcanic rocks erupted during Tertiary extension 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 extension 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
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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.

I
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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 1cm')

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 cm); 2) structurally coherent roof rocks; 3) resurgence

of magma into the chamber during eruption preventing emptying of the chamber;

4) a 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-and-

Range province are greater than 15 km in diameter. Worldwide, only about ten

percent of all Quaternary-aged calderas exceed this size (Walker, 1984).

According toWalker (1984), this size difference may be attributed to crustal type.

Basement in the Basin-and-Range province is largely Precambrian crystalline rock,



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.

1
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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

an 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 McCullough Pass Caldera in the central McCullough Mountains,

southern Nevada (Schmidt, 1987). Te 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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ANALYFJCAL METHODS

Fifty seven rock samples were analyzed for major element oxides. Forty six

samples were analyzed for trace elements. Fresh, unweathered samples collected

in the field were ground to -200 mesh using a 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 (1978) and Schmidt (1987) provided

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. Approximately 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 a number 13 Wilfley Table. Final

biotite separation was done using heavy liquids (sodium metatungstate) and a

Frantz magnetic separator. K-Ar dates were done by Krueger Enterprises in

Cambridge, Massachusetts.

An 4Ar)"Ar sanidine date was obtained from the same sample of the

Tuff of Bridge Spring. Sanidine separation was done at UNLV using the above

methods. Sample irradiation was done at the Ford nuclear reactor, University of

Michigan. ' 0Ar/"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 4OArf 9 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 16.4 +1- 0.5 Ma, the K-

Ar date for the Tuff of Bridge Spring is 16.6 +/- 0.4 Ma (Table 1). The

4OAr)WAr date on the Tuff of Bridge Spring, however, is 15.23 +/- 0.14 Ma

(Table 2; Figs. 4a & 4b).

The differences 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 40K Argon may be

absorbed from the atmosphere or diffused into minerals from the outgassing of K-

bearing minerals in the crust and/or mantle (aure, 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 4Ar/ 9Ar 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



Table 1: New K-Ar Dates For The North-Central McCullou Mountains
Sample | K% _ Ar (ppm) Are/rotal K (ppm) Date & Error

Center Mtn.
Dacite 7.92 0.007578 0.1885 7.92 16A +/- 0.5 Ma
Tuff Of

Bridge Spring 6.323 0.007294 0.461 7.543 16.6 +/- 0.4 Ma
* Denotes radiogenic
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Ta ble 2: New Ar-ArJte for the Taff of Bridge prIng, trot McCullough Mo tnins
% Total FIuiici Age andTemp C 4OAr/39Ar 37Ar/39Ar 36Ar/39Ar Moles 39Ar 39Ak K/Ca error (Ma)750 6.461 0.0348 0.0189 127.8 1.9 14.09 12.96 +/- 0.82830 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 +/- 0.47960 1.291 0.0306 0.0010 356.7 5.2 76.0 16.01 15.01 +/- 0.291020 1.176 0.0299 0.0006 531.7 7.7 82.9 16.41 14.91 +/-0.201080 1.180 0.0295 0.0006 811.9 11.8 83.6 16.63 15.09 +/-0.201120 1.166 0.0297 0.0006 987.6 14.3 84.5 16.52 15.06 +/- 0.141160 1.148 0.0291 0.0004 1012.2 14.7 87.4 16.86 15.34 +/-0.141200 1.136 0.0292 0.0004 1014.9 14.7 87.9 16.80 15.26 +/- 0.141240 1.143 0.0288 0.0004 888.4 129 87.8 17.00 15.34 +/-0.20Fuse 1.252 0.0292 0.0008 729.4 10.6 80.2 16.79 15.34 +/- 0.18Plateau age 15.32 +/- 0.16 Ma
Isotope correlation age 15.23 +/- 0.14 Ma
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Y - 4Ar/3M = 289J5103 +/- 4.017002
B - 39Ar;OAr ' 1.003595 +/- 4.162581E-03
M - Slope - -2905509 +/ 3.220593: Slope used in calculation of data
X - 6Ar'Ar 3.454109E.03 +/- 4.792633E5

Intempt age 15.23245 +/-.38164 Ma
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Figure 4: Ar-Ar age date data from the Tuff of Bridge Spring, central
McCullough Mountais.
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is heated incrementally and the 'OAr/8 9Ar 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 4'ArAr dating, the isochron correlation method may also be used. A

sample may also contain atmospheric 36Ar. On a graph of 39Arr 0Ar versus

36Arr 0 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

'4Ar (radiogenic)PAr, 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 about 153 Ma. The offset in the plateau

suggests that the sample may be slightly altered. The plateau date of 1532 +/-

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. 5).

Rocks were named using the chemical classification scheme of Irvine and

Baragar (1971).

Pre-Sloan Volcanic Stratigrauhv

Refer to Figure 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 t 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 western

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

prominent 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 Eldorado 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 (OAr/p9 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.

The Hidden Valley volcanics 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.

Stratigphy of the Sloan Volcanics

The oldest rocks of the Sloan volcanics include the Mount Hanna andesite

and the rocks of the Center Mountain dome complex. 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



UTHLoGs

PO-5 Dacite

1 3 Hypabyssal dacfte

Andeste

Welded ti

Non-wekded tuft

OrE Baaft

Figure 6: Stratigraphic column of the Sloan volcanics, nortb-central McCullough
Mountains.



25

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 SiO2 contents ranging from

5937 to 60.74 weight/. Flows are up to 5 m thick 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 SiC 2 contents ranging from 6131 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 (Si 2 = 69.76 weightgo); 2) poorly-welded dacite ash-flow

tuff (SiO2 = 64.87 weight%); 3) welded dacite ash-flow tuff (Si0 2 = 64.26

weight%).

The Center Mountain dacite is composed of flows of biotite dacite with

SiO2 contents ranging from 67.67 to 68.06 weighty.

The Mount an andesite intrudes and overlies the Cinder Prospect, Tuff of

the Sloan Volcanics, and Center Mountain dacite members. Its SiC2 content

varies from 57.84 to 60.22 weight%.

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

is a biotite dacite with SiC2 contents ranging from 61.67 to 64.96 weight%.
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Characteristics of the Sloan Volcanic Centers

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 km1. Other members erupted from numerous

vents 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 documented 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

groundwater; 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

previously 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
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Figure 7: Photo of the Mount Hannia 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 kn?.

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 in a fine-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 become 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)
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Figure 8: Sample Location Map
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Figure 9: Photo of Hydrodlastic Tuff at Station 73
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Figure 10: Photo of Mount Ian Andesite Hydroclastic Breccia at Station 120



32

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

breccia. Viscous dacite covered these units. The northern Mount Sutor field

contains a bypabyssal 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.

Petrogaphy

Refer to Appendix C for detailed petrographic descriptions, and Appendix

D for rock modes.

Tuff of Bri The Tuff of Bridge Spring is a poorly-welded to

welded rbyolite to dacite ash-flow tuff containing phenocrysts (10-33%o) of

sanidine, 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%7). 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 Kohl (1978) and Schmidt (1987).

Hidden Valley volcanics: Basalts are vesicular, subalkalic to transitional
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I Figure 12: Photo of Hypabyssal Stock in the Northern Mount Sutor Dacite Field
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and contain phenocrysts (1-37o) of plagioclase, clinopyroxene and iddingsitized

olivine. Some of the phenocrysts commonly occur in glomerocrysts. Two samples

(Mc47 & Mc48) have phenocrysts (4-5o) of oxidized biotite or phlogopite. Some

of the samples include up to 1% glass-rimmed quartz xenoclysts. The groundmass

consists 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 and 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

contain 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 (4-6o) 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.

Tuff of the Sloan Volcanics: 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 (Mc59c) has trace

amounts of quartz. The tuffs also include devitrified pumice clasts (2-12%), and

basaltic and gabbroic xenoliths (4-21%o). 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 and Fe-Ti oxides. The groundmass consists of microlites of

plagioclase with subordinate oxidized biotite, Fe-Ti oxides and clinopyroxene(?),

and secondary calcite (-5%) that coats fractures and partially replaces the

groundmass Rocks are commonly glomerocrystic and trachytic

Mount Ian 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, biotite

and Fe-Ti oxides, with subordinate orthopyroxene, clinopyroxene, zircon and glass.

Two samples (Mcll8 & McI9) 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 K2 0 contents as high as 10.5 weight%

and Na2O as low as 0.75 weight% (Feuerbach, 1986).

Rocks of the Sloan volcanics appear not to have been appreciably affected

by metasomatism. Similar K 20 and Na2O 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 KO and Na2O 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% Siq (Appendix A). MgO, FeO 3 , CaO, A03, TiOq and P 20

decrease with increasing SiO2 (Figs. 13B, 13C, 13D, 13F & 13G). K 20 and Na2O

increase with increasing SiOq (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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Ian andesite (greater than 1.4% MgO, 055% TiO. and 16.7% A120); 2) Mount

Sutor dacite (0.6% to 1.4% MgO, 0.25% to 0.55% TiO2, and 15.6% to 16.4%

A12Oq); 3) Cinder Prospect member and Center Mountain dacite (less than 1.0%

MgO, 0.20% TiO2 and 16.0% AlpO3); 4) Tuff of the Sloan volcanics (similar

range of Siq 2 as the dacites, but higher in MgO (0.8% to 1.8%o) and TiO2 (0.45%

to 0.65o), and lower in AIkO3 (14.4% to 15.2%)) (Fig. 15).

Trace Elements

Compatibility of the trace elements in mineral phases is directly dependent

upon rock type. For example, the large ion lithophile elements (=LE) 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 TILE Th and 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 volcanics, the concentrations of: 1) total REE (La,

Ce, Nd, Sm, Eu, b, Yb and Lu) increase with increasing Siq 2 (Fig. 16A). 2) Th

and the incompatible high field strength elements (HFSE) Hf and Ta increase

with increasing Siq 2 (Figs. 16B & 16C); 3) the TI LE Sr decreases with increasing

Sic 2 (Figs. 16D & 16F); 4) the transition metal Co decreases with increasing

Sic 2 (Figs. 16G & 16H); 5) Eu decreases with increasing SiC) (Figs. 16D, 16E &

16G).
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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 analytical error indicating that the

differences between groups is statistically significant (Table 3). The andesites are

more depleted in Hf4 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 volcaniics 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, incompatible 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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Table 3: Mean nalytlcalror ouJace
;Iementsrsed In(tbemfcaVots

Error Error
Element +- ppm +/- %Concentration

Sc 0.04 0.68
V 3.82 9.87
Cr 2.15 5.93
Co 0.16 3.94
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



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 in 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. 1BA-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 the rocks of the Sloan volcanics are separated into

four groups on major and trace element plots, but are not segregated on spider

diagrams, suggests that the chemical differences between the groups are

significant, but smaLl

Temporal and Spatial Variations In Chemical Trends

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 had 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

the Hamblin Cleopatra volcano (Fig. ) were plotted on spider diagrams.

Volcanic rocks 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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MAGMA PETROGENESIS

Variations Between Groups of the Sloan Volcanics

Introduction

In this section, three different models for the origin of the Sloan volcanics

are introduced and discussed. The models involve magma comminkling, 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.

Mana Commingling

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), Naumann (1987), Larsen (1989) and Larsen and

Smith (1991) for the diorite to quartz monzonite of the Wilson Ridge pluton, and

by Nauman 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/enclaves in intermediate

rocks that show a decrease in penocryst size toward their margins (Koyaguchi,

1986).
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Chemical 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

commingling. The Mount Ian andesite, however, contains less than 1% biotite.

Biotite may be an equilibrium phase in andesites with SiOq greater than 55%

(Williams, Turner & Gilbert, 1982), or it may represent a disequilibrium phase

that was introduced during magma commingling. Because of the possibility that

magma commingling may have 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 possible 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 members are the rhyolites of the McCullough Pass | I

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

I

.1I
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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 95359% 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 2) is 20.04. R2 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 model is to be

acceptable at the 99% level of significance. Second, the addition of 95.35% dacite

magma to a basalt magma would result in abundant 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 l

68.90%o dacite to Hidden Valley basalt (Table 4b). The lack of mixing textures

suggests that this model is unrealistic. 

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

process in the petrogenesis of the Sloan volcanics. 

Fractionation and Partial Melting

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

1I5
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I
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Table 4a
Mixing Model #1: Mixing Of Hidden Valley Basalt (Mcl 16)
With Cinder Prospect Member Dacite (Mc121)

IITo Produce Mount Ian Andesite (Mc77).
Hidden Cinder Mount
Valley Prospect Ian Model

Composition basalt member dacite andesite rock
SiO2 51.72 69.86 59.28 60.36

A1203 17.05 15.65 17.22 17.53
Fe2O3 10.44 3.00 7.08 7.21
CaO 9.35 1.63 4.15 4.23
MgO 5.15 0.48 1.84 1.87
Na2O 3.15 3.65 3.62 3.69
K20 1.73 5.63 4.41 4.49
TiO2 1.40 0.11 0.61 0.62

iJ;

.I

2'S

'i
..

Total% of dacite added to basalt = 95.35
Above values are in weight percentages
Sum of the squares of the residuals = 20.04

|1

ITable 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..

1

p

Of

.i

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

i
i -

Values are in weight percentage.
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degrees of fractional crystallization will be depleted in these elements. For

example, if plagioclase is fractionated, early-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 a 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 clusters 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 elements 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 i

the Sloan volcanics. Fractionation of these phases was evaluated to analyze the

relationship between the four rock groups of the Sloan volcanics. On Sr versus !
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 & 161). 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 I

i

I

I
i
I

.,

!
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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 1

produced by a larger amount of partial melting will be depleted in incompatible

elements. On a plot of incompatible elements (f versus 7b 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

whether or not they represent independent partial melts. On incompatible

element plots (Hf versus Tb 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 Meltings section.

Variations Within Groups of the Sloan Volcanics

Introduction

In this section, fractionation processes and treinds 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.

Andesite

Elements that are compatible with plagioclase (Eu, Sr and Ca) were

11

I

in
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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 l

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

evident on plots of Cr versus Co and Sc versus V, suggesting no olivine and

clinopyroxene fractionation respectively (Figs. 16H & 161). J i

Dacites ?a~t

Dacites and tuffs of the Cinder Prospect member contain phenocrysts of

plagioclase and biotite. No plagioclase fractionation trend is apparent on plots of

Sr versus Eu and CaO versus Eu (Figs. 16D & 16E). The lack of a Eu anomaly .

on the chondrite- normalized REE diagram 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) V|

consistently plots outside the Cinder Prospect field on compatible element

diagrams. It is approximately S weight% lower in Si0 2, 1 weight% higher in CaO

and A1203, 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 SiO2 (Fig. 13D), and

the lack of a Eu 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

plagioclase was not fractionated. Plots of Sc versus V and Sr versus Rb indicate

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

The Tuff of the Sloan VoIcanics J
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 elements Sr and Eu (Fig. 16D), and by a

Eu anomaly on the chondrite-normalized REE diagram (Fig. 17C).

Clinopyroxene fractionation is suggested by the positive correlation of the

compatible elements Sc and V (Fig. 161).

Sources for Partial Meltng

Intrduction 

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

I
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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 Id

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; Sewall, 1988; Duebendorfer et al, 1990). The

amphibolite contains plagioclase (2540%), actinolite and chlorite. It was

assumed that the protolith of the amphibolite was gabbro containing plagioclase

and clinopyroxene +/- olivine. Chemistry of the amphibolite (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 magma upon partial melting;

2) it crops out in the Lake Mead-Las Vegas area; 3) its occurrence in the lower

I

i ,
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Table Sa 74
,.

..Melt Model #1: Production Of Sloan Andesite (McI IO)
From 25% Partial Melting Of Saddle Island Amphibolite.
All Rock Chmnositions Are In nnnm

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

t

Mineral modal percentages of source rock.
plagioclase = 30; clinopyroxene = 69; olivine 1

P 

,1

,

Table Sb
Melt Model #2: Production Of Sloan Dacite (Mc119)
From 15% Partial Melting Of Saddle Island Amphibolite.
All Rock Compositions Are In ppm.

Saddle 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 21.45 7.42 14.96 1.510
Cr 113.00 40.20 25.48 5.040
V 291.00 19.20 357.93 0.780

Co 26.30 3.19 34.51 0.720

I

Mineral modal percentages of source rock:
plagioclase = 40; clinopyroxene = 60
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plate of a detachment implies that it probably represents mid-to lower-crustal

rocks. The second source 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 are 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 f

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

unrealistically high.

Parlial Melt Models

Four models were tested. They are:

1) A 25% partial melt of Saddle Island gabbro consisting of 30%

plagioclase, 69%o 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 Sa, 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

I
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correspondence between compatible elements (V, Sr and Ba) in the model rock

and the dacite (Table Sb, Fig. 22).

3) A 0.5% partial melt of spinel peridotite containing 56.4% olivine, 30.1%

orthopyroxene, 10% clinopyroxene and 3.5% spinet 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 concentrations of

Yb and LaI 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 !i
from partial melts of a rock similar to the Saddle 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 Saddle Island gabbro may have followed a different bj

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 Sc
Melt Model #3: Production Of Sloan Andesite (Mci 10) From 0.5%
Partial Melting Of Peridotite. Rock Com itions Are In p m.

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 27.71 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
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Table Sd
Melt Model #4: Production Of Sloan Andesite From 0.5%
Partial Melting Of Peridotite. Rock Comp itions Are In pm.

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 1355 0.068
Eu 3 37.25 39.33 0.072
Yb 2 12.65 18.52 0.103
Lu 2 9.41 19.39 0.099

I

Mineral modal percentages of source rock:
olivine = 56.4; orthopyroxene = 30.1;

i
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volcanics. i

Crystal Contamination

Geochemistry suggests that rocks of the Sloan volcanics were produced in i i

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, j

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

Mount Hanna and Mount Ian andesites, 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.

'I

I

I
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I



83

THE SLOAN SAG

Evidence for a Sag in Hidden Valley

Introduction

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

structural sag in Hidden Valley.

Ile Hdden Valley Sag ^'i

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 i

Valley volcanics dip 1G-15T south. Rocks of the Hidden Valley volcanics in the Pi

southern part of Hidden Valley dip 20-30? north. Tuffi and basalts west of

Hidden Valley dip about 1' east. East of Hidden Valley, pre-Sloan volcanic

rocks dip 1-3(F 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 Valley. In

q

ii

I

I.
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I
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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 i!
above the Boulder City and Nelson plutons. Westward dips of volcanic rocks in i

the northern McCullough Mountains, therefore, may represent the western flank I

of this stratocone. I

£ . .' .
JQoncluslon

The south and north dips of pre-Sloan volcanic rocks to the north and m

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- a

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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Classic Caldera. or Volcanotectonic Depression?

-Introduction 

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.

it
Discussion

Two of the main criteria for the existence 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 in Hidden Valley.

The Mount Hanna andesite member of the Sloan volcanics is in direct

contact with older basalts of the Hidden 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 df |

ash-flow tuff west of Hidden Valley (Plate 1). Tuff within Hidden Valley is

associated with isolated pyroclastic events related to dome formation. Chemical l

studies demonstrate that the tuff to the west of Hidden Valley is the Tuff of

Bridge Spring, a regional ash-flow sheet whose source is unknown. None of the

tuff exposures in and around Hidden Valley are associated with a pyroclastic 1

event related to caldera formation. i

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

against a classic collapse caldera origin for the Sloan sag. |

Signhficance of the Mount Hanna Andesite . .

IntEduction Ii

In this section, I will begin to discuss the origin of the Sloan sag ty

evaluating the significance of the thick pool of Mount Hanna andesite within the f i

depression. High silica lava flows are typically thick and of small areal extent. .| 

Walker (1973) reported that hyolitic lava flows have a median length of 1.1 kin, '

with none longer than 10 knL Felsic to intermediate pyroclastic 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% IO 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 knL Similar deposits include the

Oligocene Bracks Rhyolite (SiO2 68% to 72c) of the Trans-Pecos volcanic

field, Texas, which covers an area of 1,000 kmn (Henry et al., 1988), and the .'

Middle Proterozoic Yardea Dacite (SiO = 67o) of south Australia, which covers

an area of over 12,000 knIc (Creaser and White, 1991). The Trans-Pecos and

Yardea rocks lack pyroclastic textures. Low water content allows devolitilization hi

and fragmentation of magma near the surface. High temperatures produce non-

viscous lavas capable of flowing great distances (Hemy et al., 1988). If these lavas !
erupted at lower temperatures and higher water contents, it is reasonable to

assume that ash-flow tuffs would have been produced. t I

Origin of the Mount Tanna Andeslte I i

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 i

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 1,00(FC (similar to the Owyhee lavas), they ljh
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

. l

jI I
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Figure 25: 40x photomicrograph of the Mount Hanna andesite. The rock consists of subparallel microlites
of plagioclase with subordinate Fe-Ti oxides, glass and probable clinopyroxene and/or olivine (high
birefringent grains). 00
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lack of fractionation trends on chemical plots (Figs. 16D, 16E, 16H & 161)

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 Dot significantly contaminated by crustal material, indicating a quick

ascent from its source area.

The Mount Hanna andesite erupted from a single vent, creating a large

pool (exposed maximum volume of 9 kni) of andesite lava (Plate 1; cross section

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

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

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

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

would consist only of the gas thrust phase, and would be too dense to produce a

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

I.

it

11
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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. 'o
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vent as lava flows. I

Duffield (1990) has described similar textures in the Oligocene Taylor

Creek Rhyolite of the Mogollon-Datil volcanic field in southwestern New Mexico. I |

He suggests that the streaky agglunitnated' texture in the rhyolites is a result of I ;

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. I .t

Fluctuating fountain height, therefore, will alternately produce homogeneous and ' l1

streaky-textured rocks. ,l 

Even though the discontinuous streaks in the Mount Hanna andesite are

suggestive of a primary volcanic origin, they may also represent highly sheared i

and attenuated flow foliation. To evaluate the origin of the streaks, I compared ! li il
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 variety of different magma types and eruptive styles. To

evaluate if the streaky texture of the Mount Hanna andesite may reflect magma iI

droplets, mean streak diameter was determined. The cross-sectional area of ten

streaks from the Mount Hanna andesite (sample Mcll5) was measured. Values i

were adjusted to represent the cross sectional diameter of a sphere. Diameters i
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 |

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

strombolian eruption of Tacaya, Guatemala (635 mm); 2) the basaltic

phreatornagmatic eruption of Capelinhos, Azores Islands (3.18 mm); 3) the A

rhyolitic phreatomagmatic eruption of Sugarloa, 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. i

Depth or Magma Generation Versus Depth of Erution

Magma must migrate to shallow crustal levels before devolatilization of II
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 j i 

exsolution and magma fragmentation can occur is approximately 5A km (Fisher i |

and Schmincke, 1984). Magrnas with H2 0 contents of 2% or less may devolatilize i

and fragment even closer to the surface. The above information suggests that the

Mount Hanna andesite resided at these shallower depths long enough only to

exsolve gas and fragment before erupting.

Fonnation of the Sloan Sag

Introduction 

I will now consider the formation 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

I
f
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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 structure in the .

McCullough Mountains. South of Hidden Valley in the South McCullough

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

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

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

the McCullough Wash fault system produced iumerous grabens and half-grabens i lI 11
in the area of the McCulough Pass caldera, just south of Hidden Valley (Schmidt, i

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

system probably continues north into Hidden Valley. Most of these faults are

covered by alluvium and possibly by domes and flows of the Sloan volcanics. A i I
north-south striking, west-dipping, normal fault on the west side of the ridge just I

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

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

system. I propose that Hidden Valley is cut by a series of grabens and half- 2

grabens 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

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 i
fault scarp -(Plate 1). bis type of en-echelon relationship of normal faults is

t.4 
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common and has been documented in many areas including the East African rift
7

zone (Morley, 1988 & 1989) and the Dead Horse graben of west Texas (Maler, K j
1990). The strike of this fault changes from north-south to northwest-southeast in I l
the area of the Mount Sutor stock (Plate 1, Fig. 8). Rocks of the Mount Hanna l

andesite and 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

south rim of Hidden Valley, faults may be spaced every 300 m. Accumulated

displacement on buried and exposed faults in Hidden Valley is estimated to be at

least 2.25 kIn L 

Sagging and Tectonic Control

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 A

across these north-south stnkng structures. I propose, therefore, that sagging in

Hidden Valley resulted from rejuvenation on the McCullough Wash fault system

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

iI'
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Summaa 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 Ii

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 i

of 9 km1.

3) Volcanic dome formation is represented 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,

ii i

I
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rAE MALtn OF Ti McCULLOUG KMS MYM1

Stage 1: Pre-Sloan
volcanics topography:
paleo-Hidden Valley
consists of half-grabens
bounded by faults of the
McCullough Wash system.

Stage 2: Eruption of the
Mount Hanna andesite
causes rejuvenation of the ' n\ U
McCullough Wash fault
system and sagging in
eastern Hidden Valley. 

Stage 3: Eruption of units
in northern and western
Hidden Valley causes 4

sagging into shallow
chambers, and the
rejuvenation of a splay of

-g * -- .-. - the McCullough Wash
~' system.I

Figure 27: Formation sequence of the Sloan sag. 1�p;'.
i
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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 large pools of

viscous biotite dacite. -

Subsidence into shallow chambers occurred during and/or after the jf
eruption of these units. Subsidence into shallow chambers caused renewed *1
movement on a splay of the McCullough Wash fault system, offsetting rocks of the

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

Hidden Valley, resulting in more sagging.

.1
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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 melting 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 kIn) of lava from a single vent. This unit may have

been emplaced as a hot (1,000°C), dry (2% 1H20 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 have occurred,

resulting in an ash-flow tuff.
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FUTURE WORK !

,.1

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 McCullough

Mountains and the southern Basin-and-Range.

1) The 40Ar?9Ar date of the Tuff of Bridge Spring is the only reliable date
40~~~~~~~~~~~~~~~~~~~I

yet obtained from the north-central McCullough Mountains. '0Ar?9Ar dates on

rocks stratigraphicafly 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, allanite, epidote, zircon and sphene, its incompatible trace

element concentration is not higher than the other tuffs from this unit. A detailed

study of mineral chemistry is required to understand the geochemistry of this unit.

3) Detailed geologic mapping has never been done north of Hidden Valley.

Work in the northern 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 Wlhite 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 l

Taylor Creek rhyolites may be indicative of a lava-fountaining mechanism.

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.

l
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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, 123S, 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,
hematized biotite up to 2 mm (3.4%), an-subbedral clinopyroxene up to 1
mm (0.8o), anhedral, oscillatory quartz up to 1 mm (0.6%), sub-eubedral
spbene up to 0.5 mm (OA%), Fe-Ti oxides up to 0.5 mm (0.2o) and trace
zircon. Pumice fiamme (9.6o) 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 (562%) consists of devitrified
glass and glass shards. Shards wrap around phenocrysts and lithic I i
fragments.

Sample number. Mc6O
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 subbedral, oscillatory sanidine up to 2 mm (7.5%), subhedral, oscillatory
plagioclase up to 1 mm (15%), anhedral quartz up to 0.5 mm (0.8%co),
subhedral, oxidized biotite up to 1.5 mm (0.6%), an-subhedral
clinopyroxene up to 0.5 mm (0.2%), sub-euhedral spbene < 0.5 mm
(0.49o), 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 A
granodioritic rock fragments (0.8%) are up to I cm. The pale grayish pink-
colored groundmass (86%c) 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 I mile S-SE from where the railroad tracks cross under Las
Vegas Blvd.

Rock name: Welded dacitic ash-flow tuff
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Description: Pyroclastic, eutaxitic and hypocrystalline consisting of fragmented
phenoczysts of subhedral, oscillatory sanidine up to 2 mm (4.2%),
subhedral, oscillatory plagioclase up to 2 mm (2.89%), anhedral, oscillatory
quartz up to 1 nun (1.2%), sub-euhedral, oxidized biotite up to 2 mm
(1.0o), Fe-Ti oxides up to 0.5 mm (0.4%), subbedral clinopyroxene up to 2
mm (0.4%), sub-euhedral sphene < 0.5 mm (0.6%) and trace zircon.
Pumice fiamme (1.41%) are devitrified and up to 2 cm. Basaltic and
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
wrap around phenocrysts and lithic fragments.

Sample: Mc64b
Location: SW 1/4, Sec 2, T24S, R60E, Sloan, Nev. 7 1/2' quad: collected from the

southernmost lbs exposure west of I-15.
Rock name: Non-welded rhyolitic ash-flow tuff
Description: Pyroclastic and hypocrystalline consisting of fragmented phenocrysts

of subbedral, oscillatory sanidine up to 3 mm (6.0o), subbedral, oxidized [
biotite up to 1 mm (1.8o), 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 (02%), sub-eubedral sphene up to 05 mm
(0.2%), Fe-Ti oxides up to 0.5 mm (trace) and trace zircon. Spongy
devitrified pumice (22o) is up to 2 cm. Basaltic rock fragments (1.8%0) are
up to several cm. The grayish pink-colored groundmass (86%o) consists of
devitrified glass and glass shards. Shards wrap around phenocrysts and
lithic fragments.

Sample number: Mc66
Location: SE 1/4, Sec 35, T23S, R60E, Sloan, Nev. 7 1/2' quad: collected from

the small lbs exposure surrounded by Thvb: approximately 1,0W west of
the railroad tracks.

Rock name: Partially-welded dacitic ash-flow tuff
Description: Pyroclastic and hypocrystalline consisting of fragmented phenocrysts

of subbedral, oscillatory sanidine up to 3 mm (5.4%), subhedral, oxidized
biotite up to 1 mm (1.69o), anhedral, oscillatory quartz up to 1 mm (1.0%),
subhedral, oscillatory plagioclase up to 1.5 mm (12%), an-subhedral
clinopyroxene up to 1 mm (0.8%), sub-euhedral sphene up to 0.5 mm
(0.4o), Fe-ri oxides up to 0.5 mm (02%) and trace zircon. Flattened
devitrified pumice (3.4%) is up to 3 cm long. Basaltic, granodioritic and
gabbroic rock fragments (3.0o) 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. -
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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 hypociystalline consisting of fragmented

phenocrysts of subbedral, oscillatory sanidine up to 3 mm (10.4o),
subhedral, oscillatory plagioclase up to 1 mm (2.0%), anhedral, oscillatory
quartz up to 1 mn (0.8%), Fe-Ti oxides up to 0.5 mm, an-subbedral
clinopyroxene up to 05 mm and trace sphene & zircon (< 05 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
(79.0o) 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, 123S, R60E, Sloan, Nev. 7 1/2' quad: collected from

the lbs exposure between the railroad tracks and 1-15.
Rock name: Welded rhyolitic ash-flow tuff
Description: Pyroclastic, eutaxitic and hypocrystalline consisting of fragmented

phenocrysts of an-subhedral, oscillatory sanidine up to 2 mm, (4.8%o), an-
euhedral, oscillatory plagioclase up to 2 mm (1.4%), sub-euhedral, oxidized
biotite up to 1 mm (1.4o), an-subhedral clinopyroxene up to 0.5 mm
(0.8%), anhedral, oscillatory quartz up to 1 mm (0.4%), Fe-i 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 (1.4o) are up to
several cm. Basaltic and gabbroic rock fragments (9.6o) are up to 1 cm.
The light brownish gray-colored groundmass (69.8o) consists of devitrified
glass and glass shards. Shards wrap around 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%c),
subhedral, oscillatory plagioclase up to 1 mm (5.0o), anhedral, oscillatory
quartz up to 1 mm (1.2%o), 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: Mc7l
Location: NW 1/4, Sec 24, 123S, R60E, Sloan, Nev. 7 1/2' quad: collected

approximately 1,000' N-NW of benchmark 2936 on the railroad tracks
Rock name: Welded rhyolitic ash-flow tuff 1 j
Description: Pyroclastic, eutaxitic and hypocrystalline consisting of fragmented ;

phenocrysts of subbedral, oscillatory sanidine up to 2 mm (10.6%),
subhedral, oscillatory plagioclase up to 1 mm (3.0o), subhedraL, oxidized
biotite up to 1.5 mm (1.6%), anhedral, oscillatory quartz up to 1 mm
(1A%), an-subhedral clinopyroxene up to I mm (1.6%), sub-eubedral
sphene < 05 mm (0.4%6), 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%6) 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.

