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ABSTRACT

Chemical compositions of chlorite and sericite from one
production well in the Roosevelt geothermal system have been
determined by electron probe methods and compared with compositions of
chlorite and sericite from porphyry copper deposits. Modern system
sericite and chlorite occur over a depth interval of 2 km and a
temperature interval of 250°C.

Mineral compositional variation within samples of cuttings from
individual depth intervals from the geothermal well'is as large as
that between samples, and is suff1c1ent1y large to obscure any effects
related to present day hot water entry zones, at least on the. sca]e
sampled. Recent suggestions are that the well may have been dr1]1ed
parallel and close to a major fluid bearing fracture, and if so would
not provide a good test situation. Sericites range between illites
and muscovites on the basis of K and Si content. Chlorites are
rip{dolites, brunsvigites and pycnqch19rites. >Ser1cite compositional
ranges are 0.6 to 1.0 K, 3.1 to 3.5 Si, 0.0 to 0.3 Fe, 0.0 to 0.3 Mg
and 1.7 to 2.8 Al per,formu]é unit. Fe/Mg is usually near 1.

" Chlorites contain-2.8-to 3.2 Si, 1.9 to 5{5 Al, 1.7 to 2.6 Fe and 1.3
to 2,4 Mg.

Comparison with porphyry copper systems shows that interlayer
chemistry in hydrothermal sericites is related to the aiterdtion

assemblage, and chemical heterogeneity is related to alteration -



inteneity or extent of recrystallization of the rock. Analyzed
chlorite compositions in porphyry systems are similar to or more
magnesian than those at Roosevelt. Sericites frem porphyry systems
tehd to have higher interlayer (K+Na) site occupancies and less Si fn
tetrahedral sites than those from Roosevelt. Southwest Tintic
sericites have nearly eonstant Fe but variable Al and Mg in octahedral
sites, Santa Rita Serieites have nearly constant Mg, and Roosevelt
sericitesinearly constant Fe/Mg. The differences between systems may
be at least partly due to differences in alteration assemblages
analyzed. F corre]ateg with Mg content in sericites from all systems.

Sericite and ch]orite chemistry is a function, not merely of bulk
fluid chemistry and temperature but a]so of - the _local chem1ca1

“environment, distance from fluid- bearlng veins, and the type of
mineral being replaced. Thermodynamic mod&ling shows that the-
sensitivity of sericite and chlorite chemfstry to fluid composition is -
such that changes in aqueous species activities can cause changes of‘
similar megnitude in the activities of solid solution end members.
Temperature changes of a few tens of degrees can cause order of
magnitude changes in solid phase activities.-‘~ |

Chemical inhomogeneity of alterat1on m1nerals, isotopic evidence

_'and thermodynam1c model1ng 1nd1cate a state of d1sequ1]1br1um between

' the Rooseve]t bqu geotherma] f1u1d and hydrotherma1 sericite and

chlorite. The amount of disequilibrium ca]cu]ated depends upon the

- thermodynamic data base used. Alteration minerals may well be in

equilibrium with local portions of the present day fluid which have

changed composition by reacting with the rock. Sericite solid



solution end members and calcite appear to be close to equilibrium
with the bulk fluid, feldspars are slightly undersaturated, and
chlorite is strdng]y undersaturated. These data suggest, unless the
chlorite fhermodynamic data is highly inaccurate, that chlorite may

have formed earlier, perhaps during a previous hydrothermal event.



INTRODUCTION

In a hydrothermal system the chemistry of alteration minerals is
a function of fhe temperature, pressure and solution composition.
Theoretically, alteration minerals may be regarded as retaining an"
imprint of the characteristics of that fluid, providing no subsequent
changes take place. Ifithe alteration minerals were in equilibrium
with the hydrothermal f]qid, information about the composition of that
fluid may be extracted by means of thermodynamics. Hence the
potential exists for using hydrothermal mineral chemistry to locate or
correlate hot water codeits in geotherma] systems, to distinguish
alteration due to different hydrothermal events, and even to trace
fluid evolut1on within a geothermal fielde ... .0~ s

A practical evaluation of the feas1b111ty of using a]terat1on‘
mineral chemistry in geothermal exp]oratioﬁ”hﬁé‘been the subject of
this study. The eva1uation has had two focuses: 1) on characteriziﬁg
sericite and chlorite chemistry from both present day and fossil
hydrothermal systems, and 2) on constructing a thermodynamic model to
relate mineral chemistry to associated fluid chemistry. Microprobe
analyzes of hydrothermal sericite and chlorite have been obtained for

.'samples from Well 14-2 (Thermal Power Company) at the Roosevelt Hot

- Springé.geothekmal system and %orisampléglfrom the Southwest Tintic
porphyry copper system both in Utah. Se;icites from the Santa Rita
porphyry copper depos1t in Ar1zona and chlor1tes from the Silver Bell

. "deposit in New Mexico are included for comparison (locations in Figure

1). Equilibrium between rock ‘and fluid has probably been attained in
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Figure 1. Locations of hydrothermal Systems.



the pervasively altered and recrystallized porphyry systems, but
several lines of evidence indicate that overall equilibrium between
alteration minerals and the bulk geothermal fluid at Roosevelt has not
been attained.

-Hydrothermal alteration at shallow depths (above 70 m) in the
Roosevelt Hot Springs geothermal system has been described by Parry et
al. (1980). A detailed petrographic study of the lithologies and
alteration in well 14-2 has beenvreported by Ballantyne and Parry
(1978) and is summarized in Figure 2 reproduced from that report. The
alteration occurs in Tertiary monzonite and associated dikes, and
probable xenoliths of Precambrian gneiss. Alteration assemb]éges are
weak to moderate ghylliq in the upper portions of the well, and weak
propylitic in the lower portions. Alteration intensity-is stronger
" near fluid-bearing fractures. Mineral assemblages for the indiv%dﬁa]
samples are discussed later. Alteration zone terminology is after'
Lowell and Guilbert (1970).

At Southwest Tintic the host rocks for alteration are andesite
and latite volcanics, mainly tuffs with local flows and intrusive
rocks.. The alteration assemblages»vary from a cehtralfpotassic zone
through a phyllic zone to propy]itic.tlThe thl]ic zone at Tintic is
."extensjve, and is usually, but not ubiquitdhs]y, present between the
" potassic-and propylitic zones. |

. At Santa Rita the host for alteration is the granodiorite“bf the
Santa Rita stock. Potassic zone sericites have been analyzed. All
:’Santa Rita sericite samples included here were analyzed by David C.

Jacobs. All but two contain Hydrothermal biotite in addition to



Figure 2. Hydrothermal Alteration in Well-14-2: Products and extent..
of alteration. Horizontal bars on plagioclase destruction graph=
indicate range of plagioclase destruction observed in a thin section.
Abbreviations: B, barite; C, chalcopyrite;_Ca, calcite; Ch, chlorite;
C1, clay; Gy, gypsum; H, hematite; K, K-feldspar; Mo, Montmorillonite;
Mt, magnetite; Py, pyrite; Q, quartz; S, sericite; Ti, leuxocene.
(Modified from Ballantyne and Parry, 1978.)
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sericite, and several also contain chlorite.
ﬁ Silver Bell chlorites from propylitized rhyodacite porphyry were
analyzed by Geoffrey H. Ballantyne.

"



> PREVIOUS WORK

Electron microprobe analyzes of sericite and chlorite, appearing
in the literature of the past decade include reports of individual
analyses and studies of systematic compositional variations. Prior to
and contemporaneous with microprobe investigations, X-ray diffraction
studies have provided information on thé nature and distribution of
phyllosilicates in hydrothermal and sedimentary diagenetic
environments. o

X-ray diffraction studies of clay and ﬁixed-Tayer hiherals ins
geothermal systems indicate a transition from smect1te through - :
increasingly illitic mixed layer 1111te/smect1te to illite and finally
phengitic mica as depth and temperature increase. These modifications
» are observed in the Salton Sea by Muffler and White (1969) and

McDowell (1978), at Wairakei by Steiner (1968) and at the Broadlands
and Ohaki-Broadlands fields by Brown and E1lis (1970) and Eslinger and
[ ] Savin (1973). Although the role of ffﬁid cheﬁistry is important the
conversion to illite appears to be comp]gte;in all cases by 230°C
) (Esl1nger and Savqn 1973) and in the Salton Sea by 210°C (Muff]er and -
¢ | White, 1969). D1screte montmorillonite converts to mixed layer
j11ite/smectite below 100°C (Muffler and White, 1969),

A swelling, mixed layer chlorite/smectite has been'notéd at

Wairakei in one well sample from a sheared zone at approximately 207°C
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by Steiner (1968), and at the Ohaki-Broadlands field in several low
temperature (between 100 and 150°C) shallow depth locations by
Eslinger and Savin (1973).

‘Similar changes in interlayered illite/smectites have been
obserQed in sedimentary rocks as the degree of diagenesis and depth of
bur{al increases. Chlorite also occurs as a mixed layer
ch]or1te-smect1te of the corrensite type in certain situations.
Dunoyer de Segonzac (1970) reviewed the transformat1on of clay
minerals during diagenesis and low grade metamorphism. More recent
studies of illite and mixed layer illite/smectite include those by
Eslinger et al. (1979) and Eberl and Hower (1977). Weaver (1979)
discussed diagenetic and geothermal a]teragion of glay‘minera1s.
Blatter et al. (19725 réport'interstratifiéd'Eh]bfite;éf5ctahedbaEf
smectite in dike-intruded shales and report other such occurrences
.'from the literature. "

McDowell (1978) showed regular changes in sericite and ch]orité
chemistry with increasing depth and temperature in Well Elmore #1 1ﬁ
the Salton Sea geothermal field, in the range 190 to 322 °C. Guilbert
and Schafer (1978) found apparently systemat1c var1at1ons in both
major and trace elements in sericites.from porphyry base metal
: deposits. Downey (1976) analyzed chlorite; from the propylitically
'altéred'p}uton'at Go]d Hill, Utah, without finding systematic
Qéoéraphic.vériéfion; Syétematic chéngeé in muscovite composition

with increasing metamorphic grade in peiitic schists have been noted

-_ by Guidotti (1973 and 1978) and Cheney and Guidotti (1973). Page and

Wenk (1979) report regular variations in sericite chemistry and
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alteration assemblage in the selvedge of a vein at Butte, Montana.
Individual analyses of sericite and chlorite from mineralized
hydrothermal systems have been reported by Ashley (1980), Kulvanich
(1975) reported in Kelley and Rye (1980), Nash (1973), Chivas (1978),
Ford A(1978), and Ashley et al. (1978).



HYDROTHERMAL ALTERATION

Roosevelt Well 14-2
- Fluid flow in the Roosevelt geothermal system is fracture
controlled, and hydrothermal alteration is thus also closely related
to faults and fractures. Alteration assembfages in well 14-2 are
sericite;hematite + smectite % mfxed layer %1lite/smectite in the
upper 790—meters, and chiorite-sericite-calcite-pyrite at depth, with
traces of anhydrite below 1525 m. Total well depth is 1866 m. A
transition zone occurs between thé upper and lower assemblages.
Epidote is present in trace amounts replacing plagioclase between 150
and 350'm and at i7844mj(Figure'2). . ‘ .: | S -
Sericite is abundant above 650 m, ocgyrrjng mainly as plagibciase

 rep1acements and in veinlets and fracture;}illings.‘ The degreé of-
plagioclase destruction in any one thin section of cuttings usually f
varies, some grains being almost unaltered, others partly or totally
replaced by sericite. The range of plagioclase destruction is shown
in Figure 2, the curve linking maximum destruction in each sample.
Below 650 m sericite is less common, gnd a]tefation 1nfensity in
'igenerql is diminished. The degree of al;gfétion is probably related
1o djstapce from.flﬁid-bearing veins and to fracture intensity.

| ,~X-ray‘dffffacto§rams bf clay-miﬁera]% from Well 14-2 reported by
Parry (1978) indicate the presence of montmorillonite somewhaf
- sporadically betweeh 275 and 455 m, and mixed layer illite-smectite

between 30 and 60 m, near 150:m and between 240 and 305 m (a1l below
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150°C). Three other occurrences of illite/smectite occur at 565, 655,
and 878 m. K-mica is present in all diffractograms, and chlorite
appears below 716 m.

A brief review of the diffraction data during the present study
for mixed layer chlorite-smectite found one probably spurious peak.
Corrensite may exist elsewhere in the well in amounts too small (less
than 5% of the clay concentrate) to be detected by the XRD equipment.
Microprobe analyses of an expanded mica in a monomineralic chip from
869 m indicate a mixed-layer chlorite-illite, having calculated cation
contents of 2.14 FeZ*y 1.34 Mg2+ and 0.41 K*. Analytical data do not
fit a vermiculite structure. The appearance of this mineral suggests

it is a discrete phase.

