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Hot waters of the Roosevelt Thermal Area, Utah, have altered 

grani t ic  rocks and detr i tus  of the Mineral Range pluton, Utah. 

Alteration and mineral deposition recognized i n  a 200' dri l l  core 

from DDH 1-76 i s  most intense i n  the upper 100 fee t  which consists 

of altered alluvium and opal deposits; the lower 100 f e e t  i s  weakly 

a1 tered quartz monzonite. 

were used t o  characterize systematic changes i n  chemistry and 

m i  neral ogy . 

Petrographic, X-ray, and chemical methods 

Major a l terat ion zones include: 1 )  an advanced a r g i l l i c  zone 

i n  the upper 30 fee t  of altered detr i tus  containing alunite,  opal , 
vermiculite, and r e l i c  quartz; 2 )  an a r g i l l i c  zone from 30 f e e t  t o  

105 feet containing kaolinite, muscovite, and minor alunite;  and 

3) a propylitic zone from 105 t o  200 f e e t  containing muscovite, 

pyrite,  marcasite, montmorillonite, and chlor i te  in weakly a1 tered 

quartz monzontte. 

Comparison o f  the a1 teration mineral assemblages w i t h  known 

water chemistry and equilibrium ac t iv i ty  diagrams suggests that  a 

simple solution equilibrium model cannot account for the a1 teration, 

A model is proposed i n  which upward moving thermal water super- 

saturated w i t h  respect to  quartz and a downward moving cool water 

undersaturated w i t h  respect t o  quartz produces the observed 

a1 teration. 

e v i  
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An estimate o f  the heat f l ow  cont r ibu t ions  fran hydrothermal 

a l t e r a t i o n  was made by ca l cu la t i ng  reac t ion  enthalpies fo r  a l t e r a t i o n  

react ions a t  each depth. 

var iab les included: 

thermal a c t i v i t y ,  3) thermal gradient,  and 4) amount o f  s u l f i d e  

oxidized t o  su l fa te .  

200' depth, 400,000 yr durat ion,  and no s u l f u r  ox idat ion)  t o  67 HFU 

( f o r  5,000' depth, 1,000 yr durat ion,  and a l l  s u l f u r  oxidized from 

su If ide)  . 

I n  ca l cu la t i ng  heat f low, the uncer ta in  

1) depth of a l t e ra t i on ,  2) dura t ion  of hydro- 

The estimated heat f l ow  var ied fran .02 HFU ( f o r  

Heat flow cont r ibu t ions  fran hydrothermal a1 t e r a t i  on are 

comparable w i t h  those from a cool ing g r a n i t i c  magma. 

e 

e 

v i i .  
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Purpose and Scope 

The purpose o f  t h i s  study i s  t o  character ize the hydrothermal 

a l t e r a t i o n  i n  one d r i l l  core (U o f  U DDH 1-76) from the Roosevelt 

Hot Springs Thermal Area and t o  describe the geochemical environment 

i n  an area where the geothermal rese rvo i r  f l u i d  leaks t o  the surface. 

A f u r t h e r  ob jec t ive  i s  the ca l cu la t i on  o f  the enthalpy o f  reac t ion  

f o r  a1 1 a l t e r a t i o n  react ions and the est imat ion o f  the hydrothermal 

a l t e r a t i o n  con t r i bu t i on  t o  the  t o t a l  heat f l ow  o f  the system. 

A l t e r a t i o n  mineral assemblages have been studied i n  almost a l l  

well-researched geothermal areas such as Wairakei , New Zealand 

(Steiner,  1953) , Broadlands, New Zealand (Mahon and Finlayson, 1972) , 
Steamboat Springs, Nevada (Schoen and White, 1965; Schoen, White, and 

Hemley, 1974; Sigvaldason and White, 1961; White, 1968), and 

Ye1 lowstone Park, Wyoming (Honda, 1970; Rahmahashay, 1968). 

Al te ra t i on  a t  Steamboat Springs, Nevada, occurs i n  granod ior i te  

and andesites (Thompson and White, 1962). 

area (hole GS-7) does abundant a l u n i t e  occur below a zone o f  opal ine 

Only i n  the S i l i c a  P i t  

s i n t e r  and c r i s t o b a l i t e  (Schoen, White, and Hemley, 1974; Sigvaldason 

and White, 1962) which then grades i n t o  a zone containing abundant 

montmori 11 oni  t e  and kaol i n i  te. 

a l t e r a t i o n  i s  character ized mainly by k a o l i n i t e  and var ious ly  

proportioned i l l i t e - m o n t m o r i l l o n i t e  (Schoen and White, 1965; Sigvaldason 

E l  sewhere a t  Steamboat Springs , a r g i  11 i c 
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B, 

and White, 1961); propylitic alteration is characterized by chlorite, 

calcite, and i 1 1  i te (Sigvaldason and White, 1961 ) ; seri ci tic 

a1 terati on i ncl udes i 1 1 i te, quartz and pyri te (Schoen and Whi te , 1965). 
The Ohaki-Broadlands Area, described by Browne and El lis (1970), 

exhibits alteration in surficial rhyolitic volcanics and buried 

argillaceous sediments. 

bicarbonate waters and therefore differ from those at Roosevelt Hot 

Springs. There is no alunite, very little kaolinite, major amounts 

of variously proportioned i 11 ite-montmori 1 1  oni te (i 1 1  i te component 

increasing with depth), pyrite, and calcite with large amounts of 

chlorite and smal 1 amounts of epidote. 

The altering fluids here are dilute chloride- 

.(r In contrast, waters from the Wairakei geothermal area in New 

Zealand, described by Steiner (1953), have much more sodium chloride 

and much less bicarbonate than waters from Ohaki-Braadlands. 

is the major host rock. A surficial acid-leached zone containing 

kaolinite is followed by an argillic zone containing montmorillonite. 

These zones are followed at increasing depths by zones of zeolitization 

and f el dspat hi za ti on. 

Rhyolite 

In the Paint Pot Hill Area, Yellowstone Park, Wyoming (Rahmahashay, 

1968), the surficial alteration of alunite and kaolinite resulted 

from acid waters reacting primarily with a feldspar and quartz host 

rock. The formation of montmorillonite occurred in a more alkaline 

environment . 
A somewhat different geology of Cenozoic sediments (quartz + 

plagioclase + K-spar + carbonates + kaolinite + montmori 1 loni te) 

exists at the Salton Sea Geothermal Area (White and Muffler, 1964). 
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Two major a l t e r a t i o n  minerals a t  depth i n  d r i l l  hole 5232-IID#l are 

c h l o r i t e  (from k a o l i n i t e  and dolomite) and epidote ( f rom c a l c i t e ) .  

I Hydrothermal a l t e r a t i o n  i n  ore-forming systems t y p i c a l l y  produces 

some v a r i a t i o n  on the scheme: Vein -+ advanced a r g i l l i c  ( k a o l i n i t e ,  

a lun i te ,  s e r i c i t e ,  quartz)  + s e r i c i t i c  ( s e r i c i t e ,  quartz, p y r i t e )  -f 

intermediate a r g i l l i c  ( kao l i n i t e ,  montmori l loni te)  -+ p r o p y l i t i c  

( c h l o r i t e ,  carbonate, montmor i l lon i te)  -+ f r e s h  rock (Meyer and Hemley, 

1967). 

110') involves the s e r i c i t i t a t i o n  o f  c lays and microc l ine along with 

the conversi0n of b i o t i t e  t o  s e r f c i t e  and p y r i t e  as seen a t  Butte, 

Montana (Meyer and Hemley, 1959). 

A s i t u a t i o n  s i m i l a r  t o  t h a t  a t  Roosevelt Hot Springs (below 

As explorat ion too l s  and means o f  resource cha rac te r i za t i  on , 
geochemical analysis o f  surface and subsurface water and rock are 

useful. 

Loca t i on 

During the sumner of 1976, Un ive rs i t y  o f  Utah (U of U) a l t e r a t i o n  

hole 1-76 (DDH 1-76) was d r i l l e d  a t  the Roosevelt Hot Springs Known 

Geothermal Resource Area ( K G R A ) ,  located approximately 13 mi les north- 

east o f  t he  town o f  M i l f o r d  i n  Beaver County, Utah; DH 1-76 has a map 

loca t i on  of NE 1/4, SW 1/4, Sec. 34, T 26S, R 9W and U o f  U 

coordinates o f  5620N, 600E (Fig. 1) .  
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Figure 1. Map o f  Utah showing locat ion of Roosevelt Hot Springs 

KGRA and geologic map o f  the  Roosevelt Hot Springs KGRA. 
e 
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Mineral Range Geology 

The Mineral Range includes Paleozoic and Mesozoic sedimentary 

rocks, basalt flows, and metamorphic rocks, but the dominant rocks 

are the granitic pluton, associated dikes, and younger silicic 

volcanics that overlie the pluton. Mineral Range geology has been 

previously summarized (Butler et al. , 1920; Earll, 1957; Leise, 

1957) and is currently summarized by Evans (1977). 

The Mineral Range pluton, 32 km in length by 8 km in width, 

ranges compositionally from a friable and very weathered granite, to 

a quartz monzonite, to a cliff-forming granodiorite. 

petrologic analysis of the pluton has been described by Bowers 

(1977) who suggests a trend to less acid compositions toward the 

west. 

A complete 

Armstrong (1970) dated biotite from the west side of the pluton 

at 9.2k0.3 m.y. Uplift and erosion o f  the pluton followed, supplying 

several hundred feet o f  alluvium to the Milford Valley. Pleistocene 

basalt flows and rhyolite volcanic eruptions spanned a period o f  at 

least 200,000 years (Lipman, et al., 1976). 

these volcanics has been compiled by Mash (1976). 

Detailed petrology of 

Geology and Structure of the Roosevelt Hot Springs KGRA 

The Roosevelt Hot Springs KGRA has been mapped in detail by 

Petersen (1975) and Parry and Dedolph (1977). Of the surface features 
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mapped, the Dome Fault i s  the most conspicuous of a set of NE 

t rending  faul ts .  Referral t o  Fig 1 indicates that  the opal-cemented 

alluvium and opal s in t e r  occur not only along this f a u l t ,  b u t  a lso 

along inferred NW t rending  fau l t s ,  

indicates f au l t s  as  interpreted by geological and geophysical 

techniques. 

F i g  2 (Ward and S i l l ,  1976) 

The study of gravity a t  the Roosevelt Hot Springs Area by Crebs 

(1976) indicated t h a t  Negro Mag Wash is a fault-controlled stream 

valley. 

70 m, downthrown on the south. 

t h a t  the Dome Fault  has formed a horst (Dome Horst) w i t h  a 50 m 

throw. 

indicating Precambrian bedrock west of the Dome Fault and grani t ic  

bedrock to the east of the Dome Fault. 

monzonite i n  DDH 1-76 suggests tha t  DDH 1-76 l ies on the downthrown 

side of the Dome Fault  (extended to  North) and the up-thrown side 

of the Negro Mag Wash f a u l t .  

s i l ica-r ich acid-sulfate waters which have risen t o  the surface 

The f a u l t  along this feature has a vertical displacement o f  

Gravity measurements a lso indicate 

Ward and S i  11 (1 976) interpreted aeromagnetic data a s  

The under-lying quartz- 

These f au l t s  have been the conduits for 

depositing Si02 i n  the form of X-ray amorphous opal, a-cr is tobal i te ,  

and micro-crystalline a-quartz and often al ter ing the surface alluvium 

to  alunite.  

area of the Opal Dome (S.W. corner of Figure 1 )  the deposits consist 

of "banded and laminated opal" (Parry e t  a l . ,  1976, p. 2 3 ) .  The 

colors very widely and range from red, t o  p i n k ,  grey, brown, and 

green. 

opal deposits exist elsewhere along the Dome Fault. 

Native sulfur also occurs w i t h  alunite and opal. In the 

Though these s p r i n g  deposits a re  the most extensive, other 
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Figure 2. Faulting interpreted from geology, air photos, resist ivity,  

and magnetics for Roosevel t Hot Springs (Ward and S i l l ,  

1976). 
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Subsurface hydrothermal a l terat ion from DDH lA, previously 

described by Parry e t  a l .  (1976), contains mostly a luni te  w i t h  some 

sulfur from 0'-70', kaolinite as  the major a l terat ion product from 

60'-80', abundant montmorillonite w i t h  kaolinite and K-mica downward 

from 80' w i t h  K-mica beginning to  dominate a t  200'. 

Water Chemistry 

Lee (1908) described the hot springs as having a flow ra t e  of 

10 gal/min and a temperature of 190°F (88°C). 

flowed by 1963 (Mundorff, 1970). 

500 meters northwest of the early hot s p r i n g  w i t h  a temperature of 

25°C. 

The springs no longer 

There is currently one small seep 

Chemical analyses of surface waters collected by the USGS i n  

1957, by the University of Utah research team i n  1975, by Phill ips 

Petroleum Co., and by Thermal Power of Utah, are  summarized i n  Table 

1.  

While there i s  some variabi l i ty ,  the sodium chloride-rich 

nature of these waters is  preserved i n  a l l  analyses, Ionic strength 

generally varies from 0.11 t o  0.2. Sulfate concentrations vary from 

48 to  200 mg/l and total  dissolved sol ids  approximate 6000 mg/l. 

There is  a difference between "surface" waters (from the seep; 

analyses 1 and 2 )  and the deep waters (analyses 3 ,  4 ,  and 5 ) .  

face Mg2+ increases by a factor o f  100, and surface Ca2+ increases 

Sur- 

by a factor  of 10 over the deep waters. These ions have been leached 

from Mg and Ca minerals and are reflected i n  surface water chemistry. 

The warmest Na-K-Ca temperature i n  the s t a t e  of Utah (according 
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Table 1. Selected Roosevel t KGRA Water Analyses 

0 

Q 

* 

* 

(1 1 (2 1 (3) (4 1 (5 )  (6) 

Na 1840 1800 2400 2000 2072 2500 

Ca 122 107 9 10.1 31 22 

K 2 74 280 565 41 0 403 4 88 

S i  O2 173 107 7 75 560' 639 31 3 

Mg 25 24 19 .24 .26 0 

c1 321 0 3200 4800 3400 3532 4240 

120 70 200 54 48 73 s04 
HC03 298 300 

S <. 03 

200 25 156 

A1 1.86 .04 

Fe .016 - 
Total  Dissolved Sol ids 5948 6442 7800 

Temp. 2 5OC 28OC +26OoC 92OC 5 5 O C  

PH 6.5 6.43 6.5 6.3 5.;0; 7.9 

Na-K-Ca Temp. 241 2 39 
Estimate 

294+ 

(1 ) Roosevel t Seep. Un ivers i ty  o f  Utah 6-25-75 
(2) Roosevelt Seep. P h i l l i p s  Petroleum Co. 8-15-75 

(3) P h i l l i p s  Well 54-3, Chemical and Mineralogical  Services 

(4) P h i l l i p s  Well 54-3, P h i l l i p s  Petroleum Co. 8-26-75 
(5) Thermal Power of Utah 72-16. 1-29-77 Analyses by Un ivers i ty  of 

Utah 
(6) Roosevel t Hot Spr i  ngs USGS. Mundorff (1 970). Co l l  ected 9-1 1-57 
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t o  analysis by Mundorff, 1970; Swanberg, 1974) occurs a t  Roosevelt 

Hot Springs. Un ive rs i t y  o f  Utah analysis o f  a cool seep ind icates a 

Na-K-Ca w a l l  rock equi 1 i b r a t i o n  temperature of 241OC. 

