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C h a p t e r .  I 

A MODEL FOR THE FORMATION . OF 

URANIUM/ LITHOPHILE ELEMENT DEPOSITS 

IN PLUORINE-ENRICHED VOLCANIC ROCKS 

D o n a l d  M .  Rurt 

and 

~4ichael F .  Sheridan 



Abstract 

Several uranium and o the r  l i t hoph i l e  element deposi ts  a re  located within 

o r  adjacent  t o  small  middle t o  l a t e  Cenozoic, f luor ine - r i ch  r h y o l i t i c  dome 

complexes. Examples s tud ied  include Spor Mountain, Utah (Be-U-F), t h e  Honey- 

comb H i l l s ,  Utah (Be-U), t he  Wah Wah Mountains, Utah (U-F) , and t h e  Black 

Range-Sierra Cuchil lo,  New Mexico (Sn-Be-W-F). The formation of these  and ' 

s i m i l a r  deposi ts  begins with t he  emplacement o f  a r h y o l i t i c  magma, enriched i n  

l i t h o p h i l e  metals and complexing f luor ine ,  t h a t  r i s e s  t o  a shallow c ru s t a l  

l e v e l ,  where i ts  roof zone may become fu r t he r  enriched i n  v o l a t i l e s  and the  

o r e  elements. During i n i t i a l  explosive volcanic a c t i v i t y ,  aprons o f  l i t h i c -  

r i c h  t u f f s  a r e  erupted around the  vents.  These ear ly  pyroc las t i c  deposi ts  

commonly hos t  t he  mineral iza t ion,  due t o  t h e i r  i n i t i a l  enrichment i n  the  l i t h o -  

p h i l e  elements, t h e i r  permeabil i ty,  and the  r e a c t i v i t y  o f  t h e i r  fore ign l i t h i c  

inc lus ions  [pa r t i cu l a r l y  carbonate rocks) . The pyroc las t i cs  a r e  capped and 

preserved by th ick  topaz rhyo l i t e  domes and fluws t h a t  can serve as  a sourcc 

of hea t  and of add i t iona l  quan t i t i e s  o f  o re  elements. Devi t r i f i ca t ion ,  vapor- 

phase c r y s t a l l i z a t i o n ,  o r  fumarolic a l t e r a t i o n  may f r ee  the  o re  elements from > 

t h e  g lassy  matrix and place  them i n  a form read i ly  leached by percola t ing 

meteoric waters. Heat from the  r h y o l i r i c  slleels dr ives  such waters through 

t h e  system, general ly  i n t o  and up t h e  vents and out through the  ea r l y  t u f f s .  

Secondary a l t e r a t i o n  zones (K-feldspar, s e r i c i t e ,  s i l i c a ,  c lays ,  f l u o r i t e ,  

carbonate,  and zeo l i r e s )  and ecorlor~~ic 11ri11eral concentrat ions may form i n  

response t o  t h i s  low temperature ( l e s s  than 2 0 0 " ~ )  c i r cu l a t i on .  After  cooling, 

meteoric water continues t o  migrate through t h e  system, modifying t h e  d i s t r i -  

but ion and concentrat ion of t he  ore  elealents (especia l ly  uranium). In t h i s  

model, t h e  ore elements a r e  derived e s s e n t i a l l y  from the v u l c a ~ ~ i c  vent complex 

i t s e l f ,  although contr ibut ions  fro111 the  underlying magma chamber a r e  not  

excluded. In f a c t ,  plutons and country rocks beneath such vent complexes may 

themselves cantain disseminated, vein ,  o r  replacement deposi ts  of U,  Th, Be, 

Sn, Mo, W ,  Nb, Ta, o r  associa ted elements. 



In t roduct ion  

Important depos i t s  of f l u o r i t e ,  uranium, and o t h e r  l i t h o p h i l e  elements 

(Be, Sn, L i ,  e t c . )  may be located  wi th in  o r  adjacent  t o  small f l u o r i n e - r i c h  

r h y o l i t i c  dome complexes. The a l k a l i n e  (but no pe ra lka l ine )  s i l i c i c  lavas  

t h a t  cap t h e s e  complexes a r e  commonly charac ter ized  by the  presence of t h e  

gemstone topaz,  A12Si04F2, e s p e c i a l l y  i n  m i a r o l i t i c  and l i thophysal  c a v i t i e s ,  

leading t o  t h e  designation "topaz rhyol i tes" .  Dated examples a r e  middle t o  

l a t e  Cenozoic i n  age,  t y p i c a l l y  occur i n  t h e  Basin and Range province,  U.S.A., 

and have high contents  of  f l u o r i n e  and l i t h o p h i l e  elements such as  U,  Be, 

Sn, Nb, and Rb (Nash e t  a1 . , 1978; Turley e t  a1  . , 1979), e s p e c i a l l y  i n  obs i -  

d ians .  This enrichment leads t o  the  a l t e r n a t e  term "rare  metal r h y o l i t e s "  

(Robert Wilson, personal  communication, 1980). They belong t o  t h e  more 

general  c l a s s  o f  Cenozoic bimodal high s i l i c a  o r  a l k a l a i  r h y o l i t e s  (Christ iansen 

and Lipman, 1972; Lipman e t  a l . ,  1972; Elston and Bornhorst, 1979). 

Our "type example" f o r  topaz r h y o l i t e  minera l iza t ion  occurs a t  Spor 

Mountain, Utah, a d i s t r i c t  charac ter ized  by economic depos i t s  beryl l ium (as 

b e r t r a n d i t e )  with urani ferous  f l u o r i t e  and opal and l i th ium clays  i n  t u f f ,  

economic depos i t s  of  oxidized uranium i n  underlying sandstones and conglo- 

merates, and urani ferous  f l u o r i t e  i n  vent  complexes and b recc ia  p ipes  i n  

Paleozoic carbonates (Staa tz  and Carr,  1964; Shawe, 1968; Lindsey, 1977; 1978; 

1979; and t h i s  volume). In add i t ion ,  we have b r i e f l y  s tudied  s i m i l a r  minera l i -  

za t ion  a t  t h e  Honeycomb H i l l s ,  Utah (.Be-U-Li-F: McAnulty and Levinson, 1964; 

Montoya e t  a l . ,  1974; Lindsey, 1977), t h e  S t a a t s  Mine and Holly C1,aim a rea ,  

Wah Wah Mountains (,U-F: Whelan, 1965; Lindsey and Osmonson, 1978), t h e  Black 

Range and S i e r r a  Cuchi l lo ,  New Mexico (,Sn-Be-W-F : F r i e s ,  1940; Jahns,  1944 ; 

H i l l a r d ,  1969; Ericksen e t  a l . ,  1970; Luf i in ,  1976; 1977), and Izenhood Ranch, 

Nevada (Sn-F: F r i e s ,  1942). We a l s o  looked a t  unmineralized topaz r h y o l i t e s  



a t  E .  Grants Ridge, New Mexico (.Ken and W i  lcox, 1963), Nathrop, Colorado 

(Van Als t ine ,  1969), and Burro Creek, Arizona. Ihe  above-named l o c a l i t i e s  

a r e  loca ted  on Figure 1. 

We v i s i t e d  f o r  comparative purposes a  number of pe ra lka l ine ,  genera l ly  

ca lde ra - re la t ed  uranium d i s t r i c t s ,  inc luding McDermitt, Nevada (Rytuba and 

% 
Glanzman, 1979; Rytuba, i n  p ress  ; Wallace and Roper, i n  p r e s s ) ;  Pena 

Blanca, Chihuahua, Mexico (Goodell e t  a l . ,  1978; Goodell and Carraway, t h i s  

volume), and t h e  Chinat i  Mountains, Trans Pecos Texas (Walton and Henry, 1979). 

These p e r a l k a l i n e  complexes appear t o  be of  much l a r g e r  volume and a r e  

p e t r o l o g i c a l l y  d i s t i n c t  from those t h a t  we have s tud ied .  Many a r e  discussed i n  

a  s p e c i a l  volume t o  be published by t h e  AAPG ( references  i n  p ress  above). 

Perhaps more depos i t s  of  the  topaz r h y o l i t e  type would be discovered i f  

more geo log i s t s  learned t o  recognize mic roc rys ta l l ine  topaz.  With a hand l ens ,  

t r a n s p a r e n t  e longate  topaz prisms can be d is t inguished from similar-appearing 

q u a r t z  c r y s t a l s  by t h e i r  orthorhombic symmetry and p e r f e c t  basa l  cleavage. 

This  b a s a l  cleavage,  coupled with topaz ' s  high r e f r a c t i v e  index,  gives topaz- 

r i c h  sands an unusual spa rk l ing  appearance i n  b r i g h t  sun l igh t .  In f r e sh ly -  

broken specimens o f  topaz r h y o l i t e  t h e  topaz commonly has a  yel lowish t o  

reddish  brown co lo ra t ion  which fades on exposure t o  sun l igh t .  

From a d i s t ance ,  t h e  honeycomb-like weathering (from which t h e  name 

Honeycomb H i l l s  i s  derived i n  Utah) of  some topaz r h y o l i t e s  may be d i s t i n c t i v e .  

Unfortunately,  a t  Spor Mountain i t s e l f  t h e  grayish p o r p h y r i t i c  topaz r h y o l i t e  

genera l ly  lacks  abundant gas c a v i t i e s  f i l l e d  with topaz and does no t  e x h i b i t  

"honeycomb" weathering. Topaz i s ,  however, abundant i n  t h i n  sec t ion  and purple 

f l u o r i t e  occurs along microfrac tures  . 
The main purpose of t h e  p resen t  i n v e s t i g a t i o n  has been t o  develop an 

exp lo ra t ion  model f o r  d e p o s i t s  of t h e  Spor Mountain type ,  a s  a  guide t o  t h e  

eva lua t ion  of a r e a s  where topaz r h y o l i t e s  may be found. 



Burro Creek 

Figure 1. Location map of  t h e  Western United S t a t e s  showing topaz r h y o l i t e  
. d i s t r i c . t s  s tud ied .  1 . ' 



Occurrence and Origin 

Small dome and flow complexes o f  Oligocene and younger topaz r h y o l i t e s  

a r e  widespread i n  t h e  Western United S t a t e s  (Figure 2, modified from Shawe, 

1976) and perhaps many o t h e r s  have n o t .  been i d e n t i f i e d .  Available radiometric  

d a t a  sugges t  t h a t  t h e  o l d e s t  i d e n t i f i e d  topaz r h y o l i t e s  (36 m.y.) may occur i n  

t h e  Elkhorn Mts., Montana (Smedes, 1966; Chadwick, 1977); i n  the  Great Basin 

of Utah they range i n  age from about 21 m.y. a t  Spor Mountain (Lindsey, 1979) 

and 20 m.y. a t  t h e  S t a a t s  Mine (Rowley e t  a l . ,  1978; Lindsey and Osmonson, 

1978) t o  6 . 3  m.y. i n  t h e  Thomas Range (Lindsey, 1979); 4.7 m.y. i n  t h e  Honey- 

comb Hills (Turley e t  a l . ,  1979), an3 0.5 m.y. , i n  t h e  Mineral Mountains, Utah 

(Lipman e t  a l . ,  1978; Ward e t  a l . ,  1978). 
. . 

S p a t i a l l y ,  t h e  topaz r h y o l i t e s  l i e  i n  a well-defined b e l t  t h a t  genera l ly  ,. 

co inc ides  with t h e  Rio Grande r i f t  i n  New Mexico and Colorado, and i n  a 'more 

d i f f u s e  zone along the  e a s t e r n  margin of t h e  Basin 'and Range province from 

Arizona t o  Idaho and Montana. Another desc r ip t ion  would be t h a t  most known 

occurrences of  topaz r h y o l i t e  occur around t h e  edge of  t h e  Colorado Pla teau .  

Great Basin occurrences i n  U t a h  l i e  , in the  ease-wese erendfng Deep-Creek- 

d in tic. and Wah Wah-Tushar mineral b e l t s  (Hi lpe r t  and Roberts,  1964; Stewart 

e? a l . ,  1977). 

Not - su rp r i s ing ly ,  topaz r h y o l i t e s  roughly coincide i n  t h e i r  d i s t r i b u t i o n  

with a r e a s  of abundant f l u o r i t e  occurrences and deposi t s  (Worl e t  a l . ,  1974; 

Shawe, 1976; Van Als t ine ,  1976; Van Als t ine  and Tooker, 1979) .and, a s  shown on. 

Figure 2, with mid-Tert iary topaz-bearing porphyry molybdenum depos i t s  i n  

Colorado and New Mexico (,Shawe, 1976 ; Woodcock and H o l l i s t e r  , 1978) . 
S i m i l a r  middle t o  l a t e  T e r t i a r y  topaz r h y o l i t e s  a r e  widespread i n  c e n t r a l  

Mexico (Sinkankas, 1959; 1976). Some have been sources o f  a l l u v i a l  t i n  

(Foshag and Fr ie s ,  1942; Pan, 1974), but  few d e t a i l s  a r e  a v a i l a b l e  a s  t o  t h e i r  

ages ,  occurrence, o r  geochemistry. 



Figure 2. Topaz-bearing rhyolite localities (F). with bpaz-bearing porphyry 
m~~ybdenite deposits (Q), Western United States (modified from Shawe, 1976, 
Figure 10, p. 20). 



In Mongolia and t h e  Soviet  Union occur severa l  smal l ,  near-surface ,  topaz- 

bea r ing  i n t r u s i v e s  with g lassy  margins; the  Sovie ts  have named t h e  rock type  

"ongonite" (Kovalenko e t  a l . ,  1971; 1975; Kova,lenko and Kovalenko, 1976). 

Ongonites a r e  a l k a l i  r h y o l i t e s  enriched i n  r a r e  elements and f l u o r i n e ,  with 

f l u o r i n e  contents  i n  g l a s s  ranging from 0.8 t o  3.24, o r  a s  much a s  twice those 

repor ted  he re  i n  v i t rophyre  from Spor Mountain. Ongonites appear t o  be near-  

s u r f a c e  analogs t o  t h e  topaz r h y o l i t e s  we have s tud ied  and t o  L i - F  g r a n i t e s  a t  

depth (Kovalenko, 1978). The i r  h igher  f l u o r i n e  contents ,  compared t o  Spor 

Mountain v i t rophyres ,  a r e  poss ib ly  explained by t h e  f a c t  t h a t  no f l u o r i n e  has 

been l o s t  on vent ing  ( i . e . ,  they a r e  i n t r u s i v e ) .  Allman and Kori tnig (1972) and 

Shawe (1976) have noted a genera l  tendency f o r  volcanic rocks t o  be deple ted  

i n  f l u o r i n e  i n  comparison with composit ionally s i m i l a r  i n t r u s i v e s .  

Well-documented occurrences of  topaz r h y o l i t e s  on o t h e r  cont inents  appear ' 

t o  be lacking,  al though a topaz-bearing t t t u f f i s i t e t '  ( i n t r u s i v e  t u f f )  has been 

descr ibed from t h e  U-Sn-Be-Nb-F-rich younger g r a n i t e  province o f  Nigeria 

(Wright, 1974). Topaz r h y o l i t e s  a r e  probably t o  be expected i n  young volcano- 

genic  t i n  provinces such as those i n  Bolivia and Argentina described by 

S i l l i t o e  (1977). In o l d e r  f l u o r i n e - r i c h  provinces,  such as  t h e  S t .  Francois 

Mountains, Missouri (Kisvarsanyi,  1980) and t h e  B r i t i s h  I s l e s  (Simpson e t  a l . ,  

1979), i n t r u s i v e  porphyry o r  greisen-type Sn-Be-W-Mo-Nb-U-Th deposi t s  may 

once have been over l a in  by topaz r h y o l i t e s .  

In c o n t r a s t  t o  the  l a r g e  e rup t ive  volumes o f  ca lde ra - re la t ed  ca lc -  

a l k a l i n e  and p e r a l k a l i n e  s i l i c i c  volcanles (up t o  10,000 k1113 : S I I ~ ~  LII, 1979), the  

3 e r u p t i v e  volumes o f  topaz r h y o l i t e s  a r e  genera l ly  small ,  with t h e  50 km volume 

of t h e  Thomas Range, Utah (Turley e t  a l . ,  1979) apparent ly  being a maximum f o r  

t h e  Great Basin. (This f i g u r e  excludes more voluminous U+F-mineralized 

r h y o l i t 3 c  volcanic  rocks a t  Marysvale, Utah, where no topaz has y e t  been 

found: C.  G: Cunningham, personal  communication, 1980. ) The vent complexes 



usua l ly  show no obvious r e l a t i o n  t o  ca lde ra  s t r u c t u r e s  o r  they formed a f t e r  

ca lde ra - re la t ed  volcanism. This may imply t h a t  f luor ine - r i ch  magmas seldom 

reach t h e  surface  (i . e . ,  they  o v e r l i e  l a rge  b a t h o l i t h s  a t  depth) .  Rhodes 

(1976) and Elston (1978) proposed t h a t  such a b a t h o l i t h  under l i e s  t h e  voluminous 

(130 km3) t i n  r h y o l i t e s  o f  t h e  Black Range, N.M. 

Fluorine-r ich r h y o l i t i c  magma seems t o  share  with p e r a l k a l i n e  magma a 

low v i s c o s i t y  - it flows r e a d i l y  unless  r e l a t i v e l y  cool and r i c h  i n  phenocrysts .  

Fluorine,  l i k e  water,  tends t o  lower so l idus  temperatures and melt v i s c o s i t i e s  

of g r a n i t i c  magma (Wyllie, 1979); t h e  d i f fe rence  i s  t h a t  f l u o r i n e  has much l e s s  

of a tendency t o  escape explos ively  with r e l e a s e  o f  pressure .  I t  a l s o  has a 

tendency t o  form s t a b l e  complexes with and be associa ted  geochemically with the  

l i t h o p h i l e  elements, inc luding U ,  Be, L i ,  Mn, Nb, Sn, W ,  and Y (Shawe, 1976, 

p.  15; Bailey, 1977). Some a l k a l i  and f l u o r i n e - r i c h  magmas e x h i b i t  l i q u i d  

immiscib i l i ty  (Kogarko e t  a l . ,  1974); t h e  f luor ine - r i ch  separa tes  may evolve 

continuously i n t o  hydrotheralal f l u i d s .  

Whether f l u o r i n e - r i c h  magmas and assoc ia ted  f l u o r i t e  depos i t s  a r e  developed 

a t  the  end s t a g e s  o f  shallow subduction o r  t h e  i n i t i a l  s t ages  of extension has 

been debated (Lamarre and Hodder, 1978; Shawe, 1979). Topaz r h y o l i t e  volcanism 

i n  the  U.S. extended t o  l e s s  than a mi l l ion  years  ago (Ward e t  a l . ,  19781, and 

thus may s t i l l  be continuing.  'I'his i n t e r p r e t a t l o n  supports  Shawe'S ~exrensional" 

hypothesis .  The problem then becomes one o f  t h e  o r i g i n  of  t h e  extension i t s e l f .  

Although opinions a r e  no t  unanimous (Chris t i ansen  and McKee , 1978) , most recent  

reviews (Thompson and Burke, 1974; Stewart ,  1978; Eaton, 1979; Els ton  and 

Burnhurst, 1979) have tended t o  favor  the  i n i t i a t i o n  of  Basin and Range exten-  

s ion  by back-arc spreading from the  subducting s l a b  t h a t  i s  a l s o  re spons ib le  

f o r  ca lc -a lka l ine  volcanism (Karig, 1971; Scholz e t  a l . ,  1971). The occurrence 

o f  28-29 m.y. o ld  topaz r h y o l i t e  a t  Nathrop, Colorado (Van Als t ine ,  1969), 

toge the r  with o t h e r  f e a t u r e s ,  led Tweto (1979) t o  suggest t h a t  extension 



r e l a t e d  t o  the  Rio Grande rift began as  much as 28 m.y. ago i n  Colorado. 

Whatever t h e  o r i g in  of t he  extension,  t h e i r  extensional  s e t t i n g ,  a s  well 

a s  geochemical f e a tu r e s ,  suggest t h a t  topaz rhyo l i t e s  might be the  ext rus ive  

equ iva len t s  of "A-typeu o r  "anorogenictt g ran i tes  (Loise l le  and Wones , 1979 ; 

Wones, 1979; Petro e t  a l . ,  1979). These have a l so  been ca l l ed  res idua l  o r  

R-type g ran i tes  (White, 1979). 

In any case, topaz rhyo l i t e  petrogenesis  presumably involves p a r t i a l  

melt ing of f luor ine-bear ing Precambrian c r u s t  i n  the  presence of high heat  

flow (which would t e n t  t o  d r i ve  off  water, enriching res idua l  f l uo r ine ) ,  with 

mafic magmas poss ib ly  providing a heat  source (Christiansen and Lipman, 1972). 

In support of t h i s  conjecture ,  ava i l ab le  evidence suggests t h a t  the  c r u s t  i s  

t h i n n e r  (25-30 km) and uppermost mantle seismic ve loc i t i e s  lower (<7.4 km/sec) 

i n  west cen t ra l  Utah, where younger (<7 m.y.) topaz rhyo l i t e s  occur, then 

elsewhere i n  the  eas te rn  Basin and Range province (Prodehl, 1979, p .  47).  In 

f a c t ,  a s  compared with t he  main p a r t  of the  Basin and Range province, t he  

e a s t e rn  t r a n s i t i o n  t o  t he  Colorado Plateau i s  a remarkable north-south zone 

o f  increased se i smic i ty ,  volcanism, heat f l u x  (Blackwell, 1978), c r u s t a l  

th inn ing ,  and lowering of upper mantle seismic ve loc i t i e s .  Furthermore, there  

appears t o  be a low ve loc i t y  zone i n  t he  c r u s t  t h a t  may i nd i ca t e  p a r t i a l  

melt ing (Smith, 1978). 

We have been impressed with t he  abundance of f l u o r i t e  and beryl-bearing 

Precambrian g ran i tes  near  t he  two i d e n t i f i e d  topaz rhyo l i t e  occurrences i n  

Arizona; s imi la r  r e l a t i o n s  hold In Colorado and may hold i n  Utah (c f .  S i l ve r ,  

1976; Moore and Sorensen, 1978). We a l so  note the  apparent absence of topaz 

r h y o l i t e  volcanism i n  t he  high heat f l ux  volcanic zone on the western margin 

of t h e  Basin and Range province (.Blackwell, 1978) , where Precambrian c ru s t  i s  

lacking.  Although we would p r e f e r  t o  der ive  f luor ine  from the  c r u s t ,  some 

w r i t e r s  (e.g. Van Als t ine ,  1976; Bailey, 1978) p r e f e r  t o  der ive  f luor ine  by 



"leakage" from t h e  upper mantle. 

Unfortunately, most topaz r h y o l i t e s ,  e s p e c i a l l y  the  younger ones, a r e  no t  

known t o  be associa ted  with economic minera l iza t ion ,  although t h e  presence o f  

topaz, b ixby i t e ,  specular  hemati te ,  pseudobrookite, red  b e r y l ,  and Mn-Fe garnet  

i n  l i thophysae may make them well-known t o  mineral c o l l e c t o r s  (Ream, 1979). 

A major ques t ion  t h a t  any model f o r  Spor Mountain-type minera l iza t ion  must 

answer, then,  i s  why it i s  not  more common. For example, why i s  Be-U-F 

minera l iza t ion  not  developed i n  a s soc ia t ion  with t h e  abundm.t 6-7 m.y. o ld  

topaz r h y o l i t e s  of  t h e  Tho~~las Range only a few kilometers  t o  the  e a s t  of  Spor 

Mountain? 

Mineral izat ion : A 'Model 

. Magma In t rus ion  

We i n f e r  t h a t  t h e  formation o f  Spor Mountain-type depos i t s  a s soc ia ted  with 

Lupaz i h y o l i t c  lava  flows invnlves faux s t ages :  (1) magma i n t r u s i o n ,  (2 )  

e rup t ion  of  pyroc las t i c s  and capping l avas ,  (3)  vapor phase and hydrothermal 

. a l t e r a t i o n  and element r e d i s t r i b u t i o n ,  and (4 )  ground water d iagenes is  and 

element r e d i s t r i b u t i o n .  The process begins with the  i n t r u s i o n  of water- 

deple ted  r h y o l i t i c  magma, enriched i n  l i t h o p h i l e  metals and complexing f l u o r i n e ,  

t o  shallow l e v e l s  i n  t h e  Ear th ' s  c r u s t  (F ig i~re  31.  I t ' s  enrichment may involve 

small degrees of p a r t i a l  melt ing and/or l a r g e  degrees o f  f r a c t i o n a l  c r y s t a l l i z a -  

t i o n  (Groves and McCarthy, 1978) ; dehydration o r  zone r e f i n i n g  (Barker e t  a1 . , 
1975) during i t s  r i s e  through t h e  c r u s t ;  o r  dehydration and c r y s t a l l i z a t i o n  due 

t o  e a r l i e r  cauldron-forming p y r o c l a s t i c  volcanism (Rhodes, 1976). 

The top  por t ions  o f  t h e  magma chamber becomes f u r t h e r  enriched i n  voPa t i l e s  

and t h e  ore elenlints,  folloriing a t r e n d  t .ha t  has long been recognized [Emmons, , 

1933). The cause o f  t h i s  .ap ica l  enrichment may be roofward streaming o f  

v o l a t i l e s  escaping from the  magma, o r  a recent  v a r i a t i o n  on t h i s  concept c a l l e d  
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thermogravitat ional  d i f f u s i o n  (Shaw e t  a l . ,  1976; Hi ldre th ,  1979) t h a t  a l s o  

involves,magma convection. The r e s u l t  i s  t h e  c rea t ion  o f  an upper "stagnant" 

zone enriched i n  H20, F,  C 1 ,  and t h e  l i t h o p h i l e  meta ls ,  including, f o r  t h e  

Bishop t u f f ,  Be, Mn, Y,  Sc, Nb, 'ra, Mo, W . ,  Sn, C s ,  Rb, L i ,  U ,  and Th. This 

zone i s  depleted i n  Mg, P, Ca, T i ,  Fe, Co, Cu, S r ,  Ba, La, Ce, Eu, and Au 

(Hildreth,  1979, p .  61).  

Erupt i on 

The build-up o f  v o l a t i l e s ,  o r  magma i n t e r a c t i o n s  with ground w a t e r , o r  

even in f luxes  o f  mafic magma i n t o  the  s i l i c i c  magma chamber next  cause an 

explosive volcanic  erupt ion  (Figure 4 ) .  This r e s u l t s  i n  t h e  emplacement of a 

mantle o f  l i t h i c - r i c h  p y r o c l a s t i c  depos i t s  around t h e  ven t .  These p y r o c l a s t i c s  

i d e a l l y  may be c l a s s i f i e d  a s  (1) massive appearing, poorly s o r t e d  p y r o c l a s t i c  

flows, o r  "ignimbrites" (Sheridan, 1979) ; ( 2 )  t h i n  over ly ing beds of  f i n e -  

gra ined,  wel l -sor ted  coignimbri te  a i r  f a l l s  o r  "tephra", and/or t h i c k  adjacent  

l i t h i c - r i c h ,  coarse-grained,  near-vent coignimbri te  l a g - f a l l s  (Wright and 

Walker, 1977) and (3) basa l  s t r a t i f i e d  o r  cross-bedded p y r o c l a s t i c  surges 

(Wohletz and Sheridan, 1979). This "standard ignimbri te  flow uni t"  (Sparks, 

1976) can i n  t u r n  be under la in  by inverse ly  graded P l in ian  a i r  f a l l  o r  

avalanche depos i t s .  F ie ld  i d e n t i f i c a t i o n  of l i t h i c - r i c h  t u f f s  on t h e  b a s i s  

of the  above c l a s s i f i c a t i o n  i s  complicated i n  a c t u a l  s i t u a t i o n s  by t h e  e f f e c t s  

o f  mul t ip le  vents  and/or mul t ip le  erupt ion  episodes ,  by t h e  in f luence  o f  p r e -  

e x i s t i n g  topography, by volcanic mudslides o r  l a h a r s ,  and by var ious  a l t e r a t i o n  

processes discussed below. The inlportant f a c t  i s  t h a t  a wide v a r i e t y  of  

p y r o c l a s t i c  depos i t s  can r e s u l t  from t h e  same ermptfon episode.  

The s t r a t i f i e d ,  cross-bedded, and wel l -sor ted  na tu re  of  some of the  t u f f s  

i n  t h e  Spor Mountain d i s t r i c t  and elsewhere has e a r l i e r  l ed  t o  t h e i r  

c l a s s i f i c a t i o n  as  "water- laid t u f f s "  i n  t h e  l i t e r a t u r e .  The uranium-mineralized 



Figure 4. Model Stage 2a - Eruption of pyroclastics. 



sandstones and conglomerates t h a t  occur l o c a l l y  i n  the  v i c i n i t y  of  t h e  Yellow. 

Chief mine a r e  t h e  only deposi t s  w e  have found n e a r  Spor Mountaln t h a t  show 

d i r e c t  evidence o f  aqueous deposi t ion .  
. . 

The pyrocl a s t i c  depos l t s  commonly h o s t  subsequent o.re minerallzati 'on , due 

t o  t h e i r  i n i t i a l  enrichment i n  l i thoph i  l e  elements, t h e i r  fine-.grained and 

g lassy  na tu re  (suscept ib i  li t y  t o  a l t e r a t i o n )  , t h e i r  permeabi l i ty  , and t h e i r  

content  o f  fo re ign  l i t h i c s  (pieces o f  country rock e jec ted  durlng c l e a r i n g  o f  

the  volcanic  ven t s ) .  The chemical d i s s i m i l a r i t y  o f  the  fore ign l i t h l c s  t o  t h e  

t u f f s  around them tends t o  l o c a l i z e  o re  p r e c i p i t a t i o n ,  e s p e c l a l l y  if t h e  

fore ign l i t h i c s  a r e  r e a c t i v e  carbonate rocks., a s  a t  Spor Mountaln,, although. 
. .  . 

mafic volcanics ( c f .  Roper and Wallace, i n  p r e s s )  o r  carbonaceous s c h i s t s  

mkght p lay  a s i m i l a r  r o l e  elsewhere. 

Thick vo la t i l e -dep le ted  r h y o l i t e  domes and lava flows next  a r e  deposi ted 

on top  of t h e  pyroc las t i c s  (Figure 5 ) .  . These can serve  as a  source o f  convec- 

t ion-d r iv ing  hea t  and, during c r y s t a l l i z a t i o n ,  of  addi t ional  q u a n t i t i e s  of  

o re  elements. Once c r y s t a l l i z e d ,  t h e  flows serve  as an Impermeable b a r r i e r  

(or  "screen", i n  t r a n s l a t e d  Soviet  terminology) t o  convecting aqueous f  l u t d s  ; 

they  a l s o  p r o t e c t  t h e  o re  deposi t  from l a t e r  erosion (and discovery?).  Thick 

welded t u f f  l aye r s  i n  pe ra lka l ine  r h y o l i t e  complexes might serve  t h e  same 

Functions. 

During and s h o r t l y  a f t e r  t h e  i n i t i a l  e rup t ion ,  unknown amounts of uranium 

and o t h e r  l i t h o p h i l e  elements may be  l o s t  i n  t h e  gas cloud a s  v o l a t i l e  h a l i d e s  

and hydroxylhalides (Z ie l insk i  e t  a l . ,  1977). These losses  a r e  v i r t u a l l y  

undetectable by l a t e r  observations,  inasmuch a s  they a r e  r e f l e c t e d  even i n  

obsidian compositions ( t h a t  i s ,  even the  obs id ians  have l o s t  v o l a t i l e s ) .  Such 

losses  may explain why we have found no ex t rus ive  v i t rophyres  with more than 

about 1.5% f l u o r i n e ,  although i n t r u s i v e  ongonites i n  Mongolia and t h e  U.S.S.R. 
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Figure 5. Model Stage 2b - Eruption of dome-flow complex. 
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contain up t o  3.2% f l u o r i n e  i n  g l a s s ,  a s  mentioned above. Chlorides a r e  

genera l ly  more v o l a t i l e  than f l u o r i d e s  (Fuge, 1977), but  UF6 i s  an exception .' 

(Krauskopf, 1969). Some of t h e  v o l a t i l e  h a l i d e s  so  l o s t  may be "recapturedf1 

by condensation and adsorption on volcanic ash (Taylor and S t o i b e r ,  1973) and 

thus  be sub jec t  t o  l a t e r  leaching and redeposi t ion .  

Vapor Phase and Hydrothermal Mineral izat ion 

C r y s t a l l i z a t i o n  and the  formation o f  gas c a v i t i e s  i n  t h e  r h y o l i t e  l ava  

flows, p lus  welding, s p h e r u l i t i c  d e v i t r i f i c a t i o n ,  granophyric c r y s t a l l i z a t i o n  

and vapor phase a l t e r a t i o n  i n  t h e  t u f f s  (Smith, 1960), p lus  fumarolic a l t e r a -  

t i o n  i n  t u f f s  and flows above where t h e s e  processes a r e  occurring (.Sheridan, 

1970), a r e  probably the  main h igh temperature processes by which t h e  o re  

elements a r e  r e d i s t r i b u t e d  i n  t h e  erupted r h y o l i t e s  and perhaps l o s t  t o  t h e  

atmosphere. Ihe  very d i s t i n c t  compositions o f  g lassy  and c r y s t a l l i n e  r h y o l i t e s  

(see  review by Z ie l insk i  e t  a l .  , 1977; Zielinsldi,  1978) i n d i c a t e  t h a t  l a rge  

q u a n t i t i e s  o f  o r e  elements can be l i b e r a t e d  by these  processes .  

A t  Spor Mountain, f o r  example, our  analyses show t h a t  a f r e sh  v i t rophyre  

l a y e r  l o c a l l y  present  nea r  t h e  top  o f  t h e  t u f f  conta ins  about 1.0-1.5%F, 50-85 

ppm Be, and 25-50 ppm U (based on severa l  samples),  whereas granophyrical ly 

c r y s t a l l i z e d  r h y o l i t e  from overlying l ava  flows conta ins  an average of 0.5- 

0.7%F, 7-15 ppm Be, and 10-18 ppm U. Simple-minded ca lcu la t ions  show t h a t  

the  implied l o s s  o f  Be on c r y s t a l l i z a t i o n  o f  t h e  capping r h y o l i t e  flows, 

neglec t ing  addi t ional  r h y o l i t e  t h a t  has been l o s t  by e ros ion ,  Be i n i t i a l l y  

p resen t  i n  t h e  t u f f s ,  o r  l a t e ~ a l  migration of Be, i s  more than adequate t o  

account f o r  t h e  Be orebodies j u s t  underneath t h e  flows (not t h a t  we be l i eve  

t h a t  t h e  overlying flows were n e c e s s a r i l y  t h e  source o f  a l l  of t h e  beryl l ium 

being mined) . 
A p s s s i b l c  problom with high temperature c r y s t a l  1,i z a t i  nn a s  an ore- 

genera t ing  mechanism i s  t h a t  it could j u s t  a s  e a s i l y  d i spe r se  some of t h e  metals 
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t o  t h e  atmos'phere as concentra te  them o r  p lace  them i n  a r e a d i l y  leachable 

form. Another problem i s  t h a t  most of the  p y r o c l a s t i c  deposi t s  nea r  topaz 

r h y o l i t e  vents  a r e  too  t h i n  t o  have undergone much welding, high temperature 

d e v i t r i f i c a t i o n ,  o r  vapor phase a l t e r a t i o n .  A f i n a l  problem i s  t h a t  high 

temperature processes should a f f e c t  a l l  erupted topaz r h y o l i t e  flows and under- 

l y i n g  t u f f s  more-or-less equa l ly ,  y e t  few a r e  economically mineral ized.  In 

genera l ,  then ,  one o r  more episodes o f  lower temperature a l t e ra t ion-minera l i -  

z a t i o n  seem necessary f o r  t h e  c r e a t i o n  o f  an economic orebody. 

A s  an example, c a s s i t e r i t e  deposi ted i n  m i a r o l i t i c  c a v i t i e s  and t ens ion  

f r a c t u r e s  a t  t h e  t o p  of  topaz r h y o l i t e  flows may, i n  p a r t ,  have formed a t  

temperatures above 500°C (Lufkln, 1976) , but  most wood-tin (and associa ted  

chalcedony and opal )  i n  " t i n  rhyo l i t e s"  appears t o  have formed a t  temperatures 

o f  150" o r  below (Pan, 1974; Lufkin, 1977). 

The hydrothermal (o r  f lgeothermalff ,  t o  use  the  terminology o f  Henry, 1978) 

f l u i d s  r e spons ib le  f o r  low temperature beryl l ium and uranium t ranspor t  (pre- 

sumably a s  f l u o r i d e ,  hydroxyl,  o r  carbonate complexes : Langmuir, 1978; 

Romberger, 1978) and deposi t ion  might be t h e  products o f  c r y s t a l l i z a t i o n  of 

and/or convective meteoric water  c i r c u l a t i o n  by a hidden pluton a t  shallow 

depths ,  a s  most previous workers a t  Spor Mountain (following S t a a t z  and 

Osterwald, 1959, p .  59-61) have assumed. While we cannot exclude t h i s  

p o s s i b i l i t y ,  ' there  i s  no d i r e c t  evidence such as  pervasive microfrac tur ing ,  

con tac t  metamorphism, o r  high temperature minera l iza t ion  (e .g. skarn i n  

carbonate rocks : Burt, 1977) t o  suggcst thc presence of  a n e a r - w r f a c e  pliiton . 

We t h e r e f o r e  suggest  t h e  p o s s i b i l i t y  t h a t  an aqueous c i r c u l a t i o n  c e l l  and 

e s p e c i a l l y  the  o r e  elements contained within i t  could be derived d i r e c t l y  

from t h e  r h y o l i t e  vent  complex i t s e l f .  

Heat from t h e  r h y o l i t e  domes and flows (and/or from the  hypothet ica l  

p lu ton o r  regional  high heat  flow) c i r c u l a t e s  low temperature [ l e s s  than 200") 



meteoric f l u i d s  i n t o  and up the  vents  and r e l a t e d  f r a c t u r e s  and out  through 

t h e  underlying t u f f s  (Figure 6 ) .  Flow i s  concentrated j u s t  beneath t h e  capping 

flows, causing most o r e  deposi t ion  t o  take  p lace  t h e r e  (see element p r o f i l e s  i n  

Bikun, 1980 and Lindsey, i n  p ress  ) Low temperature a l t e r a t i o n  zones 

conta in ing K-feldspar, s e r i c i t e ,  Mn-oxides , chalcedony, urani ferous  opal ,  
. . .  

c lays ,  f l u o r i t e ,  c a l c i t e ,  and z e o l i t e s  form i n  response t o  ' t h i s  c i r c u l a t i o n ,  

and r e a c t i v e  fore ign l i t h i c s  and/or evaporat ion due t o  t h e  hea t  of  t h e  overlying 

lava  l o c a l i z e  ore  deposi t ion .  Low temperature leaching of  v i t r i c  t u f f  and lava  

i s  a poss ib le  source of some of the  o re  elements ( Z i e l i n s k i ,  1979 and i n  

p r e s s ) .  

Preliminary f l u i d  inc lus ion  s t u d i e s  on a t y p i c a l  vuggy vein  ma te r i a l  from 

t h e  Fluoro \ P i t  (s tudiesperformed by Barbara Murphy us ing f a c i l i t i e s  a t  t h e  

Universi ty of Arizona, Tucson) yielded quar tz  and f l u o r i t e  homogenization 

temperatures i n  the  range 143-16s0, cons i s t en t  with t h e  low temperature mineral- 

ogy and f i n e  gra in  s i z e  of t h e  Spor Mountain minera l i za t ion ,  but  never the less  

suggest ing t h e  ex i s t ence  o f  a  thermal llevent" i n  i t s  formation. Most o f  t h e  

. minera l iza t ion  i s  too  f ine-grained t o  permit  t h e  a q u i s i t i o n  of  f l u i d  inc lus ion 

data .  

The above-suggested thermally-driven c i r c u l a t i o n  p a t t e r n  i s  perhaps a l s o  

supporred by the ubservation t h a t  a t  f luor i t e -minera l i  zed volcanic  vents  a t  

Spor Mountain and a t  the  breccia ted  rhyol i te /carbonate  contac t  a t  t h e  S t a a t s  

Mine, Wah Wah Mountains, f ine-gra ined purple  f l u o r i t e  minera l iza t ion  r a r e l y  

extends i n t o  t h e  carbonate rocks. This suggests  t h a t  Ca-saturated waters  from 

the  carbonate aqu i fe r  were flowing i n t o  t h e  vent  complexes where they deposi ted 

f l u o r i t e  on encountering f l u o r i n e  from t h e  r h y o l i t e .  I t  f u r t h e r  suggests  t h a t  

t h e  convection c e l l s  were shallow, as shown by t h e  ilpper arrows on ~ i g u r e  6 .  

Grvu~id Water MirieraIii St ion  

After  t h e  complex cools ,  ground water  continues t o  migrate through t h e  
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Figure 6. Model Stage 3 - Low temperature mineralization due to 
near-surface convection. 



sys tem, f u r t h e r  modi,fying the  d i s t r i b u t i o n  of t h e  o r e  elements. Uranium and 

s i l i c a  a r e  p a r t i c u l a r l y  suscep t ib le ,  and nodules o f  urani ferous  opal  from t h e  

t u f f s  .at Spor Mountain y i e l d  U-Pb ages ranging from about 21 m.y. [ the age o f  

t h e . v o l c a n i c s )  a t  t h e  core t o  3-5 m.y. i n  c ross -cu t t ing  v e i n l e t s  (Ludwig e t  a l . ,  

1980). The authors  i n t e r p r e t  t h i s  range of  ages a s  probably i n d i c a t i n g  

i n t e r m i t t e n t  o r  extended hydrothermal a c t i v i t y ,  but we would p r e f e r  t o  a s c r i b e  

most of it t o  low temperature ground water  .migration.' ' h e  Yellow Chief 

uranium mine i n  c l a s t i c s  beneath t u f f  nea r  ~ p o r '  Mountain may owe i t s  exis tence  

e n t i r e l y  t o  t h i s  type o f  oxidiz ing t r anspor t  and redeposi t ion  (Lindsey, 1979 

and i n  p r e s s ) .  

Kars t - l ike  oxidized uranium deposi t s  i n  Paleozoic carbonates,  s i m i l a r  t o  

those  a t  S i e r r a  Gomez, Chihuahua, Mexico (Mitchell and Goodell, i n  p r e s s ) .  

may a l s o  occur under t h e  t u f f  a t  Spor Mountain. However, none of  any s i z e  have 

y e t  been i d e n t i f i e d ,  unless  some of t h e  very f ine-grained urani ferous  f l u o r i t e -  

c l ay  mil leral izat ion i n  p ipes  and veins has t h i s  "descending" o r i g i n .  Many 

pipes  seem t o  coincide .wi th  former volcanic  ven t s ,  but  t h i s  conf igura t ion  does 

no t  excEude some l a t e r  minera l iza t ion  by descending f l u i d s .  U-Pb da t ing  of 

opal o r  chalcedony associa ted  with t h e  f l u o r i t e  i n  the  p ipes  might r e so lve  the  

ques t ion .  

Barren and Productive Topaz Nlyol i tes  

Fa i lu re  t o  a t t a i n  o re  grade minera l iza t ion  i n  most topaz r h y o l i t e  vent  

complexes may be due t o  a v a r i e t y  of  f a c t o r s .  F i r s t ,  t h e  i n i t i a l  f l u o r i n e  

a c t i v i t y  and metal content  o f  t h e  magma may be too  low. Our pre l iminary  study 

o f  v i t rophyres  has shown t h a t  few topaz r h y o l i t e  g las ses ,  save poss ib ly  those  

from t h e  Honeycomb H i l l s ,  Utah, a r e  a s  enriched i n  F, Be, and U a s  those  from 

Spor Mountain. A puzzling.  observation i s  t h a t  t i n - r i c h  topaz r h y o l i t e s  i n  

Nevada and New Mexico a r e  n o t  known t o  be as soc ia ted  with s i g n i f i c a n t  uranium 

l a i ~ l e r i i l i  z a t i an .  
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The high f l u o r i n e .  a c t i v i t y  i n  Spor Mountain and Honeycomb H i  11s r h y o l i t e  

i s  perhaps i n d i c a t e d  by t h e  f a c t  (our analyses;  a l s o  Turley e t  a l . ,  1979) t h a t  

p l a g i o c l a s e  from t h e r e  has roughly h a l f  t h e  a n o r t h i t e  content  (6-10 mole %) as  

t h a t  from t h e  "barren" topaz r h y o l i t e s  of t h e  nearby Thomas Range (13-20 mole %) , 

although t o t a l  calcium contents  i n  t h e  rocks a r e  comparable. T i t a n i t e  (sphene) 

i s  r a r e  o r  absent  i n  topaz r h y o l i t e s ,  and even i n  t h e  Thomas Range occurs only 

i n  l i t h i c  inc lus ions  o f  o l d e r  rocks (David Lindsey, personal  communication, 

1980). The calcium i n  h igh- f luor ine  r h y o l i t e s  i s  presumably "removed" aq 

f l u o r i t e ,  by r e l a t i o n s  such as  the  fol lowing:  

(1) [CaA12Si208] + 2F20-1 = CaF2 + A12Si04F2 + Si02 

Anor th i te  + 2F20-1 = F l u o r i t e  + Topaz + Quartz 

( i n  p lag ioc lase )  

(2) CaTiSi05 + F20-1 = CaF2 + ' I ' iOZ + Si02 

T i t a n i t e  + F20,L = F l u o r i t e  + Rut i l e  + Quartz 

(:or o t h e r  T i  mineral) 

In t h e  above equations,  F20-1 i s  an "exchange operator",  the  "acid anhydride" 

of HF (Burt,  1Y8/4) whose chemical p o t e n t i a l  g ives  a measure of t h e  tendency f o r  

f l u o r i n e  t o  r ep lace  oxygen i n  the  melt .  

Clos e l y - r e l a t e d  f a c t o r s  a r e  the  water content  and erupt ion  temperature nf  

t h e  magma. "Productive" topaz r h y o l i t e s  from t h e  Black Range, N . M . ,  Spor 

Mountain, Utah, and t h e  S t a a t s  Mine-Holly Claim a rea ,  Wah Wah M t s . ,  Utah tend 

t o  be phenocrys t - r ich ,  blocky o r  massive, poor o r  lacking i n  gas c a v i t i e s ,  

and granophyr ica l ly  c r y s t a l l i z e d ,  suggest ing r e l a t i v e l y  low erupt ion  tempera- 

t u r e s  and water contents  o r  f u g a c i t i e s  and slow cooling r a t e s .  "Barren1' 

topaz r h y o l i t e s  from t h e  Thomas Range, Utah, Four Mile Wash a rea ,  Wah Wah 

Mountains, Utah and numerous o the r  a reas  a r e  phenocryst-poor, remarkably 

flow-banded, l i thophysae-r ich ,  and s p h e r u l i t i c a l l y  c r y s t a l l i z e d ,  suggest ing 



t h e  opposi te .  

Two s i m i l a r  c l a s ses  of  f luor ine - r i ch  Quaternary r h y o l i t e s  have been 

recognized i n  t h e  Mineral Mountains, Utah (Nash and Evans, 1977; Evans and 

Nash, 1978; Lipman e t  a l . ,  1978; Ward e t  a l . ,  1978), o l d e r  (0.8 m.y.) pheno- 

cryst-poor flows and younger C0.5 m.y.) phenocryst-r ich domes. Geothenometry 

involving i ron- t i tanium oxides and two fe ldspar s  y i e l d s  magma temperatures a s  

d ive r se  a s  785' and 650°, and geobarometry water f u g a c i t i e s  a s  d ive r se  a s  

3.0 kb and 0.4 kb, r e spec t ive ly ,  f o r  t h e  two groups of rocks (Nash and Evans, 

1977). Obsidians of  the  o l d e r  group have l e s s  than h a l f  the  f l u o r i n e  content  

o f  the  younger (about 0.16 vs .  0.44%: Lipman e t  a1 . , 1978) ; t h e  younger 

r h y o l i t e s  have some topaz i n  gas c a v i t i e s .  They a r e  a l s o  enriched i n  Na, Rb, 

Nb, and E.ih.1 and depleted i n  K,  Ba, S r ,  Ca., Ti ,  and Fe, Based on europium 

anomalies i n  younger f e l d s p a r s ,  these  d i f fe rences  a r e  t e n t a t i v e l y  ascr ibed t o  

f e l d s p a r  f r a c t i o n a t i o n .  uranium contents  a r e  no t  given, but  t h e  da ta  given 

above would suggest t h a t  rhyo l i t e s .  o f  t h e  o l d e r  group a r e  more l i k e l y  t o  be 

"barren" than those  of .  t h e  younger. 

Possibly much of  t h e  uranium escaped from t h e  barren r h y o l i t e s  during 

o r  s h o r t l y  a f t e r  e rupt ion  i n  t h e  vapor phase, o r  was f ixed  i n  t h e  s p h e r u l i t i -  

c a l l y ~ c r y s t a l l i z e d  groundmass by rap id  c r y s t a l l i z a t i o n .  Vapor phase losses  

have previous ly  been used t o  explain lower uranium contents  i n  m i a r o l i t i c ,  

a s  opposed t o  massive, near-surface  i n t r u s i v e s  (Bohse e t  a l . ,  1974). Another 

p o s s i b i l i t y  i s  t h a t  t h e  uranium wasn t the re  i n  t h e  f i r s t  p l ace  ( i  . e .  , t h a t  

t h e  water-r ich magmas were l e s s  enriched i n  uranium and f l u o r i n e ) .  

A major f a c t o r  a t  most topaz r h y o l i t e  l o c a l i t i e s  i s  undoubtedly the  content  

and r e a c t i v i t y  of fore ign l i t h i c s  i n  t h e  p y r o c l a s t i c s .  These i n  t u r n  r e f l e c t  

t h e  country rock penet ra ted  a t  t h e  vent  (.s) . Carbonate l i t h i c s  a r e  ab~indant 

a t  Spor Mountain and common a t  t h e  Holly Claims, Wah Wah Mountains, Utah, bu t  

are v i r t u a l l y  lacking i n  t h e  o the r  a reas  s tud ied .  The above two d i s t r i c t s  
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both have s i g n i f i c a n t  uranzum-f l u o r i t e  minera l iza t ion  a l s o  1 acking i n  t h e  

o t h e r  d i s t r i c t s .  

An equa l ly  important  f a c t o r  may be t h e  l e v e l  o f  t h e  water t a b l e  and t h e  

a v a i l a b i l i t y  of  an a q u i f e r  a t  t h e  t ime of  erupt ion .  I f  ground water i s  too  

deep o r  lacking,  i t s  convective c i r c u l a t i o n  through t h e  t u f f s  w i l l  be impossible. 

None o f  t h e  o t h e r  d i s t r i c t s  s tud ied  show t h e  degree o f  pervasive a l t e r a t i o n  of  

t u f f  seen a t  Spor Mountain and presumably indicative of  a low temperature 

hydrothermal event .  

A gencra l  f e a t u r e  shared by 111ost topaz r h y o l i t e s  i s  t h e i r  r c l a t i v e l y  small 

e r u p t i o n  volume. Without cons iderable  i n i t i a l  magmatic enrichment i n  F ,  U ,  and 

Be, t h e  formation of  s i g n i f i c a n t  tonnages of o r e  due t o  leaching would be 

d i f f i c u l t ,  i f  no t  impossible.  Also, t h e  small s i z e  minimizes t h e  time a v a i l -  

a b l e  f o r  high temperature d e v i t r i f i c a t i o n  i n  t h e  lavas and t u f f s  and t h e  time 

a v a i l a b l e  f o r  thermally-driven meteoric water c i r c u l a t i o n  (unless t h e r e  i s  a 

shal low pluton o r  o t h e r  hea t  source t o  d r ive  convection a f t e r  su r facc  cooling 

has  occurred) . 
A r e l a t e d  ~ e n e r a l  problem i s  the  r a d i a l  drainage p a t t e r n  i d c a l l y  exh ib i t ed  

by small  r h y o l i t i c  dome complexes, which would tend t o  d i spe r se ,  r a t h e r  than 

concen t ra te ,  uranium t ranspor ted  i n  low temperature ground water .  The c e n t r a l  

dra inage  bas in  t y p i c a l  o f  ca lde ras  i s  much more favorable  i n  t h i s  r e spec t  

(Henry, 1978) and i t  i s  i n t e r e s t i n g  t h a t  the  Yellow Chief uranium mine i n  

c l a s t i c s  under t h e  beryl l ium t u f f  nea r  Spor Mountain l i e s  i n s i d e  what has been 

i n t e r p r e t e d  as a former ca lde ra  (Lindsey, 1979 and t h i s  volume). I t  is a l ~ o  

i n t e r e s t i n g  t h a t  t h e  Spor Mountain topaz r h y o l i t e  i s  t h e  o l d e s t  y e t  i d e n t i f i e d  

i n  t h e  Great Basin, implying a maximum amount o f  time f o r  ground water leaching 

t o  have been e f f e c t i v e .  

We conclude t h a t  t h e  magma composition and temperature, type  o f  country 

rock exposed ,a t  t h e  su r face ,  l e v e l  o f  water  t a b l e ,  and even drainage p a t t e r n  
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and age were more favorable f o r  minera l iza t ion  a t  Spor Mountain than a t  any 

of  the  o the r  a reas  s tud ied .  S imi lar  minera l iza t ion  a t  the  Honeycomb H i l l s  

and (so f a r  a s  i s  known) a t  t h e  S t a a t s  Mine-Holly claims a rea  appears much 

l e s s  economic. 

In the  next sec t ion  we attempt t o  i n d i c a t e  the  poss ib le  s ign i f i cance  o f .  

topaz r h y o l i t e s  i n  prospect ing  f o r  types o f  o r e  depos i t s  o t h e r  than those  

found a t  Spor Mountain ( i . e . ,  subsurface d e p o s i t s ) .  

Related Mineral Deposits - 

The explora t ion  s ign i f i cance  of topaz r h y o l i t e s  probably does no t  end 

a t  the  Ear th ' s  surface ,  although so  f a r  we have discussed only su r face  and 

near-surface processes.  Obvious v a r i a t i o n s . o n  t h e  model presented above a r e  

'". cases where the  magma chamber does no t  vent o r  where i t s  venting only involves 

t h e  deposi t ion  o f  easi ly-eroded p y r o c l a s t i c s .  These cases a r e  unfavorable f o r  

the  formation of s u r f i c i a l  depos i t s  such a s  those discussed hcre ,  but  a r e  very 

favorable f o r  t h e  formation o f  disseminated (porphyry), vein (g re i sen) ,  o r  

replacement (skarn) depos i t s  a t  depth. 

These depos i t s  might a l s o  form under topaz r h y o l i t e  dome complexes where 

a s i g n i f i c a n t  f r a c t i o n  of  t h e  magma has been vented, e s p e c i a l l y  i f  a  second 

pos t -volcanic  magma body f inds  i t s  way upwards (as ind ica ted  by ehe "Mo-W?" 

on Figure 6 ) .  Mult iple episodes o f  i n t r u s i o n  and minera l iza t ion  seem t o  be 

c h a r a c t e r i s t i c  o f  ' f l u o r i n e - r i c h  porphyry Mo-W systems such a s  those a t  Climax 

(Wallace e t  a1 . , 1968) and ~ r a d - ~ e n d e r s o n  (Wallace e t  a1 . , 1978), Colorado. 

The c lose  s p a t i a l  and age c o r r e l a t i o n  of these  depos i t s  with i d e n t i f i e d  topaz 

r h y o l i t e  flows i s  a l s o  notable  i n  t h i s  regard (Figure 2 ) .  

Similar  cons idera t ions  have led  t o  the  hypoth'esis t h a t  a  porphyry molybdenum 

system under l i e s  the  f l u o r i t e  and uranium-rich veins and volcanic  breccias  o f  

t h e  Central  Mirlitlg area ,  Marysvale, Utah (Cunningham and Steven, 1979; Steven 
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e t  a l . ,  i n  p r e s s ) ,  bu t  t h i s  hypothesis awaits confirmation. A more d i r e c t  

r e s u l t  i s  t h e  c o r r e l a t i o n  by Keith (1979) of  h - F e  garnet-bearing Miocene 

ash-flow t u f f s  i n  the  Wah Wah Mountains, Utah with the  venting o f  t h e  nearby 

Pine Grove porphyry molybdenum system, which contains i d e n t i c a l  garnets .  

Molybdenum and tungsten need not  be t h e  only l i t h o p h i l e  metals deposited 

i n  o r  nea r  i n t r u s i v e s  under topaz rhyo l i t e s .  Rosettes of be ry l  disseminated 

i n  Miocene g r a n i t e  i n  t h e  Sheeprock Mountains, Utah were extens ively  prospected 

be fore  t h e  nearby discovery of  Spor Mountain: minor U and W (wolframite) occur 

i n  assoc ia ted  veins  and g re i sens  (Cohenour, 19631. Deposits nf o t h e r  l i t h o -  

p h i l e  elements such a s  'I'h, Sn, Nb, Ta, Y ,  and the  r a r e  e a r t h s  might a l s o  be 

expected i n  i n t r u s i v e  environments. 

In carbonate hos t  rocks,  replacement depos i t s  of  "ribbon-rock" o r  laminar 

f l u o r i t e - r i c h  skarn enriched i n  Be, W, and Sn might be expected, hy arialogy 

with Iron Mountain, New Mexico (Jahns, 1944) and the  Seward Peninsula, Alaska 

(Sainsbury , 1969) . Similar  economical ly-important deposi t s have recen t ly  

been found i n  Aus t ra l i a  (Teunis A.  P .  Kwak, personal  communication, 1979). 

A v e r t i c a l  sequence f o r  types of  l i t h o p h i l e  element minera l iza t ion i.n 

f l u o r i n e - r i c h  s i l i c i c  systems might be as  follows : 

1. Wood-Sn i n  topaz r h y o l i t e  lava  flows 

2 .  U-Be-F i n  underlying t u f f s  and sediments 

3 .  U-F-Be-Sn-W-Mo i n  subvolcanic b recc ias ,  ve ins ,  and replacements 

4 .  Mo-W-Sn (Nb-Ta-Be-U-Th) i n  '"porphyry" deposi ts  

5. SII- W- Btl Mo i n  grciscns 

6 .  Li-Nb-Ta-Be-Sn-U i n  pegmati tes.  

I t  i s  unknown how many of t h e s e  types of minera l iza t ion might occur i n  t h e  

same d i s t r i c t .  

Perhaps, however, t h a t  i s  " d r i l l i n g  too deeply". Going back t o  the  

s u r f a c e ,  we should not  fo rge t  the  economic importance of  leached L i  and B i n  
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brines and evaporites, respectively (Glanzman et al., 1979) not the signifi- 

cance of younger topaz rhyolite vent systems, such as those near Roosevelt 

Hot Springs, Utah, as indicating possible sources of geothermal energy (Ward 

et a1. , ,1978). 

Summary 

The combination of fluorine and uranium-enriched magma, reactive carbonate 

rocks exposed in the volcanic vent area, (presumably) elevated water table, and 

clastics underlying tuffs was uniquely favorable for beryllium and/or uranium 

mineralization at Spor Mountain. This complete combination apparently was 

not present at the other areas studies, although it might not always be 

necessary. For example, reactive carbonate rocks are not needed for ground 

water mineralization of the Yellow Chief type, and mafic-rich vent breccias 

might prove almost as reactive as carbonate-rich ones. Finally, subvolcanic 

and prophyry-type mineralization related to topaz rhyolite volcanism might 

prove more significant than the near-surface types of mineralization emphasized 

here. 
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ABSTRACT 

A d i s t i n c t i v e  s u i t e  of h igh  s i l i c a  r h y o l i t e s  enriched i n  f l u o r i n e  and . 

l i t h o p h i l e  e lements  i s  wide ly  d i s t r i b u t e d  a c r o s s  t h e  western United S t a t e s .  

T h e i r  ages  r ange  from mid- t o  late-Cenozoic (.36 m.y. t o  p r e s e n t ) .  These 

r h y o l i t e s  c o n t a i n  topaz  (along w i t h  g a r n e t ,  b b b y i t e ,  pseudobrookite ,  hemat i te  

and q u a r t z )  i n  l i t h o p h y s a e  o r  i n  t h e  groundmass, and a r e  a s s o c f a t e d  wi th  U ,  F,  

B e  and Sn m i n e r a l i z a t i o n .  Topaz r h y o l i t e s  a r e  g e n e r a l l y  emplaced a s  small  

domes o r  l a v a  f lows  and f o l l o w  o r  a r e  contemporaneous wi th  c a l c - a l k a l i c  and 

b a s a l t i c  volcanism i n  t h e  Basin and Range province  and along t h e  Rio Grande 

R i f t .  The major phenocrys ts  i n  topaz r h y o l i t e s  a r e  s a n i d i n e  ( ~ O r 5 0 ) ,  qua r t z ,  

o l i g o c l a s e  and b i o t i t e ,  i n  c r y s t a l - r i c h  v a r i e t i e s ;  g a r n e t  and hornblende a r e  

rare. Two-feldspar and Fe-Ti ox ide  geothermometry i n d i c a t e s  t h a t  t h e s e  F-rich 

l a v a s  e q u i l i b r a t e d  a t  low tempera tures  (630-800°C). The Fe-rich b i o t i t e s  and 

Fe-Mn g a r n e t s ,  t h a t  c r y s t a l i z e d  w i t h i n  t h e  magmas a r e  s i m i l a r  t o  t hose  i n  

g r e i s e n s  and pegmat i tes  and suggest  t h a t  c r y s t a l l i z a t i o n  may have occurred 

under  vapor-sa tura ted  c o n d i t i o n s  and low oxygen f  u g a c i t i e s  . 
Topaz r h y o l i t e  v i t r o p h y r e s  a r e  t y p i c a l l y  h igh  i n  s i l i c a  (.>74%) and 

f l u o r i n e  (0 .3  - 1.5%) and are dep le t ed  i n  Ca, Mg, and Ti - - fea tures  t y p i c a l  

of r h y o l i t e s  from bimodal a s s o c i a t i o n s .  Corundum appears  i n  t h e  normative 

mineralogy of many and a long  wi th  t h e  presence  of topaz and g a r n e t  sugges ts  

t h a t  t h e  magmas were peraluminous. Concent ra t ions  of incompatible  elements 

are  h igh:  U 5-40, Th 40-70, Rb 200-1000, Ta 2-25, L i  20-80, Sn 5-30 and Be 

2-70 ppm. The REE p a t t e r n s  of v i t r o p h y r e s  enr iched  i n  t h e s e  elements  a r e  

a lmost  f l a t  (.La/ybN = 1-3) and have deep Eu anomalies  ( E U ~ E U *  = 0.01-0.02) . 
Topaz r h y o l i t e s  a r e  contemporaneous wi th  r h y o l i t e s  of p e r a l k a l i n e  and 

c a l c - a l k a l i c  l i n e a g e s .  They a r e  d i s t i n c t  from t h e  former ( t y p i f i e d  by t h o s e  

a t  McDermitt Caldera)  by t h e i r  mineralogy,  t h e i r  mode of emplacement and 

t h e i r  lower con ten t  of F e ,  Mg, T i  and h igher  Cn, A l ,  Rb and u s u a l l y  U and 

Th. Topaz r h y o l i t e s  a r e  d i s t i n g u i s h a b l e  from c a l c - a l k a l i c  r h y o l i t e s  

( , t y p i f i e d  by r h y o l t t e s  from western Utah and Colorado) by t h e i r  t r a c e  element 

c o n t e n t s  (lower T i ,  Ba, Sr  and h ighe r  Rb, U ,  Th and o t h e r  l i t h o p h i l e  e lements) .  

The u s u a l l y  low La/YbN r a t i o .  ( '~1-3 1) of topaz r h y o l i t e s  d i s t i n g u i s h e s  them 

from both  r h y o l i t e  s u i t e s .  



The d i s t r i b u t i o n  of topaz r h y o l i t e s ,  t h e i r  a s s o c i a t i o n  wi th  g e n e r a l l y  

more mafic  volcanism Candesi t ic  o r  b a s a l t i c )  and t h e i r  s i m i l a r i t y  t o  anorogenic 
. . 

g r a n i t e s  suggest. t h a t  they  a r e  t h e  r e s u l t  of p a r t i a l  mel t ing  of t h e  Pre- 

cambrian c r u s t  whlch is enriched i n  F, U ,  Th and B e  throughout t h i s  reg ion .  

Trace element v a r i a t i o n  p a t t e r n s  a r e  c o n s i s t e n t  w i th  magmatic e v o l u t i o n  

by themnogravi ta t iona l  d i f f u s i o n  poss ib ly  a s s o c i a t e d  w i t h  t h e  s e p a r a t i o n  of 

a n  F-rich. f l u i d  t h a t  migrated t o  t h e  upper , .  coo le r  p a r t s  of evolving magma 

chambers. The high F con ten t  probably caused t h e  low e q u i l i b r a t i o n  tempera- 

t u r e s  and may have extended t h e  d u r a t i o n  of e a r l y  magmatic evo lu t ion .    he 
extreme magmatic enrichments t y p i c a l  of topaz r h y o l i t e s  sugges t s  t h a t  t h e i r  

subvolcanic  ana logs  may be t h e  h o s t s  f o r  U ,  Th, Be, F, Sn o r  a s soc fa t ed  o r e  

d e p o s i t s .  



INTRODUCTION 

Topaz r h y o l i t e s  a r e  widely d i s t r i b u t e d  i n  t h e  western United S t a t e s  

F i g .  1 These f l u o r i n e - r i c h  r h y o l i t e s  a r e  d i s t l n c f i v e  because of t h e i r  

d rama t i c  enrichments  i n  l i t h o p h i l e  ( o r  " f luorophi le" )  e lements  such a s  

uranium, thorium, bery l l ium,  rubidium, l i t h i u m ,  molybdenum and niobium. 

T h e i r  mineralogy is  d i s t i n c t i v e  as w e l l  s i n c e ,  i n  a d d i t i o n  t o  topaz ,  t hey  

commonly c o n t a i n  Fe-Mn g a r n e t ,  b i x b y i t e ,  b e r y l ,  pseudobrookite  and f l u o r i t e  

i n  c a v i t i e s  o r  w i t h i n  t h e  groundmass. The only  producing beryl l ium d e p o s i t  

i n  t h e  United S t a t e s  occu r s  w i th in  t u f f s  beneath a  topaz r h y o l i t e  l a v a  a t  

Spor Mountain, Utah, and o t h e r  d e p o s i t s  of uranium, f l u o r i t e  and t i n  a r e  

a s s o c i a t e d  w i t h  them i n  Utah and elsewhere. 

P e t r o l o g i c  s t u d i e s  of topaz r h y o l i t e s  began w i t h  the c l a s s i c  d e s c r i p t i o n o  

by Crass (1006, 1896) of occurrences  a t  Wathrop and Ros i t a  H i l l s  - S i l v e r  

C l i f f ,  Colorado. Topaz r h y o l i t e s  i n  Utah ' s  Thomas Range were desc r ibed  by 

many (e .g . ,  A l l i n g ,  1887; H i l l eb rand ,  1905; P a t t o n ,  1908; Pen f i e ld  and Foote,  

1897) .  More r e c e n t l y  Tur ley  e t  a l .  (1979) re-examined some of t h e  topaz- 

bea r ing  l a v a s  from wes tern  Utah, whi le  Nash (1976),  Evans and Nash (1978) 

and Lipman e t  a l .  (,1978b) s tud ied  t h e  young r h y o l i t e s  from t h e  Mineral  

Mountains,  Utah, t h a t  o c c a s i o n a l l y  bear  topaz i n  l i t hophysae  (Ward et a l . ,  

1978) .  S t u d i e s  of o t h e r  topaz  r h y o l i t e s  have been r e l a t e d  tn  the. ir  e~onomfc  

p o t e n t i a l  o r  t o  r eg iona l ,  geo log ic  i n v e s t i g a t i o n s .  The major f e a t u r e s  of 

20 topaz  r h y o l i t e  l o c a l i t i e s  i n  t h e  western United S t a t e s  a r e  t a b u l a t e d  i n  

Table  1. 

The purpose of thLs s tudy  was to survey t h e  g c ~ c h c m i s t r y  and pe l ru lugy  

of topaz  r h y o l i t e s  from t h e  weste-rn United S t a t e s  i n .  o r d e r  t o  determine 

t h e i r  mode of o r i g i n  and t h e  processes  which c o n t r o l l e d  t h e i r  evnlmticrn. 

Th i s  i s  a  cont inuing  p r o j e c t  and t h e  i n t e r p r e t a t i o n s  a r e  pre l iminary ,  

SAMPLING AND ANALYTICAL METHODS 

Topaz r h y o l i t e s  from t h r e e  a r e a s  were i n v e s t i g a t e d  i n  d e t a i l :  (.I). 

west-cseulral Utah, where w e  examined f o u r  a r e a s  w i th  topaz rhyol i ' t es  (Spor 

Mountain -. 21 m.y., t h e  Thomas Range - 6 m.y., t h e  Honeycomb H i l l s  - 5 m.y., 

and Smelter  Knol l s  - 3.4 m.y.).; (2). t h e  Wah Wah Mountains, Utah (?2-20 m.y.); 

and ('31- t h e  Black Range, New Mexico (24 m.y.1,. I n  a d d i t i o n ,  topaz r h y o l i t e s  

from I'zenhood Ranch, Sheep Creek Range, Nevada (14 m. y.). , Eas t  Grants  Ridge, 

New Mexico (3.3 m. y. I., Nathrop, Colorado (28-29 m. y .  and Burro Creek, 

Arizona (Miocene?) were c o l l e c t e d  and analyzed. S ince  a  p r i n c i p a l  concern 

of t h i s  s tudy  w a s  t h e  r e l a t i o n s h i p  of pe t rogenes f s  t o  uranium m i n e r a l i z a t i o n ,  



Fig. 1. Loca t ions  of Cenozoic topaz rhyo ' l i t es  i n  t h e  wes t e rn  United 
S t a t e s .  The numbers r e f e r  t o  t h e  d e s c r i p t i o n s  i n  Table  1. Unlabeled 
l o c a l i t i e s  a r e  from Shawe (1976). 3 



Table 1. Loca t ions  and d e s c r i p t i o c s  o f  topaz r h y o i i t e s  from t h e  wes t e rn  United S t a t e s  

Loca t ion  D e s c r i p t i o n  References 

1. Specimen Mountain, - Li thophysa l  r h y o l i t e  f l m  w i t h  unde r ly ing ,  Conn, 1939 
n o r t h - c e n t r a l  Colorado p a r t l y  s i l i c i f i e d ,  t u f f .  J a h l s t r o m ,  1941, 1944 

- O v e r l i e s  p6 g n e i s s e s ,  g r a n i t e s  and pegmat i tes .  C o r b e t t ,  1968 
(4 km2) - Contemporaneous w i t h  b a s a l t i c  and 

a n d e s i t i c  magmatism. 
- 27 - 28 m.y. (?I .  - 

2. Chalk Mountain, - ' Iopzz-bearing " r h y o l i t e  porphyry". P e a r l ,  1939 
c e n t r a l  Colorado - Pennylvanian sediments.  Cross ,  1885 

- San, Q ,  b i o t .  
(4 km2) - sioz > 74% . 

, - a d j ~ c e n t  t o  porphyry tlo d e p o s i t  a t  
Climax . 

- mid- T e r t i a r y .  

3. Nathrop, c e n t r a l  
Colorado 

- Dome.and flow complex o v e r l y i a g  p a r t i a l l y  Cross ,  1886 
a r g i l l i z e d  t u f f .  E p i s  and Chapin, 1968 

- O v e r l i e s  @ . g n e i s s  and q u a r t z  monzonite. Van A l s t i n e ,  1969 
- San, Q ,  p lag ,  b i o t ,  Fe-Mn oxides .  Z i e l i n s k i  e t l a l . ,  1977 
- Topez, g a r n e t ,  s an ,  Q ,  Fe-oxides ,  o p a l ,  t h i s  r e p o r t  

c ~ l c i t e .  
- On margin of T h i r t y n i n e  Mile v o l c a n i c  

f i e l d ;  c a l c - a l k a l i c  (40-34 & 19  m.y.). 
- 28-29 m.y. 
- Si02>76%, F 0.17-0.557,, U 16 ,  Th 34, Be 10,  

Li 95, Nb 83,  Mo 5 ppm. 



4.  Tomichi .Dome, 
c e n t r a l  Colorado 

5,. Ros i t a  H i l l s  and 
S i l v e r  C l i f f ,  .south- 

. c e n t r a l  Colorado 

(-30 km2 each) 

6. Lake Ci ty ,  south- 
e a s t e r n  Colorado 

- Dome and 'flow overlying t u f f ,  small 
s i l l  in t rudes  country rocks. 

- pB gne i s s  over l a in  by Cretaceous 
sediments . 

- San, plag,  Q ,  b i o t  (ap, hb, sphene, Fe-Ti 
oxides).  

- Topaz, garnet ,  magnetite. 

- Domes wi th  flows w e r l y i n g  t u f f ,  erupted 
along r i n g -  f r a c t u r e  of small subsidence 
fea tu re .  

- p€ gneisses ,  g r a n i t e s  and o lde r  T e r t i a r y  
volcanic  rocks.  

- San, Q ,  plag ( ~ 1 0 % ) .  
Topaz, garnet ,  quar tz .  

- contemporaneous wi th  c a l c - a l k a l i c  volcanics  i n  
San Juan Mtns., emplaced wi th  t r achy te  and 
andes i t e .  

- SiO2773%. 
- Ag, Au, Pb, Zn and Cu minera l i za t ion  i n  

f i s s u r e  v e i n s  and along f a u l t s .  
- 26 m.y. 

S ta rk ,  1934 
S ta rk  and Behre, 1936 

Cross, 1896 
Siems, 1968 
Sharp, 1978 

- Plugs, d lkes ,  s i l l s  and l a c c o l i t h s  near  margin Steven e t  al.,  1977 
of 28 m.y. ca ldera .  Lipman e t  a l . ,  '1978a 

- Oligocene ash-flow t u f f s  of San Juan volcanic  ' 
f i e l d .  

- Q,  san ,  b i o t .  
- Topaz, f l u o r i t e ,  quar tz .  
- Contemporaneous w i t h  b a s a l t i c  a n d e s i t e  

(57% ~ i 0 2 )  volcanism. 
- Si02>76%, F 0.13%, U 40, Th 63, Be 20, Nb 80, 

Mo 15 ppm. 
- Secondary U-minerals occur on f r a c t u r e s ,  minor 

U-ore ,removed. 
. . - 18.5 m.y: 



7. Grants  Ridge, west- 
c e n t r a l ,  New Mexico 

8. Black Range, 
southwestern New 
Mexico 

- Dome and lava  flow o v e r l y i n g - t u f f .  l e r r  and Wilcox, 1963 
- Emplaced through Cretaceous sediments. Basse t t ,  1963 
- 12, san,  p l a g  (< 10%). Lipman and Mehnert, 1979 
- Topaz, ga rne t ,  beryl .  
- Contemporaneous wi th  b a s a l t i c  volcanism, 

p a r t  of M t .  Taylor volcanic  f i e l d .  
- 3.3 m. y. 
- Domes occass iona l ly  wi th  underlying F r i e s  e t  a l . ,  1942 

t u f f s .  Els ton  e t  a l . ,  1976 
- Emplaced fhrough older  r h y o l i t i c  l avas  Lufkin, 1976, 1977 

and t u f f s .  Correa,  t h i s  r e p o r t  ' 

- Sari, Q ,  b l o t ,  amph, p lag  (25%). 
- Topaz, b ixby i t e ,  pseudobrookite, cas-  

s i t e r i t e ,  garnet .  
- Contemporaneous wi th  b a s a l t i c  ande- 

s i t e  lavas .  
- Si02>75%, F 0,38%, U 13, Th 32,. B e  12, 

L i  50, Sn 25 ppm. 
- Sn ( c a s s i z e r i t e  and wood t i n )  minera l i za t fcn  
- 24 m.y. 

9. Saddle Mountain, - Rhyoli te  wi th  topaz, pseudobrookite, 
sou theas te rn  Arizona b i x b y i t e  and garnet  i n  l i thophysae.  

10. Burro Creek, - Domes, plugs and flows, some wi th  
wes t -cen t ra l  Arizona underlying t u f f s .  

- Emplaced rhrough pC gneisses ,  g r a n i t e s  
and pegmatites.  

- San, Q, p lag  ( 10%). 
- Topaz, ga rne t ,  quar tz .  
- Contemporaneous (?) v i t h  b a s a l t i c  

volcanism. 

ln thony e t  a l . ,  1977 

,This r e p o r t .  



11. Wah Wah Mountains, 
southwestern Utah 

12. Mineral Mountains, 
southwestern Utah 

13. Smelter Knolls,  
wes t -cen t ra l  Utah 

- Domes and lava  flows wi th  underlying 
t u f f s ;  plugs and d ikes .  

- Emplaced through Oligocene volcanic  rocks 
and l o c a l l y  through Paleozoic carbonates.  

- San, Q ,  plag,  Fe-Ti o x i d e s t b i o t  
+ hb + g t .  (2-20%). - - - Topaz, ga rne t ,  b e r y l ,  f l u o r i t e ,  Fe oxides,  
Q ,  san,  opal.  

- Contemporaneous wi th  t rachyandes i te  lavas  
(60% s i02) .  

- Si02>76%, F 0.5%, U 15-21, Th 50-65, Be 9, 
a L i  65, Nb 100-150, Mo 10-70, Sn 12. 

- U and F minera l i za t ion  along margins of 
i n t r u s i o n s  and i n  a l t e r e d  t u f f s ,  poss ib ly  
associa ted  wi th  Mo-mineralization. 

- 22-21 m.y. 

-.Domes and l ava  flows wi th  a s soc ia ted  t u f f s .  
- Emplaced through T e r t i a r y  pluton of g r a n i t i c  

composition. 
- San, Q ,  p lag ,  b i o t ,  Fe-Ti oxides ( a l l a n i t e ,  

sphene, a p a t i t e )  (3-15%). 
- Topaz, pseudobrookite, hemati te .  
- Contemporaneous wi th  b a s a l t i c  volcanism. 
- Si02>75%, F 0.15-0.44%, Th 10-40, Nb 5-35 ppm. 
- < l  m.y. 

- Rhyol i te  domes and lava flows. 
- Emplaced through Quaternary  alluvium and 

o lde r  volcanic  rocks. 
- San, Q ,  p lag ,  b i o t ,  Fe-Ti oxides (10-20%). 
- Topaz, hematite.  

, - Contemporaneous wi th  b a s a l t  '(48% Si02) and 
- b a s a l t i c  a n d e s i t e  (57% Si02). 
- Si02>74%, F 0.45-0.78%, U 9-15, Th 55, Be 13, 

L i  120, Nb 50, Mo 2-6 ppm. 
. - 3.4 m.y. 

Lindsey and Osmonson, 1978 
Rowley e t  ,a l . ,  1978b 
Keith,  1980 
Best e t  a l . ,  unpub. m s .  
Chr i s t i ansen ,  t h i s  r e p o r t  

Nash, 1976 
Evans and Nash, 1978 
Ward e t  a l . ,  1978 
Lipman e t  a l . ,  1978b 



14. Keg Mountain, 
west-central  Utah 

15. Thomas Range, 
west-centra l  Utah 

16. Honeycomb H i l l s ,  
west -centra l  Utah 

- Rhyoli te domes and lava flows with 
underlying breccias  and t u f f s .  

- Emplaced through alluvium and Oligocene 
volcanic rocks. 

- San, Q , , plag, b i o t  2 hb. 
- Topaz. 
- Approximately contemporaneous wi th  ba sa l t i c  

lavas  i n  the  region. 
- Be 5,  Nb 30 ppm. 
- 10 rn.y. 

Erickson, 1963 
Lindsey, 1975 
Lindsey e t  a l . ,  1975 

- Rhyolite domes and lava flows with under- Staatz  and Carr, 1964 
lying brecc ias  and t u f f s  . Lindsey, 1979 

- Emplaced through a l l w i u m  and older Turley e t  a l . ,  1979 
Ter t i a ry  volcanic rocks. Bikun, t h i s  repor t  

- San, Q ,  pfag, Fe-Ti oxides + b i o t  hb 
+ g t  (10-2077). - - Topaz, garnet ,  f l u o r i t e ,  b ixbyi te ,  pseudo- 
brookite,  beryl ,  Fe oxides, opal. 

- Si02>72%, F 0.2-0.6%, U 5-20, Th 25-60, 
Be 2-11, Li  33, Nb 50-100, Sn 2 ppm. 

- 6 m.y. 

- Dome with underlying t u f f .  McAnul t y  and Levinson, 1964 
- ~ m ~ l a c e d  through a l lu-~ium and b a s a l t i c  Turley e t  a l . ,  1979 

lavas . This r epo r t  
- San, Q ,  plag, b io t ,  Fe-Ti oxides (40%). 
- Topaz, f l u o r i t e .  
- Si02>75% (64'%), F 1.0% (8.0%), U 17 (150), 

Th 30, Be L 1  (13) ,' Li 130 (200), Nb 50 (80), 
Mo 3 (25). Concentrations iil F-rich sample 
f n  parentheses. - 4. m.y. 



17. Spor Mountain, 
wes.2-central Utah 

-. Lava flow with  underlying a l t e r ed  t u f f ;  
plug. 

- Emplaced through Paleozoic carbonates; 
l bca l l y  in t rudes  Oligocene rhyodacite. 

- San, Q ,  p l a g , , b i o t ,  Fe-Ti oxides ( apa t i t e ,  
zircon) (40%). 

- Topaz, quar tz ,  sanidine. 
- ~on tem~oraneous  volcanics  lacking i n  i m -  

mediate v i c i n i t y ;  same age a s  trachy- 
andesi tes  i n  Wah Wah Mtns. 

- Si02>73%, F 0.8-1.5%, U 37, Th 66, Be 63, 
L i  90, Nb 150, Sn 30 ppm. 

- Be, U,  F mineral iza t ion i n  a l t e r e d  t u f f  
beneath lava. 

- 21 m.y. 

18. Sheep Creek Range, - Domes and lava  flows. 
nor th-centra l  Nevada - In t rudes  15 m.y. andesi te .  

- San, Q ,  plag,  Fe-Ti oxides (25%). 
(50 km;) - Topaz, garnet.  