.X1!
HIDDEN VALLEY VOLCANICS

Sample number Mcl
Location: SE 1/4, Sec 26, Hidden Valley, Nev. 7 1/2' quad:collected l

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 15 mm (0.6%) and an-subhedral
clinopyroxene up to 0.5 mm (03) in a black-colored, vesicular (11.0%c)
groundmass consisting of microlites of sub-euhedral plagioclase (44.3%),
subhedral, iddingsitized olivine (14.0%), an-subhedral clinopyroxene
(12.0%), Fe-Ti oxides (03%) and moderately devitrified glass (17.3%).
Vesicles are coated with calcite.

Sample number: Mc3a
Location: NE 1/4, Sec 35, 124S, 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 15 mm (1.0o), commonly in
glomerocrysts. The grayish red-colored, vesicular (82o) groundmass



112

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, 724S, 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%), subbedral, pitted,
embayed and oscillatory plagioclase up to 1 mm (2.2o) 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%6). The
medium dark gray-colored, vesicular (2.6%) groundmass consists of
microlites of sub-euhedral, oscillatory plagioclase (58.4o), subhedral
clinopyroxene (9.2%), subbedral, iddingsitized olivine (9.8o), subhedral
clinopyroxene (9.2%), Fe-Ti oxides (6.2o) and glass (0.4o). Vesicles are
coated with calcite.

Sample number: Mc37
Location: SE 1/4, Sec 22, T24S, R61E, Hidden Valley, Nev. 7 1/2' quad: collected

21W 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-euhedral, pitted and
embayed clinopyroxene up to 1 mm (1.4o) and subbedral, pitted, embayed
and oscillatory plagioclase up to 2 mm (1.0%). Quartz xenocrysts are up to
5 mm and rimmed with glass (6.09o). 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: Mc4Ob
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 Tsb 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 (33%o).
Quartz xenocrysts are up to 5 mm and rimmed with glass and fine-grained
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cinopyroxene (2.6%). The vesicular (9.3%), brownish black-colored
groundmass consists of microlites of sub-euhedral, oscillatory plagioclase
(583o), an-subbedral clinopyroxene (73o), an-subbedral, iddingsitized
olivine (73%), 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 basalt
Description: Vesicular, porphyritic and holocrystalline with commonly pitted and

embayed phenocrysts of an-euhedral, mildly iddingsitized olivine up to 2
mm (5.6%6), an-subhedral, up to 1 mm, commonly glomerocrystic
clinopyroxene (4.0%6) and sub-euhedral, oscillatory plagioclase up to 1 mm
(1.0%). Quartz xenocrysts are up to 5 mm and rimmed with glass (< 1).
The vesicular (3.6o), black-colored groundmass consists of microlites of
sub-euhedral, oscillatory plagioclase (62%), an-subbedral clinopyroxene
(11.6%), an-euhedral, iddingsitized olivine (53%6) and Fe-Ti oxides (6.6%6).

Sample number. Mc43
Location: NW 1/4, Sec 34, T4S, 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 I i
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

nm, commonly glomerocrystic olivine (6%6) and sub-euhedral, oscillatory
plagioclase up to I mm (1.0o). The vesicular (3.4%6) 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%i) and glass (3.0%). Vesicles are
commonly coated with calcite.

Sample number: Mc47
Location: E 1/4, Sec 30, 23S, 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%), subbedral, oxidized phlogopite up to
2 mm (3.6%o), anhedral, up to 1 mm, commonly glomerocrystic plagioclase
up to 1 mm, (0.49o) and an-subhedral, iddingsitized olivine up to 1 mm
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(0.4%). The vesicular (8.2%), dark gray-colored groundmass consists of
microlites of sub-euhedral, oscillatory plagioclase (50.2%), Fe-Ti oxides
(10.4%), an-subbedral clinopyroxene (7.4%), granular hematite (probably
replaced phlogopite, 6.4%) and subhedral, iddingsitized olivine (2.21%).
Vesicles are commonly coated or filled with calcite and/or quartz.

Sample number: Mc48
Location: SE 1/4, Sec 30, 13S, R61E, Sloan, Nev. 7 1/2' quad: collected from

the northern part of the Tbvb 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%b) 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 (6.0o). 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 trending Tbvb ridge in the S-central part of the
mapped area.

Rock name: Pyroxene olivine basalt
Description: Aphanitic, trachytic and hypociystalline with pitted, embayed,

oscillatory, fitted 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-subbedral clinopyroxene (8.0%), Fe-Ti oxides (0.4%O)
and glass (1.0%t).

Sample number. Mc1O8
Location: Collected from the basaltic dike in the 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%), subbedral, embayed
clinopyroxene up to 1 mm (1.6%), an-subhedral, iddingsitized olivine up to.
1 mm (1.4%c) and Fe-Ti oxides up to 0.5 mm (0.59). he vesicular
(182%), medium dark gray-colored groundmass consists of microlites of
sub-euhedral, oscillatory plagioclase (16.8%), subhedral clinopyroxene
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(3.8%o), an-subhedral, iddingsitized olivine (IA%), granular hematite
(0.2%) and Fe-Ti oxides (03%6).

Sample number: W-hvb
Location. NW 1/4, Sec 36, 723S, R60E, Sloan, Nev. 7 1/2' quad: collected from

the northernmost Thvb exposure associated with Ibs on the west side of I-
15.

Rock name: Weakly vesicular, olivine pyroxene basalt
Description: Weakly vesicular, porphyritic and hypocrystal]ine consisting of

commonly pitted and embayed phenocaysts of an-subhedral, oscillatory
plagioclase up to 5 mm (18.4%6), an-subbedral, iddingsitized olivine up to S
mm (11A9), an-subhedral clinopyroxene up to 5 mm (9.6o) and Fe-Ti
oxides up to 0.5 mm (0.5%). Approximately 10% of the clinopyroxene,
olivine and plagioclase phenocrysts occur in glomerocrysts with each other.
Tbe weakly vesicular (1.6%o), black-colored groundmass consists of
microlites of sub-euhedral, oscillatory plagioclase (30.2%), an-subbedral
clinopyroxene (.6%o), an-subhedral, iddingsitized olivine (1.4%o), Fe-Ti
oxides (0.5%) and devitrified glass (20.8%). Vesicles are coated with
calcite.

MT. HANNA ANDESITE

Sample number: Mc3lb
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 nun) with subordinate interstitial
devitrified glass, Fe-Ti oxides and cryptocrystalline, high birefringent
minerals. Trace, subbedral, 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: Mc11O
Location: T24S, R62E, Sloan SE, Nev. 7 1/2' quad: collected on peak 3912 near

the Tsh/Tbvb 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-Ta oxides. Trace, subhedral, pitted, embayed, zoned
and oscillatory plagioclase phenocrysts up to 1 mm occur. The slide also
contains a subhedral, oxidized, 3 mm biotite phenocryst. Thc weakly
vesicular (< 1.0%) groundmass is black.
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Sample number: Mc112
Location: 8W east, 24W 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 mm occur. The
weakly vesicular (< 1), groundmass is dark gray with medium light gray-
colored streaks.

Sample number: Mc15
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 subordinate 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, 124S, R61E, Sloan; Nev. 7 1/2' quad: dacite underlying

Tsi on south-facing hillside one mile east of the Mt. Ian vent.
Rock name: Dacite
Description: Glomeroporphyritic glomerocrysts form approximately 2% of the 4

rock and consist of commonly pitted and embayed phenocrysts of zoned,
oscillatory, sub-euhedral plagioclase up to 2 mm and subordinate sub-
euhedral, oxidized biotite up to 2 mm. Individual phenoctysts 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-ri 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 (12.0o), 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 (3A%),
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: Rbyolite vitrophyre
Description: Porphyritic and bypohyaline with commonly fragmented, pitted and

embayed phenoczysts of subhedral, oscillatory and senate up to 1 mm
plagioclase (17.4o), subbedral, oscillatory and seriate up to 1 mm sanidine
(3.8o), sub-euhedral, oxidized and seriate up to 2 mm biotite (3.6%), Fe-
I oxides seriate up to 0.5 mm (1.2o), 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%0)
consists of devitrified glass and glass shards with trace granular hematite.

Sample number: Mcl21
Location: SW 1/4, Sec 31, T23S, R61E, Sloan, Nev. 7 1/2' quad: dacite that ies

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, subbedral 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-El oxides up to 05 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: Glomeroporphynitic glomerocrysts form approximately 6% of the

rock and consist of commonly pitted and embayed phenocrysts of zoned,
oscillatory, subbedral 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: McS9a
Location: SW 1/4, Sec 31, 24S, 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

pbenocrysts of subhedral sanidine up to 3 mm (212%), subbedral, zoned
and oscillatory plagioclase up to 2 mm (4.8%o), sub-euhedral, oxidized
biotite up to 1.5 mm (0.4o), Fe-Ti oxides up to 0.5 mm (< M%), sub-
eubedral sphene (< 0.5 mm, 0.2%/) and trace amounts of clinopyroxene,
monazite, epidote, allanite, and zircon (each < 0.5 mm). Pumice fiamme
(9%o) are up to several cm long, devitrified and rarely spherulitic. Basaltic
and gabbroic rock fragments (3.8o) are up to 1 cm. The grayish red-
colored groundmass (60.6o) consists of devitrified glass shards that wrap
around phenocrysts and lithic fragments.

Sample number: McS9b
Location: SW 1/4, Sec 31, 124S, 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 bypocrystalline consisting of fragmented phenocrysts

of an-subhedral, oscillatory sanidine up to 2.5 mm (4.8o), subhedral,
oscillatory plagioclase up to 1.5 mm (2.0%o), subhedral, oxidized biotite up
to 1 mm (0.8%6), an-subhedral clinopyroxene up to 0.5 mm (0.2%co), sub-
eubedral 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 cm. Basaltic and gabbroic rock fragments (13.2%6) 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: Mc59c
Location: SW 1/4, Sec 31, 124S, 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 mnn (2.4%o), Fe-ri oxides up to
0.5 mm (A), anhedral quartz < 0.5 mm (0.4%), an-subhedral
clinopyroxene up to 0.5 (1.4%o), subhedral, oxidized biotite up to 2 mm
(0.4%6) and trace zircon. Pumice famme (11.6%) are up to several cm
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long. Basaltic and gabbroic rock fragments (21.2%) are up to 2 cm. The
pale red-colored groundmass (52.6%o) consists of blocky shaped, slightly
devitrified glass shards.

Sample number: Mc73
Location: NW 1/4, Sec 6, 14S, 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%6), anhedral quartz up
to 1 mm (1.8%), an-subhedral, oscillatory plagioclase up to 3 mm (3.4%),
subhedral, oxidized biotite up to I mm (0.6%6), Fe-Ti oxides up to 0.5 mm
(02o), trace, an-subbedral, hematized clinopyroxene up to 0.5 mm and
trace amounts of sphene and zircon (sub-euhedral, < 05 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 (77.8o) 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, 123S, 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 muL Phenocrysts form approximately 3% of the
rock and consist of the same minerals found in the glomerocrysts. le
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: McI30
Location: SW 1/4, Sec 31, 13S, 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 5 mm (1.2o) and sub-euhedral Fe-Ti oxides < 05

n (0.4%). The medium gray-colored groundmass consists of microlites
of plagioclase with subordinate oxidized biotite, Fe-El oxides and
pyroxene(?), and secondary calcite (5%).
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Sample number. Mcl31
Location: SW 1/4, Sec 6, 124S, R61E, Sloan, Nev. 7 1/2' quad: dacite overlying

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%6), sub-euhedral, oxidized biotite up to 3 mm (1.6%) and sub-euhedral
Fe-Ti oxides < S mm (0.4%6). Te medium light gray-colored
grundmass consists of microlites of plagioclase with subordinate oxidized
biotite, Fe-Ti oxides and pyroxene(?), and secondary calcite (1.2%7o).

MT. UN ANDESITE

Sample number: Mc93
Location: SW 1/4, Sec 5, 124S, R61E, Sloan, Nev. 7 1/2' quad: andesite that

overlies dacite on the bill 1 mile east of Mt. Ian: stratigraphically above
Mc25 biotite dacite.

Rock name: Andesite
Description: Fine-grained and hypocrystalline consisting of commonly pitted and

embayed phenocrysts of sub-eubedral, zoned and oscillatory plagioclase up
to 1 mm (5.2%), subbedral iddingsitized olivine up to 0.5 mm (0.4o), sub-
eubedral, commonly oxidized subbedral biotite up to 1 mm (0.4%o), 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 I

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 penocrysts of zoned, oscillatory, sub-euhedral
plagioclase up to 0.5 mm (2.4%6), Fe-Ti oxides up to 0.25 mm (4%o),
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 (3.0o) and glass (0.6%c). 7.0% of the groundmass has been
replaced by hematite. Vesicles are coated with calcite.

Sample number: Mc95a
Location: NE 1/4, Sec 5, 124S, R6E, 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 bypocrystafline consisting 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
(10.4o) and subhedral orthopyroxene up to 0.5 mm (trace) that commonly
occurs in glomerocrysts with plagioclase and Fe-M oxides. The black-
colored groundmass consists of microlites of plagioclase (74.0%),
clinopyroxene (0.2o), iddingsitized olivine (0.6o), Fe-Ti oxides (4.6%e),
zircon (trace) and devitrified glass (4.6%).

Sample number: Mc95b
Location: NE 1/4, Sec 5, 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 Mc95a 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 (0.4o), Fe-Ti oxides
up to 0.5 mm (0.2%) and subbedral orthopyroxene up to 0.5 mm (trace)
that commonly occurs in glomerociysts with plagioclase and Fe-Ti oxides.
The dusky brown-colored, weakly vesicular (0.4%) groundmass consists of
microlites of plagioclase (68A%), iddingsitized olivine (3.0%), Fe-Ti oxides
(4.0o), 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, '123S, 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-
euhedral plagioclase up to 1 mm (4.4%/), an-subhedral, iddingsitized olivine
up to 0.5 mm (2.0%o), subhedral, oxidized biotite up to 0.5 mm (trace), Fe-
Ti oxides up to 0.5 mm (2.0%6) and subbedral orthopyroxene up to 0.5 mm
(0.2%) that commonly occurs in glomerocrysts with Fe-Ti oxides. Te
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-
euhedral plagioclase up to 0.5 mm (4.6%), an-subhedral, iddingsitized
olivine up to 0.5 nm (0.5%c), Fe-Ti oxides up to 0.5 mm (2.0%o) 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-li oxides (3A%) and
devitrified glass (1.8%). Sericite (3.8o) is replacing plagioclase. The
vesicles are coated with calcite.

Sample number: Mc12Oa
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 hypociystalline consisting of commonly pitted and

embayed phenocrysts of zoned, oscillatory, sub-eubedral, seriate plagioclase
up to 1 mm (31.8%), sub-euhedral orthopyroxene up to 0.5 mm (1.2%), Fe-
Ti oxides up to 0.5 mm (1.5%) and subbedral, 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%o), Fe-Ti oxides
(2.19o) 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 (0.2o), 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 (0.6o) and Fe-Ti oxides (0.8o).
Vesicles are coated with calcite.

MT. SUTOR DACITE

Sample number: Mc9
Location: E 1/2, Sec 26, 124S, R60E, Hidden Valley, Nev. 7 1/2' quad: at the

Tss/Tbvb 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, I24S, 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-subbedral pitted and
embayed, oxidized biotite (A%). 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 I mm, sbhedral biotite < 05 mm and Fe-
Ti oxides up to 05 mm. Individual phefiocrysts 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%6) 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: Mc2l
Location: N 1/2, Sec 20, 724S, 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
subbedral biotite up to 3 mm and Fe-Ti oxides up to 0.5 mnm. 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, 124S, R61E, Hidden Valley, Nev. 7 1/2' quad: on NW
side of the entrance to the major drainage near the bypabyssal phase Tss.
Rock name: Biotite dacite
Description: Glomeroporphyritic: glomeroczysts 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 mn 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
Location: N 1/4, Sec 10, 24S, 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 phenociysts of
zoned, oscillatory, sub-euhedral plagioclase up to 2 mm, and subordinate
subledral 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-li oxides and
glass. Calcite has replaced approximately 5% of the groundmass.

Sample number: Mc3la
Location: SE 1/4, Sec 14, 124S, 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 mrnm, 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: Mc9la
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-
euhedral bematized biotite up to 4 mm, and Fe-Ml 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. T[e dark greenish gray-
colored groundmass consists of microlites of plagioclase with trace zircon
and glass.

Sample number. Mc92
Location: NW 1/4, Sec 19,124S, 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 phenociysts 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 phenocxysts 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
cn. 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, 124S, 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 05 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-subbedral, up to 2 mm). The slide contains
a 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: MclOO
Location: SW 1/4, Sec 17, 124S, 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-subbedral, oxidized biotite up to 2 mm, an-subhedral clinopyroxene up
to 5 mm and Fe-Ti oxides up to 0.5 mu. Individual phenocrysts form
approximately 4% of the rock and consist of the same minerals found in
the glomerocrysts. le weakly vesicular (< 1o) 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, 724S, 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, < 05 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, glorneroporphyritic: 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-
graineid groundmass consists of plagioclase (80.4%, subhedral, < 0.5
um), biotite (0.6%, subhedral, < 05 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, 724S, 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-
euhedral, 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 glomeroctysts. The brownish gray-colored
vesicular (3.6%) groundmass consists of plagioclase microlites and trace
glass.

ALKALI BASALT

Sample number: Mc124
Location: SE 1/4, Sec 13, T23S, R60E, Sloan, Nev. 7 1/2' quad: alkali basalt

exposure at 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%7), black-colored groundmass consists of sub-parallel
microlites of sub-euhedral, oscillatory plagioclase (56%7c), subhedral
clinopyroxene (21.2%), an-subhedral, iddingsitized olivine (20A%) and Fe-
I7 oxides (2.2%).
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APPENDIX B: CHEMISTRY TABLES
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Tuff of Bridgc Spring
Sample No. ET-1 Yr 92 R T V M63 M105

SiO2 72.59 70.03 69.01 6851 67.73 66.65 66.81 66.10

A1203 14.29 13.43 14.69 14.52 15.44 14.41 15.06 16.10

Pc203 1.78 1.88 2.17 1.97 2.83 2.04 2.52 2.50

CaO 1.38 1.15 IA3 1.90 1.65 2.31 1.6 1.70

MgO 0.35 0.46 0.48 0.30 0.44 0.32 0.71 1.30

Na2O 4.19 3.47 4.20 3.94 4.46 4.22 4.33 4.70

K20 5.29 4.82 5.12 5.71 4.93 4.97 5.92 6.30

TiO2 0.34 0.35 0.41 0.40 0.53 0.39 0.43 0.40

MnO 0.07 0.08 006 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 0.20

LOI 0.98 4.77 0.93 1.72 1.22 2.03 2.57 0.40

TOTAL 101.32 100.50 98.64 99.11 99A5 97.53 100.06 99.80

Trace elements

La 121.0 104.0

Ce 191.0 155.0

Nd 70.0

Sm 11.0 10.0

Eu 1.7 1.9

lb 0.8 0.9

Yb 3.1 1.2

Lu 0.5 0.3

U 85 12.0 8.2 7.3 5.2 5.9

Th 32.2 25.0

Cr 21.4 17.9 21.8 183

Hf 11.1 10.0

Ba 910 1332

Rb 24&0 480.0 217.0 217.0 159.0 179.0 157.0 143.0

Sr 214 402 233 197 563 365 264 1015

Sc
Ta 2.3 1.84

Cd
Zr 330.0 344.0 118.0 389.0 422.0 350.0 414.0

Y 66.2 51.0 58.0 41.0 42.0
Nb
Co
Ti
V

Mg# ~0.14 0.17 0.16 0.12 0.12 0.12 0.19 0.31
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Tuff of Bridgc Sping: continued
Sampke No. Mc53 Md; Mc6l Mc62 Mc64a Mc64b Mc65 Mc66

SiO2 64.65 63.90 66.47 67.27 65.09 66.69 69.54 66.69

AL203 15.66 14.77 14.92 13.95 13.72 13.72 14.40 14.48

Fe203 3.95 3.55 3.47 2.72 3.11 3.11 3.31 3.16

CaO 2.43 3.24 1.72 2.36 5.66 0.65 0.63 4.12

MgO 0.97 1.05 0.86 0.58 1.42 1.00 1.02 0.84

Na2O 4.33 4.09 4.33 3.97 3.35 3.86 3.94 3.74

120 6.03 5.67 6.17 5.99 4.69 6.40 4.64 5.7

T102 053 0.4 0.47 035 042 0.42 0.45 043

MnO 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

P205 0.18 0.16 0.16 0.10 0.40 0.13 0.27 0.33

LOI 1.27 1.97 1.14 2.04 1.48 0.65 4.11 3.00

TOTAL 100.06 99.00 99.87 99.48 99.49 96.78 102.46 102.71

Trao elements

La 118.0 93.2 91.5 92.1 96.3

Ce 204.0 170.0 167.0 184.0 181.0

Nd 73.4 64.0 75.2 55.3 67.3

Sm 9.7 8.3 11.3 11.1 11.5

Eu 1.8 1.7 1.3 1.0 1.1

Tb 0.9 0.9 1.4 1.1 1.1

Yb 2.9 3.1 3.9 3.5 3.8

Lu 04 0.4 0.5 0.6 0.6

U 6.3 5A 6.4 10.9 8.9

Tb 28.6 27.3 35.8 44.3 44.6

Cr 32.0 45.3 35.2 9.9 15.5
Hf 10.3 10.1 9.8 10.6 11.1

Ba 818 927 390 170 296

Rb 121.0 127.0 160.0 172.0 170.0

Sr 502 781 389

Sc 4.7 4.2 3.9 3.2 3.6

Ta 1.7 1.9 2.4 2.7 2.7

Cd
Zr 578.0 483.0 826.0 iS3.0 577.0

Y
Nb 64.0
Co 4.2 3.7 3.4 2.0 2.8

Ti1 2980 2790 2260 2430 2100

V _ 39.7 35.3 44.6 23.3 29.5

Mg# 0.17 0.2 0.18 0.15 0.28 0.19 0.21 0.22
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Tuff of Bridge Spring: continued Hidden Valle volcanic

Sample No. Mc67 Mc68 Mc69 Mc71 65 66 68 125

Sio2 68.12 65.46 68.40 69.27 46.94 50.18 52.05 51.61

AL203 14.60 1432 14.46 14.88 16.87 15.11 16.04 16.69

Fc203 2.91 3.19 3.07 2.93 9.64 8.94 7.86 9.18

CaO 1.69 3.43 1.61 0.65 11.01 9.97 8.80 &90

MgO 0.61 0.66 0.53 0.40 7.23 7.19 5.92 5.82

Na2O 4.38 4.10 4.33 4.44 2.69 2.61 2.69 2.75

K20 5.94 5.82 5.85 6.15 1.38 1.72 3.01 1.79

Tio2 0.39 0.42 0.40 0.41 154 1.35 1.31 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 138 2.56 1.33 0.56 1.11 2.35 3.01 0.70

TOTAL 100.29 100.23 100.22 99.93 99.35 100.17 101.60 99.81

Trace clements
in ppm
La 945 91.7 93.4 101.0
Cc 173.0 177.0 184.0 188.0
Nd 79.8 63.7 57.0 80.9
Sm 12.8 11.8 12.1 13.7
Eu 1.1 1.2 1.2 1.2
Tb 1.2 1.2 1.3 1.3
Yb 3.6 3.4 3.6 3.8
Lu 0.6 05 0.5 06
U 8.7 7.2 85 8.4
Th 39.3 39.4 41.9 42.0
Cr 11.7 20.9 10.4 11.2
Hf 10.0 10.1 11.0 11.3
Ba 303
Rb 155.0 165.0 179.0 173.0 22.3 22.0 652 29.7

Sr 219 200 168 196 940 828 1170 622

Sc 3.2 3.9 3A 3.3
Ta 2.4 2.4 2.6 2.8
Cd
Zr 455.0 544.0 603.0 663.0 218.0 223.0 317.0 235.0

y 17.7 18.1 25.1 23.4

Nb
Co 2.0 3.9 2.5 1.9
Tn 2270 1890 2780 2220
V 23.6 31.0 30.0 34.3
Mg# 0.15 0.15 0.13 0.1 0.39 0.41 0.39 0.35
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Hidden Valley
volcanics:
continued Mount Hanna andesite

Sample No. Mc1O9 Mcl16 Mc83b Mc84 McHO MciI Mcl12 Mc113
SiO2 57.96 51.00 58.93 59.26 60.15 60.74 60.15 59.75
AL203 16.18 16.81 16.90 16.83 17.31 17.07 17.05 17.00
Fe203 8.07 10.29 6.56 6.82 6.51 6.79 6.73 6.90
CaO 5.72 9.22 3.93 4.00 3.88 3.98 4.08 4.06
M&O 338 5.08 1.91 1.54 1.87 1.72 1.62 1.84
Na2O 3.35 3.11 3.91 3.80 3.46 3.53 3.62 3.75
K20 3.47 1.71 4.29 4.25 4.45 4.52 4.40 4.23
TiO2 1.15 1.38 0.59 0.62 0.60 0.61 0.62 0.59
MnO 0.16 0.17 0.16 0.16 0.16 0.16 0.16 0.16
P205 0.87 0.91 0.47 0.86 0.93 1.02 0.94 0.57
LOI 0.62 0.28 0.74 0.73 0.66 0.59 0.32 0.62
TOTAL 100.93 99.96 9839 98.87 99.98 100.73 99.69 99.47

Trace elements
in ppm
La 72.3 40.0 88.2 92.2 89.1 89.1 89.7 90.0
Cc 143.0 76.2 153.0 172.0 173.0 170.0 172.0 163.0
Nd 48.6 35.3 69.1 74.7 65.5 74.8 57.6 82.5
Sm 9.1 6.6 10.4 11.2 IQ0 10.6 10.0 10.9
Eu 2.4 1.8 2.4 2.7 2.6 2.5 2.7 2.5
Tb 1.2 0.9 09 1.2 1.1 1.1 1.0 1.2
Yb 1.8 2.6 2.2 2.8 25 2.7 2.4 2.6
Lu 0.3 0.4 0.3 0.3 0.3 0.3 0.3 0.4
U 1.1 1.7 3.5 2.0 3.2 2.9 2.6
In 11.1 4.8 12.8 14.2 15.0 13.6 14.7 13.4
Cr 101.0 184.0 85.1 38.4 136.0 132.0 94.0 72.6
Hf 7.7 5.0 7.1 8.1 8.0 7.7 7.9 7.4
Ba 1100 724 1650 1970 1800 1990 1840 1990
Rb 95.8 24.9 65.5 105.0 112.0 95.2 85.3 71.6
Sr 1250 1410 1430 1790 2280 1920 2110 1830
Sc 13.6 24.9 5.7 6.4 6.5 6.2 6.7 6.2
Ta 1.3 0.6 0.8 0.8 0.9 0.8 0.8 0.9

Cd
Z r 843.0 658.0 679.0 675.0 725.0 560.0 722.0 402.0

Y
Nb
C o 21.7 28.2 9.3 10.3 10.3 10.0 10.9 9.8
Ti 7100 7630 3540 3300 3950 3780 4480 4420
V 150 203 81.2 75.1 70.6 81.3 88.8 79.7

jMg# 1 0.26 0.30 0.20 0.16 0.20 0.18 0.17 0.19
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Hidden Valley volcanics: continued

Samplc No. M24 M27 M35 M57 M58 Mc87 Mc108

SiO2 5872 58.70 55.86 59.42 59.65 55.19 57.61

AL203 17.85 15.80 1630 17.59 17.49 16.02 16.14

Fe203 7.14 5.11 8.47 5.41 5.55 98 7.74

CaO 5.25 4.49 7.49 4.00 4.03 7.06 5.54

MEO 2.00 2.53 4.33 1.80 1.80 5.12 3.29

Na2O 4.35 3.63 4.29 3.69 3.64 3.62 3.47

K20 3.95 5.29 1.89 5.22 5.22 2.36 3.63

Tio2 0.71 0.82 0.95 0.55 0.55 1.08 1.18

MnO 0.06 0.09 0.08 035 0.12 0.17 0.16

P205 0.77 0.35 0.20 0.12 0.34 064 1.05

LOI 0.82 1.29 1.35 0.35 0.76 0.06 135

TOTAL 101.62 98.10 101.21 98.50 99.15 100.30 101.16
Trace elements
in ppm
La 97.8 102.0 26.2 99.4 98.0 4&6 69.7

Ce 182.3 168.6 42.0 167.8 166.9 85.2 139.0

Nd 68.8 74.8 23.9 76.6 32.8 42.0

Sm 14.2 13.1 4.3 12.8 12.6 6.4 85

Eu 3.5 2.7 1.6 2.8 2.8 1.6 2.3

Tb 1.5 1.5 1.6 1.5 1.5 0.9 0.8

Yb 2.9 2.8 1.4 2.9 2.9 2.4 1.9

Lu 0.6 0.4 0.4 0.5 0.5 0.3 0.4

U 1.1

Th 12.5 20.2 6.4 13.7 13.5 8.3 10.8

Cr 220.0 61.2

Hf 7.0 9.4 4.3 7.6 7.6 5.5 7.3

Ba 2440 1620 655 2203 1897 802 1200

Rb 97.9 1185 43.6 98.2 100.0 33.8 60.6

Sr 1741 745 455 1468 1157 556 1280

Sc 19.7 12.8

Ta 0.7 1.4 0.5 0.9 0.9 0.9 1.2

Cd
Zr 390.0 367.8 234.1 199.0

Y
Nb
Co 27.6 19.5

Ti 6130 7410

V 135 149
Mg# 0.19 0.30 0.30 0.22 0.22 0.33 0.27
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Mount Hanna
andesitc:
continued Cinder Prospect member

Sample No. Mci14 Mcl15 Mc59c Mc78 Mc79 Mcll7a Mcl21
SiO2 60.93 59.37 66.37 61.31 67.25 67.67 69.88
AL203 17.10 16.73 15.25 16.63 15.30 15.53 15.65
Fc203 6.53 6.61 3.36 5.71 3.30. 3.45 3.00
CaO 3.84 4.10 2.08 3.39 1.10 2.07 1.63
MgO 1.61 1.81 0.99 1.38 0.55 0.55 0.48
Na2O 3.68 3.87 3.96 4.03 3.85 4.39 3.65
K20 4.36 4.31 5.27 4.63 5.58 5.69 5.63
TiO2 0.57 0.57 0.16 0.45 0.13 0.11 0.11
MnO 0.16 0.15 0.16 0.16 0.16 0.17 0.16
P205 1.02 0.93 0.13 0.42 0.08 0.29 0.25
LOI 0.48 0.45 2.47 0.14 2.47 1.12 0.83
TOTAL 100.28 98.90 100.19 98.25 99.76 101.04 101.27
Trace elements
in ppm
La 94.8 91A 116.0 88.4 123.0 121.0 129.0
Cc 171.0 171.0 210.0 182.0 216.0 227.0 222.0
Nd 72.2 69.8 83.5 60.1 77.9 88.2 101.0
Sm 11.5 10.9 11.7 10.3 11.9 12.8 13.5
Eu 2.6 2.6 2.5 2.9 2.6 2.5 2.5
Th 1.0 Q9 1.3 1.0 1.2 1.0 1.2
Yb 2.8 2.5 3.1 2.4 3.2 3.1 3.6
Lu 0.4 04 0.5 0.3 0.4 0.5 0.5
U 3.8 2.4 4.9 3.1 5.1 5.8 5.0
Th 14.3 14.0 21.7 15.5 21.5 22.4 21.9
Cr 105.0 108.0 38.4 79.6 32.1 43.8
Hf 7.9 7.6 8.7 9.1 86 8.5 8.6
Ba 1930 2020 1450 1700 1840 1850 1780
Rb 85.7 94.9 127.0 108.0 125.0 120.0 121.0
Sr 1610 1700 801 1580 764 925 638
SC 6.0 6.4 4.8 5.4 4.8 5.0 4.6
Ta .8 08 1.0 0.7 1.1 1.0 1.1
Cd
Zr 438.0 430.0 534.0 652.0 837.0 532.0 619.0
Y
Nb
Co 9.1 10.0 1.2 6.6 0.8 1.0 0.7
Ti 3610 3430 1020 3770 1230 4151 4637
V 70.2 79.9 15.2 58.7
IM9# Q 0.17 0.19 0.20 0.17 0.13 0.12 -0.12
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Cinder Prospect Center
member: Mountain
continued Tuff of the Sloan volcanics dacitc

