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ABSTRACT 

Study o f  t he  Mineral Mountains i n t r u s i v e  
complex was undertaken t o  decipher 
i n te r re la t i onsh ips  o f  in t rus ion ,  up1 i f t  r a t e  and 
s t ruc tu ra l  con t ro l  as re la ted  t o  the  Roosevelt Hot 
Spri ngs geothermal system. Results o f  f i s s i  on 
t rack  and K-Ar  dat ing show t h a t  d i f f e r e n t  u n i t s  o f  
t he  i n t r u s i v e  complex underwent s i m i l a r  coo l ing  
h i s to r i es .  U p l i f t  rates calculated f o r  t he  nor th  
(0.25 mm/yr) and cent ra l  (0.5 mm/yr) por t ions  
d i f f e r  substant ia l ly .  This d i f fe rence i n  u p l i f t  
r a t e  may have accounted f o r  t he  development o f  
f a u l t i n g  which has been important as s t ruc tu ra l  
con t ro ls  on the  geothermal system. 

INTRODUCTION 

Port ions o f  t he  Mineral Mountains i n t r u s i v e  
complex serve as host rocks f o r  t he  Roosevelt Hot 
Springs geothermal system (Nielson e t  a1 . , 
1978). During our studies o f  t h e  Roosevelt system 
i t  has become evident t h a t  thermal events which 
predate the present geothermal system have rese t  
K-Ar  dates o f  much o f  t h e  i n t r u s i v e  complex as 
we l l  as Precambrian rocks which a l so  host port ions 
o f  t he  geothermal reservoir .  I n  addi t ion,  
geologic evidence suggests t h a t  the  i n t r u s i v e  
complex has experienced very rap id  up1 i f t  dur ing 
i t s  empl acement h i  story.  Faul t s  devel oped d u r i  ng 
t h i s  rap id  u p l i f t  are responsible f o r  forming the  
s t ruc tu ra l  con t ro ls  of the  geothermal reservoir .  

This study was i n i t i a t e d  t o  assess the  
i n te r re la t i onsh ips  o f  in t rus ion ,  u p l i f t  rate, and 
s t ruc tu ra l  development t o  b e t t e r  understand the  
genesis o f  the Roosevelt Hot Springs geothermal 
system. 

The samples chosen f o r  t he  present study 
represent the  spectrum o f  rocks which are 
contained w i t h i n  t h e  Mineral Mountains i n t r u s i v e  
complex. These l i t h o l o g i e s  a re  shown i n  Figure 
1. The northernmost u n i t  sampled i s  a lso  one o f  
t he  o ldes t  phases of t he  i n t r u s i v e  complex. 
A l e i n i k o f f  e t  al.  ( i n  press) have shown t h a t  t h i s  
u n i t  has a complex h i s t o r y  bu t  probably was 
emplaced 25 f 4 m.y. ago. The second u n i t  t o  be 
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discussed i s  a quartz monzonite (Tqm) which forms 
a l a rge  p lu ton  i n  the  cent ra l  p o r t i o n  o f  t he  
Mineral Mountains. Most data i nd i ca te  t h a t  t he  
age o f  t h i s  u n i t  i s  20-22 m.y. The southernmost 
u n i t  sampled f o r  t h i s  study (Tbg) i s  a b i o t i t e  
g ran i te  from the  southern po r t i on  o f  t he  i n t r u s i v e  
complex. I t s  age i s  perhaps as young as 12 m.y. 

ANALYTICAL TECHNIQUES 

A number o f  samples from the  Mineral 
Mountains were dated using both potassi  um-argon 
and f i s s i o n  t rack  techniques. Mineral separates 
o f  hornblende, b i o t i t e ,  z i r con  and a p a t i t e  were 
obtained using heavy l i q u i d  and magnetic separator 
techniques. P u r i t y  o f  separates was usua l ly  
b e t t e r  than 98-99 percent. 

Potassium-argon da t ing  was accomplished using 
the  standard u l t ra -h igh  vacuum fus ion  method 
described i n Dal rympl e and Lanphere (1969). Argon 
i so top ic  composition was determined on a Reynolds- 
type mass spectrometer. Potassi um analyses were 
done on a flame photometer using na tura l  mineral 
standards. Uncertai n t  i es  i n the potassi  um-argon 
ages were calculated by the technique o f  Dalrymple 
and Lanphere (1969). Constants used i n  
cal  cu l  a t  i ng ages were x,=O. 581-l’ yr’l , 
Xg=4.962x10-10 yr” and 4oK/K=1. 1 6 7 ~ 1 0 - ~  mole/mol e 
(Steiger and J’ger, 1978). Results o f  potassium- 
argon da t ing  are given i n  Table 1. 