- Nearly contemporaneous wi th  ba sa l t i c  
andes i t e  (59% si02)  and b a s a l t i c  
(48% Si02) lavas. 

- Si02>76%, F 0.3%, U 12 ppm. (dev i t r i f i ed  
sample). 

- 14 m.y. 

19. Jarbidge,  northern 
Nevada 

Lindsey, 1979 
Bikun, t h i s  r epo r t  

F r i e s ,  1942 
Stewart e t  a l . ,  1977 
This r epo r t  

- Domes and lava  flows with underlying t u f f s .  Coats e t  a l . ,  1977 
- Emplaced through older  volcanic rocks. 
- San, Q ,  plag + b i o t  + hb +cpx 
- Topaz ( i n  s i ng l e  occurrence), garnet ,  f l u o r i t e .  
- F 500 ppm. 
- 16 m.y. 



20. Elkhorn Mountains, - Plugs, dikes and lava flows overlying Smedes, 1966 
western Montana t u f f s .  Greenwood e t  a l . ,  1978 

- Emplaced through Butte quar tz  monzonite. Chadwick, 1977 
- San, Q ,  plag, Fe-Ti oxides. 
- Topaz, Q ,  f l u o r i t e .  
- Approximately conteaporanems with b a s a l t i z  

lavas  and r h y o l i t i c  ash flows. 
- Si02>75%, F c.2-0.5%, Be 1-20, Nb 30-100, 

Mo 5-10, Sc 10-50 ppm. 
- Ag, Pb, Zn mineral izat ion l oca l l y  wi thin  

lavas  and t u f f s .  
- 36 m.y. 

Note. The descr ip t ive  information i s  ordered a s  follows: mode of e m p l a c e ~ n t  or s t ruc ture ;  country 
rocks; phenocrpst m i n e r d s  ( a c c e s s o r i ~ s )  (volume %); vapor-phase minerals t h a t  occur i n  c a v i t i e s ,  
i n  t he  groundmass or  aloag - f ractures ;  contem~oraneous magmatism i n  t h e  immediate v i c i n i t y ;  
chemistry; assoccated miaeral izat ion;  and age. 
Beneath each l o c a l i t y  the  approximate a rea  (km2) or  volume (km3) of  each occurrence i s  given 
i f  obtainable.  



we a l s o  c o l l e c t e d  and analyzed samples from t h e  McDermitt c a l d e r a ,  Nevada 
'-I, 

(-19-15 m.  y. ; Rytuba, 1979) and Pena Blanca, Chihuahua, Mexico (Goodell ,  

1978).  Both of t h e s e  a r e a s  c o n t a i n  volcanogenic uranium d e p o s i t s  but  a r e  

no t  known t o  con ta in  topaz r h y o l i t e s .  Addi t iona l  in format ion  concerning 

sample l o c a t i o n s  and d e s c r i p t i o n s  i s  g iven  i n  Appendix 1. 

Major elements were determined by X-ray f luo rescence  spectroscopy 

(S i ,  T i ,  A l ,  Fe, Mn, K and P) and atomic abso rp t ion  spectrometry (Na, Mg). 

F luo r ine  was determined by s p e c i f i c  i on  e l e c t r o d e  methods and c h l o r i n e  by 

ion  chromatography. Rare e a r t h s ,  C s ,  Rb, Ba, U,  Th, Z r ,  Ta , 'Hf ,  Co, C r  and 

Sc were determined by in s t rumen ta l  neut ron  a c t i v a t i o n  a t  t h e  Un ive r s i t y  of 

Oregon.' Addi t iona l  uranium ana lyses  were performed by a delayed neut ron  

technique  a t  t h e  same i n s t i t u t i o n .  Other t r a c e  elements (Li ,  Be and Sn) were 

determined by atomic abso rp t ion .  

Minerals  were analyzed i n  pol i shed  t h i n  s e c t i o n s  and g r a i n  mounts w i t h  

an  ARL-SEM Q e l e c t r o n  microprobe a t  t h e  Un ive r s l t y  of Arizona and some wf th  

a Cameca MS-46 microprobe a t  Arizona S t a t e  Univers f ty .  Natura l  mine ra l  

s t anda rds  were used w i t h  a Bence-Albee ma t r ix  c o r r e c t i o n  (Bence and Albee, 

1968).  

PETROGRAPHY 

Modal a n a l y s e s  of r e p r e s e n t a t i v e  samples a r e  l i s t e d  i n  Table 2 .  The 

e s s e n t i a l  phenocrysts  of topaz r h y o l i t e s  a r e  s a n i d i n e  ('-1,Or50), qua r t z  and 

a sod ic  p l a g i o c l a s e ,  u s u a l l y  o l i g o c l a s e .  Quartz i s  commonly embayed and 

cumulophyric c l o t s  of f e l d s p a r  a r e  t y p i c a l .  Genera l ly  phenocrysts  c o n s t i -  

t u t e  only  a few percent  of t h e  rock ,  bu t  i n  some l a v a s  and sha l low i n t r u s i o n s  

t h e  phenocryst  conten t  may be a s  h igh  a s  40% by volume. Ferromagnesian 

s i l i c a t e s  a r e  r a r e ,  bu t  phenocrysts  of b i o t i t e  a r e  p re sen t  i n  t h e  more 

c r y s t a l - r i c h  v a r i e t i e s ;  hornblende and g a r n e t  a r e  r a r e  a s  phenocrysts .  

Trace mine ra l  phases i nc lude  Fe-Mn-Ti ox ides ,  a p a t i t e ,  f l u o r i t e ,  z i r c o n ,  

sphene and a l l a n i t e .  

Most topaz r h y o l i t e s  a r e  s t r o n g l y  flow-banded, expressed a s  l a y e r s  

w i t h  c o n t r a s t i n g  c r y s t a l l i n i t y .  The groundmass of many of t h e  samples 

is g l a s s y  w i t h  occas iona l  smal l  ( ~ 2 r n m )  s p h e r u l i t e s  and p e r l i t i c  f r a c t u r e s .  

I n  d e v i t r i f i e d ,  o r  c r y s t a l l i n e ,  samples t h e  ma t r ix  c o n s i s t s  of a f e l t y  

i n t e rg rowth  of a l k a l i  f e l d s p a r ,  q u a r t z ,  and i n  many c a s e s  a c i c u l a r  topaz.  

B i o t i t e  occurs  w i th in  t h e  groundmass of some g ranophyr i ca l ly  c r y s t a l l i z e d  

' l a v a s .  Almost a l l  topaz r h y o l i t e s  c o n t a i n  well-formed l i t hophysae  o r  



Table 2. Modal compositions of r e p r e s e n t a t i v e  samples of topaz r h y o l i t e 6  
from t h e  western U.S. 

-- 

Note. Values a r e  i n  volume percent .  Tr = t r a c e .  

Area Sample 

Spor Mtn. SM-3 5 

Thomas R. SM-29-206 

Honeycomb H i l l s  HH-2 

Wah Wah Mtns. STC-4 

B l a c k  P, HC-8 

Nathrop NAT-1 

60 

80 

60 

73 

8 0 8  

98 

20 

10 

15 

10 

<1 

12 

5 

15  

7 

T r T r  

5 

4 

7 

8 

8 1  

11 

1 

1 

<1 

2 

- 

T r  

T r  

<1 

T r  

Tar 

Tr 

T r  

- 

T r  

T r  

- 

- 

T r  

- 
- 

<1 

- 

- 

- 

- 

- 

- 

Tr 

- 

'I' 



m i a r o l i t e s  l i n e d , w i t h  q u a r t z ,  s an id ine ,  and topaz.  Vapor-phase mine ra l i za -  , 

t i o n  is  u s u a l l y  concent ra ted  along coarse-grained "flow1' bands o r  as ha loes  

around mafic  rock  inc lus ions ,  a s  i n  t h e  l a v a s  a t  Spor Mountain, Utah. Garnet ,  

be ry l ,  s p e c u l a r i t e ,  pseudobrookite ,  b i x b y i t e  and c a s s i t e r i t e  occur  i n  some 

l o c a l i t i e s  w i th in  vugs o r  along f r a c t u r e s  i n  topaz r h y o l i t e  l a v a s  and t u f f s .  

The samples from McDermitt c a l d e r a  a r e  g e n e r a l l y  phenocryst-poor welded 

ash-flow t u f f s .  Many a r e  g l a s s y  and r e t a i n  l i t t l e  evidence f n  th3n % e c t i o n  

f o r  t h e i r  emplacement mechanism except  f o r  broken phenocrysts .  Phenocrys ts  

i nc lude  a l k a l i  f e l d s p a r  and qua r t z  . P l a g i o c l a s e  is  o c c a s i o n a l l y  p r e s e n t  and 
'L 

phenocrysts  of subhedra l  f e r r o a u g i t e  a r e  r a r e .  The samples from Pena Blanca 

a r e  from t h e  Nopal Formation, a dense ly  welded ash-flow t u f f .  Phenocrysts  

w i th in  t h i s  u n i t  i nc lude  a l k a l i  f e l d s p a r ,  p l a g i o c l a s e ,  b i o t i t e  and Fe-Ti ox ides ,  

MINERALOGY 

Feldspar  

Feldspar  phenocrysts  from e i g h t  samples of f  l uo r ine - r i ch  r h y o l i t e  from 

Utah and N e w  Mexico were analyzed. The i r  chemis t ry  is  summarized i n  Fig.  2. 

Analyses from f i v e  samples of t h e  Spor Mountain r h y o l i t e  were i n d i s t i n g u i s h -  

a b l e  and a r e  p l o t t e d  on a s i n g l e  diagram. Sanid ine  i s  always t h e  dominant 

f e l d s p a r ,  bu t  bo th  f e l d s p a r s  a r e  t y p i c a l l y  p r e s e n t ,  except  i n  sample TP-2 

from t h e  Black Range of New Mexico where only  s a n i d i n e  was analyzed.  

A l k a l i  f e l d s p a r  ranges  from COr60Ab40 t o  'LOr30Ab70, a l t hough  most ana lyses  

f a l l  between O r 4 0  and O r b 0 .  The more f l u o r i n e - r i c h  r h y o l i t e s  (Spor Mountain 

r h y o l i t e  w i th  1% F) have h igher  O r  con ten t s  (Or50-0r ) ;  t h i s  f e a t u r e  i s  
65 

a l s o  observed i n  t h e  ana lyses  of Tur ley  e t  a l .  (1979) from r h y o l i t e s  i n  w e s t -  

c e n t r a l  Utah. Some of t h e  f e l d s p a r s  a r e  zoned and have d i s t i n c t l y  sod ic  

r ims;  t i e  l i n e s  connect c o r e  t o  rim ana lyses  fnr  sample WW-9. The sod ic  

rims may be  t h e  r e s u l t  of r ap id  quench c r y s t a l l i z a t i o n ,  bu t  probably a r e  n o t  

t h e  r e s u l t  of d e v i t r i f i c a t i o n  and a t t e n d a n t  vapor-phase a l t e r a t i o n  a s  WW-9 

is  a v i t rophyre .  I r o n  averages about  0.15 t o  0.20% a s  Fe 0 i n  s a n i d i n e  2 3 
from t h e  Wah Wah Mountains. Molecular ~ e + ~  is  g e n e r a l l y  one-half caC2 i n  

t h e s e  f e l d s p a r s .  Sanid ines  from t h e  Black Range have i r o n  c o n t e n t s  n e a r  t h e  

upper p a r t  of t h i s  range (0.20%) whi le  Fe 0 i n  t h e  s a n i d i n e s  from r h y o l i t e s  2 3 
near  Spor Mountain (bo th  21 m.y. and 6 m.y.) averages  about  0.07%. 



' F i g . .  2 .  Compositions of  f e l d s p a r  phenocrysts  r e c a s t  i n t o  end-member 
compos i t ions ,  An ( a n o r t h i t e )  , Ab ( a l b i t e )  and O r  ( o r thoc l a se> .  T i e  l i n e s  
connec t  a n a l y s e s  of zoned c r y s t a l s .  IP-2 (Black Range, New ~ e x i c o )  , WW-9 
and. STC-4 (Wah Wah Mountains,  Utah) and SM-19, 25,  31, 35, and 70 (Spor 
Mountain r h y o l i t e ,  Utah). 



P l a g i o c l a s e  i n  t h e  r h y o l i t e s  is  g e n e r a l l y  sod ic  o l i g o c l a s e ,  ranging 

from about Ab t o  AbgO wi th  an  a n o r t h i t e  conten t  of about  An 8 0  10  ' These 

a l r e a d y  sod ic  compositions a r e  only  s l i g h t l y  a f f e c t e d  by zoning. Apparently 

t h e  a n o r t h i t e  component i s  n e g a t i v e l y  c o r r e l a t e d  wi th  F-content of t h e  v i t r o -  

phyres.  The more F-r ich rocks  have l e s s  than  10% a n o r t h i t e  component and t h e  

O r  component g e n e r a l l y  i n c r e a s e s  a s  a r e s u l t .  The ana lyses  of Turley et a l .  

(1979) bear t h i s  ou t .  One sample wi th  8% F has  a n  average  composition of 

Abg6An8. Burt  and Sheridan ( t h i s  r e p o r t )  suggest  t h a t  t h i s  may be  t h e  r e s u l t  

of t h e  removal of C a  a s  f l u o r i t e ,  bu t  it may a l s o  be t h e  e f f e c t  of t h e  

extremely low e q u i l i b r a t i o n  tempera tures  f o r  F-r ich topaz r h y o l i t e s  (<700°C)-. 

S ince  p l a g i o c l a s e  and s a n i d i n e  c o e x i s t  i n  many topaz r h y o l i t e s ,  a n  

approximate c r y s t a l l i z a t i o n ,  o r  f e l d s p a r  e q u i l i b r a t i o n ,  temperature can be  

obta ined  from t h e  two-feldspar geothermometer of Stormer (1975); s e e  Table 3. 

Ca lcu la t ions  were performed f o r  a  nominal p r e s s u r e  of 100 ba r s ;  t empera tures  

were c a l c u l a t e d  f o r  p a i r  SM-31A a t  100,  500 and 1000 b a r s  t o  de te rmine  t h e  

e f f e c t  of p r e s s u r e  on t h e  c a l c u l a t i o n s .  The compositions used were f o r  

s a n i d i n e  and p l a g i o c l a s e  g r a i n s  i n  d i r e c t  c o n t a c t  o r  average  phenocryst  

compositions (STC-4). The e q u i l i b r a t i o n  tempera ture  f o r  a  sample from t h e  

Thomas Range i s  630°C (sample SM-29-206) and f o r  t h e  Spor Mountain r h y o l i t e  

680°C (average of SM-31 and SM-351. The r h y o l l t e  from near  t h e  S t a a t s  Mine, 

Wah Wah Mountains, e q u i l i b r a t e d  a t  650°C. We have no t  ob ta ined  Fe7Ti oxide  

temperatures ,  i n  p a r t  because of t h e  s c a r c i t y  of magnet i te  i n  t h e  samples. 

However, Tur ley  et a l .  (1979) determined s i m i l a r  two-feldspar a n d ' F e - ~ i  

ox ide  tempera tures  (66Q-710°C) f o r  r h y o l i t e s  from t h e  Thomas Range and an  

excep t iona l ly  low e q u i l i b r a t i o n  tempera ture  of 605OC f o r  two F-r ich  (1% 

and 8% F) samples from t h e  Honeycomb H i l l s  (Table 3 ) .  A l l  of t h e s e  tem- 

p e r a t u r e s  are lower than  t h o s e  c a l c u l a t e d  f o r  o t h e r  bimodal r h y o l i t e s .  The 

e q u i l i b r a t i o n  tempera tures  f o r  t h e s e  r h y o l i t e s  a r e  compared i n  Table 4 .  

B i o t i t e  

Although b i o t i t e  i s  no t  abundant i n  many topaz r h y o l i t e s ,  (.Table 2)., 

i t  is ub iqu i tous  i n  t h e  phenocryst-r ich Spor Mountain r h y o l i t e .  The 

b i o t i t e  phenocrysts  a r e  unzoned and dark-redd2sh brown i n  c o l o r .  I n  de- 

v i t r i f f e d  samples, t hey  o f t e n  appear  t o  be oxid ized .  Table 5 p r e s e n t s  

t y p i c a l  ana lyses  of unoxidized b f o t i t e s  from v i t r o p h y r e s  of t h e  Spor Mountain 

r h y o l i t e  (SM-31, T-35, -70.)-.., The Spor Mountain b f o t i t e s  have extremely low 

MgO C0..29 t o  0.80%) and FcO f~ h i g h  ( .32,9 t o  37%) .  Simi l a r  Fe-r ick b i o t S t e s  



Table  3 .  Geothermometry of topaz r h y o l i t e s  from western Utah 

Locat i o n  
T ~ e - ~ i  oxides  (OCl T*2-~e ldspa r  (:'C).. Reference 

Spor Mtn (SM-3la). - 686 Bikun, t h i s  r e p o r t  

- 6.91 (50.0 bar  s l  I I 

- 6.98 C10.0.0. bar  s). I. 

Spor Mtn CSM-31 average). - .. 6,8 2  1.1: 

(SM-3 5  average). - 67 9. 11. 

Thomas Range (SM-29-206) .- 

Wah Wah Mtns (.STC-4). - 
Thomas Range 

Smel te r  Kno l l s  

6.3 0. Th i s  r e p o r t  

6.5 0. 11.' 

IIoneycomb I I i l l s  - b U5 11. 

Mineral Range 650 -. 780 6.20. -. 770."(1 bar ) .  Evans: Nash, 19.78 

*al l  temp.exatures c a l c u l a t e d  a t  100. Gars u n l e s s  o the rwi se  ind ica t ed  

Table  4. Geothermometry of r h y o l i t e s  from bimodal a s s o c i a t i o n s  

Locat i n n  Fc-Ti o ~ c i d c  T(OC). Rri er'rnce 
-- -. ,... . . - ., .. . 

Arran, Scot land  90Q - 925 E w a t t ,  19,74+ 

Medicine Lake, C a l i f o r n i a  8  0.0. - 9.3 0. I t  

S. Queensland, A u s t r a l i a  830 - 980. I I 

Mono C r a t e r s ,  C a l i f o r n i a  790 - 850 11 

Inyo Craters, C a l i f o r n i a  920. - 985 11 

Bishop Tuff , C a l i f o r n i a  720: - 99.0 Hildreth. ,  1979 . . 

I 
compi l a t ion ,  no t  o r i g i n a l  sou rce  



Tab1.e 5 .  ~ i c r o ~ r o b e  analyses  of b i o t i t e ;  from Spor Mountah r h y o l i t e  

FeO* 37 .0  36.8 35 .4  

MnO 0 . 8 1  0 .76  0 .83  

Total  

Number of - i ons  on bas i s  of 24 oxygens 

* A l l  iron computed a s  FeO 



have been r e p o r t e d  by Tur ley  e t  a l .  (1979) from t h e  Honeycomb H i l l s  and Smelter  

Kno l l s ,  wes t - cen t r a l  Utah, and by Ewart et a l .  (1977) from some h lgh ly  evolved 

A u s t r a l i a n  r h y o l i t e s .  The Spor Mountain b i o t i t e  compositions approach a n n i t e  

i n  composi t ion (molecular A 1  = 2 vs.  A 1  = 2.5 measured here)  , Fig.  3. Glassy 

samples  of Spor Mountain r h y o l i t e ,  t h a t  enc lose  t h e s e  Fe-r ich b i o t i t e s ,  g e n e r a l l y  

c o n t a i n  P% F and up t o  100 ppm L i .  The b i o t i t e s  are probably t h e  major minera logic  

si tes f o r  t h e s e  elements .  A s  noted by Tur ley  e t  a l .  (1979) t h e r e  may be a n  

a s s o c i a t i o n  between h igh  F and h igh  Fe i n  b i o t i t e s ,  d e s p i t e  some experimental  

ev idence  t o  t h e  c o n t r a r y  (Munoz and Eugs ter ,  1969; Munoz and Luddington, 1974).  

The expe r imen ta l ly  observed c o r r e l a t i o n  between Mg and F may break  down i n  low 

t empera tu re  (<700°C), L i - r i c h  systems s i m i l a r  t o  topaz r h y o l i t e  magmas; l e p i d o l i t e s  

are g e n e r a l l y  F and Fe-rfch a s  w e l l  (Rieder ,  1971).  Unfor tuna te ly  L i  cannot  

be  ana lyzed  w i t h  a n  e l e c t r o n  microprobe. 

The b i o t i t e s  have moderate  t o  low Ti0  (1 .5  t o  2.9%) and a r e  f a i r l y  r i c h  
2 

i n  MnO (0.7%) compared t o  most igneous b i o t i t e s .  I n  each of t h e s e  c h a r a c t e r i s t i c s ,  

a s  w e l l  a s  t h e i r  Fe-enrichment, t h e  b i o t i t e s  a r e  s i m i l a r  t o  t h o s e  i n  pegmatites,  

(He in r i ch ,  1946) and t h o s e  c r y s t a l l i z e d  i n  association wl th  topaz ,  b e r y l  o r  

spodumene from o t h e r  l o c a l i t i e s  (Nockolds, 1947) and r e p r e s e n t  unusual  pheno- 

c r y s t s  f o r  a v o l c a n i c  rock.  Thei r  composition sugges t s  t h a t  c r y s t a l l i z a t i o n  

occurred  under  vapor-sa tura ted  c o n d i t i o n s  be fo re  eruption. H i l d r e t h  (1977) 

sugges ted  t h a t  b i o t i t e s  w i t h i n  t h e  Bishop Tuff were a f f e c t e d  by t h e  evo lu t ion  

of a d i s c r e t e  water - r ich  vapor  immediately p r i o r  t o  e r u p t i o n  of t h e  t u f f .  For 

t h e  c a s e  of a n  F- r ich  magma, t h e  vapor was probably F-r ich and l e d  t o  b i o t i t e  

composi t ions  s i m i l a r  t o  t h o s e  found i n  o t h e r  F-rich vapnr-dnminat~rl  ~ y s t e m s  

such  as  pegmat i tes  and g r e i s e n s .  

From t h e  exper imenta l  d a t a  of Eugs ter  and Wones (1962) f o r  t h e  r e a c t i o n  

KFe3AlSi3010(OH)2 + 112 O2 = KAlSi308 + Fe 0 + H20 
3 4 

a n n i t e  g a s  R-f sp  m t  g a s  

a n  approximate de t e rmina t ion  of t h e  p r e v a i l i n g  oxygen f u g a c i t g  can  be de ter - .  

mined. Using t h e  two-f e l d s p a r  temgeratur-e of 6.80.?C, t h e  assemblage anni.te 3. 
-1 9. -1 8 

q u a r t z  + vapor  i s  s t a b l e  a t  f = 1 0 '  t o  10.' . atm, a t  a p r e s s u r e  of 2070. 
0.2 

b a r s  (F ig .  6. of Eugs ter  and Wones, 1962).. These v a l u e s  a r e  ve ry  near  t h e  

QFM oxygen b u f f e r  a t  680°C.. Although t h e  F-content  of t h e  a c t u a l  h i ~ t i t e s  

may expand t h e i r  thermal  s t a b i l i t y  f  Teld,  Tur.ley e t  a l . ,  (.I9791 c a l c u l a t e d  

a similar f of lo-'' atm from c o e x i s t i n g  Pe-Ti oxides  from a s a n p l e  w i th  
0.2 

low-Mg b i o t i t e . .  



Annite  S iderophyl l i te  
K ~ F ~ ~ ( S ~ ~ A ~ ~ ~ ~ ~ ) F ~  K2Fe5AI(Si 5A13020)F4 

F i g .  3 .  Composi t ions  of b i o t i t e  p h e n o c r y s t s  r e c a s t  i n t o  end-member 
compos i t ions .  C i r c l e s  w i t h  c r o s s e s  a r e  from t h e  Spor M ~ u n t a i n ~ r h y o l i t e ,  
Utah.  Other  p o i n t s  a r e  from T u r l e y  e t  a l .  (1979) and r e p r e s e n t  samples 
c o l l e c t e d  from w e s t - c e n t r a l  Utah. 



A d d i t i o n a l  mine ra log ic  suppor t  f o r  low oxygen f  u g a c i t i e s  dur ing  t h e  

e v o l u t i o n  of some topaz  rhyol i ' t e  magmas i s  t h e  apparent.  absence of magne t i t e  

i n  many samples.  Magnet i te  and hemat i te  do occur  i n  l i t hophysae ,  bu t  are post- 

magmatic. Oxida t ion  occu r s  a f t e r  .erupt ion du r ing  cool ing  i n  atmospheric '  

c o n d i t i o n s .  I n  a d d i t i o n  Ewar t (1979). documents c o n s i s t e n t l y  low f  (NNO-QE'M) 
O 2 f o r  r h y o l i t e s  that are members of bimodal a s s o c i a t i o n s ,  r e l a t i v e  t o  orogenic  

r h y o l i t e s .  

Topaz 

Although topaz does  n o t  occur  i n  every  sample analyzed,  it does occur i n  

each  of t h e  r h y o l i t e  bodies  (domes, l a v a  f lows  o r  i n t r u s i o n s )  examined. Topaz 

h a s  s e v e r a l  d i f f e r e n t  h a b i t s ,  and is g e n e r a l l y  t h e  r e s u l t  o f '  d e v i t r i f  i c a t i o n  

o r  vapor-phase c r y s t a l l i z a t i o n .  The most common, and least obvious, mode of 

occu r rence  is as sma l l  ( s e v e r a l  mi l imeters )  a c i c u l a r  aggrega tes  i n  a  d e v i t r i f i e d  

m a t r i x .  It i s  d i s t i n g u i s h a b l e  i n  t h i n  s e c t i o n  by i t s  h igh  r e l i e f  and s l i g h t l y  

ye l low c o l o r a t i o n .  Larger (up t o  a  cen t ime te r )  opaque c r y s t a l s ,  w i th  a  pa le -  

g r a y  c o l o r  and i r r e g u l a r  s u r f a c e s ,  may form w i t h i n  t h e  ma t r ix  of r h y o l i t e s  

t h a t  have experienced i n t e n s e  vapor-phase a l t e r a t i o n .  The c o l o r  and o p a c i t y  

are  caused by numerous i n c l u s i o n s  of q u a r t z  (Pa t ton ,  1908).  Occas iona l ly ,  

as i n  t h e  Black Range, New Mexico, s m a l l  c a v i t i e s  develop around t h e s e  c r y s t a l s .  

Clear c r y s t a l s ,  up t o  s e v e r a l  cen t ime te r s  long ,  develop wi thfn  l i t hophysae  o r  

m i a r o l i t i c  c a v i t i e s .  These c r y s t a l s  a r e  t y p i c a l l y  a t t ached  t o  t h e  r h y o l i t e  

m a t r i x  a t  one end, bu t  doubly te rmina ted  c r y s t a l s  a r e  found. , Topaz i n  c a v i t i e s  

can  occur  w i t h  g a r n e t ,  b i x b y i t e ,  f l u o r i t e ,  q u a r t z ,  hemat i te ,  pseudobrookite ,  

e t c .  Black topaz c r y s t a l s ,  g e n e r a l l y  about  a  cent imeter  long ,  w i t h  complex 

pene t r a , t i ons  have been found i n  t h e  Thomas Range. The c o l o r  f s  due t o  t h e  

zona l  arrangement of Fe-Mn o x i d e s  wi th  t h e  c t rys ta l .  

Few a n a l y s e s  of topaz from r h y o l i t i c  rocks  e x i s t  i n  t h e  l i t e r a t u r e  (Table 6 ) .  

Penf i e l d  and Minor (,lt194) found t h a t  topaz from t h e  'I'homas Range and from 

Nathrop, Colorado, i s  v e r y  n e a r l y  f l u o r t o p a z  (A1 SiO F  ) wi th  20.37% and 20.42% 
2  4 2  

F  r e s p e c t i v e l y ;  s t o i c h i o m e t r i c  f l u o r t o p a z  c o n t a i n s  20.65% F. Tur ley  e t  a l .  

(1979) r e p o r t e d  f l u o r i n e  a n a l y s e s  f o r  topaz i n  two samples from t h e  Honeycomb 

H f l l s ,  Utah, (19.6 and 19.9%) and one from Smelter  Knol l s ,  Utah, (20.1% F1 

t h a t  have s i m i l a r  f l u o r i n e  c o n t e n t s .  

The presence  of topaz i n d i c a t e s  t h a t  t h e  l a v a s ,  and probably t h e  magmas 

as w e l l ,  w e r e  p e r a 1 q i n . o ~ ~  ( C g g i r h a e l  e t  a1 .:, ,19742. a s  topaz . . g e n e r a l l y  fiorms. 

by d e v i t r i f  i c a t i o n  o r  granophyric  c r y s t a l l i z a t i o n  of g l a s s .  The h igh  F  con ten t  

of t h e  topaz  a l s o  demonst ra tes  t h a t  t h e  f  /f w a s  h igh  dur ing  i t s  c r y s t a l l 3 z a -  
HF H20 

t ion .  



Table 6 .  Chemical composition of topaz 

Thomas Range, Utah* Nathrop, Colorado* 

sum 

-0 = F 

t o t a l  

*Penf i e l d  and Minor (1894) 



Garnet  

Garnet  i s  o c c a s i o n a l l y  a n  accessory  mine ra l  i n  F-rlch r h y o l i t e s  and com- 

monly o c c u r s  a s  a  l i t h o p h y s a l  mine ra l  a s s o c i a t e d  w i t h  topaz.  It i s  r epor t ed  

from t h e  Thomas Range, Utah [S taa tz  and Carr ,  1964),, Ros l ta  H i l l s ,  Colorado 

(sharp,  1978; Cross,  18961, Nathrop, Colorado . (Cross ,  1886)., Tomichi Dome, 

Colorado ( S t a r k  and Behre, 19361, t h e  Black Range, New Mexico ( F r i e s  e t  al.', 

19421, Gran t s  Ridge, New Mexico (Kerr and Wilcox, 1963),  t h e  Sheep Creek 

Range, Nevada (Fr ies ,  1942),  Lincoln County, Nevada (Pa t ton ,  1908) and i n  

t opaz - f r ee  r h y o l i t e  from nea r  Ely,  Nevada (Pabs t ,  1938).  We have a l s o  found 

g a r n e t  i n  topaz  r h y o l i t e s  from near Burro Creek, western Arizona, and i n  t h e  

Wah Wah Mountains, Utah. 

Garne t s  from the Thomas Range (Garnet Basin) and from t h e  Ely occurrence . .  

w e r e  analyzed by e l e c t r o n  microprobe (Table 7 ) .  Garne ts  from Ely occur  i n  

vugs o r  c a v i t i e s  w i t h i n  an  i n t e n s e l y  d e v i t r i f  i ed  r h y o l i t i c  l a v a  and they  

probably  grew from a vapor  phase separa ted  from t h e  magma a f t e r  e x t i x s i o n .  

Although vapor-phase g a r n e t  occu r s  elsewhere i n  t h e  Thomas Range, t hose  

from Garnet  Basin may be magmatic. They a r e  no t  c l e a r l y  r e l a t e d  t o  vugs 

and have  no p o i n t  of a t tachment  l i k e  vapor-phase g a r n e t s .  

F i g u r e  4 compares t h e  composition of t h e  g a r n e t s  i n  terms of t h r e e  end- 

members r e l a t i v e  t o  g a r n e t s  from o t h e r  v o l c a n i c  rocks  and from pegmat i tes .  

Not a p p a r e n t  from t h e  diagram i s  t h e  excess  of t h e  g r o s s u l a r  component over  

pyrope. The g a r n e t s  a r e  both  low i n  T i 0  Although n o t  determined quant i -  
2  ' 

t a t i v e l y ,  f l u o r i n e  w a s  d e t e c t e d  by t h e  microprobe dur ing  ana lyses  of g a r n e t s  

from bo th  l o c a l i t i e s .  Garne ts  wi th  up t o  3.5% F have been found i n  g r e i s e n s  

a t  Henderson, Colorado (,Gunow and Munoz, 1977).  

Miyashiro (1955) has  suggested t h a t  vapor-phase g a r n e t s  a r e  r i c h e r  i n  

Mn t h a n  t h o s e  t h a t  c r y s t a l l i z e  a s  phenocrys ts  and p o i n t s  ou t  t h e i r  s i m i l a r i t y  

t o  spessar t ine-a lmandine  s o l i d  s o l u t i o n s  from pegmatl tes .  Like those  i n  

pegmat i tes ,  l i t h o p h y s a l  g a r n e t s  c r y s t a l l i z e d  under vapor-sa tura ted  cond i t i ons .  

However, magmatic g a r n e t s  may b e  j u s t  a s  r i c h  i n  t h e  s p e s s a r t i n e  component. 

For example, g a r n e t s  from a topaz- f ree  r h y o l i t i c  t u f f  char outcrops  i n  t h e  

Wah Wah Mountains, Utah, have s i m i l a r  Mn-rich composi t ions (Keith,  1980).  

Ke i th  h a s  demonstrated t h a t  t h e s e  euhedra l  , inclusion-bearing g a r n e t s  are 

p roduc t s  of c r y s t a l l i z a t i o n  w i t h i n  t h e  magma pr2or  t o  e rup t ion .  M i l l e r  

and Stoddard (,I9781 have i d e n t i f i e d  Mn-rich g a r n e t s  I n  g r a n i t e  a s  w e l l .  Like- 

w i s e ,  t h e  g a r n e t s  from t h e  Thomas Range may r e p r e s e n t  magmatic c r y s t a l l i z a t i o n  

i n  s p i t e  of t h e i r  Mn-rich composi t ions.  I n  c o n t r a s t ,  g a r n e t  phenocrysts  from 

r h y o l i t e  l a v a s  i n  New Zealand c o n t a i n  s u b s t a n t i a l l y  more Mg and less Mn than  

t h o s e  consi'dered h e r e  (.Wood, 1974X.. 



Table 7. ~ i c r o ~ r o b e  ana lyses  of g a r n e t s  from Garnet Basin, Utah, and Ely,  Nevada 

E ~ Y  ~ a r n e t  Basin 

TiQ2 

*'2'3 

FeO* 

Mno 

T o t a l  

Number of i ons  on b a s i s  of 24 oxygens 

Almand i n e  0.731 

Grossu lar  0.015 

m o p e  0.008 

Spessar  t i n e  0.246 

"411 i ron .  computed as EeO. 
n.d. n o t  de t ec t ed  



Spessartiae 

-1 . 2rg.  L .  Compositions of garne t  
from r h y o l i t i c  vo l can i c  rocks.  Po in t s  

0 Nathrop, Colorado w i t h  c r o s s e s  a r e  new ana lyses ;  o t h e r  
Thomas Range, Utah d a t a  a r e  from Miyashiro (1955), Pabst  

A Pine Grove, Utah (19381, Cross (1886), Wood (1974) and 
o Ely, Nevada Kei th  (1980). 

Canterbury, New Zealand 
+ New analysis 
---- Pegmatitic garnets 

Almandine Pyrope 



The o r i g i n  of magmatic g a r n e t  i n  " g r a n i t i c "  magmas has  been t h e  s u b j e c t  

of some cont roversy  r e c e n t l y  and i t s  s i g n i f i c a n c e  i s  s t i l l  unc lea r .  Green 

(-1976, 1978) p o s t u l a t e s  t h a t  g a r n e t s  a r e  r e l i c s ,  i n d i c a t i v e  of h igh  p r e s s u r e  

(3-7 Kb) c r y s t a l l i z a t i o n .  Hal l  (1965) and M i l l e r  and Stoddard (19781 sugges t  

t h a t  g a r n e t  is  s t a b i l i z e d  by Mn-enrichment of r e s i d u a l  peraluminous magmas 

without  regard  t o  pressure .  I n  view of t h e  Mn-rich (h igh  e+Ca+Fe Mn ) c h a r a c t e r  

of many topaz r h y o l i t e  magmas and t h e  l a c k  of evidence f o r  h igh  p r e s s u r e  

c r y s t a l l i z a t i o n ,  t h e  l a t t e r  hypothes is  may exp la in  t h e i r  p resence  i n  t h e s e  

rocks.  

Vapor-phase g a r n e t s  may c r y s t a l l i z e  a s  a product of b l o t i t e  decomposition 

due t o  p a r t i a l  ox ida t ion  and l o c a l  K-leaching dur ing  and a f t e r  s u b a e r i a l  

e rupt ion .  This  process  can be modeled by t h e  r e a c t i o n .  

3  
4  K(Fe,Mn)3~~Si3010(FO~50HO05)2 + 7 O2 = 

b i o t i t e  

~ ( . M I I , F ~ ) ~ A ~ ~ S ~ ~ O ~ ~  + 3 ( F e , ~ n ) O ~  + 6Si02 + ~ K F  + 2 3 0  

g a r n e t  hemat i te  q u a r t z  

I f  t h e  vapor is  t o o  F-r ich and ox id i z ing ,  g a r n e t  becomes u n s t a b l e ,  by t h e  

r e a c t  ion  

2A12Si0 F  + 3 ( . ~ n , F e ) ~ 0 ~  + 4 S i 0 2 +  2H20. 
4  2 

topaz b i x b y i t e  qua r t z  

This  second r e a c t i o n  is demonstrated by t h e  pseudomorphic replacement of g a r n e t  

by topaz ,  Fe-Mn oxides ,  and qua r t z  i n  l i t hophysae  from t h e  Thomas Range (Penf i e ld  

and Foote,  1897; Ream, 1979, p. 270). 

CHEMISTRY 

Major elements  ' 

Chemical a n a l y s e s  of 24 samples from topaz r h y o l i t e s  a r e  r epo r t ed  i n  

Table 8 .  Although topaz i s  no t  p r e s e n t  i n  each sample ( . pa r t i cu l a r ly  t h e  

g l a s s e s )  it has  been i d e n t i f i e d  i n  t h e  same r h y o l i t e  f low o r  s t r a t i g r a p h i c  

u n i t .  There i s  l i t t l e  chemical d i v e r s i t y  i n  t h e  group a s  a  whole. They a r e  

g e n e r a l l y  h igh  i n  s i l i c a  (>75%),  Na20 (3.5-4.5%), K O / N ~  0  r a t i o  and f l u o r i n e  2  2  
(0.1-1%) and low i n  Ti02 (.<0.2%), CaO (<0.9%),  MgO(<0.2%) and P205(<0.01%) 

r e l a t l v e  t o  most r h y o l i t e s .  Nockold ' .~ (-1954) average  r h y o l i t e  i s  presented  

as a n a l y s i s 2 5 .  The ana lyses  a r e  s i m i l a r  t o  publ ished compositions of o t h e r  

topaz r h y o l i t e s  i n  t h e  western U.S. ( S t a a t z  and Carr ,  1964; Turley e t  a l . ,  



Table 8.. Chemtca.1 , . ana lyses  and no,ms (ca lcula ted  F-free). of topaz r h g o l f t e s  
from t h e  western United , S t a t e s  

a n a l y s i s  no. 1 2 3 4 
sample no. SM-3 1v SM-3 5v SM-7 C b  SM-34v 

S iQ2 

Ti02 

'3 
Fe2 O3 * 
MnO 

sum 

-0 z F 

T o t a l  

m t  

To ta l  

v v i t rophyre  

* t o t a l  Fe a s  Fe 0 2 3 
LO1 l o s s  on i g n i t i o n  



_I. 

Table. 8 .  continued 
- 

a n a l y s i s  no. 5 6 7 8 9. 10  
sample no. SM-6lav SM-61b SM-62av SM-62b SM-29-206 SM-42 

F 0.. 20 - O... 16. - 0.32 0.64 
. . . . 

sum 9.9. ..go 9.9.18 9.9.56 100.09 99.. 66 100.33 

-0. =- F 0 . 0.8 -. .07 - 0.13 0.27 

Tot a 1  99.. 8 2 9.9 .18 99.49 100.09 99.53 100.06 

T o t a l  

30.29 

2.80 

31.57 

1.76 

2.22 

0. UU. 

0.27 

0.00 

0.70 

---- ". % .. . - - . . 

- not  determfned 



Table 8 .  continued 

a n a l y s i s  no. 11 12 13 14 
sample no. HH-1v HH-3 WW-4lv STC-4 

Si02 74.8 75.2 75.8 75.8 

Ti0 
2 

0.04 0.03 0.05 0.06 

A12 '3 13.6 13.5 12.9 12.8 

Fe203* 0.98 0.98 1.26 1.30 

MnO 

Mg 0 

Sum 

Tota l  

m t  

To ta l  



Table 8 .  cont inued 
. . .  

a n a l y s i s  no'. 1 5  1 6  17 18. 
sample no'. ~ , WW-10 WW-9v WW-9g HC-8v 

Si02 

Ti02 

A1203 
Fe203* 

MnO 

Mg 0 

CaO 

sum 

-0 E F 

T o t a l  

LO1 

Total, 99.51 98.86 100.02 99.23 

g microprobe a n a l y s i s ' o f  g l a s s ,  normalized t o  100% 



Table 8. cont inued 

a n a l y s l s  no. 19  2 0 2 1 2 2 
sample no. IP-2 BR-16 BR-28 NAT-1v. 

CaO 0.32 0.43 0.75 0.61 

F 

sum 

-0 =- p 

T o t a l  

m t  

Total. 



Table 8 .  ' continued 
, .  . . .  . - . .  . 
, . . . . - .  . . .  

a n a l y s l s  no. 2.3 24 2.5+ 
sample no. NAT-2 PR-1 Av. Ryolf.te 

Si02 75.8 77.6. 74 ..2. 

Ti02 Q. 08 0.12 0...2.3 

*2O3 . 
12.7 12.5 13.6.  

Fe203* 0.. 7 6 1.56 

Mn 0, 0 .. 06. 0.. 04 O.., 03 

CaO 

Tota l  

0..,32 

1.14 

3.01 

5.39 

O... 0.7 

O... 00. 

* Norkolds (19541, t o t a l  Fe as  FeZ03. ca lcula ted water-f r ee .  



1979; Shawe, 1966; Lindsey, 1979) and have chemical c h a r a c t e r i s t i c s  common 

t o  r h y o l i t e s  of many bimodal a s s o c i a t i o n s  around t h e  world (Evans, 1978; Ewart, 1979).  

Many of t h e  rocks  analyzed a r e  peraluminous a s  demonstrated by normatcve 

corundum (..c). This  i s  e s p e c i a l l y  t r u e  f o r  t h o s e  i n  which F was included i n  c a l -  

c u l a t i n g  t h e  normative mineralogy a s  l? i s  ass igned  w i t h  Ca t o  form f l u o r i t e  ( f r )  , 
l e a v i n g  a n  apparent  exces s  of Al 0 (Bikun, t h i s  r e p o r t ) .  I n  s p i t e  of t h i s  

2  3 
problem, many of t h e  g l a s s e s  probably r e p r e s e n t  quenched peraluminous magmas. 

The p re sence  of topaz probably r e f l e c t s  alumina s a t u r a t i o n ;  a l k a l i  f l u o r i d e  

m i n e r a l s ,  such  a s  c r y o l i t e  (Na A1F ) o r  v i l l i a u m i t e  (NaF) , would form ins t ead  
3 6 

if a molecular .  excess  of a l k a l i e s  over aluminum e x i s t e d  w i t h i n  t h e  m e l t  (Burt ,  

1979).  Res idua l  g l a s s  ( a n a l y s i s  17) from sample WW-9 i s  a l s o  peraluminous. 

The c r y s t a l l i z a t i o n  of g a r n e t ,  even a s  a  vapor phase product ,  probably a l s o  

i n d i c a t e s  t h e  peraluminous c h a r a c t e r  of t h e  l avas .  Maf i c  vapor-phase mine ra l s  

i n  s i l i c i c  p e r a l k a l i n e  rocks  i n c l u d e  a e g e r i n e  and r i ebeck i t e - -ne i the r  has been 

i d e n t i f i e d  i n  topaz-bearing r h y o l i t e s .  I n  a d d i t i o n ,  we found no r e p o r t s  of 

topaz  o c c u r r i n g  i n  dec ided ly  p e r a l k a l i n e  v o l c a n i c  rocks .  I n  s h o r t ,  a l t hough  

topaz  r h y o l i t e s  have been c a l l e d  " a l k a l i "  r h y o l i t e s  (Lindsey, 1979; Rowley, 

et a l . ,  1978; e t c . )  , fo l lowing  t h e  a r b i t r a r y  c l a s s i f i c a t i o n  of Rittman (1952),  . 

t hey  a r e  n o t  p e r a l k a l i n e .  The term a l k a l i  r h y o l i t e  Is b e t t e r  r e se rved  f o r  t h o s e  

w i t h  a lka l i  pyroxenes and amphiboles a s  suggested by S t r ecke i sen  C19.79). To 

avoid  confus ion  wi th  p e r a l k a l i n e  rocks  t h a t  a r e  contemporaneous wi th  topaz 

r h y o l i t e s  i n  t h e  wes tern  U.S., t h e  term a l k a l i  f e l d s p a r  r h y o l i t e  (.IUGS 

c l a s s i f i c a t i o n ,  s t r e e k e i s e n ,  i97Y) should be used.  

I n  s p i t e  of t h e i r  o v e r a l l  s i m i l a r i t y ,  some t ime/space differences can  be 

d e t e c t e d  among topaz r h y o l i t e s .  Perhaps t h e  most d i s t i n c t i v e  i s  t h e  Spor 

Mountain r h y o l i t e  (Bikun, t h i s  r e p o r t ) .  It is  a s s o c i a t e d  wi th  B e ,  F  and U 

m i n e r a l i z a t i o n  CLindsey, 1979; Bur t  and Sher idan ,  19.80 and t h i s  r e p o r t ) .  Its 

d i s t i n c t i v e  major element c h a r a c t e r i s t i c s  i nc lude  lower SiO (73. I%, average 2 
of g l a s s y  samples) ,  Ti02 (0.05%),  and h ighe r  A1203 (13.4%),  Fe203 (1 .4%) ,  t o t a l  

a l k a l i e s  (.8.8%) and F (1.2%) than  most o t h e r  topaz r h y o l i t e s .  

Trace  Elements 

Trace  element c o n c e n t r a t i o n s ,  a s  determined. by in s t rumen ta l  neut ron  a c t i -  

v a t i o n ,  a r e  shown i n  Table  9. A l l  of t h e  topaz r h y o l i t e s  t h a t  we analyzed a r e  

enr iched  i n  heavy REE, C s ,  Rb, U ,  Th, Ta, and Z r  r e l a t i v e  t o  many o t h e r  r h y o l i t i c  

magmas. They a r e  s l i g h t l y  dep le t ed  i n  l i g h t  REE and s t r o n g l y  dep le t ed  i n  Ba, S r ,  

and Eu. S i n c e  Th and Rb have extremely low c r y s t a l / l i q u 2 d  d i s t r i b u t i o n  c o e f f i c i e n t s  

(Hanson, 19781, they  a r e  concent ra ted  i n  l i q u i d s  that have experienced c r y s t a l  

f r a c t i o n a t i o n .  H i l d r e t h  (1979) has  a l s o  shown t h a t  t h e s e  elements a r e  concent ra ted  



. .L . &. . .. 
,;able 9. Trace element concen t r a t ions  i n  to$az r h y o l i t e s  

-- - - - -- - - -- 

- no t  de t ec t ed  

n.d. no t  determined 



Table 9. continued. 
, . . .  , . , . .  . . .  

. . . . .  

SM-61A Sl-62A SM-i 1 SM-4 2 SM-29-206 



T a b l e  1 0 .  T r a c e  e lement  c o n c e n t r a t i o n s  i n  t o p a z  r h y o l i t e s  

Sample u Th B e  . L i  Sn S r F C 1  

SM-3 1 3 6 64 54 < 6  0.82 

SM-34 0.65 

SM-3 5 3 8 69 5 2 8 0 6 1.1 1680 - 
SM-7 0 2 6 45 44 (82) 100 3 0 1 . 2 5  1060 

SM-7 1 3 1 67 34(65) 60 0.88 

SM-61a 5 2 5 2 20 2 0.19 

SM-62a 6 0 6 4 0 0.16 

SM-41 2 7 5 6 0.54' 

SM-4 2 2 5 56 0.64 

29-206 7 6 0 5 0.32 

HH-1 22 2 6 

DL-7 

STC-4 1 4  5 0 

WW-9 2 0 54 

WW-41 2 1 64 

HC-8 1 3  3 2 

I R - 1  1 2  

NAT-1 1 6 '  

NAT- 2 6 33 

- - - -  

a l l  v a l u e s  i n  ppm, e x c e p t  F ( a s  we igh t  %). 



wi thou t  c r y s t a l  f r a c t i o n a t i o n  i n  t h e  upper ,  coo le r  p a r t s  of a t  least some s i l i c i c  

magma chambers. Magmas w i t h  h igh  concen t r a t ions  of e l t h e r  element have probably 

exper ienced  l a r g e  deg rees  of f r a c t i o n a t i o n .  P l o t s  of o t h e r  e lementa l  concen t r a t ions  

a g a i n s t  Rb o r  Th should r e v e a l  how they  behaved dur ing  d l f f e r e n t i a t i o n  of topaz 

r h y o l i t e  magmas and perhaps y i e l d  some i n s i g h t  i n t o  t h e  processes  t h a t  were oper- 

a t i n g  d u r i n g  magma e v o l u t i o n .  The Utah r h y o l i t e s  g e n e r a l l y  show d e f i n i t e  t r e n d s  

i n  s e v e r a l  e lements  (F ig .  5) w i t h  Rb, Th and a l s o  w i t h  F (Fig. 6) . Caution should 

be  e x e r c i s e d  when i n t e r p r e t i n g  t h e s e  t r e n d s  as t h e  samples a r e  n o t  a l l  from a 

c o g e n e t i c  s u i t e  and were c o l l e c t e d  from t h r e e  l o c a l i t i e s  hundreds of k i lome te r s  

a p a r t .  However, comparisons w i t h  o t h e r  r h y o l i t e s  ( c f .  Ewart, 1979, o r  samples 
QJ 

from McDermitt and Pena Blanca) demonstrate  t h e i r  d i s t i n c t i v e  c h a r a c t e r  a s  a 

group and t h e i r  g e n e r a l l y  h i g h  degree  of "evolut ion" a s  i nd ica t ed  by t h e  h igh  

c o n c e n t r a t i o n s  of incompat ib le  elements.  

Chondrite-normalized (Masuda e t  a l . ,  1977) REE p a t t e r n s  f o r  some topaz 

r h y o l i t e s  are shown i n  F i g u r e  7.  Other i n v e s t i g a t o r s  have r epor t ed  similar 

v a l u e s  f o r  t h e  REE c o n c e n t r a t i o n s  i n  topaz  r h y o l i t e s  (Turley e t . a l . ,  1979; Kei th ,  

1980).  For comparison e a r l y  and l a t e  phases of t h e  Bishop Tuff a r e  shown as 

w e l l .  The most s t r i k i n g  f e a t u r e  of t h e  p a t t e r n s  a r e  t h e i r  deep Eu anomalies 

(EU/EU* = 0.45-0.01) . Perhaps even more s i g n i f i c a n t  is  t h e  f l a t  n a t u r e  of t h e  

p a t t e r n s  (La/YbN = 12-1.2). REE's (except  Eu) occur  i n  n e a r l y  c h o n d r i t i c  pro- 

p o r t i o n s  ' i n  t h e  most evolved ( a s  i nd ica t ed  by h igh  U ,  Th and Rb) v i t r o p h y r e s  

from a l l  t h r e e  a r e a s  sampled. Comparison of t h e  p a t t e r n s  sugges t  t h a t  wi th  

i n c r e a s i n g  evo lu t ion  t h e r e  i s  a n  enrichment of HKEE, a dec rease  i n  LKEE and a 

consequent  i n c r e a s e  i n  t h e  dep th  of t h e  Eu anomaly. 

The extremely l i g h t  t r a c e  elements ,  L i  and Be, a r e  a l s o  enr iched  i n  topaz . 

r h y o l i t e s .  The i r  c o n c e n t r a t i o n s  a r e  shown i n  Table 10 ,  a long wl th  elements  

determined by means o t h e r  t han  in s t rumen ta l  neut ron  a c t i v a t i o n .  Lithium ranges  

from 40 t o  100 ppm i n  most topaz r h y o l i t e s  bu t  i s  much lower i n  SM-6la. Samples 

from t h e  Honeycomb H i l l s ,  Utah, have even h igher  L i  con ten t s ;  a g l a s s y  r h y o l i t e  

has 245 ppm and a pegmat i t i c  c l o t  from t h e  l a v a  has  almost 600 ppm L i .  ~ e r y l l i u m  

ranges  from 6 t o  44 ppm (82 ppm, determined i n  d i f f e r e n t  laboratory). The 

samples from Spor Mountain a r e  t h e  most enr iched .  Beryllium o r e  is  mined from 

benea th  t h i s  r h y o l i t e  l ava .  The 21m.y .  o ld  Spor Mountain r h y o l i t e  a l s o  con ta ins  

anomalous amounts of Ta, Rb, C s ,  and REE r e l a t i v e  t o  o t h e r  topaz r h y o l i t e s ,  r e -  

t a i n i n g  i t s  d i s t i n c t i v e  c h a r a c t e r  a s  seen  from t h e  major element d a t a .  



Fig. 5 .  Two element plots demonstrating the covariance of Rb, Th, Yb, U 
and Zr in  topaz rhyol i tes  from the western USA. The f i l l e d  c i r c l e s  represent 
samples from McDermitt caldera, Nevada (peralkaline rhyo l i te ) ,  and Pena Blanca, 
Mc~cico '(cubalkaline rhyo l i te ) .  



0 0.6 1.0 1.4 0 0.6 - 1.0 1.4 

Fluorine (wt%) ~ l u o r i n e  (wt%) 

0 0 0.6 1.0 1-4 0.6 I ,  1.4 

Fiuorine (wtX) Fluorine (wt%) 

Fig.  6 .  Two element p l o t s  showing t h e  covar iance  of f l - l lnr ine w i t h  

Ta, Lu, U and Rb i n  topaz  r h y o l i t e 6  from t h e  wastern USA. T h e  c u ~ ~ l c c n t r n t i o n  

of t h e s e  elements  i s  taken  t o  i n d i c a t e  t h e  degree  of magmatic evo lu t ion .  

F i l l e d  c i r c l e s  r e p r e s e n t  r h y o l i t i c  ash-flow t u f f s  from McDermitt c a l d e r a ,  

Nevada ( p e r a l k a l i n e )  and ~ e a a  Blanca, Mexico ( suba lka l ine )  . 



Fig .  7a. Chondrite-normalized REE p a t t e r n  f o r  topaz r h y o l i t e s  from t h e  Thomas Range, Utah. 
Sample 61a h a s  low c o n c e n t r a t i o n s  of X b ,  U ,  Th and F ,  wh i l e  29-206 con ta in s  h igh  concen t r a t i ons  of 
t h e s e  elements .  



Fig. 78. Chondrize-normalized REE patterns for t.opaz rhyolites from the Black Range, New Mexico 
(HC-8) and ~ ~ o r ~ o u n t a i n ,  Utah ( a - 3 1  S: -35). 
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.Fig. 7c. Chondrite-normalized REE patterns for topaz rhyolites from the Wah Wah Mountains, 
Utah. 
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Fig .  7d. Chondrite-ncrmalized REE p a t t e r n s  f o r  e a r l y  (B94) and l a t e  (378) a sh  flows from Long 
Val ley  c a l d e r a ,  Ca l i i o rn i a . ,  Note t h e  s i m i l a r i t y  of t h i s  r e l a t i o n s h i p  w i t h  t h a t  d i sp layed  by t h e  
cogene t i c  samples fr3m t h e  eopnz rhyod i t e s  Erom t h e  Thomas Range, Utah (Fig.  7a;l; REE p a t t e r n s  become 
f l a t t e r  w i t h  increased " 'evolution" and t h e  cep th  of t h e  Eu anomaly inc reases .  



Fluor ine  i s  obvious ly  enriched i n  t h e s e  topaz-bearing rocks ;  i n  some 

c a s e s  i t  exceeds 1%. Although F is  g e n e r a l l y  concent ra ted  i n  s i l i c i c  l i q u i d s  

dur ing  d i f f e r e n t i a t i o n  (Fuge, 1977; Bai ley ,  1977),  i t  i s  commonly found i n  vol -  

can ic  e rup t ion  c louds  and may escape dur ing  coo l ing  o r  c r y s t a l l i z a t i o n  of r h y o l i t e s  

a t  o r  near  t h e  s u r f a c e  ( Z i e l i n s k i  e t  a l . ,  1977).  Therefore ,  even t h e  h igh  measured 

F concen t r a t ions  i n  v i t r o p h y r e s  may be l e s s  t han  t h e  a c t u a l  concen t r a t ion  wi th in  

t h e  magma during its evo lu t ion  p r i o r  t o  e rup t ion .  

Four v i t r o p h y r e s  were a l s o  analyzed f o r  C 1 .  concen t r a t ions  ranged from 1000 

t o  1700 ppm, much lower than  f o r  F i n  t h e s e  same samples. There appears  t o  be 

l i t t l e  c o r r e l a t i o n  wi th  f l u o r i n e  content .  Although t h e s e  C 1  concen t r a t ions  a r e  

much h igher  than  f o r  average g r a n i t e s  (200 ppm, accord ing  t o  Carmichael e t  a l . ,  

1974) ,  they  a r e  s u b s t a n t i a l l y  lower t han  t h e  2000 t o  6000 ppm concen t r a t ions  i n  

some s i l i c i c  p e r a l k a l i n e  g l a s s e s  (Carmichael e t  a l . ,  1934).  

COMPARISONS WITH OTHER ROCK SUITES 

The topaz r h y o l i t e s  of t h e  western United S t a t e s  a r e  p a r t  of a complex 

assemblage of Middle t o  Late  T e r t i a r y  vo lcan ic  rocks.  Over much of t h e  r eg ion  

an  o l d e r  high-K c a l c - a l k a l i c  sequence of i n t e rmed ia t e  t o  s i l i c i c  composition 

was followed by a younger s u i t e  composed predominantly of b a s a l t  Cwith minor 

a n d e s i t e )  and r h y o l i t e .  The i n i t i a t i o n  of topaz r h y o l i t e  volcanism f a l l s  nea r  

t h e  t r a n s i t i o n  between t h e s e  two s e r i e s  i n  t h e  Basin and Range province  and along 

t h e  Rio Grande r i f t ;  topaz r h y o l i t e s  a r e  p a r t l y  contemporaneous wi th  both s u i t e s ,  

confusing t h e  i n t e r p r e t a t i o n  of t h e i r  t e c t o n i c  s e t t i n g  and t h e i r  u l t i m a t e  o r i g i n .  

Rhyo l i t i c  l a v a s  and t u f f s  a r e  wel l - represented  i n  t h e  c a l c - a l k a l i c  s u i t e  i n  t h e  

San Juan Mountains of Colorado and i n  t h e  Basin and Range. R h y o l i t i c  t u f f s  and 

l avas ,  many of which a r e  p e r a l k a l i n e  i n  t h e  Great  Basin,  a r e  p a r t  of t h e  later 

bimodal s u i t e .  This  s e c t i o n  compares t h e  chemistry of t h e  c a l c - a l k a l i c  and 

p e r a l k a l i n e  r h y o l i t e s  w i th  t h a t  of topaz r h y o l i t e s .  

P e r a l k a l i n e  Rhyol i tes  

Many occurrences  of p e r a l k a l i n e  r h y o l i t e s  (mainly comendites) a r e  a s soc i a t ed  

wi th  c o n t i n e n t a l  r i f t  systems around t h e  world, inc luding  t h e  Basin and Range 

province. P e r a l k a l i n e  r h y o l i t e s  a r e  de f ined  as having a molecular  excess  of N a  0 2 
+ K 0 over  A l  O expressed i n  t h e  norm a s  acmi te  (.ac). The average  composition 2 2 3'  
of comendites and p a n t e l l e r i t e s  w i th  normative qua r t z  g r e a t e r  than  202 is  g iven  

i n  Table 11 (Macdonald, 19741.. The most important  chemical f e a t u r e s  of p e r a l k a l i n e  

r h y o l i t e s  a s  compared t o  s u b a l k a l i n e  r h y o l i t e s ,  a r e  h igh  Fe203, MnO, Ti02,  F and 

C 1 ,  wfth r e l a t i v e l y  low Al 0 con ten t s .  Except f o r  F content ,  t h e s e  c h a r a c t e r i s t i c s  2 3 
are d i s t i n c t  from t h o s e  of topaz r h y o l i t e s .  P e r a l k a l i n e  r h y o l i t e s  a r e  enr iched  

i n  REE (except  Eu),  Zn, B e ,  U ,  Th, Z r ,  Hf, Nb, Ta, Mo and W. Depleted elements  
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Table 11. Average ana lyses  and composition ranges of p e r a l k a l i n e  obs id ians ,  
(.Macdonald, 1974) compared wi th  topaz r h y o l i t e  from t h e  Thomas Range, Utah. 

, . .  

Comendites (34) P a n t d l e r i t e s  Topaz Rhyol i te  
average rang e average r ang e Thomas R. 

S i 0 2  74.0 69.4 - 75.9 71.2 67.4 - 74.9 76.0 

Ti02 0.21 0.09 - 0.87 0.37 0.14 - 0.65 0.13 

A12 '3 11.59 10.18 - 13.35 9.11 6.30 - 11.27 12.8 

Fe203 . 
1.25 0.40 - 3.22 2.38 0.44 - 5.60 1.07* 

FeO 1.88 0.80 - 3.70 4.52 1 .60  - 6.73 - 
M n O  0.08 0.01 - 0.17 0.21 0.03 - 0.36 0.06 



i n c l u d e  Ba, Sr, Sc, V ,  C r ,  Co, N i ,  Cu and Eu. These t r a c e  element c h a r a c t e r i s t i c s  

are similar i n  many ways t o  topaz r h y o l i t e s  and t e s t i f y  t o  t h e  g e n e r a l l y  f r a c t i o n a t e d  

n a t u r e  of p e r a l k a l i n e  rocks.  

P e r a l k a l i n e  complexes i n  t h e  Basin and Range province,  according t o  Noble 

(19741, i n c l u d e  t h e  Kane Spr ings  Wash c a l d e r a  (13-14 m.y.), t h e  Black Mountain 

c e n t e r  ( ' ~ 7  m.y.), t h e  S i l e n t  Canyon c e n t e r  (.%I4 m.y.), McDermitt c a l d e r a  (19.5- 

1 5  m.y.; Rytuba, 1979) and numerous t u f f s  and l a v a s  i n  northwestern Nevada (15-16 

S i g n i f i c a n t  uranium d , epos i t s  have been found nea r  McDermitt c a l d e r a  on t h e  

Nevada-Oregon border  (Wallace and Roper, 1980).  Samples were c o l l e c t e d  from 

s e v e r a l  o u t f l o w  s h e e t s  and r i n g - f r a c t u r e  domes from t h i s  complex i n  o rde r  t o  

c h a r a c t e r i z e  t h e  magma and t o  c o n t r a s t  i t  w i t h  topaz-bearlng r h y o l i t i c  rocks .  

Analyses  are p re sen ted  i n  Table 1 2  and Appendix 2 .  The samples from t h e  McDermitt 

area are g e n e r a l l y  s l i g h t l y  p e r a l k a l i n e  wi th  acml te  i n  t h e  normative mineralogy, 

i n  acco rd  w i t h  publ i shed  a n a l y s e s  (Greene, 1976).  They show t y p i c a l  major element 

c o n c e n t r a t i o n s  f o r  comendites:  SiO > 74%, A 1  0  < 11%, Fe20j > 3%, CaO < 0.5%, 
2 2 3 

K20 + Na20 > 9% and Ti02 > 0.2%. I n  each of t h e s e  c h a r a c t e r i s t i c s ,  w i th  t h e  

excep t ion  of SiO c o n c e n t r a t i o n ,  they a r e  d i s t i n g u i s h a b l e  from topaz r h y o l i t e s .  
2 

'L 
Volcanogenic uranium d e p o s i t s  a l s o  occur w i t h i n  t h e  Pena Blanca r eg  ion  of 

nor thern Mexico. where t h e  ash-flow s h e e t s  a r e  r epo r t ed ly  of a p e r a l k a l i n e  

n a t u r e  (Goodell ,  1978) .  Two samples from t h e  Nopal Formation were analyzed,  

Table  13.  However, t h e  a n a l y s e s  do n o t  i n d i c a t e  that t h e  magma was p e r a l k a l i n e ,  

bu t  i n s t e a d  metaluminous t o  peraluminous (molecular A 1  0  /CaO + Na 0 + K 0 = 
2 3 2 2 

1.04-1.08). Analyses of " f resh"  rocks  r epo r t ed  by Goodell  (.1978) from t h e  same 

fo rma t ion  i n d i c a t e  p e r a l k a l i n i t y ,  but  few of t h e  ana lyses  t o t a l  t o  100% and low 

N ~ ~ O / K ~ O  r a t i o s  sugges t  a l t e r a t i o n .  Our ana lyses  of t h e  Nopal Formation 

d i s p l a y  o t h e r  c h a r a c t e r i s t i c s  a t y p i c a l  of p e r a l k a l i n e  rocks ,  such a s  low Fe 0 
2 3  

and TiOZ, and h igh  MgO and CaO (compare w i t h  t h e  ana lyses  fcom McDermitt c a l d e r a ) .  

I n  t h e s e  r e s p e c t s  t h e y  a r e  more s i m i l a r  t o  c a l c - a l k a l i c  r h y o l i t e s  o r  even topaz 

r h y o l i t e s ,  t han  t o  o t h e r  p e r a l k a l i n e  rocks .  
Q.1 

Trace  element c o n c e n t r a t i o n s  f o r  some of t h e  samples from McDermitt and Pena 

Blanca are included i n  Table  14.  Although t h e s e  few samples probably a r e  n o t  

r e p r e s e n t a t i v e  of a l l  p e r a l k a l i n e  r h y o l i t e s  i n  t h e  Basin and Range they  do 

i n d i c a t e  t h a t  topaz r h y o l i t e s  a r e  d i s t i n c t  from them i n  t r a c e  element con- 

c e n t r a t i o n s .  Both types  of rocks  a r e  o f t e n  concen t r a t ed  i n  r a r e  me ta l s  and 

f l u o r i n e ,  b u t  t h e  samples from McDermitt a r e  g e n e r a l l y  lower i n  U( '~14 vs.Q20 ppm 

i n  v i t r o p h y r e s )  and T h ( ~ 1 5  vs .  40-60 ppm) than  topaz r h y o l i t e s .  Other cha rac t e r -  

i s t i c s  i n c l u d e  lower Ta and Rb and h ighe r  Hi i n  p e r a l k a l i n e  rocks.  Sample MD-36 



- , 

Table 12. Analyses of rhyol i ' t fc  rocks  from .McDermi'tt c a l d e r a ,  Nevada 

CaO 0.23 0.22 0.21 0.23 0.27 0.63 

sum 99.75 99.01 99.68 9.9.73 99.43 100.00 

T o t a l  99.70 99.01 99.68 99.73 99.43 99.96 

T o t a l  



'L 
Table  13 .  Analyses of r h y o l i t i c  rocks  from Pena Blanca reg ion ,  Mexico. 

MgO 

CaO 

sum 

-0 = F 
T o t a l  

T o t a l  



Table 1 4 .  Trace element composition of r h y o l i t e s  from McDermitt ca ldera ,  Nevada(MD) 
and ~ e g a  Blanca, Mexico (PB) 
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a l s o  c o n t a i n s  a n  extremely l a r g e  amount of C s  (>I00  ppm).. 

The REE p a t t e r n s  (Fig. 8) f o r  t h e s e  samples a r e  s t r i k l n g l y  d i f f e r e n t  from 

those  of most topaz r h y o l i t e s .  The l i g h t  REEIheavy REE r a t i o  2's s l i g h t l y  higher  

i n  a l l  th r ' ee  samples and t h e  Eu anomalies,  t y p i c a l  of topaz r h y o l i t e s ,  a r e  smal l  

o r  nonex i s t en t .  I n  t h e  compilat ion of Noble e t  a l .  (1979)., most p e r a l k a l i n e  r h y o l i t e s  

have s t e e p  nega t ive  s l o p e s  ( ~ a / ~ b ~ > > l )  , even t h o s e  wi th  h igh  concen t r a t ions  of 

incompatible  elements.  However, t h e  REE p a t t e r n s  a r e  s l m i l a r  t o  SM-6la, t h e  

" l i thophi le -deple ted"  r h y o l i t e  f r &  ~ t a h ' s  Thomas Range. 

The pe t rogenes i s  of p e r a l k a l i n e  r h y o l i t e s  has. been dfscussed  e x t e n s i v e l y  

(Bai ley  e t  a l . ,  1974, and r e f e r e n c e s  t h e r e i n ) .  S ince  p e r a l k a l i n e  magmas 

occur  i n  ocean i s l a n d s  as w e l l  a s  i n  c o n t i n e n t a l  r i f t s ,  and have low i n i t i a l  

Sr - i so tope  r a t i o s ,  many p e t r o l o g i s t s  t h ink .  t hey  a r e  t h e  r e s u l t  of d i f f e r e n t i a t i o n  

of mantle-derived mafic  magmas. Others  have suggested that t h e  d i r e c t  p a r t i a l  

mel t ing  of t h e  upper mant le  o r  lower c r u s t ,  w i t h  o r  wi thout  t h e  involvement of 

an  a lka l i -bea r ing  vapor,  may r e s u l t  i n  p e r a l k a l i n e  magmas (Bai ley,  1974; 

Yoder, 1973).  

Orogenic Rhyo l i t e s  

P a r t  of t h e  orogenic vo lcan ic  s e r i e s  c o n s i s t s  of in te rmedia te ,  t o  s i l i c i c  

rocks  t h a t  d i s p l a y  "ca lc -a lka l ic"  d i f f e r e n t i a t i o n  t r e n d s  ( l a c k  of i r o n  enr ich-  

ment) when p l o t t e d  on an  AFM (Na 0 + K 0 ,  FeO, MgO) diagram. Ca lc -a lka l i c  l a v a s  
2 2 

'' 

and t u f f s  of mid-Tert iary age  a r e  prominent throughout t h e  a r e a  of d i s t r i b u t i o n  

of topaz r h y o l i t e s  i n  t h e  western U.S. Almost a l l  of t h e  s u i t e s  i n  t h e  western 

U.S. would be termed high-K, a f t e r  t h e  c l a s s i f i c a t i o n  of P e c e r i l l o  and Taylor 

C1976). The d i s t i n c t i o n  between c a l c - a l k a l i c  r h y o l i t e s  and o t h e r  types  of high- 

s i l i c a  vo lcan ic  rocks  i s  d i f f i c u l t  t o  make i f  j u s t  t h e  s l l ~ c i c  members of t h e  

su iLes  are acamined, a s  noted by I r v i n e  and Baragar (1971).  However, cons ide ra t ion  

of t h e  t r a c e  element c h a r a c t e r i s t i c s  and mode of emplacement g e n e r a l l y  d i s t i n g u i s h e s  

orogenic  r h y o l i t e s  from topaz r h o l i t e s .  

Lindsey (.1979) . r e p o r t s  some in fo rma t ion  on t h e  g e n e r a l l y  c a l c - a l k a l i c  sequence 

(,42-32 m.y.1 t h a t  preceded t h e  e rup t ion  of topaz r h y o l i t e s  a t  Spor Mountain and i n  

t h e  Thomas Range. F igu res  9 and 18  show some of t h e  major and t r a c e  element 

c h a r a c t e r i s t i c s  t h a t  d i s t j n g u i s k  t h e  young topaz r h y o l i t e s  from t h e  o l d e r  r h y o l i t i c  

ash-flow t u f f s  and t h e i r  p recu r so r s .  Table 1 5  c o n t a i n s  ana lyses  of two high- 

s i l i c a  t u f f s  t h a t  culminated t h e  "ca lc -a lka l ic"  volcanism i n  t h e  Spor Mountain 

reg ion .  They a r e  h ighe r  i n  Ti0  and MgO (bo th  g r e a t e r  t han  0.20%) and have lower 2 
t o t a l  a l l ca l i e s  (,%7%) and MnO (0.07%), than  most topaz r h y o l f t e s  i n  s p i t e  of t h e i r  

s i m i l a r i t y  i n  Si02 and A 1  0  con ten t  and g r o s s  mineralogy t o  topaz r h y o l i c e s .  
2 3 

Perhaps t h e  most remarkable d i f f e r e n c e s  between topaz r h y o l i t e s  and t h e s e  c a l c -  



In U conc. (ppm) 

Fig .  9. Logari thmic p l o t  of Th v s .  U con ten t  of r h y o l i t i c  rocks  
from wes t - cen t r a l  Utah. F i l l e d  c i r c l e s  r e p r e s e n t  r h y o l i t i c  ash-flow t u f f s  
(>25 m.y.) and open c i r c l e s  r eF resen t  topaz r h y o l i t e  lavas. nata  f rom Lindoey 
(1379) a d  this r e p o r t .  

In Th conc. .(ppm) 

Fig .  10.  Logari thmic pl.ot of K20 v s .  Th from r h y o l i t i c  rocks  of west-  
c e n t r a l  Utah. Symbols a r e  t h e  same a s  tliose i n  F igu re  9. 



Table 15. Comparison of ca lc -a lka l i c  r h y o l i t e  ash-flow t u f f s  with topaz r h y o l i t e s  
from west-central  Utah from t h e  Thomas Range, Utah. 

Ti02 

Al203 

Fe203 
Mno 

Mg 0 

- CaO 

1 D e l l  Tuff from Lindsey. (.1474), trace el .~ment  analyses semi-quanti tat ive.  

21. Joy Tuff ,  s lack Glass member (Lindsey, 1979). . 
3) Joy Tuff ,  c r y s t a l - r i c h  member (Lindsey, 1979). 

4 )  Average of 4 v i t rophyres  from Spor Mtn. (Bikun, t h i s  r e p o r t ) .  

52,  average of 5 v i t rophyres  from Thomas Range (,Bikun, t h i s  r e p o r t ) .  

+) with  d a t a  from Lindsey (1'979).. 

." -. --. .- .. .- 



Table  16.  Comparison of Nathrop r h y o l i t e  wfth r h y o l i t e  from Summer Coon volcano., 

75 ,8  

0 .. Q8 

1 2 . 7  

0,76 

0,0.6 

O... 05 

0.41 

4.35 

4.54 

0.01 

- - 

1 )  a n a l y s i s  #4, r h y o l i t e  l a v a  ( Z i e l i n s k i  and Lipman, 1976) Summer Coon volcano 

2) ( Z i e l i n s k i  e t  a l . ,  1977) Nathrop r h y o l i t e  



- 
I 1 I I I I I I I I 

Southeastern Colorado 

- Summer  Coon: calc-alkalic rhyolite 

F i g .  11. Chondrite-normalized REE patterns for rhyolitir v n r t c  Frnm cn~ . t -h~ .~- -+- - -  p-1 ---a- 

Note the l c ~ e r  L a / ~ b  ratin and d ~ m n a v  1711 = n n r n ~ i r r  +I.- &--- 

.- A wu..Y A &  VLL.  U~~~~~~~~~~~~~ uuIuLauu. 

- . - -  ----- -.-- --- yLL USA uLrwluoLy V L  ~tie ~ u p ~  rhyolite. These features ate typical 
of comparisons between topaz rhyolites and nearby, often nearly contemporaneous, calc-a1 
I I orogenicn' rhyolites . 



> 
a l k a l f c  t u f f s  a r e  t h e i r  t r a c e  element con ten t s .  U ( ~ 1 4  vs .  c8 ppm) and 

ThC>50 v s .  <25  ppm) a r e  d r a m a t i c a l l y  h igher  i n  topaz r h y o l i t e s  and Ba(<300 v s .  

>500 ppm) and Sr(-<20 vs .  >200 ppm) a r e  much lower.  

I n  Colorado, t h e  28-29 m.y. o ld  topaz r h y o l i t e  a t  Nathrop fo l lows  and i s  

p a r t l y  contemporaneous w i t h  a c a l c - a l k a l i c  s u i t e  i n  - t h e  .nearby San Juan Mountains 

(35-26.5 m.y. o l d ) .  Table  16  and F igu re  11 compare t h e  composition and REE 

p a t t e r n s  of r h y o l i t e s  from bo th  sequences ( Z i e l i n s k i  e t  a l . ,  1977; Z i e l i n s k i  and 

Lipman, 19.76). Again, Rb, U and Th a r e  much h igher  i n  t h e  topaz r h y o l i t e s ,  

w h i l e  compat ib le  e lements  such a s  S r ,  B a  and T i  a r e  much lower i n  t h e  F-rich 

rocks .  

The f e a t u r e s  noted  i n  t h e s e  two c a s e s  a r e  f a i r l y  t y p i c a l  of o t h e r  ca l c -  

a l k a l i c  r h y o l i t e s  from around t h e  world. Table 17  shows a  c o l l e c t i o n  of o t h e r  

a n a l y s e s  from t h e  l i t e r a t u r e ,  demonstrat ing t h a t  t h e  t r a c e  Chigh Rb, U ,  Th;' 

low B a ,  S r )  and major (.low Ti., Ca, Mg; high  t o t a l  a l k a l i e s ,  F) ~ . l e m ~ n t  cha rac t e r -  

i s t i c s  of topaz  r h y o l i t e s  a r e  d i s t i n c t i v e  when compared wi th  orogenic r h y o l i t e s :  

It i s  g e n e r a l l y  agreed  t h a t  r h y o l i t i c  magmas can be  produced from broadly  

a n d e s i t i c  p a r e n t  m e l t s  formed i n  subduct ion zones by f r a c t i o n a l  c r y s t a l l i z a t i o n  

of o l i v i n e  o r  amphibole, fo l lowed by pyroxene and p l a g i o c l a s e .  This  sequence 

produces t h e  necessary  s i l i c a  enrichment and i n h i b i t s  t h e  Fe-enrichment t y p i c a l  

of t h o l e i i t i c  d i f f e r e n t i a t i o n  t r e n d s .  Other processes  t h a t  can produce or  

modify r h y o l i t i c  magmas produced i n  a r c - type  s e t t l i n g s  a r e  c r u s t a l  f u s i o n  (Ewart 

and S t i p p ,  1968; Ewart e t  n l . ,  19.77; DePaolo and Wasserburg, 1977) and thermo- 

g r a v i t a t i o n a l  d i f f u s i o n  ( H i l d r e t h ,  1979) . The r e l a t i v e  importance of t h e s e  t h r e e  

p r o c e s s e s  i s  n o t  y e t  known and an assessment i s  beyond t h e  scope of t h i s  paper.  

From t h i s  admi t t ed ly  b r i e f  review i t  i s  apparent  t h a t  topaz r h y o l i t e s  a r e  

d i s t i n c t  from c a l c - a l k a l i c  and p e r a l k a l i n e  r h y o l i t e s  even though they  a r e  i n  p a r t  

contemporaneous w i t h  both t y p e s  i n  t h e  western United S t a t e s ,  The major cha rac t e r -  

i s t i c s  of each r h y o l i t e  s u i t e  a r e  summarized i n  Table 18. 

DISCUSSTON 

Topaz r h y o l i t e s  a r e  widespread i n  western North America, (F ig .  1 )  and many 

o t h e r s  probably  remain unrecognized. The emplacement of t h e s e  r h y o l i t e s  appears  

t o  have spanned most of t h e  l a t e r  ha l f  of t h e  Cenozoic Era. Publ ished i s o t o p i c  

a g e s  are l i s t e d  i n  Table 19. The o l d e s t  da t ed  topaz rhynlite we know of i s  

i n  t h e  Elkhorn Mountains of Montana wi th  a  35 m.y. age.  Along t h e  t r end  of t h e  

Rio Grande R i f t  a  group of topaz  and g a r n e t  r h y o l i t e s  was e rupted  29-24 m.y. ago 

i n  Colorado and New Mexico. Another group of sha l low i n t r u s i o n s  and e x t r u s i v e  

domes nea r  Lake C i ty ,  Colorado, have younger ages  of about  18 m.y. A d i s t i n c t i v e l y  

younger (3 .3  m.y.1 topaz r h y o l i t e  occu r s  nea r  t h e  margins of t h e  M t .  Taylor  



Table 17 ,  Comparison of c a l c - a l k a l i c  r h y o l i t e s  w i th  average  topaz r h y o l i t e .  
. . 

S i 0 2  

Ti02 

A1203 

Fe203 
Mno 

CaO 

76.0 

0.13 

12.8 

1.07 

0.06 

0. .  10. 

a.74 

3,73 

5. , oe. 
o... 0 0. 

1 & 2) Rose et  a l .  (1979), Los Chocoyos a s h ,  Guatemala. 
32 White and McBirney (1978) , average  Oregon Cascades rhyo l i t e .  

4 & 5) Lowder and Carmichael (197C), Ta lasea .  
6) Ewzrt and S t i p p  (.1968), ave rage  r h y o l i t i c  l ava ,  Taupo vo lcan i c  zone, New Zealand. 
7) Ewzrt and S t i p p  (1968),  a v a a g e  r h y o l i t i c  i gn imbr i t e  Taupo v o l c a n i c  zone, New Zealand. 
8) Average topaz r h y o l i t e  from t h e  Thomas Range, Utah. 

\D 
W 



Table 18. Major c h a r a c + e r i s t i = s  of topaz  r h y o l i t e s ,  c a l c - a l k a l i c  (.orogenic)., r l - .yol l tes  and topaz r h y o l i t e s .  