1y }I

Porphyry Copper Systems . . - .

Southwest Tintic alteration assemb]agés‘ére typical'forvporphyry
copper systems (Lowell and Guilbert, 1970; Rose and Burt, 1979). An
inner potassic zone of secondary biotite % pyrite + orthoclase *
quartz % anhydrite + amphibole + magnetite + chalcopyrite is overlain
- and in part surrounded by a phyllic zone of quartz-sericite-pyrite-
rutile (or anatase) + colorless chlorite + apatite # tourmaline. A
wide zone of propylitic alteration surroundg the phyllic zone and
. 1pcq11y ﬁbuts'potassic a]teratfon without an intervening phyllic zone. -
bep;lif{énzdhe 5}ne;alog¥'includes epfdoée, ch]orite, calcite,f
pyrfte, sericite, albite, and actfnolite. X-ray diffraction patterns
also show the presence of kaolinite, montmorillonite, and mixed layer }

illite/smectite in many samples. The mineralogy of individual
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microprobe samples is presented in Table 1.

Jacobs (1976) presents detailed descriptions of alteration
mineré]ogy in the Santa Rita samples discussed ip this report. AT]
are from the potassic zone, and all but two contain secondary biotite.
Mineralogy of individual samples is summarized in Table 2.

.Silver Bell samples are from propylitically altered rocks.
Minerals associated with chlorite include calcite, epidote, pyrite,

and actinolite (G. H. Ballantyne, personal communication).



Sample #
1

17

Table 1. Alteration Assemblages, Southwest Tintic

Assemblage

Potassic

Phyllic/Potassic

Phyllic

Phyllic
Phyllic-Propylitic
Phyllic-Propylitic

Propylitic

Secondary Minerals

Biotite, sericite, chlorite,
pyrite, Ti02 in rock matrix.
Veins: quartz-biotite-chlorite-
sericite-apatite-pyrite

Quartz-sericite-chlorite-TiOg- '
pyrite superimposed on secondary

biotite

Quartz-sericite-pyrite-kaoliniEes 7
illite/smectite-Ti0p .

Quartz-sericite-tourmaline-kaolin-
ite-illite/smectite-trace remnant
epidote-Ti02, no pyrite

Quartz-sericite-pyrite-chlorite,
Ti02. Tr chlorite as radiating
clusters

Sericite-chlorite-pyrite-kaolinite-
illite/smectite-Ti0p, Quartz-
sericite veins

Chlorite-epidote-sericite-albite-
pyrite-calcite-Ti0z



Table 2. Alteration Assemblages, Santa Rita*

Sample # Assemblage - Secondary Minerals
> » i 72-9-11 Potassic-Argillic biot, Ksp, qtz, mt,'py, cpy, mdnt,

kaol, ser, chl repl biot. musc
in qtz-musc-mt-Ksp vnlts

72-9-17 - Potassié-Phy]]ic- "~ biot, Ksp, qtz, py, cpy, mont,
: Argillic kaol, ser, musc, ant
' . .
72-9-18 Potassic-Phyllic ‘biot, Ksp, qtz, ap, py, cpy, musc,
ant
72-9-20 Potassic-Argillic- biot, Ksp, qtz, kaol, mont, ser,
> Phyllic pY, cpy chl repl biot
72-9-21 Potassic-Argillic~- biot, Ksp, qtz, mont, kaol, ser,
, ) ' Phyllic . PY, ant--wk ch] rep] -biot - i:;f -
: 72-9-28 Propylitic-potassic chl, ep1d, mt, sph, musc, mont;
) , - _ S kaol, gl{ﬂbiot alt to chl o
72-9-30 Propylitic-Potassic Ksp, qtz, chl, epid, mt, sid, sph,
ap, py, ser, kaol, mont. all biot
alt to chl and epid :
) 72-9-50 Potassic-Argillic- biot, Ksp, qtz, cpy, mont, kaol,
Phyllic musc, py, ser
b
* Summarized from Jacobs (1976)
e Abbreviations: alt (altered), ant (énafase), ap (apatite), biot
. {biotite), chl (chlorite), cpy (chalcopyrite), epid (epidote),
> kaol (kaolinite), Ksp (K-feldspar), mont (montmorillonite), mt
(magnetite), musc (muscovite), py (pyrite), qtz (quartz), rep]
(replaces), ser (sericite), sid (siderite), sph (sphene), vnlets
(veinlets), wk (weak)
[



METHODS

Choice of Samples

Samples from Well 14-2 for microprobe analysis were chosen to

[
include strongly altered rocks near two recognized hot water entry
zones (major fracture zones corresponding to temperature increases),

[ g and also to include rocks between and beneath these zones. The upper
"hot water entry" near 500 m (the well is presently cased to 551m) is
tested by samples at 503 and 518 m, and the second between 850 and 900

[ m is tested by samp]es-at 854, 869 and 896 m. A samp]e at 610 m lies
between the two entry zones, and two at 1341 and_ 1524 test relat1ve]y -
weakly a]tered deep levels. The a]terat1on assemb]age in the upeer

b three samples (503, 518 and 610 m) is serikité-hematite (no mixed -
layer clay or smectite is present in X-rayjdiffractograms) and in the
remaining samples is chlorite-sericite-calcite-pyrite.

’ The Southwest Tintic samples were chosen to represent different
alteration assemblages from a relatively small geographic area and
include samples from the potassic zone, potassic-phyllic boundary, the

’ phyllic zone and the propylitic zone. fAs prerously discussed, Santa

- Rita ser1c1te samp]es are from the potass1c zone. No chlorite

> .~‘ana1yses from ‘santa Rita are presented S11ver Bell samples are

~chlorites from the propylitic zone.

[
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Analytical Techniques

éﬁi Minerals were analyzed using a 3-channel ARL electron microprobe
b at an acceleration voltage of 15kv for a fixed total integrated beam
current achieved in approximately 13 seconds and with a sample current

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

d provides an energy spectrum on a visual display unit which, yhi]e not
quantitative, can be used to identify mineral phases by the relative
concentrafions of the elements present. A Seam approximately 1 micron

’ in diameter was used becéuse of the fine-grained nature of many of the
hydrothermal minerals. Typically ten spots were analyzed for each

> mineral grain or, in the.case of fine grained minerals, for each

aggregate in a particular environment in any one chip. For each spot

the energy spectrum from 0 to 10 kev was-checked to ensure correct=

»  1dentification of the mineral phase concergsq:._This is particuTériy
important with fine grained hydrothermal minerals where, for example,
chlorite and sericite or albite are intermixed on a fine scale and qfe .

[} not distinguishable with the microprobe optics. Analytical accuracy
was checked using a sample of Methuen Muscovite analyzed by the U.S.
Geological Survey (G. K. Czamanske, personal communicaﬁion).

-'. :. For sericite, chlorite, hornb]endé and bibtite analyses, the

'.standards used were amphibole, pyroxene,_bibtite, and scapolite.
-fkspgnQard; for,Sapta Rita s;mp]es, analyzed by D. C. Jacobs, were

» . biotites,.muSCOV{ée and scapolite. Bence-Albee matrix corrections

(Bence and Albee, 1968; Albee and Ray, f970) were performed and a

_structural formula calculated. Input data to the Bence-Albee routine

includes an ideal water content and a typical ferric to ferrous iron
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ratio for the mineral concerned. The data are corrected by an
jterative routine which corrects the original oxide data each time
with successively more accurate approximations of water content,

computed-from the structural formula of the mineral.

Sericite and Chlorite Nomenclature

“Sericite" according to Deer, Howie and Zussman (1966) “is a term
used to describe fine grained white mica (muscovite or paragonite).
Such micas are not necessarily chemically different from muscovite
although they often have high Si0p, Mg0 and H20, and low K20." Light
green sericites are also observed in some hydrothermal environments.
“Sericite" in this report is used to include fine grgingd muscovite,-
phengite, illite and other so]id solution end_mempers.v_Ehengife.(gjgh_"
silica muscovite) is a term not used in fhis rébort. End membeég ﬁged
in data interpretation and thermodynamic mbdeling of sericite:are -

muscovite, KA12Si3A1010(0H)2, i1lite, K, 75Mg 25A11,75513.5A1,5010"
(OH)2, paragonite, NaAl2Si3A1010(0OH)2, celadonite KMgA1Sig010(0H)2,

ferrimuscovite (a hypothetical mica) KFe2Si3A1010(0H)2 and
pyrophyllite, A12Si4010(0H)2. Note that neither a ferrous, nor a

| fluorine bearing end member is used. The major substituent ions in
chlorite are octahedral Fe2+ and Mg2*., The, end members used are
clinochlore M95A1513A1010(0H)3 and daphn1te FegA1Si3A119(0H)g.
-.~Var1ab1e A13+ subst1tut1on in octahedral and tetrahedral sites 1s not

~ directly treated in thermodynamic calculations. A ferric component is

also not used.
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Structural Formula Calculations

Bence-Albee~-corrected mineral analyses have been converted to
structural formulas. Calculations are made on the basis of 22 total 0
and (OH) charges for sericite and 28 0, (OH) charges for chlorite. .
The formulas used are XYpZ4010(OH,F,C1)2 for sericites, where a is
usuaily between 0.7 and 1.0, and b is near 2, and for chlorite
YaZ4010(O0H,F,C1)g where a is near 6.0. In both minerals Al 55
partitionéd according to.the assumption that those of the four |
tetrahedral sites not filled by Si are filled by Al. Remaining Al is
assigned to octahedral sites. All data plots are presented in terms

of moles of ions, and employ total iron as Fe2* + Fe3*.

Analysis of variance . e

e . —

. - R

.
-
-

A statistical evaluation of the analiytical results has been

| performed in order to compare the homogeneity-of individual crystals

and aggregates with the variation that océurs between different
crystals or aggregates from a sample of core or cuttings.

The chemical homogeneity of mineral grains has been estimated
assuming the distribution of an element within a crystal or aggregate

is normal. This assumption is probably not accurate but provides a

_relatively simple method for represenfing inhémogeneity. Most
‘crystals are small and usually only 10 spots or fewer have been

"_"éﬁalyzedipérigfafh. “The effect of samplidg bias has not been

evaluated.

The standard deviation of the X-ray counts was computed using an

HP25 calculator, and the square of the counting error was subtracted
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from the square of this value (the variance). The counting erroriSVﬁi
where N is the number of counts. The standard deviation on the counts

is the square root of
n
z ;
=1 (x2 - nx,2) |
n-1 :
where n is the number of observations, X; is the value of the ith

observation, and X is the mean.

The standard deviation due to sample inhomogeneity is

3 =w/iS.D. on counts)Z - counts/counts

This value was converted to weight percent (but not Bence-Albee

corrected) and also to number of jons for-the structural formulg&;:?_

c. - -
R

The allocation of errors to A1IV and A]VI.was made using a method

& T —

discussed by Holman (1978, p. 45): £ .

n
Ug =12 (g%. ' ”1)2];5
1

R i=1
where.R is the parameter,.UR.is.fhe uncertainty of the parameter, Xj
is the ith component of the parameter, and U; is the uncertainty of
the ith component.

The uncertainty of, for examp]e; Mg/Fé,~where a =Mgand b = Fe

_ _(where a and‘b are numbers of ions, or Weight percent) is:

S
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The_a]location of uncertainties to A1IV and AIVI rests on the

assumption that Uz/Up = a/b where A1IV = a and AIVI = b. The total

uncertainty is the square root of the variances of a and b

L
= 2 2 )2
u (Ua + U ;)

Hence

Similarly 4 T —

2 L
Uy = u,(é__;_g?)

7

|

e
{
f

a

For example, if A1IV = 0.7 and A1Vl = 1.7 and U = 0.7, then

_ 0.7)2 + (1.7)2} % = o.
“a‘°-7/(( 11(:7)(2 7)). 0.27

This method is merely an approximation because uncertainties in

Si and in sum of cations also have éh effeéf, and the method assumes a

normal distribution of uncertainties in bbth octahedral and

“tetrahedral sites as well as in total Al.



ANALYTICAL RESULTS

Sample Variability

A measure of the homogeneity of individual crystals or aggregates
was obtained by analyzing approximately 10 spots per crystal or
aggregate and calculating a mean and standard deviation. In most
cases minerals are quite inhomogeneo&s. In spite of the
inhomogeneity, however, mean analyses for crystals within individual
samples cluster relatively closely. Some of the inhomogeneity

may be due to a small amount of 1nterlayer1ng of smectite with

——— =-

chlorite or sericite. However the amount of such 1nter1ayer1ngﬁmust
be small or irregular as it does not shog}ogA&rray diffractograms, or
as Mg or Fe in the microprobe analyses. Many of the sericite and
chlorite crystals are fine grained, and some of the inhomogeneity may
be due to beam overlap with other phases. This was monitored as
carefully as possible by checking the energy spectrum of each spot
analyzed. Small amounts of overlap and of 1ntergrowths of other
phases, however, might go undetected.

