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Table 1. L o c a l i t i e s  o f  analyzed samples o f  t h e  Minera l  Range Volcanics 

Sample # 

MR 74-2 

MR 74-3 

MR 74-4 

MR 74-7 

MR 74-8 

MR 74-13 

MR 74-16 

MR 74-18 

MR 74-1 9 

MR 74-22 

MR 74-29 

MR 75-14 

MR 75-18 

MR 75-19 

MR 75-20 

MR 75-22 

MR 75-30 

Sampl e 

Local i t i e s  

B a i l e y  Ridge f l o w  

B a i l e y  Ridge f l o w  

B a i l e y  Ridge f l o w  

B ig  Cedar Cove dome 

Wi ld  Horse Canyon f low 

B a i l e y  Ridge f l o w  

Bearsk in  Mtn. dome 

Pole L i n e  Road 

Pumice Hole Mine 

So. Twin F l a t  Mtn. dome 

Pass Road 

L i t t l e  Bearsk in  Mtn. dome 

No. Twin F l a t  Mtn. dome 

No. Twin F l a t  Mtn. dome 

No. Twin F l a t  Mtn. dome 

Cor ra l  Canyon dome 

Cor ra l  Canyon dome 

Rock type  

Obsid ian 

Per1 i t e  

Pumice 

Rhyol i t e  

Obsidian 

Obsidian 

Obsid ian 

Gran i te  Porphyry 

Pumice 

Obs i d i  an 

Min. Range Gran i te  

Obsidian 

Obsidian 

Rhyol i t e  

Obsidian 

Rhyol i t e  

Obsidian 
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Mineral Range Trace Elements in PPM 

74-2 74-3 74-4 74-7 74-8 74-13 74-16 74-18 74-19 74-29 75-14 75-19 75-20 75-22 75-30 

Ba 
Ce 
La 
Nb 
Nd 

P b  
P r  
Rb 

Sr 
T h  
Y 

Zn 

Zr 

125 
70 
45 
25 
20 

contam. 

10 
195 
35 
25 
15 
40 
100 

135 
60 
45 
25 
15 
40 
10 
195 
35 
25 
15 
40 
100 

130 
60 
40 
25 
20 
35 
10 
195 
40 
20 
15 
40 
100 

- - 85 120 135 105 10 - - 
60 65 55 35 30 20 30 45 40 
40 40 45 30 25 30 30 35 35 
30 25 25 40 30 35 30 45 45 
15 20 20 5 10 5 10 10 10 
40 35 35 . 45 30 35 25 30 30 

5 -  5 5 5 5 5 5 5 
195 200 190 320 250 245 155 340 330 
30 35 40 50 5 15 - - 

25 25 25 40 30 35 20 35 35 
15 15 20 20 15 15 20 15 15 
45 35 35 40 35 40 20 45 50 
80 100 100 a5 80 60 80 a5 80 