Rhyo l i t e  Type %ode of occur rence  Mineralogy Chemistry 
-- 

Topaz r h y o l i t e ~  smal l  dcmes o r  s h o r t  s a n i d i n e  Metaluminous t o  peraluminous 
l a v a  f lows  u n d e r l a i n  Na-plag i o c l a s e  low T i ,  Fe, Mg, Ca, Ba, S r ,  Eu, Sc, Co 

Ref e r ences  : by bzecc ias  and t u f f s  qua r t z  Sr 87/80 % 0.705 
Tur ley  et a l .  (1979) b i o t i t e  h igh  S i ,  N a  + K ,  Rb, U ,  Th, F 
Lindsey (-1979) - d ikes  and p lugs  f l u o r i t e  REE  att terns n e a r l y  f l a t ,  deep Eu 
T h i s  r e p o r t  ( t opaz ,  g a r n e t ,  amomalies 

f l u o r i t e ,  b i x b y i t e ,  Ti02 < 0.2, Fe203* < 1 .4 ,  MgO < 0.2, 
pseudobrooki te ,  and C a O  < 0.8, Na20 + K20 2 9.0%; Rb 400- 
b e r y l  occur  i n  c a v i t i e s )  1000, U 15-40, Th > 50, Z r  100-650, 

B s  < 300, Sr  < 30, F 3000-15000 
Ca lc -a lka l i c  smal l  domes o r  l a v a  p l a g i o c l a s e  g e n e r a l l y  metaluminous 
(orogenic)  r h y o l i t e s  f lows  on t h e  f l a n k s  san id  i n e  l 3 w  in Rb, U,  Th 

o r  w i t h i n  t h e  c r a t e r s  qua r t z  REE p a t t e r n s  s t e e p  ( ~ a / ~ b  high)  w i t h  
References : of ccnmposite volcanoes hornblende s n a l l  Eu anomalies  common 
Ewart (1979),  b i o t i t e  Ti02 > 0.2, Fe203* > 1.4,  MgO > 0.2,  
Tables  15 ,  1 6  b 17,  - v o l m i n o u s  ash-f low a u g i t e  CaO > 0.8, Na20 + K20 < 8.5%; Rb < 200, 

shee t  s 
Th i s  r e p o r t  hyper s thene  e i k e s  acd p lugs  w i t h i n  

Ba > 500, Sr  > 100 ppm 
f a y a l i t  e S r  87/86 < 0.705 . . composit 2 volcanoes 

P e r a l k a l i n e  rolun-incu s ash-f low plag i o c l a s e  . p e r a l k a l i n e  (Sr 87/86 < 0.704) 
Rhyo l i t e s  s h e e t s  
(comenditesl  smal l  dones around 

c a l d e r a s  
Ref er ences : d i k e s  and p lugs  
Macdonald (1974) 
Suther land  (1974) 
Noble (3979) 
Th i s  r e p o r t  

s a n i d i n e  low i n  A l ,  Ca, Ba, S r ,  Eu, Sc,  Co 
qua r t z  h igh  I n  Fe, T i ,  Na + K ,  REE, Z r ,  Hf 
aeg i r  ine-aug i t e  REE p a t t e r n s  g e n e r a l l y  s t e e p e r  (> LaIYb) 
Na-Fe hedenberg it e than  For topaz r h y o l i t e s  
f a y a l i t e  A1203 < 11, Ti02 > 0.2, Fe20j* > 3.0, 
(arf  vedson i t e  and CaO < 0.5, Na20 + K20 > 9%; Rb < 300, 
r i e b e c k i t e  occur  i n  t h e  U < 20, Th < 40, Ba < 20, Z r  200-1000 
groundmass and c a v i t i e s )  ppm 



Table 19. 1 ,sotopic  a g e s  f o r  topaz r h y o l i t e s  i n  t h e  wes ternUni . ted  S t a t e s .  

Locat ion  Age (m.y.1 Reference 

Elkhorn Mountains, Montana 

Nathrop; Colorado 

Specimen Mountain, Colorado 

Ros i t a  H i l l s - S i l v e r  C l i f f ,  Colorado 

Black Range, .New Mexico 

Wah Wah Mountains, Utah 

Spor Mountain, Utah 

S t a a t s  Mine, Wah Wah Mtns., Utah 

N e l l i e  Creek, Lake C i ty ,  Colorado 

Ja rb idge ,  Nevada 

Izenhood Ranch, Sheep Creek Range, Nevada 

Keg Mountains, Utah 

Thomas Range, Utah 

Honeycomb H i l l s ,  Utah 

Smelter  Knol l s ,  Utah 

Grants  Ridge,. New Mexico 

Mineral  Mountains, Utah 

Chadwick, 1977 
( c i t e d  i n  Greenwood 
e t  a l . ,  1978) 

Van A l s t i n e ,  1969 

Corbe t t  , 1968 

Sharp, 19.78 

E l s t o n  e t  a l . ,  1976 

M.G. Bes t ,  unpub. m s .  

Lindsey, 1979 

Kowley et a 1  . , 197 7a 

Lipman et a l . ,  1978b 

1 6  Coats  e t  a l . ,  1977 

14 Stewart  e t  a l . ,  1977 

10  Lindsey e t  a l . ,  1975 

6.8 - 6.1  Lindsey, 197 9 

6.0 Armstrong, 1970 

4.7 Lindsey, 1977 

3 - 4  Armstrong, 1970 

Tur ley  e t  a l . ,  1979 

3.3 B a s s e t t ,  1963 

Lipman and Mehner t , 197 9 

0,8 - 0.5 Lipman e t  a l . ,  1978a 

* d a t e  on rnr.ks assumed t n  be cogenet ic  with topaz  r h y o l i t e  



v o l c a n i c  f i e l d  nea r  Gran t s ,  New Mexico. The topaz r h y o l f t e s  i n  t h e  Great  B-asin 

a r e  a l l  younger t h a n  about. 22 m.y. o l d  and topaz has  been r epor t ed  from l a v a  domes 

i n  t h e  Mineral  Mountains, Utah, t h a t  a r e  l e s s  than  1 m.y. o l d .  

The n a t u r e  of contemporaneous vo lcan ic  and t e c t o n i c  a c t i v i t y  r e v e a l s  much about 

t h e  s e t t i n g  of topaz r h y o l i t e  magmatism. The d i s t r i b u t i o n  of t h e s e  r h y o l i t e s  sug- 

g e s t s  t h a t  t hey  aommonly occur  i n  a r e a s  t h a t  have experienced c a l c - a l k a l i c  mag- 

matimn (Fig. 12) .  However, topaz r h y o l i t e s  a r e  g e n e r a l l y  e rupted  a s  s m a l l  coales-  

c i n g  domes and l a v a  f lows  d i s t i n c t  from t h e  c a l d e r a  a c t i v i t y  t h a t  preceded them 

i n  many cases .  The Oligocene topaz r h y o l i t e s  of Montana occur near  t h e  t r a n s i t i o n  . 

from s i l i c i c  ash-f low volcanism t o  bimodal b a s a l t - r h y o l i t e  volcanism (Chadwick, 

1977).  The Miocene Taylor Creek r h y o l i t e  of New Mexico has  been r e l a t e d  t o  t h e  

r ise and emplacement of a  g r a n i t i c  p l u t o n  i n t o  t h e  upper c r u s t  (E l s ton ,  l Y l Y 1 ,  

and i n  Colorado, a  v a r i e t y  of c a l c - a l k a l i c  l a v a s  and t u f f s  a r e  contemporaneous 

w i t h  t h e  o l d e r  (>24 m. y.)  topaz r h y o l i t e s  (Steven,  1975) . Trachyandesi te  l a v a s  

were contemporaneous w i t h  topaz r h y o l i t e s  dur ing  t h e  Miocene i n  Utah ( B e s t e t  a l . ,  

ms.).  B a s a l t i c  a n d e s i t e  (%57% SiO ) l a v a s  were n e a r l y  contemporaneous w i t h  t h e  2 
Lake C i t y  occurrences  i n  t h e  San Juan Mountains of Colorado (Lipman, e t  a l . ,  1978a).  

The topaz  r h y o l i t e s  younger t h a n  15 m.y. a r e  a s s o c i a t e d  wi th  b a s a l t i c  magmatism 

i n  t h e  Grea t  Basin (Honeycomb H i l l s ,  Thomas Range, Mineral Range, Utah and t h e  

Sheep Creek Range and J a r b i d g e  occurrences  i n  Nevada) and a t  Grants  Ridge, New 

M ~ x i r n .  

Topaz r h y o l i t e  volcanism g e n e r a l l y  c o i n c i d e s  w i th  pe r iods  of presumed l i t h o -  

s p h e r i c  ex t ens ion  a long  t h e  Kio Grande r i f t  t h a t  developed i n i t i a l l y  approximately 

30 m.y. ago (Earon, 1979),  i n  t h e  Great  Basin where t h e  main phase of bas in  and 

r ange  f a u l t i n g  began 21-2U m.y. ago (Rowley et  a l . ,  1Y7ga) and i n  Montana where 

b lock  f a u l t i n g  began about  36 m.y. ago (Chadwick, 1477).  

The a s s o c a t i o n  i n  space  and t ime of topaz r h y o l l t e s  and two d i f f e r e n t  t ypes  

of maf i c  m a g m a t i s m  ( c a l c - a l k a l i c  and b a s a l t i c )  sugges ts  t h a t  they  may be de r ived  

from m e l t i n g  of t h e  c o n t i n e n t a l  c r u s t  caused by t h e  passage of ho t  magmas through 

t h e  c r u s t  o r  by a  r ise i n  t h e  geothermal g r a d i e n t  t h a t  a l s o  caused t h e  more 

ma£ i c  magma, r a t h e r  than  by d i f f e r e n t i a t i o n  of e i t h e r  of t h e  two c o n t r a s t i n g  magma 

types .  T h i s  sugges t ion ,  a long  wi th  t h e i r  e x t e n s i o n a l  t e c t o n i c  s e t t i n g  and t h e i r  

geochemical f e a t u r e s ,  imp l i e s  t h a t  topaz r h y o l i t e s  may be t h e  e x t r u s i v e  equ iva l en t s  

of "anorogenic" ( L o i s e l l e  and Wones, 1979; Wones, 1979; P e t r o ,  e t  a l . ,  1979) o r  
I I R-type" g r a n i t e s  ( f o r  r e s i d u a l ,  White, 1979)-. Some anorogenic g r a n i t e s  a r e  

thought  t o  r e s u l t  from smal l  degrees  of p a r t i a l  mel t ing  of a n  a l r e a d y  water- 

dep le t ed  (and ??-enriched) c r u s t a l  sou rce  from which e a r l i e r  water - r ich  magmas 

were removed under c o n d i t i o n s  of g r a n u l i t e  f a c i e s  metamorphism--hence t h e  

r e s i d u a l  n a t u r e  of t h e  source.  F i l l i p p o v  e t  a l .  (1474) have shown t h a t  b i o t i t e s  



!C Fig.  12. Distribution of known topaz rhyol i tes  (dots) compared with 
the approximate area covered by mid-Cenozoic ca lc -a lka l i c  lavas and 

* t u f f s .  
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from g r a n u l i t e  f a c i e s  metamorphic rocks  c o n t a i n  g r e a t e r  amounts pf F  than  those  

i n  amph ibo l i t e  f a c i e s  r o c k s  (0.65%F v s .  0.24-0.38%F). S ince  anorogenic magmas 

t y p i c a l l y  have h igh  c o n t e n t s  of incompatible  t r a c e  elements  (REE - except  Eu, 

Z r ,  Nb, Ta, Sn, U,  Th) and F ,  White (1979) sugges t s  t h a t  t h e  breakdown of F-rich 

b i o t i t e s  and amphiboles p rov ides  t h e  v o l a t i l e s  f o r  p a r t i a l  mel t ing .  These F-r ich 

m e l t s  may t h e n  complex h i g h l y  charged c a t i o n s  (U, Th, Zr) t h a t  were r e j e c t e d  by 

earlier water - r ich  m e l t s .  D i f f e r e n t i a t i o n  may f u r t h e r  e n r i c h  p o r t i o n s  of t h e  mel t  

i n  F  and t h e s e  g e n e r a l l y  incompat ib le  elements .  F igu re  13  shows t h e  a l k a l i  

compos i t i ona l  f i e l d s  of v a r i o u s  g r a n i t e  t ypes  from SE A u s t r a l i a  compared t o  topaz 

r h y o l i t e s  from t h e  wes tern  United S t a t e s .  Other c h a r a c t e r i s t i c s  of anorogenic 

g r a n i t e s  a r e  compared wi th  t h o s e  of topaz r h y o l i t e s  i n  Table 20; t h e  s i m i l a r i t i e s  

a r e  q u i t e  s t r i k i n g .  

White  (1979) and L o i s e l l e  and Wones (1979) i nc lude  p e r a l k a l i n e  g r a n i t e s  i n  t h i s  

ca t egory .  Although p e r a l k a l i n e  magmas a r e  q u i t e  d i s t i n c t  from topaz r h y o l i t e s ,  

it is  impor tan t  t o  remember that p e r a l k a l i n e  magmatism was contemporaneous w i t h  

topaz  r h y o l i t e  volcanism i n  t h e  Great Basin. L o i s e l l e  and Wones (1979) suggest  

t h a t  t h e r e  a r e  two types  of anorogenic g r a n i t e s :  c r u s t a l  m e l t s  caused by t h e  

r e s i d e n c e  of a l k a l i  b a s a l t s  i n  t h e  c o n t i n e n t a l  c r u s t ,  and t h e  end products  of 

extreme c r y s t a l  f r a c t i o n a t i o n  of a l k a l i  b a s a l t s ,  producing contemporaneous h igh  

S r  87/86 (.probably peraluminous) and low Sr  87/86 Cprobably p e r a l k a l i n e )  g r a n i t e s .  

The White Mountain magma s e r i e s  (Foland and Friedman, 1977) and t h e  younger 

N ige r i an  g r a n i t e s  (van Breeman et a l . ,  1975) d i s p l a y  t h i s  two-fold c h a r a c t e r .  

Presumably topaz  r h y o l i t e s  and p e r a l k a l i n e  r h y o l i t e s  of t h e  Great  Basin could be 

r e l a t e d  t o  one ano the r  i n  t h e  same f a sh ion ;  topaz r h y o l i t e s  r e s u l t  when F-r ich 

high-grade metamorphic c r u s t  is melted by b a s a l t i c  magmas and p e r a l k a l i n e  r h y o l i t e s  

a r e  produced a s  t h e  residuum of extreme f r a c t i o n a l  c r y s t a l l i z a t i o n  of t h e  b a s a l t i c  

magmas themselves (Noble and Pa rke r ,  1974).  A s i m i l a r  r e l a t i o n s h i p  may e x i s t  

between some Miocene and o l d e r  c a l c - a l k a l i c  r h y o l i t e s  and contemporaneous topaz 

r h y o l i t e s .  The topaz r h y o l i t e s  may be t h e  product  of p a r t i a l  mel t ing  of t h e  c r u s t  

caused by t h e  passage of " andes i t i c "  magmas through t h e  c r u s t .  The a n d e s i t i c  magmas 

may d i f f e r e n t i a t e  by c r y s t a l  f r a c t i o n a t i o n  t o  g i v e  r i s e  t o  r h y o l i t e s  w i t h  ca l c -  

a l k a l i c  a f f i n i t i e s .  

I f  topaz  r h y o l i t e s  a r e  indeed t h e  products  of c r u s t a l  a n a t e x i s ,  t hey  should 

r e f l e c t  t h e  chemical  n a t u r e  of t h e  source  from which they  were der ived .  Seve ra l  - i s o t o p i c  s t u d i e s  i n d i c a t e  t h a t  t h e  c r u s t  under ly ing  t h e  western United S t a t e s  

is  d i s t i n c t i v e  because of i t s  r ad iogen ic  c h a r a c t e r  ( S i l v e r ,  1976; Leeman, 1979) . 
F l u o r i t e  and beryl-bearing Precambrian g r a n i t e s  occur  near  topaz r h y o l i t e  l o c a l i t i e s  

i n  Arizona (.Heinrich, 1960) ,  Utah ( ~ o o r e  and Sorensen, 1978) and Colorado (Eckel ,  

1861).  A c r u s t  wi th  t h e s e  chemical  c h a r a c t e r i s t i c s  would be t h e  i d e a l  sou rce  

rock  f o r  U ,  Th, Be and F-r ich r h y o l i t e s .  From t h e  F  and Be c o n t e n t s  of 



Fig.  13. Diagram showing the Na20-K20 f i e l d s  of various granite 
types and their  sources a s  delineated by White (1979). R - residual 
(or anorogenic); M - mantle; I igneous; and S - sedimentary. Crosses 

are data from Turley e t  a l ,  (1979) and dots are data from t h i s  report. 



Table  20. Geochemical comparison of anorogenic g r a n f t e s  and topaz r h y o l i t e s .  
-- 

F e a t u r e  Anorogenic g r a n i t e  Topaz r h y o l i t e  2 

low Pow ( topaz ,  b i o t i t e  compositions) 

h i g h  h igh  (topaz, b i o t i t e  compositions) 

low t o  moderate low (near .  QFM) 

h igh  low C60,O-800°Cl 

S i 0 2  h igh  (%76%) h igh  (.73-78%) 

Na20 

C a O  

h igh  

low 

moderate-high (3-4.5%) 

low ( ~ 0 . 8 % )  

Trace  e lements  

REE h igh ,  except  Eu moderate LREE, 
high HREE, low EU 

Enr i.c hed Ga, Y ,  Nb, Sn, Z r ,  Ta Ga, Y ,  Nb, Sn, Z r ,  ~a (Rb, Thy U, L i l  

Deple ted  Co, Sc,  C r ,  N i ,  Ba, Co, Sc, C r ,  Ni(.?), Ba, S r ,  Eu 
S r ,  Eu 

F and I h igh  h igh;  ~( .0 .3-1.5%) 
ClC700-,1700 ppml 

Fe/Fe + Mg high  h igh  

h igh  moder8t.e t o  h igh  

. = -. .- . 

1) froiu Wl~lLr  (f979), L o i s e l l e  and Wones (.1979.) and Wones C.1979). 

2) from t h i s  r e p o r t  and Tur ley  e t  a l .  (19791. 



vo lcan ic  rocks  and t h e  d i s t r i b u t i o n  of f l u o r i t e  depos i t s ,  Coats (19-62, 1963),  

Shawe and Bagnold (1966) and P e t e r s  (1958) have shown t h a t  c e r t a i n  a r e a s  i n  t h e  

western U.S. a r e  anomalously h igh  i n  t h e s e  elements  and suggest  t h a t  t h e  enr ich-  

ment is  de r ived  from geochemical anomalies t h a t  have p e r s i s t e d  s i n c e  t h e  Pre-  

cambr%an. The ,importance of f l u o r i n e  and uranium-rich Precambrian c r u s t  f o r  t h e  

gene ra t ion  of topaz r h y o l i t e s  is  f u r t h e r  .emphasized i n  F igure  14 ,  where known 

topaz r h y o l i t e  occurrences  ar.e compared w i t h  t h e  i n f e r r e d  l o c a t i o n  of t h e  edge 

of t h e  Precambrian (>850 m.y.) con t inen t  (S tewar t ,  1972; K h g ,  19.77; Sea r s  and 

P r i c e ,  1978). W e  know of no topaz r h y o l i t e s  a long t h e  western margin of t h e  Great 

Basin i n  C a l i f o r n i a  and Nevada, i n  s p i t e  of h igh  heat-flow s i m i l a r  t o  t h a t  of i t s  

e a s t e r n  margin (Blackwell, 1978) and young bimodal b a s a l t - r h y o l i t e  volcanism, e  .g . 
Long Val ley  c  :dera, t h e  Kern p  Tateau and t h e  Coso v o l c a n i c  f i e l d .  Presumably 

t h e  l a c k  of F-rich r h y o l i t e s  i n  t h e  western Great  Basin i s  due,  a t  l e a s t  i n  p a r t ,  

t o  t h e  absence of t h e  appa ren t ly  anomalous Precambrian c r u s t  beneath p a r t  of t h i s  

reg ion .  Rhyo l i t i c  magmas i n  t h i s  a r e a  may r e s u l t  from p a r t i a l  me l t i ng  of a younger 

c r u s t a l  component a c c r e t e d  t o  t h e  con t inen t  a f t e r  t h e  Precambrian ( ~ 8 5 0 . m . y . )  

r i f t i n g  of t h e  con t inen t  suggested by Stewart  (19.72) . 
The geophys ica l  c h a r a c t e r  of t h e  Great  Basin,  where most young (.,<I5 m.y.) 

topaz r h y o l i t e s  occur ,  i s  sugges t ive  of c r u s t a l  a n a t e x i s .  It has c h a r a c t e r i s t i c a l l y  

h igh  hea t  f low,  2.1 h fu ,  a  t h i n  c r u s t ,  25-30 km t h i c k ,  and low upper mant le  se i smic  

' v e l o c i t i e s ,  <7.4 km/sec (Prodehl ,  1979). The co inc idence  of t h e s e  f e a t u r e s  beneath 
' 

t h e  Thomas Range area, where topaz r h y o l i t e s  a s  young a s  3.4 m.y. o l d  occur  

(Armstrong, 1970;  Turley,  e t  a l . ,  1979),  i s  unusual ly  s t r i k i n g .  Based on a n  

e x t r a p o l a t i o n  of t h e  h e a t  f low observed a t  t h e  s u r f a c e ,  Lachenbruch and Sass  (1978) 

have proposed t h a t  p a r t i a l  mel t ing  could occur  l o c a l l y  w i t h i n  t h e  c r u s t .  Smith 

(1978) sugges t s  t h a t  a se i smic  low-veloci ty  zone, de t ec t ed  wi th in  t h e  c r u s t  of t h e  

Great   asi in, may be t h e  r e s u l t  of t h e  presence  of p a r t i a l l y  molten rock. 

Based on t h i s  pre l iminary  evidence topaz r h y o l i t e  magmas may be  t h e  product  

of p a r t i a l  me l t i ng  of t h e  d i s t i n c t i v e  Precambrian c o n t i n e n t a l  c r u s t  of t h e  western 

U.S. L i thospher ic  ex t ens ion  appears  t o  be i n t i m a t e l y  r e l a t e d  t o  t h e i r  g e n e s i s  

and emplacement. PJ.uarine-rich sobrce  m a t e r i a l s  f o r  topaz r h y o l i t e s  may have been 

prodllced by t he  removal of a n  H 0-enriched component from t h e  c r u s t  dur ing  t h e  2 
voluminous T e r t i a r y  (or o l d e r )  c a l c - a l k a l i c  magmatism t h a t  g e n e r a l l y  preceded t h e  

topaz r h y o l i t e  volcanism. The c a l c - a l k a l i c  magmas themselves may have been Llie 

h e a t  source  f o r  c rus t a l .  mel t ing  dur ing  t h e  o l d e r  ep isodes  (>20 m. y  .) . B a s a l t i c  

magmatism and r e g i o n a l  h igh  h e a t  f l ow w e r e  t h e  probable  h e a t  sou rces  f o r  t h e  

younger topaz r h y o l i t e s  i n  t h e  Great Basin and a t  Grants  Ridge, New Mexico. 



Fig .  14. Known topaz r h y o l i t e  occurrences (dots )  compared w i t h  t h e  edge 
of t h e  a n c i e n t  Precambrian c r u s t .  So l id  l i n e  King (1977) - -  known outcrop  
l i m i t ;  dashed l i n e  i n f e r r e d  edge from Sears  and P r i c e  (1978). 



The r o l e  of f l u o r i n e  f n  t h e  evo lu t ion  of topaz r h y o l i t e s  cannot  be overlooked. 

The a d d i t i o n  of F t o  s f l i c a t e  mine ra l  assemblages d rama t i ca l ly  lowers  t h e i r  s o l i d u s  

and l i q u i d u s  tempera tures  ( 'Wyllie and T u t t l e ,  19.61). For a  granite-H 0  mixture  
2 

a t  2.75 kb w i t h  5% HF t h e  s o l i d u s  occu r s  a t  603°C and wi th  water  on ly  i t  occurs  a t  

665OC. I n  a d d i t i o n ,  F-rich m e l t s  have lower v i s c o s i t i e s  and e f f i c i e n t  c r y s t a l  

growth and sepa ra t fon  can occur .  Because of t h e i r  water-depleted and F-r ich n a t u r e  

p a r e n t a l  magmas f o r  topaz r h y o l i t e s  can rise h igh  i n t o  t h e  c r u s t  wi thout  completely 

c r y s t a l l i z i n g .  Large ash-f low e rup t ions ,  caused by t h e  r a p i d  ' exso lu t ion  of 

v o l a t i l e s ,  a r e  n o t  common i n  t h e s e  F-rich magmas because F  has  a  low vapor/melt  

p a r t i t i o n  c o e f f i c i e n t  (Bai ley ,  1977) and i n c r e a s e s  t h e  H 0 - s o l u b i l i t y  of t h e  magma 
2 

(.Burnham, 1967; Fuge, 1977). Von P l a t e n  (1965) and von P l a t e n  and Winkler (1961) 

showed t h a t  0.5 M HF changes t h e  c r y s t a l l i z a t i o n  o rde r  from t h a t  oliserved i n  H O- 
2 

r i c h  m e l t s  (magnet i te ,  b i o t i t e ,  K-f e ld spa r ,  q u a r t z  and p l a g i o c l a s e )  t o  q u a r t z ,  

p l a g i o c l a s e ,  b i o t i t e  and K-f e ld spa r  . Bai l ey  (1977) sugges t s  t h a t  qua r t z ,  topaz,  

and f e l d s p a r s  a l l  c r y s t a l l i z e  be fo re  b i o t i t e .  These obse rva t ions  may e x p l a i n  t h e  

absence of modal b i o t i t e  i n  a l l  but  t h e  more c r y s t a l l i n e  samples,  and i f  t r u e  

, could have dramat ic  e f f e c t s  on t h e  e v o l u t i o n  of t h e  m e l t  i f  c r y s t a l  f r a c t i o n a t i o n  

ope ra t e s .  

F luo r ine  s t a b i l i z e s  h igh ly  charged t r a c e  elements i n  t h e  me l t  a t  t h e  source  

and may a c t  t o  f u r t h e r  e n r i c h  t h e s e  and o t h e r  e l e m e n t s , i n  t h e  a p i c a l  zones of 

evolving magma chambers e i t h e r  by d i f f u s i o n  (Kogarko, 1974; H i l d r e t h ,  

1979). o r  by t h e  evolu t ion  and mig ra t ion  of a d i s c r e t e  f l u o r i n e - r i c h  vapor  urnham ham, 

19671.. Be, U,  L i ,  Sn, Rb, C s ,  Ga, W ,  Th and t h e  heavy REE a r e  a l l  concent ra ted  

f n  t h e  upper p a r t s  of magma chambers a s  a  r e s u l t  (Bai ley,  1977; Kozlov, 1974; 

Groves, 1974; Odikadze, 1973). of t h e i r  a s s o c i a t i o n  wi th  F. Shaw e t  a l .  (1976) 

and H i l d r e t h  (-19.79) have r e c e n t l y  proposed a  v a r i a n t  of t h e s e  l i q u i d - s t a t e  

d i f f e r e n t i a t i o n  processes  and c a l l e d  it convection-aided the rmograv i t a t i ona l  

d i f f u s i o n .  H i l d r e t h  (.1979Z proposed t h i s  mechanism t o  account  f o r  t h e  t r a c e  

element v a r i a t i o n s  wi th in  t h e  Bishop Tuff .  Judging from t h e  t rac .e  element v a r i a -  

t ions  observed i n  cogenet ic  topaz r h y o l i t e s  and s i m i l a r  v a r i a t i o n s  i n  t h e  Bishop 

Tuff, t he rmograv f t a t iona l  d i f f u s i o n  may have played a n  important  r o l e  i n  t h e  

evo lu t ion  of topaz r h y o l i t e  magmas and may have produced some of t h e i r  extreme 

geochemical f e a t u r e s .  F igure  1 5  compares t h e  "enrichment f a c t o r s "  f o r  t h r e e  

sauiples from t h e  Thomas Range t o  sample SM-6la, a  l i t h o p h i l e - d e p l e t e d  v i t r o p h y r e  

from t h e  no r the rn  Thomas Range. The e lementa l  r a t i o s  found by compartng e a r l y  

and l a t e  e r u p t i o n s  of t h e  Bishop Tuff a r e  shown f o r  comparison. Although t h e  

'enrichment f a c t o r s  a r e  g e n e r a l l y  i n  t h e  same d i r e c t i o n  and wi th  approximately 

t h e  same magnitude a s  t h e  Bishop Tuff ,  s e v e r a l  anomalies  a r e  apparent .  L i ,  Be, 

Cs., Th: and U have s u b . s t a n t i a l l y  l a r g e r  e n r f c h e n t  r a t i o s  t han  i n  t h e  Bishop Tuff .  



Fig.  i 5a .  Enrichnent  f a c t o r s  f o r  30 e l e m e n b  jer ived by comparing evolved (high U and Th) 
samples w i t h  unevolved sample (SM-Gla, low U, Th, e t c . )  fr0.n t he  Thomas Range. The samples 
a r e  from l avas  t h a t  a r e  presunred t o  be cogenet ic .  3nrichmext f a c t o r s  (H i l c re th ,  1979) from the  
Bishop Tuff a r e  s i m i l a r  ( t h i n  l i n e s ) .  



F i g  15b. Er-richment f a c t o r s  f o r  samples from t h e  'Thomas Range, cont inued.  
. . 



Fig .  15c. Enrichment f a c t c r s  f o r  samples from the  Thomas Range, contimied. 



This  may be due t o  t h e  increased  a f f i n i t y  of t h e s e  extremely incompatible  elements  

f o r  F oreiF-rich f l u i d s  and t h e i r  consequent mig ra t ion  toward t h e  top  of evolving 

F-rich magma chambers. Sc, Sm and Hf a l l  show s i g n i f i c a n t  d e p l e t i o n  i n  t h e  "evolved" 

topaz r h y o l i t e s  r e l a t i v e  t o  SM-6la. H i l d r e t h  (1979) could d e t e c t  no change f o r  Hf 

and showed t h a t  a n  enrichment of Sc e x i s t e d  i n  t h e  e a r l y  e rupted  p o r t i o n  of t h e  

Bishop Tuff .  However, Bacon e t  a l .  (1979.1. d e t e c t e d  Sc and Hf d e p l e t l o n  w i t h  ' 

d i f f e r e n t i a t i o n  i n  some r h y o l i t e s  from t h e  Kern P l a t e a u ,  C a l i f o r n i a .  The changes 
.. 

observed i n  t h e  REE can be examined on t h e  cho'ndrite-normalized p l o t s  i n  F igu re  7. 

The changes from LREE-enrichment and small Eu anomaly i n  sample SM-6la, t o  HREE- 

enrichment and l a r g e  Eu anomalies i n  t h e  evolved samples a r e  p a r a l l e l e d  by t h e  

changes H i l d r e t h  documented f o r  t h e  Bishop Tuff w i th  inc reas ing  evo lu t ion  and 

decreas ing  temperature.  It is  u n l i k e l y  t h a t  t h e  5-f o ld  enrichment of U ,  Th, e t c .  could  

be produced by c r y s t a l  f r a c t i o n a t i o n  of SM-6la, a s  a l l  of t h e  samples from t h e  

Thomas Range a r e  c rys ta l -poor  and have major element chemis t r i e s  that a r e  ve ry  

s T m i l a r  . 
Some of t h e  f e a t u r e s ,  p a r t i c u l a r l y  t h e  e lementa l  concen t r a t ions ,  of R-type 

g r a n i t e s  (JJhi te ,  1979) can  be produced by the rmograv i t a t i ona l  d i f f u s i o n  i n  s i l i c i c  

magma chambers. However, even t h e  most "pr imi t ive"  r h y o l i t e  we analyzed from t h e  

Thomas Range r e t a i n s  t h e  chemical c h a r a c t e r i s t i c s  of R-type, o r  anorogenic,  g r a n i t e s .  

Of course ,  t h e r e  i s  a l s o  t h e  p o s s i b i l i t y  t h a t  SM-61a i s  a de r%va t ive ,  l i t h o p h i l e -  

dep le t ed ,  rock produced i n  t h e  lower p a r t  of a thermogravi ta t  i o n a l  convect ion  

c e l l  and i n  t h i s  c a s e  would no t  be r e p r e s e n t a t i v e  of t h e  magma a s  a whole, but  

would appear  t o  be l e s s  enriched i n  U ,  Rb, Th, e t c .  It i s  l i k e l y  t h a t  t h e  p e c u l i a r  

chemical  n a t u r e  of R-type magmas (.high SiO F and C l ]  make them p a r t i c u l a r l y  sus- 
2 ' 

c e p t i b l e  t o  l i q u i d - s t a t e  d i f f e r e n t i a t i o n  p r i o r  t o ,  and p a r t l y  contemporaneous wi th ,  

rheir c r y s t a l l i z a t i o n .  

CONCLUSIONS 

A d i s t i n c t i v e  s u i t e  of topaz-bearing r h y o l i t e s  was e rupted  throughout most 

of t h e  l a t t e r  ha l f  of t h e  Cenozoic Era i n  t h e  western United S t a t e s .  Thei r  

mineralogy sugges t s  t h a t  they  c r y s t a l l i z e d  a t  low tempera tures  (800-600°C) . The 

s i m i l a r i t y  of b i o t i t e  and ga rne t  phenocrysts  t o  t h e  compositions of t h o s e  mine ra l s  

i n  pegmatlLes and g r c i ~ e n s  bea r s  t h i s  ou t  and f u r t h e r  imp l i e s  t h a t  some topaz 

r h y o l i t e s  c r y s t a l l i z e d  under vapor-sa tura ted  cond i t i ons .  The vapor was probably 

F-r ich and q u i t e  l i k e l y  played a s i g n i f i c a n t  r o l e  i n  t r a n s p o r t i n g  r a r e  m e t a l s  (Be, U ,  

Th, Rb, Li ,  Sn, e t c . )  t o  t h e  a p i c e s  of evolving magma chambers. G r a n i t e s  r i c h  i n  

t h e s e  elcments  a r e  n f t e n  a s soc i a t ed  wi th  Sn-W-Mo minera l iza t ion . ,  Topaz r h y o l i t e s  

appear t o  be enriched i n  t h e s e  elements;  t h e i r  i n t r u s i v e  equ iva l en t s ,  i nc lud ing  

some t h a t  may n o t  have vented  t o  t h e  s u r f a c e ,  may be h o s t s  f o r  economic mine ra l  



d e p o s i t s .  

Geochemically,  topaz  r h y o l i t e s  are s i m i l a r  t o  anorogenic g r a n i t e s ,  produced 

as c r u s t a l  t empera tures  are e l eva ted  by b a s a l t i c ,  o r  c a l c - a l k a l i c ,  magmatism. I n  

t h i s  s e n s e  they  appear  a s  p a r t  of a bimodal (.in t&&s of SiO con ten t )  sequence of 2 
magma types .  However, t hey  a r e  o f t e n  n e a r l y  contemporaneous w i t h  r h y o l i t e s  of 

c a l c - a l k a l i c  o r  p e r a l k a l i n e  l i neage .  Ex tens iona l  tec tonism w a s  contemporaneous 

w i t h  t h e i r  emplacement and may have allowed topaz r h y o l i t e  magmas t o  be emplaced 

n e a r  t h e  s u r f a c e  wi thout  mixing wi th  t h e i r  more mafic  p rogen i to r s ,  a s  suggested 

by Lipman et a l .  (.1978a) t o  exp la in  t h e  evo lu t ion  of t h e  San Juan v o l c a n i c  f i e l d .  

Although many of t h e  geochemical f e a t u r e s  of topaz r h y o l i t e s  a r e  i n h e r i t e d  

from t h e i r  sol l r re  r o s k ~  Cprobably Lhe F and l i thophi le -e lement - r ich  Precambrian 

c r u s t  which u n d e r l i e s  much of t h e  western United S t a t e s ) ,  C!~ey have appa ren t ly  

undergone s u b s t a n t i a l  magmatic d i f f e r e n t i a t i o n .  P a r t  of t h i s  evo lu t ion  i s  super- 

f  i c i a l l y  s i m i l a r  t o  t h e  t r e n d s  supposed t o  r e s u l t  from thermogravi ta t  i o n a l  d i f f u s i o n ,  

p o s s i b l y  a i d e d  by t h e  s e p a r a t i o n  of an F-r ich f l u i d ,  bu t  they  may have experienced 

c r y s t a l  f r a c t i o n a t i o n  as w e l l .  Topaz rhyo l i , t e s  appear t o  be a  d i s t i n c t  t ype  of 

bimodal r h y o l i t e .  Fu r the r  d e t a i l e d  s tudy  w i l l  no t  on ly  e l u c i d a t e  t h e i r  g e n e s i s  

and t h e  development of a s s o c i a t e d  o r e  d e p o s i t s  bu t  may a l s o  r e v e a l  much about  

t h e  n a t u r e  of t h e  c r u s t  i n  t h e  western United S t a t e s .  
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Appendix 1. Loca t ion  and d e s c r i p t i o n  of samples.  

Sample l a b e l  Reference 

SM Bikun ( t h i s  r e p o r t )  

HC, BR, I D  Corrsa  ( . t h i s  r e p o r t )  

WW, STC C h r i s t i a n s e n  ( t h i s  r e p o r t )  

Sample no. D e s c r i p t i o n  N. L a t i t u d e  W. Longitude 

MD- 6 

MD- 7  

MD-8 

MD-9 

MD-10 

MD 11 

MD-12 

MD-13 

MD-14 

MD-15 

FID-17 

v i t r o p h y r e ,  welded a s h  f l ow  t u f f  

hydrated v i t r o p h y r e ,  " " 

d e v i t r i f  i e d  I 1  I 1  'I 

v i t p s p h y r e  t i  11 l i  

d e v i t r  i f  i e d  I 1  I' I' 

t i i t r ophyre  I! II It 

hydra ted  v i t r o p h y r e  " " " 
s p h e r u l i t e s  from 1' 11 11 

v i t r o p h y r e  I! 11 It 

d e v i t r i f  i ed  II I t  I' 

d e v i t r i f  i ed  r h y o l i t e  l a v a ,  
Moonlight Mine 

d e v i t r i f i e d  r h y o l i t e  l a v a ,  
Bre t z  M l w  

v i t r o p h y r e ,  welded ash-f low t u f f  

v i t r o p h y r e ,  If 11 11 I! 

PAT-1 v i t r o p h y r e ,  r l ~ y o l i t e  l a v a  

NAT-2 d e v i t r i f  i ed  r h y o l i t e  l a v a  

I R - 1  d e v i t r i f  i e d  r h y o l i t e  l a v a  

HH-1 8 L a ~ o y  r h y o l i L r  lava 

HH-2 d e v i t r  i f  ied r h y o l i t e  l a v a  

DL-7 pegma t 1 t ic c l o t  f ruu~ lava 



Appendix 2. Composition and norms of samples from McDermitt c a l d e r a ,  Nevada 

. . 

sample no. . MD-6B MD-7 h MD-8 MD-.lo MDT12 . . . .  . 

CaO 1.18 0.79 0.18 0.27 0.25 

T o t a l  99.55 98.77 99.17 99.74 98.53 

aP 0.00 0.00 0.00 0 .  uu. 0.00. 

m t  . 2.67 2.00 0.18 0.0.0 0.0.0 

T o t a l  99.28 98.60 98.98 99.54 99.33 



Appendix 2. con t inued .  

sample no. MD-13 MD-15 MD-17 MD-19.b LC-2v LC-3v 

Fe203* 3.55 3 .11  1.60 0.75 1.. 96 2.28 

MnO 0.06 0.07 0.02 0.02 0.05 0.13 

T o t a l  99.14 99.34 99.95 99.60 98 .'47 98.67 

m t  1 .29 1.80 0.93 0.43 0.51 0.00 
- - 

T o t a l  98.93 99.16 99.86 99.56 98.36 98.54 
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INTRODUCTION 

In o rde r  t o  eva lua te  t h e  processes o f  uranium concentrat ion i n  volcanic  

rocks it i s  e s s e n t i a l  t h a t  t h e  h o s t  and source rocks be  accura te ly  i d e n t i f i e d .  

A f u r t h e r  s t e p  i n  understanding can be gained i f  an erupt ion  mechanism can be 

i n f e r r e d .  This chap te r  reviews t h e  l i t e r a t u r e  on erupt ion  mechanisms and 

sugges ts  new i n s i g h t s  on t h e  i n t e r p r e t a t i o n  of erupt ion  mechanisms from volcanic 

rocks .  I t  s t r e s s e s  Be-U-F minera l iza t ion  a t  Spor Mountain and t h e  Thomas Range 

Utah, i . e .  e rupt ions  o f  f l u o r i n e - r i c h ,  a l k a l i n e  s i l i c i c  magma batches.  Such 

e rup t ions  tend t o  be small  i n  volume when compared t o  ca lc -a lka l ine  r h y o l i t e s ,  

and a r e  explos ive  a t  f i r s t ,  proceeding t o  less-explos ive  ef fus ion o f  lava .  

S i l i c i c  magmas such a s  r h y o l i t e s  a r e  very viscous.  In t h e  near-surface  

environment t h i s  high v i s c o s i t y  con t ro l s  t h e  d i f f u s i o n  o f  magmatic gas exsolving 

from t h e  magma, and hence con t ro l s  t h e  growth of  bubbles (ves icu la t ion)  . In 

some cases ,  the  slow growth o f  bubbles compared t o  ascent  r a t e s  of t h e  magma 

impl ies  erupt ion  i n  a  s t a t e  o f  "ar res tedf '  ves icu la t ion  with many v o l a t i l e s  being 

s t i l l  t rapped i n  t h e  magma. In o t h e r  cases ,  e s p e c i a l l y  i f  t h e  magma i s  held  

i n  an upper c r u s t a l  environment (magma chamber) f o r  any per iod  o f  t ime,  vesicu- 

l a t i o n  may proceed u n t i l  t h e  magma becomes a f r n t h  nf s m ~ l l  bubbles with micron 

s i z e d  bubble-walls (Sparks, 1978). This ves icu la t ion  inc reases  t h e  v i s c o s i t y  

o f  and expands t h e  magma, thereby inc reas ing  pressure  on t h e  enclos ing rocks.  

I t  i s  under t h e s e  condi t ions  t h a t  t h e  magma body may e rup t  by overcoming 

l i t h o s t a t i c  pressure .  

Due t o  processes such as volatilc d i f f u s i  nn,  t h ~  t.ipper part of a magma body 

( a t  a  lower pressure)  may become more extens ively  ves icu la ted  than t h e  lower 

p a r t s  and w i l l  e rup t  explos ively ,  forming p y r o c l a s t i c  depos i t s  composed l a rge ly  

of  pumice. A s  an e rup t ion  proceeds t h e  lower p a r t  w i l l  e rup t  l e s s  explos ively ,  

l a r g e l y  a s  a  lava flow. This e rup t ive  sequence i s  r e f l e c t e d  i n  many p y r o c l a s t i c  



deposi ts  and was described by Sparks e t  a l .  (1973; Fig. 1 ) .  Each u n i t ,  pyro- 

c l a s t i c  f a l l ,  p y r o c l a s t i c  surge, pyroc las t i c  flow and t h e  lava flow i s  produced 

by a d i f f e r e n t  phase of  t h e  erupt ion.  

Highly a l k a l i n e  magmas tend t o  be less viscous than t h e i r  ca lc -a lka l ine  

counterpar ts ,  a s  Figure 2 shows. Viscosi ty  may be appreciably depressed by 

t h e  lower A 1  and higher  Na, K, Fe and v o l a t i l e  (F, C1) contents .  Due t o  t h i s  

lowered v i s c o s i t y ,  a l k a l i c  magmas may have d i f f e r e n t  ves icu la t ion  h i s t o r i e s  

than ca lc-a lkal ine  magmas i n  t h a t  v o l a t i l e s  can d i f f u s e  f a s t e r  and i t  i s  e a s i e r  

f o r  bubbles t o  coalesce.  A l e s s  thoroughly ves icula ted  magma may r e s u l t  and 

t h i s  may change t h e  e rup t ive  s t y l e  towards l e s s  explosive,  more e f f u s i v e  types.  

In a study o f  pe ra lka l ine  (F-rich) magmatic eruptions i n  t h e  Azores, Se l f  (1976) 

showed t h a t  t h e  f u l l  eruption and deposi t  sequence, a s  shown i n  Figure 1, i s  

not  developed. Instead the re  i s  a tendency towards weaker (subplinian) explo- 

s i v e  phases followed by lava extrusion o r  p y r o c l a s t i c  flows alone. 

Most magmatic pyroc las t i c  mater ia l  i s  glassy  and cons i s t s  of a  wide range 

of s i z e s  (pumice t o  ash);  Table 1 gives a summary of useful  terminology. The 

: glassy  deposi ts  a r e  e a s i l y  d e v i t r i f i e d  and geochemically a l t e r e d .  In genera l ,  

a l k a l i n e  magmas occur a s  smaller  magma batches than ca lc -a lka l ine  types .  

If ground o r  surface  water i s  met by t h e  r i s i n g  and ves icu la t ing  magma it 

may r e a c t  explosively,  fragmenting t h e  magma t o  a much g r e a t e r  degree than would 

occur by explosive ves icu la t ion  alone. . T h i s  d r a s t i c a l l y  a l t e r s  t h e  s t y l e  o f  the  

erupt ion and t h e  ' g ra in  s i z e  c h a r a c t e r i s t i c s  of t h e  r e s u l t i n g  deposi ts .  The 

v o l a t i l e s  making up s i l i c i c  magmatic gas a r e  genera l ly  considered t o  be water- 

dominated and contain a l s o  C02, small amounts of  s u l f u r ,  and halogens. In 

f luor ine - r i ch  magmas, F i s  dominant over C1 and may be more abundant than S,  

(Shepard, 1938; White and Waring, 1963). I f  t h e  magma body si ts  f o r  any time 

i n  t h e  upper c r u s t ,  there.  i s  t h e  p o s s i b i l i t y  of incorporat ion.  of  meteoric water 
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Higurc 1. Schematic d i ag rau  s l~uwiug t h e  d e p o s i r s  of an 
exp los ive  s i l i c i c  e r u p t i o n  e ~ i s o d e .  An inversely graded 
p l i n i a n  f a l l  bed i s  o v e r l a i n  by a  surge  d e p o s i t  (1) of 
sandwave, massive, o r  p l ana r  f a c i e s  (Wohletz and Sheri-  
dan, 1979). The b a s a l  l a y e r  of t h e  p y r o c l a s t i c  f low 
(26)  may show i n v e r s e ' g r a ~ i n g ,  whereas i n  ehe main p a r t  
of t h e  f low (2b) l i t h i c  i n c l u s i o n s  (L) a r e  concent ra ted  
near  t h e  base ,  and pumice fragments (P) a r e  concent ra ted  
toward t h e  top. Fumarolic p ipes  (FP) may be p re sen t  
throughout t h e  flow. Depos i t s  o f - f i n e  co-ignimbri te  a sh  
(3)  occur  above t h e  f low u n i t .  A l a v a  f low might cap 
t h e  sequence, which r e f l e c t s  t h e  e r u p t i o n  of increas ing-  
l y  v o l a t i l e - p o o r  magma. (Modified a f t e r  Sparks e t  a l . ,  
1973). 



Temperature (CO) 

Figure 2. Viskas i ty  vs .  temperature curves,  ca lcu la ted  by the  
method of Shaw (1972), f o r  a  ca lc -a lka l ine  r h y o l i t e  ash  flow 
t u f f  and iava (curves 6 and 7 )  and a l k a l i n e  and pe ra lka l ine  
t i i f f s  (curves 1-5), a f t e r  Wolff and Wright. ( i n  p r e s s ) .  



TABLE 1. GRAIN SIZE LIMITS FOR PYROCLASTIC FRAGMENTS AFTER FISHER (1961) 

Pyrnclas tic Fragnleuks 

C o a r s e  

C o a r s e  



i n t o  t h e  magma. The r e l a t i v e  amounts o f  meteoric, a s  opposed t o  magmatic, 

water i n  these  magmas i s  a current  t o p i c  o f  debate.  

With the  above very general ized p i c t u r e  i n  mind we w i l l  examine t h e  types 

o f  pyroc las t i c  depos i t s  associa ted  with uranium minera l iza t ion  i n  F-rich s i l i c i c  

volcanics and show how erupt ion  mechanisms may be i n t e r p r e t e d  from these  

deposi t s  . 

EXPLOSIVE ERUPTIONS AND THEIR DEPOSITS 

The main physical  f a c t o r s  a f f e c t i n g  erupt ion  mechanisms inc lude  r a t e  o f  

magma erupt ion ,  volume o f  magma erupted,  composition (v i scos i ty )  of  t h e  magma, 

d i s t r i b u t i o n  and content  o f  v o l a t i l e s ,  and s i z e  and shape of  e x i s t i n g  volcanic 

s t r u c t u r e s  (such as  conduits  and v e n t s ) .  Only a r e l a t i v e l y  few common associa-  

t i o n s  a r e  formed from erupt ions  of  s i l i c i c  magma: 1 )  l a t e - s t a g e  domes from 

cent ra l -vent  volcanoes, 2 )  p y r o c l a s t i c  depos i t s  a s soc ia ted  with c e n t r a l  compo- 

s i t e  o r  s t ra to-volcanoes ,  3) i s o l a t e d  l ava  dome and p y r o c l a s t i c  complexes, 

unre la ted  t o  previous o r  subsequent volcanic  s t r u c t u r e s ,  4) domes and assoc ia ted  

p y r o c l a s t i c  complexes t h a t  a r e  precursors  t o  ca lde ra  formation,  5)  domes and 

pyroc las t i c  depos i t s  t h a t  form subsequent t o  ca lde ra  co l l apse ,  and 6) r eg iona l  

p y r o c l a s t i c  flow (ash-flow) shee t s  associa ted  with ca lderas  (Smith, 1960a; 

Ross and Smith, 1961). The erupted volume 5or t h e s e  depos i t s  covers seven- 

3 3 
orders  of magnitude from t o  10 km (Smith, 1960a) ; assoc ia t ions  a r e  l i s t e d  

above approximately i n  o rde r  of  inc reas ing  volume. In add i t ion ,  7) r i s i n g  

magma contac t ing  ground water w i l l  explode causing c ra te r s  surrounded by t u f f  

r i n g s  (maar type volcanoes) and t h e s e  o f t e n  a r e  l a t e r  f i l l e d  by l ava  domes i n  t h e  

same e rup t ive  sequence. 

For t h e  purposes o f  t h i s  s tudy t h e  d e t a i l s  of  ac tua l  e rupt ion  s t y l e s  a r e  

of l e s s  importance than t h e  thorough charac te r i za t ion  of various p y r o c l a s t i c  

and l ava  depos i t s  produced, and t h e  c o r r e l a t i o n  o f  these  i n t o  a recognizable 

erupt ion  sequence. This sequence can then be r e l a t e d  t o  an e rup t ive  s t y l e .  



The types  of s t y l e s  d iscussed here a r e  l a r g e l y  those  within t h e  scope of t h i s  

s tudy,  i . e .  a s soc ia t ions  3,  4 ,  5 and 7 above. 

Explosive Eruptions 

The s t y l e  o f  e m p i i o n  con t ro l s  t h e  r e s u l t i n g  deposi ts .  Current physical  

models o f  magma emplacement and erupt ion a r e  adequately summarized by Williams 

and McBirney (1979, p. 71-96). Basica l ly  erupt ions  can be divided i n t o  two 

types :  1 )  those  involving ground o r  su r face  water (phrea t i c ,  phreatomagmatic, 

o r  hydrovolcanic) and 2 )  those  driven only by i n t e r n a l  gas pressure  (magmatic). 

Phrea t i c  explosions r e s u l t  when meteoric water i s  vapnri 7.ed with s u f f i c i e n t  

p ressure  t o  rupture  and e j e c t  the  confining rocks. Purely p h r e a t i c  ezplosions 

expel no juveni le  (magmatic) mater ia l .  Phreat ic  explosions a r e  genera l ly  

s i n g l e  b u r s t s  t h a t  produce a c i r c u l a r  c r a t e r  surrounded by a l ayer  o f  u n s t r a t i -  

f i e d  b recc ia .  Mult iple explosions produce overlapping c r a t e r s  and b recc ias .  

The c l a s t s  and matrix may be s t rong ly  a l t e r e d  p r i o r  o r  subsequent t o  eruption 

rhrough rhe ac t ion  of hydrothermal so lu t ions .  

Phreatomagmatic (surtseyan) erupt ions  a r e  produced by t h e  i n t e r a c t i o n  of  

ground o r  su r face  water and magma, and may e j e c t  much l i t h i c  mater ia l  (non- 

j u v e n i l e ) ,  a s  well as  juven i l e  mate r i a l .  Explosions a r e  repeated a t  r egu la r  

s h o r t  i n t e r v a l s  s o  t h a t  t h e  deposi ts  a r e  w e l l - s t r a t i f i e d .  Both v e r t i c a l  eruption 

columns and p y r o c l a s t i c  surges (base surges)  a r e  pmdiiced by t h i s  type o f  explo- 

s ion .  Around t h e  vent  t h e  deposit  has t h e  morphology of  a  t u f f  r i n g  o r  a t u f f  

cone (Wohletz and Sheridan,  1979) and t h e r e  i s  a f a i r l y  loca l i zed  ash f a l l  

b lanke t .  Examples a r e  t h e  Sur tsey,  1964 erupt ion and the  Ukinrek, 1977 erupt ion 

(Sel f  e t  a l . ,  1980). These a r e  b a s a l t i c  erupt ions  but s i l i c i c  examples a.re 

common, e. g . Nono Craters  Ca l i fo rn ia  (Wood, 1977) ; Spor Mountain Utah (Bikun, 

1980). 



Vulcanian erupt ions  genera l ly  r e f e r  t o  repeated cannon-like explosions 

from intermediate t o  s i l i c i c  s trato-volcanoes (Nairn and S e l f ,  1978; Se l f  e t  

a l . ,  1979). They a r e  genera l ly  r e s t r i c t e d  t o  t h e  more viscous magmas, a s  

s t r eng th  of  t h e  magma plays a r o l e  i n  allowing s u b s t a n t i a l  pre-explosion 

pressures  t o  be b u i l t  up. Crys ta l - r ich  magmas appear t o  be p a r t i c u l a r l y  prone 

t o  producing vulcanian explosions. Dome growth, a s  evidenced by t h e  a c t i v e  

d a c i t e  domes and lava  flows of Sant iagui to ,  Guatemala (Rose, 1973), i s  o f t en  

accompanied by both vulcanian explosions and small pyroc las t i c  flows of  dense 

o r  p a r t i a l l y  ves icula ted  mater ia l  ( t r u e  nuees ardentes :  Rose e t  a l . ,  1977). 

This l a t t e r  type of eruption may be c o r r e c t l y  termed pelean,  a f t e r  t h e  1902 

erupt ion of  M t .  Pelee, Martinique. 

Pl in ian  erupt ions  a r e  powerful; continuous gas-blas t  e rupt ions  t h a t  e j e c t  
. . 

tremendous volumes of pumice (~a1ker"and Croasdale, 1971). The tu rbu len t  

eruption column has two components (Sparks and Wilson, 1976): 1 )  a lower gas- 

t h r u s t  region,  t h e  high-velocity gas and e j e c t a  je t  discharged i n t o  t h e  atmosphere, 

which passes up i n t o  2) t h e  convective t h r u s t  zone, t h a t  r i s e s  by thermal 

buoyancy. For water contents ,  vent r a d i i ,  and i n i t i a l  v e l o c i t i e s  t y p i c a l  of  

p l i n i a n  events t h e  top  o f . t h e  gas- thrus t  zone i s  from 3.0 t o  9.0 km high (Wilson, 

1976; Sparks e t  a l . ,  1978), and t h e  top of t h e  whole eruption column i s  between 

20 and 50 km high. 

Sub-plinian erupt ions  a r e ,  a s  t h e  name suggests ,  scaled-down p l i n i a n  

erupt ions .  The gas bJas t  eruption i s  not  s o  continuous and s t r a t i f i e d  deposi ts  

(several  f a l l  u n i t s )  r e s u l t .  The erupt ion column i s  lower and hence d i spersa l  

of t h e  pumice f a l l  l a y e r  i s  more r e s t r i c t e d .  Sub-plinian erupt ions  f requent ly  

preceed o,r accompany dome growth, e spec ia l ly  i n  a l k a l i - r i c h  s i l i c i c  lavas ,  as  i n  

t h e  peralkali 'ne purrrice deposi ts  and domes of  Tercei ra ,  Azores (Sel f ,  1976). 

Pyroclasf ic  'flow (a l so  c a l l e d  ignimbrite-forming o r  ash-flow) erupt ions  

can occur i f  f a l l o u t  of  l a rge  c l a s t s  and expansion of. incorporated a i r  i n t o  a 



v e r t i c a l  e rup t ion  column o f  p l i n i a n ,  subpl in ian  o r  vulcanian type a r e  not  

s u f f i c i e n t  t o  induce buoyant u p l i f t  i n  t h e  column a t  the  end of t h e  gas- thrus t  

zone. Grav i t a t iona l  column col lapse  then occurs and t h i s  produces p y r o c l a s t i c  

f lows (Wilson, 1976; Sparks and Wilson, 1976; Sparks e t  a l . ,  1978; Fig. 3 ) .  

Vent r a d i u s  inc rease  o r  v o l a t i l e  content  decrease may both a c t  t o  produce a  

c r i t i c a l  condi t ion  where t h e  column dens i ty  a t  t h e  top  o f  t h e  gas- thrus t  zone 

remains g r e a t e r  than t h a t  of  t h e  surrounding atmosphere and co l l apse  ensues. 

P y r o c l a s t i c  flows t r a v e l  down t h e  volcanic  e d i f i c e  and deposi t  on low 

ground. The r e s u l t i n g  rock i s  known by var ious  names inc luding ignimbri te  and 

ash lluw Luff.  There i s  no widely accepted term f o r  t h i s  e rup t ive  s t y l e  o r  

phase, but  p y r o c l a s t i c  f low, ash flow o r ,  ou t s ide  the  U.S.A., ignimbri te  (-form- 

ing)  erupt ion  i s  a  s u i t a b l e  informal term, depending on t h e  s c a l e  of  t h e  

e r u p t i o n  (Wright e t  a l . ,  i n  p r e s s ) .  The name pelean i s  sometimes used but  i s  

now known t o  be i n c o r r e c t l y  appl ied .  

Some erupt ions  of t h i s  type terminate with l ava  ex t rus ion ,  genera l ly  forming 

domes. A sequence of p l i n i a n  f a l l ,  p y r o c l a s t i c  flow and lava ext rus ion has been 

i n t e r p r e t e d  f o r  s e v e r a l  h i s t o r i c  s i l i c i c  and intermedi a t e  eri .~ptions,  o ,  g .  Katmai , 

Alaska 1912 (Cur t i s ,  1968), Krakatau 1883 (Se l f ,  unpublished d a t a ) ,  M t  . Pelee 

1902 (Roobol and Smith, 1975), and has been i n t e r p r e t e d  from many Quaternary 

examples s tud ied ,  e.g. t h e  Bandelier Tuffs ,  Valles  Caldera, New Mexico (Smith 

and S a i l e y ,  1966; F i she r ,  1979). This commonly repeated e rup t ive  sequence 

produces depos i t s  i n  a  c e r t a i n  order  (Sparks e t  a l . ,  1973), a s  shown on Fig. 1. 

The sequence as  suggested i n  1973 has r e c e n t l y  hppn modified by Shcri c l ~ n  (1979) 

and F i she r  (1979) t o  inc lude  p y r o c l a s t i c  surge beds. The complete sequence i s  

n o t  always p resen t .  For example, t h e  1902 p l i n i a n  erupt ion  o f  Santa Maria, 

Guatemala was not  succeeded by a  p y r o c l a s t i c  flow phase, bu t  lava  ext rus ion 

(from t h e  same magma chamber) began from t h e  1902 vent  i n  1922; t h e  d a c i t e  

l ava  dome, Sant iagui to ,  i s  s t i l l  growing today. 



7 .  2 igu re  3.  Schematic diagram of a p l i n i a n  e rup t ion  from a composite volcano showing t h e  gas - th rus t  and con- 
v e c t i v e - t h r u s t  r eg ions  of tKe e rup t ion  column. The energy l i n e  (A-A') t r a c e s  t h e  p o t e n t i a l  f low head-from 

w t h e  t op  of t h e  gas - th rus t  zone t o  t h e  d i s t a l  t op  of t h e  flow. Column c o l l a p s e  w i t h i n  t h e  gas - th rus t  r eg ion  W 
W could produce a  p y r o c l a s t i c  f low compose of a  dense-ava lanche  and a  d i l u t e  ove r r id ing  cloud.  The p y r o c l a s t i c  

f low may overrun topographic  b a r r i e r s  t h a t  do no t  extend'above t h e  energy l i n e  (from Sheridan,  1979). 



The term p y r o c l a s t i c  surge  has been introduced i n t o  t h i s  discussionand it 

i s  appropr ia t e  t o  mention h e r e  t h a t  t h i s  i s  a newly recognized type o f  pyro- 

c l a s t i c  d e p o s i t ,  o f  which t h e r e  a r e  s o  f a r  t h r e e  types  known. There i s  not  a  

p a r t i c u l a r  type  o f  "pyroc las t i c  surge .erupt ionl ' ,  r a t h e r  p y r o c l a s t i c  surges a r e  

produced a s  accessory vo lcan ic  phenomena by t h r e e  types o f  erupt ions :  phreato-  

magmatic (base-surge) , p l i n i a n - p y r o c l a s t i c  flow (ground surge and ash-cloud 

surge)  and dome forming o r  pelean (ground surge and ash-cloud surge) .  A b r i e f  

summary o f  var ious  types o f  explosive erupt ions  i s  given i n  Table 2. 

P-yroclastic Deposits 

P y r o c l a s t i c  d e p o s i t s  may be  grouped i n t o  a th ree - fo ld  c l a s s i f i c a t i o n  

(Sparks and Walker, 1973; Sheridan,  1979; Wright e t  a l . ,  i n  p ress )  : (1) f a l l ,  

(2) surge ,  and (3) flow. There a r e  two add i t iona l  types o f  p y r o c l a s t i c  deposi t s  

t h a t  should be mentioned: explosion b recc ias  and volcanic  mudflow ( l a h a r s ) .  

Relaxation time ( t h e  time required f o r  equil ibrium t o  be es t ab l i shed  with t h e  
' 

t r a n s p o r t  medium, load,  and substance) i s  c r i t i c a l  f o r  t h e  development o f  . 

t e x t u r e s  i n  p y r o c l a s t i c  d e p o s i t s ;  hence t r a n s i t i o n a l  types  a r e  found. In t h e s e  

t r a n s i t i o n a l  types t h e  s p e c i f i c a t i o n  of a  c l a s s  i s  sub jec t ive ,  but  i t  should 

n o t  a f f e c t  t h e  i n t e r p r e t a t i o n  of  t h e  deposi t  a s  a  whole. 

1 )  P y r o c l a s t i c  f a l l  depos i t s  a r e  produced when mater ia l  i s  explos ively  e j e c t e d  

from t h e  vent  i n t o  t h e  atmosphere producing an eruption cnl.umn i n  t.he fnrm nf a 

convect ive  plume. The plume expands and pyroc las t s  f a l l  back under t h e  inf luence  

of  g r a v i t y  a t  varying d i s t ances  down wind from t h e  source.  The geometry and 

s i z e  o f  t h e  depos i t s  r e f l e c t s  the  erupt ion  column h e i g h t ,  and wind v e l o c i t y  and 

d i r e c t i o n .  The primary f e a t u r e  o f  a i r - f a l l  t r anspor t  i s  t h e  uninter rupted  path 

o f  i n d i v i d u a l  p a r t i c l e s  t h a t  a t t a i n  v e l o c i t i e s  con t ro l l ed  by b a l l i s t i c  t r a j e c -  

t o r y ,  a i r - d r a g  and wind. A i r - f a l l  depos i t s  a r e  t h e  b e s t  s o r t e d  o f  a l l  p y r o c l a s t i c  

beds. F a l l  depos i t s  show mantle bedding and maintain a uniform th ickness  over 



TABLE 2 .  TYPES OF EXPLOSIVE ERUPTIONS AND DEPOSITS: SUMMARY- . 

1. Strombolian - Cone-forming, moderate t o  small f r a c t i o n  of f i n e s ,  

inverse-graded avalanche beds on s t e e p  s lopes ,  many superimposed 

s c o r i a  beds. Generally b a s a l t i c - a n d e s i t i c  magma. 

Surtseyan (phreatomagmatic) - Mildly cone-forming, abundar'rt f i n e s , .  

s t r a t i f i e d ,  associa ted  with base surge depos i t s ,  abundant l i t h i c s ,  

.weakly ves icu la ted  juveni le  c l a s t s ,  impact sags common. 

Vul canian - Moderately sheet-forming, abundant f i n e s ,  abundant 

l i t h i c  c l a s t s ,  associa ted  with small p y r o c l a s t i c  ( scor i a  and ash) . 

flows. 

P l in ian  and Sub-plinian - Strongly sheet-forming, but  mantling, 

lower f r a c t i o n  o f  f i n e s ,  s i n g l e  bed of decimeters t o  meters th ickness ,  

s t rong ly  ves icu la ted  pumice, may have inver se  s ize-grading,  maybe 

associa ted  w i t h . p y r o c l a s t i c  flow and surge depos i t s .  

Ignimbri te  fofming (ash flow) - Sheet-forming, d e p r e s s i o n - f i l l i n g ,  : 

t h i ck  (meters t o  100's meters) depos i t s  formed by col lapse  o f  p1ini .m-  

type erupt ion  columns o r  weakly convective columns. 

Pel6an - Dome growth accompanied by explosive a c t i v i t y  producing 

a i r - f a l l ,  p y r o c l a s t i c  flow and surge  deposi t s .  
. . 



r e s t r i c t e d  a reas  while draping a l l  b u t  t h e  s t e e p e s t  topography (Fig. 4a) .  

They a r e  genera l ly  well  s o r t e d  (04<2.0) - and sometimes show i n t e r n a l  s t r a t i f i -  

ca.tj,on due t o  v a r i a t i o n s  i n  e rup t ive  column condi t ions .  F a l l  depos i t s  a r e  

produced by p l i n i a n ,  sub-pl in ian  and vulcanian erupt ions  and as  an accessory 

t o  some p y r o c l a s t i c  flow erupt ions .  

2) P y r o c l a s t i c  surge  depos i t s  r e s u l t  from a pu l sa t ing  s e r i e s  of  explosions i n  

which a sequence of  d i l u t e  dens i ty  flows t h a t  a r e  b las t ed  outward from t h e  vent 

r a p i d l y  d i s s i p a t e  t h e i r  k i n e t i c  energy. Surge formation involves t h e  l a t e r a l  

movement, of pyroc las t s  a s  expanded, t u r b u l e n t ,  low concentrat ion gas-sol id  

d i s p e r s i o n s .  Deposits do mantle topography but  tend t o  accumulate more t h i c k l y  

i n  depress ions  (Fig.  4c) .  C h a r a c t e r i s t i c a l l y  they show u n i d i r e c t i o n a l  sed i -  

mentary bedforms ( c r o s s - s t r a t i f i c a t i o n ,  dunes, p lana r  lamination,  ant idunes,  

pinch and swell  s t r u c t u r e s ,  and chute and pool s t r u c t u r e s )  and ind iv idua l  

laminae a r e  genera l ly  wel l -sor ted  (,Fisher and Waters, 1970; Waters and Fisher ,  

1971; Crowe and Fisher ,  1973; Schmincke e t  a l . ,  1973; Schmincke e t  a l . ,  1973; 

Sparks,  1976 ; Wohletz and Sheridan, 1979). 

P y r o c l a s t i c  surges range from r e l a t i v e l y  low temperature base Surges tu 

high temperature ground surges r e l a t e d  t o  vulcanian-type explosions,  d i r e c t e d  

b l a s t s ,  o r  co l l aps ing  erupt ion  columns. Surge b l a s t s  o f t en  i n t e r a c t  with 

m a t e r i a l s  o f  o t h e r  o r i g i n  by incorpora t ing  fragments o r  modifying primary 

.text.llres. Ver t i ca l  g rada t iona l  con tac t s  from f a l l  through surge  t o  flow a r e  

common (Fig. 1 ) .  Tables 3 and 4 summarize p y r o c l a s t i c  surge erupt ion  and 

d e p o s i t s  (afrer  Wrig11~ eL a 1  . , i n  p r e s s ) .  

3) P y r o c l a s t i c ' f l o w  d e p o s i t s  involve t h e  l a t e r a l  movement o f  pyroc las t s  a s  a  

g rav l ty -con t ro l l ed ,  h o t ,  high concentra t ion  gas - so l id  d?spersion,  which may i n  

some i n s t a n c e s  be  p a r t l y  f lui .dized (Sparks, 1976). This c l a s s i f i c a t i o n  i n -  

c ludes  a l l  flows t h a t  a r e  denser  than a i r ;  ash flows (more s t r i c t l y  pumice and 

ash flows) a r e  t h e  most voluminous type.  Deposits a r e  topographica l ly  con t ro l l ed ,  



Flow 

Surge 

Figure 4 .  Geomorphic re lat ions  of the three main types of , -  

pyroclastic  deposit overlyGg the same topography. 



TABLE 3. GENETIC CLASSIFICATION OF PYROCLASTIC SURGES 

ESSENTIAL FRAGMENT ERUPTIVE MECHPiNISM TYFE OF SURGE HISTORIC EXAMPLES COMMENTS 

VESICULATED - COLLAPSE OF k PEXEATO- -- BASE SLTGE - TAAL, PHILIPPINES , Base surges  r e s u l t  from t h e  
NON-VESICULATED MAGMATIC ERUPTICN 1965, 1966; CAPELINHOS, explos ive  i n t e r a c t  ion  of mag- 

COLUMN FAIAL, AZORES, 1957-1958 mat ic  m a t e r i a l  and water  and 
a r e  consequently cool .  They 
a r e  o f t e n  a s s o c i a t e d  wi th  maar 
volcanoes and t u f f  r i n g s .  The 
h i s t o r i c  examples descr ibed  a r e  
both b a s a l t i c  bu t  o lde r  phono- 
l i t i c  base su rges  a r e  known 
from t h e  Laacher See a r e a ,  
Germany (Schmincke e t  a l . ,  
1973) and r h y o l i t i c  ones from 
t h e  Minoan e rup t ion  of Santo- 
r i n i  (Bond and Sparks, 19 76) . 

VESICULATED 
NON-VESICULATED 

ACCOMPANYTNG PYRD- XSSOCIATED WITE X R O -  Ground surge ,  a l though o r ig in -  
CLASTIC FLOWS CLASTIC FLOWS a l l y  introduced by Sparks and 

r / Walker (1973) t o  encompass a l l  

GRO3NT.I SURGE p y r o c l a s t i c  surges ,  i s  he re  
used t o  d e s c r i b e  those  su rges  
found a t  t h e  base of pyroclas-  - 

ALSO ASSOCIATED WITH 
/ -\ 

XSKJA, ICELAND 1875; flow d e p o s i t s ,  a s  we l l  a s  those  

AIR-FALL DEPOSIT 3 BY 'IESWJIUS m 7 9  -produced wi thout  any accompany- 

COTAAPSE OF AJl EXUP- 
ing p y r o c l a s t i c  flow. 

Tim COLUMI BUT 
WITBOUT Gl37ERBTION 
OF PYROCLASTIC FLOW 

\ 
ASH CLOUD MT. PELEE, MARTIMIQUE:; Ash* cloud su rges  (F isher ,  1979) 

SURGE 1902 a r e  t h e  t u r b u l e n t ,  low d e n s i t y  
f lows der ived  from t h e  over r id-  
ing gas-ash cloud of p y r o c l a s t i c  
flows. These may i n  some cases  

.. become detached from the  pa ren t  
. p y r o c l a s t i c  flow and move inde- 

pendent ly . w 
W 
Co 



TABLE 4. DISTINCTIONS BETWEEN BASE SURGES AND GROUND SURGES, 
AND THEIR DEPOSITS 

BASE SURGES 

formed by h o r i z o n t a l  b l a s t  accompanying 
v e r t i c a l  e r u p t i o n  column 

GROUND SURGES 

formed by f low f r o n t  p roces ses  a t  head 
of p y r o c l a s t i c  f low o r  d i r e c t e d  b l a s t  

wet,  involv ing  groundwater d ry ,  magmatic gas  on ly  

range  up t o  1 0  km from source  
bu t  u s u a l l y  <5 km 

BASE SURGE DEPOSITS 

found i n  d e p o s i t s  around maars 
o r  t u f f  r i n g s  

u s u a l l y  a s s o c i a t e d  w i t h  monogenetic 
volcanoes ( i . e .  t h o s e  t h a t  e r u p t  once 
only:  e.g.  Capelinhos, 1957) 

most ly c o n t a i n  bo th  j u v e n i l e  (magmatic) 
and accessory  m a t e r i a l  bu t  can have no 
j u v e n i l e  m a t e r i a l  i f  produced by a t r u e  
p h r e a t i c  e r u p t i o n  

show c r o s s  bedding, p i n c h a n d  swe l l  
( l enso id )  bedding, p l a s t e r i n g  a g a i n s t  
v e r t i c a l  o b s t r u c t i o n s  

wegetat io.n i s  des t royed  and. f l a t t e n e d  
bu t  n o t  char red ;  v e g e t a l  ma t t e r  may be  
incorpora ted  i n t o  d e p o s i t s  

a r e  of t e n  i n t e r s t r a t i f  i e d  w i t h  beds 
con ta in ing  a c c r e t i o n a r y  l a p i l l i  

beds may show p l a s t i c  deformation 
under bomb sags  

c o a r s e  t o  f i n e  g r a i n - s i z e  depending on 
d i s t a n c e  from source.  ~ Poorly s o r t e d  
wi th  some l a r g e  blocks and' many f i n e s  

base  su rge  d e p o s i t s  o f t e n  become ' 

consalidated and indurated forming 
a h y a l o c l a s t i t e  t u f f  (pa l agon i t e  t u f f  
i n  t h e  c a s e  of b a s a l t i c  d e p o s i t s )  

r ange  up t o  many 1 0 ' s  lan from 
source  

GROUND SURGE DEPOSITS 

most o f t e n  a s s o c i a t e d  wi th  a s h  f lows  
( ign imbr i t e s )  b u t  a l s o  wi th  o t h e r  
p y r o c l a s t i c  f low d e p o s i t s  

found around c a l d e r a s ,  s t ra to-volcanoes  
and domes 

g e n e r a l l y  composed of j u v e n i l e  m a t e r i a l  , 
b u t  ground surges  of mainly l i t h i c  
(accessory)  m a t e r i a l  a r e  known t o  e x i s t  

c r o s s  bedding l e s s  d i s t i n c t  (may be l e s s  
e f f i c i e n t l y  maintained because l a c k  
cohes iveness  of wet base  s u r g e  d e p o s i t s )  

of t e n  c o n t a i n s  cha r r ed  wood, i n d i c a t i n g  
v e g e t a t i o n  des t royed  by h o t ' g a s e s  

may only  r a r e l y  be  a s s o c i a t e d  with beds 
con ta in ing  a c c r e t i o n a r y  l a p i l l i  

no bomb sags  

g e n e r a l l y  poor ly  s o r t e d  bu t  l a c k  f i n e s .  
Large b locks  may be  t r a n s p o r t e d  s e v e r a l  
k i lome te r s  i f  s l o p e  i s  f a v o r a b l e  

g e n e r a l l y  non-consolidated 



f i l l i n g  v a l l e y s  and depress ions  (Fig. 4b). They a r e  poorly-sorted and some- 

t imes  show c o a r s e - t a i l  grading (Smith, 1960a; Sparks, 1976). Poor s o r t i n g  i n  

flow d e p o s i t s  i s  a t t r i b u t e d  t o  high p a r t i c l e  concentrat ion and not  turbulence ,  

wi th  t h e  dominant flow mechanisms probably being laminar and/or plug flow 

(Sparks, 1976). Individual  depos i t s  genera l ly  lack i n t e r n a l  s t r a t i f i c a t i o n ,  

a l though superpos i t ion  o f  a number o f  flow u n i t s  (each flow u n i t  being regarded 

a s  t h e  depos i t  o f  a s i n g l e  p y r o c l a s t i c  flow) can g ive  t h e  appearance o f  

s t r a t i f i c a t i o n .  They sometimes conta in  f o s s i l  fumarole p ipes  i n  which t h e  f i n e  

ash f r a c t i o n  has been l o s t  making t h e  p ipes  enriched i n  c r y s t a l s ,  l i t h i c s  o r  

v e s i c u l a r  fragments (Walker, 1971, 1972; Roobol and Smith, 1975). 

There i s  probably a complete gradat ion  from high concentra t ion ,  high 

d e n s i t y  p y r o c l a s t i c  flows t o  low concentra t ion ,  low dens i ty  surges .  ~ n d e e d ,  

ash-cloud surge d e p o s i t s  represent  t h e  l a t e r a l  equivalents  o f  p y r o c l a s t i c  

flows (F i she r ,  1979). O f  course,  surges a r e  a type of  flow, but  t h e  term pyro- 

c l a s t i c  flow has t r a d i t i o n a l l y  been assoc ia ted  with high concentra t ion  flows 

and it i s  appropr ia te  he re  t o  consider  t h e  fundamentally d i f f e r e n t  types of  

d e p o s i t s  produced by flows and surges separa te ly .  Table 5 summarizes t h e  

known types  o f  p y r o c l a s t i c  flow depos i t s  ( a f t e r  Wright e t  a l . ,  i n  p r e s s ] .  

4) Explosion b recc ias  a r e  t h e  r e s u l t  of  v i o l e n t  b u r s t s  o f  energy tha t . f ragment  

magma, l ava ,  o r  country rock. They a r e  commonly produced by p h r e a t i c  o r  

phreatomagmatic explosions.  The depos i t s  formed may sometimes be e s s e n t i a l l y  

i n  p l a c e ,  a s  i n  t h e  case of  vent  o r  p ipe  b r e c c i a s ,  but  t y p i c a l l y  they form a 

peel-back blanket around t h e  vent .  Emplacement o f  explosion b recc ia  d i f f e r s  

from t h a t  of  a i r - f a l l  i n  t h a t  it i s  a mass turn-out  o f  ma te r i a l ,  commonly with 

an i n v e r t e d  s t r a t i g r a p h y  ( the  e f f e c t  of  a i r  drag  on s i z e  s o r t i n g  of  fragments 

be ing n e g l i g i b l e ) .  Breccia p ipes ,  t h e  exhumed conduits  o f  maar-type volcanoes, 

a r e  thought t o  be produced l a r g e l y  by phreatomagmatic erupt ions  and a r e  o f t en  

s i t e s  f o r  minera l iza t ion .  
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TABLE 5. TYPES OF PYROCLASTIC FLOWS 

ESSENTIAL FMGMENTS ERUPTIVE MECHANISM PYROCLASTIC FLOW ' DEPOSIT COMMENTS 

NOG-VESICULATED 

VESICULATED Large volume d e p o s i t s  formed by 
cont inuous  c o l l a p s e  of a p l i n i a n  

EXPLOSIVE-LAVA DEBRIS FLOW-BLOCK AND - Small volume d e p o s i t s ,  u s u a l l y  

/ ( N U ~ E  ARDENTE) ASH DEPOSIT a n d e s i t e  o r  d a c i t i c  i n  composi- 
t ion .  

LAvA/DOME COLLAPSE 

A 

\ 
GRAVITATIONAL-LAVA DEBRIS FLOW BLOCK AND - Small volume d e p o s i t s  u s u a l l y  - 

( N U ~ E  ARDENTE) ASH DEPOSIT a n d e s i t i c  o r  d a c i t e  i n  composi- 
t ion .  

e r u p t i o n  column as envisaged by 
Sparks e t  a l .  (1978). S i l i c i c  i n  

/ composit ion.  
PUMICE FLOW - IGNIMBRITE, 

/ 
PUMICE AND 
ASH DEPOSIT 

\ Small volume d e p o s i t s  probably 
formed by i n t e r r u p t e d  column 

ERUPTION COLUMN COLLAPSE 
c o l l a p s e  a s  i n  t h e  c a s e  of s c o r i a  

\ 
f lows desc r ibed  below. Intermed- 
i a t e  t o  s i l i c i c  i n  composit ion.  

SCORIA FLOW - SCORIA AND - Small volume d e p o s i t s  probably  
ASH DEPOSIT formed by i n t e r r u p t e d  column 

c o l l a p s e  produced by s h o r t  explo- 
Decreas ing s i o n s  ( s e e  Nairn and S e l f ,  1978).  
average  d e n s i t y  B a s a l t  t o  a n d e s i t e  i n  composit ion.  
of j u v e n i l e  c l a s r s  Some d e p o s i t s  do c o n t a i n  l a r g e  un- 

I v e s i c u l a t e d  b locks  e .  g. t h o s e  of 
Ngauruhoe 19 75. 



Deposits a r e  commonly a s i n g l e  u n s t r a t i f i e d ,  nongraded bed t h a t  mantles 

e x i s t i n g  topography. I t  may be interbeddcd with o r  gradational  i n t o  inverse ly-  < 

graded avalanche depos i t s ,  a i r  f a l l  beds, o r  s t r a t i f i e d  surgc deposi ts .  The 

th ickness  i s  uniform a t  t h e  outcrop s c a l e ,  exceeding a few meters only f o r  

excep t iona l ly  l a r g e  explosions.  There i s  genera l ly  a r egu la r  decrease i n  

th ickness  and s i z e  o f  c l a s t s  with d i s t ance- f rom t h e  vent ,  ye t  some explosion 

b r e c c i a s  show t h e  inverse  r e l a t i o n s h i p  (Self e t  a l . ,  1980). Impact sags 

conta in ing blocks o r  bombs a r e  present a t  t h e  base of ,the deposi t  and beyond 

t h e  continuous b lanket .  

5) Volcanic mud flows ( l ahars )  a r e  water-mobilized flows of  f r e s h l y  deposited 

p y r o c l a s t i c  e j e c t a  and may be associa ted  with p h r e a t i c  and phreatomag~natic 

a c t i v i t y ,  o r  subsequent re-mobil izat ion of flow o r  f a l l  deposi ts  by r a i n f a l l .  

There i s  a gradat ional  t r a n s i t ;  nn from surgo and flow depusirs  i n t o  l ahars .  In 

rcgions  of high r a i n  f a l l  they may be very l a rge  and voluminous. They a r e  

sometimes hard t o  d i s t i n g u i s h  f rnm pyroc las t i c  flow depusirs  i n  t h e  f i e l d .  

Excel lent  desc r ip t ions  of l ahars  a r e  given by Crandell (1971) and Neal1 (1976). 

