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GEOCHEMISTRY OF HYDROTHERMAL CHLORITE 
REPLACING IGNEOUS BIOTITE 

W. T. PARRY AND L. M. DOWNEY 

Department of Geology and Geophysics. University of Utah, Salt Lake City, Utah 84112 

Abstract-Hydrothermal chlorite replaces igneous biotite in the Gold Hill. Utah, quartz monzonite. Chem
ical compositions of coexisting biotite and chlorite determined by electron microprobe and wet chemical 
methods were used to evaluate chemical mass transfer during the alteration process. The mole ratio Mg/ 
(Mg + Fe) varies from 0.52 to 0.65 in the chlorite and from 0.51 to 0.60 in the parent biotite. The Mg content 
of the chlorite decreases systematically with increase in the volume percent replacement of biotite. Ho
mogenization temperatures of fluid inclusions in nearby quartz microveinlets indicate that the chloritic 
alteration took place at approximately 200°C. 

Textural relationships suggest that the alteration ofbiotite to chlorite is isovolumetric, but a comparison 
of mineral compositions and mineral assemblages with phase diagrams in which AI or volume are conserved 
among solid phases suggests that the chlorite compositions are best explained as a function Clf reaction 
progress in an AI-conservative system. The chlorite composition changes in response to changes in solution 
composition produced by the dissolution of successive small amounts ofbiotite. Representative mass bal
ance for the alteration of all of the biotite to chlorite in 1m3 of rock containing 336 moles ofbiotite indicates 
that 74 moles of Mg, 35 moles of Fe3 +, 420 moles of H+, and 2 moles of Mn are added to the rock and that 
311 moles of K, 54 moles of Fe2+, 76 moles ofTi, 53 moles of F, and 6 moles of Cl are lost to solution. The 
mass transfer for partially altered biotite is II to 188 moles of K. 2 to 46 moles of Ti. 2 to 44 moles of F, 
and 0.3 to 6 moles of Cl removed per cubic meter of rock and I to 26 moles of Fe3+ and 20 to 347 moles of 
H+ added. The mass transfer of Mg varies from 12 moles added to 32 moles removed per cubic meter of 
rock depending on mineral composition and extent of replacement. 

Key Words-Aluminum conservative alteration, Biotite, Chlorite, Electron probe analysis. Fluid inclu
sions, Hydrothermal alteration, Isovolumetric alteration. 

INTRODUCTION 

Hydrothermal chlorite is ubiquitous in propylitic al
teration halos associated with many hydrothermal ore 
deposits. An early summary of the products of hydro
thermal alteration of biotite by Schwarz (1958) showed 
that chlorite was always present. Sales and Meyer 
(1948) documented biotite alteration to chlorite, rutile, 
carbonate, epidote, and magnetite and also observed 
hydrothermal biotite replacing chlorite pseudomorphs 
of igneous biotite. All twenty of the porphyry copper 
deposits for which Lowell and Guilbert (1970) reported 
the mineralogy of outer alteration zones contain chlo
rite. 

Systematic variations in chlorite composition with 
position relative to known ore bodies have been de
scribed in massive sulphide deposits in the Noranda 
district, Quebec (Price, 1953). Nakamura (1960) found 
distinctly different chlorite compositions in base metal 
veins and associated wall rocks; the mole fraction of 
clinochlore is 0.05 to 0.06 in veins and 0.56 to 0.34 in 
the wall rocks. Chlorite in metamorphic rocks near the 
Jerome, Arizona, massive sulphide deposit varies in 
composition with distance from the known ores, al
though post-ore regional metamorphism has compli
cated the interpretation (Nash, 1973). Biotite in granitic 
rocks from Maine has been converted to chlorite and 
sphene (Ferry, 1979). Ferry's assumption that Al and 
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Ti are conserved during the mass transfer accompa
nying the hydrothermal alteration of the biotite results 
in an estimated 13% decrease in the volume of solids. 

The purpose of the present study was to examine the 
chemistry of the replacement of biotite by chlorite in 
the Gold Hill, Utah, pluton using electron microprobe 
and wet chemical analyses. The temperature of the re
placement reaction was determined from homogeni
zatIon temperatures of fluid inclusions in nearby quartz 
microveinlets.. The systematic vanatlOn in mmeral 
compOSItIOn was correlated with the extent of biotite 
replacement and with solution chemistry. Chemical re
actions in which either Al or volume were conserved 
among solid phases were formulated to estimate the 
mass transfer which accompanied the biotite to chlorite 
reaction. 

GENERAL GEOLOGY 

The Gold Hill mining district and piu ton are located 
in Tooele County, northwestern Utah, 88 km south of 
Wendover. The geology and mineralogy of the Gold 
Hill district have been described by Butler (1920), No
lan (1935), EI-Shatoury (1967), and EI-Shatoury and 
Whelan (1970) and will be dealt with only briefly here. 
The bedrock of the Gold Hill area consists of Paleozoic 
sedimentary rocks intruded by the Gold Hill quartz 
monzonite and related aplite and porphyry dikes, all of 
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which are probably of Tertiary age (El-Shatoury, 1967) . 
Volcanic rocks are present in scattered exposures. The 
Paleozoic rocks have undergone complex high-angle 
and low-angle faulting and are host for numerous small, 
precious- and base-metal vein and replacement depos
its and two significant contact metamorphic base-metal 
deposits. The quartz monzonite stock contains many 
small mineralized fissures, tungsten-molybdenum 
pipes, and adularia + quartz + calcite veins contain
ing minor amounts of beryllium. Chlorite replacement 
of igneous biotite within the quartz monzonite consid
ered here is related to the aduJaria + quartz + calcite 
veins and increases in abundance near these veins. 
Chlorite also replaces biotite near contact metamorphic 
deposits and small veins within the stock. Samples for 
this study were collected from outcrops of the pluton. 