Table 1. Potasslum-argon dates from the Mineral Mountalns, Utah 
40k* 

Samp I e Mol+ I 
Number Mlneral Unlt Welght(g1 %K (x10 ‘1  40Mat T tS 

79-1 BlOtIte Tbg 0.40065 7.21 13.082 62 10.4 0.5 
79-1 Hornblende Tbg 2.00465 0.77 1.588 69 11.8 0.6 
79-153 Blotlte hd 0.50100 7.40 17.473 57 13.6 0.6 
79-153 Hornblende hd 2.50158 0.79 3.744 33 27.2 0.9 
79-154 Blotfte Tqm 0.61965 7.00 14.777 49 12.1 0.5 

m.y. m.y. 

Zircon and apa t i t e  separates were dated using 
techniques described by Naeser (1978). Samples 
were i r rad ia ted  i n  the  lazy  Susan o f  the  TRIGA 
research reac tor  o f  the  U.S. Geological Survey a t  
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Figure 1. Geologic map o f  t he  Mineral Mountains 
i n t r u s i v e  complex, Utah. Sampl e 
loca t ions  f o r  da t ing  indicated by s o l i d  
c i r c les .  

Denver, Colorado. Zircons were dated using the 
external  detector method wh i l e  apa t i t es  were dated 
by the  populat ion method. The decay constant used 
f o r  spontaneous f i s s i o n  o f  238U was ~ F = 7 . 0 3 x l O - ~ ~  -' (Naeser, 1979). The uncer ta in ty  f o r  each 
f i s s i o n  t rack  date was der ived by the  method given 
by Johnson e t  al.  (1979). Results o f  f i s s i o n  
t rack  da t ing  are given i n  Table 2. 

RESULTS OF MINERAL DATING 

Mineral da t ing  o f  various u n i t s  o f  the 
M i  neral Mountains i n t r u s i  ve compl ex shows cool i ng 
h i s t o r i e s  which bear the  e f f e c t s  o f  both simple 
cool i ng and tec ton i c  up1 i ft . The technique 
employed here i s  t h a t  o f  Harr ison e t  a l .  (1979) 
and Harrison and McDougall (1980). Mineral ages 
are p lo t ted  against estimates o f  c losure tem- 
peratures f o r  t he  p a r t i c u l a r  mineral i n  
question. Estimates o f  c losure temperatures are 
taken from Harrison and McDougall (1980). The 
closure temperatures used are: ho r n  b 1 e nde 
530f40°C, b i o t i t e  28O+4O0C, ti rcon 175+25OC and 
apa t i t e  105flO'C. It i s  important t o  note tha t  
these closure temperatures are dependent on the 
coo l ing  h i s t o r y  o f  a sample. Cooling rates on 
which the  above estimates are  based are: 
hornbl ende 100°C/m.y. and the  o ther  m i  neral s 
1O0C/m.y. J u s t i f i c a t i o n  f o r  se lec t i on  o f  these 
c losure  temperatures may be found i n  Harr ison e t  
a1 (1979) and Harrison and McDougall (1980). 

Cooling h i s t o r i e s  f o r  th ree  u n i t s  o f  the 
Mineral Mountains i n t r u s i v e  complex are p l o t t e d  i n  
Figure 2 (sample loca t ions  are given on Figure 
1). Sample 79-153, a hornblende granod ior i te  
thought t o  be the  northernmost u n i t  o f  the 
i n t r u s i v e  complex, shows emplacement a t  27 may. 
fo l lowed by slow coo l ing  a t  a r a t e  o f  approx- 
imately 18'C/m.y. u n t i l  9 may. ago. A t  t h i s  t ime 
coo l ing  r a p i d l y  increased. A f t e r  t h i s  i n t e r v a l  of  
rap id  coo l ing  the  r a t e  slowed considerably up t o  
the  present. 