Sample No. Mc125 Mc126 McS9a Mc59b Mc59c Mc73 Mc59d Mcl2Ob
SiO2 68.74 69.70 69.76 64.87 64.26 68.58 68.06 67.67
AL203 1535 15.45 15.08 15.09 15.12 14.56 15.94 15.67
Fc203 3.05 3.11 3.34 3.95 4.42 3.10 3.58 4.11
CaO 1.67 1.21 0.59 1.37 1.64 0.69 2.15 1.56
MgO 0.40 0.44 0.77 1.73 1.71 1.07 0.51 0.63
Na2O 3.85 3.69 4.32 3.73 3.92 4.62 3.75 3.70
K20 5.56 5.48 5.91 5.90 4.56 5.84 5A7 5.37
TiO2 0.10 0.10 0.45 0.63 0.64 0.48 0.15 0.20
MnO 0.17 0.16 0.15 0.15 0.15 0.15 0.16 0.17
P205 .24 0.25 0.10 0.19 0.20 0.23 0.28 0.35
LOI 0.99 2.93 0.61 1.30 2.99 0.82 1.04 0.85
TOTAL 100.12 102.52 101.08 9&91 99.62 100.14 101.09 100.28
Tacc elements
in ppm
La 95.4 103.0 98.4 109.0 118.0 114.0
Ce 183.0 192.0 185.0 216.0 217.0 206.0
Nd 78.7 89.2 90.0 709 85.8 101.0
Sm 11.9 13.2 12.5 13.7 12.2 12.0
Eu 1.3 1.5 1.8 1A 2.4 2.5
7b 1.2 1.6 1A 1.3 1.1 0.9
Yb 3.2 3.3 3A 3.6 3.3 3.4
Lu 0.5 0.5 0.4 0.6 0.5 0.5
U 7.1 6.0 6.0 6.7 4.7 4.2
Th 37.5 32.3 33.0 38.9 21A 19.2
Cr 58.7 47.8 66A 21.6 31.0 27.7
F 10.4 11.7 11.6 11.6 8.8 8.9

Ba 271 380 497 366 1700 1810
Rb 165.0 139.0 151.0 162.0 115.0 108.0
Sr 364 670 155 784 800
Sc 3.7 5.6 6.2 4.2 5.3 5.0
Ta 2.4 2.4 2.0 2.9 1.1 1.1
Cd
Zr . 560.0 701.0 693.0 833.0 577.0 540.0
y
Nb
Co 2.7 5.9 8.0 3.2 1.2 1.9
r 3039 2820 2899 2950 4662 2300
V 26.7 37.8 52.8 31.5 15.8 16.1
Mg# 0.10 0.11 0.17 0.27 0.25 023 0.11 0.12
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Center
Mountain
dacite: continued Mount an andesite

Sample No. Mcl30 Mc131 Mc72 Mc77 Mc93 Mc94 Mc95a Mc95b

SiO2 68.43 6806 57.85 59.28 60.22 58.12 58.24 58.94

AL203 15.52 15.48 16.72 17.22 17.32 16.71 17.18 16.89

Fe2O3 3.07 3.09 7.14 7.08 7.87 7.34 6.97 7.76

CaO 1.64 1.57 4.24 4.15 4.31 4.22 4.36 4.09

MgO 0.38 0.44 1.81 1.84 1.94 1.95 2.13 1.56

Na2O 3.51 3.86 3.74 3.62 3.64 3.65 3.77 3.51

K20 5.65 5.73 4.16 4.41 4.18 4.19 4.10 4.41

TiO2 0.11 0.10 0.60 0.61 0.66 063 0.64 0.64

MnO 0.16 0.16 0.16 0.16 0.16 016 0.16 0.16

P205 0.21 0.16 0.97 1.02 1.00 0.98 0.54 0.85

LOI 1.03 1.10 0.66 1.04 0.25 0.33 1.18 0.72

TOTAL 99.71 99.75 98.05 100.43 101.55 98.28 99.27 99.53

Trace elements
in ppm
La 86.7 85.6 86.3 88.4 89.2

Ce 155.0 152.0 156.0 155.0 164.0

Nd 81.7 73.7 82.6 89.4 69.0

Sm 11.4 11A 11.2 11.1 11.1

Eu 2.6 2.5 2.8 2.7 2.8

Tb 1.2 1.0 1.1 1.0 0.9

Yb 2.5 1.9 2.3 2.2 2.3
Lu 0.4 0.4 0.3 0.4 0.3

U 2.7 3.8 3.4 4.7 2.3
Th 13.0 11.6 12.8 11.8 12.8

Cr 60.7 82.5 80.0 40.1 87.2

Hf 7.0 6.7 7.3 7.3 7.6

Ba 1970 1930 1990 2090 2070
Rb 131.5 91.7 71.3 71.4 95.3 97.6

Sr 536 1640 1580 1980 1810 2070

Sc 5.8 5.7 6.2 5.9 6.1

Ta 0.7 0.9 0.7 0.6 0.9

Cd
Zr 347.4 637.0 387.0 689.0 543.0 808.0

Y 12.2
Nb
Co 10.4 10.5 11.4 10.4 10.9

Ti 4130 4110 3970 4370 3790
V 77.7 96.4 88.2 85 79.7

Mg# 0.11 018 0.18 0.17 0.19. 0.21 0.15
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Mount Ian andesile:
continued Mount Sutor dacite

Sample No. Mc97 Mc98 Mcl2Oa Mc2l Mc83a Mc8S Mc96

SiO2 58.03 5&07 58.73 61.91 62.41 63.03 62.91

AL203 17.21 17.18 17.20 16.09 16.51 16.25 16.19

Fe203 7.19 7.14 7.77 5.71 5.48 5.85 5.14

CaO 4.30 4A3 4.17 3.13 2.45 3.20 2.44

M80 1.92 2.16 1.72 1.34 1.16 1.15 1.20

Na2O 3.87 3.86 3.82 3.49 3.68 3.46 3.53

K20 4.22 4.44 4.14 5.75 5.84 4.69 5.68

nio2 0.64 069 0.62 039 0.43 0.58 0.43

MnO 0.16 016 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 0.34 1.05 0.15 1.93 0.70 0.44 1.02

TOTAL 98.40 99.72 99.67 99.13 99.06 99.40 98.73

Trace elements
in ppm
1a 85.6 81.4 118.0 115.0 111.0 119.0

Ce 159.0 149.0 220.0 219.0 199.0 210.0

Nd 59.0 62.6 112.0 87.8 112.0 120.0

Sm 11.2 10.4 14.7 13.3 14.5 14.6

Eu 2.8 2.5 33 3.4 3.3 3.2

Tb 1.1 1.0 1.5 1.6 1.6 2.1

Yb 2.2 2.0 4.4 3.9 3.9 3.9

La OA 0.4 0.6 0.5 0.6 0.7

U 2.9 2.9 4.8 2.6 3.6 3.7

lh 12.6 12.0 203 203 17.0 19.4

cc 160.0 76.1 9.0 61.6 18.3 57.6

Hf 73 7.0 10.7 10.8 10.4 10.3

Ba 1900 1900 2180 1780 1950 1830

Rb 75.3 85.9 118.0 135.0 109.0 109.0

Sr 1990 1880 1480 1380 1530 1600

Sc 6.0 5.9 6.7 6.7 7.8 6.7

Ta 0.8 0.7 1.3 1.0 1.2 1.0

Cd
Zr 645.0 670.0 681.0 697.0 833.0 580.0

Y
Nb
Co 11.2 10.6 2.8 3.3 3.6 2.8

T 3890 4330 3220 2630 3820 3220

V 88.3 79.2 24.2 24.4 34.6 23.8

0.19 0.21 0.16 0.17 0.15 0.14 07
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Alkali
Mount Sutor daeite: continued basalt

Sample No. MC100 Mcl 18 Mc119 Mc128 Mc124

SiO2 61.67 62.29 64.96 66.55 51.04
AL203 16.19 16.43 16.44 15.84 14.92

Fe203 5.14 5.71 5.51 3.85 8.70

CaO 2.44 2.99 2.98 1.98 8.80

MgO 1.24 1.04 1.14 0.69 7.71
Na2O 3.84 3.56 3.64 3.53 3.32
K20 5.51 5.17 5.27 5.33 2.56

102 0.49 0.48 0.43 0.25 0.96

MnO 17 0.17 0.17 0.16 0.16

P205 0.25 0.50 0.31 0.35 1.13

LOI 0.50 0.74 0.64 1.83 1.19

TOTAL 97.44 99.08 101.49 100.36 100.49

Trace elements
in ppm
La 112.0 114.0 116.0
CO 215.0 231.0 216.0
Nd 783 95.0 101.0
Sm 13.2 14.5 14.8
Eu 3.6 3A 3.3
Tb 1.6 1.7 1.6
Yb 4.3 3.9 3.8
Lu 0.5 0.6 0.6
U 4.2 3.7 4.9
Th 19.1 19.6 19.1
Cr 80.8 29.8 40.2
Hf 10.6 10.7 10.3
Ba 1760 1800 1780
Rb 120.0 135.0 109.0
Sr 1460 1560 1310
Sc 7.5 8.0 7.4
Ta 1.0 1.1 1.1
Cd
Zr 844.0 602.0 732.0
Y
Nb
Co 3.0 3.4 3.2
Ti 3300 3790 3590
V 32.0 23.1 19.2
Mg# 0.17 0.14 0.15. 0.13 0.43
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APPENDIX C: CIPW NORMS



( (

Tuff of Brids! Spring_
mplc No. ET-1 YT 92 R T V M63 M105 Mc53 Mc6O Mc6l Mc62 Mo64a Mc64b Mo65

25 28 21 20 18 18 15 9 10 11 13 17 17 19 20
or 31 28 30 34 29 29 3S 37 36 34 36 35 28 38 28
b 35 29 36 33 38 36 37 40 37 3S 37 34 28 33 36
n 5 5 6 5 7 6 4 4 5 5 3 3 9 2 2

C 0 1 0 0 0 0 0 0 0 0 0 0 0 1 2
di 2 0 0 3 0 4 3 2 S 8 4 6 12 0 0
hy 1 2 3 0 3 0 2 4 3 1 3 0 0 4 .5
wo 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

mt 1 1 1 1 2 1 1 1 2 2 2 1 2 2. 2
il 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
p 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

o1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
hem - 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Tuff of Bridge Sprin continued Hidden Valley volcanics
SamplcNo. Mo65 Mc67 Mc68 M69 McI 65 66 68 125 M24 M27 M35 M57 M58 Mc87
Q 15 16 13 17 17 0 0 0 2 7 7 5 8 16 2
or 34 35 34 35 36 8 10 18 11 23 32 11 31 36 14
ab 32 37 35 37 38 22 22 23 23 37 32 36 31 38 31

n 6 3 3 3 3 30 24 23 28 18 12 20 16 4 20
C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
di 9 4 8 4 0 16 17 13 10 1 5 10 0 2 8
hy 0 2 0 2 3 0 14 14 16 5 4 6 5 1 17

we 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0
Mt 2 2 2 2 2 4 4 4 5 0 0 0 0 0 4

2 1 1 1 1 3 3 2 3 0 0 0 0 0 2
p I 0 0 0 0 2 1 2 1 2 1 0 1 0 1
1 0 0 0 0 0 13 2 0 0 0 0 0 0 0 0

hem 0 0 0 0 0 0 0 0 0 7 5 8 6 3 0

-



( ( C ~"4

_ _ LV. volcanics: cont. Mount Hanna andesite
ample No. cMellk McO19 cI Mc83b Mc84 McllO iMcll Mcll2 Mcli3 Mc14 Mil5T

8 13 0 7 6 12 12 10 9 12 9
or 21 21 10 25 25 26 27 26 25 26 25
ab 29 29 26 33 33 29 30 31 32 31 33
an 18 18 27 16 16 13 13 14 16 12 14

0 0 0 0 0 2 2 1 0 2 0
di 2 2 11 0 1 0 0 0 0 0 0
hy 13 8 17 11 11 11 11 13 11 10 11

wo 0 0 0 0 0 0 0 0 0 0 0
mt 4 4 4 3 3 3 3 2 3 3 3
il . 2 2 3 1 1 1 1 0 1 1 1
ap 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 ruff of the Sloan volcanics
mple No. Mc59e Mc78 Mc79 Mcll7a Mc21 Mc125 Mc126 Mc59a Mc59b Mc59c Mc73

16 10 19 15 22 20 23 17 14 17 12
r 31 27 33 34 33 33 32 35 35 27 35
b 34 34 33 37 31 33 31 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
1 0 0 2 0 0 0 0 0 0 2

hy 5 8 4 4 4 4 4 8 7 8 5
weo0 0 0 0 0 0 0 0 0 0 0
mt 2 3 2 2 2 2 2 0 2 2 2
1l 0 1 0 0 0 0 0 1 1 1 1
p 0 1 0 1 1 1 1 0 0 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

.,



( ( (

Center Mountain dacite ount Ian andesite
Samplc No. Mc59d Mcl20b Mc30 Mcl1I Mc72 Mcl Mc93 Mc§4 c9 a Mc9b Mc97 MM Mcl.2OQ 19 21 22 19 8 3 3 4 7 8 5 5 9or 32 32 33 34 25 26 25 25 24 26 25 26 24ab 33 31 30 33 32 33 31 32 32 30 34 33 32,an 9 5 7 7 15 15 16 17 18 13 17 16 13

0 2 1 0 1 0 0 0 0 1 0 0 2
d1i 0 0 0 0 2 2 1 0 0 1 2 0

hy 5 5 4 4 12 11 12 13 12 12 11 11 13
0 0 0 0 0 0 0 0 0 0 0 0mt 2 2 2 2 3 3 3 3 3 3 3 3 3
0 0 0 0 1 1 1 1 1 1 1 1 1p 1 1 0 0 2 1 1 1 1 2 1 1 3ol 0 0 0 0 0 0 0 0 0 0 0 0 0

hem | 0 0 0 0 0 0 0 0 0 0 0 0 0!, _ , .. . . .~p -Mount Sutor dacite Alkali basalt I
Sample No. Mc2I Mc83a Mc85 Mc96 MclOO Mcl18 Mc1l9 Mc128 Mc124
Q 10 10 16 12 9 13 14 20 0
or 34 35 28 34 33 31 31 32 15
ab 30 31 29 30 32 30 31 33 28
an 11 11 12 11 12 12 13 7 18
C 0 0 1 0 0 1 0 1 0
di 2 0 0 0 1 0 0 0 15

hy 6 8 8 7 7 8 8 4 2
0 0 0 0 0 0 0 0 0

mt 3 3 3 3 3 3 3 2 4
1 1 1 1 1 1 1 1 0 2
p 1 1 1 1 1 1 1 1 3
1l 0 0 0 0 0 0 0 0 14
hem 0 0 0 0 0 0 0 0 0

P"
Nx
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APPENDIX D: ROCK MODES



( ( (

Tuff of Bridge Spring Hidden Valley vol;anics
Sample number McS3 Mc60 Mc62 Mc64b Mc66 Mc67 Mc68 Mc69 Mc71 Mcl Mc3a Mc35 Mc37 Mc4Ob
Plagiociase 3.4 1.5 2.8 0.8 1.2 2.0 1.4 5.0 3.0 2.2 1.0 3.3
Olivine 0.6 9.8 7.6 6.3

iotite 3.4 0.6 1.0 1.8 1.6 1.4 0.4 1.6
Orthopyroxene
Cinopyroxene 0.8 0.2 0.4 0.2 0.8 0.2 0.8 0.4 1.6 0.3 1.0 0.8 1.4
Fe-Ti oxides 0.2 Trace Trace Trace Trace Trace 0.4 0.6 Trace
Groundmass 56.2 860 87.2 860 83.0 79.4 69.8 83.6 67.4 88.1 90.8 84.0 82.8 78.5
Sanidine 24.2 7.5 4.2 6.0 5.4 10.4 4.8 1.0 10.6
Phlogopite
Zircon Trace Trace Trace Trace Trace Trace Trace Trace Trace
Sphene 04 0.4 0.6 0.2 0.4 Trace Trace 0.6 0.4

ornblende
Monazite
Epidote
Allanite
Quartz 0.6 0.8 1.2 1.0 1.0 0.8 0.4 1.2 1.4 0.6 6.0 2.6

Icite Trace
Pumice 9.6 2.2 1.4 2.2 3.4 Trace 11.4 0.2 12.0

xock enoliths 1.2 0.8 1.2 1.8 3.0 7.2 9.6 1.0 2.0
Vides _ 11.0 &2 2.6 1.2 9.3



( (

Hidden Valley volcanics: continued Mount Hanna andesite Cinder Prospect member
Sample number Mc42 Mc43 Mc47 Mc48 Mc87 MclO8 WHvb Mc3lb Mcl10 Mcll2 Mc15 Mc25 Mc78 Mc79
Plagioclase 1.0 1.0 0.4 1.8 13.2 18.4 Trace Trace Trace Trace 3.6 10.4 17.4
Olivine 6.0 0.4 1.2 1.4 11.4
Biotite 0.4 4.0 3.6
Orthopyroxene
Oinopyroxene 4.0 10.0 10.8 4.6 1.6 9.6 Trace
Fe-Ti oxides 0.5 0.8 1.2
Groundmass 91.4 79.6 76.6 79.0 98.2 65.6 58.5 100.0 100.0 100.0 100.0 69.4 85.2 74.0
Sanidine 3.8
Phlogopite 3.6 4.8
Zircon Trace Trace
phene

Hornblende
Monazite
Epidote
Allanite
Quartz
Calcite 25.8
Pumice
Rock xenoliths Trace
Vesicles 3.6 3.4 8.2 10.4 18.2 1.6 _ 0.4

'-A

LAk
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Cinder
Prospect
member. cont. uff of the Sloan volcaniks Center Mtn. dacite Mount Sutor dacite

Sample number Mc121 Mc125 McS9a McS9b McS9c Mc73 McS9d Mcl3O Mcl31 Mc9 Mcl16 Mcl9 Mc2l Mc27
Piagioclase 8.2 6.6 4.8 2.0 2.4 3.4 4.0 4.4 7.2 7.4 8.8 7.2 13.6 13.0

livine
iotite 1.8 3.6 0.4 0.8 0.4 0.6 1.4 1.2 1.6 3.2 1.4 2.2 3A 5.4

Orthopyroxene 1.6 1.2
Cinopyroxene Trace 0.4 1.4 Trace Trace 2.0
Fe-TI oxides 0.4 1.4 0.2 0.4 0.8 0.4 1.2 1.0 1.6
Groundmass 83.6 84.0 60.6 76.6 52.6 77.8 94.6 89.0 88.6 88.0 87.8 76.4 78.2 76.4
Sanidine 21.2 4.8 8.6 10.0
Phlogopite
Ziroon Trace Trace Trace Trace Trace
Sphene 0.2 Trace Trace

Hornblende 0.4
onazite Trace

Epidote Trace
Allanite Trace
Quartz 0.4 1.8
Calcite 6.4 5.4 5.0 1.2
Pumice 9.0 2.2 11.6 1.6

ock xenoliths 3.8 13.2 21.2 4.6
esicles 1.4 0.6 11.8 3.8 1.2



( (
( 4 

Mount Sutor dacite continued
I- - -

Sample number Mc28 Mc31a Mc9a Mcfl Mc96 M0O M118 McIl MZ8
Plagioclase
Olivine
Biotite
Orthopyroxenc
Oinopyroxene
Fe-Ti oxides
Gronadmass
Sanidine
Phlogopite
Zircon
Sphene
Hornblende
Monazite
Epidote

lanite
Qart:
kite

umice
ock xenoliths
esicles

14.8 8.6 42 6.8 8.8 11.0 11.4 7.4 3.0

3.2 2.6 2.0 1.8 3.6 3.2 5.4 9.4 2.6
1.7

Trace 0.4 0.4 0.6 Trace
1.4 0.4 0.8 0.6 0.8 Trace

80.6 87.6 93.4 88.9 82.6 '81.4 83.2 81.0 90.8

Trace

0.8 1.4

4.0 3.8 3.6

-4



STYLE OF VOLCANISM AND EXTENSIONAL TECTONICS

IN THE EASTERN BASIN AND RANGE PROVINCE:

NORTHERN MOHAVE COUNTY, ARIZONA

by

Tracey Elaine Cascadden

A thesis submitted in partial fulfillment
of the requirements for the degree of

Master of Science

in

Geology

Geoscience Department
University of Nevada, Las Vegas

August, 1991

i



STYLE OF VOLCANISM AND EXTENSIONAL TECTONICS

IN THE EASTERN BASIN AND RANGE PROVINCE:

NORTHERN MOHAVE COUNTY, ARIZONA

by

Tracey Elaine Cascadden

A thesis submitted in partial fulfillment
of the requirements for the degree of

Master of Science

in

Geology

Geoscience Department
University of Nevada, Las Vegas

August, 1991

i



The thesis of Tracey Elaine Cascadden for the degree of Master of Science in
Geology is approved.

Chairman,

I -. / / I.

Examining Committee Member, Ernest M. Duebendorfer, Ph.D.

Examining Committee Member, David L Weide, Ph.D.

Graduate Faculty Representative, Diane Pyper-Smith, Ph.D.

Graduate Dean, Ronald W. Smith, Ph.D.

University of Nevada, Las Vegas
June, 1991

ii



ABSTRACr

The west-dipping Cyclopic-Salt Spring Wash-Lakeside Mine fault system

marks both the easternmost 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% SiGC)

iii



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 position, 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 16.4

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.

iv
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INTRODUCITION

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

north 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., 1990a; ). Extension

was accommodated by low-angle normal faults and kinematically related strike-

slip faults during early 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 qyclopic 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 the 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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Figure 2. Regional sketch map. High-angle normal faults marked by ball on

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.
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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., 1990) 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., 1972;

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.
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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. The hanging wall of the Salt Spring fault contains six

east-tilted structural blocks comprised 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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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 5). 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, 5 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.

i

I

t

I :
.I

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 (60-71% SiO2) ash-flow tuff. The tuff in all four sections is similar in

chemistry (Tables I and 2, Figure 7) and mineralogy (Table 3). Although

absolute concentrations of rare-earth elements (REE) vary, all samples exhibit

similar chondrite-normalized REE patterns. On 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

I

I

i

I.
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Figure 6. Composite stratigraphic section of the Northern White Hills.
Qa=alluvium, Qf=alluvial fan, Qls=landslide, 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=basalt 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 otr ash-flow tffs

Salt Spring Wash Smith Hill Squaw Peak Peninsula C hackwlla
Sample No. 54 69 73 70 83 81 101 84 98 1 110 106 144 142 102
SiC2 68.82 69.12 63.89 67.1 68.1 68.23 62.02 65.09 65.32 63.91 63.93 62.6 69.36 68.57 60.21
A1203 14.79 12.56 13.48 14.39 13.74 15.21 13.86 15.81 14.85 15.99 15.7 i6.04 13.73 12.81 13.95
FOO 3.97 2.98 2.91 4.23 3.73 3.73 4.84 4.03 4.48 4.44 4.18 4.68 3.64 4.76 3.07
C8O 1.25 3.23 0.75 1.1 2.2 0.32 0.43 0 :1.16 1.79 2.25 2.7 3.49 3.51 2.05
MgO 0.93 0.45 0.52 0.08 0.73 0.56 1.75 0.59 0.89 1.12 1.29 1.67 1.28 1.36 1.9
Na2 1.75 0.27 1.38 0.8 0.8 0.59 2.54 1.97 1.97 3.66 4.06 3.95 1.94 2.79 1.89
K20 8.35 7.63 8.03 8.92 6.79 9.3 5.83 10.34 8.43 6.52 5.65 5.42 3.76 3.42 3.68
Ti02 0.51 0.38 0.38 0.49 0.45 0.49 0.56 0.51 0.59 0.63 0.58 0.69 0.41 0.47 0.18
MnO 0.14 0.12 0.14 0.15 0.15 0.14 0.15 0.13 0.14 0.14 0.14 0.15 0.14 0.14 0.14
P205 0.25 0.47 0.2 0.19 0.2 0.27 0.2 0.08 0.44 0.24 0.24 0.27 0.39 0.51 0.21
LOI 3.18 4.93 2.62 3.46 3.65 2.54 3.82 2.54 2.07 2.17 2.54 1.28 3.1 2.18 8.53
Total 103.94 102.14 94.3 100.91 100.54 101.38 96 101.09 100.34 100.61 100.56 99.45 101.24 100.52 95.81

Total iron as FeO

O.3
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Table 2: Trace and rare earth element data for ash-flow tuffs

Sa 5pri wr Skh If Squaw eak reaib CbfCkWell
54 69 73 70 83 SI 101 84 98 1 110 106 142 144 102

LA 93.1 58 90.3 99.5 84 99.6 80.1 93.1 87.3 104 93.5 99.1 49.7 52 38.9
Ca 170 93.6 168 172 144 187 161 161 153 190 174 188 83.7 86.1 71.9
Nd 53.3 41.5 65.2 63.9 56.8 64.6 67 57.8 54.5 63.9 66.4 74.1 41 45.7 35.2
Sm 8.41 5.79 10.3 9.03 7.77 8.89 7.77 7.76 7.63 9.9 8.84 9.77 5 4.77 5.09
Eu 1.63 1.26 1.1 1.39 1.14 1.51 1.77 1.66 1.79 2.12 1.96 2.22 1.19 1.05 0.515
Yb 2.65 1.8 3.43 3.13 2.8 3.1 2.16 2.51 2.37 2.58 2.4 2.4 1.62 1.9 2.29
Lu 0.28 0.23 0.47 0.39 0.37 0.35 0.291 0.26 0.3 0.304 0.32 0.32 0.23 0.29 0.36
U 4.87 7.16 5.79 4.64 4.74 1.42 4.44 5.42 4.4 3.84 3.56

h 27.1 15.3 36.7 28.4 25.6 30.1 20 23.3 17.9 23.4 22.2 20.4 10.5 11.7 21.2
Ct 20.9 13.8 19 14.1 22.3 37.9 30.6 33.3 20.6 34.1 40 16.9 16.8
Hf 10.2 10.1 9.36 9.28 10.3 9.13 8.74 9.78 10.8 10.4 11.3 5.25 6.34 4.02
Ba 924 2300 444 601 647 1390 1260 1350 1370 1130 1410 1100 1790 480
Rb 169 110 175 171 129 174 127 205 193 116 115 123 108
Sr 3970 897 1210 2330 6760
Sc 4.46 3.47 2.37 5.11 3.61 3.8 5.42 3.87 5.03 5.74 5.87 6.29 5.74 3.98 3.06
Ta 1.56 1.12 1.96 1.9 1.9 2.23 1.34 1.53 1.23 1.52 1.42 1.65 0.99 1.02 1.16
Zr 559
Co 4.29 1.74 2.16 5.23 3.02 2.7 12.1 2.59 4.99 5.54 6.57 7.11 6.32 3.75 5.66
V 32.2 39.1 19.5 33.5 34.5 36.2 53.5 40.5 49.1 70.2 55.2 63 43.3 32.5 18.3
Dy 3.82 2.93 5.71 4.4 3.61 4.46 3.74 3.25 3.53 4.03 3.82 2.33 2.88

tjj



14

20 6
A203 CaO

4-~~~~~~~~~~

10 0
50 60 70 so 50 60 70

6 4
FC 3. FeO Mg0

4 

2

0 0
50 60 70 80 50 60 70 s0

S02 SO2

Figure 7. Harker variation diagrams for ash-flow tuffs: SiO vs. major oxides.
Diamonds =Chuckwalla Ridge, squares =Peninsula, X=Smith Hill, crosses
=Squaw Peak, triangles=Salt Spring Wash. Units are weight percent.
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Table 3: Summary of mineralogy for ash-flow tufts

Sample % Uthic XPumice Sao % Pls % % Bio- % Clino- X

No. Frtgmen Frmgnts idim icclse Quati t Spee pyroxene Olivine Zircon Opaques

137 21 2 0.2 8 0.3 2
Penin- 144 0.1 2 7 6 3 tr 1 .4
SUNb 136 15 6 1 12 3 tr 0.7 0.3 1.5

142 4 7 4 9 0.4 4 1 0.7 1

54 6 10 6 4 2 0.5 0.2 0.1 .7
Salt 69 15 1 4 3 0.4 1 tr tr .3
Spring 73 4 3 9 1 0.5 0.2 .2
Wash 70 10 6 0.4 1 1 0.3 0.3 0.1 .2

83 2 6 3 1 1 1
81 7 11 1 1 0.7 0.1 tr 0.2 .8

101 11 2 9 4 0.2 0.6 0.1 tr .4
Smith 84 2 2 20 11 3 .6
Hill 150 4 10 3 9 3 tr 0.6 0.8 1

98 12 5 9 10 0.1 4 tr 2
96 13 12 7 4 tr tr .8

Squaw 1 6 24 9 9 0.2 3 tr 0.9 lr .6
Peak 111 10 12 10 1S 1 2 tr .2

106 6 4 11 8 2 0.6 .2
Chuck-
walls 102 2 4 1 1 0.3
Ridge

* Percent based on counts of 1000 points per slide using a Swift point counter. Unreported percentage is ash matrix
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(Figure 9) may be due largely to variations in the abundance of accessory

minerals such as sphene, zircon and apatite. Variation in compatible trace

element (Co, Cr and V) concentrations (Figure 10) may be due to variation in the

proportion of mafic volcanic and Precambrian lithic fragments. Alternatively,

compatible trace element variation may be due to compositional zoning in the

ash-flow tuff. Petrographic analysis (Table 3) demonstrates that although mineral

component percentages vary, the variation between exposures is no greater than

that within exposures.

Interbedded with the ash-flow tuff in the Salt Spring Wash and Squaw Peak

sections is a coarse breccia in which the dominant clast types are Precambrian

gneiss, granite, amphibolite and mylonite with minor mud-supported conglomerate

and sandstone. The breccia is also present at Pink/Black Ridge. The deposits

are similar in all four sections and are comprised mostly of crackle breccia (no

matrix) and jigsaw breccia (minor matrix) according to the scheme of Yarnold and

Lombard (1989). In the Peninsula section, coarse breccia is lacking, but mud-

supported conglomerate is present.

The tuff and breccia are an important stratigraphic marker that aided in

correlation of the stratigraphic sections. The tuff is tentatively correlated with the

Tuff of Bridge Spring, a regionally extensive ash-flow sheet. Near the base of the

section at Chuckwalla Ridge, 214 meters of sandstone and pebble conglomerate

are interbedded with layers of reworked, biotite-rich ash that are tentatively

correlated with the dacite ash-flow tuff.
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f:21
Mafic volcanic rocks in the NWH occur as flows and autoclastic and

volcaniclastic breccias in varying proportions. Samples from Pink/Black Ridge

are petrographically distinct from samples from the other sections (Table 4). The

only phenocryst phase in the Pink/Black Ridge samples is olivine. Samples from

the other five sections contain plagioclase as the dominant phenocryst phase with

subequal amounts of clinopyroxene and olivine.

Mafic volcanic rocks form two distinct groups in terms of chemistry (Tables

5, 6 and 7). Harker variation diagrams with SiO2 and magnesium number (Mg#

= Mg/Mg+Fe) versus La, Hf, Th, Sc, total REE (La + Ce + Nd + Sm + Eu +

Yb + Lu) and total alkalis (Na2 + 20) (Figure 11) demonstrate the clear

division between the basalt of Pink/Black Ridge and the basaltic andesite of

Chuckwalla Ridge, Smith Hill, Salt Spring Wash and the Peninsula. The basaltic

andesite in the Chuckwalla Ridge, Smith Hill, Salt Spring Wash and Peninsula

sections are correlated on the basis of their chemical similarity and are hereafter

named the basaltic andesite of Temple Bar (Ttb).

The chemical data for the basaltic andesite of Squaw Peak (Tsp) occupy an

intermediate position between the basalt of Pink/Black Ridge (Tpb) and Ttb.