- 

- 

- 
40 
35 
35 
10 
35 
5 

340 
- 

35 
20 
45 
90 

390 750 
60 70 
40 45 
25 
30 35 
20 20 
10 10 

i 6 0  120 
105 270 
10 15 
10 15 
30 60 
85 110 

- 

K/Rb 225 220 215 210 215 230 120 170 170 260 115 115 115 275 310 



Mineral Mountains Trace Elements in PPM in Volcanic Ashes of Ranch Canyon 

76-7 76-9 76-10 76-13 76-14 76-17L 76-17?] 76-18L 76-18U 

Ba 
Ce 
La 
Nb 

Nd 

Pb 

P r  

Rb 

S r  

T h  
Y 

Zn 
Zr 

- - 

25 25 
30 25 
30 30 

5 5 
30 35 

5 - 
40 65 
10  5 
30 30 
15 15  
40 45 
60 65 

. -  - 
35 35 
25 25 
35 35 

5 5 
45 - 35 
- 5 

- 
35 
30 
50 
10 
35 

5 
90 295 10 

5 5 
40 40 40 
15 15 20 
40 30 45 
70 70 90 

- 

- 
35 
30 
35 

5 
40 

5 
95 
5 

40 
15 
35 
75 

- 

39 
30 
25 
5 

30 
5 

31 5 
- 

35 
15 
40 
80 

~~~ 

- 
40 
35 
40 
40 
35 

5 
305 

5 
35 
20 
40 
85 

- 
40 
30 
25 
40 
35 

5 
295 

- 
40 
15 
35 
80 



Ba 

Rb 
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Analyses o f  ilmenite and titanomagnetite 

Ilmenite Titanomagnetite 

3 16 19 22 26 30 3 16 19 22 26 30 

S i  O2 0.02 0.08 0.03 0.04 * 0.01 
Ti 0 42.0 46.5 46.7 44.7 40.7 49.8 

0.13 0.04 * 0.36 0.27 0.03 
* * * 0.03 0.07 * " 0 2  0.23 0.46 0.44 0.49 0.26 0.14 

F g O  50.3 44.7 44.8 50.4 53.4 46.6 
I4 n 0 3.20 6.40 6.60 2.45 1.73 3.08 
MgO 1.50 0.72 0.65 0.32 1.18 0.18 
Ca 0 0.11 0.01 0.02 0.04 * * 
ZnO 0.17 0.44 0.12 0.30 0.02 0.03 

Cr203 263 

0.03 0.08 
5.00 4.90 
0.93 0.62 
0.03 0.03 
0.43 0.71 

0.90 2.61 
0.80 0.21 
0.09 0.01 
0.26 * 

86.2 85.8 

0.04 0.28 0.35 0.18 
4.73 6.45 5.53 7.51 
0.63 1.52 1.23 1.86 
0.02 0.07 0.06 0.13 
0.72 0.79 0.52 0.55 

2.75 1.25 1.37 0.66 
0.20 0.32 0.48 0.79 
0.02 0.04 * 0.02 
0.29 0.25 * 0.22 

84.7 83.9 84.9 82.6 

To t a  1 97.7 99.1 99.4 99.1 97.6 99.9 94:4 95.0 94.1 94.9 94.4 94.5 

Recalculated analyses 

20.8 12.2 11.9 15.0 23.4 5.87 58.6 58.6 58.3 53.6 55.7 51.3 
31.6 33.7 34.1 36.9 32.4 41.3 33.5 33.1 32.2 35.7 34.8 36.4 Fe203 Fe 0 

Total 99.8 100.6 100.6 100.6 100.0 100.4 100.3 100.9 99.9 100.3 100.0 99.6 

Mol. - %  20.2 12.0 11.7 15.3 18.6 
R20 or 
Fe2ii O4 
T( C) 790 660 650 740 780 
-log fo, 12.5 16.8 16.9 14.4 13.1 

14.3 14.2 13.7 19.4 17.1 22.0 

*Below limit o f  detection, 0.01%. 
Fe O3 recalculated on ilmenite basis and magnetite recalculated on ulvospinel basis o f  Carmichael (1967). 
an6 -log fo2 are taken from curves o f  Buddington and Lindsley (1964). 

T 

I 



Mineral Range Feldspar  - Ba0 Pi Fe203 

74-3 
mph,  A 

74-4 
mph,  A 

74-8 
mph, A 

0.20 0.30 

0 .17  0 . 2 5  

0 . 0 2  0 . 2 5  
0 . .I 0 0.17  
0 . 0 4  0 . 2 6  

0 .12  0.32 

0.04 
0. 00 
0.02 
0 .27  

0.00 
0 .00  

0 .23  
0 . 1 2  
0 . 2 3  
0 . 1 5  

0 . 3 0  
0 .12  

75-30 
P h ,  p 

0.04 
1 . 1 4  
0.25 

0.21  
0 . 1 3  
0 . 1 3  

0.04 0.39 

mph = m i c r o p h e n o c r y s t  
gm = groundmass A = a l k a l i  f e l d s p a r  
ph = p h e n o c r y s t  

P = p l a g i o c l a s e  



Mineral Range Feldspar - 1 h O  R Fe2,O3 

Fe203 Rd0 
__-I_ __ -- - -- - ~ - ~ ~ ~  

74-13 
m p h ,  A 0.17 0 . 2 9  

75-14 
riiph, A 

0. 0c 
0.00 
0.00 

0 .17  
0 .13  
0.21 

0.00 0 .29  

0.00 
0.00 
0.00 
0.00 

0.20 
0 .18  
0.32 
0 . 2 9  

0 .00  0.17 

0.00 
0.00 

0.15 
0 .30  

--- ~- 
niph = microphenocryst 
gm = groundmass 
ph = phenocryst 

I? = plagioclase 
A = a lka l i  fe ldspar  



Mineral  Moi !n ta in  A 1  l a n i t c s  

74-16 __-_ 7 4 -  19 __ 75-22 

30 .8  30 .7  31 .4  S i  O2 

Ti02  1 . 8 8  2 . 0 4  1 . 3 0  

2'3 1 1 . 5  1 1 . 2  1 4 . 3  

0 .02  0 . 0 3  0.02 Zr02 

FeO 

MnO 

MgO 

Ca 0 

Na20 0.07 0 .06  0 .04  

16.4 1 6 . 9  1 4 . 9  

1.80 1 . 8 3  0 .57  

1 . 1 7  1 .13  1 . 2 9  

9 .13  9 . 2 0  1 0 . 5  

K2 O 0.06 0.04 0.04  

Ce203 1 2 . 5  1 2 . 4  1 1 . 7  

La203 3 .53  9 .41  6 . 5 5  

PrZ03 1.01 1 . 0 5  1 . 3 2  

Nd203 1 . 4 3  1 . 5 2  3 . 5 8  

sm203 

Gd203 0 . 5 6  0.37 0 . 4 5  

'2'3 0.06 0.07 0.12 

Nb205 0.01 * * 

0.71 0 .71  0.92 

-_-__ 0 . 3 2  .- 0 .15  F 0.32  

Sum 

L e s s  F=O 

Tota l  

98 .6  9 9 . 0  99 .2  

- 0 . 1 3  -- 0 . 1 3  0 . 0 6  -- 

98.5 98.9 99.1  
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ABSTRACT 

The Roosevel t KGRA (known geothermal resouce a rea )  located near 

Milford, Utah, i s  assoc ia tedwi th  a s u i t e  of Quaternary s i l i c i c  vol- 

canics  d i s t r ibu ted  f o r  15 km along the c r e s t  and western f lank of the 

Mineral Mountains, a la rge  Ter t ia ry  gran i te  ba thol i th .  The volcanics 

a re  h igh-s i l ica  rhyo l i t e s  and occur a s  domes, flows and tuffs .  I n i t i a l  

eruptions resu l ted  in two flows o f  low v iscos i ty ,  phenocryst-poor rhyo- 

l i t e .  

ment of a t  l e a s t  9 viscous domes. 

rhyo l i t e s  contain a l k a l i  fe ldspar ,  plagioclase,  b i o t i t e ,  iron-ti tanium 

oxides and small amounts of hornblende, a l l a n i t e ,  a p a t i t e ,  zircon,sphene 

Later a c t i v i t y  consisted of pyroclast ic  eruptions and the  emplace- 

In addi t ion t o  abundant g l a s s  the 

and topaz. 

ranged from 350 t o  3450 bars. Based on water fugaci ty  ca lcu la t ions  we con- 

clude t h a t  there may have been one o r  more shallow magma chambers in the 

Mineral Range a t  depths o f  about 1.6 km. 

Magmatic temperatures were about 700°C and water fugac i t i e s  



Introduction 

Young s i l i c i c  volcanics a r e  considered possible  ind ica tors  o f  the 

subsurface presence o f  shallow magma chambers s t i l l  s u f f i c i e n t l y  ho t  t o  

have potent ia l  f o r  geothermal resources.  A r a t iona le  for t h i s  approach 

is out l ined by Smith and Shaw (1975). 

rhyo l i t e  masses extend discontinously f o r  about 15 km along the range 

c r e s t ;  these have been l i t t l e  studied and previously were in te rpre ted  a s  

In the Mineral Mountains, young 

erosional remnants of a s ing le  la rge  s i l i c ic  volcano of Pliocene age 

0.8 and 

about 2 

Hot S p r  

The s i1  

perhaps 

(Earl 1 ,  1957; Liese, 1957). This repor t  descr ibes  the volcanisms of the 

a rea ,  including K-Ar ages which demonstrate t h a t  many separate  lava domes 

flows, and tuffs  were erupted from vents along the range c r e s t  between 

0.5 m.y. ago. Along one of the western range-front f a u l t s ,  

km northwest of the nearest  r h y o l i t i c  volcanic rocks, Roosevelt 

n g s  i s  located within the Known Geothermal Resource Area ( K G R A ) .  

c i c  volcanism recorded by the rhyol i tes  of the Mineral Mountains 

provides the heat source for the KGRA, (Lipman, e t  a l . ,  1976 Evans, 
and Nash, 1975). 
General geologic set t ing,  

The Mineral Mountains, i n  west cen t ra l  Utah (Fig. l ) ,  i s  a typical  

basin-range hors t ,  which rises about 1 km above the adjacent a l luv ia ted  

basins--the Escalante Desert t o  the west and an unnamed va l ley  t o  the 

eas t .  I t  extends nearly 50 km i n  a norther ly  d i r ec t ion  and is  mostly 

about 10 km wide. 

On t he  western and northern s ides  of the range metamorphic rocks 

of the Wildhorse Canyon s e r i e s  of Condie (1960), o f  probable Precambrian 

age, a r e  the  dominant rocks, b u t  Paleozoic and Mesozoic sedimentary rocks 



Fig. 1. Generalized geologic map o f  the central Mineral Mountains, Utah 
(Lipman, et al., 1976). 
of Bailey Ridge and Wildhorse Canyon; Qrp, pyroclastic rocks; Qrd, lava 
domes; Qac, surficial deposits; Qh, hot springs deposits. 

Tg, granite o f  Mineral Mountains; Qrl, lava flows 





a r e  exposed widely on the southern and eas te rn  s ides  of the  range. 

layered rocks a r e  intruded by a d i s t i n c t i v e  body of g ran i t e ,  the Mineral 

Mountains pluton, which i s  the l a rges t  s ing le  outcropping in t rus ive  body 