I n  h i s  discussion o f  thermal waters associated w i t h  T e r t i a r y  

and Quaternary volcanism, White (1957) described waters t h a t  are 

var ious ly  enriched w i t h  sodium chlor ide,  H , sul fa te,  and bio- 

carbonate. 

could be def ined as a sodium ch lo r i de  water grading i n t o  an a c i d  

s u l f a t e  water. 

are lower than those a t  Nor r i s  Basin, Yellowstone Park (454 ppm) o r  

Fry ing Pan Lake, New Zealand (262 ppm) which have been def ined as 

acid-sul fate,  ch lo r i de  waters. Both Na and C1 contents of waters 

from Roosevelt are considerably higher than f o r  sodium ch lo r i de  

waters described by White (Steamboat Springs , Washoe County, Nevada ; 

Morgan Springs, Tehama County, Ca l i f o rn ia ;  Norr is  Basin, Yellowstone 

Park, Wyoming; We1 1 4, Wairakei, New Zealand). 

waters having formed by a process which includes: 

a magma chamber a t  depth, of s u p e r c r i t i c a l ,  h igh densi ty  gases (COP, 

H2S, a l k a l i  hal ides, Si02, etc.); 2) condensation o f  t h i s  phase i n t o  

a sodium ch lo r i de  water which heats meteoric water by conduction; 

3) the ascension of meteoric water which cools and becomes more 

a c i d i c  as b o i l i n g  occurs; and 4) the ox idat ion o f  H2S above the water 

t a b l e  by atmospheric oxygen. This i s  not an unreasonable process f o r  

the Roosevel t Hot Springs convective hydrothermal system. 

+ 

Within White's d e f i n i t i o n s ,  Roosevelt Hot Spr ing's water 

The s u l f a t e  measurements o f  54-200 ppm ( a t  Roosevelt) 

White envisions these 

1 )  the r i s i n g  from 

Age o f  Geothermal A c t i v i t y  

Ten K-Ar  dates f o r  recent Mineral Range r h y o l i t i c  volcanics have 
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been compiled by Lipman, and others, (1976). 

2.30 m.y. - + .14 and the younger volcanics range from .42 m.y. - + .07 

t o  .77 my. - + .08. 

The o ldest  average 

Estimates o f  the age o f  surface hot  spr ing a c t i v i t y  have been 

made by Brown (1977a, 1977b), using obsidian hydrat ion r i n d  and 

paleo-magnetic data. 

along cracks were measured (one from Roosevel t seep and two from 

s i l i c i f i e d  al luvium) and y ie lded  ages of 220,000, 257,000, and 

330,000 years f o r  the development o f  the rims. Browns' paleomagnetic 

work attempted t o  age date the Opal Dome deposits. 

much broader l i m i t s  and less c e r t a i n  dates. 

less than 690,000 years ( the Brunhes-Matayuma epoch boundary) and 

greater  than 12,000 years ( the  Laschamp event). 

opal deposi t ion rates were lm/5,000 years and lm/10,000 years which 

lead t o  estimates of 70,000 years and 35,000 years f o r  the age o f  

the Opal Dome. If the epoch o f  the opal deposi t ion a c t i v i t y  were 

correlated, instead, t o  the Biwa I 1  went, the age o f  these deposits 

would be lengthened t o  350,000 years. 

One r i n g  and two hal f -width hydrat ion bands 

This work provided 

The age o f  the opal i s  

Two estimates f o r  

Heat Source f o r  Geothermal A c t i v i t y  

Igneous a c t i v i t y  near the Roosevelt Hot Springs KGRA began w i t h  

the T e r t i a r y  i n t r u s i o n  o f  the Mineral Range g r a n i t i c  p lu ton and 

continued through the Pleistocene r h y o l i t i c  volcanics. 

study o f  the Mineral  Mountains, Crebs (1976) i d e n t i f i e d  a north- 

t rending res idual  g r a v i t y  low along the volcanic domes o f  Bearskin, 

L i t t l e  Bearskin, North Twin F la t ,  and South Twin F l a t  which may 

poss ib ly  i nd i ca te  a low-density paleo-magma chamber. This f i t s  

I n  h i s  g r a v i t y  
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nicely into the model proposed by White (1957) which requires a magma 

chamber for at least some o f  the chemical species of a hydrothermal 

fluid and for a means o f  at least initially heating up the convective 

sys t em. 

Once in motion, however, there are other processes which can 

continue to warm the hydrothermal fluids: precipitation o f  solids and 

wall rock a1 teration ( Toulmin and Clark, 1967). These mechanisms, 

as they apply to Roosevelt Hot Springs will be discussed later. 

e 
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CORE ACQUISITION AND DESCRIPTION 

e 

8 

During June 1976, Jensen Drilling Co. core-drilled DDH 1-76 using 

a diamond d r i l l  b i t .  DDH 1-76 is located on a crest  of a cemented 

alluvium ridge nor th  of Negro Mag Wash and west of an inferred fau l t  

(heavily-circled locations, Figures 1 and 2 ) .  

The core log appears i n  Table 2 and Figure 3. The upper 110' 

represent altered grani t ic  alluvium, dominated by alunite,  opal, and 

kaolinite as alteration products. The texture varies from fine- 

grained clay to  coarse-grained altered alluvial pebbles. Unlike 

U of U DDH l A ,  there is no native sulfur present. 

alunite zone is  assumed t o  be above the water table, then the water 

table must occur below 105',  which corresponds t o  the d r i l l e r ' s  

estimate. 

w i t h  a f au l t  zone characterized by occasionally abundant pyrite (and 

marcasite?). Somewhere i n  t h i s  f a u l t  zone lies t h e  alluvium-bedrock 

contact, below which i s  weakly propylitically and ser ic i t ica l ly  

altered quartz monzonite. 

If the oxidized 

DDH 1A established the water table a t  1 1 5 ' ,  which coincides 
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Table 2. Core Log DDH 1-76 

Q 

e 

L i  tho1 ogy Depth Descr ipt ion 

10.8'-33.2' A1 tered cemented g r a n i t i c  al luvium. Large 
quartz pebbles and opal patches and vein- 
l e t s .  A l l  feldspars appear al tered. Dark 
brown-gold mica appears a t  20'.  Sta in ing 
var ies i n  c o l o r  f r o m  gold t o  red  t o  pink.  
Pebble boundaries usual ly  apparent, 

33.2 '-60 ' 

60'-75' 

75 ' -98' 

a 

Water 
Tab1 e 

Fau l t  

98' -1 05 ' 

A1 te red  opal -cemented grani t i c  a1 1 uv i  um. A t  
36'-38' there i s  extensive green colored 
c lay  ( j a r o s i t e ? )  and hematite and opal. A t  
42'-43' the core has a homogeneously "baked- 
grey c lay  appearance" w i t h  f i n e  grains 
ind is t inguishable.  From 43'-60' some white 
a1 tered feldspar and quartz pebble out1 ines 
are evident. 
black, and gold-colored i n  a mostly f i ne -  
grained matr ix.  No v i s i b l e  opal a t  the end 
o f  t h i s  sect ion.  

Sta in ing var ies between red, 

A t  60' ,  some f resh  feldspar grains appear i n  
t h i s  g r a n i t i c  al luvium. Extensive hematite 
s ta in ing.  Through 65'  the tex tu re  i s  large- 
crumbly grained w i t h  abundant green mica. 
Minerals are a l t e r e d  feldspar and mica along 
w i t h  quartz pebbles. A t  70' the core i s  very 
hard, pebbles w e l l  cemented. Down t o  75' 
a1 t e r a t i o n  appears t o  increase, and purple 
s t a i n i n g  predominates. 

This sect ion of the core i s  veryf ine-grained, 
apparently s t i l l  g r a n i t i c  al luvium. Only 
quar tz  and opal are i d e n t i f i a b l e .  These 
clqys are  mostly blue-grey i n  color,  though 
toward the bottom o f  t h i s  section, they are 
also whi te and f lesh-colored. A green c lay 
occurs along fractures.  

P y r i t e  appears a t  98'.  
v i s i b l e .  A t  100' the core becomes more 
crumbly. Appears t o  be mostly k a o l i n i t e  
cementing quartz. 

Grain ou t l i nes  more 

1 05 '-1 1 7 ' A t  105' the c o l o r  changes f r o m  whi te t o  dark 
grey-green. Grain s i ze  remains coarse u n t i l  
115' , where f a u l t  gouge and abundant small 
p y r i t e  c rys ta l s  occur, Fau l t  Zone i s  about 
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Table 2 (Continued) 

Li tho1 ogy Depth Des cri p t i  on 

2 feet w i d e .  The alluvium - quartz 
monzonite contact is  somewhere i n  this zone. 

11 7'-160' 11 7'-120 ' crumbly quartz monzonite w i  t h  
abundant green mica, green, fine-grained 
cl9y , pyri te ,  feldspars , and quartz. 
Downward from 120' mineralogy i s  similar 
i n  we1 1 -consol i dated quartz monzonite. 

r 
a z 

U z 

Y 
N c 

160 '-200' Same mineralogy and texture persists, a t  
162'-163' there are some large (0.5cm) 
fractures f i l led w i t h  green mineral and 
abundant pyrite.  Downward, the granite 
(monzonite?) is f a i r ly  fresh. Biotite 
shows some a1 t e ra t i  on, Green mineral 
along fractures persists. 

e 
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40 * O P  

OPAL PATCHES AND VEINLETS THROUGHOUT 
GOCD-BROWN 
EXTENSIVE LIME - GREEN CLAY IN FRACTURE (JAROSITE) 
VERY FINE GRAINED GREY CLAY 

ALTERED FELDSPAR AND PEBBLE OUTLINES VISIBLE IN FINE GRAINED 
MATRIX 
PEBBLES VISIBLE WITH ABUNDANT GREEN MICA 

MICA. GOLD, RED AND PINK STAINING 

BLUE-GREY CLAY WITH QUARTZ AND OPAL VISIBLE AND GREEN 
MICA VISIBLE ALONG FRACTURES 

PYRITE APPEARS 
WATER TABLE (APPROXIMATE) 
APPROXIMATE LOCATION OF ALLUVIUM IQTZ. MONZONITE CONTACT 
FAULT 

WEAKLY ALTERED QUARTZ MONZONITE 
PYRITE THROUGHOUT 
GREEN MICA ALONG FRACTURES 

ALTERED GRANITIC #LUVIUM 

FIN~-GRAINED CLAY 

OPAL 

QUARTZ MONZONITE 

Figure 3. OOH 1-76 Lithologic Core Log. 



METHODS 

8 

B, 

Q 

e 

X-ray F1 uorescence 

Major elements were determined by means o f  X-ray fluorescence 

( P h i l l i p s  E lec t ron ic  Instruments). The samples were prepared by 

crushing t o  0.25 inch pieces i n  a small jaw crusher w i t h  ceramic 

plates,  fo l lowed by pu lver iz ing  the sample i n  a tungsten carbide b a l l  

m i l l  (Pitchford Manufacturing PICA MILL). Su l fu r  analyses were per- 

formed on p e l l e t s  made by mixing one gram of pulver ized rock w i t h  

one gram o f  chromatographic ce l lu lose  (Whatman NO. CF11) , pouring 

i n t o  a 1.25 inch diameter aluminum cap (Spex Inc.), and pressing 

with 20 tons force. The remaining elemental analyses were performed 

on glass discs fo l low ing  the method o f  Norr ish and Hutton (1969) and 

modi f ied by Best, Neilson, and Br imhal l  (1976). 2.25 g o f  f l u x  

(Type 105 o f  Johnson Matthey Chemical Ltd, containing 47% l i t h i u m  

tetraborate,  37% Li2CO3, and 16% lanthanum oxide), 0.03 g o f  LiN03 

(EM Laborator ies Suprapur, CAT. #5653), and 0.42 g o f  pu lver ized rock 

were mixed together and fused i n t o  a 1.25 inch diameter disc. The 

analyzing condi t ions are l i s t e d  i n  Table 3 .  Loss on i g n i t i o n  values 

were ca lcu lated on separate samples by weighing .4 t o  .5 g o f  rock 

powder i n t o  a ceramic cruc ib le ,  heat ing a t  950° f o r  15 minutes, f o l -  

lowed by re-weighing. These condi t ions were chosen t o  approximate 

those dur ing the fus ion  process. 

A computer program (Appendix 1 ) was w r i t t e n  t o  apply mat r ix  



e 

Table 3.  X-ray Fluorescence Analysis. Ana ly t i ca l  Conditions 

Element S Na - Mg A1 S i  K Ca Fe T i  
X-ray Tube Target C r  C r  C r  C r  C r  C r  C r  W C r  
K i l o v o l t s  40 40 40 40 40 40 40 40 40 
Mil l iamperes 40 50 40 40 40 40 40 5 40 
Anal y z i  ng Crys t a  1 EDDT RAP RAP EDDT EDDT EDDT EDDT LiF200 LiF200 

Detector F1 ow F1 ow F1 ow F1 ow F1 ow F1 ow F1 ow F1 ow 
Counter Counter Counter Counter Counter Counter Counter Scint. Counter 

Ana ly t i ca l  1 i n e  
two theta 75.08 54.32 44.52 142.53 107.92 50,23 44.90 57.55 86.24 

Background Line 
two theta 76.08 55 43 141 109.5 49.0 44 59 88.5 

Counting t ime 10 sec 100 sec 100 sec 20 sec 10 sec 10 sec 10 sec 20 sec 10 sec 
Path VAC VAC VAC VAC VAC VAC VAC A I R  VAC 

P e l l e t  Type Powder Glass Glass Glass Glass Glass Glass Glass Glass 

N 
0 
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cor rec t ion  factors  (Norrl'sh and Hutton, 1969) t o  i n i t i a l  elemental 

estimates for  analyses on glass pe+lets, except sodium. Three 

i t e r a t i o n s  were made t o  insure convergence, 

Because there were no furn ished mat r ix  co r rec t i on  coef f i c ien ts  

fo r  sodium, sodium values were no t  themselves corrected, b u t  were 

fed i n t o  the program t o  cont r ibu te  ma t r i x  e f f e c t  correct ions for  the  

o the r  elements. 

Because SO2 was l o s t  i n  the glass pellet-making process, s u l f u r  

analyses were made on ce l l u lose  pe l l e t s .  The standards were from the 

Kennecott Research Laboratories. 

corrected, bu t  were i npu t  f o r  the XRF DATA REDUCTION PROGRAM t o  c o n t r i -  

bute ma t r i x -e f fec t  correct ions f o r  the o ther  elements. 