Sericites from Roosevelt in general exhibit considerably greater p

" “heterogeneity of composition than do sericites from Southwest Tintic.

The Roosevelt sericites are also fine grained, and occur in rocks with
less intense alteration than at Southwest Tintic. A possible
explanation for the greater compositional inhomogeneify of fine

grained sericites in less altered rocks is provided by Page and Wenk
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(1979) who studied alteration products of plagioclase in the selvedge
of a vein at Butte with a transmission electron microscope. They
observed that sericite contains layers of other phases. Unit cell
thick layers of minerals such as smectite or chlorite often occur
somewhét regularly spaced 20 to 50 angstroms apart in the sericite.

- Small patches of other minerals, such as kaolinite or quartz, also
occur in sub-micron sized zones, beneath the limit of probe beam
resolution. The presence of such fine grained phases will have an
effect on fhe analyzed cohpositions and homogeneity of sericite.
Although X-ray diffractograms of clay separates from Roosevelt samples
used for microprobe analyses do not show the presence of mixed
layering in thevillites; small amounts may'exist. An example of
mineral inhomogenefty is depicted on Figure 3 in which horizontal and

vertical bars represent one standard deviation.

-

Sericite Chemistry

The Roosevelt Hot Springs hydrothermal system is a fracture
controlled system with relatively little recrystallization of the
original rock compared to many well-known mineralized hydrothermal
systems. For comparison with the Roosevelt system, anaiyses of
sericite (Figure 4 and Appendix I) fro& the,ét;ongly‘altered and
fecrystallized, but subeconomic, Southwes; fintic porphyry copper
'3é§§tém were analyzed. . Also included for comparison are sericite
analyses from the Santa Rita porphyry copper deposit (D. C. Jacbbs,
personal communication), presented in Appendix II and Fjgure.S;

In well 14-2 at Roosevelt alteration intensity and assemblages
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differ at different depths in the well and abpear to be related to
fracture intensity, distance from fluid-bearing veins and to
temperature. Intensity of alteration is most evjdent in the amount of
plagioclase destruction. Three zones of intense alteration are
recognized: 274 to 305 m, 488 to 581 m and 869 to 899 m. The last two
zone§ correlate with temperature increases in well logs and are
considered to surround:hot water entry zones (Bamford, 1978,~Bamford
et al., 1?80, Glenn and Hulen, 1979). Pervasive alteration mineralogy
in any one sample varies from chip to chip, and each chip or grain may
not have all of the alteration products ascribed to that sample.

Sericite is the maih plagioclase replacement product, occurring
with fine disseminated hematite in the upper portion-of the well, and
in less abundance, often with calcite and~§%f6ﬁ%te, at dépths below.
.the limit of hematite stability. Sericite also replaces hornblende .
‘above 792 m, and occasionally occurs as st%?ﬁ;é;s cross-cutting L
K-feldspar or quartz grains. Sericite does occur as a vein filling f
but is difficult to recognize in cuttings samples. Sericite tends fo
be fine grained, often only a few microns in size, and when fine
grained may be intermixed with chlorite or other phases, making
resolution and analysis difficult or impossible. |

The distribution of major elements in éericite from Well 14-2 is
g éhown in.-Figure 6_and presented in Appendix III (this report) and
..Téﬁlé 6'6f Bajlaﬁfyné (1978). An ovéral]:increase in Si, K, and sum
of interlayer cations, and a decrease in total Al and sum of |
. octahedral cations occurs with increasing depth in the well. Fe, Mg,

octahedral Al and Na all fluctuate. Samples 503,_854, 869 and 896 are
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near hot water entry zones at approximately 500 and 870 m and do not
differ significantly from other samples. Four samples, those from
503, 518, 610 and 854 m appear to have two distinct populations of
sericite. For the first three samples the difference is evident in.
total Al and for the octahedral cations Al, Fe, and Mg. Samb]e 854
also shows two populations of Si, K and Na content. The presence of
two populations may have several explanations: 1) they may indicate
the‘preseﬁce of more than one'hydrothermal event at different times in

the past, 2) they may be due to sampling bias, samples being close to

" and distant from veins, or 3) they may represent cuttings from

different depths in the well. Core is not available at these depths

and the data does not provide evidence to favor any one possibility.

A plot of Si%+ ys K* + Na* for sericites from Roosevelt Well 14-2

~(Figure 7) shows distinct populations for each alteration assemblage

—_—

£ . :
and shows a reciprocal relationship between K* + Nat and Si4* only for -

the chlorite-calcite-sericite-pyrite assemblage. Sericites from
individual samples span almost the‘compositional range of the entire
set for each assemblage. In the chlorite-calcite-sericite-pyrite
assemblage the variation is probably a function of disfance from

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

"Sericite-hematite assemblage, low interlqyef occupancy may be due to

| iﬁteﬁ]ayéring_ofﬁsmectite or possibly pyrgphylite components or to

sub-micron sized intergrowths of other phases such as kaolinite,

quartz, or feldspar. Interlayering of clays appears in X-ray

‘diffractograms of clay smears in the upper portion of the well, but is

not seen in the interva]s sampled for microprobe éna]ysis.
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Octahedral site occupancy for Roosevelt sericites is shown in
Figuré 8. MWide variations in all three elements Al, Fe and Mg exist,
but the ratio Mg/Fe remains relatively constant and near 1. Mg
content correlates positively with F= (Figure 9). There appears to.be
no refationship to depth, temperature or hot water entries, as wide
ranges in chemistry exist within samples.

An aspect of the effect of alteration assemblage on sericite
chemistn}iis shown in Figure lﬁ, which depicts sericites from well
14-2. The coexistence of chlorite allows an increased range in Si
content, restricts the range of Mg, and places a constraint on the
Mg:Si relationship such fhat charge deficiencies generated by extra
Mg2+ substitution-are balanced by extra Si4*t. When chlorite is

_—

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

- combination of increases in Si%t and in octahedral and interlayer site
' & . -

S
-

occupancy.
At Southwest Tintic pervasive recrystallization of the rock has
taken place in most cases. The fragmental nature and fine grained
matrix of the tuffs appears to have enabled ready access to and
reaction with hydrothermal solutions. Sericites are réﬁative]y coarse

grained, usually ten to several tens of microns across, although finer

‘:grained material is also common, particu]afly in propylitized rocks.

" Host-minérals .for:sericite are often difficult to ascertain. Rock

groundmass appears to be volumetrically :the main reactant, and”’

phenocrysts are also replaced. Sericite is common as a pervasive

" alteration product, in vein selvedges, and as vein fillings.

Coexisting phases have been described in the alteration section.



Al

ROOSEVELT HOT SPRINGS

B 503
asis
® 610
¢854
O 869
A 896
O 134)
¥ 1524

Fe

Figure 8. Octahedral cation distribution in sericite from
: Well 14-2, Roosevelt Hot Springs.

123



36
0.10r v72:-9-11
. SANTA RITA s A7
008 (s] .18
L 20
- 006 v o -2l
v ¢ 28
0.04 (o} 30 .
. ° se¢ O ® 50
0.0 | I 1 1 ! J
0.I0 . 0.20 0.30 040 0.50 ) 060
0.6 '.
SOUTHWEST :
0.l4r TINTIC E s . a
0.'2 - o) el A
= 8 D 02
0.10 . 25 i o2
- - o ab 04 a
F o008 o o v o o o
N ) 'U o v 0 o ae
0.06 Lgn") v v - v7
0.04f 8% = " o
o - T e ERR
0.02( o ™
00 | | ! | 1 ]
' 0.10 0.20 030 £ "040 050 060
o6
ROOSEVELT ;g?g
- o
0.14 . e €10
| _ o o ® 854
0.l2 0869
- 5 896
0.l0 o o ov o134l
F~ o08fo o o : visa4
(o] (o}
0.06— > o
vaa a & O
0.94; . °
B G 1 i | | [
0.10 0.20 0.3Q 0.40 0.50 - 060
Mg 2+
.. Figure 9. Mg2+ vs F relationship in sericite from three

hydrothermal systems.



w » w w
03
s B als
° \ 4
O ‘
g ° @
0.2, @
A O
.
NU‘
= JAN
°
. O
Ol
Q O 0 "._'-' r
= ) .V
i
LB O, | | | |
3.0 3 3.2 3.3 34 35 36 3.7
g4+

B 503

O 518

® 610

© 854

O 869

A 896

O 1341

v 1524

LARGE SYMBOLS!
CHLORITE COEXISTS

Figure 10.. Effect of alteration assemblage on sericite in Well 14-2, Roosevelt Hot Springs.’
~Samples 503, 518 and 610 have a sericite-hematite assemblage, the remainder a

chlorite-sericite-calcite-pyrite assemblage.

LE



(.31
(.19

38

Compositions of Southwest Tintic sericites are shown in Figure 4.
Sericﬁtes from individual samples tend to be quite homogeneous and
differences between samples are often distinct, particularly in the
case of octahedéa] and interlayer cations. _

Si4+ ys K+ + Na* for Southwest Tintic sericites (Figure 11)
differs according to alteration assemblage. Four assemblages are
recognized, three of which correlate moderately closely with the
potassic;iphyllic and ﬁrppyIitic assemblages of Lowell and Guilbert
(1970). 1In these three there is a progressive decrease in
muscovite-1ike, and a progressive increase in illite-like character
from the potassic through the phyllic to the propylitic zone, also the
Tikely direction of temperature decrease. Samples No. 2 and 5, and

the rock matrix sericites from sample 6 a]so:hHQélhigthg cdhten;s T

H+

.08 and .56 * .04, respectively) compared to the other samples,

+

.04 for sample No. 1, .16 * .02 for'No. 3, .19 + .06 for No. 4, _
.18 + .04 for No. 5, .23 ¢ .02 for vein sericites from No. 6, and .25 '
+ ,04 for No. 7). Sericites from sample No. 5, however, do not have a
high Mg céntent. Colorless chlorite coexists with those sericites
having low silica and low interlayer site occupancy. That the Tow

values might be due to interlayering of chlorite with éericite is

- considered unlikely because §uch.inter1ayerjng would increase the
. Wgter épnfent,.apd aﬁa]yti;al totals are-already greater than 100%

" (Appendix I).

Octahedral occupanty in Southwest Tintic sericites is c]oée to 2,

- although those high Mg sericites from sample No. 6 have occupancies of

up to 2.3. Ford (1978) reports sericites from Panguna with similarly
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high octahedral site occupancy, and Guilbert and Schafer (1978) find
that sericites from porphyry base metal deposits are not strictly

dioctahedral. This variation in site occupancy has a small effect on

the pbsitions of points in Figure 12. Within any one sample the Fe

content is relatively constant, although it differs between samples.
Within a sample, however, Al-Mg substitution varies considerably. In
sample No. 6 low Mg sericites from a quartz-sericite vein contrast
strongly With high Mg seéicites from the sericite-quartz-pyrite-
chlorite assemblage in the adjacent rock matrix. A broadly positive
reTationship between Mg and F- content is evident for Southwest
Tintic. On an individual sample basis, the correlation is stronger

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

No. 1 and 6. Vein and matrix sericites from samble No. 6 have sihi]ar

" F contents despite the 1afge Mg differencg} Fluorine may exchange

readily with subsequent fluids while Mg does not.

Santa Rita ser{cites occur in veins, replacing biotite, and
replacing plagioclase. Analyses have been kindly provided by David C.
Jacobs. Cation contents for individual samples are shown in Figure 6.
Compositional variability is not as greét as for Roose§e1t and

Southwest Tintic samples, possibly because only the potassic and a

‘potassic-propylitic assemblage is represgnfed. A plot of Si4+ ys K+ +

: NE+'(FfQUre 13) "shows, for those sericites coexisting with biotite and

K-feldspar, a muscovite-like composition of nearly filled inte?layer

sites and low Si4t content. Sericites in samples containing chlorite

”and epidote (but still considered potassic) have similarly high

interlayer occupancy but lower siédt,
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Octahedral sites contain relatively constant amounts of ‘Mg within
individual samples, and for most samples Al and Fe vary more.than Mg
(Figure 14). Mg and F contents vary little among the samples
analyzed, and the correlation between the two is positive.

Differences in sericite chemistry in the three systems studied
are particularly evident in Figure 15. Whether the chemical
differences are due to differences in fluid or host rock chemistry or
to pressure-temperature conditions has not been determined. Potassic
zone sericites appear to be muscovitic in character, propylitic zone
sericites are more like illites, and those sericites with associations
relating more closely to phyllic assemblages fall somewhere between.

