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ABSTRACT 

B 
Chemical compositions of chlor i te  and s e r i c i t e  from one 

production well i n  the Roosevelt geothermal system have been 

determined by electron probe methods and compared w i t h  compositions of 

chl ori t e  and ser ic i  t e  from porphyry copper deposits . Modern system 

s e r i c i t e  and chlor i te  occur over a depth interval of 2 km and a 

temperature interval of 250°C. 

D 

Mineral compositional variation w i t h i n  samples o f  cuttings from 

individual depth intervals from the geothermal well i s  as large as 

t h a t  between samples, and i s  suff ic ient ly  large t o  obscure any effec'ts 

B related t o  present. day h o t  water entry zones, a t  l eas t  on the scale 

sampled. Recent suggestions are t h a t  the well may have been dr i l led 

parallel and close t o  a major f lu id  bearing fracture,  and i f  so would 

not provide a good t e s t  si tuation. Sericites range between i l l i t e s  P 

and muscovites on the basis o f  K and Si  content. Chlorites are 

ri pi dol i t e s ,  brunsvigi t e s  and pycnochl ori tes  . Serici t e  compositional 

ranges are 0.6 t o  1.0 K ,  3.1 to 3.5 Si, 0.0 t o  0.3 Fe, 0.0 t o  0.3 Mg 

and 1.7 t o  2.8. A1 per formula u n i t  . Fe/Mg i s  usually near 1 . 
B 

-- - -  Chlokites corita-in-2.8: t o  3;2 S i ,  1.9 t o  2.5 A l ,  1.7 t o  2.6 Fe and 1.3 
D 

t o  2-4 Mg. 

Compari son with porphyry copper systems shows t h a t  i nterl ayer 

chemistry i n  hydrothermal s e r i c i t e s  i s  related t o  the alteration 
I) 

assemblage, and  chemical heterogeneity i s  re1 ated t o  a1 terat ion 
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B 

D 

B 

B 

D 

intensi ty  or extent of recrystall ization of the rock. Analyzed 

ch lor i te  compositions i n  porphyry systems are similar t o  o r  more 

magnesian t h a n  those a t  Roosevelt . Sericites from porphyry systems 

tend t o  have higher  interlayer (K+Na) s i t e  occupancies and less S i  i n  

- tetrahedral s i t e s  t h a n  those from Roosevel t . Southwest T in t i c  

s e r i c i t e s  have nearly constant Fe but  variable A1 and Mg i n  octahedral 

s i t e s ,  Santa Rita se r ic i tes  have nearly constant Mg, and Roosevelt 

s e r i c i t e s  nearly constant Fe/Mg. The differences between systems may 

be a t  l eas t  partly due t o  differences i n  a l terat ion assemblages 

analyzed. F correlates w i t h  Mg content i n  se r ic i tes  from a l l  systems. 

Ser ic i te  and chlor i te  chemistry i s  a function, n o t  - -  merely of b u l k  
c 

f l u i d  chemistry and temperature, b u t  also o f - t h e - l o c a l  .chemical - 
environment, distance from fluid-bearing veins, and the type of 

m i  neral bei ng repl'aced . Thermodynamic model izg-s hows t h a t  the 

sens i t iv i ty  of s e r i c i t e  and chlor i te  chemistry t o  f l u i d  composition i s  

such t h a t  changes i n  aqueous species ac t iv i t i e s  can cause changes of 

similar magnitude i n  the ac t iv i t i e s  o f  solid solution end members. 

Temperature changes o f  a few tens o f  degrees can cause order  of 

magnitude changes i n  so l id  phase ac t iv i t ies .  - 

B 
Chemical inhomogeneity o f  a1 teration minerals, isotopic evidence 

and thermodynamic modeling indicate a s t a t e  of d i  sequil i brium between 

the Roosevelt b u i k  geothermal f lu id  and hydrothermal s e r i c i t e  and 

chlor i te  . 

- .  

- -  ~ - -  . -  . c  . -  .. - 

D 

The amount of d i  sequi 1 i bri um 'cal cu l  ated depends upon the 

B 

. thermodynamic d a t a  base used. Alteration minerals may well be i n  

equilibrium with local portions o f  the  present day f luid which  have 

changed  composition :by reacting w i t h  t he  rock.  Ser ic i te  solid 
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I) 

solution end members and calci te  appear t o  be close t o  equilibrium 

w i t h  the b u l k  f l u i d ,  feldspars are s l ight ly  undersaturated, and 

chlor i te  i s  strongly undersaturated. These d a t a  suggest unless the  

chl ori t e  thermodynamic d a t a  i s  h igh ly  i naccurate, t h a t  chl ori t e  may 

have formed earl i e r  perhaps d u r i n g  a previous hydrothermal event. 



INTRODUCTION 

I n  a hydrothermal system the chemistry of a l terat ion minerals is  

a function _ -  of the temperature, pressure and so lu t ion  composition. 

Theoretically, a l terat ion minerals may be regarded as retaining an - -  
D 

imprint of the characterist ics of t h a t  f lu id ,  provid ing  no subsequent 

changes take place. If the alteration minerals were i n  equilibrium 

B 

D 

D 

w i t h  the hydrothermal f lu id ,  information about the composition of t h a t  

f lu id  may be extracted by means of thermodynamics. Hence the 

potential exis ts  for us ing  hydrothermal mineral chemistry t o  locate or 

correl a t e  h o t  water conduits in geothermal systems, t o  d i  s t i  ngui sh 

a l terat ion due t o  different hydrothermal events, and . -  even - t o  trace 
. .. 

. -- . -. . . 
. 

f l u i d  evolution w i . t h i n  a geothermal f ie ld .  - . .  - .  
- .  - 

A practical evaluation of the feas ib i l i ty  of  us ing  a l t e r a t ion .  

mineral chemistry 'in geothermal exploratio%-%iis-been the subject o f  

t h i s  study. 
- .  

The evaluation has had two focuses: 1) on characterizing 

B se r i c i t e  and chlor i te  chemistry from b o t h  present day and fossi l  

hydrothermal systems, and 2 )  on constructing a thermodynamic model t o  

re1 a te  mineral chemistry t o  associated f l  uid chemistry;. Microprobe 

analyzes o f  hydrothermal s e r i c i t e  and chlor i te  have been obtained for . * .  I) 

:samples from Well 14-2 (Thermal Power Company) a t  the Roosevelt Hot 

Springs geothermal system and for samples from the Southwest Tint ic  

porphyry copper system, bo th  i n  Utah .  Ser ic i tes  from the Santa  Rita 

porphyry copper deposit i n  Arizona and chlorites from the Silver Bell 

_ -  

- -  . _  . ._ . _ -  B 

. --deposit  i n  New Mexico are included for comparison (locations i n  Figure 

1). E q u i l i b r i u m  between rock :and f l u i d  has probably been a t t a i n e d  i n  
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ROOSEVELT 

Figure 1. Locations o f  hydrothermal Syst.ems. ’ 
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B 

B 

D 

B 

D 

D 

. .. - ._ - 

' 4  
D 

D 

the pervasively altered and recrystal 1 ized porphyry systems, b u t  

several l ines  of evidence indicate t h a t  overall equilibrium between 

al terat ion minerals and the bulk geothermal f luid a t  Roosevelt has not  

been a-ttai ned . 
-Hydrothermal alteration a t  shallow depths (above 70 m) i n  the 

Roosevelt Hot Spr ings  geothermal system has been described by Parry e t  

a l .  (1980). A detailed petrographic study of the l i thologies and 

a l te ra t ion  i n  well 14-2 has been reported by Ballantyne and Parry 

(1978) and is  sumnarized i n  Figure 2 reproduced from tha t  report. The 

al terat ion occurs i n  Tertiary monzonite and associated dikes, and 

probabl e xenol i ths of Precambrian gneiss . A1 teration assemblages are 

weak t o  moderate phyllic i n  the upper por t ions  of the well, and weak 

propylitic i n  the lower portions. Alteration intensity: i s  s t ronge r  

near fluid-bearing fractures. Mineral assemblages for the i n d i v i d u a l  

samples are d i  scussed 1 ater.  A1 teration zone termi no1 ogy i s a f t e r  

Lowel 1 and G u i  1 bert (1970) . 
A t  Southwest Tintic the host rocks for  alteration are andesite 

and l a t i t e  volcanics, mainly tuffs w i t h  local flows and intrusive 

rocks.. The al terat ion assemblages vary from a central 'potassic zone 

t h r o u g h  a phyllic zone t o  propylitic. .The phyllic zone a t  Tintic i s  

extensive, and. i s  usually, b u t  not ubiquitously, present between the 

potassic'-and- pro-pyl i t i c  zones. - .  . 

A t  Santa Rita the host for a1terati.m i s  the granodiorite'of the 

S a n t a  Rita stock. Potassic zone se r i c i t e s  have been analyzed. All 

San ta  Ri ta  s e r i c i t e  samples included here were analyzed by David C .  

Jacobs. A17 b u t  two contain hydrothermal b i o t i t e - i n  a d d i t i o n  t o  

.. 
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Figure 2. Hydrothermal Alteration i n  Weli-*14:2: .Products and extent. - . 
o f  a1 terat ion Horizontal bars on pl  agi ocl ase destruction gra’ph 
indicate range o f  plagioclase destruction observed i n  a t h i n  section. 
Abbreviations: B ,  barite;  C ,  chalcopyrite;-.C_a, calci te ;  C h ,  chlorite;  
C l ,  clay; Gy, gypsum; H ,  hematite; K ,  K-feldspar; Mo, Montmorillonite; 
Mt, magnetite; Py, pyrite; Q ,  quartz; S, ser ic i te ;  T i ,  leuxocene. 
(Modi f i ed from Ball antyne and Parry, 1978 ) 
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ser ic i  t e ,  and several a1 so contain chlorite.  

S i  1 ver Bel 1 chl ori  tes from propyl i t i  zed rhyodaci t e  porphyry were 

analyzed by Geoffrey H .  Ball antyne. 

B 

B 

B 

B 

B 

.. 



B PREVIOUS WORK 

Elec t ron  microprobe ana lyzes  of sericite and c h l o r i t e ,  appearing 

i n  the l i t e r a t u r e  of the pas t  decade inc lude  reports of ind iv idua l  

ana lyses  and studies o f  sys temat ic  compositional va r i a t ions .  P r i o r  t o  
b 

and contemporaneous w i t h  microprobe i n v e s t i g a t i o n s ,  X-ray d i f f r a c t i o n  

studies have provided information on t h e  na tu re  and d i s t r i b u t i o n  o f  

B 

B 

p h y l l o s i l i c a t e s  i n  hydrothermal and sedimentary d i a g e n e t i c  

environments . 
~ , . - - - - .  . X-ray d i f f r a c t i o n  studies o f  c l a y  and mixed-layer minera ls  i n '  

geothermal systems i n d i c a t e  a t r a n s i t i o n  from e;. -'. smectite - through 

i n c r e a s i n g l y  i l l i t i c  mixed l a y e r  i l l i t e / s m e c t i t e  t o  i l l i t e  and f i n a l l y  

phengitic mica a s  d e p t h  and temperature  increase .  These modif icat ions 

a r e  observed i n  the Sa l ton  Sea by Muffler and White (1969) and 

McDowell (1978),  a t  Wairakei by S t e i n e r  (1968) and a t  the Broad1 ands 

and'ohaki-Broadlands f ie lds  by Brown and Ellis (1970) and Eslinger and 

Savin (1973). Although the r o l e  of f l u i d  chemistry i s  important the 

conversion t o  i l l i t e  appears  t o  be complete: i n  a1 1 cases by 230°C 

m 

e 

. ('Eslinger and Savin,  -1973). and i n  the SaTton Sea by 210°C (Muffler and 
. 

I -  

White, 1969).  D i sc re t e  montmori l loni te  converts t o  mixed l a y e r  

illite/smectite below 100°C (Muffler  and White, 1969) 

A swe l l ing ,  mixed l a y e r  c h l o r i t e / s m e c t i t e  has been noted a t  

Wairakei i n  one well sample from a sheared zone a t  approximately 207°C 
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by Steiner (1968), and a t  the Ohaki-Broadlands f ie ld  i n  several low 

D 

D 

B 

B 

5 

temperature (between 100 and 150OC) shall ow depth locations by 

Eslinger and S a v i n  (1973) . 
'Similar changes i n  interlayered i l l i te /smect i tes  have been . 

observed i n  sedimentary rocks a s  the degree o f  diagenesis and depth of 

b u r i a l  increases. Chlorite also occurs as a mixed layer 

chlorite-smectite of the corrensite type i n  certain situations. 

Dunoyer d.e Segonzac (1970) reviewed the transformation of clay 

mineral s d u r i n g  diagenesis and 1 ow grade metamorphism. More recent 
' studies of i l l i t e  and mixed layer i l l i te /smect i te  include those by 

Eslinger e t  a1 . (1979) and Eberl and Hower (1977) .  Weaver (1979) 

d i  scussed diagenetic and geothermal a1 t e r a t i  on of cl ay mineral s . 
B1 a t t e r  e t  a1 . (1972) report in te rs t ra t i f ied  chl orite-'d<octahedkal> 

smectite i n  d i  ke-intruded shales and report other such occurrence; 

from the 1 i terature.  
L. ~ - 

McDowel1 ( 1978) showed regular changes i n serici  t e  and chlorite 

chemistry w i t h  increasing depth and temperature i n  Well Elmore fl' i n  -- 

the Salton Sea geothermal f i e l d ,  i n  the range 190 t o  322 OC. Guilbert 

and Schafer (1978) found apparently systematic variations i n  bo th  

major and trace elements i n  ser ic i  t e s  .from porphyry base metal 

, deposjts-. Downey (1976) analyzed chlorites .. . from the propylitically 

a l tered-pluton a t  Gold Hill, Utah, witho-ut f i n d i n g  systematic 

geographic variation. Systematic changes i n  muscovite composition 

w i t h  increasing metamorphic grade i n  pe l i t i c  schists have been noted 

~ by G u i d o t t i  (1973 and 1978) and Cheney and G u i d o t t i  (1973). Page and 

Llenk (1979)  report regular variations i n  se r ic i te  chemistry and 
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al terat ion assemblage i n  the selvedge o f  a vein a t  Butte, Montana. 

Individual analyses of ser ic i te  and chlor i te  from mineralized 

hydrothermal systems have been reported by Ashley (1980), Kulvanich 

(1975) reported i n  Kel ley and Rye (1980), Nash (1973), Chivas  (1978), 

Ford (1978), and Ashley e t  a1 (1978) 

. . .. 

B 
. .  . .  . > .  

: -  

I 

D 

. .  



B HYDROTHERMAL ALTERAT I ON 

Roosevelt Well 14-2 

Fluid flow i n  the Roosevelt geothermal system i s  fracture 

control 1 ed, and hydrothermal a1 t e r a t i  on i s t h u s  a1 so closely re1 ated 

t o  f au l t s  and fractures.  Alteration assemblages i n  well 14-2 are 

sericite-hematite f smectite f: mixed layer i l l i t e h n e c t i t e  i n  the 

D 

upper 790 meters, and chiorite-sericite-calcite-pyrite a t  depth, w i t h  

t races  of anhydrite below 1525 m. Total well depth i s  1866 m. A 

B 

B 

t ransi t ion zone occurs.between the upper and lower assemblages. 

Epidote i s present i n trace amounts rep1 acing pl  agiocl ase between 150 

and 350 m and a t  1784 m (Figure 2)  . -- - 

Ser ic i te  i s  abundant  above 650 m ,  occurring mainly as plagiociase 
?- - - - 

replacements and i n  veinlets and fracture f i l l i ngs .  The degree of 

pl agiocl ase destruction i n  any one t h i n  section of cu t t i  ngs usually 

varies,  some grains being almost unaltered, others pa r t ly  or to ta l ly  

replaced by ser ic i te .  The range of plagioclase destruction i s  shown 

i n  Figure 2 ,  the curve linking maximum destruction i n  each sample. 

Below 650 m s e r i c i t e  is  less  common, and alteration intensity i n  

D 

D 

. general i s  diminished. The degree of a l terat ion i s  probably related 
- .  t o  distance from -fluid-bearing veins and- t o  fracture intensity. 