These analyses were n o t  mat r ix -  

* 

a 

Microscopic Petrography 

Po in t  counts (1,000 points  per s l i d e )  were made f o r  several 

Mineral abundances and phase t h i n  sect ions per a1 t e r a t i  on zone. 

re la t ionsh ips  were determined by t h i s  method. 

X-ray D i  f f r a c t i  on 

X-ray d i f f r a c t i o n  was used f o r  i d e n t i f i c a t i o n  o f  most whole- 

rock phases as we l l  as c lay  minerals. 

on or iented smears f o r  c lay  determination. 

techniques were used: 

g l yco la t i on  f o r  i d e n t i f i c a t i o n  o f  expandable c lays,  and heat ing a t  

25OoC and 6oO°C fo r  i d e n t i f i c a t i o n  o f  co l laps ing  charac ter is t i cs .  

The -2p s ize  f r a c t i o n  was used 

Standard c lay  a n a l y t i c  

pept iza t ion  o f  c lay  samples w i t h  calgon, vapor 

Mineral Modal Estimates 

A computer program, MODECALC, compi 1 ed by Ba 1 1 an tyne ( 1977) , 

a 
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was used t o  assign mineral  abundances t o  each sample based on 

mineral i d e n t i f i c a t i o n s  made by t h i n  sect ion (Table 6)  and X-ray 

d i f f r a c t i o n  analyses and on chemical composition determined by XRF 

(Table 5).  The method used i s  a weighted l e a s t  squares analys is  

w i t h  an op t ion  t o  weight v i s u a l l y  estimated petrographic modes as 

required. Theoret ica l ly ,  the actual  abundance o f  any element i s  the 

sum of the products o f  each mineral  times the number o f  moles o f  the 

element i n  t h a t  mineral. 

N 
Y ( 1 )  = 5 X(1,J) x Beta(J) 

J= 

where Y(1) = whole rock analys is  o f  ith element 
X(1,J) = j t h  mineral and i t h  component 
Beta (J )  = modal abundance o f  j t h  mineral 

L inear equations f o r  each element are w r i t t e n  w i t h  no more minerals 

than there are number o f  elemental analyses. Mat r ix  invers ion  

solves f o r  the modal abundance (BETA) matr ix .  This allows 

reca lcu la t i on  o f  elemental abundance, Y '  ( I ) ,  and a computation o f  

goodness o f  f it : 

where FIT = goodness o f  f i t  
W(1) = weight ing given t o  ith elemental analys is  

The square of the distance between actual  and ca lcu lated elemental 

abundances i s  minimized. 

Mineral compositions used i n  t h i s  program are l i s t e d  i n  Table 4. 

The program does no t  d i f f e r e n t i a t e  between quar tz  and opal, which i s  

abundantly present i n  the upper zones. 

the a l luv ium and g ran i te  i s  taken as 66% based on the average Si02 

The average Si02 content of 



9 

1 
23 

e 

Table 4. Mineral Compositions f o r  MODECALC 

Mineral Formu 1 a 

Quartz 

O r t  hoc1 ase (MR7429) 

Plagioclase (MR7429) 

B i o t i t e  (.6 Phlogopite) 

Muscovite 

A1 un i  t e  

K a o l i n i t e  

Vermicul i t e  

Montmori 1 l o n i  t e  

Rip ido l  i t e  

Ca lc i t e  

P y r i t e  -Marcasite 

Sphene 

R u t i l e  

S i  O2 

K.885Na. 11 ZCa .001 1 . 006si 2.996'8 

'. 025Na. 90ZCa. 073A1 1. 076si 2.925'8 

KMgl.8Fel.2 3 s i  A I O ~ ~ ( O H ) ~  

K A ~  3Si3Olo (OH 12 

KA1 3 (s04 2 (OH 16 

A1 2 S i  *05 ( OH)4 

Mg2.50 .5 .5 3.5 10 Fe A1 S i  0 (OH)2 *4H20 

33Fe. OgA1 1 .67 04Na .03K. 07 

(Si3.97A1.03 101 o(OH)2 

0ZMg2. 2gFel. 76Ti. 07*' 1 . 0gsi 2.58 

1 .4Z01 0(OH)8 
CaC03 

FeS2 

CaTi ( S i O 5 )  

T i  O2 
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composition of DDH 1-76 at depth. 

was placed in rutile, which is seen as blood red sphene replacement 

crystals. 

replacement of sphene; however, the titanium was entirely assigned 

to sphene. 

determined by Evans (1977) on samples from the Mineral Range granite 

pluton. 

Parry and Jacobs (1976) as having X 

composition was chosen from Nraigu (1975) in order to approximate a 

reasonable alteration product from a Mineral Range biotite. The 

montmorillonite composition is an approx mate composition as 

determined by atomic absorption analysis of a purified mineral 

separate (Appendix 2). 

.18, which is too low for an actual montmorillonite (charge 

deficiency of about .35). Although in obvious error, this analysis 

was used because it was the only one available. 

composition (Deer, Howie, and Zussman, 1966) was chosen for its high 

Mg content to be consistent with the similarly enriched biotite and 

montmori 1 loni te. 

alunite were assigned stoichiometric compositions. 

All of the titanium above 165' 

Rutile continues to exist below 165' as partial 

The plagioclase and orthoclase compositions are those 

The composition of Mineral Range biotite was determined by 

= 0.6. A Mg-rich vermiculite P h m l  

The charge defic ency of this clay is only 

The ripidolite 

Kaol ini te, pyrite, muscovi te , cal ci te , sphene, and 

. 



ALTERATION I N  DDH 1-76 
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Mineralogy has been determined by hand specimen i d e n t i f i c a t i o n ,  

o p t i c a l  methods, and X-ray d i f f r a c t i o n .  The resu l t s  o f  these 

i nves ti g a t i  ons f o l  1 ow. 

The host rocks are dominantly g r a n i t i c  (w i th  perhaps some 

addi t ions from Precambrian (?)  gneiss) a l luv ium from the Mineral 

Mountains i n  the upper 100' o f  core and quartz monzonite i n  the lower 

core. 

(Anl2), 25% orthoclase, and 15% b i o t i t e .  

The major minerals inc lude about 15% quartz, 35% plagioc lase 

Primary Minerals 

Quartz. Though no t  composi t ional ly a1 tered, quartz was subjected 

t o  shearing stresses which caused considerable elongat ion o f  gra ins 

and d i s t o r t i o n  o f  normal e x t i n c t i o n  patterns.  Grains were la rge  and 

anhedral . 
X-ray d i f f r a c t i o n  ind ica tes  a-quartz throughout by t y p i c a l  

0 0 0 

spacings: 4.21A, 3.33A, 2.42A, etc .  

Plagioclase. There were only  two c rys ta l s  f o r  su i tab le  

plagioclase determinat ion by o p t i c a l  methods. 

agrees w i t h  other  estimates (Bowers, 1977; Evans, 1977). Usual ly 

The estimate o f  Anl2 

plagioclase cannot be o p t i c a l l y  d is t inguished from orthoclase. I t 

o f ten  e x h i b i t s  marked s e r i c i t i z a t i o n ,  except around 65 '  and i n  the 

deepest p a r t  o f  the core. 
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X-ray d i f f r a c t i o n  del ineated t h i s  plagioclase w i t h  c h a r a c t e r i s t i c  
0 0 0 

a l b i t e  d spacings of 3.18A, 5.83A, and 6.33A. XRD ind icates 

plagioclase ( a l b i t e )  a t  depths: 7 0 ' ,  7 5 ' ,  and downward from 120'. 

Microcl ine.  Microc l ine appears i n  t h i n  sect ion downward from 

30 ' .  Only a few percent o f  the c rys ta l s  have the t y p i c a l  " g r i d i r o n "  

s t ructure,  w i t h  the m a j o r i t y  showing a vague twinning w i t h  wavy 

ext inct ion.  S e r i c i t e  a l t e r a t i o n  o f  microc l ine i s  common. A con- 

s iderable propor t ion o f  a l l  fe ldspars are criss-crossed w i t h  opal and 

clay. 

X-ray d i f f r a c t i o n  a l s o  suggests microc l ine downward from 30' by 
0 0 0 0 

the c h a r a c t e r i s t i c  d spacings: 3.21A, 3.27A, 3.45A, 3.75A and others. 

B i o t i t e .  B i o t i t e  appears downward from 120' although, a t  t h a t  

point ,  i t  i s  extens ive ly  replaced by K-mica. Elsewhere, p a r t i a l  

replacement of b i o t i t e  by a combination c h l o r i t e ,  c a l c i t e ,  K-mica, 

p y r i t e ,  and i r o n  oxides i s  comnon. 

t o  green. 

It i s  pleochroic from l i g h t  brown 

Sphene. Sphene i s  recognized o p t i c a l l y ,  bu t  not  by X-ray 

d i f f r a c t i o n ,  downward from 175' .  A t  1 7 5 ' ,  there are two acute rhombic 

ad jo in ing sections having t i t an ium d iox ide ( r u t i l e ? )  along the 

cleavage w i t h  sphene appearing between cleavage. A t  180' there are 

numerous c r y s t a l s  of sphene w i t h  various amount o f  a l t e r a t i o n ,  

apparently t o  t i t an ium dioxide. I n  one instance, sphene, along w i t h  

i t s  a l t e r a t i o n  product, 

hematite, and c h l o r i t e .  

Opal. Opal appears 

Ti02, occurs w i t h  quartz, muscovite, c a l c i t e ,  

A1 t e r a t i o n  Minerals 

i n  hand specimen from 12 '  through 42'  and 
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from 75' through 95 ' .  Since opal is an amorphous substance, it 

has no x-ray diffraction lines. 

isotropic substance which occurs as feldspar replacement, fracture 

filling, and as a surficial precipitate on other minerals. 

In thin section it is a muddy-brown 

Cristobalite. In thin section, cristobalite is easily confused 

with opal in its being fairly isotropic, and with very fine-grained 

quartz when it is not as isotropic. 

crystallization product from opal. 

This is an intermediate re- 

The identification of cristobalite is made on the basis o f  

diffraction patterns from samples taken at 80', 90' and loo', which 
show strong peaks at 4.05-4.15A and at 2.53A. 

0 0 

a-quartz. Secondary a-quartz, as small crystals, is seen 

throughout the core, even at depth, in veinlets and in intergranular 

spaces. 

cristobalite. 

It is the final recrystallization product after opal and 

Alunite. Alunite is seen microscopically as small rhombs re- 

placing feldspar clasts and filling intergranular and fracture spaces. 

It also rims blebs of microcrystalline quartz and opal.  

green jarosite occurs abundantly. 

\ 

A t  38' ,  

Characteristic alunite lines appear prominently on X-ray 

diffraction patterns of samples taken from 12' through 25'. Alunite 

occurs to 110' in small amounts as suggested by very small peak 

heights on the X-ray diffraction patterns. 

Kaolinite. Kaolinites appears microscopically as very fine- 

grained tow-bipefringence masses. It is similar and; perhaps not d 

tinguishable frommicrocrystalline quartz. From 30' to 105' ft rep 

S-  

aces 
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feldspar c l a s t s  and a lso occurs i n  ve in le ts ,  sometimes w i t h  opal. I t  

i s  o f ten  rimmed by a l u n i t e  above 38'. A t  38' k a o l i n i t e  appears w i t h  

opal and j a r o s i t e  i n  a " s t r i n g e r "  arrangement. 

X-ray d i f f r a c t i o n  i d e n t i f i e s  k a o l i n i t e  from 25' t o  105' by the 
0 0 

c h a r a c t e r i s t i c  d spacings: 7.14A, 3.47A, and others. 

Ru t i l e .  R u t i l e  ( o r  some polymorph) has resu l ted  from a l t e r a t i o n  

o f  sphene, s ince the cleavage traces and acute rhombic sections are 

preserved. This mineral i s  r u s t  brown i n  t h i n  section. T iOp occurs 

throughout the core u n t i l  about 170' where sphene remains most ly un- 

a l tered.  I n  the p r o p y l i t i c  zones, i t  has the fo l l ow ing  occurrences: 

1) a core o f  red t ranslucent i r o n  oxide w i t h  t i t an ium d iox ide 

surrounding i t  and 2) t i t an ium d iox ide embayed by green muscovite and 

surrounded by a very small amount o f  supposed c h l o r i t e .  I n  the lower 

core, TiOe occurs as i n c i p i e n t  sphene a l t e r a t i o n ,  and a l so  w i t h  

hematite i n  v e i n l e t s  o r  i n  apparent amphibole replacement. 

X-ray d i f f r a c t i o n  gives no evidence fo r  any polymorph of TiOp. 

Muscovite. Muscovite i s  i d e n t i f i e d  microscopica l ly  i n  two 

forms: 1) c l a s s i c a l  s e r i c i t e  as small h igh-birefr ingence l a t h s  and 

2) "green muscovite'' as l a rge  green la ths .  

a few occurrences w i t h  a l t e r e d  feldspars, o f  whi te mica w i t h  the 

high b i re f r ingence o f  t y p i c a l  s e r i c i t e .  

90' and 95' w i t h  k a o l i n i t e  and opal. S e r i c i t i z a t i o n  o f  fe ldspar  

Below 38' there are a lso 

The s e r i c i t e  i s  seen a t  70', 

occurs downward from 105', varying i n  extent, b u t  genera l ly  decreasing. 

Below 125' s e r i c i t e  occasional ly occurs w i t h  m i c r o c r y s t a l l i n e  quartz 

i n  ve in le ts .  "Green muscovite" occurs sparsely above 105', except a t  

65' where i t  appears abundantly i n  replacement o f  b i o t i t e .  A t  80' 
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i t  appears t o  replace a few amphibole c rys ta l s .  Below 105' green 

mica increases i n  abundance and i s  o f ten  accompanied by p y r i t e  i n  

b i o t i t e  replacement w i t h  an occasional b i o t i t e  core. A t  110' and 

below 125' "green muscovite" i s  associated w i t h  c h l o r i t e  and some- 

times c a l c i t e .  

X-ray d i f f r a c t i o n  ind icates K-mica from 120'-200' w i t h  the 
0 0 0 

c h a r a c t e r i s t i c  spacing 9.%A, 4.%A, 2.95A, and others. 

Vermicul i te.  

brown a l t e r e d  b i o t i t e .  

Vermicu l i te  i s  seen i n  the core apparently as gold- 

I n  th in  sect ion through the upper 105' i t  has 

a vermiform shape and a muddy-buff co lo r  which sometimes masks i t s  

low birefr ingence. The c r y s t a l s  are f a i r l y  large and sometimes 

conta in ing f l ecks  o f  i r o n  oxide. I n  the 30'-60' zone, vermi.culi.te 

p a r t i a l l y  embays feldspar c lasts .  

There i s  l i t t l e  evidence i n  X-ray d i f f r a c t i o n  t o  support the 

o p t i c a l  i d e n t i f i c a t i o n  o f  vermicul i te.  Since the c r y s t a l s  are mostly 

l a rge r  than 2u, the c l a y  s i z e  separation (even a f t e r  g r i nd ing )  may 

have excluded most a l l  ve rm icu l i t e  c rys ta l s .  A t  70' however, there i s  

9 .. 

some evidence. The a i r - d r i e d  or iented s l i d e  shows a broad peak 

centered approximately a t  14A, which i s  re ta ined upon g lyco lat ion.  