The temperature difference between 500 and 550 m in Well 14-2 at

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

insufficient to cause the chemical distrigutions observed in other
systems. Octahedral site occupancy differs in content and style fn
the three systems. Roosevelt sericites have relatively constant Mg/Fe
ratios and variable Al contents. Southwest Tintic sericites have
neérly constant Fe contents but variable Al and Mg. Santa Rita
sericites vary more in Fe and Al, although the amount of variation is
Tess than for the other two systems (Figurg‘ls). Figure 15 contains
for comparison, data from Salton Sea Well Elmore No. 1, (McDowell,

1978) and for muscovites from Main metapelites (Guidotti, 1978).

Chlorite Chemistry

Chlorites from Roosevelt Hot Springs Well 14-2 and Southwest

Tintic have been analyzed. For comparison data from Silver Be]] (G.
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H. Ballantyne, personal communication) and Salton Sea Well Elmore No.
1 (McDowel], 1978) have been included in one Figure.

Chlorite in Roosevelt Well 14-2 is green in-color and occurs as a
replacement product of biotite, hornblende and plagioclase and as a.
veiﬁ filling. Chlorite replacing biotite usually pseudomorphs the’
reactant mineral as large, optically continuous crystals. thorite
rep]acing hornblende aﬁd plagioclase is fine grained, usually less
than 10 microns in size,;and forms clusters and aggregates of
apparently randomly oriented crystals.

Chlorite at Southwest Tintic is green in the potassic and
propylitic alteration assemblages and colorless in the phyllic
assemblage. Crystals are usually coarse, 10 microns or greater in
size, and occur as replacements of rock material and as vein fillings.
. Concentrations of chlorite crystals, often radially arranged in the
phyllic zone samples, are interpreted to be rep]acemenfs of mafic
minerals. Mineral associations have been discussed in the alteration
section. Chlorite chemistry in the hydrothermal systems studied
varies mainly in the amount of Mg and Fe substitution in octahedral
sites. Although the quantity of Al in chlorites can véry between
approximately .2 and 4.0 (Albee, 1962) the hydrothermal chlorites
i analyzed usually contain between 2.0 and 216 A13+ jons per formula
unit. Chlorite analyses from Roosevelt Hot Springs Well 14-2, and
Southwest Tintic, are listed in Table 15 of Ballantyne (1978) and
Appendix IV of this report, respectively.

Roosevelt chlorites.fall in the ripidolite, brunsvigite and

pycnochlorite fields of Hey (1954) and Deer, Howie and Zussman (1966),
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having (FeZ* + Fe3+)/(Fe2+ + Fe3+ + Mg2+) between 0.4 and 0.7 and Sid+
between 2.7 and 3.1 (Figure 16). The octahedral site occupancy
(Figure 17) shows a major variation in Mg2+ and Fe2t with less
variation in Al content. The same effect is also evident in Figure
18.

Southwest Tintic chlorites are Mg-rich (Figure 16) and may be
classifed as sheridanite, clinochlore, ripidolite and pycnochlorite
(Hey, 1954, Deer, Howie aﬁd Zussman, 1966). The Mg-rich chlorites from
samples No. 2 and No. 6 are colorless in thin section and hand
specimen and are from phyllically altered samples. Octahedral site
occupancy in Southwest Tintic chlorites is shown as four small fields,
one for each sample in Figure 17. Note that the potassic and | |

propylitic zone chlorites (samples No. 1 and 7) have similar

 octahedral site compositions, and are distinct from the two Mg-rich

phyllic zone samples. Comparisons betweeﬁ the two hydrothermal
systems show that Roosevelt and Tintic chlorites are compositional]y‘
distinct (Figures 16 and 17). Data for Salton Sea Well Elmore No. 1
(McDowell, 1978) and Silver Bell (G. H. Ballantyne, personal ‘
communication)'show partial overlaps of chemical range§ for octahedral

site substituton. Fluorine is present in significant amounts in many

chlorites, particularly those from Southwe§t Tintic (Appendix IV).

Chlorites from Roosevelt, and the potassic and propylitic zones. at

Southwest Tintic contain up to 0.1 F~ ions per formula unit, add F=

contents of magnesian chlorites from the Southwest Tintic phyllic zone.

are 0.14 to 0.26.
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Host Mineral Effect

The Fe and Mg end members daphnite and clinochlore may be used to
show the effect of host mineral on chlorite compdsition. For this
calculation all Fe is considered to be Fe+ and included in the
daphhite end-member. There is an inverse relationship between
clinochlore and daphnite for chlorites replacing biotite and
hornblende, suggesting that the MVI remains constant, but for
chlorites replacing plagioclase the situation is more complex, and it
appears that A1Vl varies in addition to Fe and Mg (Figure 18). Host
mineral effect is also discussed in Ballantyne (1978). The variation
in Fe and Mg content of chlorites in individual samples may be due to

variation in alteration intensity or reaction progress.

Whole Rock Chemistry Effect

Sericite chemistry does not appear to reflect whole rock
chemistry in any way that can be easily determined. However chlorite
chemistry appears to be affected by whole rock Fe and Mg. Rooseve]t'
sample 1341 has a considerably lower whole rock Fe and Mg content than
the other chlorite bearing samples (Parry, 1978). Chlorites from this

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

whole rock Mg content is lower than for othgr samples.

Whole rock analyses from Southwest Tintic have not been completed
for those samples in which alteration minerals have been analyzed.

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

mineralized system appear to be similar to host rocks within the

system, and are more Mg- and Ee—rich than those from Roosevelt.
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Southwest Tintic sericites and chlorites are more magnesium-rich than

those from Roosevelt.

Coexisting Sericite and Chlorite

~The relationship between octahdral cations of coexisting
sericite-chlorite pairs can‘be used to determine whether or not
equilibrium has been attained between alteration minerals. Coexisting
sericite and chlorite from Roosevelt Hot Springs Well 14-2 and from
Southwest Tintic are shown in a triangular Fe-Mg-A1VI diagram in
Figure 19. Tie lines for the four Southwest Tintic samples are
parallel and almost coincident within individual samples, suggesting
an equilibrium situation. Four §amp1es from Roosevelt however exhibit
crossing tie lines and are apparently not near equilibrium with one

bulk geothermal fluid. The Roosevelt sericites and chlorites included

in Figures 19 and 20 are fine grained and replace plagioclase, whereas

those from Southwest Tintic are coarser grained and occur as rock
matrix replacements and vein fillings.

Partitioning of elements between coexisting sericite-chlorite
pairs for Southwest Tintic and Roosevelt is shown in Figure 20. sit*

and octahedral cation contents are shown. Except in the case of AIVI,

data from the two systems plot in different. regions on each graph.

The partitioning for Si4* falls into two groups, 1) the biotite and

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

propylitic anrd potassic assemblages) and the propylitic assemblage at

Roosevelt, and 2) an assemblage more phyllic in character in which Si

partitions more strongly into the chlorite. Octahedral cations



-A.|

ROOSEVELT, WELL 14-2

® 854
® 869
A 896
¢ 1341

SOUTHWEST TINTIC

Fe

'Figure 19. Octahedral cation distribution in coexisting sericite
- and chlorite. ' -

€S



3.00
0 Si
s a
w 29F ¢ o
= s
&
o)
-
I - °
2.8+0
o &8
o
(o]
2.7 ] | —
3.0 3.2 3.4 3.6
3.0~
L4 ® ) Fe
a o
w 2.0_
t [-Y
o
S R
(o)
E; 1.0
(a8
0.0 | ] J
0.0 0.l 0.2 0.3
2.0
Fe /Mg
.5k o
[ ]
w
1 A
S 1o-
|
I
o
o)
0.0 a® I I 1
00 0.5 1.0 1.5 2.0
SERICITE
Figure 20.

54
1.6
Al
'
L4} Ae
% A
<
L2k > o
o Do
[ ]
1o i { i |
1.5 1.7 1.9
5.0 Mg
(o)
40} g 2
(o]
3o @00
2-0"' A ° .
.o
0.0 ] I ] } |
0.0 0.2 04 06
SERICITE

SOUTHWEST TINTIC
(o

oo a

2
6
7

ROOSEVELT, WELL 14-2

a 854
@ 869
® 896
. 1524

Element nartitioning in coexisting sericite and chlorite.



55

exhibit a more diffuse pattern. AlVI varies quite widé]y even within
Southwest Tintic samples. Fe and Mg, however, show more consistent
patterns. Three samples from Southwest Tintic have a similar
parﬁition function, while in the fourth (No. 6) and the Roosevelt
samples, Fe partitions more strongly into the chlorite. The Mg
relationship is, in a sense the reciprocal of the Fe relationship at
Southwest Tintic. Samp]es which have Fe more strongly partitioned
1nto-ch]orite have Mg more strongly partitioned into sericite. This
reciprocal relationship does not hold for Roosevelt. The Fe/Mg ratio
has a constant partition relationship in three of the Southwest Tintic
samples, with the fourth, potassic zone, sample (No. 1) having Fe/Mg

partitioned toward sericite. The Roosevelt samples exhibit a range of

values.



THERMODYNAMIC INTERPRETATION

The objective of this research has been to determine whether
sericite and chlorite chemistfy can be used as an exploration
indicator in geothermal environments. In addition to characterizing
mineral compositions in both a geothermal and several porphyry copper
systems the following problems have been considéred: 1) determination
of whether equilibrium has been attained between fluid and minerals,
2) an explanation of the control of host mineral type on aiteration
mineral chemistry, 3) examination of the sensitivity of alteration
mineral chemistry to changes in fluid composition and temperature, and
4) modeling of a hypothetical fluid in equilibrium with observed

sericite-chlorite pairs at Roosevelt.

Attainment of Equilibrium

Several lines of evidence indicate that overall equilibrium
between alteration minerals and bulk geothermal fluid has not been
attained at Roosevelt. Some of the alteration may have resulted from
other hydrothermal fluids. Mineral chemistry is inhomogeneous on the
scales of both individual grains or aggregates, and of ‘individiual
cuttings samples. Host mineral affects chlorite chemistry.
‘Additional evidence is given by the partitiéning of octahedral cations
between sericite and chlorite (Figure.19).where tie lines between
minerals cross. Lack of equilibrium at Roosevelt is at least partly
due to the fracture controlled nature of the fluid flow and hence of
“the distribution of alteration. Fluid moves away from fractures

through the rock, reacting with pre-existing minerals and changing in
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composition. A semiquantitative measure of the changes in composition
of hydrothermal sericite with increasing distance from a vein is
presented by Page and Wenk (1979). Using a transmission electron
microscope and attached energy dispersive system they showed that‘over
a distance of 10 cm from the vein the weight % Fe/Si increased from
approximate mean valués of 0.1 adjacent to the vein to 0.2 at a
distance of 10 cm, and'that weight ratio K/Si changed from approximate
mean values of 0.4 to 0.2 err the same distance. Samples further |
from the vein also exhibited a wider range of values than those close
to the Qein. Part of the inhomogeneity may be due to fine scale
interlayering of smectite or patches of other fine grained alteration
phases such as kaolinite or quartz.

Oxygen isotope analyses of fluid, clay minerals, quartz and whole
rock demonstrate a lack of equilibrium between the bulk geothermal
f1uid and alteration minerals and that clay minerals tend to retain
the isotopic signature of the rock rather than obtaining that of the
bulk fluid (D. Rohrs, personal communication). However, the bulk
fluid is isotopically modified by interaction with the surrounding
rock, and hence the modified fluid may be responsible for alteration
and isotopic effects away from major fluid channelways.

Estimates of the degree of departure from equilibrium are

discussed lateE.

Host Mineral Control on Alteration Mineral Chemistry

The different compositions of chlorites replacing different host

minerals may be explained by examining reaction mechanisms. Page and



, @

58

Wenk (1979) observed a progression in plagioclase alteration products
in the selvedge of a vein at Butte. Furthest from the vein,
transmission electron microscopy showed embryonié smectite
crysta}lites along cleavage traces, extending for only a few unit
cellé. As alteration intensity increased, the smectite appeared torbe
replaced first by coherent intergrowths of 10 Z sericite and 7 X
chlorite, and later by i4 R chlorite and 20 Z mica. Guilbert and
Sloan (1967) using an electron microscope also studied alteration of
plagioclase to montmorillonite in Butte quartz monzonite. They noted
a transition from early amorphous allophane through polygonal and
wispy flakes to montmorillonite, in certain cases, while in others
montmorillonite appeared to form directly from plagioclase without aﬁ

intervening allophane stage. They suggested that direct conversion to

montmorillonite might occur in a system with greater availability of

magnesium. In different microsystems of different host minerals,
slightly different reaction mechanisms may occur with differing
resultant mineral chemistry, or different fluid chemistries may have
caused breakdown of different host minerals.