D X-ray diffractograms of clay minerals from Well 14-2 reported by 

D 

Parry (1978) indicate the presence o f  montmori 11 oni t e  somewhat 

- sporadically between 275 and 455 m,  and mixed layer i l l i te-smectite 

between 30 and 60 m ,  near 150:m and between 240 and 305 m ( a l l  below 

.. 
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150°C). Three other occurrences of i l l  i te/smectite occur a t  ,'565, 655, 

and 878 m. K-mica i s  present i n  a l l  diffractograms, and chlorite 

appears below 716 m. 

A brief review of the diffraction data d u r i n g  the present study 

for  mixed layer chlorite-smectite found one probably spurious peak. 

Corrensite may exis t  elsewhere i n  the well i n  amounts too small ( less  

t h a n  5% of the clay concentrate) t o  be detected by the XRD equipment. 

D Microprobe analyses o f  an expanded mica i n  a monomineralic chip from 

869 m indicate a mixed-layer ch lo r i t e - i l l i t e ,  having calculated cation 

contents of 2.14 FeZtt, 1.34 Mg2+ and 0.41 K t .  Analytical data do not  

B f i t  a vermiculite structure. The appearance of this mineral suggests 

B 

i t  i s  a discrete  phase. 

Porphyry Copper Systems 

- 

. . 3- -, - - . -  --- __  - 
. - c  - . .  .- 

Southwest Ti nti c a1 t e r a t i  on assembl a e s  -are typical for  porphyry 

copper systems (Lowell and Guilbert, 1970; Rose and Burt, 1979). An 

inner potassic zone of secondary b i o t i t e  I: pyrite 

q u a r t z  i anhydrite f amphibole 2 magnetite f chalcopyrite i s  overlain 

orthoclase f B 

- and i n  p a r t  surrounded by a phyllic zone o f  quartz-sericite-pyrite- 

B r u t i l e  (or  anatase) 2 colorless chlor i te  i apat i te  f tourmaline. A 

wide zone o f  propylitic a l terat ion surrounds the phyllic zone and 

locally a b u t s  potassic a l terat ion w i t h o u t  an intervening phyllic zone. 

Propyl i t i c  zone mineralogy i ncl udes epidote, chl ori t e ,  ca lc i te  ,' 

: 
.- - . . _  . -  . _  . ._ . . - -  . .  

pyrite, s e r i c i t e ,  a1 b i te ,  and act inol i te .  X-ray diffraction patterns 

a1 so show the presence of kaol i n i  te ,  montmori 11 oni t e ,  and mixed 1 ayer 

D i l l i t e / smect i te  in many samples. The mineralogy o f  individual . 
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microprobe samples is presented i n  Table 1. 

Jacobs (1976) presents  d e t a i l e d  desc r ip t ions  o f  a1 t e r a t i o n  

mineralogy i n  the Santa Ri ta  samples discussed i n  t h i s  repor t .  All 

a r e  f r o m  t h e  po ta s s i c  zone, and a l l  b u t  two contain secondary b i o t i t e .  

Mineralogy o f  individual  samples i s  summarized i n  Table 2. 

Si 1 ver  Bel 1 samples a r e  from propyl i t i c a l  l y  a1 tered rocks. 

Mineral s associ a t ed  w i t h  chl o r i  t e  i ncl ude cal  c i t e  , epidote ,  py r i t e ,  

and a c t i n o l i t e  ( G .  H. Ballantyne, personal communication) . 
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Table 1 . Alteration Assemblages, Southwest Tintic 
Sample # Assemblage Secondary Mineral s 

1 Potassic Biotite, serici te, chl ori te, 
pyrite, Ti02 in rock matrix. 
Veins: quartz-biotite-chlorite- 
s e r i c i t e- a pat i t e- pyr i t e 

Quartz-sericite-chlori te-Ti0 - 
pyrite superimposed on secon ary 
biotite 

i l l  ite/smectite-TiOz 

ite-illite/smectite-trace remnant 
epidote-Ti02 , no pyrite 

TiOz. Tr chlorite as  radiating 
clusters 

i! 2 Phyll ic/Potassic 
- 

<-- - - ~ - 
_ -  

---- - 
3 .  Phyll ic Quartz-serici teLpySite-kaol i nib- 

4 Phyll ic QuartSseri-ci te-tourmal i ne-kad in- 

5 Phyll ic-Propylitic Quartz-sericite-pyrite-chlorite, 

6 Phyllic-Propylitic Sericite-chlorite-pyrite-kaol inite- 
illite/smectite-TiOz. Quartz- 
sericite veins 

7 Propylitic Chl orite-epidote-serici te-a1 bite- 
pyri te-cal ci te-Ti02 
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Table 2. Alteration Assemblages, Santa Rita* D 

B 

SamDle # 

72-9- 11 

72-9-17 . 

B 

B 

B 

B 

D 

72-9-18 

72-9-20 

72-9-21 

72-9-28 

72-9-30 

72-9-50 

Assemblage Secondary Mineral s 

Potassic-Argillic biot, Ksp, qtz, mt, PY, cpY, mont, 
kaol , ser, chl repl biot, musc 
in qtz-musc-mt-Ksp vnlts 

Potassic-Phyllic- ' biot, Ksp, qtz, py, cpy, mont, 
Argillic ' kaol , ser, musc, ant 
Potassic-Phyll 

Potassic-Argi 1 
Phyll ic 

ic- biot, Ksp, qtz, kaol, mont, ser, 
py, cpy chl repl biot 

Potassic-Argillic- biot, Xsp, qtz,.mont, kaol, ser, - _  
py, ant;---wk-chl 'yep1 -biot Phyllic 

Propylitic-potassic chl, epid, mt, sph, musc, mont; 
kaol , all -biot a1 t to chl g--- - - - 

Propylitic-Potassic Ksp, qtz, chl, epid, mt, sid, sph, . 
ap, py, ser, kaol, mont. all biot 
alt to chl and epid 

. . =-- -. - ~. 

..?- - 
? - .  - _  

Potassic-Argillic- biot, Ksp, qtz, cpy, mont, kaol, 
Phyll ic musc, py, ser 

. * Summarized from Jacobs (1976) 

** Abbreviations: 
(bi ofi te) , 'chl (chl ori te) , cpy (chal copyri te) , epid (epidote), 
kaol (kaol i nite) ; Ksp (K-fel dspar) , mdnt (montmori 1 1  oni te) , . mt 
(magnetite) , musc (muscovite) , py (pyrite) , qtz (quartz) , rep1 
(replaces), ser (sericite), sid (siderite), sph (sphene), vnlets 
(veinlets) , wk (weak) 

alt (altered), ant (anatase), ap (apatite), biot 
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D 

Choi ce of Sampl es 

Samples from Well 14-2 for microprobe analysis were chosen t o  

include strongly altered rocks near two recognized hot water entry 

zones (major fracture zones corresponding t o  temperature increases) , 
B and also t o  include rocks between and beneath these zones. The upper 

"hot water entry" near 500 m ( the well i s  presently cased t o  551111) i s  

tested by samples a t  503 and 518 m,  and the second between 850 and 900 

B m is  tested by samples a t  854, 869 and 896 m. A sample a t  610 m l i e s  

between the two entry zones, and two a t  134La~d-1524 - t e s t  .- relativgl-y;- . .  
.: - - -  a- . .  

weakly altered deep levels. The alteration assemblage i n  the upper 

three samples (503, 518 and 610 m )  i s  seri&it&hematite (no mixed - 

layer clay or srnectite is present i n  X-ray diffractograrns) and i n  the 

remai n i  ng samples i s  chl ori te-ser ic i  te-cal ci te-pyri t e .  

The Southwest Tintic samples were chosen t o  represent different 

a l t e r a t i o n  assemblages from a relatively small geographic area and 

include samples from the potassic zone, potassic-phyllic boundary, the 

phyllic zone and the propylitic zone. As previously discussed, Santa  

Rita s e r i c i t e  samples are from the potassic'zone. 

analyses from Santa  Rita are presented. 

No chlorite 
- -  . -  - .  

Silver Bell samples are 
D 

chlorites from the propylitic zone. 
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Analytical Techniques 

Mineral s were analyzed us ing  a 3-channel ARL electron microprobe 

a t  an acceleration voltage of 15kv for a fixed total  integrated beam 

current achieved i n  approximately 13 seconds and w i t h  a sample current 

of -03 microamps. An attached Tracor Northern energy dispersive unit 

provides an energy spectrum on a visual display u n i t  which, while no t  

quantitative,  can be used t o  identify mineral phases by the relative 

D 

B 

B 

B 

D 

concentrations of the elements present. A beam approximately 1 micron 

i n  diameter was used because of the fine-grained nature of many o f  the 

hydrothermal minerals. Typically ten spots were analyzed fo r  each 

mineral grain or, i n  the case of fine grained minerals, for each 

aggregate i n  a particular environment in any one chip. For each spo t  

the  energy spectrum from 0 t o ' l O  kev was- checked t o  'ensure correct- 

ident i f icat ion of the mineral phase concerned. This i s  particularly 

important w i t h  f ine  grained hydrothermal minerals where, for example, 

-.- ..- 
&---- _ _  , * - - e  - - 

e-.- -. . - - 
. 

chlor i te  and s e r i c i t e  or a lb i te  are  intermixed on a f ine  scale and are 

n o t  distinguishable w i t h  the microprobe optics. Analytical accuracy 

was checked using a sample of Methuen Muscovite analyzed by the U.S. 

Geol ogi cal Survey ( G  . K. Czamanske, personal communi cati  on)  . 
I) For s e r i c i t e ,  chlor i te ,  hornblende and b io t i te  analyses, the 

standards used were amphibole, pyroxene, b io t i te ,  and scapolite. 

. - Standards for San-ta Rita samples, analyzed by D. C. Jacobs, were 
, -  

m b io t i t e s ,  muscovite and scapolite. Bence-A1 bee matrix correctjons 

(Bence and Albee, 1968; Albee and Ray, 1970) were performed and a 

- .s t ructural  formula calculated. Input  d a t a  t o  the Bence-A1 bee routine 
B includes a n  ideal water c0nten.t and a t y p i c a l  f e r r i c  t o  ferrous iron 
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B 

B 

B 

r a t i o  f o r  the mineral  concerned. The data are corrected by an 

i t e r a t i v e  r o u t i n e  which c o r r e c t s  t h e  o r i g i n a l  oxide data each t ime 

wi th  success ive ly  more accurate approximations o f  water content,  

computed from t h e  s t r u c t u r a l  formula o f  t h e  mineral .  

S e r i c i t e  and C h l o r i t e  Nomenclature 

" S e r i c i t e "  according t o  Deer, Howie and Zussrnan (1966) " i s  a term 

used t o  descr ibe f i n e  grained w h i t e  mica (muscovite o r  paragoni te)  . 
Such micas a re  not necessa r i l y  chemical ly  d i f f e r e n t  f rom muscovite 

a l though t h e y  o f t e n  have h igh  Si02, MgO and H20, and low K20." 

green s e r i c i t e s  are a1 so observed i n  some hydrothermal environments. 

" S e r i c i t e "  i n  t h i s  r e p o r t  i s  used t o  i n c l u d e  f i n e  gra ined muscovite,. 

L i g h t  

phengite, i l l i t e  and o the r  s o l i d  s o l u t i o n  end-_members. - .- Phengite . (h igh  >.- - - 

s i l i c a  muscovi te)  i s  a term n o t  used i n  t h i s  repor t .  End members k e d  
* .  . --.- - 

i n  data i n t e r p r e t a t i o n  and thermodynamic &de-ling o f  s e r i c i t e  a r e  - 

muscovite, KA1 2Si3A1010(OH)2, i 11 i t e ,  K.75Mg -25A11.75Si3 .5Al05O10- 

(OH 12, paragoni t e  , NaAl2Si3A1010 (OH)?, c e l  adoni t e  KMgAl S i  4010( OH)?, 

B f e r r i m u s c o v i t e  ( a  hypo the t i ca l  mica) KFe2Si3A1010(OH)2 and 

p y r o p h y l l i t e ,  A12Si4010(OH)2. Note t h a t  n e i t h e r  a fe r rous ,  nor a 

f l u o r i n e  bear ing end member i s  used. The major s u b s t i t u e n t  i ons  i n  

c h l o r i t e  a re  octahedral  Fez+ and Mgzt.' The. end members used a re  B 

c l  i n o c h l o r e  Mg5AlSi3A1010(OH)8 and daphn i te  Fe5AlSi3A110(OH)8* e .  

. -  . . -  . .- 
1 .  ._ - 

. Va r iab le  .Al3+' s u b s t i t u t i o n -  i n  octahedral  and t e t r a h e d r a l  s i t e s  $s no t  

d i r e c t l y  t r e a t e d  i n  thermodynamic c a l c u l a t i o n s .  A f e r r i c  component i s  

a l s o  n o t  used. 
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Structural Formula Calculations 

B 

Bence-A1 bee-corrected mineral analyses have been converted t o  

s t ructural  formulas. Calculations are made on the basis of 22 total  0 

and ( O H )  charges for se r i c i t e  and 28 0, ( O H )  charges for chlorite.  

The formulas used are XaYbZ4010(OH,F,C1)2 for ser ic i tes ,  where a i s  

usually between 0.7 and 1.0, and b i s  near 2, and for chlor i te  

YaZ4010(OH,F,C1)8 where a i s  near 6.0. In both minerals A1 is  

partitioned according t o  the assumption tha t  those of the four 

tetrahedral sites not f i l l ed  by Si are f i l l e d  by A l .  Remaining A1 i s  

assigned t o  octahedral sites. All data p l o t s  are presented i n  terms 

B - 

B 

B 

of moles of ions, and employ to t a l  iron a s  Fezt + Fe3'. 

Analysis of variance . i- . . . __-- 
.- -- --. ._ - .  .--- 4- z A s t a t i s t i ca l  evaluation of the anaiyticai results 'has been - 

performed i n  order t o  compare the homogene$ty--o# i n d i v i d u a l  crystals  

and aggregates w i t h  the variation t h a t  occurs between different  

crystals  o r  aggregates from a sample of core or cuttings. 
B The chemical homogeneity of mineral grains has been estimated 

assuming the d i s t r i b u t i o n  of an element w i t h i n  a crystal or  aggregate 

is normal . This assumption is  probably not accurate b u t  provides a 

re1 a t i  vely simp1 e method f o r  representing inhomogeneity. Most - B 

crys ta l s  are  small and usually only 10 spot's or fewer have been 
. -  . ._ . . -  

-. analyzed-per grain .  :The e f fec t  of sampling b i a s  has no t  been 

eval uated . B 

The standard deviation o f  the X-ray counts was computed u s i n g  an  

B 
HP25 calculator,  and the square of  the counting error  was subtracted 

.. 
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D 

B 

D 

from the square o f  t h i s  value (the variance). The counting e r r o r i s f i ,  

where I4 i s  the number o f  counts. The standard deviation on the counts, 

i s  the square root  of 
n 
v 

! 

1 

L 
i= l  (x2 - n i i 2 )  1 

n - 1  i 

where n is  the number of observations, Xi i s  the value of the i t h  

observation, and X i s  the mean. 

The standard deviation due t o  sample inhomogeneity is  

~ ~~~~ 

s =$(s.D. on counts)z - counts/counts 

This value was converted t o  weight percent ( b u t  not - Bence-Albee 

corrected) and a1 so t o  number o f  i o n s  for3he'-structural  formula,.- . 
.:.- -- 

? 

The allocation of errors t o  AlIV-and AlVI was made u s i n g  a method 
L.  - - discussed by Holman (1978, p. 45) :  c- 

. .  
where R i s  the parameter, UR is the uncertainty o f  the parameter, X i  

i s  the i t h  component o f  the parameter, and U i  i s  the uncertainty of 

the i t h  component. 

The uncertainty of ,  fo r  example, Mg/Fe, where a = Mg and b = Fe 

(where a and b are numbers o f  ions, o r  weight percent) i s :  
. _  

. .  