i n  Utah, covering nearly 250 km . This g ran i t e  and associated pegmatite 

and a p l i t e  may be a s  young a s  l a t e  Miocene, having yielded two K-Ar ages 

on fe ldspars  of 15 and 9 m.y. from d i f f e r e n t  samples s i t e s  (Park, 1968; 

Armstrong, 1970). 

RB-Sr i so topic  da ta ,  which ind ica te  

older  than mid Ter t ia ry  (35 m.y.) and a r e  probably upper Ter t ia ry  rocks 

These 

2 

These young apparent ages a r e  supported by prel iminary 

t h a t  the g ran i t c  rocks can be no 

tha t  have assimilated a s i g n i f i c a n t  component of older  basement material  

(C.  E. Hedge, ora l  comrnun., 1975). 

Pr ior  t o  the  onset of l a t e  Cenozoic rhyo l i t e  volcanism i n  the 

Mineral Range, the Mineral Mountains pluton and i t s  country rocks were 

deeply dissected t o  form a rugged erosional topography with towering 

pinnacles rising above narrow mostly dry val.leys. 

The Mineral Mountains i s  bounded on the west, and probably on the 

e a s t  s ide  by north-s t r iking normal f a u l t s .  The trend of the bounding 

f a u l t s  on the  west i s  marked loca l ly  i n  t h e  Roosevelt KGRA by discon- 

tinuous elongate mounds of opal ine sinter and other  hot-spring deposi ts .  

Near the  n o r t h  end of t h i s  trend i s  Roosevelt Hot S p r i n g s .  

peratures  a s  high a s  90°C have been recorded from Roosevelt h o t  spr ings,  

b u t  sometime p r io r  t o  1966 the springs dried u p  (Mundorff, 1970). 

I 

Water tern- 

Rhyolite of the Mineral Mountains 

Rhyolit ic rocks in the Mineral Mountains include three  s t r a t i g r a -  

phical ly  d is t inguishable  sequences. 

porphyri t ic  obsidian-rich lava flows. 

c l a s t i c  sequence, including both ash-fal l  and ash flow tuffs. 

Lowermost a r e  two nearly non- 

These a re  overlain by a pyro- 



St ra t ig raph ica l ly  highest a r e  porphyri t ic  rhyo l i t e  lava domes erupted 

from a t  l e a s t  9 separate  vents along the range c r e s t .  Cross-sections 

of domes and flows of the Mineral Mountains a r e  shown in  Fig. 2. 

domes and flows have a t o t a l  extrusive volume of 14. km . The ash of 

Ranch Canyon may have contained a s  much a s  0.4 km o f  mater ia l .  

The 
3 

3 

Flow of Bailey Ridge and Wildhorse Canyon 

The o ldes t  r h y o l i t i c  rocks i n  the Mineral Mountain a r e  two lava 

One flow i s  flow of v i r t u a l l y  ,nonporphyritic flow-layered rhyo l i t e .  

exposed f o r  about 3 km along Bailey Ridge and in  Negro Mag Wash nor th-  

west of Bearskin Mountain. 

Wildhorse Canyon, west o f  Bearskin Mountain. B o t h  flows were o r i g i n a l l y  

a s  much a s  40 m thick and followed pre-existing val leys  t h a t  drained the 

west s ide  o f  t he  Mineral Mountains, w i t h  r e l i e f  much l i k e  the present ,  

and t h a t  were graded nearly t o  the  present l eve l s  a t  va l ley  f ron t s .  

B o t h  flows a r e  only s l i g h t l y  d issec ted ,  and much of t h e i r  primary upper 

surfaces  of f ro thy  pumiceous p e r l i t i t i c  rubble a r e  preserved. 

The o ther  i s  exposed f o r  about 3.5 km along 

Where deeply dissected,  both flows display s imi la r  cooling and 

c r y s t a l l i z a t i o n  zonations. The basal few meters of the flow, r e s t ing  

d i r e c t l y  on medium t o  coarse grained g ran i t e  of the Mineral Mountains 

pluton, cons is t  of dense black obsidian. 

flow lamination defined by aligned micro l i tes  of fe ldspars  and opaque 

The obsidian has well developed 

oxides. 

i n t o  a well layered zone, i n  which dark obsidian and l i g h t  gray o r  brown 

f i n e l y  c rys t a l l i zed  flow-layered 'lava a1 te rna te .  

flow i s  a s  much a s  10-30 rn th ick ,  and cons i s t s  of gray r e l a t i v e l y  

s t ruc tu re l e s s  d i v i t r i f i e d  rhyo l i t e ,  i n  places with concentrations of 

ovoid gas c a v i t i e s  l oca l ly  f i l l e d  with vapor-phase c r y s t a l l i z a t i o n  

The basal obsidian zone grades upward within a meter or  two 

The i n t e r i o r  of the  



Fig. 2.  
central  Mineral Mountains, Utah. 
only. 

Cross sec t ions  of flows and domes 'of Quaternary rhyo l i t e  in the 
The feeder pipes shown a r e  diagrammatic 
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products.  

s i d i a n  a r e  i n t e r l a y e r e d  w i th  d i v i t r i f i e d  rock  passing upward i n t o  a more 

I n  upper p a r t s  o f  t h e  f l o w  a few meters of f l ow- laye red  ob- 

un i fo rm dark g lass  zone, o r  g rad ing  d i r e c t l y  i n t o  a f r o t h y  r u b b l y  b recc ia  

o f  t a n  p e r l i t i c  pumice as much as 10 m t h i c k  a t  t he  t o p  o f  t h e  f l ow .  

The f l o w  l a y e r i n g  and l a m i n a t i o n  i n  these r h y o l i t i c  l avas  i s  r e -  

markably p lana r  and uncontorted, i n  comparison w i t h  t h e  s w i r l y  i n t e r n a l  

s t r u c t u r e s  t y p i c a l  o f  many r h y o l i t i c  l a v a  f lows.  The ''ramp s t r u c t u r e s "  

t h a t  occur commonly i n  upper p a r t s  o f  s i l i c i c  f l o w s  (Chr i s t i ansen  and 

Lipman, 1965) , a r e  absent o r  p o o r l y  developed, and subhor izonta l  l a y e r i n g  

i s  t y p i c a l  throughout the  B a i l e y  Ridge and Wildhorse Canyon f l ows .  The 

most common d e v i a t i o n s  f rom p lana r  l a y e r i n g  a r e  small ,  t y p i c a l l y  r o o t -  

l e s s  recumbent f o l d s .  The l imbs  of which a r e  u s u a l l y  l e s s  than 1 m 

long. These f lowage features,  as w e l l  as the  r e l a t i v e l y  t h i n  cross- 

s e c t i o n a l  t h i ckness  o f  t h e  l a v a  f l o w s  i n  comparison w i t h  t h e i r  l o n g i t u d i n a l  

ex ten t ,  i n d i c a t e  t h a t  t hey  were cha rac te r i zed  by lower emplacement v i s -  

c o s i t i e s  than many s i l i c  l a v a  f l ows .  

Vents f o r  these o l d e s t  f l o w s  o f  t he  Minera l  Mountains a r e  obscure. 

The Wildhorse Canyon f l o w  appears t o  extend up drainage beneath younger 

l ava  domes i n  t h e  upper p a r t  o f  t h e  canyon, a l t hough  exposures o f  t he  

c r i t i c a l  r e l a t i o n s  a re  poor because o f  cover by rubble.  Probably t h e  

ven t  area f o r  t h i s  f l o w  i s  beneath the  younger lavas t o  t h e  eas t .  I f  

the  B a i l e y  Ridge f l o w  vented f rom beneath i t s  uppermost outcrop area, 

su r face  s t r u c t u r e s  o f  t h i s  p a r t  o f  t he  f l o w  g i v e  no i n d i c a t i o n  o f  any 

concealed vent.  

and t h e  vent  area cou ld  be complete ly  bur ied.  

Ridge f low,  and a l s o  t h e  Wildhorse Canyon f low,  m igh t  have come from 

h igher  on t h e  slope, underneath the  area now covered by the  Bearsk in  

This  p a r t  o f  t h e  f l o w  i s  l i t t l e  d issected,  however, 

A l t e r n a t i v e l y ,  t h e  B a i l e y  



and L i t t l e  Bearskin Mountain lava domes. 

t ha t  the  upper port ions of the flows be la rge ly  removed by erosion while 

However, t h i s  would require  

leaving the lower portions not highly dissected.  

A s ing le  K-Ar radiometric age determination of 0.77k.08 m.y. 

from the  toe of t he  Bailey Ridge flow, i s  the o ldes t  age obtained from 

any of the Mineral Mountains rhyol i tes .  The Bailey Ridge flow has a 

reversed paleomagnetic pole posi t ion ind ica t ing ,  i n  conjunction w i t h  

K-Ar da ta ,  t h a t  i t  was erupted toward the  end of the  Matuyama po la r i ty  

epoch. The Wildhorse Canyon flow has not y e t  been dated radiometr ical ly ,  