ANALYTICAL PROCEDURES 

Analyses of Si, AI, Ti, Mg, Fe, Mn, K, Ca, Na, Ba, 
Cl, and F in coexisting biotite and chlorite were ob
tained from polished thin sections with an ARL model 
EMX electron microprobe . Raw probe data were col
lected to a constant integrated beam-current-time prod
uct, and 10 spots 10/Lm in diameter were analyzed on 
each biotite or chlorite grain. Background-corrected 
probe data were corrected for matrix effects using the 
factors of Albee and Ray (1970). Standards used were 
kaersutite for Ca and Na, scapolite for Cl, fiuorophlo
gopite for F, and analyzed biotite specimens for the re
maining elements. Because of the matrix effect of (OH) 
in biotite and chlorite, an iterative computational pro
cedure was used tor the matrix correction. After a 
structural tormula was computed from an initial esti
mate of mineral composition, the wt. % water was cal
culated from that structural · formula, followed by re
calculation of matrix effects, composltIon,and a new 
structural formula. Three iterations usually produced 
satisfactory convergence. This procedure resulted in 
the inclusion of water not determined in probe analysis 
in the matrix correction and an estimate of wt. % water 
consistent with mineral composition. 

Chlorite separates for X-ray powder diffraction and 
wet chemical analysis were made from quartz monzo
nite in which practically all of the biotite had been al
tered to chlorite. The separation procedure involved 
grinding, sieving to 80 x 115 mesh, magnetic separa
tion, and jigging on smooth paper. Chlorite and biotite 
separates with less than 5% impurities were analyzed 
for ferrous iron by the method of Peck (1964) and for 
total iron by atomic absorption spectrometry. Ferric 
iron was calculated by difference. 

PETROGRAPHY 

The Gold Hill stock varies from granite to grano
diorite in composition and from fine-grained to coarse
grained porphyritic in texture. The dominant pheno
cryst is euhedral pink orthoclase up to 5 mm in length. 

Groundmass minerals are quartz, plagioclase (AnD to 
An3o), orthoclase, perthite , and minor microcline, bio
tite, and hornblende. Common accessory minerals are 
magnetite, zircon, sphene, and apatite. Two textural 
types of biotite are present in the quartz monzonite: 
subhedral, solitary biotite crystals and biotite aggre
gates with hornblende cores or within hornblende 
grains. Both textural types ofbiotite are altered to chlo
rite . More rarely, hornblende and plagioclase (An30) are 
altered to chlorite. Chlorite is commonly accompanied 
by rutile, calcite, and sphene and rarely by epidote, 
muscovite, quartz, and potassium feldspar. The biotite 
and chlorite analyses presented here are of subhedral, 
solitary biotite crystals and chlorite which pseudo
morphically replaces subhedral biotite. 

The most abundant opaque mineral is magnetite with 
hematite intergrowths. Chalcopyrite was observed in 
association with one chlorite + quartz + rutile pseu
domorph of biotite, and coexisting bornite + chalco
pyrite + covellite was noted as an inclusion in one 
magnetite grain. Pyrite inclusions in quartz and plagio
clase were observed in all samples, but they are not 
abundant. Limonite pseudo morphs after pyrite with 
occasional remnants of pyrite were observed in most 
samples, but do not exceed 1% in anyone sample. No 
petrographic evidence for signifisant volume change 
that accompanied the alteration of biotite to chlorite 
was observed. 

MINERAL COMPOSITIONS 

Compositions ofbiotite and chlorite replacing biotite 
are presented in Table 1 and Table 2. The compositions 
of coexisting chlorite and biotite are plotted in Figure 
I along with the compositions of biotite grains showing 
no chlorite alteration. Tie lines connect coexisting bio
tite and chlorite. Mole ratios of Mg/(Mg + Fe total) of 
the biotite range from 0.51 to 0.60 and are comparable 
to the compositions of igneous biotite in similar rocks 
elsewhere in the Basin and Range Province (Jacobs and 
Parry , 1976) . The mole ratios of Mg/(Mg + Fe total) of 
chlorite range from 0.52 to 0.65; tetrahedral silicon var
ies from 2.77 to 3.08 atoms per half unit cell. Chlorite 
compositions plot in the pycnochlorite-ripidolite field 
in the classification of Hey (1954) or in the brunsvigite 
field in the classification of Foster (1%2). The chlorites 
contain much less Ti, F , Ba, and Cl than the coexisting 
biotites . The Al-Fe-Mg plot of Figure 1 shows that a 
chlorite may be either higher or lower in Mg than the 

. coexisting biotite-Mg-enriched chlorite tends to occur 
with Mg-rich biotite. Three Fe-rich chlorites coexisting 
with lower Mg-biotites are plotted. Two chlorites con
tain about the same proportion of Mg as their biotite 
host but are enriched in AI. 

The volume percentage of biotite grains replaced by 
chlorite is shown in Figure 1. High-Mg chlorite replaces 
4-10 volume % (mean = 8%) of host biotite grains; 
high-Fechlorite replace 48-61 volume % (mean = 
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Table 2. Microprobe analyses of chlorite from the Gold Hill pluton . Utah . 