Alteration minerals from the strongly recrystallized portions of

porphyry copper systems however, appear to have equilibrated with a

hydrothermal fluid. Individual samples are relatively more

homogeneous than those from Roosevelt, and coexisting
sericite-chlorite pairs from Southwest Tintic (Figure 19) exhibit

parallel or coincident tie lines on an octahedral cation plot,

"suggesting equilibration with a fluid.
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Sensitivity of Mineral Composition to Fluid Composition and

Temperature

_ Estimates of the theoretical sensitivity of sericite and chlorite
chemistfy to changes in temperature and fluid composition can be ﬁade
by éxamining the equilibrium between these minerals and low albite, in
the system K-Na-Al-Si-0-H,

Two reactions are:.
A. 3 NaA]Si3Og+K++2H++12sz = KA13513030(0H)2+3Na*+6H4S104

log K = 6 log a(H4Si04) + 3 Tog a(Na*t/H*) - log a(K*/H*) + log a

(muscovite)

Log K has a value of -2.16 at 200°C and -1.65 at 250°C using data
from Helgeson (1969).
B. 2 NaAlSi30g+14Hp0+5Mg2+ = MggA12Si3010(O0H)g+2Nat+3HaS104+8HY

log K = 3 log a(H4Si04) + 2 log a(Nat/H*) - 5 log a(Mg2+/(H*)2)

+ log a(clinochlore) )

Log K for this reaction is -37.05 at 200°C and -33.22 at 250°C.

Assume that the activity of muscovite in a muscovite-paragonite-
pyrophy]li?e solid solution is calculated as the mole fraction of K*.
If pure muscovite and albite are at equilibrium with a fluid at 250°C,
then a reduction in temperature of 50°, while the activities of
aqueous species and albite remain constant, will reduce the activity
of muscovite by 0.51 log units from an activity of 1 to 0.31.: If the
temperature remains constant at 250°C,'then the same reduction in
muscovite activity can be brought about by an increase in log
a(Nat/H*) of 0.17, or a decrease in pH of 0.25 or of Tog a(Kt/Ht) of

0.51. In a clinochlore-daphnite solid solution,
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(Mg,Fe)sA1[A1Si3019](0H)g, the activity of clinochlore may be
appfoximated by the mole fraction of Mg in the octahedral site raised
to the sixth power, if an ideal ionic site mixing model is used and
al] octahedral sites are assumed to be energetically equivalent. A
drop of 50°C while aqueous species activities remain constant will
reduce log clinochlore activity to -3.83. A mole fraction of 0.23 Mg
in octahedral sites equates to a log a(clinochiore) of -3.83. If
temperaiure is held constant, the same decrease in clinochlore
activity can be effected by an increase in log a (Na*/H*) of 1.92, an
increase in pH of 0.48 units, or a decrease in log a (Mg2t/(H*)2) of
0.77. Combinations of smaller variations in chemical parameters can
cause the same changes in mineral end-member activities.

Although the above discussion concerns a simplified case of ideal
ionic sericite and chlorite solid solutions, it does present some
estimates of the sensitivity of mineral chemistry to fluid chemistry
and temperature. Substitution of the cations in octahedral and |
tetrahedral sites will, of course, affect the stabilities of solid
solutions, as will the substitution of fluorine for hydroxyl groups.

Additional complexity is evidenced by Page and Nénk (1979) and
Geise (1974) who show that high strain energies resulting from crystal
bonding and interlayering, and surface energies of finely crystalline -
phases will significantly modify the thermodynamic properties of
alteration minerals, and may have as great an effect on the cﬁemical
potentials of crystalline phases as any amount of soljd solution at
least in the smectite-sericite series. These factors may be

particularly important at Roosevelt Hot Springs where sericite is fine
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grained, and probably less so in the porphyry systems studied.

Fluid Compositions

The Roosevelt Hot Springs geothermal fluid is a dilute, near
neutral NaCl brine with total dissolved solids near 7000 mg/1 (0.7 wt
%) and a measured pH at surface of 6.1 in fluid from Well 14-2. The
temperature in the lower half of the well is uniform and near 250°C
according.to the most recent temperature log (11/15/76 -, Glenn,
1978). Waters from threé wells, 72-16 (Parry et al., 1980), 14-2 and
54-3 (A. H. Truesdell, personal communication) have similar major
element composition. A fluid analysis for Well 14-2 is presented in
Table 3.

Information 6n the compositions of fluids from porphyry copper

deposits is available from fluid inclusion studies. A summary is

provided by Roedder (1979) who states that fluid compositions vary in

space and time, and usually have higher salinities and temperatures in
central cores than in peripheral regions. Most ore fluids are NaCl
brines and fall in the range 0-5 wt% NaCl equivalent, although up to
30 wt% and even 50 wt% and more is common in porphyry deposits.

Geothermal fluids are often dilute, cqntaining less than 1 wt%

total dissolved solids, with notable exceptions such as the Salton Sea

and Reykjanes. Salton sea fluids in two wells contain 22 and 26 wt%
disso]vedAso]ids'(Helgeson, 1969). It is worth noting that, despite

extreme differences in salinity and concentration of dissolved species

~ in geothermal fluids the compositions of sericite and chlorite from

the Salton Sea and Roosevelt systems are quite similar. In particular
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Table 3. Water Analysis:

Well 14-2,

Si02 640

Al* .28

Fe* .03

Ca 8.0

Mg .08

Na 2180

K 400

504= 69

Cl 3650

F 5

pH** 6.1
Units: ppm.

Thermal Power Company

Roosevelt Hot Springs

Assuming
10/st. loss

576
.25

A1l Analyses by A. H. Truesde]]
analyses not included.

*Analyses for Phillips Well 54-3 (A. H. Truesdell,
personal communication)

**pH (measured)

Assuming
20/st. loss

512
.22
.02
6.4
.06
1744
320
55
2920

As, Sr, Li, B
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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,
is that alteration minerals analyzed formed in response to the present

fluids.

Mineral-Fluid Enerqy Relationships

Modeling of the energy relafionships between the present day
geothermal fluid and ideal end-member minerals has been performed to
determine whether or not fluid and minerals are at or close to
equilibrium.

Modeling of the aqueous species distribution in the Roosevelt
geothermal f]uiq has been performed using a water analysis from We1T

14-2. Al 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 Al and Fe analyses from Well 54-3 are
assumed to be reasonable estimates of the concentrations in Well 14-2.

A1l water analyses have been kindly provided by A. H. Truesdell. The
distribution of aqueous species has been computed using two different

computer programs. Each has a different data base and each uses a

different method to calculate equilibrium constants at elevated

temperatures. WATEQF (Plummer et al., 1976) utilizes the Van't Hoff
equation and assumes reaction enthalpy to be independent of

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

and G. Knight) computes the temperature dependence of entha]py using

average heat capacities for ions. An additional difference is that
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WATEQF includes fluoride complexes of major ions while PATH does not.
Both programs use extended Debye-Huckel theory to estimate activity
coefficients for aqueous species, and both require pH and temperature
as input variables. The results of the two programs are similar,
excepf for calculated activity of A13* as discussed later. Species
distribution by WATEQF for the major ions is presented in Table 4. An
Eh of zero is assumed to distribute Fe species. Input values chosen
for pH are 5.5 and 6.0. The measured pH at surface of fluid from Well
14-2 is 6.1, after steam loss. It is assumed that pH at depth is
close to neutral. Neutral pH is 5.64 and 5.60 at 200 and 250°C
respectively at vapor saturation and 5.58 and 5.51 at 250 bars
(Marshall, 1977). A pH of 6.3 has been calculated from
K-feldspar-muscovite-quartz equilibria using data from Helgeson (1969)
(D. Rohrs, personal communication.) 5.5 and 6.0 were chosen as
reasonable values. Calculations were made assuming 10% and 20% steam
loss from the fluid prior to analysis. 10% and 20% were chosen from.
calculations of fluid and steam enthalpy differences between the
sample collection temperature of 190°C and the reservoir temperature.
14% steam loss is calculated for a reservoir temperature of 272°C, the
silica geothermometer temperature.

The log activity values for fhe major species, (Table 4) show
that neither pH nor temperature has a large effect on activities of
most species. Of the spécies considered 1ﬁ the hydrolysis reactions

only A13+ activity changes by more than a log unit. Fe2t, Fe3* and

Calt change by several tenths of a log unit, but other species remain

almost constant. A1(OH)4 remains constant although both A13* and



Table 4. Calculated* activities of aqueous species in Well 14-2 fluid assuming 10%
and 20% steam loss.

10% Steam Loss 20% Steam Loss
Temp °C 250 200 ' 250 200
pH 5.5 6.0 5.5 6.0 5.5 6.0. 5.5 6.0
Nat -1.27 -1.22 -1.19 -1.19 - =1.27 . =1,27 -1.23 -1.23
Kt -2.00 -2.20 -2.16 -2.16 -2.24 -2.24 -2.21 -2.21
calt -4.34 -4.34 -4.21 -4,22 -4.,37 -4.37 -4.24 -4.25 -
Mg2+ -6.18 -6.21 -6.03 -6.04 -6.22 -6.25 -6.08 -6.09
MgFt -6.68 -6.71 -6.70 -6.71 -6.76 -6.76 -6.79 -6.80
Felt -7.12 -7.48 -6.83 -6.70 -7.28 -7.65 -6.99 -7.16
Fed+ -17.08 -17.44 -17.21 -17.38 -17.24 -17.61 -17.37 -17.55
A3+ -19.02 - =21.02 -17.06 -19.04 -19.07 -21.07 -17.11 -19.09
A1(OH)g~ - =5.19 -5.19 -5.18 -5.15 -5.24 -5.24 -5.22 -5.20
AlF o+ '-7.55 -9.55 -6.40 -8.37 -7.68 -9.68 -6.54 -8.52
HqSi104(aq) -2.01 ° -2.01 -2.01 -2.01 -2.06 -2.06 -2.06 ~-2.06
Cl1- -1.19 -1.20 -1.16 -1.16 -1.24 -1.24 -1.20 -1.20
S04= -4.01 -3.96 -3.84 -3.83 -4.03 -3.98 -3.86 -3.85
F -3.79 -3.79 -2.76 -3.75 -3.84 -3.84 -3.80 -3.80

*Calculated using WATEQF (Plummer et al, 1976). Values are log (activity)

59
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AlFo* change by several log units.

Robie et al. (1978) and Helgeson et al. (1978) have been used as
sources of thermodynamic data for solid phases. ‘Sericite and chlorite
have bgeh treated as solid solutions of end-members. Both
compilations include measured data for muscovite only, and estimation
methods have been used to 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 at 298.15°C, and the heat capacity power
function, which is used to calculate the additional contribution of
each of the former to the Gibbs free energy at higher temperatures.
The simplest and most precise method of calculating these three |

parameters for an unknown mineral is to hypothetically produce that

mineral by reaction of other minerals for which thermodynamic data is

available. Enthalpies, entropies and Gibbs free energies are obtained
by summation, and heat capacity power functions are obtained by
summation of the coefficients of the appropriate temperature terms.
The estimation method of obtaining thermodynamic data for
sericite and chlorite end-members was used 1) because the method

provides reasonable approximations from a consistent data set, and 2)

‘because of the problems of obtaining reliable measurements.

Two different alteration assemb]ageé.are present in the samples
analyzed from well 14-2 at Roosevelt: an upper sericite-hematite

assemblage, and a lower chlorite-calcite-pyrite-sericite assemblage in .

“which sericite abundance is often small compared to chlorité. Both

assemblages cannot be simultaneously in equilibrium with the present
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day bu]k geothermal fluid flowing at the well head. Both could,
however, be formed from the same parent fluid which has changed
composition, for example by cooling and/or changing pH or oxidation
potential as it flowed or percolated toward the surface. Alteration
minerals may well be of more than one generation.

The problem of determining whether or not alteration minerals are
in equi]ibrium with the present day geothermal fluid can be épproached
in three Ways, only the second of which will be discussed in detail.
The first involves calculating stabi]ity fields of minerals present in
the system using activity-activity diagrams, and comparing the present
day fluid composition wifh the stability fields of minerals on the
diagram. This approach requires that some component involved in
mineral-mineral reactions be éonserved. Aluminum is the component
- usually conserved and is probably the best approximation, but
reactions can also be written conserving volume or silica or some
other component, and stability field boundaries shift accordingly.

The second approach involves comparing values of the reaction quotient
expression for the hydrolysis of an end-member mineral under two
conditions: 1) at equilibrium where the reaction quotient has the
theoretical value of the equilibrium constant (K), and 2) when the
"reaction quotient has the value of the ion éctivity product (IAP) of
aqueous species in the bulk geothermal fluid. The third approa;h
involves calculating reduced activities of end-members in sericite and

chlorite solid solutions, using actual analytical data from coexisting

" sericite-chlorite pairs, and solving a set of simultaneous hydrolysis

reaction equations for the activities of aqueous species in assumed
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equi]ibrium with the solid phases. This third approach requires
assumptions and estimations, which are not quite valid or accurate and
to date has not been successful. It will not be discussed further in
this report.