b u t  i t  a l so  i s cha rac t e r i zed  by a reversed po la r i ty ,  which, in  conjunction 

with morphological and chemical resemblance t o  the Bailey Ridge flow, 

and i t s  posi t ion beneath some of the pyroclast ic  rocks, suggests a s imi la r  

age. 

Pyroclast ic  rocks 

Sou th  of Wildhorse Canyon, pyroclast ic  rocks of ash- fa l l  and ash- 

flow o r ig in  a r e  the lowest exposed r h y o l i t i c  rocks. 

pyroclast ic  rocks i s  i n  Ranch.Canyon, where tuffs bury rugged paleo- 

topography much l i k e  the present land surface.  

The main area of 

The pyroclast ic  rocks a r e  only weakly consolidated and a r e  mostly 

poorly exposed, underlying a l luv ia t ed  slopes.  A1 1 the pyroc las t ic  

deposi ts ,  both ash- fa l l  and ash-flow, a re l igh tco lored- -whi te  t o  l i g h t  

tan.  They occur over an a l t i t u d e  range from 1,950 m in  valley-bottom 

exposures in Ranch Canyon t o  a s  h i g h  a s  2,540 rn on the  surrounding 

slopes.  

i n  Ranch Canyon, and i t  i s  not c l e a r  t o  what extent this  a l t i t u d e  

range r e f l e c t s  an actual  t o t a l  thickness of the or ig ina l  deposi t  and 

t o  what ex ten t  t h i s  a l t i t u d e  range r e f l e c t s  an actual  t o t a l  thickness 

Much of the  pyroc las t ic  sequence has been removed by erosion 



of the or iginal  deposit  and t o  w h a t  extent the pyroclast ic  rocks were 

thinner b u t  blanketed the preexis t ing topography. 

rocks a r e  overlain by the large lava domes on North and South Twin  F l a t  

Mountains and by smaller masses of  rhyo l i t i c  lava on adjacent r idges.  

Although contacts  between these domes and the pyroclast ic  rocks a re  no- 

where well exposed, t h i s  s t r a t ig raph ic  sequence is  indicated by s t ruc tura l  

zones i n  the rhyol i te  domes of North and Sou th  Twin Fla t  Mountains. The 

lowest exposures a r e  of a subhorizontal zone of basal flow breccia below 

the basal obsidian zone; t h i s  would be an improbable re la t ion  i f  the pyro- 

c l a s t i c  rocks had been plastered a g a i n s t  o lder  lava domes. Thus, the 

lava dome of Sou th  T w i n  F la t  Mountain over l ies  pyroclast ic  rocks t h a t  

a r e  a t  l e a s t  60 m and  probably as much as 180 m th ick ,  and these f igures  

suggest m i n i m u m  thicknesses of the pyroclast ic  un i t .  

In Ranch Canyon these 

The lowest pyroclast ic  rocks a r e  beds of a i r - f a l l  pumice and ash 

Individual beds a re  a a t  l e a s t  10 m thick and probably much thicker .  

few centimeters t o  about a meter thick,  and bedding dips var iably,  re-  

f l ec t ing  an underlying topographic surface on g r a n t i t e  of the Mineral 

Mountains pluton t h a t  i s  as rugged a s  the present one. 

Ash-flow deposits widely ove r l i e  the ash-fal l  beds i n  Ranch Canyon. 

The ash-flow deposits l oca l ly  a r e  a t  l e a s t  50 m thick;  probably the 

to t a l  thickness i s  much g rea t e r ,  b u t  accurate estimates a re  d i f f i c u l t  

because o f  the poor exposures. he ash-flow deposits a r e  everywhere 

nonwelded and only weakly consolidated; they tend t o  weather t o  small 

conical h i l l s .  On espec ia l ly  s teep slopes the ash-flow deposits r e s t  

d i r e c t l y  against  g ran i te ,  w i t h  no intervening ash-fal l  mater ia l .  

exceptionally good exposures, I several flow units--each a few meters 

thick--can be recognized in  the ash-flow deposi ts ,  w i t h  par t ings be- 

In 



tween t h e  f l o w  u n i t s  marked by l o c a l  concentrat ions o f  pumice, l i t h i c  

deb r i s ,  o r  b e t t e r  so r ted  ash. 

On the  n o r t h  s i d e  o f  1owerWildhorse Canyon, an i s o l a t e d  patch o f  

p y r o c l a s t i c  m a t e r i a l  about 150 m across c o n s i s t s  o f  f i n e l y  laminated 

w h i t e  f i ne -g ra ined  ash o f  l a c u s t r i n e  o r i g i n .  

reworked ash a r e  younger than t h e  Wildhorse Canyon f l o w  and were deposi ted 

i n  a l o c a l  bas in  dammed by the  f low.  

s i m i l a r  t o  t h a t  o f  t h e  p y r o c l a s t i c s  i n  Ranch Canyon, one v a l l e y  t o  the  

south, suggest ing t h a t  i t  represents  a reworked marginal  f a c i e s  o f  t h i s  

deposi t .  

data,  i n d i c a t e  t h a t  t he  p y r o c l a s t i c  rocks a r e  younger than the  B a i l e y  

Ridge and Wi ld  Horse Canyon f lows.  

These beds o f  water-  

The ash has a r e f r a c t i v e  index 

This  s t r a t i g r a p h i c  r e l a t i o n ,  as w e l l  as K-Ar  and paleomagnetic 

A s i n g l e  whole-rock K-Ar  age on an o b s i d i a n  c l a s t  f rom ash-f low 

t u f f  i n  Ranch Canyon y i e l d e d  an age o f  0.68 k .48 m.y. p r o v i d i n g  an 

o l d e r  l i m i t  f o r  t h e  age o f  t h e  p y r o c l a s t i c s . .  The p y r o c l a s t i c  depos i t s  

i n  Ranch Canyon, as w e l l  as t h e  l o c a l  l a k e  beds i n  Wildhorse Canyon, 

have normal magnetic p o l a r i t i e s  i n  c o n t r a s t  t o  t he  reverse p o l a r i t i e s  

o f  the  B a i l e y  Ridge and Wildhorse Canyon f lows.  Thus, t h e  p y r o c l a s t i c  

rocks have been deposi ted d u r i n g  t h e  Brunhes p o l a r i t y  epoch. 

P o r p h y r i t i c  l ava  domes 

.L The s t r a t i g r a p h i c a l l y  h ighes t  p a r t  o f  t h e  upper Cenozoic vo l can ic  

assemblage i n  t h e  Minera l  Mountains i s  a group of a t  l e a s t  9 separate 

p e r l i t e - m a n t l e d  l ava  domes and smal l  f l ows  of p o r p h y r i t i c  r h y o l i t e .  

The domes tend t o  occur a long t h e  c r e s t  o f  t h e  range, d i s c o n t i n u o u s l y  

over  a zone about 15 km long. These domes form some o f  t he  h i g h e s t  

topographic p o i n t s  i n  t h e  Minera l  Mountains, i n c l u d i n g  Bearskin 

Mountain w i th  an e l e v a t i o n  o f  2772 m (9095 f t . ) .  I n d i v i d u a l  domes a r e  



as much as 1 km 

a1 though dimens 

across a t  t h e i r  base and stand as much as 250 m high, 

ons a r e  d i f f i c u  t t o  determine p r e c i s e l y  because o f  t he  

i r r e g u l a r  p r e - e x i s t i n g  topography and subsequent eros ion.  Small stubby 

flows extend o u t  f rom some o f  t he  domes, and some smal l  i s o l a t e d  patches 

of r h y o l i t e  may represent  e i t h e r  eroded f l o w  remnants o r  smal l  separate 

domes. 

The l a r g e r  domes, such as Bearsk in  and L i t t l e  Bearsk in  Mountains, 

are l i t t l e  eroded, and sur face  exposures c o n s i s t  l a r g e l y  o f  b locks o f  

t a n  p e r l i t i c  g lass  t h a t  a r e  l i t t l e  modi f ied remnants o f  t h e  o r i g i n a l  

b recc ia ted  f r o t h y  carapace o f  t he  dome. Scat tered fragments o f  dense 

b lack  obs id ian ,  working o u t  through t h e  p e r l i t i c  b recc ia ,  occur  about 

a t h i r d  o f  t h e  way above the  base o f  these domes. F l o a t  o f  w e l l  layered  

d e v i t r i f i e d  r h y o l i t e  i s  exposed l o c a l l y  j u s t  above the  zone o f  obs id ian  

fragments. Pumiceous m a t e r i a l ,  t h a t  i n  p laces r a v e l s  o u t  f rom below the  

obs id ian  zone, may represent  an i n i t i a l  p y r o c l a s t i c  f a l l  t h a t  i s  nowhere 

we1 1 exposed. 

Other domes, such as those o f  Nor th  and South Twin F l a t  Mountains 

have been more deeply  dissecte'd, i n  t h i s  case by t h e  reexcavat ion  o f  

Ranch Canyon, and t h e i r  i n t e r n a l  s t r u c t u r a l  and c r y s t a l l i z a t i o n  fea tu res  