Sample 79-1 shows a markedly d i f f e r e n t  
coo l ing  h i s t o r y  than sample 79-153. Here a f t e r  
i n i t i a l  emplacement a t  12 m.y., r a p i d  coo l ing  took 
place fol lowed by slower coo l ing  u n t i l  around 9 
m.y. a t  which t ime coo l ing  r a t e  increased. A f te r  
t h i s  i n t e r v a l  o f  r a p i d  coo l ing  the  r a t e  decreased 
again as w i t h  sample 79-153. 

The coo l ing  h i s t o r y  o f  a t h i r d  sample i s  
included here f o r  comparison. Sample 79-154 i s  
from the  quartz monzonite t h a t  makes up a consid- 
erable por t ion  o f  the  i n t r u s i v e  complex. No 
emplacement date i s  ava i lab le  f o r  t h i s  u n i t  but 
coo l ing  from the  b i o t i t e  c losure temperature i s  
s i m i l a r  t o  the  two previously c i t e d  samples. 

Apparent u p l i f t  ra tes  fo r  t h e  northern and 
cent ra l  par ts  o f  t he  i n t r u s i v e  complex may be 
obtained from samples co l  l ec ted  a1 ong traverses 
designed f o r  t h i s  purpose. The l o c a t i o n  o f  these 
traverses i s  given i n  Figure 1. Apparent u p l i f t  
rates der ived from both z i rcon  and a p a t i t e  ages 
are  given i n  Table 3. It i s  c lea r  t h a t  t he  
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Table 2. Fiss ion  t rack  dates from the  Mineral Mountains, Utah 

Sample 
Number Mineral trackslcm' t racks  tracks/cm2 t racks  neutrons/cm2 t racks  m.y. m.y. Counted U,ppm 

79-1 Zircon 1.37~10~ 92 8.84~10~ 297 8.99~10~~ 1290 8.4 0.6 4 260 
79-1 Apat i te 3.26~10~ 75 2.10x105 483 8.90~10~~ 1290 8.3 1.0 100/100 5 
79-150 Apat i te 7.38~10~ 85 4.58~10~ 366 8.84~10~~ 1280 8.5 1.0 50/50 15 
79-153 Zircon 1.05~10~ 64 6.58~10~ 200 8.70~10~~ 1280 8.3 0.7 5 19 5 
79-153 Apat i te 8.15~10~ 94 5.24~10~ 604 8.78~10~~ 1280 8.2 0.9 50/50 15 
79-154 Zircon 2.38~10~ 178 15.3~10~ 573 9.06~10~~ 1290 8.4 0.5 4 450 
79-154 Apat i te  5.57~10~ 128 3.66~10~ 841 8.95~10:: 1280 8.1 0.8 100/100 10 
79-155 Zircon 1.23~10~ 172 8.03~10~ 560 9.45~10 1290 8.7 0.7 5 240 
79-155 Apat i te  3.96~10~ 91 2.40~10~~ 553 8.78~10~~ 1280 8.7 1.0 100/100 5 
81-2 Zircon 2.94~10~ 329 16.97xlg 950 8.60~10~~ 1280 8.9 0.4 5 500 

81-3 Zircon 2.94~10~ 165 17.48x1g6 492 8.63~10~~ 1280 8.7 0.5 5 51 0 
81-3 Apat i te  4.04~10~ 93 2.34~10 538 8.87~10~~ 1280 9.1 1.0 100/100 5 
81-4 Zircon 1.58~10~ 189 9.81~10~ 590 8.67~10~~ 1280 8.3 0.5 5 28 5 
81-4 Apat i te  3.34~10~ 77 2.19~10~ 504 8.93~10~~ 1280 8.2 1.0 100/100 5 
Neutron fluence, Q ,  ca lcu la ted  using NBS glass standard 962 ca l i b ra ted  against Cu radiat ion.  
For both spontaneous (p,) and induced (pI) t rack-dens i t ies  both the  densi ty and actual  number o f  t racks  

Uranium contents are rough estimates only. 