Heating t o  250' r e s u l t s  i n  col lapse t o  10;; however there are small 

13A-14A peaks which suggest, perhaps, p a r t i a l  rehydration. 

0 

0 0  

P y r i t e  and marcasite. P y r i t e  i s  seen i n  hand specimen downward 

from 90'. This study has no t  d i f f e r e n t i a t e d  between p y r i t e  and 

marcasite, though marcasite has been confirmed i n  pol ished sections as 

overgrowths on cubic p y r i t e .  

P y r i t e  i s  t e n t a t i v e l y  i d e n t i f i e d  i n  t h i n  sect ion by i t s  cubic 
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crystal h a b i t .  I t  occurs w i t h  iron oxides i n  veinlets and also i n  

bioti te a1 teration products. 

X-ray diffraction consistently identified pyrite downward from 

120' by characterist ic d spacings of 2.71A, 2.42A (located on the 

side of a quartz peak), and 3.1A (located i n  the side o f  a s t rong 

0 0 

0 

a1 b i  t e  peak). 

Montmorillonite. Montmorillonite is  suspected, and confused 

w i t h  s e r i c i t e ,  i n  t h i n  section between 105' and 150', due t o  an 

obvious presence of high birefringence small laths w i t h  incompletely 

altered feldspars. 

X-ray diffraction confirms i t s  presence a t  105', 115', and 120' 

by the characterist ic 14A peak ( a i r  dried) which expands t o  a sharp 

17A peak upon glycolation, and collapses t o  10A upon heating. 

0 

0 0 

Randomly Inters t ra t i f ied Clay. Optical identification of these 

clays was n o t  possible. 

Inters trati f ied cl ays were identi f i ed by X-ray d i  f f ract i  on ; 

their characterist ics are as follows: 1) illite-montmorillonite 

(montmori 11 oni te predominant) a t  125 ' w i t h  the ai r-dri ed sl i de  having 

a broad ll-17A peak which expands to  17-20A upon glycolation, and then 

col lapses t o  1 0 i  a t  25OoC and 2)  i 11 i te-montmori 1 lon i  te ( i  11 i t e  

predominant) a t  130', 135' and 145' w i t h  the air-dried slide having 

a broad ll-14A peak which sharpens a t  about 12A upon glycolation, and 

collapses to  10 i  upon heating to  25OoC. 

0 0 

0 0 

Chlorite. Chlorite appears i n  t h i n  sections a t  720', in very 

small amounts, as small r ad ia t ing  f ibres  along w i t h  green muscovite, 

pyrite, and iron oxides i n  b iot i te  replacement. T h i s  identification 
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i s  based on i t s  green co lo r  

from the high b i re f r ingence 

anomalous b lue in ter ference 
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and very low b i re f r ingence (as d i s t i n c t  

o f  green K-mica) and an occasional 

co lor .  C h l o r i t e  i s  seen more abundantly 

(almost always w i t h  green muscovite) throughout the r e s t  o f  the core. 

A t  125', 135', and 155'-165', c h l o r i t e  occurs w i t h  c a l c i t e ,  i r o n  

oxides, and sometimes p y r i t e  i n  replacement o f  b i o t i t e  and perhaps 

amphibole. 

s e r i c i t e  as deep as 175'. 

occurs i n  both l a t h - l i k e  and f i b rous  habi ts.  

Feldspar a l so  appears t o  be replaced by c h l o r i t e  and 

I n  a l l  replacement environments, c h l o r i t e  

C h l o r i t e  was not  confirmed by X-ray d i f f r a c t i o n  because there i s  

so l i t t l e  o f  it. 

Calci te.  A l l  of the carbonate seen i n  t h i n  sect ion is a l i g h t  

t an  c o l o r  w i t h  c h a r a c t e r i s t i c  very high birefr ingence. 

known whether t h i s  i s  a c t u a l l y  c a l c i t e  (as opposed t o  Mg o r  Fe-r ich 

carbonates) o r  not; however, i t  w i l l  be r e f e r r e d  t o  as such. 

Surpr is ing ly ,  c a l c i t e  occurs a t  12' along w i t h  a lun i te .  It does 

not  appear the rea f te r  u n t i l  125'-135', 155'-165', and a t  180'. A t  

125' i t  i s  seen i n  t h i n  sect ion i n  three d i f f e r e n t  environments. I n  

amphibole replacement, c a l c i t e  occurs w i t h  p y r i t e ,  green muscovite, 

and t i t an ium dioxide. 

It i s  not  

Secondly, there are large blebs consis t ing o f  

c a l c i t e  on the i n t e r i o r ,  r i m e d  by red iron-oxide, which i s  i n  t u r n  

sometimes rimmed by an opaque mineral.  

ve in le t s  along w i t h  opaques, iron-oxide, and s e r i c i t e .  A t  130'-135', 

c a l c i t e  occurs i n  amphibole replacement along w i t h  m ic roc rys ta l l i ne  

quartz, green muscovite, and possible c h l o r i t e .  

ve in le t s .  

A t h i r d  occurrence i s  i n  

It also occurs as 

I n  the 155-165' area, i n  add i t i on  t o  the above l i s t e d  types 



e 
32 

e 

Q 

of occurrences, there are the following: 

replaced with ca lc i te ,  green muscovite, red iron-oxide, and pyrite,  

and 2 )  along the cleavage of b io t i t e  replaced by green muscovite. 

1 )  rectangular crystal 

Nowhere does X-ray diffraction confirm the presence of calci te .  

Whole Rock Chemi stry 

The resul ts  of whole rock analyses by XRF, l i s ted  i n  Table 5 ,  

show some systematic variations in the core. Abundant opal and 

quartz i s  reflected generally by Si02 i n  excess of 66%. 

core (above 85 ' )  contains an average of 14% A1203 relat ive t o  the 

most intense kaolinite zone (20%) and also relat ive t o  the lower 

The upper 

core, 17% A1203. 

are increasingly fixed i n  primary sphene and biot i te .  

of 15% above 30' ,  sulfate  decreases t o  less  t h a n  1% u n t i  1 i t  no 

longer exis ts  a t  105'. 

marcasite, usually less  than .3%. 

T i ,  Fe, and Mg increase downward as these elements 

After a h i g h  

Thereafter, sulfide persists i n  pyrite and 

The alkalies Na, K, and Ca re f lec t  the relat ive strength of the 

leaching environment. 

w i t h  depth. 

curve, there is general consistency i n  the shapes of each curve. The 

generalized alkali  curve has low values t h r o u g h o u t  the upper 60' w i t h  

a sharp r i s e  t o  intermediate values a t  65'. 

and 120' there is a r i s e  t o  h i g h  levels which pers is t  t o  200' except 

for a sharp drop t o  intermediate oxide percent a t  approximately 162'. 

These curves, of course, not only re f lec t  mineral abundances and 

transitions th rough  various s t a b i l i t y  f ie lds ,  b u t  also highlight some 

Figure 4 plots percent of K20, Na20, and CaO 

While there is  var iabi l i ty  in the "smoothness" of each 

Somewhere between 100' 
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Table 5 

* 

Q 

Q 

Sf02 69.07 55.11 73.51 59.26 56.57 80.48 73.62 78.70 77.14 76.09 69.39 68.36 
A1203 9.64 17.91 10.70 17.42 14.42 13.32 111.07 12.11 14.00 13.77 18.05 16.67 
710, 0.35 0.36 0.49 0.29 0.31 0.43 0.35 0.30 1.06 0.74 0.6/ O.R2 

klo 0.34 0.37 0.33 0.28 0.39 0.36 0.38 0.30 0.41 0.21 0.31 0.28 
tr0 0.40 0.34 0.34 0.34 0.35 0.34 0.43 0.52 0.45 0.45 0.39 0.44 

U20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.  n.d. n.d. 
2.78 3.87 2.25 3.85 4.09 1.53 2.78 2.69 3.36 3.20 3.62 7.04 

1.0.1.. 4.34 6.60 4.53 4.87 5.89 5.68 7.23 6.43 5.64 5.24 5.43 3.95 
-SO3 10.22 14.22 8.56 14.72 15.40 0.34 1.90 0.32 0.42 2.07 1.07 0.52 

Fc203 0.18 0.98 0.75 0.35 0.32 0.28 0.80 0.19 0.80 1.07 1.52 0.58 

4O 

5 
4.0 

TOTAL 97.33 99.74 101.52 101.38 97.73 102.76 100.56 101.55 103.28 102.83 100.46 98.66 

+Loss on Ignition minus sulfur 

67.31 
14.96 
0.70 

3.49 
0.57 
1.33 
3.58 
6.42 
0.96 
0.08 

99.58 

69.77 
1 4 . 1 9  
0.76 
1 . 5 5  
0.27 
0.63 
2.57  

0.18 
1.68 
0.35 

100.31 

-- 
75' 80' 85' 90' 95' 100' 105' 110' 115' 110' 1 2 5 . ' 1 3 0 '  135' 140' 

Sf02 76.02 74.75 74.80 69.81 64.81 62.03 59.71 67.00 61.24 64.81 63.28 63.39 63.70 66.09 

Alto3 13.87 14.10'14.39 21.79 20.04 20.89 20.02 14.50 16.00 17.12 19.84 16.08 16.93 15.71 
TiO, 0.58 4.12 3.63 0.62 0.94 0.89 1.01 0.61 1.12 0.61 0.60 0.79 0.55 0.68 

Fe203 0.44 2.04 1.83 0.36 0.18 0.85 1.90 0.44 6.84 3.23 3.47 3.20 3.85 3.35 

(ro 0.33 0.52 0.52 0.37 0.45 0.59 0.88 0.41 0.68 0.54 0.84 1.51 1.40 i . c e  

k2° 
40 

%3 

m 0.37. 0.26 0.29 0.26 . 0.32 0.43 0.45 0.24 0.74 0.39 0 . j l  0.66 0.66 0.66 

n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 3.37 3.13 3.66 4.02 3.60 
3.77 0.34 0.40 5.11 1.82 1.58 4.54 12.46 8.34 8.70 7.76 7.22 6.22 6.54 

1-0.1.. 4.20 5.23 5.85 4.84 8.40 9.23 4.95 0.44 0.00 0.00 0.00 0.74 1.17 0.90 

0.06 1.64 0.20 1.96 1.26 0.97 0.22 0.24 0.09 I 
5.0 .03 .82 .10 .98 .63 .48 . l l  .12 -04  

TOTAL 100.09 101.97 102.46 103.63 97.87 97.92 94.29 96.20 95.95 99.39 99.91 96.63 97.74 98.14 

0.51 0.61 0.75 0.46 0.60 0.65 

*loss on Ignition minus sulfur 

145' 150' 155' 160' 162' 165' 170' 175' l&I' 185' 190' 195' 200' 

StO, 68.46 64.05 65.56 65.44 75.08 72.70 66.03 65.80 63.10 62.77 61.61 62.15 63.07 

k1203 14.56 17.89 17.13 19.76 12.72 14.82 15.35 15.61 17.88 17.46 20.06 16.33 16.13 
?IO2 0.55 0.62 0.71 0.63 0.57 0.47 0.65 0.75 0.86 0.80 0.72 0.65 0.79 

Ft203 2.78 3.39 3.16 3.29 2.55 2.37 3.43 3.68 3.67 4.08 3.89 3.43 4.23 
H80 0.51 0.79 0.86 0.48 0.50 0.65 0.66 0.90 1.07 1.10 1.16 1.03 1.31 
tr0 1.27 1.61 1.66 1.07 0.58 1.12 1.42 1.87 2.32 2.17 2.25 2.34 2.52 

h20 3.60 3.86 3.98 3.11 2.93 3.19 3.94 3.96 3.87 4.15 4.11 3.98 4.11 
6.60 6.58 6.35 6.83 4.56 5.98 6.42 5.64 6.14 5.77 5.49 6.02 5.56 

1-0.1.. 0.67 0.68 0.88 1.03 0.00 0.42 0.29 0.30 0.44 0.82 1.15 0.99 1.18 

0.06 0.06 0.17 0.17 0.42 0.10 0.07 0.06 0.11 0.16 0.15 0.16 0.14 5 
SI0 -03 .03 .OS .08 .21 .OS .04 .03 .05 .08 .07 .08 .07 

TOTAL 98.38 98.83 99.50 100.68 99.70 101.35 97.93 98.23 98.96 98.39 99.36 96.09 97.79 

'20 

' %  

*loss on lgdtlon minus sulfur 



12 

IO 

w e  
0 - 
8 
$ 6  

4 

2 

0 I I I 1- . .  . .  1 I I I 

20 40 60 80 I 00 I20 140 160 180 200 
DEPTH BELOW SURFACE (FEET) 

Figure 4.  K20, NapO, and CaO Abundances versus Depth. 
w 
4 



35 

fracturing which controls movement of the hydrothermal f lu ids .  Major 

fracture out le ts  are seen as re la t ive lows (the surface, l oo ' ,  and 

162 ' )  and represent re la t ive lows i n  pH and a l k a l i .  The reaction 

progress about each fracture i s  seen i n  increased a l k a l i  content. 

Results of Point  Counting and MODECALC 

Mineralogic abundances were estimated i n  a l l  samples. Repre- 

sentative t h i n  sections from each zone were point-counted and mineral 

estimates were also made by the computer routine MODECALC previously 

described. 

i n  Tables 6 and 7. 

these tables: 

while MODECALC does not; 2 )  p o i n t  counts distinguish small grains 

of white mica from very fine-grained ser ic i te  (which looks l ike,  and 

is grouped w i t h  montmorillonite i n  the poin t  counts), and also dis- 

tinguishes ser ic i te  from the green muscovite ( b o t h  fibrous and p l a t y ) ,  

while MODECALC categorizes these just as K-mica or montmorillonite; 

3) p o i n t  counts l i s t  feldspars as e i ther  fresh o r  a l tered,  while 

MODECALC different ia tes  only orthoclase or plagioclase; 4) large 

amounts of fine-grained groundmass i n  parts of the upper 115' make 

p o i n t  count determinations very uncertain; and 5)  although chlorite 

and calcite ' terminate a t  160' i n  the MODECALC l i s t i ng ,  they actual ly  

pers is t  i n  trace amounts t o  200'. 