Each uf the  above f i v e  emplacement mechanisms produces deposirs  w i t h  

v a r i a b l e ,  but  d i s t i n c t i v e ,  f ea tu res  t h a t  a r e  genera l ly  adequate f o r  i d e n t i f i c a -  

t i o n .  The next major s e c t i o n  gives f u r t h e r  d e t a i l s  on t h e  main f i e l d  charac- 

t e r i s t ics  o f  sub-aer ia l  p y r o c l a s t i c  deposi ts .  u 

Subaqueous Deposition o f  Pyroc las t i c  Deposits 

The depusi t ion  of p y r o c l a s t i c  f a l l  mater ia l  i n t o  water produces beddcd 

t o  laminated deposits. with d i f f e r e n t  gra in  s i z e  c h a r a c t e r i s t i c s  than t h e  equi-  

v a l e n t  subaer ia l  depos i t .  Many f a c t o r s  a re  involved, inc luding water depth and 

typc  of  p y r v c l a s t i c  p a r t i c l e .  One important point  i s  t h a t  pumice genera l ly  

decreases  i n ' d e n s i t y  with inc reas ing  s i z e  and t h i s  may give an inverse  s i z e  

grading i n  wa te r l a in  deposi ts .  Also b igger  pumice c l a s t s  f l o a t  f o r  longer. 



A l l  th ings  considered aqueous f a l l  deposi ts  should s t i l l  be recognizable by 

t h e i r  gra in  s i z e  c h a r a c t e r i s t i c s .  

Pyroclas t i c  surges may t r a v e  1 across water (e. g. Taal , 1965 erupt ion : 

Moore e t  a l . ,  1966), although recognizable o f  c h a r a c t e r i s t i c s  surges may be 

o b l i t e r a t e d  by in tervening bodies of water.  

Pyroclas t ic  flows a r e  genera l ly  denser than water (estimated d e n s i t i e s  a r e  

1.2-1.7; Sparks, 1976; Sparks e t  a l . ,  1980) and may be ab le  t o  e n t e r  water  

v i r t u a l l y  imdisturbed. They should t r a v e l  underwater and leave deposi ts  s t i l l  

recognizable a s  pyroc las t i c  flows by t h e i r  t e x t u r e  and character .  Such rock 

bodies have been described by Fiske and Matsuda (1964) and Roobol (1976), but 

a r e  i n  need of b e t t e r  documentation. 

CHARACTERIZATION OF PYROCLASTIC DEPOSITS AND ERUPTION 

SEQUENCES BY FIELD 'EXAMINATION 

This sec t ion  deals  with use fu l  concepts and recent  developments i n  t h e  

understanding of  eruption mechanisms v i a  t h e  r e s u l t i n g  depos i t s .  I t  encom- 

- 4  passes f a l l  (p l in ian ,  sub-plinian and vulcanian) , surge and p y r o c l a s t i c  flow 

t t  deposi ts  of  both magmatic and phreatomagmatic types .  

Pyroc las t i c  f a l l  deposi ts  may be c l a s s i f i e d  by t h e i r  d i spe rsa l  p a t t e r n  and 

degree of  fragmentation, following Walker (1973). The d i spersa l  (D) i s  defined 

a s  t h e  area  i n  square ki lometers within t h e  isopach contour equivalent  t o  1% of 

t h e  maximum thickness .  The degree of fragmentation (F) i s  defined a s  t h e  

f r a c t i o n  l e s s  than 1 mm i n  the  deposit  along t h e  d i spersa l  a x i s  where t h e  

th ickness  is 0.1 of t h e  maximum thickness .  The deposit  i s  considered cone-l ike 

2 
nr shee t - l ike  depending on whether D i s  l e s s  than o r  g r e a t e r  than 5 km . 
Phreatomagmatic erupt ions  genera l ly  produce deposi ts  with h igher  values of F, 

except f o r  very powerful p l i n i a n  eruptions,~ 'where fragmentation i s  a l s o  h igh.  

According t o  Walker (1973), deposi ts  from t h e  common erupt ion types can be 

separa ted  on a diagram o f  F vs  . D (Fig. 5) . 



. Figure  5 .  c l a s s i f i c a t i o n  .scheme of p&pcl,ssLic f a l l  d e p o s i t s  a f t e r  Walker (1973).  P l o t  of F  
(wt. percentage of d e p o s i t  f i n e r  than  1 mm on t h e  a x i s  of d i s p e r s a l  where i t  i s  crossed  by 0.1 
T I . isopach) a g a i n s t  D ( t h e  a r e a  exclosed b:r t h e  0.01 T isopacl:) ; U l t r a p l i n i a n  'has been.  

, i s g o d u c e d  by Welker (1979) f o r  t h e  mcst  widely d i s p e r s e x a t l i n i a n  f a l l  d ~ p o s i t s .  Dashed boundaries 
a r e  a r b i t r a r y .  . 
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Due t o  t h e  g rea t  v a r i e t y  of erupt ion  types and i n i t i a l  s i z e  d i s t r i b u t i o n s ,  

t h e r e  i s  a wide d i v e r s i t y  i n  t e x t u r a l  f e a t u r e s  of  a i r - f a l l  depos i t s .  These 

a r e  b r i e f l y  summarized i n  Table 2. 

Primary a i r - f a l l  t e x t u r e s  a r e  sub jec t  t o  modificat ion by many f a c t o r s .  

Widespread inverse  grading i n  p l i n i a n  and subpl in ian  depos i t s  can be produced 

by changing condi t ions  i n  t h e  vent and erupt ion  column. Increasing vent  s i z e  

:nay promote higher erupt ion  columns which would produce an inversely-graded 

bed; f l u c t u a t i o n s  i n  column height  may produce more than one inversely-graded 

f a l l  u n i t  (Se l f ,  1976; Wilson, 1976). Also, a i r - f a l l  deposi t s  may l o c a l l y  

occur with t h i c k  inver se ly  graded beds where t h e y  have avalanched down s t eep  

s lopes .  

Hot fragments may be s o f t  enough t o  fuse  on contac t  producing welded 

s c o r i a  o r  welded pumice l aye r s  near  t h e  vent (Sparks and Wright, 1979) and 

these  a r e  p a r t i c u l a r l y  common i n  a l k a l i n e  and p e r a l k a l i n e  r h y o l i t e  magmas. The 

deposi t  may resemble a weldcd ignimbri te  (ash-flow) but should be d i s t ingu i sh -  

able  by morphology (Fig. 4) and l imi ted  l a t e r a l  ex ten t .  Surges o r  flows 

contemporaneous with o r  following a i r - f a l l s  may incorpora te  t h e i r  c l a s t s  t o  

form a complete spectrum o f  mixed depos i t s .  F ina l ly ,  f ine-gra ined a i r - f a l l  

depos i t s  can e a s i l y  be eroded by sheet-wash t o  produce l aha r s .  

Pyroc las t i c  surge depos i t s  are found i n  severa l  a s soc ia t ions .  F i r s t l y ,  

they occur i n  the  depos i t s  o f  t u f f - r i n g s  which surround f lat-bottomed,  d ish-  

shaped explosion c r a t e r s  c a l l e d  maars (Wohletz and Sheridan, 1979) and i n  t u f f -  

conos. These a r e  base surge depos i t s  (Moore, 1967); t h e i r  occurrence i s  no t  

r e s t r i c t e d  t o  any p a r t i c u l a r  composition o f  magma. Very f requent ly  these  

cross-bedded depos i t s  have been mistaken f o r  water - la in  ash.  Sheridan and 

Updike (1973) recognized rhree prominent herldi.ng types 1)  sandwave, 22 massive 

and 3) p lana r .  S tudies  o f  f u r t h e r  examples l ed  t o  a  f a c i e s  concept f o r  t h e  

\ 



d i s t r i b u t i o n  o f  t h e s e  bedforms around a source c r a t e r .  Facies change r e f l e c t s  

t h e  d e c e l e r a t i o n  o f  t h e  surge  cloud. Fig. 6 shows a simple f a c i e s  model f o r  

a base surge d e p o s i t :  t h e  sandwave bedding charac te r i zes  t h e  f a s t e s t ,  high- 

energy flow regime, t h e  massive beds t h e  medium energy regime, where a l a r g e  

p a r t  o f  t h e  suspended load has subsided t o  become a bed load,  and t h e  p lana r  

beds a r e  produced by t h e  slowest  surge  t r anspor t  i . e .  ground l e v e l  grain-flow. 

Examples o f  depos i t s  produced by sequences t y p i c a l  o f  t u f f  r i n g  and t u f f  cone- 

forming e rup t ions  a r e  shown i n  Fig. 7. 

Ground surges and ash cloud surges (Fisher ,  1979) a r e  prodllced by thc  

rncchan i s~~~  n f  p y r o c l a s t i c  fluw and a r e  o f t en  associa ted  with ash flows. Ground 

su rges  may a l s o  be produced by separa te  b l a s t  e rupt ions  (Sparks and Walker, 

1973). Fig.  8 shows a t y p i c a l  example of  the  occurrence o f  ground surge and 

ash-cloud surge from t h e  Bandelier  Tuff ,  New Mexico. 

P y r o c l a s t i c  flows occur over an e igh t -o rde r  volume range (Smith, 1960a) 

from small  s c o r i a  and ash flows l i k e  those  of t h e  1968 erupt ion  o f  Mayon volcano 

(b16ore and Melson, 1969) t o  g r e a t  ash flows t h a t  deposi ted t u f f  s h e e t s  l i k e  the  

Bandelier  Tuff (Smith and Bailey,  1966) around l a rge  ca ldcras  (Table 5 ) .  A t  

one extreme a r c  pyruc lase ic  avalanches such a s  those a t  Ngauruhoe (Nairn and 

S e l f ,  1978) t h a t  r e s t  with angles of repose from 6" t o  25' on t h e  f l anks  of 

composite volcanoes. A t  t h e  o t h e r  cxtreme a r e  l a r g e  p y r o c l a s t i c  flows with 

excess ive  mobi l i ty  t h a t  have surmounted topographic b a r r i e r s  a t  g rea t  d i s t ances  

(e. g . t h e  I t o  flow : Yokoyama , 1 974) . 
The fundamental depos i t  formed by t h e  !lassage nf  a s i ~ ~ g l c  flow i s  a 

p y r o c l a s t i c  -flow u n i t  (ash flow of Smith, 1960a). The general  c h a r a c t e r i s t i c s  

o f  p y r o c l a s t i c  flows have been reviewed by Smith (1960a) and Ross and Smith 

(1961). Cur re~ l t  models of  generat ion and emplacement of  p y r o c l a s t i c  flows have 

been descr ibed by Sheridan (1979). The th ickness  of p y r o c l a s t i c  flow u n i t s  

ranges from 0.05 m t o  more than 100 m,  with a mean th ickness  between 1 and 10 m: 



STAGE I 
SANDWAVE BED DEPOSITION 

.! . . .  . . - \ ,  . 
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8 > 0.9 
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STAGE 11 
MASSIVE BED DEPOSITION 

STAGE m 
PLANAR BED DEPOSITION 

Figu re  6a. Diagrammatic i l l u s t r a t i o n  of a  su rge  cloud a t  t h r e e  scages of 
..its development: S tage  I near  the. v e n t ,  S tage  I1 a t  i n t e r m e d i a t e  d i s -  
t ances  from t h e  ven t ,  and S tage  111 n e a r  t h e  terminus of i t s  f low.  During 
S tage  I, f low i s  h igh ly  i n f l a t e d  (4 > 0 .9 ) ,  and d e p o s i t i o n  of sandwave beds 
r e s u l t s .  A t  S tage  I1 t h e  cloud has  d e f l a t e d  (0.6 < 4 < 0 .9 ) ,  w i t h  lnassive 
bed d e p o s i t i o n  r e s u l t i n g .  F i n a l l y ,  a t  S tage  111, t h e  c loud  has  d e f l a t e d  
u n t i l  i t  i s  a n  avalanching-type f low (0 .5  < $I < 0.6), p l a n a r  beds a r e  de- 
posited, and t h e  flow. s t o p s  ( a f t e r  Wohletz and Sheridan,  1979). 



Planer facies 

%pJ 
SURGE FACIES DISTRIBUTION 

Figure 6b, Dlagrarnrnatic Illustration 
of surge facies distribution arn1.1nd a 
hydromatu~arlc vent after Wohletz (1980). 



Surge 

Surge 
Surge 

Breccia 
Figu re  7. Diagrammatic s t r a t i g r a p h i c  s e c t i o n s  showir-g t y p i c a l . d e p o s i t  sequences f o r  a  t u f f  cone and a  t u f f  
r i n g ,  a f t e r  Wohletz (1980). 



BANDELIER TUFF 
Composlte Columnar Section 

PoJorito Plateau 

[T m-Ash flow deposit 

110 

Meters 

Zone of osh cloud deposits 

-Ash flow deposit 

Ground surge depo'sit 

foll (Tsonkowi Pumice b e d )  

Ground surge deposit 

ir foll (Guoje Pumice Bed) 

Basalt 

F i g u r e  8. Composite columnar s e c t i o n  of 
Bandel ie r  Tuff ,  P a j a r i t o  P l a t eau  a r e a ,  a f t e r  
Fishes (1979), 3hswing gruund su rge  under 
ash f low u n i t  and ash cloud (sllrge) above. 



The run-out may extend t o  more than 100 km, but  it i s  genera l ly  much more 

r e s t r i c t e d .  

A complete e rup t ive  episode may produce numerous p y r o c l a s t i c  flows a s  well 

a s  f a l l s ,  surges,  and lavas .  Pyroc las t i c  flow depos i t s  commonly d i sp lay  a 

"standard ignimbri te  flow un i t "  (Sparks e t  a l . ,  1973; Sparks, 1976) (Fig. 1 ) .  

An inversely-graded p l i n i a n  a i r - f a l l  deposi t  composed o f  coarse-grained angular  

l a p i l l i  commonly under1i .e~  ash-flow depos i t s  . Ground surge depos i t s  (Fig. 1, 

l a y e r  l ) ,  a t  t h e  t o p  of  t h e  a i r - f a l l  deposi t  may correspond t o  sandwave, massive 

o r  p lana r  f a c i e s ,  as defined by Wohletz and Sheridan (1979), depending on 

d i s t ance  from t h e  vent .  The overlying p y r o c l a s t i c  flow u n i t s  may have a f i n e -  

grained,  inversely-graded basa l  l a y e r  (Fig. 1, l a y e r  2a) due t o  shea r  (Sparks 

e t  a l . ,  1973). The main body of  t h e  flow u n i t  (Fig. 1, l a y e r  2b) may be e i t h e r  

uniform i n  t e x t u r e  o r  e x h i b i t  a normal grading of l i t h i c  fragments and an 

inverse  grading of  pumice (Sparks e t  a l . ,  1973). Fumarolic p ipes  may occur 

throughout flow u n i t s  (Smith and Bailey, 1966; Yokoyama, 1974; Sheridan and 

Ragan, 1976). Above some flow u n i t s  may be a coignimbri te  a i r - f a l l  deposi t  

(Fig. 1, l a y e r  3) of f i n e  ash depleted i n  l i t h i c  and c r y s t a l  fragments (Sparks 

e t  a l . ,  1973; Sparks and Walker, 1977). Eruptive sequences sometimes terminate . 
with l ava  ' ex t rus ion.  

Fu l l  development o f  the  above sequence a t  any one l o c a l i t y  i s  rare. Aetual 

sec t ions  a r e  genera l ly  more complex. In some cases a proximal co-ignimbri te  

l a g - f a l l  deposi t  occurs beneath one o r  more of t h e  p y r o c l a s t i c  flows (Wright 

and Walker, 1977). These a r e  composed o f . b l o c k s  too  heavy t o  be t r anspor ted  

hy p y r o c l a s t i c  f lows,  may comprise very th ick  basa l  b recc ias  nea r  l a r g e  vents .  

In d i s t a l  l o c a l i t i e s ,  2 p l i n i a n  a i r - f a l l  deposi t  of  f i n e  g ra in  s i z e  may 

occur below flow u n i t s  and extend beyond t h e  l i m i t s  o f  t h e  ash flow; surge  

depos i t s  a r e  lacking and flow u n i t s  have fewer l i t h i c  c l a s t s ;  concentra t ions  

o f  pumice occur a t  t h e  t o p  of flow u n i t s .  A l l  t h e  above observat ions  on 



p y r o c l a s t i c  flow depos i t s  may be f i t t e d  toge the r  a s  a  f a c i e s  model, .presented 

i n  Figure 9. Pa r t  a )  shows an idea l i zed  ash flow deposit  ( a f t e r  Wright e t  a l . ,  

1980) and p a r t  b )  shows i d e a l i z e d  proximal and d i s t a l  ash flow sequences ( a f t e r  

Sheridan,  1979). These f a c i e s  models a r e  probably appl icable  with s l i g h t  

modificat ion t o  p y r o c l a s t i c  flows of a l l  s i z e s ,  e s p e c i a l l y  those pumice-rich 

flows such as  ash-flows. The small ash-flows such a s  a r e  o f t en  associa ted  with 

e rup t ions  of a l k a l i n e ,  f luor ine - r i ch  magmas, e.g. the  Canary Is land ignimbrites 

(Schmincke and Swanson, 19671 , the  Tercei ra.  (Azores) ignimbri tes  (Sclf , 1376) , 

and t h e  Acatlan ign imbr i t e ,  Mexico (..T. V .  Illright, personal  communication) a1 1 : 

show f e a t u r e s  i n t e r p r e t a b l e  by these  models. Furthermore, they show severa l  

important  postemplacement f e a t u r e s ,  which w i l l  be discussed below. 

RHYOLITIC LAVA FLOWS AND DOMES 

l'he e f fus ion  of s i l i c i c  lava has been mentioned i n  two contexts  i n  t h i s  

s tudy,  both being common occurrences f o r  a l k a l i n e ,  F-rich r h y o l i t e s .  The 

f i rs t  i s  ex t rus ion  of  a  dome i n t o  a t u f f  r i n g  Cmaar) fnrmed by phreatomagmatic 

e rup t ion .  In t h i s  case t h e  dome would o v e r l i e  thinly-bedded surtseyan f a l l  

d e p o s i t s  with i n t e r s t r a t i f i e d  base surge beds composed of poorly ves icu la ted  

pumice, ash c r y s t a l s  and l i t h i c s .  The second i s  lava  ext rus ion following t h e  

f a l l ,  surge ,  p y r o c l a s t i c  flow erupt ion sequence, Here t h e  dome may be 

apparent ly  d i sassoc ia ted  i n  t h e  f i e l d  from t h e  o t h e r  depos i t s ,  o r  i t  may o v e r l i e  

any of them. I f  t h e  dome i s  in t ruded i n t o  t h e  same conduit a s  t h a t  used f o r  

t h e  p y r o c l a s t i c  e rup t ion ,  i t  should abut o r  o v e r l i e  proximal p l i n i a n  o r  sub- 

p l i n i a n  a i r - f a l l  depos i t s  and proximal-type ash flows (Fig. 9b).  In t h e  case of 

pos t -ca lde ra  domes, i f  a ca ldera  co l l apse  followed the  explosive erupt ion,  t h e  

lavas  may' be separated from t h e  preceding p y r o c l a s t i c  deposi ts  by f a u l t i n g .  

Whatever t h e  assoc ia t ion ,  viscous r h y o l i t e  lava  ext rus ions  a r e  f a i r l y  

s i m i l a r  i n  form. They form domes and t h i c k ,  stubby flows, genera l ly  known a s  

coulees .  Depolymerization o f  t h e  melt by high a l k a l i  content and f l u o r i n e  may 
* .  



FAClES MODEL OF FOR PYROCLASTIC DEPOSITS OF EXPLOSIVE ERUPTIONS, 
\ 

after Wright e t  a]., (1980) 

Co-ignimbrite Bag-fall deposit , 

/ * 
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, . 

Laterally very extensive 
co-ignimbrite ash-fall deposit 

Ignimbrite flow units 

Pyroclastic surge deposit 

Plinian fall deposit 

1 
Fine distal ash of plinian fall 

Figu re  9a. ~ a c i e s  model f o r  p y r o c l a s t i c  d e p o s i t s  of exp los ive  e rup t ions ,  a f t e r  Wright e t  a l . ,  (1980). 



PROXIMAL DISTAL 

Figure  9b.  P r o x i r n ~ l  and d i s t a l  f a c i e s  of i n t e r -  
mecia te  t o  l a r g e  p y r c c l a s t i c  flow u n i t s ,  £ roc  
Sheridan (1979) .  



s i g n i f i c a n t l y  lower t h e  v i s c o s i t y  of t h e  lava (Fig. 2 ) ,  r e s u l t i n g  i n  longer,  

th inner  lava  flows i n  a l k a l i n e  than i n  ca lc -a lka l ine  flows. Many domes grow 

by expansion due t o  new magma being i n t r u d e d . i n t e r n a l l y  (endogenous domes: 

Fig. l o ) ,  and flows form by ruptur ing  o f  the  dome I1skin1' followed by outflow. 

Emplacement i s  probably very slow. 

Several  zones a r e  developed with domes (Fig. 101: these  a r e ,  a )  more o r  

l e s s  massive o r  blocky cen te r  which may be cryptocrysta l l ine-glassy (but no t  

obsidian) r h y o l i t e  lava;  it may have pronounced j o i n t i n g  and a l s o  show some 

flow banding (alignment o f  phenocrysts and groundmass minerals)  on al l  s c a l e s  ; 

b) an ou te r  carapace gradat ional  t o  a ) ,  , o f  s t rong ly  flow-banded, layered  obs id ian  

and f ro thy  lava;  l o c a l  flow-banding may bear  no r e l a t i o n  t o  the  o v e r a l l  dome 

s t r u c t u r e ;  c )  a blocky (brecciated) top  and base made o f  r h y o l i t e  i n  a l l  

d i f f e r e n t  s t a t e s  of  ves icu la t ion ,  inc luding an underlying b recc ia ted ,  s c o r i  aceous 

zone which t h e  flow overran.  The high v i s c o s i t y  of  ext rus ion (lo8-1012 p o i s e s ) ,  

and cooling a t  t h e  su r face ,  produce a very b r i t t l e  mater ia l  which undergoes - 

much autobreccia t ion . ,  Talus s lopes o f  blocks a r e  cons t ructed  around t h e  domes. 

These e x t e r i o r ,  b recc ia ted  zones a r e  favored s i t e s  f o r  a l t e r a t i o n .  S p h e r u l i t i c  

l ava  may be more common i n  t h e  massive cen te r  p a r t s  o f  domes and flows, and i n  

t h e  ou te r  zones where t h e r e  a r e  obsidian l a y e r s ,  l i thophysae a r e  common. Fink 

(1980) has r ecen t ly  discussed fo ld ing f e a t u r e s  on the  surfaces  of  r h y o l i t e  flows. 

SECONDARY (POSTEhlPLACEMENT) FEATURES OF RHYOLITES 

Secondary changes can occur i n  r h y o l i t e s  r ega rd less  o f  t h e i r  temperature 

o f  emplacement, but  a r e  most in tense  i n  p y r o c l a s t i c  rocks t h a t  a r e  emplaced 

hot  (ash flows, welded a i r - f a l l s )  and i n  lavas .  Although t h i n  and cool pyro- 

c l a s t i c  depos i t s  r e t a i n  t h e i r  glassy c h a r a c t e r i s t i c s  and preserve t h e i r  primary 

emplacement t e x t u r e s ,  some deposi t s ;  e s p e c i a l l y  ash-flow t u f f s  ( i m i m b r i t e s ) ,  

cool s o  slowly t h a t  t h e i r  cha rac te r  i s  dominated by secondary textures.  S m i t h  
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Figu re  10. General ized schematix dfagram of e x t r u s i o n  and growth of a  endogenous dome f lows.  



(1960b) has described t h e  .main sebondary fea tu res  o f  ash-f low t u f f s  and many of 

these  a r e  app l i cab le  t o  lavas and (welded) a i r - f a l l s .  A t  emplacement tempera- 

t u r e s  above 550°C g lassy  fragments will p l a s t i c a l l y  depress and fuse  under 

load pressure .  Superimposed, on t h e  welded t u f f s  i n  a zonal p a t t e r n  of secondary 

c r y s t a l l i z a t i o n  t h a t  inc ludes :  d e v i t r i f i c a t i o n ,  granophyric c r y s t a l l i z a t i o n ,  

vapor phase c r y s t a l l i z a t i o n ,  formation of  fumaroles, and development of  l i t h o -  

physae and mia ro l i c  c a v i t i e s .  Af ter  i n i t i a l  cooling,  c i r c u l a t i n g  f l u i d s  may 

produce another  s e r i e s  of  zones with p o t a s s i c ,  z e o l i t i c ,  and r e l a t e d  a l t e r a t i o n s .  

A l l  of these  processes have an e f f e c t  on t h e  physical  and chemical p r o p e r t i e s  

of  t h e  rock mass and on r e s u l t i n g  minera l i za t ion ,  i f  any. The two major types 

of secondary changes a r e  discussed below. 

Welding i n  Pyroc las t i c  Deposits 

Welding i s  d i r e c t l y  r e l a t e d  t o  temperature a t  time of emplacement, th i ck -  

ness of  t h e  u n i t  and gas content .  Within an ash-flow u n i t ,  welding i s  almost 

always accompanied by pumice deformation due t o  overload. Both l a r g e  c l a s t s  

and t h e  shard matr ix  become o r i en ted  with t h e i r  long axes perpendicular  t o  

t h e  s t r a i n  d i r e c t i o n  (which i s  a l s o  sub-pa ra l l e l  t o  t h e  d i r e c t i o n  o f  f low) .  

Compression of these  juveni le  c l a s t s  produces f l a t t e n e d  e longate  fragments 

which p a r t l y  g ive  welded ash flow t u f f s  t h e  e u t a x i t i c  t e x t u r e  f i r s t  recognized 

by Fr i t sch  and Reiss (1868). In strongly-welded zones, such e longate  juveni le  

c l a s t s  may have a dense, b lack ,  g las sy  n a t u r e  and have been described a s  

fiamrne (Zavaritsky , 1947) o r  t 'f lamestt.  Intensely-welded zones a r e  a l s o  t h e  

most dense; i n  some ash flows t h e  c l a s t s  and matrix homogenize i n t o  a g lassy  

1 ayer (vi tmphyre )  . 
Smith (1960b) has proposed t h e  terms simple and compound cool ing  u n i t s .  

A simple cooling u n i t  i s  a s i n g l e  flow u n i t  o r  a s e r i e s  o f  flow u n i t s  showing 

a non-welded base and t o p  with t h e  zone of  most dense welding somewhere below 

t h e  middle o f  t h e  deposi t  (Sheridan and Ragan, 1976). Zones of  l e s s  dense 

welding w i l l  be exh ib i t ed  above and below t h e  most i n t e n s e l y  welded zone. Such 



simple u n i t s ,  comprising a number of flow u n i t s  t h a t  have cooled as  a s ing le  

u n i t ,  r e f l e c t  post-deposit ional  temperature equalization between flow un i t s .  

A compound cooling u n i t  r e s u l t s  from bu r i a l  of one cooling un i t  by another flow 

u n i t  (or s e t  o f  flow un i t s )  a f t e r  s u f f i c i e n t  time has elapsed t o  considerably 

cool t h e  t op  of t h e  u n i t  below. Figure 11 shows an ideal ized welding p r o f i l e  

f o r  a simple cooling u n i t ,  a s  represented by a densi ty  p ro f i l e .  Slow cooling 

i n  th ick  u n i t s  and t h e  weight of  overlying material  favor welding, but th ick- .  

ness  alone i s  probably not t h e  control l ing f ac to r ,  s ince  welding may occur i n  

u n i t s  of l e s s  than one meter thickness (Self ,  1976), e spec ia l ly  i n  peralkal ine  

ash flows. 

The emplacement temperature of pyroc las t i c  flows range from t h a t  of  steam 

f o r  block avalanches associa ted with phrea t ic  eruptions t o  near ly  magmatic 

values f o r  densely-welded shee t s .  The minimum temperature f o r  inc ip ien t  welding 

i n  r h y o l i t i c  cooli.ng u n i t s  10.  t o  40 m th ick i n  600" - + 25°C (Riehle, 1973). 

Therefore, nonwelded sheets  o f  comparable thickness and composition must have 

been emplaced a t  cooler  temperatures. 

Evidence from the  degree of welding and secnndary cr ) r s ta l l i aa t ion  suggests 

t h a t  many large  shee t s ,  such as  the  Bandelier Tuff (Smith and Bailey, 1966) and 

t he  Bishop Tuff,  show an increase  i n  crnplacement temperature with time (Kagan 

and Sheridan, 1972). The compaction p r o f i l e  calcula t ions  of Riehle (1973) may 

prove useful  i n  es t imat ing increas ing emplacement temperatures a t t r i bu t ed  t o  
ri 

l e s s e r  quan t i t i e s  of  ambient a i r  being mixed i n t o  the  eruptive column. An 

explanation i s  t h a t  progressi vel y deeper and h o t t e r  1 cvr.19 of the 11'13g1av chmbcr 

were tapped, as  i n  t h e  case of  t he  Bishop Tuff (Hildreth,  1979). 

We l d h g  i n  Alkaline and 'Peralkal ine  Ash-Flow Tuffs and Air-Fall ' Deposits 

Welded peralkal ine  t u f f s  exhibi t  several  t ex tu r a l  features  t h a t  suggest a 

d i f f e r e n t  mode of emplacement from t h e i r  ca lc-a lkal ine  counterparts  (Schmincke, 



Density 

F i g u r e  11. D e n s i t y  p r o f i l e  th rough  
t h e  Bishop Tuff i n  Owens V a l l e y ,  
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i n g  c o r r e s p o n d s  t o  t h e  zone o f  h igh-  
est d e n s i t y  (from Ragan and S h e r i d a n ,  
1972).  



1974). Many show evidence o f  pos tdeposi t ional  flowage (rheomorphism), i . e .  

t h e  flow was s o  p l a s t i c  upon stopping t h a t  it moved up t o  tens  o f  meters by 

secondary laminar creep.  Ver t i ca l  compaction has  produced most laminar welding 

f a b r i c s  i n  c a l c - a l k a l i n e  welded t u f f s  (Ragan and Sheridan, 1972; Sheridan and 

Ragan, 1976). Pe ra lka l ine  ignimbri tes ,  however, have undergone equal volume 

deformation (shear  s t r a i n )  p r i o r  t o  f i n a l  emplacement (Schmincke and Swanson, 

1967). The important d i f f e rences  between ca lc -a lka l ine  and p e r a l k a l i n e  welded 

t u f f s  a r e  a s  fol lows (Schmincke, 1974, p. 605-607) : 1) cooling u n i t s  a r e  t h i n  

(genera l ly  I e s s  than  30 m) , 2) cool ing  u n i t  volumes a r e  small ( l e s s  than 5 km3), 

3) round bubbles a r e  p resen t  i n  a previous ly  deformed matrix,  4) l a rge  gas 

c a v i t i e s  may be unre la ted  t o  ind iv idua l  c l a s t s .  Primary s t r u c t u r e s  t h a t  

i n d i c a t e  laminar flowage inc lude :  (a) extremely deformed pumice l a p i l l i  with 

f i n a l  shape r a t i o  up t o  100:l  o r  more, (b) pronounced l i n e a t i o n s  on p a r t i n g  

p lanes ,  (c) f o l d s  and ramp s t r u c t u r e s  on severa l  s c a l e s ,  and (d) p u l l - a p a r t  

s t r u c t u r e s .  For t h e s e  t u f f s  t h e  success ive  s t ages  o f  flowage, d e f l a t i o n ,  and 

compaction welding (Sheridan and Ragan, 1976) a r e  overlapping.  Welding i n  such 

flows i s  s o  rap id  t h a t  flowage and formatiur~ u 1  l a t e  gas c a v i t i e s  may t ake  

p l a c e  be fo re  the  shee t  has cuufled Lu 11s ~ninimum kd~1Cli11g Lell~pbsat~rr; .  lInn~;fil;\r 

welded t u f f s ,  e s p e c i a l l y  those  "rheoignimbrites" t h a t  show evidence o t  rheo- 

morghism. a r e  o f t e n  d i f f i c u l t  t o  d i s t i n g u i s h  from lava  flows on an outcrop 

s c a l e .  

Post  - --stal li za t ion  Processes 

Smith (1960b) desc r ibes  four  types o f  post-emplacement c r y s t a l l i z a t i o n  : 

d e v i t r i f i c a t i o n ,  vapor-phase c r y s t a l l i z a t i o n ,  granophyic c r y s t a l l i z a t i o n ,  and 

fumarolic  a l t e r a t i o n .  

Glass fragments i n  ash flow t u f f s  a r e  f r equen t ly  d e v i t r i f i e d  t o  micro- 



c r y s t a l l i n e  c r i s t o b a l i t e  and a l k a l i  f e ldspar .  This process occurs during 

cooling of t h e  t u f f  a s  a r e s u l t  of g las s  i n s t a b i l i t y  a t  high temperatures i n  

t h e  presence o f  v o l a t i l e s ,  and i s  most complete i n  th ick  u n i t s  when cooling 

i s  slow. D e v i t r i f i c a t i o n  proceeds from pyroc las t  boundaries inward; a x i o l i t i c  

s t r u c t u r e  r e s u l t s  from t h e  al2gnmen.t of c r y s t a l  f i b e r s  normal t o  shard boundaries. 

Vapor-phase c r y s t a l l i z a t i o n  may accompany t h e  compaction' of  t u f f s  and tends 

t o  be more pronounced i n  t h i c k e r  u n i t s  o r  where u n i t s  a r e  buried before  cooling 

i s  completed. Gas escapes from t h e  flow u n i t s  and t r a v e l s  upwards and outwards, 

e s p e c i a l l y  from t h e  zone o f  g r e a t e s t  welding. For t h i s  reason i t  i s  .often more 

obvious i n  t h e  upper p a r t s  o f  ash flow u n i t s .  Tridymite, c r i s t o b a l i t e ,  a l k a l i  

f e l d s p a r  and minor amounts of o t h e r  minerals  a r e  deposi ted i n  open spaces between 

I 
fragments o r  within t h e  pores o f  incompletely col lapsed pumice. ~ i t h o ~ h ~ s a l  

, and c r y s t a l - l i n e d  c a v i t i e s  may occur even wi th in  t h e  most densely-welded zones. 

Vapor-phase minerals  a r e  genera l ly  coarser-grained than those  r e s u l t i n g  from 

d e v i t r i f f  catlull. V a p o ~  .pha~e,  crystal l i z a t l o n  a l s o  accompanies d e v i t r i f i c a t i o n ,  

a s  v o l a t i l e s  a r e  expel led  from g l a s s  during d e v i t r i f i c a t i o n  (Lofgren, 1968). 

Granophyric intergrowths o f  quar t z  and a l k a l i  f e ldspar  wi th in  very th ick  

cool ing  u n i t s  may r e s u l t  from very slow cooling (Smith, 1960b), o r  from l a t e r  

conversion of  t r idymi te  and c r i s t o b a l i t e  t o  q u a r t z .  
\ 

Fumarolic a c t i v i t y  111ay a l t e ~  and cement i p i m b r i t e s ,  e s p e c i a l l y  i n  non- o r  

poorly welded zones (Allen and Zies, 1923; Lovering, 1957; Sheridan, 1970). 

Williams (1942) r epor t s  fwnarolic  depos i t s  o f  i r o n  oxide,  kao l in  and opal  from 

Cra te r  Lake, Oregon ash flow depos i t s .  S u l f a t e s  and ha l ides  a r e  common e l s e -  

where (Sto iber  and Rose, 1974). F i n a l l y ,  normal weathering and a l t e r a t i o n  of 

g l a s s  by pe rco la t ing  ground water may produce z e o l i t e s  and associa ted  minerals  

(Walton, 1975; Henry and Walton, 1978). The e f fec t iveness  of z e o l i t i z a t i o n  i n  

mobil izat ion o f  uranium i s  problematical .  Most uranium seems t o  be trapped i n  

p lace  i n  opal and Fe-Mn oxides (.Zielinski e t  a l . ,  1980). 
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ABSTRACT 

. . . - 
Two groups of topaz rhyolite flows and associated tuffs occur in 

, , . 
. . . . 

close proximity In the Thomas Range and peripheral to Spor Mountain in 

west-central Utah. The Topaz Mountain Rhyolite of the Thomas Range was 
. . 

emplaced 6 to 7 m.y. ago in at least three eruptive episodes and forms a 

flat-lying dissected volcanic plateau. The topaz rhyolite of the Spor 

Mountain Formation has been dated at 21 m.y. and has been tilted by 

basin and range faulting. Eruptive episodes for each rhyolite commenced 

with the emplacement of a series of ignimbrites, minor air fall sheets, 

and pyroclastic surge units, and were terminated by the effusion of 

rhyolite lavas. 

Outcrops of welded cooling units have been found within the 

tuffs of the Topaz Mountain Rhyolite, and thin fused zones sometimes 

occur in the pyroclastics immediately beneath the overlying rhyolite. 

These pyroclastic units consist of pumice in an ashy matrix and minor 

lithics of foreign volcanic rocks. Often a flow breccia consisting 

mostly of vitrophyric blocks is found above the tuffs. This flow 

breccia grades upward with increasing matrix and decreasing block size 

into the overlying holocrystalline gray rhyolite. Holocrystalline Topaz 

Mountain Rhyolite is markedly flow-banded, has a spherulitic groundmass, 

and is widely known for its lithophysae, which bear topaz, bixbyite, 

pseudobrookite, and other minerals. 



The Spor Mountain Formation has been divided into two members, 

the Beryllium Tuff and the capping Porphyritic Rhyolite, and was em- 

placed over Paleozoic quartzites and dolomites. Unique to the Beryllium 

~ u f f  are the great number of carbonate lithics that occur throughout 

its stratigraphic column. Fluorine, beryllium, lithium, niobium, tin, 

and uranium .mineralization occurs in the upper part of the ~ e r ~ l l i k  

Tuff directly under the Porphyritic Rhyolite associated with carbonate 

lithics altered to fluorite-chalcedony nodules and feldspathized glass 
. i 

shards. This restricted mineralization and alteration is areally 

extensive in the Beryllium Tuff and apparently is not associated with 

any permeability controls such as welding. The holocrystalline Porphy- 

ritic Rhyolite has a groundmass consisting of a mosaic of subhedral 

quartz and alkali feldspar (granophyric texture). with secondary topaz. 

It is not markedly flow-banded. Dark reddish brown mafic inclusions 

occur in the rhyolite around which have formed white halos containing 

miarolitic cavities with topaz crystals. 

A comparison of the vitrophyres from the Porphyritic Rhyolite 

and the Topaz Mountain Rhyolite shows the former enriched by a factor 

of at least five in beryllium, fluorine, lithium, tin, and uranium 

compared t o  the latter. The holocrystalline Porphyritic Rhyolite is 
. ' 

much depleted in beryllium, fluorine, and ~ l t s n ~ u r n  with respect to its 

vitrophyre and has concentrations of these elements about equal to 

those in .the holocrystalline Topaz Mountain Rhyolite, which is not 

significantly depleted in thes'e elements with respect to its vitrophyre. 



Evidently granophyric textures in the ~ o r ~ h ~ r i t i c  Rhyolite result from 

processes which also depleted the holocrystalline Porphyritic Rhyolite 

in beryllium, fluorine, and uranium. Both metals were probably mo- 

bilized by fluids rich in fluorine. Beryllium and uranium fluoride 

complexes in fluids expelled both upward and downward by the cool- 

ing Porphyritic Rhyolite or in groundwaters which leached unstable 

compounds formed by these fluids in the Porphyritic Rhyolite presumably 

are responsible for much of the mineralization and alteration at the top 

of the Beryllium Tuff. These fluoride complexes became unstable due to 

pH changes and decrease in total fluorine content brought about by 

I fluorite deposition. Other elements concentrated in this zone include 

arsenic, manganese, and tungsten, but not antimony, molybdenum, stron- 

tium, or zirconium. Both rhyolites belong' to a .clan of late Tertiary 

high-silica rhyolites (alkali or "rare metal1' rhyolites) recognized in 

much of the western United States. The rhyolites are probably also the 

extrusive equivalents of R-type or A-type granites. Initial depletion 

of thk source rock by partial fusion that produced the parent melt of 

the 21 m.y. old Porphyritic Rhyolite could have resulted in lower 

abundances of beryllium, fluorine, lithium, tin, and uranium in the 

second partial fusion that produced the parent melt of the 6-7 m.y. old 

Topaz Mountain Rhyolite. 
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INTRODUCTION 

Spor Mountain is located in west-central ~ t a h  approximately 45 

miles (72 km) northwest of Delta, Utah, and 100 miles (161 lad southwest 

of Salt Lake city, Utah. The area is bounded by the lines of latitude 

~39'40' and ~ 7 9 ~ 5 8 '  and the lines ot longitude ~ 1 1 3 ~ 0 0 '  and ~113~15'. 

A11 of this terrain is in western Juab County and appears on the Topaz 

Mountain and the Dugway Range 14 minute quadrangle sheets (~ig. 1). 

West-central Utah lies in the Basin and Range Province, and most 

ranges in this area trend northwest. Three ranges are traditionally 

included in the Spor Mountain area (Fig. 2). The largest i s  t h ~  Thomas 

Range, which covers an area of about 9 by 14 mlles (14 by 22 km) and is 

composed of late Tertiary topaz rhyolites. About 1 to 2 miles ( 1  to 3 

icm) west of the Thomas Range lies Spor Mountain, a northwest-trending 

range, 2 by 6 miles ( 3  by 10 km), composed of Ordovician to Silurian 

dolomites, quartzites, and shales with plugs and dikes of Tertiary topaz 

rhyolite. The Black Rock Hills, located 5 miles ( 8  km) north of Spor 

Mountain and 2 miles (3 km) west of the Thomas Range, are about 5 miles 

( 8  km) in diameter and are compsccd n f  Ordovician to Silurian sediments 

with some early Tertiary rhyolites. An intermontane valley, named the 

Dell, separates the Thomas Range from Spor Mountain. The valley is 

floored with Quaternary Lake Bonneville gravels and alluvium, but 

isolated outcrops of Paleozoic sediments and Tertiary rhyolites occur as 

small hills. A north-trending fault, known as the Dell Fault, lies on 
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the eastern flank of Spor Mountain in the Dell. Two broad &lluvial- 

filled valleys, Fish Springs Flat and the Dugway Valley, are located to 

the west and to the east, respectively, of the Spor Mountain area. 

The regional setting of the Spor Mountain rocks is shown in 

Figure 1. The neighboring ranges will be discussed beginning with the 
. . 

Simpson Mountains and then proceeding in a clockwise fashion around Spot 

Mountain (mostly from Morris, 1978). The Simpson Mountains, 1ocirCed 
- .  

30 miles (48 km) northeast of Spor Mountain, are a fault-block range 

composed of Precambrian metasedimentary, Paleozoic sedimentary, and 

Tertiary silicic intrusive rocks. The Sheeprock ~duntains are located 

40 miles (64 km) east-northeast of Spor Mnrintain. This range is similar 

to the Simpson Mountains except for the occurrence of beryl rosettes - 
and wolframite greisens in soma o f  the Tertiary silicic Ptifrusives 

(Cohenour, 1959, 1963). The Desert ~ou;ltains, located 30 miles (48 km) 

east of Spor Mountain, are grimari.1~ Tertiary silicic exrrusive and 

intrusive rocks and small exposures of Precambrian metasedimentary 

rocks. A basaltic shield volcano of Quaternary age which locally caps 

some Tertiary rhyolites is found 20 miles (32 km) southeaot of Spor- 

Mountain and is known as ~ u m a r n l ~ '  Butte. Immedia~ely souch of the 

Thomas Range and extending southward some 25 miles (40 km) are the 

Drum and Little Drum Mountains. These fault-block ranges are made up of 

Tertiary extrusive silicic rocks including some topaz rhyolites, Paleo- 

zoic sedimentary rocks, and some small Tertiary silicic plugs. A major 

arcuate fault system, known as the Joy Fault, 'cuts the northern Drum 

Mountains. The House Range lies 20 miles (32 km) southwest of Spor 

Mountain and is a fault-block of Paleozoic sedimentary rocks containing 



a Tertiary silicic stock. Twenty miles (32 km) to the west of Spor 

Mountain, across Fish Springs Flat, lies a body of fault-blocked Paleo- 

zoic sedimentary rocks known as the Fish Springs Range. Just to the 

west of the Fish Springs Range, 25 miles (40 km) west of Spor Mountain, 

are two domelike bodies of 5 m.y. old 'topaz rhyolite known as the 

Honeycomb Hills (~c~nulty and Levinson, 1964; Turley and others, 1979). 
. - 

The Deep Creek Range lies 45 miles (72 km) west of Spor Mountain and 

is a fault-block of Paleozoic sedimentary rocks overlying Precambrian 

granitic and metasedimentary rocks with some Tertiary silicic stocks 

.(Bick, 1966). Immediately north of the Thomas Range and extending 

15 miles (24 km) north is a fault-block of Paleozoic sedimentary rocks 

and some topaz rhyolite extrusives known as the Dugway Range. The 

Granite Mountains, 30 miles (48 km7 north of Spor Mountain, are Pre- 

cambrian granites cut by Tertiary lithophile-element-rich pegmatites 

.P with . -. a minor amount of metasedimentary rocks (Park, 1968; Moore and 

Sorensen, 1978). 

In this report, the beryllium, fluorspar, and uranium deposits 

near Spor Mountain will be informally grouped into the Spor Mountain 

Mining District (Shawe, 1968). The Thomas Range District (~ullock, 

1976) and the Topaz District  rover, 1961) have also been used to refer 

to this group of deposits. North of the Spor Mountain District, in the 

Dugway Range, the Dugway District has deposits of lead, zinc, copper, 

and silver (~taatz and Cart, 1964). The Detroit District, in the Drum 

Mountains, has deposits of manganese, copper, and gold (~indse~, 1979a). 



PURPOSE AND SCOPE OF STUDY 

This study was undertaken to investigate the two topaz rhyolites 

and their associated tuffs of the Spor Mountain District. Only one of 

these tuffs, the Beryllium Tuff, is known to be mineralized. The object 

of investigation was to elucidate differences in the two topaz rhyolite 

and their tuffs that might be related to the genesis of mineralization 

in the Beryllium Tuff. 

This study involved three aspects of investigation. Field work 

was undertaken in the spring and summer of 1979 and was directed toward 

the first phase of investigation, the description of stratigraphic 

sections in the two tuff-topaz rhyolite sequences in the Spor Mountain 

District. During this period, the collertion of oamples fur the second 

aud third phases of this study was also nccompli~hcd. T l i i v  work was 

greatly assisted in the spring of 1979 by M. F. Sheridan, D. M. Burt, 

E. H. Christiansen, B. P. Cortea, and B. A. Murphy, and in the summer of 

1979 by R. Cole while at Bendix Field Engineering Corporation facili- 

ties at Grand Junction, Colorado, working with drill core from the Spor 

Mountain area. 

The second phase of investigation, during the fall of 1979, 

required the study of 85 petrographic thin sections in order to de- 

scribe the petrography of the two topaz rhyolites in the Spor Mountain 

District. 



During the fall of 1979 -.and the winter 'of 1980, geochemical 

studies of the two tiff-topaz rhyolite sequences were =arried' out 

as part of the third phase of investigation. Twenty-six whole rock 

analyses were determined in part by 'X-ray fluorescence (XRF) and atomic 

absorption (AA) techniques at .Arizona State University at I ~ e m ~ e .  

Fluorine arialyses were performed by a specific ion probe' technique 

at Arizona State University with E. H. Christiansen and by 'Skyline 

Labs of Tucson, Arizona, on 15 rock samples. Two rocks were analyzed 
. " 

for chlorine by K. Evans by an induction furnaceion' chromatograph 

technique. 

Minor element analyses were also performed. The beryllium 

contents of 12 samples were determined by AA techniques at' Arizona State 

University with B. P. Correa and Sky1in.e Labs of Tucson, Arizona. 

Skyline Labs of Tucson also performed eight lithium and two tin analyses 

by AA techniques. Strontium and rubidium contents of three samples were 

determined courtesy of CONOCO Inc. by XRF methods. Fifteen samples were 

determined for uranium by delayed neutron analyses by G, Goles at the 

University of Oregon at Corvallis. Finally, an instrumental neutron 

activation analysis (I.N.A.A.) for Sc, Zr, Hf, Ta, Th, U, Ba, Rb, Cs, 

La, Ce, Nd, ' ~ m ,  Eu, Tb, Yb, and Lu on six samples was performed at the 

University of Oregon by G. Goles. 

Microptobe analyses on selected feldspars and a hornblende in 

seven polished thin sections were performed on 35 crystals by E. H. 

~hristiansen, B. P. Correa, and B. A. Murphy at Arizona State University 

at Tempe and at the University of Arizona at Tucson. 



B. C. Morrison of Bendix Field Engineering Corporation provided 

information on and geochemical analyses of three drill cores from the 

Spor Mountain District which had penetrated the two tuff-topaz rhyolites 

of interest  orrison on, 1980). Interpretation of this information in 

conjunction with my descriptions of these three drill cores was accom- 

plished during the winter of 1980 and proved to be an cosential part of 

this report. 



LITERATURE REVIEW 

The extensive literature published before 1949 on the Thomas 

Range rhyolites deals mostly with the mineralogy of the lithophysae. 

.This report will concern itself with the fluorine-enriched volcanic 

rocks and the beryllium, fluorine, and uranium mineralization of the 

Spor Mountain District. Hence, only articles published beginning with 

those which deal .with the fluorspar pipes will be considered. Earlier 

literature is surveyed by Staatz (1963) and Staatz and Carr (1964). 

The Spor Mountain District will be discussed beginning with the 

volcanic geology. Next, the mineralization will be considered, in the 

sequence of f luorspar , uranium, and beryllium. This sequence reflects 

the order of initial discovery, exploration, and development for each 

type of deposit, and the increased understanding of the local geology as 

models for each type of mineralization were proposed. 

Volcanic Geology 

The volcanic rocks of the Spor Mountain District can be divided, 

for purposes of this discussion, into two groups, the younger being 

topaz rhyolites and the older being silicic rocks without topaz. These 

two groups of rocks can be found'in the Thomas Range, Spor Mountain, the 

Black Rock Hills, the Dugway Range, the Keg Mountains, and the Drum 

Mountains. 



The older volcanic rocks were first recognized and mapped as 

units of latite, tuff, and rhyolite around Spor Mountain and in the Dell 

(~taatz and Osterwald, 1959). These units were included in the Keg 

Mountain Ignimbrite Tuff, whose source area and type locality lay in the 

Keg Mountains (Erickson, 1963). The Keg Mountain Ignimbrite Tuff 

included all of the older volcanic rocks at Spor Mountain and the Thomas 

Range. Later, on the basis of detailed mapping, eight major volcanic 

unito were r e c o g ~ i z e d  in the Thomas Range, Spor Mountain, and the Dugway 

Range area, but the stratigraphic relationship between these latites and 

tuffs was unclear (Staatz and Carr, 1964). 

Understanding of the volcanic geology of the Spor Mountain 

District was advanced by radiometric age determinations and ideas 

concerning volcanic structures. r he Dell and .Toy fault sys'ems Were 

first recognized as the western margin of a caldera (Shawe, 1972). The 

eastern margin of this caldera was propused 50 l i e  i n  the Y , C ~  

and its collapse was the proposed source of the ash-flow tuffs compris- 
./ 

ing the older volcanic rocks in the Spor Mountain District. Latitic 

flows were recognized as precaldera lavas.. Age de~erminations and 

geochemical analysis of the tuffs in the area first: indicated a group of 

38 m.y. old rhyodacitic to latitic tuffs and flows and a large auount sf 

32 m . y .  nlrf rhyo1iti.r t u f f o ,  which were attributed to the collapse of 

the Thomas Caldera (~indsey and others, 1975). Further mapping and age 

determinations revealed a very large amount of 38 m.y. old rhyodaciti= 

tuff and gave the precollapse latitic flows an age of 41 m.y. (Lindsey, 

1978a). 



The most recent study. of the area (~indse~, 1979a, b) clarifies 

the relationship of volcanism to tectonism and formally proposes new 

names for the older volcanic units .(~ig. 3). Latitic to rhyodacitic 

precaldera flow rocks are dated at 41.8 m.y. and have been named the 

Drum Mountains Rhyodacite. The formation of the Thomas Caldera is now 

. thought to have occurred 39 m.y. ago with the eruption of the rhyoda- 

citic Mt. Laird Tuff. Following the formation of the Thomas Caldera, 

the collapse of the nested Dugway Valley Caldera emplaced the Joy 

Tuff, a rhyolitic ash-flow tuff. The western margin of the Dugway 

Valley Caldera lies 2.5 miles east of the Dell-Joy fault system. 

Eruptions of the Joy Tuff and possible piecemeal collapse of the Dugway 

Valley Caldera continued for several million years. Most of the tuff 

remained ponded within the Thomas Caldera. A second period,of rhyolitic 

tuff eruption around 32 m.p.  ago emplaced the Dell Tuff. No source for 

this' tuff has been identified. Chalcophile and siderophile mineral- 

ization in the Detroit District is' associated with the latites and 

rhyodacites 41.8 m.y. to 39 m.y. old, and the 38 m.y. to 32 m.y. old 

rhyolites lack any associated mineralization (Lindsey, 1979a, p. 60). 

After a period of volcanic quiescence lasting 11 m.y., the 

first of two periods of topaz rhyolitic volcanism occurred. This 21.5 

m.y. old episode was followed by another long hiatus which ended with 

the emplacement~of a second topaz rhyolite 6.3 m.y. ago (~rmstrong, 

1970; Lindsey, 1979a). The composition of both of these topaz rhyolites 

fall on the borderline beween rhyolite and alkali-rhyolite fields, ac- 

cording to Rittmann (1952) (Lindsey, 1979a, p. 36, 40). No intermediate 

rocks that are compositionally or temporally transitional between the 
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caldera rhyolites and the topaz rhyolites occur in the Spor Mountain 

District. The topaz rhyolites contain greater soda and potash and less 

lime and titania than the earlier rhyolit'es (Lindsey, 1979a). Barium 

contents can be used to distinguish the topaz rhyolites from earlier 

rhyolites and rhyodacites. The topaz rhyolites have barium contents of 

less'than 200 ppm, whereas the rhyolites and the rhyodacites have barium 

contents of 500-1,000 ppm and 1,000-2,500 ppm, respectively (Lindsey, 

1979a, p. 58). Both topaz rhyolites are anomalous in their trace 

amounts of Li, Be, U, Th, Nb, Sn, and Rb compared to other rhyolites in 

the western United States (Lindsey, 1979a; Turley and others, 1979). 

The 21.5 m.y. old topaz rhyolites comprise part of the Spor 

Mountain Formation which includes two members: the Porphyritic Rhyolite, 

maximum thickness 500 m; and the Beryllium ~uff, maximum thickness 60 m 

(Lindsey, 1979b). Both members are found peripheral to Spor Mountain 

where flows and domes of Porphyritic Rhyolite overlie the Beryllium 

Tuff. Numerous small plugs and dikes of the Porphyritic Rhyolite are 

found on Spor Mountain cutting the Paleozoic sedimentary rocks (Lindsey 

1979a,b). Where the .Porphy.ritic Rhyolite i.s in contact with the Beryl- 

lium Tuff, the base of the rhyolite is commonly brecciated and stained 

reddish-brown (Park, 1968, p. 16). Vents have been mapped in the 

nntthern Dell, the east-central Dell, and the southwestern part of Spor 

Mo~rntain (Lindsey, 1979b). ~ p o r  Mountain has been interpreted as a 

thin-skinned trap door structure over a subvolcanic massif su itch and 

others, 1949; Lindsey, 1979a, p. 50). The Porphyritic Rhyolite can be 

geochemically distinguished from the 6.3 m.y. old topaz rhyolites by its 

greater Ga, Li, Nb, Sr, Y, and Yb trace element content (Lindsey, 1979a, 



p. 58). The Beryllium Tuff will be discussed in detail in the section 

on the beryllium deposits. 

The 6.3 m.y. old topaz rhyolites are known as the Topaz Mountain 

Rhyolite (Erickson, 1963; Lindsey, 1979a, p. 7). The type section is 

located in the Thomas. Range, and included in the unit are interbedded 

tuffs, vitrophyres, breccias, and flow-banded rhyolites (Lindsey, 1979a, 

p. 38) .  The rhyolite makes up most of the Thomas Range and extends into 

the southern Dugway Rauge and the northern Drum Mountains (Staatz and 

Carr, 1964; Newell, 1971; Lindsey, 1979b). A slightly older topaz 

rhyolite, 10 m.y,, outcrops in the Keg Mountains, (Lindsey and others, 

1975). The rhyolite was emplaced as domes and flows locally over 

cogenetic tuffs. Twelve vents have been mapped in the southern Thomas 

Range and northern Drum Mountains. Often. at the base of the flow- 
, 

layered rhyolite a breccia, a vitrophyre, or both can occur .(Lindsey, 

1979a, p. 38). . At least three t~.~ffTbrecci-itiophgr+£'lnw-1 cayerod 

rhyolite sequences occur in stratigraphic succession in the Thomas Range 

(~indsey, 1979a,b). The maximum stratigraphic thickness of the Topaz 

Mountain Rhyolite is 700 m, and the total volume of material erupted has 

been estimated to be 50 km3 (Lindsey, 1979b; Turley and othero, 1979). 

The Topaz Mountain Rhyolite is richer in molybdenum and uranium 

than the Porphyritic R.hyolitc (T.indouy, 137Ya, p. 58).  

The Stratified Tuff of the Topaz Mountain Rhyolite has a maximum 

thickness of 30 m in low areas of the paleotopography nver which it 

was deposited (Lindsey, 1979a, p. 40). The stratified nature of the 

tuff apparently resulted from its deposition by sheetwash, air fall, 

and small ash flows (Lindsey, 1979a, p. 41). The shards and pumice 



fragments are glassy to zeolitized, and the zeolitized tuff is not 

depleted in uranium'or thorium compared to the. glassy tuff (Lindsey, 

1979a, p. 76). The upper contact of the tuff is sometimes fused by the 

overlying rhyolite (Lindsey, 1,979a, p. 41). The major element chemistry 

of the tuffs is similar to that of the overlying rhyolites (~indse~, 

1979a, p. 41). 

Early workers concerned with the fluorspar pipes recognized 

topaz as an accessory mineral in the rhyolitic plugs and dikes of 

Spor Mountain (Fitch and others, 1949; Thurston and others, 1954; Staatz 

and Osterwald, 1959). A single magmatic episode was postulated to 

3 . :  

produce the topaz rhyolites on Spor Mountain and in the Thomas Range. 

Faulting on Spor Mountain was recognized to occur before and after the 

emplacement of these plugs and dikes (Staatz and Osterwald, 1959). The 

rhyolite on Spor.Mountain and some petrographically similar outcrops in 

the Dell were first named the Porphyritic Rhyolite by Staatz and Carr 

(1964). This unit was assigned an age predating basin and range fauit- 

ing and thus was distinctly earlier than the topaz rhyolites of the 

Thomas Range which are not cut by most basin and range faults. As 

recent mapping shows, many outcrops of Porphyritic Rhyolite on earlier 

maps were misidentified and other outcrops were not recognized, notice- 

ably southwest of Spor Mountain (Lindsey, 1979b; Staatz and Carr, 1964). 

The areal extent of this unic was therefore poorly defined. 

Early workers in the beryllium deposits southwest of Spor Moun- 

tain correlated .the mineralized..host. rocks with the tuffs exposed in 

the Thomas Range, and che beryllld.mineraLization was thought to be 

related to late magmatic fluids derived from the source of the Topaz 



Mountain Rhyolite (~taatz and Griffits, 1961; Staatz, 1963, p. 34; 

Trover, 1961). As originally defined, the Topaz Mountain Rhyolite 

included the rhyolite-tuff sequences that host the beryllium mineral- 

ization on the southwest side of Spor Mountain (Erickson, 1963). Park 

(1968, p. 14) noted that many faults cut the topaz rhyolite-tuff se- 

quences southwest of Spor Mountain and stated that these sequences could 

not be correlative with the Topaz Mountain Rhyolite, but thc author did 

not correlate these sequences with the Porphyritic Rhyolite. Before 

accurate age determinations of the topaz rhyolites, emplacement of the 

Beryllium Tuff was thought to have been coeval with the tuffs of the 

Thomas Range (Shawe, 1972; Lindsey and others, 1973; Lindsey, 1975; 

Lindsey and others, 1975). 

Glassy volcanic r0c.k.s rich in beryllium have been demonstrated 

ro be also enriched in the other lithophile elements B, W, Nb, Ta, Sn, 

Th, U, Cs, REE, Li, and Rb (Coats and others, 1962). Beryllium in over- 

saturated rocks has a positive correlation with both silica and fluorine 

(Coats and others, 1963; Griffiths and Powers, 1963; Shawe and Bernold, 

1966). Volcanic rocks in the western ITnited States havv a provincial 

distribution of beryllium (Coats  and others, 1362; Cohenour. 1963; 

Shawe, 1966). An east-west hclt of beryllium anomalies exists from the 

Duep Creek Range to the Sheeprock Mountains (Cohenour, 1963; Shawe, 

1966). 

The topaz rhyolites of thc Spor Mouncain District were emplaced 

after the completion of the earlier caldera cycle; ring fractures near 

the Dell provided a favorable structural framework for the intrusions of 

the topaz rhyolite magmas (Shawe, 1972). Basa1.t and alkali-rhyolite 



magmat i s m  i s  ' a s s o c i a t e d  wi th  t h e  e x t e n s i o n a l  bagin  and range  t ec ton i sm 

a f t e r  21 m.y. ago ( ~ i n d s e y ,  1979a, p. 64) .  Because no young b a s a l t s  a r e  

a s s o c i a t e d  wi th  t h e  topaz r h y o l i t e s  i n  t h e  Spor Mountain D i s t r i c t ,  ex- 

c e p t  f o r  Fumarole Bu t t e ,  g e n e s i s  of t h e s e  topaz  r h y o l i t e s  by d i f f e r e n t i -  

a t i o n  from a  b a s a l t i c  parent  magma i s  u n l i k e l y  ( ~ i n d s e y ,  1979a, p. 63) .  

C r u s t a l  f u s i o n ,  produced by h igh  h e a t  flow and p e r i o d i c  i n t r u s i o n s  of 

b a s a l t  r e l a t e d  t o  t h e  e x t e n s i o n a l  t e c t o n i c s  of t h e  b a s i n  and r ange ,  f o l -  

lowed by a long magma chamber r e s i d e n c e  time t o  a l l ow a  h igh  degree  o f  

chemical  e v o l u t i o n ,  i s  a  p o s s i b l e  model f o r  t h e  pe t rogenes i s  of t h e  Spor 

Mountain D i s t r i c t  topaz r h y o l i t e s  ( ~ i n d s e y ,  1979a; Tur ley  and o t h e r s ,  

1979).  The Precambrian g r a n i t e  t e r r a i n ,  c u t  by 20 m.y. o ld  beryl l ium- 

r i c h  pegmat i tes  i n  t h e  Gran i t e  Mountains, i s  r i c h  i n  l i t h o p h i . l e  e lements  

and would be a  good c r u s t a l  source  m a t e r i a l  f o r  t h e  two topaz r h y o l i t e  

magmas (Moore and.Sorensen,  1978; Park,  1968; Lindsey, 1979a).  .. . 

Heat flow i n  t h e  Topaz Mountain Rhyo l i t e  t u f f  has  been measured 

and found t o  be anomalously h igh  a t  3 .0 - + 0 .3  vcal/cm2sec ( c o s t a i n  and 

Wright,  1973).  The anomalously h igh  h e a t  flow a l s o  i n  t h e  Keg Mountains 

and i n  t h e  Sheeprock Mountains def ir ies  a r e g i o n  named t h e  South Bonne- 

v i l l e  Anomaly ( ~ a r l i n g  and Chapman, 1979).  

The Fluorspar  Pipes 

The f l u o r s p a r  p ipes  on Spor Mountain were t h e  f i r s t  d e p o s i t s  t o  

be found and e x p l o i t e d  i n  t h e  d i s t r i c t .  I n  1936, t h e  f i r s t  f l u o r s p a r  

f i n d  was made by t h e  Spor b r o t h e r s ,  who s t aked  the  d e p o s i t  i n  1941. 

They began product ion  from t h e i r  c la ims  i n  1944. A major p rospec t ing  

e f f o r t  took p lace  i n  1948-49. P r e s e n t l y ,  t h e r e  a r e  approximately 28 



fluorspar prospects and mines on Spor Mountain (~ullock, 1976). As of 

1975, 225,000 tons (204,000 metric tons.) of fluorite ore with grades of . 

60-95. percent have been shipped from the Spor Mountain District. The 

Lost Sheep Mine.has produced 90,000 tons (82,000 metric tons) of ore and 

has been the largest producer in the district, followed by the Fluorite 

Queen Mine (36,000 tons, 32,600 metric tons) and the Bell Hill Mine 

(26,194 tons, 23,758 metric tons) (Bullock, 1976). 

The cuuntry rock for the fluorspar pipes is ,a thick sequence of 

dolomites underlain by a quartzite and minor shale unit beneath which 

occurs another dolomite sequence (Thurston and others, 1954). 1 These 

Ordovician to Silurian rocks have been tilted approximately 35 degrees 

northwest by basin and range faulting primarily along the Dell fault;' 

but numerous minor faults are found on Spor Mn~.lntadn (Etaacz and 

Osterwald, 1959). Many plugs and dikes of Porphyritic Rhyolite have . . 

been intruded into the Paleozoic oedimen~s of Spor Mountaini and r l ~ e  

rhyolite is found both to cut and to be displaced by faults on Spor . 

Mountain (Staatz and Osterwald, 1959, p. 43). Bodies consisting of 

shattered at-ld unaltered fragments of dolomite, quartzite, rhyodacite, 

and porphyritic Rhyolite in various proportions with a mat~ix of rock 

powder or Porphyritic Rhyolite have been termed Intru~ive Breccia 

(Staatz, 1963, p,  17; Stvata and OsCerwald, 1959, p. 37). These de- 

posits have been interpreted as gaseous explosion features (Staatz and 

Osterwald, 1959, p. 38). Some outcrops previoua1.y mapped as Iutrusive 

Breccia are now construed to be landslide deposits related to caldera 

wall collapse near the present east flank of Spor Mountain and in the 

Dell (~indsey, 1979a,b; Staatz and Carr, 1964). 



The fluorspar occurs as soft friable masses or as resistant 

boxworks with fine quartz veining and is white, blue, purple, or mixed 

in color (~taatz and Osterwald, 1959). Relict bedding which can be 

traced into the dolomite occurs in some deposits, and fluorite is found 

replacing fossils (Staatz and Carr, 1964). Gangue minerals include 

calcium-magnesi~l montmorillonite, quartz, chalcedony, and dolomite 

(Staatz and Carr, 1964). Most fluorspar is found in breccia pipes from 

1 foot (0.3 m) in diameter to 155 by 105 feet (47 by 32 m) (Staatz and 

Carr, 1964). Less than 1 percent of the commercially minable deposits 

are in veins associated with fault breccias (~ullock, 1976). All 

fluorspar pipes discovered to date occur in the dolomites above the 

quartzite and shale unit. The lower dolomites appear barren at Spor 

Mountain (~ullock, 1976). The fluorspar pipes narrow with depth, 

and the amount of gangue increases (Staatz and Carr, 1964). At the 

quartzite-dolomite contact, the fluorite disappears as thin stringers 

into the quartzite (Staatz and Carr, 1964). Presently, the deepest 

proven fluorspar is 425 feet (130 m) below the surface (~ullock, 1976). 

Many pipes are spatially related to fault intersections, Porphyritic 

Rhyolite plugs, or Intrusive Breccia bodies (~taatz and Carr, 1964; 

Fitch and others, 1949). Where fluorspar pipes occur next to Porphy- 

ritic Rhyolite plugs or Intrusive Breccia bodies, thin stringers of 

fluorite are found in them, but in the Bell Hill Mine a topaz-bearing 

tuff cuts the fluorspar mineralization (Staatz and Carr, 1964; Bullock, 

1976). Beryllium concentrations ranging from 4 to 20 ppm have been 

observed in the fluorspar (Staatz, 1963, p. 25). The uranium in the 

fluorspar pipes will be discussed in the section on uranium deposits. 



Descriptions of individual deposits can be found in Thurston and others 

(1954), Staatz and Osterwald (19591, Staatz and Carr (19641, and Bullock 

(1976). 

The fluorspar deposits have been classed as epithermal pipes 

and veins, because of the low-temperature origin indidated by the. 

gangue mineralogy' and the fine grain size of the fluorite (~taatz and 

Osterwald, 1959, p. 61). Since the early workers on the fluorspar pipes 

were i l i r L  aware that two episodes of topaz rhyolite emplacement had 

osctiir'~ad, the rlrposits~ were related to fluorine-rich gases of solu'tions - 

whi'ch were derived from a magma body related to the topaz rhyolites of 

the Thomas Range. The association between fluorspar pipes and fault 

intersections (~taatz and Osterwald, 1959, p. 48) and between fluorspar 

pipes and Porphyritic Rhyolite plugs  itch and others,  19/;9) have beeu 

given genetic importance. The direction of mineralization is primarily 

vertical, and mineralizing fluids could either have mnved downward froui 

a crystallizing Porphyritic Rhyolite mass or have moved upward from a 

solidifying magma body below (~taatz and Osterwald, 1959; p. 61). ' 

Upward-migrating fluids have been preferred because pressure release is 

usually upward and the numerous plugs of Porphyritic Rhyolite seem t o  

indicate a shallow pluton below Spor Mountain (Staatz and Ooterwald, 

1959, p. 611, 

Uranium Geology 

Discovery of uranium* in the Spor Mountain District led to the 

second major exploration effort in the vicinity'from 1952 to 1954 



( ~ t a a t z ,  1963).  Four types  of  uranium occur rences  have been i d e n t i f i e d  

i n  t h e  a r e a .  Each type  of  d e p o s i t  w i l l  be  cons idered  s e p a r a t e l y .  

Sandstone Uranium 

The o n l y  product ion  of  uranium i n  t h e  Spor Mountain ~ i s t r i c t  a s  

of  1979 has been from t h e  Yellow Chief Mine. I n  1954, t h e  Yellow Chief 

and t h e  Goodwill d i s c o v e r i e s  were made on t h e  p re sen t  s i t e  of  t h e  Yedlow 

Chief Mine i n  t h e  De l l .  The mine was developed from 1959 t o  1962 a s  an 

open p i t  which reached h o r i z o n t a l  dimensions o f  1 ,200 by 300-500 f e e t  

(366 by 91-152 m) and a depth of 100-150 f e e t  (30-46 m). Approximately 

_. I 

100,000 tons  (90,700 me t r i c  t o n s )  of  0.20-0.23 percent  uranium o r e  was 

produced from t h e  d e p o s i t  (Bowyer, 1963).  

The h o s t  rock f o r  t h e  uranium d e p o s i t s  i s  p r i m a r i l y  a t u f f a c e o u s  

c l a s t i c  rock ,  about 118 f t  t h i c k ,  and an ove r ly ing  l imes tone  conglom- 

.~?. e r a t e  t h a t  ranges  i n  t h i ckness  from 1 inch  (2.5 cm) t o  10 f e e t  ( 3  m) 

(Bowyer, 1963; Lindsey, 1978a).  Th i s  sedimentary sequence r e s t s  o n - t h e  

De l l  Tuff and i s  f a u l t e d  down a g a i n s t  t h e  Del l  Tuff by a no r th - t r end ing  

f a u l t  on t h e  west s i d e  of t h e  mine (Lindsey ,  1979a, p. 34, 71) .  .Two 

f a c i e s  of t h e  tu f f aceous  c l a s t i c  rock  e x i s t  i n  t h e  mine, bo th  of which 

a r e  p r i m a r i l y  derive'd from t h e  D e l l  Tuff (Lindsey,  1979a, p. 34 ) .  The 

lower f a c i e s  i s  a conglomerate w i t h  c o b l e s  of Drum Mountain Rhyodaci te ,  

and t h e  upper f a c i e s  i s  a sands tone  (Lindsey ,  1978a).  Both f a c i e s  have 

ca rbona te  cement (Bowyer, 1963; S t a a t z  and Car r ,  1964).  The o v e r l y i n g  

l imes tone  conglomerate i s  a channel  d e p o s i t  (Bowyer, 1963).  Conformably 

ove r ly ing  t h e  c l a s t i c  sequence i s  a b e n t o n i t e  bed, about  49 f e e t .  ( 15  m) 

t h i c k ,  which has  r e l e c t  pumice fragments  and c r y s t a l s  of q u a r t z  and 



s a n i d i n e  ( ~ o w ~ e r ,  1963; Lindsey,  1979a, p. 33) .  The e n t i r e  sequence 

exposed i n  t h e  Yellow Chief Mine above t h e  D e l l  Tuff is  included i n  t h e  

Be ry l l i um Tuff  (Lindsey ,  1979a) .  

I n  t h e  t u f f a c e o u s  c l a s t i c  r o c k s ,  t h e  o r e  i s  i n  l e n s e s ,  p a r t i a l l y  

concordant  t o  bedding,  t h a t  a r e  about  20 by 300 f e e t  . (6  by 91. m) i n  

s e c t i o n ,  and t h e  o r e  i s  found th roughou t .  t h e  v e r t i c a l  e x t e n t  o f  t h e  

conglomera tes  and sands tones  (Bowyer, 1963; Lindsey,  1978b). Ore i n  t h e  

l i m e s t o n e  conglomerate  is  a s s o c i a t e d  w i t h  a l t e r e d  c l a s t s  ( ~ i n d s e ~ ,  

1 9 7 9 a ) .  T h e  two u ran ium m i n e r a l s  mined a s  o r e  i n  t h e  d e p o s i t  a r e  

beta-uranophane,  i n  t h e  t u f f a c e o u s  c l a s t i c  rocks ,  and weeks i te ,  i n  

1/4- inch ( 6  mm) r i n d s  on a l t e r e d  c l a s t s  i n  t h e  l imes tone  conglomerate.  

A l l  uranium mine ra l s  d e s c r i b e d  from t h e  d e p o s i t  have uranium i n  t h e  p l u s  

s i x  o x i d a t i o n  s t a t e ,  and no o rgan ic  m a t t e r  o r  p y r i t e  h a s  been found i n  

t h e  h o s t  rock (Lindsey,  1979a).  T rave r ses  a c r o s s  t h e  o r e  Lenses i n  

t u f f a c e o u s  c l a s t i c  r o c k s  show no Cu, V ,  C r ,  Pb, Ag, o r  Mo a s s o c i a t e d  

w i t h  t h e  uranium a s  i s  commonly t h e  c a s e  i n  t h e  Colorado P la t eau  de- 

p o s i t s  ( ' ~ i n d s e ~ ,  1979a, p. 72) .  The t r a v e r s e s  a l s o  show no F, Be, o r  L i  

anomal ies  i n  t h e  o r e  l e n s e s  ( ~ i n d s e ~ ,  1979a, p. 72) .  

The o r i g i n  of t h e  uranium :n t h e  Yellow Chief i s  i n  d i s p u t e .  

Hydrothermal f l u i d s  a s s s o c i a t e d  w i t h  t h e  f l u o r s p a r  d e p o s i t s  have been 

c i t e d  a s  t h e  sou rce  of  t h e  d e p o s i t  ( ~ t a a t z  and bar?, 1964).  The hydro- 

thermal  f i u i d s  a r e  cons ide red  ' t o  have moved up major f a u l t s  and then  

sp read  l a t e r a l l y  i n t o  t h e  more permeable t u f f aceous  c l a s t i c  rocks .  

L a t e r  o x i d a t i o n  produced t h e  p l u s  s i x  uranium mine ra l s  ( S t a a t z  and Car r ,  

1964).  Bowyer (1963) c o n s i d e r s  t h e  f a u l t s  t o  be post-ore and not  p a r t  

o f  a h y d r o t h e r m a l  s y s t e m .  E r o s i o n  of  t h e  f l u o r s p a r  p i p e s  on Spor  



Mountain has been proposed a s  t h e  source f o r  t h e  uranium ( ~ o w y e r ,  1963). 

The l ack  of any beryl l ium o r  f l u o r i n e  anomalies a s soc ia ted  with t h e  

uranium can be evidence aga ins t  a  hydrothermal o r i g i n ,  because t h e s e  

e l e m e n t s  a r e  . a l l  e n r i c h e d  i n  t h e  b e r y l l i u m  and f l u o r s p a r  d e p o s i t s  

(Lindsey, 1979a, p. 72).  A mechanism whereby tuf f -der ived '  uranium 

t r a v e l e d  complexed wi th  carbonate ions  i n  t h e  p lus  s i x  s t a t e  i n  ground- 

waters  and was p r e c i p i t a t e d  when carbonate cement formed i n  the  t u f f a -  

c e o u s  c l a s t i c  r o c k s  of  t h e  Yellow Chie f  Mine h a s  been proposed t o  

exp la in  t h e  o r i g i n  of t h i s  depos i t  (Lindsey,  1979a, p. 75).  

O ~ a l  Veinlet  s 

The f i r s t  repor ted  d iscovery  of uranium i n  t h e  Spor Mountain 

D i s t r i c t  was a t  the  Autunite  No. 8  Prospect  i n  1950. A t  t h i s  prospect  

and a t  the  Buena No. 1  Prospect (1954) t h e  uranium i s  i n  opa1,which 

o c c u r s  a s  swarms of  1 / 3 2  t o  112 i n c h  (0 .8-13 mm) f r a c t u r e  f i l l i n g  

( S t a a t z  and Carr ,  1964; Lindsey, 1978a). Opalized f r a c t u r e  f i l l i n g s  a r e  

very  common i n  the  Spor Mountain D i s t r i c t  and'  can be found i n  n e a r l y  

a l l .  t h e  volcanic  rock types  (Lindsey, 1978a). A t  t he .  Autunite No. 8  

Prospect ,  the  v e i n l e t s  a r e  found i n  the  ,Joy Tuff (Lindsey, 1979a, p. 

75). The v e i n l e t s  a r e  75 t o  100 percent  o p a l ,  and accessory minera ls  

i n c l u d e  c a l c i t e ,  f l u o r i t e ,  and w e e k s i t e  ( S t a a t z  and C a r r ,  1 9 6 4 ) .  

Deta i led  i n v e s t i g a t i o n  of t h e  opal  shows t h a t  the  uranium i s  zoned 

p a r a l l e l  t o  the  wal ls  of the  f r a c t u r e s  ( ~ i e l i n s k i ,  1977). Geochronology 

by uranium-lead i so tope  ana lys i s  g ives  ages of 3.4 t o  4.9 m.y. o ld  f o r  

the  opal ized  v e i n l e t s  a t  the  Autunite  No. 8  Prospect  (Ludwig and o t h e r s ,  



The opalized veinlets in the Spor Mountain District have been 

considered to be hydrothermal in origin (Staatz and Carr, 1964). Recent 

workers maintain that the opal is related to hot spring activity after 

the emplacement of the Topaz .Mountain Rhyolite (~enry, 1978; Ludwig and. 

others, 1980). 

Uranium in Fluorspar Pipes 

The radioastivify of the f luorspar  p ipes  was f i r ~ f  noted by 

prospectors searching for fluorspar on Spor Mountain (E'itch and others, 

1949). Analysis of the pipes showed uranium to vary from 0.005 to 0.33 

percent, and the uranium content of the pipes decreased with depth 

(Staatz and Osterwald, 1959; Bullock, 1976). Pipes at the south end of 

Spor Mountain have been reported to be four timesmricher in uranium than 

those at the north end (sharp, 1963). 

The uranium is primarily substituting for calcium in the fluo- 

rite matrix, although some carnotite coatings have been observed (Sharp, 

1963; Staatz and Carr, 1964). Slow leaching of uranium by rainwaters 

and reprecipitation by evaporation has produced a secondary concentra- 

tion of: uranium near the surface and is thought responsible for the 
. . 

vertical zonation of uranium in the pipes (~taatz and .Osterwald, 1959, 

Uranium in the Beryllium Tuff 

The occurrence of uranium in the Beryllium Tuff will be dis- 

cussed in the following section. 



The Beryllium Deposits . . 

The Beryllium Tuff southwest of Spor Mountain was first recog- 

nized simply as a disseminated fluorite occurrence in an unnamed tuff 

unit (Staatz and Osterwald, 1959, p. 90). These deposits attracted the 

attention of rockhounds because of the purple fluorite nodules that 

could be found in the area, and one collector, who for some reason was 

intrigued to know the beryllium content of a nodule, discovered the 

beryllium potential of the Spor Mountain District (Staatz, 1963). A 

major beryllium exploration effort took place from 1960 to mid-1961 in 

3 .  the area (Staatz, 1963). The beryllium was recognized to be primarily 

in the mineral bertrandite (Staatz and Griffitts, 1961; Montoya and 

others, 1962). Mining of the deposit had to await the perfection of a 

new beryllium extraction process and on the construction of a mill in 

Lynndyl, near Delta, Utah. Mine production began in the late sixties 

(Davis, 1978). All ore is presently mined by open-pit methods (Davis, 

The stratigraphic position of the mineralized tuffs was not 

recognized until recently. Some early workers felt that a number of 

tuff units of different ages in the district had been mineralized 

(~taatz and Griffitts, 1961; Sraatz, 1963, p. 3 3 ) .  Later workers 

correlated the mineralized tuff-topaz rhyolite sequences with the topaz 

rhyolites exposed in the Thomas Range (Erickson, 1963; Shawe, 1968; 

Lindsey, 1973; Lindsey and others, 1975; Lindsey, 1975). Park (1968, p. 

14) recognized that the mineralized tuff southwest of Spor Mountain was 

cut by numerous basin and range faults, and thought this unit was 



emplaced before basin and range faulting occurred. in the area. Thus, 

the mineralized tuff and the Thomas Range tuffs were not correlative, 

because the' tuffs in the Thomas Range are not cut by most basin and 

range faults.' Geoch,ronology by K-Ar and fission track methods and 

detailed mapping has shown that all known beryllium deposits found to 

date are in the 21.5 m.y. old Beryllium Tuff, and this tuff is not 

correlative with the Stratified Tuffs of the Topaz Mountain Rhyolite 

emplnoed 6.3 m.y. ago (Armstrong, 1970; Lindsey, 1978a; Lindsey, 

1979a,b). The Beryllium Tuff southwest of Spor Mountain has been 

divided into three members. The bottom member, comprising about 2 1 3  of 

the thickness of the tuff, is generally unaltered and contains numerous 

dolomite lithics; the middle member, present only where the tuff is 

thickest, has been interpreted as a welded tuff; and the top member is 

mineralized with altered dolomite lithics (Williams, 1963). Later 

interpretation has divided the Beryllium Tuff intn 5 fasico, w h i c l ~  are 

exposed at various localities in the Spor Mountain District (~indsey, 

1979a, p. 3 3 ) .  From top to bottom, these facies are: tuffaceous brec- 

cia, thinly stratified tuff, bedded massive ash flow tuff, bentonite, 

and tuffaceous sandstone and conglomerate. The l a s t  two facias are 

exposed in the Yellow Chief Mine. Detailed mapping hao shown the 

Beryllium T n f f  to be 20 t o  60 m thick and eo occur in the Dell, south- 

west of Spor Mountain, and westward into Fish Springs Flat (~indse~, 

1979b 1. 