Plots of Hf/Th versus TiO2, La/Yb, Sc, and CaO (Figure 12) and of total REE

and La/Yb versus Eu, Sm and Nd (Figure 13) demonstrate this clustering of rock

types as well. The distribution of data points for Tsp could be explained by an

intermingling of Tpb and Ttb flows in the Squaw Peak area. However, unlike

Tpb basalts, Squaw Peak basalts contain clinopyroxene as a phenocryst phase.
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Table 4: continued

PHENOCRYSTS GROUNDMASS
Sample % Plng % % Climo% Mag % Plo % Horn- % Pg % % Clino% Hom % Cyp % % Ves Txtneof
No. iocl Olivie pmxen netito gote blend iecime Olivine poxee xtito cala Glms ides roundmass

Tpb 7 2 3 1 49 8 9 IS 10 3mx, c, subtmchytic
10 0.6 5 47 20 16 7 2 3 mx, s f-c, trhytic

120 1 2 1 61 7 23 S mx,m,trachytic
15 0.4 0.4 49 23 7 5 7 11 mx. m, trachytic

124 3 1 40 7 14 1 S 25 mx, f trchyic
117 6 35 10 16 12 11 1 10 mx.c, tchytic
118 5 61 a 21 4 1 mx, f, tchyic
121 I 43 12 17 9 7 11 mx, f, trchytic
123 1 37 13 13 3 24 11 mx, f, tchytic

Tsm 55 3 32 9 2 32 21 mx, s f-c, felty
55b 4 52 15 12 3 3 11 mx, c, felty
103 1 1 3 3 49 a I 10 17 7mx, c, felty
114 13 2 2 1 a 5 2 60 6mx, f, felty

Tspm 3 24 4 43 10 8 1 1 I mx, s f-c, trchytic
21 6 39 12 5 13 12 12 12 mx, m, tchytic

108 12 44 15 13 16 mx, f, tnchytic
126 5 2 45 16 2 11 8 11 11 mx, m, subtrachytic
127 2 5 S0 12 10 5 13 3 3 mx, m subtachytic
128 13 9 31 3 8 1 19 10 10 mx, f, felty

Tspu 112 23 0.6 12 6 8 28 15 15 mx, f, felty
113 24 1 28 2 8 4 22 mx, f, felty
20 1 9 31 9 3 8 34 mx, f, felty
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Table 5: Major element data for maflc volcanic rocks

TOM Ttbm
139 138 90 85 51 50 148 65 131 132 134

SiO2 53.48 60.45 54.56 48.98 54.15 54.26 52.43 56.97 55.7R 51.61 55.93
AM20
FeO
co
MgO
Na20
K20
TiO2
MnO
P205

LOI

Total

16 15.94
7.31 5.81
6.53 4.83
3.09 2.07
3.46 3.15

2.7 3.94
1.17 1
0.16 0.15
1.04 0.77
0.65 1.61

100.63 100.49

16.42 14.26 16.12 14.37 16.377 15.28 14.71 14.97 15.39
8.04 10.87 7.13 7.57 3.351 8.16 7.1 3.23 6.2

6.5 8.87 7.48 9.62 7.217 6.99 6.72 9.4 8.74
1.69 9.44 2.82 3.47 3.133 4.23 4.94 4.72 2.83
3.66 3.1R 3.6 3.28 3.185 3.2 3.38 2.86 3.3
4.26 1.38 3.79 3.63 3.528 3.56 3.72 2.86 3.14
1.22 1.6 1.2 1.07 1.234 1.16 1.09 1.29 1.05
0.14 0.166 0.139 0.161 0.159 0.153 0.159 0.159 0.157
0.66 0.53 0.6 1.42 0.988 0.63 0.63 1.41 0.65
1.95 2.14 2.96 2.76 2.23 1.79 2.03 2.3 2.98
99.1 101.42 99.99 101.6 98.93 102.12 100.26 99.86 100.37

SiO2
A1203

POco
MtO
Ns20
K20
T102
MnO
P205
WOI
Total

Tdn
135 149

59.56 58.041
14.98 15.641
6.83 7.655
6.79 6.229
2.72 3.559
3.44 3.134
4.13 3.421
0.99 1.141

0.147 0.154

49 140 133 130 86 141
53.68 58.277 54.35 55.39 60.39 49.073
14.45 15.796 15.19 15.71 16.34 15.84
6.52 6.549 6.81 6.16 6.24 10.332

10.03 5.439 7.61 3.27 4.37 11.325
4.38 2.139 3.85 2.73 1.76 4.631
3.02 3.613 3.24 3.44 5.37 2.702
3.37 3.329 3.49 3.78 4.23 1.237
1.03 0.956 1.03 1.04 0.87 1.393

0.159 0.146 0.158 0.147 0.149 0.161

77 8s 100
54.61 52.53 53.39
15.97 14.93 16.63
8.49 6.45 7.26
7.66 10.27 5.63
3.91 2.9 2.7
3.35 3.3 3.43
3.37 3.37 3.83

1.2 0.99 1.01
0.158 0.161 0.148

0.56 1.02 0.63 0.924 1.24 0.56 0.45 0.922 0.62 0.64 1.2
1.48 0.56 2.88 1.26 2.65 2.15 1.39 3.31 1.23 4.11 3435

101.63 100.56 100.15 98.43 99.62 99.38 101.56 101.42 100.57 99.65 98.57
-

* Tota iron as FeO tIJ
.D.



Table 5: continued

Tpb TOn
7 10 120 15 117 118 121 123 55 103 114

SiO2 46.74 47.33 50.99 51.53 51.96 49.69 49.66 49.76 48.6 47.82 50.21
A1203 15.6 14.97 15.8 16.05 15.44 14.08 15.64 15.82 15.22 15.27 15.52
FeO 10.06 12.32 11.23 10.54 10.13 11.56 10.44 10.86 12.21 11.48 11.53
C.O 13.98 10.24 9.57 9.95 9.1 9.85 10.62 10.41 12.55 9.41 9.58
MgO 3.39 7.02 5.66 5.48 6.74 6.95 5 5.5 4.87 3.28 6.52
N.20 3.07 2.87 3.36 3.27 3.14 3.43 3.32 3.37 3.21 2.61 3.24
K20 1.75 1.2 1.71 1.56 1.66 1.3 1.86 1.91 1.15 1.2 1.39
TV02 1.38 1.51 1.64 1.47 1.46 1.38 1.51 1.56 1.31 1.27 1.46
MnO 0.166 0.166 0.166 0.162 0.161 0.164 0.166 0.165 0.164 0.127 0.166
P205 0.96 0.38 0.53 0.52 0.54 0.42 0.56 0.66 0.38 0.26 0.36
1.1 2.05 1.76 1.03 0.96 1.31 1.78 0.94 1.42 1.78 4.43 1.12
Total 99.15 99.77 101.69 101.49 101.64 10.6 99.72 101.44 101.44 99.16 101.1

T"pn TOp
3 21 108 126 127 128 112 113 20

SIO? 53.86 49.44 48.84 49.33 48.67 52.95 54.78 54.52 51.77
M203 15.05 15.04 15.35 15.34 15.04 14.92 16.19 16.47 15.69
FcO^ 8.17 9.68 10.76 9.61 10.44 7.79 6.69 6.96 9.1
C2O 6.8 8.49 7.91 9.19 8.85 7.59 6.35 6.45 6.99
MgO 4.76 7.31 6.42 5.45 5.56 7.1 3.04 2.44 7.36
N20 3.08 3.3 3.16 3.55 3.42 2.6 3.41 3.34 3.93
KXO 3.91 1.73 2.06 2.04 1.89 3.1 3.9 4.03 2.14
TV02 1.2 1.9 1.84 1.73 2.14 1.19 1.04 1.04 1.1
MnO 0.165 0.166 0.159 0.164 0.165 0.166 0.15 0.148 0.163
P205 0.56 0.48 0.59 0.63 0.6 0.61 1.11 1.16 0.6
Lt 2.48 2.63 4.09 2.84 3.02 2.79 2.07 2.31 1.88
Total 100.04 100.17 101.18 99.87 99.79 100.81 98.73 98.88 100.72

* Ttalliron s FeD tn
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Table 6: Trace and rare earth element data for maric volcanic roccs 2

Ttbl Ttbm
139 138 90 85 51 50 148 65 131 132 134

La 71 72.7 89 41.2 82.5 79.9 66.8 73.6 73.4 75.6 73.8

c 125 128 169 12.7 162 158 131 150 131 144 142

Nd 68.8 52.4 84.5 54.6 77.1 69 70.5 61.4 71 83.2 73.7

Sm 8.47 8.21 12.7 7.35 12.1 11.6 9.81 10.3 10.4 11.5 10.5

Ea 2 1.89 2.81 2.12 2.76 2.8 2.37 2.62 2.36 2.59 2.46

Yb 1.99 2.1 2.44 2.16 1.88 2.46 2.62 2.05 2.28 2.46 2.33

La 0.33 0.31 0.38 0.33 0.31 0.3 0.32 0.26 0.33 0.33 0.35

U 3.16 3.24 5.2 0.654 6.27 3.76 6.3 2.81 3.38 3.75 4.58

Iin 10.3 15.2 19.1 4.11 17.7 15.1 16 IS.3 IS.5 14.1 14.8

Cr 45.3 43 133 501 184 176 123 188 164 248 ISS

Ff 6.55 8.05 8.65 5 7.96 7.4 7.31 6.94 6.76 6.59 7.17

Ba 1260 1360 1480 555 1310 1340 1210 1200 1320 1120 1170

Rb 47.4 85.1 96.9 69.3 49.8 79.4 8S.1 94.9 54.4 63.5

Sr 943 906 1280 970 1340 1620 1340 1300 1060 1240 1610

Sc 14.2 10.8 15.3 20.4 17.5 15.7 18.9 17 14.9 20.4 17.1

Ta 1.94 1.47 1.2 0.82 1.28 0.91 0.99 1.24 1.14 1.33 1.17

co 17.2 12.9 20.8 40.7 15.9 19.2 25.7 22.7 19.8 24.8 17

V 138 103 170 152 138 162 147 147 169 157

Dy 3.97 2.96 5.63 4.51 4.1 5.23 5.12 4.39 4.86 4.67

TOm Ttbu
13S 149 49 140 133 130 86 141 77 88 100

La 71.3 73.2 76.3 62.2 71.4 76.7 92.6 33.2 71.3 69.7 82.7

c 139 142 148 119 135 147 173 61.S 122 132 143

Nd 64.8 64.9 64.2 49.5 68.9 76.3 8S.1 33.2 64.4 55.8 73

Sm 8.83 9.81 11.6 6.86 9.72 10.7 11 6.23 10.2 10.2 9.93

Eu 2.15 2.21 2.8 1.77 2.35 2.38 2.64 1.84 2.2 2.36 2.21

Yb 1.9 2.79 1.99 I.55 2.33 2.61 2.62 2.61 2.12 2.09 2.36

Lu 0.28 0.41 0.38 0.25 0.35 0.38 0.45 0.42 0.36 0.26 0.35

U 3.78 4.91 4.05 1.56 3.54 6.28 4.66 1.68 4.76 3.18 2.92

In 13.2 20.7 15.2 9.56 15.3 17 15.7 3.75 12.9 13.9 13.3

Cr 95.7 91.7 240 41.2 163 225 31.8 236 147 155 70.1

Hf 7.25 7.72 6.69 6.51 7.04 7.'56 9.18 4.41 6.15 7.06 7.55

EbA 2040 1100 1360 1270 1230 1240 1510 593 1130 1420 1480

Rb 84.2 79.6 62.5 70.4 73.7 89.4 100 74 68.3 52.9

Sr 1580 85 1300 1290 1170 1280 987 860 876 1390 1300

Sc 13.3 15.7 18.2 12 14.6 16.5 7.66 28.9 16.7 15.6 12.1

Ts 1.36 1.37 1.07 1.26 1.21 1.08 1.33 0.73 0.85 1.03 1.13

co 13.4 21.2 19.2 16.5 20.7 14.1 12.3 3.51 19.8 15.6 14.5

V 158 136 127 111 141 152 91.4 196 160 131 112

Dy 3.88 4.58 4.43 4.42 4.61 4.81 4.43 4.29 4.49 4.79
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Table 6: continued

Tpb

U

cc

Nd
Sm
Eu

"Yb
Lu
U
Th
Cr
Hf
Ba
Rb
Sr
Sc
Ta
Co
V

7 10 120
27.8 23 39.6
53.1 43.4 77.7

29 28.5
S.05 4.43 6.19
1.65 1.46 2.03
2.24 2.14 2.28
0.31 0.28 0.33
2.91
2.84 2.53 3.9
150 201 166

3.84 3.58 5.5
536 426 650
39.7

854
25.2 25.4 27.4

0.69 1
27 37.1 31.8

181 186 198
4.14 3.4 3.5

IS 117
35.6 35.6
67.5 67.8
33.3 3S.6
5.75 5.67
1.93 1.82
2.23 2.24
0.31 0.25

3.63 3.t8
191 208

4.36 4.23
798 572

1370 1140
25 .24.5

0.71 1.24
29.8 29.5
171 191

4.13 3.77

Tsm
118 121 123 55 103 114

24.8 47.5 49.3 15.1 12.8 20.5
48 91.4 95.1 31.4 27.4 43.6

50.8 46.1 19.1
4.85 6.81 7.07 3.36 3.46 4.06
1.72 1.92 2.22 1.28 1.19 1.39
2.12 2.34 2.16 1.55 1.86 2.16
0.29 0.25 0.29 0.23 0.36 0.26
2.67 2.38

4.07 4.37 2.86 3.15
301 118 138 306 310 247

4.29 5.01 4.91 2.33 2.8S 3.47
473 893 1040 344 245 391

1090 1440 2510
27.4 25.3 25 21 24.8 22.6

1.1 0.87 0.99 0.85 0.59 0.653
40.3 27.6 30.2 40.4 45.7 37.8
195 187 200 162 176 170

3.36 4.56 3.48 3.01 3.57 4.33

La
Cc
Nd
Sm
Eu
Yb
Lu
U
Th
Cr
Hf
BA
Rb
Sr
Sc
Ta
Co
V
Dy

Tspm
3 21 108

76.8 34.6 51
153 63.3 90.9

74.1 37.5 57.2
11.1 6.05 7.65
2.6 1.72 2.09

2.57 2.29 2.58
0.38 0.3S 0.44
4.29 1.26 1.53
17.7 4.18 6.03
252 227 264

8.49 4.73 5.6
1000 430 848
83.7
987 9.46
16.7 20.7 20.7
1.09 1.28 1.44
22.7 33.5 37.3

113 204 176
5.09 4.14 4.85

126 127
43.8

3
S0.9
7.17
2.17

2.52 2.42
0.42 0.41
1.27 1
5.9 5.2
202 217
6.27 6.41
517 525

856
19.5 20.9
1.35 1.75
30.3 33.2
171 188
5.25 4.64

Tspu
128 112 113 20

78.3 78.5 76.2 59.4
152 149 153 110
78.4 70.1 70.7 46.8
11.5 10.3 10 6.67
2.53 2.26 2.43 1.92
2.28 2.11 2.42 1.88
0.37 0.33 0.36 0.3
3.38 3.87 4.32 1.8
15.7 18.3 18.7 7.58
293 81.8 88.4 271

8.24 7.52 7.86 5.14
0 1360 2430 950

70.2 82 105
928 1290 1670 848
17.6 11.2 11.9 15.3
1.19 1.11 1.38 1.58
27.7 16 15.7 29.7
162 129 138 132

4.38 4.6 4.76 3.9
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Table 7. Maimum, minimum and average major element
concentrations for mafic volcanic rocks

SiO2
A1203
FcO*
CaO
MgO
Na20
K20
TiO2
MnO
P205
LOI

Chuckwalla Ridge (7)
High Low Average
59.56 51.61 55.81
15.71 14.71 15.23
8.26 6.1 7.01
9.4 6.23 7.68

4.94 2.72 3.62
3.44 2.86 3.25
4.13 2.86 3.51
1.29 0.99 1.09
0.16 0.15 0.15
1.41 0.56 0.722
2.98 0.56 2.02

Smith Hill (8)
High Low Average
60.39 48.98 53.99
16.63 14.26 15.44
10.87 6.24 7.51
10.27 4.37 7.85
9.44 1.69 4.26
3.02 5.37 3.61
4.26 1.38 3.48

1.6 0.87 1.12
0.17 0.14 0.15
1.42 0.45 0.77
4.11 1.39 2.69

Peninsula (4)
High Low Average
60.45 49.07 56.57

16 15.8 15.89
10.33 6.55 8.35
11.82 4.84 7.16
4.63 2.07 2.98
3.61 2.7 3.23
3.95 1.24 2.8
1.38 0.96 1.13
0.16 0.15 0.16
1.05 0.773 0.916
3.31 0.65 1.7

SiO2
A1203
FeO*
CaO
MgO
Nt2O
K20
TiO2
MnO
P205
LOI

Salt Spring Wash (3)
High Low Average
56.97 52.43 54.67
16.38 15.28 15.88
8.49 8.16 8.33
7.66 6.99 .7.29
4.23 3.18 3.77
3.35 3.18 3.24
3.56 3.37 3.49
1.28 1.16 1.21
0.16 0.15 0.16

0.988 0.62 0.798
2.23 1.23 1.75

Pinkllack Ridge (11)
Phgh Low Average
51.96 46.74 49.71
16.05 14.08 15.42
10.06 12.32 10.89
13.98 9.1 10.46
7.02 3.39 5.72
3.43 2.87 3.23
1.91 1.2 1.62
1.64 1.38 1.49
0.16 0.17 0.16
0.96 0.38 0.567
2.05 0.94 1.41

Squaw Peak (9)

High Low Average
S4.78 48.67 51.57
16.47 14.92 15.45
10.76 6.69 8.8
9.19 6.35 7.62
7.36 2.44 5.49
3.93 2.6 3.31
4.03 1.73 2.66
2.14 1.04 1.45
0.17 0.15 0.14
1.16 0.48 0.644
2.07 4.09 2.67

-

(#) denotes number of samples averaged
* Total iron as FeO
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Therefore, the clinopyroxene-bearing basalts represent a third type of magma.

Because the basaltic andesite samples from Squaw Peak cluster with Ttb basaltic

andesite in all diagrams, the source for these flows may be the same as that for

Ttb. However, because Tsp basalts are not distinguishable from Tsp basaltic

andesites in band sample, and because of the interlayered nature of the

basalt/basaltic andesite flows, all of the mafic volcanic rocks in the Squaw Peak

section are mapped as Tsp, regardless of chemical composition.

Chondrite-normalized REE data (Figure 14) allow identification of a

fourth type of mafic volcanic rock. Samples 114, 55 and 103 plot with lower

overall REE than all other NWH mafic volcanic rocks and have chondrite-

normalized REE patterns similar to subalkalic basaltic andesite of Callville Mesa I
and basalt of Fortification Hill (Smith et al., 1990). The three locations are ;
widely scattered (Figure 3) but chemical similarity prompts correlation as a single

rock type; here named the basalt of Senator Mountain (Tsm).

On the basis of stratigraphic position, Ttb, Tpb and Tsp appear to be

contemporaneous. The lowermost portions of all sections except Pink/Black

Ridge contain basaltic andesite (Ttbl and Tspl) overlain by ash-flow tuff plus or

minus coarse breccia or a correlative sedimentary unit. The upper part of the

stratigraphic sections at Squaw Peak, Salt Spring Wash and the Peninsula consists

of either Tsp or Ttb basaltic andesite overlain by sandstone, siltstone and

conglomerate that is in turn overlain by basaltic andesite. Similar deposits are

interbedded with basaltic andesite in the upper part of the Smith Hill section as
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well. Clasts are dominantly Precambrian crystalline rock (70%), but mafic

volcanic clasts are also common (30o).

The basalt of Senator Mountain crops out as: (1) a dike (sample 103) that

intrudes the base of the section on the west side of Chuckwalla Ridge. (2)

Discontinuous outcrops of basalt flows north of Pink/Black Ridge (sample 55)

that are interbedded with poorly consolidated sandy gravels that dip 5-1( north-

northeast. (3) Flows on Senator Mountain, situated 1.5 km south of the study

area (sample 114). These flows overlie poorly consolidated gravels that appear to

be continuous with gravels that unconformably overlie Tpb and Thr at Pink/Black

Ridge. Tsm is therefore younger than the tilted mid-Tertiary section in the NWH

(Figure 6).

Composite section

A composite section (Figure 6) was constructed by using the maximum

thickness of each stratigraphic unit.

The dacite (60-71% SiO2) ash-flow tuff (Tt) is present near the base of the

sections at Squaw Peak, Salt Spring Wash, Smith Hill, and Peninsula. It is

thickest (179 m) in the Peninsula section, where it contains 2 cooling units.

Although no ash-flow tuff is present at Pink/Black Ridge, the presence of Tt at

depth is inferred by the relatively constant thickness of the tuff to the southwest

(122 m at Squaw Peak), north (150 m at Smith Hill) and northeast (94 m at Salt

Spring Wash). At Salt Spring Wash, the tuff records a growth fault sequence

(Switzer, personal communication). A sample of the tuff from Smith Hill (sample

I

id

I
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84) was dated at 16.4 + 0.5 Ma (Table 8). The significance of this date will be

discussed in a later section on regional correlation.

The tuff is poorly to moderately welded and contains phenocrysts of

sanidine (0-20%o), plagioclase (1-15%), biotite (0.24%o), clinopyroxene (0-2%) and

quartz (0-1o). Sphene (0-0.5o) and zircon (0-0.8%) are present as accessory

minerals. Apatite occurs as inclusions in biotite and feldspar phenocrysts in many

samples. Pumice fragments contain phenocrysts of biotite as well as sanidine and

plagioclase in subequal proportions. Lithic fragments are of four types; dacite

with plagioclase and biotite phenocrysts, basalt with plagioclase, olivine and

clinopyroxene phenocrysts, two-mica granitoids and biotite schist. Devitrification

is slight in most samples, but is most pronounced in samples from Salt Spring

Wash, where samples have also suffered severe calcification.

Five clasts from the coarse monolithologic breccia (Tbr) interbedded with

Tt were analyzed petrographically (Table 9). The crackle and jigsaw breccias that

underlie and overlie Tt were produced by landslides. Minor mud-supported

conglomerate and sandstone beds, found locally at the base and/or top of the

unit, are interpreted as debris flow and stream channel deposits. The breccias are

thickest (513 m) at Salt Spring Wash where matrix-rich zones are present near the

base of the exposure. In addition, clastic dikes are exposed in small outcrops at

Pink/Black Ridge. The breccias are of considerable interest in determining the

unroofing history of the Salt Spring fault and is the subject of a study by Switzer

(work in progress). Thr remains thick (343 m) up to 5 kilometers to the west of
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Table 8: New blotite K-Ar date on ash-flow tufft White Hills

Sample K % Are (ppm) Ar'iTotl Ar' K (ppm) Date & error

84 7.161 0.008186 0.036004 8.542 16.4 +1- 0.5 Ma

* denotes radiogenic
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Table 9: Summary of mineralogy for coarse brcia clasts*

PROGRADE AND RELICT MINERALS
Sample Plagio- Micro- Muco-
Number Quartz clase cline Biotite vita Opaque Spbene Zircon Apatite
64 25 10 35 IS 2 2 Cl Cl

66 43 9 33
74 28 30 10 5 <1
lOSa 30 10 20
lOSb 30 20 20 1 3 <1

Sample RETROGRADE AND INTRODUCED MNERALS
Number Calcite Chlorite Epidoto Hematite Sericite
64 2 3 5
66 5 10
74 2 5 20
lose 40
lOSb 3 23

percentages are estimated

00
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the detachment at Pink/Black Ridge, but thins rapidly to the west at Squaw Peak

(63 m) and to the north on the Peninsula (0-42 m). Longwell (1936) described

similar deposits in the Virgin Basin (now flooded by Lake Mead).Tbrl is poorly

resistant to weathering and thus produces talus that covers much of the contact

between TbrI and Tspl/Ttbl. On the basis of a few outcorps where the contact is

exposed, Tbrl appears to rest conformably on Ttbl and Tspl without angular

discordance.

The amount of time represented by the deposition of the tuff and breccia

may be brief, as both types of deposits can acquire considerable thickness in a

short period of time. However, the correlative (?) braided stream deposits at the

base of the Chuckwalla Ridge section probably represent a longer period of time.

The Temple Bar basaltic andesite (Ttb) (49-60% SiO2) is characterized by

low CaO, MgO, FeO, Mg#, Sc, Ti, Cr and Hf/Th and high Eu, Hf, Th, La/Yb

and total REE relative to the other mafic volcanics of the NWH (Figures 11-14,

Tables 5 and 6). Division of the lower, middle and upper portions of the Temple

Bar volcanics was made on the basis of stratigraphic position, and there is no

systematic vertical variation in petrography or chemistry.

The lower part of the Ttb section (Ttbl) is thickest (515 m) in the

Peninsula. The base of the section is buried, and at Chuckwalla Ridge and Smith

Hill, only the uppermost 74 and 180 m of Ttbl are exposed, respectively. The

middle part of the Ttb section (Ttbm) is thickest (up to 1000 m) in the

Chuckwalla Ridge and Smith Hill sections, where it is crystal-rich, and thins
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dramatically to the east and north in the Peninsula and Salt Spring Wash sections,

where it is crystal-poor. Eruption of two chemically indistinguishable basaltic

andesites (Ttbm and Ttbu) was interrupted by deposition of fanglomerate (Ts) in

the Peninsula, Salt Spring Wash and Smith Hill sections. Dikes chemically similar

to Ttbm and Ttbu intrude the Ttbm flows at Smith Hill and at Chuckwalla Ridge.

The upper part of the Ttb section (Ttbu) is 171 m thick and lies above

fanglomerate (Ts) at Salt Spring Wash and in the Peninsula. At Salt Spring

Wash, fanglomerates similar to Ts are interbedded with Ttbu flows. At

Chuckwalla Ridge Ts is absent and the contact between Ttbm and Ttbu is

obscure.

Ttb consists of flows and breccias of basaltic andesite with similar

mineralogy. Within and between sections, minor changes in mineralogy are not

systematic. Basaltic andesite contains phenocrysts of plagioclase (0-34%5), olivine

(0-6%), clnopyroxene (0-14%) and magnetite (0-6%5). Plagioclase phenocrysts

are rectangular and up to 4 mm long. They are embayed, fritted and sieved.

Most are subhedral and many have non-pitted overgrowths. Olivine phenocrysts

are embayed, subhedral to anhedral and altered to iddingsite along margins and

fractures. Most are less than 0.5 mm, but may ieach 1 mm in size.

Clinopyroxene phenocrysts are subhedral to anhedral, pitted and embayed, and

commonly have magnetite inclusions. Many have euhedral unpitted and unaltered

clinopyroxene overgrowing highly altered cores. Five samples (65, 77, 130, 138

and 140) contain two populations of clinopyroxene; a small (<0.5 mm) anhedral
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variety that is highly altered and overgrown by unaltered subhedral clinopyroxene,

and a second unaltered, subhedral to euhedral variety that is up to 2 mn in size.

Sample 138 contains small altered needles of phlogopite (?) (0.2%) as well. Small

plagioclase laths and clinopyroxene phenocrysts coexist in glomerocrysts that reach

3 mm in size. Sample 131 contains 4% basaltic xenoliths containing olivine +

plagioclase microcrystals in a glassy, hematitic groundmass. Sample 86 also

contains 4% phenocrysts of subhedral hematitic hornblende (xenocrysts?) up to 2

mm in size. The groundmass of Ttb ranges from cryptocrystalline with seriate fine

to coarse-grained felty euhedral laths of plagioclase (3-31o), subhedral olivine

altered to iddingsite (0-6o), subhedral clinopyroxene (2-7%) and hematite (0-

10O), to microcrystalline with 13-59% seriate fine to coarse-grained felty to

pilotaxitic euhedral laths of plagioclase with intergranular olivine altered to

iddingsite (1-9o), clinopyroxene (4-17o), hematite (1-10o) and cryptocrystalline

material (0-39%).

Squaw Peak basaltic andesite (Tsp) (48-54% SiO2) exhibits chemical

characteristics intermediate between the Temple Bar volcanics and Pink/Black

Ridge volcanics. Incompatible element variation is wide over a narrow range of

Si2 and Mg#, while variation in compatible elements is low. Tsp also contains

higher K2 0, Mg#, Tip1 and Yb than either Ttb or Tpb. Tsp occupies a

stratigraphic position similar to that of Ttb.

Tsp contains phenocrysts of olivine (1-12o), +1- plagioclase (0-27%), +/-

clinopyroxene (0-9%). Variation in phenocryst mineralogy is not systematic.
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Plagioclase phenocrysts are sieved, embayed and fritted. Clinopyroxene

phenocrysts are embayed. Olivine phenocrysts are altered to iddingsite on

margins and along fractures. The groundmass contains 12-46% fine to medium-

grained felty to trachytic plagioclase laths with intergranular olivine (3-15%),

clinopyroxene (0-8o), hematite (1-13%) and cryptocrystalline material (0-34%).

Pink/Black Ridge basalt (Tpb) (46-52% SiO2) is distinguished from other

mafic volcanic rocks of the NWH by low K 20, Eu, Hf, Th, La/Yb, and total REE

and high MgO, FeO, CaO, Sc, Cr and Hf/Th. Tpb overlies thick deposits of

coarse breccia at Pink/Black Ridge. Tpb contains phenocysts of olivine (1-6%),

+/- plagioclase (0-3%), +/- hematite (0-3%). Olivine is euhedral to subhedral,

embayed and altered to iddingsite on margins. Glomerociysts up to 2 mm in size

of small plagioclase crystals are common, but only one sample (124) contains

large (1-4 mm) phenocrysts of pitted, sieved plagioclase. The groundmass of Tpb

is comprised of fine to coarse-grained trachytic laths of plagioclase (35-61%) with

intergranular olivine altered to iddingsite (7-23%), clinopyroxene (7-23%),

magnetite (1-15o) and cryptocrystalline material (2-24o). Sample 120 also has

1% phlogopite (?) in the groundmass. Sample 117 lacks olivine phenocrysts,

contains large plagioclase phenocrysts and has a plagioclase-rich groundmass.

Near the top of many sections, separating Ttbm and Tspm from Ttbu and

Tspu, is sandstone, siltstone and conglomerate (Ts) interpreted as alluvial fan and

stream channel deposits. Fanglomerate clasts are dominantly Proterozoic

basement (70%) at Salt Spring Wash and Squaw Peak where deposits are thickest.
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Mafic volcanic clasts (30%) were probably derived locally. The ratio of basement

to volcanic clasts decreases to (40:60) in the thin Ts deposits in the Peninsula and

very thin interbeds of fanglomerate in the upper part of the Smith Hill section.

The dikes and thin flows of the basalt of Senator Mountain contain

phenocrysts up to 2 mm in size of euhedral embayed plagioclase (1-13%) and

small (<0.5 mm) subhedral phenocrysts of olivine altered to iddingsite (14%).

The dikes at Chuckwalla Ridge (sample 103) also contain phenocrysts of

clinopyroxene up to 1 mm (3%o). The samples have a felty plagioclase-rich

groundmass.

Mid-Tertiaxy Eruptive/Depositional History

The lack of chemical or petrographic variation between the basaltic

andesite at Chuckwalla Ridge, Smith Hill, the Peninsula and Salt Spring Wash

suggests that Ttb represents the construction of a single composite volcano.

Eruption of Ttb flows was interupted twice, first by the deposition of Tt and Tbr

(possibly a short break) and second by the deposition of Ts (a longer break). Tpb

and Tsp occupy a similar position to Ttb with respect to Tt and Tbr. This implies

that two additional volcanoes formed penecontemporaneously. Ttb, Tpb and Tsp

thus represent eruptions from three chemically different but coeval volcanic

centers in the NWH.

Vent facies for the volcanoes were not identified during this study, so

eruptive style and volcano type cannot be determined. However, it is possible to

model the geometry of the three volcanic edifices on the basis of stratigraphic
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thickness of the volcanic units and distribution of the sedimentary deposits. The

sedimentary units and ash-flow tuff place constraints on (1) paleotopography at

the time of the eruption of mafic volcanics, (2) the height and slope angle of

mafic volcanic edifices, and (3) location of sources of Proterozoic clasts in Tbr

and Ts. Figure 15 illustrates a model for the interplay of the mid-Tertiary

volcanic and sedimentary rocks of the NWH and is discussed below.

Stage 1- Eruption of Ttbl and Tspl

Ttbl is thickest at Smith Hill (610 m) and in the Peninsula (515 n). Tbe

total thickness of Tspl and of Ttbl at Salt Spring Wash is unknown, because the

basal parts of the sections are buried. The nearly continuous sheet of Tbrl and

correlative units that overlies Tspl and Ttbl suggests that Tspl and Ttbl either (1)

represent flows on the flanks of low, broad shield volcanoes or (2) were erupted

from fissures (Figure 15a). The conformable contact between Tbrl and Ttbl/Tspl

indicates that Ttbl and Tspl were not faulted or tilted at the time of Tbrl

deposition.