2()'1 2()'3 2()'4 2()'6 21-13 21·14 22-1 22-2 24-5 24·6 24-7 

SiO. 29.6 30.1 28.8 30.3 29.0 29.1 26.6 26.6 26.6 28.3 26.5 
TiO. 0.22 0.21 0.19 0.25 0.10 0.07 0.05 0.07 0.13 0.10 0.21 
AI20 3 16.3 16.2 17.1 15.9 17.7 18.4 19.5 19.4 18.2 16.8 18.1 
FeOt 18.5 18.5 18.5 17.8 17.0 16.8 21.6 21.9 23.5 22.0 22.8 
Fe.031 3.0 3.0 3.0 2.9 2.7 2.7 3.5 3.5 3.8 3.5 3.7 
MnO 0.44 0.40 0.42 0.39 0.40 0.40 0.40 0.40 0.25 0.25 0.25 
MgO 19.6 19.1 19.0 20.0 20.6 20.1 15.7 15.4 16.4 17.1 16.3 
CaO 0.23 0.26 0.26 0.17 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
K.O 0.28 0.02 0.Q2 0 .08 0.18 0. 12 0. 12 O. \3 0.22 0.68 0.43 
Na.O 0.03 0 .01 0.01 0.05 0.03 0.03 0.03 0 .03 0.03 0.03 0.03 
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.Q2 
F 0.21 0. 19 0. 19 0.31 0.25 0.25 0.24 0.24 0. 16 0. 19 0.24 
H2O' 11.7 11.7 11.7 11.7 11.7 11.8 11.4 11.4 11.3 11.4 11.3 
F. CI = 0 0.09 0.11 0.08 0.13 0.11 0. 11 0.11 0.11 0.07 0.08 0.10 

Total 100 99.7 99.1 99.7 99.8 99.9 99.3 99.2 101 100 100 

Number of ions based on 10 oxygens and 8 (OH. F. Cl) 
Si 3.02 3.08 2.96 3.08 2.94 2.94 2.79 2.79 2.77 2.93 2.78 
AI(IY) 0.98 0.92 1.04 0.92 1.06 1.06 1.21 1.21 1.23 1.07 1.22 
AI(VI) 0.98 1.03 1.04 0.99 1.05 1.13 1.20 1.19 1.01 0.98 1.01 
Ti 0.02 0.02 0.02 0.02 0.01 0.01 0 .00 0.01 0.01 0.01 0.02 
Fe' - 1.58 1.58 1.59 1.52 1.44 1.42 1.89 1.92 2.05 1.91 2.00 
Fe3+ 0.23 0.23 0.23 0.22 0.2 1 0.21 0.27 0.28 0.30 0.28 0.29 
Mn 0.04 0.04 0.04 0.03 0.03 0.03 0.04 0.04 0.02 0.02 0.02 
Mg 2.99 2.90 2.92 3.03 3. 11 3.03 2.45 2.41 2.55 2.64 2.54 
Ca 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Na 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
K 0.04 0.00 0.00 0.01 0.02 0.02 0.02 0.02 0.03 0.09 0.06 
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.07 0.08 0.06 0.10 0.08 0.08 0.08 0.08 0.05 0.06 0.08 
OH 7.93 7.92 7.94 7.90 7.92 7.92 7.92 7.92 7.95 7.94 7.92 

1 Total iron measured as FeO; Fe203 calculated from wet chemical analyses of mineral separates . 
2 Wt. % H.O calculated from the structural formula. 

54%) of host biotite grains. The Mg, Fe, and Al content 
of the chlorites varies systematically with volume-per
cent replacement of the biotites as shown by the dotted 
arrows on Figure I. 

The petrographic evidence for the conservation of 
volume in the replacement of biotite by chlorite is 
shown In l'lgure 2. Chlorite replaces biotlte along cleav
age lamellae (Figure 2A) with no distortion of the la
mellae or increased porosity . No petrographic evidence 
was noted to indicate that the apatite and zircon inclu
sions participate in the alteration reaction. Biotite in 
Figure 2B, however, has been replaced by chlorite and 
sphene with no apparent change in the total volume of 
solids. 

FLUID INCLUSIONS 

The temperature limits for the biotite to chlorite re
action were estimated from the homogenization tem
peratures of fluid inclusions. Igneous quartz grains in 
the rock commonly contain abundant trains of second
ary fluid inclusions along healed fractures . Altered bio-

tite is commonly in contact with one or more of these 
quartz grains, and, in places, trains of fluid inclusions 
lead to the chloritized portions of the biotite. The close 
spatial association ofthe fluid inclusions and the altered 
biotite suggests that the fluids in the inclusions are re
sponsible for the biotite alteration and that the filling 
temperature of the fluid inclusions is the temperature 
of the biotite alteration _ The fluid inclusions are less 
than 15 JLm in size. irregular, and contain a vapor bub
ble which is less than 5% of the volume of the inclusion 
and no daughter minerals_ Homogenization tempera
tures measured with a Roman Science Model 3 heating 
stage ranged from 171°C to 251°C with a mean value of 
216°C. Geologic reconstruction of the stratigraphic sec
tion suggests a thickness of cover of approximately 2 
km_ The estimated maximum pressures are 200 bars for 
hydrostatic conditions and 500 bars for lithostatic con
ditions. The maximum pressure correction of the filling 
temperatures would be +20° to +40°C (Potter, 1977)_ 
No pressure correction was applied to the filling tem
peratures measured in this study_ 
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Figure 1. Compositions of coexisting biotite and chlorite 
from the Gold Hill pluton, Utah, in terms of atomic propor
tions of Fe, Mg, and AI. Tie lines connect coexisting biotite 
(open circles) and chlorite (solid circles). Dotted arrows show 
the trend of increasing volume percent biotite replaced by 
chlorite, and bold numbers are the volume percent biotite re
placed by chlorite. 