a r e  b e t t e r  exposed. The i n t e r n a l  f ea tu res  o f  a l l  these l a t e  domes a re  

g e n e r a l l y  s i m i l a r .  A basal b lack  v i t r o p h y r i c  zone i s  everwhere w e l l  

developed, i n  p laces r e s t i n g  on l i g h t e r - c o l o r e d  g lassy  basal f l o w  brecc ia.  

The v i t r o p h y r e  zone, which i s  as much as 5-10 m t h i c k ,  grades i n t o  d e v i t r i -  

f i e d  r o c k  through a t r a n s i t i o n  zone a few meters t h i c k  i n  which f l o w  l a y e r -  

ed obs id ian  a l t e r n a t e s  w i t h  d e v i t r i f i e d  rock  t h a t  i s  commonly h i g h l y  

s p h e r u l i t i c .  The d i v i t r i f i e d  i n t e r i o r s  o f  t h e  f l ows  tend t o  be l i g h t  

gray con ta in ing  conspicuous s p h e r u l i t i c  c r y s t a l l i z a t i o n .  I n  p laces 



gas c a v i t i e s  severa l  cent imeters across c o n t a i n  l i t h o p h y s a l  f i l l i n g s .  The 

i n t e r i o r s  o f  t h e  f l o w s  tend t o  be c r u d e l y  f l o w  layered, w i t h  the l a y e r i n g  

subhor izonta l  j u s t  above t h e  basal g lass  zone, b u t  becoming steeper i n  

upper p a r t s  o f  t he  l a v a  dome. Near -ve r t i ca l  r i b - l i k e  masses o f  f l o w -  

l aye red  d e v i t r i f i e d  rock  a r e  commonly exposed h i g h  on t h e  domes, where 

e ros ion  has s t r i p p e d  away the  sur face mant le o f  f r o t h y  p e r l i t e .  

s t e e p l y  d i p p i n g  f l o w  l a y e r e i n g  and ramp s t r u c t u r e s  o f  these domes thus 

a r e  i n  c o n t r a s t  w i t h  s t r u c t u r e s  i n  the  o l d e r  l ava  f l o w s  o f  Wildhorse 

The 

Canyon and B a i l e y  Ridge. 

The p o r p h r i t i c  domes t y p i c a l l y  do n o t  have w e l l  developed c e n t r a l  

c r a t e r s ,  as bes t  shown by South Twin F l a t  Mountain, a l though several  

have s l i g h t  c e n t r a l  depressions t h a t  have been breached and accentuated 

by eros ion.  This  i s  e s p e c i a l l y  ev iden t  f o r  Bearskin Mountain and Nor th  

Twin F l a t  Mountain and t h e  n o r t h e r n  dome (F ig.2) .  

S c a r c i t y  o f  bedrock exposures makes r e l a t i v e  ages o f  the domes 

Nor th  and South Twin F l a t  Mountains may be d i f f i c u l t  t o  determine. 

among t h e  o l d e s t ,  and Bearskin Mountain among the  youngest o f  t he  domes. 

The K - A r  ages pet rographic  and chemical s i m i l a r i t i e s ,  and t h e  g e n e r a l l y  

d i m i l a r  degerr  o f  e ros iona l  d i s s e c t i o n  i n d i c a t e  t h a t  t he  domes a r e  about 

t h e  same age. 

t h e  unnamed r idge-capping f l o w  0.5 km t o  t h e  n o r t h  (F ig .  1) .  

The Nor th  Twin F l a t  Mountain dome, i s  c l e a r l y  o l d e r  than 

A p o o r l y  

exposed h e t e r o l i t h o l o g i c  l i t h i c - r i c h  p y r o c l a s t i c  b recc ia  i n te rvenes  

between t h e  upper p e r l i t i c  b recc ia  o f  t h e  Nor th  Twin F l a t  Mountain dome 

and t h e  basal obs id ian  zone o f  t he  o v e r l y i n g  r h y o l i t e .  Bearskin Mountain 

and t h e  t h r e e  domes extending southwest f rom i t  appear c o m p o s i t i o n a l l y  

homogeneous, c o n s i s t i n g  o f  phenocryst-poor r h y o l i t e  s i m i l a r  t o  t h e  

r h y o l i t e  t h a t  o v e r l i e s  t h e  Nor th Twin F l a t  Mountain dome. The Bearskin 



Mountain dome has yielded K-Ar ages on obsidian of 0.58-.78 ? .07, and 

sanidines  from obsidian of South Twin Fla t  Mountain and the unnamed most 

norther ly  dome have yielded K-Ar ages o f  0.49 * .07 and 0.53 +- .06 m.y. 

Magnetic-polari t y  determinations f o r  several domes of t h i s  g r o u p  a re  normal 

ind ica t ing  in conjunction w i t h  the K-Ar ages t h a t  they were erupted 

during the Brunhes po la r i ty  epoch. 

The s t r a t i g r a p h i c  r e l a t ions  and K-Ar ages of rhyo l i t e s  of the 

Mineral Mountains, ind ica te  t h a t  these rocks were emplaced during a 

r e l a t i v e l y  br ie f  period in the Pleistocene, between 0.8 and 0.5 m.y. 

ago. 

upper Cenozoic basa l t  flows (Condie and Barsky, 1972; Hoover, 1974), 

roughly contemporaneous w i t h  a younger than the rhyo l i t e  of the  Mineral 

Mountains, and t h i s  associat ion of rhyo l i t e  and basa l t  together con- 

s t i t u t e  a bimodal volcanic assemblage of a type t h a t  i s  being recongized 

widely in the  western United S ta t e s  in l a t e  Cenozoic time (Christiansen 

and Lipman, 1972). 

The Mineral Mountains a r e  flanked on i t s  north and e a s t  s ides  by 

A s i g n i f i c a n t  question i s  whether thethermal anomaly of the . 
Roosevelt KGRA i s  due t o  proximity t o  the  l a t e  Cenozoic volcanic centers  

in the Mineral Mountains. 

springs a r e  c l e a r l y  located along the mountain-front f a u l t  on the west 

side of t he  Mineral Mountains, about 2 km west of the  nearest  exposed 

rhyol i te .  

lying the  Mineral Mountains cannot be determined with any precision from 

the  surface d i s t r ibu t ion  of rhyo l i t e  vents,  y e t  t h e i r  extent  f o r  15 km 

Roosevelt Hot Springs and other  inac t ive  hot  

The s i z e  and shape of the Pleistocene magmatic system under- 

along the crest of the range suggests the p o s s i b i l i t y  o f  a s i zab le  mag- 

matic system a t  d e p t h .  The elongate trend of rhyo l i t e  vents possibly might 

even mark a segment of a la rge  evolving c i r c u l a r  igneous s t r u c t u r e ,  such as  

in te rpre ted  f o r  the  Goso rhyo l i t e  domes i n  Cal i fornia  (Duff ie ld ,  1975). 



The r h y o l i t e s  o f  t h e  Minera l  Mountains were extruded a long t h e  eroded 

core  o f  t h e  l a r g e  Minera l  Mountains p lu ton ,  i t s e l f  a l a t e  Cenozoic f e a t u r e  

of remarkably l a r g e  s i z e  f o r  so young an age. P rox im i t y  i n  space and t ime  

suggests t h a t  t h e  r h y o l i t e  o f  t h e  Minera l  Mountains represents  a l a t e  

stage i n  e v o l u t i o n  o f  complex magmatic s-ystem t h a t  had e a r l i e r  g iven  r i s e  

t o  t h e  g r a n i t e  o f  t h e  Minera l  Mountains. I t  seems l i k e l y ,  though no t  

probable, t h a t  t h i s  l a r g e  complex magmatic system has a l s o  been t h e  heat 

source f o r  t he  Roosevel t  KGRA, w i t h  the  shal low thermal anomaly enhanced 

a long the  range f r o n t  by deep f a u l t - c o n t r o l l e d  convec t ive  c i r c u l a t i o n  o f  

h o t  water. 

Bulk  rock  chemis t ry  

L o c a l i t i e s  o f  analyzed samples a re  g iven i n  Table 1 and modes o f  r e -  

p resen ta t i ve  vo lcan ics  a re  g iven i n  Table 2. Chemical analyses and 

C I P W  norms o f  t h e  l avas  a re  g iven i n  Tables 3 and 4 r e s p e c t i v e l y .  

Microprobe analyses o f  g lass  f rom obs id ians  are  g iven i n  Table 5; CIPW 

norms o f  these a re  prov ided i n  Table 6. 

The B a i l e y  Ridge and Wildhorse Canyon flows a r e  p e t r o g r a p h i c a l l y  

s i m i l a r .  They c o n t a i n  l e s s  than 0.5.percent t o t a l  phenocrysts, t h e  

m a j o r i t y  o f  which are a l k a l i  f e ldspar .  

c lase,  b i o t i t e ,  t i tanomagnet i te ,  and i l m e n i t e .  The two f l ows  a re  v i r t u a l l y  

i d e n t i c a l  i n  chemical composi t ion (Table - 3 ) .  They a r e  t y p i c a l  s i l i c i c  

a l k a l i c  r h y o l i t e s ,  con ta in ing  about 76.5 percent  Si02 and j u s t  over  9 

percent  t o t a l  a l k a l i s .  The f r e s h  obs id ians  con ta in  more f l u o r i n e  than 