Stage 2- Deposition of Tri

Tbrl (dominantly landslide deposits) is thickest at Salt Spring Wash (438

m), moderately thick at Squaw Peak (63 m) and occurs only as debris flow

deposits in the Peninsula (42 m). Braided stream deposits at Chuckwalla Ridge

are correlated with Ibrl, Tt (Stage 3) and Thru (Stage 4). Landslide

megabreccias were shed off of a topographic high of Proterozoic basement



C

a So t nof Ttd bmts 2 Dp"dA at Tbe *^i*
ridWm om fis ye*$ befbd tadem Aed oIm.Uk

a SbW 3 d I p a hin of ii
MIlm oille d

£ Stag. Ac 00onf Thu do4w
bad S -I -W

ASt_ & fn of Tefby /T pv1pnn
Sty_ of wIi% wf wel e I

. Stop & Dope~ GI o
Tdaimo 

Figure 15. Models for the eruptive/depositional history of the northern White Hills.

I .11-a RSECE'EEN



46

situated to the south and/or east of the study area. Trl landslides were

deposited at Squaw Peak and Salt Spring Wash and thin debris flows were

deposited as far north as the Peninsula. Deposits were reworked in braided

streams in the Chuckwalla Ridge area.

Stage 3- Deposition of Tt

Ash flows commonly follow topography and pond as thick deposits in

topographic lows. The thick Tt deposits in the Peninsula and at Smith Hill

indicate that these areas remained low during the deposition of Tt. Thinner

deposits at Squaw Peak and Salt Spring Wash reflect an increase in elevation to

the south toward the Proterozoic high (Figure 15c). An unresolved problem with

this model is the lack of thick ash-flow tuff at Chuckwalla Ridge, which, according

to the model, should have been a topographic low. The reworked tuff in the

braided stream deposits suggest that these strata are time-equivalent to Tt. It is

questionable whether Tt could have been deposited then eroded away. Tt may

have been deflected away from the Chuckwalla Ridge area by topographic

irregularities. Growth faulting in the Salt Spring Wash block began during this

stage.

Stage 4- Deposition of Tbru

Tbru is thickest at Salt Spring Wash and Pink/Black Ridge, and is thin at

Squaw Peak These deposits reflect a second period of landsliding from a

Proterozoic high situated to the east-southeast of the study area (Figure 15d).
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Stage 5-Eruption of Ttbm/Tspm/Tpb

Mafic volcanism followed the deposition of the breccia. Interruption of

mafic volcanism by the deposition of fanglomerate in the upper part of the section

supports the contention that the volcanoes that erupted Ttbm and Tspm were not

substantial topographic barriers. Ttbm may have erupted from numerous fissures

forming a broad, flat lava field. Some basaltic andesite lavas from the Ttb

volcano may have flowed into the Squaw Peak area and mingled with Tsp basalt

flows. The configuration of volcanoes during this stage is best determined by the

distribution of overlying Stage 6 sediments. The growth faulting in the Salt Spring

Wash block continued during this stage. The fanning of dip in Ttbm west of Salt

Spring Wash records approximately 10 of tilting, probably along the Salt Spring

Fault.

Stage 6- Deposition of Ts

The lack of Ts at Chuckwalla Ridge may indicate that the Ttb volcano had

built up to form a broad shield with a high at Chuckwalla Ridge. The absence of

Ts at Pink/Black Ridge suggests that Pink/Black Ridge was high during Ts

deposition. The volcano must have been high enough to deflect the

fanglomerates but the restricted distribution of Tpb flows in the center of the

study area suggests that the diameter of the volcano was not large (Figure 15f).

Thick deposits of Ts near the top of the Squaw Peak section suggest (1) that the

Tsp volcanic edifice had low relief, therefore suggesting a shield and (2) the

Proterozoic source was nearby. Decreasing abundance of Proterozoic clasts and
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decreasing overall thickness of Ts to the north and west indicates a source to the

southeast for the Proterozoic material. The western boundary of the Proterozoic

high coincides with the Salt Spring fault. Uplift along the fault provides a source

of clastic material for Ts. In the Salt Spring Wash section, fanning of dip in Ts

records approximately 10 of tilting during Stage 6.

Eruption of mafic volcanic lavas continued after deposition of Stage 6

sediments (Ts). In the Salt Spring Wash section, a second fanglomerate is

interbedded with Ttbu, suggesting continued uplift along the Salt Spring fault. In

the Salt Spring Wash section, Ttbu records approximately 5' of tilting after Stage

6.

Tilting and erosion of the volcanic sections was followed by deposition of

younger poorly consolidated gravel deposits (Trs, Tmcl on Plates 1 and 2) grading

upward into siltstone and limestone (Tmcu). Basaltic (Tsm) volcanism,

represented by dikes and flows accompanied deposition of Trs.

ROCKS OF THE FOOT WALL

The lower plate of the Salt Spring fault is composed of Precambrian

basement rock of varying lithologies. Although meta-igneous rocks are dominant

at Salt Spring and Senator Tank (Figure 3), where samples were collected, most

of Golden Rule Peak and southern portion of Graham Ridge is composed of

pelite (garnet schist and gneiss) with minor psammite and granitoid intrusions.

Eighteen samples of lower plate Precambrian crystalline basement rock

were collected in Salt Spring Wash and at Senator Tank and were analyzed
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petrographically (Appendix D and Table 10). Precambrian crystalline rocks from

Senator Tank and Salt Spring Wash have undergone prograde metamorphism as

high as lower granulite facies, and retrograde metamorphism as high as upper

greenschist facies. Retrograde minerals replace prograde minerals

pseudomorphically.

Samples collected from the Precambrian basement rocks belong to 3 major

rock types: amphibolite, felsic gneiss, and garnet-biotite and biotite gneiss.

Arnphibolites contain the prograde mineral assemblage hornblende +

clinopyroxene + plagioclase +/- apatite +- quartz +/- orthopyroxene.

Retrograde metamorphism resulted in partial replacement of hornblende by

actinolite and chlorite, and nearly complete replacement of clinopyroxene by

chlorite and epidote and of plagioclase by sericite and zoisite. Foliation in

amphibolite is defined by parallel alignment of hornblende and pyroxene and by

compositional banding of hornblende and pyroxene-rich layers alternating with

plagioclase-rich layers. Many of the samples, especially those collected at Salt

Spring Wash are cut by late stage fractures filled with calcite +/- actinolite.

Amphibolites are associated in the field with quartzofeldspathic veins. A mafic

igneous protolith may be inferred for these rock.

Felsic gneiss samples contain the prograde assemblage quartz +

plagioclase +/- microcline +/- biotite +/- muscovite. These are felsic gneisses

and schists which contain minor amounts of sphene, opaques, zircon and apatite.

Retrograde metamorphism caused extensive replacement of feldspar by sericite
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Table 10: Summary of mineralogy for crystalline basement

AMPHIBOLrrI
PROGRADE AND RELICT MINERALS

Sample Horn- Caino- Ortho- Pli-
Number blende pyroxene pyroxene class Quartz Opaque Spben Apatite
47 35 10
79 90 2 2
80 40 3 10
600 22 5 5 3 3
75 55 2 1 <1
760 45 10 <1 2

Sample RETROGRADE AND INTRODUCED MINERALS
Number Actinolite Calcite Chlorite Epidote Quartz Sericits Zoisite
47 10 10 10 5 20
79 2 2 3
80 10 7 10 20
600 20 1 5 36
75 20 3 5 10 5 10
760 20 3 10 10

* denotes sample from near detachment surface
percentages are estimated
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Table 10: continued.

GARNET-BIOTIrE GNEISS
PROGRADE AND RELICT MINERALS

Sample Pgiao- Mosco- Horn-
Number Quartz clas vito Bioite Garret blends Opaque Zirco Sphene
63 20 IS 13 5 20 2 <1
145 32 10 IS 3 1 <1
146 2 15 30 30

Sample RETROGRADE AND INTRODUCED MINERALS
Number Actinolite Calcite Chlorite Epidoto Hematite Sericite Zoisite
63 2 10 2 18 3
145 1 5 30
146 3 10 10

en



Tnble 10: continued

FELSIC GNEISS
PROGRADE AND REUCT MINERALS

Sample Plagio- Micro- Mvsco-
Number Quartz clase Cline Biotits vito Opaque Spbene Zircon Apetite
24 20 25 5 2 <1
28 45 20 25 5
41 40 15 18 3
44 25 13 15 2 3 4 1 2
45 20 16 2 <1 5 <1
46 3 10 37 2
78 45 10 40
147 30 10 3 1
58 60

Sample RETROGRADE AND INTRODUCED MINERALS
Number Calcite Chlorite Epidote Hematite Opaque Sericite
24 3 8 1 1 35
28 5
41 2 2 <1 2 3 15
44 5 1 30
45 5 5 45
46 13
78 5
147 5 8 3 5 40
580 3 2 35

0 denotes sample from near detachment surface
tb
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and of biotite by chlorite and epidote. Foliation in these samples is defined by

parallel alignment of quartz ribbons, biotite grains and zones of grain size

reduction in quartz and feldspar. Late stage fractures cut the rock and are filled

with calcite and hematite. A felsic igneous protolith may be inferred for these

rocks.

Garnet-biotite and biotite gneiss samples contain the prograde mineral

assemblage quartz + plagioclase + biotite + muscovite +/- garnet, with minor

opaques and zircon. Retrograde metamorphism caused partial replacement of

garnet by chlorite, of plagioclase by sericite and zoisite, and of biotite by chlorite

and epidote. Foliation is defined by parallel alignment of recrytallized quartz

ribbons and biotite grains and by compositional banding of layers of biotite

alternating with quartz and plagioclase-rich layers. The rock is associated in the

field with quartzofeldspathic veins. Gneisses have a more potassium-rich mineral

assemblage than the amphibolite and felsic gneisses with which they are

associated in the field. This may indicate a sedimentary or volcaniclastic

protolith.

The basement rocks exposed at Salt Spring Wash and at Senator Tank are

dominated by meta-igneous rocks of bimodal composition. Possible volcaniclastic

protoliths are observed as well. These areas may represent a metamorphosed

bimodal volcanic section. Rocks of this type are unlike the garnet-bearing pelitic

rocks that dominate much of the Precambrian basement of the Lake Mead region

(Duebendorfer, personal communication). Golden Rule Peak and the southern
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half of Graham Ridge are dominated by the metasedimentary garnet-biotite gneiss

and pelitic schist which are much more common in the Lake Mead region. At

northern exposures at the open pit mine, highly bematized two-mica pegmatite

veins intrude biotite gneiss. Similar pegmatite veins are exposed throughout

Golden Rule Peak, but are less hematized. The breccia in the upper plate of the

Salt Spring detachment contains a disproportionate abundance of granitoid and

mylonite clasts relative to the observed lower plate rock exposed near the Salt

Spring fault. This may suggest that the source of these landslide deposits is

farther east or south of the fault.

STRUCTURE

Salt Spring Fault

The Salt Spring Fault is exposed near the eastern edge of the study area

(Plate 2). It separates the tilted mid-Tertiary volcanic and sedimentary section in

the hanging wall from Precambrian basement rocks in the footwall. The fault

surface is exposed almost continuously from Gregg's Hideout to Salt Spring.

South of Salt Spring, most of the fault trace is buried beneath alluvium and late

Tertiary Red Sandstone (Trs) and Muddy Creek Formation (Tmcl) gravels. A

small exposure is present at Dug's Island, 3 miles south of Salt Spring, and the j
location of the fault at the open pit mine is tightly constrained by the presence of

exposures of lower plate crystalline rocks in trenches less than 100 meters

southeast of upper plate coarse breccia and volcanic rocks. South of the open pit

mine, the fault projects beneath alluvium, and may connect with the Cyclopic



-I

> ~~detachment (Myers, 1985) south of Senator Mountain. In addition, the fault

projects northward from Gregg's Hideout, across Lake Mead toward the Lakeside

Mine fault (Fryxell et al, in press), and may link with this fault as well.

Within 200 to 600 meters of the fault surface between Gregg's Hideout and

Salt Spring, at Dug's Island and at the open pit mine, the footwall rocks are highly

altered and brittlely sheared (Figure 16). The rocks in the highly altered zone

consist mostly of hematitic gouge derived from granitoid and/or felsic gneiss.

Within 0-50 meters of the fault, the rocks are pervasively sheared to cataclasite.

Thirty to two hundred meters from the fault, footwall rocks are cut by a dense

network of anastomosing brittle shear zones up to 1 cm wide, spaced between I

and 20 cm apart. These shear zones separate the rock into lenses of largely

undeformed granitoid, gneiss and amphibolite that has undergone strong

retrogression to actinolite, calcite, chlorite, epidote, sericite, and zoisite. Spacing

of shear zones decreases with distance from the fault, and evidence of shear dies

out entirely 200 to 600 meters from the fault. The attitude of the fault surface

and the plunge of lineations is variable (Figure 16). North-south trending

segments of the fault contain mostly down-dip striae and east-west segments

contain oblique and/or strike-slip striae. Upper plate rocks near the fault trace

are highly hematized and calcified.

Structures In Hanging Wall

The six east-tilted structural blocks in the hanging wall of the Salt Spring

fault are unconformably overlain by: (1) late Tertiary gravel and thin basalt flows
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of the Red Sandstone unit; (2) gravel, sandstone, gypsiferous siltstone and

freshwater limestone of the Muddy Creek Formation (Tmc); and (3) Quaternary

sediments. At Salt Spring Wash, the three upper units of the mid-Tertiary section

(Ttbm/Tspm, Ts and Ttbu/Tspu) demonstrate a marked fanning of dip from 30-

35" at the base to near horizontal at the top. Growth faulting also affects Tt at

Salt Spring Wash (Switzer, personal communication). Elsewhere in the northern

White Hills, dips are uniform within structural blocks, varying between 10 and

450.

Each of the six structural blocks is cut by north- to northwest-striking, west-

to southwest-dipping high-angle (75°) to moderate-angle (45") normal faults that

repeat parts of the stratigraphic section. A west-dipping normal fault cuts and

repeats Tt, Ttbm, Ts and Ttbu in the Peninsula block (Figure 17a). There, flows

dip gently (9°-15") eastward, suggesting that the fault is high-angle. In addition,

east-west striking right-lateral faults cut the upper part of the section (Ttbm-Ts-

Ttbu) at Teal Coves and the Campanile (Plate 1).

Several southwest-dipping faults repeat the section at Chuckwalla Ridge.

Numerous southwest-dipping faults with individual displacements less than 10

meters, and cumulative displacement of approximately 150-200 meters cut the

Smith Hill block. A west-northwest trending, southwest-dipping normal fault

places Tt against Ttbm at the southern end of the Smith Hill block. Nearly

vertical (>85P) dikes (Ttbd) intrude Ttb at Smith Hill and Chuckwalla Ridge and

strike east-west, approximately normal to structural grain. The dikes are
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mineralogically and chemically similar to the intruded basaltic andesite and may

represent feeder dikes for overlying flows. Steeply west-dipping (7P), north-

trending basalt dikes (Tsm) intrude interbedded sediments and basaltic andesites

on the west side of Chuckwalla Ridge. They are oriented approximately parallel

to structural grain and may have intruded along range-bounding normal faults. A

southwest-dipping normal fault is proposed as the boundary between the

Chuckwalla Ridge and Smith Hill blocks. In constructing Figure 17b, faults with

spacings and displacements similar to those in both blocks were inferred to lie

between the blocks.

No major structural boundary is apparent between the Smith Hill and

Peninsula blocks. A major high-angle normal fault strikes northeast along the

northwest side of Salt Spring Wash, and places the upper part of the section in

the hanging wall against the lower part of the section in the footwall (Plate 2,

Figure 4). Near Salt Spring are a number of east-west striking high-angle normal 4

faults that dip both north and south and offset the upper part of the section

(Ttbm-Ts-Ttbu). The upper part of the section is broadly warped in a syncline

centered at Temple Bar and an anticline centered between Gateway Cove and

Temple Bar (Plate 1). The syncline axis is projected to cross section B-B' and

accommodates the structural relief between the Smith Hill/ Peninsula block and

the Salt Spring Wash. Alternatively, the difference in structural style between the

gently warped and gently dipping Salt Spring Wash block and the more steeply

tilted Smith Hill block suggests the presence of a major structure between them.
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Figure 18 shows a model in which an earlier growth fault near Salt Spring Wash

was abandoned, with later displacement taken up by a younger fault buried

beneath Tmc and Quaternary deposits east of Temple Bar. In this case, structural

relief is accommodated by greater displacement on the fault east of Temple Bar.

Several west-dipping high-angle normal faults were identified on the west

side of the Squaw Peak block. Pink/Black Ridge is cut by numerous north-

striking, west-dipping normal faults, producing a series of north-trending ridges

which together make up the west-trending Pink/Black Ridge. Flows within each

north-trending ridge dip uniformly between 20' and 3 east. The boundary

between the Squaw Peak and Pink/Black Ridge blocks is covered by late Tertiary

and Quaternary sediments, but is inferred to be a north-striking, down-to-the-west

normal fault, similar to those exposed in both blocks (Figure 17c). Spacing

between faults increases and displacement along faults decreases from east to

west away-from the trace of the Salt Spring Fault.

High angle normal faults offset the upper Muddy Creek Formation (Tmcu) l

on the west side of Chuckwalla Ridge and the Squaw Peak block. Together, the

Chuckwalla Ridge and Squaw Peak Blocks form a north-south trending range

bounded on the west by a high-angle fault and uplifted relative to Detrital Wash.

Interpretations

Multiple episodes of faulting are evident in the NWH. The Salt Spring

fault is a low to moderate-angle structure. The six structural blocks discussed

above are cut by moderate- to high-angle northwest-trending faults. Homoclinal
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sequences indicate that most faulting and tilting postdated the deposition of

Ttbl/Tspl and Tbr/Tt. However, fanning of dip in the Salt Spring Wash section

indicates that faulting began there as early as the time of emplacement of the ash-

flow tuff (Tt). Blocks are bounded by high-angle north-south trending, west-

dipping faults that formed the present ranges.

PETROGENESIS OF MAFIC VOLCANICS

Three chemically, petrographically and geographically distinct mid-Tertiary.

mafic volcanic centers in the northern White Hills (NWH) are documented above

(Figures 11-14 and 19). The centers are defined by the Temple Bar, Squaw Peak

and Pink/Black Ridge volcanic sections. I refer to each of the three mafic

assemblages as magma types in the following section.

ORIGIN OF HIGH K 20 CONTENTS: METASOMATIC OR MAGMATIC

The mafic volcanic rocks in the NWH are basalt, trachybasalt, basaltic

trachyandesite and trachyandesite according to the classification of LeBas et al. 4
(1986) (Figure 20 and Table 11). Many samples have high K 20 contents relative

to "normal" mafic intermediate volcanic rocks (Figure 21). Tpb samples and some

Tsp samples plot within the field of normal calc-alkaline volcanics. Other Tsp

samples and nearly all of the Ttb samples have elevated K;0 relative to normal".

Potassium metasomatism is responsible for high Kj2 concentrations in

many suites of volcanic rocks in the Lake Mead area (Smith et al., 1990).

However, K metasomatism should produce an inverse relationship between 12O
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Figure 21. Alkali enrichment diagram. K 20 plotted against Na2O. Rectangle
defines field for "normal Andean maflc volcanics (Wilson, 1990). Units are
weight percent. Volcanic symbols defined on Figure 11. A=Cretaceous
episyenite, B =contact zones around Cretaceous episyenite, C =Proteozoic

biotite monzongranite, D =Proterozoic monzogranite, E=Proterozoic two-
mica monzogranite, W=Tertiaiy Wilson Ridge Pluton.
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Table 11: Normative mineralogy of malle volcanic rocks

Tbl Ttbm
Sample 139 90 85 51 50 148 65 131 132 134
Rock name TA BTA SB BTA BTA BTA TA TA BTA BTA

AN 40.71 33.78 43.31 35.32 33.16 29.07 38.31 32.83 44.66 39.07
Quartz 11.17 2.15 1.61 2.08 7.87 5.12 2.86 1.74 6.53
Orthoclase 15.97 25.18 8.16 22.4 21.45 20.85 21.04 21.98 16.91 18.56
Abite 29.31 30.97 26.91 30.46 27.75 26.95 27.08 28.6 24.21 27.92
Anorhite 20.13 15.79 20.56 16.63 13.77 11.05 16.82 13.98 19.54 17.91
Calcite 3.27
Diopside 4.44 10.18 16.11 13.52 20.19 11.21 12.28 14.49 17.18
Hypersthene 10.68 5.36 1.96 5.1 4.82 14.54 11.82 11.5 11.18 2.35
Olivine 17.14
Magnetite 3.88 3.94 4.49 3.91 3.73 4.04 3.86 3.76 4.05 3.7
llmenite 2.24 2.32 3.04 2.28 2.03 2.44 2.2 2.07 2.45 1.99
Apetite 2.42 1.53 1.23 1.39 3.29 2.29 1.46 1.46 3.27 1.51

Rock names (LeBas, 1986):
SB - Subalkalic basalt
BTA - Basaltic Trachyandesite
TA - Trachyandesite

* TD - Trachydacite

Ttbfm , Ttbu
Sample 135 149 49 140 133 130 86 141 77 8 100
Rock name TA TA BTA TA TA TA TD SB ETA BTA ETA

AN 31.26 41.1 39.39 35.81 37.71 35.84 14.95 54.55 39.6 36.39 39.19
Quartz 8.06 9.49 1.43 11.02 4.22 3.63 2.55 1.77 0.59 3.8
Orthoclase 24.41 20.22 19.92 19.67 20.63 22.34 25 7.31 19.92 19.92 22.65
Albite 29.11 26.52 25.55 30.57 27.42 39.11 45.44 22.86 28.35 27.92 29
Anorthite 13.24 18.51 15.92 17.05 16.6 16.26 7.99 27.44 18.59 15.97 18.69
Diopside 13.76 4.68 23.92 3.21 10.57 17.11 8.9 20.74 12.59 23.73 1.13
Hypersthene 5.04 12.49 3.7 8.38 9.3 2.07 4.4 10.93 10.78 11.86
Wollatonite
Olivine
Magnetite
1lmenite
Apetite

0.69
0.16

3.61 3.83 3.67 3.56 3.67 3.68 3.44 4.18 3.91 3.61 3.64
1.88 2.17 1.96 1.82 1.96 1.98 1.65 2.63 2.28 1.88 1.92

1.3 2.36 1.46 2.14 2.87 1.3 1.04 2.14 1.44 1.48 2.79



Table 11: continued

Tpb Tsm
Sample . 7 10 120 15 117 1ts 121 123 55 103 114
Rock name AB AB SB SB SB TB AB Tr AB SB SB
AN 62.69 51.14 44.7 46.97 46.54 40.14 46.14 46.6 53.84 54.46 46.37

Orthoclaso 10.34 7.09 10.11 9.22 9.81 7.68 10.99 11.29 6.8 7.09 8.21
Albite 14.05 23.33 28.43 27.67 26.57 28.61 26 25.67 20.34 22.09 27.42
Anotthite 23.62 24.42 22.98 24.51 23.13 19.19 22.28 22.4 23.73 26.41 23.7
Nepheline 6.46 0.52 0.22 1.13 1.54 3.7
Diopside 32.77 19.58 17.23 17.56 15 22.03 21.94 20.42 29.95 15.34 17.58
Hyperthene 5.R1 9.92 15.53 14.63 4.89
Ofivine 1.12 15.26 7.51 3.64 2.27 13.61 8.21 10.07 8 2.42 10.58
Magnetite 4.18 4.36 4.55 4.31 4.29 4.18 4.36 4.44 4.07 4.02 4.29
llmenito 2.62 2.87 3.11 2.79 2.77 2.62 2.87 2.96 2.49 2.41 2.77
Apetite 2.22 0.88 1.23 1.2 1.25 0.97 1.3 1.53 0.88 0.6 0.083

Tapm Tspu
Sample 3 21 108 126 127 128 112 113 20
Rock name BTA TB TB TB TB BTA BTA BTA BTA

AN 37.58 43.06 44.7 40.53 41 47.48 37.51 38.97 36.18
Quartz 0.97 1.09 4.42 4.57

Orthoclase 23.11 10.22 12.17 12.06 11.17 18.32 23.06 23.83 12.65

Albite 26.06 27.92 26.74 29.19 28.94 22 28.88 18.04 33.25
Anorthite 15.69 21.12 21.62 19.9 20.11 19.89 17.34 18.85
Nepheline 0.46
Diopside 11.68 14.34 11.18 17.49 16.1 11.05 5.59 5.26 9.63
Hyperstene 12.82 6.35 7.31 2.54 18.37 9.39 8.53 4.5
Olivine 8.28 8.71 8.83 7.55 12.97
Manetite 3.91 4.93 4.84 4.68 5.28 3.9 3.69 3.69 3.77
Inenite 2.28 3.61 3.49 3.29 4.06 2.26 1.98 1.98 2.09

Apatite 1.3 1.11 1.37 1.46 1.39 1.41 2.58 2.68 1.39

Rock names (LeBas, 1986):
AB - Alkali basalt
SB - Subalkalic basalt
TB Tfachybsalt
BTA - Basaltic Trachyandesite
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and Na2O due to replacement of Na by K during metasomatism. In the NWH

samples, Na2O contents are similar to those of "normal' calc-alkaline volcanic

rocks despite the elevation in K20. Therefore, K metasomatism does not appear

to be a major cause of the high K20 concentration in the NWH samples.

Because light rare-earth elements (LREE), Th and Hf are equally incompatible

with K in basaltic to basaltic andesitic magmas, covariation of these elements with

K indicates that K is acting as an incompatible element (Figure 22). Therefore

variation of all incompatible elements, including K, is due to a magmatic process

and not to metasomatism. The covariation of K20 and incompatible trace

elements may be explained by one of the magmatic processes described in the

next section.

HOW ARE THE THREE MAGMA TYPES RELATED PETROGENETICALLY?

Possible processes that may relate the three mafic magma types in the

NWH are crystal fractionation, contamination, assimilation-fractional

crystallization (AFC) or varying amounts of partial melting of the same or similar

sources. Each of these processes is evaluated below.

Contamination

Contamination of a mafic magma with a felsic assimilant should produce a

linear trend between the mafic and felsic end members on chemical plots. The

mafic end member should be the most chemically primitive rock in the mafic

assemblage. Because there are no truly primitive basalts (Mg#s are all <0.65), a
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mafic end member cannot be positively identified. Therefore, models were

attempted using several of the most primitive samples. Successful models are

reported in Table 12. Potential contaminants used in models are Proterozoic

monzogranite and biotite monzogranite. Because no felsic volcanic rocks are

present in the NWH, it is unlikely that mafic magma mixed with felsic magma of

Tertiary age such as Wilson Ridge-type magmas described by Larsen and Smith

(1990). In addition, Wilson Ridge samples have incompatible trace element

concentrations too low to be suitable contaminants (Figure 22).

The lack of petrographic evidence for contamination precludes large

amounts of assimilation in NWH samples. Disequilibrium textures (pitted and

resorbed plagioclase) are common in NWH rocks, particularly in Ttb samples, but

may be attributable to reequilibration of high pressure phases. Conclusive

textural evidence for contamination, such as resorbed and skeletal inclusions,

disequilibrium mineral assemblages, and rimmed xenocrysts is absent.

Fractional Crystallization

Fractional crystallization would result in a continuous linear relationship

between the three magma types on Harker variation diagrams and other binary

plots (i.e., Figures 19 and 23). There may be inflections or changes in slope,

reflecting the fractionation of different phases, but lines for each of the three

magma types should form a single trend. Compatible trace element plots (Figures

24 and 25) show: (1) substantial overlap of the three fields; (2) no continuous

trend connecting the three magma types; and (3) a general similarity in the
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Table 12: Major element fractional crystallization and AFC models 72

Model 1 2 3 4 5 6 7
Phase

Oliviae -5.34 -4.98 -6.54 -7.52 -6.23 -6.77 -6.16
Clinopyroxene -5.94
Plagioclase -2.67 -2.35
Monzognanite 31.82 26.1t
Biotite Monzogranite 2.77
Total % subtraced 5.14 10.92 6.54 10.19 1.71 6.77 6.16
Total % added 31.32 26.13 2.77

Residuals
SiO2 1.49 1.42 1.08 0.5 -0.22 -0.17 0.66
A1203 -0.61 -1.06 -0.S4 -0.09 -0.6 -0.54 -0.26
FeO -0.39 -1.23 -0.56 -0.59 -2.5 -1.48 -0.63
CIO -1.33 -0.96 -0.03 0.35 0.44 0.56 -0.32
Mgo 0.25 42 0.52 0.6 0.73 0.78 0.25
Na20 0.41 0.26 -0.39 -0.61 0.36 -0.1 0.22
K20 0.62 0.52 0.41 0.35 0.93 1.09 0.27
TiO2 0.55 0.64 -0.49 -0.51 -0.13 -0.14 0.3
Sum of squares

of residuals 7.64 6.49 2.6 1.35 4.66 4.4 1.34

Model I 8 9 10 11 12 13
Phase

Olivine -2.94 -3.72 -2.3 -5.76 -3.7 -11.S1
Clinopyroxece -IS.67 -7.48
Plagioclase -6.31 -7.92 -0.69
Moneogranite 11.19 13.37 25.46
Biotite Monzogranite
Total % subtracted 2.94 3.72 9.11 5.76 32.29 19.98
Total % added 11.9 13.37 25.46

Residuals
SiO2 -0.21 0.15 0.09 1.44 0.51 0.56
A1203 -0.01 -0.25 -0.28 -0.31 0.23 0.13
FeO* -0.25 0.45 -0.49 -0.73 -0.59 -0.13
CIO -0.4 0.6 0.45 -0.95 0.01 0
MgO -0.01 0.38 0.34 0.57 0.75 0.33
Nr20 0.3 -0.33 0.17 0.01 -0.75 -0.95
K20 0.12 0.33 0.15 0.17 -0.11 0.65
TiO2 0.39 -0.43 -0.43 -0.03 -0.05 -0.49
Sum of squares

of residuals 0.54 1.2 0.89 4.09 1.8 3.36

Model descriptions:
1,2,7,1: Parent=Primitive Tpb (10), daughter=primitive Tsp (127)
3,4,9,10: Parent=Prinitive Tsp (127), daughter-primitive Ttb (132)
S and 6: Parent=Primitive Tpb (10). daughter-primitive Ttb (132)
21: Parent-primitive Tpb (10), daughter-evolved Tpb (117)

12: Parent-primitive Ttb (132), daughter-evolved Ttb (133)
13: Parent=primitve Tsp(127), daughter-evoloved Tsp (I 12)
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compatible element contents for the least evolved rock of each magma type.

These observations suggest that the three magma types are not related by a

fractional crystallization process.

Major element modelling (Table 12) confirms that no combination of

olivine, clinopyroxene and/or plagioclase fractionation can produce Ttb from Tpb

without significant contributions from the crystalline basement. Models 1 and 2

for producing primitive Tsp (sample 127) from primitive Tpb (sample 10) by

fractionation alone have high residuals and cannot be considered successful.

Residuals for models 3 and 4 for producing primitive Ttb (sample 138) from

primitive Tsp (sample 127) are neither low enough to be conclusive nor high

enough to be prohibitive of a fractionation relationship between Tsp and Ttb.

Assimilation-Fractional Crystallization (AFC)

XLFRAC models 5 and 6 (Table 12) for producing primitive Ttb (sample

132) from primitive Tpb (sample 10) requires 26% or 32% contamination by

Proterozoic monzogranite with fractionation of 7% olivine or 6% olivine + 2.5%

plagioclase. However, assimilation of such a large volume of felsic material by a

basaltic magma is unlikely and would certainly have produced distinctive

petrographic evidence.

Addition of a contaminant improves models for producing primitive Tsp

(sample 127) from primitive Tpb (sample 10). Addition of 11% monzogranite

(model 7) or 2% biotite monzogranite (model 8) improves XLFRAC models for

fractionation of olivine. Small quantities (<5%) of contaminants can be
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assimilated by basaltic magma without leaving significant textural evidence.