D 

B 
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The allocation o f  uncertainties t o  AlIV and AlVI res ts  on the 

B 

D 

B 

B 

D 

D 

B 

assumption t h a t  Ua/ub = a/b where A1 I v  = a and AlVI = b. 

uncertainty i s  the square root o f  the variances of a and  b 

The to t a l  

u = (ua2 + UZJ+ 

u = [[$ + l)U# 

'b 
= (a2 + b2)4 Isz 

For example, i f  AlIV = 0.7 and AlVI = 1.7 and  U = 0.7, then 

T h i s  method i s  merely a n  approximation because uncertainties i n  

Si and i n  sum of cations also have an e f fec t ,  and the method assurnes a 
' 

normal dis t r ibut ion of uncertainties i n  b o t h  octahedral and 

tetrahedral s i t e s  a s  well as i n  to ta l  A i  . - -  . -  - -  



ANALYTICAL RESULTS 

B Sampl e Variabi 1 i t y  

A measure o f  the homogeneity of i n d i v i d u a l  crystals  or aggregates 

was obtained by ana lyz ing  approximately 10 spots per crystal or 

B aggregate and calculating a mean and standard deviation. In most 

D 

B 

B 

B 

B 

cases minerals are quite inhomogeneous. In sp i te  of the 

inhomogeneity, however, mean analyses for crystals w i t h i n  individual 

samples c lus te r  re la t ively closely. Some o f  the inhomogeneity . 

may be due t o  a small amount of interlayer_ing-of smectite w i t h  

chlor i te  o r  s e r i c i t e .  However, the amount o f  such interlayeringm’ust 

be small or irregular as i t  does not  shoy-on. K-ray diffractograms-, or 

--- _ _  - 5.. - 

- 
c 

as Mg or Fe i n  t h e  microprobe analyses. Many o f  the se r i c i t e  and 

chlor i te  crystals  are fine grained, and some of the inhomogeneity may 

be due t o  beam overlap w i t h  other phases. This was monitored as 

careful ly  as  possible by checking the energy spectrum of each spo t  

analyzed. Small amounts of overlap and o f  intergrowths of other 

phases, however, m i g h t  go undetected . 
‘ ,  

Seri ci  t e s  from Roosevel t i n  general exhibit considerably greater _. 

‘heterogeneity of composition t h a n  do s e r i c i t e s  from Southwest Tintic. 

The Roosevelt s e r i c i t e s  are also f ine grained, and occur i n  rocks w i t h  

less  intense al terat ion than a t  Southwest Tintic.  

explanation for the greater compositional inhomogeneity of f ine 

gra ined  s e r i c i t e s  i n  less altered rocks i s  provided by Page and Wenk 

B 

A possible 
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(1979) who studied alteration products of plagioclase i n  the selvedge 

of a vein a t  Butte w i t h  a transmission electron microscope. They 

observed t h a t  s e r i c i t e  contains layers of other phases. U n i t  cell 

thick layers of minerals such as smectite or chlorite often occur 

somewhat regularly spaced 20 t o  50 angstroms a p a r t  i n  the ser ic i te .  

Small patches of other minerals, such as kaolinite or quar tz ,  also 

occur i n  sub-micron sized zones, beneath the l imit  of probe beam 

resolution. The presence of such f ine grained phases will have an 

effect  on the analyzed compositions and homogeneity o f  ser ic i te .  

A1 t h o u g h  X-ray diffractograms of clay separates from Roosevelt samples 

used for microprobe analyses do not show the presence o f  mixed 

layering i n  the i l l i t e s ,  small amounts may exist .  An example of 

mineral inhomogeneity is  depicted on Figure 3 i n  which horizontal  and 

vertical bars represent one s tandard  deviation. - 

Serici te  Chemistry 

The Roosevelt Hot Springs hydrothermal system i s  a fracture 

control 1 ed system w i t h  re la t ively 1 i t t l e  recrystal 1 i za t ion  of the 

o r i g i n a l  rock compared t o  many we1 1 -known mineral i zed hydrothermal 

systems . 
se r i c i t e  (Figure 4 and Appendix I )  from the.strongly altered and 

recrystal  1 i zed, b u t  subeconomic, Southwest Ti ntic porphyry copper 

For  compari son w i t h  the Roosevel t system, analyses of 

._ . . _ .  . I  - 
system were analyzed .-- Also included for comparison are s e r i c i t e  

analyses from the San ta  Rita porphyry copper deposit (D. C. Jacobs, 
D 

B 

personal communication), presented i n  Appendix I1 and Figure 5. 

I n  we1 1 14-2 a t  Roosevel t a1 teration intensity and  assernbl ages 
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Figure 4. Element distribution in gerici,fe, Southwest Tintic, Utah. 
per h a l f  u n i t  c e l l .  . 

Numbers of ions 
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Figure 5. Element distribution in sericite,  Santa Rita, New Mexico. 
per half u n i t  c e l l .  

Numbers of ions 
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d i f f e r  a t  different depths i n  the well and appear t o  be related t o  

D 

f racture  intensity,  distance from fluid-bearing veins and t o  

temperature. Intensity o f  alteration i s  most evident i n  the amount of 

plagioclase destruction. 

recognized: 274 t o  305 m ,  488 t o  581 m and 869 t o  899 m. The l a s t  two 

zones correlate  with temperature increases i n  well logs and are 

considered t o  surround , h o t  water entry zones (Bamford, 1978, Bamford 

Three zones of intense alteration are 

D - 

D 

et a1 . , 1980, Glenn and Hulen, 1979) . Pervasive a1 teration mineralogy 

i n  any one sample varies ‘from chip t o  chip, and each chip or grain may 

not have a l l  of the al terat ion products ascribed t o  t h a t  sample. 

Seri ci t e  i s the main pl ag i  ocl ase repl acement product, occurri ng 

w i t h  f ine  disseminated hematite i n  the upper por t ion-of  the well, and 

i n  l ess  abundance, often w i t h  ca lc i te  and f i l o l i t e ,  a t  depths belo%: 
- -  - 

the  1 imi t of hematite s t a b i  1 i ty. 

above 792 m ,  and occasionally occurs as stringers cross-cutting 

Serici t e  a1 so repl aces hornbl ende 

. 
L. -* - . -  B *- 

K-feldspar or quartz grains .  Ser ic i te  does occur as a vein f i l l i n g  

b u t  i s  d i f f i c u l t  t o  recognize i n  cuttings samples. 

be f ine  grained, often only a few microns i n  s ize ,  and when f ine 

grained may be intermixed w i t h  chlor i te  o r  other phases’, making  

resolution and analysis d i f f i cu l t  or impossible. 

Ser ic i te  tends t o  B 

D 

The d i s t r i b u t i o n  of major elements i n  s e r i c i t e  from Well 14-2 i s  

. ._ . shown in-Figure 6-and- presented i n  Appendi-x I 1 1  (this report) and 

Table 6 of Ballantyne- (1978). An overall ‘increase i n  S i ,  K ,  and  sum 

of inter layer  cations, and a decrease in total  A1 and sum of 

, -  * 

- _  octahedral cations occurs w i t h  increasing depth i n  the well. Fe, Mg, 

I) octahedral A1 and  Na a l l  f luctuate.  Samples 503, 854, 869 and 896 are 

.. 
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ROOSEVELT HOT SPRINGS 
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SI AI= Fe Mg K No F 

. .  rn m * TT-+f-F rr-r-ml + T 1  q-l-l-l '5Z4 
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Figure 6 .  Element distribution in sericite ,  Well 14-2, Roosevelt H o t  Springs, Utah. 
Numbers of ions per half u n i t  c e l l .  E 
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B 

near hot  water entry zones a t  approximately 500 and 870 m and do not  

d i f f e r  significantly from other samples. Four samples, those from 

503, 518, 610 and 854 m appear t o  have two dis t inct  popula t ions  of 

s e r i c i t e .  For the f i r s t  three samples the difference i s  evident i n  

B to ta l  A I  and for the octahedral cations Al, Fe, and Mg. Sample 854 

also shows two populations o f  Si ,  K and Na content. The presence of 

two populations may have several explanations: 1) they may indicate 

B 

B 

B 

D 

the presence o f  more t h a n  one'hydrothermal event a t  different times i n  
! 

the past, 2)  they may be due t o  sampling b i a s ,  samples being close t o  

and d i s t a n t  from veins, or 3)  they may represent cuttings from 

different depths i n  the well. Core is  not available a t  these depths 

and the d a t a  does not provide evidence t o  favor any one possibility. 
--, - 

A p l o t  of Si4+ vs Kt + Nat for se r i c i t e s  from RooseGelt Well -54-2 

(Figure 7) shows dis t inc t  populations for each alteration assemblage 
. -  e. .. --. - - 

and shows a reciprocal relationship between Kt t Nat and Si4+ only.for -. 

the chlorite-calcite-sericite-pyrite assemblage. Sericites from 

individual samples span almost the compositional range o f  t h e  ent i re  

set f o r  each assemblage. 

assemblage the v a r i a t i o n  is  probably a f u n c t i o n  of distance from 

fluid-bearing veins and hence also o f  reaction progress. In the 

In the chlorite-calcite-sericite-pyrite 

B 

"serici  te-hemati t e  assemblage, low interlayer occupancy may be due t o  

- -  i nterl ayering of-'smectite or possibly pyrOphyl i t e  components or t o  

sub-micron sized intergrowths of other phases such as kaolinite; 
B 

B 

quar t z ,  or feldspar. 

diffractograms o f  clay smears i n  the upper por t ion  of the well, b u t  i s  

not  seen i n  t h e  intqrvals sampled for  microprobe analysis. 

Interlayering of clays appears i n  X-ray 
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Octahedral s i t e  occupancy for  Roosevelt se r ic i tes  i s  shown i n  

E 

D 

D 

B 

D 

Figure 8. 

b u t  the r a t i o  Mg/Fe remains relatively constant 'and near 1. Mg 

content correlates positively w i t h  F- (Figure 9) There appears t o  be 

Wide var ia t ions i n  a l l  three elements A l ,  Fe and E.19 exis t ,  

no relationship t o  depth, temperature or  hot water entr ies ,  as wide 

ranges i n  chemistry exist  w i t h i n  samples. 

An aspect of the effect  of a l terat ion assemblage on se r ic i te  

chemistry'is shown in Figure 10, which depicts se r ic i tes  from well 

14-2. The coexistence of chlor i te  allows an increased range in Si  

content, r e s t r i c t s  the range of Mg, and places a constraint on the 

Mg:Si relationship such t h a t  charge deficiencies generated by extra 

Mg2+ subst i tut ion.are  balanced by extra Si4+. 

absent, charge deficiencies due t o  Mg are balanced by a non-systematic 

combination of increases i n  si4+ and in octahedral and interlayer s i t e  

occupancy. 

When chlor i te  is 
----. _ _  

L .  -- - . -  
L=- 

A t  Southwest T in t i c  pervasive recrystall ization of the rock has 

taken place i n  most cases. The fragmental nature and f i n e  grained 

matr ix  o f  the tuffs appears t o  have enabled ready access t o  and 

reaction w i t h  hydrothermal solutions.  Ser ic i tes  are relatively coarse 

grained, usually ten t o  several tens of microns across, a l t h o u g h  f iner  
.. 

"'grai ned material i s  a1 so common, particularly i n  propyl i t i  zed rocks . 
Host 'minerals f o k s e c i c i t e  are often -d i f f icu l t  t o  ascertain. Rock 

groundmass appears t o  be volumetrically :.the main reactant, and '  ' 

phenocrysts are a l so  replaced. 

1 ,  
D 

Serici te  i s  common as a pervasive 

R al terat ion product, i n  vein selvedges, and as vein f i l l i ngs .  

Coexisting phases have been described i n  the alteration section. 
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chlori te-serici te-cal ci te-pyri te assemblage. 
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B 

D 

Compositions o f  Southwest Tintic se r ic i tes  are shown i n  Figure 4. 

Ser ic i tes  from individual samples tend t o  be quite homogeneous and 

differences between samples are often d i s t inc t ,  particularly in the 

case of octahedral and i nterl ayer cat ions . 
s.i4+ vs Kt + Na+ for Southwest Tintic se r ic i tes  (Figure 11) 

differs according t o  a1 teration assemblage. Four assemblages are 

recognized, three of which  correlate moderately closely with the 

potassic ;* phyl 1 i c  and propyl i t i c  assemblages of Lowel 1 and Guil bert 

(1970). In these three there is a progressive decrease i n  

muscovite-like, and a progressive increase i n  i l l i t e - l i k e  character 

from the potassic through the phyllic t o  the propylitic zone, also the 

l ike ly  direction of temperature decrease, 

the rock matrix ser ic i tes  from sample 6 also-haie high M g  contents ::--- 

(.31 5 .08 and .56 f .04, respectively) compared t o  the other samples, 

Samples No. 2 and 5, and 

- 
- 

D . -.-- 
(.19 f .04 for  sample No. 1, .16 f .02 foryNo. 3, .19 f .06 for  No; 4 ,  

.18 f .04 f o r  No. 5, .23 f -02 for  vein se r i c i t e s  from No. 6 ,  and .25 

f .04 for  No. 7 )  . Sericites from sample No. 5, however, do no t  h a v e  a 

h i g h  Mg content. Col orless chl ori t e  coexists with those serici  tes 

h a v i n g  low s i l i c a  and low interlayer s i t e  occupancy. 

values m i g h t  be due t o  interlayering of chlor i te  with se r i c i t e  i s  

. considered unlikely because such interlayering would increase the 

. water content ,  and analytical t o t a l s  are -a1 ready greater t h a n  100% 

That  the low 

D 

- .  

- -  . - -  . -  . -  . ._ - 

B 
, -  

(Appendix I ) . 
Octahedral occupancy i n  Southwest f i n t i c  s e r i c i t e s  i s  close t o  2 ,  

although those h i g h  Mg se r i c i t e s  from sample No, 6 have occupancies o f  

B up t o  2 . 3 .  Ford (1978) reports se r ic i tes  from P a n g u n a  w i t h  similarly 
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high octahedral s i t e  occupancy, and G u i l  bert and Schafer (1978) f i n d  

t h a t  s e r i c i t e s  from porphyry base metal deposits are not s t r i c t ly  

dioctahedral . This va r i a t ion  i n  s i t e  occupancy has a small effect on 

the positions of p o i n t s  i n  Figure 12. 

content i s  re1 a t i  vely constant, a1 t h o u g h  i t  d i f fe rs  between samples . 
Within a sample, however, A1-Mg s u b s t i t u t i o n  varies considerably. In 

sample No. 6 l o w  Mg se r i c i t e s  from a quartz-sericite vein contrast 

strongly w i t h  h i  gh Mg ser ic i  t e s  from the seri  ci te-quartr-pyri te- 

chlor i te  assemblage i n  the adjacent rock mat r ix .  A broadly positive 

relationship between Mg and F- content i s  evident for  Southwest 

Tintic.  On an individual sample basis, the correlation i s  stronger 

for samples No. 2, 3, 4 ,  and 5, negative for No. 7 ,  and negligible for 

No. 1 and 6. Vein and mat r ix  se r ic i tes  from sample No. 6 have similar 

F contents despite the large Mg difference. -Fl_uorine may exchange 

readily w i t h  subsequent f luids  while Mg does no t .  

W i t h i n  any one sample the Fe 

- --__ - - 

f 

Santa  R i t a  s e r i c i t e s  occur i n  veins, replacing b io t i te ,  and ' 

replacing plagioclase. Analyses have been kindly provided by David  C. 

Jacobs. Cation contents f o r  i n d i v i d u a l  samples are  shown i n  Figure 6.  

Compositional v a r i a b i l i t y  i s  not as great as for Roosevelt and 

Southwest Tintic samples, possibly because only the potassic and a 

'potassic-propylitic assemblage i s  represented. A p l o t  o f  Si4+ vs K+ + 

. _. 

t 

&+ (Figure 13) "shows, for those se r i c i t e s  coexisting w i t h  b io t i te  and 

K-feldspar, a muscovite-like composition of nearly f i l l ed  interlayer 

s i t e s  and low Si4+ content. 

and epidote ( b u t  s t i l l  considered potassic) have similarly h i g h  

Ser ic i tes  i n  samples c o n t a i n i n g  chlorite 
.- 

i nterl ayer occupancy b u t  1 ower Si4' 

.. . 
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Octahedral s i tes  con ta in  re1 atively constant amounts of .Mg w i t h i n  

D 
i n d i v i d u a l  samples, and for  most samples A1 and Fe vary more t h a n  Mg 

(Figure 14). Mg and F contents vary l i t t l e  among the samples 

analyzed, and the correlation between the two i s  positive. 