The second method may be simply represented by the equation:
AGr = 2.303 RT log (IAP/K)

where AGr is the Gibbs free energy of the reaction, R the gas
constant, T temperature in degrees Kelvin,.and K and AP the
equilibrium constant and ion activity product respectively for the
hydrolysis reaction. Log K values for hydrolysis reactions of major
minerals present in the system have been calculated using the two sets
of data discussed‘earlier. Log IAP values (Table 5) for the
geothermal fluid from well 14-2 were calculated using WATEQF (Plummer
et al., 1976). Theoretically, minerals and fluid are at equi]ibfium
when AG. is zero, i.e when IAP = K, and positive and negative valués
for AG, indicate respectively supersaturation and undersaturation of
the fluid with a pure mineral (Barnes et al., 1978). Figure 21 shows
the values of log (IAP/K) for sericite, chlorite and ?eldSpar
end-members.

The value-(IAP/K) may also be considered as the activity that a
mineral phase in solid solution must have in order to be in
equilibrium with the fluid. For example, if log (IAP/K) for huscovite
has the value -0.5 then the log activity of muscovite in a mica solid
solution in equilibrium with the fluid will be +0.5. Any other value

for muscovite activity would indicate lack of equilibrium 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 TAP#i*

% Steam Loss ' : 1 10 10 10 20

" pH 55 6.0 55 6.0 5.5
Temperature (°C) 200 250 . 200 250‘ 250 ~ 250 200 200 250
Clinochlore (A13+)2(H45104)3(H20)6(M92+)5(H+)']6 301 20.3 3.3 26.8 13.0 16.9 17.7 21.7 12.6
Daphnite (A13*)2(H,510,)3 (1,0) B (Fe?*) S (1) 716 110.  95.8 26.1 21.5 8.3 10.5 13.7 8.4 7.3
Muscovite (113,510,031 %k) 0.22 -2.4 -2.0 -3.4 -10.1 -11.3 -4.8 -53 -10.6
Celadonite (A13*) (1,510,)4(1*) " (1,0) " (Mg ") (k) 0.1 0.4 -0.1 -0.4 -2.2 -1.5 -.3 .7 -2.8
Mite (0322 (h,510,)3 5 (1) 8,02 (g2 )05 (k") 7S 204 208 -41.7 435 B9 9.5 4.5 -5.0 -9.4
Ferrimuscovite (A1) (#,510,)3(6") 1O (Fe®) (K" | -17.5 -18.6 -9.0 -5.4 -6.2 -4.1 5.1 -2.0 -7.0
Pyrophyllite (Al3*)2(H4s%64)4(n*)‘G(H20)4 5.9 7.0 -10.7 -11.1 -13.1 -14.1 -9.2 -10.1 -13.4
Paragonite (Al3+)3(H45104)3(H+)']O(Na+) 3.0 .51 | 9.3 -10.3 -3.4 -4.3 -9.7
Albite (3,510,034 1,07 (na) 0.9 -1.5 -0.1 0.4 -4.3 -4.3 -2.3 -2.3 -4.5
Anorthite (Al3+)2(H4$i04)2(H+)'8(Ca2+) 8.1 5.1 5.4 3.2 -2.4 -2.4 1.7 1.7 -2.6
Microcline (A13*)(H451o4)3(u*)'4(ﬁ20)'4(K*) 2.2 -2.6 7.9 2.9 51 5.3 -3.3 -3.2 -5.5

* log K calculated using data extracted and estimated from Helgeson et al, (1978) SUPCRT data file, and Helgeson (1969).
** Log K calculated using data extracted and estimated from Robie et al,(1978) and Helgeson (1969).
*** Aqueous species distribuiton calculated by WATEQF (PTummer et al., 1976).
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Figure 21. Fluid-mineral cnergy re]atidnship:'departure from equilibrium. HNegative,
zero and positive values of 1og(IAP/K) indicate undersaturation, equilibrium
and supersaturation respectively of Well 14-2 fluid with mineral phases.
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f]uid‘and mineral, providing the assumptions are valid. Herein lies

g,we;'

> the problem. Assumptions and their effects are discussed below.

Assumptions are 1) that the thermodynamic data are accurate and

consistent, 2) that fluid analyses are sufficiently complete and

) " accurate, 3) that temperatures are accurate, 4) that minerals are in
contact with the bulk geothermal fluid and 5) that reactions taking
place are indeed hydrolysis reactions occurring as written.A

P Figdre 21 shows thefeffect of using two different sets of
thermodynamic data to calculate log K, Differences in log (IAP/K) are
on the order of one or two units.for clinochlore, muscovite and albite

» at 200°C, less than a unit for celadonite, 5 or 10 units for most —
other minerals and several tens of units for daphnite énd illite.
Calculation of the magnitude of errors in log K introduced by erroré

» - in thermodynamic data can be calculated from the equation:

AG® = -2.303 RT log K

where AG® is the standard free energy of reaction at equilibrium and
other parameters are as previously defined. For a mineral having a
free energy of formation of -6,000 kilojoules at 298.15°K a decrease
) . in free energy (to more negative va1ugs) of 1, 10 and 100 kilojoules
_will decrease the value of Tog K by .17, 1.75 and 17.51 units
respectively. Thus the effect of uncertainties in mineral
R A thermodynamic data is probably the largest source of error. Errors
are also introduced by the fact that WATEQF, the program used to
calculate ion activities for log IAP uses thermodynamic data which may

> ' not be consistent with Helgeson (1969), Helgeson et al., (1978) and
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Robie et al., (1978). Distribution of aqueous species has also been
calculated using PATH (Helgeson, 1970). Data are not shown here
because tables and figures had been prepared prior to running PATH.
_Log‘activities of major species calculated by PATH and WATEQF at
250°C and a pH of 5.5 differ by less than 0.2 log units except for
A13t+ and Fel2+ (calculated as total Fe) which are -16.78 and -8.30
respectively for PATH aﬁd -19.02 and -7.12 for WATEQF. Values of log
(IAP/K) if PATH is used to distribute aqueous species are 6 to 7 units
more positive in the case of muscovite and paragonite, 4 to 5 units
more positive in the case of clinochlore, illite, 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 is to bring all end members except daphnite, illite and

pyrophyllite closer to equilibrium with the fluid.

PATH and WATEQF have different thermddynamic data bases and use
different methods for prediction of log K values for aqueous species
equilibria at elevated temperatures. WATEQF uses the Van't Hoff
equation assuming constant enthalpy, while PATH uses analytic
expressions involving heat capacity power functions to calculate

enthalpies at 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 but is expected to cause errors
in log IAP of not more than one or two units.

The assumption that fluid analyses are sufficient1y complete and

accurate is a good approximatfon. Al and Fe analyses are from well
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54-3, not 14-2, but the two fluids are similar in composition (A. H.
Truesde]], personal communication). A 10% error in analytical
accuracy can be represented by the difference between 10% and 20%
steam.loss. Table 4 and Figure 21 show the effect is very small.
Errors in calculation of pH introduce the largest errors.

The assumption thqt observed hydrothermal minerals are in
equilibrium with the bulk géotherma] fluid may not be accurafe. The
bulk geothermal fluid is that flowing through major fractures and
channelways. Fluid moviﬁg away from these through small fractures and
percolating into the rock changes in cbmposition by reaction with rock
minerals and by differences in diffusion rates of various ions.
Alteration minerals are likely to be in equilibrium with local
portions of fluid which have changed composition since moving out into
the rock away from major fractures. Some alteration may also predate
the present geothermal activity.

Reactions actually taking place may not be those written, and
some intermediate product may be controlling equilibrium. Possible
effects of this, or of kinetic processes have not been evaluated.

A1l of the above assumptions a?d uncertainties can effect the

value of log (IAP/K) by several units, and perhaps more. However,

"within these 1imits, Figure 21 has some interesting implications.

Consider the data set based on ‘thermodynamic data for Robie et al.
(1978), represented by black bars. These are calculated at 200- and
250°C, and at pH's of 5.5 and 6.0 with an assumed 10% steam loss

"~ during sample collection. Celadonite, ferrimuscovite and pyrophyllite

are all near equilibrium somewhere between 200 and 250°C in this pH
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range. If PATH is used for species distribution muscovite is also
close to equilibrium. I1lite is strongly supersaturated, and the
feldspars and chlorites are all undersaturated. Calculations using
calcite, COp, water equilibria, and thermodynamic data from Helgeson
(1969$;at 250°C and pH 5.5 provide a pCOs of 10-1.19, a reasonable
value, within the range used by Parry et al (1980). Calcite is
probably stable in association with the geothermal fluid. Two
importaht,factors are 1) that an Al analysis is not available for well
14-2, although the data from Phillips well 54-3 is probably similar,
and 2) that pH is estimated, not measured. The two parameters having
the largest effect on changes of log IAP are the activities of A13+
and pH. Log a(A13t) is markedly sensitive to both pH and temperaturé,
whereas the activities of K*, Na*, and H4Si0g are relatively |

insensitive. Errors in chlorite thermodynamic data are likely to have

caused the magnitude of calculated chlorite undersaturation to be too

large.

The implication of the thermodynamic calculations is that the
analyzed bulk geothermal fluid is either not in equilibrium with the
chlorite-sericite-calcite-pyrite assemblage in the lower part of the

well or not in equilibrium with the chlorite in that assemblage. The

intensely altered zone between 850 and 880 m is thought to be the main

hot water entry zone (Bamford, 1978, Bamford et al., 1980, G]enq and
Hulen, 1979) because the well is cased to.551 m. However, alteration

mineralogy in this zone is not identical in all chips from one sample.

- Plagioclase is altered to chlorite, sericite and calcite, together or

singly. It is possible that chlorite was formed during an earlier
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hydrothermal event. Textural evidence neither confirms nor denies
this possibility. Well 14-2 is interpreted to parallel one or more
nearly isothermal fractures, (Glenn and Hulen, 1979). Some of the
sericite observed between 850 and 880 m may have been formed in
response to the same fluids which caused sericitic alteration higher

in the well.



. SUMMARY AND CONCLUSIONS

- Compositional variation in sericites and chlorites from
hyarothermal systems is a function not only of bulk fluid chemistry
and temperature, but glso of the chemical environment in the immediate
vicinity of the alteration minerals. Distance from fluid-bearing
veins and the nature of the mineral being replaced, are important
factors in rocks which are not totaliy recrystallized by hydrothermal
processes. In pervasively altered rocks from porphyry copper systems
cﬁemica] equilibrium between coexisting sericite and chlorite, and
presumably also between minerals and fluid, appears to be often
attained. However, in the Roosevelt Hot Springs geothermal system,
chemiéal imhomogeneity of alteration minerals, isotopic evidence and
thermodynamic modeling all indicate a stéte of disequilibrium between
the bulk geothermal fluid and hydrothermal sericite and chlorite
although local portions of the fluid modified by reaction with rock
may be in equilibrium. Sericite chemistry is a function of alteration
assemblage, and also appears to exhibit different patterns in
different hydrothermal systems. The-lattgr may be partly due to the
distribution of sampled alteration assembiages in the different
systems. Chlorites from propylitic alteration assemblages in:four
systems have similar ranges in octahedral substitution. Chlorites
from a sericite-pyrite- colorless chlorite porphyry copper assemblage,
however, have exceptionally high Mg contents. |

The compositional variation of sericites and chlorites from well
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14-2 at the Roosevelt Hot Springs geothermal system is as 1arge within
individual cuttings samples as between samples from different depths. .
Two known hot water entries have sericite compositional ranges which
are not distinctly different from other depths. The observed
variation can be explained as a function of disequilibrium between
rock and present day bulk fluid. In other hydrothermal systems
sericitg chemistry is observed to vary with distance from a vein (Page
and Wenk, 1979) and betﬁeen vein and rock matrix (this report). A
sample from a geothermal well is composed of cuttings, (representing
at least a five or ten foot interval and probably considerably more)
in which chips from different distances from veins and also perhaps
from different stages of hydrothermal alteration are jumbled together.
Alteration intensity in Well 14-2 is high near hot water entry zones,
but mineral chemistry, at least on the scale sampled, is not
diagnostic of such zones. Glenn (1979) Suggests that Well 14-2 may
have been drilled parallel and close to a fluid-bearing fracture. 'If
so, hot water entries may be intersections with this fracture, but
alteration chemistry would not exhibit major downhole differences.
Thermodynamic modeling of the sensitivity of minéra] chemistry to
fluid chemistry indicates that relative]y.small changes in pH and
aqueous species activities can cause majof changes in the activities
of solid solution end-membe;s, and hencé,of alteration mineral
compositions. ~Modeling shows the geothermal fluid is close to
equilibrium with calcite, and the end-members of sericite solid
solutions, but is undersaturated with respect to chlor1te. The

suggest1on from this data is that chlorite in the lower portion of the
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well formed earlier than at least part of the sericite. Modeling of a
hypdthetica] fluid in equilibrium with analyzed sericite-chlorite
pairs has been attempted but proved unsuccessful because of
non-jdea]ity of solid solutions, inaccuracies in estimated
thékmodynamic data and possible non-equilibrium between sericite and
chlorite.