However, TiO2 concentration and Mg# preclude these models. The modelled

evolved magma (primitive Tsp) has higher TiC2 than the proposed parent

(primitive Tpb), but the contaminant is low in Tiq 2. TiC2 content should

decrease rather than increase during such an AFC process. In addition, primitive

Tsp samples have Mg#s higher than primitive Tpb samples. Evolution by

fractional crystallization should result in a decrease in Mg#.

AFC models for evolution of Ttb from Tsp (models 9 and 10) have lower

residuals than models for fractionation alone. However, the lack of petrographic

evidence for assimilation precludes the large amount of assimilant (13% and

25%) required by the models.

Source differences

Differences between the three magma types may be explained by either (1)

different degrees of partial melting from the same source, or (2) independent

melting of different sources to the same degree.

1. Partial melting of the same source should result in highest

concentrations of incompatible elements at the lowest degrees of partial melting.

The large volumes of incompatible-rich volcanics (Ttb and Tsp) in the NWH

would require large degrees of partial melting of an incompatible-rich source.

Partial melting of the same source should produce positive linear trends on

incompatible element plots. Although incompatible element plots of NWH

samples show positive trends, fields overlap or are parallel and do not form a
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linear trend (Figures 22 and 23).

2. Independent melting of different sources to the same or a similar degree

may explain the non-linearity of fields in Figures 22 and 23. This is consistent

with the fact that compatible trace element values for the most primitive samples

within each magma type are similar.

Conclusions

Neither fractionation, AFC nor partial melting of the same source can

produce Ttb or Tsp from Tpb. Although the three coeval NWH magma types

may be cogenetic, they are not comagmatic. They formed by independent partial

melting of different (although similar) sources.

All three magma types contain olivine as an equilibrium phase. Therefore,

olivine must have been in equilibrium in the source (Yoder, 1976). One possible

crustal source is olivine gabbro, but very large degrees of crustal melting would be

required to produce the mafic NWH magmas. An alternative source is mantle

peridotite, which would require lesser degrees of partial melting. Partial melts of

garnet peridotite would have steep slopes on chondrite-normalized REE plots, so

spinel peridotite is a more likely source material for the NWH mafic magmas.
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CHEMICAL VARIATION WITHIN EACH MAGMA TYPE

Pink/Black Ridge Basalts

The fractionation of Mg and Fe-rich phases in Tpb samples is suggested by

the steep negative trends in plots of SiO2 vs. FeO and MgO (Figure 19, c and d).

In Figure 24, the large variation in Co with little variation in V, the positive

relationship between Co and Cr, and the flat slope in the plot of Co vs Sc indicate

fractionation of olivine. On Harker variation diagrams steep slopes for Cr and Co

and shallow slopes for V (Figure 24, a and c) favor olivine fractionation as well.

Clinopyroxene is unlikely as a major fractionating phase in Tpb magma because

Cr, Co and V have high distribution coefficients (Table 13) for clinopyroxene, and

these elements appear to have low bulk distribution coefficients in Tpb samples.

This is consistent with the lack of clinopyroxene phenocrysts in Tpb samples.

Plagioclase cannot be a major fractionating phase as CaO and Na2O vary little

despite variation in Eu (Figure 26). This is consistent with the lack of a negative

Eu anomaly on a chondrite-normalized REE plot (Figure 27) and the lack of

plagioclase phenocrysts in Tpb samples.

XLFRAC model 11 (Table 12) indicates that evolved Tpb (sample 117)

can. be produced from primitive Tpb (sample 10) by fractionation of 6% olivine.

Large residuals for the model suggest that another process may be at work. A

second process, such as contamination or multiple sources is also suggested by the

large range in heavy rare-earth elements (HREE) and tighter clustering in light

rare-earth elements (LREE) (Figure 27). Fractionation of olivine results in a
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Table 13: Distribution coefficlents for basalt

Pagio- Clino-
clas pyroxence Olivine

Ba 0.355 0.1505 0.0055
Rb 0.185 0.031 0.0055
Cc 0.1255 0.103 0.0022
Nd 0.0915 0.236 0.0034
Sm 0.059 0.438 0.0059
Eu 0.34 0.51 0.0068
Yb 0.038 0.605 0.0177
Lu 0.06 0.56 0.016
SC 0.004 3 0.25
Cr 0.01 8.4 2.1
V 0.01 3 0.09
Co 0.05 1.2 3.8
Th 0.0055 0.007 0.0055
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greater variation in HREE than LREE because distribution coefficients for LREE

in ol are higher than those for HREE. Multiple pulses of magma, each

representing slightly different amounts of melting from similar sources, may be

responsible for the variation in LREE in Tpb samples.

Basaltic Andesite of Temple Bar

The moderate negative trend on plots of SiO2 vs. FeO, MgO and TiC 2

(Figure 19 c, d and g) indicates fractionation of Mg- Fe- Ti-bearing phases such as

olivine and/or clinopyroxene. Compatible element plots (Figure 24) suggest that

both phases are probably significant. For example, fractionation of clinopyroxene

alone would produce a slope of +3 on the Cr vs. V plot, and fractionation of

olivine alone would produce a vertical vector. The Ttb vector fall between the

olivine and clinopyroxene vectors and indicates the fractionation of both minerals.

Each of the plots of compatible elements produces similar results. Moderate

slopes on Harker variation diagrams for compatible trace elements (Figure 25)

also indicate fractionation of olivine and clinopyroxene. Little change in CaO and

Na2 0 (Figure 26) and the lack of a Eu anomaly on Figure 28 suggests little

fractionation of plagioclase.

XLFRAC model 12 (Table 12) for evolution of evolved Ttb (sample 138)

from primitive Ttb (sample 113) requires fractionation of 9% olivine, 16%

clinopyroxene and 8% plagioclase. However, the modelled fractionation of

plagioclase is higher than expected and total fractionation (32%) is higher than

generally considered reasonable for volcanic rocks. This may indicate that
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another process in addition to fractionation is responsible for Ttb evolution. The

wide range of Th over a fairly narrow range of SiO2 (Figure 23) suggests

contamination or several different partial melts for Ttb. Because Th is

incompatible in basalts, it should not vary with fractionation. As discussed above,

large degrees of contamination are precluded by the lack of petrographic

evidence. The wide spread in chondrite-normalized REE data (Figure 28)

suggests multiple batches of partial melts. Input of fresh batch melts is consistent

with the lack of systematic variation in chemistry and mineralogy vertically in the

sections.

Basaltic Andesite of Squaw Peak

Fractionation trends within the Tsp field are similar to Ttb. Olivine 

clinopyroxene fractionation is indicated by the moderate negative trend on plots

of SiO2 vs. FeO, MgO and TClo (Figure 19). Both phases are probably

significant, because variation in Co, Cr, Sc and V (Figure 24) is similar to that in

Ttb. However, the shallower slope on the plot of Sc vs. Co may suggest olivine

fractionation is more important for Tsp than for Ttb. Moderate slopes on Figure

25 also indicate fractionation of olivine and clinopyroxene. The negative

relationship between CaO and Eu (Figure 26) may suggest minor plagioclase

fractionation. However, the lack of an Eu anomaly (Figure 29) indicates that

fractionation of plagioclase was insignificant in comparison with fractionation of

clinopyroxene and olivine.

The moderate positive relationship between SiO2 and Hf may suggest that



-C C i-,- ! 
-

I-

z
0

C-

wI
wi
0•

100

10

1

La Ce Nd Sm Eu Tb Yb Lu

Figure 29. Chondrite-normalized rare earth element plot for basaltic andesite of Squaw Peak. Two magma
types are delineated by flat HREE trend (dashed lines) or gently sloping HREE trend (solid lines)

0'
0%



87

some process, either contamination or multiple recharge was active in producing

the Tsp suite. Chondrite-normalized REE data (Figure 29) may indicate two

subtypes of Tsp magma, one high in LREE and low in HREE and another lower

in LREE and higher in HREE. I propose that the Tsp chamber may have been

fed by multiple pulses of partial melts from at least two different sources. One

source was chemically similar to or the same as that for Ttb magmas.

XLFRAC model 13 produced the most evolved Tsp sample (112) from the

least evolved sample (127), by fractionation of 12% olivine, 7% clinopyroxene,

and < 1% plagioclase. However, as with many other models, residuals are high

and suggest that some other process such as assimilation was active in addition to

fractionation.

SUMMARY

The mafic volcanic rocks of the NWH comprise three distinct magma

groups in terms of chemistry, petrography and spatial distribution. Each magma

type may represent independent batch melts from similar high 20 sources.

Adding to the complexity, each magma type may represent many independent

magma pulses formed by partial melting. Each of the magma batches underwent

a different differentiation history. Tpb evolved by fractionation of divine alone.

Ttb and Tsp both evolved by fractionation of olivine, clinopyroxene and minor

plagioclase. The evolution of each magma type may be complicated by the

addition of small amounts of a crustal contaminant and continued recharge of the

magma chambers by new partial melts.
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REGIONAL CORRELATION

MID-TERTIARY VOLCANIC ROCKS

The mafic volcanic rocks in the northern White Hills (NWH) erupted from

local sources. Therefore, regional correlation of the mid-Tertiary volcanic section

depends on correlation of regionally extensive units such as ash-flow tuffs. Two

ash-flow tuffs crop out in this part of the Basin and Range; the Peach Springs

Tuff (18.5 Ma) and the Tuff of Bridge Spring (15.18 Ma). I propose that the ash-

flow tuff exposed in the NWH is correlative with the Tuff of Bridge Spring. In

addition, I propose that the Tuff of Bridge Spring is composed of two major

pyroclastic flows. The first is exposed in the southern Black Mountains,

McCullough Range and NWH (Figure 30) and erupted at 16.4 Ma. The second

erupted at 15.19 Ma and crops out in the Eldorado Range.

Correlation of the tuff in the NWH with the Tuff of Bridge Spring is based

on similarities in mineralogy and chemistry. The Tuff of Bridge Spring in the

Eldorado Range contains abundant phenocrysts of sanidine, lesser amounts of

plagioclase and biotite, minor quartz and trace amounts of clinopyroxene and

sphene (Anderson, 1971). It is therefore mineralogically similar to the tuff in the

NWH. The Peach Springs Tuff is similar in mineralogy to the Tuff of Bridge

Spring (sanidine + plagioclase. + sphene), but contains up to 2% hornblende and

only trace amounts of biotite (Young and Brennan, 1974).

The NWH tuff and the Tuff of Bridge Spring are chemically similar

(Tables 14 and 15), but both differ from the Peach Springs Tuff. The Peach
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Table 14: Major element data for TufT of Bridge Spring and Peach Springs Tuff

Eldormdo Mountains TUfT of Bridge Spring
Sample No. RS 10 . BS 12 ElH-t BH-2 BH-3 BH-4 BH-S BH-6 8H-7 BH14 BH-9
Sourceof Data I 1 2 2 2 2 2 2 2 2 2
SiO2 64.99 70.22 65.8 67.06 66.1 66.5S 64.79
A1203 16.54 14.53 14.24 14.56 14.56 14.97 16.48
Fe+c203 2.04 1.74 2.96 2.45 3.46 1.47 2.4 4.83 2.39 1.96 2.68
CaO 2.07 2.55 1.42 1.66 1.01 0.92 0.7 0.91 0.69 0.63 0.67
MRo 1.34 2.72 2.21 2.67 1.92 3.15 3.12 3.53 2.85 2.43 2.06
N720 4.59 1.65 2.45 2.16 4.04 3.27 3.9t 12.53 4.08 2.51 4.72
K20 6.27 4.55 4.69 5.72 5.44 3.62 S.St S.74 S.68 S.4S S.28
TiO2 0.5 0.39 0.6 0.S1 0.41 0.47 0.S2
MnO 0.06 0.06 0.08 0.07 0.07 0.07 0.06
P20S 0.09 0.08 0.2S 0.11 0.07 0.06 0.1
L01 2.2 9.2 S.61 1.3 2.24 I.8S 0.S6
Total 100.69 107.69 100.47 99.59 99.23 99.88 98.18

McCullough Mountains Taff of Bridge Spring
SampbeNo. -II B1-12 BH-13 t5-63 MC62 MC62 MC71 MC65 MC61 MC67 MC64B MCS3 MC6o MC69 MC64A MC66
Source of Dat 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3SiO2 66.81 67.27 65.46 69.27 66.583 66.47 68.12 66.69 64.65 63.9 69.4 65.09 66.69Ar203 15.06 13.95 14.23 14.98 14.468 14.92 14.6 13.72 15.66 14.77 14.46 13.72 14.48FeO+Fe203 1.27 1.3 2.06 2.52 2.27 3.19 2.93 3.727 3.47 2.91 3.11 3.95 3.55 3.07 3.11 3.16CaO 0.53 0.52 0.66 1.6 2.36 3.43 0.65 0.497 1.72 1.69 0.65 2.43 3.24 1.61 5.66 4.12MRo 0.9S o.72 1.21 0.71 0.59 0.66 0.4 0.935 0.86 0.61 1 0.97 1.05 0.53 1.42 0.84N720 2.54 3 2.99 4.33 3.97 4.1 4.44 4.042 4.33 4.38 3.86 4.33 4.09 4.33 3.3S 3.74
K20 4.71 4.01 4.44 5.92 S.99 5.82 6.15 3.721 6.17 5.94 6.4 6.03 S.67 5.85 4.69 5.77
TiO2 0.43 0.3S 0.42 0.41 0.453 0.47 0.39 0.42 0.53 0.45 0.4 0.42 0.43
MQO 0.09 0.152 0.143 0.15 0.152 0.151 0.149 0.143 0.151 0.151 0.146 0.151 0.149
P205 0.02 0.1 0.13 0.09 0.151 0.16 0.11 0.13 0.18 0.16 0.09 0.4 0.33
LO 2.57 2.04 2.56 0.56 4.11 1.14 1.38 0.65 1.27 1.97 1.33 1.48 3
Total 100.06 9.03 100.14 99.93 98.84 99.86 100.28 96.77 100.I5 99 100.22 99.49 102.-

0)



Table 14: continued

Peach Springs Tuft (dat ce 4)
Sample 14. H3M-21 H3OW-163 H3OW-164 H4CH-71 Ht4AE-5t J1M3V-40 JPt4EP-1 1P3tM-tg 1-177 PCMS-I5 TPS-RF TPS-SNG JPS2CH-16

Letetioe Ship Old Woem Old Wr_ Chemebeavl Anca 1-40. eaat Secwumeo Pyud l ullie Pacific Mobs" Cbemebvi Chemelivovi
Maw otaina MomgtA MeMi MowuIain Mounrtins of Kigmm Mountim Bm Moains Mew Mounim Mountains M i

SiO2 74.7 70.4 72.3 73.2 73.5 73.5 6t.6 66.6 73.3 64 75.7 70.5 70.7
A1203 12.6 13.1 12.9 12.8 10.t 13.4 15.3 12.3 13.3 13.8 11.t 12.7 13.1
FeO+Fe203 1.33 1.3 1.39 1.1 1.12 1.51 2.2t 1.14 1.27 2.07 1.22 1.23 1.53
CO 0.94 1.27 1.05 0.27 3.44 0.78 0.99 5.34 0.t6 4.97 0.32 3.04 1.53
Mpgo 0.24 0.2t 0.31 0.42 0.23 0.35 0.4 0.56 0.29 0.75 0.21 0.39 0.46
I1420 3.6t 4.3 4.08 3.11 2.78 3.75 3.35 3.48 3.42 1.2 2.21 3.64 2.54
K20 5.27 3.58 4.23 5.78 4.92 5.33 7.21 5.01 5.54 6.03 6.t1 5.17 7.35
TiO2 0.25 0.24 0.25 0.2 0.21 0.28 0.45 0.2 0.22 0.36 0.2 0.23 0.23
MOO 0.05 0.06 0.06 0.06 0.06 0.06 0.04 0.05 0.06 0.03 0.04 0.04 0.05
P205 0.05 0.07 0.07 0.1
LOt 0.32 3.95 2.52 2.01 0.45 0.3S 0.14 0.43 0.52 1.t6 0.42 0.29 0.39
Tol 99.33 93.43 99.09 98.95 97.56 99.31 9t.76 9S.13 9S.5 95.17 98.93 97.23 97.93

Deta Source codes:
1: Cascadden. unpublished dat*
2: Smith. wnpublished data
3: Bridwell. in preperstion
4: Nielson, written commwiication



Table IS: Trace and rare earth element data for Tuff of Bridge Spring and Peach Springs Tuff

Eldorado Mountains Tuff of Bridgo Spring Dolan Springs
Sample BS 10 BS 12 BH I RH2 BH 3 RH4 B 5 BH 6 BH7 RH BH9 DS 10 DS 17
LA 77.63 85.73 94.28 92.68 95.01 108.43 134.48 162.44 114 50.3 44.8
Ce 205.39 209.92 227.51 205.t6 229.84 226.5 285.78 349.04 243.98 69.9 63.1
Nd 56.3 58.36 64.65 69.58 72.93 80.52 87.58 87.47 63.5 14.1 14.8
Sm 10.14 11.86 13.54 12.43 13.42 14.57 14.57 13.29 10.73 2.47 2.44
Eu 1.74 1.89 1.81 1.55 1.71 1.76 2.66 3.64 2.7 0.389 0.281

Tb 1.44 1.13 1.55 1.39 1.52 1.54 1.32 1.4 1.15 1.39 0.345

Yb 2.55 2.8 3.08 2.92 3.18 2.99 2.67 2.31 2.13 0.15 1.56

Lu 0.4 0.42 0.48 0.51 0.49 0.49 0.46 0.39 0.38 4.94 0.21

U. 6.408 8.67 8.89 10.37 9.85 9.08 7.61 4.98 6.52 20.2 4.04
Th 35.69 40.R9 46.01 48.46 47.67 47.46 37.55 33.48 34.59 7.19 23.1
Cr 59.07 43.93 91.15 25.38 28.53 26.81 18.32 12.82 19.66 3.77 9.81
Hf 9.29 9.51 10.37 11.19 10.59 10.12 10.86 13.51 12.29 346 3.88
Ba 1343 371 383.63 355.72 279.73 275.02 267.91 206.07 634.13 1142.2 1184.1 113 190
Rb 131 162 184.28 208.55 224.14 214.67 225.36 205.97 179.57 165.56 170.48 117
Sr 476 310 59.07 43.93 91.15 25.38 28.53 26.81 18.32 12.82 19.66 1590

Sc 6.97 6.21 5.68 4.74 5.02 2.01 5.48 7.05 5.31 2.46 1.83
To 1.85 2.06 2.21 2.16 2.32 1.68 1.35 1.83 1.09 2.06
Zr 394 280 1.83
Co 1.49 1.47
V 16.9 9.79

Sources of dat sme as Table 12
- source #1

'.0
I..1
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Table 15: continued

McCullogh Mountains Tuff of Bndge Spong
Semple OH 11 BH 12 DIIH 13 5-63 MC62 MC68 MC71 MC 61 MC 67 MC 64B MC S3 MC 60 MC 69

LA

Ce
Nd
Sm
Eu
Tb
Yb
Lu
U
Th
Cr
Hf
Ba
Rb
Sr
SC
Ta
Zr
Co
V

107.84 98.99 93.99 120.63
247.0t 231.33 226.33 190.85
72.93 74.23 71.51 64.34
14.92 13.64 13.77 11.48

1.71 1.63 1.72 1.72
1.78 . 1.58 1.53 0.t
3.44 3.12 3.27 3.12
0.56 0.5 0.52 0.45
9.02 10.51 11.49 4.69
52.3 50.28 47.88 32.22

20.75 37.21 43.16 10.23
11.45 9.99 10.53 11.05

221.44 233.24 198.51 816.04
248.18 219.61 254.42 156.79
20.75 37.21 43.16 264.97

4.25 4.45 4.56 4.13
2.43 2.32 2.41 2.31

390.09

92.1 91.7
184 177

55.3 63.7
11.1 11.8
1.01 1.22

1.1 1.17
3.5 3.36
0.6 0.54

10.9 7.23
44.3 39.4
9.94 20.9
10.6 10.1
170 303
172 165

200
3.23 3.85
2.71 2.36
553 544
1.96 3.9
23.3 31

101
188

80.9
13.7
1.17
1.26
3.77
0.63
8.42

42
11.2.
11.3

173
196

3.25
2.76
663
1.93
34.3

91.5
167

75.2
11.3
1.33
1.41
3.92
0.48
6.36
35.8
35.2
9.78
390
160

3.89
2.4
826

3.41
44.6

94.5
173

79.8
12.t
1.14
1.16
3.62
0.56
8.66
39.3
11.7

10

155
219

3.16
2.44
455
1.96
23.6

96.3
I1

67.3
1l.5
1.11
1.06
3.76
0.58
8.86
44.6
15.5
11.1
296
170
389

3.63
2.7
577

2.84
29.5

l1
204

73.4
9.67
1.78

0.934
2.87
0.42
6.26
28.6

32
10.3
81b
121
502
4.67
1.74
578

4.17
39.7

93.2 93.4
170 184
64 57

8.33 12.1
1.7 1.22

0.86 1.27
3.14 3.56
0.41 0.49
5.42 8.47
17.3 41.9
45.3 10.4
10.1 11
927
127 179
781 168

4.21 3.39
1.86 2.56
483 603

3.68 2.45
35.3 30

Peach Springs Tuff
Sample N H83M-21 H830W-163 Ht30W-164 H4CH-71 H84AR-58 JP3KI-40 JPJ4EP-1 JPtZTM-8 1-177 TPS-RP TPS-SNG JPl2CH-16
Hf 8.67 8.83 8.87 7.94 6.81 9.25 13.5
Ba 82 47 116 13t 251
Rb
St
Ta
Zr

165 245
36 89

2.24 2.59
245 252

225
100

2.66
218

205
44

135 I8S 17S 173 195 240
110 8S 215 S0 47 26

175
63

212

2.55
220

2.88
180

1.76 1.76
235 510

58

270 0
_ ##

225 256 197 215
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Springs tuff is a rhyolite, (Nielson, written communication, 1991) while the tuff in

the NWH and the Tuff of Bridge Spring are dacitic. In addition, compatible and

incompatible element fields for the NWH tuff and the Tuff of Bridge Spring

overlap (Figures 31 through 34). As chemical zonation is common in ash-flow

tuffs (Smith, 1979), variation in major element and compatible trace element

compositions in the NWH samples is not unexpected. However, incompatible

| elements such as Hf, Ta and Nb are best for ash-flow tuff correlation (Hildreth

and Mahood, 1985). Therefore, the tight clustering of incompatible elements

suggests a common source for the Tuff of Bridge Spring in the Eldorado Range

j and the tuff in the NWH. Although the Peach Springs Tuff has a similar range of

Rb, Hf and Ta concentrations (Figures 31 and 32), it is higher in Si 2 and lower

in Ba (Figure 32) and in total Fe, MgO, TiO2 and MnO (Figure 33) than most of

the NWH samples.

The Peach Springs Tuff was dated at 18.5 + /- 0.2 Ma (Nielson et al.,

1990). The tuff in the NVH yielded a K-Ar biotite date of 16.4 + - 0.5 Ma

(Table 8). Faulds (1989) reported similar biotite K-Ar ages (16.4 and 15.9 +/-

0.36 Ma) for a tuff in the southern Black Mountains (Figure 29), that can be

traced northward into the central Black Mountains, where it contacts small

rhyolite or dacite centers in the middle Patsy Mine Formation (Faulds, personal

communication, 1991). Bridwell (in preparation) dated a tuff from the

McCullough Range that he correlated with the Tuff of Bridge Spring at 16.6 +

0.4 Ma (K-Ar on biotite). These four dates contrast with a date of 15.18 + /- 0.2
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Ma (Arf9Ar) reported by Gans (1991) from the Tuff of Bridge Spring in the

Eldorado Range.

I flows.I propose that the Tuff of Bridge Spring is composed of two pyroclastic

flows. The tuffs in the NWH, southern Black Mountains and McCullough Range

(White Hills member) may represent an earlier eruption from the same source

which erupted the Tuff of Bridge Spring in the Eldorado Range (Eldorado

Member) 1 to 1.5 my. later. This model requires that the magma chamber

undergo two cycles of recharge from the same or a similar source followed by

similar evolutionary paths to develop two magmas nearly identical in composition

l but erupted 1 to 1.5 m.y. apart. Similar episodic or cyclic pyroclastic eruptions

have been described in western North America. Intervals between ash-flow tuff

eruptions from the same caldera system (Table 16) range from 0.2 to 2.4 Ma. In

general, magmas erupted after a longer (> 1 Ma) period of quiesence tend to be

more fractionated than the earlier magma (i.e., the Valles Caldera and the earlier

stages of the Platoro complex). When intervals between the eruptions are shorter

(<0.5 Ma) magmas from the later eruptions tend to be less fractionated than the

earlier magmas (i.e., the western San Juan complex and the later stages of the

Platoro complex). When intervals are between 0.5 and I Ma, the erupted

magmas are very similar mineralogically and chemically (i.e., the Heise,

Yellowstone, and Kane Spring Wash volcanic fields).

Chemical evidence supports the premise that the McCullough Range and

NWH comprise a separate member of the Tuff of Bridge Spring. The broader
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Table 16: Episodic ash-flow tuff eruptions from
selected calderas In North America

I

Interval
Caldera Date of Between
System Eruption Eruptions Comments

Platoro, 32 Ma
New Mexico 2.5 Ms Increase in SiO2

(1) 29.5 MA
0.2 Ms

29.3 Ma
0.1 Ma

29.2 Ms General decrease in SiO2
0.2 Ms

29.0 Ma
0.6 Ms

28.4 Ms
Western 28 S Ms

San Juan, 0.4 Ma
New Mexico 28.4 Ms

(2,3) 0.6 Ma General decrease in SiO2
27.t MS

0.2 Ms
27.6 Ma

Valles, 2.94 MA Erupted from zoned chambers, atter
New Mexico 2.4 Ma two episodes are more silicic than

(4) 1.45 Ma the first, yet similar with respect
0.33 Ma to non-fractionated elements.

1. 12 Ma
Yellowstone, 2.0 Ms

Wyoming 0.7 MA High-silica rhyolites, each similar
(5,6) 1.3 Ms mincralogically and chemically

0.7 Ms

0.6 Ms
Heise Vol- 6.5 Ma
canic Field, 0.9 Ma 74-77% Silica, all enriched in LREE,

Idaho 5.6 Ma each ash-flow similar chemically
(7) 1.3 Ms

4.3 Ma
Kane Springs 15.6 Ma
Wash, Nevada 0.9 Ma Two or three separate centers erupted

(8) 14.7 Ms compositionally similar ash-flow tufts
0.6 Ms

14.1 Ms
Los Humeros, 0.46 Mt High-silica rhyolitc to dacite in first

Mexico 0.36 Ma eruption, rhyodacite to andesite in second.
(9) 0.1 Ma Eruption rate > replenishment rate

.

1. Duncan et A., 1989
2. Lipman et l., 1989
3. Hon and Lipman, 1989
4. Goff etal., 1989
S. Bonnichsen et al., 1989

6. Hildreth e al., 1984
7. Morgan ct al., 1984
8. Novak, 1984
9. Ferr & Mabood, 1984
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spread of data for most elements in the NWH compared to the McCullough

Range may be attributable to sampling over a broader area, as Tuff of Bridge

Spring exposures in McCullough Range are more localized. Mg# is similar for

both localities, and lower than for the Eldorado Member (Figures 31-33) and the

White Hills Member has higher total Fe and MnO and lower MgO than the

Eldorado Member. MgO contents of Eldorado Member samples are abnormally

high for dacitic rocks and result in unusually high Mg#s (Figures 31 and 32). The

source of this high MgO is unknown.

The White Hills, southern Black Mountains and McCullough Range may

have occupied different structural troughs than the Eldorado Range. A

topographic barrier may have separated different depositional settings and

prevented the older White Hills member from reaching the Eldorado Mountains

and the Eldorado member from reaching eastward into Arizona.

The Tuff of Bridge Spring has been mapped in the southern McCullough

and Highland Spring Ranges (Schmidt, 1987, and Davis, 1984), and an ash-flow

tuff exposed in the southern White Hills may correlate with the Tuff of Bridge

Spring as well. Without age dates, it is unknown whether these tuffs represent the

first or second eruption. Although the southern extent and source of the Tuff of

Bridge Spring are unknown, a source to the southwest is suggested by flow

direction studies on the Eldorado member by Brandon (1979) using the

techniques of Elston and Smith (1970) and Rhodes and Smith (1972).

On the basis of geochronologic data and the above correlation of the tuff
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in the NWH with the Tuff of Bridge Spring, the mafic volcanic rocks of the NWH

can be placed within the established time-stratigraphic framework of the northern

Colorado Trough (Figure 35). The basalt and basaltic andesite underlying and

overlying the tuff in the NWH are time correlative with the Patsy Mine section in

the Eldorado Range (185 to 13 Ma, Gans, 1991 and Darvall, 1991).

LATE TERTIARY SEDIMENTS

The east-tilted nid-Tertiary volcanic and sedimentary section in the NWH

is unconformably overlain by gently tilted (< 10' NE) sediments that I correlate

with the late Tertiary Red Sandstone unit and Muddy Creek Formation. In the

southern half of the study area, unconsolidated sandy gravels overlie Tpb and Tsp

and are overlain by Senator Mountain basalts (Tsm). Calderone et al. (1991)

report a 8.5 Ma date on a basalt similar to Tsm in composition and stratigraphic

position at Table Mountain Plateau in the southern White Hills, 15 km south of

the study area. Theodore et al. (1987) report a 10.9 +/- 0.6 Ma date on a "basalt

flow in the Muddy Creek Formation". These dates are similar to the reported

range for Callville Mesa basaltic andesite (Feuerbach et al., in press) that are

interbedded with the Red Sandstone unit of Bohannon (1984). 1 therefore

mapped all gravels that are tilted >5' and intruded by or interbedded with the

basalt of Senator Mountain as Red Sandstone (Trs). The Red Sandstone is

exposed in the Grand Wash Trough and in the western Lake Mead area (Figure

36) and was deposited in actively extending basins (Duebendorfer and Wallin,

1991).
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In the northern half of the study area, Trs is overlain by untilted gravels

that comprise the lower part of the Muddy Creek Formation (Tmcl). The

deposits are lithologically similar to Trs and are distinguished from it by degree of

tilt and lack of intruding or interlayered basalt. These coarse clastics are overlain

by pink to orange gypsiferous siltstone and freshwater limestone that contains

chert nodules. The capping limestone was mapped as the Hualapai Limestone

Member of the Muddy Creek Formation by Blair and Armstrong (1979), Blair et

al., (1979), and Bradbury and Blair (1979). For convenience in mapping, I have

grouped the interbedded gypsiferous siltstone and limestone as Tmcu on Plate 1.

The Muddy Creek Formation is exposed throughout the Lake Mead area (Figure

37).

Overlying the Muddy Creek sediments are unconsolidated river cobble

deposits (Qp on plate 1) stranded at former levels of the Colorado River system.

These are found 250 to 350 meters above the current river level (now flooded by

Lake Mead) and consist of very well-rounded Colorado Plateau-type Paleozoic

quartzite and carbonate clasts. They were mapped as "Old River Deposits" by

Longwell (1936) and are found above river level throughout the Lake Mead area.

STRUCrURE

Lake Mead region 'detachment faults'

The Lake Mead and lower Colorado River Trough regions contain

numerous low-angle faults which accormmodated considerable extension. These

faults may be termed "detachment' faults if they exhibit the following

i
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characteristics (Reynolds, 1985):

1) Significant contrast in rock type on either side of the fault, due to large

magnitude normal-sense displacement.

2) Upper plate rocks are brittlely deformed, faulted and rotated, while

ductilely deformed lower plate rocks are comparatively intact.

3) Normal faults in the upper plate merge with or are cut by the

detachment.

4) The lower plate in the vicinity of the fault is marked by a zone of

hydrothermally altered breccia and microbreccia.

The Salt Spring fault satisfies some, but not all, of these criteria. The

Tertiary rocks and structural style in the upper plate contrasts markedly with the

lower plate Precambrian basement. Strong retrograde metamorphism and

brecciation is exhibited in the lower plate. Therefore, the Salt Spring fault may

be termed a detachment. However, the amount of displacement on the Salt

Spring fault is unconstrained and the lower plate near the fault lacks evidence of

ductile deformation. In addition, the behavior of the upper plate normal faults at

depth is unknown.