There a r e  t r a c e  amounts o f  o l i g o -  

water; secondar i l y  hydrated pumice f rom t h e  B a i l e y  Ridge f l o w  con ta ins  

2.4 percent  t o t a l  H20. 

smal l  pheocrysts o f  quar tz ,  o l i goc lase ,  all k a l i  f e ldspar ,  b i o t i t e ,  rnagne- 

t i t e ,  i l m e n i t e  sphene, and a l l a n i t e .  Th j s  minera l  assemblage i s  genera 

The pumice and ash con ta in  severa l  percent  o f  



Table 1. ,oca1 t i e s  o f  analyzed samples o f  t h e  Minera l  Range Volcanics 

Sample # 

MR 74-2 

MR 74-3 

MR 74-4 

MR 74-7 

MR 74-8 

MR 74-13 

MR 74-16 

MR 74-18 

MR 74-19 

MR 74-22 

MR 74-29 

MR 75-14 

MR 75-18 

MR 75-19 

MR 75-20 

MR 75-22 

MR 75-30 

Sample 

L o c a l i t i e s  

B a i l e y  Ridge f l o w  

B a i l e y  Ridge f l o w  

B a i l e y  Ridge f l o w  

B i g  Cedar Cove dome 

Wi ld  Horse Canyon f l o w  

B a i l e y  Ridge f l o w  

Bearsk in  Mtn. dome 

Pole L i n e  Road 

Pumice Hole Mine . 

So. Twin F l a t  Mtn,. dome 

Pass Road 

L i t t l e  Bearsk in  Mtn. dome 

No. Twin F l a t  Mtn. dome 

No. Twin F l a t  Mtn. dome 

No. Twin F l a t  Mtn. dome 

Cor ra l  Canyon dome 

Cor ra l  Canyon dome 

Rock type  

Obsidian 

Per1 i t e  

Pumice 

Rhyol i t e  

Obsidian 

Obsidian 

Obsidian 

Gran i te  Porphyry 

Pumice 

Obsidian 

Min. Range Gran i te  

Obsidian 

Obs i d i an 

R h y o l i t e  

Obsidian 

Rhyol i t e  

Obsidian 



Table 2. MODES OF MINERAL RANGE OBSIDIANS (VOLUME PERCENT) 

74-2 74-3 74-4 74-8 74-1 3 74-1 6 

g lass  90.5 94.2 84.9 85.5 84.2 97.3 

sani d i ne 9.0 3.1 4.0 6.0 1 .9  2 . 3  

plagioclase - 0.1 - - 0.2 

b i o t i t e  0.1 0.2 1 .o 0.8 0.4 - 
opaques - - - 1.5 - - 

devi t r i f ied  g l a s s  0.4 2.4 10.1 6.3 13.5 0.3 



Table 3.  

Chemical Analyses o f  l l ineral  Range Yolcanics 
j 

74-2 74-3 74-4 74-7 74-8 74-13 74-16 74-18 74-19 74-29 75-14 75-19 75-20 75-22 75-30 

Si O2 76.47 76.58 74.51 76.62 76.51 76.50 76.00 76.41 72.87 77.55 76.42 76.46 76.45 75.97 70.13 

T i  O2 0.06 0.06 0.06 0.05 0.06 0.06 0.03 0.05 0.04 0.05 0.04 0 .03  0.04 0.10 0.16 

12 .27  12.29 11.98 12.64 12.29 12.30 12 .58  12 .98  12.46 12.22 12.79 12.57 12.79 12.89 1 4 - 1 4  

Fe203 0 .33  0.29 0.33 0.61 0.23 0.32 0.24 0.37 0.19 0.17 0 .20  0.41 0.30 0 .26  . 0.68 

Fe 0 0.44 0 .48  0.43 0.15 0.51 0.45 0 .39  0.31 0.42 0 .48  0.38 0 .18  0 .29  0 .46  1.25 

2'3 

E n 0  0 .04 0.05 0.04 0.05 0.05 0.@6 0 .07  0.04 0 .07  0 .02  0 .05  0.05 0.05 0.02 0.01 

CaO 0.66 0.60 0.62 0.50 0.65 Q.65 0.45 0.31 0 .40  0 .44  0.44 0.44 0.40 0.91 2.02 

da20 3.81 3 .83  3.56 4 . 0 3  3.77 3.77 4 .27  3.49 3.64 3.40 4.42 4 .35  4.39 3.40 3.44 

MgO 0 .07  0.10 0.10 0.10 0.08 0:08 0.37 0 . 1 8  0.17 0.10 0.11 0.08 0.12 0.17 0.58 

K2Q 5.29 5.24 5.10 5.00 5.28 5.18 4.64 3 . 2 3  4.99 4.87 4.72 4.69 4 .73  5.19 4.58 

0.06 '2'5 

H20+ 0.iO 0 . i 6  2.27 0 .02  0.06 0 . i 0  0.26 0.28  3 . i i  0 .05 0 . 1 3  0 . 1 8  0.10 0 . 2 3  2.07 

0.24 

0 .03  

99.40 

0.01 

Total 99.74 99.81 99.32 100.02 99.65 99.60 99.51 99.76 99.38 99.39 99.91 99.50 99.88 99.66 99.39 

t r  0.01 0.01 0.01 0.01 0.01 0.01 0.01 t r  t r  . t r  0.02 0 .03  t r  

H20- 0.08 0.04 0.23 0 .04  0 .06  0.05 0.06 0.10 0.89 0 .04  0.01 0 .04  - 0.06 

F 0.20 0.14  0.13 - 0.15  0.12 0 .25  - 0 . 2 3  - 0.34 - 0.33  - 

Sum 99.82 99.87 99.37 - 90.71 99.65 99.62 - 99.48 - 100.05  - 100.02 - 

Less F=O 0.08 0.06 0.05 - 0.06 0.05 0.11 - 0.10 - 0.14 - 0.14  - 



I 

Tab le  4. 

CIPW Norms o f  Mineral  Range Volcanics (Weight 4 ; )  

74-2 74-3 74-4 74-7 74-8 74-13 74-16 74-18 74-19 74-29 75-14 75-19 75-20 75-22 75-30 

Q 
C 

o r  

ab 

an 

wo 

d i  -WO 

d i  -en 

d i - f s  

hy-en 

hy- f s  

m t  

il 

hm 

aP 

f r  

r e s t  

33.17 33.21 

- - 
31.26 30.96 

32.24 32.41 

0.76 0.87 

0.44 0.43 

0.12 0.13 

0.35 0.32 

0.06 0.12 

0.17 0.32 

0.48 0.42 

0.11 0.11 

- 0.02 

0.41 0.29 

33.11 

- 
30.14 

30.12 

1.65 

- 
0.17 

0.06 

0.12 

0.19 

0.37 

0.48 

0.11 

- 
0.02 

0.27 

32.22 

- 
29.55 

34.10 

1.63 

0.04 

0.29 

0.25 

- 
- 
- 
0.50 

0.09 

0.26 

0.02 

- 

33.25 33.58 

- - 
31.20 30.61 

31.90 31.90 

1.02 1.34 

- - 
0.44 0.39 

0.10 * O . l l  

0.37 0.31 

0.10 0.09 

0.37 0.27 

0.33 0.46 

0.11 0.11 

- - 
0.02 0.02 

0.31 0.25 

32.43 

0.41 

27.42 

36.13 

0.34 

- 
- 
- 
- 
0.92 

0.60 

0.35 

0.06 

- 
0.02 

0.51 

35.07 

1.04 

30.91 

29.53 

1.47 

- 
- 
- 
- 
0.45 

0.26 

0.54 

0.09 

- 
0.02 

- 

31.90 

0.96 

29.49 

30.80 

0.30 

- 
- 
- 
- 
0.42 

0.68 

0.28 

0.08 

- 
- 
0.47 

37.72 

0.56 

28.78 

28.77 

2.18 

- 
- 
- 
- 
0.25 

0.70 

0.25 

0.09 

- 
- 
- 

32.22 

0.41 

27.89 

37.40 

- 
- 

- 
- 
0.27 

0.56 

0.29 

0.08 

- 
- 
0.61 

32.43 32.49 

- 0.45 

27.71 27.95 

36.81 37.15 

0.92 - 
0.21 - 
0.26 - 
0.20 - 
0.04 - 
- 0.30 

- 0.31 

0.59 0.43 

0.06 0.08 

- - 
0.05 0.07 

0.50 - 

33.89 

0.03 

30.67 

28.77 

4.51 

- 
- 
- 
- 
0.42 

0.50 

0.38 

0.19 

- 
- 
- 

26.89 

0.02 

27.06 

29.11 

9.62 

- 
0.01 

- 
- 

1.44 

1.49 

0.99 

0.30 

- 
0.14 

- 
0.18 0.20 2.40 0.06 0.12 0.15 0.31 0.37 3.60 0.10 0.14 0.22 0.10 0.29 2.31 

Tota l  99.75 99.81 99.21 100.02 99.64 99.59 99.50 99.75 98 98 99.40 99.87 99.50 99.83 99.65 99.38 



0
 

m
 I 

L
n
 

h
 

0
 

N
 

I 
L
n
 

h
 

co I 
L
n
 

h
 

- d
 I 

In
 

h
 

.- 

N
 

N
 

I 
d
 

h
 

W
 I 
d
'
 

h
 

M
 

I 
d
 

h
 

P
 

7
 

": d h 

d
 I 

d
 

h
 

m
 I 

d
 

h
 

N
 

I 
d
 

h
 

co 
d
 

h
 

L
n
 

W
 

h
 

03 

L
n
 

h
 

L
n
 

W
 

h
 

m
 

L
n
 

h
 

0
 

W
 

h
 

L
n
 

W
 

h
 

7
 

h
 

h
 

N
 

d
 

h
 

co 
W

 
h

 

d
 

W
 

h
 

N
 

0
 

m
 

-
7
 

d
 

0
 

- h
 

0
 

0
 

co 
0

 

0
 

h
 

0
 

C
 

u3 
0

 

0
 

W
 

0
 

0
 

M
 

0
 

7
 

N
 

0
 

- N
 

0
 

- N
 

0
 

7
 

N
 

0
 

7
 

N
 

0
 

I- *
r
 

m
 

N
 

7
 

co 
N

 
7
 

h
 

N
 

?
 

ID
 

N
 

7
 

m
 

M
 

7
 

0
 

m
 

7
 

d
 

N
 

P
 

d
 

N
 

7
 

0
 

cu 
7
 

d
 

cu 
7
 

d
 

N
 

v
 M

 

N
 

0
 

2
 

N
 

co 
0

 

E? 0 

N
 

L
n
 

0
 

m
 

L
n
 

0
 

co 
d
 

0
 

W
 

L
n

 

0
 

L
n
 

h
 

0
 

d
 

h
 

0
 

In
 

W
 

0
 

N
 

h
 

0
 

m
 

h
 

0
 

0
 

a, 
L

L
 

In
 

0
 

0
 

7
 

?
 

0
 

7
 

- 0
 

- 0
 

cn 
0

 

0
 

cn 
0

 

0
 

L
n
 

0
 

0
 

W
 

0
 

0
 

L
n
 
0
 
0
 

W
 
0
 

0
 

W
 
0
 

0
 

0
 

c
 
E
 

N
 

0
 

- d
 
0
 

0
 

m
 

0
 

0
 

d
 

0
 

0
 

N
 

0
 

0
 

L
n
 

0
 

0
 

cn 
0

 

0
 

m
 

0
 

0
 

W
 

0
 

0
 

co 
0
 

0
 

m
 

0
 

0
 

0
 

m
 

x
 

W
 

0
 

7
 

0
 

d
 
0
 

N
 

m
 

9
 

co 
m

 
0
 

- d 0 N
 

d
 

0
 

d
 

In
 

0
 

L
n
 

In
 

0
 

W
 

In
 

0
 

W
 

L
n
 

0
 

L
n
 

In
 

0
 

0
 

fu 
0

 

L
o

 
N

 

m
 

0
,
 

cu 
d
 

M
 

N
 

d
 

M
 

N
 

d
 

N
 

0
 

d
 

d
 

d
 

7
 

N
 

h
 

07 

03 
In
 

M
 

m
 

N
 

m
 

L
o
 

L
o
 

m
 

h
 

u3 

m
 

0
 

a
 
z
 cu 

m
 
0
 

0
 

m
 

M
 

0
 

m
 

m
 
0
 

d
 

m
 
0
 

L
n
 

N
 

0
 

L
o
 

N
 

0
 

r9 

0
 

7
 

In
 

P
 

0
 

co 
0

 

0
 

d
 

0
 

7
 

0
 

N
 

0
 

L
I 

N
 

co 
cn 

h
 

cn 
cn io

 

co 
m

 

d
 

cn 
m

 

e
 

cn 
m

 

03 

co 
cn 

N
 

cn 
cn 

h
 

or 
cn 

m
 

L
n

 
m

 

u
3
 

cn 
m

 

m
 

m
 

m
 

E, 
m

 

0
 

0
 

- 0
 

- 0 7
 

0
 

7
 

0
 

7
 

0
 

- 0 P
 

0
 

m
 
0
 

r-- 

0
 

- 0 L
I 

II 
0

 

v
) 

v
) 
W
 

-I 

N
 

co 
cn 

W
 

cn 
0
1
 

h
 

co 
cn 

m
 

cn 
m

 

m
 

cn 
cn h

 

co 
cn 

7
 

cn 
cn 

W
 

or 
cn 

cn 
L
n
 

cn 

L
n
 

cn 
m

 

N
 

cn 
cn 

7
 

5
 

c
,
 
0
 

I- 



Table 6 . CIPW Norms of Mineral Range Volcanic Glass 

74-2 74-3 74-4 74-8 74-13 74-16 74-22 75-14 75-18 75-20 75-30 

Q 34.65 34.90 35.88 36.18 35.02 35.22 34.01 34.03 33.84 33.78 33.83 