Results of research indicate that sericite and chlorite chemistry
in the Roosevelt Hot Springs geothermal system is highly variable, and
that mineral chemistry, at least on the scale sampled, does not
distinguish hot water entry zones. Sericite and chlorite chemistry
may prove useful in pervasively recrystallized hydrothermal systems,
or in systems where vein fillings can be easily identified and
analyzed (difficult in cuttings samples). Any future work should
focus on coexisting sericite-chlorite pairs, or other coexisting
phases, to minimize the number of degree§ of freedom in the mineral

system studied.
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Appendix I. Sericite Analyses. Southwest Tintic.
SWT 2
SHT 1
s1 s2 $3 s? s1 s2 3 S5 s?
$102 45.5 45.5 45.6 “.9 45.9 46.4 46.3 47.2 45,5
1407 .64 .57 .64 .2 44 a1 .21 .33 .33
A1503 31.5 3.8 2.1 N.1 3.5 34.9 34.4 34.4 3:;;2
Fe0 3.9 3.82 4.26 4.26 1.40 1.22 1.24 1.44 .
Hnb .01 .01 .02 .02 <00 -01 +00 -00 -00
Mg 1.63 1.45 2.04 2.32 3.07 2.31 3.2 1.69 4.00
ca0 .04 .04 .01 .04 .03 .07 .04 .06 14
K20 11.5 11.0 [ S 0% 11.6 10.1 9.94 10.1 9.91 9.31
Na0 .49 .43 .43 47 .56 .62 .56 .56 .55
Bab .38 48 55 - .81 -69 -99 -90 -2
Q 02 .03 .62 .03 .01 -0 -01 -0l -0
F 15 16 1 .18 .35 -3 -3 2 -2
HoO* 3 3 %) 431 4.3 4.3 4.3 a3 4.28
Total 100.1 99.3 101.3 99.7 101.3 101.0 101.6 101.0 100.4
Number of lons on the Basis of 22 Total Negative Charges 10{0)
and 2(OM,F,C)
i 3.08 3.10 3.05 3.06 3.02 3.06 3.04 3.1 3.03
r;” .033 .030 .033 .011 .022 .015 .013 .u;s .g;s
A .98 .90 .95 .94 .98 .94 .96 .8 .
vl 1.60 1.63 1.58 1.56 1.70 1.76 1.70 1.78 1.65
Fed+ 204 .200 220 224 069 .060 .061 .on .066
Mg 165 .147 .203 .236 .30 .23 .32 47 .40
Ca .003 .003 .000 .003 .002 .005 .003 .004 .010
K 1.00 . .952 1.00 1.0 .85 .83 .84 .83 .84
Na .065 057 .059 .063 072 .079 .071 072 071
Ba .010 .013 015 012 .021 .018 .025 .023 .021
F .033 .035 .023 .040 .072 065 .065 .056 .089
OH 1.97 1.9 1.98 1.9 1.93 1.93 1.93 1.94 1.91
SWT 2 SWT 3
s8 3 $10 sn s12 s2 s2 S6 S10 515 Si4
$102 46.5 46.7 4.2 46.3 45.9 9.1 49.3 48.9 49.4 48.5 49.9
Ti .29 .82 .3 .4 .17 .05 .04 .08 .06 .03 .06
;nz 3 34.8 34.2 34.) 32.9 33.5 35.5 35.2 35,4 35.0 35.5 35.3
€20 1.10 1.42 1.39 1.24 1.13 .49 .62 .37 7 . .
MnB > .01 .01 .01 .01 .01 7 s it
Mg0 3.97 2.87 2.19 2.712 3.92 1.46 1.60 1.49 2.02 1.69 1.48
ca0 . .10 .08 7 .08 . .00 . .00 .00 .00
K20 9.12 10.0 10.0 9.72 9.85 9.80 9.03 8.82 9.05 9.62 s,
Naz0 .9 .5 .57 .54 .50 .38 . .39 .3 .37 .%2
Ba 1.14 .81 .74 1.04 1.00
€l .01 .01 .00 .01 .01
F .47 .32 .32 .38 47 .18 .09 14 .21 .18 .16
Ha0* 4,27 4.34 4.35 4.30 4.2 4.49 4,55 4.54 4.49 4.49 4.52
Total 102.7 101.7 101.1 100.5 100.6 101.4 100.7 100.1 101.2 100.8 101.4
Humber of lons on the Basis of 22 Total Negative Charges 10(0)
and 2(OH,F,C)
T 3.02 3,06 3.10 3.07 3.05 3.1 3.19 3.18 3.18 3.15 3.20
T 014 .021 .017 017 .008 .002 .002 .004 .003 .002 .003
AllY .98 .94 .90 .93 .95 .83 .81 .82 .82 .85 .80
ANVl 1.68 1.70 1.74 1.65 1.67 1.87 ,1.87 1.89 1.84 1.87 1.87
Fed+ 053 .070 .069 062 056 .024 .030 .018 .037 .022 .026
Mg .38 .28 21 .37 .39 14 .15 .15 20 .16 .14
ca .025 007 . .012 006 -000 .000 . .000 .000 .000
K .76 .84 .84 .82 .83 - .81 .75 .13 .74 .80 .75
Na a1 072 073 070 064 048 043 «050 041 .046 .043
Ba .029 .021 .019 027 026 - .
F .097 067 068 079 099 .038 .018 .028 .043 .038 .031
OH 1.90 1.93 1.93 1.92 1.90 1.9 1.98 1.97 1.95 1.96 1.97

*Calculated H20



Appendix I (continued).

Sericite Analyses.

Southwest Tintic.

SWT 4 SHWT §

S1 S2 $3 S5 S6 sl S2 s3 sS4
Si02 47.6 46.8 46.3 45.8 45.9 44.7 4.9 44.8 44.9
Ti 06 .49 .26 .22 .23 .48 .33 . .48
Alp03 32.4 33.9 J.6 32.9 32.9 34.8 33.7 34.4 33.8
Fe603 .59 75 1.26 1.26 1.13 1.85 1.7l 1.79 1.78
M .01 01 01 .00 <01 .00 .00 .01 .00
Mgl 2. 1.69 .97 2.48 1.96 1.56 2.81 1.82 1.95
Ca0 .02 .02 .05 .02 02 .00 .01 .01 .00
K20 10.8 10.3 10.2 10.6 10.5 10.9 10.7 10.9 10.5
Na 34 .43 A3 A2 A4 N .69 .62 .65
Ba .17 4 .28 .23 .19 .36 .40 40
4 .02 .03 04 02 07 .01 .01 .02
F .49 .36 .32 .60 .46 .27 59 A4l
Ha0* 4.28 4.35 4.36 T 4,20 4.27 4.3 4.18 4.48 4.28
Total 98.9 99.1 99.0 98.5 97.8 99.9 99.8 99.3 98.9
Numbers of lons on the Basis of 22 Total Hegative Charges 10(0)
and 2(04,F,C)
S1 3.20 3.12 3.10 3.10 3.12 3.00 3.02 3.02 3.04
Ti .003 .025 .013 011 .012 024 017 .025 0.24
Ay .80 .90 .90 .88 .88 1.00 .98 .98 .96
avl 1.76 1.79 1.83 1.72 1.76 1.76 1.69 1.75 1.73
Fed+ .030 .038 .063 .06 058 .093 .087 .090 091
Mg . .17 .096 25 .20 .16 .28 .18 .20
Ca 001 . .001 .004 +001 001 .000 .001 .001 .000
K .92 .88 .87 .92 91 .93 .92 .93 .90
Na 044 <055 .064 055 .058 092 .089 .081 .085
Ba .004 008 .007 .006 .005 .009 .011 .01t
F .10 .076 067 .13 .098 .058 .13 088
OH 1.89 1.92 1.93 1.87 1.89 1.94 1.87 2.00 1.91

SWT 5 SWT 6

ss S6 s7 S8 S9 sig S28 S1-2C $2-2C
Si0 45.2 4.9 45.4 44.9 45.0 47.7 48.5 49.4 50.5
Ti0; .57 67 .46 .53 W43 .04 05 .09 .09
Al203 33.9 34.3 34.5 34.1 33.5 35.7 3.1 33.9 34.7
Fe803 1.73 1.72 1.64 2.11 2.00 .88 .86 .82 .87
Mni .01 .00 .00 .00 .00
Mgl 1.56 1.50 1.45 1.78 1.412 6.30 5.41 2.18 2.58
Cal .01 .01 .01 .00 .00 .03 .00 .00 .00
K20 10.8 10.8 10.7 10.9 10.9 8.52 9.53 9.76 9.5
Has0 .67 .61 66 o .68 .35 .33 .38 .35
Baa .36 .25 .33 .37 .40
a1 .0l .01 .01 .00 .02
F .42 .35 .39 .26 .33 .55 q .67 .40
Ha0* 4.7 4.31 4.30 4.34 4.31 4.3 4.22 , 4.25 4,39
Total 99.3 99.2 93.7 99.8 98.7 104.2 103.3 101.2 103.2
Number of lons on the Basis of 22 Total Negative Charges 10(0)
and 2(OH,F,C)
13} 3.05 3.03 3.04 3.02 3.06 3.00 3.09 3.20 3.20
Ti 029 .034 .023 .027 022 .002 .002 004 .004
M .95 .97 .9 .98 .94 1.00 .91 .80 .80
Ml 1.74 1.76 1.77 1.72 1.74 1.65 1.65 1.79 1.79
Fed+ .088 .087 .083 .11 .10 042 041 040 .041
Mg .16 .15 .14 .18 .14 .59 .51 .21 .24
Ca .001 001 .001 .000 .000 .002 .000 .000 .000
K .93 .92 .91 .93 .94 .68 07 .81 J7
Na .087 .080 .085 .089 .089 T .043 041 047 '.042
Ba .009 007 .009 .010 011
F .090 074 .083 055 070 .11 .14 .14 °,081
1] 1.9 1.92 1.92 1.94 1.93 ©1.89 1.86 1.86 1.92

*Calculated H20
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- Appendix I (continued).

Sericite Analyses. Southwest Tintic.

SWT 7
§12-15 §7-9 S16 $18 S6

S10: 50.9 50.9 49.9 47.8 48.6
110, .02 .02 .03 .03 .03
Al203 31.9 31.5 3.1 30.8 31.4
:‘2503 2.04 1.61 2.90 2.57 2.93

ul
Mg0 2.07 2.30 2.63 2.76 3.07
Ca0 .19 .33 v A2 .28 .32
K20 9.77 9.50 9.77 9.73 9.47
Naso . .00 .00 <00 00
Bal
4]
F .30 .36 .29 .26 .24
K20* 4.42 4.40 4.40 4.40 4.42
Total 100.8 100.7 101.3 98.5 100.3

Number of lons on the Basis of 22 Total Negative Charges 10(0)
and 2(O0H,F,C)

1 3.28 3.31 3.25 3.2 3.20
T .00 .001 .002 .002 001
ALY R .69 75 .79 .80
Al 1.73 1.72 1.64 1.65 1.64
Fed+ .10 .078 142 .13 .15
Mg .20 22 26 28 .30
ca 014 .023 .029 .020 023
K .81 .79 .81 .84 .80
Na .000 .000 .000 000 .000
Ba
F .061 .073 .059 .055 049
o4 1.94 1.93 1.94 1.95 1.95
SWT 6

X1 S1-4E S2-4F $3-4F
5102 50.6 4.3 49.4 9.1
Ti0p .02 .09 06 .12
A1203 36.5 35.2 35.2 35.2
Fez03 .66 .69 .70 .75
K8 6.2 2.37 2.50 2.60
ca0 .02 .00 .00 .00
K20 7.3 10.14 10.08 9.03
Na0 230 . .37 3%
Ba
¢
F 42 .52 45 .40
Ha0* 4.83 4.32 4.35 4.39
Total 106.7 102.7 103.0 101.7

Number of ions on the
and 2(0H,F,C)

basis of 22 tota) negative charges, 10(0)

si 3.07 3.15 3.15 3.15°
T 001 . .00 .006

aly .93 .85 .85 .85

AVl 1.68 1.8 1.80 1.8 .