P o i n t  counting resul ts  and MODECALC resul ts  are l is ted 

There are several important observations about  

1 )  point counts d i s t i n g u i s h  between qua r t z  and opal, 

Despite these differences there is general ly good agreement 

between these methods of abundance estimation. Throughout the re- 

mainder of this  discussion, mineral abundances will be those made by 



Table 6. Mineral Abundance Estimates f r o m  Thin Section Point  Count ,  i n  Volume Percent 

Depth 
12' 25' 35' 38' 60' 65' 80' 95' 110' 120' 135' 165' 190' 

Quartz 
Vermicul i t e  
Opa 1 
A1 u n i  t e  
Jarosi t e  
White Mica 
Groundmass 
T i  O2 
Opaque 
Kaol i n i  t e  
A1 tered Feldspar 
Fresh Feldspar 
Green muscovite 
Primary b io t i t e  
Ser ic i te  or 

12 
3 

35 
49 

<<1 
<1 

Montmori 11 oni t e  
Chlorite 
Sphene 
Calcite 1 

31 18 
1 4 

22 25 
21 

1 <1 
24 34 
<1 <1 
<1 1 

5 
8 
3 

1 9 ,  16 
4 

37 

5 
7 

<1 

6 
11 
11 

24 
26 

2 
1 

12 
4 

15 

19 
<<1 

2s 

3 
5 

<1 
6 %  

42 
22 

<1 

41 
19 

<1 I 

26 

<1 
12 

1 

1 

6% 
9% 
5 

59 
1 

11 
9 

13 19 12 9 20 

<1 

60 
4 2 2 3 <1 

3 7 6 6 

44 36 30 3 
22 24 34 47 58 

7 5 3 2 
1 <1 <1 8 

1 
<1 2 <1 <1 

2 
2 1 



12' 
15' 
20' 
25' 
30 ' 
35' 
38 ' 
40' 
45' 
50' 
55' 
60' 
65' 
70' 
75' 
80' 
S 5 '  
90 ' 
95' 
100' 
105' 
110' 
115' 
120' 
125' 
130' 
135' 
140' 
145' 
150' 
155' 
160' 
162' 
165' 

,170' 
175' 
180' 
185' 
190' 
195' 
200' 

70 
54 
72 
56 
52 
60 
52 
57 
52 
54 
37 
36 
32 
28 

57 
55 
3s 
36 
33 
26 
22 
15 
14 
14 
14 
17 
20 
23 
12 
16 
18 
37 
28 
16 
17 
11 
14 
13 
16 
18 

4a 

0.2 
1 

17 
3 

3 

24 
29 
24 
35 
32 
31 
37 
37 
28 
28 
28 
36 
39 
39 
40 
41 
37 
38 

' Q ,  Q e 

Table 7. Mineral Abundances as Detemiried by tlODECALC 

Depth Quartz Plas. Ora. Blot l te  K 4 l c a  Alunlte Venn. Kaol, Wont, Chlorlte Calci te Pyr i te  Rutile Sphene Total 

16 . 
14 
23 
35 
38 5 
40 .- 

23 

1 
9 

10 
9 

19 
67 0.7 
52 2 
47 2 
33 4 
47 3 
27 4 
31 5 
35 4 
33 5 
29 5 
27 4 
27 4 
31 5 
38 6 
32 7 
33 7 
23 8 
14 8 
24 8 
19 9 

5 

3 
10 
9 
9 
8 

17 
4 
5 
1 
2 
28 

14 
9 
4 
5 

16 
4 

12 
9 
5 
8 

10 
21 
3 
6 
3 
2 
6 

12 
21 
12 
13 

21  
41 
24 
37 
35 
0.9 
2 
0.8 
1 
4 

0.6 
0.5 
0.5 
0.6 
2 
2 
1 
2 
2 

2 
2 
2 
1 
2 
2 
2 
2 
3 
2 
1 
2 
0.4 
2 
2 
1 
2 
1 
2 
2 
2 

7 
22 
17 
15 
15 
14 
35 
23 

0.5 
6 

16 
32 
26 
21 
48 
52 
27 0 

19 
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MODECALC, unless otherwise stated. 

a1 t e r a t i  on mineralogy as determined by MODECALC. 

Figure 5 shows the major 

A l t e r a t i o n  Zonation i n  DDH 1-76 

The d i s t r i b u t i o n  and abundance o f  major a1 t e r a t i o n  minerals 

def ines three a l t e r a t i o n  zones: 1) Advanced A r g i l l i c  Zone def ined by 

abundant opal and a l u n i t e  and minor vermicu l i te  and r u t i l e ;  2) 

A r g i l l i c  Zone def ined by abundant k a o l i n i t e ,  occasional ly abundant 

opal (o r  -a c r i s t o b a l i t e )  and K-mica, and minor a lun i te ,  r u t i l e ,  and 

vermicu l i te ;  3)  P r o p y l i t i c  Zone def ined by abundant K-mica, l o c a l l y  

abundant montmor i l lon i te  t o  in te r layered i l l i t e -mon tmor i l  l on i te ,  

pe rs i s tan t  c h l o r i t e ,  occasional c a l c i t e ,  and py r i t e .  

throughout. 

Quartz i s  s tab le  

Advanced A r g i l l i c  Zone (12'-35'). The advanced a r g i l l i c  zone i s  

Low character ized by quartz, opal, a lun i te ,  vermicu l i te ,  and r u t i l e .  

aK/aH sul fate-waters imposed extreme acid-leaching condi t ions on the 

host g r a n i t i c  alluvium. 

30') were unaffected. K-mica i s  l i s t e d  as 5% a t  25' i n  Table 7. 

A lun i te  (MODECALC est imat ion)  var ies between 24% and 47%. Thin 

sect ion inspect ion suggested 30% opal. 

springs deposits, r e s u l t s  from quartz  saturated so lu t ions  a t  h igh 

temperatures ( >18OoC) a t  depth becoming oversaturated w i t h  respect t o  

quartz and opal as the  so lu t i on  r i s e s  and cools (because o f  very slow 

quartz p r e c i p i t a t i o n  k ine t i cs ) .  The f a s t e r  p r e c i p i t a t i o n  reac t ion  o f  

opal then proceeds a t  the  lower surface temperatures (Krauskopf, 1956; 

White, e t .  a l . ,  1971). 

and the wavy e x t i n c t i o n  t y p i c a l  of s t ra ined quartz. Vermicul i te,  

Only quar tz  (and a small amount o f  K-spar a t  

Abundant opal, common i n  hot  

Some primary quartz gra ins show e longat ion 
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Figure 5. Major Alteration Mineralogy (MODECALC) versus Depth. 
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which cons t i t u tes  an average o f  2% i n  t h i s  zone, i s  not  described i n  

s i m i l a r  ac id-su l fa te environments i n  o ther  geothermal systems. A 

su rp r i s ing  associate o f  carbonate ( c a l c i t e ? )  w i t h  a l u n i t e  occurs a t  

12'. The chemical impl icat ions of t h i s  associat ion w i l l  be discussed 

i n  the next section. 

A r g i l l i c  Zone (35'-110'). The a r g i l l i c  zone i s  characterized 

by abundant k a o l i n i t e  (1 5% - 52%), occasional ly abundant K-mica, 

minor a lun i te ,  ve rm icu l i t e  and r u t i l e ,  along w i t h  s tab le  quartz, 

K-spar, and occasional ly s tab le  plagioclase. 

estimates o f  k a o l i n i t e  abundance (5% - 12%) are probably low due t o  

The p o i n t  count 

the extensive f ine-grained groundmass which make r e l i a b l e  o p t i c a l  

i d e n t i f i c a t i o n  and estimates d i f f i c u l t .  A lun i te  p e r s i s t s  i n  small 

amounts and K-mica appears. 

The 10% K-mica estimate a t  38' again was seen i n  t h i n  sect ion as 

whi te mica. 

the r e s t  o f  the a r g i l l i c  zone. 

even plagioclase (which i s  almost absent i n  the r e s t  o f  t h i s  zone) 

reaches 17%. These feldspars are mostly unaltered. I n  the 65'  t h i n  

A zone (about 5 ' )  around 65' i s  n o t  representat ive o f  

K-spar percentages approach 40%, and 

section, green muscovite replaces b i o t i t e  and k a o l i n i t e  i s  almost 

absent. 

which appears abundantly i n  t h i n  section. 

l o o ' ,  where p y r i t e  i s  f i r s t  v i s i b l y  seen. 

i d e n t i f i e s  a - c r i s t o b a l i t e  from 80' through 100'. Carr and Fyfe (1958) 

A t  70', X-ray d i f f r a c t i o n  gives evidence f o r  vermicu l i te ,  

A lun i te  pe rs i s t s  through 

X-ray d i f f r a c t i o n  

suggest t h a t  c r i s t o b a l i t e  occurs midway between amorphous s i l i c a  and 

quartz i n  a c r y s t a l l i z a t i o n  sequence. The abundant groundmass seen 

i n  t h i s  zone i s  sure ly  const i tu ted t o  a l a rge  extent  by the almost 



opaque cristobalite. The argillic zone overlaps with the propylitic 

zone at 105' where kaolinite (27%) exists for the last time and 

montmori 1 1 oni te (8%) f i rs t appears. 

Propylitic Zone (110'-200')-. The propylitic zone has 3 subzones 

characterized by the following alteration mineral assemblages: 

montmorillonite + interstratified illite-montmorillonite (montmorillo- 
nite dominant) + K-mica + pyrite + rutile; 2) interstratified illite- 

montmorillonite (illite dominant) + K-mica + pyrite + rutile + 

> 1% chlorite + > 1% calcite; 3) K-mica + pyrite + small amounts of 

chlorite and cal ci te. 

1)  

The major fracture of this drill hole occurs at 110' where there 

is mostly unidentifiable groundmass, strained and cryptocrystalline 

quartz, and some biotite replaced by K-mica and pyrite. 

where fault gouge is most prominent, montmorillonite reaches 19% 

(MODECALC), though the thin sections show mostly unidentifiable 

groundmass. 

clase to the area 110'-130'. This is significantly greater than the 

K-spar abundance in the fresh quartz monzonite. 

At 115' , 

It should be noted that MODECALC assigns 67-47% ortho- 

Not until 120' does plagioclase (Anl2) appear in appreciable 

quanti ties (24% by MODECALC). 

This is consistent with similar observation of Sigvaldason and 

White (1961) at Steamboat Springs, Nevada. 

abundance increases toward 200' as it becomes less the target of 

a1 teration. 

Indeed, plagioclase 

Chlorite and calcite occur downward from 130', but only in 

amounts less than 1% after 160'. Their mutual associations have 
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been prev ious ly  described. C h l o r i t e  replaces both fe ldspar  and 

b i o t i t e  w i t h  and without c a l c i t e ,  which a l so  occurs i n  ve in le ts .  

A small f a u l t  o r  f r a c t u r e  a t  162' i s  characterized by f i n e -  

grained groundmass, increase i n  p y r i t e ,  and decrease i n  the content 

o f  a l ka l i es .  

from which i t  has been a l t e r i n g .  

downward t o  200'. 

Af ter  t h i s  zone, r u t i l e  (?)  f i n a l l y  gives way t o  sphene 

Sphene occupies 3% (MODECALC) 

A1 t e r a t i o n  Geochemistry 

The a l t e r a t i o n  zonation seen i n  DDH 1-76 a t  the Roosevelt Hot 

Springs KGRA resu l ted  from the i n t e r a c t i o n  between the hydrothermal 

f l u i d  and the host rock. The zonation patterns can be considered 

as: a )  a funct ion on ly  of temperature and pH, w i t h  f l u i d  compo- 

s i t i o n  constant (high f l o w  model) o r  b) a funct ion o f  temperature, 

pH, and f l u i d  composition changing i n  response t o  rock a l t e r a t i o n  

react ions (low f l o w  model). 

Theoret ical  a c t i v i t y  diagrams, Fig. 6, f o r  temperatures 25OC t o  

150°C were constructed p l o t t i n g  pH versus l o g  aH sio f o r  the phases 

muscovite, microcl ine,  magnesium montmori l loni te,  k a o l i n i t e ,  a lun i te ,  
4 4  

and g ibbs i te .  S t a b i l i t y  f i e l d  boundaries i nvo l v ing  a l l  phases except 

a l u n i t e  were ca lcu lated using equ i l i b r i um constants o f  Helgeson 

(1969), and a c t i v i t i e s  f o r  K', Mg2', and SO4 as l i s t e d  i n  

Table 8. 

served. A c t i v i t i e s  f o r  K' and S O P  a t  100°C, 200' and 3OO0C were 

- - 

Unit a c t i v i t y  o f  water was assumed and aluminum was con- 

these used by Dedolph and Parry (1976). These data were taken f r o m '  

water analyses from Roosevelt Hot Springs (Table 1). An intermediate 

Mg water analysis value o f  aMg2+=.001 was chosen f o r  a l l  temperatures. 
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Table 8 

Log Activity for Kt, Mg2+, SO:-, 
and pH for T=25°C-3000C 

Species 25 O 60" 100" 1 50' 200' 250' 300' 

k -2.09 -2.10 -2.10 -2.13 -2.15 -2.20 -2.25 

Mg2+ -3.30 -3.40 -3.44 -3.52 -3.58 -3.74 -3.90 

so4= -3.00 -3.07 -3.10 -3.35 -3.59 -4.30 -4.96 

PH 4.5 4.1 3.6 3.3 3.1 3.0 

* These activities are  based on the known composition of waters a t  
Roosevelt Hot Springs (Table 1 ). Data, for  K+ and SO4', a t  
temperatures other t h a n  lOO"C, 200°C, and 300'C were extrapolated 
f r o m  and consistent w i t h  those used by Dedolph and Parry (1976). 
A t  a l l  temperatures 9Ms2+ = .001, an intermediate value from these 
water analyses. 



44 

A t  o ther  temperatures, l o g  m o l a l i t i e s  were in te rpo la ted  from 

t h a t  data and a c t i v i t y  c o e f f i c i e n t s  were ca lcu lated from the modified 

Debye-Hickel equation (Helgeson, 1969). 

where r i  i s  the a c t i v i t y  c o e f f i c i e n t  o f  the ith species w i t h  charge 

Z i :  I i s  the  i o n i c  strength,  taken t o  be .1 as used i n  the study o f  

Dedolph and Parry; A, B, B are so lu t i on  parameters which are 

temperature dependent and taken from Helgeson (1969); a i s  the 

0 

0 

distance o f  the nearest approach o f  ions i n  so lut ion,  taken from 

Kharaka, e t  a l .  (1973). 

The s t a b i l i t y  f i e l d  o f  a l u n i t e  was establ ished by using thermo- 

dynamic data from Hemley e t  a l .  (1969) and w i th  average heat 

capaci t ies f o r  the congruent d i sso lu t i on  species of a l u n i t e  from 

Cr iss and Cobble (1964). 

Quar tz  and opal sa tura t ion  values were taken from s o l u b i l i t y  

curves by Holland (1969). 

using mCa2+ = .002 as an approximate average o f  water analyses (Table 

1). 

surface environment a t  1 atm was assumed. A t  6OoC and 100°C hydro- 

s t a t i c  pressure a t  60' and 130' ( loca t ions  i n  the core where these 

C a l c i t e  s t a b i l i t y  l i m i t s  were ca lcu lated 

Maximum pressure estimates were made as fo l lows. A t  2 5 O ,  a 

temperatures e x i s t )  was assumed. Values obtained were 1.77 atm and 

3.83 atm., respect ive ly .  Minimum P values were estimated as 
co2 

c02 
o f  the  hydros ta t i c  pressure a t  12', 60', and 130'. Resultant P 

- 

minimum values were .0003, .0018, and .0038 atm. A c t i v i t y  co- 



45 

e f f i c i e n t s  yea++, yHCO3-, and yc0 were ca lcu lated 

Debye-Huckel equation. Y~~~~~ was assumed t o  equal 

strength was assumed t o  equal 0.1. 