Other major low-angle normal (detachment) faults in the Lake Mead area

(Figure 2) include the Cyclopic detachment (Myers, 1985, Myers et al., 1986 and

Theodore et al., 1987), the Lakeside Mine fault (Fryxell et al., in press, and

Fryxell and Duebendorfer, 1990), the Saddle Island detachment (Smith, 1982,

Sewall, 1988, Smith et al., 1990 and Duebendorfer et al., 1990a&b), and a low
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angle fault at Arch Mountain (Eschner, 1989). Comparison of features associated

with these faults is summarized in Table 17.

Ile Cyclopic detachment (Myers, 1985) exhibits brittle deformation and

alteration similar to the Salt Spring fault. Myers noted chloritic alteration in the

lower plate and ferric alteration in the upper plate of the detachment. Numerous

northwest-striking, high-angle brittle normal faults antithetic to the detachment

are present in the upper plate. At least 5 km of displacement occurred along the

detachment.

Fryxell et al. (in press) have documented the deformation and alteration

associated with the Lakeside Mine fault. They described highly brecciated

chloritized Precambrian basement in the footwall. The brittle deformation

overprints a mylonitic fabric that displays top-to-the-west shear and west to

northwest transport. Mylonite zones dip dominantly west to northwest, but some

dip eastward. Upper plate rocks north of the Gold Butte fault (Figure 2) are cut

by tear faults and small-magnitude high-angle normal faults.

The Saddle Island detachment exhibits all of the characteristic elements of

metamorphic core complexes, including brittle deformation of upper plate rocks

and mylonite in lower plate rocks. Sewall (1988) described brecciation and

propylitic alteration (epidote, clinozoisite, chlorite, and calcite) of the upper plate

and black microbreccia grading into chlorite schist in the lower plate. Weber and

Smith (1987) documented 20 km of displacement along the detachment.

Exposed at Arch Mountain is a low angle fault that separates Precambrian,
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Tnble 17: Characteristics of Lake Mend region low angle nornal faults

Salt Spring Cyclopic Lakeside Saddle Island Arch Mountain
Fault Detachment Mine Fault Detachment Fault
(this study) (Myers, 19S5) (Fryxell et (Sewal, 198) (Eachner, 1989)

al.,in press)
Mylonite No No Yes Yes No

Brittle Yes Yes Yes Yes Yes
5 Deformation

Low-angle
anastomosing Yes Yes Yes Yes Yes

S shear zones

Alterition chlortic chtoridc chloritic chtoritic hematitic

> High-angle Yes: normal Yes: normal Yes: normal Yes: normal Yes: normal
brittle faults & strike-slip & strike-slip

c:

; Alteration hematitic hematitic hematitic propyllitic hematitic

Attitude S: North-South S: N37 -54 W S: NNE S: N65 E S: N IOW
D:10-30W D:16-22SW D:WNW D:25NW D:5-35W

Age ? post 16.4 Ma between 13.5 between 13.4
and 9 Ma and 12 Ma

O-
0>
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Paleozoic and Tertiary intrusive rocks in the upper plate from the mid-Miocene

Wilson Ridge pluton in the lower plate (Escbner, 1989). Eschner described

cataclastic deformation along the fault surface, hematitic alteration and low-angle

anastomosing brittle shear zones in the lower plate. Duebendorfer et al. (1990)

suggested that this fault may represent the eastern continuation of the Saddle

Island detachment and attributed the lack of mylonitization in the lower plate to

an eastward shallowing of a possible regional detachment structure.

Regional correlation of Salt Spring fault

The Salt Spring fault may be correlated with the Cyclopic detachment on

the basis of spatial and geometric relationships, kinematic similarities and

comparable styles of deformation and alteration. Both faults dip west to

southwest, have brittlely deformed upper plates that are cut by high- to moderate-

angle normal faults, and exhibit strong ferric alteration. Lower plates exhibit both

chloritic and hematitic alteration.

Correlation of the Salt Spring fault with the Lakeside Mine fault to the

north is more speculative. Spatial and kinematic characteristics support this

correlation, as both faults dip westward and upper plate transport direction was to

the west. In addition, the coarse breccia and debris flow deposits (Tbr) in the.

NWH bear several similarities to the megabreccia and debris flows of the Thumb

Member of the Horse Spring Formation exposed at Rainbow Gardens (Figure 2).

The 16.4 Ma +/- 0.4 Ma age of the NWH tuff interbedded with Tbr is within the

13.5-17.2 Ma age range (Bohannon, 1984) for the Thumb breccias. Coarse clastic
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deposits of the Thumb Member were interpreted as an alluvial fan deposit with a

source at Gold Butte (Anderson et al., 1972, Longwell, 1974, and Bohannon,

1984). Parolini (1986) interpreted the megabreccias as landslides and debris flows

shed off the scarp of a boundary fault". The megabreccias were deposited no

more than 5 km from their source (Rowland et al., 1990). Fxell and

Duebendorfer (1990) suggested that the Lakeside Mine Fault may have been that

fault. Tbr may have been deposited in a similar fashion, as products of the

rapidly uplifting and eroding Salt Spring fault scarp (Switzer, personal commun.,

1991). Therefore, similarity of the Thumb breccias and Tbr, and their supposed

relation to the Lakeside Mine and Salt Spring faults, respectively, supports the

correlation of the two faults. However, the style of deformation differs between

the faults, as evidence for ductile deformation is lacking along the Salt Spring

fault.

Ductile vs. brittle deformation

Brittle deformation in the lower plate of the Salt Spring fault and Cyclopic

detachment contrasts with ductile deformation in the lower plate of the Lakeside

Mine fault. Two models are proposed to explain the lack of ductile deformation

along the Salt Spring fault and Cyclopic detachment.

1. Exposure of deeper levels in the Gold Butte area may be accomplished

by either a steepening of the fault to the north (Figure 38) or corrugation of the

fault surface about an east-west-trending axis (Figure 39). If the Lakeside Mine

portion of the fault dips more steeply than the Salt Spring-Cyclopic portion,
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steepening of fault surface.
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deeper level rocks were brought to the surface more quickly there, given the same

amount of displacement. However, no evidence for significant differences in dip

have been observed.

If the regional low-angle fault system that includes the Cyclopic, Salt Spring

and Lakeside Mine faults was corrugated as in Figure 38, the southern portion of

the fault would experience deformation at a higher structural level, where brittle

deformation prevails. Greater uplift to the north where the fault is deep would

be triggered by greater tectonic denudation. This model is consistent with fault

attitude data for all exposed segments of the fault. However, the amplitude of the

corrugation would have to be rather. large. Corrugated detachment fault surfaces

are known in the lower Colorado River trough, but the folds are gentle features

with 4-10 km wavelengths and 100-600 m amplitudes (Spencer, 1982). Still, if the

K..' corrugation is near (and cuts) the brittle-ductile transition zone, it may be possible

for different styles of deformation to be simultaneously active along strike of the

same fault.

2. The amount of displacement on the Cyclopic-Salt Spring-Lakeside Mine

fault system, and therefore the amount of rebound, may decrease southward

toward the Black Mountains accommodation zone. Greater rebound to the north

would expose deeper level rocks. Greater extension north of Lake Mead is

indicated by transport of Thumb Member Megabreccia 65 km west of Gold Butte

to Rainbow Gardens (Longwell, 1974 and Bohannon, 1984). Although 20 km of

the westward transport of Thumb breccias probably took place along the Saddle
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Island detachment, 40-45 km of displacement may have been accommodated by

the Lakeside Mine fault. The maximum distance for landslide travel is 15 km,

and distances on the order of a few km are more typical (Yarnold and Lombard,

1989). Preliminary work by Switzer (personal communication) suggests that the

NWH breccia was probably deposited within 5 km of its source. NWH breccia is

known only as far west as Squaw Peak (approximately 10 km). Although more

Tbr could be buried in Detrital Wash, no exposures are known west of Detrital

Wash, so the unit cannot have been extended more than 25 km.

In the Black Mountains and Eldorado Range, Faulds (1989) documented

decreasing fault dips, increasing tilt of fault blocks, and increasing fault spacing

away from the axis of the Black Mountains accommodation zone. Faulds

documented 6 km of displacement along the Van Deemen Mine fault in the

southern Black Mountains, north of the accommodation zone, and suggested that

this fault may be continuous with the Saddle Island detachment. These

observations indicate a northward increase in the amount of extension (Figure 40)

that may be paralleled to the west in the White Hills and south Virgin Mountains.

Although this model is highly speculative, it is consistent with published data

regarding the Lakeside Mine fault, Thumb megabreccia, and accommodation

zone.

Geometry and displacement of Salt Spring fault

Despite the substantial thickness of mafic volcanic rocks in the upper plate

of the Salt Spring fault, no corresponding intrusions are known in the lower plate
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Figure 40. Extension increasing northward from the Black Mountains
Accommodation Zone (BMAZ), modified from Faulds (1991).



:1

117
between the Salt Spring fault and the Grand Wash Cliffs (Figure 2). Four

possible explanations for this follow.

1) The intrusions are present beneath sediments in Grapevine Wash or

Hualapai Wash. If this is the case, horizontal displacement along the fault is a

minimum of 10 km (Hualapai Wash) or 15 km (Grapevine Wash). No evidence

for these intrusions exists because no detailed geophysical studies have been done

in the area and no wells have been drilled to bedrock.

2) The volcanic sources were west, north or south of the study area and the

mafic volcanics flowed into the area from outside. Corresponding intrusives

would then be situated below these sources. However, the thickness of the

sections precludes a distant source. In addition, no intrusive rocks equivalent to

the basaltic andesite are known to the north, west or northwest of the study area.

Although burial of intrusions beneath basin fill in Detrital Wash can not be ruled

out, isostatic residual gravity data (Faulds, 1989) indicates a low in Detrital

Valley, which is not consistent with mafic intrusions at depth. If such intrusions

are present, they have been transported to the west in the upper plate of the Salt

Spring fault along with the NWH.

3) The intrusions are still hidden beneath volcanic sections in the NWH.

The Salt Spring fault has not experienced enough displacement to remove the

volcanics from their underlying root. This model is consistent with decreasing

displacement approaching the Black Mountains accommodation zone.
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CONCLUSIONS

The northern White Hills (NWH) provide a unique opportunity to study

the upper plate of the regionally extensive Cyclopic-Salt Spring Wash-Lakeside

Mine Fault System. The upper plate contains 6 distinct structural blocks of tilted

mid-Tertiary volcanic and sedimentary rocks, isolated by intervening late Tertiary

and Quaternary sediments. A composite stratigraphic section was constructed

using field relations, geochemical data and petrography. At the base of the

composite section are mafic volcanic rocks overlain by coarse breccia and debris

flow deposits interbedded with an ash-flow tuff. The upper part of the section

contains mafic volcanic rocks and fanglomerate.

Three groups of mafic volcanic rocks were distinguished on the basis of

geographic distribution, chemistry and petrography. These are the basaltic

andesite of Temple Bar, basaltic andesite of Squaw Peak and basalt of Pink/Black

Ridge. The mafic volcanics were erupted coevally from three different volcanic

centers. Eruption of mafic lavas was interrupted by landslides, debris flows, the

deposition of an ash-flow tuff and fanglomerates. These areally extensive deposits

allow development of a model for the eruptive and depositional history of the

NWH.

The mid-Tertiary section is cut by high- to moderate-angle down-to-the-

west normal faults that repeat parts of the stratigraphic section. Similar normal

faults, now buried beneath Late Tertiary and Quaternary alluvium may bound and

separate the blocks. Although extension and tilting began after the cessation of
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volcanism in most of the NWH, a growth fault at Salt Spring Wash indicates that

faulting began earlier there.

The three types of mafic magma may reflect similar degrees of partial

melting of similar K-rich sources. Tpb differentiated by fractionation of olivine.

Ttb and Tsp evolved by fractionation of olivine, clinopyroxene and plagioclase.

Magma evolution is complex and also involves recharge by fresh batch melts.

The tuff in the NWH (16.4 Ma) is the lower member of the Tuff of Bridge

Spring (White Hills member). The underlying and overlying mafic volcanic rocks

correlate with the Patsy Mine Volcanics. The upper member of the Tuff of

Bridge Spring (Eldorado member) may have erupted from the same vent as the

White Hills member at 15.19 Ma.

The lower plate of the Salt Spring fault is composed of Precambrian

basement rock of varying lithologies. Near the trace of the Salt Spring Fault, the

footwall rocks are highly altered and brittlely sheared to hematitic gouge and rock

flour. A dense network of anastomosing brittle shear zones separates lower plate

rock within 100 m of the fault into lenses of strongly retrograded but largely

undeformed granitoid, gneiss and amphibolite. A higher proportion of granitoid

and mylonite clasts in upper plate landslide breccia relative to lower plate rocks

near the Salt Spring fault suggests that the source of the landslide deposits is

farther east or south of the fault.

Differences in style of deformation along the Cyclopic-Salt Spring Wash-

Lakeside Mine fault may be explained by increasing displacement and a
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corresponding increase in uplift northward from the Black Mountains

accommodation zone.

FUTURE WORK

The tectonic significance of the thick coarse breccia and debris flow

deposits (Thr) near the base of the NV/H section may be better understood

through more detailed mapping of the internal structure and stratigraphy of the

deposits. Depositional processes may be better defined by detailed measurement

of sections within the deposits, clast population studies and transport direction

studies. The maximum transport distance, paleotopography and timing of

deposition and extension may be better defined through careful examination of

the internal and external stratigraphic details. Reconnaissance and detailed

mapping of the crystalline basement rocks of the lower plate, in Graham Ridge

and on the Hualapai Plateau, may delineate a source area for the mylonite and

megacrystic granite clasts common in Tbr deposits.

More definitive links between the Salt Spring fault (SSF) and the Lakeside

Mine fault and the Cyclopic detachment may be possible through additional

detailed mapping. However, burial of the trace of the SSF south of Salt Spring

Wash beneath the Muddy Creek Formation may preclude a physical linkage of

the two normal faults. On aerial photographs, the SSF appears to project north of

Lake Mead at Slide Cove (Plate 1). Although most of the terrain between Lake

Mead and the southern end of the Lakeside Mine Fault is covered by Muddy

Creek Formation or similar sediments, it is possible that some lower plate may be
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exposed in deeply eroded gullies on the north side of the lake.

Intense hydrous retrograde alteration in the lower plate of the Cyclopic-

Salt Spring Wash-Lakeside Mine fault contrasts markedly with the largely

unaltered crystalline basement rocks of the region (i.e., the McCullough Range to

the west and the Lost Basin Range to the east). Thus, retrograde alteration is

spatially related to the detachment. More detailed study of the near-fault altered

rocks and their unaltered equivalents is necessary to ascertain the timing of

alteration and source of fluids.

The late Tertiary Red Sandstone equivalent and Muddy Creek Formation

gravels in the northern White Hills were mapped from aerial photographs and

during reconnaissance mapping. More detailed study of these sediments may

allow new constraints on timing of basin development in the eastern Lake Mead.

Current work indicates that the Tuff of Bridge Spring merits a more

detailed and comprehensive study. Mapping of extent and internal characteristics

of known deposits of both members would better define the conditions of

deposition and pre-eruption topography. Age dating, paleomagnetic studies and

geochemical analysis of the Tuff of Bridge Spring in Highland Spring Range and

southern McCullough Range would allow correlation of those exposures with

either the White Hills Member or the Eldorado Member. Systematic sampling

for geochemical, petrographic and age date analysis of both members would allow

development of model for cyclic recharge and differentiation of a single magma

chamber.
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Isotopic studies would allow more quantitative and meaningful petrogenetic

modelling of the mafic volcanics of the NWH. High precision systematic age

dating of the entire section by the 4ArrAr method would provide details

regarding rates of magma production and eruption. Precise age dates would also

constrain timing of synvolcanic faulting in the upper part of the section at Salt

Spring Wash.
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APPENDIX B: PETROGRAPHIC DESCRIPTIONS
ASH-FLOW TUFFS

1000 points/slide

137 'Peninsula, vitrophyre at base of Tt
20.6% Plagioclase; pitted, sieved with subbedral overgrowths, up to 3 mm
1.8% Biotite; subbedraL, hematitic alteration on margins and fractures, up to 1 mm
02% Sphene; subbedral to anhedral, <05 mm
7.8% Clinopyroxene; broken, subhedral, <05 mm
03% Olivine; subhedral, embayed, altered to iddingsite on rims, <05 mm
2.2% Magnetite

Groundmass: slightly devitrified, dense and glassy.

14 Peninsula, 20 m from base of Tt
0.1% Lithic fragments; dacite, up to 2 mm
2.0% Pumice fragments; unflattened, up to 4 mm
6.8% Sanidine; subhedral, zoned, up to 2 mm
6.1% Plagioclase; broken subbedral laths, up to 1 mm
0.8% Biotite; subhedral, <05 mm
trace Sphene; broken, euliedral, <0.5 mm
1.1% Clinopyroxene; broken, euhedril, <0.5 mm
0.4% Magnetite

Groundmass: unwelded, slighkty devitrified, slightly calcified

136 Peninsula, center of Tt
153% Lithic fragments; dacite, basalt, sparse crystalline basement, up to 5 mm
6.2% Pumice fragments; slightly flattened, up to 3 mm
0.8% Sanidine; broken, subbedral, <0.5 mm
1.2% Plagioclase; broken, subhedral, pitted <0.5 mm
2.% Biotite; subbedral, up to 1 mm
trace Sphene; subhedral
0.7% Clinopyroxene; broken, euhedral, <1 mm
03% Zircon
1.5% Magnetite

Groundmas : slightly welded, moderately devitrified, moderately calcified.

J42 Peninsula, 5 m from top of Tt
3.6% Lithic fragments; basalt, dacite, up to 4 mm
6.8% Pumice fragments; unflattened, up to 2 mm
4.0% Sanidine; subhedral to anhedral, blocky, up to 1 mm
9.3% Plagioclase; broken, subhedral, partially altered to calcite
0.4% Quartz; anhedral, <0.5 mm
2.0% Biotite; subhedral, hematitic alteration on margins and fractures; < 1 mm
0.1% Sphene; subbedral
0.7% Clinopyroxene; broken, euhedral to subhedral, <05 mm
1.1% Magnetite

Groundmas : slightly welded, moderately devitrified

54 1.5 km west of Salt Spring Wash
5.7% Uthic fragments; dacite, crystalline basement, up to 3 mm
10.2% Pumice fragments; flattened, up to 2 mm
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6.2% Sanidine; subhedral, embayed, up to 2 mm
4.2% Plagioclase; broken, subhedral, partially altered to calcite, < 1 mm
2.0% Biotite; hematitic alteration on margins and fractures, < 1 mm
0.5% Sphene; euhedral
0.2% Clinopyroxene; anhedral, embayed, < 1 mm
0.1% Zircon
0.7% Magnetite

Groundmass: slightly welded, moderately devitrified, moderately calcified

west side of Salt Spring Wash, base of Tt
145% Lithic fragments; dacite and basalt, up to 5 mm
1.4% Pumice fragments; unflattened, up to 2 mm
39% Sanidine; subhedral to anherdal, embayed, <1 mm
2.7% Plagioclase; broken, euierdal to subhedral, largely altered to calcite
0.4% Quartz; embayed, <0.5 mm
0.7% Biotite; <1 mm
trace Sphene
trace Zircon
0.3% Magnetite

Groundmass: moderately welded, largely devitrified, slightly calcified

west side of Salt Spring Wash, center of Tt
4.7% Lithic fragments; crystalline basement, dacite, up to 3 mm
2.8% Pumice fragments; blocky, nonflattened, up to 2 mm
8.7% Sanidine; broken, subbedral, embayed, up to 3 mm
L4% Plagioclase; subbedral laths, replaced by calcite, up to 1 mm
02% Biotite; hematitic alteration on margins and fractures, <0.5 mm
0.2% Magnetite

Groundmass: nonwelded, largely devitrified, moderately calcified

70 west side of Salt Spring Wash, top of Tt
10.4% 1Uthic fragments; crystalline basement, basalt, up to 3 mm
6.3% Pumice fragments;.slightly flattened, up to 2 mm
0.4% Sanidine; broken, subhedral, <0.5 mm
0.9% Plagioclase; replaced by calcite, <I mm
1.3% Biotite; hematitic alteration on margins and fractures, up to 0.5 mm
0.3% Sphene
03% Clinopyroxene
0.1% Zircon
0.2% Magnetite

Groundma: slightly welded, largely devitrified, slightly calcified

Dug's Island, center of Tt
2.4% Lithic fragments; basalt, dacite, up to 2 mm
62% Sanidine; subhedral, rounded, fractured, up to 2 mm
3.4% Plagioclase; subhedral laths, replaced by calcite, < 1 mm
1.0% Quartz; anhedral, embayed, <1 mm
12% Biotite; hematitic alteration on margins and fractures, < 1 mm
0.8% Magnetite

Groundmass: nonwelded, moderately devitrified, severely calcified
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81 Dug's Island, top of Tt
7.0% Lithic fragments; crystalline basement and dacite; up to 3 mm
11.3% Pumice fragments; slighity flattened, up to 2 mm
L2% Sanidine; broken, subhedral, blocky, up to 1 mm
1.5% Plagioclase; largely replaced by calcite, < 1 mm
0.7% Biotite; hematitic alteration on margins and fractures, <0.5 mm
0.1% Sphene
trace Clinopyroxene
0.2% Zircon
0.8% Magnetite

Groundmass: slightly welded, moderately devitrified, severely calcified

J101 Smith Hill, base of unit
10.9% Lithic fragments; basalt and crystalline basement, up to 6 mm
1.5% Pumice fragments; slightly flattened, up to 4 mm
8.5% Sanidine; broken, subhedral, blocky, embayed, up to 2 mm
4.4% Plagioclase; broken, subhedral laths, altered to sericite, up to 1 mm
0.2% Quartz; anhedral, embayed, < 1 mm
0.6% Biotite; hematitic alteration on margins and fractures, <1 mm
0.1% Clinopyroxene
trace Zircon
0.4% Magnetite

Groundmas : slightly welded, largely devitrified, slightly calcified

4 Smith Hill, 30 m from base of Tt
1.8% 11thic fragments; basalt, up to 5 mm
2.4% Pumice fragments; moderately flattened, up to 3 mm
203% Sanidine; broken, subhedral, slight alteration to sericite, up to 3 mm
10.6% Plagioclase; broken, subbedral, largely altere to sericite, up to 5 mm
25% Biotite, hematitic alteration on margins and fractures, up to 2 mm
0.6% Magnetite

Groundma : moderately welded, moderately devitrified

150 Smith Hill, S0 n from base of Tt
4% Lithic fragments; dacite and basalt, up to 2 mm
9.8% Pumice fragments; slightly flattened, up to 4 mm
2.6% Sanidine; broken, subbedral, < 1 mm
8.6% Plagioclase; subhedral, largely altered to calcite, up to 1 mm
3.0% Biotite; hematitic alteration on margins and fractures, <1 mm
trace Sphene
0.6% Clinopyroxene
0.8% Zircon
1.4% Magnetite

Groundmass: moderately welded, slightly devitrified

96 : Smith Hill, S m from top of Tt
13% Lithic fragments; basalt, up to 1 cm
0.8% Pumice fragments; slightly flattened, up to 2 mm
12.1% Sanidine; broken, subbedral, embayed, blocky, up to 3 mm
7A% Plagioclase; altered to calcite and sricite, up to 2 mm
3.9% Biotite; hematitic alteration on margins and fractures, <1 mm



137

trace Sphene
trace Zircon
0.7% Magnetite

Groundmass: slightly welded, slightly devitrified, moderately calcified

98B Smith Hill, top of Tt
123% Lithic fragments; basalt, up to I cm
5.0% Pumice fragments; slightly flattened, up to 2 mm
8.9% Sanidine; broken, subhedral to anhedral, embayed, up to 4 mm
9.5% Plagioclase; subhedraL, partially altered to sericite, up to 2 mm
0.1% Quartz; anhedral, <05 mm
3.6% Biotite; broken, subhedral, hematitic alteration on margins and fractures, <05 mm
trace Sphene
2.3% Magnetite

-Groundmass: slightly welded, moderately devitrified

Squaw Peak, near base of Tt
6.2% Lithic fragments; basalt and crystalline basement, up to 3 mm
0.8% Pumice fragments; slightly flattened, up to 2 mm
9.2% Sanidine; broken, subhedral, up to 2 mm
9.3% Plagioclase; broken, subbedral, apatite inclusions, up to 1 mm
2.6% Biotite; slight hematitic alteration on margins and fractures, up to 1 mm
trace Sphene
0.9% Clinopyroxene
trace Zircon
0.6% Magnetite

Groundmass: slightly welded, slightly devitrified

.11 northwest of Squaw Peak, middle of Tt
10.2% Lithic fragments; basalt, up to 7 mm
12.4% Pumice fragments; slightly flattened, up to 4 mm
9.8% Sanidine; broken, subhedral, up to 2 mm
14.6% Plagioclase; broken, subhedral, replaced by calcite up to 3 mm
1.4% Biotite; hematitic alteration on margins and fractures, up to 1 mm
1.8% Clinopyroxene
trace Zircon
0.2% Magnetite

Groundmass: slightly welded, slightly devitrified, largely calcified

106 northwest of Squaw Peak, 10 m from top of Tt
6.2% Lithic fragments; basalt, up to 2 mm
43% Pumice fragments; slightly flattened, up to2 mm
10.8% Sanidine; anhedral to subhedral, blocky, up to 2 mm
8.4% Plagioclase; euhedral to subhedraL up to 2 mm
1.9% Biotite; hematitic alteration on margins and fractures, <I mm
trace Sphene
0.6% Clinopyroxene
trace Zircon
0.2% Magnetite

Groundmass: slightly welded, slightly devitrified
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102 reworked ash from west of Chuckwalla Ridge
16% Lithic fragments; basalt, up to 2 mm
43% Sanidine; anhedral, <0.5 mm
1.1% Plagioclase; subhedral to anhedral, < 05 mm
0.8% Biotite; broken needles, <0.5 mm
03% Clinopyroxene

Matrbc largely devitrified ash



139

APPENDIX C: PETROGRAPHIC DESCRIPTION
MAFIC VOLCANIC ROCKS

500 points/slide

139 PENINSULA Ttbl
26% Plagioclase; sieved, fritted, zoned, non-pitted overgrowths; subhedral laths seriate to 1 mm; also

in glomerocrysts with linopyroxene up to 2 mm
11% Clinopyroxene; pitted, embayed, non-pitted overgrowths; subbedral to euhedral equant less than

0.5 mm; in glomerocrysts with plagioclase up to 2 mm
2% Olivine; in glomerocrysts with clinopyroxene and plagioclase
Groundmass: 49% Cryptocrystalline material with seriate fine to coarse grained laths of Plagioclase

(7%) and subhedral Clinopyroxene (5%)

12 PENINSULA Ttbl
18% Plagioclase; pitted, embayed; rounded subhedral laths up to 1.5 mm; also in glomerocrysts with

clinopyroxene and magnetite
5% Unaltered Clinopyroxene; embayed, pitted, subhedral
3% Altered Clinopyroxene; subhedral to anhedral
0.2% Phlogopite; highly altered needles
1% Magnetite; euhedral
2% Vesicles
Groundmass: 66% Cryptocrystalline material with fine-grained felty laths of Plagioclase (3%) and

both altered and unaltered varieties of Clinopyroxene (2%)

90 SMITH HILL Ttbl
13% Plagioclase; pitted, embayed; subhedral up to 2 mm; in glomerocrysts with clinopyroxene up to

3 mm
14% Clinopyroxene; pitted, embayed; subhedral up to 1 mm; in glomerocrysts with plagioclase up to

3 mm
7% Vesicles; filled with calcite
Groundmas;: Seriate fine to coarse-gained subtrachytic laths of Plagioclase (31%); with

intergranular Clinopyroxene (7%), Hematite (4%) and Cryptocrystalline material (23%).

£5 SMITH HILL Ttbm
16% Olivine; subhedral, less than 0.5 mm, altered to iddingsite on rims and along fractures.
3% Clinopyroxene; subhedral, less than 0.5 mm
1% Magnetite
1% Vesicles
GrQundma : Fine-grained trachytic laths of Plagioclase (47%); with intergranular Olivine (6%)

altered to iddingsite, Clinopyroxene (17%) and Hematite (9%).

Sl SMITH HILL Ttbm
22% Plagioclase; pitted, fitted; subhedral laths seriate to 2mm
2% Olivine; embayed; subhedral, less than 1 mm, altered to iddingsite
7% Clinopyroxene; subbedral, up to 2 mm; hematite inclusions.
5% Vesicles
Groundmass: 48% Cryptocrystalline material with fine-grained felty laths of Plagioclase (8%),

Olivine (6%) altered to iddingsite, Clinopyroxene (2%) and Hematite (1%).

2 SMITH HILL Ttbm
19% Plagioclase; pitted, fitted; subhedral laths up to 1 X 3 mm; in glomerocrysts with clinopyroxene
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up to 3 mm
1% Olivine; altered to iddingsite, up to 0.5 mm
11% Clinopyroxene; pitted; up to mm; in glomerocrysts with plagioclase up to 3 mm
6% Magnetite
3% Vesicles; filled with calcite
Groundmass: Seriate fine to coarse grained felty laths of Plagioclase (33%); with intergranular

Olivine (9%) altered to iddingsite, Clinopyroxene (%), Hematite (4%) and Cryptocrystalline
material (8%).

la GATEWAY COVE Ttbm
16% Plagioclase; pitted, sieved, subhedral laths up to 5mm
6% Olivine; anhedral, embayed, altered to iddingsite
6% Clinopyroxene; subbedral, embayed, pitted
Groundas: Seriate fine to coarse-grained felty laths of Plagioclase (29%); with intergranular

Olivine (5%) altered to iddingsite, Clinopyroxene (4%), Hematite (1%) and Cryptocrystalline
material (33%).

0 GATEWAY COVE Ttbm
15% Plagioclase; pitted, embayed; subhedral laths up to 2X4 mm; glomerocrysts with pyroxenes up

to 2 mm
1% Olivine; anhedral, iddingsitzed, up to 0.5 mm
3% Unaltered Clinopyroxene; embayed, subhedral to anhedral, up to 1 mm
1% Altered Clinopyroxene; anhedral, less than 1 mm
1% Magnetite
Groundmass: Coarse-grained blocky microcrystals of Plagioclase (59%16); with intergranular Olivine

(1%) altered to iddingsite, Clinopyroxene (17%) and Hematite (3%).

fli CHUCKWALLA RIDGE Ttbm
17% Plagioclase; pitted, sieved, fritted; ubhedral laths up to 3 mm
2% Olivine; anhedral, altered to iddingsite along margins and fractures; up to 1 mm
7% Clinopyroxene; embayed, anhedral; up to 1 mm
4% Xenoliths; microcrystalline olivine + pagioclase with glassy groundmass
Groundmass 48% Cryptocrystalline material with fine-grained felty laths of Plagioclase (13%),

subhledral Olivine (5%) altered to iddingsite, and Clinopyroxene (3%).

1m CHUCKWALLA RIDGE Ttbm
7% Plagioclase; pitted, embayed, anhedral; up to 1 mm
1% Olivine; anhedral, altered to iddingsite
8% Clinopyroxene; pitted, embayed, with non-pitted overgrowths; subhedral to anhedral
Groundmass: 51% Cryptocrystalline material with fine-rained trachytic laths of Plagioclase (13%),

- subbedral Olivine (3%) altered to iddingsite, Clinopyroxene (4%) and Hematite (12%).

134 CHUCKWALLA RIDGE Ttbm
26% Plagioclase; pitted, fritted, with non-pitted overgrowths; subbedral laths up to 3 mm
3% Olivine; altered to iddingsite on margins and fractures
6% Clinopyroxene; embayed, subhedral, up to 2 mm
10% Vesicles; filled with calcite
Groundmass: Fme-grained felty laths of Plagioclase (17%); with intergranular Olivine (3%) altered

to iddingsite, Clinopyroxene (4%), Hematite (10%1b), and Cryptocrystalline material (22%o).

13 CHUCKWALIA RIDGE Ttbm
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13% Plagioclase; sieved with non-pitted overgrowths; euhedral; up to 15 mm
1% Olivine; subhedral to cuhedral, altered to iddingsite along margins and fractures; up to 1 mm
7% Clinopyroxene; subbedral to euliedral, single crystals and in glomerocrysts
17% Vesicles;partially infilled with chalcedony
Groundmass: 54% Cryptocrystalline material with rme-grained felty laths of Plagioclase (1%),

Olivine (1%) altered to iddingsite, Clinopyroxene (3%) and Hematite (2%).