C 0.38 0.23 0.70 0.53 0.34 1.49 1.47 0.68 0.91 0.79 0.21 

o r  30.14 30.08 28.25 29.25 28.96 25.17 28.54 27.06 27.01 27.06 29.90 

ab 31.05 30.97 27.40 30.29 31.48 35.03 33.57 35.79 35.20 36.30 27.59 

- - 5.04 an 1.26 1.75 2.19 1.63 1.73 0.25 0.20 - 
h l  - - 0.10 - - - 0.10 - 0.13 - - 
hy-en 0.22 0.20 0.15 0.22 0.22 0.12 0.05 0.10 0.07 0.10 0.30 

0.43 0.55 0.34 0.67 0.45 0.55 0.45 0.59 0.50 0.38 0.62 . hy-fs 

m t  0.48 0.41 0.43 0.35 0.48 0.32 0.29 0.28 0.32 0.45 0.43 

i l  0.23 0.23 0.23 0.23 0.25 0.11 0.11 0.13 0.15 0.13 0.27 

f r  0.41 0.29 0.16 0.31 0.27 0.51 0.51 0.53 0.45 0.56 0.06 

Total 99.26 99.60 95.83 99.66 99.19 98.78 99.32 99.21 98.57 99.55 98.25 



c h a r a c t e r i s t i c  o f  t h e  youngest r h y o l i t e  f l o w s  as w e l l .  

pumice ash a r e  a few percent  o f  r h y o l i t i c  l i t h i c  deb r i s ,  i n c l u d i n g  de- 

v i t r i f i e d  r h y o l i t e ,  p e r l i t e ,  and sparse obs id ian  fragments. Phenocrysts 

i n  t h e  l i t h i c  d e b r i s  a r e  r e l a t i v e l y  sparse, g e n e r a l l y  s i m i l a r  t o  those 

Associated w i t h  the 

i n  t h e  f l o w s  o f  B a i l e y  Ridge and Wildhorse Canyon. 

A l l  t h e  domes c o n t a i n  several  percent; phenocrysts o f  quar tz ,  o l i -  

goclase, a l k a l i  f e ldspar ,  b i o t i t e ,  and i r o n - t i t a n i u m  oxides (Table 2) .  

Trace amounts o f  sphene and a l l a n i t e  occur i n  some domes. Hornblende, 

z i r c o n  and a l l a n i t e  a r e  present  i n  t h e  Cor ra l  Canyon dome, the  south- 

ernmost exposure o f  r h y o l i t i c  vo l can ics .  The Nor th and South Twin F l a t  

Mountain domes have 5-8 percent  t o t a l  phenocrysts, d i s t i n c t l y  more than 

any o f  t h e  others.  

more phenocryst - r ich,  because o f  the presence of small  "snowflake" 

d e v i t r i f i c a t i o n  spots. 

n o r t h  c o n t a i n  o n l y  2-3 percent  t o t a l  phenocrysts. 

The o b s i d i a n  zones o f  these two domes appear even 

The f l o w s  i n  upper Wildhorse Canyon and t o  t h e  

The p o r p h y r i t i c  domes a r e  chemica l l y  s i m i l a r .  I n  comparison w i t h  

the  o l d e r  f l o w s  o f  B a i l e y  Ridge and Wildhorse Canyon, the domes a r e  

s l i g h t l y  b u t  s i g n i f i c a n t l y  h ighe r  i n  Na20 and F; t hey  a r e  lower i n  K20 

and CaO (Table 3) .  
/ 

Analyses o f  whole rocks and glasses a r e  p l o t t e d  i n  terms o f  Si02 - 
NaA1Si308 - KalSi308 i n  F ig .  3. 

m e l t i n g  composi t ion i n  t h e  " g r a n i t e  system" ( T u t t l e  and Bowen, 1958). 

A l l  analyses f a l l  near the  minimum 

Mineral  ogy 

Modes o f  t h e  analyzed lavas  a r e  g i ven  i n  Table 2. The lavas  a r e  

composed dominant ly o f  g lass  w i t h  minor amounts o f  f e ldspar ,  b i o t i t e ,  

hornblende, t i tanomagnet i te ,  i l m e n i t e ,  a l l a n i t e ,  a p a t i t e ,  z i r c o n  and 

topaz. 



Fig .  3 .  Chemical analyses of Mineral Range volcanic rocks ( so l id  
c i r c l e s )  and glasses (open c i r c l e s )  plotted in terms of normative 
q u a r t z ,  a l b i t e  and orthoclase.  Tie l i nes  connect rock and glass  
analyses from the same sample. 
t e r n a r y  minimum i n  t h i s  system. 

See Fig. 7 fo r  location of the 
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Feldspar:  Both p l a g i o c l a s e  and a l k a l i  f e l d s p a r  occur i n  the  

Minera l  Mountain vo lcanics.  Microprobe analyses a r e  shown i n  F igs.  4-7. 

Numerous rocks c o n t a i n  c o - e x i s t i n g  plagiolc lase and a l k a l i  f e ldspar ;  these 

compostional r e l a t i o n s  a r e  shown i n  F ig .  8 .  

B i o t i t e :  Microprobe analyses o f  b i o t i t e  a r e  g iven i n  Table 7. They 

a r e  a l l  h i g h  i n  T i02 (2.8 - 4.7%) and most c o n t a i n  s u b s t a n t i a l  f l u o r i n e  

(2.6 - 3.5%). 
Hornblende: A microprobe a n a l y s i s  o f  hornblende i s  g i ven  i n  Table 

8. I t  con ta ins  some f l u o r i n e  b u t  n e g l i g i b l e  c h l o r i n e .  

I r o n - t i t a n i u m  oxides: Microprobe analyses o f  i r o n - t i t a n i u m  ox ides a r e  

g iven i n  Table 9. 

both t i t a n m a g n e t i t e  and i l m e n i t e .  

Analyses a r e  r e p o r t e d  for those rocks t h a t  c o n t a i n  

A l l a n i t e :  A l l a n i t e  i s  an epidote- type minera l  c o n t a i n i n g  s u b s t a n t i a l  

amounts o f  r a r e  e a r t h  elements. Analyses o f  t h r e e  a l l a n i t e s  f rom the  Minera l  

Range vo l can ics  a r e  g i ven  i n  Table 10 along w i t h  an a n a l y s i s  o f  a l l a n i t e  

f rom t h e  Bishop Tu f f ,  C a l i f o r n i a ,  f o r  comparison. 

v o l c a n i c  occurrences we a r e  aware of t h a t  c o n t a i n  a l l a n i t e ;  t he  minera l  

i s  u s u a l l y  r e s t r i c t e d  t o  p l u t o n i c  rocks of g r a n i t i c  compositon. 

t o t a l  r a r e  e a r t h  contents  o f  M ine ra l  Range a l l a n i t e s  exceed 25 percent.  

These a r e  the  o n l y  two 

The 

Sphene: Sphene has been found i n  severa l  samples and analyses o f  

two a re  g i ven  i n  Table 11. 

r a r e  e a r t h  elements as w e l l  as y t t r i u m ,  niobium, barium and f l u o r i n e .  

The sphenecontains measurable amounts o f  t he  

A p a t i t e  and topaz: These two m ine ra l s  occur i n  accessory amounts 

i n  a few lavas. Both a r e  f l u o r i n e - r i c h  and i n d i c a t i v e  o f  t he  h i g h  

f l u o r i n e  con ten t  o f  t h e  r h y o l i t e  magmas. 

r h y o l i t e  and has probably  c r y s t a l l i z e d  from the  vapor phase. 

'Topaz occurs i n  vugs i n  



Figs.  4-7. Anaylses o f  b u l k  rock,  g lass  and f e l d s p a r  i n  i n d i v i d u a l  
samples o f  Quaternary r h y o l i t e  f rom t h e  Minera l  Range, Utah. Bulk  
rock  ( s o l i d  squares) and g lass  (open squares) composi t ions a r e  p l o t t e d  

upper t e r n a r y  system. Microprobe analysi is o f  phenocryst  ( s o l  i d  c i r c l e s )  
and groundmass (open c i r c l e s )  f e ldspar  a re  p l o t t e d  i n  terms o f  weight  
percent  CaA12Si208, NaAlSi 0 and KA1Si308 i n  t h e  lower  t r i a n g l e  

which shares a common j o i n ,  Ab-Or, w i t h  the  upper system. Coex is t ing  
p lag ioc lase  and a l k a l i  f e l d s p a r  composi t ions a r e  connected by t i e  l i n e s .  
Values ad jacent  t o  t i e  l i n e s  a r e  temperatures ("C) f o r  t h e  fe ldspar  
p a i r s  c a l c u l a t e d  f rom t h e  f e l d s p a r  thermometer o f  Stormer (1 975) .  S o l i d  
and dashed l i n e s  i n  t h e  upper t e r n a r y  system represent  n a t u r a l  con juga t ion  
l i n e s  connect ing phenocryst  'and groundmass fe ldspar  composi t ions w i t h  
bu l k  rock  and g lass  compositions. A composite o f  a l l  t h e  composi t iona 
data i s  g i ven  i n  F ig .  7. 

, i n  terms o f  normat ive c o n s t i t u e n t s  quar tz ,  a l b i t e  and o r thoc lase  i n  t h e  

3 8  
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Fig.  8. Compositions o f  c o e x i s t i n g  a l k a l i  and p l a g i o c l a s e  f e l d s p a r  
toge the r  w i t h  t h e  hos t  rock  composi t ion p l o t t e d  i n  t h e  system 
CaA12Si208 (An), NaA1Si308 (Ab), KA1Si308 ( o r ) .  
c o m p o s i t i o n s s e r v e s t o  d e f i n e  t h e  shape o f  the  two fe ldspar  surface. 

The locus  o f  rock  



An 



F i g .  9. Postulated shape o f  the two feldspar  surface a t  s i l i c a  
saturat ion.  Solid c i r c l e s  a re  rock compositions in equilibrium 