The mode of emplacement of the Beryllium Tuff is in dispute. 

An explosive origin of emplacement in the form of ash flows and air 

falls has been recognized for the deposits southwest of Spor Mountain 



 rickson on, 1963; Williams, 1963). . The . term water-laid tuff has been 

applied to the Beryllium Tuff and to the Stratified Tuff of the Topaz 

Mountain Rhyolite when the two tuffs were thought to be coeval  h ha we, 

1968). The emplacement of the water-laid tuff was attributed to torren- 

tial streams and mudflows in order to account for the poor sorting, 

crude stratification, and heterogeneous density mixtures found in the 

deposits (Lindsey, 1977). Epiclastic, air fall, and ash flow components 

all have been used together to explain the origin of the Beryllium Tuff 

(~indse~, 1979a). 

There is general agreement that high beryllium concentrations 

occur at the top of the Beryllium Tuff somewhat below the overlying 

Porphyritic Rhyolite and that the beryllium mineralization is tabular in 

shape (Griffitts and Rader, 1963; Staatz, 1963, p. 26; Williams, 1963; 

Park, 1968, p. 32; Shawe, 1968; Lindsey and others, 1973, p. 9; Lindsey, 

1977; Lindsey, 1979a). Associated with the high beryllium concentra- 

tions at the top of the tuff are anomalous F, Fe, Mn, Zn, Pb, Mg, 

Li, and REE concentrations (Griffitts and Rader, 1963; Park, 1968, 

p. 32-35). The degree of dolomite alteration increases upward from 

dolomite lithics at the base of the tuff through a zone of calcite 

nodules to fluorite. nodules at. the top of the tuff (Park, 1968, p. 19; 

Lindsey and others, 1973). Alteration of the ash in the Beryll'ium 

Tuff is most intense at the top where a feldspathic zone occurs and 

decreases downward into an argillic alteration zone (Lindsey and others, . 

1973). The high beryllium concentration coincides with the occurrence 

of fluorite nodules and the feldspathic zone at the top of the tuff . 

(Lindsey, 1977). Uranium is found in concentrations up to 2,000 ppm in 



the tuff and is localized below the beryllium mineralization in.the 

calcite nodule zone (~indsey, 1978a; Lindsey, 1979a, p. 68). 

The origin of the beryllium deposits has been attributed to 

solutions moving up faults near Spor Mountain into the Beryllium Tuff 

(Staatz, 1963, p. 34; Park, 1968, p. 45; Shawe, 1968; Lindsey and 

others, 1973, p. 4; Lindsey, 1977; Lindsey, 1979a, p. 77). The fluor- 

spar pipes have been considered to be exposed conduits for these 

solutions (~illiams, 1963; Park, 1968, p. 441, although Lindsey (1979a, 

p. 5 2 )  maintains that Spor Mountain was a high area 21.5 m.y. ago and 

was never extensively covered by the Porphyritic Rhyolite or the Beryl- 

lium Tuff. The beryllium and other mtitals are thought to have traveled 

as fluoride complexes, and deposition of the metals occurred when the 

ore-bearing solutions reacted with the dolomite lithics in the Beryllium 

Tuff (Staatz, 1963, p. 34; Williams, 1963; Shawe, 1968; Lindsey and 

others, 1973, p. 17; ~indsey, 1977; Lindsey, 1979a, p. 77). These 

fluids, which rose via caldera and basin and range faults, spread out 

laterally through the porous Beryllium Tuff, which is situated between 

the relatively impermeable underlying Paleozoic sediments and the 

overlying Porphyritic Rhyolite (Staats, 1963, p. 35; Lindsey, 1978a). 

The mineralizing fluids have been considered to be magmatic-hydrothermal 

waters derived from or groundwaters which leached a pluton associated 

with the extrusive Spor Mountain Formation (Lindsey, 1978a). Because 

the Stratified Tuffs of the Topaz Mountain Rhyolite are barren, the age 

of the beryllium mineralization is thought to be between 21.5 m.y. and 

6.3 m.y. old (~indsey, 1979a). Park (1968, p. 45) notes that faults in 

the Beryllium Tuff cut the beryllium mineralization and have not been 



found t o  be mineralized. Groundwater leaching o f  the overlying Porphy- 

r i t i c  Rhyolite has a l s o  been proposed as  a source of the beryllium i n  

the tuf f  (Park, 1968, p. 4 9 ) .  



PRESENT WORK 

Introduction 

The nature of the two topaz rhyolite-tuff sequences in the Spor 

Mountain District will. be examined and then cumpared in the followi.ng 

sections from three aspects, (1) emplacement, ( 2 )  mineralization and 

chemical anomalies, and ( 3) geochemistry and petrography. From consid- 

eration of these three aspects, differences in the petrogenesis of the 

Spor Mountain District's two topaz rhyolites will be specified and the 

relation of these differences to the mineralization in the district will 

be hypothesized. 

Emplacement of the Beryllium Tuff - 
and Perohv~iLic Rhvolite 

The Beryllium Tuff and the overlying Porphyritic Rhyolite have 

been recognized as nearly coeval units and have been ranked as members 

of the Spor Mountain Formation (~indsey, 1977a,b). Also included in 

the Beryllium Tuff Member by Lindsey (1979a) are the uranium-bearing 

sediments exposed in the YelLaw Chip€  Mine. The style uE emplacement of 

the Beryllium Tuff is in dispute, as previous workers have considered 

the tuff both to be volcanogenic in origin  rickson on, 1963; Williams, 

1963) and an epiclaseic volcanic sediment (Shawe, 1968; Lindsey, 1977; 

Ludwig and others, 1980). Workers who attributed the deposition of 

the tuff to secondary processes have characterized it as having poor 



sorting, crude stratification, and heterogeneous density mixtures and 

have emphasized emplacement by torrential streams, mudflows, and 

sheetwash to account for these features. Workers who hypothesized 

a pyroclastic origin for the tuff published their findings before later 

investigators had established criteria for the recognition of pyro- 

clastic surge units, ignimbrites, and air fall units (Sparks and others, 

1973; Sheridan, 1979; Wohletz and Sheridan, 1979). 

New Data 

In order to evaluate what processes were important in the 

emplacement of the Beryllium Tuff, five sections were measured in 

detail through the Spor Mountain Formation and observations pertaining 

to its emplacement were made at three additional sites. Three sections 

were measured from cuts in the Blue Chalk, North Fluoro, and North 

Roadside open-pit beryllium mines of the Brush-Wellman Corporation 

southwest of Spor Mountain (Fig. 2). T ~ O  additional sections through 

the Spor Mountain Formation were described from drill cores of the 

Bendix Field Engineering Corporation in Grand Junction, Colorado. These 

drill sites were also located southwest of Spor Mountain (Fig. 2). 

Observations, of the Spor Mountain Formation were made southwest of Spor 

Mountain in Brush-Wellmann's Taurus Pit and in the Dell at the Hogsback 

Prospect and at the Yellow Chief Mine %(~ig. 2). 

From the drill core, two types of units were described from the 

Beryllium Tuff (Figs. 4 and 5 ) .  Both types of units are characterized 

by pumice and rock fragments supported in an indurated ash matrix with. 

dipyrmidal smoky quartz and biotite. The most numerous type of unit 



Figure 4. Measured Section Spor Mountain Formation, Bendix Field 

Engineering Corporation Spor Mountain Drilling Project Hole 

Number 6, Southwest Spor Mountain. 



Hole E leva t ion  4462f t .  / ~ . s e c 3 6 . T 1 2 S . R 1 3 W  

P o r p h y r i t i c  R h y o l i t e  Flow Brecc i a  

A l t e r e d  I g n i m b r i t e s :  a s h  w i t h  b l a c k  manganese s t a i n ;  
pumice a l t e r e d  t o  Pink c l a y ;  and p u r p l e  and v h i t e  mot- 
t l e d  nodules .  

u t e r e d  f g n i m b r i t e s :  pumice a l t e r e d  t o  p ink  c l a y  and 
c a l c i t e  nad"les v i c t i  p u r p l e  f l u o r i t e  rirn8. 

A l t e r e d  I g n i m b r i t e s :  do lomi t e  l i c h i c s  a l t e r e d  co whice 
c a l c i t e  nodu le s .  

Ign imbr i t e s :  g r e e n i s h  v h i c e  i n d u r a t e d  a s h  w i t h  broken 
b i o c i c e q ,  tO.Lin, and d ipy ramida l  smoky q u a r t z .  0 . l i n . ;  
l i g h t  p ink  v e s i c u l a r  pumice Eragments ru l . & f n .  o i c h  
<O.l in .  b i o t i t e ;  d a r k  t o  l i g h t  g ray  a n g u l a r  dolomice 
l i c h i c s  t o  1 .2in . ;  and minor d a r k  r ed  r h y o d a c i t e  (Drum 
Xtn. Rhyodacice) l i t h i c s ;  i n d i v i d u a l  f low u n i t s  recog- 
n i zed  by l i t h i c  r i c h  b a s e  and pumice r i c h  cop, 6 f n .  
ashy i n t e r v a l s  a c  b a s e  of some Plow u n i t s ,  f low u n i t s  i n  
s e c t i o n  2 t o  l o f t .  t h i c k ;  some c o r e  i n t e r v a l s  poor ly  pre-  
s e rved  and l a c k  s u f f i c i e n t  c r i t e r i a  t o  d i s t i n g u i s h  in -  
d i v i d u a l  f l o v  u n i c s .  

T e r r a  Rosa: y e l l o v i s h  v h i c e  co r ed .  ve ry  Pine g r a i n e d .  
l amina ted ,  c a l c a r e o u s  s i l t s .  

Dolomite: da rk .  massive .  s p a r r y  c i i l c i c c  v a i n l e s s .  



Figure 5. Measured Section Spor Mountain Formation, Bendix Field 

Engineering Corporation Spor Mountain Drilling Project Hole 

Number 18, Southwest Spor Mountain. 



Hole E leva t ion  4506ft.  1 N?kS&.secl .Tl3S,RI3U 

P o r p h y r i t i c  R h y o l i t e  Plow Brecc i a  . . 
A l t e r e d  I m i m b r i t e s :  a s h  w i t h  b l a c k  manganese s t a i n ;  
pumice a l t e r e d  t o  p i n k  c l a y ;  and p u r p l e  and w h i t e  mot- 
t l e d  nodules .  

A l t e red  Ign imbr f t e s :  pumice a l t e r e d  t o  p i n k  c l a y  and 
c a l c i t e  nodules  wich p u r p l e  F l u o r i t e  r ims.  

A l t e red  I g n i m b r i t e s :  do lomi t e  l i t h i c s  a l c e r e d  t~ whi t e  
c a l c i t e  nodu le s .  

A l t e r e d  Block F lov  Uni t :  c a l c i t e  nodu le s  t o  3Ft .  

A l t e red  I g n i m b r i t e s :  do lomi t e  l i t h i c s  a l t e r e d  t o  v h i t e  
c a l c i t e  nodu le s .  

F a u l t :  o p a l  replacement .  

Block Flov Uni t :  do lomi t e  l i t h i c s  t o  2 . j f t .  and s p a r s e  
rhyodac i t e  l i t h i c s  ca 3 .2in .  

Lgnimbri tes :  g r e e n i s h  wh i t e  i n d u r a t e d  a s h  wich broken 
b i o c i t e s .  O . l i n .  and d i p v r a n i d a l  smoky q u a r t z .  0 . i i n . ;  
Light  p ink  v e s i c u l a r  pumice Fragments t o  1 .b in .  w i t h  
<O.l in .  b i o t i t e :  d a r k  t o  l i g h t  g ray  a n g u l a r  do lomi t e  
l i t h i c s  t o  1 .Zin . ;  and iuiaor d a r k  red  r h y o d a c i t e  (Drum 
Xtn. Rhyodacice) l i t h i c s :  i n d i v i d u a l  f l o v  u n i t s  recog-  
nized by l i t h i c  r i c h  base  and pumice r i c h  cop,  6in. 
ashy i n t e r v a l s  a t  b a s e  of some f low u n i t s ,  f low u n i t s  i n  
s e c t i o n  2 co l o f t .  ch i ck ;  some c o r e  i n t e r v a l s  poor ly  pre- 
s e rved  and l a c k  s u f f i c i e n t  c r i t e r i a  t o  d i s t i n g u i s h  i n -  
d i v i d u a l  Flov u n i t s .  

Dloelc ? l o r  Uni t :  do lomi t e  l i t h i c s  t o  6 i n .  ' 

I g n i m b r i t e s  

Block Flov Un i t :  l i g h t  p ink  t o  wh i t e  i n d u r a t e d  a s h  
wi th  broken smoky q u a r t z .  O . l i n .  and b i o t i t e .  t o - l i n . ;  
wh i t e  v e s i c u l a r  pumice f ragments  t o  '2 .Gin. w i t h  s p a r s e  . 
q u a r t z  and b i o t i t e ;  d a r k  t o  l i g h t  s t a y  a n g u l a r  do lomi t e  
l i t h i c s  t o  Bin.;  and s p a r s e  l i c h i c s  ~ f  D e l l  Tuf f .  

Del l  Tuf f ( ? ) :  g r a y i s h  v h i t e ,  q u a r t z  and Feldopar  ahun- 
danr  v i t h  minor. b i o t i t e ,  s p a r s e  pumice,. 



was recognized by inversely graded subrounded vesicular pumice fragments 

and normally graded angular rock fragments. This grading results in 

units with pumice-rich tops and rock fragment-rich bases. A second type 

of bed was recognized that is similar to the first except for the 

presence of distinctly larger rock fragments, In both types of beds, 

the pumice and rock fragments are poorly sorted, and fine-g~~ained bases 

below the zone of highest rock fragment concentration sornetiaes occur. 

The rock fragments are nearly 90 percent dolomitic, and the remainder 

are quartzite and rhyodacite. Faults and fractures with opal are 

common in the drill core. 

The measured section from the Blue Chalk pit (Fig. 6) differs 

from the drill core in that the individual units are much thinner and, 

unlike the exposures in the North Rnalside and tlie North Fluoro pits, 

are not very continuous laterally. In addition to the units found in 

the drill core, two new types occur in the Blue Chalk pit. A pumice- 

rich unit, which is moderately well-sorted and into which blocks of 

Porphyritic Rhyolite sag (Fig. 71, outcrops at the top of the Beryllium 

Tuff. The second new type of unit is characterized by ash, fine rock 

fragments, and small well-rounded pnmice in a sa~~dwave bed form. A 

thick brecciated zone is found at the base of the Porphyritic Rhyolite 

in the Blue Chalk pit a d  is undoubtedly similar to that described by 

Park (1968). Sparse, small blocks of vitrophyre are found in this 

breccia zone. 

The North Roadside pit section evidently lacks the capping Por- 

phyritic Rhyolite due to erosion (Fig. 81, because of the proximity of 
. . .  . . 

the Porphyritic Rhyolite to the west (Lindsey, 1979b). Graded units 



. - 
;' Figure 6. Measured Section Spor Mountain Formation, Blue Chalk pit, 

Brush-Wellman Beryllium Mines, Southwest Spor Mountain. 



Top of Sec t ion  Not Keasured 

Porphyr ic ic  Rhyoli te :  . dark red mafic i n c l u s i o n s  t o  
Sin.  v i t h  0.5in f e l d s p a r s ;  surrounded by whi te  ha los  
v i t h  topaz.  

Coarse Breccia  Zone: blocks of  Porphyr i t i c  Rhyoli te  
co 12Et.. average o f t . ;  da rk  red mafic i n c l u s i o n s  co 
5 i n .  v i t h  O.5in. f e ldspar .  

Breccia  tone:  blocks of angular  b lack  vlcruuhyce d~td 
Porpnvr ic ic  'ahyolice,  $ in .  co 3 fc .  

Al te red  Air F a l l  Unic: black manganiferous scained 
d s l ~  ~ L I J  pumlcc. 

Altered Ignimbrice: pink ro vellow Lnduraced ash ;  
b lack  nodules with purple  f l u o r i c e  rims: and s o l i d  
puro le  f l u o r i t e  nodules. 

Altered Ignimbrice: p111k 11tdurarkd ash  wich black 
mngani fo rous  ecained c n l c i c e  nodules .  

Altered Ground Surge Unic: pink indura ted  ash.  sand- 
wave bed Eorn, dipyramidal  q u a r t z .  

Baae of Sect ion 5030ft .  / SEkNEk.seclO.Tl3S.Rl2W 



Figure 7. Bomb sag in Blue Chalk Pit. Note bomb immediately left of 
lens cap, and darkly altered air fall unit sagged below 
bomb. 



Figure 8. Measured Section Spor Mountain Formation, North Roadside 

Pit, Brush-Wellman Beryllium Mines, Southwest Spor Mountain. 



Soil Can 

Altered TgufmM%ca: straciEied f,low mica  1.6 t o  3.0 
f t .  thick; l i t h i c a  to  2in.; f l uo r f t e  nodules. 

Altered Imimbritet  f i n e  grained base. 

Altered Ignimbrice 

Alterad ZpnidSSit. 

Crowd Surge Unit: p b n a r  bed Coma. 

Ground Surge Unic: Incarbeddad saas iue  and sand- 
bed forram. 

Altered Ipimbrf  ce: ~ & c A & c  rich,  

U8er.d Block trow: l ichica  to  8Ln. 

Alcerrd Ignimbrice 

~lter.d alack now uni t :  l i ch ic s  to kin. 

Alcered Ipnimbrice: l iphe brom ash. 

Altered Block Flow Unic: ca l c i t e  nodules to  Lzin., 
mme complrtely roplaced'by purple f l w r i c e .  

aLtired 6bck  Pfw Untt: Grayish whir* i&uracad ash 
wich quartz aad biocice: 7 d c e  to 6 b . ;  ca lc i t e  nodulu  
co Sin. uich purple f l w r i e e  rim; r'nyodacice Iichfcs;  
and vicrophyre 1LcUea. 

Paulc: vich opal replac.nunc. 

Altered Ignfabrite: grayish white indurated u h  v ich  
abundant smoky q u r c z ;  white punice; and calc ice  nodules 
to  bin. w i t h  rim# of purple fluorice.  



with large rock fragments and pumice in this section are more numerous 

and generally thicker than similar beds found in the drill core sec- 

tions. Beds with ash, fine rock fragments, and small, rounded pumice 

occur in sandwave bed forms but are also found in planar and massive 

bed forms. The top of this section has numerous thin, poorly sorted 

graded units . 
In the North Fluoro pit, the measured section has only one 

poorly sorted graded unit (~ig. 9). Most of the section consists of the 

type of poorly sorted graded units with large rock fragments described 

earlier and beds with bases that are very block-rich that grade upward 

into poorly sorted pumice-rich graded units (Fig. 10). A sandwave bed 

form unit with ash, fine rock fragments, and small, rounded pumice also 

occurs in this section. The base of the Porphyritic Rhyolite agatn is 

brecciated, but a thin zone with flattened clasts occurs beneath the 

massive rhyolite. This section of Beryllium Tuff is much coarser than 

the other sections measured in the Spor Mountain Formation. 

Observations of the Spor Mountain Formation were made at two 

localities in the Dell. The Hogsback Prospect is very similar to the 

occurrences of the Spor ~ountain   or mat ion southwest of Spor ~ount ain 

in that Porphyritic Rhyolite overlies Beryllium Tuff rich in dolomitic 

rock fragments. At the Yellow Chief Mine pit (~ig. ll), cuts expose a 

sequence which has been interpreted as the lowest facies of the Beryl- 

lium Tuff (~indsey, 1979a). This facies is a sedimentary rock (Bowyer, 

1963; Lindsey, 1978b). The lower tuffaceous sandstone and conglomerate 

lacks cobbles of the Porphyritic Rhyolite and of the dolomite exposed 

at Spor Mountain. Dolomite clasts are found in the upper limestone 



I 

Figure 9. Measured Section Spor Mountain Formation, North Fluoro Pit, 

Brush-Wellman Berylliuni Mines, Southwest Spor Mountain. 



Top of Sac t io~ l  Not Uu8ur.d 

Porph$mitic Rhyolite: dark red mnfic i n c l t ~ f o ~  t o  3 
in. with O.4in. feldspar; surrouaded by white halos 
with topaz. 

Ruad Breecia: f la t tened cobble8 of Porphyritic 
Rhyolite. 

Brrccia: angular cobbles of Porphyrit ic Rhyolite 
with some dltY rW mnfic l i d ~ l r a .  

Cd-L@taritibt%re La&-Fall vrut: #am& drtk red wtlc %a- 
clusious with 0 .41~ .  feldspar.  

Ground Surge Units: poorly vesicular pumice to  0.3in. 
with aandwave bed fonna; l i t h i c s  to  2in. 

Block Flow Unit 

Block Flaw Unit 

Co-Ignimbrice Las-Fa11 Unit 

Co-Igaimbrice Las-Fa11 Unit: base vich %in. ansular 
l i t h i c r  grading upward i n t o  a pumice rich i m i l b f l c ~ .  

Block Flow Unit 

B u m  of Section Covered 

Barn of Sact ion 4770ft. I lWkUEk.a.c8.113S,P1ZW 



Figure 10. Co-ignimbrite lag-fall unit exposed in North Roadside Pit. 
Behind the meter stick, a lithic-rich base, overlying an 
ignimbrite, grades upward with increasing pumice and matrix 
into a lithic-rich ignimbrite. 



l i g u i c  11. N O f t h  face of Yellow Chief Mine. Tilted toward the left, 
white bentonitic Beryllium Tuff confomably(?) overlies gray 
uraniEerous epiclastic volcanic sediment. 



conglomerate at the mine. Cobbles of Dell Tuff and of Drum Mountain 

Rhyodacite found in the tuffaceous sediments are rounded to subrounded 

and suspended in a sand-sized matrix. 

An unusual feature of the Beryllium Tuff exposed in the Taurus 

pit southwest of Spor Mountain is a conformable 7 feet (2.1 m) thick 

vitrophyre bed found on the north wall (~ig. 12). In the tuff, both 

above and below the vitrophyric bed, are matrix-supported blocks of 

vitrophyre up to 2 feet (0.6 m) across (~ig. 13). The vitrophyre bed 

is oriented N 34'~ 45'~~. 

Interpretation 

The textures described in the Beryllium Tuff in the five mea- 

sured se:tions are a11 typical primary pyroclastic textures. Beds with 

lithic-rich bases and pumice-rich tops that are poorly sorted and have 

rounded to subrounded pumice fragments are typical ignimbrites or 

pyroclastic flow units (sparks and others, 1973; Sheridan, 1979). The 

fine-grained bases found in beds represent the development of thin shear 

zones at the base of some pyroclastic flows (Sparks and others, 1973). 

Beds similar to the ignimbrites, but having large lithics and pumice, 

are block-flow units (ROSS and Smith, 1961). Beds characterized by 

moderate sorting and angular pumice are air fall units (Ross and Smith, 

1961; Sparks and others, 1973). The ashy beds with fine lithics and 

small, rounded pumice and sandwave and planar bed forms are pyroclastic 

surge units (Fisher, 1979; Wohletz and Sheridan, 1979). 

Lithics in the Beryllium Tuff originated from country rock 

through which the parent magma vented. The Spor Mountain Formation is 
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Figure 13. Matrix supported vitrophyre blocks in the Beryllium Tuff. 
This outcrop is immediately below vitrophyre bed in Fig. 12 
on the second bench from base of photograph. 



Figure 13 (~ontinued). Platrix supported vitrophyre blocks in the Beryl- 
lium Tuff. This outcrop is immediately above 
vitrophyre bed in Fig. 12 on the skcond bench 
from base of photograph. 



known to overlie both ~aleozoic sedimentary rocks and Drum Mountain 

Rhyodacite from surface and subsurface data (~illiams, 1963; Lindsey, 

1979b). Near-surf ace explosive activity during the emplacement of the 

Beryllium Tuff entrained foreign lithics from the immediate country rock 

into juvenile pyroclastic material moving through the vent. 

Water-reworked tuffaceous sediment has textures which distin- 

guish it from pyroclastic beds. Large volcanic mudflows or debris flows 

differ from ignimbrites in that pumice and glass shards are nearly 

always absent; the coarsest rock fragments occur in the centers of flow 

units (~ig. 14) and pumice framents when present are well rounded and 

often permeated with mud (Schmincke, 1967; Parsons, 1969; Neall, 1976). 

Epiclastic volcanic breccias, from their fluvial origin, have rounded 

to subrounded clasts, moderate sorting, good stratification, and often 

are interbedded with volcanic sandstone (Parsons, 1969). No textures 

indicative of an epiclastic origin were recognized in the measured 

sections of the Beryllium Tuff. 

Rhyolitic domes and flows overlying consanguineous pyroclastic 

rocks are a comnron association (~illiams, 1932). In the literature, 

such sequences have been described for example from Mono Craters, 

California (Loney, 1968; Smith, 1973), John Kerr Peak dome complex, 

New Mexico (Smith, 1976), Tarawara, New Zealand (Cole, 1970), and 

Santiaguito volcanic dome, Guatemala (~ose, 1973). 

The North Fluoro section is distinctive in that it is the 

coarsest section measured in the Beryllium Tuff. Stratigraphically, the 

standard ignimbtite forms only a minor part of the column. The units 

described with coarse lithic-rich bases grading up into an ignimbrite 



GROUND SURGE 
DEPOSlT 

Figure  14. Comparison of a standard ignlmbrite sect ion ( l e f t )  
with a sec t ion  measured through an c p i c l a s t i c  
volcanic debr i s  flow ( r igh t ) .  Note the  absence 
of pumice and the lack  of normally graded l i r h i c s  
i n  the  debr i s  flow (a and b).  A fine-grained 
baea (a and 2a) i s  csmmon to  both sect ions .  
Cross-bedded f iuvia l  t 1 1  f f nceaus otadiment con Lain= 
fng rounded pumice (c) i s  commonly associated 
with e p i c l a s t i c  volcanic debris flows. P = 
pumice, L = l i t h i c s  (Modified from Schmincke, 
1967 and Sparks and o thers ,  1973). 



have been termed co-ignimbrite lag-fall units (Wright and Walker, 1977). 

These units are interpreted as a near-vent facies of an ignimbrite (~ig. 

15). This interpretation at this locality is consistent with the 

general coarse nature of the section. 

The black vitrophyre of the Taurus Pit (F'ig. 12) is probably an 

exposed portion of the discontinuous middle welded zone of the Beryllium 

Tuff recognized by Williams (1963) from subsurface data. Above and 

below the vitrophyre, the occurrence of matrix-supported blocks of 

vitrophyre (Fig. 13) cannot be explained by a compaction welding model. 

If these blocks represent bombs, this vitrophyre can be interpreted as a 

vitrophyric bomb bed within the Beryllium Tuff. 

Since the Spor Mountain Formation at the Hogsback Prospect is 

similar to those sections measured southwest of Spor Mountain, and 

Lindsey (1979b) ,has recognized similar sections in the northern Dell, 

the distribution of the tuff and the overlying rhyolite included areas 

east and west of Spor Mountain. Drilling north of Spor Mountain by 

Bendix Field Engineering Corporation has encountered the Porphyritic 

Rhyolite and the Beryllium Tuff in contact  o orris on, 19801, and mapping 

by Lindsey (1979b) has shown both members of the Spor Mountain Formation 

in contact 'south of Spor Mountain. Hence, the distribution of the 21 

m.y. old tuff and overlying rhyolite was widespread peripheral to Spor 

Mount: s i  n , 

The tuffaceous sandstone and conglomerate of the Yellow Chief 

Mine (Lindsey, 1978b) appears to be an epiclastic volcanic sediment 

(Parsons, 1969). If so, this gives the Yellow Chief faciss of the Spar 

Mountain Formation a distinctly different origin than the Beryllium Tuff 



welded 
bomb bed 
------- -- 
bomb bed --------- 

co-ignimbrite 
l ag - fa l l  uni t s  

FSgute 15. Co-ignimbrite l ag - fa l l  uni t s .  Note l i t h i c  r ich  
bases overlain by ignimbrirea. (Modified ftm 
Wright and Walker, 1975) 



exposed beneath the Porphyritic Rhyolite in the measured sections. 
' .  

Because the sediments include debris from the Dell Tuff, lack fragments 

of the Porphyritic Rhyolite, and are overlain by pyroclastics of the 

Spor Mountain Formation, they were deposited between 32 m.y. and 21 m.y. 

ago. The limestone conglomerate, which is a channel fill deposit 

overlying the tuffaceous sandstone and conglomerste, may represent 

debris shed from a rising (magmatieally domed?) paleo-Spor Mountatin 

shortly before the eruption and emplacement of the pyroclastics of the 

Beryllium Tuff. 

The stratigraphic section measured across the rhyolite-tuff 

contact in the Blue ehalk Pit. (Fig. 6) has several interesting rela- 

tions. The thin localized units in the Beryllim TuFf may have been 

derived from nuees ardentea and associated air falls produced from the ' 

advanciag flow front of the Potbhyritic Rbyolite (Richards, 1959). At 

the Ndrth Roadside Pit (Fig. 81, the thin ignimbrites at the top of the 

column may be in a stratigraphic position similar to that of the pyro- 

elastic units in 'the Blue Chalk section. Abda the Beryllium Tuff, a 

breccia zone is well exposed at the base of the Porphyritic Rhyolite in 

the Blue Chalk Pit (~ig. 6). This breccia can be interpreted as an 

overridden talus apron.' These aprons comonly form at the front of 

advancing rhyolific lava flows and are well exposed around the coulees 

or steep-fronted flows of Mono Craters, California (Laney , 1968; Cole, 

1970; Fink, 1980). Only a small percentage of the clasts in the breccia 

are vi trophyric blocks; the great majority of clas ts are microcrystal- 

line Porphyritic Rhyolite. 



Wplasement t:f the Topaz Mountain 
Bhyolite-Tuff Sequences 

The 6 to 7 m.y. old Topaz Mountain Rhyolite-Tuff sequences are 

well-exposed on steep escarpments in the Thomas Range (Fig. 2). Strati- 

raphically, at least three rhyolite-tuff sequences occur in the Thomas 
'';&;J? 

&:k 
Range (~indsey, 1979b). The rhyolites were emplaced as domes and flows 

>ver the tuffs and are termed the Alkali Rhyolite of the Topaz Mountain 

Jthynlito (Lindsey, 197911). Lindsey (1979a) has concluded that these 

tuffs were emplaced as air falls, small ash flows, and sheetwashea 

(restricted to the northern Thomas Range), and in his stratigraphic 

nomenclature includes all tuff horizons co~lectively in the Strat if i e d  

Tuff of the Topaz Mountain Rhyolite. Some previous workers have consid- 

ered the Stratified Tuff to be entirely waterlaid (Sham, 1968, 1972). 

Generally the tuff is overlain by a breccia and the rhyolite is under- 

lain by a vitrophyre, but a complete sequence of Stratified Tuff, 

breccia, vitrophyre, and rhyolite does not occur everywhere in the 

Thomas Range (Lindsey, 1979a). Sama exposures have fused tuff beneath 

rhyolite (~indsey, 1979a). 

Ney Rgta 

Five sebtions or the Topaz Mountain Rhyolite were measured in 

btder to elucidate the emplacement of the Stratified Tuff and the origin 

of the breccia and vitrophyre at the base of the Alkali Rhyolite (~ig. 

2). One section was described from drill sore obtained by Bendix Field 

Engineering Corporation from the southwestern Thomas Range (Fig. 16). 

Other sections were measured from outcrops in the Thomas Range. On the 



Figure 16. Measured Section Topaz Mountain Rhyolite-Tuf f, Bendix Field 

Engineering Corporation Spor Mountain Drilling Project Hole 

Number 1, Southwest Thomas Range. 
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S p b d i t i c  Topu munuio ~ 0 1 i U  

Fwd ZgDLbrite: flattened black 8hss w e e .  

hir Fd11 bit: pmice t e  2,Bin. 

~ l l r  Fall unit: pinkish &it. indurated u h  v i t h  vew 
spar- qwr tz  .Id biotite:  grayish white to  uhite, 
angulrr, vesicular pumice ranging in s ize  from 0.6 to 
ain. v r tn  qwreo a d  biutate; ma ta r  u t h i c r .  

Ignkbr i tr :  pinkish t o  gtsyiah ubi t r  irrduratd ub 
d r b  bm- aoky quartz, 0.1111. rad buck biat i t r .  
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bese, .nd pcrice a t  top; flow units 3 t o  1st. thick; - cmm incsI**I~ w m l ~  p ~ ~ w m j  m4 W Irrbbb- 
d r n t  c r i t e r i a  to distiryuiob individrvl flow units. 

-- 345 
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southeastern side of the Thomas Range, near the Autunite No. 8 Prospect, 

a section was measured through the Topaz Mountain Rhyolite (Fig. 17). 

Near Wildhorse Spring, on the west-central side of the Thomas Range, a 

third section was measured (F'ig. 18). Two additional sections were 

described from the northwestern and the southwestern margins of the 

Thomas Range (~igs. 19 and 20). 

The measured section from drill hole number 1 was broken into 

numerous units with lithic-rich bases and pumice-rich tops (Fig. 16). 

Both the pumice and the lithics are matrix-supported, and the units 

can be characterized as poorly sorted. The lithics are mostly older 

volcanic rock fragments and various amounts of ~bsidian fragments. 

No carbonate lithics were observed. The pumice are subrounded and 

vesicular. Other units were characterized by high proportions ot 

angular pumice and few lithics. These units are moderately sorted 

and contain some vitrophyre fragments. At the top of the section 

flow-banded alkali rhyolite overlies a thin bed with lensoidal black 

glass. 

In addition to beds similar to those described from drill hole 

number 1, the section measured near the Autunite No. 8 Prospect contains 

several additional types of units (Fig. 17). Ashy beds with fine 

lithics and small, rounded pumice that have sandwave and planar bed 

forms are found near the base of the section, Near the top of the 

Stratified Tuff, graded units are found with black lensoidal glass in a 

reddish-whire matrix in place of pumice at the tops of units (Fig. 21). 

Immediately below the vitrophyre in the Autunite No. 8 column is a bed 

with large flattened spheroids of obsidian in a gray matrix (~ig. 221, 



Figure 17. Measured Section Topaz Mountain Rhyolite-Tuff, near Autunite 

No. 8 Prospect, Southeast Thomas Range. 





Figure 17 (continued). Measured section Topaa Mountain Rhyolite-Tuff, 

near Autunite No. 8 Prospect, Southeast Thomas 

Range. 
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Figure 18. Measured Section Topaz Mountain Rhyolite-Tuff, near Wild- 

horse Spring, West-Central Thomas Range. 



Top of Section Uot Masurd 

Topaz ?buntain Rhyolice 

Pa r t i a l ly  Crystall ine Glass: coutorced baading of 
f e l a i t e  ~ e d  glao.. 

Opherulitic Glasa: intense rphenr l i te  formation. 

Par t ia l ly  Devitrif ied Clars: afaor sphcrul i te  f o e  
ation. 

Vitrophyra: chi l led  base of Topaz *untain ahyolire 
with 0.4ia. lichophyare. 

Breccia: randomly oriented b l o c k .  of vitrophvre to  
2ft. fn an indurated aahy matrix. 

Covered Interval 

Lgninbrite: white puriee i n  pink macrix 

Parei.Lfp Welded Ignimbritr 

h a r e l y  Welded Igninbrica: lease cvo flow uni ts  vich 
l i ch ic  rich b8-# and ptmico rich cops. 

3 1gnfidbrit.r h i r e  pumice i n  pink ~ t r i x .  - 0 h e  of k c i o n  M40tt. / SEkSEk.ceclO,T12S,11ZY 
I).- of S u t i o a  Uot Huaurrd 



Figure 19.  Measured Section Topaz Mountain Rhyolite-Tuff, Northwest 

Thomas Range. 
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Figure 20. Measured Section Topaz Mountain Rhyolite-Tuff, Southwest 

Thomas Range. 
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Figure 21. Black, glaasy, flattened, relict pumice occurring in a 
welded ignimbrite of the Stratified Tuff near the Autunite 
No. 8 Ptaspect. 



Figure 22. Densely welded bomb bed outcropping near the Autunite NO. a 
Prospect. Note the welded ignimbrite exposed to the left 
and at the baae of the meter stick. 



which disappears into the overlying massive vitrophyre. An altered 

rock, which has sparse lithics, overlies the vitrophyre and appears to 

have 10s t its original texture. Below the flow-banded spherulitic 

alkali rhyolite at the top of the section, a breccia of light gray 

rhyolite in a reddish-brown matrix occurs. The breccia grades upward 

with increasing spherulitic alteration and matrix into the overlying 

rhyolite . 
At Wildhorse Spring (~ig. 181, two units with normally graded 

lithics and very flattened lensoidal glass occur in a red glassy matrix 

(Fig. 23). Overlying these units is a bed with a lithic-rich base and a 

pumicerich top. Belaw the vitrophyre is a matrix-supported breccia of 

vitrophyre blocks. %e vitrophyre has small lithophysae and grades 

upward w i t 1 1  increasing dpherulites into a spherulitic glass. At the top 

of the section is an alkali rhyolite with a microcrystalline texture 

that grades downward into the spherulifia glass. 

Both of the sections measured on the northdvestern (Fig. 19) and 

southwestern (~ig. 20) flanks of the Thomas Range haye excellent expo- 

sures of vitrophyre breccia. The breccia in these localities rests 

directly an the stratified tuff (~ig. 24) .  Grading of this breccia up 

into the overlying rhyolite is nicely exposed in the column described 

from the northwestern Thomas Range. The breccia becomes less coarse 

upward and gray microcrystalline rhyolite occurs as interstitial matrix 

(~ig. 25). Upward through the section, the blocks become smaller with 

more spherulitic alteration and are supported by the gray microcrystal- 

line groundmass (Fig. 26). The breccia eventually grades upward with an 

increasing percentage of matrix into alkali rhyolite. In the section 





Figure 24. Vitrophyre block breccia res t ing  on pyroclast ic  beds of the  
S t r a t i f i e d  Tuff behind the meter s t i c k  and outcropping near 
p i g .  19.  



Figure 25. Vitrophyre breccia containing interstitial rhyolite matrix, 
strat igraphically above Fig. 24. 
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Figure 26. Rhyolitic groundmass supported vitrophyric breccia, strati- 
graphically above Fig. 25. 



measured on the northwestern face of the Thomas Range, a bed occurs 

below the breccia zone which is distinctive due to the great abundance 

of subrounded pumice and the many fine obsidian fragments in the unit 

(Fig. 27). 

Interpretation 

Consistent with the discuesion of Lindsey (1979a), many of the 

beds in the measured sections are ignimbrites and air fall units. The 

ignimbrites characteristically have inverse grading of pumice and normal 

grading of lithics, and the air fall units consist of angular pumice 

with moderate sorting (Sparks and others, 1973). At the Autunite No. 8 

Prospect section (Fig. 171, the ashy units with small, rounded pumice 

and fine lithics in planar and sandwave bed forms are pyroclastic 

surge units  ishe her, 1979; Wohletz and Sheridan, 1979). Also at this 

locality, near the contact of two ignimbrites, paleofumaroles are found 

(Fig. 28) (Sheridan, 1970). This evidence can be interpreted as indi- 

cating that trapped gases escaped after the deposition of the host unit. 

This is a common process after the emplacement of ignimbrites (Sheridan, 

1970). 

The lensoidal black glass in units described from the Autunite 

No. 8 Prospect (Fig. 17) and from Wildhorse Spring (Fig. 18) are dis- 

tinctive features which occur in partially to densely welded ignim- 

brites (Roes and Smith, 1961). At the section measured near Wildhorse 

Spring, the heat required to weld the ignimbrites cannot have been 

derived from the overlying rhyolite flow, as a nonwelded ignimbrite 

outcrops above the welded units (Fig, 18). Hence, the ignimbrites must 



Figure 27.  Close-up o f  block flow unit  behind meter stick i n  Fig.  24, 



Figure 28. An ignimbrite contact in the Stratified Tuff near the 
Autunite No. 8 Prospect with a paleofumarole. Contact is 
slightly above the meter stick. 



. An ignimbrite contact in the Stratified Tuff 
near the Autunite No. 8 Proepaet with a paleo- 
fumarole. Paleofmarole, left of lens cap, near 
the ignimbrite coatact i u  Fi#. 28a. 



. have been emplaced h o t  and f a i r l y  r a p i d l y  t o  form a  s i n g l e  coq l ing  u n i t  

( F i g .  23 )  (Ross  and  S m i t h ,  1 9 6 1 ) .  The u n u s u a l l y  l a r g e ,  f l a t t e n e d  

sphero ids  found below t h e  v i t r o p h y r e  i n  t h e  s e c t i o n  near  t h e  Autuni te  

No. 8 P r o s p e c t  ( F i g .  22)  a p p e a r  t o  b e  f l a t t e n e d  bombs i n  a  we lded  

ma t r ix .  Above t h e  v i t r o p h y r e  i n  t h i s  column an  i n t e n s e l y  vapor-phase- 

a l t e r e d  zone occurs  which, from t h e  l i t h i c s  found i n  t h e  u n i t ,  may be  a  

p y r o c l a s t i c  u n i t  ( ~ i g .  17) .  Vapor-phase a l t e r a t i o n  i s  commonly found 

above v i t r o p h y r e s  (Ross and Smith, 1961).  

Except f o r  t h e  d r i l l  c o r e  s e c t i o n ,  b r e c c i a  zones a r e  found a t  

t h e  base  of t h e  a l k a l i  r h y o l i t e  i n  t h e  measured s e c t i o n s .  These brec-  

c i a s  o r i g i n a t e d  a s  t a l u s  aprons t h a t  commonly form around r h y o l i t e  f lows 

(Loney, 1968).  As t h e  flow advanced, t h e  l ava  over rode  p a r t  o f  t h e  

t a l u s  apron,  and much of t h e  b r e c c i a  t a l u s  became mixed t o  va ry ing  

degrees  wi th  t h e  base  of t h e  l a v a  flow (Cole ,  1970; Fink,  1980).  The 

c o n t a c t  of t h e  a l k a l i  r h y o l i t e  and t h e  S t r a t i f i e d  Tuff i n  t h e  d r i l l  

s e c t i o n  (F ig .  16) d i f f e r s  from t h e  o t h e r  s e c t i o n s  i n  t h a t  t h e  t o p  of 

t h e  S t r a t i f i e d  Tuff i s  fused.  Th i s  d i f f e r e n c e  may be r e l a t e d  t o  t h e  

tempera ture  o r  t h e  t h i c k n e s s ,  o r  bo th ,  of t h e  ove r ly ing  l a v a  f lows.  The 

p r e s e n t  escarpments  of ' t h e  Thomas Range, where t h e  o t h e r  s e c t i o n s  were 

measured, may not  have been eroded back s i g n i f i c a n t l y  from t h e  o r i g i n a l  

escarpments of  t h e  rlnmes and flows t h a t  e x i s t e d  6  m.y. ago and a r e  

where c o o l e r  and t h i n n e r  f a c i e s  of a  flow might be expec ted .  Spheru- 

l i t i c  d e v i t r i f i c a t i o n  i s  found i n  t h e  a l k a l i  r h y o l i t e ,  t h e  v i t r o p h y r e ,  

and t h e  b r e c c i a  c l a s t s  t o  va ry ing  deg rees  a t  t h e  tops  o t  d l 1  of t h e  

s e c t i o n s .  



Mineralization in the Beryllium Tuff 
and in'the Stratified Tuff 

The Beryllium Tuff 

The beryllium mineralization in the Beryllium Tuff was recog- 

nized by previous workers to be tabular in shape and to occur somewhat 

below the overlying Porphyritic Rhyolite (Griffitts and Rader, 1963; 

Staatz, 1963; Williams, 1963; Park, 1968; Shawe, 1968). Associated 

with the beryllium mineralization at the top of the tuff, anomalous 

concentrations of F, Li, Mn, Pb, REE's, U, and Zn have been described 

(Griffitts and Rader, 1963; Park, 1968; ~indsey, 1979a). High uranium 

concentrations apparently do not coincide with high beryllium concentra- 

tions, and these data have been used in part to show that the highest 

uranium values are displaced downward from the highest beryllium values 

in the tuff (Lindsey, 1979a). 

Two Bendix Field Engineering Corporation drill holes, number 6 

and number 18, penetrate the Beryllium Tuff and have been analyzed for a 

wide variety of elements  orrison on, 1980). Elements were analyzed f n r  

from splits usually obtained from cnte  interval^ 10 feet (3.05 UI) long 

and thus t e p z e s e l ~ L  averages. Ln order to illustrate elemental varia- 

tions with depth in the Beryllium Tuff, elemental concentrations at 

midpoints of individual analyzed intervals were plotted against depth in 

, 
the following graphs. These graphs confirm the existence of Be, F, Li, 

Nn, Fb, U, arid Zn anomalies at the top of the Beryllium Tuff in the 

drill holes. The tuff in hole number 18 occurs from 497 to 689 feet 

(151 to 210 m) and has anomalous beryllium (Fig. 291, fluorine (~ig. 

301, lithium (Fig. 311, manganese (Fig. 321, lead (~ig. 331, U308 
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(Fig. 341, equivalent uranium, estimated concentration from spectro- 

graphic gamma-ray measurements (Fig. 35) ,' and zinc (Fig. 36) near the 

top of the unit. Hole number 6 also has anomalous beryllium (Fig. 371, 

fluorine (Fig. 381, U308 (Fig. 391, and equivalent uranium (~ig. 40) in 

the upper part of the Beryllium Tuff, which was cored from 733 to 914 

feet (223 to 279 m) in the hole. In both holes, equivalent uranium and 

U308 anomalies are - not displaced downward from the beryllium anomalies. 

Park (1968) came to a simi.lar conclusion from an analysis of five 

sections. Equivalent uranium measurements made in hole number 6 every 

6 inches (15 cm) from an in-hole gamma ray spectrometer by Bendix 

Field Engineering Corporation shows a regular variation in uranium 

content with a cycle of 5 to 7 feet (1.5 to 2.1 m) at the top of the 

Beryllium Tuff from 726 to 756 feet ( 2 2 1  t n  230 m) ( ~ i g .  111). Duc to 

inaccuracies in depth measurements, the readings of the geophysical logs 

are displaced approximately 4 feet (1.2 m) ~~pwarrl  from tha drill corc 

(La Point, personal communication, 1980). 

Further analysis of the data presented by Morrison (1980) re- 

veals several additional elemental anomalies at the top of the Beryllium 

Tuff previously not described in the literature. Plemontal depth 

pro'files for hole number 18 show arsenic ( ~ i g .  421, niobium ( ~ i ~ .  431, 

  in (Fig. 441, and tungsten (Fig. 45) anomalies in the upper part of the 

tuff. Niobium (Fig. 46) and tin (Fig. 47) are also anomalous at the top 

of the Beryllium Tuff in hole number 6 .  

Some elements show no enrichment above background stratigraphic- 

ally through the Beryllium .Tuff. These include antimony (Fig. 48), 

copper (~ig. 49), lanthanum (Fig. 50), molybdenum (~ig. 51), strontium 
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Figure 41. - concentration of eU (ppm) versus .depth (feet) 
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Figure 4 3 .  I Concentration of Nb (ppm) versus depth (feet;) 
Beryllium W f  
D r i l l  hole number 18 
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(Fig. 521, equivalent thorium (Fig. 531, and zirconium (Fig. 54) ' as' 

shown for hole number 18. 

The Stratified Tuff 

Until age dating of the Porphyritic Rhyolite by Lindsey (1978a1, 

the Spor Mountain Formation and the Topaz Mountain Rhyolite were consid- 

ered to be coeval and the Beryllium Tuff and the Stratified Tuff were 

not distinguished.. The Stratified Tuff has been recognized 'as being 

unmineralized, but no diagrams illustrating elemental concentration 

variation with depth are in the literature. 

For drill hole number 1 (Fig. 161, antimony (Fig. 551, beryllium 

(Fig. 561, lead (Fig. 571, lithium (Fig. 581, manganese (Fig. 591, 
-, 

niobium (Fig. 601, equivalent uranium (Fig. 611, and U308 (Fig. 621 show 

no enrichment at the top of the Stratified Tuff, as they do at the top 

of the Beryllium Tuff. Zinc (Fig. 631 concentrations'fluctuate widely 

but show no enrichment at the top of the tuff. Fluorine shows a slight 

enrichment at the top of the tuff (Fig. 64). Equivalent thorium, 

estimated concentration from spectrographic gamma-ray measurements (Fig. 

651, and zirconium (Fig. 66), which show no enrichment at the top of the 

Beryllium Tuff, also are not enriched at the top of the Stratified Tuff. 

Conclusions 

The topaz rhyolites associated with both tuffs, the numerous 

fluorspar mines in the Spor Mountain District, and the high concentra- 

tion of fluurine ar che e6p ot the Beryllium Tuff have directed previous 

workers to regard fluorine as an important mineralizer in the Beryllium 

Tuff (~taatz, 1963, p. 34; Williams, 1963; Lindsey and others, 1973, 
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Figure 5 5 .  ' Concentration of Sb (pprn) versus. depth (feet ) 
Topaz Mountain Rhyolite Tuff 
Drill hole number .1 



Figure 56 .  

Zm. 

- 
Concentration of ,Be (ppm) versus 6epth (feet) 
Topaz Wuntain Rbyollte Tuff 
Drill hole number 1 

Im. " 

l a .  

( P P ~  

- -  

- -  

EL 

B I I I 
1 L I 

I I I I I r 
I I I i 8 i i 

(feet) 

6 - - 
J - n - 



Concentration of Pb (pprn) versus depth (feet) 
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p. 17; ~ i n d s e ~ ,  1979a, p. 77). Fluoride complexes are thought to have 

formed with, beryllium and other metals in solutions which moved through 

the Beryllium Tuff. A change in -pH and fluoride ion activity in these 

solutions, brought about by the carbonate lithics of the Beryllium Tuff . 

reacting with fluorine to produce fluorite, is generally accepted as 

the mechanism for the formation of the beryllium deposits in the tuff 

(Staatz, 1963; Williams, 1963; Shawe, 1968; Lindsey, 1979a). 

The secondary processes which have acted to alter and mineral- 

ize the Beryllium Tuff failed to take place in the Stratified Tuff. 

Both tuffs are associated with topaz rhyolites and were emplaced by 

similar mechanisms. The lack of dolomite lithics in the Stratified Tuff 

is perhaps the most significant primary difference between the two 

tuffs. Any fluorine-enriched mineralizing solutions moving through the 

Stratified Tuff would probably not be greatly altered in pH, and the 

mechanism proposed for ore genesis in the Beryllium Tuff could not 

occur. .The slight fluorine anomaly at the top of the Stratified Tuff in 

hole number 1 (Pig. 64)' is probably associated with the fused tuff also 

recognized at the top of the tuff (Fig. 16). 
\ 

The small-scale cyclic variations in equivalent uranium (Fig. 

41) may represent lithic concentrations in the bases of thin ignimbrites 

not recognized due to poor preservation at the top of hole number 6 

(Fig. 4). It is significant that the maximum concentration of equiva- 

lent uranium occurs in the uppermost cycle, because this mirrors on 

a small scale the elemental anomalies recognized at the top of the 

Beryllium Tuff in Figures 34, 35, 39, and 40 for U3O8 and equivalent 
. . 

uranium. These data differ are inconsistent with interpretation of 



Lindsey (1979a) in that uranium is not displaced from beryllium ( ~ i ~ s .  

29 and 37). Apparently the process (or processes) which displaced 

uranium from beryllium did not act equally everywhere in the tuff. 

Whether this displacive process (or processes) was associated with a 

primary mineralizing episode in the Beryllium Tuff or with later second- 

ary groundwater mobilization is not clear from this study. 

The restriction of elemental anomalies to the top of the Beryl- 

lium Tuff constrains the location of the fluid migration which mineral- 

ized the tuff. From the measured sections, ignimbrites with carbonate 

lithics are common through the stratigraphic thickness of the tuff 

(Figs. 4 and. 51 ,  and although its concentration varies, calcium is also 

abundant through the stratigraphic thickness of the tuff in drill holes 

6 and 18 (l?igs. 67 and 68) ,  The amount of calcium in the Beryllium Tuff 

reflects the original calcium carbonate abundance, because the lime 

content of the Porphyritic ~hyolite is low, less than one percent 

(Appendix 4 ) .  Except for the welded bomb bed in the Taurus Pit, second- 

ary compactioG welaing. processes seem not to have affected the Beryllium 

Tuff. So, no apparent permeability or porosity controls for fluid 

migration and no calcium concentration variations exist in the Beryllium 

Tuff that would restrict the mineralization to the top of the tuff. 

Petrography and Petrology of the Porphyritic 
Rhyolite and the Alkali Rhyolite 

Glassy Rocks 

The Alkali Rhyolite vitrophyres commonly have 10 to 20 percent 

phenocrysts, although the alkali rhyolite of Antelope Ridge contains 37 
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pe rcen t  phenocrys t s  (Cindsey, 1979a; Tur ley  and o t h e r s ,  1979).  The most 

a b u n d a n t  p h e n o c r y s t s  a r e  t h e  a l k a l i  f e l d s p a r s  ( A b 3 6 0 r 6 3 - ~ b ~ 8 0 r ~ 2 )  

(Tur l ey  and o t h e r s ,  1979).  .Af t e r  q u a r t z ,  unzoned p l a g i o c l a s e  i s  t h e  

next  most abundant phenocryst  and h a s  an average  composi t ion o f  Ab74Anl7 

(Tur l ey  and o t h e r s ,  1979).  Both f e l d s p a r s  a r e  low i n  barium, no  more 

t h a n  0.04 percent  (Tur ley  and o t h e r s ,  1979) .  Red-brown b i o t i t e s  a r e  

t h e  l e a s t  abundant major minera l  ( ~ i n d s e y ,  1979a).  Accessory .sphene 

and z i r c o n  occur  i n  t h e  v i t r o p h y r e s  (Tur l ey  and o t h e r s ,  1979) .  Ferro-  

h a s t i n g s i t e  i s  a l s o  an acces so ry  phase i n  t h e  v i t r o p h y r e s  ( ~ p p e n d i x  1 ) .  

The p l a g i o c l a s e  a r e  commonly mantled by a l k a l i  f e l d s p a r s .  The g l a s s y  

m a t r i x  i s  f low-banded ,  and s m a l l  a c i c u l a r  c r y s t a l l i t e s  d e f i n e  t h e  

flow-banding. Fe ldspa r  thermometry a f t e r  Stormer (1975) i n d i c a t e s  a 

mean e q u i l i b r i u m  tempera ture  of 7 2 0 " ~  a t  100 b a r s  (Tur l ey  and o t h e r s ,  

1979) .  

The P o r p h y r i t i c  R h y o l i t e  c o n t a i n s  a p p r o x i m a t e l y  4 0  p e r c e n t  

p h e n o c r y s t s  (Lindsey,  1979a).  Subhedral  a l k a l i  f e l d s p a r s  a r e  t h e  most 

common phenocrys t s  i n  t h e  v i t r o p h y r e  of t h e  P o r p h y r i t i c  Rhyo l i t e  and 

range  i n  composi t ion from Ab42AnlOr57 t o  Ab46AnlOr53 (Appendix 2 ) .  

The next  most abundant phenocrys t s  a r e  embayed q u a r t z .  Anhedral t o  

subhed ra l  unzoned p l a g i o c l a s e s  t h a t  have an average  composi t ion of 

AbalAngOrll a r e  t h e  t h i r d  most abundant phenocrys t s  i n  t h e  v i t r o p h y r e  

(Appendix 2 ) .  The f e l d s p a r s  have low barium c o n t e n t s  (<  0.04 p e r c e n t ) .  

The l e a s t  abundant major phenocrys t i s  da rk  brown subhedra l  t o  euhed ra l  

b i o t i t e .  Minor amounts of z i r c o n  a r e  a l s o  found. P l a g i o c l a s e  mant les  

b i o t i t e  and a l k a l i  f e l d s p a r  mant les  p l a g i o c l a s e  i n  t h e  v i t r o p h y r e s .  

Flow-banding i s  poorly developed i n  t h e  v i t r o p h y r e s  and i s  de f ined  by 



acicular crystallites. Figure 69 shows microprobe analyses of the 

feldspars plotted on a ab-or-an diagram. Two-feldspar geothermometry of 

the Porphyritic Rhyolite gives a mean equilibrium temperature of 681 "C 

at 100 bars (approximately 0.3 km) and increases 12°C if an equilibrium 
\ 

pressure of 1 kbar is assumed (~ig. 70). 

Crystalline Rhyolites 

The hol~crystalline porphyritic facies of the Alkali Rhyolite 

and the Porphyritic Rhyolite are quite distinct petrographically and in 

outcrop. Outcrops of crystalline Alkali Rhyolite in the Thomas Range 

have a characteristic honeycomb weathering pattern, whereas the Porphy- 

ritic Rhyolite is massive appearing in outcrop. 

The felsophyric or holocrystalline porphyritic facies of the 

Alkali Rhyolite in thin section has phenocrysts similar to those of the 

vitrophyric facies except that some biotites are ragged in outline. 

Spherulites and lithophysae are common in the groundmass and are often 

surrounded by anhedral crystals of quartz and alkali feldspar (20 pm) 

with an allotriomorphic-granular texture. Topaz, garnet, and beryl are 

mainly restricted to the lithophysae, but groiindmass copaz does occur. 

Acicular crystallites and oxides persist in the microcrystalline ground- 
I 

mass and sometimes define flow-banding. Some light green chlorite is 

found in the groundmass. Argillization of the groundmass is evident in 

some thin sections. The felsophyric facies of the Alkali Rhyolite is 

dominated by spherulites or lithophysae or both, and varying amounts 

of allotriomorphic-granular texture quartz and alkali feldspar occur 

between these features. 



Figure  69. Ternary composition of phenocryst f e l d s p a r s  
i n  t h e  P o r p h y r i t i c  Rhyoli te .  



Figure 70. Two-feldspar geothermometry of the Porphyritic Rhyolite 
(after Stormer, 1975). 

AK - mole fraction of NaAl Sig08 component in alkali feldspar 
PL - mole fraction of NaAl si308 component in plagioclase feldspar 

Sample Pair No. AK PL P(bars) T ( c " )  

Mean temperature (100 bars) - 681°c, SD 4C0 



The felsophyric facies of the PorphyriticrRhyolite has a 

hypidiomorphic-granular to microphenocrystic texture and is formed of 

quartz, alkali feldspar, and ubiquitous biotite, all 20 to 40 p m  in 

diameter. Phenocrysts in the felsophyres are similar to those found in 

the vitrophyres except that biotites are typically altered to oxides and 

rimmed by secondary biotites similar to those found in the groundmass, 

and that the phenocrysts occasionally have scalloped borders. The 

groundmass lacks spherulitic and lithophysal textures, but miarolitic 

cavities occur. No crystallites are present in the groundmass. Dark 

red inclusions, up to 6 inches (15 cm), surrounded by white haloes which 

contain megascopic topaz in cavities, are common in the felsophyric 

facies of the Porphyritic Rhyolite ( ~ i g .  71). Occasionally these 

inclitsions are elongate, but usually they are subrounded in outline. 

A distinctive feature of these inclusions is their large plagioclase 

phenocrysts (Appendix 2) .  Topaz is connnon in the groundmass of the 

-d 

Porphyritic Rhyolite and occurs both as rosettes, in which individual 

crystals reach 0.1 mm, projecting into miarolitic cavities, and as 

spongy inclusion-rich crystals. The miarolitic topaz appears to be a 

result of vapor-phase processes. The groundmass texture of the Porphy- . 
ritic Rhyolite has been classified as a granophyric texture in other 

rhyolite lava flows (~enry and Tyner, 19781, and is distinctly different 

from the dominantly spherulitic and lithophysal textured groundmass of 

the Alkali Rhyolite. 



~ f g u r e  71. Mafic inclusion i n  Lhe Y v ~ ~ l ~ y r i t i c  Wlyelite expaled at  the 
Blue Chalk Pit. Note white halo around inclusion and large 
phenocryts within the inclusion. 



Major Element Geochemistry 

Major element geochemistry of the Porphyritic Rhyolite and the 

Alkali Rhyolite (Appendices 3, 4, and 5 )  shows them to belong to the 

high-silica rhyolite class of the western United States (Christiansen 

and Lipmann, 1972; Evans and Nash, 1978; Elston and Bornhorst; 1979). 

Typical of this class are silica values greater than 72 percent, high 
1 

total alkalis, low lime, low magnesia, and low titania. For the Porphy- 

ritic Rhyolite, the mean and standard deviation for silica 73.93 (0.82) 

percent, total alkalis 8.82 (0.46) percent, lime, 0.61 (0.27) percent, 

magnesia 0.11 (0.06) percent, and titania 0.05 (0.01) percent of the 

analyses are representative of the high-silica rhyolite class. Simi- 

larly, for analyses of the Alkali Rhyolite, the mean and standard 

deviation for silica 75.60 (0.71) percent, total alkalis 8.79 (0.22) 

percent, lime 0.83 (0.37) percent, magnesia 0.15 (0.07) percent, 

and titania 0.14 (0.09) percent are typical of those for the high- 

silica rhyolite class. These have been called rare metal rhyolites by 

R. Wilson (personal communication, 1980). Both the Porphyritic Rhyolite 

and the Alkali Rhyolite are classified as borderline between alkali-soda 

rhyolite and rhyolite from the scheme of Rittmann (1952). Because -of 

the topaz in the mode of both rhyolites, these rocks also belong to a 

little-studied sui'te of topaz rhyolites that occur in the western United 

States and Mexico (Shawe, 1976; Burt and Sheridan, 1980). 

Vitrophyres of the two rhyolites can be distinguished from their 

major element geochemistries. Silica, alumina, titania, magnesia, and 

fluorine contents of the vitrophyres'are 'distinct and characterize each 

rhyolite. The Alkali ~hyolite has greater silica, magnesia, and titania 



than the Porphyritic Rhyolite with comparative mean values .at 75.89 

(0.53) percent and 73.12 (0.86) percent for silica, respectively, 0.10 

(0.04) percent and 0.06 (0.02) percent for magnesia, respectively, and 

0.14 (0.07) percent and 0.05 (0.01) percent for titania, respectively 

(with some data from Turley and others, 1979). The Porphyritic Rhyolite 

has greater alumina and fluorine than the Alkali Rhyolite, with com- 
I 

parative values at 13.39 (0.42) percent and 12.53, (0.41) percent for 

alumina, respectively, and 1.19 (0.31) percent and 0.23 (0.08) percent 

for fluorine, respectively (with some data from Turley and others, 

1979). The fluorine content of the vitrophyre from the well-known 28 

m.y. old topaz rhyolite at Nattfrop, Colorado, is only 0.17 percent (Van: 

Alstine, 1969, Zielinski and oehets, 19771, and the average for all 

hi~h-silica rhyolites (alkali rhyolites) in the western United States is 

0.22 percent  h ha we, 1976). 

Normative determinations from the geochemical analyses of both 

rhyolitos also distinguish them. When fluorine is considered in the 

norms, all of the fluorine is first combined with the calcium to produce 

fluorite, and for these low-calcium rocks diopside and often anorthite 

disappear from the norm and all rocks become corundum-normative (~ppen- 

dix 6). Because anorthite is a component in the feldspars from both 

rhyoliees (~p~efidix 2) (Tiirley and others, 1979) and fluorite has not 

been identified in the mode of either vitrophyre, it would seem that 

fluorine does not combine with calcium, at least early in the crystal- 

lization of a melt, and it seems justified to compare the norms of the 

rhyolites on a fluorine-free basis (Appendix 4 and 5). Following 

this. procedure, the norms from the Porphyritic Rhyolite are mostly 



corundum-normative, and the norms from the Alkali Rhyolite are mostly 

diopsidenormative. Obviously, this reflects differences in the lime 

and alumina contents of both rocks. Plots of normative qt-ab-or for the 

Porphyritic Rhyolite (Fig. -72) and for the Alkali Rhyolite (Fig. 73) 

fall near the water-saturated granite minimum at 1 kbar. 

Minor Element Geochemistry 

The beryllium, lithium, rubidium, tin, and uranium abundances in 

the vitrophyres of the Porphyritic Rhyolite and of the Alkali Rhyolite 

are distinctive and fall into separate groups (Appendices 7 and 8) (some 

data from Turley and others, 1979). A comparison of the vitrophyres 

of the Porphyritic Rhyolite and of the Alkali Rhyolite shows that the 

former is enriched in beryllium 63 (17) pprn versus 7 (3) ppm, lithium 90 

(14) pprn versus 33 (16) ppm, rubidium 1,015 pprn versus 376 (170) ppm, 

tin 30 pprn versus 2 ppm, cesium 56 pprn versus 10 (4.8) ppm, tantalum 

25 pFm versus 4 (1.6) ppm, thorium 66 ppm versus 48 (12) ppm, zirconium 

775 pprn versus 577 (65) ppm, and uranium. 37 pprn versus 16 (6.7) ppm, 
I 

compared to the latter. Strontium in both vitrophyres is about 5 ppm. 

Chondrite-normalized ratios of lanthanum to ytterbium for two analyzed 

samples of the Porphyritic Rhyolite differ slightly, being 2.46 and 

j 2.52, whereas for the Alkali Rhyolite this ratio varies from 1.24 to 

12.1 (Appendices 7 and 8 ) .  The heavy rare-earth elements are enriched 

in the Porphyritic ~hyolite with respect to the Alkali Rhyolite (Appen- 

dices 7 and 8 ) .  

When only the felsophyres of the Alkali Rhyolite and of the 

Porphyritic Rhyolite are compared, the relationship between beryllium, 



Figure 72. CIPW normative qt-ab-or composition of the 
Porphyritic Rhyolite on a fluorine free basis. 
Dashed line is 1 kbar water-saturated equilibrium 
curve (Tuttle and Bowen, 1958). 



Figure 73. CIPW normative qt-ab-or composition of the 
Alkali Rhyolite on a fluorine free basis. 
Dashed line is 1 kbar water-saturated equilibrium 
curve (Tuttle and Bowen, 1958) .. 



fluorine, and uranium in the two rhyolites is changed (some data from 

Lindsey, 1979a, and Turley and others, 1977). The magnitude of the 

difference between beryllium 12 (6) pprn versus 8 (3) ppm, and fluorine 

0.61 (0.17) percent versus 0.19 (0.07) percent, in the Porphyritic 

Rhyolite and the Alkali Rhyolite, respectively, is smaller. Uranium 

in felsophyres from the Alkali Rhyolite, 16 ( 4 )  ppm, is greater than 

in felso~hyr'es from the Porphyritic Rhyolite, 14 (3) ppm, and this 

relationship is reversed from that in the vitrophyres. 

Conclusions 

Origin of the Beryllium and Uranium 
~ineralization in the Spor 
Mountain Dis tric.t 

If the vitrophyres of the Porphyritic Rllyolice a ~ i d  tlle Alkali 

Rhyolite can be construed to be similar in composition to the parent 

lava, then differences in elemental concentrations between respective 

vitrophyres 'and felsophyres may represent losses or gains upon for- 

mation of a crystalline matrix. A comparison of vitrophyres and 

felsophyres from the Porphyritic Rhyolite exhibits changes of 51 pprn 

beryllium, 0.58 percent fluorine, and 23 pprn uranium. In the Alkali 

Rhyolite, the vitrophyres and felsophyres have differences of 0 pprn 

in beryllium, 4 pprn in fluorine, and 6 pprn in uranium. In volcanic 

complexes with large elemental differences between vitrophyres and 

felsophyres, ore deposits are sometimes formed (Shatkov and others, 

1970). 

Whether or not uranium is lost from a rhyolite crystallizing on 

the surface is dependent upon what crystallization mechanisms operated 



during solidification. Two high-temperature surface crystallization 

phenomena in rhyolites have .been recognized: high-temperature glass 

devitrification forrbing spherulitic textures, and granophyric crystal- 

lization forming hypidiomorphic-granular textires (Henry and Tyner, 

1978). Spherulitic textures are favored by undercooling and low nuclea- 

tion densities (~enry and Tyner, 1978). Little or no uranium loss is 

associated with spherulitic crystallization, whereas granophyric tex- 

tures 'are found in rhyolites which have lost uranium ( ~ e n r ~  and Tyner, 

1978). Uranium can be trapped in a crystallizing rhyolite by accessory 

minerals (Shatkov and others, 1970); however, granophyric crystalliza- 

tion may be associated with the separation. of a fluid phase rich in 

volatile uranium complexes, and the loss of such complexes from the melt 

could prevent the incorporation of uranium into accessory minerals. Be- 

sides uranium loss upon surface crystallization, fluorine and beryllium 

.i. . - .  have been shown to be depleted in some crystalline rocks compared to 

their related vitrophyres (Noble and others, 1967; Shatkov and others, 

1970; Zielinski and others, 1977). 

The textures and the elemental differences found between the 

felsophyres and the vitrophyres of the Porphyritic Rhyolite and of the 

Alkali Rhyolite are consistent with the preceding discussion. The 

Porphyritic, Rhyolite with a granophyric texture has high elemental 

differences compared to its vitrophyre, and the Alkali Rhyolite with a 
s 

spherulitic texture has very low elemental differences compared to its 

vitrophyre. 

Large differences in beryllium, fluorine, and .uranium in the 

felsophyric facies Porphyritic Rhyolite may ultimately be related to 



the chemistry of the lava. Fluorine and hydroxyl ions both lower 

viscosity, but hydroxyl ions, which are charged into a vapor phase at 

higher temperatures than fluorine ions in granitic melts (~ailey, 19771, 

are rapidly lost on eruption. Persisting lowered viscosity would favor 

a higher nucleation density in the more fluorine-enriched lava, because 

diffusion would be increased. Water and fluorine are also known to 

depress the melting point of granitic composition, and a loss of water 

to the vapor phase in a fluorine-enriched lava probably would not 

increase the temperature of the solidus enough to cause undercooling. 

These factors, high nucleation densities and persisting lowered solidus 

temperatures, presumably promoted granophyric textures over spherulitic 

textures in the Porphyritic Rhyolite. The high fluorine concentration 

very likely promoted the formation of complex f l i int i r tc  ions of uranium 

and beryllium which may have prevented their entry into accessory 

minerals (~hatkov and others, 1970; Rosholt and others, 1971). These 

fluoride complexes may have escaped in a fluid phase as crystallization 

occurred. Even under anhydrous conditions, minimum melting in the 

system BeF2-UF4-NaF occurs at temperatures as low as 339°C (Eichelberger 

and others, 1963). 

The lithophysal and spherulitic textures fnr~nd in the Alkali 

Rhyolite are probably related to the apparent lower fluorine content of 

its lava. The two-feldspar equilibrium temperatures of the Alkali 

Rhyolite and. the Porphyritic Rhyolite indi.cates that the ~lkali Rhyo- 

lite's parent melt equilibrated at a higher temperature, 720" C, than the 

Porphyritic Rhyolite's parent melt, 680°C. This is consistent with its 

apparently lower fluorine content compared to the Porphyritic Rhyolite, 



as fluorine is known to lower the melting temperatures of granitic melts 

(Bailey, 1977). A higher equilibrium temperature may indicate a higher 

temperature of extrusion for the Alkali Rhyolite. Although water is 

known to lower viscosities of granitic magmas, 1i.thophysae found even in 

the vitrophyres of the Alkali Rhyolite indicate that the water was lost 

rapidly upon cooling. ~itho~hysae can result from high vapor pressures 

of water in a lava, because they represent a frozen sequence of inter- 

mittent bubble expansion. When water loss occurred .from the '~lkali 

Rhyolite lava, the'apparently lower fluorine content of the lava re- 

sulted in a rapid increase in both the viscosity and the temperature of 

the s,olidus of the rhyolitic lava. These rapid changes in the lava's 

physical properties promoted the formation of spherulitic undercooling 

textures. Without the separation of a fluid phase, thought associited 

with the formation of granophyric textures, the acicular crystallites 

and oxides found in the felsophyres of the Alkali Rhyolite may have 

trapped much of the original uranium in the lava. 

In a tuff-rhyolite sequence such as the Spor Mountain Formation, . 

mineralizing fluids have been postulated to move laterally through the 

tuff and to be restricted to the top of the tuff, because the capping 

rhyolite could have acted as a heat source, which would have elongated 

circulation cells formed around the cooling vent complex of these rocks 

(Burt and Sheridan, 1980). The present stratigraphic thickness of the 

Beryllium Tuff, 20 to '60 m, and of the Porphyritic Rhyolite, up to 

500 m, indicates that this tuff-rhyolite sequence probably was an 

imposing constructional feature on the landseape 21 m.y. ago, souewliac ' 

similar to the moderately dissected Thomas Range of today in both areal 



extent and stratigraphic height. For any circulation cell model to work 

in this sequence, such as postulated by Burt and Sheridan (1980) for 

some tuff-rhyolite sequences, the water table would have had to rise to 

the top of the Beryllium Tuff before significant cooling had occurred in 

the Porphyritic Rhyolite. The only outcrop of the Beryllium Tuff which 

is suggestive of subaqueous deposition is exposed in the Yellow Chief 

Mine, where the bentonite facies (Lindsey, 1979a, p. 33) overlies an 

epiclastic volcanic sediment. Fluid migration up into the Beryllium 

Tuff via fault conduits as proposed by Staatz (1963) and Shawe (1968) 

lacks evidence such as mineralized faults in the Beryllium Tuff (Park, 

1968) and a mechanism whereby mineralization would be restricted to the 

top of the tuff, as no apparent mineralization controls exist in the 

tuff itself. 

Because the Porphyritic Rhyolite was emplaced over a permeable 

and porous unaltered Beryllium Tuff, there is no reason to require that 

all fluids expelled from the Porphyritic Rhyolite need to have migrated 

upward, as is proposed for fluids which commonly produce vapor phase 

alteration in tuffs above densely welded ignimbrites. The type of fluid 

with fluorine-complexed metal ions postulated to be mobi'le during 

surface crystallization of rhyolites (~hatkov and others, 1970; Rosholt 

and others, 1971) is very similar to the type of fluid suspected of 

mineralizing the Beryllium Tuff. Alternately, the formation of a fluid 

phase charged with fluorine-complexed metal ions may have prevented the 

entry of these metals into insoluble accessory minerals in the Porphy- 

ritic Rhyolite and instead placed them into readily leachable compounds. 

Ground waters percolating down through the Porphyritic Rhyolite into the 



Beryllium Tuff and leaching these compounds may then be responsible for 

the mineralization .at the top of the tuff. Mass balance calculations 

show that, assuming 51 ppm loss of beryllium from the 548 feet (167 m) 

of Porphyritic Rhyolite presently existing above the Beryllium Tuff in 

hole number 6 (~ig. 4), sufficient beryllium is derived to mineralize 

the top of the tuff to an average grade of 1,154 ppm beryllium as 
\ 

calculated from drill hole information (~ig. 37) (Appendix 9 ) .  This 

model neglects lateral fluid migration and the amount of eroded Porphy- 

ritic Rhyolite, so these conclusions give a minimum estimate of the 

amount of beryllium available for mineralization. Analogous calcula- 

tions for fluorine and uranium demonstrate .that more than adequate 

quantities of these elements were available to mineralize the tuff 

(Appendix 9). The excess uranium and fluorine produced by the surface 

! crystallization qf the Porphyritic Rhyolite may have mixed with ground- 

4 
Lit. water and mineralized the Yellow Chief sediments. Although Lindsey 

(1979a) reports no fluorine anomalies associated with the ore lenses of 

the Yellow Chief Mine, fluorite has been identified as'an accessory 

mineral (~owyer, 1963). Alternately, weathering of local volcanic rocks 

may have released uranium into the groundwaters which mineralized these 

sediments. 

The unmineralized Stratified Tuff lacks carbonate clasts and 

is overlain by Alkali Rhyolite which is spherulitic and lithophysal. 

Hence, the surface mechanisms which produced the mineralization in 

the Spor Mountain Formation did not occur in the Topaz Mountain Rhyo- 

lite. Of course, the Alkali. Rhyolite, although anomalous in beryllium, 



fluorine, and uranium, is much depleted in these elements compared to 

the Porphyritic Rhyolite. 

Petrogenesis of the High-Silica 
Rhyolites at the Spor 
Mountain District 

In the regional volcanic and tectonic syntheses of Christiansen 

and Lipman (19721, Eaton (19791, and Elston and Bornhorst (19791, the 

generation of the high-silica rhyolite clan in the western United States 

has been related to regional extension. Regional extension is now 

thought to have occurred in two episodes. From 30 to 20 m.y. ago, 

crustal rifting was associated only with extension' behind a calc-alkalic 

volcanic arc, but for the past 20 m.y. crustal extension has been 

related both to transform shearing spreading northward associated with 

movement along the San Andreas Fault, which produced a pronounced 

episode of block faulting between 7 and 4 m.y. ago, and with waning 

back-arc rifting  aton on, 1979). High-silica rhyolites were emplaced 

during both periods of crustal extension (Elston and Bornhorst, 1979). 

These rhyolites are thought to be produced by hot mafic magmas rising 

into the crust in response to extensional faulting that induced partial 

melting of the lower crust (~lston and Bornhorst, 1979). . 
The Spor Mountain District is located in an area identified by 

I 

Prodehl (1979) in west-central Utah as a semicircular region of anoma- 

lously thin crust and in a region of anomalously high heat flow (Darling 

and Chapman, 1979). ~hese two conditions are favorable for relatively 

shallow crustal fusion, although the age of these anomalies is not 

known. 



Some constraints on the possible source region for the Porphy- 

ritic Rhyo-lite and the Alkali Rhyolite can be gained from their major 

element geochemistries. -   he Porphyritic Rhyolite is peraluminous 

because of the corundum that appears in its fluorine-free norms, and the 

alkali rhyolite is metaluminous because of the diopside that appears in 

its fluorine-free norms. Carmichael and others (1974, p. 2 6 5 )  maintain 

that it is difficult to generate a peraluminous melt 'by normal crystal 

fractionation in a granitic melt and that peraluminous granitic melts 

are the products of the partial fusion of aluminum-rich source regions! 

The two-mica gran-ites, granite gneisses, metaquartzites, and mica 

schists that outcrop in the Precambrian of Granite Mountain have been 

proposed as a possible source for the Porphyritic and Alkali Rhyolites 

because of Tertiary lithophile element-rich pegmatites which cut these 

Precambrian rocks. (~oore and Sorensen, 1978). These mica-rich Precam- 
A. 

brian rocks and similar rocks exposed in the Simpson, Sheeprock, and 
- * .? . 

Desert Mountains would have been, ideal source type material for the 

21 m.y. old and the 6 to 7 m.y. old topaz rhyolites also because of 

their aluminum-rich nature. 

The F/OH ratios of micas in the parent material for the topaz 

rhyolites very likely were increased when they were heated by thermal 

events associated with the generation of the Drum Mountains Rhyodacite, 

the Mt. Laird Tuff, the Joy Tuff, and the Dell Tuff. Experimental 

evidence has shown that the fluoride ion is partitioned into par- 

gasite over the hydroxyl ion relative to a basaltic melt (~olloway 

and Ford, 19751, The partitioning of fluoride and hydroxyl ions into 

micas relative to a granitic melt m y  be analogous to the pargasite 



determinations, as it has been demonstrated that fluoride is parti- 

tioned into micas over hydroxyl and chloride relative to a fluid phase 

(Carmichael and others, 1974, p. 315; Fuge, 1977). Thus, successive 

- melt-biotite equilibriums in the source rocks for the Spor Mountain 

District's pretopaz rhyolite volcanic rocks may have increased the F/OH 

ratios of the residual micas. 

When rising isotherms and thinning crllst 21 + m. y .  agn a1 i n w ~ d  a 

mafic magma to enter these fluorine-rich micaceous rocks, a peralumi- 

nous, fluorine-rich melt was generated that was the parent of the 

Porphyritic Rhyolite. A second thermal event associated with the 

generation of the parent melt of the Alkali Rhyolite may have partially 

remelted the same source rocks, due to the close spatial association of 

the two rocks. If so, the 21+ m.y. old partial melting event probably. 

depleted the source material in modal mica, and the second partial 

melting event, around 6 to 7 m,y, ago, produced a metaluminous melt 

poorer in fluorine than the first. Alternatively, melting of crustal 

material originally poorer in micas and richer in feldspars may have 

occurred when the parent melt of the Alkali Rhyolite was generated. 

Because HF is known to both lower the melting temperature and decrease 

the viscosity of granitic melts, high temperatures or large quantities 

of melt need not be required to generate these melts (~ailey, 1977). 

Although the volatile-rich magma chamber caps, which produced the 

pyroclastics beneath these two rhyolite lavas, may have been generated 

by the interaction of the magma with groundwater, the possibility also 

exists that volatiles were concentrated in the upper part of the magma 

chamber by liquid-state differentiation (~ildreth, 1979). 



The high rubidium contents of both vitrophyres is consistent 

with their derivation from a source region rich in micas and alkali 

feldspars, and the low barium and strontium concentrations probably 

reflect the melts' equilibrium with alkali feldspars in the magmas' 

source rocks. The large europium anomalies of the Alkali Rhyolite and 

of the Porphyritic Rhyolite (~ppendices 7 and 8) (~igs. 76 and 77) may 

be interpreted as a result of both rhyolitic magmas having been in 

equilibrium with feldspars. Because of the common interrelationship in 

micas of high fluorine and high lithium values, the residual fluorine- 

enriched micas postulated in the source region of the rhyolites may 

have also been enriched in lithium. As the Precambrian granite and 

metasedimentary terrain of Granite Mountain is anomalous in other 

lithophile elements, the postulated fluorine-enriched micas and other 

phases such as beryl and zircons may have been host in the source rock 

.̂ for the other anomalous elements such as-beryllium, tin, and uranium 

found in the two rhyolite lavas. 