CHEMICAL MASS TRANSFER 

Igneous biotite in the Gold Hill rocks reacted irre
versibly with a hydrothermal solution, and chlorite was 
precipitated from the solution replacing the biotite. A 
first approximation of irreversible mass transfer can be 
made from a balanced chemical reaction for the con
version of biotite to chlorite. Conserving one or more 
components among the solid phases in a reaction is a 
convenient method of deducing reaction coefficients 
and approximating chemical mass transfer (Helgeson, 
1968). The calculated activities of Al species in many 
hydrothermal systems are very low (Helgeson, 1970), 
and large relative changes in their activities have a neg
ligible effect on the mass transfer among solids in the 
system (Helgeson et al., 1969). Al may be considered 
as conserved among the solid phases biotite and chlo
rite. Quartz is also present in the rocks so that con
serving silica among solid phases in the reaction will 
cause negligible errors in estimating the irreversible 
mass transfer (Helgeson, 1968). The chemical reaction 
for the hydrothermal replacement of biotite by chlorite 
in which Al and silica are conserved among the solid 
phases is: 

2KMg3AISi30 lO(OH)2 + 4H+ 
= MgsAI2Si30 lO(OH)s + 2K+ + Mg2+ + 3Si02, 

where the magnesium end members phlogopite and 
clinochlore represent biotite and chlorite. The reaction 
as written consumes H+ from solution and produces K+ 
and Mgll' as phlogoplte IS consumed and clinochlore + 
quartz are produced . 
. An alternate means of deducing reaction coefficients 

for the hydrothermal replacement of biotite by chlorite 
is suggested by the petrographic observation shown in 
Figure 2A, i.e., biotite is replaced by an equivalent vol
ume of chlorite. The molar volumes of phlogopite and 
clinochlore are 149.66 cm3/mole and 207.11 cm3/mole, 

Figure 2. Photomicrographs of chlorite replacements ofbio
tite in plane light. (A) Chlorite (c) and relict biotite (b) with 
accessory apatite (a). (B) Chlorite (c) and sphene (s). 

respectively (Helgeson et al., 1978). The chemical re
action in which phlogopite is replaced by an equal vol
ume of clinochlore is (rounding reaction coefficients to 
two significant figures): 

I.4KMg3AlSi30 1o(OHh + 0.8Mg2+ + 0.6AP+ 
+ 3.6H20 = Mg5AI2Si30 lO(OH)s + 1.4K+ + 2H+ 

+ 1.2Si02· 

The reaction coefficients for phlogopite and clinochlore 
are fixed by volume constraints, the reaction coeffi
cients for Mg2+, AP+, and K+ are fixed by mass balance, 
the coefficient for H+ is fixed by charge balance, and 
the coefficients for H20 and Si02 are fixed by mass bal
ance. The reaction as written produces H+ and K+ and 
consumes Mg2+ and AP+ as phlogopite is replaced by 
an equal volume of clinochlore. The AI-conservative 
reaction consumes H+ with a volume decrease of92.21 
cm3/mole of chlorite or 31% of the original phlogopite 
volume. The volume change can be compensated for 
by increased porosity, by precipitation of other product 
minerals, or by changes in rock volume by adjustment 
on fractures. 

Equilibrium stability relations in the system K20-
MgO-AI203-H20 at 100 bars and 200°C are shown in 
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Figure 3. Volume- and AI-conservative reactions were 
used to construct Figure 3A and Figure 3B, respective
ly. Equilibrium constants were computed using ther
modynamic data from the computer program SUPCRT 
(Helgesen et al., 1978). The volume-conservative equi
libria shown in Figure 3A are critically dependent on 
the activity ratio AP+f(H+)3 in solution. The value used 
for log AP+f(H+)3 = 1.6 was chosen to show the sta
bility relations for constant-volume reactions with val
ues of the solution parameters log aKJaH+ and log aMg2+f 
(aH+)2 similar to those for the AI-conservative reactions . 

Systematic variations in the chlorite composition as 
more biotite is replaced suggest that the chlorite 
changes composition in response to changes in the so
lution composition as the chemical reaction between 
the aqueous pnase and the biotite proceeds. The solu
tion compositions WhiCh result ttom the reaction of 
phlogopite with an initial solution to produce clino
chlore were estimated and plotted in Figure 3A and 3B 
as solution reaction paths. An arbitrary composition of 
the initial solution was chosen in the stability field of 
chlorite. New solution cOll)positions which would re
sult from the dissolution of successive small amounts 
of phlogopite , and the precipitation of small amounts 
of clinochlore were estimated using the calculation pro
cedures of Helgeson et al . (1970) . Solution reaction 
paths resulting from volume- and AI-conservative re
actions are shown as large arrows in Figure 3A and 3B, 
respectively. All of the solution species were not con
sidered , therefore the reaction paths shown in Figure 
3 are approximations only. The major difference be
tween the reaction paths shown in Figure 3A and 3B is 
in the fate of the hydrogen ion: the volume-conserva
tive reaction (Figure 3A) produces H+ , whereas the AI
conservative reaction (Figure 3B) consumes H+. The 
reaction path shown in Figure 3A yields clinochlore + 
muscovite or clinochlore + muscovite + phlogopite, 
assemblages that are common in hydrothermal systems 
(Schwarz, 1958), however, muscovite is not a common 
alteration product ofbiotite in the Gold Hill, Utah, sam
pies. The AI-conservative reaction path shown in Fig
ure 3B yields clinochlore + phlogopite as solutions sat
ura ted with c1inochlore continue to react with 
phlogopite. 