w i t h  t w o  fe ldspars;  open c i r c l e s  a re  rock compositions containing 
only one feldspar .  



An 



Table 7.  Average microprobe analyses o f  b i o t i t e .  

74-7 74-16 74-1 9 75-22 75-30 74-3 

Si  O2 

Ti O2 

2'3 
FeO 

MnO 

Mg 0 

CaO 

Na20 

K2° 
BaO 

c1 

F 

38.4 

3.26 

12.1 

16.0 

0.65' 

14.9 

0.04 

0.46 

9.01 

0.36 

0.09 

3.21 

38.4 

2.79 

11.7 

16.8 

0.94 

14.3 

0.02 

0.40 

8.74 

0.02 

0.09 

2.67 

38.9 

3.08 

11.8 

16.5 

0.79 

14.2 

0.03 

0.46 

9.01 

0.04 

0.10 

2.57 

36.1 

4.57 

13.0 

22.0 

0.30 

11.2 

0.04 

0.44 

8.41 

0.60 

0.06 

3.51 

36.5 

4.70 

13.7 

16.8 

0.17 

14.7 

0.07 

0.47 

8.97 

0.67 

0.05 

0.61 

37.2 

3.13 

11.5 

16.9 

0.73 

15.0 

0.01 

0.49 

9.15 

0.06 

0.10 

3.13 

Sum 99.0 98.2 98.38 100.4 97.4 97.5 
-0 F,C1 1.35 1.12 1.08 1.48 0.26 1 .3  

To t a  1 97.6 97.1 97.3 99.0 97.1 96.2 



Table 8. Average microprobe ana lys i s  o f  amphibole. 

75-30 

S i  O2 45.3 

T i  O2 2.04 

9.30 2'3 
FeO 13.8 

MnO 0.26 

MgO 13.5 

CaO 11.5 

Na20 1.85 

1.02 

c1 0.04. 

F 0.33 

K2° 

Sum 98.9 
-O=F,Cl 0.14 

Tota l  98.8 



Table 9. Average microprobe analyses of i ron - t i  tanium oxides 

Ilmenite Spi ne1 

74-3 74-1 6 74-1 9 75-22 74-3 74-1 6 74-1 9 75-22 75-30 

Si O2 0.02 
T i  02 42.0 
A1 O3 0.13 

0.82 

3.20 MnO 
1.50 MgO 

CaO 
ZnO 0.17 
Sum 98.14 

- d o 3  
x 3  50.3 

- 

0.08 0.03 0.04 

0.04 - 0.36 - - 0.03 
0.46 0.44 0.49 

6.40 6.60 2.45 
0.72 0.65 0.32 
0.01 0.02 0.04 
0.44 0.12 0.30 

99.05 99.36 99.13 

46.5 46.7 44.7 

44.7 44.8 . 50.4 

0.03 
5.00 
0.93 
0.03 
0.17 

0.90 
0.80 
0.09 
0.26 

94.41 

86.2 

0.08 
4.90 
0.62 
0.03 
0.71 

2.51 
0.21 
0.01 

94.97 

85.8 

- 

0.04 
4.73 
0.63 
0.02 
0.72 

2.75 
0.20 
0.02 
0.29 

94.10 

84.7 

0.28 
6.45 
1.52 
0.07 
0.79 

1.25 
0.32 
0.04 
0.25 

94.87 

83.9 

0.59 
7.31 
2.01 
0.14 
0.63 

0.74 
0.87 
0.04 
0.22 

95.85 

83.3 

Fez03 20.6 12.2 11.9 15.0 58.6 58.0 58.3 53.6 52.3 
FeO 31.7 33.7- 34.1 36.9 33.5 33.c 32.2 35.7 36.2 
l o t a l  100.1 100.6 100.6 100.6 100.3 100.9 99.9 100.3 100.7 

Mole- 7: 
us P 

Mole % 
Fe203 
T"C 740 660 650 735 
- l o g  f O 2  13.8 16.8 16.9 14.4 

20.5 12.0 11.7 15.3 

14.3 14.2 13.7 19.4 21.5 



Table 10. Average microprobe analyses o f  a1 l a n i  t e  

Bishop 
74-1 6 74-1 9 75-22 T u f f  

S i  O2 

T i  O2 

Zr02 

2'3 

FeO 

MnO 

Mg 0 

Ca 0 

Na20 

K2° 

Ce203 

La203 

Pr203 

Nd 2 '3 

Sm203 

Gd203 

'2'3 

Nb205 

29.7 29.6 

1.88 2.04 

0.02 0.03 

10.8 10.5 

17.6 18.2 

1.80 1.83 

1.17 1.13 

10.1 10.2 

0.07 0.06 

0.06 0.04 

13.6 13.5 

10.2 10.1 

1.08 1.12 

1.56 1.64 

0.71 . 0.71 

0.56 0.37 

0.06 0.07 

0.01 t r  

30.3 31.20 

1.30 2.27 

0.02 

13.6 10.93 

15.8 15.83 

0.57 0.46 

1.29 1.07 

11.5 

0.04 

0.04 

12.6 

6.94 

1.39 

3.78 

0.92 

0.45 

0.12 

- 

9.59 

0.05 

13.23 

7.58 

2.37 

3.53 

0.37 

0.09 

F 0.32 0.32 0.15 0.17 

Sum 101.3 101.5 100.8 99.26 

-O=F 0.13 0.13 0.06 0.07 

To t a  1 101.2 101.3 100.8 99.19* 

* inc ludes  0.52 Tho2 ( H i l d r e t h ,  pers.  corn., 1976) 



Table 11. Average microprobe analyses o f  phene 

74-1 6 74-1 9 

S i  O2 

T i  O2 

Zr02 

2'3 

FeO 

MnO 

Ca 0 

Ba 0 

S r O  

Nb205 
F 

30.2 

34.2 

0.14 

2.20 

2.93 

0.49 

24.5 

0.12 

0.06 

1.13 

0.28 

0.24 

0.52 

0.13 

0.01 

0.89 

0.53 

29.9 

35.8 

0.15 

1.53 

2.78 

0.23 

24.8 

0.14 

0.04 

1.59 

0.44 

0.26 

0.75 

0.27 

0.06 

0.75 

0.32 

0.64 0.25 

Sum 99.21 100.06 

-O=F 0.26 0.11 

Tota l  98.95 99.95 



Geothermometry 

Two minera l  thermometers have been employed t o  determine the tem- 

peratures o f  t he  magmas g i v i n g  r i s e  t o  the  vo l can ics  o f  t h e  Minera l  

Range. 

of Buddington and L i n d s l e y  (1964) and the  two f e l d s p a r  thermometers o f  

Stormer (1 975). Temperatures determined from these thermometers are 

g i ven  i n  Table 12. 

These a r e  t h e  i r o n - t i t a n i u m  ox ide thermometer and oxygen barometer 

Both thermometers i n d i c a t e  t h a t  t he  magmatic tem- 

peratures were about, o r  j u s t  s l i g h t l y  less,  than 700°C. For rocks o f  

t h i s  g r a n i t i c  composi t ion t o  have been almost t o t a l l y  l i q u i d  a t  these low 

~ 

temperaturesrequiresthat the magma have a s i g n i f i c a n t  water content .  

~ 

Geo barome t ry 

Magmatic water f u g a c i t i e s  f o r  several  l avas  may be c a l c u l a t e d  from 
\ 

t h e  f o l l o w i n g  r e l a t i o n s h i p :  

b i o t  
2+ Fe 

l o g  f = 7409 + 4.25 + 1/2 l o g  f o 2  + 3 l o g  x H2° T 

+ l o g  xbiot - l o g  a& - l o g  amt s p i  ne1 
OH 

S o l u t i o n  f o r  f o u r  samples a r e  g iven i n  Table 13. 

t h e  f l u i d  phase i s  s o l e l y  composed o f  H20 then e q u i v a l e n t  water pressure 

may be c a l c u l a t e d  a long w i t h  e q u i v a l e n t  l i t h o s t a t i c  depths f o r  those 

I f  one assumes t h a t  

pressures. These a r e  shown as w e l l  i n  Table 13. The depths o f  1.6 km 

suggest t h a t t h e r e  may have been severa l  shal low magma chambers present  

a t  one t ime. Thedepths on t h e  o rde r  of 12 km a re  reasonable depths f o r  



ROCK 

MR74-2 

MR74-3 

MR74-4 

MR74-16 

MR74-19 

MR75-22 

Table 12 

S t o r m e r  Feldspar Geothe rmomete r  Iron -Ti tanium Oxides 
G r o u n d m a s s  , P h e n o c r y s t s  

77OoC(I bar) - 
690°C ( 1  bar) 

690°C ( I  bar)  - 

Temp Log fo2  Rim Temp Core Temp Temp 

- - 
- 

740°C -13.8 
- - 

660°C - 16.8 

-16.9 

735°C - 14.4 

630°C ( I  Kbar) 
690°C (5 Kbar) 

800°C (5 Kbar) 
750°C ( I  Kbar) 
800°C (5 Kbar) 

No gms. Plag. 620°C (I b a r )  

71O"C(I bar) 710°C ( I b a r )  700°C ( I  Kbar) 650°C 

770°C (I bar)  No gms. Plag. 



1 

IGNEOUS ROCK BAROMETRY 

Sample fHzo K * O  R t d  Depth ( lit hosta t ic) 
(bars) (bars) (bars) (Km) 

74-3 2240 3110 
74-16 360 420 
74-19 
75-22 
75-30 

350 410 
2450 3360 - 

2300 - - 

Table 13 

. 11.9 
1.6 
1.6 

12.8 
8.8 

I 



t h e  fo rma t ion  o f  t he  magmas by p a r t i a l  f us ion  o f  quar t zo - fe ldspa th i c  

m a t e r i a l .  

Phys ica l  p r o p e r t i e s  o f  t h e  magmas 

Magma d e n s i t y  and v i s c o s i t y  have been c a l c u l a t e d  for each sample, 

and a r e  g iven i n  t h e  computer p r i n t - o u t  for each sample as a f u n c t i o n  

of temperature (Appendix 1) .  L i q u i d  d e n s i t i e s  a r e  about 2.35 gm/cm’ a t  

700°C, and v i s c o s i t i e s  (Newtonian) a r e  about 6 x 10” po i se  a t  700°C. 
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Appendix 

The appendix contains t,,e comple-e chemical da,a on wet chemical rock 

analyses and microprobe analyses of glasses together with a variety o f  sub- 

a. 
b. 

d. 

a. 
b. 

d. 
e. 
f. 
9. 

C. 

3 .  Rat 

C. 

sidiary petrographic calculations. These include: 

1. 
2. 

CIPW Norm in terms of mole & weight % 
Ternary systems in terms of normative components; mole & weight %. 

Q-A b-Or 
Q-Ne-Kp 
An -Ab- Or 

os; mole or atom & weight %. 
An/P1 
W H Y  
Fa/ol 
Na+K/Al 
Fe+Mn/Fe+Mn+Mg 
Na O /  Na O+K20 
FeO/FeO+Fe203 

A- F-M 

h .  Differentiation index (Thornton and Tuttle, 1960). 

Plagioclase thermometer (Kudo and Weill, 1970; Mathez, 1973). 

a. olivine 
b. Ca-pyroxene after French (1968) 
c. Plagioclase 
Molar Volume (Bottinga and Weill, 1970) 
Estimated heat capacity o f  equivalent liquid. 
Ln viscosity of liquid after method o f  Shaw (1972). 

4.  Density of chemically equivalent liquid (Bottinga and Weill, 1970). 
5. 
6. Predicted crystallization temperatures for: 

7. 
8. 
9. 
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