Differences i n  s e r i c i t e  chemistry i n  the three systems studied 

are particularly evident i n  Figure 15. Whether the chemical 

B 

B 

differences are due t o  differences i n  f l u i d  or host rock chemistry or 

t o  pressure-temperature conditions has not been determined . Potassic 

zone se r i c i t e s  appear t o  be muscovitic i n  character, propylitic zone 

se r i c i t e s  are more l ike  i l l i t e s ,  and those ser ic i tes  w i t h  associations 

re1 a t i n g  more closely t o  phyll i c  assembl ages f a1  1 somewhere between . 
The temperature difference between 500 and 550 m i n  Well 14-2 a t  

Roosevelt is  only about  45°C (Figure 2, 11/15/76 log) and may be 

insuff ic ient  t o  cause the chemical distributions - observed i n  other , 

systems. Octahedral s i t e  occupancy d i f fe rs  i n  content and s tyle  i n  

B 

- 

the three systems. Roosevel t ser ic i  t e s  have re1 a t i  vely constant Mg/Fe 

D ratios and variable A1 contents. Southwest T i n t i c  s e r i c i t e s  have 

nearly constant Fe contents b u t  variable A1 and Mg. 

sericites vary more i n  Fe and Al, although the amount of va r i a t ion  i s  

l ess  t h a n  for the other two systems (Figure 15). Figure 15 contains 

for comparison, d a t a  from Sal ton Sea Well Elmore No. 1, (McDowell , 
1978) and for muscovites from Main metapel i t e s  ( G u i d o t t i ,  1978). 

Chlorite Chemistry 

Santa  Rita 

D 

D 

Chlorites from Roosevelt Hot Springs Well 14-2 and Southwest 

D Tintic have been analyzed. For comparison d a t a  from Silver Bell ( G .  
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. . . . . . . SANTA RITA 
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MA IN E M ETAPE LIT ES 
(Guidotti 1978) 

(McDowell 1978) 
Numbered in order of increasing 
depth and temperature 
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Figure 15 Octah,?dral c a t i o n  d i s t r i b u t i o n  i n  s e r i c i t e  from 
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B 

H. Ball antyne, personal communication) and Sal ton Sea We1 1 Elmore No. 

1 (McDowell , 1978) have been included i n  one Figure. 

Chlorite in Roosevelt Well 14-2 i s  green in color and occurs as a 

replacement product of b io t i t e ,  hornblende and plagioclase and as a 

vein f i  11 i ng . B Chl ori t e  repl aci ng biot i te  usual l y  pseudomorphs the 

reactant m i  neral as 1 arge, optical ly conti nuous crystal s. 

repl aci ng hornblende and plagioclase i s f i  ne grained , usual ly  1 ess 

Chlorite 

B 

B 

B 

D 

t h a n  10 microns i n  size,' and forms clusters and aggregates of 

apparently randomly oriented crystals . 
Chlorite a t  Southwest Tintic i s  green i n  the potassic and 

propyl i t i c  a1 terati  on assembl ages and col or1 ess i n  the phyll i c  

assemblage. Crystals are usually coarse, 10 microns or greater i n  

s ize ,  and occur as replacements of rock material and as vein f i l l ings .  

Concentrations of chlorite crystals,  often radially arranged i n  the 

phyllic zone samples, are interpreted t o  be replacements of mafic 

minerals. Mineral associations have been discussed in the alteration 

section. Chlorite chemistry i n  the hydrothermal systems studied 

varies mainly i n  t h e  amount of Mg and Fe substitution in octahedral 

s i tes .  Although the quantity of A1 i n  chlorites can vhry between 

approximately .2 and 4.0 (A1 bee, 1962) the hydrothermal chlorites 

' analyzed usually contain between 2.0 and 2:6 A i 3  ions per formula 

unit. Chlorite analyses from Roosevelt Hot Springs Well 14-2, and 

Southwest Tint ic ,  are l is ted i n  Table 1:5 of Ballantyne (1978) i n d  

D 

D 

Appendix IV o f  t h i s  report, respectively. 

D Koosevelt chlorites f a l l  i n  the r ipidol i te ,  brunsvigite and 

pycnochlorite f ie lds  of Hey (1954) and Deer, Howie and Zussman (1966), 
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D 

B 

B 

D 

D 

B 

B 

B 

B 

having (Fez+ + Fe3+)/(Fe2+ + Fe3+ + Mg2+) between 0.4 and 0.7 and Si4+ 

between 2.7 and 3.1 (Figure 16). The octahedral s i t e  occupancy 

(Figure 1 7 )  shows a major 

variation i n  AI content. 

18. 

variation i n  Mgz+ and Fezt with less  

The same effect  i s  also evident i n  Figure 

Southwest T in t i c  chlorites are Mg-rich (Figure 16) and may be 

classifed as sheridanite, clinochlore, r ipidol i te  and pycnochlorite 

(Hey, 1954, Deer, Howie and Zussman; 1966). 

samples No. 2 and No. 6 are colorless i n  t h i n  section and hand 

specimen and are from phyll ical  l y  a1 tered samples . Octahedral s i t e  

occupancy i n  Southwest Tintic chlorites i s  shown as four small f ie lds ,  

The Mg-rich chlorites from 

one for  each sample i n  Figure 17. Note t h a t  the potassic and 

propylitic zone chlor i tes  (samples No. 1 and 7) have similar 

octahedral s i t e  compositions, and are d is t inc t  from the two Mg-rich 

phyl 1 i c zone sampl es . Compari sons between the  two hydrothermal 

systems show t h a t  Roosevel t and Tintic chlor i tes  are compositionally 

d is t inc t  (Figures 16 and 17) .  Data f o r  Salton Sea Well Elmore No. 1 

(McDo~ell, 1978) and SiJver Bell (G, H. Ballantyne, personal 

communication) show partial  overlaps of chemical ranges for  octahedral 

s i t e  subst i tuton.  Fluorine i s  present i n  significant amounts in many 

. chlor i tes ,  particularly those from Southwest T in t i c  (Appendix IV). 

Chl ori tes  from Roosevel t , and the potassic and propyl i t i c  zones, a t  

Southwest Tintic contain up  t o  0.1 F' ions per formula u n i t ,  and F' 

contents of magnesian chlor i tes  from the Southwest Tintic phyllic zone 

are 0.14 t o  0.26. 
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SILICON IONS PER 4 TETRAHEDR~L SITES 

SOUTHWEST TlNTlC 

01 
0 2  
A 6  

0 7  
ROOSEVELT WELL 14-2 
A 854 
0 669 

0 1341 
0 1524 
0 PLAGIOCLASE HOST 
0 BIOTITE HOST 

HORNBLENDE HOST 
.e VEIN HOST 

- 0 896 - 

I 4 

Figure 16. Chlorite composition and nomenclature. Classification 
After Deer, Howie and Zussman(l966) and Hey (1954) .  
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Figure 17. Octahedral cation distribution in chlorite from four 
hydrothermal systems: Southwest Tintic,  Silver Bell 
Salton Sea and Roosevelt Hot S.prings. Four small I 

areas are Southwest Tintic samples. 
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Host Mineral Effect 

The Fe and Mg end members daphnite and clinochlore may be used t o  ’ 

show the effect  o f  host mineral on chlorite composition. 

calculation a l l  Fe i s  considered t o  be Fezt and inc luded  i n  the 

For th i s  

daphni  t e  end-member. There is  an inverse re1 ationshi p between 

cl i nochl ore and daphni t e  for chlorites repl aci ng biot i te  and 

hornbl  ende, suggesting t h a t  the A1 VI remai ns constant, b u t  for  

chl ori tes  repl aci ng pl agiocl ase the s i tua t ion  i s  more complex , and i t  

appears t h a t  AlVI varies i n  a d d i t i o n  t o  Fe and Mg (Figure 18). Host 

mineral effect  i s  also discussed i n  Ballantyne (1978). The variation 

i n  Fe and Mg content of chlorites i n  i n d i v i d u a l  samples may be due t o  

va r i a t ion  i n  al teration intensity o r  reaction progress. 

Who1 e Rock Chemistry Effect 

Ser ic i te  chemistry does not appear t o  reflect  whole rock 

chemistry i n  any way t h a t  can be easily determined. 

chemistry appears t o  be affected by whole rock Fe and Mg. Roosevelt 

sample 1341 has a considerably lower whole rock Fe and Mg content t h a n  

the other chlorite bearing samples (Parry, 1978). Chlorites from t h i s  

However chlorite 

sample are particularly Fe-rich compared t o  other  samples, and the 

whole rock Mg content i s  lower t h a n  for other  samples. 

Whole rock analyses from Southwest Tintic have not  been completed . 

for those samples i n  wh ich  al teration minerals have been analyzed. 

However, 24 samples of pyroclastic and flow material from outside the 

mineralized system appear t o  be similar t o  host rocks w i t h i n  the 

system, and are more Mg- and Fe-rich t h a n  those from Roosevelt. B 
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Southwest Tintic sericites and chlorites are more magnesium-rich t h a n  

those from Roosevelt. 

Coexisting Sericite and Chlorite 

The relationship between octahdral cations of coexisting 

sericite-chlorite pairs can be used t o  determine whether or not  

equi 1 i bri um has been attained between a1 terat i  on mi neral s.  Coexi s t i  ng 

sericite and chlorite from Roosevelt Hot Springs Well 14-2 and from 

Southwest Tintic are shown i n  a t r i angu la r  Fe-Mg-A1VI diagram i n  

Figure 19. Tie lines for the four  Southwest Tin t ic  samples are 

para1 1 el and almost coi ncident w i t h i n  i nd i  v i  d u a l  sampl es , sugges t ing  

an equilibrium s i tua t ion .  Four samples from Roosevelt however exhibit 

crossing t i e  lines and are apparently no t  near equilibrium w i t h  one 

bul k geothermal f l  u id  The Roosevel t serici t es  and chlorites i ncl uded 

i n  Figures 19 and 20 are fine grained and replace plagioclase, whereas 

those from Southwest Tintic are coarser grained and occur as rock 

mat ri x rep1 acements and vei n f i 1 1 i ngs . 
Par t i t i on ing  of elements between coexisting sericite-chlorite 

pairs f o r  Southwest Tintic and Roosevelt i s  shown i n  Figure 20. Si4+ 

and octahedral cation contents are shown. 

d a t a  from the two systems p l o t  i n  different. regions on each graph.  

The p a r t i t i o n i n g  for S i 4 +  f a l l s  i n t o  two groups, 1) the bioti te and 

epidote-bearing samples from Southwest Tintic ( i  .e., from the 

Except i n  the case of AlVI, 

' 

propylitic ar!d potassic assemblages) a n d  t h e  propylitic assemblage a t  

Roosevelt, and 2 )  an assemblage more phyl l ic  i n  character i n  wh ich  Si  

partitions more strongly i n t o  the chlorite. Octahedral cations 
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Figure 19. Octahedral cat ion d i s t r i b u t i o n  i n  coexist ing s e r i c i t e  
and c h l o r i t e .  
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exhibit a more diffuse pattern. AlVI varies quite widely even w i t h i n  

Southwest Tintic samples. Fe and Mg, however, show more consistent 

patterns. Three samples from Southwest Tintic have a similar 

partition function, while i n  the fourth (No. 6 )  and  the Roosevelt 

samples, Fe partitions more strongly into the chlorite. The Mg 

relationship i s ,  in a sense the reciprocal of t h e  Fe relationship a t  

Southwest Tintic . 
i n t o  chlorite have Mg more strongly partitioned i n t o  sericite. T h i s  

Samples which have Fe more strongly partitioned 

reciprocal re1 ationshi p does not hold for Roosevel t . The Fe/Mg r a t i o  

has a constant partition relationship i n  three of t he  Southwest Tintic 

samples, w i t h  the fourth,  potassic zone, sample (No. 1) h a v i n g  Fe/Mg 

partitioned toward sericite. The Roosevelt samples exhibit a range of 

values 
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THERMODYNAMIC INTERPRETATION 

The objective of this research has been t o  determine whether 

ser ic i te  and chlorite chemistry can be used as a n  exploration 

indicator i n  geothermal environments. I n  addition t o  characterizing 

mineral compositions in both  a geothermal and several porphyry copper 

systems the following problems have been considered: 

of whether equi 1 i b r i  um has been attai ned between f l  u id  and mineral s, 

2) an explanation of the control of hos t  mineral type on alteration 

mineral chemistry, 3 )  examination of the sensitivity of alteration 

mineral chemistry t o  changes in fluid composition and temperature, and 

4 )  modeling of a hypothetical fluid in equilibrium with observed 

serici te-chl or i te  p a i  rs a t  Roosevel t . 

1) determination 

. 

Attainment of E q u i  1 i bri um 

Several lines of evidence indicate t h a t  overall equilibrium 

between alteration minerals and b u l k  geothermal fluid has not been 

a t t a i n e d  a t  Roosevelt. Some of the alteration may have resulted from 

other hydrothermal fluids. Mineral chemistry i s  inhomogeneous on the 

scales of b o t h  individual grains or aggregates, and of ,individiual 

cu t t ings  samples. Host mineral affects chlorite chemistry. 

.Additional evidence i s  g iven  by the partitioning of octahedral cations 

between ser ic i te  and chlorite (Figure- 19) where t i e  lines between 

minerals cross. Lack of equilibrium a t  Roosevelt i s  a t  least par t ly  

due t o  the fracture controlled nature o f  the fluid flow and hence of 

the distribution of alteration. 

. 

Fluid moves away from fractures 

t h r o u g h  the rock,  reacting with pre-exi s t i  ng mineral s and  changing in 
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composition. 

o f  hydrothermal s e r i c i t e  w i t h  increas ing d is tance from a ve in  i s  

presented by Page and Wenk (1979). Using a t r a n s n i s s i o n  e lec t ron  

A semiquant i ta t ive measure o f  t h e  changes i n  composition 

microscope and attached energy d i spe rs i ve  system they showed t h a t  over 

a d is tance o f  10 cm from t h e  v e i n  t h e  weight 96 Fe/Si increased from 

approximate mean values o f  0.1 adjacent t o  t h e  v e i n  t o  0.2'at a 

d is tance o f  10 cm, and tha t  we ght r a t i o  K / S i  changed from approximate 

mean values o f  0.4 t o  0.2 over the  same distance. 

from t h e  v e i n  a l s o  exh ib i t ed  a wider range o f  values than those c lose 

t o  t h e  vein. P a r t  o f  t h e  inhomogeneity may be due t o  f i n e  scale 

i n t e r l a y e r i n g  o f  smect i te o r  patches o f  o the r  f i n e  grained a l t e r a t i o n  

Samples f u r t h e r  

phases such as kaol i n i t e  o r  quartz. 

Oxygen i sotope analyses o f  f 1 u i  d, c l  ay m i  neral s, quar tz  and who1 e 

rock demonstrate a 1 ack o f  equi 1 i b r i m  between t h e  bul  k geothermal 

f l u i d  and a l t e r a t i o n  minerals and tha t  c l a y  minera ls  tend t o  r e t a i n  

the  i s o t o p i c  s ignature o f  t h e  rock r a t h e r  than ob ta in ing  t h a t  o f  the 

bu lk  f l u i d  (D. Rohrs, personal communication). However, t h e  bu lk  

f l u i d  i s  i s o t o p i c a l l y  modi f ied by i n t e r a c t i o n  w i t h  the  surrounding 

rock, and hence t h e  modi f ied f l u i d  may be responsib le  f o r  a l t e r a t i o n  

and i s o t o p i c  e f f e c t s  away from major f l u i d  channelways. 