PS P I  Q T fS Number o f  
Grains 

81-2 Apat i te 3.52~10~ 18 2.13~10 109 8.83~10~~ 1280 8.7 2.2 50/50 5 

counted i s  given. 

apparent u p l i f t  ra tes  der ived  from z i rcon data are 
tw ice  those o f  apati tes. This i s  a t t r i b u t a b l e  t o  
the  responsiveness of t he  two minerals t o  the  
combi ned e f f e c t  o f  up1 i f t  and downward re1 axat ion 
of isotherms. I n  order f o r  an apparent u p l i f t  
r a t e  t o  equal t he  t r u e  u p l i f t  r a t e  o f  a block o f  
rock, isotherms must remain a t  a f i x e d  l eve l  i n  
t h e  c rus t  and denudation must equal u p l i f t .  
U p l i f t  data from apa t i t e  ages do match qu i te  
c lose ly  t rue  u p l i f t  ra tes  whereas u p l i f t  ra tes  
from z i rcon data are influenced s t rong ly  by re lax-  
a t i o n  o f  isotherms. This phenomenon has been 
demonstrated c l e a r l y  by the  i n c i s i v e  theo re t i ca l  
study o f  Par r ish  (1981). It i s  a lso  apparent from 
Table 3 t ha t  t he  cen t ra l  po r t i on  o f  t he  Mineral 
Mountains has experienced more rap id  apparent 
u p l i f t  than the  northern port ion.  This i s  re f lec -  
ted  i n  the  more rugged topography o f  t he  cent ra l  
po r t i on  o f  the  range. 
Table 3. Apparent u p l i f t  ra tes  f o r  t he  nor th  and 

cent ra l  por t ions  o f  t he  Mineral 
Mountains i n t r u s i v e  complex, Utah. 

Apat i te  Zircon Elevat ion 
Northern Mineral Mount a i  ns 

Sample Age (m.y.) Age (m.y.) (Meters) 
79-150 8.5 -- 2890 
79-153 8.2 8.3 1830 
79-154 8.1 8.4 1840 
79-155 8.7 8.7 1990 

U p l i f t  Rate: 0.25 m/yr 0.42 m/yr 

Central M i  neral Mountains 
79-1 a. 3 8.4 2120 
81-2 9.0 8.9 2760 
8 1-3 9.1 8.7 2440 
81 -4 8.2 8.3 2130 

U p l i f t  Rate: 0.56mm/yr 1.08 mm/yr 
U p l i f t  rates ca lcu la ted  from l i n e a r  l e a s t  squares 
regression o f  t he  data. 

It i s  o f  i n te res t  t h a t  the apparent u p l i f t  
ra tes  are i n  reasonable agreement w i t h  sedimen- 
t a t i o n  ra tes  o f  0.024 mm/yr t o  0.132 mm/yr calcu- 
l a t e d  by Hulen (1978) f o r  the Roosevelt Hot 
Springs area. 

DISCUSSION 

This study has demonstrated t h a t  rap id  bu t  
d i f f e r e n t i a l  up1 i f t  ra tes  have a f fec ted  the  
Mineral Mountains i n t rus i ve  complex. These data 
support f i e l d  observations which suggest t ha t  t he  
e n t i r e  complex has ascended through the  c rus t  i n  a 
d i a p i r i c  fashion throughout i t s  evolut ion.  The 
abrupt increase i n  ra tes  a t  about 8-8.5 may. ago 
i s  thought t o  be the  cause o f  low-angle denudation 
f a u l t i n g  which i s  responsible f o r  much o f  t he  
s t ruc tu ra l  con t ro l  s on the geothermal reservoir .  
The d i f fe rence i n  u p l i f t  ra tes  w i t h i n  the  range 
may be responsible f o r  east-west fau l t ing ,  such as 
the  Negro Mag Fau l t  (Fig. l), which i s  also an 
important reservo i r  control  . 
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Age ( m y )  

Figure 2. Cooling h i s t o r i e s  fo r  th ree  samples 
from the  Mineral Mountai ns i n t r u s i  ve 
complex, Utah. K-Ar  and f i s s i o n  t rack  
dates from Table 1 and Table 2 are  
p lo t ted  against  c losure temperature 
discussed i n  t e x t .  (a )  sample 79-1 
B i o t i t e  g ran i te  (Tbg); (b) sample 79- 
153 Hornblende granod ior i te  (hd); ( c )  
79-154 Quartz monzonite (Tqm) . Error  
bars are those quoted i n  Tables 1, 2 
and tex t .  Dashed l i n e s  represent 
hypothet ical  cool i ng curve f o l  1 owed by 
each sample. 
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