Phlogopite and clinochlore are not involved in the 
hydrothermal reactions at Gold Hill . The end-member 
compositions have been diluted with other compo
nents, dominantly Fe, which lower the activities of 
phlogopite in the biotite and clinochlore in the chlorite. 
Solutions in equilibrium with the most- and least
magnesian chlorite at Gold Hill are shown on Figure 3B 
as contours of the ratio of the mole fraction of clino
chlore [X Mg5AI2Si301o(OH)2] to mole fraction 0\ 
phlogopite squared [X KMgaAISiaOlO(OHhF. An ion
ic-site mixing model was used to calculate the mole 
fraction of each end member (Powell , 1978) , and the 
mole fraction was assumed to be equal to the activity. 

CLINOCHLORE 

PHLOGOPITE 

MUSCQ'lIT E 

I<-FE LDSPAR 

'O'--B~'-'---"-'("'~'~-"'~"'-O(()H-(r-:81~---' 

,,~ 7 

3 

\\1i'" Xfl(~Si3010 {OHI2 1 

" . \ 
" " " \\ & \\ PHLOGOPlTE 

() \\ 
CLINOCHLORE 

MUSCOVITE 

":-f ELOSPAR 

Figure 3. Calculated stability relations of chlorite, phlogo
pite, muscovite, and K-feldspar at 200°C and 100 bars for vol
ume-conservative reactions (A) and AI-conservative reactions 
(B) . Dissolved silica is fixed at quartz saturation and activity 
of water = 1. Equilibrium constants are calculated with com
puter program SUPCRT (Helgeson et al., 1978). Arrows in
dicate hypothetical reaction paths for the alteration of biotite 
to chlorite. Mineral composition contours are constructed us
ing an ionic site-mixing model. 

The mole fraction of c1inochlore in the chlorite 
varies from 0.09 for sample 21-13 (the most mag
nesian chlorite) to 0.03 for samples 22 and 24 (the 
least magnesian chlorites). The mole fraction of 
phlogopite varies from 0.11 to 0.13 and averages 0.12. 
X clinochlorefX2 phlogopite varies from 5.3 for the 
highest magnesian chlorite to 2.6 for the Iow-magne
sium chlorites of sample 24. The higher magnesian 
chlorites form from solutions with lower log aKJaH+ val
ues for a given log aMg2J (aH+)2 than the lower magne
sium chlorites. The reaction path shown in Figure 3B 
would thus cross the contour for X c1inochloref 
X2 phlogopite = 4 followed by intersection of the re
action path with the contour for X clinochloref 
X2 phlogopite = 2 as H+ is consumed . The chlorite 
compositions thus record a portion of the solution re
action path . The clinochlore component of the chlorite 
decreases as the composition of the solution ap
proaches the stability field of phlogopite. This hypo
thetical reaction path approximates the systematic 
variation in chlorite composition observed in the Gold 
Hill samples as successively more biotite is altered to 
chlorite. The trend in the chlorite compositions sug
gested by the reaction path of Figure 3B is also shown 
as a trend in the chlorite compositions in Figure 1 and 
is the basis for the conclusion that the alteration of bio
tite to chlorite is AI-conservative rather than volume
conservative, as suggested by petrographic observa
tions. Volume changes accompanying the alteration 
must therefore be accommodated by readjustment of 
the surrounding mineral grains along fractures and by 
volume changes produced by the introduced minerals 
such as the sphene shown in Figure 2B . 

The chemical mass transfer due to the replacement 
of biotite by chlorite may be estimated from the data of 
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Table 3. Representative mass balance for Al- and volume-conservative biotite to chlorite reactions for sample 20-1 (Tables 
I and 2).' 

AI-conservation reaction Volume-conservation reaction 
(1.72 biotite + ions = chlorite + ions) (1.41 biotite + ions ~. chlorite + ions) 

(I) (2) (3) (4) (S) (6) (7) (8) (9) (10) 

K 0.95 0.04 1.59 0.95 0.04 1.30 
Na 0.02 0.01 0.02 0.02 0.01 0.02 
Ca 0.02 0.03 0.02 0.03 
Ba 0.01 0.00 0.02 0.01 0.00 0.01 
Mg 0.52 0.38 2.99 1.52 0.84 2.99 
Mn 0.02 0.01 0.04 0.02 0.01 0.04 
Fe2+ 1.08 1.58 0.28 L.08 0.06 1.58 
Fe3+ 1.72 x 0.03 + 0.18 0.23 + 1.41 x 0.03 + 0.19 0.23 + 
Ti 0.24 0.02 0.39 0.24 0.02 0.32 
Si 2.83 3.02 1.85 2.93 3.02 0.92 
Al 1.14 1.96 1.14 0.35 1.96 
F 0.20 0.07 0.27 0.20 0.07 0.21 
Cl 0.02 0.00 0.03 0.02 0.00 0.03 
H 2.15 1.06 
H2O 1.36 3.24 

Mass transfer per cubic meter of rock containing 5% biotite completely altered to chlorite 

Moles added Moles lost 

Mg 74 K 311 
Fe3+ 35 Fe2+ 54 
H+ 420 Ti 76 
Mn 2 F 53 
Chlorite 195 Cl 6 

Biotite 336 

I See text for explanation of calculations. 

Tables 1 and 2. Mass transfer for the replacement of 
biotite 20-1 by chlorite 20-1 is shown in Table 3 assum
ing AI is conserved between biotite and chlorite. For 
comparison purposes, the mass transfer for the reaction 
conserving volume is also presented in Table 3. 