.. 3- - from the modif ied 

1 and the i o n i c  

The second se t  o f  a c t i v i t y  diagrams (Figure 7 )  f o r  T=25’ - 100°C 

( a f t e r  Hemley e t .  a l . ,  1969) and 

a l so  f o r  T=lOO°C, p l o t s  l o g  aHt aSO4= vs l o g  aK+/aH+ ( a f t e r  Dedolph 

and Parry, 1976). 

both opal and quartz saturat ion.  

f o r  a l l  phases i n  diagrams a, b, and c were taken from Helgeson (1969), 

except f o r  a lun i te ,  taken from Kharaka, e t .  a1 (1973). 

constants i n  Figure 7d were taken from Kharaka, e t .  a l .  except f o r  

muscovite, taken from Helgeson. 

2 2 
plots l o g  ”+ aSO4ES.log aK+ aS04= 

2 

A l l  diagrams i l l u s t r a t e  the phase re la t i onsh ips  fo r  

Hydrolysis equi 1 i brium constants 

A l l  hydro lys is  

A t h i r d  s e t  o f  a c t i v i t y  diagrams, Figure 8, p l o t s  l o g  ak+/aH+ vs 

Mg 
2 l og  a 2+/aH+ a t  temperatures 25°C-1500C. 

sa tu ra t i on  diagrams are shown f o r  the phases k a o l i n i t e ,  muscovite 

(occurr ing only a t  15OoC, quartz sa tu ra t i on )  , microcl ine,  Mg- 

montmori l loni te,  and c h l o r i t e  (c l inochlore) .  

equi 1 i brium constants were taken from Helgeson (1 969) and u n i t  

a c t i v i t y  o f  water was assumed. Aluminum was always conserved. 

The a c t i v i t y  diagrams i n  Figures 6, 7, and 8 are meant t o  

Both quartz and opal 

A l l  hydro lys is  

represent the major a l t e r a t i o n  phases observed a t  Roosevelt Hot 

Springs. 

Even though plagioclase (Anl2) i s  a major reactant  mineral,  there 

are appreciably no sodium product minerals (except f o r  minor sodium 

i n  montmori 1 l o n i  t e )  ; therefore no aNa 

mineral having shown consistent a1 t e r a t i o n  t o  vermi cu l  i t e  and i r o n -  

There are some obvious omissions which warrant discussion. 

diagrams. B i o t i t e  i s  a second 
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Figure 6. 

a1 uni te ,  g ibbs i  te,  k a o l i n i t e ,  Mg-montmori 1 l o n i  t e  muscovite and 

pH vs l o g  a Si04 a c t i v i t y  diagrams for  the  phases 
H4 

microcl ine,  a t  temperatures 25OC, 6OoC, 100°C, and 15OoC. The maximum 

c a l c i t e  s t a b i l i t y  l i m i t s  (lowest pH l i m i t )  f o r  25OC,  6OoC,  and 100°C 

are: Pco = 1 atm, P = 1.8 atm, and Pco = 3.8 atm. The minimum 

c a l c i t e  s t a b i l i t y  l i m i t s  f o r  these temperatures are: P 
2 c02 2 

= .0004 atm, 
co2 

= .002 atm, and P = .004 atm. For a l l  diagrams MCa2+ = .002, 
PCO2 c02 

"kg 20 
2+ = .001, and aH = 1. A c t i v i t i e s  f o r  K', SO:-, and Mg2+ are 

l i s t e d  i n  Table 8 . The fo l l ow ing  legend appl ies:  

maximum cal  c i t e  s t a b i  1 t i y  

minimum c a l c i t e  s t a b i l i t y  

quar tz  sa tura t ion  

---- 
----- 
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vs l o g  2 Figure 7. A c t i v i t y  diagrams p l o t t i n g  l o g  a ,,+ aSO4= 

a K+ aSOs, 
a lun i te ,  and K-mica. Both quartz and opal sa tura t ion  are shown. 

vs l o g  A t  looo, an a c t i v i t y  diagram p l o t t i n g  l o g  a ,,+ aso4= 

aK+’aH+ represents the phases a lun i te ,  k a o l i n i t e ,  muscovite, and 

microcl ine.  Quartz sa tura t ion  i s  assumed. 

for T = 25OC, 6OoC, and 100°C for the phases k a o l i n i t e ,  2 

2 

e 

8 
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2 Figure 8. 

for T = 25°-1500C for the phases kaolinite, muscovite, microcline, 

Mg-mon tmri 1 1 oni te , and chl ori te ( cl i nochl ore). 

conserved in all reactions. Diagrams for both  quartz and opal 

saturation are shown. 

Activity diagrams plotting log aK+/aH+ vs log aMg2+/a H+ 

A1 umi num was 
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rich muscovite. 

calculated (Appendix 3), the absence of reliable aFe3+ and aFe2+ data 

made sensible activity diagrams including vermiculite impossible 

Even though thermodynamic data for vermiculite were 

These activity diagrams have been presented in order to clarify 

chemical relationships between alteration minerals and to suggest 

pathways which the hydrothermal fluids may have travelled. 

Dedolph and Parry (1976) modeled the hydrolysis of microcline 

in acid sulfate waters consistent with water composition at Roosevelt 

Hot Springs. Their model of a 100°C solution, with an initial pH=3.6 

is shown here as Figure 9. The variable 6 is a function of time. 

the top o f  the figure are the major events which occur while the 

solution is moving toward equilibrium with microcline. 

preci pi tated in the order: 

This system is consistent with the alteration in DDH 1-76 above 120'. 

Calculations for Figure 9 do not consider montmorillonite, calcite, 

and chlorite, which occur below 120' , because of the tacit assumption 

that the activities of Mg2+ were too low for the intersection of these 

fields. 

At 

Minerals are 

quartz , a1 uni te , kaol i ni te , and mus covi te . 

Figure 7 considers the same stability relations as the reaction 

path diagram. The coordinates for initial solution composition (from 

Table 8) for each of the diagrams are listed in Table 9. The initial 

solution coordinates for Figure 7a and Figure 7b fall in the alunite 

field for quartz saturation and in the kaolinite field at opal 

saturation. 

diagrams, the initial solution intersects the alunite field. A 

downward moving, low-pH, boiling water that is opal saturated could 

In both cases (opal and quartz saturation) of the 100' 



e 
54 

e 

.@ 

quortz produced I quartz + alunite produced 
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Figure 9. Reaction path f o r  the dissolution 
o f  microcline a t  100°C and 
i n i t i a l  solut ion pH = 3.6 
(Dedolph and Parry,  1976). 
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Table 9 .  I n i t i a l  Solut ion Compositions f o r  Figures 7 and 8 

F i  gure Sol u t i o n  Coordinates 

e 

6a, 25' -1 2 -7.18 

6b, 60' -11.27 -7.27 

6c, 100' -10.30 -7.30 

6d, 100' -10.30 

7 , 25' 
7 , 60' 
7 , looo 

7 , 150' 

1.5 

2.41 5.62 

2 .oo 4.80 

1.50 3.76 

1.20 3.08 

e 

e 
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produce the sequence opal + alunite,  opal + alunite + kaolinite, 

e 

0 

* 

e 

e 

opal + kaolinite + muscovite. 

produce the same assemblages, except for  the subsitution of quartz 

Upper waters, below boiling, could 
I 

for opal. Opal saturation requires h ighe r  aH+, aK+, and aSO:- t o  

reach the alunite - kaolinite - muscovite t r i p l e  p o i n t .  

Figures 6 and 8 d i f fe r  from the previous figures by including 

the magnesi um phases montmori 11 oni t e  and chl ori t e  (and cal c i t e  i n 

Figure 6 ) ,  which occur below 120' i n  DDH 1-76. These diagrams 

include pure magnesium end members. 

Figure 6 suggests several observations: 1 )  I f  a so lu t ion  has 

an a 2+ h i g h  enough t o  warrant a sizeable Mg-montmorillonite f ie ld ,  Mg 
and i f  that  solution is restricted t o  aSiO between quartz and opal 

2 
saturation, then increasing pH solutions can produce opal w i t h  

alunite and Mg-montmorillonite; or they can produce quartz w i t h  

alunite,  Mg-montmorillonite and kaolinite a t  and below 100°C. 2 )  

I f  a 2+ is decreased and aK+ is increased, the muscovite f ie ld  can 

be intersected a t  quartz  saturation a t  and below l O O O C ,  and a t  opal 

saturation only a t  100°C. 

Mg 

3) A t  the assumed ion ac t iv i t ies ,  muscovite 

can be formed only i n  a solution under saturated w i t h  respect t o  

quartz. 4 )  Calcite is incompatible w i t h  alunite a t  a l l  temperatures 

and is compatible w i t h  Mg-montmorillonite (as seen below 120') above 

6OoC i f  Pco < hydrostatic pressure. Alunite occurs w i t h  calcite a t  

12 '  i n  DDH 1-76. 

alunite, kaolinite, and sericite a t  Goldfield, Nevada. He suggested 

2 -  
Ransome (1909) noted one occurrence of calcite w i t h  

t h a t  C02 was trapped and resulted i n  abnormally h i g h  Pco . 
2 

F i g u r e  8 invites the following observations: 1 )  Only a t  15OoC 
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and quartz saturat ion i s  the aK+ assumption s u f f i c i e n t l y  high t o  

produce a muscovite s t a b i l i t y  f i e l d .  

s o l u t i o n  compositions (Table 9) i n t e r s e c t  the k a o l i n i t e  f i e l d ;  wh i l e  

a t  opal saturat ion these i n i t i a l  so lu t ions i n t e r s e c t  the Mg- 

montmori l loni te f i e l d .  

2 )  A t  quartz saturat ion i n i t i a l  

3) A so lu t i on  saturated w i t h  quartz and an 

upward path w i t h  a p o s i t i v e  slope, can produce (except f o r  muscovite) 

the observed a l t e r a t i o n  sequence o f  k a o l i n i t e ,  montmori l loni te,  and 

c h l o r i t e .  

These observations suggest some explanations f o r  the observed 

mineralogy, and also o f f e r  some problems f o r  t h a t  explanation. I n  

considering Figures 6, 7, and 8 together, an increasing pH model 

a t  quartz saturat ion can account f o r  the sequence a lun i te ,  k a o l i n i t e ,  

muscovite, montmori l lonite, c a l c i t e ,  and c h l o r i t e ,  as depth and 

temperature increase. The major problems are: 1 )  the d i f f i c u l t y  of 

i n t e r s e c t i n g  the muscovite f i e l d  and 2 )  the d i f f i c u l t y  o f  producing 

opal w i t h  k a o l i n i t e  and muscovite. Several possible schemes t o  

reconci 1 e these probl ems f o l  1 ow. These model s over1 ap and, instead 

o f  each one prov id ing a complete explanation, each model proposes 

a d i f f e r e n t  mechanism t o  explain ce r ta in  aspects o f  the observed 

a1 te ra t i on .  

Model 1. Model 1 assumes an aK+ la rge  enough f o r  t he  muscovite 

f i e l d  t o  i n t e r s e c t  the quartz sa tu ra t i on  boundary. A t  depth, w i t h  

temperatures i n  excess o f  2OO0C, the s o l u t i o n  i s  s l i g h t l y  basic and 

saturated w i t h  respect t o  quartz. As t h i s  f l u i d  r i s e s  along a 

f rac tu re  (possibly the f a u l t  a t  115' i n  the core) and the temperature 

drops below 1 80°, the so lu t i on  becomes super-saturated w i t h  quartz.  
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As pH s lowly  increases, o r  perhaps remains constant, the 

so lut ions produce c h l o r i t e ,  montmori l loni te ( lowering a 2+) , Mg 
c a l c i t e ,  muscovite (and i l l i t e ) .  

a t  115', the tendency f o r  pH t o  increase i s  overcome by the acid- 

producing react ion o x i d i z i n g  s u l f i d e  t o  su l fa te .  As pH decreases 

and s i l i c a  a c t i v i t i e s  t rend toward opal saturat ion,  the k a o l i n i t e  and 

f i n a l l y  opal f i e l d s  are intersected. 

opal -saturated sol ut ions then percol ate downward (simi 1 a r  t o  the 

mechanism proposed f o r  Steamboat Springs , Nevada, by Schoen , White , 
and Hemley, 1974) on a path o f  increasing pH and decreasing aSiO2. 

On the downward path the a lun i te ,  k a o l i n i t e  and muscovite f i e l d s  

are intersected. 

m i  c roc l  i n e  rather  than i n t e r s e c t i n g  the montmori 1 l o n i  t e  and c h l o r i t e  

f i e l d s .  

As the f l u i d s  pass the water tab le  

These low pH, low a 2+, and 
Mg 

The downward so lut ions reach e q u i l i b r i u m  w i t h  

Model 2. Model 2 i s  a vapor dominated system (idea modif ied 

from the discussion o f  vapor-dominated hydrothermal systems by White, 

Muf f ler ,  and Truesdell ,  1971), i n  which condensed vapors are under- 

saturated w i t h  respect t o  quartz. 

perhaps 150' ( a t  approximately 130'),  could i n t e r s e c t  the muscovite 

f i e l d  and i n t e r s e c t  the montmori l lonite, k a o l i n i t e  and a l u n i t e  f i e l d s  

as the so lu t i on  r ises.  It i s  doubtful  t h a t  such a s o l u t i o n  would ever 

A so lu t i on  which condenses a t ,  

reach opal saturat ion,  however. 

Model 3. This model proposes two non-contemporaneous so lut ions , 
each producing a desired assemblage. Solut ion A i s  a h igh a 2+ f l u i d  

(saturated w i t h  quar tz)  which, by the t ime i t  reaches 200', i n te rsec ts  

the c h l o r i t e  s t a b i l i t y  f i e l d ,  then the montmori l loni te f i e l d .  

Mg 

A t  

e 
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about l o o ' ,  opal saturat ion w i t h i n  the montmori l loni te s t a b i l i t y  

f i e l d  i s  reached. 

surface. 
Mg 

o f  magnesium minerals) which i s  saturated o r  super-saturated w i t h  

respect t o  quartz. As s o l u t i o n  B r i s e s  above the water table,  the 

ox idat ion o f  s u l f a t e  lowers the pH, A t  the surface, the f l u i d  i s  i n  

the  a l u n i t e  f i e l d ,  destroying the previously formed montmori l loni te.  

With downward percolat ion,  a1 t e r a t i o n  proceeds t o  kaol i n i  t e  and 

muscovite. 

(as wel l  as b i o t i t e  and feldspar) ,  b u t  n o t  completely, 

This a l t e r a t i o n  assemblage i s  maintained t o  the 

Solut ion B i s  a low a 2 t  f l u i d  ( too low f o r  the existence 

A t  120', muscovite continues t o  replace montmori l loni te 

These three models, which contain abundant f i c t i o n ,  i l l u s t r a t e  

the complexity o f  i d e n t i f y i n g  the geochemical a1 t e r a t i o n  process. 