' The effects of crystal fractionation and liquid-state differen- 

tiation on the parent magmas of the Porphyritic and Alkali Rhyolites 

'are difficult to evaluate. The Alkali Rhyolite's geochemistry seems to 

indicate magmatic evolution by a liquid-state differentiation process 

(Hildreth, 1979). As evidence, a comparison of the chondrite-normalized 

rare-earth patterns (Fig. 77) and the major element geochemistries 

\ (Appendix 5 )  of a stratigraphically older(?), 61a, to a stratigraphic- 

ally younger(?), 42, vitrophyre (Lindsey, 1979a) shows a respective: (1) 

flattening of the rare-earth patterns and an increase in the europium 

anomalies, (2) increase in the Na/K ratios and manganese concentrations, 



and (3) decrease in the phosphorus and magnesium concentrations. These 

factors are considered diagnostic of liquid-state differentiation by 

thermogravitational diffusion (~ildreth, 1979, p. 71). The change in 

geochemistry of the various flows and domes of Alkali Rhyolite may have 

been related to the periodic leaking of a differentiating magma chamber. 

Simply from 3 consideration of incompatible. trace elements such as , 

Leiyllium, cesium, lithiumj rubidium, uranium, and zircon~~um i n  the t w n  

topaz rhyolites, the greater abundance of these elements in the Porphy- 

ritic Rhyolite with respect to the Alkali Rhyolite implies that the 

Porphyritic Rhyolite has undergone a much greater degree of liquid-state 

differentiation or crystal fractionation, or both, than the Alkali 

Rhyolite. The relative amounts of fluorine, magnesia, and titania in 

the two rhyolites are consistant with this interpretation. But the 

greater amount of silica in the Alkali Rhyolite than in the Porphyritic 

Rhyolite is difficult to evaluate because both mechanisms would be . 

expected to increase silica. Silica may be depleted from an acid melt 

by partitioning into a fluid phase such as SiF4 according to the reac- 

tion 4NaF + Si02 = SiF4 + 2Na20 (Kogarko and others, 1968; Lamarre and 

Hodder , 1978). These considerations lead me to believe that, although 

crystal fractionation and liquid-state differentiation may have modified ' 

each of the two melts, the much greater enrichment of the Porphyritic 

Rhyolite in beryllium, fluorine, lithium, tin, and uranium relative to 

the Alkali Rhyolite cannot be attributed entirely to these mechanisms 

and must reflect differences in source regions. 

The tectonic setting and the geochemistry of the two topaz rhyo- 

lites in the Spot Mountain District place them in a suite of granitic 



rocks termed R-type granites (White, 1979) due to their proposed origin 

from a residual source rock (A-type in the terminology of some authors: 

Loiselle and Wones, 1979). The following discussion is taken largely 

from White (1979). R-type granites are formed late in the history of 

orogenic belts, and thus the tectonic setting of the Porphyritic Rhyo- 

lite and the Alkali Rhyolite is consistent with this characteristic in 

that they are associated with extension that occurred in the waning 

stages of or after the early Tertiary Andean style orogeny in the 

western United States. The major element geochemistties of R-type 

granites are characterized by low calcium, high total alkalis, high 

* .fluorine, and high silica. A plot of gallium versus alumina (Fig. 74) 

and a plot of soda versus potash (Fig. 7 5 )  characterize R-type granites 

and include the topaz rhyolites of the Spot Mountain District. Like the 

. .  Porphyritic Rhyol.ite and the Alkali Rhyolite, R-type granites are also 

characterized by an abundance of 'lithophile elements (Loiselle and 

Wones, 1979). Chondritenormalized rare-earth element patterns for the 

Porflyritic Rhyolite (Fig. 76) and the Alkali Rhyolite (Fig. 77) have 

large europium anomalies but are enriched in,the remaining lanthanide 

series elements. This pattern is typical of R-type granites. Accord- 

ing to White (19791, the volcanic equivalents of R-type granites are 

cornonly glassy and fo rm lava flows as well as ash fluws. 



ALK 

Figure 74 .  Gallium versus alumina in  R-type and I-type 
granites (modified from White, 1979; with 
some data from Lindsey, 1979a). PR = Por- 
phyritic Rhyolite Mean Composition, ALK = 
Alkali Rhyolite Mean Composition, Error Bars 
= 1 std.  dev. 



PR = Porphyritic Rhyolite ~ & n  Composition 
ALK = Alkali  Rhyol9.te Mean Composition 
Error Bars = 1 s td ,  dev. 

Figure 7 5 .  Soda versus potash i n  various granite .types. (modified from white, 1979; .:.i 
with some data from Staatz and Carr, 1964) I 



Figure 76. Chondrite-normali zed rare-ear th  concen- 

tmti on5 for t h e  P o p h y r i t i c  Phyol i te .  

*Normalized t o  f l .833 X 1,eadey c h n n d r j  t e  

values (Masuda and o thers ,  1973; G .  Goles 

personal communication, 1980) 



Figure 77. Chondrite-normalized rare-earth con- 

centrations for the Alkali Rhyolite. 

*Normalized to 0.833 X Leedey chondrite 

values (Masuda and others, 1973; G. Goles 

personal communication, 1980) 



SUGGESTIONS FOR FURTHER RESEARCH 

Much insight into the genesis of the topaz rhyolites and the ore 

deposits of the Spor Mountain District might be gained if additional 

investigations were directed at understanding some of the fundamental 

problems related to fluorine-enriched volcanic rocks. The paucity of 

information available on the behavior and effects of fluorine in silicic 

melts points toward the great need for more research in this area. 

Fluorine's properties as a mineralizer certainly warrant further ex- 

perimental attention. Perhaps related to fluorine's properties as a 

mineralizer is how different rhyolitic lava solidification processes, 

such as granophyric crystallization and spherulit ic devi trification, 

bear upon the release of uranium and other elements. The distribution 

of topaz rhyolites, their ages, and their geochemistries may shed some 

light on how this suite of rocks fits into the volcanic and tectonic 

evolution of the western United States. Recognition of the intrusive 

equivalents of topaz rhyolites and their related mineralization would 

aid both in the understanding of fluorine-enriched magmatism and in 

evaluating the potential of topaz rhyolites as ore deposit exploration 

guides. 

Further studies of the Spor Mountain District would certainly 

include mapping of the Thomas Range in great detail. Once a detailed 

stratigraphy was worked out, temporal geochemical and mineralogical 

changes could be investigated in the Topaz Mountain Rhyolite. An 



i n v e s t i g a t i o n  of  c h o r i d e , ,  f l u o r i d e ,  and h y d r o x y l  i o n  s u b s t i t u t i o n  

i n  hydrous minerals  of t h e  va r ious  volcanic  u n i t s  recognized i n  the  

d i s t r i c t  i n  a d d i t i o n  t o  f l u o r i n e  and c h l o r i n e  determinat ions  of these  

rocks  c.ould be a  case  study f o r  t h e  evo lu t ion  of v o l a t i l e s  i n  a  s u i t e  

o f  s p a t i a l l y  r e l a t e d  v o l c a n i c  r o c k s .  P e r h a p s  a  s c a n n i n g  e l e c t r o n  

microscope study of t h e  ash from t h e  cogenet ic  p y r o c l a s t i c s  of  t h e  

21  and 6-7 m.y. o ld  topaz r h y o l i t e s  could eva lua te  t h e  r o l e  of hydro- 

magmatic processes i n  t h e  formation of t h e s e  t u f f s .  
1 
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Appendix 1. ~icroprobe analysis of a ferrohastingsite from the Alkali 

Rhyolite. 

Analyst - B. Correa 

ARL-SEMQ Electron Microprobe, University of Arizona, 

Tucson, Arizona 



MICROFROBE ANALYSIS OF FERROHdSTIXGSITE 

TOPAZ HOUNTdM RHYOLITE . 

Sample No. 29-206 

Si02 41.40 

Ti02 

*l2O3 

FeO 

Ha0 

a0 

CaO 

Na20 

p20 

TOTAL 

Number o f  acorns on the basis  o f  24 o m e n s  



Appendix 2 .  Microprobe analyses of feldspars from the Porphyritic 

Rhyolite. 

Samples - 19A, 19B, 19C, 25A, 31At,  31BZ1, 31C1 

Analysts - E. Christiansen, B .  Murphy 

Cameca MS-46 Electron Microprobe,  Arizona S t a t e  U n i v e r s i t y ,  

Tempe, Arizona 

Samples - 31A, 31B, 31C, 31E, 35B, 35BB, 35C1, 35C2, 35CC2, 

Analyst - R. Cnrrea 

ARL-SFMQ Flectron Microprobe, University of Arizona, 

(n.d. - not determined) 



MICROPROBE ANALYSES OF ALKALI FELDSPARS - PORPHYRITIC RHYOLITE 

Sample No. 19A 19B 25A . 3 1A 3 1A' 

Kg0 

CaO 

Ya20 

BaO 

Tota l  

Number of atoms on t h e  b a s i s  of 32 oxygens 

S i 11.9774 12.1066 12.1210 ' 12.0336 

Al .4.0159 - , 3.8710 .3.8630 3.9541 

Fe +3' 
0.0027 0.0079 0.0072 

T i  

XIL 

Kt3 -. 

Ca 0. 0 0 ~ 8  0.0031 . 0.0227 0.0352 

Na 1.7670 1.7027 2.3020 1.7712 

K 2.2501 2.2237 1.5652 2.1574 

Ba 0.0022 

For the formula X4Z16032, where X - Ca, Na, R and 2 S i ,  -41 

Z 15.9933 15.9777 15.9860 15.9877 

. X 4.0259 3.9315 3.8899 3.9637 

Rmti&loulated mole percenc 

Ab 43.89 43.31 59.18 44.69 43.09 



MCROPROBE ANALYSES OF ALKALI FELDSPARS - PORPHYRITIC RHYOLITE 
Sample No. 3182' 31C' 35B 35C1 

Si02 

ria, 
u2°3 

Y.0 

xgo 

Cao 

Na 20 

K2° 
Total 

Yumber of atoms on t h e  basis  of 32 oxygens 

For the formula X4Z160j2, where X - Ca Ha, K and 1. - S i . ,  Al, 

Recalculated mole percent 



MICROPROBE ANALYSES OF ALKALI FELDSPARS - PORPHYRITIC RHYOLITE 

Sample No. 35CC2 3 5D 7 OD 70E 

sicz 
Ti02 

a203 

Fe203 
?In0 

?is0 

CaO 

Ha20 

K2° 
Total 

Humber of atoms on the bas i s  of 32 oxygens 

For the formula X4Z16032, where X = C3, Ifa. K and 2 0 Sf.  Al 

Recalculated mole percent 



MICROPROBE ANALYSES OF PLAGIOCLASE FELDSPARS - PORPHYRITIC RHYOLITE 

Sample No. 19C 3 1A 31B 3 1C 3 1E 

?lgo 

CaO 

NaZO 

K26 
BaO 

Total 

Number of atoms on the b as i s  of 32 oxygens 

For the formula X4Z160j2, vhere X = Ca. Na, K and Z = S i ,  A1 

Recalculated mole percent 



MICROPROBE ANALYSES OF PLAGIOCLASE FELDSPARS - PORPHYRITIC RHYOLITE 

Sample' No. 
I .  

sio2 
.Ti02 

xgo 
Cao 

Sa ,O - 
K2° 
Total 

Number of atoms on the bas is  of 32 oxygens 

For the formula X4Z16032, vhere X = Ca. N a ,  K and Z = S i ,  A1 

Recalculated mole percent 



XICROPROBE ANALYSES OF PLAGIOCLASE FELDSPARS - PORPHYRITIC RHYOLITE 

Sample No. 35C2 35D 35E 35EE 

S io2 
n o 2  

u2°3 
Fe,03 
xu0 

xgo 

. Cao 

Ha20 

K2° 
Total 

Hlnnber of atoms on t h e  basis of 32 oxygens 

for thc  formula X4Z16032, where X - Ca, Ya. IC and 2 - Si, A1 

Recalculated mole percent 



MCROPROBE ANALYSES OF FELDSPARS OF h tWIC INCLUSION 

I N  TEE PORPHYRITIC RHYOLITE 

Sample No. 6 78 678 67C 67D 

Si02  58.86 58.02 59.04 58.62 

Ti02 0.05 0.00 0.00 0.03 

25.15 25.59 25.20 25.57 

Fe203 0.27 0.37 0.34 0.44 
bin0 0.03 0.00 0.00 0.00 

?fgO 0.02 0.01 0.00 0.05 

CaO 6.29 6.99 6.91 

Na 0 2 6.37 6.32 6.53 

K2° 2.15 1.78 1.86 

Tota l  99.20% 99.07% 99.38% 

Number of atoms on t h e  b a s i s  of 32 oxygens 

For t h e  formula X4ZI6Oj2,  where X = Ca, Xa, K and Z - S i ,  A1 

Recalculated mole percent  



Appendix 3. Lithologic key for the geochemically analyzed samples. 



ALK Alkali Rhyolite 

PR Porphyritic Rhyolite 

See Fig. 2 for sample locations. 

Sample No. Lithology 

31 . . . . . . . . . . . . . .  PR; vitrophyre 
34 . . . . . . . . . . . . . .  PR; felsophyre 
35 . . . . . . . . . . . . . .  PR; vitrophyre, hydrated 
37 . . . . . . . . . . . . . .  PR; felsophyre 
42 . . . . . . . . . . . . . . .  ALK; vitrophyre 
43 . . . . . . . . . . . . . .  Densely welded Stratified Tuff 
47 . . . . . . . . . . . . . .  PR; felsophyre 
58 . . . . . . . . . . . . . .  ALK; lithophysal & spherulitic felsophyre 

59 . . . . . . . . . . . . . .  ALK; vitrophyre 
61a . . . . . . . . . . . . . .  ALK; vitrophyre 
61b . . . . . . . . . . . . .  ALK; spherulitic vitrophyre 
61c . . . . . . . . . . . . .  ALK; felsophyre 
62a . . . . . . . . . . . . .  ALK; vitrophyre 
62b . . . . . . . . . . . . .  ALK; spherulitic felsophyre 
63 . . . . . . : . . . . . . .  PR; felsophyre 
67 . . . . . . . . . . . . . .  Porphyritic mafic inclusion in PR 
70 . . . . . . . . . . . . . .  PR; vitrophyrs 

. 71 . . . . . . . . . . . . . . .  PR; argillically altered vitrophyre 
1-63 . . . . . . . . . . . . .  ALK; partly devitrified lithophysa-k & 

spherulitic vitrophyre 

1-93 . . . . . . .  ,, , . . . .  ALK; felsophyre 
6-358 . . . . . . . . . . . .  PR; felsophyre 



Sample No. Lithology 

8-938 . . . . . . . . . . . .  ALK; lithophysal felsophyre 

18-1 13 . . . . . . . . . . . .  PR; felsophyre 

26-112 . . . . . . . . . . . .  PR; felsophyre 

29-124 . . . . . . . . . . . .  ALK; partly devitrified lithophysal & 

spherulitic vitrophyre 

29-206 . . . . . . . . . . . .  ALK; perlitic vitrophyre 



, 
Appendix 4. Whole rock major element analyses on an ignited basis and 

fluorine-free normative computations of the Porphyritic 

Rhyolite. 

Si02, Ti02, Al203, Fe2O3, MnO, MgO, CaO, P2O5 

Analyst - J. Bikun 
Phillips Model PW 1410 XRF, Arizona State University, 

Tempe, Arizona 

Na20, K20 

Analyst - J . ' Bikun 
Varian Techtron Model 1250 AA, Arizona State 'university, 

Tempe, Arizona 

Analysts - J. Bikun, E. Chri'stiansen + 

Coleman Specific Ion Probe, Arizona State University, 

Tempe, Arizona 

Analyst - Skyline Labs, Tucson, Arizona 

Specific Ion Probe 

Note: For normative computations, ratio of FeO to total Fe 

used is 0.52 (from.Turley and others, 1979). 

(n.d. - not determined) 



Sample No. 31 34 

CilO 0.61 0.6* 

Na. 0 
L 

4.02 3.7i 

K20 4.59 4.8. 

2'5 
0.CJ 0.OI 

F 0.e.: 0.6. 

Sum 98.61 99.59 

-(bF 0.14 0.20 

T o t d l  98.2?X 99. 3 .  11 

Yluurlne f r e e  ClPW r.orm3 

67 

14.49 

0.05 

M.42 

0.81 

0.02 

0.08 

0.14 

2.63 

5.95 

0.00 

n.d. 

w.59 

- 
YB.5YZ 

1.43 

3.5. 16 

22.25 

3.69 

35.86 

3.53 

J. 00 

I .  00 

"I. 09 

3.40 

5.56 



Appendix 5. Whole r0c.k major element analyses on an ignited basis 
\ . . 

and fluorine-free normative computations 'of the Alkali 

Rhyolite. 

Si02, Ti02, Al2O3, Fe203, MnO, MgO, CaO, P205 
I 

Analyst - J. Bikun . 

Phillips Model PW 1410 XRF, Arizona State University, 

Tempe, Arizona 

Na20, K20 
I 

Analyst - J. Bikun 
Varian Techtron Model 1250 AA, Arizona State University, 

Tempe, Arizona 

F 

Analysts - J. Bikun, E. Christiansen 
.Coleman Specific Ion Probe, Arizona State University, 

Tempe, Arizona 

Analyst - Skyline Labs, Tucson, Arizona 
Specific Ion Probe 

Note: For normative computations, ratio of FeO to total Fe - 

used is 0.52 (from Turley and others, 1979). 

(n.d. - not determined) 



Sample No. 42 

H6O 0.09 
coo 0.74 

Na. U L 4.11 

K,O 4-69 

P205 a 00 

P a d .  

S u ~ l  9% 68 
-(,;-F 

T o ~ a l  99.68% 

L . 0 . 1 .  3.11 

Fluorine free CIPd n o m e  



Appendix 6. Normative computations making use of available fluorine 

determinations. 

Note: For normative computations, ratio of FeO to total Fe 

used is 0.52 (from Turley and others, 1979). 



Sample No. 31 

CIPU norms 

or 29.49 

ab 28.54 

an 0.00 

9 36.22 

IIY 0.84 

dl 0.00 

aP 0.00 

11 0.1 I 

c 2.24 

UL 1.03 

f r 1.66 

I1 C 1.11 

c c -1.04 

Sample No. 43 

CIPU aorma 

or 11.44 

ab 19.19 

an 1.84 

q 14.36 

hy 0.71 

'I l 0.00 

a~ 0.00 

11 0.30 

c 0.59 

IUr 0.81 

f r 0.51 

111: 0.00 

CC 0.00 



Appendix 7. Whole rock minor element analyses of the, Porphyritic 

Rhyolite. . 

Be - 31, 35, 70 
Analysts - B. Correa, J. Bikun 
Varian Model 1250 AA, Arizona State University, Tempe, 

Arizona 

Be - 71, 6-358,. Li, Sn 
.. . 

Analyst - Skyline Labs, Tucson, Arizona 

C 1 

Analyst - K. Evans 
LECO Induct ion furnace, DIONEX Model 10 Ion ~hromato~ra~h, 

Arizona State University, Tempe, Arizona 

Rb, Sr 

Analyst.. - CONOCO , Inc . 
XRF 

Analyst - G. Goles 
Delayed Neutron Activation, University of Oregon, Cor- 

vallis, Oregon 

I 

I.N.A.A. Data 

Analyst, - G. Goles, University of Oregon, Corvallis, Oregon 
(n.d. - not determined) 



54 ppm 5 2  

I680 

am 
972 tore 

*Normallzed u, 0 .833  x L e e J y  chondrltrc values [Yksudil and c t l ~ e r u .  197); C. Gules personal coarnunlcatlon. 1910) 



Appendix 8. Whole rock minor element analyses of the Alkali Rhyolite 

Be, Li, Sn 

Analyst - Skyline Labs, Tucson, Arizona 
AA 

\ 

Rb, Sr 

Analyst - CONOCO, Inc . 
XRF 

u 

Analyst - G. Goles 
Delayed Neutron Activation, University of Oregon, Cor- 

vallis , Oregon 

I.N.A.A. Data 

Analyst - G. Goles, University of Oregon, Corvallis, 

Oregon 

( n . d .  - not determined) 





Appendix 9. Beryllium, fluorine, and uranium mineralization mass 

balance calculations for the Beryllium Tuff. 
I 



I 
370 

-189 - 

A case study of beryllium mineralization mass balance in drill hole 

no. 6. 

The problem to be addressed is whether there is a sufficient 

difference in concentration of beryllium between crystalline and glassy 

Porphyritic Rhyolite to account for the beryllium mineralization in the 

upper part of the underlying Beryllium Tuff. A one-dimensional model of 

mass transfer in a vertical column 1 m in radius will be considered. 

From the difference in the mean beryllium content of the glassy and 

crystalline porphyritic Rhyolite, assume a 51 ppm beryllium loss upon 

crystallization of the Porphyritic Rhyolite lava. The density of the 
1 

Porphyritic Rhyolite can be taken to be 2.4 ( p ) ,  and the density of 

the Beryllium Tuff can be taken to be 1.5. In drill hole no. 6, the 

~orphyritic Khyolite is 185 m thick, the Beryllium Tuff is 56 m thick, 

and beryllium mineralization is restricted to the top 12.5 m of the tuff 

( ~ i g e .  6 and 3 7 ) .  

The amount ok beryllium which can be derived from a cylinder 1 m 

in radius and 185 m in length consisting of crystalline Porphyritic 

Rhyolite is: 

M (kg) = v (m3) 1000 kg/,3 p c 

where M ia maoa, V is the volume of t h e  cylinder (v = , r l i 2 1 1 ) ,  p is 

density, and C is the concentration change of beryllium. 

Therefore : 

M =  (1112 . 185m n 1000 kg/,3 2.4 . (5.1 x 10-5) 
= 71 kg of beryllium lost upon crystallization. 



Three contiguous core intervals were assayed for beryllium from the 12.5 

m of mineralized tuff, and their lengths and average grades from top to 

bottom are: 

1.) 2.2 m ; 1563 ppm 

2.) 3.0 m ; 2919 ppm 

3.) 7.3 m ; 300 ppm 

The concentration of beryllium in the lower unaltered section of the 

tuff in the drill core is 25 ppm, and this value can be considered as 
.-.: . 

the' background or primary beryllium concentrat ion of the mineralized 

tuff. The amount of beryllium added to 12.5 m of mineralized tuff will 
. - 

be its concentration above the background. The mass of beryllium added 

to the mineralized portion of the tuff will be the sum of the amounts 

added to each assayed core interval. This calculation will be analogous 

to the preceding one used in determining the mass of beryllium lost from 
. . .- 

a P m radius cylinder in the Porphyritic Rhyolite. So.the mass-added to 

a 1 m radius vertical column in the dneralized Beryllium Tuff is the 

sum of: 

= 15.9 kg 

2.) M = (1 m12 3.0 m T 1000 k8/m3 1.5 (2.894 x 10'~) 

= 40.9 kg 

3.1 n = (1 m12 7.3 m n 1000 kg/m3 . 1.5 . (2.75 x 10-4) 
= 9.5 kg 

Total M = 66 kg of beryllium added upon mineralization. 

Thus, sufficient beryllium is lost by the porphyritic Rhyolite to 

mineralize the upper part of the Beryllium Tuff. 



A case study of fluorine mineralization mass balance in drill hole 

no. 6. 

The problem to be addressed is whether there is a sufficient 

difference in concentration of fluorine between crystalline and glassy 

Porphyritic Rhyolite to account for the fluorine mineralization in the 

upper part of the underlying Beryllium Tuff. 'A one-dimensional model of 

mass transter in a verficai CoLumn 1 @I in radiiis will be considered. 
> s 

From the difference in the mean fluorine content of the glassy and crys- 

talline' Porphyritic Rhyolite, assume a 0.58 percent fluorine loss upon 

crystallization of the Porphyritic Rhyolite lava. The density of the 

Porphyritic Rhyolite can be taken to be 2.4 ( p ) ,  and the density of 

the Beryllium Tuff can be taken to be 1.5. In drill hole no. 6, the 

Porphyritic Rhyolite is 185 m thick, the Beryllium Tuff is 56 m thick, 

and fluorine mineralization is restricted to the top 17.7 m of the tuff 

(~igs. 4 and 38). 

The amount of fluorine which can be derived from a cylinder 1 m 

in radius and 185 m in length consisting of crystalline Porphyritic 

Rhyolite is: 

M (kg) = v (m3) 1000 kgIm3 p c 

where M is mass, V is the volume of the cylinder (v = rrzh), p is 

density, and C is the concentration change of fluorine. 

Therefore : 

M = (1 rn)z 185 m r 1000 kgIm3 2.4 (5.8 x' 10-3) 

= 809 kg of fluorine lost upon crystallization. 



Four contiguous core intervals were assayed for fluorine. from the 17.7 m 

of mineralized tuff, and their .lengths and average grades from top, to 

bottom are: 

1.) 2.2 m ; 0.6488 percent 

2.) 3.0 m ; 0.9509 percent 

3.) 7.3 m ; 1.0466 percent 

4.) 5.2 m ; 0.5408 percent 

The concentration of fluorine in the lower unaltered section of the tuff 

in the drill core is 0.4263 percent, and this value can be considered 

as the background or primary fluorine concentration of the mineralized 

tuff. The amount of fluorine added to 1 7 . 7  m of mineralized tuff will 

be its concentration above the background., The mass of fluorine added 

to the mineralized portion of the tuff will be the sum of the amounts 

added to each assayed core interval. This calculation will be analogous 

to the preceding one used in determining the mass of fluorine lost from 

a 1 m radius cylinder in the Porphyritic Rhyolite. So the mass added to 

a 1 m radius vertical column in the mineralized Beryllium Tuff is the 

sum of: 



Total M = 306 kg of fluorine added upon mineralization. 

Thus, sufficient fluorine is lost by the Porphyritic Rhyolite to min- 

eralize the upper part of the Beryllium.Tuff. 



A case study of uranium mineralization mass balance in drill hole 

'no. 6. 

The problem to be addressed is whether there is a sufficient 

difference in concentration of uranium between crystalline and glassy 

Porphyritic Rhyolite to account for the uranium mineralization in the 

upper part of the underlying Beryllium Tuff. . A  one-dimensional model of 
. . 

mass transfer in a vertical column 1 m in radius will be considered. 

From the difference in the mean uranium content of the glassy and 

crystalline Porphyritic Rhyolite, assume a 23 ppm fluorine loss upon 

crystallization of the Porphyritic Rhyolite lava. The density of the 

Porphyritic Rhyolite can be taken to be 2.4 (p), and the density of 

the Beryllium Tuff can be taken to be 1.5. In drill hole no. 6, the 

Porphyritic Rhyolite is 185 m thick, the Beryllium Tuff is 56 m thick, 

and uranium mineralization is restricted to the top 12.5.m of the tuff 
\ 

(Figs. & and 39.). 

The amount of uranium which can be derived from a cylinder 1 m 

in radius and 185 m in length consisting of crystalline Porphyritic 

Rhyolite is: 

M (kg) = V (m3) 1000 kg/,3 p C 

where M is mass, V is the volume of the cylinder (v = n.r2h), p is 

. density, and C is the concentration change of uranium. 

Therefore : 

= 32 kg of uranium lost upon crystallization. 



Three contiguous core intervals were assayed for uranium from the 12.5 

m of mineralized tuff, and their lengths and average grades from top to 

bottom are: 

1.) 2.2 m ; 83 ppm 

2.) 3.0 m ; 92 ppm 

3 . )  7.3 m ; 47 ppm 

The concentration of uranium in the lower unaltered section of the 

tuff in the drill core is 11 ppm, and this value can be considered as 

the background or primary uranium concentration of the mineralized 

tuff. The amount of uranium added to 12.5 m of mineralized tuff will 

be its concentration above the background. The mass of uranium added 

to the mineralized portion of the tuff will be the sum of the amounts 

added to each assayed core interval. This calculation will be analogous 

to the preceding one used in determining the mass of uranium lost from 

a 1 m radius cylinder in the Porphyritic Rhyolite. So the mass added to 

a 1 m radius vertical column in the mineralized Beryllium Tuff is the 

sum of: 

1 . )  M = (1 mI2 2.2 m n 1000 kgIm3 1.5 (7.2 x 10'5) 

a 0.75 kg 

2.) M = (1 mI2 * 3.0 m IT 1000 k8/,3 * 1.5 - (8.1 x 10-5) 

= 1.15 kg 

Total M = 3.51 kg of uranium added upon mineralization. 

Thus, sufficient uranium is lost by the Porphyritic Rhyolite to mineral- 

ize the upper part of the Beryllium Tuff. 



C h a p t e r  V - 

STUDIES OF MINERALIZATION 

AT SPOR MOLWAIN, UTAH AND A COMPREHENSIVE 

S POR MOUNTAIN BIBLIOGRAPHY 

B a r b a r a  A .  Murphy 



Autoradiographs of  f l u o r i t e  nodules  from t h e  Roadside P i t  a t  Sgor Mountain, 

Utah i n d i c a t e  t h a t  uranium is  d issemina ted  i n  f l u o r i t e  and opa l  and no t  l oca t ed  

i n  s e p a r a t e  U-r ich '  m ine ra l s .  Autoradiographs o f  t h e  P o r p h y r i t i c  Rhyo l i t e  Member 

o f  t h e  Spor  Mountain Formation, t h e  Topaz Mountain Rhyol i te ,  and l i t h o p h y s a l  rhy-  
0 

o l i t e  from t h e  Wah Wah ~ o u n t a i n s  revea led  a  randoni d i s t r i b u t i o n  of  p o i n t  sources  

f o r  uranium. I n  t h e  P o r p h y r i t i c  R h y o l i t e  s e v e r a l  of t h e  p o i n t  sources  w e r e ' t e n -  

t a t i v e l y  c o r r e l a t e d  t o  a l t e r e d  ox ides  (hemati te?)  . 
The f ine -g ra ined  n a t u r e  of  f l u o r i t e  and s i l i c a  i n  t h e  Beryl l ium Tuf f '  a t  Spor 

Mountain and f l u i d  i n c l u s i o n  homogenizat ion  tempera tures  o f  1 4 3 ' ~  f o r  f l u o r i t e  p lus  

162°C and 1 6 5 * ~  f o r  q u a r t z  i n d i c a t e  t h a t  t u f f  a l t e r a t i o n  was a  r e l a t i v e l y  low tem- 

p e r a t u r e  p roces s ,  An i n c l u s i o n  i n  c a l c i t e  homogenized a t  290-310°C and sugges t s  

t h a t  d e p o s i t i o n  o f  c a l c i t e  may have  r e s u l t e d  from h e a t i n g  of  c i r c u l a t i n g  ground 

wa te r  by t h e  o v e r l y i n g  r h y o l i t e  f lows.  

Pumi.ces from t h e  S t r a t i f i e d  Tuff and t h e  Beryl l ium Tuff  a t  Spor Mountain show 

a  remarkable  s i m i l a r i t y  t o  pumices from an ash  flow u n i t  o f  t h e  Bishop Tuff i n  t h a t  

t h e  non-welded oumices a r e  l i g h t - c o l o r e d  and randomly-oriented, w h i l e  t h e  welded 

pumices were f l a t t e n e d  and a l i g n e d  t o  form b l ack  g l a s s  l e n t i c l e s  c a l l e d  fiamme. 

S i g n i f i c a n t  d i f f e r e n c e s  a r e  t h a t  d e v i t r i f  i c a t i o n  of  pumices i n  t h e  Bishop Tuff . bu t  

n o t  t h e  S t r a t i f i e d  o r  Bery l l ium Tuff  has  occurred and welding has  occurred i n  t h e  

Bishop Tuff  and S t r a t i f i e d  Tuff  b u t  no t  t h e  Beryl l ium Tuf f .  A l t e r a t i o n  of  p a r t  of  

t h e  Bery l l ium Tuff  ha s  comple te ly  des t royed  t h e  t u b u l a r  s t r u c t u r e  o f  t h e  pumices 

within the al fersd zone. 

B e r t r a n d i t e  recovered from t h e  d i s s o l u t i o n  of  f l u o r i t e  nodules  r evea l ed  no 

obvious c r y s t a l l o g r a p h i c  form even i n  h igh  magn i f i ca t i on  SEM photographs.  F l u o r i t e  

from a  nodu le  a l s o  r evea l ed  no d i s t i n c t  c r y s t a l l o g r a p h i c  form. However, f l u o r i t e  

from t h e  f l u o r i t e  p i p e  a t  t h e  B e l l  H i l l  Mine c r y s t a l l i z e s  a s  cubes and cubes mod- 

iE i ed  by oc t ahed ra (? ) .  



INTRODUCTION 

A l a r g e  v a r i e t y  o'f d e p o s i t s  i n  t h e  Spor Mountain D i s t r i c t  have been s t u d i e d  

and t h i s  ha s  l e d  t o  an enormous volume o f  l i t e r a t u r e .  De ta i l ed  work h a s  been done 

on t h e  f  l u o r s p a r  d e p o s i t s  ( S t a a t z  and Osterwald, 1959), t h e  be ry l l i um d e p o s i t s  

(Williams, 1963; Park,  1968; Lindsey, 1975; Lindsey,  1977), t h e  gene ra l  geology 

(S t aa t z  and Ca r r ,  1964; Lindsey,  1979),  t h e  volc 'anic geology (Erickson,  1963; 

Lindsey e t  a l . ,  1975; Shawe, 1972; Tur ley  e t  a l . ,  1979), t h e  uranium p o t e n t i a l  

( ~ i n d s e ~ ,  1979; Lindsey,  1980; t h i s  r e p o r t ) ,  t h e  gem q u a l i t y  topaz (Ailing, 1887; 

H o l f e r t ,  1978) and o t h e r  gemstones and unusual  mine ra l s  of t h e  d i s t r i c t  (Montgom- 

e ry ,  1934; Pabs t ,  1938; Nassau and Wood, 1968; Ream, 1979).  

Th i s  r e p o r t  c o n t a i n s  t h e . r e s u l t s  of  d e t a i l e d  s t u d i e s  of  t h e  f l u o r s p a r  d e p o s i t s ,  

t h e  bery l l ium d e p o s i t s  and t h e  vo l can i c  rocks .  I n  ' p a r t i c u l a r ,  i t  d e s c r i b e s  a t t empt s  

t o  determine: (1) t h e  l o c a t i o n  of uranium i n  t h e  a l k a l i . r h y o l i t e s  and f l u o r i t e  

nodules  o f  t h e  Beryl l ium Tuff ,  (2) t h e  tempera ture  o f  formation o f  t h e  Beryl l ium 

Tuf f ,  (3) t h e  morphology o f  pumices from t h e  Beryl l ium Tuff and t h e  t u f f  of  t h e  

Topaz ~ o u n t a i n  Rhyo l i t e ,  and (4) the- c r y s t a l l o g r a p h i c  h a b i t  of  f l u o r i t e  from t h e  

' B e l l  H i l l  Mine, and o f  f l u o r i t e  and b e r t r a n d i t e  from t h e  Beryl l ium Tuff a t  t h e  

Roadside P i t .  

REVIEW OF WORK ON ALTERATION OF THE BERnLIUM TUFF --- A-- --- 

The most comprehensive and d e t a i l e d  s tudy  of  t h e  a l t e r a t i o n  o f  t h e  t u f f s  i n  

t h e  Spor Mountain D i s t r i c t  i.s Lindsey et  a l .  (1973b). It was n o t  known u n t i l  

a f t e r  t h e  p u b l i c a t i o n  of  Lindsey (1977) t h a t  t h e  unmineral ized o r  S t r a t i f i e d  Tuf f ,  

c e n t e r e d ' i n  t h e  Thomas Range, and t h e  minera l ized  o r  Beryl l ium Tuf f ,  southwest  of 

Soor Mountain, a r e  d i s t i n c t .  I n s t e a d ,  bo th  were assumed t o  b e  a s s o c i a t e d  w i t h  t h e  

Topaz Mountain ~ h y o l i t e . ,  The d i s c u s s i o n  of  t h e  a l t e r a t i o n  process  by Lindsey et a l .  

(1973b) p lu s  t h e  work on geochemical h a l o s  i n  Lindsey (1975) a r e  l a r g e l y  i n v a l i d  

s i n c e  t hey  a r e  based on t h i s  assumption. The mine ra log i ca l  d e s c r i p t i o n s  i n  t h e s e  

s t u d i e s  are n e v e r t h e l e s s  s t i l l  v a l i d .  The m i n e r a l i z a t i o n  was l i k e w i s e  thought  t o  



have  occurred  dur ing  o r  s h o r t l y  a f t e r  t h e  emplacement of t h e  Topaz Mountain Rhy- 

o l i t e  which was da ted  a t  6-7 m.y. (Lindsey e t  a l . ,  1973b). Given t h e  21 m.y. d a t e  

of  t h e  P o r p h y r i t i c  R h y o l i t e  ,(Lindsey, 1977) t h e  m i n e r a l i z a t i o n  i s  now thought t o  

have  t aken  p l a c e  'between 7  and 21  m.y. ago (Lindsey, 1979, p .  62) .  

Two f a c i e s  of t h e  t u f f  of  t h e  Topaz Mountain Rhyo l i t e  (unmineralized t u f f ,  i n  

t h e  a r t i c l e )  were desc r ibed  i n  Lindsey e t  a l .  (1973b): v i t r i c  and z e o l i t i c .  

The v i t r i c  t u f f s  c o n s i s t  mainly o f  f r e s h  g l a s s y  pumice, a  few percent  of pyrogenic 

c r y s t a l s  (qua r t z ,  s a n i d i n e ,  p l ag ioc l a se ,  b i o t i t e  and t r a c e s  of  magnet i te ,  i lmen i t e ,  

t opaz ,  sphene, and z i r c o n ) ,  and vo lcan ic  rock fragments wi th  a  ma t r ix  of undeformed 

g l a s s  s h a r d s  and pumice. Diagenet ic  a l t e r a t i o n  which r e s u l t e d  in t h e  formation of 

t h e  z e o l i t i c  t u f f  a lmost  comple te ly  des t royed  t h e  g l a s s  and v e s i c u l a r  pumice leaving  

on ly  r e l i c t  pumice v e s i c l e s .  The ma t r ix  i s  composed almost e n t i r e l y  of  ve ry  smal l  , 

g r a i n s  o f  c l i n o p t i l o l i t e .  L a t e r  work e s t a b l i s h e d  a  f e l d s p a t h i c  f a c i e s  (Lindsey, 

1975).  T h i s  f a c i e s  i n d i c a t e s  a  more advanced s t a g e  of  d i agenes i s .  It con ta ins  

potassium f e l d s p a r ,  q u a r t z  and oc -c r i s toba l i t e  o f  d i a g e n e t i c  o r i g i n .  The v i t r i c  t u f f  

occu r s  around t h e  margins o f  t h e  Thomas Range wh i l e  both t h e  z e o l i t i c  and f e l d -  

s p a t h i c  f a c i e s  occur  towards t h e  c e n t e r  of  t h e  range.  

'I'he Beryl l ium Tuff  (minera l ized  t u f f )  con ta ins  about two o r  more t imes t h e  

c o n t e n t  of C s ,  L i ,  Rb, T I ,  eU, B ,  Be, Ga, La,  Mn, Nb, Sc, Sn, Y and Zn over t h e  

unminera l ized  t u f f .  It has two f a c i e s :  a r g i l l i c  and f e l d s p a t h i c  . The a r g i l l i c  

a l t e r a t i o n  of  t h e  t u f f  was incomplete,  wi th  f r e s h  fragments of g l a s s y  pumice, 

v o l c a n i c  rocks  and ca rbona te  rocks  remaining. Up t o  80% of t h i s  f a c i e s  can  con- 

t a i n  d i o c t a h e d r a l  montmorillonoid (o r  d i o c t a h e d r a l  smec t i t e )  . Other c o n s t i t u e n t s  

a r e  1-5% f l u o r i t e ,  up t o  20% f e l d s p a r ,  and minor amounts of dolomite ,  c a l c i t e ,  

c l i n o p t i l o l i t e ,  pumice and vo lcan ic  rock fragments.  The dolomite  c l a s t s  have 

undergone a  wide range  of  a l t e r a t i o n  and may b e  leached t o  c a l c i t e  o r  rep laced  by 

q u a r t z ,  opa l ,  f l u o r i t e ,  and c l a y .  

The f e l d s p a t h i c  t u f f  is be l i eved  t o  r e p r e s e n t  a  more advance s t a g e  of a l t e r -  

a t i o n .  It c o n t a i n s  20t% potassium f e l d s p a r ,  10-30% & - c r i s t o b a l i t e  (not  i n  a l l  t u f f  



samples) ,  u p ' t o  40% montmorillonoid c l a y ,  1-8% f l u o r i t e  wi th  some g l a s s ,  c l i n o p -  

t i l o l i t e ,  and c a l c i t e .  The dolomi te  c l a s t s  have been rep laced  by c l a y ,  f l u o r i t e  

and manganese ox ides  o r  q u a r t z ,  opa l  and p u r p l e  f l u o r i t e .  The m a t r i x  c o n s i s t s  o f  

c l a y ,  potassium . f e l d s p a r ,  which repleces '  g l a s s ,  z e o l i t e s  and c l a y  o f  t h e  a r g i l l i c  

t u f f , -  c r i s t o b a l i t e ,  which occurs  a s  s p h e r u l i t e s  and . f i b rous  masses w i t h  potassium 

f e l d s p a r ,  s e r i c i t e  and f i ne -g ra ined  anhed ra l  f l u o r i t e .  The c l i n o p t i l o l i t e  o f  t h e  

a r g i l l i c  and f e l d s p a t h i c  f a c i e s  i s  thought  t o  r e s u l t  from d i a g e n e s i s  (Lindsey, 

1979). The a l t e r a t i o n  of  t h e  u n i t  has  been complicated by a  hydrothermal impr in t  

placed on a  d i a g e n e t i c  one. 

The a l t e r a t i o n  p a t t e r n  o f  t h e  Roadside d e p o s i t  was s t u d i e d  i n  d e t a i l .  Two 

zones ,o f  f e l d s p a t h i c  a l t e r a t i o n  occur .  ' The upper zone, which i s  t h e  top  18 m of  t h e  

. u n i t ,  co inc ides  wi th  e x t e n s i v e  a l t e r a t i o n  o f  t h e  do lomi te  c l a s t s  and t h e  g r e a t e s t  

amount of  B e  m i n e r a l i z a t i o n .  The lower zone, which occurs  a t  t h e  bottom 9  m o f  t h e  

u n i t ,  has  no B e  concen t r a t i on  o r  do lomi te  a l t e r a t i o n .  These c h a r a c t e r i s t i c s  make it 

very  s i m i l a r  t o  t h e  f e l d s p a t h i c  f a c i e s  of  t h e  t u f f  of  t h e  Topaz Mountain Rhyo l i t e .  

It is thought t h a t  perhaps p a r t  o f  t h i s  zone has  a  d i a g e n e t i c  o r i g i n  (Lindsey, 1977). 

. The c e n t e r  s e c t i o n  has been a r g i l l i z e d .  The lower h a l f  o f  t h e  f a c i e s  c o n t a i n s  

do lomi te  c l a s t s  and t h e  upper p a r t  c o n t a i n s  c a l c i t e  c l a s t s .  Dedolomi t iza t ion  'of 

t h e  c l a s t s  pos s ib ly  i s  t h e  r e s u l t  of  h e a t i n g  from t h e  ove r ly ing  p o r p h y r i t i c  rhyo- 

l i t e  flow. Th i s  produced c a l c i t e  and r e l e a s e d  Mg which was taken  t o  form a  L i -  

bea r ing  t r i o c t a h e d r a l  montmorillonoid which i s  a l s o  most abundant i n  t h i s  zone. 

There  a r e  two types  of  a l t e r e d  nodules  i n  t h e  t u f f ,  c a l c i t e - s i l i c a - f l u o r i t e  

and c lay- f luor i te -manganese  oxide.  The c a l c i t e - s i l i c a - f l u o r i t e  nodules  occur  i n  

bo th  zones o f  a l t e r a t i o n .  The mine ra l s  a r e  a l l  f i ne -g ra ined ,  t h e  f l u o r i t e  ranges  

from p u r p l e  t o  c o l o r l e s s  and t h e  a l t e r a t i o n  sequence i d e a l l y  occurs  a s  fo l lows:  

c a l c i t e - q u a r t z - o p a l - t  Luor i te .  'l'he f l u o r i t e -  and o p a l - r i c h  zones c o n c e n t r a t e  Li, €7, 
C 

Be, Pb, and Zn. Mn i s  concen t r a t ed  i n  t h e  c a l c i t e  zone and Mo and Cu a r e  concen- 

: r a t ed  i n  t h e  q u a r t z  zone. 



The clay-fluorite-manganese oxide nodules occur l o c a l l y  i n  t h e  zone of f e ld -  

s p a t h i c  a l t e r a t i o n .  These nodules have no i d e a l  a l t e r a t i o n  sequence. F l u o r i t e  

o r  c l a y  can b e  a t  t h e  c o r e  o r  r i m .  However, whenever manganese oxides occur they 
Z 

form f r a c t u r e  f . i l l i n g s  o r  rims of  t h e  nodules. A high concentra t ion  of Be, L i ,  

Mg, and Zn occur both i n  t h e  f l u o r i t e  and c l a y  which can be  a d ioctahedra l  o r  

t r i o c t a h e d r a l  montmorillonoid. 

Lindsey e t  a l .  (1973b) f e l t  t h a t  t h e s e  zones of a r g i l l i c  and fe ldspa th ic  

a l t e r a t i o n  were t h e  r e s u l t  of  hydrothermal a l t e r a t i o n .  F-bearing so lu t ions  were 

der ived from t h e  magma t h a t  formed t h e  topaz r h y o l i t e .  These so lu t ions  t ranspor ted  
/ 

Be, Mn, and U a s  f l u o r i d e  complexes, us ing  f r a c t u r e s  and f a u l t s  a s  conduits'. A t  

t h e  s u r f a c e  where p ressure  and temperature of t h e  so lu t ions  dropped they reacted  

wi th  t h e  porous t u f f  t o  form t h e  a l t e r a t i o n  f a c i e s  and Be depos i t s .  Lindsey (1978) 

l a t e r  f e l t  t h a t  t h e  hydrothermal so lu t ions  could have leached t h e  buried p l u t ~ n  

which formed from t h e  magma t o  g e t  t h e i r  l i t h o p h i l e  elements. 

I n  t h i s  s tudy s i x  samples were chosen and run i n  two s e t s .  The f i r s t  contained 

t h r e e  nodules from t h e  Roadside P i t  which w e r e  provided by David Lindsey nf the 

U. S. Geological  Survey. The second s e t  contained samples of t h e  Porphyr i t ic  

Rhyo l i t e  Member of t h e  Spor Mountain Formation, t h e  l i thophysa l  Topaz Mountain 

Rhyo l i t e  and t h e  l i thophysa l  r h y o l i t e  of t h e  Wah Wah Mountains. The samples were 

sawed i n  two and one of  t h e  c u t  " su r faces  was polished t o  an even surface .  The' f i r s t  

s e t  was placed on Tri-X pan p ro fess iona l  f i l m  and developed with Microdol-X. The 

second set was placed on Royal X f i lm and developed i n  an H C l l O  s tock s o l u t i o n  ( a l l  

products  were made by Kodak) . A "fas t"  f i l m  and developer were used on t h e  second 

s e t  t o  enhance t h e  exposures occurring from t h e  r a d i o a c t i v e  decay of U. - 
Lindsey e t  a l .  (1973a) had a l ready done minera logica l  and 'chemical work on 

t h e  nodules provided (N-22, N-24, N-34). The nodules c o n s i s t  of varying amounts 

of f l u o r i t e  and opal .  N-22 and N-34 con ta in  approximately equal por t ions  whi le  



N-24 i s  predominantly f l u o r i t e .  Each nodule was sepa ra t ed  i n t o  zones on t h e  b a s i s  

of c o n c e n t r i c  o r  n e a r l y  c o n c e n t r i c  c o l o r  bands. A spec t rographic  a n a l y s i s  f o r  U 

was performed on each zone i n  t h e  nodule. 

For N-22 t h e  h i g h e s t  exposure occurred i n  t h e  c e n t e r  of t h e  nodule which 

c o i c i d e s  wi th  t h e  l a r g e s t  amount of  U (1500 ppm). A moderate amount o f  exposure 

occurred i n  t h e  middle (500-1500 ppii) . L i t t l e  o r  no exposure occurred a t  t h e  r i m  

(1000 ppm). I n  N-24 t h e  r i m  and t h e  c o r e  had 500 ppm U and the .  middle s e c t i o n  con- 

t a ined  1500 Dpm U b u t  no exposure d i f f e r e n c e s  could b e " s e e n .  Why exposure d i f f e r -  

ences could b e  seen f o r  N-22 a n d , n o t  N-24 is no t  known. N-34 d id  have s e v e r a l  small  

exposure Vatches i n  t h e  c e n t e r  and up t o  4  mm from t h e  r i m .  Lindsey e t  a l .  (1973a) 

d e t e c t e d  no U i n  t h i s  sample s o  perhaps t h e r e  is another  sou rce  of  r a d i a t i o n  such 

a s  Th o r  perhaps only  t h e  decay products  of  U were l e f t  a f t e r  leaching .  The ex- 

posure  o f  a l l  t h r e e  nodules was an e r r a t i c  c loud which sugges ts  a  d i sseminat ion  of 

U i n  t h e  f l u o r i t e  and. opa l ,  n o t  d i s c r e t e  U-rich minera ls .  

The second s e t  was s t u d i e d  t o  de te rmine  t h e  U concen t r a t ion  i n  l i t h o p h y s a l  
. . 

ve r sus  p o r p h y r i t i c  r h y o l i t e .  A theory  had been proposed t h a t  no s e c o ~ d a r y  enr ich-  

.ment of  U from t h e  Topaz Mountain Rhyo l i t e  occurred because t h e  l i thophysae ,  formed 

by l a t e - s t a g e  vapor phase c r y s t a l l i z a t i o n ,  had locked i n  t h e  U and o t h e r  l i t h o p h i l e  

e l anen t s  (Sheridan, pe r sona l  communication, 1979) . There fo re  one would expect a  

concen t r a t ion  o f  U i n  theLl i thophysae  r a t h e r  t han  randomly disseminated i n  t h e  

r h y o l i t e .  However, no concen t r a t ion  o f  U was seen.  Both l i t h o p h y s a l  r h y o l i t e s  

and t h e  P o r p h y r i t i c  Rhyo l i t e  showed a  random d i s t r i b u t i o n  of  po in t  sources  o f  U. 

A few of t h e  po in t  sources  i n  t h e  Porphyr i t i c  .Rhyo l i t e  may .be  c o r r e l a t e d  . t o  a l t e r e d  

oxides  (hemat i te  (?)),  a  s i t e  found t o  c o n c e n t r a t e  U dur ing  a l t e r a t i o n  ( Z i e l i n s k i ,  

1978). The po in t  sources  of  a l l  t h r e e  samples showed v a r i a t i o n  i n  amount of  exposure 

which ind ica t ed  a  v a r i a t i o n  i n  t h e  ' concent ra t ion  of U a t  each s i t e .  

To summarize, t h e  au toradiographs  of t h e  f l u o r i t e  nodules i n d i c a t e  t h a t  t h e  

J was disseminated i n  zones i n  t h e  nodules and no t  l oca t ed  i n  d i s c r e t e  U-rich 
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miners 1s. Uranium i n  bo th  t h e  P o r p h y r i t i c  R h y o l i t e  and l i t h o p h y s a l  r h y o l i t  es  was 

randomly d i s t r i b u t e d ,  probably i n  U-rich nhases a s  i nd i ca t ed  by t h e  correspondence 

between U exposure and a l t e r e d  ox ides  i n  t h e  P o r p h y r i t i c  Rhyol i te .  

n U I D  INCLUSIONS 

A r econna i s sance  s t u d y  of f l u i d  i n c l u s i o n s  was conducted du r ing  December, 1979 

a t  t h e  Labora tory  o f  Economic Geology o f  t h e  Un ive r s i t y  of  Arizona.  A Model I 

h e a t i n g - f r e e z i n g  s t a g e ,  s o l d  by SGE (Sigma Gamma Eps i lon ) ,  t h e  s t u d e n t  geosc iences  

honorary  a t  t h e  Un ive r s i t y  o f  Arizona,  was used. The procedure o u t l i n e d  i n  t h e  

handbook accompanying t h e  s t a g e  was used.  

Var ious  m a t e r i a l s  from t h e  Spor Mountain D i s t r i c t  were prepared f o r  s tudy:  

c l e a r ,  b l a c k  and m a t r i x  topaz from l i t hophysae  i n  t h e  Topaz Mountain Rhyo l i t e ;  qua r t z  

and f l u o r i t e  from a  t h i n ,  a t y p i c a l ,  vuggy ve in  o f  o p a l - f l u o r i t e - q u a r t z  which c r o s s -  

c u t s  t h e  Beryl l ium Tuff  Member o f  t h e  Spor  Mountain Formation a t  t h e  F luoro  P i t ;  

f l u o r i t e  from t h e  B e l l  H i l l  Mine; and o p a l  from t h e  Joy and Beryl l ium Tuff  ( s e e  map 

i n  Bikun, t h i s  r e p o r t ,  F ig .  27 ) .  

The topaz ,  q u a r t z ,  and c a l c i t e  y i e lded  thousands of  secondary i n c l u s i o n s .  No 

pr imary  i n c l u s i o n s  were found i n  t h e  c l e a r  o r  b l a c k  topaz.  The opa i  s h a t t e r e d  t oo  

e a s i l y  f o r  t h i c k  s e c t i o n s  t o  be  made s o  no f l u i d  i n c l u s i o n  s tudy  was undertaken.  

Oxygen and. hydrogen i s o t o p e  work (Henry, 1978) on opa l  of t h e  Joy Tuff and opa l  

from t h e  t u f f  o f  t h e  Topaz Mountain R h y o l i t e  gave a  tempera ture  of formation range  

o f  6 - 1 0 1 ~ ~  depending on which method o f  tempera ture  c a l c u l a t i o n  was used.  Another 

f a c t o r  t h a t  i n d i c a t e s  a  low tempera ture  o r i g i n  f o r  opa l  i n  t h e  Spor Mountain D i s -  

t r i c t  i s  t h e  o p a l ' s  a s s o c i a t i o n  wi th  c l i n o p t i l o l i t e ,  montmor i l lon i te  and hydrated 

b u t  n o n d e v i t r i f i e d  g l a s s .  I n  geothermal provinces  a l t e r a t i o n  l eaves  l i t t l e  g l a s s  

untouched and t h e  c l i n o p t i l o l i t e  and mon tmor i l l on i t e  aFe l i m i t e d  t o  t h e  c o o l e s t  

zones o f  t h e  a l t e r a t i o n  (Henry, 1978, p. (IX) 14) .  

No primary i n c l u s i o n s  were found i n  t h e  f l u o r i t e  o f  B e l l  H i l l  due t o  i t s  f i n e  

g r a i n  s i z e  ( a l s o  t r u e  o f  f l u o r i t e  i n  t h e  nodules  of  t h e  Beryl l ium Tuf f ) .  I f  any 
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f l u i d  was trapped i n  t h e  c r y s t a l s  t h e s e  i n c l u s i o n s  would b e  t oo  smal l  t o  work wi th .  

I n  t h e  western United S t a t e s  commercial f l u o r i t e  d e p o s i t s  and f l u o r i t e  gangue .of 

T e r t i a r y  age (6-32 m.y. o ld)  a r e  found i n  a  horseshoe-shaped a r e a  which surrounds 

t h e  Colorado P l a t eau .  Th i s  b e l t  i s  a s s o c i a t e d  w i th  a l k a l i  g r a n i t e s  o r  r h y o l i t e s ,  

normal Bas in  and Range f a u l t i n g ,  and a  h igh  h e a t  flow (Shawe, 1979). 

The m a j o r i t y  of  t h e s e  d e p o s i t s  a r e  cons idered  ep i thermal  (Nash and Worl, 1971). 

Two examples fol low.  I n  t h e  Nor thga te  D i s t r i c t ,  Jackson County, Colorado, t h e  

f l u o r s p a r  d e p o s i t s  occur  most ly  i n  Precambrian basement bu t  a  few v e i n s  occur  i n  

sediments  of  T e r t i a r y  age  (Van A l s t i n e ,  1947). The f l u o r s p a r  had f o u r  c l u s t e r s  o f  

homogenization tempera tures  nea r  1 1 3 O ~ ,  1 4 4 " ~ ,  160°c, and 177°C. The i n c l u s i o n s  

had a  s a l i n i t y  of  0.2 weight  % equ iva l en t  NaCl (Nash and Worl, 1971). 

F lu id  i n c l u s i o n  s t u d i e s  o f  f l u o r i t e  gangue a s s o c i a t e d  w i th  Pb-Zn-Ag replacement 
. . ., 

%odies  and- f i s s u r e  f i l l i n g s  have  been undertaken i n  t h e  southwestern S t a r  Range, 

\ 1 I..> .. . 
Beaver County, Utah. The m i n e r a l i z a t i o n  i s  a s s o c i a t e d  w i th  t h e  i n t r u s i o n  o f  T e r t i a r y  

% ,  . .- 
g r a n i t e  i n t o  sedimentary rocks.  The f l u i d  i n c l u s i o n s  had a  homogenization tem- 

. p e r a t u r e  range  of 1 3 5 - 2 0 5 " ~  wi th  70% of t h e  tempera tures  between 161-190°C (Su, 

,4976). . c.. ;$ 

.~, .>".. > 

Not a-1.1 o f  t h e  f l u o r s p a r  d e p o s i t s  i n  t h e  province  a r e  ep i thermal .  I n c l u s i o n s  . . . ~  ;*-  

i n  qua r t z  a s s o c i a t e d  wi th  t h e  f l u o r s p a r  d e p o s i t s  i n  t h e  Jamestown D i s t r i c t ,  Boulder 

County, Colorado have f i l l i n g  tempera tures  o f  250 -375"~  wi th  s a l i n i t i e s  of 20-30 

weight % equ iva l en t  NaC1. These denser  f l u i d s  a r e  i n  c l o s e  a s s o c i a t i o n  wi th  

a l k a l i c  i n t r u s i v e s  (Nash and Cunningham, 1973).  

Work on f l u o r i t e  d e p o s i t s  in Japan, Korea, and Russia i n d i c a t e s  a  low p re s -  

s u r e  and tempera ture  environment ( t h e  bulk o f  t h e  m i n e r a l i z a t i o n  occu r r ing  from 

1 1 0 ~ ~  co 180'C) making them epi thermal  (Arkhipchuk, 1968; Benesova and Cadek, 1969; 

E n j y o j i  and Miyazawa, 1969; Karpov, 1970; De Groodt, 1973; Puzanov, 1973; Chi ,  1975; 

Arkhipchuk, 1976; Borodfn et a l . ,  1976; Fa i z iyev ,  1976; Tmai, 1976; Rogers,  1976). 

The f l u i d s  t h a t  depos i ted  t h e  commercial f l u o r i t e  d e p o s i t s  and f l u o r i t e  nod- 

u l e s  i n  t h e  r u f f  o f  t h e  Spor' Mountain D i s t r i c t  could be  magmatic-hydrothermal o r  
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c i r c u l a t i n g  ground wa te r  which is  hea ted  by t h e  r h y o l i t e  f lows.  An example of  t h e  

l a t t e r  formed t h e  b a r i t e - f l u o r i t e - g a l e n a  d e p o s i t s  a s s o c i a t e d  w i th  t h e  Rio Grande 

R i f t  i n  s o u t h - c e n t r a l  New Mexico. It i s  be l i eved  t o  have formed by ground water  

c i r c u l a t i o n  through e v a p o r i t e s  and carbonates  t o  form a  h igh  h a l i d e  and s u l f a t e  

s o l u t i o n  which was hea ted  t o  150-200°C by  mid-Ter t ia ry  nea r - su r f ace  d ikes  and s i l l s  

(Beane, 1974).  S a l i n i t i e s  o f  f l u i d  i n c l u s i o n s  from f l u o r i t e  d e p o s i t s  r e l a t e d  t o  

r h y o l i t e s  r ange  from 0 .2  weight  % equ iva l en t  NaCl (Van A l s t i n e ,  1969) t o  10-15 

weight  % equ iva l en t  NaCl (Kess l e r ,  1975). 

Three  pr imary i n c l u s i o n s  were found i n  t h e  topaz .  The i n c i u s i o n s  would no t  

f r e e z e  which prevented de t e rmina t ion  of  t h e  s a l i n i t y  of t h e  f l u i d .  The same d i f f i -  

c u l t y  was encountered f o r  t h e  i n c l u s i o n s  found i n  qua r t z  and f l u o r i t e .  I t  i s  be- 

l i e v e d  t h a t  f l u i d  i n s i d e  s m a l l  i n c l u s i o n s  has t r o u b l e  n u c l e a t i n g  which prevents  
. , 

i c e  format ion  (En jyo j i ,  1972) and t h i s  may be  t h e  problem f o r  t h e s e  i nc lu s ions .  

During homogenization o f  t h e  topaz i n c l u s i o n s  a  nearby c l eavage  p l ane  expanded 

caus ing  d e c r e p i t a t i o n  of  t h e  i n c l u s i o n s  between 8 0 - 1 1 0 ~ ~ .  Work done on homog- 

e n i z i n g  g i a s s  inc lus ions '  i n  "ongonitei ' ,  a  Russian topaz-bear ing qua r t z  kera tophyre  

(a F-enriched s i l i c i c  rock  s i m i l a r  t o  t h e  Topaz Mountain Rhyo l i t e ) ,  gave a  temper- 

a t u r e  of  homogenization a t  9 2 0 - 1 0 3 0 ~ ~  (Naumov e t  a l . ,  1971). 

Q u a r t z '  from t h e  v e i n l e t  i n  t h e  F luoro  P i t  y ie lded  t h e  most p r imar i e s .  The 

f l u i d  i n c l u s i o n s  conta ined  no daughter  mine ra l s  o r  i d e n t i f i a b l e  l i q u i d  C02 ( t h i s  

i s  a l s o  t r u e  f o r  a l l  t h e  pr lmary f l u i d  i n c l u s i o n s  s t u d i e d ) .  Some of  t h e  i n c l u s i o n s  

were t o o  s m a l l  t o  work wi th  and o t h e r s  were l o s t  when they  were removed from t h e  

remainder  o f  t h e  t h i c k  s e c t i o n  enabl ing  only  one i n c l u s i o n  t o  be  measured. On two 

runs  t h i s  i n c l u s i o n  had homogenization tempera tures  of  1 6 2 ~ ~  and 165°C. 

Primary i n c l u s i o n s  i n  f l u o r i t e  from t h e  v e i n l e t  and c a l c i t e  from a  nodule  were 

v e r y  few. The s i n g l e  u s a b l e  i n c l u s i o n  i n  t h e  p u r p l e  f l u o r i t e  tw ice  a t t a i n e d  a  

homogenization tempera ture  of  1 4 3 ~ ~ .  A primary i n c l u s i o n  i n  t h e  c a l c i t e  homog- 

en ized  between. 290-310'~.  P r e c i s e  measurements could  n o t  be  a t t a i n e d  because a  

r e s i d u e  o f  Canada balsam on t h e  t h i c k  s e c t i o n  clouded.  and i n t e r m i t t e n t l y  obscured 
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t h e  view of  t h e  i nc lu s ion .  The Canada balsam could n o t  b e  removed f o r  a  second 

run.  

The s i z e  of b e r t r a n d i t e  c r y s t a l s ,  ( 5  pm (Montoya e t  a l . ,  1962),  prevented any 
, 

f l u i d  i n c l u s i o n  s tudy .  C r y s t a l l i z a t i o n  of  b e r t r a n d i t e  i n  pegmati tes  has  occurred 

a t  t empera tures  a s  low a s  140-165°C (Khitarov,  1973) and 1 3 0 - 1 6 0 " ~  (Remeshilo, 

1974). The c r y s t a l l i z a t i o n  of b e r t r a n d i t e  i n  t h e  Beryl l ium Tuff a t  t h e s e  temper- 

a t u r e s  i s  compat ib le  w i th  temperatures  ob t a ined  from q u a r t z  and f l u o r i t e .  7 

The d a t a  c o l l e c t e d  is  p re l imina ry  only.  Lack o f  primary i n c l u s i o n s  and t h e i r  

smal l  s i z e  prevented a  s t a t i s t i c a l  s tudy .  The homogenization tempera tures  o f  . 

q u a r t z  and f l u o r i t e  sugges t  t h a t  t h e  a l t e r a t i o n  of  t h e  Beryl l ium Tuff occur red  a t  

low temperatures .  The f i n e  g r a i n  s i z e  o f  t h e  f l u o r i t e ,  qua r t z  and b e r t r a n d i t e  is  

c h a r a c t e r i s t i c  o f  low tempera ture  c o n d i t i o n s  which a l s o  f avo r s  slow r e a c t i o n s  and 

. . 
long p e r s i s t e n c e  of  me ta s t ab l e  forms (Krauskopf, 1977). Only more measur&ents,  

- ,  . . . I  I I. 

i f  p o s s i b l e ,  w i l l  t e l l  t h e  p r e c i s e  range  of  a l t e r a t i o n  tempera tures  f o r  t h e  d e p o s i t s .  .. ' 

... *,. . ". 
The c a l c i t e  t empera ture  appears  anomalously h igh  b u t  it could b e  t h e  r e s u l t  of  

h e a t i n g  of  c i r c u l a t i n g  ground water  by t h e  ove r ly ing  r h y o l i t e  f lows.  Leakage of 

t$e c a l c i t e  qrimary i n c l u s i o n s  may have occurred bu t  i t  is  n o t  l i k e l y  (Roedder and . &. 

Skinner ,  1968) . . r '  .. :+> 

SCANNING ELECTRON MICROSCOPY 

I n t r o d u c t i o n  

The scanning e l e c t r o n  microscope (SEM) was used t o  i n v e s t i g a t e  a  v a r i e t y  of  

m a t e r i a l s .  The c h a r a c t e r  o f  pumices and sha rds  from t h e  Bishop Tuff  ash  f lows 

and a i r  f a l l  ( r h y o l i t i c  composi t ion) ,  Cal i fornia-Nevada,  was s t u d i e d  and compared 

wi th  pumices from t h e  Beryl l ium Tuff Member of  t h e  Spor Mountain Formation and 

t h e  t u f f  of  t h e  Topaz Mountain R h y o l i t e  ( S t r a t i f i e d  Tuff )  i n  an a t t empt  t o  d e t e r -  

mine t h e  o r i g i n  o f  formation of  t h e s e  t u f f s .  B e r t r a n d i t e  r e s i d u e  from f l u o r i t e  

nodules  from t h e  Roadside P i t  a t  Spor Mountain was s t u d i e d  t o  de te rmine  t h e  mor- 

phology of  t h e  be ry l l i um s i l i c a t e .  F l u o r i t e  from t h e  f l u o r s p a r  p i p e  a t  t h e  B e l l  
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H i l l  Mine and from a nodule i n ' t h e  Blue Chalk P i t  was s tudied  t o  determine i f  t h e r e  

were any d i f f e r e n c e s  i n  c r y s t a l  h a b i t .  

Review of the0r.y on pumices and shards 

As magma nears  t h e  s u r f a c e  gas bubbles nuc lea te  from t h e  melt and grow t o  

form bubbles. Sur face  t e n s  ion wi th in  t h e  magma w i l l  spontaneously shr ink  bubbles 

wi th  less than a c r i t i c a l  r a d i u s  while l a r g e r  ones w i l l  grow (Murase and McBirney, 

1973). According t o  Sparks (1978) t h e  bubble growth s tops  before  t h e  magma i s  

extruded.  When t h e  magma i s  extruded explosively,  t h e  bubbles . a r e  s t r e t ched  and 

d i s t o r t e d  i n t o  long o r  tubu la r  v e s i c l e s  and t h e  magma is  to rn  a p a r t  and quickly 

c h i l l e d  t o  form a f r o t h y  g l a s s .  Vesic le  walls  i n  t h e  pumice may break o f f  t o  

form s t r a i g h t  o r  s l i g h t l y  curved g lass  shards.  The pumice and shards may be  

deposi ted  wi th in  an a i r  f a l l  o r  an ash flow. 

A f t e r  emplacement of  t h e  ash flow, compaction and welding occur i f  t h e  

tempera ture  i s  high enough. High temperature d e v i t r i f  i c a t i o n  and vapor phase 

c r y s t a l l i z a t i o n  w i l l  most l i k e l y  occur i n  a t h i c k  u n i t  t h a t  w i l l  cool  slowly. 

A t h i n  u n i t  cools  quickly,  i n h i b i t i n g  high temperature d e v i t r i f i c a t i o n  and vapor 

phase c r y s t a l l i z a t i o n .  Welding and compaction may f l a t t e n  o r  completely homogenize 

t h e  p,umice leaving l i t t l e  o r  no evidence o f  v e s i c l e s  (Schmincke, 1974). These 

processes  w i l l  modify t h e  i n i t i a l  pumice form r e s u l t i n g  i n  a v a r i a t i o n  of  pumice 

morphology. Shards, being t h e  u a l l s  of tubu la r  chambers i n  t h e  pumice, undergo 

t h e  same f l a t t e n i n g  processes a s  t h e  pumices. 

Pumice and g l a s s  shards w i l l  d e v i t r i f y  with t ime bu t  t h e  i n i t i a l  slow 

coo l ing  of  a t h i c k ,  ho t ,  ash flow shee t  may cause t h e  g l a s s  t o  d e v i t r i f y  sooner. 

A common d e v i t r i f i c a t i o n  product i s  s p h e r u l i t e s ,  a r a d i a t i n g  growth of a c i c u l a r  

c r y s t a l s  which form spheroids.  The a c i c u l a r  f i b e r s  a r e  usua l ly  composed of a l k a l i  

f e l d s p a r ,  c r i s t o b a l i t e  o r  p lag ioc lase  (Lofgren, 1971b). Basic requirements f o r  

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  a r e  a viscous melt ,  slow c r y s t a l l i z a t i o n ,  formation of 

a t h i n  l a y e r  o f .  t h e  low temperature component a t  t h e  l i q u i d - c r y s t a l  i n t e r f a c e  and 



t h e  n u c l e a t i o n  of n e a r l y  p a r a l l e l  f i b e r s  a t  d i s o r d e r  s i t e s  on t h e  s i d e s  of  e x i s t i n g  

f i b e r s .  De ta i l ed  information on t h e  formation of  s p h e r u l i t e s  may b e  found i n  Kei th  

and Padden (1963) and Lofgren (1971b) . The f i b e r s  grow i n t o  sheaves,  then a  bow- 

t i e  shape and u l t i m a t e l y  a  s p h e r i c a l  bundle  (Morse and Donnay, 1936; F ig .  l ) ;  

. 
Sheaves were a  more common product  i n  t h e  d e v i t r i f i c a t i o n  0.f r h y o l i t i c  g l a s s  than 

complete  s p h e r u l i t e s  (Lofgren, 1968). S p h e r u l i t e s  may grow over  l a r g e  a r e a s  -o f  

t h e  t u f f  s h e e t  c u t t i n g  a c r o s s  sha rds  and pumice. They may (Ross and Smith, 1960; 

t h e i r  f i g s .  63 and 64) o r  may n o t  (Ross and Smith,  1960; t h e i r  f i g s .  69 and 70) 

completely d e s t r o y  t h e  t e x t u r e  o f  t h e  a sh  flow t u f f .  

Another common d e v i t r i f i c a t i o n  product  i n  ash  flow t u f f s  i s  a x i o l i t e s ,  a  group 

o f  p a r a l l e l  f i b e r s  which grow i n  both d i r e c t i o n s  from a  l i n e .  Shards commonly de- 

v i t r i f y  i n  t h i s  manner l eav ing  t h e  o u t l i n e  o f  t h e  shard  i n t a c t  (Ross and Smith,  

1960 ; t h e i r  f i g s .  71-74). 
r i  : .:s, 

i' 

Lofgren (1971a) observed o t h e r  d e v i t r i f i c a t i o n  products  b e s i d e s  a x i o l i t e s  and 
. .,. 

'?I 

s p h e r u l i t e s  i n  h i s  experiments on t h e  d e v i t r i f i c a t i o n  of  r h y o l i t e .  Perhaps t h e s e  

t e x t u r e s  may be  found i n  a dense ly  welded r h y o l i t i c  ash  flow s h e e t  t h a t  ha s  dev i -  
:i' 

t f ' i f i e d .  These t e x t u r e s  include:  granophyric--quartz  enclosed w i t h i n  f e l d s p a r  - '. 4: 
> 4.c.: '5 

s fdheru l i tes ;  m i a r o l i t i c  c a v i t y - - c a v i t y  u s u a l l y  l i n e d  wi th  qua r t z  t h a t  forms by vo l -  

ume change due t o  c r y s t a l l i z a t i o n ;  and m i c r o p o i k i l i t i c  qua r t z - - f e ld spa r  s p h e r u l i t e s  

enclosed i n  qua r t z .  

r I n  Schmincke's (1974) s tudy  of  p e r a l k a l i n e  s i l i c i c  welded a s h  f low t u f f s  i t  

was noted t h a t  i f  no d e v i t r i f i c a t i o n  occurs  i n  a  h'ighly welded zone, t h e  gas  t rapped 

i n  t h e  pumice v e s i c l e s  i s  r ed i s so lved  i n  t h e  g l a s s  when t h e  pumice c o l l a p s e s  

dur ing  welding. The yurulce l a t e r  undergoes secondary ves  i c u l a t  ion which forms 

s p h e r i c a l  vcsj.cles. Tliase v e s i c l e s  may form by o t h e r  t han  t h e  above-mentioned 

p o s t d e p o s i t i o n a l  emplacement. Primary v e s i c l e s  may have surv ived  compaction and 

welding i f  t h e  emplacement tempera ture  was r e l a t i v e l y  co ld .  That i s ,  ' I . .  . i f  gas  

v r e s s u r r  i n  a  s p h e r i c a l  bubble  equa l led  Load p re s su re ,  t h e  bubble  might n o t  c o l l a p s e  

du r ing  welding" (Schmincke, 1974, p. 618). The c h a r a c t e r i s t i c  t h a t  d i s t i n g u i s h e s  



Fig .  1. Var ious  s t a g e s  o f  growth i n  s p h e r u l i t e s  (modified 
from Morse and Donnay, 1936, p. 397) 
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secondary from p r i m a r ~ 4 ~ u b b l e s  i s  t h a t  secondary spher ical  bubbles w t l l  cu t  across 
.-' 7.' - - -. 

t he  collapsed pumice tubes and there  w i l l  be l i t t l e  or no dev i t r i f i ca t ion  around 

the  bubbles (Schmincke, 1974). These secondary spher ical  bubbles may be the  

precursor of lithophysae (Sheridan, personal communication, 1979). 

Procedure 

The pumices and f l u o r i t e  were taken d i r e c t l y  from bulk samples of ash flows 

and nodules and f l u o r i t e  pf-pes respectively.  Dissolution of the  f l u o r i t e  nodules 

was done with ac id i f ied  A 1 C l 3  according t o  t he  method of Steven et  a l .  (1962). 

A l l  samples were placed on aluminum spechen  mounts with doubl8-stick tape. The 

specimen mounts were coated with a t h in  layer  of Au-Pd which provides a conductive 

path f o r  electrons from the  sur face  t o  t h e  ground. This prevents a buildup of 

e lectronic  charge on the  sainple. The SEM is an Internat ional  Sc i en t i f i c  Ins t ru-  

ment (ISI) Super 111 Model. 

Pumices and shards ~f $he S ~ o r  Mountain District ,  

a) Pumices of t h e  Beryllium Tuff 

Due t o  a l te ra t ion ,  from the  Beryllium Tuff Member of t h e  Spor Mountain 

Formation were d i f f i c u l t  t o  characterize.  No glassy pumices were seen in  t h e  out- 

crop but t he  a l te red  pumices i n  outcrops a t  various claims showed random orien- 

t a t i o n  and no f l a t t en ing  which indicates t h a t  welding has nQg faken place, Some 

randomly-oriented brown, glassy pumices were obtained from d r i l l  ho le  No. 18. 

These pumices of sample TRSM 18-571 a r e  s imilar  t o  pumices i n  t he  Bishop Tuff ash 

flow with a tube diameter of 10.3 pm and a wall  thickness of 5.0 p m  (Fig. 2). 

Altered pumices i n  samp'le TRSM 6-897 revealed an amorphous character.  The vesic les  

were destroyed when replaced by mhtmorif l o n i t e  (Big. 3). 

b) Prrmices of the S t r a t i f i e d  Tuff 

Pumices studied from the  S t r a t i f i e d  Tuff of the  Topaz Mountain Rhyolite 

tnclude glassy, non-welded (TRSM 1-142, TRSM 1-315) and glassy welded (TRSM 43) 

samples. Although the  S t r a t i f i e d  Tuff is pa r t l y  consolidated it has not undergone 
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t o  be dev i t r i f i ed  but it has welded a t  some locations.  Most of t h e  pumices stud5ed 
. L 

i n  t h i s  and the  l a s t  sect ion have been obtained from ash f low--gqf* BE211 core  

samples provided by Bendix Field  Engineerin 

samples a r e  labeled with two numbers. The 

hole. The second r e fe r s  t o  the  depth of t he  sample i n  t he  d r i l l  hole. Most of the  

pumices studied were a l i g h t  gray or  l i g h t  brown glass  t h a t  was non-welded t o  

s l i g h t l y  welded and had random orientat ions  (similar t o  pmiices i n  a non-welded ash 

flow of the  Bishop Tuff). For TRSM 1-142 and 1-315 (Figs. 4 and 5) the  tubes 

averaged 14.7 p m  i n  diameter, with an average wall  thickness of 8.5 p m .  No mud 

o r  debris was seen t o  f i l l  the  tubes as  may be expected i f  these pumices had sur- 

vived transport  i n  a volcanic mud flow (Schmincke, 1967) . 
A f i a m e  from the densely welded ash flow (TRSM 44, f igs .  6 and 7) of t he  

measured sect ion of the  S t r a t i f i e d  Tuff near Wildhorse Springs (see Bikun, t h i s  

report )  contained no secondary vesic les  (which a r e  believed t o  be the r e s u l t  of 

secondary vesiculat ion and seen i n  pumices from densely welded ash flows of t h e  

Bishop Tuff). The Topaz Mountain Rhyolite and t h e  associated tu f f  is 6-7 m.y. old 

(Lbdsey et al., 1975) and the pumices appear fresh.  However, t h e  curled layer  of 

Figure 7 suggests one of two ideas. The pumices may have undergone chemical a t tack  

and formed s o l u t i o ~  imilar t o  those formed on quartz grains in t rop ica l  
2 

environments (Krinsley and Doornkamp, 1973; t h e i r  f i g s .  97 and 98). O r  it could b e  

a surface skin of hydrated material  (Moore, 1966) which is peeling o f f .  The l a t t e r  

explanation seems more l i k e l y  s ince  a t h in  sect ion of t h i s  welded t u f f  reveals 

abundant p e r l i t i c  cracks i n  t he  fiammes. 

The study of these pumices has shown tha t  barring a l t e r a t ion  (as i n  the  Beryl- 

lium Tuff), ~umices  from both the  Beryllium Tuff and the  S t r a t i f i e d  Tuff have a 

morphology s imilar  t o  pumices from ash flows of the  Bishop Tuff (data ornitted here). 

A noticeable dif ference is t h a t  whereas t he  Bishop Tuff has undergone both dev i t r i -  

f i ca t ion  and welding the  Beryllium Tuff has appeared t o  have undergone nei ther  and 

the  S t r a t i f i e d  Tuff has undergone only welding. 



F5g. 4, '~am~le TWM 1-142, graj;n 2 : Tubular vesicles 
in pumice from a glassy,  non-welded ash flow deposit of 
the Stratified Tuff. 

Fig. 5, Sample TRSM 1-315, grain l a  Tubular vesicles 
in pumice from a glassy, non-welded ash flow deposit of 
the Stratified Tuff . 



Sample TRSM 44, 
.ensely welded ash 
.dhorse Springs. 

grain 2 
flow of 

: Fragment of f iamme 
the Stratified Tuff, 

w 
Fig. 7 .  Sample TRSM 44, grain 4: Curled layer on 
fiamme from a densely welded ash flow of the Stratified 
Tuff. 



c )  Shards of t h e  Beryllium and s t r a t i f  id Tuffs 

Shards a r e  an i n t eg ra l  cons t i tuen t  0% ash flaw and a i r  f a l l  deposits. The 

consolidated condit ion of t h e  Beryllium Tuff and t h e  S t r a t i f i e d  Tuff made it impos- 

s i b l e  t o  ex t r ac t  individual shards fo r  study. Woken surfaces of both t u f f s  were 

examined under t h e  SEM but  no shards were found. Hawever, shards from t h e  0.063 mm 

s i z e  f r a c t i o n  of t h e  Bishop Tuff a i r  f a l l  and ash flow deposi ts  were studied and 

found t o  be  d e l i c a t e  and angular. It is believed t h a t  these r h y o l i t i c  shards should 

be  a good representat ion of shards i n  t he  Beryllium and S t r a t i f i e d  Tuffs s ince  these  

a r e  believed t o  be  mainly t h e  deposits  of pyroclas t ic  flows with minor a i r  f a l l  and 

~ y r o c l a s t i c  surges ( s ee  Bikun, t h i s  repor t ) .  A preliminary study of t h in  sect ions  of 

beth  t h e  Beryllium Tuff and S t r a t i f i e d  Tuff reveal  angular shards i n  the  matrix which 

appears t o  back up t h e  above assumpt.ion. 

On t h e  bas i s  of crude s t r a t i f i c a t i o n ,  poor sor t ing  and a heterogeneous mixing 

of mater ia l s  Lindsey (1977) postulated t h a t  mudflows were t h e  dominant const i tuent  

e f  t h e  Beryllium Tuff and a minor const i tuent  of t he  S t r a t i f i e d  Tuff (Lindsey, 1979) 

and reported an abundance of shards (and pumice) i n  both. ~ k e v e r ,  Schminckels 

(1967) s tudy of  t h e  volcanic rmudflows (which mwed a s  an i n e r t i a  type flow) of t h e  

Elleasburg Formation revealed l i t t l e  o r  no shards and pumice. Perhaps mudflows 

may move by o ther  mechanisats which allow t h e  survival  of these  glass  pa r t i c l e s .  

Fur ther  work is required on character iz ing and quantifying t h e  shard and pumice 

morphology no t  only i n  volcanic mudflows but o ther  v6lcanic deposits  such as  a i r  

f a l l  t u f f s ,  ash flow t u f f s ,  water-laid t u f f s ,  and pyroclas t ic  surges. This would 

provide a way t o  iden t i fy  t h e  o r ig in  of consolidated volcanic deposirs which 

cannot undergo par t ic le -s  i z e  analysis  (Sheridan, 1971). 