Estimates o f  t h e  degree o f  departure f rom e q u i l i b r i u m  are 

d i  scussed 1 a t e r  . 
Host f l i ne ra l  Contro l  on A1 t e r a t i o n  Mineral  Chemistry 

The d i f f e r e n t  compositions of c h l o r i t e s  rep lac ing  d i f f e r e n t  host 

mineral  s may be expl a i  ned by exami n i  ng r e a c t i  on 'mechani sms. Page and 
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Wenk (1979) observed a progression in plagioclase a1 teration products 

i n  the  selvedge of a vein a t  Butte. Furthest from the  vein, 

transmission electron microscopy showed embryonic smectite 

crystall i tes a long  cleavage traces, extending f o r  only a few unit 

cell s . 
replaced f i r s t  by coherent intergrowths of 10 A sericite and 7 A 

chlorite, and la ter  by 14 1 chlorite and 20 A mica. Guilbert and 

Sloan (1967) using an electron microscope a lso  studied alteration of 

pl agi ocl ase t o  montmori 11 oni t e  i n  Butte quartz monzonite . They noted 

a transition from early amorphous allophane through polygonal and 

wispy flakes t o  montmorillonite, in certain cases, while in others 

montmori 11 oni t e  appeared t o  form directly from pl agiocl ase without an 

intervening a l lophane  stage. They suggested t h a t  direct conversion t o  

montmorillonite might occur in a system with greater availability of 

magnesium. 

slightly different reaction mechanisms may occur with differing 

resultant mineral chemistry, or different fluid chemistries may have 

caused breakdown of different hos t  mineral s.  

As a1 terat i  on intensity increased , the smecti t e  appeared t o  be 
0 0 

0 

In different microsystems of different host minerals, 
' 

Alteration minerals from the strongly recrystal 1 ized portions of 

porphyry copper systems however, appear t o  have equilibrated with a 

hydrothermal fluid. Individual samples are 'relatively more 

homogeneous t h a n  those from Roosevelt, and coexisting 

sericite-chlorite pairs from Southwest Tintic (Figure 19)  exhibit 

parallel or coincident t i e  lines on an octahedral ca t ion  p l o t ,  

suggesting equilibration with a fluid. 
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S e n s i t i v i t y  o f  Mineral Composition t o  F l u i d  Composition and 

Temperature 

Estimates o f  the t h e o r e t i c a l  s e n s i t i v i t y  o f  s e r i c i t e  and c h l o r i t e  

chemistry t o  changes i n  temperature and f l u i d  composit ion can be made 

by examining the e q u i l i b r i u m  between these minerals and low a l b i t e ,  i n  
D 

t he  system K-Na-AI-Si-0-H. 

B 
Two reac t i ons  are: 

A. 3 NaA1Si308+K++2Ht+12Hz0 = KA13Si3010( OH)2+3Nat+6HqSiOq . 

l o g  K = 6 l o g  a(HqSi04) + 3 l o g  a(Na+/Ht) - l o g  a(K+/H+) + l o g  a 

(muscovite) 

Log K has a value o f  -2.16 a t  200°C and -1.65 a t  250°C us ing data 

D 

from He1 geson ( 1969). 

B. 2 NaAl S i  308+14H20+5Mg2+ = MggAlzSi 3010( OH)8+2Na++3H4Si04+8Ht 

l o g  K = 3 l o g  a(HqSi04) + 2 l o g  a(Na+/H+) - 5 l o g  a(Mg2+/(Ht)2) 

+ 1 og a (  c l  i nochl o re )  

Log K f o r  t h i s  r e a c t i o n  i s  -37.05 a t  200°C and -33.22 a t  250°C. 

Assume t h a t  t h e  a c t i v i t y  of muscovite i n  a muscovi te-paragoni t e -  

p y r o p h y l l i t e  s o l i d  s o l u t i o n  i s  ca l cu la ted  as t h e  mole. f r a c t i o n  o f  K+, 

If pure muscovite and a l b i t e  a r e  a t  e q u i l i b r i u m  wi th  a f l u i d  a t  250°C, 

then a reduc t i on  i n  temperature o f  50", w h i l e  t h e  a c t i v i t i e s  o f  

B 

I 

B 

, 

aqueous species and a l b i t e  remain constant, w i l l  reduce the  a c t i v i t y  . 

o f  muscovite by 0.51 l o g  u n i t s  f rom an a c t i v i t y  o f  1 t o  0.31.' If t he  

temperature remains constant a t  25OoC, then t h e  same reduc t i on  i n  

B 

muscovite a c t i v i t y  can be brought about by an increase i n  l o g  

D a(Nat/Ht) o f  0.17, o r  a decr.ease i n  pH o f  0.25 or o f  l o g  a(K+/H+) o f  

0.51 . I n  a c l  i nochl ore-daphni t e  sol i d  sol u t i  on, 
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(I.rg,Fe)gA1[AlSi3010](OH)8, t h e  a c t i v i t y  o f  c l i n o c h l o r e  may be 

approximated by the mole f r a c t i o n  o f  Mg i n  the-octahedra l  s i t e  ra i sed  

t o  t h e  s i x t h  power, i f  an i d e a l  i o n i c  s i t e  mix ing model i s  used and 

a l l  octahedral s i t e s  are assumed t o  be e n e r g e t i c a l l y  equivalent.  A 

drop o f  50°C w h i l e  aqueous species a c t i v i t i e s  remain constant w i l l  

reduce l o g  c l i n o c h l o r e  a c t i v i t y  t o  -3.83. A mole f r a c t i o n  o f  0.23 Mg 

i n  octahedral s i t e s  equates t o  a l o g  a(cl inoch1ore) o f  -3.83. I f  

temperature i s  he ld  constant, t h e  same decrease i n  c l  i nochlore 

a c t i v i t y  can be ef fected by an increase i n  l o g  a (Na+/H+) of 1.92, an 

increase i n  pH o f  0.48 u n i t s ,  o r  a decrease i n  l o g  a (Mg2+/(Ht)2) Of 

0.77. combinations o f  smal ler  v a r i a t i o n s  i n  chemical parameters can 

cause t h e  same changes i n  m i  nera l  end-member a c t i  v i  t i e s  . 
Although t h e  above d iscuss ion concerns a s i m p l i f i e d  case o f  i d e a l  

i o n i c  s e r i c i t e  and c h l o r i t e  s o l i d  so lut ions,  i t  does present some 

estimates o f  the s e n s i t i v i t y  o f  mineral chemistry t o  f l u i d  chemistry 

D 

D 

B 

and temperature. S u b s t i t u t i o n  o f  t h e  ca t i ons  i n  octahedral and 

te t rahedra l  s i t e s  w i l l ,  o f  course, a f f e c t  t h e  s t a b i l i t i e s  o f  s o l i d  

so lu t i ons ,  as w i l l  t h e  s u b s t i t u t i o n  o f  f l u o r i n e  f o r  hydroxyl groups. 

Addi t ional  complexi ty i s  evidenced by Page and Wenk (1979) and 

Geise (1974) who show t h a t  h i g h  s t r a i n  energies r e s u l t i n g  from c r y s t a l  

bonding and i n t e r l a y e r i n g ,  and surface energies o f  f i n e l y  c r y s t a l l i n e  

phases w i l l  s i g n i f i c a n t l y  n o d i f y  t h e  thermodynamic p roper t i es  of 

a l t e r a t i o n  s ine ra l s ,  and may have as great  an e f f e c t  on t h e  chemical 

. 

p o t e n t i a l s  o f  c r y s t a l l i n e  phases as any amount o f  s o l i d  s o l u t i o n  a t  

l e a s t  i n  the  s m e c t i t e - s e r i c i t e  ser ies.  These f a c t o r s  nay be 

p a r t i c u l a r l y  important a t  Roosevel t Hot Springs where s e r i c i  t e  i s  f i n e  
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grained, and probably less so in t h e  porphyry systems studied. 

F1 ui d Compositions 

The Roosevelt Hot Springs geothermal fluid i s  a dilute, near 

neutral NaCl brine with total dissolved solids near 7000 mg/l (0.7 w t  

%) and a measured pH a t  surface of 6.1 in fluid from Well 14-2. The 

temperature in the lower half of the well i s  uniform and near 250°C 

according. t o  the most recent temperature log (11/15/76 -, Glenn, 

1978) . Waters from three wells, 72-16 (Parry e t  a1 ., 1980), 14-2 and 

54-3 (A .  H. Truesdell, personal communication) have similar major 

element composition. 

Table 3 .  

A fluid analysis for Well 14-2 i s  presented i n  

Information on the compositions of fluids from porphyry copper 

deposits i s  available from fluid inclusion studies. A summary i s  

provided by Roedder (1979) who states t h a t  fluid compositions vary in 

space and time, and usually have higher sal ini t ies  and temperatures in 

central cores t h a n  in peripheral regions. Most ore fluids are NaCl 

brines and fa l l  in the range 0-5 w t %  NaCl equivalent, a l t h o u g h  up t o  

30 wt% and even 50 wt% and more is  common i n  porphyry deposits. 

B 

b Geothermal fluids are often d i l u t e ,  containing less t h a n  1 w t %  

total dissolved solids, w i t h  notable exceptions such as the  Salton Sea 

and Reykjanes. Salton sea fluids in two wells contain 22 and 26 w t %  

dissolved sol ids . (  He1 geson, 1969) . I t  i s  'worth noting t h a t ,  deipite B 

extreme differences in salinity and concentration o f  dissolved species 

in geothermal fluids the compositions of ser ic i te  and chlorite from 

the S a l t o n  Sea and Roosevelt systems are quite similar. B In  par t icular  
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Table 3. Water Analysis: Thermal Power Company 
Well 14-2. Roosevelt Hot Springs 

Assuming Assumi ng 
10/st. loss 20/st. loss 

S i  02 640 576 512 

A1 * .28 .25 .22 

Fe* .03 . 03 . 02 

Ca 8 .O 7.2 6.4 

Mg . 08 . 07 .06 

Na 2180 1962 1744 

K 400 360 320 

SO4= 69 62 55 

c1 36 50 3285 2920 

F 5 4.5 4 

pH** 6.1 

Units: pprn. 
A l l  Analyses by A. H .  Truesdell. As, Sr, Li, B 
analyses not i ncl uded. 
*Analyses for P h i l l i p s  Well 54-3 ( A .  H .  Truesdell, 
personal communication) . 

**pH (measured) 
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the two wells reported by Helgeson (1969) contain 10 and 27 ppm Mg, 

and 2000 and 1200 ppm Fe, compared with 0.08 ppm Mg and 0.03 ppm Fe 

reported for Roosevelt by A. H .  Truesdell. Assumed here, of course, 

i s  t h a t  alteration minerals analyzed formed in response t o  t he  present 

fluids. 

Mi neral -F1 uid Enerqy Re1 a t ionsh i  ps 

Modeling of the energy relationships between the present day 

geothermal fluid and ideal end-member minerals has been performed t o  

determine whether or not  fluid and minerals are a t  o r  close t o  

equi 1 i bri um. 

Model i ng of the aqueous species d i  s t  r i  b u t  i on i n the Roosevel t 

geothermal fluid has been performed using a water analysis from Well 

14-2. A1 and Fe analyses, not  available for Well 14-2, are those from 

Well 54-3 (Phillips Petroleum Company). Fluids from the two wells are 

similar in composition and the A1 and Fe analyses from Well 54-3 are 

assumed t o  be reasonable estimates of the concentrations in Well 14-2. 

All water analyses have been kindly provided by A. H. Truesdell. The 

B 

D 

distribution o f  aqueous species has been computed u s i n g  t w o  different 

computer programs. 

different method t o  calculate equilibrium constants a t  elevated 

temperatures. 

Each has a different da ta  base and each uses a 

WATEQF (Plummer e t  al . ,  1976) utilizes the Van't  Hoff . 

equation and assumes reaction enthalpy t o  .be independent  of 3 

temperature. A version of PATH (Helgeson, 1969; modified by D. Norton 

and G .  Knight) computes the temperature dependence of en tha lpy  using 

average hea t  capacities for ions. An additional difference i s  t h a t  D 
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WATEQF includes fluoride complexes of major ions while PATH does n o t .  

B o t h  programs use extended Debye-Huckel theory t o  estimate activity 

coefficients for aqueous species, and b o t h  require pH and temperature 

as input variables. The results of the two programs are similar, 

except for calculated activity of A w ,  as discussed la ter .  

distribution by WATEQF for the major ions i s  presented in Table 4. An 

Eh of zero i s  assumed t o  distribute Fe species. 

for  pH are 5.5 and 6.0. The measured pH a t  surface of fluid from Well 

14-2 is  6.1, a f te r  steam loss. 

close t o  neutral . 
respectively a t  vapor saturation and 5.58 and 5.51 a t  250 bars 

(Marshall, 1977) . A pH of 6.3 has been calculated from 

K-fel dspar-muscovi te-quartz equi 1 i bria u s i n g  d a t a  from He1 geson ( 1969) 

( D .  Rohrs, personal communication.) 

reasonable values. 

loss from the fluid prior t o  analysis. 

Species 
D 

I n p u t  values chosen 

I t  i s  assumed that  pH a t  depth i s  

Neutral pH i s  5.64 and 5.60 a t  200 and 250°C 

5.5 and 6.0 were chosen as 

Calculations were made assuming 10% and 20% steam 

10% and 20% were chosen from 

D calculations of fluid and steam enthalpy differences between the 

sample col lection temperature of 190°C and the reservoir temperature. 

14% steam loss i s  calculated for a reservoir temperature of 272"C, the 

s i  1 i ca geothermometer temperature . D 

The log activity values for  the major species, (Table 4 )  show 

t h a t  neither pH nor temperature has a large effect  on act ivi t ies  of 

most species. Of the species considered i n  the hydrolysis reactions B 

D 

only Al3+ act ivi ty  changes by more t h a n  a log unit. Fez+, Fe3+ and 

- Ca2+ change by several tenths of a log u n i t ,  b u t  other species remain 

almost constant. Al ( O H ) 4  remains constant a l t h o u g h  b o t h  A i 3 +  and 
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Table 4. Calculated* a c t i v i t i e s  o f  aqueous species i n  Well. 14-2 f l u i d  assuming 10% 
and 20% steam loss. 

10% Steam Loss 20% Steam Loss 

250 200 250 200 

5.5 
-1.27 
-2.00 
-4 . 34 
-6 18 
-6 68 
-7 . 12 

-17.08 
-19.02 

-5.19 
'-7.55 
-2 . 01 
-1.19 
-4.01 
-3.79 

6.0 
-1 022 
-2 . 20 
-4 . 34 
-6 . 21 
-6.71 
-7.48 

-17.44 
-21.02 

-5.19 
-9.55 
-2.01 
-1.20 
-3.96 
-3 . 79 

5.5 
-1.19 
-2 . 16 
-4.21 
-6.03 
-6 70 
-6.83 

-17.21 
-17.06 

-5.18 
-6.40 
-2.01 
-1.16 
-3 84 
-2 76 

6.0 
-1.19 
-2.16 
-4.22 
-6.04 
-6.71 
-6 . 70 

-17.38 
-19.04 

-5.15 
-8.37 
-2.01 
-1 16 
-3.83 
-3.75 

5.5 
-1.27 . , 

-2 24 
-4.37 
-6.22 
-6 . 76 
-7.28 

-17.24 
-19.07 

-5.24 
-7.68 
-2 . 06 
-1.24 
-4 . 03 
-3.84 

6.0. 
-1.27 
-2.24 
-4.37 
-6.25 
-6.76 
-7.65 

-17.61 
-21 .07 

-5.24 
-9 68 
-2.06 
-1 -24 
-3.98 
-3.84 

5.5 
-1.23 
-2.21 
-4.24 
-6.08 
-6 79 
-6.99 

-17.37 
-17.11 

-5.22 
-6.54 
-2.06 
-1.20 
-3 . 86 
-3.80 

6.0 
-1 23 
-2.21 
-4 . 25 
-6.09 
-6.80 
-7.16 

-17.55 
-19.09 

-5.20 
-0.52 
-2.06 
-1.20 
-3.85 
-3.80 

*Calculated using WATEQF (Plumner e t  a1 , 1976). Values are  log  ( a c t i v i t y )  
. -  
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AlF2+ change by several log units. 

Robie e t  a1 . (1978) and Helgeson et  a1 (1978) have been used as ' 

sources of thermodynamic d a t a  for  s o l i d  phases. Sericite and ch lor i te  

have been treated as solid solutions of end-members. Both 

compilations include measured da ta  for muscovite only, and estimation 

methods have been used t o  provide enthalpies, entropies and heat 

capacity power functions for other end-members (Appendix V ) .  