Addi t ional  studies could he lp c l a r i f y  t he  s i t ua t i on .  

cat ion o f  secondary K-feldspar, and i t s  re la t i onsh  p t o  o the r  minerals 

would he lp r e s t r i c t  pH and aK+ values. Microprobe work t o  determine 

the compositions o f  primary b i o t i t e  and secondary vermicul i te,  along 

w i t h  Fe3+ and Fe2+ determinations i n  the water, would f u r t h e r  c l a r i f y  

Eh-pH and Mg2+ condit ions. 

The i d e n t i f i -  
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HEAT FLOW CONTRIBUTIONS FROM HYDROTHERMAL ALTERATION 

Most hydrothermal a l t e r a t i o n  react ions f o r  minerals i n  DDH 1-76 

are exothermic (Table 10). These exothermic react ions may generate 

a s i g n i f i c a n t  amount o f  heat compared t o  the heat f l ow  o f  the area 

and compared t o  the heat generated by a cool ing g r a n i t i c  magma. 

The problenk o f  making a sensible determination l i e  i n :  

the extent, l a t e r a l l y  and v e r t i c a l l y ,  o f  the a l t e r a t i o n  and 2) the 

t i m e  over which the  h o t  springs have been ac t i ve ,  The t ime problem 

has already been discussed. 

1 i m i t s  from t h a t  discussion are 0.4 m.y. and 0.01 my., respect ively.  

I f  the a c t i v i t y  has been episodic, these times are f u r t h e r  reduced. 

For purposes o f  ca lcu lat ions here, a c t i v i t y  o f  the geothermal area 

f o r  10% o f  the above times w i l l  be assumed, r e s u l t i n g  i n  .04 m.y. and 

.001 m.y. 

1 )  

Reasonable maximum and minimum time 

Some estimation o f  the l a t e r a l  and v e r t i c a l  extent  o f  a l t e r a t i o n  

has been gained through Schl unherger and e l  ectro-magneti c depth 

soundings (Tripp, 1977) and by dipole-dipole r e s i s t i v i t y  surveys 

(Ward and S i l l ,  1976). 

The two geologic i n t e r p r e t a t i o n  diagrams o f  T r ipp  (Figures 18 and 

19 o f  t h a t  pub l i ca t i on )  broadly suggest a f rac tu red  and h i g h l y  a l t e red  

zone, bounded t o  the east and west by saturated a l t e r e d  rock and 

alluvium, and under la in by r e s i s t i v e  (una1 tered) bedrock. The 

saturated a l t e r e d  rock and al luvium varies i n  thickness from 
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Table Id Reactions Used i n  Reaction Enthalpy Calculat ions 

a +a 

Reaction No. Reaction 
1 
2 

3KA1S1308 + 2SO:- + 6H' = KA13(S04)2(OH)6 + 2K' + 9Si02(a-qtz) 
3NaA1Si308 + 2S04'- + 6H+ + K' = KA13(S04)2(OH)6 + 3Na+ + 9Si02(u-qtz) 
H4Si04 = 2H20 + Si02(u-qtz) 
CaTiOSi04 + 2H+ = Ca2+ + T i 0 2 ( r u t i l e )  + Si02(u-qtz) 
3KA1si308 + 2H+ = KA13Si3010(OH)2 + 6Si02(a-qtz) + 2K' 
2KAlSi308 + 2H' + 2H20 = A12Si205(0H)4 + 2K' + 4Si02(u-qtz) 
2NaA1Si308 + 2H+ + 2H20 = A12Si205(0H)4 + 2K' + 4Si02(a-qtz) 
H2S + 202(g) = 2H + SO:- 
Fez+ + S*' + 1/2S2 = FeS2(pyri te) 

+ 

+ .302 + 4Si02 + 11.4H20 = K+ + 4.8H' 
4H20 + .2Fe3+ 

+ Mg5A12Si3010(OH)8 + Mg 
2+ 

14NaA1Si3O8 + 12H' + Mg2+ = 6Mg.167A12.33Si3,67 0 (OH)2 + 14Na' + 2OSiO2 

~ 0 , ~ -  + Ca2+ = CaCO, 
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approximately 75 - 400 meters, w i t h  greatest  thickness l y i n g  t o  the 

west. The deep conductive l a y e r  t o  the west, however, may be due no t  

so much t o  a l te ra t i on ,  as from warm br ines leak ing  f r o m  the system 

(Ward and S i l l ,  1976). Addi t ional  in format ion f r o m  Ward and S i l l  

a t  81OON ind icates a r e s i s t i v e  contact  a t  500m, probably, though not  

ce r ta in l y ,  due t o  decreased a1 te ra t ion .  

Given the  pH and K+ values f o r  the deep reservo i r ,  Table 1, 

analysis 4, K-feldspar can be expected t o  be s tab le  a t  15OoC. With 

thermal gradients ranging f r o m  460°C/km (DDH 1 B )  t o  937'C/km (DDH 

1-76), the K-spar s tab le  zone occurs a t  depths o f  326 - 160 meters. 

Method 

e 

e 

For each secondary phase i n  DDH 1-76, a chemical reac t ion  was 

For each chemical species i n  the t h i r t e e n  w r i t t e n  (Table 10). 

reactions, standard enthalpies o f  formation (AHf) and heat capaci t ies 

(Cp) are l i s t e d  i n  Table 11. Only AHf and Cp f o r  b io t i t e - .6  

phlogopi te and vermi cul  i t e  were cal  cu l  ated (Appendix 3) ; a1 1 o ther  

data were r e a d i l y  ava i lab le  i n  c i t e d  references. A l l  the average 

heat capaci ty data f o r  ions and H4Si04 were taken from Helgeson 

(1969). 

heat capaci t ies a t  6OoC and 100°C. 

e r r o r  s ince an average heat capaci ty  represents noth ing more than the 

f i r s t  term i n  the heat capaci ty power funct ion.  Over small temperatures 

ranges, the second and t h i r d  power func t ion  terms are small and 

A s t r a i g h t  l i n e  equation was ca lcu la ted  based on the average 

This process introduces l i t t l e  

1 i n e a r i  ty i s  c lose ly  approached. 

This equation was assumed t o  be v a l i d  everywhere i n  the temperature 
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Table 11. Thermodyn 

Species 

rnic D 

a 

ta for Reaction IEnthal py Calcul tions 

cp(a) c#b' Data Source 
a bx103 cx10-5 AHt(25'C)-cal/gfw AH CP 

KAlSi308 - microcline 
#aA1Sf3O8 - 1On albite 

3 (OH 
Si02-a-quartz 

H4SiOq 

CaTiOS1 O4 

Ti02 - rutile 
H20-(1 1 
KA13Si301 o(OHI2 

KMg3A1 Si3010(OH)2 (phlogopite) 

KMgl.8Fel.2 Si 3 A1010(OH)2 
(biotite-.6 phlogopite) 

(Mg-chlori te) 

(Mg-montmoril lonite) 
+3 

(venicul ice) 

CaC03 - Calcite 
FeS, - Pyrite 

Mg5A1 zsi 3O10 (OH 18 

Mg. 1 67A1 2.33Si3.67010(0H)2 

Mg2.8 Fe. &jsi2. 9 :lo, 0(0H)2'4H20 

CaAl 2si208 ' 

63.83 12.90 -17.05 

61.70 13.90 -15.01 

231 78.60 -67.80 

11.22 8.20 -2.70 

49 

42.39 5.54 -9.63 

17.97 0.28 -4.35 

18.04 

97.56 26.38 -25.44 

96.36 26.53 -27.23 

98.18 31.07 -18.58 

148.5 36.1 -23.90 

84.0 33.7 -19.90 

113.89 33.46 -16.29 

64.42 13.70 -16.89 

24.98 5.24 -6.20 

17.88 1.32 -3.05 

-946,000 

-937,300 

-1,235,600 

-217,650 

-348,060 

-622,050 

-225,760 

-68,315 

-1,420,900 

-1,499,760 

-1,391 ,576 

-2,109,840 

-1,364,140 

-1,630,439 

-1,009,300 

' -288.420 

-41,003 

1 

1 

4 

2 

1 

3 

3 

2 

1 

6 

6 

1 

1 

7 

1 

1 

2 

1 

1 

5 

2 

1 

3 

3 

2 

1 

6 

6 

1 

1 

7 

3 

1 

1 
m 
w 
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Table 11 (Continued) 

CP E Data Source 
Spec I es a M O - ~  cx1~5 AH8(25"C)-cal/gfw - A H  Cp 5 

a" 
67.93 19.22 -13.78 

.2T-h - 43.6 

.2T°K - 39.60 

.15T°K - 14.95 

.35T°K - 71.55 

.40T°K - 109.20 

.41T°K - 86.35 

.91T°K - 232.98 

.%TOK - 120.84 

-.35T°K - 15.45 

-.23T°K - 22.70 

-.25T°K + 35.35 

7.81 2.96 -0.46 

10.57 2.10 -2.06 

7.16 1-00 -0.40 

8.72 0.16 -0.90 

0 

-60,040 

-57,279 

-1 29,770 

-1 10.41 0 

-21,000 

-11,400 

-1 27,000 

-1 61,840 

-21 7,320 

9,070 

-4,930 

-94,050 

0 

30,680 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1  

1 1  

1 1  

1 1  

aHeat Capacity Power Function Coeff icients. Callgfw-OK. , 
bAverage heat capacit ies (Helgeson, 1969) f o r  6OoC and 100°C were used t o  define a l i n e  t o  

'Hclgcson (1969) 'Robic and Waldbaum (196e) 3Kcl lcy (19tO) 4tlcmley c t  a l .  (1969) 

' ! l i l l c r  (1976) 'Rcanc (1972) 7calculatcd, t h i s  report.  

compute an average heat capacity f o r  each temperature zone. CalIgfw-OK. 

m 
P 
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range 33OC t o  105°C. It i s  t h i s  s t r a i g h t  l i n e  equation t h a t  i s  

1 i s t e d  i n  Table 11. The enthalpy o f  react ion a t  an elevated 

temperature, A H ~ ( T ) ,  i s  ca lcu lated by equation 1. 

where 

an d 

T 

25' 
A H ~ ( T )  = AH; (25OC) + j ACp dT 

n m 

n 
products reactants 

ACp = x c p  - CCP 
i = l  j=l  

The i n t e g r a l  o f  the average heat capaci ty i s  simply 

- IT r p  d t  = Cp (T-To) . 
TO 

The i n t e g r a l  o f  a heat capaci ty power funct ion i s  
r 
'CpdT = a(T-To) + b 2 2  (T -To ) x ~ O ' ~  - c ( ~  1 1  - To)x10 5 

TO 

(3)  

where a, b, c are heat capaci ty power funct ion coe f f i c i en ts .  

The d r i l l  ho le  was d iv ided i n t o  seven approximately l l ° C  

i n t e r v a l  temperature zones. Actual temperature measurements o f  DDH 

1-76 ( S i l l ,  1977, Appendix 4) were p l o t t e d  versus depth and a 

temperature thereby chosen f o r  each sample depth. The average of 

these tefiperatures was ca lcu la ted  f o r  each zone. 

i n  Table 10 the enthalpies of reac t ion  f o r  each appropr iate temperature 

For each reac t ion  

zone are l i s t e d  i n  Table 12. 

A t  each depth, the  number o f  moles o f  each product mineral per  

100 gm ( inc lud ing  excess s i l i c a )  was ca lcu lated along w i th  the heat 

of  reac t ion  t o  produce t h a t  amount o f  product. The sum o f  the 
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Table 12. Reaction Enthalpies f o r  7 Temperature Zones* o f  DDH 1-76 

Reaction Enthalpy - Calor ies 
33°C 48.6"C 61.7"C 72.8"C 84.4"C 96.3"C 105.1"C a Reaction No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

-39,625 
-57,226 

-6,237 
-1 9,374 
-8 , 744 

-1 0,437 

-21 3 , 024 

-29,256 

-35,436 
-52 , 671 

-6 , 266 
-19,256 

- -8,735 
-1 0,546 
-21,936 

-21 4,212 

-29 9 888 

-32,760 
-49 , 743 

-6 , 286 
-19,178 
-8,704 

-10,644 
-21,811 

-21 5 , 1 48 
-43 , 901 
-30,393 

-30,077 
-46,886 

-6 , 300 
-19,127 
-8 I 680 

-10,730 
-21,735 

-21 5,892 
-43,658 
-30,804 

5,435 
-1 01,933 

8,336 

-27,360 
-44,019 

-6,312 
-19,088 

-8 , 657 
-1 0,822 
-21,685 

-216,623 
-43 , 360 
-31,215 

5,233 
-1 01,270 

8 , 598 

-6 , 325 -6,335 
-1 9 , 064 

-10,919 
-8 , 633 -8,615 

-43,008 -42 , 71 7 

5,022 4,866 
-1 00,452 -1 00,149 

10,897 11,861 
~~ ~ 

Reactions are l i s t e d  by number i n  Table 10. 

84.4' (90'-125'),  96.3' (125'-162') , and 105.1' (162'-200') 

a 

*33O (12'-25')  , 48.6' (30'-40') , 61.7' (40'-65') ,  72.8' (65'-90')  
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react ion enthalpies, Q/m (cal /g) ,  f o r  each sample were m u l t i p l i e d  by 

estimated densi t ies t o  obta in  the quan t i t y  Q/v (cal/cm ) l i s t e d  i n  

Table 13. 

reactions. There are three columns for each thermal gradient, which 

d i f f e r  i n  the extent t o  which the su l f i de  t o  s u l f a t e  react ion occurred 

t o  supply the s u l f a t e  ion f o r  the formation o f  a lun i te .  Water 

analysis from the deep rese rvo i r  (Table 1 )  ind icates t h a t  there i s  

abundant SO4= i n  the deep reservoir .  The three values chosen f o r  

s u l f u r  ox idat ion ( O % ,  lo%, 100%) r e s u l t  i n  a wide range o f  values i n  

the upper 35' where there i s  abundant a lun i te .  As a l u n i t e  becomes 

much less s i g n i f i c a n t  below 35', so does the ox idat ion o f  s u l f i d e .  

3 

The negative s ign denotes the exothermic nature o f  the 

de t h  
q = (Q/v) x & The re1 at ions h i  p 

enables est imat ion o f  heat f low due t o  hydrothermal a l t e r a t i o n .  

Table 14 l i s t s  the  assumptions and r e s u l t a n t  heat f low which range 

from 0.02 t o  67 HFY. The average thermal gradient i s  937'C/km f o r  

a thermal conduct iv i ty  of 4X10-* pcal/cm-sec-°C: 

f low i s  37 HFU. 

o f  the heat f low the  hown 200' o f  a l t e r a t i o n  adds. Extrapolat ions 

t o  other  depths were made by assuming uniform a l t e r a t i o n  (K-mica and 

p y r i t e ) ,  as seen i n  the lower 15' o f  the core w i t h  constant react ion 

enthalpies. 

the r e s u l t a n t  heat 

The 200' est imate i s  merely t o  show what f r a c t i o n  

It i s  n o t  known whether these temperatures are a c t u a l l y  those 

present a t  the t ime of the a l t e r a t i o n .  A l o g i c a l  upper bound on 

temperature would be t o  assume b o i l i n g  water. 

temperature gradients f o r  various s a l i n i t i e s  are ava i l ab le  (Haas, 1971). 