The estimation ofthe chemical mass transfer and vol
ume changes in the replacement of biotite by chlorite 
requires an estimate 01 the molar volumes 01 blotlte ana 
chlorite which are a function of composition. Hewitt 
and Wones (1975) found the Fe2+-Mg2+ substitution to 
have the greatest influence on the cell size of biotite. 
Variations due to a limited amount of octahedral AP+ 
proxying for Fe and Mg were found to be only 25% as 
large: The effects of Fe3+ and TiH content and F- and 
Cl- substitution for OH- are significant but data are not 
available to evaluate their influence. Because the syn
thetic biotite study of Hewitt and Wones (1975) did not 
involve Fe3 + , TiH, F-, or Cl-, a linear regression of 
natural biotite data taken from the literature was chosen 
to predict the molar volumes: 

V = 150.6 - 3.214[Mg/(Mg + Fe total + Ti + Mn)] 

where V = molar volume in cm3 . The octahedral Al 
was subtracted in order to compare the natural mineral 
data to that of synthetic Fe2+ -Mg-Al-biotite (Hewitt and 
Wones, 1975) . Natural biotites have significantly small-

Moles added Moles lost 

Mg 200 K 309 
Fe3+ 45 Ti 76 
Fe2+ 14 F 50 
Al 83 Cl 7 
Chlorite 238 H 252 

Biotite 336 

er molar volumes than synthetic biotites, perhaps as a 
result of the Fe3+, F, and Cl contained in the natural 
minerals. 

McOnie et al. (1975) included molar volume as a 
function of composition of synthetic chlorites in their 
study of the stability of Fe2+-Mg2+-chlorites . Compar
ison of their regression curve with molar volumes of 
natural chlorites indicates that natural chlorites have 
slightly smaller molar volumes than synthetic chlorites. 
The natural chlorite data were used to estimate the 
molar volumes in this study: 

V = 213.3 - 4.909[Mg/(Mg + Fe total + Ti + Mn)] 

The basis for estimating chemical mass transfer is a 
balanced chemical reaction. ·Chemical reactions are 
shown in Table 3 for the replacement of biotite 20-1 by 
chlorite 20-1 assuming that Al or volume is conserved. 
The reaction coefficient for the 1.72 biotite (column 1, 
Table 3) was chosen to provide an equivalent amount 
of AI in reactant biotite and one mole of product chlo
rite . Column 2 in Table 3 is the half unit-cell composi
tiQn of biotite 20-1 from Table 1. Column 3 represents 
the reaction coefficients for ions which must be added 
to produce chlorite 20-1; column 4 is the composition 
of chlorite 20-1 from Table 2, and column 5 represents 
the reaction coefficients of ions that must be removed 
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Table 4. Mass transfer per cubic meter of rock containing 5% biotite altered to chlorite for each biotite-chlorite pair from 
Tables I and 2.' 

Chlorite Moles of constituents gained or lost 
volume 

Sample % replace-
number ment K Mg Fe2+ Fe3+ Ti F Cl H+ V (cm,) 

20-1 11 34 -8 6 -4 8 6 1 -46 99 
20-3 14 42 -6 10 -5 9 7 1 -68 1500 
20-4 25 78 0.4 21 -7 18 14 2 -24 3200 
20-6 7 21 -7 5 -2 5 3 0.4 -27 610 
21-13 4 11 -1 4 -1 2 2 0.3 -20 430 
21-14 10 27 -1 10 -3 6 5 0.7 -56 1300 
22-1 48 151 -12 32 -17 27 26 5 -222 6500 
22-2 59 185 -6 40 -21 29 31 6 -275 7600 
24-5 61 188 32 13 -26 46 44 6 -347 7800 
24-6 37 113 -3 -5 -17 21 23 4 -104 3000 
24-7 34 105 11 8 -14 23 20 4 - 176 3900 

1 Assume Al is conserved. Moles lost to solution are indicated by positive values; those added to the rock as negative 
values. 

in solution. Volume is conserved in the replacement of 
biotite 20-1 by chlorite 20-1 if the reaction coefficient 
for biotite is 1.41 , shown in column 6, Table 3. Column 
7 is the biotite composition from Table 1, column 8 
shows the reaction coefficients for ions which must be 
added in the volume-conservative reaction, column 9 
is the composition of chlorite 20-1 from Table 2, and 
column 10 shows reaction coefficients for ions that 
must be removed in solution. 

Quartz monzonite containing 5 volume % biotite con
tains 336 moles ofbiotite per m3 of rock. Chemical gains 
and losses if all ofthis biotite were converted to chlorite 
conserving aluminum or volume are shown in Table 3. 
The number of moles of Mg which must be added to 
convert all of the biotite in one m3 of rock to chlorite 
is calculated as follows: 0.38 moles of Mg must be 
added (Table 3, column 3) to 1.72 moles of biotite to 
produce one mole ofchlorite; therefore 74 moles ofMg 
must be added to convert 336 moles ofbiotite to chlorite 
(336/1.72 x 0.38). Similar calculations are repeated for 
each constituent gained or lost in an AI-conservative or 
a volume-conservative reaction. 