Spor Mountain Mineralization 

Ber t randi te  was discovered p rac t i ca l l y  simultaneously by S taa tz  and G r i f f i t t s  

(1961) and Montoya e t  a l .  (1962) t o  be t he  beryllium-bearing mineral i n  t h e  miner- 

a l i zed  t u f f .  The beryllium is  believed t o  be car r ied  a s  a complex f luor ide  ion 
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i n  a F-rich solution.  The . removal . of l a rge  amounts of F t o  form f l u o r i t e  would 

break down t h e  complex ions allowing ber t randi te  t o  form (Staatz and G r i f f i t t s ,  

1961, p. 949). It is not surprising tha t  beryllium i s  found i n  high concentrations 

i n  t he  f l u o r i t e  nodules and t h i s  makes them a good choice f o r  ber t randi te  study. 

Microscopic examination of ber t randi te  separated from f l u o r i t e  nodules revealed 

individual grains  of ber t randi te  less than 5 p m  i n  diameter which formed aggregates 

up t o  124pm i n  diameter. The grains  showed a weak birefringence and an index of 

refract ion from 1.54-1.58 (Eontoya et a l . ,  1962). 

The c rys t a l  habit  of ber t randi te  had ye t  t o  be described. To attempt t h i s ,  

two f l u o r i t e  nodules, one from the  Roadside P i t  (BSM 9 - provided by David Lindsey) 

and one from the  Blue Chalk P i t  (BSM lo ) ,  w e r e  placed i n  boil ing,  ac id i f ied  A l C 1 3 ,  

which dissolves f l u o r i t e  but leaves t he  s i l i c a t e  minerals untouched, according t o  

the  method of Stevens et a l .  (1962). The residues were analyzed by t h e  Debye- 

Srherrer powder camera and each contained ber t randi te .  Under t h e  SEM no c r y s t a l  

habi t  could be distinguished i n  e i ther  sample (Fig. 8). 

Until  t h i s  study, very few f l u o r i t e  c rys t a l s  had been seen i n  t h e  fluorspar 

and those c rys t a l s  (cubes, 1 t o  2 mm across) w e r e  reported from the  Hi l l top  prop- 

e r t y  and D e l l  No. 5 claim (Staatz and Carr, 1964, p..133). IJnder t he  SEM, f l u o r i t e  

from the  B e l l  H i l l  M i n e  (BSY 4 )  cons is t s  of c rys t a l s  approximately 7.4 pm i n  diam- 

e t e r .  Figures 9 and 10 reveal cubes and cubes modified by octahedra (?) respec- 

t ive ly .  These minute c rys t a l s  form a boxlike framework on a microscale ( ~ i g .  11). 

Large-scale open boxworks i n  ore  of t he  f luorspar  pipes have been reported by 

Staatz and Osterwald (1959, p. 61). The cubic habi t  of cryptocrystal l ine  f l u o r i t e  

from a f luorspar  pipe is  i n  contras t  t o  t h e  c rys t a l  habi t  of cryptocrystal l ine  B a 
fluorfte-"from a nodule. F luor i te  from the  Blue Chalk P i t  had an amorphous shape 

esidue ( ~ i g .  12) . 
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Fig. 8. Sample BSM 10, grain 21 Amorphous shape of 
bertrandit e from f l u o r i t e  nodule, Blue Chalk claim. 



Fig. 10. Sample BSM 4, grain d: Fluorite cubes modified 
by octahedra (?) , B e l l  H i l l  Mine. , 

FQ. 11. Sample BSM 4, grain 2: Open boxwork of 
fluarfte, Bell H i l l  Mine. 
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C h a p t e r  V I  

URANIUM MINERALIZATION ASSOCIATED WITH 

FLUORINE-RICH W O L I T E S  IN SOUTHWESTERN UTAH 

E r i c  H .  C h r i s t i a n c e n  



ABSTRACT 

S e v e r a l  sma l l  uranium d e p o s i t s  i n  southwestern Utah a r e  a s s o c i a t e d  w i t h  a  

d i s t i n c t i v e  Miocene pe r iod  of f l u o r i n e - r i c h  r h y o l i t i c  volcanism. The r h y o l i t i c  

l a v a s  c o n t a i n  h igh  c o n c e n t r a t i o n s  of U(.-20 ppm) and o t h e r  1 , i t hoph i l e  elements and 

o f t e n  c o n t a i n  topaz i n  l i t h o p h y s a e  o r  i n  t h e  groundmass. This  per iod  of volcanism i s  d i s -  

t i n c t  from a n  e a r l i e r  Oligocene per iod  of c a l c - a l k a l i c  magmatism and c a l d e r a  forma- 

t i o n .  ~ r a r k u m  and f l u o r i t e  d e p o s i t s  n e a r  t h e  S t a a t s  Mine, Wah Wah Mountains, occur  

w i t h i n  t u f f s  beneath a  topaz  r h y o l i t e  l a v a  f low andal.nng the. h r ~ r r i f i t c d  margins o f ,  

a n  i n t r u s i v e  phase of  t h e  body. No uranium concen t r a t ions  were found a s s o c i a t e d  

w i t h  t h e  r h y o l i t e  l a v a s  and t u f f s  near  Four Mile  Wash, a l s o  i n  t h e  Wah Wah Mountains, 

i n  s p i t e  of  t h e i r  h i g h  U con ten t  and o v e r a l l  chemical s i m i l a r i t y  to.  t h e  l a v a s  at: 

t h e  S t a a t s  Mine. The l a c k  of r e a c t i v e  carbonate  c l a s t s  w i t h i n  t h e  t u f f s  a t  Four 

Mi le  Wash and t h e  appa ren t  l a c k  of any hydrothermal a l t e r a t i o n  of t h e  l a v a  a r e  

c o n s i s t e n t  w i t h  i t s  b a r r e n  s t a t e .  Other l o c a l i t i e s  i n  t h e  sou theas t e rn  Great  

Basin exper ienced  r h y o l i t i c  volcanism s i m i l a r  t o  t h a t  a t  t h e  S t a a t s  Mine bu t  most ly 

d i d  n o t  exper ience  t h e  s p e c i a l  c o n d i t i o n s  i n  t h e i r  emplacement, coo l ing  and a l t e r -  

a t i o n  h i s t o r i e s  necessary  t o  g e n e r a t e  n o t a b l e  uranium concen t r a t ions  w i t h i n  o r  near  

t h e  v o l c a n i c  rocks.  D e v i t r i f i c a t i o n  and/or  groundwater l each ing  has  r e l e a s e d  

s i g n i f i c a n t  q u a n t i t i e s  of uranium from t h e  r h y o l i t i c  rocks and some may have been 

concen t r a t ed  i n  sedimentary d e p o s i t s  w i t h i n  t h e  ad j acen t  v a l l e y s .  



INTRODUCTION AND SCOPE 

Uranium m i n e r a l i z a t i o n  occurs  a s s o c i a t e d  w i t h  s e v e r a l  smal l  bodies  of r h y o l i t e  

i n  t h e  Basin and Range province  of southwestern Utah,(Fig.  1 ) .  Small q u a n t i t i e s  

of uranium o r e  have been produced from a number of mines i n  t h e  r eg ion  and s e v e r a l  

major companies a r e  conducting exp lo ra t ion  programs i n  t h e  a r ea .  F l u o r i t e  d e p o s i t s  

occur  throughout t h e  same r eg ion  of southwestern Utah and, a l though o t h e r  f l u o r i t e  

occurences a r e  r e l a t e d  t o  uranium-rich r h y o l i t i c  l a v a s  and t u f f s .  These d i s t i n c -  

t i v e  r h y o l i t e s  a r e  themselves r i c h  i n  F (>3000 ppm) and o t h e r  l i t h o p h i l e  elements 

and o f t e n  con ta in  topaz i n  l i t hophysae  o r  groundmass. 

I n  a n  a t tempt  t o  i d e n t i f y  t h e  f a c t o r s  t h a t  may l ead  t o  t h e  presence  o r  absence 

of economic m i n e r a l i z a t i o n ,  both minera l ized  and "barren" r h y o l i t e s  from t h e  Wah 
, ., . 

Wah Mountains were s tud ied .  The only  producing uranium mine w i t h i n  t h e  r eg ion  is 

t.he Holly Claim near  t h e  S t a a t s  Mine i n  t h e  southern  p a r t  of t h e  range  (Fig. 1 ) .  

The m i n a a l i z a t i o n  occurs  i n  t u f f s  beneath a smal l  topaz r h y o l i t e  l a v a  flow. A 
< 

s i m i l a r  r h y o l i t e  dome complex, wi th  no known uranium d e p o s i t s ,  from t h e  Four Mile  
'i 

Wash a r e a  1 3  km south  of t h e  Holly Claim was s t u d i e d  f o r  comparison. I n  a d d i t i o n  

s e v e r a l  r h y o l i t e  occurrences  and f l u o r i t e  d e p o s i t s  a long  t h e  "Blue Ribbon lineament" 

of Rowley e t  a l .  (1978a) were examjned to a s s e s s  t h e  r e l a t i o n s h i p  of t h i s  f e a t u r e  

t o  uranium m i n e r a l i z a t i o n  i n  t h e  region.  

This  r e p o r t  i s  based on a combination of f i e l d  and l a b o r a t o r y  s t u d i e s  conducted 

i n  1979 and 1980. My i n i t i a l  v i s i t  t o  t h e  S t a a t s  Mine a r e a  was i n  t h e  company of 

M. F. Sheridan and D. M. Burt i n  May 1979, who poin ted  o u t  many c r i t i c a l  f e a t u r e s .  

Three weeks were spent  i n  t h e  r eg ion  dur ing  J u l y  and August mapping the a r e a s  around 

t h e  St:a.ats Mine and Four Mile Wash. Approximately 75 samples of f r e s h  and a l t e r e d  

rocks  were c o l l e c t e d  and t h i n  s e c t i o n s  of 55 samples were s tud ied .  Whole rock  chemical 

ana lyses  of 1 8  f r e s h  samples were performed us ing  X-ray f luo rescence  and atomic 

abso rp t ion  techniques  a t  Arizona S t a t e  Univers i ty .  Uranium concentrations f o r  5 

samples were determined by neut ron  a c t i v a t i o n  and delayed neut ron  a n a l y s i s  a t  t h e  



Fig.  1 .  Index map of southwestern Utah and adjacent areas in Nevada, 
showing the location and approximate extent of Miocene rhyolites and intrusive 
rocks with various ages discussed in this  paper. After M. G .  Best (unpub- 
l ished manuscript) and Keith (1980). 





Center  f o r  Volcanology, ,Un ive r s i t y  of Oregon. Potassium, uranium and thorium con- . 

c e n t r a t i o n s  were determined f o r  another  55 samples by gamma ray  spectroscopy (g r s )  a t  

t h e  U n i v e r s i t y  of Texas, E l  Paso. 

GEOLOGIC SETTING 

Southwestern Utah l ies  a long  t h e  e a s t e r n  margin of t h e  Basin and Range 

phys iographic  province  and s h a r e s  most of i ts  g e o l o g c  f ea . tu re s  and h i s t o r y  w i t h  

t h e  rest of t h e  Grea t  Basin,  i nc lud ing  t h e  Spor Mountain a r e a  (Bikun, t h i s  r e p o r t )  . 

which l ies  about  200 lun t o  t h e  nor th .  

During t h e  Pa leozoic  and Mesozoic Eras  shallow marine and c o n t i n e n t a l  sed- 

iments  accumulated on what was probably a c o n t i n e n t a l  margin produced by Precambrian 

r i f t i n g  (S tewar t ,  1972).  L a t e  Mesozoic and e a r l y  T e r t i a r y  o r o g e n i s i s  ( t h e . S e v i e r  

and Laramide o rogen ie s )  produced l a r g e ,  low a n g l e  t h r u s t  s h e e t s  t h a t  jux tapose  a 

s e r i e s  of carbonate-dominated sediments  of l a t e  Precambrian t o  S i l u r i a n  age over  

Mesozoic c o n t i n e n t a l  d e p o s i t s  (Mi l l e r ,  1966). Loca l ly ,  lower T e r t i a r y  f l u v i a l  and 

i a c u s t r i n e  sediments  veneer  t h i s  sequence. 

Approximately 30 m.y. ago, t h e  southern  Great  Basin experienced exp los ive  

volcanism over  a broad a r e a .  The r e s u l t i n g  vn lcan ic  rocks  l i e  unconfs~rmably uver 

t h e  eroded remnants of t h e  t h r u s t - f a u l t e d  t e r r a i n .  Although t h e  composition of t h e  

i n i t i a l  v o l c a n i c  products  is  f a t r y  s i l i c i c  (Conrad, 1.969; Bi~shrnan, 1973; Campbell, 

1978) ,  t h e  l a r g e s t  volumes a r e  r ep re sen ted  by d a c i t i c  ash-flow t u f f s  and a n d e s i t i c  

l avas .  The most ex t ens ive  u n i t s  e rupted  dur ing  t h i s  Oligocene volcanism- a r e  included 

i n  t h e  Needles Range Formation (Mackin, 1960; Cook, 1965; Best e t  al . ,  1973). One 

of t h e  t h e e  r e g i o n a l  s h e e t s  ( t h e  Wah Wah Spr ings  Tuff Member) ou tc rops  over  an  a r e a  

2 of a lmost  40,000 lan and i ts  emption volume i s  es t imated  a t  n e a r l y  4,000 lan (Shuey 

et al.,  1976).  The Needles Range Formation has  been da ted  by K-Ar methods as 29.7 

f 0.9 m.y. o l d  (Armstrong, 1970; F leck  e t  al. ,  1975),  and provides  a prominent s t r a t i -  

g raph ic  marker throughout much of t h e  e a s t e r n  Great  Basin and wes tern  Colorado 

. . 



Plateaus. Typically, large collapse-type calderas were produced as a result of 

these eruptions. The Indian Peak cauldron, partially exposed within the Needle 

Range, is the source for several members of the Needles Range Formation (Best 

et al., 1979). Contemporaneously with the ash-flow magmatism, composite volcanic 

piles were built in the Black Mountains and other nearby areas (Rowley, 1978). Another 

prominent marker unit within the Oligocene sequence is .the Isom Formation (Williams, 

1'967; Mackin, 1960). It is a distinctive, crystal-poor tuff with secondary 

flowage features and abundant vapor-phase crystallization. It has been dated 

at 25-26 m.y. (Armstrong, 1970; Fleck, et al., 1975). Overlying the Isom Forma- 

tion is a hetrogeneous assemblage of rhyolitic tuffs and trachyandesite .lava flows 

in several of the rnountain:iranges (Keith, 1980). 

Associated with this intermediate to silicic (generally calc-alkalic.). voilcanism 

' .  , are several small intrusions that range in composition from monzonite to granodiorite 

Fig. 1). They are scattered throughout the area from the Stateline District to 

Milford. Several are mine~alized; hydrothermal, metasomatic and disseminated Cu, 

Ag, Pb and Zn mineralizations are typical (Lemmon, et al., 1973). Hydrothermal 

fluorite deposits (Bullock, 1976) surround a small granodiorite intrusion in the 

Needle Range that may be the resurgent core of the Indian Peak: Cauldron (Grant, 

et al., 1976). These deposits have accounted for most of the fluorite production 

in the region. However, they are not uraniferous. 

A "porphyry" molybdenum ore body was recently discovered near Pine Grove 

in the central Wah' Wah Mountains (Wall Street Journal, 8 January, 1978; Keith, 

1980). The mineralization occurs within a garnet-bearing rhyolite porphyry 

that appears to have explosively vented to the surface during its evolution. 

The placement of this rhyolitic (1.76% Si02) intrusion within either the calc- 

alkalic sequence just described or the following rhyolitic suite is problematic 



because of its age (23-25 m.y.; Keith, 1980). 

The nature of volcanism in southwestern Utah changed abruptly after about 23 

m.y. ago. The predominant volcanic rocks of this epoch are trachyandesite lavas 

and rhyolites. Best (unpub. ms.) has obtained a I;-Ar age of 23 m.y. on a trachyandesite 

from the Wah Wah Mountains. The rhyolites were emplaced as subvolcanic intrusions, 

smal1,domes or short flows. The youngest flows in this sequence genreally lie un- 

conformably on tilted faultblocks of the older ash-flows and are commonly high in 

silica (>75%). Similar rhyolitic volcanism occured contemporaneously in the Marysvale 

reglux1 (Carmorky, 1977; Wender and Nash, 1978; Rowley, et al., 1979) and at Spor 

Mountain (Lindsey, 1979; Bikun, this report). At Spor Mountain and in the Wah Wah 

Mountains-Needle Range region the high-silica rhyolites are generally rich in fluorine 

(>5000 ppm in many cases) and topaz, fluorite, bixbyite and garnet occur in litho- 

physae or in the groundmass of crystalline 1.avas. Associated with the silicic 

volcanism are small deposits of lithophile elements, notably uranium and fluorite 

(and beryllium at Spor Mountain). Some alunitic alteration (K-Ar age 15.5 m.y., 

M.G. Best, unpub. ms.) is also associated with rhyolitic volcanism, as weal as iron 

 lawn Mouneain) and mercury (south of the Te.t.nns). All of these oc-qljrrences ;are 

in the Wah blah Mountains. 

This period of apparently bimodal volcanism was approximately contemporaneous 

with the inception of basin and range faulting in the region -- 21-22 m.y. ago (Rowley 

et al., 1978a) -- if the ages of the Staats Mines intrusion, 20 m.y. (Rowley, et al., 

1978b), two intrusions in the Stateline District, 17 and 21 m.yl (Keith, 1980) and 

four lavas from the Wah Wah Mountains (-21.5-23 m.y.) are representative. Although 

rhyolitic volcanism has continued to the present, basaltic volcanism has become 

volumetrically more important throughout the Great Basin and has become increasingly 

conentrated along the margins of the Basin and Pange province (Best and Hamblin, 

1978). 



THE STAATS MINE AREA, WAH \JAH MOUNTAINS 

The S t a a t s ,  o r  Monarch, Mine i n  t h e  southern  Wah Wah Mountains has  been a  minor 

producer of uranium and f l u o r i . t e  s i n c e  a t  l e a s t  t h e  mid-1950's (Thurston e t  a l . ,  1954).  

Other nearby mines (Daisy, Producer and Holly)  have p e r i o d i c a l l y  produced ore .  The 

mines a r e  cen te red  around a small ( 1  km by . 2  lan ) i n t r u s i v e - e x t r u s i v e  body of 

topaz-bearing r h y o l i t e .  Thurston e t  a l .  (1954), Whelan (1965), ~ u l l o c k  (1976) 

described t h e  igneous body a s  a  rhyol i te-porphyry complex t h a t  was in t ruded  by an  

igneous b recc i a  t h a t  h o s t s  t h e  minera l iza tdon  i n  some l o c a t i o n s .  Remapping of t h e  

a r e a  i n d i c a t e d . t h a t  on ly  p a r t  of t h e  outcrop  i s  i n t r u s i v e ,  and t h e  mine ra l i zed  

"mylonized brecc ia"  descr ibed  by Whelan is  a n  a l t e r e d  l i t h i c - r i c h  t u f f .  The map is  

shown i n  F igure  2. 

*. > Geology 

Only fou r  s i g n i f i c a n t  geologic  u n i t s  were mapped i n  t h i s  area--a sequence of 

. u n d i f f e r e n t i a t e d  Pa leozoic  sedimentary rocks ,  a  T e r t i a r y  a n d e s i t e ,  t h e  r h y o l i t e  

of S t a a t s  Mine and t h e  t u f f  of Holly Claim. 

Sed-imentary rocks. The sedimentary rocks  around t h e  outcrop  are n o t  d i f f e r -  

e n t i a t e d  on t h e  map. M i l l e r  (1966) and Lindsey and Osmonson (1978) have descr ibed  

t h e s e  rocks. B r i e f l y  they c o n s i s t  of Ordovician t o  Mis s i s s ipp ian  q u a r t z i t e s  and 

massive dolomites  t h a t  a r e  p a r t  of an  a l lochthonous  t h r u s t  shee t .  Bodies of 

j a spe r iod  occur  w i t h i n  t h e  dolomites  and t h e  carbonates  a r e  v a r i a b l y  a l t e r e d  t o  c l a y s  

o r  s i l i c i f i e d  nea r  t h e  r h y o l i t e .  

T e r t i a r y  a n d e s i t e ,  Two smal l  ou tcrops  of brown a p h a n i t i c  a n d e s i t e  unconform- 

a b l y  o v e r l i e  t h e  dolomites  a long  t h e  southwest margin of t h e  no r the rn  l o b e  of t h e  

r h y o l i t i c  mass. The l a v a  i s  non-vesicular ,  flow-banded and 'weathers '  t o  decimeter  

s i z e d  s l a b s .  Apparently,  t h e s e  outcrops  a r e  remnants of a  l a v a  f low t h a t  p a r t i a l l y  

f i l l e d  g u l l i e s  i n  t h e  under ly ing  dolomite.  I n  hand.sample, they  resemble o t h e r  

a n d e s i t i c  l a v a s  t h a t  were extruded b o t h , b e f o r e  and a f t e r  t h e  e r u p t i o n  of t h e  Needles Range 

Formation. They probably c o r r e l a t e  w i t h  t h e  a n d e s i t e  member of t h e  pre-Needles Range, 
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Figure  2.  Ceologic  map nf the  S t a a t ~  Mine 
a r e a ,  Wah Wah Mountains, Utah. 
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Esca lan te  Desert  Formation which i s  exposed about  a , m i l e  t o  t h e  southwest (Best and 

Keith,  1939). 

T u f f . o f  Holly C l a i m .  Ringing t h e  southern  l o b e  of t h e  r h y o l i t e  i s  a l i t h i c -  

r i c h  t u f f  composed of i n t e r l a y e r e d  py , roc l a s t i c  su rge  and p y r o c l a s t i c  f low d e p o s i t s .  

Loca l ly  t h e  l i t h i c  i n c l u s i o n s  exceed 1 0  cm i n  d iameter ,  and t h e  rock  could be  c a l l e d  

a p y r o c l a s t i c  b recc i a .  The t u f f  has  been e x t e n s i v e l y  a l t e r e d  and o r i g i n a l  g l a s s y  

m a t e r i a l  is dominantly c l a y  minera ls .  L i t h i c  i n c l u s i o n s  a r e  predominantly carbonate  

fragments from t h e  under ly ing  country rock,  bu t  c l a s t s  of vo lcan ic  rocks comprise 

approximately 25% of t h e  inclusions. .  Represented i n  t h e  vo lcan ic  i n c l u s i o n s  a r e  

s e v e r a l  members of t h e  Needles Range Formation (dominantly.t .he Wah Wah Spr ings  Tuf f )  

and an  a n d e s i t i c  l ava ,  s i m i l a r  t o  t h a t  exposed a long  t h e  margins .of t h e  r h y o l i t e .  

The t u f f  unconformably o v e r l i e s  t h e  carbonate  rocks  a t  t h e  extreme southern  t i p  of 

i t s  outcrop  a r e a  and i s  conformably o v e r l a i n  by r h y o l i t e  l ava .  The informal  desig-. 

n a t i o n  of t h i s  u n i t  i s  taken from t h e  name of an  open cu t  i n  t h e  t u f f  near  i t s  

sou theas t  margin where exposures a r e  b e s t  (Fig. 2) .  Some uranium o r e  has been shipped 

from t h i s  l o c a t i o n .  T h e ' u n i t  i s  i n t e r p r e t e d  t o  be t h e  remnant of a t u f f  r i n g  

emplaced dur ing  t h e  i n i t i a l  vent ing  of t h e  upper p o r t i o n  of a r h y o l i t i c  magma chamber. 

The t u f f  of t h e  Holly Claim is s i m i l a r  t o  and c o r r e l a t i v e  wi th  the  t u f f  member o f  

t h e  Blawn Wash Formation (Best and Kei th ,  1979). 

The r h y o l i t e  of S t a a t s  ~ i n e .  The dominant rock w i t h i n  t h e  igneous complex is  

a dense, g rey  p o r p h y r i t i c  r h y o l i t e .  Contacts  wi th  t h e  o t h e r  u n i t s  a r e  o f t e n  

obscure,  bu t  sharp  i n t r u s i v e  c o n t a c t s  a r e  well-exposed i n  s e v e r a l  bu l ldoze r  c u t s  

a long  i t s  no r the rn  margin. 'Yo t h e  sou th  t h e  r h y o l i t e  o v e r l i e s  a n d e s i t i c  l a v a  o r  

t h e  t u f f  of Holly c l a im  and i n  t h e s e  l o c a l i t i e s  i s  c l e a r l y  ex t rus ive .  The r h y o l i t e  

2 
c rops  o u t  over  an  a r e a  of s l i g h t l y  l e s s  t han  2 km . The name is  de r ived  from t h e  

S t a a t s  Mine, l o c a t e d  a long  t h e  western margin of t h e  outcrop.  An a g e  of 20.2 m.y. 

was obta ined  on s a n i d i n e  from t h e  r h y o l i t e  by K-Ar methods (Rowley and o t h e r s ,  1978b). 

M i a r o l i t i c  c a v i t i e s  and f low banding a r e  common w i t h i n  t h e  r h y o l i t e  mass. Along i t s  

e a s t e r n  margin' columnar j o i n t s  a r e  prominent. Both M i l l e r  (1966) and ~ h e l a r i  (1965) 



s p e c u l a t e d  t h a t  t h e  n o r t h e r n  l o b e  is  a s i l l  from a s tock  r ep resen ted  by t h e  southern  

lobe .  Although t h e  n o r t h e r n  l o b e  may be  s i l l - l i k e  i n  p l aces ,  t h e  extreme no r the rn  

p a r t  h a s  sha rp ,  v e r t i c a l  c o n t a c t s  w i t h  t h e  sediments  and t h e  presence  of t h e  t u f f  a- 

round t h e  sou the rn  l o b e  demonst ra tes  t h e  e x t r u s i v e  n a t u r e  of t h e  complex. B e s t  and 

K e i t h  (1979) have inc luded  t h e  r h y o l i t e  w i t h i n  t h e i r  r h y o l i t e  member of t h e  Tetons,  

b u t  because  of i t s  s t r o n g l y  p o r p h y r i t i c  n a t u r e ,  i t  is probably more s i m i l a r  t o  t h e i r  

r h y o l i t e  member of  P ink  Knolls .  

P e t r o g r a p h i c a l l y ,  t h e  r h y o l i t e  c o n s i s t s  of euhedra l  smoky q u a r t z  and f e l d s p a r  

phenocryscs several l h i l l i m e t e r s  i n  l e n g t h  set i n  a f e l t y  groundmass ( ' ~ 7 5 %  of t h e  rock)  

of a l k a l i  f e l d s p a r  and s i l i c a  minera ls .  The modal mineralogy i s  summarized i n  Table 

2. T race  c o n s t i u e n t s  i n c l u d e  phenocrys ts  of b i o t i t e ,  Fe-Ti ox ides  and magmatic f l u o r i t e .  

Topaz o c c u r s  w i t h i n  t h e  groundmass a s  a  vapor  phase minera l .  The b i o t i t e s  a r e  gene ra l ly  

a l t e r e d  t o  assemblages of ox ides  mine ra l s  and most of t h e  f e l d s p a r  phenocrysts  a r e  

t u r b i d .  F re sh  f e l d s p a r  composi t ions analyzed by e l e c t r o n  microprobe (Chr i s t i ansen  e t  a l . ,  

t h i s  r e p o r t )  p l o t  i n  two f a i r l y  t i g h t  f i e l d s  nea r  Or55 and Ab87. Using Stormer 's  

(1975) two-feldspar  geothermometer a temperature of  6 5 0 ' ~  w a s  ob ta ined .  Th i s  i s  a 

f a i r l y  low tempera ture  b u t  i s  c o n s i s t e n t  w i t h  temperatures  obta ined  by Bikun ( t h i s  

r e p o r t )  and Tur ley  e t  a l .  (1979) f o r  s i m i l a r  f l u o r i n e - r i c h  r h y o l i t e s  from nea r  t h e  

Thomas Range. Chemically t h e  r h y o l i t e  i s  s u b a l k a l i n e  and peraluminous (Table 1, 

a n a l y s i s  1). The r h y o l i t e  is  h igh  i n  s i l i c a ,  a l k a l i e s  and Rb and low i n  Ti02,  f e a t u r e s  

t y p i c a l  of topaz  r h y o l i t e s .  The f l u o r i n e  concen t r a t ion  i s  over  0.50 w t . %  and t h e  U- 

con ten t  i s  14  ppm (Table 5).  I n  view of t h e  s l i g h t l y  altered n a t u r e  of t h e  p h ~ n n -  

c r y s t s ,  and t h e  m o b i l i t y  of F and U ( Z i e l i n s k i  e t  al . ,  1977) t h e s e  probably do n o t  

r e p r e s e n t  magmatic va lues .  Almost c e r t a i n l y  t h e  U-content of t h e  r h y o l i t e  was re-  

duced by pos t - conso l ida t ion  a l t e r a t i o n .  *Glassy  topaz  r h y o l i t e s  g e n e r a l l y  con ta in  

20 ppm uranium (Table 5) .  

Eruption a.nd Emplac&hent 

S t u d i e s  of t h e  emplacement of v i scous  r h y o l i t e  domes and f lows have shown t h a t  



Table 1.. Chenical analyses of rhyolites from southwestern Utah. 

analysis no. 1 2 3 4 5 6 7 
sample no. STC-4 IJW- 1 9 WW-50 WW- 54 WW-55 Sb-1 . . NR-6 

MnO 0.05 0.09 0.08 0.09 0.07 0.09 0.09 

MgO 0.11 0.19 0.07 0.05 0.07 0.14 0.04 

CaO 0.67 0.57 0.56 0.62 0.45 0.40 0.49 

Total 99.76. 98.42 99.35 98.48 99.00 98.82 99.64 

c. 
1 uranium detennin~d by instrumental neutron activation. ' N 

2 " I I by gamma ray spsctroscopy. w 

3 " ~t by delayed neutron analysis. . '  

* Total Fe caLculaCed as Fe203 . ,  . . . . 



Table 1. continued. 

analysis nc. 8 9 10 11 12 13 14 
sample no. Nil- 2 NR- 9 WW- 66 WW- 7 Wd- 8 WIJ- 9 WW-10 

Fe203* 

MnO 

MgO 

CaO 

Total 



Table 1. continued. 

- 

analysis no. 15 16 17 18 
sample no. WW-41 WW-11 SH-1 SH-3 

CaO 

sum 

Total 99.86 99.42 99.23 99.55 



Tarnle 2. Moa5al corngosition of vo lcan ic  rocks  from s o u t h ~ e s t e r n  Utah. 

. . . . . . .  . 

a r e a  sample no. ~ a t r i x  gua r t z  s a n i d i n e  p l ag ioc l a se  b i o t  f l u o r i t e -  t o p a z .  .opaques . o t h e r s  

STG4 73-2 7.4 10.5 7.7 0.2 0.6 0.4 Tr . -- S t a a t s .  
Mine 

WW- 2 72.0 10.0 14.. 0 2.0 Tr . Tr . .Tr . -- -- 

Four Mi le  WW-19 86.6 2.2 6.8 2.8 -- -- 1.4 0.2 z i r con  
Wash 

WW-50 75.2 0.2 - 1 7 . 2  . 6.0 Tr . -- 1.0 0.4 -- 

Cottonwood 
Wash 

Commissary 
Creek 

The Tetons 

Broken 
Ridge 

MR- 6 74 .4  6 .  E 8.8 2.6 0.8 0.4 -- -- -- 

NR- 9 70.2 7.2 17.2 4.6 0.2 --, -- 0.6 -- 

IN- 7 37.4 13.8, 1.4 0.4 -- -- -- -- -- 

WW-9 98.2 0.8 3.8 0.2 -- -- -- - - -- 

WW-10 84.8 1 .6  1. D -- -- -- ( l i t hophysa l  minera ls  13.2) -- 

12 1 5  1 Dead Horse SH-1 7 G 1.5 -- - - 0.8 hb 

Note. Values a r e  i n  volume percent .  T r .= t r ace  

p. 
LJ 
0 



many are emplaced w i t h i n  o r  b r i g i n a t e  from a t u f f  r i n g  produced by a v a r i e t y  of pyro- 

c l a s t i c  processes  ( f a l l ,  surge ,  flow) dur ing  t h e  i n i t i a l  exp los ive  ven t ing  of t h e  

magma (Sheridan and Updike, 1975;, Chr i s t i ansen  and Lipman, 1966; Heiken, 1978).  The 

t u f f  r i n g  commonly c o n s i s t s  of a mixture  of j u v e n i l e  r h y o l i t i c  m a t e r i a l ,  g e n e r a l l y  

pumice-rich, and a c c i d e n t a l  l i t h i c  fragments de r ived  from t h e  rocks  ove r ly ing  t h e  

s i t e  of explosion.  These e rup t ions  can occur  when t h e  r i s i n g  magma comes i n  con tac t  

w i th  ground water  o r  when t h e  magma becomes s a t u r a t e d  w i t h  v o l a t i l e s  t h a t  exsolve  

exp los ive ly  upon p r e s s u r e  r e l e a s e .  

The r h y o l i t e  of t h e  S t a a t s  Mine appears  t o  have been emplaced i n  a s i m i l a r  

, f a s h i o n .  L i t h i c  i n c 1 u s i o . n ~  w i t h i n  t h e  t u f f  of Holly Claim inc lude  t h o s e  rock  types  

through which t h e  r h y o l i t e  would have vented ,  namely carbonates  and in t e rmed ia t e  

. composition vo lcan ic  rocks. The e r u p t i o n  of t h e  t u f f  of Holly Claim was followed 

' b:7 t h e  emplacement of a v i scous  r h y o l i t e  dome; a long  i t s  western margin, a l o b e  of 

r h y o l i t i c  l a v a  must have extended over  t h e  t u f f  r i ng .  The no r the rn ,  i n t r u s i v e  lobe  

of t h e  r h y o l i t e  of S t a a t s  Mine may have been' emplaced a s  a s i l l ,  a s  suggested by 

\&elan (1965) and M i l l e r ' ( 1 9 6 6 ) ,  bu t  t h e  nea r  v e r t i c a l  c o n t a c t s  a long  i t s  margin make 

t h i s  i n t e r p r e t a t i o n  l e s s  tenable .  A l t e r n a t i v e l y ,  t h e  no r the rn  l o b e  may r ep resen t  t h e  

main mass of t h e  r h y o l i t e  i n t r u s i o n  w i t h  i . t s  p y r o c l a s t i c  baadket and e x t r u s i v e  l ava  

cover s t r i p p e d  away by eros ion .  Th i s  i n t e r p r e t a t i o n ,  shown i n , F i g .  3, r e q u i r e s  t h a t  con- 

s i d e r a b l e  topographic r e l i e f  e x i s t e d  a t  t h e  t ime of e r u p t i o n  and sugges t s  t h a t  t h e  

t u f f  of Holly Claim w a s  depos i ted  i n  a paleo-val ley and preserved by i t s  l a v a  cover.  

. M i n e r a l h a t i  on.  

S t a a t s  Mine. The o r e  d e p o s i t s  a t  t h e  S t a a t s  Mine have rece ived  previous  a t t e n -  

t i o n  from Thurston e t  a l ,  (1954), Whelan (1965), Bullock (1976) and Lindsey and 

Osmonson (1978). F l u o r i t e  .(and uranium) m i n e r a l i z a t i o n  is  confined t o  a narrow 

b r e c c i a  zone t h a t  occurs  a long  t h e  margin of t h e  i n t r u s i v e  p o r t i o n  of t h e  r h y o l i t e .  

A s h a f t  and an  a d i t  p e n e t r a t e  i n t o  t h i s  b r e c c i a  zone nea r  t h e  nor thwes t  corner  of t h e  

r h y o l i t e .  The b r e c c i a  w a s  produced by i n t r u s i o n  of t h e  r h y o l i t e  p lug  so  t h a t  t r a n s i -  



Figure  3 .  Geologic c r o s s - s e c t i c n  of the  r h y o l i t e  dorue and lava  flow near t h e  S t a a t s  Mine, Wah Wah 
Mountains, Utah. 
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t i o n s  from una l t e r ed  carbonate  country rock,  b r e c c i a t e d  dolomite ,  a l t e r e d  and b recc i -  
I 

a t e d  dolomite  and r h y o l i t e  t o  a l t e r e d  r h y o l i t e  a r e  common. The mine ra l i zed  zone is  

marked by pe rvas ive  a l t e r a t i o n  t o  c l a y s  (Lindsey and Osmonson, 1978, i d e n t i f i e d  

k a o l i n i t e ,  montmor i l lon i te  and i l l i t e ) ,  f l u o r i t e  s t r i n g e r s ,  c a l c i t e  and quar tz .  

P y r i t e  and hemat i te  a r e  a l s o  p re sen t  w i t h i n  t h e  o r e  zone. Purp le  f l u o r i t e  occurs  

w i t h i n  t h e b r e c c i a  a s  pods o r  l e n s e s ,  t h a t  extend v e r t i c a l l y ,  p a r a l l e l  t o  t h e  margin 

of t h e  in s t r l i s ion ,  f o r  approximately 10m i n  t h e  s h a f t  (Thurston e t  a l . ,  1954).  

F l u o r i t e  m i n e r a l i z a t i o n  does no t  extend i n t o  t h e  unbrecc ia ted  count ry  rocks.  I n  

p l a c e s  t h e  con tac t  zone is  f a u l t e d  and m i n e r a l i z a t i o n  ends a b r u p t l y  a t  t h e  f a u l t  

p lane ,  w i th  f l u o r i t e  replacements  extending i n t o  t h e  a l t e r e d  r h y o l i t e .  

Uranium concen t r a t ions ,  a s  i n d i c a t e d  by t e s t i n g  w i t h  a s c i n t i l l o m e t e r ,  a r e  i n t i -  

mately r e l a t e d  t o  t h e  f l u o r i t e ,  bu t  whi te ,  a l t e r e d  r h y o l i t e  w i th  no apparent  f l u o r i t e  

y i e l d s  t h e  h i g h e s t  counts ,  %I40 v r / h r  (Table 3 ) .  However a l l  of t h e  con tac t  zone 

is more r a d i o a c t i v e  than  e i t h e r  t h e  count ry  rock o r  t h e  main r h y o l i t e  mass. Uran in i t e ,  

a u t u n i t e  and uranophane have been i d e n t i f i e d  i n  t h e  f l u o r i t e  b r e c c i a  near  t h e  

S t a a t s  Mine (Whelan, 1965). 

The f i e l d  r e l a t i o n s  around t h e  S t a a t s  Mine sugges t  t h a t  Cai-t-bearing f l u i d s  

(from t h e  carbonate  country rock)  were t r a n s p o r t e d  i n t o  o r  a long  t h e  b r e c c i a t e d  margin 

of t h e  coo l ing  r h y o l i t e  a f t e r  i t s  i n t r u s i o n .  React ions between t h e  f  l uo r ine - r i ch  

r h y o l i t e  o r  -a F-rich f l u i d  sepa ra t ed  from t h e  r h y o l i t e  and Ca-rich aqueous f l u i d s  

p r e c i p i t a t e d  f l u o r i t e ,  t r app ing  uranium i n  t h e  process  a s  much of t h e  uranium was 

probably being c a r r i e d  by f l u o r i n e  complexes w i t h i n  t h e  magma ( c f . . B u r t  and Sheridan,  

1980).  High temperature d e v i t r i f i c a t i o n  of g l a s s y  r h y o l i t e  l e a d s  t o  t h e . l o s s  of bo th  

U and F ( Z i e l i n s k i  e t  a l . ,  1977).  Presumably such processes  had ' a l r e a d y  ' r e l e a s e d  

t h e s e  elements  and placed them i n  a form t h a t  would b e  h i g h l y  s u s c e p t i b l e  t o  f l u i d  

t r a n s p o r t  and r edepos i t i on  a long  t h e  porous b r e c c i a t e d  c o n t a c t s .  Lower p r e s s u r e  and 

temperature encountered by r i s i n g  f l u i d s  a l s o  f a v o r s  t h e  d i s a s s o c i a t i o n  of F-complexes 

(Bai ley,  1977). A l l  of t h e s e  f a c t o r s  probably played a r o l e  i n  t h e  d e p o s i t i o n  of 

f l u o r i t e  and concen t r a t ion  of uranium a t  t h e  sed iment - rhyol i te  con tac t .  



Table 3. Radioactivity of rock units in the Staats. 
Mine area, Wah .Wah Mountains, Utah 

. .  . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  . . . . . . . . . . . . . . .  . . 

Rock Type.. . . . . . . - .Radioactivity (' rlhr) 
1 

Location 

Staats Mine dolomite, fresh ' 2 1 

brecciated dolomite w/fluorite 60 

brecciated dolomite-rhyolite 85 

contact  120 

white, altered rhyolite 6 0 

rhyolite, fresh 50 

Daisy Mine rhyolite, fresh 5 0 

altered rhyolite w/fluorite 

Producer Miner dolomite, fresh 

altered tuff w/fluorite 50-100 

ore stockpile ,200 

Holly Claim rhyolite lava, fresh 

pyroclastic flow 

pyroclastic  urge 

vent-f acies breccia 

fractures in'tuff wlfluorite: hematite 450-3000 

ore stockpile 
...--..-.-a - . . 

275-375 

'measured in field with hand-held scintillometer 



The Daisy Mine. .. The Daisy Mine l ies  .about one k i lometer  sou th  of t h e  S t a a t s  ' 

Mine a long  t h e  breccia.ted..margin of t h e  r h y o l i t e  of S t a a t s  Mine. F l u o r i t e  and 

uranium o r e  were shipped from - .  t h e  mine (Bullock, 1976). The m i n e r a l i z a t i o n  

i s  s i m i l a r  t o  t h a t  a t  t h e  S t a a t s  Mine and c o n s i s t s  o f . l e n s e s  and pods of green  t o  

pu rp le  u ran i f e rous  f l u o r i t e .  Uran in i t e  occurs  i n  t h e  more i n t e n s e l y  a l t e r e d  p a r t s  

c f  t h e  mine. 

The Holly Claim. Near t h e  sou theas t  corner  of t h e  r h y o l i t e  complex a  s h o r t  

c u t  and a  v e r t i c a l  s h a f t  a t  i t s  no r the rn '  end were cons t ruc t ed  on t h e  Holly 

Claim (owned by Lavar Hollingshead of Ely,  Nevada). The mine i s  l o c a t e d  i n  a  s t rong-  

l y  a l t e r e d  t u f f .  The t u f f ,  a s  exposed i n  t h e  w a l l s  of t h e  c u t ,  c o n s i s t s  of a  lower 

vent ' :breccia  a b o u t l m  t h i c k ,  wi th  l a r g e  l i t h i c  i n c l u s i o n s ,  o v e r 1 a i n . b ~  a  f i ne r -g ra ined ,  

: d i s t i n c t l y  laminated a s h  flow. F a u l t i n g  t h a t  may have accompanied t h e  e rup t ion ,  h a s  

dropped t h e  ven t  b r e c c i a  below t h e  f l o o r  of t h e  c u t  on t h e  no r th ,  toward t h e  probable  

l o c a t i o n  of t h e  vent .  C a l c i t e  and c l a y  a r e  abundant and have r ep laced  most of t h e  

o r i g i n a l l y  pumiceous m a t e r i a l s .  Urani fe rous  f l u o r i t e  occurs  a s  f i s s u r e - f i l l i n g s  and 

. a s  p u r p l e  r i m s  around some of t h e  abundant carbonate  l i t h i c  fragments.  Tes t ing  wi th  

a  . s c i n t i l l o m e t e r  showed t h a t  t h e  coa r se  ven t  f a c i e s  a r e  more r a d i o a c t i v e  (80-100 p r /  

h r )  than  t h e  ove r ly ing  p y r o c l a s t i c  flow (,30-35 p r / h r )  o r  t h e  r h y o l i t e  l a v a  (50 u r / h r ) .  

However, f l uo r i t e - and  quar tz - l ined  f r a c t u r e s ,  s t a i n e d  wi th  hemat i te ,  w i t h i n  t h e  a sh  

flow y i e l d  r ead ings  ranging from 450 t o  3000 p r / h r .  Table 3  compares t h e  r a d i o a c t i v i t y  

of va r ious  l i t h o l o g i e s  surrounding t h e  r h y o l i t e  of S t a a t s  Mine. 

Mine ra l i za t ion  of t h e  t u f f  of Holly Claim probably proceded i n  a  manner sLmilar 

t o  t h a t  proposed by But t  and Sheridan (1980; t h i s  r e p o r t ) .  Seve ra l  e lements  of t h i s  

model were de r ived  from an .examinat ion  of t h i s  a r e a .  It was suggested t h a t  h e a t  from 

a r h y o l i t e  dome o r . f l o w  could s e t  up near -sur face  water  c i r c u l a t i o n  i n t o  and up t h e  

v o l c a ~ l i c  vent and ou t  ~ h r o u g h  u n d e r l y i n g , t u f f s .  This  f low p a t t e r n  i s  determined by 

the p o r o s i t y  and permeabi l i ty  of t h e  b recc i a t ed  con tac t  zone and t h e  l i t h i c - r i c h  t u f f s .  

Some o r e  depos i t i on  .probably occurred dur ing  t h i s  t ype  of f a i r l y  low temperature 

a l t e r a t i o n  of t h e  g l a s s y  t u f f  t o  c l a y s ,  c a l c i t e ,  f l u o r i t e  and i r o n  oxides.  A l l  of t h e  



o r e  e lements  could e a s i l y  b e  de r ived  from t h e  cool ing  r h y o l i t e  and r e d i s t r i b u t e d  wi th in  

t h e  t u f f  w i t h  i t s  r e a c t i v e  l i t h i c  fragments.  The cont inued p e r c o l a t i o n  of even lower 

tempera ture  ground water through t h e  ven t  complex presumably has  f u r t h e r  modified t h e  

o r e  d i s t r i b u t i o n .  

THE FOUR MILE WASH AREA, WAH WAH MOUNTAINS 

Another sma l l  r h y o l i t e  dome occurs  on t h e  e a s t  s i d e  of Four Mile  Wash, approxi- 

mate ly  1 3  km due sou th  of t h e  r h y o l i t e  of t h e  S t a a t s  Mine. The dome i s  n e a r l y  

c i r c u l a r  i n  p l a n  wi th  a d iameter  of 1.8 km. Although t h e  complex i s  s t r u c t u r a l l y  

and chemica l ly  s i m i l a r  t o  t h a t  of t h e  S t a a t s  Mine, no uranium has  been r epor t ed  from 

it. One of t h e  purposes of t h i s  s tudy  was t o  determine t h e  r ea sons  f o r  i t s  ba r r en  

state. 

Geology 

The geology of t h e  a r ea :  is  shown i n  F igure  4. F ive  l i t h o l o g i c  u n i t s  were mapped 

i n  t h e  f i e l d .  

Sedimentary rocks. The e n t i r e  e a s t  s i d e  of t h e  a r e a . i s  unde r l a in  by Pa leozoic  

ca rbona te  sediments.  Near t h e  r h y o l i t e  t h e  rocks  c o n s i s t  of a mot t led  grey dolomite.  

No a l t e r a t i o n  of t h e  sediments  is  apparent  n e a r  th,e rhynl . i te  c o n t a c t .  

Older  T e r t i a r y  v o l c a n i c  rocks.  For t h e  sake  of s i m p l i c i t y  a d i v e r s e  group of 

t u f f s  and l a v a s  t h a t  a r e  o l d e r  t han  t h e  r h y o l i t e  dome a r e  grouped toge the r  as o l d e r  

T e r t i a l t y , v o l c a n i c  rocks.  Most of t h i s  u n i t  c o n s i s t s  of t h e  Lund Tuff Member of t h e  

Needles Range Formation. To t h e  n o r t h  and sou th  flow-banded a n d e s i t i c  l a v a s  crop out  

t h a t  probably  c o r r e l a t e  w i th  t h e  hornblende a n d e s i t e  mapped by Best (1979). Occasional 

exposures  of  a whfte  c r y s t a l - r i c h  ash-flow t u f f  occur  near  t h e  margins of t h e  r h y o l i t e .  

Th i s  i s  probably t h e  Bauers Tuff Member of t h e  Condor Canyon Formation (22 m.y. o l d ,  

Feck et a l . ,  1975).  Although t h e  con tac t  i s  poor ly  exposed t h e s e  v o l c a n i c s  probably 

cover  t h e  Pa l eozo ic  sedimentary rocks  and may have an  aggrega te  t h i c k n e s s  of s e v e r a l  

hundred meters .  



Tru 

Trf 

Figure  4. S impl i f ied  geologic  map of  t h e  
Four Mile Wash a r e a ,  Wah Wah Mountains, 
Utah. 
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Tuff of Four M i l e  Wash. Res t ing  unconformably on t h e  o l d e r  vo lcan ic  rocks  is  

a w h i t e  unwelded t u f f .  The t u f f  c o n s i s t s  of a  v a r i e t y  of p y r o c l a s t i c  d e p o s i t s ,  in-  

c l u d i n g  p y r o c l a s t i c  f a l l ,  p y r o c l a s t i c  f low and p y r o c l a s t i c  surge.  Stream g u l l i e s  

expose. s e c t i o n s ~ m . t h i c k  t h a t  c o n s i s t  dominantly of mass ive 'and  sandwave f a c i e s  

p y r o c l a s t i c  s u r g e  t y p i c a l  of t u f f  u n i t s  beneath r h y o l i t e  domes elsewhere. Al te r -  

h a t i n g  beds  a r e  l i t h i c  r i c h .  A l l  of t h e  .components of t h e  o l d e r  vo lcan ic  s e c t i o n  

a r e  r e p r e s e n t e d  i n  ' t h e  l i t h i c  s u i t e ,  bu t  no carbonate  o r  sedimentary i n c l u s i o n s  a r e  

p r e s e n t .  Glassy  c r y s t a l - r i c h  i n c l u s i o n s  of r h y o l i t i c  composition reach  20 - 30 cm 

a c r o s s .  These i n c l u s i o n s , p r o b a b l y  r e p r e s e n t  quenched samples of t h e  r h y o l i t i c  ,magma 

e j e c t e d  d u r i n g  e r u p t i o n  a s  bombs. The t o t a l  t h i ckness  of t h e  t u f f  i s  probably about 

10 m o n t h e  east s i d e  of t h e  dome, a l though t h e  base  may no t  be  exposed. Much of t h e  

pumice w i t h i n  t h e  t u f f  i s  s t i l l  f r e s h  and u n a l t e r e d  a l though i n  p l a c e s  a l t e r a t i o n  t o  

z e o l i t e s  h a s  .occurred. 

R h y o l i t e  of Four Mile  Wash. A dense p ink  p o r p h y r i t i c  r h y o l i t e  conformably 

o v e r l i e s  t h e  p y r o c l a s t i c  u n i t .  Black v i t r o p h y r e  l e n s e s  i n  a  d e v i t r i f i e d  ma t r ix  occur  

n e a r  t h e  base of t h e  u n i t  and a r e  o v e r l a i n  by a  t h i c k  s e c t i o n  of l i t h o p h y s a l  r h y o l i t e .  

S t e e p l y d i p p i n g ,  flow-banded green  v i t r o p h y r e  bands occur  nea r  t h e  top  and a r e  capped 

by a dense,  p ink  d e v i t r i f i e d  r h y o l i t e . l a v a .  The r h y o l i t e  of Four Mile  Wash i s  con- 

s i s t e n t l y  phenocryst-poor,  ranging  from 7 5  - 92% ma t r ix ,  e i t h e r  g l a s s  o r  i t s  d e v i t r i -  

f i c a t i o n  products. The modal mineralogy of t h r e e  samples i s  summarized i n  Table 2. 

San id ine  i s  t h e  dominant phenocryst  and occurs  a long  wi th  q u a r t z  and p l ag ioc l a se .  

Trace  amounts of b i o t i t e ,  topaz ,  Fe-Ti ox ides  and z i r con  a r e  a l s o  p re sen t .  The f e l d -  

spars are f r e s h  and u n a l t e r e d .  F l u o r i t e ,  topaz,  q u a r t z  and a l k a l i  f e l d s p a r s  a l s o  

occur  i n ' l i t h o p h y s a e .  Analyses of f o u r  samples from v a r i o u s  f a c i e s  w i t h i n  t h e  dome 

a r e  p re sen ted  i n  Table 1, a n a l y s e s  2-5. The gaassy sample, a n a l y s i s  3,  probably 

r e p r e s e n t s  t h e  magma composition. It i s  a h i g h - s i l i c a  s u b a l k a l i n e  r h y o l i t e ,  s i m i l a r  

i n  many r e s p e c t s  t o  t h e  r h y o l i t e  o f  t h e  S t a a t s  Mine. The g l a s s  c o n t a i n s  1 9  ppm U 

(gamma r a y  spec t roscopy -g r s )  and 3300 ppm F. Apparent ly,  s p h e r u l i t i c  d e v i t r i f i c a t i o n  

r e l e a s e d  uranium, a s  t h e  d e v i t r i f i e d  sample con ta ins  only  13 ppm U ( g r s )  b u t  t rapped 



F. The l i t h o p h y s a l  s e c t i o n  is  dep le t ed  i n  f l u o r i n e  (920 ppm), w i t h  only  about  25% 

a s  much a s  f r e s h  g l a s s .  Unfortunately,  t h e  r e s u l t s  of t h e  U-analysis f o r  t h e  l i t h o p h y s a l  

rocks  were not  re turned .  

Und i f f e ren t i a t ed  r h y o l i t e .  . T h e  southwestern p a r t  of t h e  map a r e a  i s  cc ive red  by 

a t h i c k  sequence of topaz-bearing r h y o l i t i c  l a v a s  and under ly ing  t u f f s .  They a r e  

p a r t  of a r h y o l i t e  dome domplex a t  Broken Ridge and 1.ountain Spr ing  Peak d iscussed  

below. Although they a r e  chemical ly s i m i l a r  t o  t h e  l a v a s  on t h e  west  s i d e  of t h e  

Wash, they  can  b e  d i s t i n g u i s h e d  by t h e i r  c r y s t a l - r i c h  na tu re .  No l a v a s  from t h i s  

complex were found beneath t h e  dome of Four Mile  Wash, s o  they  a r e  probably younger. 

A l l  of t h e s e  r h y o l i t e s  belong t o  t h e  Miocene r h y o l i t e  of Broken Ridge a s  mapped,by 

~ e s t  (1979). 

Erupt ion and Emplacement 

The empiacement of t h e  r h y o l i t e  dome complex a t  Four Mile  Wash was s i m i l a r  

. i n  many r e s p e c t s  t o  t h a t  of t h e  S t a a t s  Mine. Emplacement c o n s i s t e d  of t h r e e  main 

:,.- s t a g e s :  a . )  i n i t i a l  explos ions  and vent -c lear ing  above a shal low r h y o l i t e  magma 

- , . . leading t o  t h e  depos i t i on  of a l i t h i c - r i c h  apon of t u f f s  (o r  b r e c c i a s )  around t h e  

ven t ;  b.) formation of a t u f f  r i n g  through t h e  bui ldup  of p y r o c l a s t i c  su rge  d e p o s i t s  

a n d ' s h o r t  a s h  flows; and c. )  e rup t ion  of  a viscous r h y o l i t e  dome i n s i d e  and above t h e  

t u f f  r i ng .  No i n t r u s i v e  equ iva l en t  of t h e  Four Mile  Wash r h y o l i t e  i s  exposed as a t  

t h e  S t a a t s  Mine. The a l t e r a t i o n  of t h e  t u f f  i s  much &ess  advance i n d i c a t i n g  t h a t  any 

f l u i d  c i r c u l a t i o n  w a s  l i m i t e d  and i n e f f e c t i v e .  

Mine ra l i za t ion  

No known uranium d e p o s i t s  occur  w i t h i n  o r  near  t h e  r h y o l i t e  dome complex a t  

Four Mile Wash, a l thm* t h e  r h y o l i t e s  a r e  chemical ly s i m i l a r  t o  t h o s e  a t  t h e  S t a a t s  

Mine (compare ana lyses  1 and 2 o r  3, Table 1 ) .  Although t h e  h igh  magmatic concen t r a t ion  

of U and F i s  probably important  t o  t h e  formation of o r e  d e p o s i t s ,  they  a r e  n o t  

s u f f i c i e n t  by themselves.  Other processes  o p e r a t i n g  dur ing  t h e  e rup t ion ,  emplacement 



and c o o l i n g  of  t h e  r h y o l i t e  must b e  r e s p o n s i b l e  f o r  o r e  d e p o s i t i o n ,  While t h e  g l a s s y  

sample from Four M i l e  Wash h a s  a  uranium con ten t  of 19 ppm, a d e v i t r i f i e d  sample 

c o n t a i n s  1 3  ppm -- about  t h e  same a s  t h e  d e v i t r i v i e d  samples from t h e  S t a a t s  Mine. 

T h i s  s u g g e s t s  t h a t  w h i l e  U (and poss ib ly  F) was l o s t  dur ing  d e v i t r i f i c a t i o n a n d  coo l ing  

of b o t h  r h y o l i t e s  ( Z i e l i n s k i ,  e t  a l . ,  1977),  t h e  uranium a t  t h e  S t a a t s  Mine was 

s e l e c t i v e l y  concen t r a t ed  w i t h i n  t h e  ore-bearing t u f f s  and b r e c c i a t e d  margins of t h e  

i n t r u s i o n s ,  and l o s t  t o  t h e  environment a t  Four Mile  Wash. S c i n t i l l o m e t e r  surveys  

i n d i c a t e  t h a t  t h e  t u f f  immediately below t h e  l a v a  is  s l i g h t l y  more r a d i o a c t i v e  (35- 

40 y r / h r )  t h a n  t h e  r h y o l i t e  a t  Four M i l e  Wash, sugges t ing  t h a t  s m a l l  q u a n t i t i e s  of U 

may have been t rapped  by t h e  t u f f .  

Other  important d i f f e r e n c e s  between t h e  two a r e a s  i n c l u d e  t h e  u n a l t e r e d  s t a t e  

of t h e  f e l d s p a r s  and t h e  absence  of ca rbona te  l i t h i c  fragments  w i t h i n  t h e  t u f f  of 

Four Mile Wash. Presumably t h e  l a c k  of f e l d s p a r  a l t e r a t i o n  i n d i c a t e s  t h e  absence of 

"hydrothermal"  a l t e r a t i o n  a t  Four Mi le  Wash. Much of t h e  uranium r e l e a s e d  by d e v i t r i -  

f i c a t i o n  of t h e  o v e r l y i n g  r h y o l i t e ,  p robably  moving as halogen complexes, could not  

b e  t r a p p e d  w i t h i n  t h e  t u f f  because  of  the l a c k  of l o c a l i z i n g  carbonate c l a s t s .  Minor 

opa l - l fned  f r a c t u r e s  and z e o l i t e  rep lacements  may e x p l a i n  t h e  s l i g h t  excess  rad io-  

a c t i v i t y  of t h e  t u f f  of Four Mile Wash. 

OTHER LOCALITIES - THE BLUE -- RIBBON LINEAMENT - 

Shawe and s t e w a r t  (1976) and Stewar t  e t  a l .  (1977) i d e n t i f i e d  an  eas t - t r end ing  

b e l t  o f  T e r t i a r y  magmatism and t ec ton i sm c a l l e d  t h e  Pinc.h~-Marysvale belt t h a t  

ex t ends  a c r o s s  t h e  southwes tern  p a r t  of Utah. It t a k e s  i t s  name from t h e  endpoin ts  

of t h e  b e l t  i n  Nevada and Utah. A prominent aeromagnet ic  h i g h  co inc ides  w i t h  i t  

and d e p o s i t s  of go ld ,  s i l v e r ,  l e a d ,  z i n c ,  f l u o r i t e ,  uranium and a l u n i t e  occur  a long  

i t .  Rowley e t  a l .  (1978b) proposed t h a t  ano the r  more r e s t r i c t e d  b e l t ,  t h e  Blue Ribbon 

l i neamen t ,  can  b e  i d e n t i f i e d  as p a r t  of t h e  Pioche-Marysvale b e l t .  It i s  marked by 

v o l c a n i c  c e n t e r s ,  h o t s p r i n g s  and mine ra l  d e p o s i t s ,  i n c l u d i n g  t h e  S t a a t s  Mine and t h e  

Four Mi le  Wash a r e a .  I n  an  e f f o r t  t o  a s s e s s  t h e  r o l e  t h i s  f e a t u r e  may have played 



Table 4. Radioactivity of rock units from southwestern Utah. 

. . 

Location Rock Type Radioactivity (pr/hr) 1 

Four Mile Wash, rliyolite lava 
Wah Wah Mountains* 

unwelded tuff 
(zeolites & opal) 

Stateline district,. rhyolite lava 
White Rock ~ountains* 

unwelded tuff 
(quartz & Fe-Mn oxides) 

Cot tonwood Wash, rhyolite lava 
Needle Range (*) unwelded tuff 

(clay & mafic inclusions) 

Commissary Creek, 
Needle Range 

welded rhyolitic 
ash-flow tuff 

Cougar Spar Mine coarse-grained fluorite < l o  
area, IJe~il1.e R.angs 

~eedies Range Formation 

c The Tetons, Wah Wah rhyolite lava 40-60 
Mountains* 

unwelded tuff 

Broken Ridge, Wah 
Wah Mountains* 

spherulitic rhyolite lava 

lithophysal rhyolite lava 

unwelded tuff (immediately 
beneath lava-tuff contact) 

unwelded tuff (far from 
lava-tuff contact) 

Dead Horse Reservoir, rhyolite dome or intrusion 
Shauntie Hills 

Thermo Hot Springs rhyolite lava 
Escalante Desert 

sinter mounds 24-26 

*topaz-bearing rhyolf te. 
(*) lithophile element-rich, but no topaz reported. 
1 determined in field with hand-held scintil.l.nmeter. 



Table' 5. Whole rock uranium and thorium content 

of vo1canic:rocks from southwestern Utah 
. . .  . . . .  . . . . . . .  . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Location :Rock Description Sampleno. .~(~pm) 
1 

Th (PP~) l 

Staats Mine area, 
Wah Wah Mountains argillized rhyolite 

granophyric rhyolite WW- 2 14.9;) -- 
granophyric rhyolite STC-4 13.8 

2 
50' 

Four Mile Wash area, 
Wah Wah Mountaina rhyolitc vitrophyrc 

devitrified rhyolite WW-19 12.7 5 1 

rhyolite vitrophyre WW-20 22 51 . 
unwelded tuff WW-3i 12 4 0 

rhyolite vitrophyre WW-50 19 56 

spherulitic rhyolite WW-53 13 48 

rhyolite dike* WW-58 4 2 7 

Statclinc dictrict, 
White Rock Mountains devitrified rhyolite 

Needle Range 
Cougar Spar altered granodiorite* 

Commissary Creek unwelded tuff* 

welded tuff-vitrophyre* 

Pinto Spring welded tuff-vitrophyre* 

Western Needle K. hydrated rhyolite vitrophyre 

Cottonweed Creek devitrified rhyolite 

The T c t n n ~  arcn ,  
Wah Wah Mountains welded pumice fragment 

rhyolite vitrophyre . 

devitrified rhyolite 

altered tuff 

NR- 20 

NR- 1 

NR- 2 

NR- 9 

NR-2.22 

NR- 6 

WW- 6b 

WW-8 

WW-43 

WW-44 



Table - 5. continued . .  . . . 
. .  , , , . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . , . . . . . . . . . . . . . .  . 

LI~~ation . Rock Description. . . . . . . . . . Sample no. . , . .U(ppm)l . ~h(ppm)l 

Broken Ridge, 
Wah Wah Mountains' rhyolite vitrophyre 

lithophysal' rhyolite 

rhyolite vitrophyre 

rhyolite vitrophyre WW-17 18.5 53 

unwelded tuff WW-33 7,2 3 2 

spherulitic rhyolite WW-40 17.1 67 

Dead Horse Reservoir, 
Shauntie Hills devitrified rhyolite* 

Therrno Hot Springs, 
Escalante Desert sinter* 

devitrified rhyolite* 

Wah Wah Mountains tuff of Pine Grove* 

dfke near Pine Grove* 

beryl-bearing rhyolite 

diorite* 

SH- 1 5.6 

SH- 2 32.9 

SH- 3 7.5 

1 determined by gamma ray spectroscopy 
2 dctcrmincd by.instrumental neutron activation analysis 
3 determined by,delayed neutron analysis 
* unrelated' to lithophile element.enriched.rhyolites. . . . . 



i n  uranium m i n e r a l i z a t i ~ n ~ s e v e r a l  l o c a l i t i e s  a long i t s  western reaches  w i t h i n  Utah's .. . 
, .  . 

Great  Basin w e r e  examined.. These included l o c a l i t i e s  where known uranium and f l u o r i n e  

m i n e r a l i z a t i o n  occur  and exposures  o f . p o s s i b l e  topaz-bearing r h y o l i t e s .  The geology 

of each  area i s  b r i e f l y  desc r ibed  i n  t h e  fo l lowing  s e c t i o n s .  

S t a t e , l i n e  D i s t r i c t ,  .White Rock Mountains, 'Utah 'and 'Nevada 

Along t h e  westward p r o j e c t i o n  of t h e  Blue Ribbon l ineament  a t  t h e  Utah-Nevada 

bo rde r ,  l ies  a n  a r e a  w i t h  Miocene r h y o l i t e s  no t  mentioned by Rowley ct al, (1978b). 

An o l d e r  (>21 m.y.) s e r i e s  of r h y o d a c i t i c  composition vo lcan ic  and i n t r u s i v e  rocks  

are t h e  h o s t s  f o r  ep i the rma l  Au-Ag v e i n s  i n  t h e  S t a t e l i n e  mining d i s t r i c t  (Keith, 

1980).  Topaz- and f l u o r i t e - b e a r i n g  rhyo1. i t .e~ nlrrlrlie them i n  t h c  Johnny Canyon area 

of t h e  White Rock Mountains (Fig. 1). Tuffaceous u n i t s  u n d e r l i e  t h e  r h y o l i t i c  l a v a s  

and a r e  probably cogenet ic .  Loca l ly  t h e  t u f f s  have a s l i g h t l y  h igher  r a d i o a c t i v i t y  

t han  t h e  l a v a s  a s  measured w i t h  a s c i n t i l l o m e t e r  (%60 p r l h r  v e r s u s  50 u r / h r ;  'Table 4 ) .  

F r a c t u r e s  w i t h i n  t h e  l a v a s ,  l aced  w i t h  q u a r t z  c r y s t a l s  up t o  3 cm long and Fe-Mn oxides ,  

a l s o  show approximately t h e  same l e v e l  of r a d i o a c t i v i t y  a s  t h e  t u f f s ,  Ke i th  (1980) 

s u g g e s t s  chat t h e s e  sma l l  uranium anomalies were de r ived  by e p i t h e r m a l  l each ing  of 

t opaz  r h y o l i t e s .  Convection w a s  d r i v e n  by younger r h y o l i t i c  i n t r u s i o n s  and depos i ted  

an  a s s o c i a t i o n  of Fe-Mn ox ides  o r  c l a y s  w i t h i n  t h e  f r a c t u r e s  and t u f f s .  

'The r h y o l i t e  i n  Johnny Canyon is  pink, c rys ta l -poor  and g e n e r a l l y  l i t hophysa l .  

T h e  chemis t ry  of one sample i s  presented  i n  Table 3,  a n a l y s i s  6. The r h y o l i t e  is  

s i m i l a r  t o  t h o s e  i n  t h e  Wah Wah Mountains, w i t h  low TiOZ (0.05 wt%) and fairly 

h igh  MnO (0.08 wt%). Its uranium content  (9 ppm -grs )  i s  low compared w i t h  o t h e r  

topaz  r h y o l i t e s ,  p o s s i b l y  a s  a r e s u l t  of d e v i t r i f i c a t i o n  and format ion  of l i t hophysae  

o r  l each ing ,  b u t  i t s  h igh  con ten t  of Th, B e ,  and L i  sugges t  t h a t  i t  i s  p a r t  of t h e  same 

l i t h o p h i l e - r i c h  s e r i e s  as t h o s e  i n  t h e  Wah Wah Mountains. 

Cottonwood Wash, Needle Range 

S e v e r a l  ou tc rops  of r h y o l i t i c  l a v a s  and t u f f s  occur  i n  t h e  southernmost Needle 



Range t o  t h e  e a s t  of t h e  W h i t e  Rock Mountains (Fig. 1 ) .  Two h i l l s  of r h y o l i t e  l ava  

occur on t h e  e a s t  s i d e  of t h e  range near  Cottonwood Wash, i n  T.30 S.,. E.18.,W. s e c . , 2 2  aqd 23 

2 and cover about 2  km . The l a v a  is p o r p h y r i t i c  wi th  obvious phenocrysts  of qua r t z ,  

f e ld spa r  and b i o t i t e .  A modal a n a l y s i s  appears  i n  Table  2. Only i n  a  few exposures 

i s  t h e  rock vuggy--normally i t  i s  a  dense p ink  l ava  w i th  l i t t l e  flow banding. No 

topaz was found. The s o u t k r ~ m o s t  h i l l ,  i n  s e c t i o n  22 ,  is  unde r l a in  by a  "1 i th ic" - r ich  

t u f f  t h a t  has  been p a r t i a l l y  a l t e r e d  t o  c l ay  minerals .  The i n c l u s i o n s  a r e  almost en- 

t i r e l y  extremely f ine-grained,  red vo l can i c  rocks.  Although exposure of t h e  t u f f  i s  

poor, some of t h e  i nc lu s ions  appear t o  have been molten a t  t h e  t i m e  of incorpora t ion  

i n t o  t h e  r h y o l i t i c  t u f f .  One inc lus ion  has  a  f ine-grained margin ( i n t e r p r e t e d  a s  a  

quench t e x t u r e )  wi th  a  more coa r se ly  c r y s t a l l i n e  i n t e r i o r .  This  t e x t u r e  and t h e  in- 

corpora t ion  of i nc lu s ions  i n  t h e  t u f f  may be  t h e  r e s u l t  of mixing of two magmas-- 

. a h o t t e r  "mafic" magma i n j e c t e d  i n t o  a  c r y s t a l l i z i n g  r h y o l i t e  and may demonstrate t h e  

bimodal cha rac t e r  of t h e  volcanism. No chemical ana lyses  of t h e s e  i nc lu s ions  were 

* performed because they a r e  ex tens ive ly  a l t e r e d .  There a r e  no exposures of rocks  

: s i m i l a r  t o  t h e  i nc lu s ions  nearby. This  s i t u a t i o n  appears  t o  be  s i m i l a r  t c  t h e  in- 

- f e r r e d  e rupt ion  of t h e  Spor Mountain magma chamber. The r h y o l i t e  t h e r e  a l s o  has  mafic 

i n c l u s i o n s  t h a t  may be  m e l t  b l ebs  (M.F. Sheridan,  persona l  communication, 1979). 

Unlike t h e  o the r  r h y o l i t i c  complexes s tud i ed ,  t h e  t u f f  a t  Cottonwood Wash is  no t  

sy s t ema t i ca l l y  more r a d i o a c t i v e  than t h e  lava .  S c i n t i l l a t i o n  counter  surveys show t h e  

r h y o l i t e  counts  40-50 v r /h r  and t h e  t u f f  35-40 p r / h r  (Table 4) .  

Chemically t h e  r h y o l i t e  is  s imzlar  t o  o t h e r  F-rich r h y o l i t e s  (Table 1, a n a l y s i s  

7 ) .  P t  is  low i n  Ti0 and high i n  Si02, a l k a l i e s  and MnO. I t s  uranium and thorium 
2 

con ten t s  a r e  s.imilar t o  those  of o the r  d e v i t r i f i e d  samples of topaz r h y o i i t e  (Table 5 ) .  

However, Grant and Best (1979) have included t h e  r h y o l i t e  of Cottonwood Wash i n  t h e i r  

r h y o l i t e  of P in to  Spring (discussed i n  t h e  next  s e c t i o n )  which i s  a  r h y o l i t i c  ash-flow 

t u f f  wi th  much lower Th va lues  ( ~ 2 6  v s  66 ppm). The two r h y o l i t e s  a r e  probably unre- 

l a t e d .  



Commissary Creek Area, 'Needle Range 

S e v e r a l  ou tc rops  of a t i l t e d  s e c t i o n  of a r h y o l i t i c  ash-flow t u f f  occur  a long  

Commissary Creek i n  R.l8;W., T,.30. S., P i n t o  Spring quadrangle.  The t u f f  is  dense ly  

welded n e a r  i t s  base  and c o n t a i n s  abundant broken phenocrysts  of s a n i d i n e  and p lag i -  

oc l a se .  Quartz  and b i o t i t e  occur  i n  smaller amounts (Table 2) .  Th i s  r h y o l i t e  i s  

chemica l ly  d i s t i n c t  from F-r ich r h y o l i t e s  i n  t h a t  T i0  i s  g r e a t e r  than  0.1 w t %  and 2 

K20 i s  g r e a t e r  t han  5 wt.% (Table 3,  a n a l y s i s  8 ) .  Genera l ly  topaz  r h y o l i t e s  have va lues  

somewhat lower t han  t h i s .  A s  no ted  above Th i s  much lower than  i n  topaz  r h y o l i t e s  and '. 
U is  o n l y  about  8 ppm (grs )  even i n  g l a s s y  samples, The emplacement of t h e  magma a s  

a t h i c k  a s h  f l o w  is  a t y p i c a l  of t h e  dome-related l a v a s  a s s o c i a t e d  w i t h  topaz r h y o l i t e s .  

The r h y o l i t i c  a s h  flow a t  Commissary Creek i s  i n d i s t i n g u i s h a b l e  from t h e  r h y o l i t e  of 

P l n t o  Spr ings  a t  i t s  t y p e  l o c a l i t y  about  6 km sou th  (Grant and B e s t ,  1979) ,  Table  1, 

a n a l y s i s  9, and is  probably o l d e r  than  t h e  topaz rhyo1i.te.s of t h e  r eg ion  s i n c c  i t  has 

been t i l t e d  by f a u l t i n g .  

No uranium anomalies were found; a s c i n t i l l a t i o n  counter  survey revea led  counts  

of less t h a n  30 ~ r / h r ,  s l i g h t l y  less than  f o r  normal topaz-bearing l a v a s  (Table 4 ) .  

Cougar Spar  Mine Area, Needle Range 

The sou the rn  p a r t  of t h e  Needle Range h o s t s  s e v e r a l  f l u o r i t e  d e p o s i t s ;  none of 

rhem are uran i f e rous .  These d e p o s i t s  a r e  presumably a s s o c i a t e d  w i t h  t h e  o l d e r  c a l d e r a  

magmatism and a r e  contemporaneous w i t h  cha3.cophile m i n e r a l i z a t i o n  i n  t h e  Needle Range 

and elsewhere.  Most of  t h e  f l u o r i t e  d e p o s i t s  i n  t h e  Needle Range a r e  s p a t i a l l y  associ- 

a t e d  w i t h  a g r a n o d i o r i t e  i n t r u s i o n  near  t h e  Cougar Spar Mine (Fig. l ) ,  t h e  main 

producer  of f l u o r i t e  i n  t h e  a r ea .  The f l u o r i t e  i s  coarse-grained,  g e n e r a l l y  green  o r  

p a l e  pu rp le ,  and occurs  i n  v e i n s  o r  w i t h i n  b r e c c i a  a long  f a u l t s  c u t t i n g  in t e rmed ia t e  

composi t ion a s h  f lows and l avas .  Th i s  p o r t i o n  of t h e  Needle Range i s  w i t h i n  t h e  Indian  

Peak cauldron  which is  t h e  sou rce  of  a t  l e a s t  one of t h e  u n i t s  of t h e  29+1 m.y, o l d  

Needles Range Formation (Best et al. ,  1979; Grant and Best ,  1979). The i n t r u s i o n  i s  

mapped a s  t h e  i n t r u s i v e  phase of t h e  Wah Wah Spr ings  Tuff.  The f l - u o r i t e  d e p o s i t s  a r e  

k 



probably t h e  r e s u l t  of t h e  waning s t a g e s  of igneous a c t i v i t y ,  poss ib ly  r e l a t e d  t o  

resurgence  of t h e  ca lde ra .  I n  any case ,  t h e  f l u o r i t e  m i n e r a l i z a t i o n  i s  appa ren t ly  

un re l a t ed  t o  r h y o l i t i c  volcanism and i s  non-uraniferous (Table 4 and 5) .  Thurston 

and o t h e r s  (1954) and Bullock (1976) g i v e  d e t a i l e d  d e s c r i p t i o n s  of s e v e r a l  d e p o s i t s ,  

inc luding  t h e  J B  Mine, Utah Mine, Cougar Spar Mine and t h e  Noonday Mine. 

The Tetons, Wah Wah Mountains 

In  a d d i t i o n  t o  t h e  S t a a t s  Mine and t h e  Four M i l e  Wash a r e a s  t h e r e  a r e  s e v e r a l  

o t h e r  topaz-bearing r h y o l i t e s  a long  t h e  t r e n d  of t h e  Blue Ribbon l ineament .  

Seve ra l  low h i l l s  2-3 km sou th  and s o u t h e a s t  of t h e  r h y o l i t e  of t h e  S t a a t s  Mine a r e  

unde r l a in  by topaz r h y o l i t e .  The most prominent h i l l s ,  i n  T.30S. R.l8W., a r e  

c a l l e d  The Tetons. Modal ana lyses  of t h e s e  l a v a s  a r e  presented  i n  Table 2. The 

.*. r h y o l i t e  i s  weakly p o r p h y r i t i c  wi th  small-  phenocrysts  of q u a r t z  and f e l d s p a r  i n  a  

d e v i t r i f i e d  o r  g l a s s y  groundmass. ~ o p ' a z ,  f l u o r i t e  and ga rne t  occur  i n  l i t hophysae  

. -  nea r  t h e  c r e s t  of t h e  Tetons. The r h y o l i t e  l a v a  i s  unde r l a in  by a  p a r t i a l l y  fused 

;.- t u f f  (terminology of Chr i s t i ansen  and Lipman, 1966). Deformed p u m i c e l a p i l l i  a r e  

b l ack  and v i t r e o u s  and s e t  i n  a  ma t r ix  of brown d e v i t r i f i e d  g l a s s .  The Tetons a r e  

probably t h e  eruptjve c e n t e r  f o r  t h e  r h y o l i t e  l a v a s  nearby. 

The whole rock uranium con ten t  of a  v i t r o p h y r e  from t h e s e  l a v a s  i s  1 .5  t imes 

t h a t  of t h e  S t a a t s  r h y o l i t e  (20-21 ppm; Table 5) a f u r t h e r  i n d i c a t i o n  t h a t  t h e  . 

minera l ized  r h y o l i t e  was dep le t ed  t o  form t h e  uranium depos i t s .  No uranium d e p o s i t s  

a r e  known from The Tetons a rea .  The r h y o l i t e  o v e r l i e s  o l d e r  a s h  f lows  of t h e  Esca l an te  

Desert  Formation and few carbonate  c l a s t s  occur  w i t h i n  t h e  t u f f .  S c i n t i l l o m e t e r  

surveys show t h a t  t h e  t u f f  is s l i g h t l y  more r a d i o a c t i v e  than  t h e  ove r ly ing  l a v a  

(55 vs .  40-60 ~ r l h r ;  Table 4 ) .  

The r h y o l i t e s  are chemixally s i m i l a r  t o  o t h e r  topaz  r h y o l i t e s    able 1, ana lyses  

0 1 ,  2 Hwever sample WW-Gb, a  pumice sepa ra t ed  from t h e  b a s a l  t u f f ,  con ta ins  

an  anomalous T i0  con ten t  (0.16 wt.%) and h igh  S i02  con ten t  (78%). 2 



Broken Ridge, Wah Wah M o u n l a l ~ s  

A l a r g e  mass of c o a l e s c i n g  topaz  r h y o l i t e  t u f f s ,  l a v a  f lows and domes forms 

series of h i l l s  sou th  and west  bf  t h e  Four Mile Wash a rea .  The vo lcan ic s ,  cen te red  

2  around Broken Ridge, .cover a n  area of approximately 40 km and r e p r e s e n t  t h e  e r u p t i v e  

p roduc t s  of s e v e r a l  ven t s .  Although no samples have been da ted ,  they  a r e  probably 

Miocene i n  a g e  based on l o c a l  s t r a t i g r a p h i c  r e l a t i o n s  (Best ,  1979).  They uncon- 

formably o v e r l i e  f a u l t e d  and t i l t e d  u n i t s  of  t h e  Needles Range Formation. 

Modal a n a l y s e s  of some samples a r e  presented  i n  Table 2. The rhynl .. j t e s  sre 

phenocrys t  p0o.r (<lo% by volume) and have l i t t l e  o r  no b i o t i t e .  Topaz c r y s t a l s ,  some 

s e v e r a l  c e n t i m e t e r s  l o n g , . a r e  common i n  l i thophysae .  The l i t h o p h y s a e  a r e  extremely 

d e l i c a t e ;  some have 1 0  o r  more c o n c e n t r i c  s h e l l s .  .Other l i t h o p h y s a l  mine ra l s  i nc lude  

q u a r t z ,  s a n i d i n e ,  f l u o r i t e  and hemati te .  Opal, w i t h  f l u o r i t e  e n c r u s t a t i o n s ,  occurs  

a long  some f r a c t u r e s .  

The l a v a s  a r e  chemical ly similar t o  t hose  exposed a t  The Tetons (Table 1, ana lyses  
,.-"I 

13-16). The f l u o r i n e  con ten t  of a  g l a s s y  sample (WW-9) i s  0.50 w t . % .  Rubidium, cesium, 

lTthium and o t h e r  l i t h o p h i l e  e lements  a r e  h igh  a s  w e l l ,  (Chr i s t i ansen  e t  a l . ,  t h i s  

r e p o r t ) .  The whole rock  uranium con ten t  of t h e  g l a s s e s  i s  about 20 ppm (INAA and g r s ) .  