Thermodynamic parameters needed for each of the end-members are 

enthalpy and entropy a t  298.15OC, and the heat capacity power 

func t ion ,  which i s  used t o  calculate the a d d i t i o n a l  cont r ibu t ion  of 

each of the former t o  the Gibbs free energy a t  h igher  temperatures. 

The simplest and most precise method of calculating these three 

parameters for an unknown mineral i s  t o  hypothet ical ly  produce t h a t  

mineral by reaction of other minerals for which thermodynamic d a t a  i s  

available. 

by summation, and heat capacity power functions are obtained by 

summation of the coefficients of t he  appropriate temperature terms. 

The estimation method of o b t a i n i n g  thermodynamic d a t a  f o r  

Enthalpies, entropies and Gibbs free energies are obtained 

sericite and chlorite end-members was used 1) because the method 

provides reasonable approximations from a consistent d a t a  set , and 2)  

.because of the probl ems of obtai  n i  ng re1 i ab\  e measurements . 
Two different a1 terat i  on assemblages are present i n  the sanlpl es 

analyzed from we1 1 14-2 a t  Roosevelt: an upper sericite-hematite 

assemblage, and a lower chlorite-calcite-pyrite-sericite assemblage i n  

which ser ic i te  abundance i s  often small compared t o  chlorite. Both 

assembl ages cannot be simultaneously i n  equi 1 i bri um w i t h  the present 
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day bulk geothermal f l u i d  f lowing a t  the  well head. B o t h  could, 

however, be formed from the same parent f l u id  which h a s  changed 

composition, f o r  example by cooling and/or changing pH or oxidation 

potential  as i t  flowed or percolated toward the surface. Alteration 

minerals may well be o f  more t h a n  one generation, 

The problem of determining whether o r  not a l t e r a t ion  minerals are 

i n  equilibrium w i t h  the present day geothermal f lu id  can be approached 

i n  three ways, only the second of which  will be discussed i n  de t a i l .  

The f i r s t  involves calculat ing s t a b i l i t y  f ields of minerals present i n  

the  system us ing  ac t iv i ty-ac t iv i ty  diagrams, and comparing the  present 

day f l u i d  composition w i t h  the s t a b i l i t y  f ie lds  of minerals on the 

diagram. T h i s  approach requires t h a t  some component involved i n  

mineral -mi neral reactions be conserved. 

usually conserved and i s  probably the best approximation, b u t  

reactions can a l so  be written conserving volume or s i l i c a  or some 

other component, and s t a b i l i t y  f i e l d  boundaries shift  accordingly. 

The second approach involves comparing values of the reaction quot ient  

expression for the hydrolysis of an end-member mineral under two 

conditions: 1) a t  equilibrium where the reaction quotient has the 

theoret ical  value of the equilibrium constant (K), and 2 )  when the 

reaction quotient has the value o f  the ion a c t i v i t y  product (IAP) of 

A1 umi num i s the  component 

aqueous species i n  the b u l k  geothermal f l u i d .  The t h i r d  approach 

involves calculat ing reduced activit ies of end-members i n  sericite and 

chlorite so l id  solut ions,  us ing  actual analyt ical  d a t a  from coexisting 

se r i c i  te-chl ori t e  pai rs, and sol v i  ng a s e t  of simultaneous hydro1 ysi s 

reaction equations f o r  the a c t i v i t i e s  of aqueous species in assumed 
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e q u i l i b r i u m  wi th  the s o l i d  phases. This t h i r d  approach requi res 

assumptions and est imat ions,  which are not  q u i t e  v a l i d  o r  accurate and 

t o  date has not  been successful. It w i l l  not  be discussed f u r t h e r  i n  

t h i s  repo r t .  

The second method may be simply represented by t h e  equation: 

A G r  = 2.303 RT l o g  ( I A P / K )  

B 

B 

B 

B 

B 

B 

B 

where A G r  i s  t h e  Gibbs f r e e  energy o f  t h e  react ion,  R t h e  gas 

constant, T temperature i n  degrees Kelv in ,  and K and I A P  t h e  

e q u i l i b r i u m  constant and i o n  a c t i v i t y  product r e s p e c t i v e l y  f o r  the 

h y d r o l y s i s  react ion.  

minera ls  present i n  t h e  system have been ca l cu la ted  us ing  t h e  two sets  

o f  data discussed e a r l i e r .  Log I A P  values (Table 5) f o r  t h e  

geothermal f l u i d  from well 14-2 were ca l cu la ted  us ing WATEQF ( P l u m e r  

e t  al., 1976). Theore t i ca l l y ,  minerals and f l u i d  a r e  a t  e q u i l i b r i u m  

Log K values f o r  h y d r o l y s i s  reac t i ons  o f  major 

when A G r  i s  zero, i ..e when I A P  = K, and p o s i t  

f o r  A G r  i n d i c a t e  r e s p e c t i v e l y  supersaturat ion 

t h e  f l u i d  w i th  a pure mineral  (Barnes e t  a1 ., 
the  values o f  l o g  ( I A P / K )  f o r  s e r i c i t e ,  c h l o r  

end-members. 

The value-( I A P / K )  may a l s o  be considered 

ve and negat ive values 

and undersaturat ion o f  

1978) . Figure 21 shows 

t e  and fe ldspar  

as t h e  a c t i v i t y  t h a t  a 
. 

mineral  phase i n  s o l i d  s o l u t i o n  must have i n  order  t o  be i n  

e q u i l i b r i u m  w i t h  t h e  f l u i d .  For  example, i f  l o g  (IAP/K) f o r  muscovite 

has t h e  value -0.5 then t h e  l o g  a c t i v i t y  o f  muscovite i n  a mica s o l i d  

s o l u t i o n  i n  e q u i l i b r i u m  w i t h  t h e  f l u i d  w i l l  be +0.5. Any other  value 

f o r  muscovite a c t i v i t y  would i n d i c a t e  l ack  o f  e q u i l i b r i u m  between bulk 
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Table 5. Hydrolysis Reaction Equilibrium Constants (K) and Ion Activity Products (IAP) for Well 14-2 Geothermal Fluid. 

Log K* Log K** Log IAP*** 

% Steam Loss 10 10 10 10 20 

PH 5.5 6.0 5.5 6.0 5.5 

200 250 , 200 250 250 250 200 200 250 Temperature ("C)  . .  
Clinochlore 

Daphni te 

Muscovite 

Cel adoni te 

Illite 

Ferrimuscovite 

Pyrophyll i te 

Pa ragon i te 

A1 bi te 

Anorthite 

Microcline 

30.1 24.3 31.3 26.8 13.0 16.9 17.7 21.7 12.6 

(A1 3+)2(H4Si04)3( H20)6( Fe2t)5( Ht)-' 110. 95.8 26.1 21.5 8.3 10.5 13.7 18.4 7.3 

(A13+)2(H4Si04)3(H20) 6 (4 2+ 1 5 (H + 1 -16 

-0.22 -2.4 -2.0 -3.4 -10.1 -11.3 -4.4 -5.3 -10.6 (A13+)3(H4Si04) 3 + 1 0 +  (H )- ( K  ) 

(A1 3+) ( H4Si04)4( H+)'6( H20)-4(Mg2+) (K') 0.1 -0.4 -0.1 -0.4 -2.2 -1.5 -.3 .7 -2.8 . 

(A13+)2'25(H4Si04) 3 5  ' (H "-8 ) (H20-2)(Mg2+)0.25(Kt)*75 -20.4 -20.8 -41.7 -43.5 -8.9 -9.5 -4.5 -5.0 -9.4 

-17.5 -18.6 -9.0 -5.4 -6.2 -4.1 -5.1 -2.0 -7.0 

(A1 3t)2(H4Si04)4(Ht)-6(H20)4 -5.9 -7.0 -10.7 -11.1 -13.1 -14.1 -9.2 -10.1 -13.4 

3 + -10 3+ 2 + (A13+)(H4Si04) (H 1 (Fe 1 ( K  1 

(A1 3+)3( H4Si 04) (H+)'l O( Na') 3.0 .51 -9.3 -10.3 -3.4 -4.3 -9.7 
(Al3+)(H4SiO4) 3 (H + - 4  ) (H20)-4(Nat) -0.9 -1.5 -0.1 (1.4 -4.3 -4.3 -2.3 -2.3 -4.5 

(A13t)2(H4Si04) 2 (H + ) -8 (Ca 2+ ) 8.1 5.1 5.4 3.2 -2.4 -2.4 1.7 1.7 -2.6 

(A1 3+) ( H4Si 04)3 ( H+)'4 ( H2Or4( K+) -2.2 -2.6 7.9 2.9 -5.1 -5.3 -3.3 -3.2 -5.5 

* Log K calculated using data extracted and estimated from Helgeson et a1,(1978) SUPCRl data file, and tlelgeson (1969). 
** Log K calculated using data extracted and estimated from Robie et a1,(1978) and Helqeson (1969). 

** , Aqueous species distribuiton calculated by WATEQF (Plummer et al., 1976). 
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LOG ( I A P I K )  
-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 IO 12 14 16 18 20 

I I I I 1 I I I I I I I I I I I I I , I  

CLINOCHLORE 

-804 DAPHNITE 

MUSCOVITE 

CELADONITE 

ILLITE 

FERRIMUSCOVITE 

PY ROPHY LLlTE 

PARAGONITE 

.. 
ALBITE 

ANORTHITE 

MICROCLINE 

200 5.5 IO 
2 0 0  6.0 IO 
250 5 5  IO 
2 5 0  6 0  IO 
200 5 5  IO 
2 0 0  6 0  10 
2 5 0  5 5  10 
2 5 0  6 0  IO 
250 5 0  20 

A -3k Log K data based on Helqeron et dl (1978) 
and Helperon (1969) 

** Loo K data based on Robie e1 01 (19781 
ond Helperon (1969) I 

F i g u r e  21. F l u i d - m i n e r a l  cnergy r e l a t i o n s h i p :  d e p a r t u r e  f r o m  e q u i l i b r i u m .  I i e g a t i v e ,  
z e r o  and  p o s i t i v e  v a l u e s  o f  l o g (  IAP/K) i n d i c a t e  u n d e r s a t u r a t i o n ,  equi l ibr ium 
and s u p e r s a t u r a t i o n  r e s p e c t i v c l y  o f  Well 14-2 f l u i d  w i t h  m i n e r a l  phases .  

0 
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f l u i d  and mineral, p rov id ing  the assumptions are v a l i d .  Herein l ies  

the problem. Assumptions and their  effects are discussed below. 

Assumptions are 1) t h a t  the thermodynamic d a t a  are accurate and 

consistent, 2 )  t h a t  f l u i d  analyses are sufficiently complete and 

accurate, 3 )  t h a t  temperatures are accurate, 4 )  t h a t  minerals are i n  

contact w i t h  the b u l k  geothermal f l u i d  and 5 )  t h a t  reactions t a k i n g  

place are indeed hydrolysis reactions occurring as written. 

Figure 21 shows the,effect  o f  us ing  two different sets of 

thermodynamic d a t a  t o  calculate l o g  K.  Differences i n  log ( I A P / K )  are 

on the order o f  one or  two units for clinochlore, muscovite and albite 

a t  200°C, less than  a u n i t  f o r  celadonite, 5 or  10 units for most - 
other minerals and several tens of units for daphnite and i l l i t e .  

Calculation of the magnitude of errors i n  l o g  K introduced by errors 

i n  thermodynamic d a t a  can be calculated from the equation: 

AGO = -2.303 RT l og  K 

where A G O  i s  the standard free energy of reaction a t  equilibrium and 

other parameters are as previously defined. For a mineral h a v i n g  a 

free energy of formation o f  -6,000 kilojoules a t  298.15"K a decrease 

i n  free energy ( t o  more negative values) of 1, 10 and 100 kilojoules 

will decrease the value of log  

respectively. T h u s  the effect 

thermodynamic da ta  i s  probably 

K by .17, 1.75 and 17.51 units 

of uncertai n t  i es i n m i  neral 

the largest source of  error. Errors 

are a l so  introduced by the f a c t  t h a t  WATEQF, the program used t o  

calculate ion  act ivi t ies-for  log IAP uses thermodynamic d a t a  which may 

n o t  be consistent w i t h  Helgeson (1969), Helgeson e t  a1 ., (1978) .and 

b 
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Robie et  a1 ., (1978). Distribution of aqueous species has a l so  been 

calculated using PATH (Helgeson, 1970) . Data are n o t  shown here 

because tables and figures had been prepared prior t o  running PATH. 

Log activit ies of major species calculated by PATH and  WATEQF a t  

250°C and a pH o f  5.5 differ by less t h a n  0.2 log  units except for 

Al3+ and Fez+ (calculated as t o t a l  Fe) which are -16.78 and -8.30 

respectively for PATH and -19.02 and -7.12 for WATEQF. Values of log 

(IAP/K) i f  PATH i s  used t o  dis t r ibute  aqueous species are 6 t o  7 units 

more positive in the case of muscovite and paragonite, 4 t o  5 units 

more positive in the case of clinochlore, i l l i t e ,  pyrophyllite and 

anorthite, approximately 2 units more positive in the case of albite,  

microcline and celadonite, and 1.4 more negative for daphnite. The 

effect i s  t o  bring all end members except daphnite, i l l i t e  and 

pyrophyll i t e  closer t o  equi 1 i brium with the fluid . 
PATH and WATEQF have different thermodynamic d a t a  bases and use 

different methods for prediction of l o g  K values for aqueous species' 

equi 1 i bri a a t  el evated temperatures . WATEQF uses the Van' t  Hoff 

equa t ion  assuming constant  enthalpy, while PATH uses analytic 

expressi ons i nvol vi ng heat capacity power functions t o  'cal cul ate 

enthalpies a t  elevated temperatures. Errors are also introduced in 

'the aqueous species distribution calculations by inaccuracies in 

equilibrium constants for aqueous species.reactions. The magnitude of 

these errors has not been determined b u t  i s  expected t o  cause errors 

in log IAP o f  not  more than one o r  two units. 

The assumption t h a t  fluid analyses are sufficiently complete and 

accurate i s  a good approximation. A1 and  Fe analyses are from well 



73 

B 

D 

B 

D 

B 

54-3, not 14-2, b u t  the two f lu ids  are s imilar  i n  composition ( A .  H .  

Truesdell ,  personal communication). A 10% e r ro r  i n  analytical  

accuracy can be represented by the difference between 10% and 20% 

steam.loss. Table 4 and Figure 21 show the  e f f ec t  i s  very small. 

Errors i n  calculat ion of pH introduce the la rges t  e r rors .  

The assumption t h a t  observed hydrothermal minerals a re  i n  

equilibrium w i t h  the  b u l k  geothermal f l u i d  may not be accurate. The 

bulk  geothermal f l u i d  i s .  t ha t  flowing through major f rac tures  and 

channel ways . F1 u id  moving away from these through smal 1 f rac tures  and 

percolating in to  the rock changes i n  composition by reaction w i t h  rock 

minerals and by differences i n  d i f fusion r a t e s  of various ions. 

Alterat ion minerals a re  l ikely t o  be i n  equilibrium w i t h  local 

portions of f l u i d  which have changed composition since moving o u t  i n to  

the rock away from major f rac tures .  

the present geothermal ac t iv i ty .  

Some a l t e r a t ion  may a l so  predate 

Reactions actual ly  taking place may not be those wri t ten,  and ' 

some intermediate product may be control l ing equilibrium. 

e f f e c t s  of this, o r  of kinet ic  processes have not been evaluated. 

Possible 

All of the  above assumptions and uncertaint ies  can e f f ec t  the 

However, 
I 

value of log ( I A P / K )  by several units, and perhaps more. 

' w i t h i n  these limits, Figure 21 has some interesting implications. 