Fe3+ 044 .033 034 .082

™ .57 23 2 25

ca .001 .000 .000 .000

K 57 .83 .82 74

Na .035 044 045 045

Ba - - \
F .080 B 091 .082

oH 1.92 1.90 1.9 1.92

*Calculated Hz0



$102
1102
AL203
FE203
MHO

* MGO
CAO
X20
RA20
8A0
cL

H20*

ToTAL

SR11

L]

4.2

3.6
4.21

2.28
02
10.5
-4
.16
.02
.26
4.31

98.4

M10

4.7
JI7

.4
4.05
.02
2.44
.01

10.3
-
.09
.07
22
4.33

98.3

Numbers of fons on the

st
T
ALIY
ALVE
FE3+
MN

CA

NA

BA

cL

OH

3.03
.02
.97

1.59

e
Analyses by Oavid.

3.06
.02
9

1.59

1.95

m

4“7

3.3
4.17
03
2.48
<02

10.1

.22
4.35

99.4

SR17
L] L3 MIb
45.9 46.9 46.6
1.90 i.l? .59
33.4 3.8 4.1
2.31 2.08 1.71
.01 .03 4
1.03 1.12 1.00
.0 .01 .02
10.9 1.0 11.0
97 A2 42
14 .30 .23
.00 .00 .00
.10 .08 .08
4.43 .45  4.46
100.4 1013 100.1

basis of 22 total negat

3.02
.03
.98

1.59

1.95°

Calculated H0

3.05  3.09
.10 .06
.95 .91
1.67 1.7l
02 .10
.00 .00
.10 .1
.00 .00
.92 .92
.05 .05
.00 .01
.00 .00
.02 .02

198  1.98

€. Jacobs

47.0
1.47

4.4
2.22
.0
1.17
.03

10.7
A3
.18
.00
.10
4.45

102.2

Appendix II.

SR18

45.4
.35

33.9
1.
.02
1.02
.02
11.15
BRI
.20
.00
.1t
4.4

98.3

45.9
.87

33.8
1.53
.03
.94

10.9
.42
.21
.00
.10

4.45

99.1

ive charges, 10(0) and 2{OH,F,C1)

3.10
.03

1.98

3.07
.07
.93

.n
.11

)
.00
.89
.05

<00
.02
1.98

3.09
.02
9

1.80

1.98

.09

1.98

SR20

45.2
3.56

u.s
.n
.01
.83

10.4
.38
.10
.01
.13

4.40

103.5

2,93

1.07
1.59

1.97

v
Sericite
M5 (] M
45.6 45.2 46.8
2.63 2.42 1.23
33.3 4.0 33.9
3.72 4.48 2.67
.00 .01 .01
.92 1.06 1.05
.04 04 .03
10.5% 10.6 10.3
.38 .38 .37
.13 13 .24
.0l .01 .00
.08 .08 .09
4.42 4.4} 4.45
101.6 102. 101.1
3.01 2.96 3.08
.13 .12 .06
.99 1.04 .92
1.60 1.58 1.7
.18 .22 .13
.00 .00 .00
09 .10 .10
.00 .00 .00
.88 .88 .87
.05 .05 .05
.00 .00 .01
.00 .00 .0
.02 .02 .02
1.98 1.98 1.98

L 4
analyses:
sr21
] " ] "
46.0 454 46.0 459
183 .7 .30 .19
3.6 3.5 338 3.2
3.19 321 125 2.28
.03 .05 .05 .01
1.08 117 L15 101
02 .0 .01 .02
10.8 103 100 1.0
37 a0 .4 .
J2 00 a4 e
.00 .01 .01 .00
A0 16 14 12
LI P I W TR T L Y Y 1
1016 99.0 99.7 | a8
3.0 .07 3.08 311
09 02 02 .0
9% .93 .92 .89
1.65 173 1.4 1.6
Jd6 6 6 .12
00 .00 .00 .00
.1 a2 a1 e
00 .00 .00 .00
K .88 .8 .9
05 .05 .05 .06
00 .00 .00 .00
00 .00 .00 .00
02 .03 .03 .03
1.98 1.9  1.97 197

M6

45.2
.70

33.6
3.30
.03
1.02
.01

11.1
.42

13
4.4

3.04

.96
1.70

1.97

Santa Rita.

sr28
M3 LY
4.3 4.3
.20 1,36
30.4 29.1
3.18  5.47
.06 05
.54 1.1
.04 .08
10.6 10.6
RUBEN
.09 .07
.00 00
.12 .10
4.4 4149
98.1  99.7
L2 .p
0 .07
.18 .81
1.66 1.51
.16 .28
.00 .00
.16 .11
.00 .01
.92 91
.02 .01
.00 .00
.00 .00
»03 02
1.97 1.98

SR30
L3

49.0
.14

.
2.95
.05
1.33

10.7

3.4

1.98

48.8
.35

29.4
4.01
07
1.91
.03

10.6
.23
.10

13
4.42

3.26
02
.70

1.57

1.97

SR50
L3

47.4
.19
33.9

10.5
.46
.15

.12
4.4

99.2

3.16
.0
.84

1.82

1.97

4.2
B

33.6
1.12

1.43
.02
10.7
Rl
.13

.13
4.46

199.1

3.15

1.06

.03
1.97

LY

7.4
A7

n.4
.92
.02
1.06
.02

10.3

.14
.00
A1
4.48

99.7

.14
.02

1.83
.05

.10
.00
.87
.06

.00
.02
1.98

@.

46.8
.38

n.s
.90

1.21
.01
10.6
.45
.16

.2
4.46

98.9

3.14
.02
.86

1.81

.08

.12
.00
291
.06

.00
.03
1.9

no

47.2
.41

33.6
1.00

1.24

.01
10.6

4.46

3.15

.85
1.80

1.97

68
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Appendix III. Sericite Analyses: Roosevelt Well 14-2**
® S 503 610
$2-1 §2-2 $2-3 $2-5 S2-6 S3B-3  S3B-4 S1A-2

Si0p 49.2 48.7 | 48.7 49.8 50.2 50.0 52.1 49.9

| Ti0, .01 .01 .01 .05 .11 .02 .00 .01
» | A1,03 35.0 37.2  36.5 32.9 29.2 29.7  33.4 34.6
§e803 1.94 49 1.45  3.40 5.18 4.96 1.90  1.91
n
Mg0 .80 .07 .60  1.69 3.06  2.82 .86 .77
Ca0 .03 .14 .07 .04 .03 11 .08 .09
K20 7.21 .984  9.17  5.02 9.50 9.53 8.78  9.29
b Na,0 .09 .08 .12 .10 .15 .13 .13 .17
Ba ’
Cl |
F .24 .15 .14 .41 .60 .47 .28 .18

Hp0* 4.52 4.51 4.52 4.48 4.22 4.29 4.48 4.50
’ ~ 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,
10(0) and 2(0H,F,C1)

) Si 3.21 3.15 3.14 3.27 3.27 3.26 3.32 3.22
Ti .000 .000 .000 .002 .006 .001 .000 .000
A1IV .79 .85 .86 .73 .73 74 .68 .78
A1VI 1.91 1.98 1.91 1.82 1.51 2.08 1.83 1.85
Fed+ .095 .024 072 .168 254 2.44 .091 .093
‘ Mg .078 .007 .058 .166 .297 274 .082 .074
b Ca .002 .009 .005 .003 .002 .008 .006 .007
’ K .601 .811 .755 421 .790 .794 .714 . 765
Na .012 .010 .015 .012 »019 .016 .016 .022
" Ba
F .049 .032 .029 .084 . 1.25 .097 .057 .036 °
OH 1.9 . 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 Ballantyne (1978) ‘ _



Si0p
Ti02
Al1,03
Fel
MnO
Mgq0
Cao
- K20
Naz0
Ba0
Cl1

F
Hp0*

Total

SWT 1

C1

27.4
.06
20.7
17.4
.10
21.7
.05
.04
.04
.00
.02
.12
11.9

99.5

c2

27.1
.08
20.4
17.9
.12
21.8
.03
.01
.02
.00
.04
.18
11.8

99.5

c3

1

Appendix IVv.

28.0
.09
20.8
17.9
.11
21.4
.04
.03
.03
.00
.01
.18
11.9

00.5

SWT 2

Cl1

28.1
.02

20.5
4.41
.01

29.7
.06
.20
.05

.01
.44
12.4

95.9

c3

Chlorite Analyses.

28.6
.02

20.7
4.34
.02

29.4
.06
.15
.05

.01
.49
12.4

96.2

c4

28.3
.02

20.5
4.25
.02

29.4
‘08
.16
.07

.00
.46
12.4

95.7

C5

29.8
.13

20.2
4.10
.06

26.0
.19
.16
.03

.00
.58
12.4

93.7

Southwest Tintic.

SWT 6
C2-B  C1-2C
32,9 31.9
.00 .01
23.0  22.7
1.82  2.17
3.9 31.5
02 .02
.04 .03
.00 .00
.89 .83
12.5  12.5
103.1 101.7

C2-2C

32.4
.01

23.7
2.07

32.0
.02
.02
.00

.84
12.5

103.6

Numbers of ions calculated on the basis of 28 total negative charges 10(0) and 8(OH,F,C1)

Si
Ti
- ATIV

ATVI -

Fe
Mg
Ca
K

Na
Ba
F

OH

2.75
.004
1.25
1.20
1.46
0 3.24
.005
.005
- .008

.038
7.96

*Calculated Hp0

2.73
.006
1.27
1.15
1.51
3.27
.003
.001
.004

- .057
7.94

'2.78
.007
1.22
1.22
1.49
3.17
.004
.004
.006

.056
7.94

2.78
.00
1.22
1.17
.42
4.38
.01
.02
.00

.14
7.86

2.81
.00
1.19
1.21
41
4.31
.01
.02
.01

.15
7.85

2.80
.00
1.20
1.20
.40
4.33
.01
.02
.01

.14
7.86

3.00
.01
1.00
1.41
.40
3.90
.02
.02
.01

.19
7.81

2.95
.000
1.05
1.39
.16
4.26
.002
.004.
.000

.25
7.75

2.92
.001
1.08
1.37
.19
4.29
.002
.004
.001

.24
7.76

2.90
.000
1.10
1.40
.18
4.27
.002
.003
. 000

.24
7.76

SWT 7
c3c  C6
32.8  29.5
.00 .01
24,1  22.1
1.83  12.5
31.9  24.0
.03 .34
.04 .00
.01 .07
.92 .31
12.5  12.1
104.1  100.9
2.91  2.81
.000  .001
1.09  1.19
1.43  1.29
.16 1.14
4.22  3.41
.003  .035
.004  .000
.002 .020
.26 .093
7.74  7.91

c18

29.1
.02

21.3

12.3

22.1
.38
.03
.07

.25
12.0

97.6

2.83
.001
1.17
1.28
1.32
3.21
.040
.004
.014

.076
7.92

e
—



Appendix V. Thermodynamic Properties of Minerals.

Mineral

Muscovite*
KAT2813A1019(PH)2

Ferrimuscovite
KFepSi3A1010(0H) 2

Celadonite
KMgA1Siq010(0H)2

Ilite

K,75M"9 25A1] (75513, 5A1 5010(UH2)

Clinochlore
Mg5A15i3A101(0H)g

UDaphnite
FesA1S$1A103(0H)g '
Pyrophyliite*
Al2Si4010(UH)2

Low Albite*

NaAlSi3ug

Anorthite*

CaAl 28i20y

Microcline*

KATS1303

*From Robie et al. (1978).
(1978),

Units are joules/ﬁole:

Others

AHg, 298

-5,976,740
-5,125,680
-5,848,790
-5,664,749
-8,857,377
-6,971,370
-5,643,300
-3,935,120
4,243,040

-3,967,690

o

s

305.4

342.88

323.34

1104.2

441.0

531.97

293.4

207.4

199.3

214.2

cp

9.1767x10-2-8.1110x10-27-1,0348x1047-0.5+2 ,8341x106T-2
~78.300-2.4252T-9.3500x1037-0.5+4 . 7310x196T-2+86 .52570.5+6 .0519x10-412+2 7821 x 10471
9.6587x102-9.4625x10'2T»1.1658x104T'0-5+5.9236x165T'2

8.8059x102-7 ,1916x10~27-9.7313x10937-0.5.2 ,5659x106T-2+2 .8014x10-672
1.U520x103+3.965x10-2T-8.0618x1037-0.5-3,2759x1067-2
9,1395+102+2.2516x10-2T-3.7003x1037-0.5-1.,0116x1077-2+5 ,6028x10-5T2
7.4675x102-5,3543x10-27+1 .9855x10-512-7 ,5777x1037-0.5
5,8394x102-0.0928527+2.2722x10~572-6 .4242x1037-0.5-1..6780x106T-2
5.1683x102.9.2492x10-27+4.1883x10-572-4 .5885x10-37-Y .51 .4085x1067-2

7.5955x102-0.217117+6.4333x10-572-9 .5268x1037-0.5+4 . 7642x106T7-2

estimated from data in Robie et al.
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