Mass transfer per m3 of rock containing 5% biotite 
that is partly altered to chlorite is presented in Table 4 
for AI -conservation in each of the biotite-chlorite pairs 
in Tables 1 and 2. Calculations for Table 4 are similar 
to those for Table 3 except that the observed percentage 
of chlorite replacement of biotite was used instead of 
estimating mass transfer if 100% of the biotite were re
placed as in Table 3. The mass transfer of Mg varies 
from 12 moles added per m3 of rock to 32 moles re
moved in solution depending on biotite and chlorite 
compositions and extent of replacement. Masses of 
other constituents removed per m3 of rock during the 
alteration of biotite are 11 to 188 moles of K, 2 to 46 
moles of Ti , 2 to 44 moles of F, and 0.3 to 6 moles of 
Cl. Masses ofthe constituents added to the rock include 
20 to 347 moles of H+ and I to 26 moles of Fe3+. The 

volume decrease as a result of the alteration of biotite 
is 430 cm3/mS of rock for the least altered sample to 7800 
cm3/m3 for the most altered. The alteration of biotite is 
a likely source of some K in the aduJaria + quartz + 
calcite veins, and nearby sphene, rutile, and anatase 
account for the Ti released. Cl and F may have re
mained in solution. 

CONCLUSIONS 

Chlorite replacing biotite in the Gold HilI, Utah, plu
ton is of hydrothermal origin. Secondary fluid inclu
sions in nearby quartz suggest that the alteration ofbio
tite took place at near 200°C. The Mg content of chlorite 
decreases systematically as more biotite is replaced . A 
companson of the chlorite compositions with hypo
thetical reaction paths on solution species-activity dia
grams in which either Al or volume are conserved sug
gests that the alteration of biotite to chlorite conserves 
Al and consumes H+. The decrease in volume of 430 to 
7800 cm3/m3 of rock must be accommodated by adjust
ment on fractures without producing petrographically 
discernable distortion of the chlorite. F, Cl, Fe2+, and 
K are lost to solution, and Mg, Fe3+, and Mn are added 
from solution to form chlorite. 
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PUIOMe--rHApoTepMaJlbHblii XJlOPHT 3aMeHJleT BYJlKaHH'IecKHH 6HOTHT B KBap~eBOM MOH30HTe H3 
30JlOTOii rOpbI, Kha. XHMH'IecKHii COCTaD cocYIllecTBYIOIllHX 6HOTHTa H XJlOP"Ta, onpeAeJleHHblii npH 
nOMOIllH 3J1eKTpoHHoii MIIKp030HAbI H BJlVKHbIX XHMH'IeCKIIX MeTOAOB, HCnOJlb30BaJICJl AJJJI OnpeAe" 
JleHHJI nepeHoca XHMH'IeCKOii MaCCbI BO BpeMJI npo~ecca nepeMeHbI. MOJlJlpHoe COOTHOllleHHe Mg/(Mg + 
Fe) H3MeHJleTCJl OT 0,52 AO 0,65 B XJlOpHTe H OT 0,51 AO 0,60 B MaTepHHcKoM 6HOTHTe. COAep)KaHHe Mg 
B XJlOpHTe CHCTeMaTH'IeCKH YMeHblllaJJOCb npH YBeJlH'IeHHH 06'beMHOrO npo~eHTa 3aMeHeHHOro 6110THTa. 
TeMnepaTYPbl rOMoreHH3a~HH )KIIAKHX HHKJlI03Hii B 6J1H3KHX KBap~eBblX MHKpOBeHax YKa3bIBalOT Ha 

TO, '1TO XJlOPHTOBble nepeMeHbI npOHCXOAHJlH npH TeMnepaType npH6J1H3HTeJlbHO 200°C. 
TeKcTYPHble COOTHOllleHHJI nOKa3blBaIOT, '1TO npo~ecc nepeMeHbI 6HoTHTa B XJlOPHT H30XOplI'leCKHii, 

HO cpaBHeHHe MHHepaJlbHOrO cocTaBa H MHHepaJJbHbIX CKOnJleHHii c <jJa30BbIMH AHarpaMMaMH, B KOTOPbIX 
Al HJlH 06'beM COXpaHJIIOTCJl B TBepAblx cpa3ax, YKa3blBaeT Ha TO, '1TO cocTaB XJlOpHTa Jly'lllle oG'bJlC
HJleTCJI KaK CPYHK~HJI nporpecca pea~HH B AI-coxpaHJlIOIlleiicJI CHCTeMe. COCTaB XJlOpHTa 113MeHJleTCJI 
B COOTBeTCTBHH C 113MeHeHHJlMH COCTaBa paCTBopa, nOJlY'laeMoro paCTBopeHHeM nocJleAYIOIllHX MaJJblX 
KOJlH'IeCTB 6110THTa. XapaKTepHOe paBHoBecHe MaCCbl AJJJI nepeMeHbl Bcero 6HOTHTa B XJlOPHT B 1 M3 no
POAbl , COAep)KaIlleM 336 MOJleii 6110THTa, YKa3blBaeT Ha TO, 'ITO 74 MOJlJl Mg, 35 MOJleii Fe3+, 420 MOJleii 
H+, H 2 MOJIJI Mn A06aBJlJlIOTCJl K nopoAe, H 'ITO 311 MOJleii K, 54 MOJIJI Fe2+ , 76 MOJleii Ti, 53 MOJIJI F, H 6 
MOJleii Cl nepexOAJIT B pacTBop. nepeHoc MaCCbl AnJl 'IaCTH'IHO H3MeHeHHoro 6HoTHTa paBeH 11 AO 188 
MOJlJlM K, 2 AO 46 MOJIJIM Ti, 2 1\044 MOJlJlM F, H 0,31\06 MOJlJIM Cl, Yl\aJIeHHblM H3 OI\HOrO Ky6H'IecKoro 
MeTpa nopoAbl, H I 1\026 MOJlJlM Fe3+ H 20 1\0 347 MOJlJlM H + 1\06aBJleHHblM K HeMY. nepeHoc MaCCbI Mg 
H3MeHJleTCJl OT 12 MOJleii 1\06aBJleHHblX AO 32 MOJleii YAaJJeHHblx H3 Ky6H'IecKoro MeTpa nopoAbI B 3aBH
CHMOCTH OT MHHepaJJbHoro COCTaBa H CTeneHH 3aMeHbI. [E.C.] 
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Resiimee-Hydrothermaler Chlorit ersetzt Biotit im Quarz-Monzonit von Gold Hill, Utah. Die chemische 
Zusammensetzung von koexistierendem Biotit und Chlorit, die mittels Mikrosonde und naBchemischen 
Methoden untersucht wurde, wurde verwendet, urn den chemischen Stofftransport wahrend des Umwand
lungsprozesses zu berechnen. Das Mol-VerhaItnis Mg/(Mg + Fe) variiert von 0,52 bis 0,65 im Chlorit und 
von 0,51 bis 0,60 im Ausgangsbiotit. Der Mg-Gehalt des Chlorit nimmt systematisch mit zunehmendem 
volumenprozentuellen Ersatz des Biotit ab. Die Homogenisierungstemperaturen der fluiden Einschliisse 
von benachbarten Quarz-Mikroadern deuten darauf hin, daB die chloritische U mwandlung bei etwa 200°C 
stattgefunden hat. 