A l i t h o p h y s a l  sample (WW-10) c o l l e c t e d  from t h e  same outcrop  a s  one of t h e  v i t r o p h y r e s  

has  a  uranium con ten t  of on ly  14  ppm (grs) c o n s i s t e n t  w i t h  t h e  obse rva t ion  elsewhere 

dat d e v i t r i f i c a t i o n  ( inc lud ing  t h e  formation of l i t hophysae )  r e l e a s e s  uranium. However 

from s c i n t i l l o m e t e r  surveys  (Table 4 )  l i t h o p h y s a l  zones appear t o  be more r a d i o a c t i v e  

(70-80 p r l h r )  t han  v i t r o p h y r e s  o r  r h y o l i t e s  w i th  s p h e r u l i t i c  d e v i t r i f i c a t i o n  (40-50 

r / h r  Th i s  c o n t r a d i c t o r y  r e s u l t ; , -  may b e  caused by t h e  depos i t i on  of u ran i f e rous  

o p a l  o r  f l u o r i t e  i n  t h e  porous l i t h o p h y s a l  'zones thatwere no t  sampled f o r  t h e  f r e s h  

rock  ana lyses .  Porous p y r o c l a s t i c  s u r g  d e p o s i t s  immedletely beneath t h e  r h y o l i t e  

l a v a s  are a l s o  more r a d i o a c t i v e  (60-70 p r l h r ) ,  wh i l e  t h o s e  s e v e r a l  meters  lower i n  t h e  

s e c t i o n  gave coun t s  of 50 v r / h r .  The r a d i o a c t i v e  anomalies immedately beneath l a v a  

a r e  common and may be t h e  r e s u l t  of t r app ing  of uranium r e l e a s e d  dur ing  d e v i t r i f i c a t i o n  

of t h e  ove r ly ing  l ava .  



Dead Horse Reservoi r ,  Shauntie  H i l l s  

Er ickson and Dasch (1963) mapped two smal l  p lugs  of r h y o l i t e  i n  t h e  southern  

Shaunt ie  H i l l s .  One, near  Dead Horse Reservoi r ,  y i e lded  a  K-Ar d a t e  on s a n i d i n e  

of 11 .6  ? '0.4 m.y. (Rowley e t  a l . ,  1978a).  The r h y o l i t e  i s  p o r p h y r i t i c  and 

most ly d e v i t r i f i e d ,  a l though some i n t e n s e l y  hydrated g l a s s  i s  p r e s e n t .  Pheno- 

c r y s t s  i nc lude  qua r t z ,  f e l d s p a r  and b i o t i t e  (Table 2 ) .  No topaz occurs  i n  t h e  

groundmass. 

The chemical compositj.on of t h i s  younger r h y o l i t e  i s  s l i g h t l y  d i f f e r e n t  from 

t h e  topaz-bearing group (Table 1 ) .  Although i t  is  a h i g h - s i l i c a  r h y o l i t e ,  i t s  

alumina content  is  only  about 11% - l e s s  than  t h a t  of any of t h e  o t h e r  r h y o l i t e s  

analyzed from t h i s  reg ion .  I ron  and potassium a r e  h igh  r e l a t i v e  t o  topaz rhyo- 

l i t e s  and i t  has  a  very  high Ti02 con ten t  (>0.20 wt .%) .  Its t r a c e  element 

chemistry i s  a l s o  d i s t i n c t :  f l u o r i n e  c 0 . 1  w t . % ,  6  ppm uranium ( g r s )  and 26 ppm thorium 

( g r s ) .  These c h a r a c t e r i s t i c s  demonstrate  i ts  d i s s i m i l a r i t y  t o  t h e  o l d e r  topaz r h y o l i t e s .  

. . The plug i s  only  about  0 .5 km i n  d iameter  and no cogenet ic  t u f f  occurs  beneath 

- '  it. The body may n o t  have vented t o  t h e  s u r f a c e ,  b u t  c o n t a c t  r e l a t i o n s  wi th  t h e  

surrounding in t e rmed ia t e  vo lcan ic s ,  mapped by Rowley (1978) a s  t h e  vo lcan ic  rocks  

of ShauntieHi.l.l.s, a r e  no t  c l e a r .  Most of t h e  o l d e r  vo lcan ic s  a r e  p r o p y l i t i c a l l y  

a l t e r e d ;  some s i l i f i c a t i o n  is  p resen t  near  t h e  plug.  

S c i n t i l l o m e t e r  readings  over  t h e  r h y o l i t e  d id  n o t  exceed 30 p r / h r  (Table 4 ) ,  

cons iderably  lower than  those  of t h e  o l d e r  topaz r h y o l i t e  of t h e  S t a a t s  Mine and o t h e r s  

i n  t h e  Needlp and Wah Wah Ranges. A l t e r a t i o n  zones w i t h i n  t h e  o l d e r  v o l c a n i c s  show 

no s i g n  of anomalous uranium con ten t .  

Thermo Hot Springs 

About 9 km sou theas t  of Dead Horse Reservoi r  ano the r  smal l  r h y o l i t e  body pro- 

t r u d e s  above t h e  a l luv ium of t h e  Esca l an te  Deser t .  It has been c a l l e d  Cl~e r h y o l i t e  

of Thermo Hot Springs (Rowley e t  a l . ,  1978b),  a f t e r  t h e  s p r i n g s  loca t ed  3 .5  km t o  

t h e  west.  It has a  K-Ar d a t e  of 10 .3  ? 0.4 m.y. (Rowley e t  a l . ,  19718b), younger 



t h a n  t h e  p robab le  age  of t h e  o t h e r  r h y o l i t e s  descr ibed  h e r e .  The r h y o l i t e  is  

c r y s t a l - p o o r ,  w i t h  only  about  2% by volume of qua r t z ,  f e l d s p a r s  and hornblende. 

A s p h e r u l i t i c  v i t r o p h y r e . c r o p s  o u t  on t h e  w e s t  s i d e .  A s  a t  t h e  r h y o l i t e  of Dead 

Horse Rese rvo i r ,  no t u f f  could be found benea th  i t .  

The d e v i t r i f i e d  sample ana lysed  (Table 3, a n a l y s i s  18 )  i s  d i s t i n c t i v e  from 

topaz r h y o l i t e s .  It i s  lower i n  SiO and .Al  0  and d i s t i n c t l y  h ighe r  i n  i r o n  and 2  2  3  

ca lc ium t h a n  topaz-bearing rocks .  Although i t s  f l u o r i n e  con ten t  i s  near  t h a t  

of some topaz  r h y o l i t e s  (1400 ppm v s .  1000 - 10,000 ppm) both i t s  U (7  ppm - g r s )  

and Th (20 ppm - g r s )  c o n t e n t s  a r e  u n l i k e  those  of t h e  topaz r h y o l i t e s .  A 

s c i r i t i l l o m e t e r  survey r evea l ed  no readi.np,s g r e a t e r  than  30 u r l h r   a able 4 ) .  

A s c i n t i l l o m e t e r  survey  over  t h e  s i n t e r  mounds and pools  a t  Thermo Hot Springs 

r e v e a l e d  no anomalies  (Table 4 ) .  R a d i o a c t i v i t y  ranged from 24-26 u r / h r .  The s p r i n g s  

a r e  a l i g n e d  on a  3 m h igh ,  nor th- t rending  r i d g e  composed of s i n t e r  and a l luv ium 

and a r e  probably  u n r e l a t e d  t o  t h e  volcanism t h a t  produced t h e  r h y o l i t e s .  

SUMMARY AND CONCLUSIONS 

S e v e r a l  sma l l  uranium d e p o s i t s  occur n e a r  f l u o r i n e -  and uranium-rich r h y o l i t i c  

v o l c a n i c  r o c k s  i n  southwes tern  Utah. C h a r a c t e r i s t i c a l l y  t h e  de ,pos i t s  occur  al.on)r, 

t h e  c o n t a c t s  of r h y o l i t e  i n t ruded  i n t o  carbonate  rocks  ( i . e .  t h e  Staats Mine) o r  i n  

l i t h i c - r i c h  p y r o c l a s t i c  d e p o s i t s  beneath r h y o l i t e  domes and l a v a  f lows ( i - e .  t h e  Holly 

C l a i m  and s m a l l  concen t r a t ions  under most o t h e r  domes). Presumably U (and F) a r e  re -  

l e a s e d  Irom rhe vo lcan lc  rocks  by d e v i t r i f i c a t i o n  o r  i each ing  and then  l o c a l l y  

r econcen t r a t ed  i n  f avo rab le  environments.  The uranium occurrences  a r e  r e l a t e d  t o  a  

mid-Tert iary ep i sode  of bimodal, t r a c h y a n d e s i t e  and topaz r h y o l i t e  magmatism t h a t  

is  d i s t i a c L  Irum e a r l i e r  c a l d e r a - r e l a t e d ,  c a l c - a l k a l i c  volcanism. The i n t r u s i o n  

and s o l i d i f i c a t i o n  of Oligocene s t o c k s  ( i . e .  the ,Cougar  Spar a r e a )  r e s u l t e d  i n  hydro- 

thermal  f l u o r i t e  d e p o s i t s  t h a t  have no a p p r e c i a b l e  uranium. Younger r h y o l i t e  domes 

and f lows  i n  southwestern Utah, such a s  t hose  a t  Dead Horse Reservoi r  o r  Thermo Hot 

Spr ings ,  a r e  n o t  extremely enr iched  i n  l i t h o p h i l e  e lements  and uranium d e p o s i t s  



a s s o c i a t e d  wi th  them a r e  u n l i k e l y .  

The r e l a t i o n s h i p  of t h e  Blue Ribbon l ineament  t o  uranium m i n e r a l i z a t i o n  seems ' 

t o  have been secondary. Although r h y o l i t i c  volcanism was common along ,its l e n g t h ,  

i t  appears  t h a t  a s p e c i f i c  magma composition and s p e c i a l  cond i t i ons  f o r  emplacement 

and coo l ing  were necessary  f o r  uranium m i n e r a l i z a t i o n .  The Miocene age  of minera l ized  

r h y o l i t e s ,  t h e i r  f l u o r i n e  - and uranium-rich c h a r a c t e r ,  t h e  emplacement of carbonate-  

r i c h  p y r o c l a s t i c  d e p o s i t s  beneath them (or  t h e i r  i n t r u s i o n  i n t o  carbonate  rocks )  and 

t h e  subsequent passage of f l u i d s  through porous b r e c c i a s  o r  t u f f s  a r e  t h e  p r i n c i p l e  

f e a t u r e s  which t h e s e  smal l  uranium d e p o s i t s  have i n  common ( c f .  Burt and Sheridan,  

1980; t h i s  r e p o r t ) .  Even topaz r h y o l i t e s , .  w i th  high concen t r a t ions  of U and I?, t h a t  

have not  experienced t h e s e  s p e c i a l  emplacement and coo l ing  h i s t o r i e s  a r e  no t  

A ' '  a s s o c i a t e d  wi th  economic uranium d e p o s i t s .  

,. . Topaz rhyol . . i tes ,  l i k e  t hose  exposed a c r o s s  t h e  southern  p a r t  of t h e  Needle Range 

and Wah Wah Mountains, may be  good source  rocks  f o r  sedimentary uranium d e p o s i t s  

because of t h e i r  high magmatic concen t r a t ions  of uranium. The average  U con ten t  of 

n i n e  gdhssy samples of topaz r h y o l i t e  from southwestern Utah is  19.9 ppm. The average  

..i U content  of n i n e  d e v i t r i f i e d  samples c o l l e c t e d  from t h e  same u n i t s  is  14 .2  ppm (13.4 

pprn i f  two a r g i l l i c a l l y  a l t e r e d  samples a r e  i nc luded) ;  t h e  average  U conten t  of 

t h r e e  t u f f  samples is  11.3 ppm. Topaz r h y o l i t e  l a v a s  and t u f f s  cover  a t  l e a s t  75 km 2 

3 i n  t h e  r eg ion  s o  a reasonable  e s t i m a t e  of t h e i r  volume may be around 25 km . I f  t h e  

8 e n t i r e  volume l o s t  5 .7 ppm (19.9 - 14.2 ppm), approximately 3.7 x 1 0  kg of uranium 

would have been r e l e a s e d  (assuming a rock  d e n s i t y  of 2.6 gm/cm3). C e r t a i n l y ,  some of 

t h i s  uranium escaped i n t o  t h e  atmosphere dur ing  e a r l y  high-temperature d e v i t r i f i c a e l a n  

of g l a s s  bu t  some may have en tered  t h e  hydro logic  system by l each ing  o r  dur ing  

weathering.  A p o r t i o n  of t h i s  may have been depos i t ed  i n  reducing environmentzswithin 

t h e  v a l l e y - f i l l  sediments of t h e  Esca l an te  Deser t  t o  t h e  south  o r  P ine  Valley t o  t h e  

n o r t h  between t h e  Wah Wah and Needle Ranges. Cunningham e t  a l .  (1980) have d i scussed  

t h e  p o s s i b i l i t y  of a s i m i l a r  s i t u a t i o n  near  t h e  Marysvale v o l c a n i c  f ie ld ; .  



Table 6. Descriptions and locations of samples 

Sample no. Description LocaGion 
- - 

WW- 2 . devitrified rhyolite, feldpars altered NW % sec. 31, T. 29S., R. 15W. 

WCJ-6b welded pumice fragment 

WW- 7 devitrified rhyolite 

WW-8 rhyolite vitrophyre 

WW- 9 rhyolite vitropliyre 

S.itl~opliysal rhyulite 

lithophysal rhyolite 

rhyolite vitrophyre 

devitrified rhyoliLe 

devitrified rhyolite 

rhyolite vitrophyre 

beryl-bearing rhyolite 

diorite 

unwelded tuff 

unwelded tuff 

spherulitic rhyolite 

rhyolite vitrophyre 

r le~ri t r i f  i e d  r h r o l i t o  

unwelded tuff , argilli zed 

argillized rhyolite 

rhyolite vitrophyre 

spherulitic rhyolite 

green rhyolite vitrophyre 

lithophysal rhyolite 

fused tuff of Pine Grove 

rhyolite dike 

NE 34 sec. 7, T. 3US., R. 15W. 

SW % sec. .12, .T. 3G., 'R. 16W. 

SE % sec. 12, T. 30S., R. 16W. 

sw sec. 2, T. 32S., R. 16W. 

SW .% set. 2 ,  T. 32S., R ,  16W. 

NE % sec. 33, T. 31S., R. 16W. 

SW ?., sec. 35, T. 31S., R. 16W. 

NW k scc. 13, T. 31S., R. 1GW. 

NE % sec. .13, T. 31S., R. 16W. 

NE 3 sec. 19, T. 31S., R. 15W. 

NW % sec. .29, T. 29S., R. 14W. 

Wah Wah Pass 

SW % sec. 7, T. 31S., R. 15W. 

SW sec. 35, T. 31S., 8. 16W. 

sec. 2, T. 32S., R. 16W. 

sec. 2, T, 32S . ,  R.. LSW. 

3E A; see. 96, I. 3 0 S . ,  K. 16W. 

SW iz sec. 15, T. 30S., R. 16W. 

NW $ sec. 31, T. 29S., R. 15W. 

SW % sec. 13, T. 31S., R. 16W. 

N6J + sec. 18, T. 31S., R. 15W. 

11 11 

NE % sec. 36, T. 28S, R. 15W. 

NE % sec. 7, T. 31S., R. 15W. 



able 6. . continued 

Sample. .no. Description Location 

STC-4 devitrified rhyolite, feldspars altered MJ k sec. 6, T. 30S., R. 15W. 

SH-1 devitrified rhyolite 

SH-2 devitrified rhyolite 

SH-3 devitrified rhyolite 

SL-1 devitrified rhyolite 

NR-1 unwelded tuff 

NR- 2 welded tuff, vitrophyre 

NR-6 devitrified. rhyolite 
F 

NR- 9 welded tuff, vitrophyre 

NR-20 altered granodiorite 

NR-2 2 green rhyolite vitrophyre 

S + sec.31, T. 29 S., R. 12 W. 
NE % sec.Ib, T. 30 S., R. 12 W. 

I I I I 11 

N + sec. 35, T. 32S., R. 20W. 
w + sec. 12, T. 30S., R. 18W. 

SE sec. 22, T. 30S., R. 18W. 

N E k  sec. 2, T. 31S., R. 18W. 

NE 36 sec. 9, T. 30S., .R. 18W. 

SW + sec. 5, T. 30S., R. 18W. 



RECOMMENDATIONS FOR FURTHER STUDY 

The r e s u l t s  of t h i s  s tudy  sugges t  t h a t  d e t a i l e d  s tudy  of t h e  uranium and 

f l u o r i t e  d e p o s i t s  near  t h e  S t a a t s  Mine could h e l p  t o  answer s e v e r a l  ques t ions  

r e g a r d i n g  volcarrgenic uranium d e p o s i t s .  The minera logic  s i t e s  of uranium i n  

t u f f s  and l a v a s  a r e  ex t remely  important  f o r  determing t h e  methods of uranl.um 

r e l e a s e  and c o n c e n t r a t i o n  i n  a  r h y o l i t e  dome complex. Using autoradiography t h e s e  

s i t e s  could  b e  determined a t  t h e  s c a l e  of a  t h i n  s e c t i o n ,  i n  v i t r o p h y r e s ,  d e v i t r i -  

f i e d  l a v a s  ( s p h e r u l i t i c ,  l i t h o p h y s a l  and granophyric  t e x t u r e s  need t o  be examined) 

and i n  f r e s h  and mine ra l i zed  t u f f s  o r  l a v a s .  Fu r the r  s t u d i e s  us ing  t h e  microscope 

o r  e l e c t r o n  microprobe could chatacterfxe t h e  n a t u r e  of t hese  s i t e s  and provide  

much needed d a t a  on t h e  r e l e a s e  and concen t r a t ion  of uranium. S imi l a r  s t u d i e s  of 

samples a c r o s s  t u f f - l a v a  c o n t a c t s  could t e s t  t h e  obse rva t ion  t h a t  t h e  t u f f s  

immediately below r h y o l i t e  l a v a s  a r e  s l i g h t l y  more r a d i o a c t i v e .  These studies 

could  b e  ampl i f i ed  by a n a l y t i c a l  de t e rmina t ion  of mobile,  l i t h o p h i l e  element 

c o n c e n t r a t i o n s  and t h e i r  c o r r e l a t i o n  w i t h  uranium content  i.n g l a s s y ,  d e v i t r i f i e d  

and a l t e r e d  rucks .  The r o l e  of  carbonate  c l a s t s  (or  i n t e rmed ia t e  v o l c a n i c s )  as 

l o c a l i z e r s  of m i n e r a l i z a t i o n  could a l s o  b e  s t u d i e d  by t h e s e  techniques .  

The a l t e r a t i o n  mineralogy of t h e  t u f f  a t  t h e  Holly Claim and t h e  r h y n l i t ~  

a long  t h e  i n t r u s i v e  c o n t a c t  could p l a c e  some l i m i t s  on t h e  n a t u r e  of t h e  hydrothermal 

s y s t r ~ ~ l  t h a t  modified e lementa l  concen t r a t ions .  The temperature and, poss ib ly ,  t h e  

composi t ion of  t h e  f l u i d  could be  l i m i t e d  by t h e  minera l  assemblage t h a t  r e s u l t e d  

o r  by ana lyz ing  f l u i d  i n c l u s i o n s .  

On a n  even l a r g e r  s c a l e  sha l low d r i l l i n g  through t h e  topaz r h y o l i t e  near  t h e  

S t a a t s  Mine could  de termine  i f  more uranium-mineralized t u f f  u n d e r l i e s  t h e  ex- 

t r u s i v e  p o r t i o n  ok t h e  complex and would r e v e a l  t h e  n a t u r e  of m i n e r a l i z t i o n  a t  

t h e  lava- tuf f  and tuff-sediment  c o n t a c t s .  
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Chapter V I I  

FLUORINE AND LI'I'HOPHILE ELEMENT MINERALIZATION 

I N  THE BLACK RANGE AND S I E R R A  CUCHILLO, 

NEW MEXICO 

B r i a n  P .  C o r r e a  



ABSTRACT 

The Taylor  Creek Rhyoli te  (age 24.0 m.y.1 i s  a  topaz r h y o l i t e  which con- 
t a i n s  c a s s i t e r i t e  ve ins  and i s  n o t  a s soc ia ted  with known U ,  Be, o r  F minera l i -  
za t ion .  This  r h y o l i t e  may be  t h e  r i n g  f r a c t u r e  volcanics  of one o f  two l a r g e  
cauldrons t h a t  a re  t h e  s u r f a c e  expression o f  an underlying b a t h o l i t h  125 km 
i n  d iameter .  The r h y o l i t e  i s  composed o f  th ick  p i l e s  o f  flow-layered and flow- 
banded l a v a  (domes) t h a t  are u s u a l l y  devi t r i f i e d  and vapor-phase a l t e r e d .  The 
r h y o l i t e  i s  c r y s t a l - r i c h  (20-40%) and conta ins  mostly sanidine  and quar t z  with 
minor b i o t i t e ,  hornblende, p lag ioc lase ,  t i t a n i t e ,  f e r r o a u g i t e ,  t i t a n i f e r o u s  
magneti te  and zircon.  Chemically, the  Taylor Creek Rhyolite has high Si02 (78%) 
and K20 and low Al203, MnO, MgO, and CaO. The r h y o l i t e  conta ins  0 .4% F, 10 pprn 
U, 10 pprn Be, 20 pprn L i ,  25 pprn Sn, 350 pprn Rb, 550 pprn Z r ,  5  pprn S r ,  and low 
con ten t s  o f  Sc, C r ,  Co, Ba, and Eu. Meavy ra re -ea r th  element abllndances a r e  
h igh ,  and t h e  r a r e - e a r t h  element p a t t e r n  i s  f l a t  (La/Lu = 2.37) with a  pronounced 
nega t ive  Eu anamoly and La/Ce = 1.03. These c h a r a c t e r i s t i c s  suggest t h a t  Taylor 
Creek Rhyol i te  1s rhe e x t r u s i v e  equivalent  af  anorogenic g r a n i t e s  formed within 
s t a b l e  con t inen t s ,  and t h a t  it was formed by p a r t i a l  me1 t i n g  of c r u s t a l  m a t e r i a l ,  
Underlying p y r o c l a s t i c  depos i t s  conta in ing r e a c t i v e  fore ign l i t h i c  fragments 
t h a t  might h o s t  U ,  Be, and F  minera l i za t ion  a r e  absent o r  concealed. 

S i g n i f i c a n t  F ,  Be, Fe, and W minera l iza t ion  occurs i n  skarns r e l a t e d  t o  
a p l i t i c  and p o r p h y r i t i c  i n t r u s i v e s  a t  Iron Mountain, nor thern  S i e r r a  Cuchillo , 
N . M . ,  and minor Be and U minera l iza t ion  is  present  i n  a l t e r e d  f a u l t  gouge 2  km 
t o  t h e  n o r t h .  This minera l i za t ion  appears t o  be o l d e r  than bu t  geochemically 
s i m i l a r  t o  . t h a t  i n  t h e  Taylor  Creek Rhyolite.  



THE URANIUM CONTENT OF FLUORINE-ENRICHED TAYLOR CREEK RHYOLITE 

OF THE NORTHERN BLACK RANGE, SOUTHWESTERN NEW MEXICO 
/- 

INTRODUCTION 

Topaz r h y o l i t e  lava  occurs i n  t h e  northern Black Range, southwestern New 

Mexico (Fr ies  e t  a l . ,  1942; Ericksen e t  a l . ,  1970; Lufkin, 1972). This r h y o l i t e ,  

whose major outcrops are shown on Figc.ire 1, has been named t h e  Taylor  Creek 

Rhyolite (Elston e t  a l . ,  1968). A s  f a r  a s  can be asce r t a ined ,  no uranium o r  

beryllium minera l iza t ion  has been repor ted  i n  t h e  Taylor Creek Rhyoli te .  Never- 

t h e l e s s ,  due t o  t h e  s i m i l a r i t y  between t h e  porphyr i t i c  r h y o l i t e  lava  a t  Spor 

Mountain and t h e  Taylor Creek Rhyol'ite, t h e  l a t t e r  was chosen a s  a s tudy area  

f o r  t h i s  p ro jec t  . 
The Taylor Creek Rhyolite i s  bes t  known f o r  t h e  t i n  depos i t s  wi th in  i t ,  

L- 

a1 though t h e  presence o f  secondary minerals  ( topaz,  ga rne t ,  b ixby i t e  , ~ s e u d o -  

brooki te ,  and f l u o r i t e )  i n d i c a t e  t h e  s i m i l a r i t y  t o  t h e  topaz r h y o l i t e s  of Utah. 

Other occurrences of  c a s s i t e r i t e  i n  r h y o l i t e s  i n  . the  western United S t a t e s  a r e  

a t  Izenhood Ranch and Majuba H i l l ,  Lander and Pershing Counties, Nevada ( F r i e s ,  

1942; T r i t e s  and Thurston, 1958), Spor Mountain, Utah (Shawe, 1968), t h e  S t a a t s  

Mine, Wah Wah Mountains, Utah (Lindsey and Osmonson, 1978), and e a s t  of Safford ,  

Arizona (Galbrai th and Brennan, 1970). More than 1000 occurrences of t i n  

minera l iza t ion  have been reported i n  n ineteen s t a t e s  of Mexico (Pan, 1974), and 

Smirnov (1977) r e p o r t s  a t i n  deposi t  i n  r h y o l i t e  from t h e  U.S.S.R. Topaz i s  

repor ted  i n  t h e  r h y o l i t e s  from Nevada, Utah, and Mexico. Excluding t h e  two 

occurrences from Utah (which a r e  associa ted  with U ,  F, and Be minera l iza t ion  i n  

underlying t u f f s ) ,  t h e  o t h e r  t in -bea r ing  r h y o l i t e s  could be c l a s s i f i e d  a s  a 

sub-type of  topaz rhyo1.i.t.e ( t i n  r h y o l i t e )  . 



Fig .  1. Map of t h e  major ou tc rops  of Taylor Creek Rhyo l i t e  i n  t h e  
n o r t h e r n  Black Range, southwestern New Mexico ( a f t e r  Lufkin,  1977).  
Some of t h e  northernmost  ou tcrops  a r e  probably t h e  r h y o l i t e  of 
I n d i a n  Peaks (Fodor, 1976).  



PREVIOUS WORK 

Volcanic Rocks 

F e l s i c  rocks associa ted  with two l a r g e  ash-flow t u f f  cauldrons and t h e i r  

ou te r  r i n g  complex belong t o  a d i s t i n c t  pe t ro log ic  s u i t e  within t h e  Mogollon 

Plateau volcanic  f i e l d  known a s  t h e  Catron volcanic s u i t e  (Rhodes, 1976). The 

ages of  rocks i n  t h i s  volcanic s u i t e  range from 27.3 t o  24.0 m.y. years  (Elston 

e t  a l . ,  1973). The Catron volcanic s u i t e  has been assigned t o  t h e  h i g h - s i l i c a  

a l k a l i  r h y o l i t e  s u i t e  (32-21 m.y.) of  t h r e e  overlapping s u i t e s  of  volcanic 

rocks i n  t h e  Mogollon-Datil f i e l d  o f  southwestern New Mexico (Elston e t  a l . ,  

1976a). Pet ro logic  and s t r u c t u r a l  d a t a  i n d i c a t e  the  presence of a l a r g e  

b a t h o l i t h  underlying t h e  Mogollon Plateau (Rhodes, 1976). 

Two types o f  f e l s i c  lava  have been recognized i n  t h e  Catron volcanic  s u i t e  

(Rhodes, 1976). Crystal-poor "framework lava" forms t h e  o u t e r  r i n g  complex, 

and it i s  i n t e r p r e t e d  as  a d i r e c t  d e r i v a t i v e  of  t h e  b a t h o l i t h  beneath t h c  

* Mogollon Plateau (Rhodes, 1976). Crys ta l - r i ch  "cauldron lava" f i l l s  t h e  two 

ash-flow t u f f  cauldrons and p a r t i a l l y  o u t l i n e s  them with domes and flows (Rhodes , 

1976). "Cauldron lava" i s  i n t e r p r e t e d  a s  t h e  product o f  d i f f e r e n t i a t e d ,  v o l a t i l e -  

r i c h  shallow cupolas separated from the  underlying b a t h o l i t h  (Rhodes, 1976). 

The easternmost of t h e  two cauldrons, the  Gi la  C l i f f  Dwelling Cauldron, i s  

o u t l i n e d  by t h e  Jerky Mountain Rhyolite "framework lava" and f i l l e d  by t h e  

Bloodgood Canyon Rhyolite "cauldron lava" (Rhodes, 1976). The Taylor Creek 

Rhyoli te  may represent  t h e  r i n g - f r a c t u r e  "cauldron lava" of  t h e  Gi la  C l i f f  

Dwellings Cauldron (Rhodes, 1976). The Taylor Creek Rhyolite has been dated a t  

24.0 - + 0.5  m.y. years  o ld  (Elston e t  a l . ,  1973). Considerably more d e t a i l  on 

t h e  Catron volcanic  s u i t e  i s  given i n  Elston and Northrop (1976). 
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Lithophi le  Element Minera l iza t ion  

L i thoph i l e  element minera l i za t ion  i n  t h e  Taylor Creek Rhyolt te  i s  l lmi ted  

t o  t i n .  C a s s i t e r i t e  occurs i n  ve ins  and l i thophysae (Fr i e s ,  1940; Ericksen e t  

a l . ,  1970; Lufkin, 1972). Molybdenum and beryll ium anomalies a r e  present  i n  

t h e  Mogollon Pla teau  vo lcan ic  f i e l d  but  ou t s ide  of  t h e  f  luorine-enriched Taylor 

Creek Rhyol i te  (Elston e t  a l . ,  1976b). Fluorine,  tungs ten ,  and beryllium- 

bea r ing  skarns  occur a t  I ron  Mountain i n  t h e  c e n t r a l  S l e r r a  Cuchillo (.Jahns, 1944). 

PRESENT INVESTIGATION 

This  s tudy  includes t h e  r e s u l t s  o f  q u a n t i t a t i v e  ana lys i s  of  phenocrysts ,  

major and t r a c e  element (F ,  U ,  Sn, Be, Li) whole-rock chemistry, determination 

o f  magma type  and i t s  o r i g i n ,  sources and con t ro l s  o f  o r e  d e p 0 s i . t ~  , a.nd t h e  

r o l e  o f  f l u o r i n e  and p y r o c l a s t i c  rocks i n  uranium concentra t ion .  This s tudy 

a l s o  inc ludes  t h e  determination of t h e  volcanic  rock types ,  secondary f e a t u r e s ,  

e rup t ion  and emplacement h i s t o r y ,  and voicanic  s e t t i n g  nf the Taylnr Creek 

Khyoli te .  

VOLCANIC GEOLOGY 

Rock Types and Secondary Features 

The Taylor  Creek Rhyoli te  i s  predominantly compased of flow-1 a.yererl and 

flow-banded l ava ,  but  ign imbr i t e s  a r e  a l s o  present  i n  minor amounts. Pyro- 

e l a s t i c  surge  and f a l l  depos i t s  were n o t  observed. 

Ignimbrifes exposed a t  Hardcast le  Creek a r e  densely weld.ed. A vi t rophyre  

exposed i n  Paramount Canyon may be an ignimbri te  (Lufkln, 1972).. Taylor Creek 

Rhyoli te  crops out  along N . M .  78 nea r  Indian Peaks i n  t h e  northern Black Range 

(Fodor, 19.7G). At: . t h i s  loca l  ity, unwelded t u f f  was observed beneath f  low-banded 

Taylor  Creek Rhyolite lava .  This t u f f  i s  no t  t h e  Railroad Canyon Rhyoli te .  The 

t u f f  con ta ins  l a r g e  blocks o f  p o r p h y r i t i c  l ava  t h a t  have ves lcu la ted  cores and 

ash welded t o  t h e  i r r e g u l a r  margins of t h e  blocks i n d l c a t i n g  t h e  blocks were 

s t i l l  ' l i q u i d  when deposi ted with t h e  t u f f .  The sanidlne  phenocrysts kn t h e  



blocks a r e  s i m i l a r  ( in  s i z e  and number) t o  those  i n  the  overlying flow-banded, 

porphyr i t i c  Taylor Creek Rhyolite lava .  The t u f f  may have a hydromagmatic 

o r i g i n .  

Nearly a l l  t h e  Taylor Creek Rhyolite exposed i n  the  Black Range i s  e i t h e r  

devi t r i f i e d  o r  vapor-phase a1 t e red .  Vitrophyres a r e  r a r e .  Both granophyric 

t e x t u r e s  and s p h e r u l i t e s  were observed, and a x i o l i t e s  a r e  p resen t  i n  one 

densely welded ignimbri te  from Hardcast le  Creek. Most of the  Taylor Creek 

Rhyolitc has undergone vapor-phase a l t e r a t i o n  and vapor-phase c r y s t a l l i z a t i o n .  

M i a r o l i t i c  c a v i t i e s  and l i thophysae l i n e d  with quar t z  and o t h e r  minerals a r e  

common. Argi lli zed, bleached zones of  r h y o l i t e  containing c a s s i t e r i t e  ve ins  

may be products o f  fumarolic a l t e r a t i o n .  

Eruption and Emplacement History 

Exposures o f  Taylor Creek Rhyolite lava a t  Taylor Creek a t t a i n  a th ickness  

o f  approximately 400 f e e t .  A t  one l o c a l i t y  along Taylor Creek, t h e  e n t i r e  

th ickness  of 400 f e e t  c o n s t i t u t e s  a l a r g e ,  overturned f o l d  t h a t  can be t r aced  

from t h e  base t o  t h e  top  o f  t h e  outcrop.  The dome exposed a t  Taylor Creek i s  

an endogenous dome. The Taylor Creek Rhyolite dome a t  Taylor Creek c l o s e l y  

resembles domes formed by squeezing viscous mater ia l  through a narrow aper tu re  

(Reyer, 1888; i n  Williams, 1932). The lava d id  no t  flow grea t  d i s t ances  and 

re ta ined  i t s  dome geometry. Individual  cooling u n i t s  a r e  not  v i s i b l e ,  i n d i -  

c a t i n g  t h a t  a l l  t h e  lava was emplaced a t  c lose  t o  t h e  same time. The g r e a t  

th ickness  o f  l ava  prevented rap id  cooling.  This conclusion i s  supported by 

t h e  abundance o f  d e v i t r i f i e d  and vapor-phase a l t e r e d  rocks and t h e  absence of 

v i t rophyres .  

Volcanic S e t t i n g  

Exposures o f  Taylor Creek Rhyolite a r e  thought t o  represent  .the r i n g  

f r a c t u r e  volcanics  o f  t h e  Gi la  C l i f f  Dwellings Cauldron, although they a r e  
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p resen t  only  along t h e  e a s t e r n  margin o f  t h e  cauldron (Rhodes, 1976). 

S i m i l a r i t y  i n  age, mineralogy, and chemical composition t o  t h e  Gi la  C l i f f  

Dwell i~lgs Cauldron members of  t h e  Catron volcanic  s u i t e  suggests  t h e  Taylor 

Creek Rhyoli te  belongs t o  t h i s  s u i t e .  Whether t h e  Taylor Creek Rhyolite repre-  

s e n t s  the  r i n g  f r a c t u r e  volcanics  o f  t h e  Gila C l i f f  Dwellings Cauldron o r  a 

s e p a r a t e  dome f i e l d  was n o t  determined i n  t h i s  s tudy.  

PETROLOGY 
.- - 

Mineralogy 

The Taylor  Creek, Bloodgood Canyon, and Jerky Mountain Rhyoli te  were 

examined pe t rograph ica l ly  and a l l  contain sanidine ,  q u a r t z ,  b i o t i t e ,  hornblende, 

p l a g i o c l a s e  , sphene and oxides,  although a l l  t h e s e  phases may n o t  be p resen t  

i n  one t h i n  sec t ion .  In a d d i t i o n ,  one sample of Taylnr Creek Rhyolito (IP-2) 

con ta ins  f e r r o a u g i t e  but  no b i o t i t e  o r  amphibole. Other minerals  i n  the  Taylor 

Creek Rhyoli te  inc lude  t i t a n i f e r o u ~  magneti te ,  7.irrnn and f a y a l i t o  (?) (Lufkin, 

1 Uxides were not  i d e n t i f i e d  i n  t h i s  s tudy.  - Iden t i ca l  mincralogy between 

t h e  G i l a  C l i f f  Dwellings Cauldron members of t h e  Catron vnl canic s u i t e  suggests  

t h e s e  rocki a r e  genet ica l  l y  r e l a t e d .  B i o t i t e  and hornblende, except i n  Blood- 

guud Canyon Rhy6lite v i t rophyre  BR-3, a r e  e i t h e r  rimmed o r  replaced by opaque 
\ 

oxides .  Bmbayed quar tz  and san id ine  phenocrysts a r e  p resen t  i n  a l l  t h r e e  

r h y o l i t e s .  .Glomeroporphyri t ic  t e x t u r e s  a r e  common i n  t h e  Taylor Creek Rhynlitc 

and l e s s  common i n  t h e  Bloodgood Canyon and Jerky Mountain Rhyoli te ,  Graphic 

t e x t u r e  was observed i n  a few samples, inc luding t h e  Jerky Mountain Rhyolite; 

t h i s  observat ion  i s  i n  disagreement with a previous i n v e s t i g a t i o n  (Rhodes , 1976) . 
A sample o f  Taylor  Creek Rhyolite (IP-2) from the  nor thern  Black Range 

n e a r  Indian Peaks was chosen f o r  e l ec t ron  microprobe ana lys i s  of  phenocrysts 

(Table 1 ) .  This  sample of Taylor  Creek Rhyoli te  i s  a t y p i c a l  because i t  con- 

t a i n s  pyroxene but no b i o t i t e  o r  amphibole. Sanidine phenocrysts have nea r ly  

equal molecular percentages o f  o r thoc lase  and a l b i t e ,  and t h e  a n o r t h i t e  
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Table 1 

Chemical cor.position and s t r u c t u r a l  formula of s a n i d i n e  and 
pyroxene p h ~ n o c r y s t s  i n  Taylor Creek Rhyoli te ;  sample IP-2. 

Sanidine Sanidine Sanidine Sanidine Sanidine Sanidine Ferroaugite wt.16 

Si02 

'?lo2 

A1203 
FeO 

I'lnO 

!.!go 

CaO 

Na20 

K2° 

total 

Mno 

Mar0 
CaO 

total 

Numbere 04 ions on the baeie of 32(0). Numbers of ions on the basis of 6 (0). X2Z206 ; Z = Si,Ti,Al 

X = Fe,Nn,Mg, 

1.9591 1 ,9608 1.9802 
Ca,Na,K 

0.0063 0.0107 0.0031 

0.0329 0.0283 0.0197 

0.7188 0.7526 0.8390 

0.0520 0.0570 0.0576 

0.5238 0.5067 0.3874 

0.7065 0.6773 0.7108 

0.0350 0.0408 0.0350 

0.0028 0.0008 0.0008 

include8 Mn and Mg. * includes F'h. 

Analyses by B. Correa us ing  ARL SFNQ e l e c t r o n  microprobe wi th  Tracor 
Northern authornation, (NS-880, TN-1310) and Bence-Albee ma t r ix  c o r r e c t i o n  
program. Beam diameter of 25 microns, sample cu r r en t  of 20 nA a t  1 5  kV. 
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component does n o t  exceed 3% (Table 1, F i g ,  2 ) .  The pyroxenes a r e  f e r r o a u g i t e ,  

and t h e y  c o n t a i n  up t o  1.70 w t . %  MnO (Table 1, Fig .  2a ) .  

Cher~~i  s t r y  

Nine samples of t h e  Gila C l i f f  Dwellings Cauldron members of  t h e  Catron v o l -  

c a n i c  s u i t e  (Table 2 ,  Appendix 1) were analyzed f o r  major elements (Table 3 ,  f i r s t  

9 a n a l y s e s ) .  R e l a t i v e  t o  t y p i c a l  orogenic  r h y o l i t e s ,  a l l  members of t h e  s u i t e  

c o n t a i n  low A1203, MnO, MgO, and CaO and high S i02  and K20. The Taylor  Creek 

Rhyo l i t e  i s  c h a r a c t e r i z e d  by h ighe r  SiO and lower Na 0  and K 0  (F igs .  3 ,  4 ,  S ) .  
2  2  2 

T o t a l  a l k a l i s  exceed FeO and MgO f o r  a l l  samples (F ig .  6 ) .  Some of  t h e  v a r i a b i l i t y  

between samples of  Taylor  Creek Rhyo l i t e  may he  d ~ i e  t o  d i f f e r e n t  amounts and types 

o f  phenoc rys t s ,  groundmass, and secondary f e a t u r e s .  Sample IP-2, f o r  example, 

owes i t s  h igh  SiO con ten t  i n  p a r t  t o  microscopic opa l  ve ins  w i th in  t h e  o therwise  
2 

f r e s h  l a v a .  No samples of  Taylor  Creek Rhyo l i t e  t h a t  had undergone v i s i b l e  vapor- 

phase a l t e r a t i o n  were analyzed.  

Nine samples of  t h e  G i l a  C l i f f  Dwellings Cauldron members of  t h e  Catron 

v o l c a n i c  s u i t e  werc analyzed f o r  Be, L i ,  and Sn (Table 4 ,  7  o f  t h e  9 above p l u s  

BK-19 and IP-1) .  L i thophysa l ,  topaz-bear ing  Taylor  Creek Rhyol i te  (BR-19) con ta ins  

t h e  h i g h e s t  amounts o f  Be, L i  and Sn. Taylor  Creek Rhyol i te  v i t r o p h y r e  (HC-8) 

c o n t a i n s  t h e  second h i g h e s t  L i .  Densely welded ign imbr i t e s  o f  Taylor  Creek 

Rhyo l i t e  (HC-3 and BR-28) c o n t a i n  high Be and L i .  

Vi t rvphyres  of t h e  Bloodgood Canyon (BK-3) and Taylor  Creek Rhyol i te  (HC-81 

t l c au ld ron  lava" o f  t h e  G i l a  C l i f f  Dwellings Cauldron were analyzed f o r  f l u o r i n e  

(Table 4 ) .  The f l u o r i n e  con ten t  o f  t h e  Taylor Creek Rhyol i te  i s  n e a r l y  f o u r  t imes  

t h a t  o f  t h e  Bloodgood Canyon Rhyol i te .  The major d i f f e r e n c e s  between t h e  two 

"cauldron  lavas"  of t h e  G i l a  C l i f f  Dwellings Cauldron a r e  t h a t  t h e  Taylor  Creek 

Rhyo l i t e  i s  h i g h e r  i n  S i02  and f l u o r i n e  and t h e  Bloodgood Canyon Rhyol i te  i s  

h i g h e r  i n  K20 and Na20. 



Fig .  2.  Composition of s a n i d i n e  a s  molecular  p r o p o r t i o n s  of 
a n o r t h i t e  (An), a l b i t e  (Ab), and o r t h o c l a s e  (Or).  

Fig. ?a. Composition of pyroxene a s  molecular  p ropor t ions  
of e n s t a t i t e  (En) ; f e r r o s i l i t e  (Fs) , and w o l l a s t o n i t e  (WO) . 
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Fig.' 8. P l o t  of p a r t s  per  m i l l i o n  uranium, beryl l ium, and l i th ium 
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Fig .  6. Composition of rocks  from New Mexico a s  weight  
p r o p o r t i o n  of ox ides  (A = Na 0  + K 0; F  = t o t a l  Fe a s  
FeO; M = MgO). 

2 2 

- Jerkg Mountain Rhyolite 
- Bloodgood Canyon .Rhyolite - Taylor Oreek Rhyolite 

0 - k-uu Moanralii aglite and rhyolite porphyry 
0 - Vicks Peak Rhyolite 

Ab Or 

Fig .  7. P l o t ' o f  norniative Q, o r ,  ab o f . r o c k s  from.New Mexico. Curve 
i s  f o r  t h e  wa te r - sa tu ra t ed  l i qu i -d . in  equidbrium w i t h  q u a r t z  and a l k a l i  
f e l d s p a r  a t  1000 b a r s  con f in ing  p re s su re .  I s o b a r i c  minimum is  l a b e l e d  
m. Analyzed g r a n i t e s  c o n c e n t r a t e  i n  t h e  c i r c l e d  a r e a  ( a f t e r  Carmich- 
a e l  e t  a l . ,  1974: from T u t t l e  and Bowen, 1958). 



Table 2 

Desc r ip t i on  of analyzed samples from New Mexico. 

sample sample description 

BR-1 

BR-2 

BR-3 

BR-3a 

BR-16 

BR-28 

HC-3 

HC-8 

IP-2 

BR- 2 9 

BII-30 

A'tlS-16 

miarolitic, flow-banded Jerky Mountain Rhyolite lava 

spherulitic, flow-banded Jerky Mountain Rhyolite lava 

hydrated vitrophyre of Bloodgood Canyon Rhyolite 

devitrified Bloodgood Canyon Rhyolite; incipiently welded 

devitrified Taylor Creek Rhyolite lava 

partly devitrified Taylor Creek Rhyolite; 
densely welded ignimbrite 
partly devitrified Taylor Creek Rhyolite; 
densely welded ignimbrite 

hydrated vitrophyre of Taylor Creek Rhyolite 

partly devitrified Taylor Creek Rhyolite; block in 
ignimbrite underlying flow-banded lava( IP-1) 

aplite of Iron Mountain 

rhyolite porphyry of Iron Mountain 

hydrated vitrophyre of Vicks Peak Rhyolite 

AWS-11 altered, densely welded ~icks' Peak Rhyolite 

AWS-15 altered rhyolite of Alum Spring 

HC-7 silicified Taylor Creek Rhyulite 

BR-I 9 lithophysal, topaz-bearing Taylor Creek Rhyolite lava 

IP-1 devitrified and vapor-phase altered Taylor Creek 
Rhyolite lava overlying ignimbrite containing IP-2 

AVS-9 altered fault gouge containing Be and U mineralization 



Table' 3 

Chemical ccmpositior-s and CIPW norms of rocks from t h e  Catron 
vo lcan ic  s c i t e ,  I r o ~  Mountain, and t h e  no r the rn  S i e r r a  Cuchil lo .  

sio2 
Ti02 

. A1203 

Fe203 
Mno 

Mgo 
CaO 
Na20 

K2° 

'2'5 
F 
total 
OEF 
total 
L.O.I. 

mt w 0.50 0.53 0.57 0.52 0.55 0.50 0.69 0.50 0.83 0.34 1.08 0.71 - - - P 

total 99.30 99.21 99.22'98.52 9'3.65 '39.99 99.12 99..24 98.97 ,98.88 98.64 98.99 - - - 
Chemical compositions determined by X-ray fluorescer .ce spectroscopy ( P h i l l i p s  PW-14li)), except  Na2O and MgO by atomic 
absorb t ion  spectrophotometry jyar ian Techtron 12511); a n a l y s t  B. Correa. For CIPW norms F e / t o t a l  Fe a s  FeO = 0.70. 



Table 4 

'Trace element con ten t  of rocks  from New Mexico. 

sample PPm U PPm Be PPm Li PPm Sn PPm F 

Uranium determined by delayed neutron activation analysis. 
Beryllium, lithium, and tin determined by atomic absorbtion spectrophotometry 
on Varian Techtron Model 1250. National Institute for Metallurgy(South 
~ f r i c a )  rook standard MIM-G wae used as a matrix and doped to appropriate 
concentrations to cover the rbge of unknowns. NII4-G was used because of 
i ts  similarity in major element composition to the unknowns and its low 
concentration of Be, Li, and Sn. U.S.G.S. standard G-2 was also used for 
the beryllium analysis. n. d. = no t  determined. 
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The t r a c e  element content  o f  Taylor Creek Rhyolite v i t rophyre  (HC-8) shows 

t h a t  i t  i s  deple ted  i n  Sc, C r ,  Co, and Ba compared t o  the  average g r a n i t e  

(Table 5) . Taylor Creek Rhyoli te  i s  enriched i n  Z r  , Hf, Th, U ,  Rb, C s  , and 

e s p e c i a l l y  Yb over t h e  average g r a n i t e .  The Taylor Creek Rhyolite and average 

g r a n i t e  have approximately t h e  same amounts of La and Ta. The ra re -ea r th  element 

d i s t r i b u t i o n  p a t t e r n  normalized t o  t h a t  o f  chondri tes  (Fig. 9) shows a 

pronounced nega t ive  Eu anamoly. Heavy r a r e - e a r t h  element abundances a r e  high 

8 

and La/Lu (2.37) i s  low compared t o  t h e  Bishop Tuff and o t h e r  h ighly  d i f f e r e n -  
, 

t i a t e d ,  suba lka l ine  ash-flow t u f f s  and lavas (Hildreth,  1979; Noble e t  a l . ,  

1979). Some highly  d i f f e r e n t i a t e d  pe ra lka l ine  g lasses  exceed Taylor  Creek 

Rhyoli te  i n  heavy r a r e - e a r t h  element content ,  but  most p e r a l k a l i n e  g lasses  have 

two t o  s i x  t imes h igher  La/Lu (Noble e t  a l . ,  1979). One aspect  o f  t h e  r a r e -  

e a r t h  element d i s t r i b u t i o n  o f  Taylor  Creek Rhyoli te  (Fig. 9) which i s  d i f f e r e n t  

from o t h e r  h igh ly  d i f f e r e n t i a t e d  subalkal ine  and p e r a l k a l i n e  volcanic rocks i s  

luw La/Ce (1.03) . 

Petrogenes is  

In terms o f  normative 9 2 ,  ab, and o r ,  t h e  Gi la  C l i f f  h e 1  l i n g s  Chuldrqn 

members of  t h e  Catron vo lcan ic  s u i t e  p l o t  nea r  t h e  boundary curve between t h e  

quar t z  and a l k a l i  f e l d s p a r  f i e l d s  i n  t h e  water -sa tura ted  system NaA1Si308-KA1Si308- 

Si02 i n  t h e  range of 500 t o  3000 bars  confining pressure  (Fig. 7) .  Bloodgood 

Canyon and Jerky Mountain Rhyoli te  p l o t  within t h e  area  where analyzed g r a n i t e s  

p l o t ,  and t h e  Taylor Creek Rhyoli te  p l o t s  more toward t h e  quar tz  apex (Fig. 7 ) .  

The extreme quar tz - r i ch  sample (IP-2) does not  r ep resen t  a t r u e  composition 

because o f  microscopic opal ve ins  i n  t h a t  sample. Although t h e  Gi la  C l i f f  

Dwellings Cauldron members of t h e  Catron volcanic  s u i t e  a r e  s i m i l a r  i n  norma- 

t l v e  qz ,  ab ,  and o r  t o  analyzed g r a n i t e s ,  the  t r a c e  element content  of Taylor 

Creek Rhyoli te  i s  much d i f f e r e n t  (Table 5 ) .  Taylor Creek Rhyolife i s  s i m i l a r  
I 

f 

t o  p e r a l k a l i n e  r h y o l i t e s  i n  i t s  content  o f  Sc, Co, C r ,  Th, Yb, and Lu, but  it 

i s  s l i g h t l y  lower i n  Z r ,  H f ,  Ta, La, Ce, Nd, Sm, Eu, and Tb and s l i g h t l y  



Table 5 

Trace element content  of Taylor Creek Rhyoli te  vitrophyre(HC-8). 

parts per million(HC-8) ppm of average granite, from ~aylor(1964), 
Taylor and White(1966). 

Trace element content determined by instrumental neutron activation 

analysis at the University of Oregon by G. Goles. 

- - 



trivalent ionic radii in six-fold coordination 

Fig. 9. Distribution of rare-earth elements in Taylor Creek 
rhyolite (HC-8) normalized to Leedey chondrite divided by 1.2. 
Data from Masuda et al. (1973). Ionic radii from Whittaker and 
Muntus (1970). 
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higher i n  U, Ba, and Rb. Thus, Taylor Creek Rhyolite has the  t r a c e  element 

content o f  h ighly  d i f f e r e n t i a t e d  rocks (pera lkal ine)  . 
According t o  Elston e t  a l .  [1976a), t h e  h i g h - s i l i c a  a l k a l i  r h y o l i t e  s u i t e  (of 

which t h e  Catron volcanic s u i t e  i s  a member) was produced by p a r t i a l  melt ing of  

upper mantle arid/or lower c r u s t  i n  response t o  r i s i n g  isotherms, caused a t  l e a s t  

i n  p a r t  by emplacement of b a s a l t i c  andes i t e  and t h e  in tense  per iod  o f  ca lc-a lka-  

l i n e  volcanism beginning 37 m.y. and 43 m.y. years  ago respec t ive ly .  The high- 

s i l i c a  a l k a l i  r h y o l i t e  s u i t e  i s  l a r g e l y  confined t o  t h e  Mogollon Plateau which i s  

underlain by a composite g r a n i t i c  pluton 125 km i n  diameter (Elston e t  a l . ,  1976a). 

The most mafic rock i n  t h e  Catron volcanic  s u i t e  i s  a quar tz  l a t i t e ,  so  t h e  s u i t e  

must have formed a t  l e a s t  i n  p a r t  by melt ing of t h e  f e l s i c  f r a c t i o n  o f  t h e  lower r 

c r u s t .  I n i t i a l  8 7 ~ r / 8 6 ~ r  a r e  i n  t h e  range of  0.7100 t o  0.7300 f o r  high Rb (270 

and 221 ppm), low S r  (6.2 and 4.7 ppm) rocks of t h e  h i g h - s i l i c a  a l k a l i  r h y o l i t e  

s u i t e  (Bikerman, 1976) . Preliminary i n i t i a l  8 7 ~ r /  8 6 ~ r  determinations f o r  Taylor 

Creek Rhyolite gave a Rb content  of 350 ppm, a S r  content  o f  l e s s  than 5 ppm and an 

i n i t i a l  8 7 ~ r / 8 6 ~ r  of l e s s  than 0.7520. Therefore, incorpora t ion  o f  c r u s t a l  ma te r i a l  

may have played a s i g n i f i c a n t  r o l e  i n  forming t h e  h i g h - s i l i c a  a l k a l i  r h y o l i t e  s u i t e .  

The narrow range of bulk composition i n  t h e  Gi la  C l i f f  Dwellings Cauldron 

members o f  t h e  Catron volcanic s u i t e  suggests  t h e  composition o f  t h e  b a t h o l i t h  

was a t  o r  near  t h e  i s o b a r i c  minimum i n  t h e  water -sa tura ted  system NaA1Si308- 

KAlSi308-SiO2 t o  begin with.  Of t h e  two "cauldron lavas" of  t h e  Gi la  C l i f f  

Dwellings Cauldron, Taylor Creek Rhyoli te  i s  h igher  i n  Si02 and Bloodgood Canyon 

Rhyolite i s  higher  i n  K20 and K20 + Na20. This may r e f l e c t  continued d i f f e r e n t i a t i o n  

of t h e  "cauldron lava" magma a f t e r  e rupt ion  o f  t h e  Bloodgood Canyon Rhyoli te  by 

a l k a l i  f e l d s p a r  f r a c t i o n a t i o n  and/or thermograv2tational d i f f u s i o n  ( ,Hildreth,  1979). 

Frac t ional  c r y s t a l l i z a t i o n  o f  sanidine  would inc rease  SiO? - and decrease  K20, 

Na20, and A1203 i n  t h e  magma. Frac t ional  c r y s t a l l i z a t i o n  alone does not  

account f o r  t h e  d i f fe rences  i n  the  content  of F, U ,  and L i  between Bloodgood 

Canyon Rhyoli te  v i  t rophyre (.BR-3) and Taylor Creek Rhyoli te  v i t rophyre  

(HC-8) (Table 4 ) .  A l a rge  percent  o f  t h e  magma would have t o  c r y s t a l -  
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l i z e  t o  c r e a t e  the  inc rease  i n  F, U, and L i  i n  Taylor Creek Rhyolite.  Thus, 

thermogravi ta t ional  d i f f u s i o n  may expla in  t h e  inc rease  i n  t h e s e  elements i n  

Taylor  Creek Rhyoli te . ,  The pronounced negat ive  Eu anamoly i n  Taylor Creek 

Rhyoli te  (Fig.  9) i n d i c a t e s  t h a t  f e ldspar  f r a c t i o n a t i o n  operated a t  some time 

be fo re  o r  dur ing  t h e  genera t ion  of  Taylor Creek Rhyolite.  

The Gi la  C l i f f  ~ w e l l i n ~ s  Cauldron members of t h e  Catron volcanic  s u i t e  

a r e  chemically very s i m i l a r  t o  t h e  A-type (anorogenic) g r a n i t e s  o f  Lo i se l l e  

and Wones (1979). The i r  A-type g ran i t e s  a r e  mildly a l k a l i n e ,  have low CaO and 

A1203 c o n t e n t s ,  high Fe/Fe + Mg, high K20/Na20 and absolute  K20 content .  A-type 

g r a n i t e s  a r e  high i n  f l u o r i n e ,  enriched i n  incompatible t r a c e  elements (REE 

except  Eu; Z r ,  Nb, Ta) and low i n  Co, Sc, C r ,  N i ,  Ba, S r ,  and Eu (Lo i se l l e  and 

Wones , 1979). A-type g r a n i t e s  a r e  produced by i n t e r a c t i o n  o f  a l k a l i  b a s a l t  

and g r a n u l i t e  f a c i e s  lower c r u s t  o r  f r a c t i o n a t i o n  from a l k a l i  b a s a l t  without 

c r u s t a l  i n t e r a c t i o n  (Lo i se l l e  and Wones , 1979). The high i n i t i a l  87sr/86Sr of 

t h e  h i g h - s i l i c a  a l k a l i  r h y o l i t e  s u i t e  i n d i c a t e s  a  considerable c r u s t a l  component. 

A-type g r a n i t e s  with h igh i n i t i a l  8 7 ~ r / 8 6 ~ r  form within s t a b l e  con t inen t s ,  and 

those  wi th  low i n i t i a l  8 7 ~ r / 8 6 ~ r  form along r i f t  zones (Lo i se l l e  and Wones , 1979). 

TIN DEPOSITS IN THE TAYLOR CREEK RHYOLITE 

Review - ~ of  Previous Studies  

Previous i n v e s t i g a t i o n  of t h e  t i n  minera l iza t ion  i n  t h e  Taylor Creek 

Rhyol i te  has produced considerable  d a t a  on t h e  n a t u r e  of t h e   deposit.^ (Lufkin, 

ly.721 . Coarsely c r y s t a l l i n e  c a s s i t e r i t e ,  wood t i n ,  hemati te ,  qua r t z ,  crypto-  

c r y s t a l l i n e  s i l i c a ,  b ixby i t e ,  pseudobrookite, a l k a l i  f e ldspar ,  topaz,  and 

monazite occur i n  discontinuous veins  i n  the  r h y o l i t e  (Lufkin, 1972). The 

s t r u c t u r e  o f  t h e  ve ins  has been i n t e r p r e t e d  a s  a  t ens iona l  f e a t u r e  developed 

a f t e r  flowage o f  t h e  r h y o l i t e  ceased (,Lufkin, 1972). The veins  were deposi ted 

from a gas phase re l eased  from v o l a t i l e  and t i n - r i c h  l aye r s  within t h e  cooling 

r h y o l i t e  domes (Lufkin, 1972). Based on t h e  composit,ion o f  coex i s t ing  c a s s i t e r i t e ,  



b i x b y i t e  and pseudobrookite i n  l i thophysae ,  a  tempera ture  o f  600°C o r  h ighe r  

was assigned t o  t h e  formation o f  t h e  t i n  ve ins  (Lufkin, 1972).  

Present  I n v e s t i g a t i o n  

This  s tudy i s  i n  agreement with previous  i n v e s t i g a t i o n s  on t h e  s t r u c t u r e  

of  t h e  ve ins .  I t  i s  doub t fu l ,  though, t h a t  v o l a t i l e  and t i n - r i c h  l a y e r s  l a r g e  

enough t o  produce t h e  t i n  ve ins  could e x i s t  a s  d i s t i n c t  l a y e r s  w i th in  t h e  
/ 

r h y o l i t e  domes. Zones o f  m i a r o l i t i c  c a v i t i e s  and l i thophysae  con ta in ing  

c a s s i t e r i t e  a r e  p r e s e n t ,  bu t  t h e  amount o f  t i n  i n  t h e s e  zones i s  much l e s s  

than  i n  t h e  ve ins  and on ly  r e p r e s e n t s  t h e  t i n  conten t  o f  t h e  l ava .  The t i n  i s  

i n t e r p r e t e d  a s  being de r ived  from t h e  r h y o l i t e ,  bu t  no t  from v o l a t i l e  and t i n -  

r i c h  l a y e r s  w i th in  t h e  domes. This o r i g i n  o f  t h e  mine ra l i z ing  s o l u t i o n s  i s  

supported by t h e  d i s c o n t i n u i t y  of  t h e  t i n  ve ins  and t h e  absence of t i n  v e i n s  

" a t  depth.  To what depth t h e  a r g i l l i z e d  and bleached zones con ta in ing  t h e  ' 

t i n  ve ins  occur  i s  n o t  known. S tudies  of t h e  Dzhalinda d e p o s i t ,  U.S.S.R. 

' have shown t h a t  t i n  ve ins  occur  i n  qua r t z  metasomati tes  confined t o  t h e  nea r -  

* s u r f a c e  f a c i e s  of  t h e  q u a r t z  porphyry ex t rus ion  (Smirnov, 1977).  The depth 

o f  t h e  ore-bear ing  metasomati tes  does n o t  exceed 35 meters ,  and hydrothermal 

a l t e r a t i o n  i s  absent  a t  50 meters from t h e  s u r f a c e  (Smirnov, 1977).  Wood-tin 

arid c1ie.r.L-like q u a r t z  r ep l ace  t h e  c a t a c l a s e d  and a l t c r e d  quartz,  porphyr ies  

along d iscont inuous  zones (Smirnov, 1977).  The Dzhalinda d e p o s i t  may be an 

ana log  t o  t h e  t i n  d e p o s i t s  i n  t h e  Taylor  Creek Rhyol i te .  I f  fumarol ic  gases  

produced by d e v i t r i f i c a t i o n  o f  t h e  r h y o l i t e  c a r r i e d  t i n  towards t h e  s u r f a c e  and 

depos i ted  i t  along f r a c t u r e s ,  t h i s  would r e s u l t  i n  a l t e r a t i o n  on ly  n e a r  t h e  

s u r f a c e  and t h e  absence o f  t i n  ve ins  at depth.  S t u d i e s  o f  fumarol ic  mdunds and 

r i d g e s  have shown t h a t  a l t e r a t i o n  is  n o t  produced a t  g r e a t  depths o r  d i s t a n c e s  

away from t h e  mounds (Sheridan,  1970).  The tempera ture  o f  formation deduced 

f o r  t h e  Rlack Range t i n  d e p o s i t s  must b e  cons idered  a s  a  maximum on ly .  'The 



temperature of 600°C i s  a c t u a l l y  j u s t  t h e  temperature of  vapor-phase c r y s t a l l i -  

za t ion  i n  t h e  l i thophysae.  Such a temperature f o r  vapor-phase c r y s t a l l i z a t i o n  

and l i thophysae  growth i s  reasonable because a t ' any lower temperature t h e  

s t r e n g t h  o f  t h e  lava  would p r o h i b i t  growth of  a v e s i c l e .  I f  a model of fumarolic 

depos i t ion  i s  assumed, a range o f  temperatures from t h e  ext rus ion temperature 

of  t h e  r h y o l i t e  t o  2S0c would be expected. The abundance o f  wood-tin and 

c r y p t o ~ r y s t a l l i n e  s i l i c a  i n  t h e  t i n  veins suggests  a much lower temperature 

f o r  formation o f  t h e  t i n  veins .  The Mexican t i n  deposi ts  formed a t  lower than 

~ S O ' U ,  i n d i c a t i n g  much o f  t h e  t i n  i s  deposited a t  low temperatures (Pan, 1974). 

URANIUM CONTENT OF TAYLOR CREEK RHYOLITE AND THE ROLE OF INITIAL ERUPTIVE 

PRODUCTS AND FOREIGN LITHICS IN.'URANIUM MINERALIZATION 

The uranium content  of Taylor Creek Rhyolite ranges from 7.4 ppm t o  30.2 

pprn (Table 4) . Lithophysal , topaz-bearing Taylor Creek Rhyolite lava  ( B R - 1 9 )  

has  t h e  lowest uranium content  (7.4 ppm), and a block i n  t u f f  underlying flow- 

banded Taylor Creek Rhyolite lava near Indian Peaks (IP-2) has t h e  h ighes t  

uranium contcnt  (30.2 ppm). This block, although only s l i g h t l y  d e v i t r i f i e d ,  con- 

t a i n s  microscopic ve ins  of  opal  which probably ca r ry  p a r t  of t h e  uranium. Taylor 

Creek Rhyoli te  v i t rophyre  (HC-8) has t h e  h ighes t  uranium content ( l2 .9  ppm) 

bes ides  IP-2, Densely welded i m i m b r i t e s  (HC-3 and BR-28) contain no more 

uranium than flow-banded lavas  (BR-19 and IP-1) eventhough t h e  ignimbrites a r e  

only  p a r t l y  d e v i t r i f i e d  and t h e  lavas  a r e  vapor-phase a l t e r e d .  

Most of  t h e  Taylor Creek Rhyolite i s  l a rge ,  th ick  p i l e s  of d e v i t r i f i e d  and 

vapor-phase a l t e r e d  lava  s i m i l a r  t o  t h e  Topaz M t .  Rhyolite of  t h e  Thomas Range, 
/ 

Utah (Lindsey, 19791. Aprons of t u f f  produced by hydromagmatic o r  magmatic 

e rup t ions  when the  Taylor Creek Rhyolite i n i t i a l l y  vented t o  t h e  su r face  a r e  

not  v i s i b l e  a t  most outcrops.  These t u f f s ,  i f  p resen t ,  a r e  probably covered by 

t h e  large'domes which followed any i n i t i a l  explosive a c t i v i t y .  These t u f f s  



would be t h e  most probable h o s t s  f o r  uranium minera l iza t ion  due t o  t h e i r  . 

permeabil i ty and t h e  presence of r e a c t i v e ,  foreign l i t h i c  fragments a s  a t  Spor 

Mt . ,  Utah (Bikun, t h i s  voiume). Near Indian Peaks, i n  t h e  nor thern  Black Range, 

i s  the  only outcrop o f  Taylor Creek Rhyolite lava under la in  by t u f f  observed 

during t h i s  s tudy.  Large blocks (.I5 cm i n  diameter) of  Taylor Creek Rhyolite 

a r e  present  i n  the  t u f f .  This outcrop i s  i n t e r p r e t e d  a s  a small t u f f  r i n g  

f i l l e d  and covered by a flow-banded dome from the.same vent .  The r a d i o a c t i v i t y  

o f  t h e  t u f f  i s  two times t h a t  of t h e  overlying lava.  The overlying l ava  (IP-1) 

conta ins  9.4 ppm uranium, and a block of  Taylor Creek Rhyoli te  (IP-2) (contain-  

i n g  microscopic opal veins)  i n  t h e  t u f f  has 30.2 ppm uranium. Thus, uranium 

was concentrated i n  the  t u f f  underlying t h e  lava  by meteoric-hydrothermal con- 

vect ion through the  t u f f  o r  groundwater leaching o f  t h e  lava .  This outcrop of 

Taylor Creek Rhyolite i s  analogous t o  uranium minera l iza t ion  i n  t u f f s  beneath 

l ava  a t  Spor M t  . , Utah (Bikun, t h i s  vdlume) although no f l u o r i t e  -mineral i  zed, 

carbonate l i t h i c  fragments a r e  present  a t  t h i s  outcrop and t h e  uranium content  

I .  

i s  much lower. 

The dependence o f  uranium content and uranium minera l iza t ion  on the  f l u o r i n e  

content  o f  Taylor  Creek Rhyolite i s  somewhat obscure. The only outcrop of  

Taylor Creek Rhyolite containing macroscopic topaz (BR-19) i s  the  lowest i n  

uranium content  (7.4 ppm). This vapor-phase a l t e r e d  rock may have l o s t  much o f  

i t s  uranium by leaching.  Comparing Bloodgood Canyon Rhyolite (BR-3) and Taylor 

Creek Rhyoli t e  (HC- 8) "cauldron 1 avaff v i t rophyres  shows t h a t  uranium inc reases  

with inc reas ing  f l u o r i n e ,  although t h e  inc rease  i n  uranium content  i s  small  

(Fig. 8 ) .  Lithium shows a s t ronger  c o r r e l a t i o n  with f l u o r i n e  content  (Fig. 8 ) .  

CUNCLUS I ON 

The Taylor Creek Rhyolite r ep resen t s  a sub-type o f  topaz r h y o l i t e  charac- 

t e r i z e d  by c a s s i t e r i t e  ve ins  i n  t h e  upper p a r t s  o f  t h e  lavas  and a r e l a t i v e l y  



lower content  o f  U ,  B e ,  and F .  C a s s i t e r i t e  occurs i n  topaz r h y o l i t e s  a t  Spor - 
M t  . and t h e  Wah Wah Mts., Utah, but t i n  i n  t h e s e  occurrences i s  subordinate 

t o  t h e  B e ,  U,  and F minera l i za t ion .  In  add i t ion  t o  t h e  lower content  of  

uranium and f l u o r i n e  i n  t h e  Taylor  Creek Rhyoli te ,  t h e  lack o f  uranium and 

f l u o r i n e  minera l i za t ion  assoc ia ted  with t h e  Taylor  Creek Rhyolite i s  due t o  

t h e  absence o r  concealment o f  p y m c l a s t i c  depos i t s  ( e spec ia l ly  hydromagmatic 

d e p o s i t s  - explosion b recc ias ,  surges ,  a i r f a l l )  which commonly underly t h e  

capping l avas .  These depos i t s  n o t  only provide t h e  permeabi l i ty  f o r  meteoric- 

hydrothermal convection through t h e  vent  a rea ,  but  a l s o  may contain r e a c t i v e  

fo re ign  l i t h i c  fragments (Ca-rich) which become t h e  foca l  po in t s  o f  uranium 

and f l u o r i n e  minera l i za t ion  a s  a t  Spor Mountain, Utah (Bikun, t h i s  volume). 

Considerable uranium and f l u o r i n e  probably were leached from the  lavas  but  

were l o s t  due t o  lack of a s u i t a b l e  envjronment f o r  deposi t ion .  ~ ~ r o c l a s t i c  

d e p o s i t s ,  t h i c k  and extens ive  enough t o  hos t  economic uranium minera l i za t ion ,  

may w e l l  e x i s t  beneath t h e  l a r g e  p i l e s  o f  Taylor Creek Rhyolite l ava ,  but  t h e i r  

e x i s t e n c e  and p o s s i b l e  content  o f  r e a c t i v e  l i t h i c  fragments remains t o  be 

v e r i f i e d .  

There i s  a p o s s i b i l i t y  t h a t  economic t i n  depos i t s  might e x i s t  i n  add l t ion  ' ' 

t o  those  i n  t h e  upper p a r t s  o f  t h e  Taylor Creek Rhyoli te .  Shallow, i n t r u s i v e  

bodies o f  Taylor  Creek Rhyoli te  may h o s t  low-temperature hydrothermal t l n  

d e p o s i t s  o f  t h e  Mexican-type (Pan, 1974). A t  moderate depth,  t h e r e  may be ' 

high-temperature hydrothermal t i n  depos5ts.  e s p e c i a l l y  gselsens, associa ted  

with g r a n i t i c  bodies a s  i n  Cornwall, England (Hosking, 1969) and t h e  Seward 

peninsula ,  Alaska (Sainsbury, 1969). Mexican-type t i n  depos i t s  a r e  more l i k e l y  

t o  be  d iscovered because o f  t h e  shallow l e v e l  o f  erosion i n  the  Black Range. 



URANIUM AND BERYLLIUM MINERALIZATION NEAR APACHE WAD4 SPRINGS, 

NORTHERN SIERRA CUCHILLO, NEW MEXICO 

ECONOMIC GEOLOGY 

, One mile nor th  o f  t h e  Iron Mountain d i s t r i c t .  i n  t h e  nor thern  S i e r r a  

Cuchil lo,  New Mexico, uranium and be,ryllium minera l iza t ion  occurs i n  f a u l t  

gouge. Previous inves t iga t ion  has i d e n t i f i e d  t h e  beryllium-bearing mineral 

a s  b k r t r a n d i t e  (Hi l l a r d ,  1969) . The high uranium content  of t h e  f a u l t  gouges (78 ppm: 

AWS-9) has not  been reported previously (Table 4 ) .  Numerous f a u l t s  have 

juxtaposed blocks o f  densely welded, r h y o l i t i c  ignimbri te  and andes i t e  lava .  

This r h y o l i t e  i s  probably t h e  Vicks Peak Rhyolite (Maldonado, 1974). In t h e  

f a u l t  gouge between t h e  r h y o l i t e  and andes i t e ,  anomalous concentra t ions  o f  

. , 
beryll ium (up t o  2.50 w t . %  BeO) a r e  present  (Hi l l a rd ,  1969). In the  immediate 

v i c i n i t y  of  the  beryl l ium minera l iza t ion ,  k a o l i n i t e ,  a l u n i t e ,  montmorillonite 

and s i l i c a  a l t e r a t i o n  i s  p resen t  ( I l i l l a rd ,  1969). Beryllium minera l iza t ion  i s  

" confined t o  a reas  of montmorillonite a l t e r a t i o n  (Hi l l a rd ,  1969). 

-* To determine whether t h e  beryllium content  o f  t h e  f a u l t  gouge (AWS-9) could 

be derived by mobilizing primary beryll ium out  o f  f r e s h  r h y o l i t e  i n t o  t h e  f a u l t  

gouge, samples o f  v i t rophyre  (AWS-16) and a l t e r e d  r h y o l i t e  (AIVS-11) nea r  t h e  

beryl l ium minera l iza t ion  were analyzed f o r  beryl l ium (Table 4 ) .  The lack o f  

d i f f e rence  i n  beryl l ium content  between the  v i t rophyre  and a l t e r e d  r h y o l i t e  

implies t h a t  beryl l ium was introduced from a fore ign source.  

Other minera l iza t ion  i s  present  nea r  t h e  v i c i n i t y  of t h e  beryl l ium and 

uranium minera l iza t ion .  F l u o r i t e ,  c a l c i t e  and quar t z  ve ins  contain Cu, Fe, and 

Pb s u l f i d e s .  A qua r t z  monzonite i n t r u s i v e  body exposed nearby may be t h e  source 

of t h e  minera l iz ing  so lu t ions  which deposi ted t h e  s u l f i d e s .  Cooler hydrothermal 

s o l u t i o n s  may have deposi ted the  uranium and beryll ium a t  g r e a t e r  d i s t ances  



away from t h e  i n t r u s i v e .  A t h i n  coat ing  of f l u o r i t e  along a f r a c t u r e  was 

found on a l t e r e d  r h y o l i t e  adjacent  t o  t h e  Be minera l iza t ion .  

CHEMISTRY OF THE VOLCANIC ROCKS 

A hydrated v i t rophyre  (AWS-16) and a l t e r e d  sample of Vicks Peak Rhyoli te  

(AWS-11) were analyzed f o r  major elements (Table 3 ) .  Al te ra t ion  has destroyed 

t h e  o r i g i n a l  chemistry of AWS-11. The a n a l y s i s  o f  v i t rophyre  AWS-16 has 

i n t e r e s t i n g  impl ica t ions .  Supposedly, Vicks Peak Rhyolite was e n ~ p t e d  from t h e  

Nogal Canyon Cauldron i n  t h e  southern San Mateo Mountains and deposi ted i n  t h e  

nor the rn  S i e r r a  Cuchil lo (Maldonado, 1974). Vicks Peak Rhyolite i s  repor ted  a s  

t h e  o l d e s t  member o f  t h e  h i g h - s i l i c a  a l k a l i  r h y o l i t e  s u i t e  (32-21 m.y.) of  

t h r e e  overlapping s u i t e s  o f  volcanic  rocks i n  t h e  Mogollon-Datil f i e l d  of 

southwestern New Mexico (Elston e t  a l . ,  1976a). In terms of  normative q z ,  ab,  

and o r ,  t h e  Vicks Peak Rhyoli te  i s  s i m i l a r  t o  t h e  Gi la  C l i f f  Dwellings Cauldron 

members of  t h e  Catron volcanic  s u i t e  [Fig. 7 ) ,  Vicks Peak Rhyoli te  (AWS-16) 

con ta ins  high Si02,  b u t  t h e  K20 content  i s  much lower than members of t h e  Catron 

vo lcan ic  s u i t e  (Fig. 4) and Na20 i s  r e l a t i v e l y  high (Fig. 5 ) .  The i n i t i a l  

8 7 ~ r / 8 6 ~ r  r a t i o  of Vicks Peak Rhyolite (Appendix 11) i s  c h a r a c t e r i s t i c  of  t h e  

c a l c - a l k a l i c  andes i t e  t o  r h y o l i t e  s u i t e  o f  t h e  Mogollon-Datil f i e l d  (Elston 

e t  a l . ,  1976a). Thus, Vicks Peak Rhyolite may no t  be t h e  o l d e s t  member of 

t h e  h i g h - s i l i c a  a l k a l i  r h y o l i t e  s u i t e ,  because i t  may n o t  belong t o  t h i s  s u i t e ,  

A sample of t h e  r h y o l i t e  o f  Alum Spring (AWS-15) was a l s o  analyzed f o r  

major elements (Table 3) because o f  i t s  s i m i l a r i t y  t o  p o r p h y r i t i c  i n t r u s i v e s  

a t  I ron  Mountain, but  t h e  sample was too  a l t e r e d  f o r  any p e t r o l o g i c  i n t e r p r e -  

t a t i o n s .  

VOLCANOLOGY 

Vicks Peak Rhyoli te  exposed i n  t h e  nor thern  S i e r r a  Cuchil lo was erupted 

from t h e  Nogal Canyon Cauldron i n  the  southern San Mateo Mountains (Maldonado, 

1974; Els ton  e t  a l . ,  1976a). The th ickness  of densely welded ignimbri te  o f  
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Vicks Peak Rhyolite i n  t h e  northern S i e r r a  Cuchil lo and t h e  presence o f  meso- 

b recc ia  interbedded with t h e  ignimbri te  suggest t h a t  a co l l apse - fea tu re  may 

e x i s t  nor th  of '  Alamosa Creek i n  t h e  extreme northern S i e r r a  Cuchil lo.  The 

presence of such a . f e a t u r e  was not  determined i n  t h i s  s tudy.  



BEHAVIOR OF URANIUM AND FLUORINE AT IRON MOUNTAIN, CENTRAL 

SIERRA CUCHILLO, NEW MEXICO 
\ 

To i n v e s t i g a t e  t h e  behavior of uranium and f l u o r i n e  i n  a high temperature, 

subvolcanic environment, t h e  f l u o r i n e ,  beryllium, and tungsten-bearing s k a m s  

a t  Iron Mountain were chosen a s  a f i e l d  s i t e .  The beryll ium, f l u o r i n e  and 

tungsten-bearing minerals  a r e  h e l v i t e ,  f l u o r i t e ,  s c h e e l i t e  and powel l i te  

(,Jahns, 1944) . 

Major element analyses (Table 3) of  a p l i t e  (BR-29) and r h y o l i t e  porphyry 

(BR-30) show t h e  i n t r u s i v e s  t o  be high i n  K20 and low i n  Na20 (Fig. 3, 4, and 

5 ) .  The whole rock chemistry i s  s i m i l a r  t o  members o f  t h e  Catron volcanic  

s u i t e  (Fig. 7 ) .  A b i o t i t e  from Iron Mountain gave a K - A r  age o f  29.2 - + 1.1 

m.y. (Chapin e t  a l . ,  1978). Thus, the  i n t r u s i v e s  a t  Iron Mountain a r e  o l d e r  

than t h e  Catron volcanic  s u i t e  and a r e  probably one o f  t h e  o l d e s t  members o f  the  

h i g h - s i l i c a  a l k a l i  r h y o l i t e  s u i t e  ( espec ia l ly  i f  Vicks Peak Rhyolite does no t  

belong t o  t h e  h i g h - s i l i c a  a l k a l i  r h y o l i t e  s u i t e ) .  Trace element analyses show 

t h e  r h y o l i t e  porphyry (BR-30) t o  be enriched i n  Be and low i n  U (Table 4 ) .  

Surveys with a s c i n t i l l o m e t e r  i n d i c a t e  i n t r u s i v e  rocks a r e  more rad ioac t ive  

than skarn.  F luor i t e - r i ch  samples of skarn d i d  not  exceed i n t r u s i v e  rocks i n  

r a d i o a c t i v i t y .  Skarn i s  more rad ioac t ive  than unal tered  marble, however. 

Higher r a d i o a c t i v i t y  of t h e  i n t r u s i v e  rocks may be due t o  Th and K .  With S I I C . ~  

l i m i t e d  d a t a ,  i t  cannot be s t a t e d  whether o r  no t  uranium migrated with f l u o r i n e  

out  of t h e  r h y o l i t e  and i n t o  t h e  skarn. 
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Appendix I 

Estimated phenocryst content and location of samples analyzed 

from New Mexico. 

sample 96 phenocrysts sample location 

10 R.lIW.,T.l4S. along N.M. 61 at Rocky Canyon 

R.11 W. ,T. 14s. along N.M. 61. at Rocky Canyon 

R.llW.,T.l4S. along N.M. 61 at Rocky Canyon 

BR-3a 20 R.llW.,T.l4S. along N.M. 61 at Rocky Canyon 

BR-16 30 R.lOW.,T.9S. Hardcastle Creek 

BR-28 40 R.lOW.,T.gS. Hardcastle Creek 

Hardcastle Creek 

Hardcastle Creek 

along N. M. 78 near , Indian Peal;;. 

Iron Mountain 

Iron Mountain 

east of Nonticello Box Canyon 

south of Monticello BOX Canyon 

southeast of Monticello Box 

Hardcastle Creek . 

Round Mountain 

along N.M. 78 near Indian Peaks 

south of Monticello Box Canyon 



Appendix I1 

Sr ISOTOPE COMPOSITION OF VICKS PEAK RHYOLITE(AWS-16) 

present day 
8 7 ~ r / ~ ~ ~ r  (c 

Assumed 
Rb pm Sr pm Age, m.y. 8 7 ~ b P 6 ~ r  (87Sr/86SI), 

* normalized t o  86~r/88~r 0.11940; NBS987 SrC03 standmd, 

87~r /86~r  = 0.71 040~0.00003, N=5 

Analysis by L. Jones, Conoco Inc.. 