149 CHUCKWALLA RIDGE Dike - Ttbm or Ttbu
11% Plagioclase; embayed, pitted with euhedral to subhedral overgrowths; seriate up to 2 mm;

inclusions of clinopyroxene
4%-Unaltered Clinopyroxene; cmbayed, subhedral, up to 1 mm
3% Altered Clinopyroxene; subhedral to anhedral, < 1 mm
1% Magnetite
14% Vesicles; partially infled with calcite and epidote
Groundmass: 41% Cryptocrystalline material with seriate medium-grained felty laths of Plagioclase

(19%), and Clinopyroxene (8%).

A2 SMITH HILL Ttbm
10% Plagioclase; fritted, subhedral laths up to 15 mm
10% Clinopyroxene; embayed up to 1 mm, cuhedral up to 05 mm
9% Vesicies; Bfed with calcite
Groundmass: Seriate medium to coarse grained felty laths of Plagioclase (24%); with intergranular

Clinopyroxene (11%) and Cryptocrystalline material (37%).

.i25 SMITH HILL Ttbm
34% Plagioclase; pitted, euhedral laths and clusters of subhedral crystals, up to 1 mm
5% Clinopyroxene; euhedral to subledral, in glomerocrysts with plagioclase up to 1.5 mm
2% Magnetite
1% Vesicles
Groundmass: Partially devitrified brown Glass (51%) with medium-grained felty laths of Plagioclase

(4%) and Clinopyroxene (3%).

.A PENINSULA Ttbm
22% Plagioclase; slightly pitted, fritted, with non-pitted overgrowths; subbedral laths up to 1 mm;

glomerocrysts with clinopyroxene and magnetite up to 3 mm
3% Unaltered Clinopyroxene; embayed, euhedral to subbedral, up to 1 mm; and in large

glomerocrysts with plagioclase
3% Altered Clinopyroxene; anbedral, embayed, less than 1 mm; and in large glomerocrysts with

plagioclase
Groundmass: 48% Crytocrystals; with seriate fine to coarse-grained subtrachytic laths of Plagioclase

(15%), both types of Clinopyroxene (6%) and Hematite (3%/).

CHUCKWALLA RIDGE Ttbm
19% Plagioclase; sieved, fitted and embayed, with non-pitted overgrowths; up to 1 mm
9% Clinopyroxene; pitted, embayed; single crystals and in glomerocrysts
14% Vesicles; filled with calcite
Groundmass: Fine to medium-grained felty laths of Plagioclase (14%); with interganular

Clinopyroxene (10%), Hematite (1%), and Cryptocrystalline material (31%).

1Q CHUCKWALIA RIDGE Ttbm
16% Plagioclase; fritted, sieved, embayed; subhedral laths; up to 2 mm

S
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7% Unaltered Clinopyroxene; subhedral, embayed
3% Altered Clinopyroxene; subbedral to anhedral
6% Vesicles; many filled with ealcite
Groundmass: fine-grained felty laths of Plagioclase (16%); with intergranular Clinopyroxene (6%)

and Cryptocrystalline material (45%).

B SMITH HILL Ttbm
4% Hornblende; cubedral to subbedral; altered to hematite on rims; up to 0.5 X 2 mm
12% Plagioclase; sieved, pitted, non-pitted overgrowths; subbedral, up to 15 mm
3% Magnetite
Groundmass: FIne-grained trachytic laths of Plagioclase (33%); with itergranular Hematite (9%)

and Cryptocrystalline material (39%).

143 PENINSULA Ttbm
48% Vesicles
Croundmass: Seriate fine to coarse-grained subtrachytic laths of Plagioclase (13%); with

intergranular Hematite (15%) and Cryptocrystalline material (14%).

J41 PENINSUIA Ttbm
2% Plagioclase; subhedral in glomerocrysts with olivine.
5% Olivine; subhedral to euiedral; altered to iddingsite; single crystals and in glomerocrysts with

plagioclase
3% Vesicles; filled with calcite
Groundmass: Fine-grained flty laths of Plagioclase (25%); with intergranular Hematite (1%) and

Cryptociystalline material (64%).

7 SALT SPRING WASH Ttbu
27% Plagioclase; pitted; subbedral up to 2mm
0.6% Olivine; altered to iddingsite, less than 0.5 mm
4% Unaltered Clinopyroxene; subhedral, up to 1 mm
5% Altered Clinopyroxene; anhedral, less than 1 mm
Qroundmass: Seriate fine to coarse-grained felty laths of Plagioclase (46%), with intergranular

Olivine (6%) altered to iddingsite, Clinopyroxene (5%), Hematite (3%o) and Cryptocrystalline
material (1%).

SMITH HILL Ttbu
21% Plagioclase; pitted, up to 1 X 2 mm
4% Olivine; subhedral, less than 0.5 mm; altered to iddingsite
6% Clinopyroxene; cuiedral, embayed, pitted; up to 1 mm
1% Magnetite
11% Vesicles; filled with chalcedony
.Grnmass: Fine-grained felty laths of Plagioclase (22%). with intergranular Olivine (3%) altered to

iddingsite, Clinopyroxene (4%), and Cryptocrystalline material (28%).

.10 SMITH HILL Ttbu
4% Plagioclase; pitted, zoned, subbedral laths, up to 2 mm
1% Olivine; subhedral, equant, altered to iddingsite
1% Clinopyroxene; embayed, in glomerocrysts with plagioclase and olivine
1% Magnetite
8% Vesicles; filled with calcite
Groundmass: Fine-grained subtrachytic laths of Plagioclase (14%) with intergranular Olivine (1%)
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altered to iddingsite, Cryptocrystalline material (49%) and Glass (22%).

DIKE WEST OF CHUCKWALLA RIDGE Tpb
1% Plagioclase; euhedral laths less thin 0.5 mm
1% Olivine; subhedral, slightly altered to iddingsite on margins; up to 0.5 mm
3% Clinopyroxene; embayed, pitted, up to 1 mm
3% Magnetite
7% Vesicles
Groundmass: Coarse-grained felty laths of Plagioclase (49%), with intergranular Olivine (8%)

altered to iddingsite, Clinopyroxene (1%), Hematite (10%1) and Cryptocrystalline material (17%).

2 PINK/BIACK RIDGE Tpb
2% Plagioclase; small laths in glomerocrysts
3% Olivine; altered to iddingsite
1% Magnetite; large eubedral
3% Vesicles; filled with calcite
Groundmass: Coarse-grained subtrachytic laths of Plagioclase (49%) with intergranular Olivine (8%)

altered to iddingsite, Clinopyroxene (9%), Hematite (15%) and brown glass (10%).

10 PINK/BIACK RIDGE Tpb
0.6% Plagiodase; small laths in glomerocrysts
5% Olivine; euhedral, up to 2 mm, altered to iddingsite on margins
3% Vesicles; filled with calcite
Groundmass: Seriate fine to medium-gained trachytic laths of Plagioclase (47%) with intergranular

Olivine (20%) altered to iddingsite, Clinopyroxene (16%), Hematite (7%) and Cryptocrystalline
material (2%).

.12Q PINK/BLACK RIDGE Tpb
1% Plagioclase; sieved up to 0.5 mm, in glomerocrysts with olivine up to 1.5 mm
2% Olivine; altered to iddingsite; small single crystals or in glomerocrysts with plagioclase
Groundmass: Medium-pained trachytic laths of Plagioclase (61%) with intergranular Olivine (7%)

altered to iddingsite, Clinopyroxene (23%), Hematite (5%) and Phlogopite (1%).

15 PINK/BIACK RIDGE Tpb
0.4% Plagioclase; in glomerocrysts with olivine
0.4% Olivine; subhedral crystal up to 0.5 mm and in glomerocrysts with plagioclase; altered to

iddingsite on margins
11% Vesicles; some filled with calcite
Groundmas: Medium-gained trachytic laths of Plagioclase (49%), with intergranular Olivine (23%)

altered to iddingsite, Clinopyroxene (7%), Hematite (5%) and Cryptocrystalline material (7%).

124 PINK/BLACK RIDGE Tpb
3% Plagioclase; sieved, anhedral= one large (4mm) phenocryst in slide
1% Olivine; cuhedral, altered to iddingsite on margins
25% Vesicles; filled with calcite
Groundmass: Fine-grained trachytic laths of Plagioclase (40%) with intergranular Olivine (7%)

altered to iddingsite, Clinopyroxene (14%), Hematite (1%) and Cryptocrystalline material (8%).

17 PINK/BIACK RIDGE Tpb
6% Olivine; subhedral, altered to iddingsite, up to 1 mm
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10% Vesicles
Groundfmass: Coarse-grained trachytic laths of Plagioclase (35%) with intergranular Olivine (10%)

altered to iddingsite, Clinopyroxene (16%), Hematite (12%), Cryptocrystalline material (11%)

and Glass (1%).

.11S PINK/BIACK RIDGE Tpb
5% Olivine; subhedral to anhedral, up to 15 mm
1% Vesicles
Groundmass: Fine-grained trachytic laths of Plagioclase (61%) with intergranular Olivine (8%)

altered to iddingsite, Clinopyroxene (21%) and Hematite (4%).

121 PINK/BLACK RIDGE Tpb
1% Olivine; euhdral, altered to iddingsite on margins
11% Vesicles; filled with calcite
Groundmass: Fe-grained trachytic laths of Plagioclase (43%) with intergranular Olivine (12%)

altered to iddingsitc, Clinopyroxene (17%6), Hematite (9%) and Cryptocrystalline material (7%).

PINK/BLACK RIDGE Tpb
1% Olivine; euhedral, altered to iddingsite on margins
11% Vesicles; filled with calcite
Groundmass: Fne-grained trachytic laths of Plagioclase (37%) with intergranular Olivine (13%)

altered to iddingsite, Clinopyroxene (10%), Hematite (3%) and Cryptocrystalline material (24%).

X NORTH OF PINK/BLACK RIDGE Tpb
3% Plagioclase; subbedral, not pitted, up to 4 mm
21% Vesicles; filled with calcite
Groundmass: Seriate medium to coarse-grained felty laths of Plagioclase (32%) with intergranular

Clinopyroxene (9%), Hematite (2%) and Cryptocrystalline material (32%).

NORTH OF PINK/BLACK RIDGE Tpb
4% Olivine; subhedral, embayed, up to 1 mm, altered to iddingsite
11% Vesicles; most filled with calcite
Groundmass: Coarse-grained felty laths of Plagioclase (52%) with intergranular Olivine (15%)

altered to iddingsite, Clinopyroxene (12%), Hematite (3%) and Cryptocrystalline material (3%).

114 SENATOR MOUNTAIN Tpb(?)
13% Plagioclase; embayed and seived with nonpitted subhedral overgrowths; up to 4 mm

2% Olivine; altered to iddingsite on margins; embayed; up to 1 mm
2% Clinopyroxene; subhedral, embayed; up to 1 mm
1% Magnetite
6% Vesicles; partially filled with chalcedony
Groundmas: 60% Cryptocrystalline material with fne-grained felty laths of Plagioclase (8%),

Olivine (%) altered to iddingsite, and Clinopyroxene (2%).

3 SQUAW PEAK Tspm
24% Plagioclase; fritted with nonpitted overgrowths; up to 5 mm
4% Olivine; altered to iddingsite on margins; up to 1 mm
9% Clinopyroxene; pitted, embayed; up to 3 mm
1% Magnetite
1% Vesicles
Groundmass: Seriate fine to medium-grained trachytic laths of Plagioclase (43%) with intergranular
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Olivine (10%) altered to iddingsite, Clinopyroxene (8%) and Hematite (1%).

21 SQUAW PEAK Tspm
6% Olivine; uhdral, altered to iddingsite, less than 0.5 mm
1% Magnetite; cubedral
12% Vesicles; filled with calcite
Groundmass: Medium-grained trachytic laths of Plagioclase (39%) with intergranular Olivine (12%)

altered to iddingsite, Clinopyroxene (5%), Hematite (13%) and Cryptocrystalline material (12%).

I1D SOUTH OF SQUAW PEAK Tspm
12% Olivine; Euhedral to subhedral, altered to iddingsite and hematite
Groundmass: Fine-grained trachytic laths of Plagioclase (44%) with intergranular Olivine (15%)

altered to iddingsite, Hematite (13%) and Cryptocrystalline material (16%).

J SQUAW PEAK Tspm
5% Plagioclase; laths less than 05 mm in glomerocrysts
2% Olivine; embayed, subhedral; up to 1 mm; altered to iddingsite on margins
11% Vesicles; filled with calcite
Groundmas: Medium-grained subtrachytic laths of Plagioclase (45%) with intergranular Olivine

(16%) altered to iddingsite, Clinopyroxene (2%), Hematite (11%) and Cryptocrystalline material
(8%).

SQUAW PEAK Tspm
2% Plagioclase; laths less than 0.5 mm in glomerocrysts
5% Olivine; embayed, subbedral; up to 1 mm; altered to iddingsite on margins
3% Vesicles filled with calcite
Groundmass: Medium-grained subtrachytic laths of Plagiodase (50%) with intergranular Oliine

(12%) altered to iddingsite, Clinopyroxene (10%), Hematite (5%) and Cryptocrystalline material
(13%).

12z SQUAW PEAK Tspm
13% Plagioclase; fritted, embayed; subhedral laths up to 2 mm
9% Olivine; altered to iddingsite and hematite
7% Clinopyroxene; subhedral, up to 2 mm
10% Vesicles; some filled with chalcedony
Groundmass: Fine-grained felty laths of Plagioclase (31%) with intergranular Olivine (3%) altered to

iddingsite, Clinopyroxene (8%), Hematite (1%16) and Cryptocrystalline material (19%).

112 EAST OF SQUAW PEAK Tspu
23% Plagioclase; pitted, fritted, embayed, up to 2 X 4 mm; inclusions of clinopyroxene
0.6% Olivine; small crystals in glomerocrysts with clinopyroxene, altered to iddingsite.
8% Clinopyroxene; rounded single crystals up to 2 mm; or in glomerocrsyts with plagioclase and

olivine up to 2 mm
15% Vesicles;
Groundmass: Fine-grained felty laths of Plagioclase (12%), with intergranular Olivine (6%) altered

to iddingsite, Hematite (8%) and Cryptocrystalline material (28%).

M EAST OF SQUAW PEAK Tspu
24% Plagioclase; pitted, up to 2 X 3 mm
1% Olivine; included in clinopyroxene, altered to iddingsite
6% Clinopyroxene; pitted, embayed, rounded; subhedral up to 1 mm; also in glomerocrysts up to 2
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mm
Groundma: Fine-grained elty laths of Plagiocdase (28%) with intergranular Olivine (2%) altered to

iddingsite, Clinopyroxene (8%), Hematite (4%) and Cryptocrystalline material (22%).

2X EAST OF SQUAW PEAK Tspu
1% Plagioclase; euhedral, sector zoning; up to 3 mm
9% Olivine; subhedral, embayed; altered to iddingsite; up to 1mm
2% Clinopyroxene; zoned, sub-cuhedral; up to 1 mm
2% Magnetite
Groundmass: Fine-grained trachytic laths of Plagioclase (31%) with intergranular Olivine (9%)

altered to iddingsite, Clinopyroxene (3%), Hematite (8%) and Cryptocrystalfine material (34%).
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APPENDIX D: PETROGRAPHIC DESCRIPTIONS-
PRECAMBRIAN BASEMENT

Percentages are estimated

24 Rock type: Felsic gneiss
Location: Golden Rule Peak, west end
Probable protolith Felsic igneous
Prograde or relict minerals:
25% Plagioclase, equant, largely replaced by sericite
20% Quartz, recrystallized ribbons
5% Microcline, equant, partially replaced sericite
2% Biotite, largely replaced by chlorite and epidote
<1% Apatite, equant, small
Retrograde minerals-
35% Scricite, replaces feldspars
8% Chlorite, replaces biotite
1% Epidotc, replaces biotite

Introduced or remobilized minerals:
3% Calcite, in late stage fractures
1% Opaque and hematite

Texture: Crude foliation defined by recrystallized quartz ribbons and by compositional banding of
quartz and feldspar-rich layers alternating with biotite/chlorite-rich layers. Late stage fractures
filled with calcite and hematite.

.2 Rock type: Quartzofeldspath:c vein
Location: Golden Rule Peak, south side
Probable protolith: Felsic igneous
Prograde or relict minerals:
45% Quartz, elongate approaching ribbon shape, deformation bands, localized zones of

recrystallization and thin film between feldspars
25% Microcline, blocky equant grains, slightly sericitized, contains internal, optically misoriented

sectors suggesting crystal plastic deformation
20% Plagioelase with pericline twins, blocky equant grains, slightly sericitized
5% Muscovite

Retrograde minerals:
5% Sericite, replaces fldspars

Texture: Weak, discontinuous foliation defined by quartz grains aligned with primary muscovite.
Other Veins cut parallel and subparallel to gneissic foliation.

Al Rock type: elsic gneiss
Location: Senator Tank
Probable protolith: felsic igneous
Prograde or relict minerals:
40% Quartz, ribbons with deformation bands, recrystallized on margins
18% Microcline, partially sricitized
15% Plagioclase, partially sericitized
3% Biotitc, partially replaced by chlorite and epidote

Retrograde minerals:
15% Scricite, replaces feldspars
2% Chlorite, replaces biotite
<1% Epidote, replaces biotite
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Introduced or remobilized minerals:
5% Opaque and hematite, fills late stage fractures
2% Calcite, fills late stage fractures

Texture: Foliation defined by quartz ribbons and zones of grain size reduction in quartz and
feldspar. Brittle fractures oriented parallel to and perpendicular to this foliation are filled with
hematite, days and calcite.

Other: Associated in field with chlorite-biotite schists.

A4 Rock type: Schistose partially recrystallized protomylonite
Location: Senator Tank
Probable protolith: Felsic igneous, possibly intrusive
Prograde or relict minerals
25% Quartz, recrystallized ribbons
15% Microcline, up to 5 mm equant slightly sericitized porphyroclasts, and smaller equant highly

sericitized grains in matrix
13% Plagioclase, up to 3 mm equant porphyroclasts, small grains in matrix and lath-sbaped

inclusions in microcline porphyroclasts, altering to sericite
4% Sphene, rounded, anbedral, quartz and opaque inclusions
3% Opaque, euhedral, locally mantled by sphene
2% Biotite, altering to chlorite
1% Apatite
1% Zircon

Retrograde minerals:
30% sericite, replaces feldspars, especially small matrix grains
5% chlorite, replaces biotite
1% epidote, replaces biotite

Texture: Foliation defined by recrystallized quartz ribbons and crude alignment of original biotite.
Other: Associated in field with similar schists bearing large feldspar porphyroclasts up to 15 cm.

A5 Rock type: Biotite gneiss
Location: Senator Tank
Probable protolith: Felsic igneous
Prograde or relict minerals:
20% Quartz, recrystallized ribbons, granoblasitc polygonal grains with undulose extinction
16% Plagioclase, largely replaced by sericite
5% Sphene
2% Biotite, largely replaced chlorite and epidote
< 1% Opaque
<1% Zircon
Retrograde minerals:
45% Sericite, replaces plagioclase
5% Chlorite, replaces biotite
5% Epidote, replaces biotite

Texture: Crude foliation defined by recrystallized quartz ribbons.

46 Rock type: Quartzofeldspatbic part of coarsely banded gneiss
Location: Senator Tank
Probable protolith: Felsic igneous
Prograde or relict minerals:
37% Microcline, some sericite replacement
33% Quartz, subgrain development and deformation bands
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10% Plagioclase, largely replaced by sericite
2% Muscovite

Retrograde minerals:
13% Sericite, replaces feldspars
2% Opaques

Texture: No obvious foliation, feldspar and quartz grain boundaries are corrugated and/or sutured.
Other: Gneiss is coarsely banded with 5-10 cm bands of quartzofeldspathic material and 2-3 cm

bands of schistose material.

47 Rock type: Amphibolitic gneiss
Location: Senator Tank
Probable protolith Mafic igneous
Prograde or relict minerals:
35% Hornblende, subledral, replaced on margins by epidote
10% Quartz, subequant
Retrograde minerals
20% Zoisite, replaces plagioclase (now completely gone)
10% Actinolite, replaces hornblende
10% Chlorite, replaces actinolite
10% Epidote, replaces actinolite
5% Sericite, replaces plagioclase

Texture: Foliation defined by parallel alignment of hornblende and compositional banding of
hormblende-rich layers alternating with formerly plagioclase-rich layers.

Other. Associated in the field with medium grained quartzofeldspathic gneiss, phyllite and schist

Z Rock type: Cataclasite
Location: Salt Spring, at detachment surface
Probable protolth Quartzofeldspathic vein (?)
Prograde or relict minerals.
60% Quartz, undulose extinction, granoblastic-polygonal
Retrograde minerals:
35% Sericite, may have replaced an earlier mineral, probably a feldspar
2% Opaque

Introduced or remobilized minerals:
3% Hematite, concentrated along fractures

Texture: Granoblastic-polygonal quartz grains cut by fractures with abundant alteration to sericite
and hematite

Other Grungy yellow hand sample found right at detachment surface

figQ Rock type: Amphibolite
Location: Salt Spring, near detachment
Probable protolith: Mafic igneous
Prograde or relict minerals
22% Hornblende, brown in plane polarized light
5% Clinopyroxene, subequant, largely replaced by chlorite
5% Orthopyroxene, elongate, partially replaced by chlorite
3% Plagioclase, largely replaced by sericite
3% Opaque, euhedral

Retrograde minerals:
33% Sericite, replaces plagioclase
20% Actinolite, needle-like, replaces hornblende
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5% Chlorite, replaces pyroxenes
Introduced or remobilized minerals:
3% Sericite along fractures
1% Calcite along fractures

Texture: Foliation defined by parallel alignment of hornblende and by compositional banding of
hormblende and clinopyroxen-rich layers alternating with plagioclase-rich layers. Late stage
fractures are filled with sericite and calcite.

Other: Associated in the field with amphibolitic gneiss and quartzofeldspathic veins.

X Rock type: Biotite-garnet gneiss
Location Salt Spring, at detachment
Probable protolith Pelite or garnet-bearing igneous (7)
Prograde or relict minerals
20% Quartz, ribbons, partial recrstallization and subgrain development
20% Garnet, fractured, partially replaced by chlorite, quartz inclusions
15% Plagioclase, altering to sericite
5% Biotite, altering to chlorite
3% Muscovite
2% Opaque
<1% Zircon
Retrograde minerals:
18% Sericite, replaces plagioclase
10% Chlorite, replaces biotite and garnet
3% Zoisite, replaces plagioclase
2% Epidote, replaces biotite

Introduced or remobilized minerals:
2% Calcite, along fractures

Texture: Foliation defined by compositional layering, quartz ribbon alignment and parallel
orientation of micas

Other. Associated in the field with quartzofeldspathic veins, parallel and subparallel to foliation

25 Rock type: Amphibolite
Location: Salt Spring, near detachment
Probable protolith Marc or ultramafic igneous
Prograde or relict minerals:
55% Hornblende, euhedral, replacement by actinolite and chlorite on grain boundaries
2% Clinopyroxene, mostly replaced by epidote and chlorite
1% Plagioclase, mostly replaced by zoisite
<1% Sphene
Retrograde minerals:
20% Actinolite, replaces hormblende
10% Epidote, replaces clinopyroxene
5% Chlorite, replaces hornblende and clinopyroxene
4% Zoisite, replaces plagioclase

Introduced or remobilized minerals:
3% Calcite, in fractures

Texture: Weak foliation defined by parallel alignment of hornblende. Fractures filled with actinolite
and calcite cut across foliation.

Other: Associated in the field with amphibolitic gnciss and quartzofeldspathic veins.

76 Rock type: Amphibolitic gneiss
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Location: Salt Spring, near detachment
Probable protolith: Mafic igneous
Prograde or relict minerals:
45% Hornblende, partially replaced by actinolite and epidote
10% Clinopyroxene, largely replaced by epidote
2% Apatite
< 1% Sphene
Retrograde minerals:
20% Actinolite, replaces hornblende
10% Epidote, replaces hornblende and clinopyroxene
10% Zoisite, replaced all of former plagioclase
Introduced or remobilized minerals:
3% Calcite, in fractures

Texture: Foliation defined by parallel alignment of hornblende and pyroxene and by compositional
banding of hornblende and pyroxene alternating with former plagioclase. Overprinted by late-
stage fractures filled with calcite. -

Other. Associated in the field with amphibolite and quartzofeldspathic veins.

28 Rock type: Quartzofeldspathic vein
Location: Salt Spring
Probable protolith. Felsic igneous
Prograde or relict minerals:
45% Quartz, elongate grains with length 4 times width, sutured grain boundaries
40% Microcline, slightly elongate grains with length 2 times width, grain boundaries straight parallel

to twins, sutured perpendicular to twins
10% Plagioclase, slightly elongate grains with length 2 times width, altering to sericite
Retrograde minerals:
5% Sericite, replaces plagioclase

Texture: Granitoid, weak foliation defined by slightly elongated quartz and feldspars
Other: Granitoid layers associated in the field with amphibolites

79 Rock type: Amphibolite
Location: Salt Spring
Probable protolith: Mafic, possibly ultramafic, igneous
Prograde or relict minerals
95% Hornblende, large and small grains with granoblastic-polygonal textures
2% Opaque, equant, interstitial between hornblende grains
1% Quartz, equant, included in large hornblende grains

Retrograde minerals:
2% Chlorite, altered from fine-grained hornblende

Introduced or remobilized minerals
3% Quartz, along fractures
2% Calcite, along fractures

Texture: No obvious foliation, randomly oriented grains. Overprinted by late-stage fractures filled
with quartz and calcite.

Other Associated in field with quartzofeldspathic veins

80 Rock type: Amphibolite
Location: Salt Spring
Probable protolith: Mafic igneous
Prograde or relict minerals:
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40% Hornblende, straight or curved boundaries
10% Plagioclase, rounded, replaced by scricite
3% Clinopyroxene, largely replaced by chlorite and epidote

Retrograde minerals:
20% Sericite, replaces plagioclase
10% Epidote, replaces clinopyroxene
7% Chlorite, replaces clinopyroxene

Introduced or remobilized minerals:
10% Calcite, along fractures
Texture: No obvious foliation, randomly oriented mixture of hornblende, plagioclase and

clinopyroxene. Late stage fractures are filled with calcite.
Other: Associated in field with quartzofeldspathic veins

145 Rock type: Biotite schist
Location: Salt Spring Wash
Probable protolith: Felsic igneous or Sedimentary (?)
Prograde or relict minerals:
35% Quartz, elongated, undulose extinction
15% Biotite, partially replaced by chlorite
10% Feldspar, largely replaced by sericite
3% Opaque
1% Zircon
<1% Sphene
Retrograde minerals:
30% Sericite, replaces feldspar
5% Chlorite, replaces biotite

Introduced or remobilized minerals:
1% Calcite, along fractures

Texture: Foliation defined by parallel alignment of biotite and elongate quartz crystals.
Other. Associated in the field with amphibolitic gneiss and felsic gneiss.

IA Rock type: Amphibolitic schist
Location: Salt Spring Wash
Probable protolith: Mafic igneous or volcaniclasitic (?)
Prograde or relict minerals
30% Hornblende, large megacrysts, irregular shapes, hematized, and locally altered to actinolite on

boundaries
30% Biotite, interleaved with muscovite, hematized
15% Muscovite, interleaved with biotite
2% Quartz, anhedral

Retrograde minerals:
10% Zoisite, replaces biotite
3% Actinolite, replaces hornblende

Introduced or remobilized minerals
10% Hematite, altering biotite, hornblende, and filling fractures
Texture: Foliation defined by parallel alignment of micas and hornblende and by compositional

banding of hornblende alternating with mica-rich layers. Late stage pervasive fractures are filled
with hematite.

Other Associated in the field with quartzofeldspathic veins which both parallel foliation and cut
foliation at high angles.
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.14 Rock type: Biotite schist
Location: Salt Spring Wash
Probable proolith: Felsic igneous
Prograde or relict minerals:
30% Quartz, elongated with length 4 times width, undulose extinction
10% Biotite, altering to chlorite and hematite
3% Opaque
1% Zircon

Retrograde minerals
40% Sericite, replaces feldspar (now entirely gone)
8% Chlorite, replaces biotite

Introduced or remobilized minerals:
5% Calcite, in fractures
3% Hematite, in fractures

Texture: Foliation defined by parallel alignment of biotite and elongated quartz crystals. Late stage
fractures are filled with calcite and hematite.

Other: Associated in the field with amphibolitic gneiss and felsic gneiss.
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APPENDIX E: INSTRUMENTAL TECHNIQUES

Whole-rock major element analyses were done on the Rigaku model 3030 X-

ray Fluorescence spectrometer at the University of Nevada, Las Vegas.

Unweathered samples were ground to 200 mesh by the Dyna Mill air suspended

impact attrition mill and an agate mortar and pestle. Fused glass disks were

produced by heating 0.5 g. of sample, 4.0 g. of lithium tetraborate and 0.08 g. of

ammonium nitrate to 1100C in a graphite crucible and pouring the resulting melt

onto a heated aluminum press. After cooling to room temperature, the one side

of each disk was polished smooth with sandpaper. Disks are stored in a

desiccator to prevent hydration. The polished side was used in XRF analysis.

The UNLV Rigaku 3030 was calibrated using USGS standards PCC-1, AGV-1,

QLO-1, BHVO-1 and W-2. Individual analytical runs are standardized with

UNLV standard M2. Precision for major element analyses is given in Table F-i.

Loss-on-ignition (LOI) was determined by heating 2 to 4 g of sample to 10000C

for 2 hours. The weight loss was divided by initial weight X 100 to determine

percent LOI.

Samples were analyzed for trace and rare earth element concentrations by

Instrumental Neutron Activation Analysis at the Phoenix Memorial Laboratory,

University of Michigan. Samples were ground to 200 mesh as above. Samples

(180-220 mg) were shipped in sealed nalgene vials. Percent error reported by

Phoenix labs for each element is given in Table F-2.

A K-Ar date on biotite was determined for one ash-flow tuff sample at
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Krueger Enterprises, Inc., Geochron Laboratories Division. The sample was

carefully selected to minimize basaltic lithic fragments. No Precambrian or other

potential biotite-bearing lithic fragments occur in the tuff at the locality from

which the sample was collected. The sample was ground to medium sand size by

the Dyna Mill air suspended impact attrition mill. The sand was separated by

density on a number 13 Wilfley table. The bulk of the magnetite was removed by

pouring the heavy fraction through a glass tube surrounded by a large magnet.

Remaining magnetite was removed in the Frantz isodynamic magnetic separator

model L-1. Individual biotite grains were separated from less dense ground rock

fragments by density in sodium metatungstate. Biotite grains were separated from

biotite-rich rock fragments by handpicking under a microscope. The biotite

sample was shipped to Krueger Geochron in a glass vial. Analytical data are in

Table 8.
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Mean S.D. % Error
SiO2 59.81 0.2 0.3
A1203 16.9 0.08 0.5
FeO* 7.51 0.14 1.9
CaO 4.85 0.02 0.4
MgO 1.3 0.02 1.7
Na20 4.62 0.08 1.7
K20 3.3 0.04 1.2
TiO2 1.1 0.01 0.9
mo 0.158 0.004 2.5
P205 0.91 0.01 1.1

Data from 5 replicate analyses of USGS
standard AGV-1 on Rigaku 3030, UNLV.

Total iron as FeO

Table F.2: Precision for trace and
rare-earth element analyses

Maximum Minimum Average
La 0.4 1.3 0.7
Ce 0.9 5.1 1.5
Nd 3.3 22.1 7.9
Sm 0.2 0.9 0.4
Eu 1.7 5.6 3.3
Yb 4 9.9 5.9
Lu 4.1 14.4 7.8
U 7 24.4 13.7
Th 1.1 12.8 3.6
Cr 0.9 7.5 2.3
Hf 2.5 10.3 4.4
Ba 1.9 22.8 8.2
Rb 8.9 21.2 12.5
Sr 8.3 20.8 12.3
Sc 0.3 0.6 0.4
Ta 6.8 23.9 11.9
co 1 2.1 1.4
V 2.1 8.4 2.6
Dy 8.78 6.1 13.2

Percent error% reported by Phoenix Memorial
Laboratory, University of Michigan