Texturelle Beziehungen lassen darauf schlieBen, daB die U mwandlung Biotit in Chlorit isovolumetrisch 
ist. Ein Vergleich der Mineralzusammensetzungen und der Mineralvergesellschaftungen mit Phasendi
agrammen, in denen das Al od er das Volumen zwischen festen Phasen konstant ist, deutetjedoch darauf 
hin, daB die Chloritzusammensetzungen am besten als eine Funktion des Reaktionsfortschrittes in einem 
System mit konstantem Al erklart werden konnen. Die Chloritzusammensetzung variiertje nach den Ver
anderungen der Losungszusammensetzung, die durch die allmahliche Auflosung von kleinen Biotitanteilen 
erzeugt wird. Eine reprasentative Massenbilanz fUr die Umwandlung des gesamten Biotit, der in 1 m" 
Gestein enthalten ist und 336 Mol Biotit enthalt, in Chlorit deutet daraufhin, daB 74 Mol Mg, 35 Mol Fe"+, 
420 Mol H+, und 2 Mol Mn dem Gestein zugefUhrt werden, wahrend 311 Mol K, 54 Mol Fe2+, 76 Mol Ti, 
53 Mol F, und 6 Mol Cl in Losung gehen. Der Massentransport fUr teilweise umgewandelten Biotit bedeutet 
eine Abfuhr von 11 bis 188 Mol K, 2 bis 46 Mol Ti, 2 bis 44 Mol F, und 0,3 bis 6 Mol Cl und eine Zufuhr 
von 1 bis 26 Mol Fe"+ und 20 bis 347 Mol H+ pro m". Der Massentransport von Mg variiert von 12 Mol 
Zufuhr bis 32 Mol Abfuhr pro m" Gesteinje nach Mineralzusammensetzung und AusmaB der U mwandlung. 
[U.W.] 

Resume-La chlorite hydrothermale remplace la biotite ignee dans la monzonite de quartz du Gold Hill, 
Utah. Les compositions chimiques de biotite et de chlorite coexistantes, determinees par microprobe a 
electrons et par des methodes chimiques mouillees, ont ete utilisees pour evaluer le transfert en masse 
chimique pendant le procecte d'alteration. La proportion de mole Mg/(Mg + Fe) varie de 0,52 a 0,65 dans 
la chlorite, et de 0,51 a 0,60 dans la biotite mere. Le contenu en Mg de la chlorite decroit systematiquement 
en proportion avec un accroissement du pourcentage de volume de remplacement de la biotite. Les tem
peratures d'homogenisation d'inclusions fluides dans des micro-veines de quartz proches indiquent que 
I'alteration chloritique s'est pas see a approximativement 200°C. 

Les relations texturales suggerent que l'alteration de biotite en chlorite est isovolumetrique, mais une 
comparaison de compositions minerales et d'assemblages mineraux avec des diagrammes de phase dans 
lesquels Al ou le volume sont conserves parmi des phases solides suggere que les compositions de chlorite 
sont expliquees le mieux en fonction de progres de reaction dans un systeme AI-conservatif. La composition 
de la chlorite change en reponse a des changements de composition de solution produits par la dissolution 
de petites quantites successives de biotite. L'equilibre de masse representatif de I'alteration de toute la 
biotite en chlorite dans 1 m" de roche contenant 336 moles de biotite indique que 74 moles de Mg, 35 moles 
de Fe"+, 420 moles d'H+, et 2 moles de Mn sont ajoutees a la roche, et que 311 moles de K, 54 moles de 
Fe2+, 76 moles de Ti, 53 moles de F et 6 moles de Cl sont perdues en solution. Le transfert en masse pour 
la biotite partieUement alteree est tel que 11 a 188 moles de K, 2 a 46 moles de Ti, 2 a 44 moles de F et 0,3 
a 6 moles de Cl sont retirees par un metre cube de roche, et 1 a 26 moles de Fe"+ et 20 a 347 moles d'H+ 
y sont ajoutees. Le transfert en masse de Mg varie de 12 moles ajoutees a 32 moles retirees par metre cube 
de roche, dependant de la composition minerale et de la quantite de remplacement. [D.J.] 
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