B o i l i n g  water 
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Total Heats o f  Reaction 
per Unit Volume 

Boiling-Water Thermal Gradient b Present-Day Thermal Gradient 

Depth-f t. 
12 
15 
20 
25 
30 
35 
38 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 
105 
110 
115 
1 20 
125 

135 
' 140 
145 
150 
155 
160 
162 
165 
170 
175 
180 
185 
190 
195 
200 

130 

3* cal/cm 
-74 - 98 
-72 
-92 
-88 
-64 
-56 
-55 
-64 
-54 
-83 
-52 
-20 
-24 
-54 
-73 
-74 ' 

-50 

-85 
-117 
-1 6 

-135 
-46 
-26 

-78 

-6.6 

-8.2 
-5.6 
-5.8 
-9.7 

-7.0 

-1 3 

-1 7 
-3a 

-9.0 
-7.9 
-5.8 
-9.2 

-9.7 
-9.8 

-14 

ca1/cm3** ca~/an3H* 
-1 26 -597 
-1 77 -902 
-228 -547 
-1 58 -797 
-1 58 -800 - 66 -82 
-59 -89 
-57 -72 
-67 -89 
-62 -136 

-53 -65 
-21 -29 
-25 -34 
-55 -66 
-76 -104 
-78 -116 
-53 -74 
-82 -111 

3* cal/un 
- 50 
-61 
-48 

- 59 

-54 

-49 

-68 

-77 

-43 

14,5 

-5.7 

3*** 
ca1/cm3** cal/cm 

-96 -500 
-1 33 -868 
-96 -529 

-1 32 -787 

-56 -72 

-50 -61 

-7 1 -1 oa 

* does not include oxidat ion o f  any su l f i de  t o  sul fate 
*includes oxidation o f  su l f i de  t o  10% sul fa te 
*** Includes oxidat ion o f  su l f i de  t o  100% sul fa te 
'The denstties3used i n  these calculat ions are: 

1.86 g/an for depths 12'-25' (Parry e t  al., 1976) 

1.94 g/an f o r  depths 30'-165' (Parry e t  al., 1976) 

2.75 9 / a 3  f o r  depths 175'-200' (Crebs, 1976) 

3 

b S i l l .  1977 

'BoIlSng-potnt surve f o r  l i q u i d  water and 0% NaC1. 
Taken from Haas, 1971. 



Table 14  HEAT FLOW ESTIMATES FROM REACTION ENTHALPIES 

Time and Assumptions 
No oxidat ion t o  su l fa te 

thermal gradient  Present-day 

100% oxidat  
Pres en t -day 

,4 m,y. 
.04 m.y. 
.01 m,y. 
.001 m,y. 

on t o  s u l f a t e  
thermal gradient 

.4 m,y. 

.04 m.y, 

.01 m,y. 
,001 m.y. 

No ox idat ion t o  su l fa te 
Boi 1 i ng-water thermal gradient 

.4 m.y. 

.04 m.y. 

.01 m,y. 
,001 m.y. 

100% oxidat ion t o  su l fa te 
B o i l  ing-water thermal gradient 

. 4  m.y. 

.04 m.y. 

.01 m.y. 

.001 m.y. 

* In heat f l ow  u n i t s  - pcal/cm 2 - sec. 

200 

.02* 

.23 . 93 
9,3 

06 . 61 
2.4 
24 

.02 

.21 
t 83 
8.3 

.05 
46 

1.8 
18 

Depth-feet 

2000 ' 
.06 
.64 
2,6 
26 

, l o  
1 .o 
4,O 
40 

.06 
7 61 
2,4 
24 

* 09 

3 ? 4  
34 

5000 ' 
.13 
1.3 
5.3 
53 

,17 
1.7 
6.7 
67 

.13 
1.3 
5.1 
51 

.16 
1.6 
6.0 
60 
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Since there are no present day b o i l i n g  w t e r s ,  actual  temperatures of 

formation probably l i e  between these two assumptions. I n  order t o  

estimate the e f f e c t  o f  h igher temperatures on these enthalpy 

ca l  cul  at ions , 11 samples were recal  cul ated a t  these hS gher 

temperatures (Table 13) 

Calculat ions were s i m p l i f i e d  w i t h  the fo l l ow ing  assumptions. 

Mineral abundances, as determined by computer rou t i ne  MODECALC, were 

used. All aluni te ,  K-mica, k a o l i n i t e ,  and montmori l loni te formed 

f r o m  feldspars. 

a l u n i t e  and k a o l i n i t e  were formed f r o m  4 3:2 r a t i o  of p agioclase 

(assumed pure a l b i t e )  t o  orthoclase. This 3:2 r a t i o  i s  t h a t  present 

a t  depth i n  the r e l a t i v e l y  unal tered quartz monzonite. Where there 

i s  s i g n i f i c a n t  orthoclase, b u t  less than i n  weakly a l t e r e d  mck,  a 

3:l r a t i o  o f  a l b i t e  t o  orthoclase was assumed f o r  fe ldspar  t o  kao- 

l i n i t e  and a l u n i t e  react ions.  

a l t e r e d  rock, a l l  a l u n i t e  and k a o l i n i t e  were formed f r o m  a l b i t e .  

secondary K-spar was assumed. 

t r a c t i n g  66 weight % (average a t  depth) from the percent S i O p  of the 

sample. 

p r e c i p i t a t i o n  o f  excess Si02 as a-quartz was assumed. 

Where there i s  very l i t t l e  o r  no fe lds bars present, 

Where orthoclase exceeded t h a t  i n  weakly 

No 

Excess s i l i c a  was determined by sub- 

Because thermodynamic data were not  avai lab le for opal, 

Resul t s  

Heat f low estimates r e s u l t i n g  f r o m  on ly  200' o f  a l t e r a t i o n  o r  

from .001 m,y. o f  a c t i v i t y  are c l e a r l y  unreasonable. I t  is doubtful  

t h a t  hydrothermal a l t e r a t i o n  accounts f o r  more than 50% o f  the heat 

f low, as suggested by .001 m.y. A reasonable range of heat flow, 

e 
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then, i s  .06 t o  6.7 HFU o r  f r o m  .18% t o  18% o f  the t o t a l  heat f low. 

The t ime over which t h i s  a l t e r a t i o n  has occurred c l e a r l y  exerts the 

greatest  con t ro l  on heat f low. 

are a lso very important. 

more intense a l t e r a t i o n  would probably e x i s t  and would increase 

these heat f low estimates. Since geological and geophysical evidence 

t o  date terminate a l t e r a t i o n  a t  500 m (1500 ft) maximum, 2000' is  

probably the most reasonable, w i t h  5000 ft an over-estimate. 

there i s  0% o r  100% o f  ox idat ion t o  s u l f a t e  i s  not  very s i g n i f i c a n t  

w i t h  respect t o  heat flow, s ince the greater  con t r i bu t i on  by s u l f a t e  

i s  made i n  the upper 35' (and the next 70' t o  a l esse r  extent) ,  which 

i s  a small p a r t  of the t o t a l  enthalpy contr ibut ion.  

water thermal gradient r e s u l t s  i n  somewhat lower heat flows, the 

Depth and i n t e n s i t y  o f  a l t e r a t i o n  

I f  s i g n i f i c a n t  f r a c t u r i n g  occurs a t  depth, 

Whether 

Though a b o i l i n g -  

d i f ference i s  not s i  gni f i  cant. 

A s o l i d  g r a n i t i c  magma a t  Roosevel t Hot Springs KGRA cools 

approximately between the temperatures o f  65OoC and 283OC (Ward 

and S i l l ,  1976). The heat capaci ty f o r  a t y p i c a l  grani te  i n  t h a t  

temperature range i s  97 ca l /g  o r  267 cal/cm . The advanced a r g i l l i c  

zone o f  a l t e r a t i o n  produces from 70 - 900 cal/cm . White (1957) 

reported t h a t  f o r  Steanboat Springs, Nevada, a g r a n i t i c  magma volume 

of 47 km would be required t o  maintain the heat f low o f  7 pcal/sec 

f o r  100,000 years over a 5km area. An equal area a t  Roosevelt Hot 

Springs, maintaining the 37 HFU f o r  .4 m.y. would requi re a mgma 

87 km i n  volume. 

3 

3 

3 

2 

3 

e 
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CONCLUSION 
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The study o f  DDH 1-76 i d e n t i f i e d  three a l t e r a t i o n  zones: Ad- 

vanced A r g i l l i c  (quartz + opal + a l u n i t e  + vermicu l i te) ,  A r g i l l i c  

(quartz + opal + a1 uni  t e  + kaol i n i  t e  + muscovite + vermicul i t e )  , 
and P r o p y l i t i c  (quartz + muscovite + montmor i l lon i te  + c a l c i t e  + 

p y r i t e  and quartz + muscovite + i l l i t e - m o n t m o r i l l o n i t e  + c a l c i t e  + 

c h l o r i t e  + p y r i t e ) .  

A simple one-solut ion geochemical model t o  expla in  these a1 t e r -  

a t i o n  assemblages, and remain consis tent  w i th  measured Roosevel t Hot 

Springs waters, was no t  found. 

coexistence o f  opal w i t h  muscovite (and no t  w i t h  montmor i l lon i te)  i n  

the upper core. 

Further studies need t o  resolve the 

Calcu lat ion of reac t ion  enthalpies fo r  a1 1 a1 t e r a t i o n  phases 

resu l ted  i n  heat f low estimates due t o  hydrothermal a l t e ra t i on .  A l -  

though r e l i a b l e  heat f low estimates were d i f f i c u l t  due t o  uncer ta in ty  

i n  the extent  i n  time and space over which a l t e r a t i o n  occurs, hydro- 

thermal a l t e r a t i o n  can e a s i l y  account f o r  .2% - 20% o f  the measured 

heat f low a t  DDH 1-76. 

e 
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X-ray d i f f r a c t i o n  analyses o f  the three cores o f  a l t e r a t i o n  

holes d r i l l e d  by the Univers i ty  o f  Utah revealed t h a t  the 105' 

depth o f  DDH l - A  contained the greatest  percentage o f  montmori l loni te 

and was chosen, therefore, as the s t a r t i n g  mater ia l  f o r  analysis.  

The sample was crushed t o  1/4" s i ze  and then pulver ized i n  a 

tungsten carbide b a l l  m i l l .  

pept ized and successively centr i fuged t o  f i n a l l y  separate the 

-0.211 s i ze  f r a c t i o n .  

was achieved. This mater ia l  was chosen f o r  atomic absorption 

analysis. 

This f i n e  grained mixture was then 

Considerable enrichment i n  montmori l loni te 

Cation exchange analysis f o l  lowed standard methods. 200 mg 

o f  sample were added t o  a cen t r i f uge  tube w i t h  20 m l  1M ammonium 

acetate a t  pH 7. The mixture was shaken 10 minutes and a 

exchange f o r  one hour. The mixture was centr i fuged. The 

was d i l u t e d  appropr iately and analyzed f o r  Ca, K, Na, Mg. 

montmori l loni te sample was fused i n  a 1:5  r a t i o  w i t h  l i t h  

te t raborate (Spex Industr ies,  Inc., Cat. #6005) according 

lowed t o  

centra t e  

A 100 mg 

urn 

t o  Brown 

and others (1969). The r e s u l t a n t  bead was dissolved i n  10 m l  HC1 and 

d i l u t e d  to 200 m l  . This sample was analyzed against  appropriate 

standards ( a l l  conta in ing 3 g/1 l i t h i u m  tetraborate,  50 m l / l  

concentrated HC1 and 1150 ppm Na') f o r  S i  , A1 , Mg, Fe, K, and Ca. 

A grey and a green sample were analyzed w i t h  the r e s u l t i n g  

formul as : 

grey ( Mg. 1 qCa. OaNa. 0 3K. 1 3 3. 3Fe gMg. 51 ( si 7.9 O2 0 (OH ) 4 

green (Mg .1 4Ca.06Na.01 06) 3 .  27Fe. 28Mg.45) (si8020) (OH)4* 
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A magnesium-rich vermiculite has a AGO, o f  -1,536,900 calories 

(Nriagu, 1975). 

from the elements is written below. 

The reaction for  the formation of this vermiculite 

( 1 )  2.8 Mg + 0.5Fe + 2.95Si + 1.1Al + 5H2 +- 802 = Mg2.8Fe.5 

(Si2.9A11.1 ) O ~ O ( O H ) ~  4H20 

The absolute entropy o f  this vermiculite, S o ,  was calculated as 

suggested by Helgeson (1969) by sumning the absolute entropies o f  

the constituent oxides (Table 1 ,  values f r o m  Robie and Waldbaum, 

1968). 

So equals 112.0 cal/mole-OK. For reaction 1 ,  S: was calculated 

by subtracting the sum of the reactant entropies (Table 1 )  from 

the entropy of vermiculite. AH; was calculated by: 

(2 1 AH; = AG; + TAS; 

and AH; has the value o f  -1,680,439 calories/mole. 

The heat capacity, Cp, of  vermiculite was calculated by 

summing the heat capacity power functions of  i t s  constituent oxides 

(Table 2 ) .  5 Cp vermiculite equals 118.89 + 33.46~10-~T - 16.29~10 

l/?. 

The heat capacity and AH; fo r  b io t i t e  (.6 phlogopite) were 

calculated us ing  equations from Beane (1972). 

i n  equations 3 and 4 us ing  Xann = .4 and Xphlog = .6. 

Solve for  Cp and AH: 

9 
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(*'*) = -1,299,300 Xann - 1,499,760 Xphlog (4)  *OHfSS 

The results are: 
5 2  

Cp = 98.18 + 31.07 x 10-3T - 18.58 x 10 /T 
A H O ~  = -1,391,576 cal/gfw. 
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Table A3-1 
Standard Entropies o f  Elements and Oxfdes 

Element o r  Oxl'de So 
Mgo 6.44 

20.89 Fe203 
stoz 9.88 

12.18 2'3 
H20 ( ice) 10.62 
Mg 7.81 
Fe 6.52 
S i  4.50 
A1 6.77 

31.21 
49.00 

H2 
O2 

Table A3-2 
Heat Capacity Power Function Coef f ic ients**  

Oxide a  XI a*3 c x ~  oC5 
MgO 10.18 1,74 -1.48 

23.49 i8.6a -3.55 
SiO2 11.22 8.20 -2.70 

27.49 2.82 -8.38 

Fe203 

2'3 
" c H20 (tce] 9.0 

~- 

** Kelley, 1960, 
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a 
Depth-meters 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
63.5 

Temperature- C" 
31.586* 
42.750 
58.582 
65.202 
70.585 
78.718 
85.642 
90.408 
95.474 
98.922 

1 02.660 
107.144 
109.445 

* Data taken by St'll, 1973, personal comnunication. 
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