Consider the data s e t  based on .thermodynamic data f o r  Robie e t  a1 . 
(1978), represented by black bars. These a re  calculated a t  200. and 

250°C, and a t  pH's of 5.5 and 6.0 w i t h  an assumed 10% steam loss  

d u r i n g  sample col 1 ection. Cel adoni t e ,  ferrimuscovi t e  and pyrophyl 1 i t e  

a re  a l l  near equilibrium somewhere between 200 and 250°C i n  t h i s  pH 
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range. If PATH i s  used for species distribution muscovite i s  also 
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close t o  equilibrium. 

fel  dspars and chl ori tes  are a1 1 undersaturated. Cal cul a t  i ons using 

I l l i t e  i s  st rongly supersaturated, and the 

calcite,  C02, water equilibria, and thermodynamic d a t a  from Helgeson 

(19693,at 2 5 O O C  and pH 5.5 provide a pCO2 of 10-1.19, a reasonable 

value, within the range used by Parry e t  a1 (1980). 

probably stable in association with the geothermal fluid. Two 

important factors are 1) t h a t  an A1 analysis i s  not  available f o r  well 

Calcite i s  

14-2, although the d a t a  from Phillips well 54-3 i s  probably similar, 

and 2 )  t h a t  pH i s  estimated, not measured. The two parameters having 

the largest effect on changes of log IAP are the  activit ies of A13+ 

and pH. 

whereas the activit ies of K+, Na+, and HqSi04 are relatively 

insensitive. 

caused the magnitude of cal cul ated chlorite undersaturation t o  be t o o  

Log a ( ~ 1 3 + )  i s  markedly sensitive t o  b o t h  pH and temperature, 

Errors in chlorite thermodynamic d a t a  are likely t o  have 

1 arge. 

The implication of the thermodynamic calculations i s  t h a t  the 

analyzed b u l k  geothermal fluid i s  either not  i n  equilibrium with the 

chlorite-sericite-calcite-pyrite assemblage i n  the lower par t  of the 

well or not i n  equilibrium w i t h  the chlorite i n  t h a t  assemblage. The 

intensely altered zone between 850 and 880 m i s  t h o u g h t  t o  be the main 

ho t  water entry zone (Bamford, 1978, Bamford e t  a1 ., 1980, Glenn and 

Hulen, 1979) because the well i s  cased t o  551 m. 

mineralogy i n  th is  zone i s  not  identical i n  a l l  chips from one sample. 

However, altqration 

Plagioclase i s  altered t o  chlorite, ser ic i te  and calcite,  together or 

singly. I t  i s  possible t h a t  chlorite was formed during an earlier 
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hydrothermal event Textural evidence neither confirms nor denies 

th i s  possibility. Well 14-2 i s  interpreted t o  parallel one or more 

nearly isothermal fractures, (Glenn and Hulen, 1979) .  Some of the 

ser ic i te  observed between 850 and 880 m may have been formed i n  

response t o  the same fluids which caused se r i c i t i c  alteration higher 

i n  the well. 
D 
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Compositional variation in sericites and chlorites from 

hydrothermal systems i s  a function not  only of bulk fluid chemistry 

and temperature, b u t  also of the chemical environment in the immediate 

vicinity of the alteration minerals. Distance from fluid-bearing 

veins and the nature of the mineral be ing  replaced, are important 

factors in rocks which are not totally recrystallized by hydrothermal 

processes. I n  pervasively altered rocks from porphyry copper systems 

chemical equi 1 i bri um between coexi s t i  ng serici t e  and chlorite, and 

presumably also between minerals and f luid,  appears t o  be often 

a t t a i n e d .  However, i n  the Roosevelt Hot Springs geothermal system, 

chemical imhomogeneity of alteration minerals, isotopic evidence and 

thermodynamic modeling all indicate a state o f  disequilibrium between 

the bulk geothermal fluid and hydrothermal sericite and chlorite ' 

although local portions o f  the fluid modified by reaction with rock 

may be i n  equ i l ib r ium.  

assemblage, and also appears t o  exhibit different patterns in 

different hydrothermal systems. The l a t t e r  may be partly due t o  the 

Sericite chemistry is  a function o f  alteration 

distribution of sampled alteration assemblages i n  the different 

systems. Chlorites from propylitic- alteration assemblages inafour 

systems have similar ranges i n  octahedral substitution. Chlorites 

from a seri ci te-pyri te- col or1 ess chl ori t e  porphyry copper assembl age; 

however, have exceptionally high Mg contents. 

The compositional variation of sericites and chlorites from well 
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14-2 a t  the Roosevelt Hot Springs geothermal system i s  as iarge within 

individual cuttings samples as between samples from different depths. 

Two known h o t  water entries have sericite compositional ranges which 

are 'no t  distinctly different from other depths. 

variation can be explained as  a function of disequilibrium between 

The observed 

rock and present day , b u l k  f l u i d .  I n  other hydrothermal systems 

sericite chemistry i s  observed t o  vary w i t h  distance from a vein (Page 

and Wenk, 1979) and between vein and rock matrix ( th i s  report) A 

sample from a geothermal well i s  composed of cuttings, (representing 

a t  least a five or ten foot interval and probably considerably more) 

in which chips from different distances from veins and a l so  perhaps 

from different stages of hydrothermal a1 teration are jumbled together.  

Alteration intensity i n  Well 14-2 i s  high near hot water entry zones, 

b u t  mineral chemistry, a t  least on the scale sampled, i s  not 

diagnostic of such zones Glenn (1979.) suggests t h a t  We1 1 14-2 may 

have been drilled parallel and close t o  a fluid-bearing fracture. If 

so, hot  water entries may be intersections w i t h  th is  fracture, b u t  

a l t e r a t i o n  chemistry would not exhibit major downhole differences. 

Thermodynamic modeling o f  the sensitivity of mineral chemistry t o  

fluid chemistry indicates t h a t  relatively small changes in pH and 

aqueous species activit ies can cause major changes i n  the activit ies 

of sol i d  sol uti on end-members , and hence. of a1 terat  i on mi neral, 

compositions. ' Modeling shows the geothermal fluid i s  close to 
. ., 

equi 1 i bri um with calcite,  and the end-members 

sol utions, b u t  i s  undersaturated w i t h  respect 

suggestion from this  d a t a  i s  t h a t  chlorite i n  

of serici t e  sol id 

t o  chlorite. The 

the lower portion of the 



78 

B 

c 

B 

well formed earlier t h a n  a t  least part of the sericite.  Modeling of a 

hypothetical fluid in equilibrium with analyzed sericite-chlorite 

pairs has been attempted b u t  proved unsuccessful because of 

non-ideal i ty  of sol id solutions, inaccuracies in estimated 

thermodynamic da ta  and possible non-equilibrium between sericite and 

chl ori t e  

Results o f  research indicate t h a t  sericite and chlorite chemistry 

in the  Roosevelt Hot Springs geothermal system i s  highly variable, and 

t h a t  mineral chemistry, a t  least on the scale sampled, does not  

distinguish hot water entry zones. 

may prove useful in pervasively recrystal 1 i zed hydrothermal systems, 

or in systems where vein f i l l ings can be easily identified and 

analyzed (diff icul t  in cuttings samples) 

focus on coexi sting serici te-chl ori t e  pairs, or other coexi sting 

Sericite and chlorite chemistry 

Any future work should 

phases, t o  minimize the number of degrees of freedom in the mineral 

system studied. 
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Appendix I. Sericite Analyses. Southwest Tintic. 
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Appendix I (continued). Sericite Analyses. Southwest Tintic. 
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.06 A 9  2 6  .22 2 3  

.59 .75 1.26 1.26 1.13 

.01 .01 .01 .OO .01 
2.32 1.69 .97 2.48 . 1.96 

:;$3 32.4 33.9 ,34.6 32.9 32.9 

:a03 

:2 .02 .02 .os .02 .02 
10.8- 10.3 10.2 10.6 10.5 

*43 .49 .42 .44 
.14 .28 .23 .19 

c1 .02 .03 .M .02 .07 
F .49 .36 .32 .60 .46 

4.28 4.35 4.36 4.20 4.27 

K20 

::a" . ::: 
HZW 
T o t a l  98.9 99.1 99 .o 98.5 97.8 

numbers of Ions on the Bas is  of  22 T o t a l  I4cgatlve Charges lO(0) 
and 2(OH,F,C) 

... 
Fe3* . -  
n9 
Ca 
K 
Ha 
Ba 
F 
OH 

.030 .038 .063 
2 3  .17 .096 
.001 . .w1 .Mw 
.92 .88 .87 
.w4 .055 .064 
.ow .w4 .007 
.10 .076 .067 
.n9 1.92 1.93 

SI 3.20 3.12 3.10 3.10 3.12 
Ti .003 .025 .013 .011 .012 
A1 I v  .eo .90 .90 .88 .88 
Alv1 .76 1.19 1.83 .72 1.76 

.064 .058 
2 5  .20 
-001 .001 
.92 .91 
.055 .058 
.006 .005 
.13 .098 
.87 1 .89 

SWT 5 

51 

44.7 

34.8 
.48 

1.85 
.W 

1.56 
.00 

.71 

.36 

.01 
2 7  

4.34 

10.9 

99.9 

3.00 

1.00 
1.76 

.093 

.16 

.m 
.93 
.092 
.009 
.OS8 

.024 

1 .M 

52 

44.9 

33.7 
.33 

1.71 .oo 
2.81 

.01 

.69 .a . 01 

.59 
4.18 

10.7 

99.8 

3.02 
.017 
.98 

1.69 
.087 
.28 
.001 
.92 
.089 
.011 
.13 

1 .87 

SYT 6 

53 

44.8 

34.4 
.50 

1.79 
.01 

1.82 
.01 

.62 
10.9 

4.48 

99.3 

3.02 
.025 
.98 

1.75 
.090 
.18 
.001 
.93 
.081 

2.00 

54 

44.9 

33.8 
.4a 

1.78 
.00 

1 .% 
.W 

.65 
A0 
.02 
.11 

4.28 

10.5 

98.9 

3.04 
0.24 

.96 
1.73 

.091 

.20 

.WO 

.90 

.085 

. O l l  

.088 
1.91 

s5 56 57 58 59 

si0 45.2 44.9 45.4 44.9 45.0 
.57 .67 .46 .53 .43 

1.73 1.72 1.64 2.11 2.W 
.01 .00 .OO .00 .W 

1.56 1.50 1.45 1.78 1.412 
.01 .01 .01 .00 .oo 
.67 .61 .66 .68 .68 
.36 .25 .33 .37 .40 
-01 .01 .01 .OO .02 c1 

F .42 .35 .39 .26 .33 
4.27 4.31 4.30 4.34 4.31 

;& 33.9 34.3 34.5 34.1 33.5 

::a03 

% 
::ao 

10.8 10.8 10.7 10.9 10.9 K20 

H P  
T o t a l  99.3 99.2 99.7 99.8 98.7 

llumber of Ions on the Bas is  of 22 Total Negative Charges lO(0) 
and L(OH.F,C) 

51 3.05 3.0) 3.04 3.02 3.06 
Ti .029 .034 .023 .027 .022 
A1 I v  .95 .97 .% .98 .94 
A l v I  1.74 1.76 1.77 1.72 1.74 
F e3* .088 .087 .w3 .ll .10 

.16- . I5  , . I4  .18 .14 

.mi .001 .001 .0oO .ooo w 
Ca . 
1: .93 . .92 .91 .93 .94 
Ha .087 .080 .085 ,089 . w 9  
Ba .009 .007 .009 .010 .011 
F .090 .074 .083 .OS5 .070 
OH 1.91 1.92 1.92 1.94 1.93 

'Calculated H20 

S1B 

47.7 

35.7 
.w 
.88 

6.30 
.03 

8.52 
.35 

. . .55 
4.31 

104.2 

3.00 

1 .00 
1.65 

.042 

.59 

.W2 

.68 
' .M3 

.ll - 1.89 

.OD2 

528 

48.5 

34.1 
.05 

.86 

5.41 
.W 

9.53 
.33 

.71 
4.22 

103.3 

3.09 
.002 
.91 

1.65 
A41 
.51 
.OOO 
.77 
.041 

.14 
1.86 

51-2c 

49.4 

33.9 
.09 

.82 

2.18 
.oo 

9.76 
.38 

.67 
4 2 5  

101.2 

3.20 
.OM 
.eo 

1.79 
.WO 
.21 
.OOo 
.81 
.047 

.14 
1.86 

52-2c 

50.5 

34 .? 
.09 ' 

.87 

2.58 
.W 

9.51 
.35 

.40 
4.39 

103.2 

3.20 
.ow 
.eo 

1.79 
.041 
.24 
.GUO 
.77 

I .042 

. .081 
1.92 
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Appendix I (continued). 

S e r i c i t e  Analyses. Southwest T i n t i c .  
SYT 7 

512-15 57-9 516 518 M 

s i 0 2  50.9 50.9 49.9 41.8 48.6 
T i 0  .02 .02 .03 .03 .03 
A I &  31.9 31.5 31.1 30.8 31.4 
Fe-0; 2.04 1.61 2.90 2.51 2.93 ""6 

2.07 2.30 2.63 2.76 3.01 
.19 -33 1 .42 .28 .32 

9.77 9.50 9.11 9.13 9.47 
.W .W .oo .W .oo 

2: 
kt 
w 
C1 -. 
F .M .36 .29 .I .24 
HZO' 4.42 4.40 4.40 4.40 4.42 

Total 100,.8 100.7 101.3 98.5 100.3 

Number of Ions on the Basis o f  22 Tota l  Negative Charges lO(0) 
a d  2(ffl.F.C) 

s i  
T i  
A1 1v 
Alvl 
Fc)* 
n9 
Ca 
K 
Na 
80 
F 
OH 

3.28 
. w 1  
.72 

1.73 
.IO 
2 0  
A14 
.81 .ooo 

.061 
1.94 

3.31 
. w 1  
.69 

1.72 
.019 
.22 
.023 
.19 
.m 

.013 
1.93 

3.25 
.OD2 
.75 

1.64 
.142 
.I 
.M9 
.81 
.m 

.059 
1.94 

3.21 
.Do2 
.19 

1.65 
.13 
.28 .Om 
.E4 .ow 

.055 
1.95 

3.20 
.0d1 
.80 

1.64 
.15 
.30 
-023 
.80 .ow 

.M9 
1.95 

I, 

SYT 6 

s3c S1-4E 

50.6 49.3 

36.5 35.2 
.02 .09 

.66 .69 

52-4E 53-4e 

49.4 49.1 

35.2 35.2 
.06 .12 

.70 .75 

6.26 2.37 
.02 .W 

1.36 10.14 
.M .35 

2.50 2.60 
.W .oo 

10.08 9.03 
.37 .36 

.42 .52 
4.43 4.32 

.45 .40 
4.35 4.39 

103.0 101.7 

m g a t i v c  charges. lO(0) 

106.7 102.7 

ions on the basis of 22 tot4 
,C) 

3.07 3.15 
. w 1  .om 
.93 .85 

1.68 1 .81 
.M4 .033 
.51 .23 
. w 1  .m 
.57 A 3  
.035 .w4 

3.15 3.15' 
. w 3  .OM 
.a5 .85 

1.80 1 .E1 
.034 .082 
.24 2 5  
.ooo .000 
.82 .74 
.M5 .045 

D .091 .w 
1.91 1.92 

.w .ll 
1.92 1.90 

*Calculated H ~ O  
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Appendix 11. Se r i c i t e  analyses: Santa Rita. 

SI02 

TI02 

e11203 

FEZ03 

lQl0 

. mo 
CAO 

K20 

Na20 

8AO 

CL 

F 

H20. 

TOTAL 

Ill1 

M9 

44.2 

.le 

31.6 

4.21 

.02 

2.28 

.02 

10.5 

.41 

.I6 

.w 
2 6  

4.31 

MI0 

44.1 

.37 

31.4 

4.05 

.02 

2.44 

.01 

10.3 

.I1 

.09 

.Ol 

.22 

4.33 

MI1 

44.7 

.56 

32.3 

4.11 

.03 

2.48 

.02 

10.1 

.41 

.08 

.02 

.22 

4.35 

5117 

M6 

45.9 

1.90 

33.4 

2.31 

.01 

1.03 

.03 

10.9 

.31 

. I4 

.a, 

.IO 

4.43 

ma 

46.9 

1.19 

33.8 

2.08 

.03 

1.12 

.01 

11.0 

.42 

. I O  

.00 

.08 

4.45 

mb 

46.6 

.59 

34.1 

1.11 

.02 

1.00 

.02 

11.0 

.42 

.23 

.oo 

.OB 

4.46 

119c 

41.0 

1.47 

34.4 

2.22 

.03 

1.11 

.03 

10.7 

.43 

.I8 

.oo 

.IO 

4.45 

Sal8 

R 

45.4 

.I5 

33.9 

1.42 

.02 

1.02 

.02 

11.15 

.44 

.20 

.oo 

. I 1  

4.44 

ns 

45.9 

.81 

33.8 

1.53 

.03 

.94 

.05 

10.9 

.42 

.21 

.a, 

.IO 

4.45 

SRtO 

w 

45.2 

3.56 

34.8 

3.11 

.01 

.n3 

.oo 
10.4 

.38 

.IO 

.01 

. I3  

4.40 

m5 

45.6 

2.63 

33.3 

3.12 

.OO 

.92 

.M 

10.5 

.38 

. I 3  

.Ol 

.08 

4.42 

116 

45.2 

2.42 

34.0 

4.48 

.01 

1.06 

.M 

10.6 

.I8 

. I3  

.01 

.08 

4.41 

MI 

46.8 

1.23 

33.9 

2.61 

.01 

1.05 

.03 

10.3 

.31 

.24 

.oo 

.09 

4.45 

I8 

46.0 

I .83 

33.6 

3.19 

A 3  

1.08 

. 02 

10.8 

.31 

. I 2  

.W 

.IO 

4.42 

SUI 

n? 

45.4 

.31 

33.5 

3.21 

:OS 

1.17 

.01 

10.3 

.40 

.10 

.Ol 

.I6 

4.41 

113 

46.0 

.30 

33.8 

3.25 

.05 

1.15 

.01 

10.0 

.I1 

.I4 

.Ol 

.I4 

4.43 

m 

45.9 

.I9 

33.2 

2.28 

.01 

1.01 

.02 

11.0 

.I4 

.I4 

.oo 

.I2 

4.43 

m 

45.2 

.70 

33.6 

3.10 

.03 

1.02 

.01 

11.1 

.42 

.06 

.w 

. I 3  

4.40 

3W8 

w MI 

41.3 41.3 

.21 1.36 

30.4 29.1 

3.18 5.47 

..06 .05 

1.54 1.11 

.04 .08 

10.6 10.6 

.I8 . .w 

.09 .07 

.oo .oo 

.12 .IO 

4.43 4.40 

51130 

m 

49.0 

.I4 

31.1 

2.95 

.os 

1.33 

.06 

10.7 

.I6 

.06 

.OO 

.w 
, 4.41 

1111 

48.8 

.35 

29.4 

4.01 

.07 

1.91 

.03 

10.6 

.23 

.IO 

.oo 

. I 3  

4.42 

SR50 

M 

41.4 

.I9 

33.9 

.85 

.oo 
1.19 

.oo 
10.5 

.46 

.I5 

.w 

.12 

4.47 

M Ml 

41.2 41.4 

. l l  .41 

33.6 34.4 

1.12 .92 

.oo .02 

1.43 1.06 

.oz .02 

10.1 10.3 

.44 .45 

.13 .I4 

.oo .w 

. I 3  . I 1  

4.46 4.48 

46.8 

-38 

33.8 

.90 

.w 
1.21 

.01 

10.6 

.45 

.16 

.oo 

.12 

4.46 

1110 

41.2 

.41 

33.6 

1.00 

.w 
1.24 

.01 

10.6 

.45 

.IO 

.W 

. I4 
4.46 

98.4 38.3 99.4 100.4 101.3 100.1 11.2 98.3 99.1 103.5 101.6 102. 101.1 101.6 99.0 99.7 1 9 8 . 8  99.9 98.1 99.1 1W.l 1w.I 99.2 199.1 99.7 98.9 99.1 

Nunbcrs of ions on t h  basts of 22 total negatln charges. lO(0) and 2tffl,F,Cl) 

51 1.03 3.06 3.02 3.05 3.09 3.10 3.01 3.09 3.09 

T I  .01 .02 .OJ ..IO .06 .03 .07 .02 .M 

ALlV .91 .94 .98 .95 .91 . '.90 .93 .91 .91 

ALVl  1.59 1.59 1.59 1.61 1.11 1.77 1.11 1.80 1.11 

FC3+ .22 .21 .21 . I2  .IO .09 . I1  .01 .08 

MN . .W .OO .00 .OO .OO .OO A0 .O .OO 

pv, .23 .25 .25 .IO . I 1  .IO . I 1  .IO .09 

CA .oo .00 .oo .oo .oo .oo .oo .oo .oo 
1. .92 .90 .81 .92 .92 .93 .89 . .% .94 

HA .05 .05 .OS .OS .OS .05 .OS .06 .OS 

BA .oo .oo .00 -00 .01 .01 .oo .01 .Ol 

CL .w .01 .OO .oo .oo .w .oo .w .oo 
F .06 .05 .os .02 -02 .02 .02 .02 .02 

011 , 1.94 1-95 1.95' i.98 1.98 1.98 1.98 1.98 1.98 

2.93 

. I 1  

1.07 

1.59 

. I8 

.OO 

.08 

.oo 

.86 

.05 

.W 

.oo 

.03 , 

1.91 

3.01 

. I 3  

.99 

1.60 

. I8 

.oo 

.09 

. 00 

.88 

.O5 

.oo 

.oo 

. 02 

1.98 

2.% 

.I2 

1.04 

1.58 

.22 

.oo 

.IO 

.oo 

.88 

.05 

.w 

.oo 

. 02 
1.98 

3.w 

.06 

.92 

1.11 * 

. I 3  

.oo 

.IO 

.w 

.87 

.05 

.01 

.O 

.02 

1.98 

3.04 

.09 

.% 

1.65 

.I6 

.W 

.lI 

.oo 

.91 

.05 

.oo 

.w 

.02 

1.98 

3.01 

.02 

.93 

1.13 

. I6  

.w 

.I2 

.w 

.88 

.os 

.oo 

.oo 

.03 

1.96 

3.08 

.02 

.92 

1.14 

. I6  

.W 

. I 1  

.oo 

.86 

.os 

.oo 

.oo 

.03 

1.91 

3.11 

.01 

.89 

1.16 

.I2 

.W 

.IO 

.W 

.95 

.06 

.oo 

.w 

.03 

1.91 

3.04 3.22 3.19 3.24 3.26 3.16 3.15 3.14 

.M .01 .Ol .OI .02 .01 .01 .02 

.96 . in .ai . i6 . io 3 4  .a5 .IX 

1.70 1.66 1.51 1.10 1.51 1.82 1.19 1.83 

.I7 .16 .28 .I5 .20 .M .06 .05 

.oo .w .oo .w .oo .oo .w .oo 
e 1 0  -16 .I1 . I3  .I9 . I 2  .I4 .IO 

.oo .oo .01 .w .oo .w .oo .oo 

.95 .92 .91 .90 .91 .90 .91 . B I  

.OS .02 .01 .O2 .03 .06 I .06 .06 

.w .oo .oo .w .oo .oo .oo .oo 

.oo .w .oo .M) .oo .w .w .oo 

.03 .03 .02 .02 .03 .03 .03 .02 

1.91 1.97 1.98 1.98 1.91 1.91 1.91 1.98 

3.14 

.02 

.86 

1.r1 

.05 

.MI 

.12 

. 00 

.91 

.06 

.oo 

.oo 

.03 

1.91 

3.15 

.02 

.85 

1.80 

.os 

.oo 

.12 

.w 

.90 

.06 

.@I 

.OO 

.03 

1.91 

Calculated H20 

Analyses by O d d .  C. Jacobs 
.. 



Appendix I 11. Serici t e  Analyses : Roosevel t We1 1 14-2** 

503 610 

S2-1 S2-2 S2-3 S2-5 S2-6 S3B-3 S3B-4 S1A-2 

49.2 

35.0 
0 01 

1.94 

48.7 48.7 

37.2 36.5 
. 01 . 01 
.49 1.45 

49.8 50.2 50.0 52.1 

33.4 
. 00 
1.90 

49.9 

34.6 
. 01 
1.91 

. 05 . 11 
32.9 29.2 

. 02 
29.7 D 

3.40 5.18 4.96 

.80 . 03 
7.21 . 09 

. 07 .60 . 14 . 07 
*- 984 9.17 
.08 . 12 

1.69 . 04 3.06 
03 

2.82 . 11 . 86 
.08 

0 77 
.09 
9.29 

17 
5.02 . 10 9.50 . 15 9.53 8.78 

.13 .13 B 

. 24 
4.52 

15 . 14 
4.51 4.52 

. 41 
4.48 

.60 
4.22 

.18 
4.50 

. 47 
4.29 

. 28 
4.48 

Total 99.0 101.0 101.2 97.7 102.0 101.8 101.9 101 . 3 
Numbers of ions calculated on the basis of 22 total negative charges, 
lO(0) and 2(0H,F,Cl) 

Si 3.21 3.15 3.14 3.27 3.27 3.26 3.32 3.22 
T i  .ooo .ooo .ooo 0002 .006 .001 .ooo .ooo 
A1 Iv . 79 . 85 -86 . 73 73 .74 .68 .78 
A l V I  1.91 1.98 1.91 1.82 1.51 2.08 1.83 1.85 
F e3+ 095 024 .07:.? . 168 .254 2.44 .091 . 093 
Mg -078 .007 .058 .166 .297 -274 ..082 .074 
Ca . 002 . 009 . 005 -003 . 002 .008 .006 .007 
K .601 .811 .755 .421 .790 -794 .714 .765 
Na -012 . 010 -015 0012 3 019 .016 .016 .022 
Ba 
F 049 032 . 029 ,084 1.25 . 097 .057 .036 . 
OH 1.95 .1.97 1.97 1.92 1.88 1.90 1.94 , 1.96 

* Calculated H20 
Analyses for samples 518, 854, 869, 896, 1341 and 1524 are 
reported in Bal l  antyne (1978) 

** 
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Si02 
T i02  
A1 203 
F e0 
MnO 
MgO 
C ao 
K20 
Na20 
B a0 
c1 
F 
HzO* 

Appendix IV. Chlor i te  Analyses. Southwest Tint ic .  

SWT 1 SWT 2 SWT 6 SWT 7 
c1 c2 c3 c1 c3 c4 c5 C2-B C1-2C C2-2C C3C C6 C18 

27.4 27.1 28.0 28.1 28.6 28.3 29.8 32.9 31.9 32.4 32.8 29.5 29.1 

20.7 20.4 20.8 20.5 20.7 20.5 20.2 23.0 22.7 23.7 24.1 22.1 21.3 
17.4 17.9 17.9 4.41 4.34 4.25 4.10 1.82 2.17 2.07 1.83 12.5 12.3 

21.7 21.8 21.4 29.7 29.4 29.4 26.0 31.9 31..5 32.0 31.9 24.0 22.1 

. 06 . 08 .09 .02 .02 0 02 -13 . 00 001 * . 01 . 00 01 . 02 

0 10 .12 011 01 . 02 . 02 .06 

. 05 -03 04 .06 . 06 . 08 .19 .02 .02 . 02 .03 .34 . 38 . 04 .01 . 03 . 20 . 15 16 .16 .04 .03 .p2 .04 . 00 .03 . 04 .02 . 03 .05 .05 . 07 03 . 00 . 00 . 00 . O l  .07 .07 . 00 . 00 . 00 . 02 . 04 001 001 . 01 . 00 0 00 
12 . 18 . 18 .44 . 49 .46 . 58 . 89 . a3 -84 . 92 31 .25 

11.9 11.8 11.9 12.4 12.4 12.4 12.4 12.5 12.5 12.5 12.5 12.1 12.0 

Total 99.5 99.5 100.5 95.9 96.2 95.7 93.7 103.1 101.7 103.6 104.1 100.9 97.6 

Nuinbers o f  ions ca lcu la ted  on the basis  of  28 t o t a l  negativ.e charges lO(0) and 8(0H,F,C1) 

Si 
T i  
A1 IV 
A1 VI 
Fe 
Mg 
Ca 
K 
Na 
Ba 
F 
OH 

2.75 

1.25 
1.20 
1.46 
3.24 

.004 

. 005 . 005 . 008 

.038 
7.96 

*Cal cul ated H20 

2.73 

1.27 
1.15 
1.51 
3.27 

. 006 

.003 
0001 . 004 

.057 
7.94 

2.78 2.78 2.81 2.80 3.00 
.007 .oo . 00 . 00 . O l  

1.22 1.22 1.19 1.20 1.00 
1.22 1.17 1.21 1.20 1.41 
1.49 .42 .41 .40 .40 
3.17 4.38 4.31 4.33 3.90 

.004 .01 .01 . 01 . 02 
-004 .02 0 02 0 02 .02 
.006 0 00 . 01 . 01 . O l  

.056 14 . 15 -14 8 19 
7.94 7.86 7.85 7.86 7.81 

2.95 

1.05 
1.39 . 16 
4.26 . 002 

-004 . 000 

. 000 

.25 
7.75 

2.92 2.90 2.91 

1.08 1.10 1.09 
1.37 1-40 1.43 

.19 .18 .16 
4.29 4.27 4.22 . 002 -002 .003 

.004 . 003 .004 
0001 '.OOO .002 

. O O l  . 000 .ooo 

. 24 24 .26 
7.76 7.76 7.74 

2.81 

1.19 
1.29 
1.14 
3.41 

. O O l  

.035 

.ooo 

.020 

.093 
7.91 

2.83 

1.17 
1.28 
1.32, 
3.21 

.040 

.004 

.014 

. O O l  

.076 
7.92 
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Appendix V. Thermodynamic Propert ies of Minerals. 

Minera l  AH;, 298 - S O  !2 
Muscovite* 
K A l  2Si jAlO10( PH ) 2 -5,976,740 305 04 Y ~ 1 7 G 7 X 1 U ~ ~ - B . 1 1 1 0 ~ 1 0 - ~ T - 1 . U 3 4 8 ~ l U ~ T - ~ ~ ~ + 2 . 8 3 4 1 ~ 1 0 6 ~ - 2  

Ferrimuscovlte 
. KFe~Si3A1010(uH)2 -5,125,680 342 -88 -78.300-2.4252T-9.36U0~1U3T-0 *5+4 .7310~136T-~+86 .525T~*5+6 .U51Y~1U-~T~+2 .7821~10~T~~  

Uaphni t e  
FegAlSiAl010(0H)8 -6 ,Y71,370 531.97 Y .1395+102+i! . 2 5 1 6 ~ 1 0 - ~ T - 3 . 7 0 0 3 ~ 1 0 ~ T - ~ * ~ - 1 . 0 1 1 6 x 1 0 ~ T ~ ~ + 5 . G 0 2 8 ~ 1 0 ~ ~ T ~  

Pyrophyl l  i te*  . 
Zsi4ulU( UH 2 -5,643,300 293.4 7 . 4 6 7 5 X ~ ~ ~ - 5 . 3 5 4 3 ~ 1 0 - ~ T + 1 . 9 8 5 5 ~ 1 U - 5 T ~ - 7 . 5 7 7 7 ~ 1 0 3 T ~ ~  -5 

Low A l b i t e *  
N a A l  S i  jus 
Anor th i te*  
CaAl2SizUa 

I l i c r o c l  ine*  
K A I  S i  3Ua 

.. 
-3 ,Y35,120 207.4 5.83Y4xlU2-0.092852Tt2 . 2722~10-~T~-6 .4242~103T-~~5-1 .6780~106T-2  

-4.243.040 199 .3 5.1683~102-Y . 24Y2x1U~2T+4 .18B3x10~~T~-4 .5885x10~~T~0*5 -1  .4085x106T-2 

-3,967,690 214.2 7.5Y55xlJZ-O 2 1  7 1 1 T + 6 . 4 ~ ~ 3 ~ 1 ~ - ~ T ~ - 9 . 5 2 6 8 ~ 1 0 ~ T ~ ~ * ~ + 4 . 7 6 4 2 ~ 1 ~ ~ T - ~  

*From HoSie e t  a l .  (1Y78). Others estimated from data i n  Hobie e t  a l .  
(1Y18). 

Un i t s  are joules/&le; 
u) 
N 
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